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Series Preface

Our nearly 1000-member team recognizes that all elements of sustainability
science and technology continue to advance as does our understanding of the
needs for energy, water, clean air, food, mobility, and health, and the relation of
every single aspect of this vast and interconnected body of knowledge to
climate change. Our Encyclopedia content is at a level for university students,
professors, engineers, and other practicing professionals. It is gratifying for our
team to note that our online First Edition has been heavily utilized as evidenced
by over 500,000 downloads which of course is in addition to scientists’
utilization of the Encyclopedia and individual “spin-off” volumes in print.
Now we are pleased to have a Living Reference on-line which assures the
sustainability community that we are providing the latest peer-reviewed content covering the science and technology of the sustainability of the earth. We
are also publishing the content as a Series of individual topical books for ease
use by those with an interest in particular subjects, and with expert oversight in
each ﬁeld to ensure that the second edition presents the state-of-the-science
today. Our team covers the physical, chemical and biological processes that
underlie the earth system including pollution and remediation and climate
change, and we comprehensively cover every energy and environment technology as well as all types of food production, water, transportation and the
sustainable built environment.
Our team of 15 board members includes two Nobel Prize winners (Kroto
and Fischlin), two former Directors of the National Science Foundation (NSF)
(Colwell and Killeen), the former President of the Royal Society (Lord May),
and the Chief Scientist of the Rocky Mountain Institute (Amory Lovins). And
our more than 40 eminent section editors and now book editors, assure quality
of our selected authors and their review presentations.
The extent of our coverage clearly sets our project apart from other publications which now exist, both in extent and depth. In fact, current compendia
of the science and technology of several of these topics do not presently exist
and yet the content is crucial to any evaluation and planning for the sustainability of the earth. It is important to note that the emphasis of our project is on
science and technology and not on policy and positions. Rather, policy makers
will use our presentations to evaluate sustainability options.
Vital scientiﬁc issues include: human and animal ecological support systems, energy supply and effects, the planet’s climate system, systems of
agriculture, industry, forestry, and ﬁsheries and the ocean, fresh water and
human communities, waste disposal, transportation and the built environment
v

vi

Series Preface

in general and the various systems on which they depend, and the balance of all
of these with sustainability. In this context, sustainability is a characteristic of a
process or state that can be maintained at a certain level indeﬁnitely even as
global population increases toward nine billion by 2050. The population
growth, and the hope for increase in wealth, implies something like a 50%
increase in food demand by as early as 2030. At the same time, the proportion
of the population that lives in an urban environment will go up from about 47%
to 60%. Global economic activity is expected to grow 500%, and global
energy and materials use is expected to increase by 300% over this period.
That means there are going to be some real problems for energy, agriculture,
and water, and it is increasingly clear that conﬂicting demands among biofuels,
food crops, and environmental protection will be difﬁcult to reconcile. The
“green revolution” was heavily dependent on fertilizers which are
manufactured using increasingly expensive and diminishing reserves of fossil
fuels. In addition, about 70% of available freshwater is used for agriculture.
Clearly, many natural resources will either become depleted or scarce relative
to population.
Larkspur, CA, USA
October 2018

Robert A. Meyers, Ph.D.
Editor-in-Chief

Volume Preface

The rapid growth of urban population and economic development since the
middle of the nineteenth century has resulted in the annual generation of billions
of tons of urban wastes. Since antiquity, such wastes were disposed in landﬁlls.
In modern time, this practice has become untenable because of the scarcity of
land near urban centers, the environmental impacts of large-scale landﬁlling, and
the need to conserve nonrenewable resources. Technology advances have made
possible the enormous increase in materials and energy consumption; technology can also help mitigate the adverse effects of dealing with the discards of
society: The “wastes” generated by humanity can be transformed to useful
resources by means of recycling (materials recovery) or thermal processing
(energy recovery). This is the subject of this volume and is an essential part of
what has been deﬁned by the United Nations as “sustainable development.”
An obvious example of what has been called the “ecological imperialism”
of humanity over all other species is the massive transformation of greenﬁelds
and forests to landﬁlls. In the past, landﬁlls were located near population
centers. In recent times, cities, like New York, have run out of landﬁll space
and transport their wastes hundreds of kilometers away to mega-landﬁlls. This
is made possible by waste transfer stations, diesel trucks, and other technological equipment and also by the fact that cities are generally more afﬂuent than
the communities where the new mega-landﬁlls are created. Currently, the
global use of land for landﬁlling urban wastes is estimated at over one billion
tons per year. If all urban waste landﬁlls were located at one place, they would
use up, each year and forever, a surface area of 100 km2, equivalent to the
surface area of metropolitan Paris.
The means available for managing the generated wastes can be divided into
two broad categories:
• Recycling, which includes the reuse of some products, recovery of materials (metals, paper, some plastics, glass), anaerobic digestion, and aerobic
composting of biogenic organics, such as food and “yard,” or “green,”
wastes. This is the subject of the essays in the ﬁrst part of this volume.
• Post-recycling wastes are those remaining after all possible recycling has
been done. Over the millennia, the traditional way for post-recycling wastes
has been either to bury them or set them on ﬁre in nonregulated waste dumps.
As the volume of urban wastes increased, the waste dumps of developed
regions were transformed to sanitary landﬁlls. These were provided with
vii
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impervious linings, which allowed collection and treatment of liquid efﬂuents,
and landﬁll gas collection systems, which reduced substantially the amount of
methane escaping to the atmosphere. However, in the last 50 years, engineers
and scientists have developed an alternative to sanitary landﬁlls: Waste-toenergy (WTE) power plants are fueled by solid wastes and can be built within
or near cities. They transform the post-recycling residues of society to electricity, heat, and recyclable metals and minerals.
The environmental performance of waste management of a city or country
can be rated by comparing their recovery of materials (i.e., recycling and
composting) and energy (i.e., WTE) to the amount of MSW landﬁlled. This
comparison can be made by means of the “ladder of sustainable waste management,” which rates nations according to how little they landﬁll and how
much they recycle and combust with energy recovery.
In some parts of the world, there is a misconception that recycling and WTE
compete with each other. However, as discussed in this volume, many cities
strive to increase their recycling and composting rates as much as possible. As
the recycling rate levels off, the most advanced cities increase their WTE
capacity so as to attain “zero landﬁlling,” which has already been attained by
several environmentally advanced nations.
In this context, a very successful example is the European Union that has
directed its member nations to phase out landﬁlling by increasing their
recycling and WTE capacities. In contrast, the United States, despite its higher
economic level, recycles and composts about 30% of the urban waste, combusts another 7% in WTE power plants, and landﬁlls 63%. In the developing
world, the leader in the waste-to-energy arena is China, who in the course of
the last decade has become the world’s major user of waste to energy. At this
point, it is abundantly clear that there are only two ways of managing postrecycling wastes: sanitary landﬁlls and WTE power plants. The latter are the
only sustainable option. The remaining obstacle for the universal use of WTE
is that it is costlier than for landﬁlling, when the “external” environmental
costs and beneﬁts are excluded.
The harmonious coexistence of materials recovery (recycling) and energy
recovery (WTE) is exempliﬁed in this volume on materials and energy recovery from urban wastes. It is comprised of contributions by very knowledgeable
and prominent scientists and engineers in the area of integrated waste
management.
New York, USA
January 2019

Nickolas J. Themelis
A. C. (Thanos) Bourtsalas
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Recovery of Materials and
Energy from Urban Waste,
Introduction
Nickolas J. Themelis
Earth and Environmental Engineering, Columbia
University, New York, NY, USA

Some of the “wastes” generated by humanity can be
transformed to useful resources by means of
recycling (materials recovery) or thermal processing (energy recovery). The subject of resource
recovery from the discards of society is an essential
part of what has been deﬁned by the United Nations
as “sustainable development” (Brundtland Commission, 1983). Before the second half of the
twentieth century, the consumption of materials
and energy by humanity was a small fraction of
what it is today. An example of the rapid growth in
consumption is the use of copper, a metal that has
been known since the beginning of history:
A 1995 study by the author showed that more
copper was consumed between 1945 and 1995
than in the preceding six millennia. In 2016, the
author updated this graph by adding the copper
consumption by 2015 (Fig. 1). Consumption of
copper between 1995 and 2015 increased linearly
to 23 million tons. In fact, if it were not for the
increased rate of recycling, humanity would not
have enough copper to ﬁll their needs.
A similar trend has been followed by all other
materials. Technology advances have made possible this rapid economic development and, also,
the accompanying degradation of the global environment and the loss of innumerable species.
However, technology has also helped immeasurably in mitigating the adverse effects of economic
development.
As noted by William Ophuls in Plato’s
Revenge (MIT Press 2011), there are similarities
between the present age and that of the

conquistadores: Scientists and engineers invent
ways for producing goods and arms that merchants and soldiers use to dominate markets and
nations. A clear case of what has been called
“ecological imperialism” is the massive transformation of greenﬁelds and forests to landﬁlls. In
the past, landﬁlls were located in, or near, population centers, so there was a good reason for cities
to manage their wastes and try to conserve land. In
recent times, cities, like New York, have run out of
landﬁll space and transport their wastes hundreds
of kilometers away to mega-landﬁlls. This is made
possible by waste transfer stations, diesel trucks,
and other technological equipment and also by the
fact that cities are generally more afﬂuent than the
communities where the mega-landﬁlls are created.
Currently, the global use of land for landﬁlling
urban wastes is estimated at over one billion tons
per year. If all municipal waste landﬁlls were
located at one place, they would use up, each
year and forever, a surface area of 100 square
kilometers. This number is eight times larger
than the surface area of metropolitan Milan
(population, 8.1 million).
The “hierarchy of waste management” (Fig. 2)
is a graphical form of the preferred methods for
reducing or managing the amount of urban
wastes.
Reducing the generation of urban wastes is at
the very top of the hierarchy, and, to a certain
extent, it can be attained by “green engineering”
of products and packaging. However, waste generation depends on consumption and living standard
in a community. Therefore, it cannot be controlled
by the waste management agency of a municipality. The means available for managing the generated wastes can be divided in two broad categories:
• Recycling, which includes reuse of some products, recovery of materials (metals, paper,
some plastics, glass), anaerobic digestion, and
aerobic composting of biogenic organics, such
as food and “yard” (grass, leaves, branches).
This is the subject of the essays in the ﬁrst part
of this volume.
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waste management”
(Columbia University,
2017)
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• Post-recycling wastes are those remaining
after all possible recycling has been done.
Over the millennia, the traditional ways for
post-recycling wastes have been either to
bury them or set them on ﬁre in nonregulated
waste dumps.

As the volume of urban wastes increased, the
waste dumps of developed regions were transformed to sanitary landﬁlls. These were provided
with impervious linings, which allowed collection
and treatment of liquid efﬂuents, and landﬁll gas
collection systems, which reduced substantially
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the amount of methane escaping to the atmosphere. In the last 50 years, engineers and scientists have developed an alternative to sanitary
landﬁlls: Waste-to-energy (WTE) power plants
are fueled by solid wastes and can be built within
or near cities. They transform the post-recycling
residues of society to electricity, heat, and recyclable metals. Closing the materials cycle in this
way is a good example of industrial ecology. WTE
is the subject of the essays in the second part of
this volume.
In the rest of this introductory essay, we will
summarize our own understanding of “sustainable
waste management” and waste to energy, as
derived from several dozens of studies and graduate theses sponsored by the Earth Engineering
Center of Columbia University (EEC) and the

Global Waste-to-Energy Research and Technology Council (GWC; www.wtert.org).
The environmental performance of waste management of a city or country can be rated by comparing their recovery of materials (i.e., recycling and
composting) and energy (i.e., WTE) to the amount
of MSW landﬁlled. This comparison can be made
by means of a graph, the “ladder of sustainable
waste management,” which rates nations according
to how little they landﬁll and how much they recycle
and combust with energy recovery.
In some parts of the world, there is a misconception that recycling and WTE compete
with each other. However, Fig. 3, which was
based on data compiled in different countries,
shows the general pattern: Cities and countries
strive to increase their recycling and composting
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Changes in E.U. generation & disposition of MSW, 1995-2015
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rates as much as possible. As the recycling rate
levels off, the most advanced nations increased
their WTE capacity in order to attain “zero
landﬁlling” which, as shown in Fig. 3, has already
been attained by several environmentally
advanced nations.
In this context, a very successful example is the
European Union that has directed its member
nations to phase out landﬁlling by increasing
their recycling and WTE capacities. Figure 4 is
based on Eurostat data (August 2017) and shows
the progress made, between 1995 and 2015, in
reducing the European landﬁlling rate to 25.3%.
This was due to the increase in recycling plus
composting rates to 46.3% and the WTE rate to
28.4%.
In contrast, the USA, despite its higher economic level, recycles and composts about 30% of
the urban waste, combusts another 7% in WTE
power plants, and landﬁlls 63%. An emerging
leader in the WTE arena is China, where the
number of WTE power plants has increased
from 60 to about 250, in the last 15 years.

At present, there are nearly 1,000 WTE plants
in over 50 nations around the world. Sometimes,
the modern WTE power plants are confused with
the incinerators of the distant past which were
major emitters of toxic compounds, volatile
metals, and particulate matter. Modern WTE facilities are amongst the cleanest sources of thermal
and electrical energy, both in developed and
developing nations. A successful example is
China, who in the course of the last decade has
become the world’s major user of waste to energy.
At this point, it is abundantly clear that there are
only two ways of managing post-recycling
wastes: Sanitary landﬁlls or WTE power plants.
The latter are the only sustainable option. The
remaining obstacle for universal adoption of
WTE is that it is costlier than for landﬁlling,
when the “external costs,” of land use, and beneﬁts, of renewable energy, are excluded.
The harmonious coexistence of materials
recovery (Recycling) and energy recovery
(WTE) is exempliﬁed in this volume on materials
and energy recovery from urban wastes. The
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editors have invited contributions from very
knowledgeable and prominent scientists and engineers in the area of integrated waste management.
The order of presentation is as follows:
1. The Introduction to Materials and Energy
Recovery from Urban Wastes by one of the
editors is followed by essays on various
aspects of recycling.
2. Waste Types and Characterization by Anders
and Lisa discusses the generation and composition of various types of wastes generated
by human activities.
3. The essay Collection and Transport by Everett describes the ﬁrst and very costly stage of
waste management.
4. The sorting of mixed recyclables to marketable streams at materials recovery facilities is
described by Franchetti.
5. The technologies used for transforming recyclable wastes to recycling feedstocks are
discussed by Bonifazi and Serrati.
6. Resource recovery from used electronics is
the subject of the essay by Thompson.
7. Resource recovery from construction and
demolition wastes is discussed by Dyer,
Abdelrahman, and Cheng.
8. The use of non-recycled residues as alternative fuel in cement production is discussed by
Bourtsalas.
9. The beneﬁcial use of WTE ash in Europe and
the prospects for global application are
discussed by Vehlow and Bourtsalas.
10. Rechberger shows how materials and energy
recovery decreases the entropy of solid
wastes and increases metal recycling.
11. The essay on Public Involvement and Education by Franchetti applies to all efforts to
advance sustainable waste management.
This volume also includes the following essays
on the recovery of energy by means of thermal
processing of wastes in waste to energy power
plants:
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1. Martin and Koralewska describe the Martin
technology of combustion with energy recovery on a moving grate.
2. Kedrowski, Chromec, and Sevaioglu discuss
the Hitachi Zosen Inova moving grate and
anaerobic digestion technologies for sustainable waste management.
3. Reimann reviews the material and energy
balances in WTE facilities and the energy
production performance of European WTE
plants.
4. The transport and reaction phenomena on a
moving grate furnace are dealt with by
J. Swithenbank and V.N. Shariﬁ.
5. The circulating ﬂuidized bed (CFB) combustion technology, used extensively in China
and Austria, is discussed by Huang.
6. Themelis and Vardelle describe the application of thermal plasma technology in combustion or gasiﬁcation processes.
7. The essay by Prof. Yoshikawa describes gasiﬁcation and pyrolysis processes used in
Japan.
8. The role of WTE facilities as power generators is discussed by van Berlo.
9. Bahor and Brunt examine how integrated
waste management can be part of the solution
to the emerging crisis of climate change.
10. Bernd Bilitewski and Christoph Wünsch
describe the essential role of WTE in reducing
greenhouse gas emissions (GHG).
11. The use of the WTE “waste” stream for district heating is discussed by Hindsgaul,
Tobiasen, and Kamuk.
12. An LCA comparison of the environmental
impacts of WTE and sanitary landﬁlling is
presented by Kaplan, DeCarolis, and Barlaz.
13. Brunner explains why thermal treatment of
wastes is a key element of sustainable waste
management.
The editors of this volume are grateful to all the
authors for their contributions.
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Glossary
Agricultural waste Plant and animal residues
from agricultural production. Straw, fruitstones, peels, manure are examples of agricultural waste.
Construction and demolition waste Waste generated from the construction, reconstruction or
deconstruction of buildings, roads and other
infrastructure.
Disaster waste Waste generated from and arising
due to a disaster like a natural disaster as earthquakes, ﬂoods, tsunamis, hurricanes/typhoons/
cyclones, wildﬁres, winter storms, and volcanoes or larger accidents caused by humans.
Industrial waste Solid wastes that are generated
during the manufacture of products. Material
spills, dusts, sludges, defect products, etc.,
belong to this group of wastes.
Municipal solid waste Household waste and
other waste under municipal responsibility,
e.g., street sweepings and waste from public
institutions.
Waste characterization To learn about the
intrinsic properties of waste materials and

how the materials will inﬂuence and be
inﬂuenced by different environments.
Waste That which cannot be sold, but the owner
wants to or is required to get rid of.

Definition of the Subject and Its
Importance
The generation of solid waste is the inevitable consequence of all processes where materials are used.
Extraction of raw materials, manufacture of products, consumption, and waste management all generate wastes. The rate of material use today is so
large, both with regard to the total amounts and seen
as a per capita average, that the waste generated will
impact on the environmental quality and human
health worldwide if it is not managed properly.
A few centuries, or even decades ago, the solid
waste generated was a small fraction of what it is
today, the drivers of the generation are primarily
the increased availability of energy and secondly
the population growth.
Waste generation is also related to urbanization
and global trade. Archeologists derive information of old times through the wastes that most old
cities are built on. From the subsurface strata, it is
possible to learn that waste generation has varied
much over time, increased when the economy was
ﬂourishing, and decreased during poor times. This
reﬂects that the value of material resources has
ﬂuctuated, and underpins the deﬁnition of waste
presented in the glossary above.
Any deﬁnition of waste is bound to be interpreted
differently, to begin with because it includes a decision by someone regarding the usefulness of some
material matter, and that which is worthless for one
may have a value for another. Thus one cannot
deﬁne any material properties which deﬁne waste,
but rather a situation where waste appears.
Within the European Union, a considerable
effort has gone into creating a deﬁnition of the
term waste, and it was formulated as: “Waste”
shall mean any substance or object which the
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holder discards or intends or is required to discard
[12]. The Basel convention on international
movement of hazardous waste has a similar deﬁnition, but related to national legislations;
“Wastes” are substances or objects which are disposed of or are intended to be disposed of or are
required to be disposed of by the provisions of
national law [4]. The words “discard” and “dispose” is another difference between these deﬁnitions, the meaning of which has been disputed.
Later [13] the European Union added deﬁnitions
of “by-products” and criteria for when waste
ceased to be waste, “end of waste.” The theme
will probably be discussed for a long time yet.
The interest of the legislators in waste is not so
much related to its value as it is to the potential it
has to create problems, i.e., its negative value. The
link between human health and wastes was ﬁrst
proved in the last part of the nineteenth century,
when it was discovered that bacteria could transmit diseases. This led to a worldwide development of city cleansing and sanitary
infrastructure, which has considerably increased
the life expectancy of those that enjoy its services.
Next, the impact of emissions from industry and
society was found to impact on the environment
on a local and regional scale, a perspective which
was established in the mid-twentieth century. At
present global impacts, such as global warming,
are on the agenda. Solid waste and its management is a signiﬁcant part of human impact on
health and environmental quality.

Introduction
Waste is generated in all processes. According to
the laws of thermodynamics, materials and energy
can be transformed but never destroyed. Even if
material is substantially transformed, all matter
which is introduced in any kind of process will
come out of the process in exactly the same number of kilograms, either as products, by-products,
or waste. Waste may be solid, liquid, or gaseous.
In many cases, gaseous waste is a dominating
outﬂow when processing solid matter. However,
the focus in this article is on solid waste.
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Extraction of
Raw material

Dispersion
Production
Consumption
Recycling
Pre-treatment

Landfilling
Solid Waste Generation and Characterization,
Fig. 1 Major waste generation steps in society

Waste is often perceived as the remains from
consumption. However, the major part of all solid
waste is generated already by consumers’ demand
for products, i.e., before the products were consumed and thrown away. In general, the extraction
of natural resources and industrial production processes produce massively more solid waste than
the consumer products amount to, e.g., about
20 times according to European waste data
[14]. As material ﬂows through society, waste is
formed in each step, as illustrated in Fig. 1. The
material wastes can either end up in landﬁlls or
they can be dispersed in water, air, or soil. The
dispersion in liquid phases typically exits the material from the waste management domain and turns
it into pollution, albeit solid wastes can also form
pollution, such as the ﬂoating plastic of the oceans.
Solid wastes are often categorized by their origin,
e.g.:
• Waste from mining and quarrying
• Commercial and industrial waste (including
agricultural waste)
• Construction and demolition waste
• Municipal solid waste
Alternatively, the properties or the possible
management may serve to classify materials, e.g.:
•
•
•
•
•

Recyclables
Combustible waste
Biodegradable waste
Wet waste (sludges)
Residual waste
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The waste categories based on treatment alternatives are overlapping, since most wastes have
several treatment options. For example, paper can
be recycled in a paper mill, incinerated in a power
plant, or decomposed by biological treatment.
Another example is waste water treatment
sludges, which are biodegradable as well as burnable and the content of nutrients may be recycled
in agriculture.
Often waste management is governed by environmental concerns which provide a base for
another classiﬁcation used in legal terms such as:
• Hazardous waste
• Nonhazardous waste
• Inert waste
Although the origin of waste carries some
information on the nature of the material, additional information on the waste material is often
needed for its classiﬁcation and management.
Waste characterization is a term that is broadly
used to denominate the actions undertaken to
learn about the intrinsic properties of a waste and
how these properties affect the environment
where the material is, and how the environment
affects the material. The aspects covered by a
characterization depend on the purpose of the
characterization and various limitations of time
and resources.

Solid Waste Generation
and Characterization,
Fig. 2 Principal
approaches of leaching
tests. There are many
varieties of each test type,
e.g., different proportions
between solids and liquids,
different leaching
media, etc.

Shaking
test

Sequential
leaching

A common purpose of waste characterization
is for legal classiﬁcation, e.g., as hazardous or
nonhazardous, which then forms the basis for
decisions on the further management of the material in question. The legislation may require certain testing to be undertaken and advice criteria to
be used in such classiﬁcation. Such testing typically relies on simple standardized routines that
yield results which can easily be evaluated, e.g.,
by comparison with some list of limit values for
some variables. Often the waste’s intrinsic properties are considered, such as its content of some
compounds or elements. A major path of pollution
from solid wastes is leaching, and in consequence
different leaching tests are frequently used in a
similar fashion as a composition analysis, i.e., the
leached amounts or concentrations are compared
with some limit values and the waste is classiﬁed
accordingly. There is a multitude of different
leaching tests applied around the world, the most
commonly used ones being batch tests where one
places a sample together with a solute in a container and agitates it for a deﬁned time before
separating the remaining solid material and the
solution (see the leftmost test of Fig. 2). One
often used batch test is the DIN S4 standard
leaching test [9] another is the Toxicity characteristics leaching procedure [28]. All the types of
tests described in Fig. 2 except the physical landﬁll simulators are routinely used to classify wastes

Diffusion
test

Column
test

Liquid/solid separation

Analysis of supernatant

Physical
landfill simulator
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in different countries, the effort involved to perform the tests roughly increases from left to right
in the ﬁgure, so the ones to the left are most
commonly used and prescribed for in different
regulations. Landﬁll simulators have the advantage of a better representation of the actual
leaching environment for landﬁlled waste, but
are time consuming and expensive.
Other purposes of waste characterization may
be to choose a treatment method for a material,
judge its potential use for some purpose or to learn
about the process that generated the waste.
Depending on the information need, the characterization can include a wide range of analyses
and tests, e.g., to elucidate the degradability, toxicity, compressibility, etc., of the material. Often
the knowledge on relevant factors may be incomplete, so experimental simulations may be needed.
An introduction to the art of waste characterization is found in the textbook edited by Christensen
[7]. Different standardized tests are published by
national and international organizations and
authorities such as:

Waste Flows

• The Swedish Institute for Standards, SIS [25]
• The International Organization for Standardization, ISO [17]
• The American Society of Testing and Materials
[3]
• Deutsches
Institut
für
Normung
(Standardization) e.V. [10]
• United States Environmental Agency, USEPA
[29]
• Nordtest [22]

Waste
Generation Commonly
industrial
wastes are grouped after the nature of the industrial activity and not necessarily by material
properties. One attempt to structure is the
European waste list [11]. The list is structured
according to a mixture of criteria regarding the
origin, material quality, and commercial sectors
generating the wastes (Table 1).
Most of the categories above could include
industrial wastes according to the deﬁnition used
here and give little advice with regard to the
management of waste. However, the waste list
forms the basis of a code system by which waste
is registered and statistics are generated from.
Due to the many affecting factors mentioned
above, it is difﬁcult to estimate the amount of wastes
from a given industry or even from a sector or a
country. In Table 2, some aggregated data on waste
generation within the European Union are shown.
According to the Eurostat data, the 27 member
states of the European Union generated about three
billion tons of wastes in total in 2004 and 2006, i.e.,
about ten tons per person and year, the proportion of

All in all, there are still fairly few testing
methods that have been developed purely for
waste characterization. Often tests developed for
other types of materials are used, modiﬁed or not.
Thus, there is a great need of further development within the area of waste characterization,
especially concerning the long-term behavior and
interaction of wastes with different environments.
Using the traditional grouping by origin, some
waste streams will be discussed in the following
sections.

Industrial Waste
The generic rule that waste is that which cannot be
sold is especially ﬁtting to industrial waste. In this
context, the term “industry” is understood as the
manufacture of material products excluding primary production from natural resources such as
mining and agriculture. With regard to the quality
and quantity of industrial waste, almost anything
is possible since the choice of materials, processes, and the organization of global production
chains, as well as, e.g., the market for recycling of
materials in different locations will impact on the
waste ﬂux leaving one speciﬁc industry. For
example, the production of one car may generate
wastes in half a dozen different countries, and,
depending on the market situation, almost all or
nothing of the wastes may be recycled. As an
example, the uneven distribution of industrial
waste generation in Japan due to the geographical
separation of different steps of production chains
was discussed by Kagawa et al. [19].
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Solid Waste Generation and Characterization, Table 1 Main chapters of European List of Waste (Commission
Decision 2000/532/EC)
01
02
03
04
05
06
07
08
09
10
11
12
13
14
15
16
17
18
19
20

Wastes resulting from exploration, mining, dressing, and further treatment of minerals and quarry
Wastes from agricultural, horticultural, hunting, ﬁshing, and aquacultural primary production, food preparation,
and processing
Wastes from wood processing and the production of paper, cardboard, pulp, panels, and furniture
Wastes from the leather, fur, and textile industries
Wastes from petroleum reﬁning, natural gas puriﬁcation, and pyrolytic treatment of coal
Wastes from inorganic chemical processes
Wastes from organic chemical processes
Wastes from the manufacture, formulation, supply and use (MFSU) of coatings (paints, varnishes, and vitreous
enamels), adhesives, sealants, and printing inks
Wastes from the photographic industry
Inorganic wastes from thermal processes
Inorganic metal-containing wastes from metal treatment and the coating of metals, and nonferrous
hydrometallurgy
Wastes from shaping and surface treatment of metals and plastics
Oil wastes (except edible oils, 05 and 12)
Wastes from organic substances used as solvents (except 07 and 08)
Waste packaging; absorbents, wiping cloths, ﬁlter materials, and protective clothing not otherwise speciﬁed
Wastes not otherwise speciﬁed in the list
Construction and demolition wastes (including road construction)
Wastes from human or animal health care and/or related research (except kitchen and restaurant wastes not arising
from immediate health care)
Wastes from waste treatment facilities, off-site waste water treatment plants, and the water industry
Municipal wastes and similar commercial, industrial, and institutional wastes including separately collected
fractions

industrial wastes is mostly found under the heading
“Manufacturing industry,” and it accounts for about
12% of the total waste generation. The data quality
is at best questionable, but representative of the data
quality available. If one scales the industrial waste to
municipal solid waste, MSW (consumption wastes),
the data suggest that the amounts of wastes generated from industrial production would range
between half to about 15 times the mass of MSW
among the different countries, i.e., a variation of
30 times. The average is about three times, which
is not that unreasonable, when considering global
production chains and the regions and the sectors
import of products and materials from other areas
and economic sectors.
Waste Characterization The properties of industrial wastes depend on the materials used and the
processes applied. Thus it has to be assessed on an
individual case basis. The proportion of that which

is deﬁned as hazardous wastes will vary accordingly. In the Eurostat data, the average proportion
of hazardous industrial waste is about 1% of the
total, but variations are huge. Similarly as the
amounts, the composition and properties of wastes
from a given industry may also change much over
time as the production changes.
Outlook The amounts of industrial wastes vary
with the economic activity, as the economy grows,
the waste generation will increase and when it
shrinks it will diminish. For the industry, a constant optimization of cost will tend toward more
and more efﬁcient use of materials, which is a
likely undercurrent to the variations caused by
economic ups and downs. The variation caused
by shifts in demand will be balanced to some
degree by changes in the recycling markets. However, the amount of industrial wastes will be signiﬁcant in a foreseeable future. Further, the

Source: Eurostat [15]

EU -11
Belgium
Bulgaria
Czech Republic
Denmark
Germany
Estonia
Ireland
Greece
Spain
France
Italy
Cyprus
Latvia
Lithuania
Luxembourg
Hungary
Malta
Netherlands
Austria
Poland
Portugal
Romania
Slovenia
Slovakia
Finland
Sweden
United Kingdom
Croatia
Turkey
Iceland
Norway

2,918,220
52,809
252,058
29,276
12,814
364,022
20,861
24,513
34,953
160,668
429,153
139,806
2,332
1,257
7,010
8,322
24,661
2,482
88,099
53,021
251,243
29,272
371,503
5,771
10,668
74,361
109,741
357,544
7,209
58,820
501
7,454

2,946,667
59,352
242,489
24,746
12,821
363,786
18,933
30,005
51,325
160,947
445,865
155,025
1,870
1,859
7,665
9,586
22,287
2,861
93,808
54,287
266,741
34,077
331,863
6,036
14,502
72,205
115,583
346,144
:
46,092
:
9,051

Total waste from economic activities and
households
2004
2006
384,676
18,177
5,611
8,618
1,555
30,163
6,288
5,356
4,554
28,377
21,434
39,472
557
349
2,632
725
5,071
10
16,086
15,073
61,514
10,123
11,156
1,960
3,878
23,266
27,614
35,056
3,695
16,325
61
2,956

363,743
15,308
4,316
5,932
1,179
31,705
3,981
4,067
5,285
22,427
22,973
39,997
413
570
2,948
604
5,528
50
15,562
11,470
61,131
14,699
9,184
2,385
5,527
17,976
30,363
28,161
:
:
:
3,519

Manufacturing
industry
2004
2006
862,155
384
222,231
708
0
55,880
5,306
4,046
1,902
21,780
166
761
119
0
4
46
1,640
0
296
622
38,311
4,761
326,553
129
211
23,819
58,600
93,883
347
:
1
116

740,743
159
225,338
472
0
47,222
5,961
4,793
14,888
26,015
1,040
1,005
60
0
6
56
27
0
213
1,043
38,671
3,563
199,138
377
332
21,501
62,084
86,779
:
:
:
136

Mining and quarrying
activities
2004
2006
:
11,037
2,999
8,131
4,274
191,563
489
11,287
3,324
46,320
:
49,151
488
8
357
6,985
1,736
2,206
49,612
27,935
1,993
2,626
54
908
1,404
20,843
10,272
99,234
646
:
19
1,101

:
13,090
1,023
8,380
5,802
196,536
717
16,599
6,829
47,323
:
52,316
307
19
349
6,775
3,045
2,493
56,610
31,322
14,141
3,607
34
995
916
23,146
8,943
109,546
:
:
:
1,248

Construction and demolition
activities
2004
2006

Solid Waste Generation and Characterization, Table 2 Eurostat data on waste generation (ktons) in different economic sectors

146,754
8,689
9,181
933
1,515
16,343
1,720
1,184
1,518
14,194
24,158
3,360
403
99
158
179
1,965
160
5,276
2,856
1,965
4,202
3,096
426
761
1,276
1,517
39,120
116
62
6
865

155,807
7,039
1,473
1,025
1,486
15,107
1,601
1,327
1,518
15,376
24,158
5,534
403
239
586
243
2,445
173
5,349
3,458
3,512
10,352
3,841
429
4,859
1,668
1,517
41,088
:
:
:
1,472

Other economic activities
(services)
2004
2006
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development of more complex products will make
recycling more challenging and costly.
Agricultural Waste
Agricultural waste is a mix of natural and
manufactured products. By far the dominating
ﬂuxes are vegetable and animal residues such as
straw, peels, stones, and manure. Slaughter waste is
a smaller part of the waste stream, but it requires
special attention due to its composition and hazard
as a disease vector. With a more industrialized
agriculture, the amounts of manufactured products
are growing, e.g., different containers and wrappings and other consumables. The latter type of
wastes may be included in other waste streams
such as commercial or industrial wastes. Often
the natural wastes are taken care of on site, through
burning, biogas production, depositing, or reuse,
e.g., as fertilizer, on the own farm. In the more
industrialized food production, also the natural
wastes may need to be taken care of externally.
Waste Generation There are no reliable data on
the production of agricultural wastes. The generation depends on the type of production, the efﬁciency of the production and the recycling of
materials. The total world production of grain in
2008/2009 was about 2.2 billion metric tons
according to the USDA [27]. The grain is only a
few percent of the mass of the plant, and a substantial, but highly variable, portion of the
harvested grain will be wasted in the following
processes leading up to the consumption. FAO,
the food and agriculture organization of the
United Nations [16], is another source of information on agricultural production, but little data are
available on waste.
Waste Characterization In contrast to production and consumption wastes, the character of
agricultural wastes remains fairly constant. The
large volume of plant materials consists mainly
of carbohydrates and lignins, with minor contributions of fats, inorganics, and proteins. The main
elements are carbon and oxygen, which each typically range from about 30% to 50%. Hydrogen
may vary around 5% and the nitrogen content
ranges from a fraction of a percent to about 5%.
Other elements usually total up to 5% combined.
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Manure has a similar composition, but typically a
higher nitrogen content. Slaughter waste contains
considerably higher amounts of nitrogen. Some
wastes such as peach stones [2] may contain fairly
high phosphorus content, and depending on plant
and soil conditions, various elements may appear
in higher concentrations, e.g., some plants are
known to accumulate particular metals. Most of
the agricultural wastes are prone to biodegradation and may cause oxygen depletion in streams
and lakes as well as foul smells. The energy can
also be beneﬁcially used, e.g., through biogas
production or in thermal conversion processes.
A high lignin content will hamper biogas production, as may also a high nitrogen content. The
heating value of the plant residues is commonly
in the range of 10–20 MJ/kg of DS, and animal
wastes have a somewhat higher energy content.
Outlook According to the FAO [16], a billion
people live in chronic hunger today. The reason
is not just the lacking production, but the distribution of food. At the same time, the competition
for agricultural land is getting ﬁercer due to the
increased demand for energy crops. This is
already an established conﬂict. In the coming
years, it is likely that waste from agriculture and
forestry will become much more in demand as
energy carriers and the integration of the agriculture with the energy supply chain will develop on
a global scale. A great portion of the agricultural
waste may become a commodity in the process.

Construction and Demolition Waste
Waste Generation Construction and demolition
(C D) wastes are generated from the construction,
reconstruction, or deconstruction of buildings,
roads, and other infrastructure. Thus the waste
generation rate is a direct consequence of the
rate of construction activities. Waste generation
per produced unit may change substantially only
if construction methods are radically changed,
e.g., by off-site construction of buildings.
A waste index and equation for prediction of
waste mass from construction of houses has been
presented by Lipsmeier [21]; see examples of
potential waste masses per m2 gross ﬂoor space
in Table 3.
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Table 3 Potential construction waste mass per m2 gross
ﬂoor space (GFS) in constructed building
Type of building
Ofﬁce building (low–high equipment
standard)
Apartment building (low–high
equipment standard)

Solid Waste Generation and Characterization,
Table 4 Chapter 17 of European waste list
17 Construction and demolition wastes (including road
construction)
17 01 Concrete, bricks, tiles, ceramics, and gypsumbased materials
17 01 01 Concrete
17 01 02 Bricks
17 01 03 Tiles and ceramics
17 01 04 Gypsum-based construction materials
17 01 05 Asbestos-based construction materials
17 02 Wood, glass, and plastic
17 02 01 Wood
17 02 02 Glass
17 02 03 Plastic
17 03 Asphalt, tar, and tarred products
17 03 01 Asphalt containing tar
17 03 02 Asphalt not containing tar
17 03 03 Tar and tar products
17 04 Metals (including their alloys)
17 04 01 Copper, bronze, brass
17 04 02 Aluminium
17 04 03 Lead
17 04 04 Zinc
17 04 05 Iron and steel
17 04 06 Tin
17 04 07 Mixed metals
17 04 08 Cables
17 05 Soil and dredging spoil
17 05 03a Soil and stones containing dangerous
substances
17 05 04 Soil and stones other than those mentioned in
17 05 03
17 05 05a Dredging spoil containing dangerous substances
17 05 06 Dredging spoil other than those mentioned in
17 05 05
17 06 Insulation materials
17 06 01a Insulation materials containing asbestos
17 06 02 Other insulation materials
17 07 Mixed construction and demolition waste
17 07 02a Mixed construction and demolition waste or
separated fractions containing dangerous substances
17 07 03 Mixed construction and demolition waste other
than those mentioned in 17 07

Construction
waste
57–67 kg/m2
GFS
47–61 kg/m2
GFS

Source: Lipsmeier [21]

Demolition waste is predetermined to contain
the mass and characteristics of the materials
which were used when the construction was
built. According to a Danish study, demolition
of modern houses contributes to about
1,600–1,800 kg waste per m2 ﬂoor space
demolished [7].
Roads and pavements represent large amounts
of material. During construction typically 8–15
tons of materials are used per meter of a road
lane. The main part of the waste generated during
road construction is what appears from clearing
the site, i.e., excavated soil, green (garden) waste,
and demolition waste if the site was a built-up
area. Demolition of paved areas is rare, but maintenance of roads usually involves regular intervals
of renewing the wearing course. Asphalt may be
landﬁlled, but asphalt is more and more often
recycled and reused as asphalt, sometimes directly
on-site [7].
Waste Characterization The construction
waste materials typically include soils, gravel,
concrete, bricks, glass, wood, plasterboard, asbestos, metals and plastics. One attempt to classify
construction and demolition waste is the
European waste list, Chap. 17, which can be
seen in Table 4.
Construction waste will contain both nonhazardous and hazardous materials, which is a
distinction important from management, cost and
environmental perspectives. The majority of the
nonhazardous materials in construction and
demolition waste can be easily recycled, whereas
hazardous materials will require further treatment.
Excavated contaminated soils and asphalt

Source: European Commission [11]
Hazardous waste

a

containing polycyclic aromatic hydrocarbons
(PAH) represent a large part of the hazardous
materials in construction wastes.

Solid Waste Generation and Characterization

Outlook There are considerable opportunities
for improvements in the resource efﬁciency of
construction and demolition waste management.
The waste stream contains a high proportion of
inert materials that are relatively simple to process
and that can be used for various secondary applications instead of being disposed. It also contains
many valuable components with high embodied
environmental impacts in terms of the investment
that has gone into producing them. Reusing or
recycling these can avoid the need for further
investment in primary production.

Municipal Solid Waste
Waste Generation The waste category municipal solid waste consists predominantly of household waste. Other wastes under municipal
responsibility are, e.g., street sweepings, waste
from public institutions, litter collected in public
litterbins, and green waste from tending public
parks. In addition, the municipal waste management system commonly cares for waste from
small businesses and commercial establishments.
Household waste is a generic term including a
number of different types of consumption wastes
originating from activities in private homes. Similar waste from, e.g., institutions is sometimes
included as “household waste,” and sometimes
not. There is no standardized or common deﬁnition of household waste, which has led to numerous locally deﬁned terms and deﬁnitions.
Common main categories of household waste
are listed in Table 5.
The generation rate and composition of household solid waste depend on many factors related to
lifestyle and behavior. A general inﬂuential factor
is economic development, i.e., the rate of production and consumption of goods, which consequently is reﬂected in waste generation [5]. The
waste composition is decided by product and
packaging design, and householders’ choice of
products.
The collected amount and composition of
household waste in bins and bags may also be
affected by householders’ waste handling, e.g.,
the use of garbage grinders, home composting,
and separate collection of recyclables, where the
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Table 5 Household waste categories
Residual household waste (mingled waste mainly from
the kitchen area in households, containing materials that
have not been sorted out and sent for reprocessing, with
waste components small enough to ﬁt in ordinary waste
bins and bags)
Separated food waste
Separated recyclables (paper, plastic, metal, glass)
Waste electric and electronic equipment (WEEE)
Garden waste
Bulky waste (e.g., furniture, private home repair and
construction waste, private workshop/garage waste)
Hazardous waste
Infrequent special waste, e.g., vehicles, dead pets

material ﬂow is redistributed but the total waste
generation is unchanged.
Waste Characterization All products and materials introduced into society will end up somewhere. Hence, life cycle thinking is an important
basis for the analysis of waste management systems. Household waste generation may be predicted based on production data for materials
and products put on the market. In such predictions, adjustments need to be made for the lifetime
of products, imports and exports, and for diversions from the waste stream. However, statistical
information on imported and exported goods is
only available at a national level and because of
the varying product turnover times such waste
generation prediction will be very general
[24]. Instead a common method for household
waste component studies is manual sorting of
waste samples, where the results are presented as
weight percent of different materials found in the
waste samples. In waste component studies, a
limited number of primary sorting categories is
recommended, based as far as possible on physical material (Table 6, [8]). In most cases, food
waste is the decidedly dominating material in
household waste (by wet-weight).
Outlook Sanitary concerns will remain the primary reason why household waste management is
regulated by law and cared for by the authorities in
most countries.
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Solid Waste Generation and Characterization, Table 6 Main components of household waste in bins and bags
Primary category
1. Biowaste
2. Paper
3. Plastic

4. Glass
5. Metal
6. Other
inorganics
Hazardous waste
WEEE
Miscellaneous

Examples
Food waste
Garden waste
Newsprint, magazines, paper packaging, writing paper
Plastic bags and plastic ﬁlm
Foam plastic
Dense plastic packaging
Other plastic
Glass packaging
Other glass
Metal packaging
Other metal
Ash, cat sand, ceramics
E.g., paint residues, solvents, chemicals, pharmaceuticals, mineral oil
Waste electronic and electrical equipment
Wood
Textiles
Diapers, sanitary napkins
Everything else that does not belong to any other category (e.g., leather, shoes, soap, complex
products)

Concerns about natural resource depletion and
sustainability arguments are other reasons why
household waste management is regulated. Household waste sorting and recycling schemes are
developing in most parts of the world, at different
levels. As mentioned above the major part of all
solid waste is generated during the production of
consumer products, which might have occurred in
another country before the products were shipped
to consumption and later thrown away as household waste. Therefore, a global perspective and
systems thinking are needed to understand the
waste generation due to consumption.
In the foreseeable future, the lack of international waste characterization standards and reliable
waste ﬂow data will continue to obstruct evaluation
and benchmarking of waste policy measures.
Disaster Waste
Waste Generation An irregular but relevant
form of waste generation is that occurring during
major disasters such as strong earthquakes, storms,
ﬁres, ﬂoods or major oil spills, nuclear accidents,
etc. The regular waste management is also affected
by such events, e.g., through the blockage of roads,

and indirect hazards associated with the management of ordinary municipal waste can occur, e.g.,
water pollution and other sanitary problems.
The amounts of waste that can be generated
through disasters of different kinds are staggering,
as is exempliﬁed in Table 7 which shows statistics
on the amounts of collapsed buildings during an
earthquake in China and the composition of such
waste. Another example is the Tsunami of 2004
which has been estimated to generate a quarter of
a million tons of waste in Sri Lanka alone [20], the
disposal of which undoubtedly caused numerous
problems. The hurricane Katrina that struck New
Orleans in 2006 has been estimated to generate
more than ﬁve million tons of waste brought to
emergency landﬁlls in the period 2006–2008 as
well as an increase of a similar amount that was
brought to existing landﬁlls. Most of the waste
was building remains which, while containing
potentially useful material, for the most part was
landﬁlled due to a lacking infrastructure [1]. Further data on disaster waste management can be
found in Brown et al. [6].
Waste statistics often contain large errors and
reﬂect a number of site speciﬁc characteristics,

Solid Waste Generation and Characterization
Solid Waste Generation
and Characterization,
Table 7 Breakdown of
construction wastes
generated by an earthquake
in Wenchuan, China, in
May 2008

Materials
Concrete
Bricks
Steel
Timber
Other
Total
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Amount (tons)
2.08665  108
1.52156  108
0.08431  108
0.12564  108
0.00616  108
3.82432  108

Proportion (%)
54.5
39.8
2.2
3.3
0.2
100

Source: Jian-Zhuang et al. [18]

such as the efﬁciency of waste collection and the
monitoring of waste ﬂuxes, which is highly variable. For disaster waste, it is likely that the margin
of error is considerably larger than in regular waste
statistics, but it is safe to assume that the quantities
are substantial and out of the range of normal waste
management capacity even in highly developed
countries.
Waste Characterization Disaster waste will vary
in character as well as in amounts. Basically all
material resources which have accumulated in society will form disaster waste, and since a good part of
the mass of urban environments is buildings, the
materials used in construction will often be dominating. These wastes are typically not poisonous or
prone to spread diseases, but materials mixed into
the building remains may cause such problems. In
some instances, the wastes generated will have a
direct impact on the environment and human health,
e.g., oil spills or radioactive masses, but typically the
problem is more the overload on the waste management system, as well as the quick ﬁxes applied that
may cause problems. For example, when organic
wastes must be destroyed quickly and there is a lack
of suitable facilities, a common method is putting it
to ﬁre, with the associated smoke problems.
The stored amounts of toxic wastes have been
identiﬁed as a major factor worsening the impact
of natural disasters [23]. In order to assess the
existence of hazardous materials in the disaster
waste, it is a necessary precaution to routinely
perform a mapping of materials used in different
processes, buildings, and storage facilities to
enable a rough risk assessment when disaster
strikes. The on-site assessment may be too time
consuming, so backup storage facilities for the
rubble is an essential resource in order to buy
time for testing and treating the wastes

Outlook With an increasing world population,
and an increasing concentration of people in
urban areas, and an increased dependency on transports and infrastructure, it would seem likely that
disasters will strike harder and generate more waste
in the future. The UNISDR [26] global assessment
report points out that a small portion of the world’s
surface carries a large concentration of disaster
risks, e.g., areas such as tropical cyclone prone
coastal cities. In spite of efforts to reduce the
impacts of disasters in such areas, the increase of
exposure due to population growth in these areas is
said to outweigh the countermeasures, thus
increasing the impact of future disasters.
Today waste issues are found to be off focus for
most agencies involved in disaster management
planning [20], in spite of its large importance for
the post disaster health and environmental situation. Countermeasures in the form of planning and
provision of back-up storage and treatment
schemes will undoubtedly be necessary as a matter
of routine, and may limit the impact on catastrophic
events where applied. Where such measures are
not applied, the impact on health and environment
from disaster waste will add considerably to the
direct impact of catastrophic events. There is and
will be a need for the environmental engineering
equivalency to Medicins Sans Frontiers.

Monitoring Waste Generation
Waste generation data are preferably measured
and presented in comparable units, e.g., tons per
year or tons per produced unit in industry and
kg/capita per year or kg/household per week in
household waste management.
Important questions to answer when monitoring waste ﬂows are (a) what do we measure and
why and (b) what is the magnitude of errors in the
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measurements. The lack of standardized collection data, and the general lack of metadata (i.e.,
data about data), affects all evaluations and comparisons of waste generation data. No method of
evaluation or statistical processing of data can
produce results of better quality than the quality
of input data.
Sources of errors and uncertainties in waste
generation data are numerous.
Examples:
• The waste categories are not clearly deﬁned
and/or understood.
• Data are not comparable over time because of
radical changes in the outline of collections
systems and deﬁnition of waste categories.
• Variations in local waste management organization and administration lead to different routines for data compilation.
• Waste ﬂow data have undeﬁned data gaps due
to waste not dealt with in the normal waste
management system, e.g., illegally dumped
waste, secondary markets, waste ﬂushed into
the sewage system.
• Data concerning waste collection at drop-off
points (intended for a speciﬁc waste category)
include an unknown amount of wrongly disposed materials.
• Recycling is deﬁned in various ways, which
makes the key indicator “recycling ratio”
ambiguous.
An example of unclear deﬁnitions of “recycling”
is the production of wood chips from secondary
wood. When used as a solid fuel in thermal power
stations it might be classiﬁed as waste incineration
or as recycling of biofuel. Note the term recycling is
sometimes used in the sense “make use of,” however complete recycling of wood should include not
only energy recovery but also bringing the nutrients
(ashes) back to the forest.
The uncertainties and unclear deﬁnitions in
waste generation data call for caution when drawing
conclusions about factors inﬂuencing waste generation and recycling rates, e.g., declared regional differences may be differences in monitoring methods
only, not in actual waste generation.
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Future Directions
Waste is the unwanted result of all material conversion processes, or life, or development of material
wealth in the world. During the last decades, the
economic development of the world has accelerated
and its driver has been the availability of cheap
energy, mainly in the form of fossil fuels. Oil consumption is fairly proportional to economic wealth,
and also to some degree to waste generation.
The use of fossil fuels is certainly still climbing
and there are no signs that it should stabilize or be
reduced in the next decades. The increased energy
demand of large populations such as India and
China seem to outweigh the reductions of some
industrialized countries massively.
So it may be expected that the amounts of waste
will grow at about present rates, i.e., a few percent
per year. The increased population, urbanization,
and energy consumption all speaks for this trend.
Thus, the demand for waste collection, treatment,
disposal, and recovery and recycling will also
increase. Considering the state of these activities
today, the expansion of the waste management sector will need to increase more than the economy in
general in order to catch up. Waste management may
be more crucial for the development of human society than is commonly recognized, both directly as it
deals with environmental and health hazards, but
also indirectly as it reduces the deterioration of environmental quality on a local and global scale. The
dispersion of material from society does change the
quality of all recipients globally and will in the end
be limiting for our use of soil, water, and air, as well
as it will impact on all other living creatures. Ultimately, the harmless reintroduction of waste materials into natural cycles is the goal of waste
management. Recycling and reuse of materials is
of course beneﬁcial as it reduces the stress on all
recipients, and leaner and more efﬁcient production
processes will act in the same direction, but as long
as there is an uncontrolled, long-term increase of the
background concentrations of various compounds
due to emissions from human activities, we have
not achieved the goal of waste management.
The growing amount of wastes is one challenge
for waste management and a second is the distribution of the wastes. Regions with heavy industry
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and raw material extraction will have the bulk of
the waste to deal with and service based economies
will have little more than consumption and construction and demolition wastes. The long distance
transfer of wastes may be one result of this unbalance, and it may cause severe problems as has
already been seen, e.g., with electronic waste in
some regions of western Africa.
A third problem is an increasing waste complexity, which results in a need of more elaborate
waste management practices. Products with ﬂame
retardants will not burn, mixtures of polymers will
not recycle as easily and so on. The present development within nanotechnology is already adding
to the complexity of products and will increase to
do so, and new challenges are likely to emerge in
the waste management sector.
A developed waste management is a sign of an
advanced culture. It has been developed as a part of
government and is expressed by laws. At present,
waste management is lacking in many aspects. To
begin with, the data on waste generation are ranging
from unprecise to absurdly poor and the understanding of waste characterization needs to be much
improved among those that work with waste management or make decisions about it. The consequences of these shortcomings are suboptimal
practices and a waste of resources, human as well
as natural. Coming to terms with these fundamental
issues, the long-term challenge remains: to ﬁt the
output of society into the material cycles of nature
without damaging the recipients. It does not sufﬁce
to talk about the weather, now it is time to do
something about it.
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Residual waste Materials remaining as waste
after reuse, recycling, or processing.
Separation Placing different waste materials in
different containers.
Setout rate The fraction of households that present materials on the collection day.
Source activities Actions that take place at the
waste generation point that result in the proper
presentation of the waste to the waste collection
system.
Storage Keeping waste materials at the generation point until they can be collected.
Transfer station Facility at which transfer is
performed.
Transfer Moving wastes from a collection vehicle to a transport vehicle.
Transport vehicle Vehicle designed to move
waste long distances.
Transport Moving wastes long distances for
treatment, disposal, or recycling.

Glossary
Collection vehicle Vehicle designed to collect
waste.
Collection Obtaining materials from the curbside or drop-off centers and bringing that material to an unloading point.
Curbside collection Collecting materials from
each household, at the front curb or back alley.
Drop-off center A centrally located facility, with
large containers for each type of material, from
which material is collected.
Generation The act of creating a waste.
Material recovery facility Special type of transfer station, where recyclables are processed
before transport.
Participation rate The fraction of households
that regularly present materials properly.
Presentation Placing waste materials in the
proper location for collection by the municipal
waste collection program.
Processing Changing the properties of a waste
material, e.g., compacting cans.

Definition of the Subject and Its
Importance
Solid wastes must be collected from generation
points and moved to a transfer station, or treatment,
disposal, or recycling facility. Source activities are
carried out at generation points. They include generation, processing, storage, and presentation to the
collection system. Collection involves moving the
waste from the presentation point to an unloading
point, i.e., a transfer station, etc. Wastes are taken to
a transfer station when the ultimate destination is
far away. Environmental impacts from collection
and transport arise primarily from the operation of
collection and transport vehicles.

Introduction
The functional elements of an integrated solid waste
management system include generation, source
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activities, collection, processing, transfer and transport, treatment, and disposal [1]. Generation is the
creation of waste, when an item becomes unwanted.
Source activities are things that must be done to the
waste at the generation point to deliver it to the
collection system, e.g., storage in a recycling or
waste container that is placed at the curb on the
collection day. Collection involves obtaining the
waste from the presentation point and bringing it
to the unloading point of the collection vehicle.
Processing is anything that must be done before
transfer, transport, or disposal. Transfer moves the
waste from the collection vehicle to a transport
vehicle, perhaps via a processing facility. Transport
involves moving waste signiﬁcant distances from a
transfer location to processing, treatment, or disposal facilities. Treatment facilities reduce the volume, mass, or toxic nature of a waste. Treatment
facilities include composting facilities and incinerators with energy recovery. Disposal facilities store
wastes, e.g., landﬁlls. All landﬁlls combine aspects
of treatment and disposal, with bioreactor landﬁlls
tending more toward treatment than traditional
landﬁlls.
The purpose of this entry is to describe the
collection and transport of waste, with emphasis
on associated environmental impacts. The functional elements most related are source activities,
collection, transfer, and transport.

outdoors (picnics, camping, travel, etc.). Source
activities must be carried out properly if waste is
to be properly delivered to the solid waste collection system. Source activities include separation,
storage, processing, and presentation. For the collection of recyclables and compostables, the participation rate of the community is also very
important. The environmental impacts of source
activities are relatively small and have not yet
been subjected to analysis or estimation. The discussion here is focused on their description.

Source Activities

Separation
Separation requirements can vary depending on
the solid waste management system. If no
recycling or composting is included in the system,
no separation is required; all wastes can be placed
in a single container. A single container can also
be used if a centralized facility is used to separate
recyclable or compostable materials from residual
waste. In many solid waste management systems,
waste must be separated into two or more fractions. Common residential separation schemes are
shown in Table 1.
The separations used at industrial and institutional establishments will depend on the waste
characteristics of a particular facility. Very speciﬁc separations may be justiﬁed, depending on
the predominance of a particular type of waste,
e.g., grocery stores may separate corrugated
boxes, ofﬁces may separate white paper, and cafeterias may separate food waste.

Source activities take place at the point of waste
generation, i.e., residences; commercial, industrial, and institutional establishments; and

Storage
A two-step storage process is often followed in
residences. Small containers are kept in the

Waste Collection and Transport, Table 1 Common residential separation schemes
Scheme
Wet/dry/residual
Single-stream
recycling
Two-stream
recycling

Description
The wet stream is composted while the dry stream is incinerated. Residual wastes are landﬁlled.
Recyclables are often separated from the residual wastes via a drop-off center program
All recyclables (paper, bottles, cans) are separated into a single stream, which is further separated
at a central processing facility. Residual wastes are also separated. Compostable wastes may be
separated from residuals
Paper and cardboard are separated into one stream, while bottles and cans are separated into
another. The bottle and can stream typically consisted of plastic, glass, aluminum, and steel.
Residual wastes are also separated. Compostable wastes may be separated from residuals
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kitchen (under the sink or in a cabinet) or in a
laundry or utility room. When these small containers become full, they are emptied into larger
containers kept outside the living area. At singlefamily dwellings, the containers are often kept
next to the house, along an alley if present, or
next to or in a garage or outbuilding. In the case
of compostables, materials may be stored for a
brief time in the home and then moved to an
outside storage container or a home
composting unit.
At multistory apartment complexes, garbage
chutes may be available in the hallways. In some
cases, these chutes can accept multiple fractions.
A switch is used to identify the fraction about to
be placed in the chute, and a carousel rotates the
proper container under the chute. Alternatively,
convenience areas may be located outside the
apartment building. Convenience areas may contain one container (for the entire waste stream) or
multiple containers for recyclables, compostables,
and residual waste. An apartment complex convenience center in Börlange, Sweden, contains separate containers for batteries, compostables (wet),
combustibles (dry), residual waste, colored glass,
and clear glass.
Storage at industrial or institutional establishments may also be two-stage. For example, at an
ofﬁce facility, small containers may be located in
ofﬁces and/or public areas. These containers will
be periodically emptied into larger containers in
utility areas or outside.
A relatively small number of municipal solid
waste (MSW) systems are pneumatic. In this case,
containers may be located inside or near buildings. These containers are periodically emptied by
suction and the materials moved through pneumatic tubes to larger containers for longer-term
storage.
Processing
Home composting is a relatively common process
employed at residences. Composting is controlled
aerobic or anaerobic biodegradation in which
microbes consume the more biodegradable portions of a waste, though worms can also be used.
Backyard composters can range from a simple
enclosure of wire fence to a container that is
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rotated to mix and aerate. In worm composters,
fresh waste is deposited in a top tray, causing
worms to move out of composted material in a
lower tray, leaving it worm free and ready to be
removed. Yard and food waste are the most common materials composted at home. Maximum
savings to communities are realized from home
composting, since a portion of the waste stream is
treated at zero cost to the municipality. Even more
convenient is the “let it lie” process, in which
leaves or cut grass are allowed to remain in the
yard and degrade naturally.
Most processing at the source is carried out to
make it easier to store waste. Some items must be
cleaned before placement in a recycling container,
such as a mayonnaise jar. Other items may be
crushed by hand to increase density and store
more items before a container must be emptied.
In some houses, an appliance is used to compact
residual waste, to minimize the frequency with
which it must be taken to the outside storage
container.
Processing may be required at industrial or
institutional establishments, e.g., at a grocery
store, corrugated boxes may be compacted to
optimize storage.
Presentation
The last activity at the source is “presenting” the
waste to the collection system. If curbside collection is employed, a collection vehicle passes each
single-family residence. In some cases, the collection crew may walk onto the property to retrieve
container(s). The crew may even return the container to its storage location. In this case, the
resident does not need to do anything other than
ﬁll the container. More commonly, residents move
their containers to the curb or alley on the collection day and/or return them to the storage location
after collection.
When a large centralized container is located
near an apartment complex or industrial or institutional establishment, no special presentation is
required. Simply storing the waste puts it in the
proper place for presentation to the municipal
solid waste system.
In communities that employ drop-off centers,
large centralized containers are located at a
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relatively small number of centrally located public
areas, e.g., along streets or at grocery stores, government buildings, transfer stations, or landﬁlls.
Residents are responsible for bringing materials to
these drop-off centers, where they are stored temporarily before collection. For the residents of the
Börlange apartment complex mentioned above,
additional materials were presented to the MSW
system at a nearby grocery store. Containers
included in-store storage for deposit/refund beverage containers (glass, plastic, and aluminum)
and storage containers in the parking lot for packaging (paper, plastic, and metal). While drop-off
centers are less expensive to operate for the
municipality, locations should be picked so that
users can walk or, if driving is required, use combined trips. Otherwise, the economic and environmental costs incurred by the generators may
exceed any municipal savings.
According to Belton et al. [2], drop-off centers
should be within 500 m if an individual is walking
or 0.5–2.5 km if the person is driving.
Valeo et al. [3] used geographical information
systems (GIS) to locate drop-off centers for recyclables in a community of 22,000 in Southern Ontario,
Canada. Location-allocation modeling was used.
Shopping centers, municipal parking lots, and roadside sites were considered. Five hundred potential
sites were identiﬁed. If people were assumed to
walk to drop-off centers, 35 centers were needed to
adequately serve 99% of the population.
Aremu and Sule [4] simulated the impact of
placing one to ten waste bins at optimal locations
in Ilorin, North Central Nigeria, a community of
800,000 covering 89 km2. They used a built-in
solver for p-median problems (TransCAD v. 5.0,
Caliper). Service coverage and public satisfaction
improved as the number of waste bins increased
from one to ﬁve. When six or more waste bins
were used, 100% service coverage and public
satisfaction were attained, but some bins were
underused. Environmental impacts increased
with each additional bin.
Bacha et al. [5] developed a model predicting
the collected amount of waste paper based on
649 Austrian municipalities using drop-off centers.
Municipalities with a higher number of overnight
hotel stays per person and year had higher
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quantities of collected waste paper, attributed to
the increased waste potential of municipalities in
tourist regions. The index of purchasing power per
capita (the sum of net income per year) showed a
strong effect on the amount of waste paper collected. Municipalities with a higher percentage of
households in which one member works in the
home for no pay showed a signiﬁcantly lower
amount of waste paper per person. Higher amounts
of waste paper were collected in municipalities
with a higher percentage of employees in businesses and industry as well as in the service sector.
A higher number of agricultural ﬁrms were associated with a smaller amount of collected paper. The
density of collection sites positively inﬂuenced the
amount of collected waste paper, probably due to
increased convenience.
Surveys can be used to improve the operation of
drop-off centers. Williams and Taylor [6] administered two surveys in order to better understand how
to maximize the use of 26 drop-off centers in
Lancashire, UK. A telephone survey was carried
out among the drop-off center attendants to identify
the effects of recent site improvements and obtain
their opinions regarding overall customer satisfaction. An on-site questionnaire survey was
conducted among customers at ﬁve drop-off centers, over three seasons, on weekends and weekdays. Customers were asked their opinion of the
drop-off centers and were asked to identify
methods that would maximize recycling. Site
attendants stated that they actively encouraged customers to segregate waste more efﬁciently and that
a bonus scheme had provided incentive regarding
this effort. Site attendants had a key role in effective use of the drop-off centers. Lancashire dropoff center customers were mostly male, used private cars, and showed high levels of customer
satisfaction. Practical changes to encourage more
recycling at drop-off centers included longer opening hours and the provision of boxes to enable preseparation of waste.
Participation
The participation rate in collection programs is the
fraction of residences that present all or most of
their waste materials (residual, recyclable, or compostable) to the collection system. Typically,
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100% of residences present residual waste,
because municipal collection is the most convenient way to get rid of materials that otherwise
will cause odors and attract ﬂies. A smaller fraction of residences participate in municipal recyclables or compostables collection programs,
because it is more convenient to leave them in
the residual fraction.
The setout rate is the fraction of homes that set
out materials on a given collection day. Setout
rates are lower than participation rates because
some participating households do not set out
materials on every collection day. Setout rates
for residual waste programs are also close to
100%, while setout rates for recycling programs
vary greatly. According to Canadian researchers,
setout rates for recycling programs have been
reported to range from less than 20% to more
than 70% [7].
Considering that it is more convenient for people to leave recyclables and compostables in the
residual waste, it is useful to investigate reasons
why signiﬁcant numbers of people participate in
recyclables and compostables collection programs. Recycling and composting programs
have been described as individual-level
Waste Collection and
Transport,
Fig. 1 Conditions to
participate in recycling
programs [8]
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environmental collective actions (IECAs).
According to Everett [8], IECAs involve the widespread adoption of particular individual behaviors
to produce environmental collective goods. Collective goods are deﬁned as any good “such that,
if any person Xi in a group X1, X2,. . ., Xi,. . .,Xn
consumes it, it cannot be feasibly withheld from
others in the group” [9]. Some collective goods
have what is called “jointness of supply,” i.e.,
when the consumption of the collective good by
one member of the group in no way reduces the
ability of other members to enjoy it. The classic
example is the lighthouse. Once one is built, any
ship passing by beneﬁts (a collection good), while
the beneﬁt of one ship does not reduce the beneﬁt
for other ships (jointness of supply).
Collection programs are IECAs because they
require individuals to adopt behaviors concerning
municipal solid waste management in order to
produce environmental collective goods such as
cleaner air, water, and soil. Of course, not all of the
goods provided by collection programs are collective in nature, e.g., resulting in lower MSW
management bills.
Figure 1 can be used to understand the factors
leading to participation in IECAs in general and
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recycling and composting programs in particular
[8]; it is a ﬂowchart that describes the various
scenarios under which various assessment rationales and incentives are effective. In the discussion that follows, this ﬁgure is interpreted for
recycling programs, but the discussion can easily
be applied to composting programs.
The ﬁrst condition is knowledge of the
recycling program. People who do not know that
a recycling collection program exists will not participate. Furthermore, while it is unlikely that a
curbside collection program can remain unknown
for a long time, residents may not learn how to
participate. With regard to drop-off programs,
residents may remain ignorant of the existence
of a program, especially when drop-off centers
are located in places rarely visited for purposes
other than recycling.
Once a resident has knowledge of the recycling
program, participation requires sufﬁcient incentives. Incentives can be described by two dimensions, separation and selectivity. “Separate”
incentives do not depend on ideological agreement with the goals of the recycling program,
e.g., monetary incentives. “Not-separate” incentives are related to the goals of the recycling
program, e.g., saving natural resources or reducing waste management costs. “Selective” incentives are contingent on participation, e.g., awards
or avoiding punishment. “Nonselective” incentives are the collective goods provided by the
IECA. Anyone in the group receives them,
whether or not they participate.
There are four combinations of these two
dimensions: selective-separate (e.g., monetary
rewards), selective-not-separate (e.g., awards),
nonselective-not-separate (collective goods
directly related to the goals), and nonselectiveseparate (collective goods supplied by the
recycling program but not related to the goals).
The last combination is rarely encountered.
The effectiveness of each type of incentive
depends on ideological agreement, assessment
rationale, and belief in efﬁcacy. Individuals in
ideological agreement with a recycling program
believe that its goals are valid. Only selectiveseparate incentives work for individuals not in
ideological agreement.
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For those that agree with the goals of an IECA,
their perception of individual efﬁcacy and their
assessment rationale jointly determine what
incentives will have inﬂuence. With many collective actions “. . .no single individual's contribution
makes a perceptible difference to the group as a
whole, or the burden or beneﬁt of any single
member of the group,” i.e., individual efﬁcacy is
negligible [8]. For IECAs, even though an individual’s contribution to the overall collective
good may be small, it exists, and its production
is directly linked to participation. As each individual’s ability to produce the collective good,
though small, is approximately the same, each
individual has about the same effectiveness.
Some individuals focus on the direct relationship
between their participation and production of the
collective good and end up believing in their own
efﬁcacy. Others focus on the small amount of
collective good their participation produces and
believe that they are not efﬁcacious.
Two assessment rationales can be employed,
individual and group. An individual assessment
rationale is based only on personal gain from
participation. Collective goods, the receipt of
which does not depend on participation, enter
into individual assessments only if the increase
in an individual’s share of a collective good consequent to participation is greater than the cost of
participation. Such an individual, by Olson’s terminology [9], is “privileged.” It is difﬁcult to
imagine such a person with respect to collection
programs. If greater proﬁt – personal beneﬁt
minus personal cost – is gained from not participating, nonparticipation will be the choice of
action of individuals operating under an individual assessment rationale. This is the logic behind
“free riders.”
Individuals following a group assessment
rational consider group beneﬁts. Some employing
the group assessment rationale will participate any
time the group beneﬁts outweigh their personal
cost. Since the small improvement in environmental quality from recycling a single item is shared
by all living beings on the planet, it is very likely
that the group beneﬁt will outweigh the individual
cost. Others employing the group assessment
rationale may not be so altruistic; they will
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participate as long as their beneﬁts outweigh their
personal costs. They differ from people
employing the individual assessment rationale
because they may participate when nonparticipation would increase their personal net
beneﬁt. Figure 1 identiﬁes the types of incentives
that inﬂuence people falling into the four combinations of efﬁcacy and assessment rationale.
At least ﬁve major factors are related to participation in collection programs: market incentives,
coercive incentive, convenience strategies, promotional efforts, and demographic and attitudinal variables [8]. Market incentives are selective and
separate. They consist of direct payments, deposit
programs, and pay-as-you-throw (PAYT) schemes.
In communities using PAYT, residents pay different
rates for different volumes or mass of waste collection. Pay-as-you-throw programs are an effective
method for encouraging source reduction and
recycling. The US EPA [10] estimated that each
person participating in a PAYT program reduced
his/her annual greenhouse gas (GHG) emissions
by an average of 0.085 MTCE. An MTCE (metric
ton carbon equivalent) is the amount of greenhouse
gases (e.g., CO2, methane, water vapor, nitrogen
oxide) with the greenhouse potential equivalent to
one metric ton of carbon dioxide.
Coercive incentives use the force of law to
produce desired behaviors. A nationwide study in
the USA found that mandatory programs collecting
newspaper, glass, and aluminum collected almost
60% more materials than voluntary programs
collecting the same materials [11]. Though numerous programs have rules requiring participation,
and even punishments speciﬁed in ordinances and
codes, enforcement is rare.
Though separating wastes into additional fractions for recycling or composting can never be
more convenient than placing everything in one
container, convenience strategies can be
employed to reduce that additional cost as much
as possible. Convenience strategies can employ
delivery methods, separation requirements, container provision, collection frequency, and program reliability [11, 12].
Promotion efforts give people knowledge of a
program, describing where, when, what, and how
to recycle. They can also affect ideological
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agreement and efﬁcacy, e.g., by advertising
recycling beneﬁts and describing the positive outcomes of an individual’s recycling behavior. Promotions can also change people’s perceptions of
all types of incentives, e.g., lowering personal cost
perceptions by describing the convenience of a
particular program. Promotions should be tailored
for each program, highlighting its particular beneﬁts and conveniences and minimizing its costs.
The explanatory power of demographic and
attitudinal variables can be related to recycling
activity [8]. Demographic variables such as higher
education, higher income, neighborhood stability
and networks, type of building, and age group have
all been associated with recycling behavior. So
have attitudinal variables such as a sense of being
in control of one’s life, a sense of personal responsibility for environmental problems, and frugality.

Collection
Collection is needed to move wastes from widely
distributed generation points to a transfer station or
treatment/disposal facility. In the case of residual
wastes, collection frequency has an upper limit
based on the breeding cycle of pests, such as maggots and ﬂies. For example, it takes 9–11 days for
ﬂies to multiply in residual waste at typical temperatures [1]; hence residual wastes are generally collected at least once a week. While recyclables can
typically be stored for at least 2 weeks, the once-perweek collection frequency is often used, as it is
easier to remember to collect every Wednesday,
e.g., rather than every other Wednesday.
Collection programs can be privately or publicly operated. García-Sánchez [13] examined
street cleaning and waste collection services in
Spanish municipalities to identify factors
inﬂuencing service efﬁciency. Information from
38 of 113 towns with populations over 50,000 was
obtained. Measures of success included tonnage
collected, number of collection points, collection
point density, and length of streets washed. They
found no signiﬁcant difference in the efﬁciency of
street cleaning and waste collection services
between towns with private versus public
programs.
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Collection containers can be divided into two
major types, hauled and stationary. Full hauled
containers are carried by the collection vehicle to
the unloading point. Once emptied, they are
returned to their next collection point.
A common use for hauled containers is at construction and demolition sites. Stationary containers are permanently located at a particular
site. When full, or at regular intervals, the stationary container is emptied into the collection vehicle
and immediately returned to its location.
Stationary containers range from relatively
small containers used in curbside collection programs to specialty containers and dumpsters. In
curbside collection programs, vehicles drive by
each setting out household or business and collect
materials. Curbside programs most commonly
collect from neighborhoods of one- and twofamily residences or districts of small businesses.
Typical curbside containers in the USA range
from 32 to 96 gallons (121–363 L). Figure 2 is
used to demonstrate the typical activities of a
collection vehicle collecting two routes per workday. The vehicle is stored in a parking facility. At
the start of the workday, the truck is driven to the
ﬁrst route and collection begins. When the route is
ﬁnished, the truck drives to the unloading facility,
unloads, and travels to the second collection route.
Once the second route is ﬁnished, the truck again
travels to the unloading facility, unloads, and
returns to the parking facility. Unloading facilities
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Fig. 2 Collection truck
activities (residual waste,
recyclables, or
compostables)
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can be processing centers, transfer stations, landﬁlls, or waste-to-energy (WTE) power plants.
Dumpsters and specialty containers are located
at large generation sites (e.g., apartment complexes and businesses) or at drop-off centers. In
communities that rely on drop-off centers, householders must take recyclables or compostables
and, in some cases, residual wastes to containers
located at public access points, e.g., along streets
in urban areas, shopping center parking lots,
municipal facilities, transfer stations, or landﬁlls.
Specialty containers are often used at drop-off
centers, e.g., containers with openings designed
to accommodate different recyclable items. Collection vehicles periodically empty the containers.
The collection of residual or compostable
waste is most often done in compaction vehicles.
By compacting waste during the collection process, more waste can be collected before the vehicle must be unloaded. Compaction can be used
with recyclables, but care must be exercised to
avoid breaking glass. Vehicle loading can be manual, semiautomatic, or automatic. Manual loading
requires the collection crew to push or pull containers to the collection vehicle and lift them to
empty. Semiautomatic loading still requires a
crew member to push or pull the container to the
collection vehicle, but a pneumatic lifting system
is used to empty the container into the truck. In
automatic collection, the driver of the truck
maneuvers close to a container, “grabs” it with a
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crane- or “forklift”-type device, and automatically
empties it. Automatic systems use the crane with
curbside collection and the “forklift”-type device
with dumpsters. Single compartment trucks are
the norm for residual waste collection. The collection of recyclables can be done in single- or
multi-compartment trucks.
Manual and semiautomatic collection can result
in health issues for crew members. Rogers et al.
[14] administered a survey to municipal solid
waste (MSW) collectors and their supervisors/
safety ofﬁcers in both public and private companies to evaluate occupational risks to Florida MSW
workers. Data were obtained for 251 workers.
Results of the survey indicated high rates of lacerations, contusions, strain/sprains, and illness.
Seventy-ﬁve percent of the collectors reported having been injured in the previous 12 months.
According to Medina [15], many cities in
developing countries spend 20–50% of municipal
revenues on MSW while collecting only a fraction
of MSW generated, in many cases less than 50%.
In Mexico, informal private collectors often provide collection in low-income areas, where no
ofﬁcial collection is provided. While informal
refuse collection is illegal in Mexico, response
varies from city to city, including repression,
neglect, collusion, and even encouragement.
Medina argues that informal refuse collection
can be a valid part of solid waste management
where a regulatory and policy framework is in
place that encourages self-help, private investment, and entrepreneurship. Many cities in developing countries are simply unable to provide
complete collection coverage, especially in lowincome areas. Informal refuse collection can ﬁll
the gap, providing an important service and
improving the quality of life.
Factors Influencing Collection Efficiency
WRAP [16], a nonproﬁt-based organization in the
UK, completed an analysis of three types of curbside collection systems for recyclables: curbside
sort, single stream comingled, and two stream
partially comingled. In curbside sort systems,
materials are sorted by type at the curbside and
collected in different compartments of a multicompartment vehicle. In single-stream comingled

29

systems, materials are placed at the curb in one bin
and collected in a single compartment vehicle,
with the sorting of the materials occurring at a
Materials Recovery Facility (MRF). In two stream
partially comingled systems, residents separate
materials into two categories, usually ﬁbers
(paper and cardboard) and containers (glass,
cans, and plastic bottles), which are collected in
a two-compartment vehicle. Each comingled
stream is handled separately at the MRF.
The following general observations were made
after investigating programs in the UK:
• Curbside sort schemes had lower costs than
single-stream comingled schemes, when the
income from material sales was considered.
• The net costs of curbside sort schemes are
strongly affected by income from the sale of
materials.
• The net costs of comingled schemes are
strongly affected by MRF fees.
• Two-stream comingled collection schemes
keeping paper separate from containers have
similar net costs to curbside sort schemes.
• There is little variation in material yields
between the three main curbside schemes.
• Programs that collect glass and/or have alternate weekly collection of refuse exhibit the
greatest diversion rates.
• Recycling collections are maximized when
more or larger containers are provided and/or
recyclable materials are collected weekly.
• The best scheme does not appear to be
impacted by the “urban” or “rural” nature of
the area served.
Wilson and Batz [7] developed a derived probability model to estimate vehicle and labor
requirements for municipal solid waste collection
systems. The setout distribution was modeled
using the binomial distribution, leading to the
application of the geometric distribution to stopto-stop distance. The total loading time and delay
time were modeled using the normal distribution.
The number of households a truck passes before
ﬁlling was modeled using the negative binomial
distribution. The model was used to explore three
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scenarios: route size when the collection vehicle is
constrained by time, route time when the vehicle
is constrained by capacity, and the effect of vehicle capacity on costs [17]. Parameters included
route size (the number of houses served before
the truck became full or runs out of time), setout
rate (the fraction of houses setting out materials on
a given day), average loading time (time to load
materials on the vehicle at a given stop), and
average stop spacing (the distance between setting
out houses).
In routes constrained by time, route size is
sensitive to setout rate, e.g., the same vehicle on
a route with a 20% setout rate could serve more
than twice as many households as on a route with
a setout rate of 80% [17]. Route size was also
sensitive to average loading time, e.g., a change
in loading time from 10 to 20 s/stop required a
reduction in route size of almost 40%. Route size
was somewhat less dependent on average stop
spacing, with an increase in average stop spacing
from 10 to 25 m resulting in an approximately
20% reduction in route size.
Constraining routes by vehicle capacity results
in relatively little variance in route time, because
the number of stops will be constant [17]. This
suggests that trucks of similar capacity, starting
routes at similar times, will ﬁnish those routes at
about the same time, resulting in long lines at
unloading locations. When comparing trucks of
15, 20, and 25 yd3 capacity (11.5, 15.3, and
19.1 m3), the medium-sized truck was rarely the
lowest-cost option. Large vehicles run up against
a time constraint before ﬁlling to capacity,
whereas small vehicles ﬁll well before the end of
the collection day. In most cases, either situation
was preferred to that of a medium-sized vehicle
that meets both constraints at approximately the
same point.
Dahlén et al. [18] investigated the effect of
different collection systems on recycling in six
municipalities in Sweden. PAYT schemes are
based on weight-reduced residual household
waste collection by 50%; however, preliminary
results indicated a relatively high rate of impurities (12% in 2004), i.e., wrongly sorted materials,
in the biowaste fraction. Curbside collection programs recycled more metal, plastic, and paper
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packaging and then drop-off programs. When
separate collection of biodegradables was
included in the curbside system, the overall
sorting of dry recyclables increased. It appeared
that the handling of biodegradables facilitated
sorting dry recyclables.
In Sweden, a producer responsibility ordinance
mandates that producers, i.e., plastic manufacturers, collect and recycle packaging materials.
Hage and Soderholm [19] investigated the relationship between collection rates of household plastic
packaging waste and various factors for 252 Swedish municipalities. The results of a regression analysis indicate that local policies, geographic/
demographic variables, socioeconomic factors,
and environmental preferences provide some
explanation of inter-municipality collection rates.
The collection rate was positively affected by
increases in the unemployment rate, the fraction
of private houses, and the presence of immigrants
(unless newly arrived) in the municipality. Distance to recycling industry, urbanization rate, and
population density were not signiﬁcantly related to
collection rate. Municipalities with weight-based
waste management fees typically experienced
higher collection rates than those municipalities
in which ﬂat and/or volume-based fees were used.
Gomes et al. [20] simulated the costs of
compostables collection using a ﬁxed container system and a transfer station, for a municipality with a
population of 28,000 inhabitants. The main goal
was to compare three scenarios: traditional, unsorted
collection, separate collection of compostables, and
separate collection of compostables from urban
communities with home composting elsewhere.
Input data from 2001 were used, including waste
quantities, travel times, work crew composition,
crew time shifts, vehicles, and containers. Separate
collection of compostables resulted in comparable
collection costs to traditional, unsorted collection.
When only urban compostables were collected and
nonurban compostables were home composted, the
costs were lower than traditional, unsorted method.
This emphasizes the importance of home
composting.
McLeod and Cherrett [21] assessed the effects
of three domestic waste collection methods using
data from three Hampshire, UK authorities:
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cooperation between neighboring waste collection authorities and vehicles based at waste disposal sites. Cooperation could reduce vehicle
mileage by 5.9% if vehicles were optimally
reallocated to depots. Vehicle mileage was
reduced by 13.5% when vehicles were based at
the two waste disposal sites rather than existing
depots. This work identiﬁed some basic methods
for optimizing waste collection.
Optimization
Numerous optimization studies have been applied
to MSW collection, often identifying signiﬁcant
saving opportunities. According to Tavares et al.
[22], the collection of MSW can be more than 70%
of the total waste management budget. Fuel costs
can be a major portion of the collection cost. Optimization of the routing network used for waste
collection and transportation can be used to minimize fuel costs. GIS optimization models can take
into account the effects of road inclination and
vehicle weight on fuel consumption. Tavares
et al. optimized routes in two different ways, minimizing the travel distance and optimizing the fuel
consumption. For the Praia city region (Cape
Verde), optimizing for fuel consumption used 8%
less fuel than optimizing for route distance. When
the model was applied to a waste transport problem, a 12% fuel reduction was obtained. The
results indicated the importance of designing
routes to minimize uphill climbs to reduce fuel
consumption. Reducing fuel consumption will
also reduce greenhouse gas (GHG) emissions.
Chang et al. [23] used “compromise” programming within a GIS framework to optimize waste
collection in Kaohsiung City, the second largest
city in Southern Taiwan. Compromise programming was used to optimize multiple objectives:
shortest collection distance, lowest collection
cost, and shortest collection time. Optimization
was performed on the current management districts
and new proposed districts. The model was able to
signiﬁcantly reduce the number of collection points
and collection distance and time. The number of
collection points was reduced from 1788 to
617, collection distance was reduced from 80,528
to 51,176 m, and collection time was reduced from
1629 to 1521 min. Furthermore, the average
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distance residents had to walk to collection points
was also reduced, as was the average service frequency of the collection vehicles.
Kardimas et al. [24] used the ant colony system
(ACS) algorithm, within a GIS environmental to
monitor, simulate, and optimize solid waste collection in a portion of Athens that produced an
amount of waste equivalent to the vehicle capacity. The program was able to reduce travel time by
approximately 25%, resulting in an overall reduction in collection time (travel plus loading) of
approximately 9%. Filipiak et al. [25] used the
Chinese postman problem algorithm to optimize
MSW collection costs in the Township of
Millburn, NJ. They were able to develop a set of
optimal collection routes that reduced the distance
traveled by approximately 10%. Nuortioa et al.
[26] optimized vehicle routes and schedules for
collecting municipal solid waste in Eastern Finland using a guided variable neighborhood
thresholding metaheuristic. The method was able
to optimize three routes by an average of 46%.
Kima et al. [27] presented algorithms for collection vehicle routing problems that consider
multiple unloading trips per day and driver’s
lunch breaks. This scenario is most appropriate
for commercial waste collection, in which each
vehicle can make many unloading trips per day.
The algorithms were successfully implemented
and used by the Waste Management, Inc. In one
case study, a collection scenario requiring ten
9-h routes with productivity of 57.06 yd3/h
(43.63 m3/h) was improved to nine 9-h routes
and 63.40 yd3/h (48.47 m3/h). This reduced the
annual number of routes by 984, resulting in a
savings of $18 million.
Greenhouse Gas Emissions and Other
Environmental Impacts
The collection of municipal solid waste generates
some pollution, e.g., vehicle emissions. For isolated communities, the pollution generated by
long transport distances required to bring recyclables to processing or manufacturing centers may
outweigh the beneﬁts of avoided extraction and
processing of virgin materials. A number of
researchers have studied the environmental
impacts of collection.
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Batool and Chuadhry [28] estimated greenhouse gas (GHG) emissions from solid waste
management for the Data Ganj Bukhsh Town
(DGBT) in Lahore, Pakistan, using the life cycle
assessment (LCA) methodology; there were 1.6
million people living in 232,000 dwellings, with
an average per capita MSW generation rate of
0.84 kg/day. Solid waste management options
considered included the collection and transportation of waste, composting, biogasiﬁcation, collection of recyclables with single and mixed material
bank container systems, and landﬁlling. CO2
equivalents, emitted and avoided, were based on
electricity consumption and production, fuel consumption, and emissions.
The baseline scenario was the current MSW
system, collection of waste for landﬁlling without
energy recovery [28]. In scenario 1, 70% of
biowaste was collected at the curb for composting.
In scenario 2, the biowaste was collected for
biogasiﬁcation. Scenarios 3 and 4 involved dropoff systems for recyclables. Scenario 5 was a
combination of scenarios 1 and 3. Scenario 6 combined scenario 5 with energy recovery at the landﬁll. LCA results showed that the baseline scenario
produced 838,116 tons of CO2 equivalents annually. Scenarios 1, 2, and 5 resulted in reductions
ranging from 58% to 75%. The recycling-only
options, scenarios 3 and 4, resulted in little savings, primarily because of the low percentage of
materials available for recycling (26%). Scenario
6 was a carbon sink, with 33,773 tons stored each
year. The authors’ calculations indicate that GHG
emissions associated with collection are less than
reductions associated with recycling.
Solano et al. [29] developed an integrated solid
waste management optimization and life cycle
assessment (LCA) model that considers cost,
energy, and environmental releases. They applied
the model to a number of scenarios using a hypothetical, but realistic, case study representing an
urban region of medium size [30]. Both cost and
GHG emission minimization could be determined
by the model.
A minimum-cost MSW management system
was identiﬁed in which residential and multifamily sectors were served by a recyclable material drop-off center [30]. Approximately 5% of the
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waste of these two sectors was recovered. The
remaining 95% was collected as mixed MSW
and disposed of in a landﬁll. Approximately
26% of commercial sector waste was collected
as presorted recyclable material, while the rest
was collected as mixed MSW and disposed of in
a landﬁll. Collection and landﬁll costs constituted
83% of the net cost. The drop-off option for recyclables was incorporated into the minimum-cost
MSW system because it costs very little and was
easily offset by the revenue generated from the
recyclable materials. According to Solano et al.
[30], the majority of MSW management environmental impacts are associated with collection and
landﬁll activities. Collection uses signiﬁcant
amounts of energy, while landﬁlls emit signiﬁcant
amounts of GHG. This assumes that landﬁll gases
are not captured or are ﬂared.
In the minimum GHG emission scenario, the
model selected recycling for some combustible
and noncombustible items [30]. Recycling of
combustible items was favored when recycling
was more beneﬁcial than combustion with energy
recovery. This was the case for paper and
plastic. Recycling of noncombustible items was
favored when emission savings at the
remanufacturing facility were greater than the
emissions associated with recyclables recovery
activities. This was the case for metal and glass.
A costly mixed waste MRF was selected to
recover those recyclables not separated by the
residents, emphasizing the GHG emission beneﬁt
of recyclable recovery. Almost the entire commercial waste stream was combusted.
Though not adequately described in the paper,
it appeared that the only traditional landﬁlling
option considered was one without energy recovery [30]. Other authors have concluded that
landﬁlling with highly efﬁcient gas capture and
energy recovery is an optimal solution for minimizing GHG emissions. This points to the importance of base assumptions in LCA analyses.
Iriarte et al. [31] estimated the environmental
impacts of three collection systems using an LCA
model. Estimates were made for a scenario in
which 1500 tons a month of MSW were generated
in a European urban locality with a density of
5000 inhabitants/km2. In the multi-container
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system, citizens placed materials in permanent
containers located in two areas of the street. The
organic and residual fractions were placed in containers at the curb at a maximum distance of 50 m
from each household. Containers for glass, paper,
and packaging were located at a maximum distance of 300 m.
In the door-to-door system, citizens left each
fraction outside their house, according to a preestablished collection schedule. The organic fraction was placed at the curb in a community bin.
Paper, packaging, and residual waste was left in
plastic bags. Glass was collected in permanent
containers situated at a maximum distance of
300 m from the citizens.
The mobile pneumatic system used a network of
pipes and pneumatic suction trucks. Citizens
dropped each fraction of waste through doors
located in the street into underground tanks. The
tanks were emptied into suction truck via a network
of underground pipes connected to suction points
situated in the street. Organic, paper, packaging, and
residual fractions were collected pneumatically at
preset times. Glass was stored in the underground
containers but was collected by top loader trucks.
Three stages of the collection system were
explored separately: storage, urban transport, and
intercity transport [31]. Storage included containers
and, for the pneumatic system, the tanks and underground pipes. Urban transport included loading and
transport from collection points to the locality border. The storage and urban transport stages were
together called the urban stages. Intercity transport
included transporting the materials from the locality
borders to the recycling, processing, or disposal
facilities and unloading. Collection vehicles were
used for urban and intercity transport.
For the urban stages, the multi-container system had the least environmental impact of all
systems [31]. The mobile pneumatic system had
greatest environmental impact for global
warming, fresh water aquatic ecotoxicity, terrestrial ecotoxicity, acidiﬁcation, and eutrophication.
The door-to-door system had the greatest environmental impact for abiotic depletion, ozone layer
depletion, and human toxicity. The intercity transport stage was very important. For intercity distance of 11 km and upward, this stage contributed
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the most global warming impact and energy
demand, for all the systems. This points to the
importance of using transfer stations to transfer
materials to more efﬁcient transport vehicles.
Di Nino and Baetz [32] examined the link
between air emissions from vehicles involved in
the collection and transport of recyclable and
residual materials and the urban form, i.e., population density, land use mix, land use pattern, and
scale of development. Two hypothetical cities
were evaluated, representing extremes of urban
form. The “spread” city was comprised of large
single-family homes and homogeneous land use
development with 6.3 units/ha. The “nodal” city
contained compact developments at higher densities and intermixed land use, with 18.01 units/ha.
As expected, the “spread” city resulted in significantly more air emissions associated with recyclables and residuals collection. This was true for
all of the air pollutants evaluated, including
hydrocarbons, carbon monoxide, carbon dioxide,
oxides of nitrogen, and particulates. For many of
the pollutants, the “spread” city resulted in more
than twice the emissions of the “nodal” city.
Maimoun et al. [33] evaluated life cycle emissions, cost, fuel, and energy consumption for a
range of fossil and biofuel technologies. Natural
gas waste collection vehicles fueled with gas from
North America had 6–10% higher well-to-wheel
greenhouse gas emissions than diesel-fueled vehicles. Vehicles powered with landﬁll gas produced
80% fewer emissions compared to diesel. Biodiesel beneﬁts varied greatly depending on the source
and blend, with emissions ranging from 12 to 75%
less than diesel. Using 2011 prices, natural gas
had the lowest costs.
Sandhu et al. [34] used a portable emission
measurement system to measure the fuel consumption and emissions of six side-loader waste
collection vehicles during 550 miles of travel and
the collection of 4200 cans and 50 tons of waste
material. The average fuel consumption rate was
1.1 km/l (2.6 mpg). Between 70 and 80% of fuel
consumption and emissions occurred during collection. Catalytic converters reduce NOx emissions by over 90%. Similarly, particulate ﬁlters
reduced particle emission by over 90%. Loaded
trucks obtained 18% lower fuel economy than
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unloaded vehicles, while NOx and PM emissions
were higher by 65% and 16%, respectively.
Jaunich et al. [35] studied a variety of waste
collection routes in three cities in the USA. They
provide operational data for life cycle models for
cities with similar collection systems. The fuel
economy for similar diesel collection vehicles
was 0.6–1.4 km/L for residual waste and
0.8–1 km/L for recyclables in neighborhood
consisting primarily of single-family homes. The
average time to collect at each residence using
automated collection was 11–12 s and 13–17 s,
respectively, while the average time between
stops was 11–12 s and 10–13 s, respectively.
Special Collection Programs
Collection programs for household hazardous waste
are common. Though some programs employ curbside collection, drop-off centers are much more
common. In some cases, the drop-off centers are
not active all the time. Some drop-off centers only
collect materials once a month or four times a year.
Common materials collected are paints, pesticides,
cleansers, oil, electronics, and batteries.
Some communities have separate collection
programs for batteries [36]. In some jurisdictions,
only household batteries are considered a nonhazardous waste. In such cases, non-household
batteries are often excluded to avoid hazardous
waste regulations. Collected batteries can be disposed of at hazardous waste facilities or recycled.
Collection programs range from drop-off to curbside collection programs. Some drop-off programs have used widely distributed battery
collection boxes (Fig. 3). Curbside collection
can be with nonhazardous recyclables or hazardous waste. Program costs can be high, especially
for curbside collection programs. In Spokane,
WA, curbside collection with recycling cost
$2260 per ton, while curbside collection with
landﬁll disposal cost $1822 per ton [36].

Transfer and Transport
Transfer stations are an important part of municipal solid waste management systems. The location of transfer stations has traditionally been

Waste Collection and Transport, Fig. 3 Battery collection box, Sweden

driven by a desire to minimize transport costs.
Transfer stations are used to combine many
small loads from collection vehicles into a few
large loads in transport vehicles. Transfer stations
are typically located close to population centers
because it is cheaper to transport large amounts of
waste over long distances in large loads than in
small ones. Material recovery facilities are a special type of transfer station, used to process recyclables or compostables before transferring them
to long-haul vehicles.
A simple transfer station is shown in Fig. 4. Not
shown in the ﬁgure is a scale, commonly used to
determine the amount of material brought by each
vehicle. Collection vehicles empty in the tipping
area. This can be onto the tipping ﬂoor, into a pit, or
directly onto a transfer mechanism. Transfer mechanisms include front-end loader, conveyor, and
crane. The transport vehicle is often located at a
lower level than the tipping ﬂoor, allowing transfer
by pushing material horizontally.
Wilson and Vincent [37] used onboard global
positioning system (GPS) recorders to collect ﬁeld
data on the movement of solid waste collection
vehicles at transfer stations. Five vehicles using
four transfer stations were compared for 1 year.
Spatial data were analyzed using geofences, determining the time each truck spent on four
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Waste Collection and
Transport, Fig. 4 Simple
transfer station schematic

activities: queuing at the scale, weighing, queuing
at the tipping ﬂoor, and unloading waste. The
authors were able to identify and measure queuing
delays. The average total time was 16.4 min per
visit, with a standard deviation of 14.3 min. Time
per visit ranged from 2 to 111 min per visit. The
distribution was positively skewed. Multicompartment vehicles (co-collection and
recycling trucks) spent more time at the unloading
facilities than single compartment vehicles. At
one facility, the longest delays were encountered
queuing at the scale; at two facilities, trucks experienced delays queuing at the tipping ﬂoor, while
at the fourth facility, no signiﬁcant delays
developed.
Collection vehicles are designed for collection,
while transport vehicles are designed for longdistance hauling. If the ﬁnal destination for the
collected materials is far away, costs and environmental impacts can be reduced by transferring
materials to more efﬁcient transport vehicles,
which include tractor trailers, trains, and ships.
Optimization
Numerous authors have developed algorithms for
optimizing transfer and transport. Komilis [38]
presented two conceptual mixed integer linear
optimization models to optimize the transfer and
transport of municipal solid waste (MSW) prior to
landﬁlling. One model was based on minimizing
time. The other was based on minimizing total

cost. Both models identiﬁed an optimum route to
haul MSW from generation points to landﬁlls via
transfer stations. The models assumed that the
locations of generation, transfer, and landﬁlls
were ﬁxed. The basic input data were distances,
average vehicle speeds, haul costs, equipment and
facilities’ operating and investment cost, labor
cost, and tipping fees.
A case study at the Municipality of Athens was
used to illustrate the models [39]. The time-based
optimization model is simpler, as it is primarily
based on the distances among generation points,
transfer stations, and landﬁlls; however, it is best
used when no transfer stations are included in the
system, as it is difﬁcult to interpret the effect of the
average speeds of the collection and transport
vehicles. The cost optimization model is more
appropriate for systems with transfer stations.
For the baseline scenario – 100 tons/day MSW,
transfer station location 15 km from generation
point, and queue times of 0.5 h – the use of the
transfer station was warranted when the distance
to the landﬁll was at least 65 km. This is referred
to as the threshold distance. Increasing the tons/
day to 500 reduced the threshold distance to
56 km. The minimum threshold distance, for any
amount of waste, was 54 km. Increasing the queuing time at the landﬁll to 1 h decreased the threshold distance to 56 km for the baseline scenario.
Similarly, moving the transfer station location to
5 km reduced the threshold distance to 48 km.
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Chatzouridis and Komilis [39] used an optimization model with a nonlinear objective function
and binary decision variables to select waste transfer sites (WTS) to minimize collection and transportation costs (and landﬁll tipping fees) in a
region with 53 municipalities and 2 landﬁlls.
Forty-seven WTS were considered. The low-cost
solution reduced costs by 19.2% compared to a
system with no WTS. Six municipalities were
directed to transport waste directly to a landﬁll.
The rest used 12 WTS. Optional costs were apportioned by percent as fuel (52.5), labor (21), capital
(15.5), and maintenance (11).

Greenhouse Gas Emissions and Other
Environmental Impacts
Transfer stations can negatively impact the environment. Bovea et al. [40] compared the environmental impact of taking municipal wastes directly
to the nearest waste treatment facility with waste
management systems that include a transfer station. They applied a life cycle methodology to the
Plana region of Castellón, Spain. They found that
reductions in environmental impact from incorporating a transfer station ranged from 14.0 to
20.7%, depending upon the LCA method used.
Eshet et al. [41] estimated the economic value
of externalities related to Israeli waste transfer stations. Most externalities were associated with
impacts on residents living near transfer stations,
such as noise, odor, litter, vermin, visual intrusion,
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and perceived discomfort. After mapping active
transfer stations in Israel, problem sites near residential areas were identiﬁed, and four were
selected for further study. The hedonic pricing
method was used to examine the impact on property values. The maximum spatial impact occurred
within 2.8 km of a transfer station. There was an
increase of approximately $5000 in housing price
for each additional kilometer away from the site.
There also was a 0.06% rise in the price of the
average house for each 1% increase in average
distance from the local transfer station. Transfer
stations create externalities that should be taken
into account during the siting process and when
considering compensation for nearby residents.
Eisted et al. [42] reviewed electricity and fuel
consumption associated with the collection, transfer,
and transport of waste and quantiﬁed the associated
greenhouse gas (GHG) emissions. Emission factors
were assigned a global warming potential and
aggregated into global warming factors (GWFs)
that can be used to estimate the contribution to
global warming from collecting, transporting, and
transferring 1 metric ton of wet waste. Not considered were GHG emissions related to production,
maintenance, and disposal of vehicles, equipment,
infrastructure, and buildings. The estimated GWFs
varied from 9.4 to 368 kg CO2-equivalent
(kg CO2-eq.) per metric ton of waste, depending
on method of collection, capacity, and choice of
transport equipment and travel distances. Six scenarios are described in Table 2. GHG emissions can

Waste Collection and Transport, Table 2 Global warming factors (GWFs) for six scenarios
Scenario
Residual waste with 20 km of transport by truck, urban apartment
blocks with pneumatic system
Residual waste with 20 km of transport by truck, urban apartment
blocks with dumpsters
Residual waste with 150 km of transport by truck, single-family
homes, transfer station
Recyclable paper with 2000 km of transport by truck, drop-off
centers, transfer station
Recyclable paper with 3000 km of transport by diesel train,
drop-off centers, transfer station
Recyclable materials with 10,000 km of transport by ship, private
car brings materials to transfer station, 100 km to port

Collection
43–46

Transfer
–

5.0–5.5

–

10–11

Transport
4–11

Total
47–57

4–11

9–17

0.05–4.5

14–28

24–44

6–11

0.05–4.5

182–380

189–396

6–11

0.05–4.5

6–174

13–190

100–300

0.10–8.9

29–59

129–368
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be reduced by avoiding the use of private cars and
by optimizing long-distance transport, i.e., using
trains and ships. As also found by Iriarte et al.
[32], the environmental impact of pneumatic collection was very high.
Chunping et al. [43] measured environmental
quality at ﬁve MSW transfer stations in Beijing
from 2001 to 2006. Wastewater, air, and noise
were monitored during wet and dry seasons.
Levels of total suspended particles, odor, noise,
ammonium nitrogen, chemical oxygen demand,
biochemical oxygen demand, suspended solid,
and fecal coliform were all above the criteria
limit in China on numerous occasions. Poor environmental quality was measured at each transfer
station in at least 5 of the 7 years evaluated.
Modern waste management in Western Europe
has resulted in a remarkable increase in waste transportation. Salhofer et al. [44] investigated the ecological signiﬁcance of increased waste transport for
recycling refrigerators, paper, polyethylene ﬁlms,
and expanded polystyrene. Speciﬁcally, they examined the point at which increasing transportation
distance drove the overall environmental impacts
associated with recycling over that of disposal.
Only in the case of expanded polystyrene were
disposal impacts lower than recycling within the
upper range of practical transportation distances.
For other materials, disposal impacts were higher
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for all practical distances, indicating that efforts
should focus on increasing recovery, e.g., through
curbside recycling.

Case Studies
Two case studies further point to the importance
of collection, transfer, and transport. The ﬁrst,
Beijing, China, describes a modern waste management system with little recycling. The second,
Toronto, Canada, has signiﬁcant recycling.
Current Situation: Beijing, China
Beijing had an urban population of approximately
13.33 million in 2006 [45]. The average generation rate of MSW in 2006 was 0.85 kg/capita/day.
MSW generation in Beijing City increased from
1.04 million tons in 1978 to 4.134 million tons in
2006. Waste was predominately food waste
(63.39%), followed by paper (11.07%), plastics
(12.7%), and dust (5.78%), with all other wastes
(tiles, textiles, glass, metals, and wood) accounting for less than 3%. In 2009, 90% of MSW
generated in Beijing was landﬁlled, 8% incinerated, and 2% composted. Figure 5 is a schematic
of the waste management system. Separate collection was available as a demonstration project to
approximately 4.7 million people until 2007.

Waste Collection and Transport, Fig. 5 Beijing MSW system. Adapted from Zhen-Shan [45]
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Important MSW characteristics included moisture
(61%), combustible waste (92%), recyclable
waste (25%), compostable waste (77%), and low
caloriﬁc value (4600 kJ/kg). Though the fraction
of the combustible waste is high, the low caloriﬁc
value and high moisture content indicate that
incineration would be ineffective without fuel
addition or diversion of wet materials.
In 2006, Beijing City expended approximately
$243 million on MSW management. Stafﬁng
accounted for $108 million, followed by waste
collection-transportation ($47 million), treatment
($33 million), street sweeping ($32 million), equipment maintenance and repair ($18 million), and
other costs ($6 million). There were six transfer
stations in Beijing, where waste was compressed
and transferred to more efﬁcient vehicles for transport to landﬁlls or incineration/composting facilities. At two transfer stations, waste was separated
for recycling. There were 13 landﬁll sites and
4 incineration/composting plants, with a total
designed capacity of 10,350 tons/day. At the end
of 2005, there were 1242 formal recycling sites in
Beijing City, including 704 community-based sites
and 538 ﬂoating sites. Approximately 1.6 million
tons of materials were recycled in 2006, 7.3%
higher than in 2005, including 0.36 million tons
of paper, 0.87 million tons of metal, 0.17 million
tons of plastic, and 0.08 million tons of glass. There
were approximately 300,000 people living off the
proceeds of waste recycling. Materials recycled by
waste pickers were worth $0.44 million. The waste
management system is shown in Fig. 5.
Aeration was the most popular method for odor
control in separation workshops. Sprinklers are
used to control dust. Approximately 50 tons of
wastewater (including leachate and sewage) were
generated each day at the transfer station with
recyclables recovery. Leachate was mainly from
waste compression and dust control water. An
anaerobic-anoxic-aerobic reactor followed by a
membrane ﬁltration was used to treat the leachate.
Asuwei was the oldest and biggest landﬁll site,
with a design capacity of 2000 tons/day. Approximately 5000 m3 of landﬁll gas was generated every
day in 2006. Before 2001, landﬁll gas was
discharged. As of 2009, it is used to generate
electricity.
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Future Simulations: Toronto, Canada
Diaz and Warith [46] applied the Waste Analysis
Software Tool for Environmental Decisions
(WASTED) model – which provides a comprehensive view of the environmental impacts of
MSW management systems – to Toronto,
Canada. The model includes waste collection,
material recovery, composting, energy recovery,
and landﬁlling. WASTED uses compensatory systems to account for avoided environmental
impacts. Upstream compensation incorporates
the effects of processes that precede the waste
management system (e.g., raw material extraction), while downstream compensation incorporates environmental effects of processes that take
place after the waste management (e.g., avoided
fossil fuel consumption from energy recovery
from waste).
Diaz and Warith [46] applied the WASTED
model to the city of Toronto, Canada, from 2001
to 2021. The model determined that collection
was responsible for a majority of the energy consumption and signiﬁcant portions of GHG emissions and other gas emissions and water
pollutants. The authors also compared the results
to the outcomes from two previous models, the
Integrated Waste Management Model (IWM) for
municipalities and the Waste Reduction Model
(WARM). While the models were in general
agreement, fairly large differences were reported,
indicating the importance of the underlying
assumptions in the LCA models.

Future Directions
Waste collection and transport need to be made
more efﬁcient to conserve more natural resources
and emit fewer pollutants, including greenhouse
gases. One way this can be done is to use the many
optimization algorithms already developed, in
conjunction with geographical information and
global positioning systems, to design more efﬁcient routes. Improvements can also be made to
collection and transport vehicles, reducing fuel
consumptions and pollution emissions. Greater
use of trains and ships for transport, where appropriate, should also be pursued. Waste collection
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improvements will include the spread of recycling
to more communities in more countries, through
curbside and drop-off collection programs. This
will require more material recovery facilities. As
landﬁlls become larger and, on average, more
distant from waste generation points, the use of
efﬁcient transport vehicles becomes more
important.
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Glossary
Source reduction Source reduction is the reduction of materials coming into the system. The US
Environmental Protection Agency (EPA) deﬁnes
source reduction as “activities designed to reduce
the volume or toxicity of waste generated, including the design and manufacture of products with
minimum toxic content, minimum volume of
material, and/or a longer useful life.” The two
interesting components of this deﬁnition are volume and toxicity. This means that an organization
does not have to solely focus on reducing volumes for source reduction initiatives but could
focus efforts on reducing the negative impacts on
the environment of those same volumes. This

may mean a reduction of pallets entering a building or of ﬂash being generated from a mold.
Reuse Reuse is the actual reuse of a material in
its present form. Some examples are printing
draft copies on the backside of previously used
paper, using incoming pallets as outgoing pallets, or using incoming boxes as collection
containers for recyclables.
Recycling Recycling is a type of reuse which
involves changing the composition or properties
of the material in one way or another. For example, this can be accomplished by melting it down,
chipping, or grinding the materials. A broad definition of recycling is taking a product or material
at the end of its useful life and turning it into a
usable raw material to make another product.
There are three types of recycling, as discussed
in the hierarchy of waste management:
in-process, on-site, and off-site.
Pollution prevention Pollution prevention is the
broadest and most difﬁcult term to concisely
deﬁne. In essence, it is the overall process of
reducing waste and preventing pollution from
entering the environment through the air,
water, or ground. It encompasses both the
aspects of source reduction and waste reduction. The EPA has deﬁned pollution prevention
as follows: pollution prevention means source
reduction, as deﬁned under the Pollution Prevention Act, and other practices that reduce or
eliminate the creation of pollutants through
increased efﬁciency in the use of raw materials,
energy, water, or other resources or protection
of natural resources under conservation.

Definition of the Subject and Its
Importance
A broad deﬁnition of recycling is taking a product
or material at the end of its useful life and transforming it into a usable raw material to make
another product. Recycling collection and material
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separation are concerned with the infrastructure,
resources, and processes required for gathering,
transporting, separating, and consolidating materials for the recycling process. Recycling collection
and material separation are critical components of
solid waste minimization and aid in conserving
natural resources, maintaining healthier environments, and reducing greenhouse gas emissions. In
addition, many organizations can achieve economic beneﬁts and public image enhancements
by developing strong recycling programs.

Benefits from Recycling
The purpose of a project, plan, or initiative (solid
waste minimization or otherwise) is to achieve
measurable results that can be tied into the original goal. These results or beneﬁts are often critical
in determining the feasibility or acceptance of a
project proposal. These beneﬁts are also the key
selling points used when promoting solid waste
minimization to stakeholders and decisionmakers. The beneﬁts of solid waste minimization
and recycling can be separated into four areas:
•
•
•
•

Environmental
Economic
Corporate image
Personal and social

Ideally, an organization would like to create a
situation where multiple beneﬁts can be realized
from a single project. This synergistic approach
allows for the creation of win-win situations when
applied appropriately using the system approach
discussed in this book. Speciﬁcally, the company
will realize cost beneﬁts and enhanced public
image, the environment will be protected, and
the stakeholders of the organization (including
employees) often gain a sense of well-being and
harmony with the environment as the organization
is protecting the greater good for society. This
entry discusses in greater detail these beneﬁts
and includes examples that may be used to promote solid waste minimization to decisionmakers.

Environmental Benefits
Waste minimization efforts are a big step forward
in moving toward a sustainable environment. The
results are clear: cleaner air and water, less pollution, more forested land and open space, and
reduced greenhouse gases. It is obvious that
recycling translates into less trash entering landﬁlls. But the greatest environmental beneﬁts of
recycling are not related to landﬁlls but to the
conservation of energy and natural resources and
the prevention of pollution when a recycled material, rather than a raw material, is used to make a
new product. Since recycled materials have been
reﬁned and processed once, manufacturing the second time around is much cleaner and less energy
intensive than the ﬁrst. The following list summarizes the key beneﬁts to the environment that can
be derived from solid waste minimization:
• Conservation of natural resources (water, trees,
energy, and land)
• Healthier environment via landﬁll emission
reductions (carbon dioxide, methane, and
leachate)
• Global warming reduction
• Conservation of habitats
The primary environmental beneﬁt of solid
waste minimization is resource conservation. The
Medical University of South Carolina (MUSC)
reports that the college recycled 1151 metric tons
(1269 US tons) of paper, metals, organics, and other
materials in 2003. Based on the school’s calculations, this saved a total of about 14,513 kJ (13,756
BTU) of energy, enough energy to power nearly
137 homes for 1 year. In addition, products made
using recovered rather than virgin or raw materials
use signiﬁcantly less energy. Less energy used
means less burning of fossil fuels such as coal, oil,
and natural gas. When burned, these fuels release
pollutants, such as sulfur dioxide, nitrogen oxide,
and carbon monoxide, into the air. By using
recycled materials instead of trees, metal ores, minerals, oil, and other raw materials harvested from the
earth, recycling-based manufacturing conserves the
world’s scarce natural resources. This conservation
reduces pressure to expand forest cutting and mining operations.
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Recycling and composting in the United States
diverted nearly 63.5 million metric tons (70 million
US tons) of material away from landﬁlls and incinerators in 2000 as reported by the National
Recycling Coalition. This total is up from 31 million
metric tons (34 million US tons) in 1990, which is
doubling in just 10 years. Below are some interesting facts about the relationship between recycling
and resource conservation. These facts can have
great emotional appeal when promoting waste minimization and can serve as part of a comprehensive
strategy to promote recycling.
• Every US ton of paper that is recycled saves
17 trees.
• The energy that is saved when one glass bottle
is recycled is enough to light a light bulb for
4 h.
• Recycling beneﬁts the air and water by creating a net reduction in ten major categories of
air pollutants and eight major categories of
water pollutants.
• In the USA, processing minerals contributes
almost half of all reported toxic emissions from
industry, sending 1.4 million metric tons of pollution into the air and water each year. Recycling
can signiﬁcantly reduce these emissions.
• It is important to reduce our reliance on foreign
oil. Recycling helps the nation accomplish this
by saving energy.
• Manufacturing with recycled materials, with
very few exceptions, saves energy and water
and produces less air and water pollution than
manufacturing with virgin materials.
• It takes 95% less energy to recycle aluminum
than it does to make it from raw materials.
Making recycled steel saves 60%, recycled
newspaper 40%, recycled plastics 70%, and
recycled glass 40%. These savings far outweigh the energy created as by-products of
incineration and landﬁlling.
• In 2000, recycling resulted in an annual energy
savings equal to the amount of energy used in
six million homes (over 696 trillion kJ [660 trillion BTU]). In 2005, recycling is conservatively projected to save the amount of energy
used in nine million homes (950 trillion kJ [900
trillion BTU]).
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• A national recycling rate of 30% reduces
greenhouse gas emissions as much as removing nearly 25 million cars from the road.
• Recycling conserves natural resources, such as
timber, water, and minerals.
• Every bit of recycling makes a difference. For
example, 1 year of recycling on just 1 college
campus, Stanford University, saved the equivalent of 33,913 trees and the need for 577 metric
tons (636 US tons) of iron ore, coal, and
limestone.
• When one US ton of steel is recycled, 1134 kg
(2500 pounds) of iron ore, 635 kg (1400
pounds) of coal, and 54.4 kg (120 pounds) of
limestone are conserved.
• Brutal wars over natural resources, including
timber and minerals, have killed or displaced
more than 20 million people and are raising at
least $12 billion a year for rebels, warlords, and
repressive governments. Recycling eases the
demand for the resources.
• Mining is the world’s most deadly occupation.
On average, 40 mine workers are killed on the
job each day, and many more are injured.
Recycling reduces the need for mining.
• Tree farms and reclaimed mines are not ecologically equivalent to natural forests and
ecosystems.
• Recycling prevents habitat destruction, loss of
biodiversity, and soil erosion associated with
logging and mining.
Solid waste minimization also aids in creating
a healthier environment by reducing landﬁll emissions. As discussed in the environmental concerns
section of this entry, landﬁlls emit a liquid called
leachate. Leachate is a liquid that is generated
from a landﬁll that is created from decomposing
waste, created after rainwater mixes with the
chemical waste in a landﬁll or liquids present in
the landﬁll. Once it enters the environment, the
leachate is at risk for mixing with groundwater
near the site which can have very negative effects.
This liquid can be treated in a similar manner to
sewage, and the treated water can then be safely
released into the environment. One study reports
that landﬁlls are responsible for 3.8% of the global
warming damage from human sources in the
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United States. Municipal solid waste landﬁlls are
the largest source of human-related methane emissions in the United States, accounting for about
25% of these emissions in 2004 [1]. This gas
consists of about 50% methane (CH4), the primary
component of natural gas, about 50% carbon
dioxide (CO2), and a small amount of nonmethane
organic compounds. In 2003, US landﬁlls generated 131.2 teragrams methane in terms of carbon
dioxide (CO2) equivalents (where a teragram is
1 million metric tons). Reducing the amounts of
solid waste disposed in landﬁlls would reduce
methane generation and subsequently reduce
global warming. Although it is difﬁcult to accurately quantify habitat loss, many animal species
are displaced by the creation of landﬁlls and the
effects of deforestation. By minimizing solid
waste levels and increasing recycling, available
habitats for animals will not be disrupted by the
development or expansion of landﬁlls and the
effects of deforestation to acquire virgin raw
materials.
The Medical University of South Carolina
reported that in 2003, recycling reduced overall
air emissions by 22.6 metric tons (24.9 US tons)
(excluding carbon dioxide and methane) and
reduced waterborne waste by 3.8 metric tons
(4.2 US tons). By reducing air and water pollution
and saving energy, recycling offers an important
environmental beneﬁt: it reduces emissions of
greenhouse gases, such as carbon dioxide, methane, nitrous oxide, and chloroﬂuorocarbons, that
contribute to global climate change. Recycling
and composting reduce greenhouse gas by:
• Decreasing the energy needed to make products from raw materials
• Reducing emissions from incinerators and
landﬁlls, which are the largest source of methane gas emissions in the United States
• Slowing the harvest of trees, thereby
maintaining the carbon dioxide storage beneﬁt
provided by forests
Recycling prevents the emission of many
greenhouse gases and water pollutants, saves
energy, supplies valuable raw materials to industry, creates jobs, stimulates the development of
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greener technologies, conserves resources for
our children’s future, and reduces the need for
new landﬁlls and combustors.
Recycling also helps reduce greenhouse gas
emissions that affect global climate. In 1996,
recycling of solid waste in the United States
prevented the release of 30 million metric tons
(33 million US tons) of carbon into the air –
roughly the amount emitted annually by 25 million cars. The number of landﬁlls in the United
States is steadily decreasing – from 8000 in
1988 to 1754 in 2006. The capacity, however,
has remained relatively constant. New landﬁlls
are much larger than in the past.
Economic Benefits
The economic beneﬁts of waste minimization are
often one of the key selling points when promoting
environmentally conscious initiatives to businesses.
Other than regulatory compliance, the cost beneﬁts
from waste minimization can turn an “environmental decision” into a wise business decision that will
increase an organization’s ﬁnancial statements.
Oftentimes, when promoting a solid waste minimization program to the decision-makers of an organization, the most inﬂuential beneﬁts are the cost
savings and potential revenue generated from the
program. Often, when the creation of a recycling
program is ﬁrst discussed with management, the ﬁrst
response is “we do not have a budget for recycling.”
This is far from the truth; the budget does exist, and
the starting point is the funds that the company is
currently paying for waste hauling and removal. The
systems approach to solid waste minimization
explores for cost-effective methods to better utilize
these funds and protect the environment. The three
areas for cost beneﬁts are usually derived from:
• Cost avoidance in solid waste hauling and
disposal
• Cost savings in material purchases due to reuse
and reduction
• Revenue generation from the sale of recyclable
material
Many organizations are surprised to learn that
recycling and waste minimization can make strong
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business sense. A common environmental adage is
“become green to make green.” The Business
Waste Reduction Assistance Program at the University of Toledo has identiﬁed over $3.1 million in
annual savings for Northwest Ohio businesses in
the 70 waste assessments that the program has
completed. For example, at a plastic manufacturer
with 100 employees, approximately $16,000 in
annual cost beneﬁts were identiﬁed via increased
plastic, paper, and cardboard recycling. The waste
stream amounts and revenues also cost justiﬁed the
purchase of a baling system.
In the state of Pennsylvania, recycling adds signiﬁcant value to the state’s economy. In the state,
collection and processing, the ﬁrst step in the
recycling process, involves sorting and aggregating
recyclable materials. It includes municipal and private collectors, material recovery and composting
facilities, and recyclable material wholesalers.
These activities employ nearly 10,000 people in
Pennsylvania, with a payroll of $284 million and
annual sales of $2.3 billion. Recycling manufacturing involves the actual conversion of recyclables
into products. The primary recycling manufacturers
in Pennsylvania in order of magnitude are steel
mills, plastic converters, paper and paperboard
mills, and nonferrous metal manufacturers.
Recycling manufacturing employs over 64,000 people with a payroll of almost $2.5 billion and annual
sales of over $15.5 billion. Reuse and
remanufacturing focus on the refurbishing and
repair of products to be reused in their original
form. The largest activities are retail sales of used
merchandise and reuse of used motor vehicle parts.
The amount of value that can be added via this
process is limited because of competition from
new products. Nevertheless, reuse and manufacturing contribute over 7000 jobs, a payroll of $115
million, and sales of over half a billion dollars.
On a national scale, the recycling industry continues to grow at a rate greater than that of the
economy as a whole. According to the Institute for
Local Self-Reliance, total employment in the
recycling industry from 1967 to 2000 grew by
8.3% annually, while total US employment during
the same period grew by only 2.1% annually. The
recycling industry also outperformed several
major industrial sectors in regard to gross annual
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sales as its sales rose by 12.7% annually during
this period. Furthermore, the number of recycling
industries in the United States increased from
8000 in 1967 to 56,000 in 2000. These facilities
employ 1.1 million people across the country.
For many items, recycling can be more costeffective versus disposal. The list below provides
a summary of select construction materials based
on survey results of 63 companies:
• Average cost to recycle
• Asphalt debris: $5.70 per US ton
• Concrete rubble: $4.85 per US ton
• Used bricks and blocks: $5.49 per US ton
• Trees and stumps: $37.69 per US ton
• Wood scrap: $46.43 per US ton
• Average cost of disposal
• Over $75.00 per US ton and can be as high
as $98.00 per US ton
Recycling saves money for manufacturers by
reducing energy costs. In 2001, New Jersey’s
recycling efforts saved a total of 135 kJ (128 trillion
BTU) of energy, equal to nearly 17.2% of all energy
used by industry in the state, with a value of $570
million.
The sale of recycled products is an increasingly
important component of the retail sector and commerce in general. There are over 1000 different
types of recycled products on the market, and due
to changes in technology and increased demand,
today’s recycled products meet the highest quality
standards. Recycled products are also more readily available than ever before and are affordable.
By purchasing recycled products, consumers are
helping to create long-term stable markets for the
recyclable materials that are collected from New
Jersey homes, businesses, and institutions.
The economic value of clean air, water, and
land is signiﬁcant but difﬁcult to quantify. Since
recycling plays an important role in protecting
these natural resources, it must be attributed an
economic value in this context as well.
Corporate Image Benefits
Corporate imaging and product branding play a
critical role in the proﬁtability of any organization. Successfully maintaining and strengthening
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these concepts are one of the chief duties of any
marketing department, and environmental initiatives can go a long way to bolster them. Speciﬁcally, by focusing on solid waste minimization
and publicizing these efforts, an organization can:
• Increase sales by attracting environmentally
conscious consumers.
• Improve the recruitment of employees that
share similar values.
• Attract environmentally conscious partners.
• Attain free corporate publicity.
• Increase employee involvement gateway to
other programs (heart and mind).
• Maintain cleaner facilities.
Personal and Social Benefits
Solid waste minimization also offers personal and
social beneﬁts. Although many of these beneﬁts
are somewhat intangible and difﬁcult to measure,
they are worth mentioning. They are worth mentioning because they can be selling points when
promoting an environmental program. Below is a
list of some of these beneﬁts:
• Personal satisfaction for helping the
environment
• Sustainable environment for future generations
• Cleaner facilities
• Buy-in at work programs (employee
involvement)
• Healthier environments and a higher standard
of living
• Generation of money to assist local programs
such as the sale of aluminum cans to beneﬁt a
children’s burn unit at a hospital

Fundamentals of Recycling Processes
An understanding of the recycling industry and
the related processes can be very beneﬁcial when
evaluating recycling system options. In addition, a
basic understanding can aid managers and engineers in making better decisions in regard to
recycling and disposal options. The following is
a brief summary of some of these beneﬁts:
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1. Gaining a better understanding of recycling
options and the different roles that materials
recovery facilities, processors, and material
brokers play in the process
2. Gaining an understanding of the recycling process and the process ﬂow for materials as they
leave a facility
3. Gaining an understanding of the material separation needs based on the recycling process
for each material type
4. Gaining an understanding of the recycling process to design better processes and products to
reduce the environmental impact
5. Learning more about the LCA process and
developing more accurate inventory audits
This section provides an overview of the
recycling industry which includes brief discussions of the business entities operating in the
ﬁeld. In addition, overviews of the recycling processes for major waste items are also provided.
The intent of this section is to expose the reader to
basic terms and processes in the ﬁeld, not to
provide a detailed or comprehensive analysis.
Recycling Industry Overview
The recycling industry is comprised of ﬁve primary entities that work together to get recyclable
materials from the point of generation as a
by-product or waste to the stage where they can
be used again as raw materials.
These entities are:
• Haulers – these companies transport materials
between entities, including the generation
facility, consolidation points, and processing
facilities. Oftentimes, these companies will
lease a semitruck trailer to the generating facilities to consolidate and store recyclable materials before transportation to a consolidator or
depot.
• Materials recovery facilities (MRF) – an MRF
is a specialized plant that receives, separates,
and prepares recyclable materials for marketing to end-user manufacturers [2]. There are
two types of MRFs: clean and dirty MRFs.
A clean MRF accepts recyclable materials that
have been collected as commingled wastes
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from curbside collection or drop-off sites
(Fig. 1). The most common clean MRF is a
two-stream MRF, where source-separated
recyclables are delivered in the form of a
mixed commingled container stream
(typically glass, ferrous metal, aluminum and
other nonferrous metals, PET [No. 1] and

HDPE [No. 2] plastics) and a mixed paper
stream. A dirty MRF accepts a mixed
(recyclable and nonrecyclable) solid waste
stream and then proceeds to separate recyclable materials via a combination of manual and
mechanical sorting [2] (Fig. 2). The sorted
recyclable materials may undergo further
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processing required to meet technical speciﬁcations established by end markets, while the
balance of the mixed waste stream is sent to a
disposal facility such as a landﬁll [2].
• Consolidators and depots – a consolidator or
depot is similar to an MRF, but it does not
perform any sorting operations. These entities
hold or store materials until a speciﬁed batch
size is reached or when a recycling processing
facility is ready to process the material.
• Material brokers – material brokers buy recyclable materials from cities, businesses, depots, or
MRFs and sell the materials to a processing
facility.
• Processing facilities – these facilities perform
the actual processes to recycle materials. Many
different processing facilities exist for different
materials, such as metals, glass, and papers.

Common Problems and the Human
Factors of Recycling
There are many common problems involved in
creating a successful recycling program. The two
biggest problems found in the duration of this
research were material misplacement and hindrances inherent in the company itself.
Material Misplacement
One problem often encountered when companies
attempt to separate out recyclables is employee
involvement. At most sites surveyed, containers
dedicated to certain materials were found to contain other materials as well. This often results in
higher costs for the companies. For instance, at
one company, recyclable material was found in a
dumpster dedicated for hazardous wastes and
therefore costs more to dispose. However, wood,
old corrugated containers (OCC), and other recyclables were ﬁnding their way into this dumpster.
At another company, recyclables were found in
the landﬁlled trash stream even though there were
recycling containers nearby. One such example
was in a warehouse. The warehouse had recycling
containers for shrink-wrap and clean cullet (broken
glass) positioned throughout the aisles, and yet the
shrink-wrap, glass, and wood were all found in the
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garbage cans which were also throughout the
aisles. In addition, there were aluminum collection
barrels containing glass, glass collection barrels
containing aluminum, and other miscellaneous
trash mixed into the bins labeled for recyclables.
A third company, a heavy manufacturer and
assembly plant, also encountered this problem of
material misplacement. Upon a preliminary tour of
the plant, it was noted that in clearly marked
recycling containers, other materials such as
expanded polystyrene cups, paper, and mixed trash
were found. Similarly, in a large ofﬁce building with
over 600 employees, the paper collection boxes also
contained ﬁlm plastic, OCC, and mixed trash.
These observations raised several serious questions. First, why do people place the wrong materials into collection containers or place recyclables
into a landﬁll stream even when the appropriate
container is located within close proximity? What
is the motivation which causes some people to
obey the recycling policies, and what is the motivation that causes others not to? What can be done
to improve involvement and deter carelessness in
regard to recycling? What human factors come into
play in determining the signs which should be used
to mark collection containers and in the placement
of containers? Finally, what motivational ideas
work best in regard to recycling, trash separation,
and waste minimization?
It has been noted that when recycling containers
are distinctive according to acceptable material, the
employees are much more likely to place the
proper material in the container. This may involve
a difference in the type of container used, the color
of the recycling container, or the size and shape of
the opening or of the container itself. For instance,
some companies use large wire bins which are
always for recyclables only. Others used colored
containers to designate the end point of the materials. Still others use containers of different shapes
and sizes for each different material. Often, the
same types of similar containers are used with
only a difference in size and shape of the opening
for each material.
It is also obvious that when there are clear signs
designating the acceptable materials for each container, accidental wrong placement of materials is
much less likely. These signs usually work better if
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they are in color, have pictures, and are placed in
easy sight. The signs must be easily recognizable and
distinguishable in order to facilitate employee
involvement. People do not like to be bothered by
extra time and energy needed in order to recycle. If it
requires extra effort, people will often not participate.
In a similar venue, the collection containers
must be properly placed, or people will not bother
to ﬁnd them. Individuals who have a personal
interest in recycling will hold on to recyclables
until they can be properly disposed of or placed in
the proper container. Such people have often been
found to do such things as take aluminum cans
home from work if the company does not recycle
them. These people will take the added time and
energy necessary to get the materials in their
proper containers. However, if one does not have
such personal convictions, then in fast-paced society, taking the extra time and effort to ﬁnd the
proper recycling container is often too timeconsuming and problematic to bother with.
If there is a motivation to recycle, the outcome
is much better. There is not one cure-all for motivating employees, but there are some highly successful motivation factors. These include money,
fun, and free time. The three motivation factors
can be utilized in a variety of ways. One option is
to keep track of recycling by department and then
to award the best department(s) with cash, a party,
or a paid afternoon off. There are countless other
creative options available. The feasibility of these
options depends on the particular company and its
schedule, policies, and recycling revenue.
According to human nature, there will always
be some people who are too careless, apathetic, or
lazy to obey recycling mandates. However, the
proper use of human factors and motivation can
minimize the number of such people and in turn
minimize the incidents of contamination of recyclables and recycling collection containers.
Observed Common Hindrances
There are many common hindrances to recycling
which occur on a higher level than employee
involvement. These include management perceptions, company policies, union rules and regulations, poor past performance in recycling attempts,
and many other reasons. These hindrances must be
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overcome, or successful recycling will be impossible. It is often very difﬁcult to overcome these
hindrances. Very often, they are due to a misunderstanding or wrong perceptions. This makes it vitally
important for the assessment team to understand the
hindrances and how to combat them.
Though it may seem impossible to overcome
policies or company rules, recommendations may
still be made which do not conform to the problematic rules. The recommendations can be provided as win-win situations and may go a long
way to adjusting the policies inhibiting recycling
practices. The most important issue is that the
economically and ecologically best scenario is
chosen. This can always be accomplished with
win-win situations if those participating are willing to be creative. In short, the assessment team
cannot direct the company to change its policies
but can present alternatives which allow the company, management, or union to see the downfall in
the policy and the beneﬁts of alterations.

Solid Waste and Recycling Assessments
The process used for the assessment was expanded
from a waste assessment manual provided by the
US EPA [3]. This EPA manual was also used by
Petek to reduce wastewater emissions by 24% at a
textile facility in Slovenia [4]. To initiate the waste
audit process, the company was given a preassessment questionnaire to complete. This is done
to allow the researchers the opportunity to have a
general understanding of the company before gathering data on the walk-through. The questionnaire
gives the researchers an opportunity to investigate
the processes beforehand if needed. Figure 3 summarizes the nine-step waste assessment process.

Recycling Collection Systems and
Methods
Advances in technology, changes in recycling
laws, trends in recycling markets, and other variables have had a large impact on recycling collection systems and methods. The public and
businesses now have more options to aid them in

The purpose of the pre-assessment meeting is to take notes of the questions which may arise during the review of the
pre-assessment questionnaire and to discuss the responsibility of each member for the waste assessment so that the
assessment tasks are evenly distributed throughout the team members.
The team leader will introduce the team members to the client. Then the company gives a detailed explanation of the
primary business processes. Next a “walk though” is performed by the assessment team. During the walk through the
assessment group will gather raw data on what they observed as well as record the location and the main purpose of
each dumpster. The team also examines the company’s mainproduction, the waste flow in the facility, number of
waste streams in the facility, and draws a process and material flow diagram.
Each person writes up a summary from walk through. Brain storming and discussion are used to establish major waste
minimization opportunities. Recyclers ans waste handlers are called and a time line is developed.
A second trip to the plant is performed to collect detailed or more specific information , The detailed waste assessment
includes performing trash sorts, obtaining additional manufactruing and waste stream information, and asking
questions. At the facility the waste sort information is entered int a standardized Waste Composition Table to track
each waste stream. Waste data is entered into a software program called “Tabulator”. The “Tabulator” consists of
several-linked Excel spreadsheets, which will calculate the amount of waste disposed. Next local recyclers and
equipment vendors are located. In addition a financial analysis is performed.
All team members will discuses how to target each of the waste streams and come up with final recommendations and
conclusions for the waste assessment.
The purpose of the waste assessment research report is to give the company information about the volume and content
of the waste generated and also to give recommendations for reusing, reducing and recycling waste generated by the
company.
A presentation is prepared for the company or for people who don’t have time to read the full report and to give an
opportunity for a question and answer period.
Four to five months after the waste assessment, a letter or telephone call survey is used to determine the success of the
project and gather data on information to improve the process.

2. Pre-Assessment Meeting

3. In Plant Data Collection

4. Data Analysis

5. Additional Data Collection

6. Research Progress Meeting

7. Waste Assessment Research
Report Writing

8. Presentation

9. System Feedback

Recycling Collection and Material Separation, Fig. 3 Waste assessment process overview

The purpose of the pre-assessment questionnaire is to obtain information about the company, which is needed for the
research team to perform a comprehensive and efficient waste assessment.

Description

1. Pre-Assessment Questionnaire

Process step
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increasing recycling levels. So, it is important for
organizations to periodically evaluate their
recycling collection system to determine if it is
the most cost-effective and efﬁcient program.
Several widely used programs include:
• Curbside programs (single-stream, multistream, and pay-as-you-throw)
• Automated collection
• Drop-off centers
• Incentive programs
Curbside Recycling
Curbside recycling now serves half of the US
population, providing the most convenient
means for households to recycle a variety of materials [5]. While individual curbside programs differ, the most commonly collected materials are
“The Big Five,” which includes aluminum cans,
glass bottles, paper, plastic, and steel/tin cans.
Curbside recycling exists in several ways
[5]. They include:
• Dual-stream recycling
• Single-stream recycling
• Pay-as-you-throw
Dual-stream recycling is probably the most
popular form of curbside recycling in the United
States [6]. Used containers (plastics and metals)
are placed into one bin, and papers (such as newspaper, magazines, and direct mail) go in another
bin. Both bins are set out on the curb on pickup
day. Most communities that offer this service use
special trucks divided into two compartments so
workers can sort at the truck.
Single-stream recycling is a method that is
growing but somewhat controversial. It provides
one cart (65 or 94 gal) where materials are
commingled [7]. Households do not have to separate any materials. Haulers favor single-stream
because it involves less trucks and pickups
[7]. Evidence suggests that single-stream
increases the quantity of household recyclables,
and many cities have implemented single-stream
programs as a result [7].
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Pay-as-you-throw (PAYT) is a trash collection
program that encourages curbside recycling
[8]. Residents are charged per trash bag, and curbside recycling is offered at no or a reduced cost.
There are several beneﬁts to PAYT programs as
discussed by the EPA [8]:
• Decreases waste: The US EPA says municipalities often see 25–35% less nonrecyclable
waste.
• Increases recycling: If residents can pay for
trash or recycle for “free,” they are much
more watchful about what gets trashed; one
California PAYT program saw recycling volumes triple, literally overnight.
• Control of waste costs: Residents have a direct
effect on what they spend on disposal.
• More information about who supports PAYT is
available from the US EPA. Over 5000 communities across the country currently have a
PAYT program.
Automated Collection
Many communities are moving toward automated
collection using a specialized vehicle that lifts,
empties, and returns a cart to the curb. The driver
controls the entire process from the cab of the vehicle and does not leave the vehicle [5]. This can
reduce labor costs and on-the-job injuries, thereby
reducing worker’s compensation claims [5]. Automated systems utilize specialized trucks equipped
with mechanical extensions that automatically lift
and empty trash and recycling containers without
the driver leaving the vehicle. This is a system
designed to improve the efﬁciency and makes the
task of putting out garbage easier and cleaner for the
residents [5].
Drop-Off Centers
Drop-off centers can be a cost-effective way for
smaller or rural communities to collect recyclables [5]. It can also be effective for urban communities to offer businesses, apartment buildings,
and condominiums access to recycling [5]. In
most cases, drop-off centers have lower operating
costs versus curbside collection due to lower
resource requirements in terms of labor and fuel.
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Drop-off centers, like curbside programs, can
offer full source separation (multiple bins),
commingled materials (fewer bins), or a singlestream (fully commingled) approach for
collecting recyclables [5].
Dual-Stream Versus Single-Stream Collection
Single-stream recycling collection: “Singlestream” recycling collection (fully commingled)
programs allow participants to put all recyclable
materials (e.g., paper, bottles, cans) into one collection container. In the case of paper, all grades
are mixed together along with cardboard and
rinsed food containers at the curb and/or bin at a
municipal transfer station.
The fully commingled recyclable materials are
then transferred to a central point such as a materials
recovery facility (MRF) where the recyclables are
separated using handpicking and/or automation.
Paper collected in single-stream systems may be
further separated into various paper grades (e.g.,
high-grade white paper, newsprint, cardboard). For
single-stream recycling to work, the processing
facility must sort the recyclable materials properly
and thoroughly to meet market speciﬁcations [9].
Single-stream collection has become popular
for the following reasons:
• Many residents ﬁnd it convenient, since no
sortation is required by them.
• The convenience has resulted in higher
recycling participation rates [2].
• New materials can be added to the collection
system with minimal change to the collection
system and process.
• It is found to increase the amount of recyclables collected [2].
• Reduces the number of collection trucks
needed because single-stream programs usually lead to changing to automated or semiautomated curbside collection [2].
Dual-stream or multi-stream recycling collection
programs require participants to place each recyclable material in the appropriate collection bin when
they ﬁrst discard the item. Separate containers collect glass, metal, plastic, newsprint, and magazines.
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Recovered paper can be collected separately by
grade (e.g., white ofﬁce paper, newspapers, magazines, and corrugated cardboard boxes) or, more
commonly, collected as mixed paper separated
from other recyclable materials. If different grades
of paper are commingled, they are sorted at a
central point, such as a materials recovery facility
(MRF). If paper is separated at the source, the
different grades of paper can be marketed separately for the highest return.
Beneﬁts of dual- or multi-stream (sorted) collection include [2]:
• Lower levels of contamination at the source.
• Higher-quality materials.
• Materials are more valuable and may result in
higher ﬁnancial returns.
• Lower costs to process the recovered paper.
Single-stream recycling collection allows residents to “fully commingle” all their recyclables
(mixed paper and mixed food containers together)
at the curb, transfer station, or recycling center
[5]. The materials are separated during processing, at a resource recovery or materials recovery facility, and prepared for recycling markets
[5]. Single-stream curbside collection programs
are most often implemented with automated or
semiautomated collection [5].
Incentive Programs
The following is a list of several incentive programs that have been implemented to increase
recycling levels for communities:
• Recycle man rewards residents with grocery
gift cards [5]
Polk County, Florida – Ofﬁcials recently
conducted a 6-week recycling incentive program. Each recycling day, the county recycling
coordinator, also known as “the Recycle Man,”
and his supervisor canvassed local communities with low recycling rates to encourage residents to recycle. For each bin they observed
that was properly prepared, they awarded the
resident with a $20 gift card to their local
grocery store. While full results are pending,
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the county did receive a notable increase in
calls for bins as a result, and their MRF
reported an increase in recycling volume [5].
• Recyclebank [5]
Recyclebank provides coupons to residents
that participate in curbside recycling programs.
Recyclebank calculates and records quantity
(weight) of recyclables collected at the curb
(requires automated collection using bar code
on recycling container) in exchange for coupons for products and services for local businesses. In 2008, the City of Hartford, CT
implemented a 1-year pilot program that
included using Recyclebank [5].
• Door prizes encourage participation at county
drop-off center [5]
Hanover, Pennsylvania – Hanover, Pennsylvania, was ordered by the PA Department
of Environmental Protection to make curbside
recycling mandatory for all residents in the
summer of 2004. The city immediately began
looking for ways to track and promote
recycling participation [5].
One method ofﬁcials used was to issue a
card with a bar code to each resident subscribed to the recycling service. Residents
swipe the card when they take recyclables to
the recycling center. The cards help the borough keep track of residents’ participation in
the recycling program [5].
To create incentive for residents to continue
dropping off recycled materials at the center,
the borough began issuing door prizes at random to people using the recycling center
starting in May 2006. More than 800 cards
were swiped at the recycling center during the
ﬁrst 2 weeks of March [5].

Separation Methods and Equipment by
Material
A materials recovery facility (MRF) or materials
reclamation is a specialized plant that receives,
separates, and prepares recyclable materials for
marketing to end-user manufacturers. As previously discussed, there are two different types –
clean and dirty MRFs.
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The percentage of residuals (unrecoverable
recyclable or nonprogram materials) from a properly operated clean MRF supported by an effective
public outreach and education program should not
exceed 10% by weight of the total delivered
stream, and in many cases, it can be signiﬁcantly
below 5% [2]. A dirty MRF recovers between 5%
and 45% of the incoming material as recyclables
[2]; then, the remainder is landﬁlled or otherwise
disposed. A dirty MRF can be capable of higher
recovery rates than a clean MRF, since it ensures
that 100% of the waste stream is subjected to the
sorting process and can target a greater number of
materials for recovery than can usually be accommodated by sorting at the source [2]. However, the
dirty MRF process is necessarily labor intensive,
and a facility that accepts mixed solid waste is
usually more challenging and more expensive to
site [2]. The following sections provide additional
details regarding the recycling processes for common materials.
Newspaper
The generalized process for newspaper collection
involves:
• Newspaper is collected and consolidated from
drop-off sites, curbside collection, or business
collection.
• The material is baled at a materials recovery
facility.
• The baled material is sold to a paper mill.
• The paper mill recycles the newspaper and
creates raw material to be used as newspapers
or other products.
Old newspaper is an essential material in the
paper remanufacturing process; as the paper mills
are concerned about both quality (cleanliness, type
of paper) and quantity of the supply, they usually
issue purchasing contracts to dealers rather than
buy small amounts of paper from the public [10].
The equipment and recycling process is summarized in the following paragraph:
At the paper mill, de-inking facilities separate
ink from the newspaper ﬁbers through a chemical
washing process. A slusher turns the old paper
into pulp, and detergent dissolves and carries the
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ink away. Next, screens remove contaminants like
bits of tape or dirt. The remaining pulp is bleached
and mixed with additional pulp from wood chips
to strengthen it. The watery mixture is poured
onto a wire, a continuously moving belt screen
which allows excess moisture to drain through.
By the time the mixtures gets to the end of the belt,
it’s solid enough to be lifted off and fed through
steam-heated rollers which further dry and ﬂatten
it into a continuous sheet of paper. This paper
machine produces ﬁnished newsprint at the rate
of 915 m (3,000 ft) per minute [10].
Cardboard
The generalized process for cardboard or old corrugated container (OCC) recycling is very similar
to newspaper recycling. The equipment and
recycling process is summarized in the following
paragraph:
While some corrugated cardboard is recycled at
curbside, the bulk of it comes from commercial
rather than residential sources. At the paper mill,
the corrugated containers are pulped and blended
with additional pulp from wood chips. Old ﬁbers,
which are broken, shorter, and weaker, as compared to new ﬁbers, are blended with the new
pulp. Recycled paper ﬁbers and new pulp are
then blended to make linerboard. Next, the linerboards are shipped to a boxboard plant, where the
manufacturing process is ﬁnished. The paper is
corrugated by specially geared machines, the linerboards are glued on, and the resulting ﬂat pieces,
called mats, are trimmed to size and creased along a
pattern of folds. The mats are shipped ﬂat to customers who set them up into boxes. Then the boxes
are used to package products for shipping [10].
Glass
The generalized process for glass recycling also
involves collection and consolidation. Glass
recycling poses additional challenges over other
materials because it is fragile and breaks easily
during transportation and consolidation. This can
cause safety and separation issues for transportation and hauling companies. The equipment and
recycling process is summarized in the following
paragraph:
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At the plant, a mechanical processing system
breaks the glass into small pieces called cullet. Magnets, screens, and vacuum systems separate out
metals, labels, bits of plastic, metal rings, and caps.
The cullet then is blended in measured amounts with
silica sand, soda ash, and limestone and placed in a
furnace which melts it into molten glass [5].
Steel (Tin) Cans
The equipment and recycling process is summarized in the following paragraphs:
After the cans are collected, the volume of cans
collected and type of transportation arrangements
available will determine whether the load will go
through a dealer or directly to a de-tinning plant.
At the plant, a chemical de-tinning solution ﬂows
into and drains the cans more easily, which results
in better recovery of the tin during the reclaiming
process. The process consists of a series of chemical and electrical steps which separate, purify,
and recover the steel and tin. In the batch process
of de-tinning, the cans ﬁrst are loaded into perforated steel drums and dipped into a caustic chemical solution which dissolves the tin from the steel.
The de-tinned steel cans are drained, rinsed, and
baled into 14”14”30” 181 kg (400 pound)
blocks. Then they are sold to steel mills to be
made into new products [5].
Meanwhile, the liquid with the tin, a salt solution called sodium stannate, is ﬁltered to remove
scraps of paper and garbage. Then it’s chemically
treated to eliminate other metals. Next, the solution is transferred to an electrolysis bath. When
electricity is applied, tin forms on one of the plates
in the solution. After the plate is covered, the tin is
melted off and cast into ingots. The ingots are at
least 99.98% pure tin and are used in the chemical
and pharmaceutical industries. Pure tin also is
alloyed with other metals to make solder, babbitt,
pewter, and bronze products [5].
Aluminum
The equipment and recycling process is summarized in the following paragraph:
After the aluminum is collected and consolidated, it is transported to a smelter, where it may
be shredded or ground into small chips before
being melted and cast into ingots. The ingots are
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sent on to manufacturing plants where they are
rolled into sheets of aluminum and used to manufacture end products ranging from cans to castings to car bodies. The major markets for
shredded aluminum are exports (comprising a
variety of end users) and domestic smelters [5].

Financial Analysis
If this section were to be reduced into one key idea,
it would be the application of the three Rs and the
two Es as they apply to solid waste minimization.
From a technical and regulatory standpoint, the
hierarch mentioned in the previous section is excellent, but it does not hit home with the leadership of
many organizations and does not promote the full
beneﬁts of solid waste minimization [11]. In terms
of communicating and promoting solid waste minimization, the three Rs and the two Es have served
as a very effective tool. The three Rs are:
• Reduce
• Reuse
• Recycle
The three Rs are a summary of the hierarchy
discussed in the previous section. In terms of the
hierarchy, the ﬁrst item discussed, “source reduction,” has been separated into two components,
“reduce” and “reuse.” Reuse has been added to
emphasize the fact that many items that are being
disposed of at a landﬁll by organizations could have
been reused, such as cardboard containers, plastic
caps, or rubber bands [11]. Finally, all recycling
methods, in-process, on-site, and off-site, have
been lumped into one category for simplicity.
And the two Es are:
• Environment
• Economics
The concept is to apply the three Rs at an
organization to help the two Es. The three Rs
provide the solutions to the solid waste problem
based on the hierarchy of solid waste management. The two Es communicate the goals of
these efforts: to lessen the environmental impact
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of an organization and improve an organization’s
economics or bottom line. This simple phrase is
easy to understand and has served as a great “tag
line” or “catch phrase” to promote solid waste
reduction. By emphasizing economic beneﬁts,
solid waste reduction and minimization beneﬁts
are much easier to sell to the decision-makers
because the efforts are placing attention on the
ﬁnancial health of the organization as well.
A plant manager of a battery manufacturing ﬁrm
located in Toledo, Ohio, bluntly summarized this
concept when he stated that his company “is in the
business of producing and selling batteries, not
recycling” [11]. It is easy to get caught up in the
good feelings associated with helping the environment, but unless there is a ﬁnancial incentive,
many organizations may give environmental concerns only “lip service” [11]. A buzzword that is
now emerging is “greenwashing,” which is a situation in which a company publicly and verbally
promotes their environmental efforts to bolster
corporate images but falls short of the actions
associated with the public statements. The goal
of emphasizing the three Rs and two Es is to
bridge the gap between public statements and
corporate actions by demonstrating that environmental concerns make business sense.
A common misconception of organizations is
that they do not have funds in their budgets for
recycling or environmental initiatives. The fallacy
in this thinking is that virtually all companies have a
starting point or a “budget” for recycling and waste
reduction: the annual expenses for trash removal and
janitorial efforts [11]. The paradigm shift requires
considering the amount of money expended per year
as the “environmental” or “recycling” budget and
devising creative methods and processes to minimize impacts to the environment. Many organizational leaders are surprised to learn the potential cost
avoidance or revenue generated from becoming
more environmentally conscious. A ﬁnancial case
study is discussed later in this section highlighting
some of the typical beneﬁts.
Economic beneﬁts from solid waste analysis
and minimization can be achieved in a variety of
ways. The most common economic beneﬁts
derived from solid waste minimization are listed
below [11]:
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• Cost avoidance – Organizations can save
money by diverting solid waste streams from
the landﬁll to back within the company in
terms of reuse or off-site to a recycler. The
monetary savings are derived from no longer
paying a waste hauler to remove the trash and
dispose of it at the landﬁll.
• Recycling revenue – Substantial additional
revenue can be earned by selling recyclables
to third-party processors or recycling commodity brokers. For example, one US ton of baled
cardboard sells for $100–$180 on the market.
• Reduced raw material costs – When an organization is able to utilize in-process or on-site
recycling, they reduce their raw material needs
directly by replacing virgin material purchases
with in-house scrap, rework, or process
by-products.
• Reduced energy costs – By reducing the
amount of materials within a facility through
reduction and reuse, material handling costs
can be minimized.
• Increased sales – Many consumers and businesses look favorably on organizations that are
environmentally conscious and purchase products or services from them.
• Increased productivity – As workers are
engaged in efforts that they see as meaningful,
many of them take pride and put additional
efforts into their work. In addition, absenteeism may reduce as well.
The case study discussed in the following section highlights the ﬁnancial aspects of a decision
by the Lucas County Solid Waste Management
District to build and operate a government-owned
materials recovery facility.

Case Study
Solid waste minimization and recycling goals for
municipalities are achievable through the installation of materials recovery facilities (MRFs), and in
certain solid waste management systems,
government-owned and government-operated
MRFs are feasible and cost justiﬁed. This section
demonstrates a process to evaluate and determine
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the operational and economic feasibly of a
government-owned MRF [12]. A case study from
Lucas County, Ohio, is provided that demonstrated
this analysis process. The key ﬁndings from the case
study indicate that the municipality will achieve a
payback period of approximately 4 years, and a
10-year internal rate of return of 20.5%, versus the
current system of outsourcing [12].
In 2007, the Lucas County Solid Waste Management District (District) purchased a materials
recovery facility (MRF) to sort and sell nearly
9000 metric tons (10,000 US tons) of recyclable
materials that were collected per year from its
municipal recycling programs. Currently, the
county recycles two classes of materials,
commingled ﬁber and commingled used beverage
containers. In 2006, the District recycled 9755 US
tons of materials [12]: 7280 US tons were
commingled ﬁber (mixed ofﬁce paper, newspaper,
and OCC) and 2475 were commingled used beverage containers (plastic bottles and aluminum cans).
The ﬁrst phase of the analysis process involved
estimating the current recycling levels in terms of
materials compositions and volumes (annual tonnages). These data were collected from District
records from the 2006 ﬁscal year and included operating cost and revenue data [12]. Once combined,
this information provided a complete baseline of the
operations of the current system utilizing outsourced
processing. This baseline was used to compare the
cost structure of acquiring a county-owned and
county-operated MRF. The baseline data all annualized costs and revenues associated with the dropoff recycling program, speciﬁcally [12]:
• Revenue paid from third-party processors for
recyclable materials
• Third-party processing fees
• Labor costs
• Administrative costs
• Vehicle costs (fuel, maintenance, repair)
• Drop-off container and material costs
The second phase involved identifying potential
MRF sites. A local business realtor was contacted
for assistance. Upon the identiﬁcation of the MRF
site, a complete annual cost and revenue projection
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were conducted to operate the MRF over a 20-year
period [12]. This analysis included the following
annualized costs and revenues:
• Revenue paid from third-party recycling material commodity brokers
• Building purchase cost (including realtor fees)
• Building modiﬁcation and renovation costs
• Equipment and inspection/repair costs
• Labor costs (including driver and processors)
• Administrative costs
• Utility costs
• Vehicle costs (fuel, maintenance, repair)
• Drop-off container and material costs
This ﬁnancial projection of the proposed MRF
was compared with the current system baseline. In
essence, the analysis answered the question whether
the additional revenue earned from the sale of the
processed recyclable materials will outweigh the
additional capital and operating costs over the projected 20-year life of the project at a 15% minimum
attractive rate of return [12]. To accomplish this
analysis, a net present worth (NPW) was conducted.
The NPW is the difference between the present
worth of all cash inﬂows and outﬂows of a project.
Since all cash ﬂows are discounted to the present,
the NPW method is also known as the discounted
cash ﬂow technique. This method allows not only
the selection of a single project based on the NPW
value but also a selection of the most economical
project from a list of more than one alternative
project, in the case of this research, the existing
system of outsourcing versus purchasing and operating a government-owned MRF.
This section demonstrated the process for
municipalities to economically justify the purchase and operation of a government-owned
MRF. Key ﬁndings from this research revolve
around a case study from the 2007 purchase of a
government-owned MRF in Toledo, Ohio, USA
[12]. The key ﬁndings were demonstrated through
a complete ﬁnancial analysis. Speciﬁcally, the
ﬁnancial analysis indicated that the municipality
will achieve a payback period of approximately
4 years and a 10-year internal rate of return of
20.5% [12]. The consequences of these ﬁndings,
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stemming from the economic and operational justiﬁcation, led to the actual purchase of the MRF
site and subsequent operation in 2007 through
early 2008. This research may serve as an example or model for other local governments considering the implementation of such a system [12].

Industrial Ecology and Solid Waste
Exchanges
Industrial ecology is the ﬁeld of research that
studies waste generation from a macrolevel for
entire industries. From a solid waste standpoint,
industrial ecology is concerned with the conversion or reuse of undesirable materials into something useful for another company or industry, in
other words, waste exchanges and material efﬁciency. Material efﬁciency is deﬁned as the percentage of process by-products that are recycled
or reused divided by the total by-product generation for a company or industry. Industrial ecology
and waste exchanges examine the material efﬁciency and methods to improve that efﬁciency.
Whereas waste audits examine an individual
company’s ability to reduce, reuse, or recycle,
waste exchanges examine an entire industry’s or
region’s ability to reduce, reuse, or recycle. In
essence, waste exchanges examine methods for
one company to use another company’s
by-products as a raw material, diverting this material from entering a landﬁll. Waste exchanges are a
great tool that can enhance a company’s recycling
levels and generate economic beneﬁts as part of
the solid waste auditing process. Waste streams
identiﬁed during a solid waste audit that the company cannot reduce or reuse could be sent to
another company using one of many solid waste
exchanges operating around the world.
With increased pressures on companies to
improve proﬁtability and reduce environmental
impacts, waste exchanges are more popular than
ever. Many companies and nonproﬁt organizations are turning to these exchanges to bolster
corporate images and reduce costs. The Internet
has simpliﬁed, streamlined, and reduced the costs
associated with the administration of waste
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exchanges as well. Information is available in real
time, 24 h/day, which makes such systems more
accurate and user-friendly, while allowing the
exchanges to reach a larger client base.
History and Background
Waste commodity exchange is deﬁned as the ability of a company or organization to use another
company’s waste as its raw material. As the old
adage goes, “One person’s trash is another person’s treasure.” Instead of sending seemingly
worthless items or process by-products away to a
landﬁll, the goal of the waste commodity
exchange is to ﬁnd a company that may get more
use out of the product.
A good household example of this is garage
sales, which are an excellent way to reuse products. Another alternative is to ﬁnd different ways
to reuse items. Baby food jars, for example, can be
reused to store miscellaneous nuts, bolts, and
washers in a workshop.
Waste exchanges have been around for over
60 years [13]. The British Government
established the earliest documented industrial
waste exchange, called the National Industrial
Materials Recovery Association, in 1942
[13]. This waste exchange was created to conserve
materials for the war effort during World War
II. The ﬁrst North American waste exchange was
started in Canada in 1974 for hazardous waste
[13]. The National Industrial Materials Recovery
Association is no longer active as it disbanded
after the war. The Canadian waste exchange is
still active as the Canadian Waste Materials
Exchange (CWME).
Waste commodity exchanges are reuse and
recycling services that help these types of material
exchanges occur on a much larger scale for businesses. These services help businesses save
money as well as help the environment by diverting waste into usable raw materials.
Waste Commodity Exchanges in North
America
Over 200 waste commodity exchanges are currently operating in North America. These
exchanges differ in terms of the service area,
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materials exchanged, exchange processes, and
fee structures [14]. Many of these exchanges are
coordinated by state and local governments, while
others are for-proﬁt businesses. The US Environmental Protection Agency (Washington) provides
an excellent reference list of waste exchanges and
contact information [14].
More than 35 national and 150 state-speciﬁc
waste exchanges exist in the United States, and
Canada has more than 7 national waste exchanges
[14]. The majority of the waste exchanges are
speciﬁc to certain regions or states. The drawback
to regional or state-speciﬁc exchanges is that they
expose the available materials to fewer potential
companies. The beneﬁts of regional exchanges,
though, are that they signiﬁcantly reduce transportation costs, especially for heavy or bulky
items and large quantities.
Regional exchanges are appealing to companies that may continually exchange waste items
over an extended period of time due to longstanding process by-products. An example of
this is plastic scrap from a manufacturing process.
Another company may be able to grind the scrap,
use it as a raw material, and establish dedicated
routes to transport the material. On the other hand,
national exchanges expose materials to a much
larger number of companies, but transportation
fees may make some options infeasible.
The material and waste focus of the various
exchanges differs signiﬁcantly. Some are very
broad and deal with a wide variety of materials.
For example, in terms of the national exchanges,
Recycler’s World (www.recycle.net) and the Reuse
Development Organization (www.redo.org) handle
any waste that users post on the Website.
Alternatively, some exchanges are very narrowly focused. Good national examples of this
are the American Plastics Exchange (www.apexq.
com), which deals solely with plastics, and Planet
Salvage (www.planetsalvage.com), which deals
only with used automobile parts. Overall, any
material that is available from one business and
wanted by another can become an exchange item,
and a waste exchange most likely exists for it.
Materials that are available for exchange are
generated from a variety of sources, which
include:
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•
•
•
•
•
•

By-products
Damaged materials
Expired products
Obsolete and off-speciﬁcation goods
Overstock virgin products
Surplus

Common materials that are available and
wanted for exchange include categories such as:
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•

Acids
Agricultural by-products
Alkalis
Ash and combustion by-products
Chemicals
Computers and electronics
Construction and demolition debris
Durables and furniture
Glass
Metals
Miscellaneous
Oils and waxes
Paints and coatings
Paper
Plastics
Refractory material
Rubber
Sand
Services
Shipping materials
Solvents
Textiles and leather
Wood

Waste exchanges are used by a variety of organizations, including private sector waste generators, government agencies, solid waste district
staff, recycling organizations, and material brokers. Materials exchange users can be anyone
who handles surplus or unwanted materials, such
as architects, administrative assistants, buyers,
engineers, residents, consultants, custodians,
environmental managers, government employees,
procurement specialists, purchasing representatives, recycling brokers, shipping clerks, and
storeroom managers.
Differences in the business models and processes for the waste commodity exchanges are
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also evident. Many of these exchanges serve as a
meeting place for companies that would like to list
materials and potential respondents, who then
work out the details of payment and transportation
and storage themselves to facilitate exchanges.
Some exchanges have an eBay-type Web posting
system, whereas others produce printed periodicals. Some handle requests via the phone or fax;
however, most utilize the Internet.
According to the EPA materials exchange,
“Typically, the exchanges allow subscribers to
post materials available or wanted on a Web
page listing. Organizations interested in trading
posted commodities then contact each other
directly. As more and more individuals recognize
the power of this unique tool, the number of
Internet-accessible materials exchanges continues
to grow, particularly in the area of national
commodity-speciﬁc exchanges” [15].
Finally, the major difference among the
exchanges dealt with the fee structures. Most
exchanges are no cost, but some charge periodic
membership fees or fees per transaction. Overall,
waste exchanges have very minimal fees – just
enough to cover the administrative costs. The American Plastics Exchange, for example, is the most
expensive waste exchange, with a $360-per-year
membership fee and $0 per exchange – still, a very
cost-effective exchange. The typical per exchange
fee, for those that did charge, was $5–$10 [15].
Success Stories
Waste exchanges have played an important role in
assisting companies to identify and implement
recycling and reuse opportunities. These efforts
result in lower operating costs, reduced purchasing
costs, reduced storage costs, enhanced corporate
images, diminished demand for landﬁll space and
incinerator capacity, and, ultimately, a cleaner
environment.
“It is estimated that, by promoting the reuse
and recycling of industrial materials through
waste exchanges, the industry currently saves
$27 million in raw material and disposal costs
and the energy equivalent of more than 100,000
barrels of oil annually,” as determined by the
National Materials Exchange Network operating
in Silver Spring, Maryland [16]. These savings
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often translate directly to the companies’ bottom
lines with stronger ﬁnancial performance [16].
In 1998, its ﬁrst year of operation, the Ohio
Materials Exchange (Columbus, Ohio) exceeded
initial expectations by exchanging over 2600 US
tons of waste and saving Ohio businesses
$103,000 in disposable costs [17]. According to
Dale Gallion, manager of quality assurance at
Diamond Products (Elyria, Ohio), the company
used to pay to have leftover metal powder
scrapped [17]. After joining the waste exchange
program, Diamond Products sold 8000 pounds of
metal powder for $14/pound. Additionally, the
company accumulates about 1000 pounds of
metal powder each month and plans to continue
using the exchange [17].
Another good example is the Massachusetts
Materials Exchange [18]. “In the past 4 years,
the Massachusetts Materials Exchange has
moved over 2,000 US tons of materials, saving
participants more than $100,000 in avoided disposal and purchasing costs” [18].
Waste exchanges are a cost-effective means of
helping businesses save money, as well as helping
to divert waste into usable raw materials.
Advances in information technology over the
past decade have served as a catalyst to promote
the exchanges and further allow exchanges to
provide current information on both the materials
available for use and the materials wanted, which
helps business make better environmental and
ﬁnancial decisions [15].
These exchanges also play an important role in
assisting waste generators in identifying and
implementing recycling and reuse opportunities.
For example, since the inception of the Ohio Materials Exchange, businesses using the service
reported savings of over $13.5 million in disposal
costs and diverted over 308,000 metric tons
(340,000 US tons) from landﬁlls [17]. These efforts
result in lower operating costs and diminished
demand for landﬁll space and burning capacity,
which all lead to a cleaner environment. Natural
resources are limited, and resources need to be
conserved as much as possible [17]. The fewer
raw materials used, the greater the supply for future
generations, and waste exchanges are helping
achieve this goal.
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Future Directions
The current trends within recycling collection and
separation revolve around discovering more costeffective methods and ways to enhance participation.
Automated collection systems are gaining a great
deal of popularity and will continue to proliferate as
many organizations seek to reduce long-term costs.
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Glossary
Ceramic glass Transparent ceramic products
characterized by an appearance similar to those

of glass. They are characterized by an amorphous phase and one or more crystalline phases.
Classiﬁcation Set of mechanical actions carried
out in dry or wet conditions, addressed to
perform a “classiﬁcation” of particles systems
according to their morphometrical (e.g.,sizeshape) attributes.
Comminution Set of mechanical actions specifically carried out to perform a reduction of
waste materials in particles of suitable size
and shape to be properly handled and processed
in order to liberate/remove contaminants.
Cullet Particulate solid product resulting from
collection-comminution of waste glasses.
De-inking Mechanical process ﬁnalized to remove
“ink-particles” and “stickies” from waste paper.
Ferrous metal Magnetic metals mainly composed of iron.
Flotation Mechanical process ﬁnalized to perform a selective separation of hydrophobic
from hydrophilic materials. Hydrophobic materials are forced to adhere to bubbles and ﬂoat.
Fluff Fine fractions resulting from automotive
shredder residue (ASR). Fluff is constituted
by materials characterized by intrinsic low speciﬁc gravity (e.g., plastics,rubber, synthetic
foams, textiles).
Municipal Solid Waste (MSW) All the nonhazardous waste resulting from the collection
of household, commercial, and institutional
waste materials.
Non-ferrous Metal Metals which contain no
iron (e.g., aluminum, copper, brass, bronze)
Separation – Set of mechanical actions carried
out in dry or wet conditions, addressed
toperform a “separation” of particles systems
according to their physical attributes (e.g., density, surface properties, electrostatic properties,
magnetic properties, color)
Sorting Waste particles separation usually carried out adopting optical-electronic recognition devices and logics.
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Definition of the Subject and Its
Importance
Concise Deﬁnition of the Subject and Its
Importance with Brief Historical Background
Recycling technologies can be deﬁned as the
whole of procedures ﬁnalized to set up physicalchemical actions, at industrial scale, to perform
the recovery of materials and end-use products, as
they result from the collection of household or
industrial wastes. Materials to recover and to recycle, obviously, inﬂuence both processing technologies and plant layouts. In this section an in-depth
analysis of the problems arising when suitable
recycling technologies have to be designed,
implemented, and set up is presented with particular reference to paper, glass, metals, plastics, and
textiles (not organics or Construction and Demolition, C&D, waste). Recycling technologies have
to be approached in a processing perspective, that
is, deﬁning a sequence of steps and actions where
the waste ﬂow stream feed, and the different products resulting from the different sequential processing steps are handled in order to produce one
or more outputs of materials to reuse. Furthermore, materials and/or process/materials quality
check have to be also applied in order to perform a
full recycling monitoring control in respect of
recovered product attributes. Obviously, processing strategies and equipment, both for processing and for materials control, have to be
selected in both low environmental impact and
positive economic perspectives. Dealing with
waste often means to deal with complex products,
that is, products constituted by one or more materials of interest but also from several polluting
ones. The economic value, per unit of weight, of
the materials to recover is usually low: recycling
technologies have thus to assure high productions,
minimizing, at the same time, plant investments
and management costs. In this perspective, a full
characterization of the input waste streams and a
full control of the different phases of the recycling
process represent a key issue when recycling technologies have to be selected and applied. In this
section, for each of the different materials, methodologies, procedures, and logics are presented to
preliminarily identify and quantitatively assess
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recycling technologies, according to the characteristics of the materials to recover.

Recycling Technologies: Paper Fiber
Paper is usually made from wood ﬁbers that are
“cooked” with chemicals (e.g., lye) that are added
to enhance and accelerate softening. The pulp is
then “screened,” and water is drained off and/or
evaporated. The ﬁbers are then pressed for further
water removal in order to obtain the “paper sheet.”
The quality and arrangement of the ﬁbers affect
the overall quality of the ﬁnal manufactured paper
material [1]. With this in mind, recycling technologies applied to waste paper are primarily aimed
at maximizing recovery of the ﬁbers.
Paper production dates back to the ancient
Egyptians (e.g., papyrus paper). Around
200 BCE Cai Lun, a Chinese court ofﬁcial,
made paper from tree bark and old ﬁsh netting.
Its production was considered as a remarkable
secret, and only 500 years later were the Japanese
able to acquire the secret. Papermaking spread to
the West when some Chinese papermakers were
captured by Arabs after the defeat of the Tang
troops in the Battle of Talas River (751 AD).
The ﬁrst European paper mill was built at Jativa
(Valencia, Spain) around 1150. From that time to
the ﬁfteenth century, paper mills were located
mainly in Italy, France, Germany, and England;
by the end of the sixteenth century, they were
located all over Europe. In 1719, Rene de Reaumur, a French scientist, observed wasps chewing
slivers of wood and building their nest starting
from such a ﬁber paste. The use of wood ﬁbers
for papermaking started from this observation.
One of the key points in papermaking is the
appropriate handling of the interconnected ﬁbers.
They can come from a number of sources including cloth rags and cellulose ﬁbers from plants and
trees. The use of cloth in papermaking has always
produced high-quality paper. The presence of cotton and linen ﬁbers in the mix creates papers for
special uses. From this perspective, cotton and
linen rags can be proﬁtably reutilized for ﬁnegrade papermaking (e.g., bank notes, certiﬁcates,
letterhead, resume paper, etc.). Rags are usually
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cuttings and wastes from textile and garment
mills. Also, the paper itself can be proﬁtably
recycled. The constituting ﬁbers can be reused
ﬁve to seven times before they become too short
and brittle. Many paper-based products can be
manufactured from recycled waste paper: fruit
trays, corrugated cardboard, egg cartons, ceiling
tiles, plasterboard, sound insulation panels,
etc. Waste paper collection and recycling produce
a number of positive environmental effects:
• Less timber is used for wood pulp production,
which has a positive impact on biodiversity.
• Reduction of waste to be disposed.
• Energy and water savings, as there is no need
for pulping to turn wood into paper. Such a
saving depends on paper grade, processing,
mill operation, and proximity to a waste paper
source and market.
• Considerable reduction of emissions to the air
and water.
• Lower greenhouse gas emissions.
The main problems faced in waste paper
recycling are:
• Collection criteria addressed to simplify waste
paper handling and further processing
• Identiﬁcation of polluting elements and suitable processing strategies to remove them
• Quantity and quality of pollutants (e.g., efﬂuents) discharged to water

Waste Paper Characteristics
Waste paper consists of different types of paper:
• Newspapers, magazines, telephone directories,
and pamphlets
• Cardboard
• Mixed or colored paper
• White ofﬁce paper
• Computer print-out paper
Waste paper is usually subjected to sorting
according to its origin and characteristics. Such
characteristics have been quantiﬁed in Europe
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with the deﬁnition of the European List of Standard Grades of Recovered Paper and Board [2].
Waste-graded papers are then pressed and handled
as bales. Bales can be thus assumed as the secondary raw materials fed to waste paper recycling
plants.
Different waste paper processing strategies are
needed, according to the presence of contaminants; the paper grades are sorted out to collected
paper grade and to their ﬁnal reuse. Waste papers
contaminants are usually constituted by:
• Materials and/or products not directly utilized
in paper manufacturing, such as metals (e.g.,
nuts, screws, foil, cans), plastics (e.g., ﬁlms,
bags, envelopes), cloth, yard waste, leather,
and dirt
• Materials and/or products directly utilized in
paper manufacturing, such as:
– Inks and toners.
– “Stickies” (e.g., adhesives, coatings, pitch,
resins, etc.): these tend to deposit inside
paper manufacturing equipment (e.g., wires,
press felts, dryer fabrics, calendar rolls, etc.)
causing problems, mainly machine downtime. Furthermore, they are difﬁcult to
remove due to their neutral density and
resulting particles ﬂow characteristics.
– Coatings: these are usually constituted by
inorganic ﬁllers (e.g., CaCO3, TiO2, clay,
etc.) and polymeric binders. Fillers have to
be removed from the pulp and lower the
overall yield of the recycling process. The
presence of wax-treated papers (e.g., cardboard) negatively affects recycled paper
quality in terms of weak and slippery properties. Furthermore, wax tends to deposit on
equipment.
– Fillers (e.g., CaCO3, TiO2, clay, etc.): their
removal is compulsory when speciﬁc paper
products, as tissue paper, have to be
produced.
– Papermaking additives (e.g., starch, gums,
dyes, etc.): among the most difﬁcult to handle are dyes. Their incorrect removal can
affect new coloring of recycled paper. In
some cases, wet strength additives can prejudice the further waste paper reuse.
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High-quality grades (e.g., paper mill production scrap and ofﬁce waste) require simpler processing and can be proﬁtably applied as a primary
paper pulp substitute in applications such as paper
printing and tissues. Waste paper of intermediate
grades (e.g., newspapers) must be subjected to a
stronger processing, mainly for deinking, and can
be used again by the newspaper industry. Finally,
waste paper of lower grade is utilized for packaging and board.

Waste Paper Recycling Technologies
In the recycling of waste paper, the selection and
the sequence of the processing units are strongly
inﬂuenced by the characteristics of the waste
paper (e.g., grade) and the presence and quantities
of contaminants [3]. The latter inﬂuences the process by their composition and also their chemicalphysical attributes (e.g., size, shape, density, surface properties, solubility, strength, etc.). In the
following sections, the main units, related actions,
and/or potential problems are described with reference to waste paper processing:
•
•
•
•
•

Repulping, “to pulp” waste paper
Screening, for ﬁne contaminant removal
Cleaning, for contaminant removal
Deinking
Water and solid waste treatment

Repulping
The repulping operation is the ﬁrst and one of the
most important processing stages in paper
recycling. Correct repulping is a pre-requirement
for efﬁcient downstream operations (e.g.,
cleaning, screening, ﬂotation, etc.). Incorrect
repulping can damage ﬁbers, preventing their
“correct” reuse [4]. A repulper is thus a device
that converts recovered paper into a slurry of
well-separated ﬁbers and other waste paper components by performing mechanical, chemical,
and thermal actions [5]. In order to fulﬁll this
goal, a repulper has to satisfy speciﬁc conditions,
that is:

• Contaminant detachment from ﬁbers, without
performing comminution (the larger the contaminant, the easier its removal)
• Correct mixing between waste paper, H2O, and
chemicals to liberate ﬁbers, limiting at the
same time their cutting
• Contribution to large debris removal
Repulping can be carried out in batch or continuous conditions. In batch conditions waste paper,
H2O, and chemicals are all charged at the beginning of the process and are removed, all at once, at
the end of the process, then the process starts again.
In continuous conditions waste paper, H2O, and
chemicals are continuously added to the pulper,
as the pulped product is continuously removed.
Screening
Screening is done by forcing the pulp to pass
through a sieving surface characterized by holes
and slots of different sizes and shapes. The main
goal of this phase is removing contaminants (e.g.,
bits of plastic, glue globs, etc.) and at the same
time, to realize a ﬁrst separation of “short” ﬁbers.
Screening performances are inﬂuenced by many
variables, the most important being:
• Feed pulp characteristics: ﬁber size and shape
and quantity and quality of debris
• Screening device characteristics and operative
conditions: screen surface (e.g., ﬂat or cylindrical), screen hole size and shape, screen surface cleaning mechanism, fed pulp ﬂow rate,
solid-water ratio, stock temperature, etc.
Cleaning
Cleaning is mainly applied to remove heavy contaminants. Separation is usually based on centrifugal forces, frequently using hydrocyclones.
These devices are constituted by a cone-shaped
(e.g., tapered) cylinder. Pulp is fed under pressure
to the device, the rotational movement produces,
and inside the hydrocyclone, two vortexes create
the separation: heavier particles are thus recovered in the bottom part and the lighter ones in the
upper part. During this stage, metals, inks, sand,
and dirt are usually removed. The cleaning stage
is inﬂuenced by many variables, including:
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• Fiber and contaminant characteristics (e.g.,
size, shape, density, and quantity)
• Selected device architecture and setting: cylinder/cone size, inlet and/or outlet geometrical
characteristics, vortex ﬁnder diameter and
length, cylindrical section height, cone angle,
feeding pressure, pulp dilution, etc.
Deinking
Pulp deinking removes printing ink and “stickies”
(sticky materials like glue residue and adhesives).
Deinking is usually performed in two steps:
(1) washing and (2) ﬂotation. Small particles of
ink are thus preliminarily rinsed from the pulp
with water by washing, then large particles and
“stickies” are removed with the help of chemicals
and air bubbles by ﬂotation.
Froth ﬂotation technology has been developed
and used for many decades in the mineral processing industry before the technology was
adopted by the pulp and paper industry for the
deinking of waste papers at the beginning of
the 1960s [6]. A ﬂotation process is based on the
surface properties of particulate solids systems
when suspended in a ﬂuid. Particles according to
their, natural or caused, hydrophobic or hydrophilic characteristic tend to adhere to bubbles
and ﬂoat. During ﬂotation deinking, pulp is thus
fed to one or to a bank of ﬂotation cells, where air
(e.g., bubbles) and chemicals (e.g., surfactants)
are also present. The surfactants cause ﬂotation
of the ink and sticky materials. Air bubbles carry
the ink particles to the top of the cell/s, where the
foam is continuously removed, realizing the
required pulp deinking.
The most signiﬁcant differences between
deinking ﬂotation and mineral ﬂotation are speciﬁcally linked to the particular characteristics of
waste paper pulp suspensions [6], that is:
• The large size class distribution and shape of
the particles to ﬂoat (e.g., ink particles), as well
as their surface properties. Ink particles, in fact,
can vary from about 1 mm to 1 mm; they are
generally hydrophobic, except for water-based
inks. Large particles are usually ﬂat-shaped,
and other techniques, as previously outlined,
such as screening, with slots down to 0.1 mm
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and centrifugal cleaning, are also used to
remove the various impurities of waste paper
pulp suspensions (e.g., pressure-sensitive
adhesives, hot-melt glues, plastic ﬁlms, etc.).
• The low density of the particles to be removed
from the deinking pulp: polymeric particles with
speciﬁc gravity close to that of the water. Mineral
particles (e.g., ﬁllers, kaolin, and CaCO3, utilized
for paper coating), in the size range of about
1 mm, should generally not be removed.
• The presence of ﬂocs or networks (e.g., cellulose ﬁbers typically of 1–3 mm in length and
10–30 mm in diameter according to wood
essences originally utilized) that tend to ﬂocculate up to constitute about 1% of the volume,
in the separation zone of deinking cells, as the
turbulence level is decreased.
• The need to add chemicals to the repulped
waste papers, both to realize a better release
of the ink particles from the ﬁbers, at the same
time enhancing the ﬂotation process (e.g., calcium soap and caustic soda or other deinking
chemicals to be used under alkaline or neutral
conditions) and the various chemicals introduced with the waste papers (e.g., surfactants
used in the coating color).
After ﬂotation, if necessary, pulp is further
beaten, or “reﬁned,” in order to separate, as much
as possible, ﬁbers, avoiding ﬁber bundles. When
white recycled paper is required, pulp is bleached
with hydrogen peroxide or chlorine dioxide.

Water and Solid Waste Treatment
Production of both virgin and recycled paper
gives rise to pollutants that are discharged to
water (e.g., efﬂuents). Studies providing comprehensive comparative evaluation of the environmental impact linked to the efﬂuents generated
from recycling plants and those from paper mills
demonstrated the environmental impact of the
former and are lower than that of the latter. In
any case, environmental problems related to
paper waste recycling are, with reference to the
other recycling technologies, further described in
this chapter, those presenting a higher impact [3].
The different waste paper processing stages, and
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related utilized technologies, are, in fact, always
carried out in wet conditions and with large quantities of water and chemicals.
Water. Four key parameters have to be fully
monitored in the wastewater resulting from
waste paper processing: total suspended solids
(TSS), biological oxygen demand (BOD), chemical oxygen demand (COD), and chlorinated
organic compounds (AOX). Deinking is the
main cause of TSS and BOD, and sometimes
these parameters are comparable with the same
produced processing virgin pulp. On the other
hand, COD and AOX are always lower in efﬂuents resulting from waste paper processing.
Wastewater must be properly processed before
it can be reutilized or before release in the environment. The signiﬁcant decrease, in recent
years, of Cu, Cr, Pb, Ni, and Cd in printing inks
dramatically contributed to reduce heavy metal
presence in wastewater, sludge, and ﬁnal
recycled paper-based products.
Solid wastes. The sludge resulting from waste
paper processing contains a solid fraction ranging
between 30% and 50%. It is mainly constituted by
short ﬁbers, ﬁllers, and ink from the deinking
process. Their relative proportion depends on
waste paper source characteristics and processing
strategies applied to obtain a ﬁnal product of the
required characteristics. Usually the wastes are
sent to dumps. In recent years, different attempts
have been made to further process and/or reuse
them: composting [7] and removal of clay [8] and
other ﬁllers [3] for reuse or their utilization for
energy production [9].
Emissions to air. Direct emissions from the
process of making recycled paper itself are minimal and considered to be relatively insigniﬁcant,
although little research has been done in this ﬁeld.
Gaseous and particulate emissions to air are produced when the thermal utilization of sludge generated by the pulp and papermaking processes is
carried out. Combustion presents many advantages [9], including reduction of the disposed
solid mass and volume leading to lower disposal
costs, destruction or reduction of the organic matter present in the sludge, and energy recovery.
Critical points related to the adoption of this
solution are:

Recycling Technologies

• The low heating value (LHV) characterizing
wet sludge, requiring preliminary dewatering
and/or drying treatments to bring solid content
above 30–35% in order to enable a selfsustained combustion
• The presence of potentially hazardous elements (e.g., sulfur, chlorine, cadmium, and
ﬂuorine), which requires a complete gas
cleaning
At the end of all the above-described processing
stages, recycled pulp ﬁber ﬁnally enters the
machine for manufacturing recycled paper sheets.
Waste paper-recovered ﬁbers can be used alone or
blended with virgin ones to achieve better strength,
or smoothness, of the ﬁnal paper product.

Recycling Technologies: Glass
Glass is made of three relatively simple raw materials, silica sand, limestone, and sodium carbonate,
which are melted together at high temperatures
(about 1,500  C). Additives can be included to
modify some properties, such as color, refractive
index, durability, etc. [10].
Examples of glass manufactured goods can be
found from several thousand years BCE, when such
material was used for ornaments. In the Renaissance
period, glass use increased. Vessels, bottles, and
other glass containers started to be produced and
utilized for both decorative and everyday use. At
that time glass manufactured goods were expensive
to produce. Large-scale production started with the
Industrial Revolution, and mass production of glass
containers began at the onset of the twentieth century. Together with the increase in production and
larger use came the problem of handling glass
waste. Glass manufacturers produce a large quantity
of products of different characteristics that are
addressed to different uses. Glass’ physical properties, at high temperature, are close to that of a
viscous ﬂuid, and as a consequence, it can be
worked, by craftsmen or on an industrial scale, to
obtain ﬁnal products of practically nearly inﬁnite
number of shapes and characteristics. For this reason
glass can be found in, according to its composition
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and use, several products, ranging from those commonly used at home (e.g., bottles, vases, jars, mirrors, etc.), to those utilized in the automotive sectors
(e.g., windscreen) and in industry (e.g., ﬁberglass
for the production of glass-reinforced plastics
(GRP), glass-reinforced cement (GRC), special thermal and/or acoustic insulating panels, X-ray and
cathode tubes, etc.). It is thus easy to understand
that waste glass production, and its recycling to
produce mainly “new” glass containers, assumes
great importance.
Glass is one of the materials that is most often
recycled. It presents a series of positive characteristics: it is nonabsorbent and does not confer ﬂavors
and odors; it resists high temperatures, such as those
required for cleaning after its use; and its strength
and mechanical resistance are indispensable for
multiple ﬁllings and reuse. These characteristics
make glass containers suitable to be used over and
over again. Selective waste glass collection and
recycling provide great beneﬁts:
• Reduction of environmental impact related to
its disposal
• Conservation of the nonrenewable raw materials (quartz sands) required for its production
• Energy savings
• Reduction in the quantity of solid urban waste
The problems to face in glass recycling can be
summarized as follows:
• The deﬁnition of collecting criteria able to
simplify the further processing
• The identiﬁcation of polluting materials and
the setup of suitable processing strategies to
remove them
• The separation of “broken glasses” (cullet)
according to their color and/or Pb content
Recycled glass mainly comes from the selective
collection of solid urban waste (bottles, jars, various containers, etc.), usually done by citizens, and
only partially from the refuse of glass goods
manufacturing and/or glass-based products at the
end of their life cycle. As a consequence, waste
glass collection represents one of the most critical
steps of the entire recycling process, and the
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following recycling technologies and separation
strategies are strongly conditioned by the criteria
and the methods followed during collection. The
quality of the collected materials can be quite different, according to the level of knowledge and,
more generally, the “education” of the people
involved. As a matter of fact, the quality of the
glass collected for recycling can strongly differ
from region to region or, in the same city, from
district to district. Furthermore, the quantity and
the quality of the collected glass can be also dramatically inﬂuenced by season and meteorological
conditions.
The following discussion is based on urban
waste collection as the source of the glass. It is
important to consider the ﬁnal destination of the
recycled glass, which can be identiﬁed by the classical market categories where glass in commonly
utilized, that is: (1) container production, (2) construction industry, (3) special concrete production
(e.g., partial substitution of aggregates by glasses),
(4) road pavement (e.g., special asphalt where the
coarse fraction is partially substituted by glass),
(5) abrasive products, (6) wool glass, etc.
The recycling technologies described for
glass recycling will be primarily addressed to
producing an economically valuable cullet to
use to make new containers. Recycled glass is
not equally reutilized in all the abovementioned
market sectors. Only a small fraction is, in fact,
reutilized in ﬁberglass, bricks, concrete, and
asphalt production. This is mainly for two reasons: (1) cullet quality sometimes does not ﬁt
well with the quality standards required in some
of the these sectors, and (2) the glass container
industry is the most interested in waste glass
reuse (due to the high cost of primary raw materials and the production, energy-related costs
versus the relatively low value of each single
produced glass container).
Cullet characteristics must satisfy strict conditions to be reutilized for container production.
These characteristics are primarily related to
both presence of polluting elements and color of
the fragments. Furthermore cullet size class distribution is another important parameter to control.
Usually particles around 1 or 2 cm are preferred
both for handling and quality control purposes.
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In recent years, thanks to enhanced quality
control equipment, the accepted dimensional
limit of glass fragments decreased to 5 mm. Contaminant removal and cullet sorting, according to
color, are the main goals in processing recycled
glass. Furthermore, these goals must be reached
without producing too ﬁne particles.

Cullet Contaminants
There are two classes of contaminants: materials
not constituted by glass (e.g., ceramics, stones,
masonry, organics, and heavy metals) and
glass fragments of the wrong color, that is, cullets
whose color characteristics are different from that
of the class they belong to (cross-contamination).
In recent years, special attention is addressed
to the identiﬁcation and removal of glass
containing Pb.
Non-glass materials. Ceramics and stones,
which have melting points higher than that of the
glass, remain unmelted inside the vitriﬁed matter
and as a consequence, even if present in a small
amounts, degrade the mechanical characteristics
(resistance) of the manufactured products (bottles,
jars, etc.). Furthermore, they can seriously damage glass processing equipment, increasing maintenance costs. Lead and heavy metals, according
to their high volume weight, settle on the bottom
of the fusion crucibles and have a corrosive effect
on the refractory material, causing, in some conditions, the perforation of the refractory material
itself. Optical sorting devices are commonly used
to identify and automatically remove non-glass
materials. Among polluting materials special
attention has been addressed, in recent years, to
ceramic glass. This material rapidly increased its
presence in waste glass products, mainly due to
the introduction on the market of a large amount
of ceramic glass manufactured goods, such as
dishware, cookware, etc. [11]. Such material,
even if seems quite similar to classic glass, is
characterized by a different behavior (i.e., higher
fusion point) when melted inside glass furnaces,
where cullets are usually fed together with natural
raw materials (quartz sands) [12]. As a consequence, the presence of ceramic glass reduces
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the production rates of the furnace, which needs
to be shut down to be cleaned more frequently,
and sometimes causes damage that requires the
furnace to be rebuilt or replaced. Classical optical
sorting devices are practically “blind” to ceramic
glass, as its physical-chemical characteristics are
similar to those of glasses.
Cullet cross-contamination by color. Glass
has, according to its color, a different destination
of use and, as a consequence, different market
value. The use affects the value of the glass containers; as a consequence, white glasses have
higher value than the so-called half-white or colored glass (brown, yellow, green). Cullets that are
collected without distinction of color can be primarily used for the production of green glass and
only in part for the production of yellow glass.
The production of white glass requires that only
the cullet of that color be employed. Crosscontamination can thus represent a problem
because it always contributes to depreciate the
cullet’s value. For this reason cullet optical sorting
by color is extensively utilized.
Pb glass cullets. This material is considered as
polluting one inside “classical” cullets recovered
products, due to the presence of Pb and to the
possibility to produce contamination actions negatively affecting the environment and/or the
human health. When recovered Pb glass cullets
(according to Pb content) can be recycled following two different approaches: a closed-loop or an
open-loop recycling. In closed-loop recycling,
this material is utilized to manufacture the same
product originating the Pb glass waste. In openloop recycling, the recovered Pb glass cullets are
utilized to generate new products/materials as
glass ceramics brick, cement mortar paste, and
concrete, etc. All these products/materials have
to be characterized by a manufacturing cycle,
products performance, leaching characteristics,
lead fate, etc., compliant with environmental constraints and human safety issues.

Cullet Recycling Technologies
On the basis of the previously mentioned washing
goals, speciﬁc processing layouts have to be
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deﬁned. Each of them will be constituted by one
or more units, in series and/or in parallel, and each
one specialized to perform a speciﬁc action. In the
following the main units, and related actions, are
reported and described with reference to waste
glass fragments (cullet) processing:
• Hoppers and conveyor belts, to perform cullet
handling
• Manual sorting of macro-contaminants (e.g.,
ceramics, metals, plastics, stones, etc.)
• Crushing and screening, to reduce glass fragments in two or three size fractions, avoiding
the production of ﬁnes, for a better handling of
the glass waste, and to perform, in some cases,
also a separation of contaminants
• Ferrous and nonferrous metal separation,
respectively, by electromagnets and eddy-current
separators, for metals and nonmetals not manually sorted
• Light contaminant (e.g., paper and plastic)
removal
• Cullet ﬁne contaminants (i.e., not glass and Pb
glass fragments) and color sorting by magnetic
and/or optical devices, to deﬁne different cullet
quality classes according to market
speciﬁcations

Hoppers and Conveyor Belts
Storage-feeding and conveying equipment constitutes the skeleton of the plant providing glass
waste transportation for the action performed.
Conveyors thus assume an important role because
they have to operate continuously to assure a
constant feed to the different units of the recycling
plant. Cullets are strongly abrasive, so conveying,
and related mechanical devices, is subject to
strong abrasive actions. Furthermore, cullet handling produces ﬁne particles and dusts. These
aspects, if not fully controlled (e.g., sealed bearings, enclosed gear boxes and other moving parts
protection, suction units for dusts collection) can
produce severe damage to conveying units, as
well as severe environmental working conditions
in the plant. Table 1 are details some of the characteristics that a conveyor belt has to satisfy to be
correctly utilized inside a glass recycling plant.
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principles and/or maintenance good practices with reference to waste glasses handling
Cleats

Bearings

Drivers

Surface

Moisture and/or
organic residues

Conveyors without cleats are
preferred, because they can
represent an obstacle to conveyor
surface cleaning by scrapper bar.
Their presence is negative if
moisture is present
Bearings and other revolving
parts (e.g., pulleys) have to be
regularly cleaned or, better,
should be sealed
Drivers should be selected in
order to assure ﬂexibility
according to end market’s
variability
Belt constituting materials have to
be selected taking into account
cullets’ abrasive characteristics
and related wear effects. Rubber
belts are the most commonly
utilized but wearing effects are
severe; for this reason vibratory
conveyors are more and more
utilized. They are less subject to
wearing but can represent a
further source of pollution (e.g.,
presence of ﬁne metallic parts in
the ﬁnal cullet concentrate)
Moisture can severely affect
cullet handling, especially with
reference to sorting operations

Manual Sorting of Macro-Contaminants
Human-based sorting continues to be commonly
applied on the coarser fraction. Manual sorting
allows removing the larger pieces of contaminants, easily detectable and removable by trained
personnel. Today, this phase is often performed by
automatic sorting equipment, utilizing different
principles, mainly optical, for contaminant detection. Among macro-contaminants, in recent years,
ceramic glass has become a problem as well as the
presence of Pb glass fragments characterized by a
Pb content higher than few percent.
Crushing
Waste glass comminution, usually performed by
crushing equipment, is carried out to reduce the
collected waste glass materials to particles of suitable size and shape in order to be properly handled
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and processed to remove contaminants and to
separate glass into suitable classes of colors to
produce new containers or other products. After
crushing a sieving stage is usually carried out.
Cullets are thus “sorted” according to their size.
Glass, different from aggregates, when subjected to comminution (e.g., crushing) tends to
produce, for its chemical-physical characteristics,
a lot of ﬁnes (pieces smaller than 1–2 mm); such a
behavior increases if comminution equipment is
not properly selected, that is, if the comminution
unit and its operative conditions do not take into
account glass mechanical characteristics. For
these reasons, also related to the strong development of sensing/sorting units, today comminution
action of glass waste is less utilized. A comminution unit usually develops its action through the
application of four forces on the materials: impact,
shear, abrasion, and compression. The quantitative relationships among them, in terms of causeeffect, strongly differ according to the equipment.
For glass comminution, impact forces are those to
be primarily applied, allowing a low production of
ﬁnes. The production of ﬁnes causes several problems: (1) loss of product (e.g., recycled glass

fragments below 2–3 mm are usually rejected
from the market), (2) a double loss of money
(e.g., unsold material and rejected ﬁnes have to
be disposed of), and (3) higher costs for comminution equipment maintenance. Glass ﬁnes are
extremely abrasive; they can enter the gears and
bearings of traditional comminution equipment
and cause serious damage. Furthermore, the presence of ﬁnes produces the same mechanical problems in the other equipment constituting the
processing layout. When selecting a comminution
unit, it is thus important to evaluate not only the
capacity but also the degree of ﬂexibility characterizing the crusher, that is, the ability to vary
power and speed. These two parameters can be
modiﬁed according to changes in required
crushed glass characteristics in respect of the initial feed and possible requirements of the end
market. Table 2 describes some of the impact
crushing equipment most commonly used to perform waste glass comminution.
Screening and Air Classification
Screening and air classiﬁcation are usually
performed for two purposes: (1) particle size

Recycling Technologies, Table 2 Characteristics of the comminution units mainly utilized to perform waste glass
crushing
Comminution units
Hammer mills (HM)

Rotating drums (RD)

Vertical shaft
impactor (VSI)

Impact crusher (IC)

Characteristics
Movable hammers mounted on a rotating shaft hit and/or throw glass against the mill
chamber or other glass. As a result comminution is realized. Cullets are recycled inside the
hammer until they do not reach a size lower than the aperture of a grid installed at the exit of
the mill chamber. Comminution is efﬁcient, that is, a relatively small size glass grain can be
achieved in just one comminution stage. The wear rate of the hammer is high
A spinning rotor with bars attached to the outside is responsible for the comminution. Glass
particle breakage is mainly due to (1) the impact of the rotating bars on glass and (2) the glass
projection against “special plates” installed on the inside the chamber. Crushed material is
ﬁnally discharged when particles size is lower than the space, adjustable, between the rotating
bar and the plates. The wear rate is lower in comparison to hammer mills
Crushing is performed by a revolving vertical rotor. The material is fed from the top. The
mechanical actions resulting for the interaction of the revolving rotor with the glass and with
the chamber walls produce the requested glass size reduction. A screening system, in a closed
loop with the impactor, allows obtaining the desired cullet size. VSI allows obtaining large
productions, but a pre-broken feedstock, usually obtained utilizing as primary crusher and
HM, is required. The wear rate is minimized; the resulting cullets are round-shaped
IC utilizes a continuous breaker bar which is mounted horizontally in the rotor. Glass is fed
and blown against adjustable aprons. Replaceable liners are installed inside the unit. The
broken product passes through an open discharge. As for VSI, IC allows to efﬁciently handle
a large volume of throughput of product below 10 mm. Cullets, according to IC comminution
actions, are characterized by an angular or subangular shape
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control and (2) contamination removal. The
proper use of screening and air classiﬁcation is
to cut cullets into particles belonging to different
size class ranges. Such a division can be
performed both to facilitate cullets’ further processing and to obtain ﬁnal marketable products
characterized by a population of speciﬁc and welldeﬁned particle size. Screens and air classiﬁers
can be proﬁtably utilized as “separators” when
polluting elements (e.g., wood, paper, iron, steel,
aluminum, plastics, etc.) are characterized by a
size and/or a shape different from the cullet population to classify. In this case, the setting of a
“threshold,” for the geometrical attributes, allows
separating pollutants from glass. Furthermore,
when air classiﬁers are used, the different densities of the polluting materials, compared to those
of glass, represent an important factor in
performing an improper “air classiﬁer-based separation.” In both cases, moisture is a restricting
factor for both classiﬁcation and separation
efﬁciency.
In the selection of screening and/or air classiﬁcation devices, some important factors have to
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be taken into account: (1) particle size distribution
of the feed, (2) particle size distribution after the
different classiﬁcation stages, and (3) market tolerance, that is, precision required with respect to
end-user tolerance versus possible presence of
under-/oversize in the ﬁnal classiﬁed product.
Table 3 describes some of the screening and air
classiﬁcation devices commonly utilized in the
waste glass recycling sector.

Ferrous and Nonferrous Metal Separation
Ferrous (e.g., metals containing iron) and nonferrous metals (e.g., aluminum, copper, lead, zinc,
tin) are among the most common contaminants in
waste glass. Their origin can be related to the
presence of caps, lids, special labels, bottle neck
wrap, etc. The presence of these materials even at
low level can produce severe damage to the production process (e.g., deposits and chemical reactions in the furnaces, presence of hot spots,
clogging or jamming of the injection devices,
etc.) and can compromise the ﬁnal product
(container) mechanical characteristics and quality.

Recycling Technologies, Table 3 Characteristics of the classiﬁcation units mainly utilized in the waste glass recycling
sector
Classiﬁcation
units
Trommel (TRO)

Vibratory screens
(VS)

Air classiﬁers
(AC)

Characteristics
A TRO is a rotating cylinder whose surface is characterized by apertures of a speciﬁc size and
shape where cullets can pass through according to their size. For its characteristics TRO can play
both as a classiﬁer and a separation unit. Contaminants as plastic bottles or bags are not able to
pass through trommel surface apertures and can thus be easily removed. A trommel can be
designed to ﬁt practically any size glass processing operation. In some cases hot air is blown to
facilitate waste glass feed drying, helping the screening and the following processing stages
VS usually work in a closed loop with crushing unit. As for TRO cullets can pass through, or not,
the sieving surface, according to their size; usually larger particles are fed again (closed loop) to
the comminution unit (crusher) or rejected if recognized as pollutants. According to the requested
cullets’ size class characteristics, vibratory screens can allow to classify particles population up to
75 mm. When such dimensional grades are requested, obviously throughputs are lower. Usually
multi-deck VS, up to ﬁve, are utilized when the ﬁnal cullet product has to be divided in several
dimensional classes
These types of classiﬁers are based on the utilization of airﬂow to classify particles. Different
from sieving, particles are thus classiﬁed/separated according to their size, shape, and density. An
AC is a vessel where an airﬂow is generated. Wastes are usually fed from the top; coarse (larger or
heavier) and ﬁne (smaller or light) particles follow a different path according to ﬂow
characteristics, which can be set to achieve the required classiﬁcation/separation. Classiﬁcation/
separation can be achieved simply utilizing gravity or/and free or forced vortex generated by
static vanes or a dynamic classiﬁer wheel. The equilibrium between the forces determines the “cut
point.” ACs represent a good alternative to screening, especially when the materials to classify are
characterized by the presence of a large fraction of ﬁnes (particles below 250 mm). When a wellclassiﬁed coarse fraction is requested, air classiﬁers are utilized prior to screening
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Ferrous contaminants are easily removed by
magnetic separation. Usually magnetic separation
is performed in two stages: a ﬁrst stage, at the
beginning of the recycling process, in order to
remove ferrous contaminant before the further processing stages (comminution, classiﬁcation,
sorting by color, etc.), and a later stage, where
usually it is applied to remove the ﬁner particles
of metals not separated during the previous processing stages. The selection of a magnetic separator is strongly inﬂuenced by (1) waste feed rate,
(2) amount of ferrous contaminants, (3) cullet
stream depth, (4) contaminants size, and (5) value
of the magnetic ﬁeld to apply to perform separation. Nonferrous metal contaminants are not
affected by the presence of a magnetic ﬁeld; for
this reason eddy current separators are usually utilized for their collection [13, 14]. Eddy current
separation devices and related separation strategies
are strongly inﬂuenced by nonferrous metal particles size, shape, and conductivity. In this latter case,
different from magnetic separation, particles’ attributes play a preeminent role. Table 4 details the
equipment commonly utilized to perform ferrous
and nonferrous metal separation.

Light Contaminant Removal
Light contaminants such as plastic, paper, wood,
corks, etc., do not constitute, at least in principle, a
problem in glass recycling. They burn and
volatize at the temperatures of the glass furnaces.
Today, new applications requiring granular products are sensitive even to the presence of small
amounts of “organics”; for this reason the
recycling processes have to take into account the
removal of these kinds of contaminants. Such a
goal is easily reached by simple screening or by
air screening, that is, creating a sort of ﬂuidized
bed where heavier particles, cullet, remain on the
site, and lighter or ﬁner particles can be easily
removed by airﬂow.

Fine Contaminants and Color
Originally cullet optical sorting was performed
following an optical-based analogical approach.
It was developed and implemented to perform
control separation actions:
• To remove all contaminants not removed in
the previous physical processing stages

Recycling Technologies, Table 4 Characteristics of the separation units commonly utilized to perform ferrous and
nonferrous contaminant separation in the waste glass recycling sector
Separation units
Overhead/crossbelt
magnets (O/CBM)

Magnetic head pulleys
(MHPs)
Magnetic drums (MD)

Eddy current separator
(ECS)

Characteristics
The magnet is usually installed above the glass waste ﬂow stream (e.g., conveyor belt).
The overhead magnetic ﬁeld has a belt moving across its surface at approximately a 90
angle to the material ﬂow. Metals particles are thus attracted, removed from cullets, and
discharged as the moving belt of the separator turns away from the magnetic ﬁeld the
metals particles. Sometimes, especially when O/CBM strategy is applied to control the
possible presence of ferrous particles in the ﬁnal product, “simple” high-intensity
magnets are utilized. Collected particles are thus discontinuously removed
MHP is usually installed at the end of a conveyor belt, beneath the belt. Ferrous particles
are thus held to the belt, while cullets can be discharged. With the decrease of the
magnetic ﬁeld, ferrous particles leave the belt and can be properly recovered
MD are commonly installed inside feeder chutes, between chutes and conveyors. Their
behavior is similar to MHP. Glass waste stream passes over the magnetic drum; ferrous
metals are held by the drum, as nonmagnetic materials continue their ﬂow. Ferrous
materials hold to the drum until a divider provides to its discharge
ECS is realized by spinning a magnetic rotor with alternating polarity at high speed. The
magnetic drum of the ECS induces electric currents (eddy currents) within the volume
of each particle ﬂowing in the proximity of the drum. The effect is that nonferrous
metals passing over the drum are subjected to an ejecting force that throws away
nonferrous metal pollutants from the waste glass stream. The main difference from
ordinary magnetic separation is that the magnetization of particles is not induced by the
alignment of the internal magnetic domain with the external ﬁeld. The efﬁciency of the
eddy current separation process is highly dependent on the size of the feed particles
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(e.g., venting, classiﬁcation, eddy current separation, magnetic separation, etc.)
• To perform a separation of cullet by color
• To identify Pb glass fragments by hyperspectral imaging techniques in the UV region
Normally, ceramics, stones, and opaque particles are sorted before color sorting is applied. In
recent years, the increasing presence, inside waste
glass, of ceramic glass, which is almost impossible to separate via classical recycling technologies, has resulted in research related to optical
sorting to solve this problem with a new class of
devices based on X-rays and/or hyperspectral
imaging (HSI) technology.
Sorting was originally performed manually.
Such an approach is labor-intensive. Being based
on human senses, it is strongly affected by human
sorter experience, by the size of the materials to
sort, and by time: the level of attention of the
worker is strongly affected by time. With technological developments, cullet sorting was, and in
some cases continues to be, adopted as detection
unit, laser beam technology-based devices, and
scan line cameras. Table 5 describes the devices,
and related architectures, commonly utilized to
perform cullets sorting.
Sorting device characteristics. These are
related to the optic detector/s’ size and

arrangement. The ﬁnal sensing architectures, in
fact, are inﬂuenced by optical information acquisition and its further handling: both factors dramatically inﬂuence the sorting architectures,
usually based on a pneumatic blast, enabling the
modiﬁcation of the cullet’s, and/or polluting particle’s, trajectory, after recognition. Furthermore,
ﬂow characteristics can inﬂuence the selection.
To realize an optical sorting (Table 5), the ﬂow
has to be, at least in principle, constituted by
particles forming a monolayer (e.g., cullet fed to
the color-sorting unit by a vibrating conveyor belt,
which keeps the glass in a thin layer). In these
conditions glass fragments can be analyzed by the
laser beams. Recent equipments are so fast that
they can test, according to its dimension, the same
cullet several times. As a consequence the larger
the glass fragment, the better its control can be
carried out. The inﬂuence of the “anomalies” can
be thus reduced when each cullet is analyzed by
more than one detector and more than one time.
This is not possible with smaller pieces: they can
pass, for their dimension and for the ﬂowing conditions, unsorted, or diffraction/refraction effects
(e.g., presence of marked cleavage or surface
anomalies) can be so strong that detectors are
practically unable to analyze them. As a consequence, such a technique cannot be proﬁtably
used with the entire size range of cullets. Materials

Recycling Technologies, Table 5 Characteristics of the detectors, and related logics, commonly utilized to perform
cullet sorting
Sorting units
Laser beam
technology-based (LBTB)

Image analyzers (IA)

Hyperspectral imaging
(HSI)

Characteristics
Detection is based on the evaluation of the “characteristics” of the energy, and the
spectra received by a detector after the cullets, and/or polluting particles, were crossed
by a suitable laser beam light. Such an approach presents two technological limits,
related to (1) the constructive characteristics of the equipment and (2) the material
characteristics. The sorting logic is mainly analogical. An on-off logic is applied
IA allows to perform sorting on the basis of the cullets’ detected colors. CCD (charged
coupled device) scan line cameras are utilized. They present the advantage, in
comparison with LBTB, that practically do not have any detection limitation in terms of
geometrical resolution, being the investigated scan line dimension is the only function
of the lens. Furthermore, colors are better detected
HSI allows to perform recognition/sorting of cullets’ hyperspectral attributes in
different wavelength ranges. UV (200–390 nm), VIS (400–700 nm), VIS-NIR
(400–1000 nm), NIR (1000–1700 nm), and SWIR (1000–2500 nm). CCD scan line
cameras coupled with a prism-grating-prism (PGP) optical unit perform the collected
light signal diffraction and spectral analysis. HSI has the advantage, as IA, to be utilized,
at least in principle, at different resolutions. Furthermore, the collected spectral
information are intimately linked to sample surface chemical-physical attributes
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of smaller dimensions, less than 2 mm, resulting
from the processing-cleaning stages, not being
correctly investigated, are usually disposed of,
with the resulting ﬁnancial loss and negative environmental impact. For this reason, in recent years,
a new class of sorting devices based on classical
(IA) and/or hyperspectral (HSI) imaging has been
developed and implemented (Table 5). Imaging
allows breaking down the investigation limits,
with detection resolution linked to array detector
resolution and optics magniﬁcation. Obviously
the geometrical constraints, linked to the presence
of the pneumatic devices, for particle removal
remain; however, the imaging approach constitutes a big step forward allowing (1) a better
detection and (2) the potential to perform online
recycling process control and/or products
certiﬁcation.

Material characteristics versus their optical
recognition. Cullet attributes, surface status (e.g.,
dirty or clean), and characteristics (e.g., fragments
of bottle neck or jar with or without thread, bottle
or jar bottom, etc.) can strongly interfere with the
measurements. Measurements are, in fact, based
on the evaluation of the transmitted energy
received by a detector after the cullets are crossed
by an energizing source (e.g., standard or laser
beam light). In these measures surface characteristics and the status of each cullet play a decisive
role in the further response of the detector (Fig. 1).
Ceramic glass and Pb glass fragments recognition. As previously outlined, the frontier in cullet optical sorting is represented by ceramic glass
recognition. The only two strategies extensively
used and designed to reduce the presence of
ceramic glass contaminants are source reduction

Recycling Technologies, Fig. 1 The spectral response
of the cullets, suitably energized, is based on the evaluation
of the transmitted energy received by the detectors. The
detected energy is thus inﬂuenced by the status (dirty or
clean) and the characteristics (fragments of bottle neck or
vase with or without thread, bottle or vase bottom, etc.) of

the cullet surface. (a) 16  16 mm image ﬁeld of dirty light
green cullet. (b) 16  16 mm image ﬁeld of dark green
cullets (bottle bottom). (c) 2  2 mm image ﬁeld of white
cullets (threaded bottle neck). (d) 2  2 mm image ﬁeld of
half-white cullets (bottle bottom) and (e) 2  2 mm image
ﬁeld of brown cullets (bottle bottom)
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and manual sorting. The problem with reduction
at the source is that usually citizens, in spite of
public education campaigns, confuse transparent
glass-like contaminants with normal glass,
invalidating both curbside and door-by-door collection. As a consequence, some steps of the
sorting process are still carried out manually by
“trained personnel” who try to recognize ceramic
glass and Pb glass fragments prior to mechanical
processing, looking at their shape or evaluating
their reﬂective characteristics. Such an approach
is expensive, unreliable, and represents a real and
important problem for the whole glass recycling
sector. Infrared sensors are sometimes used to
detect opaque cullet within the “dirty” recyclable
glass in order to separate ceramic/ceramic glass
and stone fragments from the glass cullet. No
entirely effective and low-cost solution has been
found to date for ceramic glass online automatic
sorting in recycling plants. X-ray sorting techniques have been recently proposed as a solution
for ceramic glass identiﬁcation [15]. Anyway, it
must be considered that the use of X-ray equipment in a plant requires appropriate shielding and
must follow strict rules to protect workers from
exposure, with an increase in costs and environmental and safety problems. Glass sorting, originally based on analog devices, utilizing laser
beam technology, has moved toward digital
image techniques [16, 17]. Scan line color cameras are thus seeing greater use in this sector to
implement selection strategies addressed to identify opaque objects inside the ﬂow stream and/or
to separate cullets according to their color [18].
Technology in this ﬁeld, although sophisticated,
remains practically “blind” with regard to the identiﬁcation of ceramic glass materials. Spectrophotometers should be able, at least in principle, to
identify these contaminants; however, they are usually only able to work on a point-by-point basis and
are not able to cope with real-time sampling/sorting
architectures such as those required in glass
recycling plants [19]. They are used, in several
industrial ﬁelds, mainly at the laboratory scale.
A new class of sensing devices based on HSI,
working in the UV, VIS-NIR, and SWIR wavelength ranges, has recently created new potential
for the online recognition of glass and ceramic glass
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fragments inside glass recycling plants [20]. A
more detailed description of such a technique is
reported in the later section “Future Directions”.

Recycling Technologies: Metals
Human history and progress are linked to the
discovery and utilization of metals [21]. Thanks
to these materials, humans have been able to
interact and modify the environment, performing
advances in agriculture, warfare, transport,
etc. The Industrial Revolution, from steam to
electricity, was conditioned by metals. Even
what, and how, people eat was and is strongly
inﬂuenced by metals.
The ﬁrst use of metals dates back to about
7000 BCE in Anatolia (Turkey), where some Neolithic communities started to replace handmade
stone knives and sickles with “hammering” native
copper. The tools worked as well as their stone
equivalents and lasted far longer. The ﬁrst examples of extractive activities belong to 4000 BCE.
Deep shafts were cut into the hillside at Rudna
Glava, in the Balkans, to excavate copper ore.
Mining was considered a sort of ritual activity; as
thanks for the exploited metals, ﬁne pots, bearing
produce from the daylight world, were placed in the
mines as a form of recompense to propitiate the
spirits of the dark interior of the Earth [22]. Thousands of years later, humans started again to understand the importance of preserving the environment
and, together with more stringent economic reasons, started to apply more metal recycling.
Metals present many advantages; they can easily be recycled because a speciﬁc material can be
melted several times without losing its properties.
Metals commonly utilized in the recycling sectors
mainly derive (1) from the collection and processing of postconsumer metal products and
(2) from metal industrial wastes (e.g., working
residues, metallic scraps, etc.). Recycling strategies
are strongly affected by the previously mentioned
origins of the metals. Furthermore, metals’ value is
strongly affected by several costs, that is, the quality of recovered products (e.g., composition, contaminants residues, etc.), (3) recycled product
market, and (4) metal market value. Together
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with these costs, their processing (e.g., collection,
transport, sorting, etc.) and waste disposal settlements also play an important role. Metals to recycle
can be divided in two different families, that is,
ferrous and nonferrous metals. Such a distinction is
important because it dramatically inﬂuences
recycling strategies and related adopted technologies. Ferrous metal scraps are mainly constituted of
iron and steel scraps, primarily obtained from automotive dismantling and household appliances
(e.g., large kitchen appliances, washers and dryers,
etc.). Such waste is usually collected and preliminarily sorted in different classes of products of
different grade before being sent to a recycling
plant or directly to metal reﬁners. Wastes resulting
from their processing (e.g., wood, plastics, ﬁbers,
etc.) are, according to their quantity and physical
characteristics, totally or partially recovered; the
unrecovered fraction is sent to a landﬁll. Another
lesser source of ferrous metals results from the
processing of the bottom ashes produced by
incinerators.
Nonferrous metal scraps are mainly constituted
by aluminum, copper, zinc, and lead. Aluminum
is the main scrap deriving from household waste
(e.g., cans, containers, etc.); the others primarily
result from waste from industrial and commercial
activities.

Ferrous Metals
Iron and steel are the main materials utilized in
many industrial sectors: building and construction, automotive, chemical, operative equipments,
etc. These materials are so common in use for
several reasons: (1) relatively low costs, (2) high
availability, (3) good mechanical attributes,
(4) easiness in working, and (5) because they
can also, at least in principle, be easily recycled,
the main reason being linked to the ease in recovering them due to their magnetic properties.
Iron and steel are obtained from raw materials
(e.g., iron ores) and/or (2) from recycling. Different production methods are thus utilized: blast
furnace (BF) and basic oxygen furnace (BOF),
when primary raw materials are utilized, and electric arc furnace (EAF) when recycled products

Recycling Technologies

are employed. Metal scrap recycling allows
reduction of both energy production costs (e.g.,
less energy is required for produced unit of weight
when scraps are remelted instead of using iron
ore) and environmental impact (e.g., reduced
exploitation of primary raw materials such as
iron ores, limestone, and coal necessary when
primary metals are produced by BF or BOF).
Furthermore, a corresponding decrease of CO2
emission is achieved, with a further environmental beneﬁt.
Metal recycling is a well-established practice,
and it will continue to grow with the increased
availability of automotive-derived scraps. In the
future, however, this source will probably be
reduced as more motor vehicles are designed with
plastics and/or polymeric-based composites. In a
quantitative way, steel represents the most recycled
product, more than aluminum, paper, and glass
together and greater than all other metals combined
(e.g., aluminum, copper, nickel, chromium, zinc).
Metal Scraps’ Sources and Characteristics
Metal scraps can be obtained from many sources:
• Home scrap, that is, the scrap (e.g., working
production waste, defective parts, etc.) derived
from a manufacturing process. In this case,
waste is directly remelted. There are no problems related to metal scrap quality, as the material is constituted only of the metal to recycle.
• Industrial scrap usually consists of the wastes
produced in iron and/or steel manufacturing
plants, mainly leftover product resulting from
speciﬁc manufacturing actions. Such wastes
are usually sold and reused in foundries.
• Postconsumer scrap is metal waste derived from
products that have reached the end of their life
cycle (e.g., industrial equipment, cars, metals
structures, home appliances, etc.). In this class
of scrap, contamination, mainly the presence of
nonferrous metals (e.g., aluminum, copper, zinc,
and lead), can represent, in some circumstances,
an important problem to face and solve.
Other iron and steel intermediary products,
and/or waste, play an important role as recycled
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products: steelmaking slag and ﬂue dust (resulting
from BF, BOF, and EAF), waste sludge and ﬁlter
cake (resulting from BF and BOF), spent pickle
liquor, and mill scale.
One of the most important steps in the development and setup of metal recycling systems is
creating appropriate strategies to identify and sort
metals into groups presenting similar characteristics. Such a “grouping” must be carried out
according to speciﬁc rules deﬁned by steelmakers
and market requirements.

Ferrous Metal Recycling Technologies
On the basis of what has been previously outlined,
speciﬁc processing layouts have to be deﬁned.
Each is constituted by one or more units, in series
and/or in parallel, and each is specialized to perform a speciﬁc action. The main actions, and
related units, are reported and described below
with reference to ferrous metal wastes processing:
• Manual sorting (e.g., nonmetal miscellaneous
material detachment, large nonferrous metal
separation) and preparation (e.g., cutting of
large metal manufactured goods, removal and
dismantling of speciﬁc metal unit, etc.)
• Crushing and screening, to reduce metal scraps
to easy-to-handle pieces to be directly fed into
furnaces or subjected to further classiﬁcationseparation actions
• Separation of the different metal fractions into
groups characterized by similar composition
attributes
• Testing and/or sorting of the different resulting
ferrous metal end-life-goods-derived material,
to characterize and certify different classes of
products according to market requirements
Manual Preparation and Sorting
Metal manufactured goods to recycle are usually
constituted of units of large dimensions (e.g.,
automobiles, metal structures, etc.); for this reason
they must ﬁrst be reduced to easy-to-handle
pieces, both for further processing and/or for
direct reuse inside furnaces. For these reasons,
shears, handheld cutting torches, crushers, or
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shredders are commonly utilized. After this preliminary stage, manual sorting, if required
according to ferrous metal waste to recycle, is
carried out. At this early stage of the process,
large contaminants that are easily detectable with
human senses (e.g., car batteries, plastics, foams,
wood, nonmetallic elements, etc.) are removed.
Material Handling
Conveying units are mainly usually conveyor
belts. For the characteristics of the feed, especially
at the early stages of ferrous metal handling (e.g.,
relatively large pieces of materials), handling
equipment is of rough construction. Ferrous
wastes are usually stockpiled, and the primary
feeding, after the preliminary operation outlined
in the previous paragraph, is realized by cranes.
Ferrous metals are abrasive; as a consequence, all
the different parts of the equipment utilized for
conveyors are subject to strong abrasive actions;
also, the presence of ﬁne particles and dusts must
be carefully checked and reduced to avoid
mechanical problems and to assure good environmental working conditions.
Comminution
After manual preparation and sorting, further size
reduction actions are applied to scraps. Comminution actions are different according to destination of the materials, that is, (1) direct feeding to
the furnaces or (2) further processing. In the ﬁrst
case, large scrap materials are milled utilizing
shears, ﬂatteners, and torch cutting and turning
crushers. The resulting pieces are then compacted
by baling or briquetting in order to increase the
apparent density of the scrap aggregates to remelt,
trying to avoid their possible ﬂoating in the mold.
In the second case, crushing actions are usually
applied, the goal being to reduce scraps to suitable
dimensions to allow their processing (further
crushing stages, sieving, separation, sorting, etc.).
A comminution unit usually develops its action
through the application on the materials of four
forces: impact, shear, abrasion, and compression.
The quantitative relationships among them, in
terms of cause-effect, strongly differ according
to the equipment. For ferrous metal comminution,
impact and shear forces are those to be primarily
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applied, in order to optimize metal scraps and
minimize ﬁne particle production. Coarser fractions are mainly constituted by iron and steel; ﬁner
fractions usually contain the residues. Finer fractions can be divided in heavy and light (ﬂuff)
fractions. They present different characteristics
in composition according to constituting particles
weight. Automotive shredder residue (ASR) can
be considered as the main source of metals. ASR
heavy fraction mainly contains aluminum, stainless steel, copper, zinc, and lead. ASR ﬂuff, for
quantities and characteristics, represents an important class of ferrous metal end-life-goods-derived
material of particular interest for the recycling
sector. Fluff represents about 25% of the weight
of a car. It is usually constituted by materials
characterized by intrinsic low speciﬁc gravity
(e.g., plastics, rubber, synthetic foams, textiles,
etc.). When processed to perform their recovery,
they pollute the materials presenting higher speciﬁc gravity (i.e., copper, aluminum, brass, iron,
etc.), constituting parts of the electrical devices of
the vehicle that, for their shape, size (e.g., wires,
metal straps, slip rings, wipers, etc.), and utilization remain concentrated in the lighter products.
Such “polluting agents,” for their intrinsic characteristics, are not well removed by classical separation techniques. The development and
application of efﬁcient washing strategies for
ﬂuff could dramatically reduce waste and environmental pollution, allowing, at the same time, an
increase in energy recovery through pure sorted
polymer reuse. Furthermore, the potential to use
ﬁner ﬂuff fractions to produce energy could contribute to increasing the full recovery of such
kinds of products. To reach this goal, the quantity
and the quality of the metal contaminants have to
be strongly controlled in order to not prejudice the
quality of the ﬁnal ﬂuff-based fuel. Always with
reference to car dismantling, ASR heavy fractions
contain large quantities of both ferrous and nonferrous metals. Their recovery is usually
performed adopting recycling technologies based
on heavy media and eddy current separation.
Shredding is usually the main comminution
action applied. Processing layouts, embedding
this phase, are usually applied to automobile
hulks and to the so-called white goods, that is,
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stoves, refrigerators, washing machines, etc. The
most utilized class of shredders are those based on
the use of swing-hammer shredders (SHS); subordinately, rotating drums (RD) are also
employed. The main characteristics of both types
of equipment are described in Table 6.
Separation
Separation technologies are applied when the
shredded materials to recover are composed of
different families of particles characterized by
different physical-chemical attributes and different relative composition, texture, and shape. For
these reasons automatic and in-series handlingseparation strategies are required, as simple manual sorting or separation is unable to recover in an
efﬁcient and economically proﬁtable way with the
different materials. Table 7 lists the equipment
commonly utilized to perform separation of
end-life-goods-derived products; those resulting
from car dismantling represent the main source
of complex ferrous metal waste to recover.
Because they are constituted of different particles
of different magnetic properties, speciﬁc weight,
color, chemical composition, etc., they require
different separation strategies [23–25].
Testing
Different from other recycling-derived materials,
the possibility of performing a rapid test on samples collected from the different recycled ferrous
metal ﬂow streams is particularly important, especially with reference to alloys. Alloys of similar
grades and composition are usually difﬁcult to
discriminate. Speciﬁc attributes are thus evaluated
both by expert personnel and by speciﬁc tests.
Recognition, via human senses and analytical
equipment, is thus performed to evaluate characteristics such as color (e.g., copper and brass distinction), apparent density and hardness (e.g., lead
distinction from copper and brass), magnetic properties (e.g., iron and stainless steel), presence and
attributes of spark patterns as they results from
abrasion test, chemical reaction to reagents, chemical and X-ray spectrographic analysis (e.g., alloys
composition), thermal behavior (e.g., melting
point), etc. All the abovementioned approaches
are expensive and are difﬁcult to implement online.
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Recycling Technologies, Table 6 Characteristics of the comminution units mainly utilized to perform ferrous metal
shredding
Comminution units
Swing-hammer
shredders (SHS)

Rotating drums (RD)

Characteristics
The input material is fed from the side. Fed material ﬂow is controlled according to the
energy required for comminution, usually greater of one order of magnitude in respect of
minerals. Material is transported into the relatively narrow gap between the impacting tools
and the lower part of housing, where it is subject to an intense deformation and
comminution. The material, which has become sufﬁciently small, is discharged from the
chamber of comminution by means of grates. The conﬁguration of the discharge grates can
vary. Normally grate is placed above the rotor and in some cases, a second one below
it. According to different comminution chamber size and shape, rotating of the rotor in
respect of the feed, grates position, and conﬁguration, different comminution actions can be
thus performed. In the last decade, a lot of efforts have been addressed to investigate to
utilize SHS with vertical mounted rotors. Such comminution units are actually mainly
utilized in the processing of metallic cuttings, waste wood, paper waste, etc. Their possible
full and systematic use in ferrous metal recycling sector could embed several advantages,
that is, (1) a lower residence time of the metal particles inside the comminution chamber
(e.g., higher ﬂow rate and less energy consumption), (2) a better liberation, and (3) a lower
compaction of the liberated thin-walled metal pieces. A more systematic utilization of SHS,
with vertical mounted rotors, is strongly linked to a further development of shredders’
mechanical architectures and utilized materials characteristics
A spinning rotor with chains or bars attached to the outside is responsible for the
comminution. Ferrous metal fragmentation is mainly due to (1) the impact of the rotating
chains or bars on metals and (2) metal projection against “special plates” installed on the
inside of the chamber. Crushed material is ﬁnally discharged when particle size is lower
than the space, which can be properly set, between the “rotating unit” and the wall. This
equipment is commonly utilized as the primary crusher. For their characteristics do not
allow the degree of ﬂexibility in terms of operative conditions as those allowed by SHS

Sorting
As outlined in a previous paragraph, sorting is
important because it allows removal of contaminants from the different ferrous metal ﬂow streams
handled in the recycling plant. Different sorting
strategies addressed to recognize different metal
scrap constituents have been developed and used.
Table 8 lists the devices, and related architectures,
commonly used to perform metal scrap sorting.

Nonferrous Metals
Aluminum is the main nonferrous metal being
recovered and recycled. The main source of aluminum scraps comes from the packaging, transport,
and homeware industries. Aluminum can be “inﬁnitively” recycled. Its remelting achieves several
environmental goals: considerable energy savings
(about 95%) in comparison with the energy
required to produce it from bauxite ore, a consequent reduction of primary nonrenewable raw
materials exploitation, and a reduction of overall

emissions (airborne dusts and CO2). The automotive sector signiﬁcantly increased, in recent years,
its use of aluminum; for this reason scraps from
end-of-life vehicles represent the main source of
aluminum for recovery and reuse. Other nonferrous metals commonly recycled are copper, zinc,
and lead, but as outlined in the previous paragraph,
the recycled quantities are not comparable with
aluminum, and they are also relatively easy to
recover. For this reason, the following recycling
technologies will be described with reference to
automotive aluminum scraps.
Aluminum from Automotive Scraps
Aluminum scrap is usually classiﬁed into two
categories: cast and wrought aluminum alloys.
Recycling of aluminum scrap introduces several
technical problems to the secondary ingot market.
Because of its high reactivity, aluminum cannot be
reﬁned pyrometallurgically, as with copper or iron
scrap. Therefore, the aluminum scrap can be
recycled only by blending and dilution in order
to obtain a speciﬁc alloy. Wrought aluminum
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Recycling Technologies, Table 7 Characteristics of the separation units commonly utilized to perform separation in
the ferrous metal recycling sector, with particular reference to ASR
Separation units
Belt magnets (BM) and drum
magnets (DM)

Eddy current separators (ECS)

Heavy media separators
(HMS)

Characteristics
BM and DM are usually utilized in the ﬁrst stage of processing, which is on coarser
fractions as they result from primary crushing. Permanent and/or electromagnets are
usually utilized. Separation is realized adopting BM and DM. In the ﬁrst case, the
magnet is located between pulleys around which a continuous belt travels. In the
second case, the magnet is installed inside the rotating shell; metal particles are
attracted, removed from the other nonmagnetic fractions; and discharged as the
moving belt of the separator turns away from the magnetic ﬁeld the metals particles.
Following this approach iron and steel cannot be separated from nickel and magnetic
stainless steels. An improper separation can negatively inﬂuence the further melting
stage. For this reason, hand sorting, to reduce the contamination of the ferrous
products, is usually performed after this stage
ECS is realized passing the waste products to separate into magnetic ﬁeld; as a result,
eddy current induced in the nonferrous metals, produces ejecting forces that throw
away nonferrous metals the waste feed ﬂow. ECS is commonly applied after the ﬁrst
magnetic separation stage (e.g., DM or DM). The most utilized ECS architecture is
based on an inclined ramp. The material is thus fed to the ramp. The ramp surface is
usually constituted by stainless steel. Under the ramp surface, a series of magnets is
positioned. Due to the eddy current, nonferrous metals are deﬂected sideways.
Separation is realized according to the trajectory followed by the different classes of
materials. Other separation architectures are based on the use of a rotating cylinder
or a conveyor belt: magnets are positioned around the rotating axis of the cylinder or
ﬁtted inside the head pulley, respectively. As in the previous case, separation is
realized according to material trajectory variations
HMS are based on the utilization of a medium constituted by a ﬁnely milled solid
(e.g., magnetite or ferrosilicon) and water. According to the solid/water ratio, the
density of the medium can vary. Usually such a value is between the value of the
speciﬁc gravity of the two classes of materials to separate so that a sink and a ﬂoat
product is obtained. In this process the recovered materials are then washed and
dried. The ﬁne particles of the heavy media are recovered, by magnetic separation,
from the slurry resulting from product washing, and reutilized inside the process.
Decreasing the size of the particles to separate, also separation efﬁciency decreases
for the increasing effect of viscosity, in this case cycloning is utilized

alloys contain low percentages of alloying elements (e.g., silicon, magnesium, copper, and
zinc), less than about 4% of the total. Casting
aluminum alloys contain the same elements as
wrought but in greater amounts (the silicon content in cast alloys can range up to 22%).
Actual scrap sorting technologies produce
mixtures of cast and wrought aluminum not suitable for recycling in wrought alloy production.
The wrought fraction of these mixtures has a
higher value; if selectively collected its reuse as
wrought aluminum alloys would prevent unnecessary downgrading. Moreover, aluminum
alloys, used in vehicle manufacturing, are
increasing, and the recovery of aluminum alloys
is quite interesting. Considerable efforts have
been devoted to substitution of steel and cast

iron with lighter materials such as aluminum
alloys and polymers. Steel replacement by aluminum alloys could have a counterbalancing
effect in the case of success in selection of cast
and wrought aluminum.

Nonferrous Metal Recycling
Technologies
The same processing steps and strategies previously described for ferrous metals can be also
applied for nonferrous metal scraps. Such phases,
for scrap originating from end-of-life vehicles
(one of the main nonferrous metal sources, in
particular, aluminum) can be synthetically identiﬁed in:
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Recycling Technologies, Table 8 Characteristics of the sorting units commonly utilized to perform sorting in the
ferrous metal recycling sector, with particular reference to ASR
Detection units utilized for
sorting
Portable optical emission
spectrometers (POES)

Image analyzers (IA)

Laser-induced breakdown
spectroscopy (LIBS)

X-ray fluorescence spectroscopy
(XRF)

Characteristics
POES can be utilized to perform the on-site sorting and identiﬁcation of metals.
Such an approach, even if not reaching the precision of the corresponding
laboratory device, is quite useful to perform fast quality control; usually wellsatisfying recovered products grade requirements. POES is able to detect up to
90% of the currently produced grades of steel
IA allow to perform sorting on the basis of the detected color. IA belongs to the ﬁrst
class of devices utilized for metal scrap sorting. Adopting this approach, zinc,
copper, brass, and stainless steel are commonly well sorted. Even with
technological improvements, both in terms of speed of processing (the same pieces
can be checked several times), sensor quality (better discrimination in terms of
recognizable colors), and resolution (minimum identiﬁable scrap piece), IA is not
efﬁcient when slightly different alloys have to be recognized
The detection architecture is based on the analysis of the optical spectrum, or
ﬁngerprint, of a small spot on each metal particle that is evaporated using powerful
laser pulses. Even though very powerful, the techniques show some limitations.
The most important thing is that it is particularly sensitive to the status of the scrap
surface. Presence can negatively inﬂuence measurements because laser pulses can
penetrate for just few Å in the surface
XRF is based on the emission of X-ray emission inside an XRF unit. The
ﬂuorescence radiation generated by the atoms when they release the energy, after
the excitation stage, is collected and analyzed. Both emitted wavelengths and the
energy released are functions of the elements constituting the waste sample.
Correlating the emission intensity, it is thus possible to evaluate the content of a
speciﬁc element within the sample

• Collection, dismantling (e.g., removal of reusable vehicle parts as engines, doors, glass,
seats, etc., and hazardous parts as batteries,
ﬂuids, etc.), and/or manual sorting (e.g., metal
miscellaneous material detachment, large ferrous metal separation)
• Crushing and screening, to reduce nonferrous
metal scraps in pieces easy to handle for further
processing
• Separation of the different nonferrous materials in classes of products characterized by
composition attributes
• Testing and/or sorting
Collection, Dismantling, and/or Manual
Sorting
Nonferrous metal manufactured goods to recycle
can be constituted by pieces of different dimensions, ranging from aluminum cans up to a “jet
airliner”; thus, according to their size, they can be
directly handled or must be cut to be properly
handled. Often, nonferrous metal parts are linked
(e.g., bolted, welded, etc.) with other materials

and have to be liberated. Hand dismantling or
sorting in some cases is necessary, but in many
cases, it is time-consuming and inefﬁcient for the
dimension and the degree of locking of the different constituting materials. For these reasons comminution/separation actions must be applied
adopting speciﬁc processing layouts.

Material Handling
Conveying units are mainly conveyor belts of
rough construction. Nonferrous wastes are usually
stockpiled, and the primary feeding, after collection, dismantling, or manual sorting is done by
cranes. Ferrous metals are abrasive, and as a consequence, all the parts of the equipment used for
conveyors are subjected to strong abrasive
actions. The presence of ﬁne particles and dusts
also has to be carefully monitored and reduced to
avoid mechanical problems and to assure good
environmental working conditions. Furthermore,
problems related to explosive characteristics of
aluminum dust have to be taken into account.
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Recycling Technologies, Table 9 Characteristics of the comminution units mainly utilized to perform nonferrous
metal size reduction
Comminution units
Alligator (AS) and/or
guillotine shears (GS)

Impact shredders (IS)

Rotary shredders (RS)

Characteristics
AS mimics, to perform cutting, the behavior of an alligator mouth. The device is
constituted by two jaws, one ﬁxed and the other mobile. The main advantage in the
use of AS is its versatility in terms of different aluminum scraps it is (e.g., ship,
aircraft, automotive vehicles, and, in general, large objects) able to cut. Furthermore
better detachment is allowed of different metals constituting a speciﬁc piece to
dismantle. When a GS is utilized, aluminum scrap is placed underneath a cutting
blade, which drops down onto the scrap creating the cut. GS are characterized by
higher power ratings and productivity than AS
IS as hammer mills are among the most used devices for aluminum scrap size
reduction. Fragmentation is realized for two co-occurring effects: (1) hammers
impact being the main one and (2) scraps projection the secondary one, against mill
chamber internal surface. Impact crushers are often also utilized. They use the same
milling actions but invert the relative effects
RS utilized, as main milling actions, (1) cutting, and (2) impact for their architecture
are normally utilized to process light metal scraps (e.g., foil and beverage cans and
containers)

Comminution and Screening
Comminution and screening are currently applied
to reduce metal scrap to different size classes that
are sent for proper processing and recovery of the
different materials constituting the feed. The considerations developed with reference to ASR
metal fraction comminution, in terms of equipment and characteristics (Table 9), can also be
directly applied to ASR nonferrous metals.
Separation
Aluminum-based material separation technologies are mainly based on magnetic [23], eddy
current [13], air [24], and sink-ﬂoat separation
[25]. The main characteristics of the different
separation units, based on the previously mentioned physical principles, are reported in
Table 10.
Among the different separation approaches,
sink-ﬂoat separation (S&FS) plays an important
role when nonferrous metal products have to be
separated and/or reﬁned before the ﬁnal remelting
stages. Such products, in fact, are usually composed of a wide range of materials characterized
by different density, shape, and size class distribution, strongly affecting sink-ﬂoat separation.
For this reason separation is performed in different stages. After a preliminary removal of nonmagnetic ﬁne fractions, a two- or three-stage
density separation is carried out. With a typical

three-stage density separation, low-density plastics, foam, and wood are usually preliminary
removed (cutoff density, 1 g/cm3), then, utilizing
a cutoff density, 2.5 g/cm3, high-density plastics,
magnesium, and hollow aluminum alloys are
recovered in the ﬂoating fraction and then processed again utilizing ECS. The “remaining” sink
fraction is constituted by brass, zinc, lead, copper,
and so on. One of the main limits of S&FS is that it
is not capable of performing a good separation of
cast from aluminum alloys or differentiating
among the different alloy groups. Furthermore,
S&FS present other limitations, namely:
• Cost, the process is expensive both at technical
(e.g., heavy media costs, complexity of the
processing circuit, etc.) and environmental
levels (e.g., strict control of the heavy media
with reference to possible environmental pollution, water recovery and cleaning, etc.).
• Media recovery, separated scraps are obviously
contaminated by heavy media, thus they have
to be cleaned and the media recovered (e.g.,
utilization of speciﬁc processing circuits).
• Separation is strongly inﬂuenced by particulate
solids’ morphological and morphometrical
attributes.
To attempt to totally or partially solve address
these issues, in recent years innovative separation/
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Recycling Technologies, Table 10 Characteristics of the separation units commonly utilized to perform separation in
the nonferrous metal recycling sector
Separation units
Magnetics drum
separators (MDS)

Eddy current separators
(ECS)

Air separators (AS)

Sink-float separators
(S&FS)

Characteristics
MDS is usually constituted by a stationary drum with half of its surfaced lined with
NdFeB magnets installed inside a rotating cylinder that is set up as a conveyor belt.
Ferromagnetic particles are attracted, removed from the other nonmagnetic fractions, and
discharged as the moving belt of the separator turns away from the magnetic ﬁeld
ferromagnetic particles
ECS is realized passing the waste products to separate into magnetic ﬁeld; as a result, eddy
current induced in the nonferrous metals, producing a forward thrust (F) and torque (T) on
the particles resulting in their ejection from the stream of nonmetallic materials.
Separation is realized according to the trajectory followed by the different classes of
materials. ECS is commonly applied after the ﬁrst magnetic separation stage (e.g., MDS).
Other eddy current-based separation architectures are based on the use of a rotating
cylinder or a conveyor belt: magnets are positioned around the rotating axis of the
cylinder or ﬁtted inside the head pulley, respectively. As in the previous case separation, it
is realized according to material trajectory variations
AS is usually applied to preliminary recover light fractions contained in the feed or on
nonmagnetic fractions as they result from previous MDS and ECS. Light fractions (e.g.,
plastics, rubbers, foams, ﬁbers, etc.) are usually sucked by a nozzle positioned above the
conveyor
S&FS are based on the utilization of a medium constituted by a ﬁnely milled solid (e.g.,
magnetite or ferrosilicon) and water. According to the solid-water ratio the density of the
medium can vary. Usually such a value is between the value of the speciﬁc gravity of the
two classes of materials to separate so that a sink and a ﬂoat product is obtained. In this
process, the recovered materials are then washed and dried. The ﬁne particles of the heavy
media are recovered, by magnetic separation, from the slurry resulting from product
washing and reutilized inside the process. Decreasing the size of the particles to separate,
separation efﬁciency also decreases for the increasing effect of viscosity; in this case
cycloning is utilized

sorting technologies have been successfully proposed and adopted in many recycling plants.
Sorting
The main role of sorting strategies is to perform a
sort of further reﬁning of nonferrous metals as
they result from the previous separation stages.
From this perspective, sorting is mainly
addressed at realizing greater discrimination
between different families of alloys and different
classes inside the families. The technology utilized to fulﬁll this goal is based on two different
approaches: color sorting (image analysis: IA)
and laser-induced breakdown spectroscopy
(LIBS). For IA, a new process applied to aluminum scrap allows enhancement of IA performance. It consists of a selective etching of the
scraps in different solutions that produce, as a
result, the coloring of the scrap according to the

presence and quantities of speciﬁc alloy agent.
LIBS allows determination of the chemical composition of each scrap in a reliable and costeffective way. The main limitation of this
approach is linked to the characteristics of the
investigated surface (e.g., presence of paints,
lubricants, adhesives, or other polluting substances) since the laser pulse laser can only penetrate to a depth of 30 Å or less on the surface of
the aluminum. Table 11 lists the devices and
related architectures commonly utilized to perform nonferrous metal scrap sorting.
A new class of sensing devices based on hyperspectral imaging (HSI) has recently opened new
interesting scenarios for the online recognition of
the different products resulting from both ferrous
and nonferrous metal waste processing. A more
detailed description of this technique is given in
the section “Future Directions”.
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Recycling Technologies, Table 11 Characteristics of the sorting units commonly utilized to perform sorting in the
nonferrous metal recycling sector, with particular reference to products resulting from S&FS
Detection units utilized for
sorting
Image analyzers (IA)

Laser-induced breakdown
spectroscopy (LIBS)

X-ray fluorescence spectroscopy
(XRF)

Characteristics
IA allow to perform sorting on the basis of the detected color. IA belongs to the ﬁrst
class of devices utilized for nonferrous metal scrap color sorting. Adopting this
approach, zinc, copper, brass, and stainless steel are commonly well sorted. Thanks
to great technological improvements, both in terms of speed of processing (the
same pieces can be checked several times), sensor quality (better discrimination in
terms of recognizable colors), and resolution (minimum identiﬁable scrap piece),
recent studies demonstrated that IA allows good separation of magnesium alloys
from hollow aluminum products
The detection architecture is based on the analysis of the optical spectrum, or
ﬁngerprint, of a small spot on each metal particle that is evaporated using powerful
laser pulses. Even if, at least in principle, very powerful, the techniques show some
limitations. The most important is that it is particularly sensitive to the status of the
scrap surface. Presence can negatively inﬂuence measurements because laser
pulses can penetrate for just few Å in the surface
XRF is based on the emission of X-ray emission inside an XRF unit. The
ﬂuorescence radiation generated by the atoms when they release the energy, after
the excitation stage, is collected and analyzed. Both emitted wavelengths and the
energy released are functions of the elements constituting the waste sample.
Correlating the emission intensity, it is thus possible to evaluate the content of a
speciﬁc element within the sample

Recycling Technologies: Plastics
Reutilization of waste plastics has increased with
“new” plastic polymers; such reutilization has
increased not only quantitatively but also qualitatively (e.g., a larger range of recycled polymers).
Plastics can be roughly divided in two types:
thermoplastics, which soften when heated and
harden again when cooled, and thermosets,
which harden by curing and cannot be remolded.
Thermoplastics are by far the most common types
of plastic, comprising almost 80% of the plastics
used in Europe, and they are also the most easily
recyclable. It is easy to understand that when
collection-recycling strategies are set up, mixing
between thermoplastics and thermosets has to be
strictly avoided.
Plastic materials can be considered relatively
modern, but some “natural” polymers exist in
nature (e.g., amber, tortoiseshell, and horn) that
behave very similarly to “modern” manufactured
plastics and were used in the past in similar ways.
For example, horn, which becomes transparent
and pale yellow when heated, was used in the
eighteenth century to replace glass.

The ﬁrst plastic material produced for
industrial-scale applications was the Parkesine,
later named Xylonite. This material was invented
by Alexander Parkes, who exhibited it as the
world’s ﬁrst plastic in 1862. It was used for such
objects as ornaments, knife handles and boxes,
and for ﬂexible products such as cuffs and collars.
Since that time great steps forward have been
made, and today plastics are widely produced
and utilized, creating massive problems with litter
and waste disposal.
Plastics are continuously replacing other materials in a number of applications. From greenhouses, mulches, coating, and wiring, to
packaging, ﬁlms, covers, bags, and containers. It
is only reasonable to expect to ﬁnd a considerable
amount of plastic solid waste (PSW) in the ﬁnal
stream of municipal solid waste (MSW). In the
EU countries, over 250  106 t of MSW are
produced each year, with an annual growth of
3%. In 1990, each individual in the world produced an average of 250 kg of MSW generating in
total 1.3  109 t of MSW [26]. Ten years later, this
amount almost doubled at 2.3  109 t. In the
United States, PSW found in MSW has increased
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from 11% in 2002 [27] to 12.1% in 2007
[28]. Increasing cost and decreasing space in landﬁlls have forced considerations of alternative
options for PSW disposal [29]. Years of research,
study, and testing have resulted in a number of
treatment, recycling, and recovery methods for
PSW that can be economically and environmentally viable [1]. The plastic industry has successfully identiﬁed workable technologies for
recovering, treating, and recycling of waste from
discarded products. In 2002, 388.000 t of polyethylene (PE) were used to produce various parts
of textiles, of which 378.000 t were made from
PE-discarded articles [2].
The better solution “to recover” plastic goods
should be, when possible, to reuse them as they
are. Such a choice can be adopted, for example,
for crates or other plastic-manufactured containers, which can be used several times for products and/or material transportation and handling.
Reusing is better than recycling because less
energy and resources are required (JCR, 2006).
In any case both reuse and/or recycling present
several important advantages, related to:
• Reduced use of fossil fuels
• Energy savings
• Reduced emissions of CO2, SO2, and NOx
The main problems in plastic recycling are
mainly related to the difﬁculties of developing
and setting up reliable automatic sorting architectures and systems able to perform an efﬁcient
selection of the different polymers. These problems can synthetically be divided in two classes,
that is, single- and multiple-type and color plastic
separation. In the ﬁrst case (e.g., bottle, container,
etc.), separation is relatively easy, the main problem being related to correct polymer recognition
independent of the presence of ﬁllers and other
chemical additives. In the second case (e.g., cellular phones, electrical and electronic devices,
automotive parts, etc.), separation is more complex, as the objects are constituted by different
types of plastics characterized by the presence of
different ﬁllers and chemical additives. In the
latter case, both separation and recognition strategies have to be sequentially applied.
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Waste Plastic Sources and
Characteristics
Used plastic packaging and other plastic items can
be valuable resources in the manufacture of new
products and in the generation of energy. It is
important that a society aims to make the best
affordable use of these valuable plastic resources.
This is good for the environment, for the economy, and for the international community. Analyses by the European Community (EU) indicate
that besides their ecologic importance, raw materials and energy are also the most important competitiveness factors for EU industries. Therefore,
the need to increase recycling, improving at the
same time the quality and homogeneity of
recycled materials to minimize environmental
pollution and usage of resources, is thus an important topic of the EU. There is a strong drive to
recycle polymers from end-of-life products and
avoid their ending up in landﬁlls and waste incinerators because plastic recycling reduces CO2
emission and saves resources. The worldwide
production of plastics was 230 million tons in
2005 [30]. In Europe, 53.5 million tons were
produced in total. Out of 22 million tons of postconsumer plastic waste in Europe in 2005, 53%
was disposed, 29% was used for energy recovery,
and 18% was recycled [30]. According to the last
EU Directive 2004/12/EC on packaging and
packaging waste, the recycling level of plastics
should dramatically increase in the next years.
New, more cost-effective separation technology
can thus provide an important incentive to
increase recycling rates. The recycling of polymers that are present in relatively pure streams
such as postindustrial waste and separately collected containers of food and beverage is generally well-developed in Europe. The situation is
very different for the large and complex stream
of postconsumer waste, including wastes such as
waste electrical and electronic equipment
(WEEE), household waste, and automotive shredder residue (ASR). Effective recycling of these
wastes is possible, as has been demonstrated at
some places in Europe, by large investments in
logistics and dismantling (cars, electronic equipment) or hand sorting (household waste). Such
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strategies are expensive, however, and they are
therefore not widely applied.
There are about 50 different groups of plastics,
with hundreds of different varieties [31]. All types
of plastic are recyclable. To make sorting and thus
recycling easier, the American Society of the Plastics Industry developed a standard marking code
to help consumers to identify and sort the main
types of plastic. An example of these types and
their most common uses are reported in Table 12.

All separation-sorting techniques are based on
the identiﬁcation of one or more physical properties
to utilize to discriminate the materials to process in
order to establish classes of physical attributes and
to set up appropriate technologies to address materials inside these classes. One of the most utilized
properties is the density. Unfortunately, such a
parameter is not particularly useful when plastics
have to be separated because this value is similar for
the different polymers to recycle.

Recycling Technologies, Table 12 Example of most common types of plastics and use
PET

Polyethylene terephthalate – ﬁzzy drink bottles and oven-ready meal trays

HDPE

High-density polyethylene – bottles for milk and cleaning liquids

PVC

Polyvinyl chloride – Food trays, cling ﬁlm, bottles for squash, mineral water, and
shampoo

LDPE

Low-density polyethylene – carrier bags and bin liners

PP

Polypropylene – Margarine tubs, microwaveable meal trays

PS

Polystyrene – Yogurt containers, foam meat or ﬁsh trays, hamburger boxes and egg
cartons, vending cups, plastic cutlery, protective packaging for electronic goods and toys

Other

Any other plastics that do not fall into any of the above categories. An example is
melamine, which is often used in plastic plates and cups.

1

2

3

4

5

6

7
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Technologies that address these resources need
to be extremely powerful, as they must be relatively simple in order to be cost-effective but also
accurate enough to create high-purity products
and able to valorize a substantial fraction of the
materials, present in the waste, into useful products of consistent quality in order to be economical. On the other hand, the potential market for
such technologies is large, and environmental
regulations along with oil price increases have
increased the interest in many industries both in
waste-sorting technologies, for the production of
high-quality secondary polymers, as well as in
developing automatic sensors for quality assessment of waste-derived secondary polymers. This
latter aspect is particularly crucial because no
matter how efﬁcient the recycling scheme is,
sorting is the most important step in recycling
loop. Fast, accurate, and reliable identiﬁcation of
the primary plastics and the polluting materials in
the feed is thus essential to set up suitable mechanical actions on PSW and optimal sorting strategies
on the resulting products. The attainment of this
goal is thus fundamental for companies that buy
recycled plastics, because they obviously want
those recycled plastics have the same characteristics as virgin ones. Otherwise, it is not efﬁcient,
and sometimes dangerous, to use recycled plastic
materials. A simple example is the case of polyethylene terephthalate (PET) and polyvinylchloride (PVC), which are sometimes
indistinguishable by sight. These two resins are
contaminants to each other. Combinations of PVC
and PET resins can result in the release of hydrochloric gases. The PET resin will be ruined even
with only a few parts per million of PVC resin.

Waste Plastic Recycling Technologies
From what has been previously reported, it is clear
that correct plastic recycling is not an easy task.
Among all the different waste materials and products analyzed in this section, plastics are probably
the most difﬁcult to separate and recover. Preliminary and efﬁcient plastic sorting and continuous
monitoring of the different waste plastics ﬂow
streams are both key issues to develop optimal
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PSW product recycling strategies. From this perspective, plastic recycling technologies can be
divided into four main categories [32]:
• Re-extrusion, that is, the reintroduction inside
an extrusion cycle of plastics presenting the
same characteristics
• Mechanical, developed to recover different
plastic products by a physical processing
• Chemical, addressed to produce feedstock
chemicals for the chemical industry
• Energy recovery, that is, complete or partial
waste plastic material oxidation to produce
heat, power and/or gaseous fuels, oils, and/or
materials to be disposed of (e.g., ashes)
In the following, particular attention will be
addressed to mechanical recycling, one among
the four mentioned approaches that maximizes
“waste plastics recovery,” producing lower environmental impact.
Re-extrusion
The main assumption with re-extrusion is that the
utilized waste scraps have to be constituted by
polymers presenting the same characteristics as
the original product. Manufactured products
resulting from this process that do not satisfy quality composition constraints are usually addressed
to a use where mechanical properties are more
important than compositional ones (e.g., crates).
Mechanical Recycling
When mechanical recycling strategies are applied,
sorting, at the different stages of the processing,
represents an important issue. Despite great technological developments, most current plastic
sorting continues to be done by hand. Manual
sorting is a simple process that needs very little
technology. It is a labor-intensive, costly, and inefﬁcient method for sorting materials and more speciﬁcally plastics. For this reason, as previously
outlined, the Society of the Plastics Industry instituted a voluntary labeling system. The system created a set of codes (Table 12) for each of the six
most commonly used resin types. Even with this
labeling system, it is still difﬁcult to manually
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distinguish polymer types due to the condition of
the plastics as they reach the separation facility.
Plastic containers, in fact, may be crushed, cracked,
or covered, rendering the resin label practically
useless. In any case, systematic and extensive manual sorting of plastic parts, bottles, and the like is
counterproductive since accurate, high-speed
ﬂake-sorting technology exists to separate one
plastic from another; in fact, a number of automated sorting strategies have been investigated,
developed, and implemented in recent years.
They can be divided in two categories according
to the size of plastics objects to sort:
• Macro-sorting deals with the separation of bottles or containers, as a whole. Such an
approach has the advantage that it does not
require any speciﬁc preparation of the sample
before sorting. Speciﬁc polymers’ attributes
have been detected and according to their characteristics further separated, usually following
air-blow-based strategies.
• Micro-sorting is applied after the plastic materials have been milled into pieces. This system
has the advantages of lower handling costs and
larger volume processing. A more sophisticated
technology is required: a real mechanical processing sequence (e.g., comminution, classiﬁcation, separation, etc.) has to be set up and applied.

Macro-Sorting
Plastic macro-sorting is addressed to separate
plastic manufactured goods as recovered after
their use. Strategies have to be thus addressed to
recognize big targets. The main problem to face,
following this approach, is to set up a suitable
processing line that is able to handle large pieces
and consequently large and cumbersome stocks.
Different techniques have been investigated in the
past years and are currently utilized; some of them
are outlined below:
•
•
•
•

Near-infrared spectroscopy
X-ray analysis
Laser aid identiﬁcation
Marker systems

Near-infrared spectroscopy (NIR). This techniques is one of the most utilized to perform an
automated sorting of postconsumer plastic containers. NIR has the advantage that direct or
close contact between the detector and the sample
is not necessary. NIR instruments are also compatible with ﬂexible ﬁber-optic probes. It is based
on the energizing of the unsorted, unidentiﬁed
plastic with near-infrared waves (600–2,500 nm).
When the infrared light reﬂects off the surface
of the plastic, the different resins’ characteristic
infrared absorption bands can be measured. The
detected bands are then compared to known polymer spectral bands response, in the same wavelength range, to determine the plastic type. Such
an approach is characterized by many advantages.
The most signiﬁcant one is the detection/identiﬁcation speed. Because of the great scanning speed
allowed by spectroscopic devices, many readings
of one sample can be taken in short periods of
time; a multiple check of the same object is thus
possible, allowing setup of proper and reliable
identiﬁcation strategies. Detection speed also
allows an increased volume of plastics sorted in
smaller amounts of time. The second advantage is
the lack of specimen preparation. Labels or other
obstructions like dirt do not signiﬁcantly interfere
with readings thanks to the option of performing
multiple checks. Finally this detection architecture
presents another advantage: color does not interfere with proper resin identiﬁcation. Except for
black, the readings are independent of the color
of the resin. Black containers represent a problem,
because their color is a strong absorber in the nearinfrared region. As a result, black plastic produces
a featureless spectrum that, in many cases, does
not allow proper identiﬁcation [33].
X-rays analysis. This sorting approach is based
on the study of the transmitted or reﬂected wavelengths in the X-ray region. This technology is
mainly applied for PVC sorting. Chlorine atoms
in PVC give a unique peak in the X-ray spectrum
that is readily detectable. X-ray ﬂuorescence
(XRF), based on energy level variations of core
electrons of atoms, can be used to detect elements
in plastics, except for H, C, N, and O, which are
usually detectable utilizing infrared spectroscopy.
XRF presents many advantages: ease of use, rapid
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preparation and analysis of the sample, a large
range of element detection, etc. It can be thus
utilized online. Furthermore, it allows one to
quantitatively determine the presence and characteristics of ﬁllers, pigments, and ﬂame retardants.
Laser aid identiﬁcation. With this approach the
detection architecture identiﬁes plastics by shining
a laser beam onto the surface to be identiﬁed and
then analyzing the material’s response. Utilizing an
infrared thermographic system, various material
properties including absorption coefﬁcient, thermal conductivity, thermal capacity, and surface
temperature distribution can be thus determined.
The detected properties can then be analyzed to
identify plastic type. The resulting system is suitable for quick analysis and identiﬁcation of various
plastics. The approach presents some advantages,
that is, (1) different thickness, forms, and surface
structures of plastic containers do not play any role
in the identiﬁcation, and (2) printing and different
additives (softeners) also do not play any role. The
limits are related to (1) the presence, in terms of
quantity and quality (particularly of carbon), of
ﬁllers, (2) difﬁculty in classiﬁcation of plastics
due to the evaluation of the maximum temperatures
directly after laser radiation, and, as a consequence
of (1) and (2), a lower identiﬁcation speed, in
comparison with spectroscopy and X-ray, wherein
checking of plastic containers can be carried out
within only 1/10 s.
Marker systems. This approach entails marking either the container or the resin itself with
something readily detectable. There are no barriers standing in the way of an automated sorting
system that would read a hidden marker and identify resin type. Many studies and attempts were
carried out in the 1990s but with low success,
mainly due to problems arising both at the production and recycling levels. Every packaging
production line would have to install a marking
system on their line. Also, each recycler would
need to install a machine to scan for the marking
on the containers.
Micro-Sorting
Plastic micro-sorting separates postconsumer plastics after a combination of comminution/separation
processes speciﬁcally addressed to remove
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contaminants (e.g., nonplastic materials) and to
increase bulk density, lowering storage requirements and shipping/transport costs, easing material
handling and conveying, and liberating materials.
Comminution is thus a fundamental and critical
step when complex plastic waste streams have to
be processed. Waste feed size reduction, in fact, has
to satisfy comminution-liberation requirements
and at the same time not produce too much ﬁne
fractions, which represent a problem in the further
separation stages. According to the recycling plant
“input” feedstock, different comminution strategies (e.g., number of comminution stages, utilized
equipment, and operative conditions: dry or wet)
have to be selected. Table 13 describes some of the
comminution units commonly used to perform
waste plastic shredding.
After comminution, plastic wastes are reduced
in dimension but obviously maintain their original
composition, that is, plastics and contaminants
(e.g., ferrous and nonmetals, nonferrous, foams,
ﬁlm, rubber, labels, paint and coatings, metallic
foils, glass, rocks, sand, dirt, etc.). Contaminant
removal has thus to be carried out adopting different classiﬁcation/separation strategies strictly
linked to the size class distribution of the ﬂow
streams and to the contaminants’ characteristics,
with respect of the polymer/s to recover. For waste
plastic recycling, different from what is usually
carried out in the recycling sector, some separation stages are carried out in wet conditions, that
is, using a ﬂuid, usually water and sometimes
heavy media, to enhance separation devices’ efﬁciency. In some cases, when the feedstock is particularly contaminated (e.g., automotive shredder
residue), the recycling process starts with a water
or heavy media-based separation stages in order to
remove as much contaminants as possible, as
metal, rocks, glass, and sand that could damage
size reduction equipment could negatively affect
the further recycling stages.
To fulﬁl the previously mentioned classiﬁcation/separation goals, different techniques are currently used:
• Air classiﬁcation
• Magnetic and eddy current separation
• Density-based separation processes:
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Recycling Technologies, Table 13 Characteristics of the comminution units mainly utilized to perform waste plastic
shredding
Comminution units
Hammer mills (HM)

Ring mills (RMs)

Shear shredders (SS)

Two- or four-shaft shear shredders
(TSSS or FSSS)

Granulators (Gn)

Cryogenic comminution units
(CCU)

Characteristics
Movable hammers mounted on a rotating shaft hit and/or throw plastic against
the mill chamber or the other waste-fed material. As a result comminution is
realized. Particles are recycled inside the hammer until they do not reach a size
lower than the aperture of a grid installed at the exit of the mill chamber. HM can
handle without problems metal contaminants; high energy is required, milled
particles are not uniform and the process produces a lot of noise
A RM is usually constituted by a steel rolling blade. This blade chops and grinds
the plastic that is placed inside the roller. After it has been ground up to the
desired size, it falls through the small holes located beneath the rolling blade
This machine uses one or more rotating shafts, each with a set of cutting disks or
knives mounted closely together on the shaft(s) that sits in a chamber at the
bottom of a feed hopper. As the shaft rotates, the cutting devices pull the material
down through the small spaces between the cutting disks/knives and the
surrounding chamber
The equipment can be composed by two- or four-shaft shredder with rotary
blades (e.g., sharp-corner disks provided with hooks) and spacer combs, which
keep the tools clean and make material unloading easy. Once the material goes
into the hopper, the shredder catches the material and begins to cut it grossly.
Thanks to the high cutting torque and the different conformation of the cutter’s
group, it is possible to shred pieces made of different materials. FSSS can handle
metal contaminants; relatively low energy is required, particles are well liberated,
good size control, throughput rate is lower in comparison with conventional
shredding machine without screen, and high maintenance cost
The main feature of Gn is represented by the rotor conformation provided with
short blades with staggered arrangement. During rotation every tool scratches the
material and makes the ﬁnal shredding. Gn are particularly efﬁcient when
material characterized by high thickness and resistance has to be cut. They realize
a good liberation of the materials and a high throughput; they cannot handle
metals (e.g., contaminants) and are characterized by high maintenance costs
CCU realize a ﬁne grinding by using liquid nitrogen; usually the material is
blended with liquid nitrogen to provide sub-zero temperature level up to 150  C,
to cool the material in a grinding mill. The cryogenic process produces fairly
smooth fracture surfaces. Little or no heat is generated in the process. This results
in less degradation of the rubber. Even if the price of liquid nitrogen has come
down signiﬁcantly, recently the process is always characterized by high operative
costs. CCU are thus ideal for ﬁne pulverizing of thermoplastic and heat-sensitive
materials; they also allow to reach an excellent liberation of the materials

– Sink-ﬂoat separation (wet process)
– Magnetic density separation (MDS) (wet
process)
– Jigging (wet process)
– Hydrocycloning (wet process)
– Centrifuge-based separation (wet process)
– Air table classiﬁers and gravity table separators (dry process)
• Surface-based separation processes:
– Electrostatic separation (dry process)
– Flotation (wet process)
• Selective dissolution

Air classiﬁcation. Air classiﬁcation is commonly used to remove, in dry conditions, light
contaminants such as dust, small foam particles,
paper, glass powders, etc. Usually aspirators or air
cyclones are used [24]. Air classiﬁers are, in principle, simple devices; their control can vary
according to feed characteristics. Equipment has
to be correctly set for each stream of material.
Separation of material is based on differences in
terminal velocities in an airstream and is dependent on particle density as well as morphological
and morphometrical attributes. An air cyclone
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provides a simple and economical means for most
medium to coarse and/or heavier particle collection applications. The centrifugal action and gravitational forces are the operative principles of
cycloning. The airﬂow containing the particles to
classify/separate goes through a high-velocity
inlet, forcing particles to the collector wall in
spiral motion. This, together with gravitational
pull, forces the heavier particles downward,
while the lighter ones travel upward via the inner
vortex and out the air outlet on the top side. Airbased classiﬁcation represents a fundamental step
in any plastic recycling facility, handling complex
plastic-rich parts from end-of-life durables (e.g.,
automotive-derived parts, electronic and electrical
devices, and appliances, etc.).
Magnetic and eddy current separations. These
separation techniques are utilized both at the beginning of the recycling process and after different
handling stages. Usually ferrous (e.g., low-grade
stainless steel, nickel alloys, etc.) and nonferrous
metals (e.g., aluminum) are removed using magnets [23] and eddy current [13] and/or electrostatic
separators [25], respectively. The characteristics of
these separation devices are described in the section dealing with metal recycling. The magnetic
separators commonly utilized are belt magnets,
magnetic pulleys, and drum magnets. The reﬁning/control of the ﬁnal products is usually carried
out by high-intensity permanent magnets.
Density separation processes. Density separation is the most frequently applied technique to
recover different plastics from a mixed plasticspollutants streams. Such an approach can be also
be proﬁtably used to separate polymers belonging
to the same family but containing different additives. Density-based separation techniques are
more reliable than those “only” based on plastic
surface characteristics. Bulk plastic properties, in
fact, are less sensitive to possible alteration linked
to speciﬁc environmental conditions (e.g., lighting, oxidation, etc.) or contaminant presence (e.g.,
oil, dirt, various costing, etc.). When density separation is applied, waste materials to be separated
are placed in a medium characterized by a density
that is intermediate between two or more densities
of the particles constituting the waste. Following
this approach, the ﬂuid and/or recovered solid
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fractions have to be further processed for environmental and cleaning purposes, respectively.
Sink-ﬂoat process. Sink-ﬂoat separation systems
are very common. They represent a simple and
robust approach to separate materials characterized
by different densities. The method simply involves
depositing the materials in a tank ﬁlled with water or
other liquid at a speciﬁc density. The lighter materials ﬂoat and the heavier ones sink. For a sink-ﬂoat
system to work efﬁciently, the materials’ densities
must differ greatly from one another (e.g., polypropylene; PP, 0.96 g/cm3; high-density polyethylene;
HDPE, 0.94 g/cm3; medium-density polyethylene;
MDPE, 0.926–0.940 g/cm3; low-density polyethylene; LDPE, 0.915–0.925 g/cm3; linear low-density
polyethylene; LLDP, 0.91–0.94 g/cm3). Furthermore, even when applied the process is difﬁcult to
handle because chemicals have to be added to water,
to modify density or speciﬁc heavy liquids [34], as
bromoform (CHBr3) (2.87 g/cm3), TBE: 1,1,2,2tetrabromoethane C2H2Br4 (2.95 g/cm3) and methylene iodide (3.31 g/cm3) have to be utilized. Such
liquids are highly toxic, require stringent conditions to minimize exposure to workers, and create
plastics contaminated fraction that have to be further cleaned [34, 35]. Furthermore, the presence
of possible contaminants and bubbles on the plastic surface, plastic particle size and shape, and
characteristics of ﬁllers and additives also
strongly affect separation.
Magnetic density separation. Magnetic density
separation is a sorting technology similar to classical sink-ﬂoat separation but characterized by a
medium with a density gradient [36–38]. The density gradient is realized utilizing a ﬂuid constituted
by magnetic iron oxide particles, of a diameter of
about 10–20 nm, and water. By a magnet an
artiﬁcial gravity is produced, as a magnetic
force. This force varies exponentially in the vertical direction, and the effective density of the liquid also varies accordingly in the same direction.
The result is that waste individuals to separate
(i.e., plastic particles) will ﬂoat in the liquid at
the same level: where the effective density is
equal to their own density [39].
Jigging. Jigging is based on the application of
repetitive pulsation actions to a particle bed by a
current of water in stratiﬁcation of plastic waste
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particles of different speciﬁc gravity. A jig operates
in a cyclic manner where one cycle consists of four
stages, namely, inlet, expansion, exhaust, and compression. In the inlet stage, the bed lifts up en
masse. Near the end of the lift stroke, the particles
at the bottom of the bed start falling resulting in
loosening of the bed which, in turn, causes its
expansion or dilation. During the third and fourth
stages of the jig cycle, the particles resettle through
the ﬂuid, and the bed collapses back to its original
volume. The pulsation and suction are repeated to
bring about stratiﬁcation with respect to speciﬁc
gravity across the bed height.
Hydrocyclones. Hydrocyclones are an economical and effective tool for separating mixed
plastics and for removing many contaminants
from a target plastic. A hydrocyclone transfers
ﬂuid pressure energy into rotational ﬂuid motion.
This rotational motion causes relative movement
of materials suspended in the ﬂuid thus permitting
separation of the materials from one another
[40]. The mixed ﬂuid enters tangentially at the
inlet, which causes the material to rotate within
the vessel and ultimately to form a vortex. As this
vortex of ﬂuid spirals within the cyclone, heavier
materials are forced outward by centrifugal force
and down from the barrel section into the cone
section. The materials more dense than the ﬂuid
ﬂow down the inner wall and exit through the
apex and out the underﬂow port with a portion
of the ﬂuid. Lighter materials are swept into the
center vortex by inward ﬂuid motion and are
carried vertically up through. Different from classical applications (e.g., mineral processing, food
industry, pharmaceutical industry, etc.), when
hydrocyclones are utilized in plastic waste
recycling, two factors have to be carefully taken
into account: (1) the tendency of recycled plastic
particles to assume a platelike shape and (2) the
low differences usually existing between different
plastics. Hydrocyclones can be considered intermediate density-based separation units, for their
characteristics, in fact, can be placed between a
classical sink-ﬂoat and a centrifugal process.
Hydrocyclones present several advantages: they
require very little space, are quite efﬁcient, and
outputs can be high; on the other hand, they
require a more complex ﬂuid-dynamic circuit
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(e.g., presence of pumps), stricter control of feed
characteristics (e.g., water solids ratio), etc.
Centrifuges. These equipments are very efﬁcient; they balance optimal separation performances with a reasonably high separation rate.
Morphological and morphometrical particle attributes affect in a limited way this separation,
because of the applied centrifugal ﬁelds characterized by high values. This technique is particularly efﬁcient when ﬁbers and/or ﬁlmlike particles
have to be recovered.
Air table classiﬁers and gravity table separators. These devices come from mineral processing
and metal recycling industries (e.g., automotivederived waste-containing plastics). Their application is quite limited.
Surface-based separation processes: electrostatic separation. When this separation is applied,
usually the particle charging method is based on
the triboelectric effect. Such an effect is based on a
simple principle: when dissimilar materials, for
example, particles of two different plastics, are
rubbed together, they transfer electrical charge,
and the resulting surface electrical charge differences can be used to separate the two plastics in an
electric ﬁeld; usually charged plastics fall down
freely in the area between two electrodes. The
particles are drawn to either positive or negative
electrode according to the polarity of the charge.
According to their trajectory, they are thus collected and separated. Many plastics can be separated with this technique: ABS (acrylonitrile
butadiene styrene) and HIPS (high-impact polystyrene) from end-of-life electronic devices, ABS
and PMMA (polymethyl methacrylate) from
automotive waste, PE (polyethylene) and PP
(polypropylene), PET, (polyethylene terephthalate) and nylon, PVC (polyvinylchloride) and PE
from cable scrap, PVC and PC (polycarbonate)
from bottles, etc. Electrostatic separation has two
main advantages: it can be carried out in dry
conditions, and the separation architectures and
equipments are relatively simple. The main disadvantages are related to the shape of the particles,
which inﬂuences their surface charge and separation effect. Furthermore when electrostatic separation is applied, particles’ humidity and moisture
have to be strictly controlled.
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Flotation. Froth ﬂotation is another possible
method to perform plastic micro-sorting. Flotation works similarly to sink and ﬂoat systems.
Froth ﬂotation is based on the plastic particle
surfaces’ chemical-physical attributes; for this
reason it is particularly suitable for when plastics
of similar densities but different surface properties
have to be separated. As outlined in [31], a speciﬁc plastic can be separated from a complex
waste stream by ﬂotation after treating the waste
in alkaline solution [32, 33]. Separation of mixed
plastic, according to different plastic typologies,
can be achieved utilizing appropriate collectors.
A large literature exits on this topic [31, 41,
42]. Furthermore, speciﬁc wetting agents can be
also used to prepare a hydrophobic property [41,
43]. Due to the conditioning, some plastics that
normally sink (hydrophilic behavior), adhere,
according to their composition, to air bubbles
generated by a controlled air ﬂow pumped into
the system. As a result such particles ﬂoat to the
surface. Materials that are not affected by the
bubbles sink to the bottom. Collection systems at
the top and bottom of the system can then recover
the separated fractions. Other parameters affecting froth ﬂotation are particle size and shape. The
main advantages linked to the utilization of froth
ﬂotation in plastic recycling are that the technique
is well known and settled from a technological
point of view and that it is quite ﬂexible in terms
of application possibilities. The limitations are
primarily related to plastic particle surface status
(e.g., dirtiness and/or pollutants) and to the difﬁculty in deﬁning precise control logics because of
plastic waste variability and important factors that
have to be taken into account.
Selective dissolution. Selective dissolution is a
plastic sorting option that was investigated in
depth, as the markers for macro-sorting purposes,
in the early 1990s. The process separates mixed or
commingled plastic waste into nearly pure reusable polymers without any mechanical presorting
techniques. The selective dissolution is based on
two different principles: temperature-dependent
solubility of different plastics in a single solvent
and solvent-dependent solubility of different plastics at a speciﬁed temperature. These technologies
are not cost-effective for commodity polymers but
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are sometimes the only solution for the liberation
of different coatings associated with PP, such as
paint or skin.
Chemical Recycling
Chemical recycling, using a depolymerization process, is applied to convert waste plastics, utilizing
heat or heat and catalyst, in smaller molecules (e.g.,
gases, liquids, solid waxes, etc.), which can be used
as a feedstock to produce new plastics or other
chemical products. The term chemical is thus
used, because an alteration is bound to occur in
the chemical structure of the polymer. In recent
years, a lot of attention has been addressed to this
recycling approach (e.g., non-catalytic thermal
cracking, catalytic cracking, and steam degradation) in order to produce different fuel fraction
from plastic waste products. Several polymers can
be proﬁtably processed adopting this approach.
Polyethylene terephthalate (PET), certain polyamides (nylon 6 and 6.6), and polyurethanes (PURs)
can be efﬁciently depolymerized. The resulting
chemicals can then be used to make new plastics
that can be indistinguishable from the initial virgin
polymers [43]. Polyethylene (PE) has been targeted
as a potential feedstock for fuel (gasoline)producing technologies [44]. The two cited cases
are just an example of chemical recycling potentialities. A great deal of literature exists on this topic,
because a lot of research efforts and technology
development have been addressed to improve the
utilization of this recycling technology. Chemical
recycling, in fact, presents, at least in principle, a
big advantage with the possibility of treating heterogeneous and contaminated polymers with limited use of pretreatment [45]. An excellent review
and analysis of this technique is reported in
Al-Salem et al. [44].
Energy Recovery
Energy recovery is based on using waste plastics
to produce energy in the form of heat, steam, and
electricity. Deriving from crude oil, waste plastics
when burned generate a high caloriﬁc value. Furthermore, producing water and carbon dioxide
upon combustion, plastics behave similarly to
other petroleum-based fuels [46]. Such a solution
can be considered technically and economically
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correct when the other recycling strategies (e.g.,
sorting, mechanical, chemical, etc.) cannot be
proﬁtably applied. A typical example is
represented by ﬂuff, which is the light ﬁne fraction
resulting from car dismantling. Fluff is constituted
of plastics, rubber, synthetic foams, etc., and well
fulﬁls the concept of waste-to-energy product.
This material, after a “washing” stage (e.g., polluting material removal: copper, aluminum, brass,
iron, etc.), can be proﬁtably utilized as fuel.
Energy production can thus dramatically contribute to increase the full recovery of such a kind of
secondary waste with a lower environmental
impact (e.g., landﬁll reduction). Recent studies
demonstrated that when plastic waste energy
recovery is performed, foams and granules contribute to destroy CFCs and other harmful blowing agents present [47]. However, several
environmental problems related to the emissions
have to be faced when such an approach is
followed, mainly by the presence of (1) volatile
organic compounds (VOCs), (2) particulate
solids, (3) particulate-bound heavy metals,
(4) polycyclic aromatic hydrocarbons (PAHs),
(5) polychlorinated dibenzofurans (PCDFs), and
(6) dioxins. Finally, the presence of ﬂame retardants (FRs) can inﬂuence the combustion process.
All the considerations previously outlined refer
to thermoplastics. When thermoset plastics have
to be recycled, several problems arise. They, in
fact, cannot be readily dissolved, melted,
recompounded, and reshaped like thermoplastics.
Speciﬁc recycling strategies have to be set
up. Mechanical recycling is thus primarily
addressed to ﬁne grind them for a further reuse
as ﬁllers in new thermoset resins or thermoplastic
compositions or to recover natural ﬁller or ﬁbers
originally utilized in the original thermoset product. In any case, chemical recycling as well as
energy recovery processes can be applied to a
large range of thermoset materials.

Recycling Technologies: Fibers (Textiles
and Carpets)
Fibers, both natural and artiﬁcial, are commonly
utilized in daily life, as well as in technical
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applications. Also with reference to ﬁber-based
apparels, legislation ﬁxed severe constraints about
their disposal at the end of their life cycle; as a
consequence proper recycling systems must be
adopted. Recycling can be carried out via two
different approaches: (1) to recover energy or
(2) to recover ﬁber materials for their further reuse.
The energetic utilization of end-of-life ﬁbers is
not particularly efﬁcient, because the energy generated from burning is less than the energy required
for ﬁber manufacturing. This approach makes sense,
from an ecological point of view, since proper combustion results in energy gains without signiﬁcant
air pollution and the consumption of resources.
However, the production of synthetic ﬁbers is
more expensive compared to nonﬁbrous plastics.
Also the production of natural ﬁbers, like cotton,
requires a large use of resources (e.g., water). Hence,
product recycling of ﬁbers will increase the sustainability of products and processes. With reference to
cotton, its caloric value is about 17 MJ kg [48]; on
the other hand, the energy demand for producing
1 kg of raw cotton is between 38 and 46 MJ kg [48]
considering an oil consumption of 1 kg. As a consequence, any recycling process is more convenient
than thermal utilization. If the same considerations
are applied to man-made ﬁbers, a different ﬁberrelated energetic balance can be drawn. The water
consumption for the production of synthetic ﬁbers is
signiﬁcantly lower (about 1/10) compared to cotton.
For acrylic ﬁbers, for example, the demand ranges
between 0.3 and 15 l H2O per 1 kg of ﬁbers
[49]. Energy consumption for polymerization, spinning, and ﬁnishing is between 369 and 432 MJ kg
[45, 48]. Given a caloric value of crude oil between
38 and 46 MJ kg, it can be concluded that for 1 kg of
ﬁber, about 11 kg of crude oil is necessary. However, during thermal utilization only the caloric
value can be used that is about the same or slightly
lower compared to crude oil. From this it is obvious
that thermal utilization should be replaced by any
other process.
Technologies actually available for textile and
carpet recycling do not offer satisfying solutions
in terms of economic and ecologic demands; this
fact is mainly linked to the difﬁculty of developing a correct separation, ﬁrst, and a full characterization, after, of ﬁbers, and other polluting
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materials. Fiber composition as well as their morphological and morphometrical attributes represents important factors to develop optimal
reutilization strategies, this last aspect being particularly relevant in carpet recycling. Recycling
technologies have been developed, in terms of
logics and complexity, dealing with textiles and
carpets, respectively.

Textiles
Systematic textile recycling originated in the
Yorkshire Dales (Great Britain) about 200 years
ago, and the rag-and-bone men of days past were
the predecessors of the actual “textile recycling
businesses.” They collected not only clothing but
also handbags, shoes, bedding, and curtains for
reuse. These materials were then often sold
abroad, as secondhand clothing but also to provide raw materials to the “wiping” and “ﬂocking”
manufacturers and for ﬁber reclamation to make
new garments. Furthermore, it is well known that
textiles were and are recycled for papermaking.
Textile recycling can follow different rules
according to “recycled textile function”:
• The original product function (e.g., clothing
reused again as clothes)
• The textile material properties (e.g., absorbency in a wiper, ﬁre retardant non-woven in
a mattress spring cover, etc.)
According to their reutilization, recycled textiles can be upcycled or downcycled. In the ﬁrst
case, they are used for more technically demanding
application (higher value); in the second case, they
are utilized for less demanding application (lower
value). In these two cases, original textiles have to
be mechanically processed, adopting speciﬁc comminution, classiﬁcation, and separation strategies
in order to recover the constituting ﬁbers from the
other materials (contaminants). Products resulting
from these approaches are usually shoddy (e.g.,
fabric made from the recycling of knitted products), mungo (e.g., fabric made from the recycling
of woven products), cotton rag paper made from
recycled cellulosic fabrics, etc.
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As previously outlined, textile ﬁbers can be
classiﬁed into natural (e.g., cotton and wool) and
synthetic. Recycled ﬁber demand is strongly
inﬂuenced by several factors as:
• Fiber composition and characteristics. The
presence of ﬁber blends (e.g., elastic polyurethane) that make recycling more difﬁcult or the
presence of polymers not commonly recycled
(e.g., acrylics and polyesters) negatively
impact on ﬁber recycling process.
• The possibility to identify new industrial sectors where recycled ﬁber products can be
utilized.
Textiles Source and Characteristics
Textile wastes can be originated by industry
and/or consumers.
Textile industrial wastes are originated during
the processing, production, and/or the
manufacturing phase. Such wastes are easy to
recycle, the ﬁber composition and characteristics
being known. Contaminants are usually not
present.
Textile consumer wastes are more difﬁcult to
recycle. They are usually constituted by ﬁber mixtures and contain “contaminants” (e.g., nonﬁbrous materials such as buttons, buckles, or
other metal parts).
Waste textiles are usually collected by charitable organization. End-of-life apparel is then sorted
according to a possible reuse, that is:
• As re-wearable, cleaning and wiping clothes,
shortcut for nonwovens as well as for the paper
and cardboard industry [48].
• As recovered ﬁbers, in this latter case, a
mechanical processing has to be applied in
order to produce ﬁbers of desired length for
their further reuse.

Textiles Recycling Technologies
According to the considerations, previously
outlined recycling technologies are applied when
“recycled ﬁbers” have to be produced. Waste textile processing is usually carried out in dry
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conditions. Such an approach presents two advantages: (1) low energy consumption (e.g., drying is
not required) and (2) no water treatment. In this
perspective the main actions and the related
equipments are reported in the following:
• Human-based sorting (e.g., separation of the
different apparels typologies)
• Milling and classiﬁcation, to obtain ﬁbers of
the requested morphological and morphometrical attributes
• Separation of the different ﬁbrous and nonﬁbrous material according to their physicalchemical attributes
• Fiber tailoring and characterization
Manual Preparation and Sorting
A human-based sensing approach is commonly
followed to recognize and preliminary separate
the different apparels according to the different
types of ﬁbers. After this phase of sorting/grading,
clothes are then packed as bales. Each bale is
obtained by pressing and identiﬁed in terms of
average ﬁber composition and weight. Each bale
is thus assumed as the minimal identiﬁable raw
material unit to address to different possible
recycling phases, that is:
• Secondhand clothing
• Wiping and polishing cloths for industry
• New products in the reclamation sector (e.g.,
component for new high-quality paper, upholstery, insulation, even building materials, etc.)
• Filling materials (e.g., car insulation, seat stuffing, etc.)
Milling and Classification
Textile milling is usually carried out utilizing
equipment where cutting actions are maximized
and the possible comminution effects on hard components (e.g., buttons, zippers, etc.) are minimized
to reduce the presence of ﬁne particles contaminants. Classiﬁcation is usually carried out to
recover/remove ﬁne fractions before the further
tailoring stage/s. Usually zigzag classiﬁer and/or
pneumatic tables are utilized. As a result of this
processing, nonferrous metal and plastics, if present, can also be recovered for further recycling.
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Separation
Separation is usually addressed to recover the
non-textile materials inside the milled textile
products. Separation is usually carried out
adopting magnetic separators (e.g., hump magnet, magnetic pulley, etc.). Metallic fractions
(e.g., button, zippers, etc.) are thus recovered.

Fibers Tailoring and Characterization
Tailoring is a process speciﬁcally addressed to
produce individual ﬁbers and to disintegrate all
residual textiles and yarns. At this stage of the
process, the main target is thus to develop a
processing sequence able to progressively produce ﬁbers from fabric. A three-in-one process,
ﬁnalized to separate ﬁbers from fabric, is usually
applied, that is, picking, pulling, and tearing.
Such a goal is usually reached adopting a series
of drums with spiked surfaces characterized by
an increasing number of ﬁner spikes. Fibers classiﬁcation is then carried out adopting air classiﬁers; their characteristics can vary according to
classiﬁcation goals. Tailoring can produce rather
long (greater than 2 mm, e.g., new “long ﬁber”
textiles making, nonwovens, etc.) or short (less
than 1 mm, e.g., viscosity modiﬁcation, composite reinforcement, concrete, mortars, adhesives,
etc.) ﬁbers according to their reuse. The tailoring
process has to be quantitatively and qualitatively
assessed, performing a morphometrical and morphological ﬁber characterization. Fiber morphological and morphometrical attributes (e.g., ﬁber
length, width, and proﬁle structure) thus represent important factors to develop optimal
recycled ﬁber reutilization strategies, allowing
correct identiﬁcation and new potential applications. Most of the literature describing the
recycling of ﬁbers does not provide any details
about ﬁber characterization. Recently, a procedure (MorFi), originally developed for pulp characterization [50], was successfully applied for
short ﬁber characterization [51]. Following this
procedure, the length of ﬁbers (FL) was measured automatically adopting an imaging-based
approach: a suspension ﬂowing through a ﬂat cell
observed by a digital CCD video camera.

Recycling Technologies

99

Carpets

Carpet Recycling Technologies

Carpets represent a more difﬁcult product to recycle,
the reason being linked to its compositional characteristics. A carpet, in fact, is usually constituted by a
two-layer backing of polypropylene. In between the
layers, styrene-butadiene latex rubber (SBR) is
joined by calcium carbonate (CaCO3), and the ﬁbers
are tufted into the rubber (the majority being nylon
6 and nylon 6.6 textured yarns). The SBR adhesive
is a thermoset material, which cannot be remelted or
reshaped. Nylon generally performs the best among
all synthetic ﬁbers as carpet face yarn, but it is also
the most expensive. This also explains why most of
the recycling effort is on nylon recovery. Due to the
“complexity” of carpet, at least in comparison with
textiles, if ﬁbers have to be recovered, more complex comminution-classiﬁcation-separation strategies have to be applied. It is possible to recover
ﬁbers, mainly polypropylene, from the backing
that range from 3 to 25 mm in length. On the other
hand, a fraction originating from the pile yarn is
obtained. The latter ﬁbers are between 12 and
25 mm in length [51–55]. The composition of this
fraction is reported to have 36% PP (ﬁbers from the
backing), 18% nylon (ﬁbers from the pile yarn), and
46% (nonﬁbrous) SBR and CaCO3 [52, 53]. An
extensive literature exists on different possible positive reuse of recycled carpet ﬁbers in concrete and
soil reinforcement and several other applications
[51–55].

Carpet recycling technologies are also carried out
in dry conditions. The main processing steps are
outlined in the following:

Carpet Source and Characteristics
Carpet wastes can be originated by industry
and/or consumers. Different from textiles, postconsumer waste carpets represent the larger
source. Carpet can be considered a sophisticated
product. It is, as previously described, constituted
by many materials assembled to assure the durability of ﬁnal manufactured product; the consequence is that its disassembly and recovery are
difﬁcult and require complex technology and suitable separation control actions to properly recover
and certify the different constituents. Carpetderived products, both ﬁbers and polymeric materials, can thus originate lower or higher value
recycled products, according to the adopted
recycling strategies.

•
•
•
•
•
•

Preliminary ﬁber identiﬁcation and sorting
Comminution and classiﬁcation
Separation
Solvent extraction of nylon
Nylon depolymerization
Melt processing

Fiber Identification and Sorting
Carpet recycling strategies have to be set up
according to upper surface ﬁber characteristics.
Fiber identiﬁcation thus represents a key issue to
properly address carpet to different downstream
recycling tracks [56]. Usually portable infrared
(IR) spectrophotometers are utilized; they usually
allow a fast and reliable recognition of nylon 6,
nylon 6.6, polypropylene, polyester, and wool
ﬁbers. Sorting is usually applied in the collection
point; sometimes such a control is centralized in
the stocking facilities of the recycling plant. This
last solution is usually more efﬁcient.
Comminution
Shredding andgrinding are the commonly applied
size reduction actions [48, 57]. These actions are
usually performed by a mill with rotary drums
equipped with hardened blades. The material
after shredding is then sieved by a grid installed
at the exit of the mill chamber. The material,
which has become sufﬁciently small, is thus
discharged from the mill chamber, the other
remains in the mill chamber for re-cutting. Comminution usually produces an increment of the
temperature; such a fact can negatively affect
milled materials characteristics; for this reason
comminution equipments are usually designed to
realize a high torque and a low rotational speed.
Studies have been carried out to perform carpet
cryogenic milling [58]. Following this strategy
comminution results are particularly efﬁcient
because the freezing action of liquid nitrogen, or
CO2, changing the mechanical behavior of the
different carpet components allows their better
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milling and liberation of the different constituents.
Costs are usually higher than classical bladebased milling, and as a consequence, the use of
this technology is limited. In some cases milling is
also realized utilizing water jet [59].
Separation
Carpet constituent separation is usually carried
out adopting different processing strategies
based on a series of combined comminutionclassiﬁcation stages and a further density-based
separation utilizing both the “simple” gravitational and/or centrifugal ﬁeld. The second
approach is usually adopted to enhance the differences existing between the different materials to
separate. Following these strategies, ﬁller, nylon,
and polypropylene can be recovered. A detailed
description of this approach is reported in two
papers from J. Herlihy [60] and H. P. Kasserra
[61]. In some cases the separation of the different
carpet components is realized without comminution [62, 63]. Waste carpet is thus subjected to a
preliminary clipping of the exposed ﬁber, a further
bombardment of air and steam of the carbonateﬁller latex backing and a combination of peeling
and picking. The combination of these actions
allows recovery of up to 95% of the face ﬁbers.
Solvent Extraction of Nylon
Such an approach is utilized when high-value
nylon has to be recovered from carpet at the end
of its life cycle. Solvents commonly utilized are
aliphatic alcohol [64], alkyl phenols [65], and
hydrochloric acid [66]. A preliminary comminution of the carpet is always required. The optimal
size class ranges between 1 and 5 cm. Solvent
utilization presents both advantages and disadvantages. The advantages are that the use of solvents allows for good recovery of nylon (yield
about 90%) characterized by a relatively low degradation. The disadvantages are those related to
the use of chemicals and their further recovery
and/or reuse, when possible. Furthermore, process
temperature and the time required for nylon
extraction are other constraints to take into
account. Their values change according to the
dissolution process adopted. Sometimes supercritical fluids (SCF) are utilized [67, 68]. The
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process is commonly carried out in batch conditions at high or low pressure and temperatures
according to the ﬂuid utilized: CO2 [67] or formic
acid [68], respectively.
Nylon Depolymerization
Depolymerization is usually applied to recover
nylon, from nylon carpets, because nylon resin
has a remarkable higher value than the other polymers commonly utilized in carpet manufacturing
[69]. A typical depolymerization process [70] is
based on a preliminary carpet sorting and a further
mechanical shredding; the recovered nylon 6 face
ﬁbers are sent to a depolymerization reactor and
treated with superheated steam in the presence of
a catalyst to produce a distillate containing caprolactam, that is, the single monomer that after polymerization originates nylon 6. The crude
caprolactam is then distilled and re-polymerized
to produce again nylon 6 [71]. Another process to
obtain caprolactam is based on the utilization of a
two-stage pyrolysis process. The ground nylon
carpet, without separation, is dissolved with
high-pressure steam and then continuously hydrolyzed with superheated steam to form caprolactam
[69, 72].
Melt Processing
Melting and compounding are two other processes currently carried out for carpet recycling.
Both require a preliminary size reduction process.
By melting, a thermoplastic polymer is converted
by extrusion in resin pellets [48, 57]; if more
polymers are blended together and then extruded,
a compounding process is applied. For its characteristics, the products resulting from comminution
have to be “compacted” before the extrusion process; they, in fact, are quite bulky. Speciﬁc equipment (crammer-compactor feeder) is thus utilized.
Extruders can vary, ranging from single-screw,
twin-screw corotating, or twin-screw counter
rotating architectures according to feed and
required product characteristics. The meltedextruded products are then cooled and cut to
obtain pellets. Usually ring, strand, or underwater
pelletizers are utilized. In Table 14 are synthetically reported some of the characteristics of
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Recycling Technologies, Table 14 Characteristics of the pelletizing equipment utilized for waste-carpets-based
melted-extruded products chopping
Equipment
Water ring pelletizer
(WRP)

Strand pelletizer (SP)

Underwater pelletizer
(UWP)

Characteristics
A WRP is commonly utilized for liquid polymers in which pellets fall from cutter knives into
an annulus on the surface of a body of cooling liquid. The velocity and trajectory of the pellets
are controlled by the projection of a spray of cooling liquid radially across the dyes from
which the pellets are severed. Band heaters in proximity to the dyes maintain the polymer in a
liquid state prior to extrusion. WRP is particularly suitable to be applied for polymers
characterized by a low-melt ﬂow index (e.g., polyethylene)
In a SP polymer strands discharging from the dye head are sent to cooling water-baseddevice. The water “wetting” the polymer strands is eliminated utilizing an “air knife.” The
dry, solidiﬁed polymer strands are then delivered toward a strand pelletizer where cutting is
applied. One of the main disadvantages of SP is that a large ﬂoor space and particular care
have to be addressed to control possible strand breakage. Polymers as nylon, polyester
terephthalate, and polypropylene are commonly processed by SP
UWP is usually constituted by an extruder that conveys the polymer melt to the dye plate
through the start-up valve. The melt stream is then divided into a ring of strands that ﬂow
through the annular dye into a cutting chamber ﬂooded with process water. A rotating cutter
head in the water stream cuts the polymer strands into pellets, which are immediately
conveyed out of the cutting chamber. The pellets are cooled and transported in a slurry to the
centrifugal dryer. Pellets are then separated by water through rotating paddles. Polymers as
nylon, polyester terephthalate, and polypropylene are commonly processed by UWP

pelletizing devices commonly utilized for wastecarpets-based melted-extruded product chopping.
Melted-extruded products present different
characteristics and market values according to
the characteristics of the original feed stocks
[73]. When carpets are constituted by polymers
as plastic and polypropylene [74], the resulting
pellets (e.g., compounds) are of low quality due
to the fact that they are thermodynamically unstable when melt-mixed [75, 76]. They must be thus
stabilized to prevent coalescence during melt processing [77]. This process of stabilizing polymer
blends is commonly called compatibilization. It
usually consists of the addition of a premade block
copolymer composed of blocks that are each miscible with one of the homopolymers [78].
A melting plant is relatively simple to utilize
and maintain. Its main limits are primarily related
to its operating principle, that is, low ﬂexibility in
terms of possible modiﬁcation of ﬁnal product
characteristics. Furthermore, the presence of
water represents a further environmental processing problem (e.g., H2O ﬁltering, temperature
control and recirculation to face when melting is
applied).
Pellets resulting from the previously described
melt-based process are commonly utilized in the

molding process, as they result from recycling or
are blended with virgin polymers. Other common
applications are in glass ﬁber-reinforced composites, where they are utilized as matrices [79].

Future Directions: Innovative Control/
Sorting Devices/Logics Integration in
Recycling Plants
The recycling technologies described and analyzed for the different waste materials (e.g.,
paper, glass, metals, plastics and textiles) clearly
demonstrate that improvements in comminutionclassiﬁcation strategies and further separation
technologies (e.g., magnetic, electrostatic, sinkﬂoat separation, ﬂotation, etc.) can be mainly carried out by introducing innovative control devices
and architectures, as equipment technology and
characteristics have reached a very high level of
quality and reliability. Such classes of innovative
devices can be also utilized as detection systems
to realize innovative sorting architectures. Single
and/or combined control/sorting actions can be
thus developed, taking into account different
aspects: (1) waste streams physical-chemical
characteristics, (2) market requirements for
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concentrates of speciﬁc quality, and (3) related
innovative control/sorting device/logics operating
at different scale, that is, at single-equipment
and/or plant scale.
Waste Feed Streams Characteristics
Processing actions applied to different particular
solids waste streams, constituted by different
materials (e.g., paper, glass, metals, plastics and
textiles), usually perform a change of some physical attributes of the wastes; these changes depend
on the intrinsic characteristics of the constituting
materials and the actions applied. For example,
comminution produces a reduction of the size
class distribution of waste, originating smaller
particles of different morphological and
morphometrical characteristics and producing
the liberation of the different materials originally
locked (e.g., mixed particles). On the other hand,
separation actions allow grouping together of particles according to a speciﬁc property (e.g., density, conductivity, magnetic, color, texture, etc.),
originating a concentrate.
What are the strategies to apply to make
improvements in terms of a correct utilization of
waste streams characteristics versus adopted
recycling technologies ﬁnalized to a higher recovery of concentrates?
The answer is in principle very simple, being
related to the correct application of recycling technologies taking fully into account waste streams’
physical-chemical characteristics. For example,
the deﬁnition of proper comminution strategies
addressed to obtain adequate size class distribution, minimizing the presence of ﬁnes and ultraﬁne particles, is obviously related to a correct
knowledge of wastes. With reference to plastics,
milling actions based on cutting represent the best
solution; on the other hand, impact actions better
realize comminution for glasses. Lack of knowledge of the composition of the waste materials to
process, in terms of constituents and their time
variation, can strongly impact the quality and
quantity of the ﬁnal recovered products. Waste
materials present a high degree of compositional
variability. Batch sampling, as usually performed
on feeds and processed ﬂow streams, does not
allow performance of a full and continuous
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monitoring of the materials ﬂow. Low-cost, reliable, and robust waste streams’ physical-chemical
characteristics detection devices, realizing continuous monitoring, could represent the solution to
performing a full-time independent evaluation of
waste materials streams handled in the plant.
Waste-Derived Concentrate Recovery and
Quality Assessment
Concentrate quality affects its value and, as consequence, the economic revenue of the recycling
process. The possibility to realize a continuous
full monitoring of concentrate characteristics is
important: (1) to apply correct waste processing
strategies to quantitatively and qualitatively maximize recovery, (2) to build a production database
embedding-produced product characteristics, and
(3) to perform a full products certiﬁcation.
Recovery maximization is one of the key
issues when recycling technologies are applied.
Waste products are usually constituted by different materials of different characteristics. An optimal target could be represented to set up recycling
actions addressed to separate and recover all the
different waste constituents. In this case “the zerowaste” target should be fully reached. If successful, this strategy could allow reintegrating all the
wastes in new production cycles. Such a goal is
almost impossible to reach, but the strong scientiﬁc development, the related technological innovation, and the larger attention of new generations
toward environmental problems have and will
continue to contribute to introduce new technologies for a more efﬁcient recovery. To maintain a
trace of when and what is produced in terms of
WDPs is another key issue. The achievement of
this goal allows establishment of a time correlation between waste feed and resulting concentrate.
Correlations are useful not only in technical terms,
for a better understanding of plant behavior with
respect to waste feed variations, but also because
they provide useful information about consumption and related waste production, contributing
this way to better waste collection and handling
strategies prior to the application of recycling
technologies. Finally, product certiﬁcation in the
recycling sector sometimes represents a negative
point. The proposed approach could strongly
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contribute to solving this problem, allowing at the
same time a big step forward in product quality
detection performed continuously and not on a
batch basis.

Control Actions and Logics
As outlined in the previous paragraphs, one of
the key points related to a systematic introduction of control logics, inside processing layouts,
is to deﬁne simple, reliable, robust, efﬁcient, and
low-cost architectures able to perform a full characterization of the different ﬂow streams in terms
of waste feed and/or resulting product composition, that is, grade of the recovered materials and
presence and characteristics of pollutants. The
two aspects are intimately linked to the deﬁnition
of suitable process-control strategies and to the
subsequent certiﬁcation of the recovered
materials.
How can control actions and logics be fully
introduced and widely utilized in waste recycling?
Each material is characterized by speciﬁc attributes; these attributes are usually detected, with
sensing devices able to collect one or more piece
of information related to the characteristics of
handled materials. Information is then processed
following logics oriented to maximize the positive
effects of the single and/or or group of actions.
Control actions can be commonly categorized in
four groups:
• Feedback control: a control system that monitors its effect on the resulting product. On the
basis of the collected information, tuning
actions are applied on equipment, recycling
plant sections, and operative variables in
order to modify the output (product)
accordingly.
• Feedforward control: a control in which
changes are detected at the process input
(waste feed) and an anticipated correction signal is applied before process output
(concentrate) is affected.
• Cascade control: an automatic control system
in which various control units are linked in
sequence, each control unit regulating the
operation of the next control unit in line.
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• Ratio control: a control procedure in which a
predetermined ratio between two or more variables is maintained.

Feedback and feedforward controls are most
commonly utilized in recycling.
Waste recycling ﬂow streams are usually constituted by complex particulate solid systems.
A particle is thus the minimum portion of material
that can be processed, in respect of the best available technologies and market requirements, in
terms of further recovered material handling.
Each particle is characterized by different attributes: size, shape, composition, texture, etc. To
deﬁne a control logic means identifying one or
more rules to handle one or more of the previously
mentioned attributes as they have been collected
inside a particle ﬂow stream, with the speciﬁc aim
of verifying whether processing has produced an
output satisfying the expected requirements of
these attributes, both qualitatively and quantitatively, in the concentrate. In plastic recycling, for
example, if a recovery of PP and/or PE has to be
carried out, the presence of other plastic materials
as PET or PVC, or other pollutants, as metals,
glass, etc., must be avoided. In this case, the
attribute composition plays a preeminent role in
control logic deﬁnition. Actions to perform are
related to (1) the characteristics of equipment/s
generating the PP or PE concentrate and (2) the
parameters allowing their operation. Relationships existing between equipment/s operative
conditions (processing parameters set up) and
quality of the output, for a speciﬁc feed, have to
be clearly investigated and formalized, constituting the basis for control logic implementation.
A quantitative evaluation of the composition of
PP and PE concentrate is thus fundamental to set
up the logic in a quantitative way. In this case, as
when recycling technologies have to be applied to
other waste products, the quantitative collection
of the attributes qualifying, or certifying, an intermediate and/or a concentrate product is not easy in
terms of economically acceptable devices. This
problem is common in waste recycling, where
the value per unit of weight of product is usually
low. To be economical, a process requires the
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processing of large quantities of waste and the
production of a corresponding high amount of
waste-derived concentrate. Often this condition
does not match with the adoption of sensing
devices that, to fulﬁll the previous requirements,
are usually very expensive. A different approach
has thus to be followed. If composition can be
correlated with other parameter/s, easily detectable, a transposition logic can be applied: that is,
the correlated property can be assumed as the
control parameter and new control logics applied.
Such an approach is particularly meaningful when
online control logics have to be deﬁned. The
possibility to apply transposition logics sometimes produces a strong simpliﬁcation in control.
An example of what is described is reported in the
following where different examples of sensing
architectures based on hyperspectral imaging
(HSI) techniques are reported with reference to
some of the materials taken into account in this
section.

Plant Scale Control
The application of control actions and logics, on
a recycling plant scale, can be considered a common practice. Originally performed, and in some
cases also today applied, following a human
senses-based approach, with the technological
development “humans,” have been and are
being replaced by sensing devices. The ﬁrst step
to implement a plant scale control consists of the
identiﬁcation of some key points inside the plant
where product characteristic detection can give
useful information about the process. According
to the values of the detected parameters, and
utilizing preassigned rules, the equipment operative variables are modiﬁed accordingly. These
actions can usually be performed with a feedback
or a feedforward approach, more rarely adopting
a cascade control. Approaches vary according
to waste material characteristics, control objectives, and implementation modalities: (1) introduction of control logics inside an existing plant
or (2) in new ones. In this latter case, a large
ﬂexibility in control architecture design can be
performed, not existing predeﬁned plant architectural constraints.
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Single Equipment Control
Following this approach, control actions and
logics play at single equipment scale. Process
and product parameters detection is carried out
before (feedforward) and/or after (feedback) the
single processing unit and control logics act
accordingly. Such an approach is very promising,
especially for future improvements in the
recycling sector. The “intelligent processing
machine” is an equipment able to “understand”
how it works, according to feed ﬂow stream and
resulting product characteristics and able to modify its “behavior” accordingly, adopting preassigned and/or time-dependent learning rules.
This is particularly relevant in recycling, where
very often handled materials do not show constant
compositional characteristics, affecting equipment performance.
Innovative Sensing Technologies in the Waste
Sector
In recent years a lot of innovative sensing technologies and related control logics have been proposed in recycling. A sensing station is usually
constituted by a conveying device (e.g., conveyor
belt, vibrating channel, etc.), for the separation
and steadying of the material, and a detection
unit, positioned underneath or above the conveying device or at the material discharge area. Collected information can be then utilized to
quantitatively assess material characteristics
(certiﬁcation) or to modify operative conditions
of the equipment handling the materials before or
after sensing (control) or to develop separation
actions by actuators, e.g., valve bank blowing
out material constituents according to speciﬁc
component characteristics (sorting). In the following, some sensing devices and their operative
principles, together with possible application
ﬁelds, are described.
Electronic Imaging (EI) Visible (VIS)
Wavelength-Based
EI-based sensing devices and algorithms [80] are
the most widely used in recycling. They belong to
the ﬁrst class of control device utilized in this
sector. EI application in recycling technologies
comes from architectures developed in mineral
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processing and food control sectors. Such a technology moves from black and white (B&W) to
color sensing systems. Actually color is widely
applied in many recycling sectors: glass, WEEE,
metal scraps, ﬂuff, wood, etc. Color-based sensing is based on the collection and analysis of
material surface characteristics. Such an approach
can represent sometimes a limitation because the
collected information “only” relates to the surface
(e.g., varnished objects in principle cannot be
detected in a material-related way). In many
cases, for the relatively low cost of this approach,
EI will solve many control/sorting/quality assessment problems when the materials to check have
passed shredding stages beforehand that remove
the existing surface coatings or that break up the
material in a way that with utmost probability
uncoated fracture faces can be observed
[81]. EI-based detection architectures are commonly constituted by an energizing source
(lighting system), a CCD, matrix, or single-array
camera. Single-array-based devices are particularly suitable to be utilized in waste material quality control because the detection principle (scan
line) and the target of investigation (waste particles) move toward each other with a constant
speed. Waste particles can thus be fully investigated adopting different time scale-related sampling strategies according to control/quality
actions to apply.
Electronic Imaging (EI) Near-Infrared (NIR)Based
The principle that is actually at the basis of NIR
technology is the measurement of object reﬂectivity within a wavelength ranging between 1000
and 2500 nm [82]. In this wavelength range,
materials such as plastics, paper, and textiles are
characterized by speciﬁc spectral ﬁrms allowing
their recognition. This range of wavelengths is not
visible to the human eye. This is also the reason
that optical sorting systems must be used. The
new generation of NIR-based detection devices
can operate a good plastics distinction (e.g., PP,
PS, PET, EPS, PC, or PVC) [83], as well as allow
identiﬁcation of materials such as paper, card,
cardboard, or wood and natural ﬁbers.
A recognition limit of such a procedure is in the
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identiﬁcation of materials that cannot be identiﬁed
due to a lack of individual stone, porcelain, or
dark materials, which, for the low level of reﬂectance, in the investigated wavelength range, do
not allow recognition.
X-ray Fluorescence Spectroscopy (XRF)
XRF is based on X-ray emission by a radioactive source or X-ray tube inside an XRF unit.
X-rays emitted are absorbed by the atoms in the
waste sample generating ﬂuorescence as the
atoms relax and release energy. The emitted
wavelengths, as well as the energy released,
are a function of the elements constituting the
waste sample. Emission intensity is correlated
to the content of a speciﬁc element within the
sample. Such a technique was and is widely
used in many recycling sectors as metal/alloys,
glass, plastics, wood (detection of arsenic,
chromium, and copper in treated wood [84]
and treated wood waste [85–87]), WEEE,
waste-derived fuels, etc.
Dual-Energy X-Ray Transmission (DE-XRT)
DE-XRT is similar to that applied for luggage
inspection and medical applications. Waste products are transported by a conveying belt. Waste
material is energized, from the bottom, by X-rays.
Transmitted radiation is collected by X-ray line
detectors [84]. In order to separate the effects of
density of the X-rayed object and the material
thickness, the radiation intensity is generally measured in two different energy ranges. Following
this approach, thickness inﬂuence is eliminated,
and the radiation that passes through the material
allows performance of materials recognition
according to its density. The sensing approach
allows classiﬁcation of the material on volume
basis. Different from EI or NIR techniques, surface characteristics (e.g., dust, water, small quantities of pollutants) do not practically inﬂuence
recognition.
Laser-Induced Breakdown Spectroscopy (LIBS)
The system analyzes the optical spectrum, or ﬁngerprint, of a small spot on each metal particle that
is evaporated using powerful laser pulses. LIBS
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has been widely used as a diagnostic technique for
the analysis of both surfaces and gaseous streams
for metals [88, 89]. LIBS uses a high-power laser
that is directed toward the sample through a series
of mirrors and lenses that create a small microplasma on the surface of the targeted material.
Due to the extremely high temperatures produced
within the plasma (greater than 20,000  C), the
atoms within the plasma emit light (or energy)
characterized by different wavelengths. Certain
wavelengths of energy are unique to different
elements. The system then analyzes the optical
spectrum, or ﬁngerprint, of the micro-plasma collected and redirected toward a ﬁber-optic cable,
which then feeds the signal to a spectrometer. The
intensity of the emission is directly proportional to
the amount of that element present in the sample.
The costs and complexity of the system, as well as
limitations in efﬁciency, are the main reason why
LIBS is only applied in a number of very specialized operations, commonly for surface contamination. Applications have been developed with
reference to wood waste contaminated with
chromated copper arsenate sorting [90] and scrap
metals [91].

Hyperspectral Imaging (HSI)
HSI, known also as chemical or spectroscopic
imaging, is a technique that combines the imaging
properties of a digital camera with the spectroscopic properties of a spectrometer able to detect
the spectral attributes of each pixel in an image.
Thus, a hyperspectral image is a threedimensional data set with two spatial dimensions
and one spectral dimension.
HSI was originally developed for remote sensing applications [92] but has found a large utilization in such diverse ﬁelds as astronomy [93, 94],
agriculture [95–97], pharmaceuticals [98–100],
medicine [101, 102], and in recent years in the
recycling sector [20, 103–109], where important
projects were also sustained by the European
Union [110, 111].
Among the previously mentioned sensing
techniques, HSI can be considered one of the
most interesting and subject to a wider and wider
utilization inside the recycling sector. HSI, in fact,
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presents some advantages related to its intrinsic
characteristics:
• Continuous monitoring, with HSI-based
devices as scan line cameras
• Utilization of different time scale-related sampling strategies, according to the control/quality actions to develop
• Implementation of fast and reliable recognition
logics, strongly linked to HSI detectors characteristics (e.g., possibility handle spectra as
images)
• Null environmental impact of the device
• Relatively low costs of the devices
Furthermore, HSI devices and related operative architectures can be easily integrated inside
existing recycling plants, or implemented in new
ones, with an optimal cost-beneﬁt ratio. HSI, for
its intrinsic properties, can thus be proﬁtably utilized, both as a smart detection engine for sorting
and as ﬂow stream quality control, that is, certiﬁcation of recovered materials and/or products.
HSI is fast, accurate, and affordable, and it can
strongly contribute to lowering the economic
threshold above which recycling is cost-efﬁcient.
For its characteristics it can be meaningfully and
reasonably developed, and applied, with reference
to many solid waste-handling sectors ranging
from inorganic to organic waste sources.
Different case studies describing the potentialities of HSI integration inside recycling technologies are reported in the following section.
Hyperspectral Imaging (HSI)-Based
Applications
An HSI system is typically constituted by optics, a
spectrograph, a camera, an acquisition system, a
translation stage, an energizing source (lighting
device), and a control unit (PC). The camera,
spectrograph, and illumination conditions determine the spectral range of the detection architecture. The sample/target is usually diffusely
illuminated by a tungsten halogen or LED source.
A line of light reﬂected from the sample enters the
objective lens and is separated into its component
wavelengths by diffraction optics contained in the
spectrograph. A two-dimensional image (spatial
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2/300 CCD Array 780  580
Firewire digital output
Pixel resolution: 12 bit
400–1,000 nm
2.8 nm
<1.5 mm
<1 mm
30 mm  14.2 mm
6.5 mm  14.2 mm
F/2.4
Anodized aluminum cylinder
Barium sulfate internal coating
d/O illumination and viewing conditions
Adjustable height and distance
150 W cooled halogen lamp
Stabilized power source

Sensor

Spectral range
Spectral resolution
Smile
Keoneyst
Entrance slit
Image size
Numerical aperture
Illuminant

versus wavelength dimension) is then formed on
the camera and saved on the computer. The sample is moved past the objective lens on a motorized stage, and the process is repeated. Twodimensional line images acquired at adjacent
points on the object are stacked to form a threedimensional hypercube that may be stored on a
PC for further analysis.
The applications described in the following are
based on sensing devices working in two different
wavelength spectral ranges, from 400 to 1,000 nm
(VIS-NIR range) and from 1,000 to 1,700 nm
(NIR range). The ﬁrst consists of a CCD camera,
a line scan spectrograph (ImSpector™ V10E,
SpecIm™, Finland), a lighting architecture, and
the spectrograph ImSpector™ V10E which
operates in the spectral range of 400–1,000 nm
with a spectral resolution of 2.8 nm. The details of
the acquisition architecture are reported in Table 15.
The second is a SpecIm NIR spectral camera
consisting of an ImSpector N17E imaging spectrograph for the wavelength region 1,000–17,000 nm
and a temperature-stabilized InGaAs camera and a
lighting architecture (Table 16).
Both types of equipment are installed to perform the inspection of the waste materials on a
laboratory scale conveyor belt (Fig. 2). The two
devices are fully controlled by a PC unit equipped
with the Spectral Scanner™ v.2.3 [112] acquisition/preprocessing software.

Recycling Technologies, Table 16 Technical characteristics of the ImSpector™ N17E
Sensor

Spectral range
Spectral resolution
Spatial resolution
Aberrations
Effective slit length
Numerical aperture
Stray light

TE-cooled INGaAs photodiode
array 640  512
14 bit, USB2, LVDS,
CameraLink
900–1000 nm  10 nm
2.6 nm
Rms spot radius <15 mm
Insigniﬁcant astigmatism, smile,
or keystone
12.8 mm
F/2.0
<0.5% (halogen lamp, 1,400 nm
notch ﬁlter)

Sample Set Selection
The waste or derived products investigated belong
to some of the classes of materials analyzed in this
section and characterized by different speciﬁc
attributes, different sorting selection problems,
and different quality requirements. From this perspective, waste glass fragments (cullet), light fraction derived from car shredding residues (ﬂuff),
and complex plastics-based waste streams have
been selected. Results show that the HSI approach
allows development and setup of strategies able to
reduce analytical costs, improving the speed of the
waste streams characteristics detection/analysis
and/or simplifying the procedures in terms of
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possible online implementation of fast and robust
classiﬁcation procedures oriented to develop
innovative control strategies “human judgments
and error-free” as well as innovative certiﬁcation
criteria.
Spectra Acquisition and Detection Logics
Implementation
Spectra related to the different investigated can be
acquired adopting the acquisition architecture
described in Fig. 2. Such a strategy is adopted
because it mimics, at laboratory scale, the real
behavior of the control architecture at an industrial
scale, that is, the progressive and continuous
horizontal translation of the sample and the
“synchronized” acquisition of the spectra at a
preestablished step, allowing a tuning of the
detection/inspection frequency of the waste materials according to their characteristics. Analyses
can thus be performed to verify the fulﬁlments of
different goals:
First goal: the possibility to identify speciﬁc
spectral attributes for each of the constituents of
the different waste streams according to their
intrinsic
chemical-physical
characteristics.
Starting from this information, analysis can be
carried out performing a characterization of the
“shape” of the entire detected spectra and/or identifying, at speciﬁc wavelengths, peaks or valleys
characterizing the detected spectral ﬁrm.
Second goal: the deﬁnition of fast, reliable, and
robust recognition-classiﬁcation procedures,
Recycling Technologies,
Fig. 2 Particulars of the
architecture setup utilized to
perform a progressive and
continuous waste samples
spectra acquisition based on
the ImSpector™ series
devices
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based on different logics as (1) spectral ﬁrms
correlation, (2) single-band intensity comparison
at speciﬁc wavelengths, and (3) speciﬁc wavelength intensity ratio analysis, in order to perform
the discrimination of the different constituents
inside a speciﬁc waste stream and to allow to
reach a certiﬁcation of the different products in
terms of their composition.
Third goal: the possibility to perform a correlation among detected spectra, sample textural
attributes, presence, characteristics, and localization of “pollutants,” this latter aspect being of
great interest to develop innovative sorting strategies. To validate the efﬁciency of the HSI-based
technique, in terms of collected spectral data reliability and robustness, to perform both materials/
products characterization and their topological
assessment of the different materials, an approach
based on principal component analysis (PCA) and
classiﬁcation modelling (PLS-DA: partial least
squares discriminant analysis) can be also
adopted.
Case Studies
Tests reported are referred to different solid
waste materials characterized, as previously
outlined, by a different nature and physicalchemical attributes and “affected” by different
processing-separation and/or control problems.
For each investigated waste product, a synthetic
overview of the target to reach by the HSI
approach (issues) and current status of the related
utilized characterization approaches (state of
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the art) is reported. The analytical approach
followed in the presented case studies satisfy
the fulﬁlment of the ﬁrst two goals outlined in
the previous paragraph, being both the most economical to apply in terms of technical-ﬁnancial
resources.
Case study no. 1: ceramic glass identiﬁcation
inside waste glass products (cullets) issues. The
amount of ceramic glass in postconsumer glass
waste stream is strongly increased in recent years,
mainly for the introduction on the market of many
ceramic glass manufactured goods [11]. These
products constitute a new generation of consumer
household goods used for their thermal shockresistant properties. It can be argued that, considering the typology of ceramic glass products, contamination involves both the main production
lines of glass recycling plants, e.g., the ﬂat glass
cullet and the container glass cullet. Due to its
physical properties, similar to those of glass,
ceramic glasses are almost impossible to detect
adopting the automated optical technologies,
commonly utilized for cullet color sorting [16].
Therefore, identifying and removing ceramic
glass from the glass waste stream have long been
a challenge for recyclers of glass.
State of the art: The two actions usually carried
out to realize transparent ceramic contaminant

removal are source reduction and manual sorting.
Therefore, there is the need for the development
and the implementation of a system able to realize
a real-time identiﬁcation of ceramic glass in the
cullet stream. Sorting techniques based on X-ray
[86] and FT-IR spectroscopy [20] have been proposed as methods for ceramic glass detection, but
both are expensive and difﬁcult to implement for
safety and efﬁciency reasons, respectively.
The HSI approach clearly has potential in
developing innovative sorting strategies. In the
visible range (400–700 nm), the technique presents a high discrimination power for classical
cullet separation by color, allowing the possibility
to decrease the minimum size of sorted glass particles; on the other hand, in the visible range, the
recognition of glass from ceramic glass is almost
impossible. Moving in the wavelength range
between 700–1,000 nm and 1,000–1,700 nm, it is
possible that the architecture allows discrimination
between glass (Fig. 3) and ceramic glass fragments
(Fig. 4). Such a discrimination is relatively easy
for clear samples; darker samples are more difﬁcult
to discriminate. Color, in fact, seems to affect
the reﬂectance levels. Amber glasses show reﬂectance values near zero; green glasses present intermediate reﬂectance values, whereas clear glasses
display higher reﬂectance values. A two-step
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sorting, a ﬁrst based on HSI acting between
700–1,700 nm and the second in the
700–1,000 nm range, could thus allow good preliminary cullet sorting targeted to ceramic glass
contaminant identiﬁcation/removal and a further
cullet color-based separation. Application of this
technique, in the waste glass sector, can thus allow
development of innovative sorting logics: (1) speciﬁc attributes can be associated to particulate
solid materials, (2) classiﬁcation procedures
based on “simple” wavelengths intensity ratio
can be deﬁned to perform sorting, and (3) the
elements to sort can be topologically assessed,
evaluating the information resulting from a principal component analysis (PCA) [113]. An

example related to this last point is outlined in
Fig. 5. The HSI devices for their hardware architecture can be easily installed both to integrate
and/or to substitute classical sorting imagingbased devices.
Case study no. 2: light fraction resulting from
car dismantling (ﬂuff) characterization issues.
Fluff represents about 25% of the weight of a car
and is usually constituted by materials characterized by intrinsic low speciﬁc gravity (i.e., plastics,
rubber, synthetic foams, etc.). When processed to
perform its recovery, ﬂuff is polluted by materials
presenting higher speciﬁc gravity (i.e., copper,
aluminum, brass, iron, etc.), constituting parts of
the electrical devices of the vehicle that, for their
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shape, size (i.e., wires, metal straps, slip rings,
wipers, etc.), and utilization remain concentrated
in the lighter products. Such “polluting materials,” for their intrinsic characteristics, are not
well removed by classical separation techniques.
State of the art: Fluff is usually produced after
different comminution-classiﬁcation stages. The
ﬁnal classiﬁcation is usually carried out by
cycloning or venting (air suction or blowing systems), in order to separate the light material.
A good separation could contribute to reducing
the waste disposal and environmental pollution
and increasing the energy recovery through puresorted polymer reuse. Furthermore, the possibility
to utilize ﬁner ﬂuff fractions to produce energy
could dramatically contribute to increase the full
reutilization of such products. To reach this goal,
the quantity and the quality of the metal contaminants have to be strongly controlled in order to
not prejudice the quality of the ﬁnal ﬂuff-based
fuel. The need to develop both efﬁcient selection
and control strategies to obtain contaminant-free,
or almost free, ﬁne ﬂuff products thus assumes a
fundamental role in all the processing and control
stages of the recycling chain.
Results show the HSI-proposed architecture
allows identiﬁcation of all ﬂuff constituents and
polluting materials (Fig. 6). The discriminating

power is high in the region between
400–1,000 nm; this is a quite important result
being thus possible to utilize, for ﬂuff inspection,
a single device (ImSpector™ V10E) sorting/control unit, with considerable cost reduction. From
this perspective, the HSI approach can be proﬁtably applied utilizing “simple” band intensity
comparison, at speciﬁc wavelengths, among
unknown ﬂuff particles and a reference library
of spectra, previously built, embedding the different waste materials spectra constituting the
light fractions to investigate. The approach is
particularly ﬂexible to use because ﬂuff of different origin and/or composition can be sorted/controlled adopting the same logic but working on
different speciﬁcally spectra library, built
according to new materials characteristics to
detect.
Case study no. 3: polyoleﬁns recognition separation issues. Polyoleﬁn recovery from complex
waste streams is a challenging issue that has not
yet been proﬁtably solved. Furthermore, polypropylene (PP), high-density polyethylene (HDPE),
and low-density polyethylene (LDPE) together
are both difﬁcult to separate and chemically
incompatible. In order to produce high-purity
granulates from these concentrates, of a quality
comparable to materials produced from
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postindustrial waste, the mixture must be sorted
very accurately, and in order to be economically
and ecologically sound, most of the polyoleﬁns
should end up in a useful product. Such accurate
and efﬁcient separations exist, but they involve
multiple separations. They are therefore expensive, difﬁcult to control, and often do not allow
the production of good concentrates. The possibility to develop efﬁcient and low-cost recognition logics to control the process and certify the
products thus represents a key issue in polyoleﬁn
recovery.

State of the art: Innovative processing plant
layouts have been realized to process complex
plastic-based wastes by shredding and sinkﬂoating to produce polyoleﬁn concentrates of
varying quality. Analysis of such concentrates
generally shows a mixture of polyoleﬁns, rubbers,
foams, ﬁbers, and wood, next to varying amounts
of materials heavier than water. Currently available separation techniques, based on the difference in ﬂotation proprieties in water, can be used
to separate lighter types of plastic such as PP,
HDPE, and LDPE from the heavier types such
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as polyethylene terephthalate (PET) and polyvinyl chloride (PVC). A known method is to separate the mixtures into ﬁve fractions using
separation media with densities of 880, 920–930,
940, and 970 kg/m3. Such a procedure will create

high-purity PP and HDPE products, whereas
foams, most of the wood and rubbers, LDPE,
ﬁlled PP, and residual heavy materials will end
up in relatively small residue fractions. Certain
expensive liquids have been specially designed
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to separate at one of the target densities for polyoleﬁn recycling. Other technologies, such as electrostatic separation and thermal adhesion, have
been able to create only a single relatively pure
product.
Analyses show PP and PE recognition is
strongly inﬂuenced, in the visible region, by the
color of the samples. Based on the analysis of HSI
spectra, it is evident the possibility to deﬁne speciﬁc parameters useful for recognition of the two
polyoleﬁns, as, for example, the slope of the spectrum in a selected wavelength range or a band
ratio among two different wavelengths. Analyses
show PP and PE spectra present signiﬁcant differences in regions around 750 nm and (900–950)
nm (Fig. 7). It is important to note that the best and
most precise recognition logic, especially for polluting particles detection and their topological
assessment inside plastic waste feed, should be
based on more sophisticated and complex statistical analyses, such as principal component analysis
(PCA) (Fig. 8), partial least square (PLS), partial
least square discriminant analysis (PLS-DA), neural network (NN), etc., that usually require long
computation time. Considering that in most industrial applications the fast response of the
detecting/sorting device is one of the main constraints, as, for example, when particles are moving on a conveyor belt and they are sorted online,
the adoption of simpliﬁed logics, working properly, is preferred. This latter approach (multiple
bands intensity comparison at speciﬁc wavelengths) can be proﬁtably applied for recovered
polyoleﬁns quality control.
These examples clearly outline the importance
of HSI in recycling technologies as an innovative,
ﬂexible, and low-cost tool that, combining imaging and reﬂectance spectroscopy, can proﬁtably
allow performance of both waste feed and recovered products characterization, control, and certiﬁcation. HSI-based technology through the
detection of the spectral signature of waste and
waste-derived products, of different nature and
composition, allows to extract and quantify those
physical-chemical attributes inﬂuencing their
characteristics and behavior. Results demonstrated as the proposed technique, and the related
recognition logics, will have a greater impact on
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the development of recycling technologies ﬁnalized to implement online innovative sorting strategies, as well as new control procedures. The
possibility to reach a primary goal in recycling,
that is a full control, at a low cost, of the quality of
the different ﬂow streams inside the plant,
according to the different processing stages, can
strongly contribute to develop innovative inside
processing products certiﬁcation.
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Glossary
Design for environment (DfE) The various
design approaches geared at reducing the overall environmental impact of a product, process,
or service, considering environmental impacts
across the product’s life cycle.
Ecycling The process of recycling the components in used or discarded electronic equipment.
Electronic waste, e-waste, and waste electrical
and electronic equipment (WEEE) Old,
end-of-life, or discarded appliances using electricity and includes computers, consumer electronics, fridges, etc., which have been disposed
of by their original users.
Extended producer responsibility (EPR)
Entails making manufacturers responsible for
the entire life cycle of the products and packaging they produce based on the “polluter pays
principle.”
Persistent and bioaccumulative toxins (PBT)
Compounds that are resistant to environmental
degradation. Toxins that do not break down
quickly persist in the environment,
bioaccumulate in human and animal tissue,

with potentially signiﬁcant impacts on human
health and the environment.
Toxicity characteristic leaching procedure
(TCLP) A soil sample extraction method for
chemical analysis employed as an analytical
method to simulate leaching through a landﬁll.

Definition of the Subject and Its
Importance
Electronic waste (E-waste) includes computers,
television sets, mobile phones, and any other information technology or appliance with a plug, destined for reuse, resale, salvage, recycling, or
disposal [1, 2]. E-waste is identiﬁed most often
with information or communication technology,
such as computers, tablets, and cell phones as
well as computer monitors and televisions, but
also includes four other categories, namely
(1) cooling and heating equipment (e.g., refrigerators, freezers, air conditioners, heat pumps),
(2) lamps, (3) large equipment (washing machines,
clothes dryers, dish-washing machines, electric
stoves, large printing machines, copying equipment, and photovoltaic panels), and (4) small
equipment (microwaves, ventilation equipment,
appliances, and electrical tools) [1].
Electronics have a large negative impact on
earth at their end of life due to both their quantity
and toxicity. E-waste has the fastest growth of any
type of refuse, double the rate of plastic refuse
[1]. E-waste is about 4% of the total solid waste
stream in North America but is growing twice or
as much as triple the rate of other waste streams,
including paper, yard waste, food, and others with
an annual growth rate of 3–4%, [1]. The rise in
e-waste quantities is driven by falling prices in
electrical devices, coupled with companies
encouraging customers to buy the latest version
of their model at rapid intervals, making old
devices obsolete in short order with incompatible
software. In 2016, the world generated 44.7 mil-
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lion metric tons (Mt) of e-waste and experts foresee a further 17% increase – to 52.2 million metric
tons of e-waste by 2021. Only 20% were recycled
through appropriate channels sanctioned by
industry regulators [1].

Introduction
The escalating demand for the latest electronic
technology is causing two serious global problems: creating both a shortage of mineral
resources [2], and posing human and environmental health risk in the mining, production, disposal
and recycling of electronics that quickly become
electronic waste (e-waste) [3]. Electronics, including computers, use heavy metals (e.g., Cu, Pb, Cd,
Cr) and persistent organic pollutants (POPs) (e.g.,
polychlorinated biphenyls, polycyclic aromatic
hydrocarbons, polybrominated diphenyl ethers,
and polychlorinated dibenzo-p-dioxins and dibenzofurans); these elements unless carefully
recycled can be released into the environment
[4–7].
With rapid improvements in technology, most
cell phones, computers, and other electronics
become e-waste in less than two years, rather
than at the end of their functional life cycle of
approximately 10 years [1, 2, 8]. This e-waste is
a complex waste problem due to their volume,
toxicity, and the product design that is disposable,
rather than recyclable. Computers quickly
become obsolete as technology rapidly changes.
Each new innovation in electronic technology
doubles its obsolescence rate, without increasing
its repairability or recyclability [8]. The consumer,
targeted by advertising, ﬁnds buying new electronics cheaper and more convenient than
upgrading their old ones. Thus, computers and
cell phones quickly become waste with only a
small percent being recycled.
There are different rates of generation and collection around the world. The highest per capita
e-waste generators (at 17.3 kg per inhabitant) in
2017 were Australia, New Zealand, and the other
the nations of Oceania, with only 6% formally
collected and recycled. Europe (including
Russia) is the second-largest generator of
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e-waste per inhabitant, with an average of
16.6 kg per inhabitant, with the highest collection
rate at 35% [1]. The Americas generates 11.6 kg
per inhabitant and collects only 17%, comparable
to the collection rate in Asia 15%. However, at
4.2 kg per inhabitant, Asia generates only about
one third of America’s e-waste per capita. Africa,
meanwhile, generates 1.9 kg per inhabitant, with
little information available on its collection
rate [1].
Electronic waste is a complex waste, made up
of more than 30 compounds, many of which are
hazardous substances. The presence of hazardous
substances in electronic equipment makes
landﬁlling or incinerating environmentally
unsuitable for discarded computers, cell phones,
and other electronic equipment. The use of toxic
metals and other chemicals in electrical equipment results in environmental and health risks
when e-waste is manufactured, incinerated,
landﬁlled, burned, or melted down during
recycling [5, 6].
It was estimated that for 2016 that 80% was
estimated to be incinerated, landﬁlled or recycled
in backyard operations or remain stored in
people's households [1]. The European Union
Commission estimates that consumer electronics
are responsible for 40% of the lead found in
landﬁlls.
Electronic waste, including computer waste,
emits billions of kilograms of toxic materials
into the air, water, and soil, most of which are
persistent and bioaccumulative toxins (PBTs).
Computers use heavy metals and persistent
organic pollutants (e.g., polychlorinated biphenyls, polycyclic aromatic hydrocarbons, polybrominated diphenyl ethers, and polychlorinated
dibenzo-p-dioxins and dibenzofurans) [5–7] that
unless carefully recycled are released into the
environment. A cathode ray tube (CRT) is no
longer the most common type of computer monitor currently but many of these remain,
containing typically four pounds of lead to protect
users from the tubes’ X-rays [1]. Lead is a teratogen and reproductive hazard. As well, lead causes
damage to the central and peripheral nervous systems, blood system, and kidneys in humans. Circuit boards and batteries also contain lead, in
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addition to smaller amounts of mercury and hexavalent chromium, nickel, bromine, and
zinc. E-waste can contain mercury switches or
nickel batteries [6, 7]. Leaching of heavy metals
and other toxics can occur during landﬁlling,
thereby contaminating the soil and groundwater
beneath a site and the surrounding area. In 2016,
80% of e-waste was estimated to be either incinerated, landﬁlled, or recycled in informal
(backyard) operations, or remain stored in our
households [1].

Processing Electronic Waste
Electronics can be reused, remanufactured,
recycled, or recovered. The value of recoverable
materials in 2016’s e-waste is estimated to be
worth US $55 billion based on gold, silver, copper, platinum, palladium, and other high-value
recoverable materials. In total, 2016’s e-waste is
worth more than the 2016 Gross Domestic Product of most countries in the world. E-waste typically requires some mechanical treatment to
dismantle the components and recover the materials including metals, plastics, and glass,
although some developed countries use thermal
treatment [8, 9]. E-waste recovery with hydrometallurgy or pyrometallurgy generally needs energy
input, followed by remanufacturing, recycling,
and reuse [2].
Each product of these e-waste categories has a
different lifetime proﬁle, with different waste
quantities, economic values, as well as potential
environmental and health impacts, if recycled
inappropriately. Consequently, the collection and
logistical processes and remanufacturing or
recycling technology differ for each category, as
do the consumers’ attitudes when disposing of the
electrical and electronic equipment [1].
E-waste is not 100% recoverable or recyclable
due to product design, social behavior, product
design, recycling technologies, and the thermodynamics of separation [10]. For example, with
1000 kg of waste lithium batteries, approximately
180 kg Fe, 90 kg Cu, 30 kg Al, 70 kg plastics,
120 kg Co, 15 kg Li, and 1 kg Ni could be
recovered but 300 kg materials of heavy
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pollutants and plastics were not [11, 12]. Thus,
70% of material is recovered and 30% of material
is wasted. Lithium batteries, as well as cathode ray
tubes and liquid crystal displays (LCD), are
highly integrated components, needing extensive
treatment and separation. Aiming at a closed-loop
supply chain, the existed recycling process can
reclaim most valuable compounds from the components with good purity [13, 14].
Policies can encourage reuse as well as recycling.
Recycling is the series of activities by which
discarded materials are collected, sorted, processed,
and used [1, 15]. Although recycling reduces virgin
material use, additional energy is required to be used
to reform them into manufactured products [1, 16].
Some design rules for effective recycling are using
one type of plastic per product (make plastics
recycling more effective); marking all plastic parts
(easy recognition of type); avoiding contamination
of fractions by limit of stickers and wire ﬁxtures; and
ensuring that glass can be easily separated from
other materials to increase recycling yields [16].

Regulation of Electronic Waste
In 2017, 66% of the world’s population, including
the residents of 67 countries, are governed by
national e-waste management laws. This percent
is up from 44% in 61 countries in 2014 – an
increase caused mainly by India’s adoption of
legislation last year [1]. However, the national
e-waste management regime in place does not
always correspond to enforcement and setting
the measurable collection and recycling targets
essential for effective policies. Without national
e-waste legislation in place, e-waste is treated as
any other waste, leading to a high risk that toxic
e-waste is improperly managed, sometimes scavenged for, copper or gold by informal enterprises
without proper worker protections. Meanwhile,
the type of e-waste covered by legislation differs
considerably throughout the world, highlighting
the need for harmonization [1].
National e-waste policies and legislation establish the ﬁnancial and economic model, standards,
and controls to govern e-waste. In order to solve
the e-waste problem, the European Union
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(EU) established a Directive on Waste Electrical
and Electronic Equipment (WEEE Directive) in
2002 [17–19]. A statistical measuring framework
on e-waste called the Partnership of Measuring
ICT for Development [1] provides a common
methodology to calculate the collection target of
the EU-WEEE Directive [1]. However, only
41 countries quantify their e-waste generation
and recycling streams ofﬁcially, and “the fate of
a large majority of e-waste (34.1 of 44.7 Mt) is
simply unknown.” Without better statistics on
e-waste, it is impossible to measure the effectiveness of existing and new legislation to show any
potential improvements in the future. Such data is
also needed to better track illegal international
movements of e-waste from richer to poor regions
in the world.
In 2017, 4.8 billion people or 66% of the world
population are covered by national e-waste policies up from 44% in 2014 [1]. However, the
existence of policies or legislation does not necessarily imply successful enforcement or the existence of sufﬁcient e-waste management systems.
Additionally, the types of e-waste covered by
legislation differ considerably from country to
country [2]. With national differences in measuring and legislating e-waste, analyzing e-waste
recycling rates across different countries can be
like comparing apples to oranges. Many of the
countries have already adopted extended producer
responsibility (EPR) regulations in Europe, which
hold producers legally responsible in four ways
for their products. Producer responsibilities ,
under EPR regulations, have: (1) economic
responsibility to pay all or a portion of end-oflife management, (2) physical responsibility to
take possession of their products after the consumer discards it, (3) information responsibility
to provide mandatory product labeling such as
component or material lists, and (4) ﬁnancial liability for environmental damage and clean-up
costs from disposal of hazardous products [6, 14,
20]. Generally, EPR policies have three characteristics: (1) a focus on end-of-life waste management to encourage redesign for environment, (2) a
shift of physical and/or ﬁnancial responsibilities
from taxpayer or consumer to producer, and (3) an
explicit target for waste reduction. Mandated
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programs force producers to manage material
streams [16]. Consumers of WEEE products
must have the opportunity to return waste items,
without charge, to collection facilities with the
producer responsible for product recovery.
Extended producer responsibility extends the
“polluter pays principle” to consumer products,
requiring “that the polluter should, in principle,
bear the cost of pollution, with due regard to the
public interest and without distorting international
trade and investments” [1]. EPR policy places
responsibility for a product’s end-of-life environmental impacts on the original producer and seller
of that product requiring producers: to take back
their products and to meet recycling rate targets.
This approach provides incentives for producers
to optimize their internal logistics and recycling
systems to minimize costs, create value, and integrate eco-design into business routines. Those
changes should include improving product recyclability. Reusability, reducing material usage,
downsizing products, lowering energy consumption and decreasing greenhouse gas production,
reducing dependency on virgin materials these
environmental improvements serve to: spur new
business enterprises, generate new job opportunities, and provide ﬁnancial savings to companies
when they improve their design, production, and
distribution processes [17]. However, the ability
to gain competitive advantage is restrained by the
domination of collective compliance structures
across the EU, over whose costs producers regard
as difﬁcult to manage or inﬂuence.
E-waste is hazardous waste prohibited by the
Basel Convention from transboundary movements, so that each country, even small ones,
needs to resolve e-waste problems within their
boundaries [2, 18]. Highly efﬁcient recycling
technologies are also still lacking, owing to distinct variations in regional legislation, technical
capacities, and consumer participation. Used
computers are “gray market” equipment being
exported without the full necessary documentation. This equipment is rarely tested or repaired
before export to countries where dismantling
takes place in unsafe conditions, or the equipment
is simply dumped. Without criteria for the reuse of
IT appliances (e.g., testing, minimal capacity,
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etc.), this environmental injustice can continue.
Very little consumer-based electronic waste has
true reuse value, and claims of export for reuse
should be scrutinized carefully. Although Canada
prohibits waste export to non-OECD nations, this
occurs disguised as computer donations for reuse.
The USA and Canada have, rarely, if ever,
mandated strict guidelines for product
manufacturing. Guidelines are needed for both
how the product is produced and what types of
materials are used. Perhaps as a result of the lack
of political pressures to develop new waste management strategies amidst relatively plentiful
landﬁll accommodations. Policy makers in North
America are reluctant to require sustainable product management. However, some electronic companies have voluntary takeback programs, even
though no law requires it, to ensure the electronics
is appropriately recycled or disposed of [1].

Future Directions
The need to reduce the impact of electronics
through reduction, carbon neutral manufacturing
and use, remanufacturing and recycling must be
addressed. Policies can encourage redesign for
reuse and upgrading for longevity, as well as
recycling. Computers can be redesigned to have
less material (de-materialization), facilitate
upgrading through modularity, last longer, expend
less energy and pollution in their production and
use, and be disassembled for reuse and recycling
with ease after their useful life. Apple indicates in
their 2017 report that manufacturing is 77% of
their footprint, with 60% being electricity used
to make its products.
Design for the Environment (DfE) promotes
consideration of design issues related to environmental and human health over the life cycle of
the product. Material selection, energy use,
extended component life cycles, disassembly,
reprocessing, remanufacturing must all be considered [1, 2, 19]. DfE has eight axioms to: (1) manufacture without producing hazardous waste,
(2) use clean technologies, (3) reduce product
chemical emissions, (4) reduce product energy
consumption, (5) use non-hazardous recyclable
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materials, (6) use recycled material and reused
components, (7) design for ease of disassembly,
and (8) reuse or recycling at end of life [25].
Principles of ecodesign require products to be
ﬂexible, reliable, durable, adaptable, modular,
dematerialized, and reusable. As applies to computers, improving environmental factors can
improve performance as well: work on optimization of environmental performance often spurs
creativity and brings innovative design solutions
into the product development process which
allows
improvement
of
its
overall
performance [26].
Designing for the environment (DfE) and
implementing green production processes makes
economic sense when life cycle environmental
costs are required to be paid by the producer.
DfE has producers considering “at the development phase of a products life cycle, the environmental impacts through enhancing the product
design which includes resource consumption,
both in material and energy terms and pollution
prevention.” Environmental considerations in
product design include: waste minimization, reuse
or recyclability, material conservation, pollution
reduction, lower toxicity and “eco-design”
[16]. Six principles of Design for the Environment
DfE are efﬁciency, appropriateness, sufﬁciency,
equity, systems, and scale [1, 15]. However, without extended producer responsibility internalizing
environmental costs, manufacturers are typically
unwilling to improve product and environmental
quality if it costs more or compromises costs, quality, and scheduling constraints [14, 15]. Firms are
only willing to spend 0.1% more on a product to
improve environmental quality [15]. Thus, usually
design takes on the character of being a problemsolving activity for a component rather than product development from its conceptual stage [15–17].
To ensure that even small and remote countries
and areas can recycle, an integrated mobile
recycling plant can provide highly efﬁcient
recycling for whole-unit dismantling [19]. This
recycling plant can combine processes of dismantling, crushing, and multilevel separation to waste
monitors and printed wiring board recycling. An
ecological efﬁciency assessment revealed that
integrated mobile recycling plant could solve
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e-waste problem for small countries or cities with
good environmental performance and meet
requirements of environmental protection and
human health [19].
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Glossary
Asbestos Mineral used in construction materials
from which ﬁbers may be released, become
entrained in the air of the building, be inhaled by
an inhabitant, and lodge in the bronchia or lungs.

Construction The erection, installation, or assemble of new facility; the addition, expansion,
extension, alteration, conversion, or replacement
of an existing facility; or the relocation of a
facility from one installation to another.
Construction/Demolition waste The waste
building materials, packaging, and rubble
resulting
from
construction,
alteration,
remodeling, repair, and demolition operations on
pavements, houses, building, and other structures.
Deconstruction Manual dismantling of a
facility.
Demolition The removal of existing structures
and utilities as required to clear the construction site. The removal of the facilities proposed
for destruction in the justiﬁcation for the new
construction.
Ferrous Metals containing iron.
Leachate Liquid that has percolated through
solid waste and has extracted dissolved or
suspended materials from it.
Lead paint Paint or other surface coatings that
contain lead equal to or in excess of 1.0 mg/
cm2 or more than 0.5% by weight (5,000 ppm).
Recyclable materials Materials that normally
have been or would be discarded (such as
scrap and waste) and materials that may be
reused after undergoing some kind of physical
or chemical processing. Recyclable materials
may include discarded materials that have
undergone demilitarization or mutilation at an
installation prior to transfer to the property
disposal ofﬁce for sale.
Recycling The result of a series of activities by
which materials that would become or otherwise remain waste are diverted from the solid
waste stream by collection, separation, and
processing and are used as raw materials in
the manufacture of goods sold or distributed
in commerce or the reuse of such materials as
substitutes for goods made of virgin materials.
Reuse The use of a product more than once in its
same form for the same purpose.
Scrap Material that has no value except for its
basic material content.
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Definition of the Subject
Construction and demolition (C&D) waste consist
of the debris generated during the construction,
renovation, and demolition of facilities. Usually
the construction industry, rather than municipalities, manages C&D waste. However, all of the
post-recycling waste ends up either in designated
C&D landﬁlls or in municipal waste landﬁlls. In
either case, it is waste generated because of human
needs and activates. This volume discusses different methods of C&D waste management.
Construction and demolition (C&D) waste is
usually managed by the construction industry,
rather than municipalities. However, all of the
post-recycling waste ends up either in designated
C&D landﬁlls or in municipal waste landﬁlls. In
either case, it is waste generated because of human
needs and activities. Therefore, the discussion of
ways of managing C&D waste belongs to this
volume on the management of urban wastes.
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two principal components: time wastes and material wastes. Time wastes include waste deriving
from waiting periods, stoppages, changes in plan,
ineffective work, delays in plan activation, and
abnormal wear of equipment. Material wastes
derive from over ordering, overproduction,
wrong handling, wrong storage, and manufacturing defects [7]. It is well recognized that the construction industry must make a lot more progress
before it can be viewed as being wholly environmentally friendly. Apart from consuming a large
number of natural resources, it has been criticized
for generating a signiﬁcant amount of waste. Due
to the extended period of construction, there is
usually time for sorting of wastes. The presence
of skips for individual material types on construction sites is now a common practice in many
countries; often these skips are provided by
recycling companies (Fig. 1).

Demolition Waste
Construction Waste
Construction waste contains several materials,
often related to cut-offs or packaging waste
[11]. Construction waste can be grouped into
Construction and
Demolition Wastes,
Fig. 1 Economic activity
in Construction, Euro per
Capita

By its nature, the vast majority of construction and
demolition (C&D) waste derives from demolition.
The demolition of a structure is typically a
destructive process, regardless of what technique
is employed, meaning that the resulting rubble
consists of a complex mixture of a range of
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different materials. In the USA, demolition waste
amounts to about 90% of the total C&D waste
stream [18]. The arising of mixed construction
and demolition waste presents a signiﬁcant problem for reuse and recycling, and this has resulted
in efforts to promote the “deconstruction” of a
structure. Deconstruction is the selective dismantling of building structures to recover the maximum amount of primarily reusable and
secondarily recyclable materials in a safe and
cost-effective manner [14].

Composition of Construction and
Demolition Waste
Within the USA, the deﬁnition of construction and
demolition waste varies from state to state,
resulting in 50 different legal meanings. The components of C&D debris also vary a great deal
depending on the type of construction and the
methods used by the construction industry. Construction debris from building sites typically consists of trim scraps of construction materials, such
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as wood, sheetrock, masonry, and rooﬁng materials. There is much less concrete in construction
debris than demolition debris; however, some construction projects produce considerable quantities
of concrete, depending on the technology used.
Debris from residential construction sites typically represents between 6% and 8% of the total
weight of the building materials delivered to the
site [34]. There is very little waste concrete to
dispose of from residential construction projects
(Fig. 2).
When buildings are demolished, large quantities of waste may be produced in a relatively short
period, depending on the demolition technique
used. On a per building basis, demolition waste
quantities may be 20 to 30 times as much as
construction debris [34]. Table 1 shows typical
contents of construction and demolition debris
by broad material types.
It should be stressed that the composition of
construction and demolition waste will vary from
location to location depending on the nature of the
building stock in a region and local traditions
concerning the use of materials for construction.

Construction and Demolition Wastes, Fig. 2 % Gross value added by construction sector
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Construction and Demolition Wastes, Table 1 Typical components of construction and demolition debris
Material components
Wood
Drywall
Metals
Plastics
Rooﬁng
Rubble
Brick
Glass
Miscellaneous

Content examples
Forming and framing lumber, stumps, plywood, laminates, scraps
Sheetrock, gypsum, plaster
Pipes, rebar, ﬂashing, steel, aluminum, copper, brass, stainless steel
Vinyl siding, doors, windows, ﬂoor tile, pipes
Asphalt and wood shingles, slate, tile, rooﬁng felt
Asphalt, concrete, cinder blocks, rock, earth
Bricks and decorative blocks
Windows, mirrors, lights
Carpeting, ﬁxtures, insulation, ceramic tile

Source: U.S. EPA

Managing Construction and Demolition
Waste
Over the past few decades, the application of
integrated waste management strategies to wastes
deriving from most industrial activities has
become the favored approach. Therefore, policies
have been adopted for collecting and reusing or
recycling C&D waste, with the goal of making the
project more sustainable (Fig. 3).
With sustainability as an objective, it is common for an integrated waste management strategy
to strive to select options at as high level as possible within the “waste management hierarchy.”
The hierarchy ranks waste management options
according to what is best for the environment. It
gives top priority to prevent waste at its source.
When waste is created, it gives priority to preparing waste for reuse, then recycling, the energy
recovery, and lastly landﬁlling [35]. Figure 4 illustrates the waste hierarchy adopted by the US EPA.
The priority of “preventing waste” refers to
source reduction or resource optimization. This
is mainly a precautionary technique aimed at minimizing the waste generated from the source
[42]. For example, this includes reducing the
amount of packaging that comes on site, using
efﬁcient packaging techniques or changing design
principles and practices.
Reuse and recycling refer to returning parts of
the waste stream to be used again for the same
purpose [42]. Reuse preserves the present structure of a material or article and does not require
additional resources for utilization. Recycling

involves separation at the source, collection, processing, marketing, and ultimately using materials
that would otherwise have been combusted with
energy recovery or disposed of in landﬁlls [35].
Composting breaks down the biodegradable fraction of waste into CO2 and water in the presence of
oxygen by microorganisms. The residue is an
organic-rich product that can be used as a soil
improver in agriculture or land reclamation
[42]. Composting can divert the biodegradable fraction of construction and demolition waste from landﬁlls and therefore will avoid/reduce the production of
uncontrolled landﬁll methane emissions (one of the
signiﬁcant greenhouse gas emissions or GHGs) and
leachate (liquid that drains from the landﬁll).
Energy recovery refers to using combustible
waste as a fuel in waste to energy power plants to
produce electricity or heat [36]. Although there is
public opposition to the incineration due to emissions to air (carbon monoxide, hydrogen ﬂuoride,
sulfur dioxide, volatile organic carbon, dioxins,
and furans, heavy metals, etc.), it can be the only
allowable disposal option for the hazardous (highly
ﬂammable, volatile, toxic, and infectious) wastes
[42]. For example, clinical (medical) waste is
banned from the landﬁlls in many countries due
to the potential health risks, and similarly, any
recycle/reuse must be done after sterilization
[5]. Hazardous materials from the construction
and demolition site such as asbestos, lead paint,
lamp ballasts (polychlorinated biphenyls (PCBs)
and non-PCB), mercury-containing equipment
(pressured gauges, ﬂow meters, heating and air
conditioning thermostats, tilt switches, drain traps
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Construction and Demolition Wastes, Fig. 3 Chemical compounds of industrial waste

Recycling of C&D Waste

Construction and Demolition Wastes, Fig. 4 Waste
management hierarchy adopted by the US EPA

in old buildings), and batteries must be labeled and
disposed according to National Environmental
Health and Safety rules [6].
Landﬁlling is the least desirable option for
waste management. As the ﬁnal choice used for
construction waste, the materials that end up in
landﬁlls could be recycled or used as fuel in WTE
power plants [20]. Developed cities throughout
the world are facing a scarcity of land for landﬁlls,
and therefore, the gate fees for landﬁlls have been
increasing and are expected to maintain the
trend [24].

The nature of recycling of waste deriving from
construction, renovation, or demolition depends
on the form in which the material is obtained.
When the C&D waste has been separated to individual material types, there is more scope for
recycling, and closed-loop recycling is likely to
be one of these options. However, where waste is
mixed, it is potentially the case that lower-value
recycling options will be the only ones available
(Fig. 5).

Processing Mixed Demolition Waste for
Recycling
The processing of concrete or mixed demolition
waste requires two basic operations – size reduction and screening – to obtain the necessary grading from particles. However, depending on the
nature of the source material, there is likely to be
a need to remove undesirable constituents to
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ensure that the product satisﬁes the required standards for end-use. Additionally, there may be
constituents present whose market value makes
separation desirable (Fig. 6).
Equipment for processing demolition is available in both mobile and static forms. In many
cases, mobile hardware is favored because processing can be carried out on-site, removing the
need for transportation to a processing center; this
is very useful when the processed material is to be
used on the site of origin. In Fig. 7, a mobile jaw
crusher is used to crush demolition waste. In many
cases, demolition waste will undergo some degree
of presorting before processing. This usually
involves the identiﬁcation and removal of large
items either for disposal or recycling.
Modular processing systems require the movement of material from one processing step to
another. This typically involves the identiﬁcation
and removal of signiﬁcant components either for
disposal or recycling. These often include steel
sections and reinforcement bars, plastic parts,
and oversized pieces of timber. After the materials

enter the process sequence, they are crushed using
impact, jaw or cone crushers [4].
After crushing, the resulting material is screened,
often using a sequence of screens, which can include
grizzly screens, ﬁnger screens, trommel screens, and
vibrating screens. A screen sequence can be
achieved either by placing ﬁlters in series or by
stacking screens in parallel, with different size fractions being directed into various process streams. By
selecting appropriate screen conﬁgurations, sorting
for shape as well as size is possible. For instance,
small objects such as metal pipes and rods can be
removed by including bar screens or similar devices
in the screening sequence.
Either before or after the screening, various
nonmineral constituents can be removed. This
may involve processes which differentiate
between organic or metallic components and mineral constituents by their physical properties.
However, it is not uncommon for hand sorting to
be carried out, where operatives identify and
remove metals, plastics, timber, and paper material passing on a conveyor.

Construction and Demolition Wastes
Construction and
Demolition Wastes,
Fig. 6 Processing mixed
demolition waste for
recycling
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Fig. 7 Construction and
demolition waste
processing source: metso.
com

The removal of ferrous metals can be achieved
through the use of magnets (either permanent or
electromagnets), which can be suspended over
conveyors or mounted in revolving drums or belt
conﬁgurations. Where signiﬁcant quantities of
nonferrous and, hence, nonmagnetic metal are
present, eddy current devices are used. These
devices expose metal particles to a changing magnetic ﬁeld, inducing eddies of electrical current
within them, which oppose the original magnetic
ﬁeld and cause the metal particles to be repelled
[25]. During the processing of construction and
demolition waste, the repulsive force is used to
drive metallic particles off a conveyor.

Recycling Mineral Waste
The use of mineral fractions derived from the
processing of construction and demolition waste
as aggregate is an obvious option. Both coarse and
ﬁne aggregates can be produced, with applications as granular ﬁll, aggregate for hydraulically
bound and unbound road base and pipe-bedding
materials.
Usually, a distinction is made between aggregate obtained from the reprocessing of only concrete waste and C&D waste containing different
mineral components. The former is typically
referred to as recycled concrete aggregate

(RCA), while the latter is recycled aggregate
(RA). This distinction is most signiﬁcant when
the recycled material is to be used in the production of concrete (Fig. 8).
RCA in Concrete
Reclaimed concrete material is recovered after
concrete production. In the USA, the annual generation of construction aggregates was close to
366 million tons in 2011 [3]. The material consists
of high-quality, well-graded aggregates (usually
mineral aggregates), bonded by a cement paste.
Reclaimed Asphalt Pavement
The recycling of reclaimed asphalt pavement
(RAP) is a well-established practice. RAP is the
term given to removed or reprocessed pavement
materials containing asphalt and aggregates.
Since asphalt surfaces are isolated from other
structures, the problem of contamination is much
less of an issue.
The process of reclamation and recycling is
relatively straightforward in comparison to other
end of life construction materials; either by planing or milling, the asphalt is collected from the
road surface. Recycling involves reducing the
particle size of RAP and introducing it into hot
or cold mix asphalt. It is estimated that around
45 million tons of RAP are produced each year in
the USA [33].
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Construction and
Demolition Wastes,
Fig. 8 Recycling concrete
aggregate

Fresh Concrete
In the past, the residue remaining in ready-mixed
concrete trucks has been managed by washing out
the mixer, settling out the stone aggregates and
discharging the remaining sludge, which consists
of water and particles of cement and ﬁnes, into
sewers [27]. This approach has gradually evolved
toward less wasteful procedures as a result of the
increasing economic burden of landﬁll disposal
and restrictions in many parts of the world on
wastewater disposal. The most obvious way in
which the mixer residue can be recycled is by
recycling both the settled aggregates and the clariﬁed water, after allowing for sedimentation.
However, a more sustainable solution is to recover
the wash water without sedimentation in the formation of new concrete mixtures.
Use in Soil Conditioning
The use of mineral constituents of construction
and demolition waste to ameliorate soils is an
application developed in recent years. The mineral fraction of mixed construction and demolition
waste typically contains relatively high levels of
soluble calcium, sulfate, and potassium [38],
which are valuable nutrients to all plants
[29]. Additionally, in “sodic” soils, where sodium
accumulation compromises soil structure in arid
environments, calcium can be used to mobilize

sodium ions ﬁxed in clays, allowing them to be
washed away [30]. Also, calcium additions can be
used to tackle problems such as subsoil acidity
and crust formation [10].
Typically, the application of calcium to soils to
realize these beneﬁts is made by using gypsum,
such as is contained in waste plaster generated in
both construction and demolition activities [41].
Gypsum
The unsustainability of disposing of construction
and demolition waste to landﬁlls has led to a compelling environmental argument for removing gypsum waste from waste streams destined for
landﬁlls [16]. This is because leaching of the calcium sulfate can present ecological problems; also,
the presence of gypsum promotes the formation of
hydrogen sulﬁde gas, which has an unpleasant
odor and can lead to health problems [19].
Recycled gypsum is most common in the form
of plasterboard (drywall) and is a component of
Portland cement; these usages of recycled gypsum
are well-established practices in many parts of the
world [37].
Glass
Infrastructure for the recycling of glass is well
established globally, and recycling of ﬂat glass
from demolition waste is relatively simple.
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Furthermore, glass recycling to the glass-melting
furnace reduces the overall energy requirement of
the manufacturing process [13].
Presently, most of the glass waste is generated
by the replacement of glazing in maintenance and
renovation activities. A new area of exploration
for recycled glass is using recycled glass for pipe
bedding. Traditionally, recycled glass is also used
as a bound material, especially in the use of
asphalt production.

Recycling of Organic Waste
Timber
There are many potential means of recycling
waste timber in the manufacture of construction
materials.
These
include
particleboard
(or chipboard), wet-processed ﬁberboard, dryprocessed ﬁberboard (MDF), oriented strand
board (OSB), and cement-bonded particleboard
[8]. Currently, only particleboard manufacture
uses signiﬁcant quantities of recycled timber.
Uses of chipped timber include animal bedding, surfacing material for bridleways, footpaths,
and children playgrounds. Additionally, chipped
timber mulches have been shown to be highly
efﬁcient, for suppressing the growth of weeds,
maintaining surface soil temperatures, and
retaining soil moisture [12].
Composting
The composting of timber and other biodegradable
components of construction and demolition waste
is also an available option. Composting involves
the aerobic digestion of biodegradable waste by
microorganisms to produce humus for agricultural
purposes. However, a signiﬁcant constituent of
timber is lignin, which is usually broken down by
microorganisms at a relatively slow rate.

Recycling Plastics
Recycling plastics can be conducted in two
ways – mechanical recycling and feedstock
recycling. Mechanical recycling refers to the
reforming of plastics into new articles. Feedstock
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recycling refers to recycled plastics that are turned
into valuable chemical building blocks that can
then be used in various applications [23].
One possible use of recycled plastics is in
asphalt mixtures. The concept has been demonstrated to be feasible. Most research into this area
has concentrated on polyethylene, which has been
shown to enhance stability to degradation
resulting from water exposure.
Plastics derived from construction and demolition waste are most commonly encountered in
mixed form. Recycling such materials presents
problems, mainly as a result of the immiscibility
of different polymers. This immiscibility leads to
a lack of homogeneity in the melt ultimately yielding poor mechanical properties.
Despite this, there are successes in the extrusion of articles using blends of incompatible polymers at temperatures at which one polymer melts
and the other remains solid, but above the glass
transition temperature [28].
Since the 2000s, there have been signiﬁcant
advances in the development of infrared spectrometers capable of rapidly distinguishing between
different types of plastics. This has, in turn, led to
the appearance of a wide range of plastics separation systems in the market. Such devices can identify the constituent polymer in individual plastic
pieces as they pass by a spectrometer on a conveyor belt. Articles can be accepted or rejected
through the application of an air blast. Such systems are highly efﬁcient when dealing with packaging waste in municipal waste streams [44].

Recycling Metallic Waste
A study of the economics of recycling metals from
C&D waste has concluded that only the recycling
of ferrous and nonferrous metals are currently
viable economically [17]. This is partly due to
the two metals being easily removed from the
waste stream by magnetic and eddy current separators, respectively. The beneﬁts of recycling
metals, from a sustainability perspective, are signiﬁcant since recycling requires considerably less
energy than the production of virgin metal
from ore.
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Energy Recovery

Pyrolysis

After all possible recycling has been done, the postrecycling fraction of C&D waste can be used as
fuel in waste to energy (WTE) power plants. The
organic portion of construction and demolition
waste is combustible, and the generation of heat
and power from the combustion of wood, plastics,
and paper is a viable means of disposal which is
more environmentally friendly than landﬁlling [1].
Combustion is carried out in combined heat
and power mechanical thermal treatment facilities, where heat is used both to generate electricity
through a steam turbine and also to heat water for
local homes and industries. The caloriﬁc value of
plastic is relatively high, with higher heating
values for construction plastics varying between
18 and 47 MJ/kg (Table 2; [42]). This compares
favorably with many conventional oil-derived
fuels such as fuel oil whose heating value is
around 46 MJ/kg.
Separation of the organic fraction from the
noncombustible materials (metals, concrete,
gyproc, etc.) is essential since the speciﬁc heat
capacities of much noncombustible construction
and demolition waste constituents are relatively
high, meaning that thermal efﬁciency is decreased
by using mixed waste.
The energy recovery process in WTE plants is
discussed extensively in several essays of this
section of the Encyclopedia.

Pyrolysis is the thermal decomposition of organic
substances in the absence of oxygen. Temperatures between 350  C and 900  C are required to
effect decomposition [21], although temperatures
at the lower end of this range are more typical. The
products of pyrolysis of polymers are smaller
molecules (in both gas and liquid form) deriving
from the decomposition of polymer chains and a
certain amount of carbon-rich residue (char).
In the case of processed demolition waste, it is
often the case that plastics and timber waste are
sorted out together, due to their similar density.
Co-pyrolysis of timber and plastics is an option,
although it has advantages and disadvantages
[39]. Co-pyrolysis of timber, which contains a
signiﬁcant amount of oxygen, with mixed plastics
typically decreases the yield of liquid hydrocarbons, relative to the products obtained from plastics alone, and promotes a shift to a gas richer in
CO2 and CO [22].
Another technique for extracting fuels from
organic wastes is gasiﬁcation, which involves
heating wastes in the presence of oxygen and
steam. Co-gasiﬁcation of plastics and wood
(conducted in combination with coal, which
assists in stabilizing the process) has been examined, with the conclusion that where utilization as
fuel is the overall aim, high temperatures are
required, compromising efﬁciency.

Construction and Demolition Wastes, Table 2 Combustion and Gasiﬁcation Properties of Plastics Particles
LDPE
HDPE
HDPE printed
PP
PP white
PS white
PVC
Coal
Peal
Wood

Volatiles
99.9
99.9
97.4
99.9
97.8
97.0
92.3
28.3
72.1
85.8

Source: Zevenhoven et al. [43]

Ash
<0.05
<0.05
2.33
<0.05
2.21
2.89
<0.05
18.4
2.35
0.45

Cnx

0.34

7.5
47.9
23.2
12.6

Moisture
0.10
0.15
0.21
0.13
0.10
0.11
0.18
2.35
27.9
6.15

HHV (MJ/kg)
460
43.1
41.9
46.5
46.7
40.6
21.2
26.2
24.1
19.1
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Environmental Hazards of Construction
and Demolition Waste
Despite the environmental beneﬁts of recycling construction and demolition waste, the composition of
such material can potentially present hazards to both
human health and the environment. Key concerns
include dust, asbestos, and the leaching of constituents into the surrounding environment.
Dust
Construction and demolition can have the effect of
raising atmospheric particulate levels, which
threaten public health [15], and links between airborne demolition particulates and exacerbation of
conditions such as asthma have been established
[9]. Hence, demolition waste processing facilities
employing air classiﬁcation will often control particulate emissions downstream using pollution
control devices such as cyclones [4].
Asbestos
Asbestos was used in construction in cements, plasters, boards, and reinforcement in plastic components, such as ﬂooring tiles, principally for its
good resistance to heat and chemical attack. Relatively soon after asbestos use started on a large scale,
respiratory health problems in people working with
the material began to be identiﬁed. Inhalation of
ﬁbers of asbestos leads to asbestosis as well as
various forms of cancer. The brown and blue
forms of asbestos are the most hazardous, although
all forms are now known to be harmful to health [6].
Asbestos in construction is now prohibited in
many parts of the world. However, many still have
asbestos material in them, especially buildings
built before the 1980s. Demolition of structures
containing asbestos presents a risk of releasing
this substance into the environment. Thus, in
many countries, it is a legal requirement that asbestos is removed from structure before demolition.
Leaching
Most research carried out into the leaching of
chemical constituents from construction and
demolition waste has concentrated on leaching
occurring in landﬁlls. However, much of the general ﬁndings can be applied to situations in which
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the material is employed in an application, with
the qualiﬁcation that the chemical conditions
within landﬁll may differ considerably from
elsewhere.
While the majority of inorganic ions typically
found to leach from construction and demolition
waste are not toxic, their concentrations in leachate can be of such a magnitude as to exceed
regulatory drinking water limits [32]. The types
of trace metal found to leach from construction
and demolition waste are very much dependent on
the type of material present. Trace metals found in
leachate from construction and demolition waste
have included arsenic, barium, cadmium, chromium, copper, lead, nickel, and zinc [32]. Of
these, arsenic, chromium, and lead are of most
signiﬁcant concern due to their toxicity [2].
Much of the arsenic and chromium derives
from waste timber, which has been treated with
CCA wood preservative [32]. Of the two elements, the enormous hazard is usually considered
to be presented by arsenic because it is more toxic.
The leaching of organic compounds has been
examined in research aimed at establishing potential risks presented by ﬁnes from processed construction and demolition waste [16]. The
conclusion drawn from this work is that, while
organic compounds are detected in leachate from
such wastes (deriving from sources such as
asphalt, paints, varnishes, and fuel), they are typically found well below regulatory limits.
Wastewater
Where wet processes are used during the processing of construction and demolition waste,
appropriate measures need to be taken to ensure
that wastewater is disposed of correctly and in a
form which is compatible with local environmental requirements. Most commonly, the use of settlement tanks and ﬁlters is employed to ensure
particulate levels in wastewater are reduced to
acceptable levels.

Evaluating Impacts
Sustainable management of construction and
demolition wastes using the waste hierarchy, as a
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general guide, is mostly a sound approach. However, it should be stressed that there are likely to be
exceptions to this. An excellent example of such a
grey area is the production of RA and RCA.
The processing of demolition waste to produce
RCA and RA involves operations not dissimilar to
the production of virgin crushed rock aggregate. For
this reason, the embodied energy of the material is
likely to be only slightly less than that of virgin
aggregate, with any energy advantage coming
from the potential reduction in transportation distances (mainly if the aggregate can be used on the
site on which it is being processed). Since emission
rates of pollution from such processing are likely to
closely correlate with embodied energy, these will
also be close to that of virgin aggregate.
Where the sustainability of a waste management option is in question, it is apparently of great
value to analyze the environmental impact of
using construction and demolition waste in a particular application against an equivalent product
derived from virgin material. A useful tool in
carrying out such an analysis is environmental
life-cycle assessment (LCA), which is a systematic methodology for compiling an inventory of
the inputs (resources and energy) and outputs
(pollution and waste) associated with the unit
processes that make up the entire life cycle of a
material and then assigning quantitative measures
of environmental impact to each of these.
This type of analysis can also be extremely
useful in making larger-scale decisions about
waste management strategies for construction
and demolition waste. A study carried out in Sweden examined two scenarios – one in which the
maximum level of recycling of construction and
demolition waste was achieved, and one in which
the maximum level of reuse was achieved
[31]. Recycling, in this case, included combustion
of certain materials with the recovery of energy.
The beneﬁts of the two different approaches were
measured in terms of the mineral resources and
energy saved. The primary energy savings from
both scenarios were in the recycling or reuse of
metals and masonry, and the combustion or reuse
of timber. The most signiﬁcant conservation of
mineral resource in both cases was gravel. The
study also examined projected future scenarios,
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potentially providing useful information to those
making planning decisions.
It should be stressed that levels of resource use
and environmental impact will not be the only
factors which decide the extent to which an option
for utilizing construction and demolition waste is
sustainable. As well as the need for utilization
options to have reduced embodied the energy
and associated pollution emissions when compared to a conventional product, the processing
requirements must have a lower cost, and the
material must have at least an equal market value
[40]. Moreover, consideration of the renewability
of the primary resource from which a product is
derived should also be given attention. For
instance, taking into account renewability, the
ﬁnite nature of metal ores in the Earth means
that there is potentially a stronger argument for
recycling metals than for recycling timber deriving from well-managed sources.

Future Directions
The drivers for growth in the recycling and reuse
of construction and demolition waste include scarcity of landﬁll space, legislation, and taxation. It is
likely that these incentives toward more sustainable approaches to managing this material will
increase in the future, with additional pressures
potentially coming from increasing energy process and resource scarcity – particularly for metals
and polymers.
Another future development is likely to be the
placing of greater emphasis on “producer responsibility” in the ﬁeld of construction and demolition waste. The philosophy behind producer
responsibility is essentially an extension of the
“polluter pays” principle – the responsibility for
managing waste is placed with the sector which
produces it. In Europe, one way in which this is
achieved is by requiring waste producers in speciﬁc industries to satisfy quotas for the collection
and processing of waste for recycling or reuse.
This is frequently carried out by other parties
who are able to sell credits to the industry, which
contribute toward satisfying the quota. However,
this is by no means the only way in which
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producer responsibility can be implemented. For
instance, by placing taxation on a product, which
reﬂects the cost of disposal, an incentive for waste
reduction is created for the producer.
These increasing demands for sustainable
management of construction and demolition
waste are likely to have two major inﬂuences on
the future direction of development in this area – a
drive toward more appropriate use of waste materials and increased emphasis on deconstruction
over demolition. Currently, much of the material
deriving from the processing of demolition waste
is being employed at its lowest engineering
value – as a general ﬁll material where the main
property being utilized is merely the material’s
volume. Application of sustainable philosophies
and the increasing economic burdens placed on
those responsible for using construction and
demolition waste are both likely to drive management strategies to higher levels of the waste hierarchy. This would mean materials being elevated
to their most appropriate point on the waste hierarchy where their performance as a recycled or
reused item is comparable to that of a conventional product at comparable or lesser cost.
The key to obtaining the most substantial
amount of value from a waste material, in both
engineering and economic terms, lies in efﬁcient
separation. For this reason, it is highly likely that
future developments will include shifts toward
both deconstruction and design of structures
with deconstruction in mind. It is also expected
to mean a growth in infrastructure for the collection and processing of individual construction and
demolition waste components and further development of technologies for separation.
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Glossary
AF Alternative fuels that can be used in the
cement production. These include waste materials with high caloriﬁc value and relatively
low chlorine content
MBT Mechanical and biological treatment
where mixed MSW is separated to recyclables,
compostables, and RDF
MRF Material recovery facilities
MSW Municipal solid waste
RDF/SRF Combustibles separated at MRF or
MBT plants; they are used as fuel, either in
WTE power plants or alternative fuel in cement
kilns
WTE Waste to energy

Municipal solid waste (MSW) contains high caloriﬁc value materials, such as non-recycled plastics and paper, which may be sorted out at material
recovery facilities and used as alternative fuels
(AF) in the cement industry. This is associated
with multiple economic and environmental beneﬁts. The objective of this chapter is to assess the
environmental and economic aspects of the use of
AF derived from MSW in the cement industry.
The evaluation is discussed by including two case
studies from cement plants that use AF in Plant
1 (annual capacity 2.5 million short tonnes) in the
USA and Plant 2 (annual capacity 7.6 million
tonnes) in Mexico.

Introduction
The cement industry is one of the largest in the
world, and, typically, about 3–5 MJ of thermal
energy is used to dry, decompose, and sinter the
carbonate minerals to produce one kg of “clinker”
that is then ground to cement powder. Worldwide,
coal is the predominant fuel burned in cement
kilns. Global energy- and process-related carbon
dioxide (CO2) emissions from cement
manufacturing are estimated to be about 5% of
global CO2 emissions. The alternative fuels used
in cement industry include non-recycled plastics
and paper, refuse-derived fuel (RDF), scrap carpet, scrap tires, automobile shredder residue, biosolids, waste oil, and waste solvents.
Figure 1 shows the kinds of fossil and alternative fuels used by the US cement industry, in the
period 1993–2014, expressed as a percent share of
fuels in the total energy consumption.
In the USA, the use of AF (tires, refuse-derived
fuel (RDF), wood, liquid wastes, etc.) in the
cement industry increased from 8.7 to 18.9% of
the total energy consumption. The AF used are
divided into three big categories: tires, other solid
waste, and liquid waste. Both “other solid waste”

# Springer Science+Business Media LLC, part of Springer Nature 2019
N. J. Themelis, A. C. (Thanos) Bourtsalas (eds.), Recovery of Materials and Energy from Urban Wastes,
https://doi.org/10.1007/978-1-4939-7850-2_1046
Originally published in
R. A. Meyers (ed.), Encyclopedia of Sustainability Science and Technology, # Springer Science+Business Media LLC 2017
https://doi.org/10.1007/978-1-4939-2493-6_1046-1

141

142

WTE: Non-recycled Combustible Wastes in Cement Production

WTE: Non-recycled Combustible Wastes in Cement Production, Fig. 1 Energy use by different fuels in US cement
industry, 1993–2014 [1]

and “liquid waste” may include several materials,
and their LHV varies widely. The use of “other
solid wastes” in the US cement industry increased
from 90,000 tonnes in 1993 to 1.3 million tonnes
in 2014 which, at an assumed LHV of 18 MJ/kg,
represented about 39.4% of the AF energy used in
cement production (7.4% of the total fuel used).
The liquid waste, with an assumed LHV of
15 MJ/kg, contributed to about 39.6% of the AF
energy used in cement manufacturing (7.5% of the
total), and tires, with a LHV of 32.6 MJ/kg, contributed at about 21.1% to the AF energy produced for cement production (3.9% of the total).
The use of coal, with LHVof 26.3 MJ/kg, dramatically decreased from 82.8% in 1993 to 56.7% in
2014 of the total energy used in the US cement
industry. The contribution of petcoke (34 MJ/kg)
to the total energy used was slightly increased
from 14.1% in 1995 to 17.1% in 2014; however,
there is an observed tendency of the cement industry to move away from the use of fossil fuels and

use AF, with “other solid waste” fuels use steadily
indicating a steady increase since 1993 [1].
The AF is typically produced either in material
recovery facilities (MRF), where the feedstock is
the recycling stream collected by communities, or
in mechanical biological treatment (MBT) plants,
where the feedstock is the total mixed MSW
stream. The use of waste materials in cement
plants has increased in recent years. In 2012,
over two thirds of the nearly 270 cement plants
in the European Union used some alternative
fuels. The average use of AF was about 30% of
the total thermal energy, with the highest levels of
62% in Germany, 63% in Austria, and 83% in The
Netherlands (Fig. 2) [2].

The Cement Production Process
Cement is produced from a mixture of primarily
limestone and clay-based materials. Limestone is
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WTE: Non-recycled
Combustible Wastes in
Cement Production,
Fig. 2 Replacement ratios
of fossil fuels with
alternative fuels (AF) in the
European countries. The
average for EU-27 is
30.5% [2]

naturally occurring in the Earth’s crust and is generally a form of calcium carbonate (CaCO3). Clay
is found in soil and consists of minerals, such as
quartz and calcite, and metal oxides. Cement is
produced in a three-stage process. In the ﬁrst
stage, the mined raw materials, such as limestone,
shale, and clay, are crushed and mixed in set proportions to achieve the desired composition of the
ﬁnal cement product. This mixture is ground to a
ﬁne powder which is called “raw meal” and is the
feedstock to the second stage of cement production, in which the raw meal ﬂows by gravity
through a preheater, calciner, and rotary kiln
(Fig. 3). Originally, the entire drying, calcination,
and clinkering process took place in the kiln which
could be as long as 230 m in length; modern plants
are equipped with preheaters and precalciners, and
the kilns are up to 65 m in length and 6 m in
diameter, depending on the plant capacity.
Cement kilns are oriented at a slight incline so
that material entering at the feed end is slowly
transported through the kiln to the lower discharge
end. Fuel is introduced into the discharge end, so
there is a counterﬂow of solids and combustion gas;
however, some fuel, e.g., used tires, can be introduced at the feed end. The fuel is injected through
specially designed ports to ensure good mixing with
air and stable combustion. The principal chemical
reaction is the decomposition of calcium carbonate
(CaCO3) at about 900  C to calcium oxide (CaO)

and carbon dioxide (CO2) gas; this is followed by
the clinkering (sintering) stage in which the calcium
oxide reacts at a high temperature (typically
1,400–1,500  C) with silica, alumina, and ferrous
oxide to form calcium silicates, aluminates, and
ferrites. The hot clinker discharged from the cement
kiln is then transferred to a cooler where it is cooled
with air. In the third and ﬁnal stage, the clinker is
mixed with gypsum and other materials, such as
blast furnace slag or coal ﬂy ash, and the mixture
is ground into a ﬁne homogeneous powder that is
stored in silos.
Approximately 40% of the total CO2 emissions
from cement production are due to the combustion
of fuels. Another 50% is associated with the chemical processes from the cement manufacturing and
10% from electricity use and transport [2, 3]. The
focus of R&D in the cement industry is to increase
productivity, reduce energy consumption, and minimize emissions to the atmosphere. In the 1970s,
preheaters and calciners were introduced ahead of
the cement kiln to increase energy efﬁciency and
clinker production for a given kiln size (Fig. 2).
Calciners are now commonly used in most cement
plants. Raw meal enters at the top of the preheater
where it is heated by the upward ﬂow of gas. The
preheated solids then ﬂow into the calciner; at the
bottom of which, burners increase the temperature
of the upward ﬂow of kiln gas. The heat in the gas
ﬂow decomposes most of the calcium carbonate in
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the descending solids so that by the time they
enter the rotary kiln, the loss of ignition (LOI) is
in the range of 30–35%. It has been estimated that
up to 60% of the total fuel used in the cement
production process is combusted in the calciner.
The remaining calcination takes place in the rotary
kiln, along with sintering and clinker production.
Figure 3 shows the ﬂow of solids and gases
through the entire cement production process.
Chemical Reactions in the Cement Production
Process
Dehydration, calcination, solid-state reaction, and
clinkering are the four major reaction zones across
the length of a cement kiln. These zones and the
corresponding temperature ranges are shown in
Table 1.

The combustion of the fuels provides the heat
needed to dry, decompose, and sinter the raw materials introduced to the cement production process.
The introduction of calciner to kiln system
decreases the heat demand of cement production
in some degree. The decrease in heat demand is
mainly from the decreased heat loss by heat radiation. In the calciner kiln system, the length of
rotary kiln is shortened and the surface area of the
rotary kiln decreases. Consequently, the heat loss
by rotary kiln’s heat radiation decreases.
The heat for calcining and clinkering is the
largest heat output (about 50% of the total heat
input), followed by the sensible heat of preheater
exhaust gas (about 20% of the total heat input) and
the sensible heat of cooler exhaust gas (about 14%
of the total heat input).
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cement production process
Reaction
stage
Drying
Calcination

Temperature
( C)
<450
450–900

Solid-state
reaction
Clinkering

900–1,300
1,300–1,550

Chemical
reaction
Phase change
CaCO3 (s) !
CO2 (g) + CaO(s)
CaO(s) + Si(s) !
C2S(s)
Alite (C2S) +
CaO ! C3S

Description
Evaporation of moisture from raw meal
Thermal decomposition of raw calcium carbonate (no melting)
Formation of dicalcium silicate (C2S), formation of intermediate
ﬂuxing agents (primarily calcium aluminates and calcium ferrites)
Melting of ﬂuxing agents, sintering, formation of alite (C3S)

Case Study: AF Use in Plant 1
This case study refers to US Plant 1 of annual
production capacity of 2.5 million short tonnes
of cement. The kiln system, air pollution control
(APC) system, EF production process, and AF use
in Plant 1 are described below.
Kiln System
There are two kilns in the Plant 1, denoted by Kiln
1 and Kiln 2. Kiln 1 is a Polysius kiln (diameter
4.6 m, length 74 m, and three-pier support). This
kiln system has neither a formal calciner nor a
tertiary air duct. It is just a riser duct where secondary burning takes place.
Kiln 2 is a PYRORAPID rotary kiln (diameter
4.6 m, length 54 m, two-pier support) built in
2007–2008 and equipped with ﬁve-stage preheater, PYROCLON low-NOx calciner burners,
tertiary air duct, and a multi-fuel PYRO-JET
burner. The calciner is designed for a long retention time to ensure that alternative fuels are effectively combusted and that CO and VOC emissions
are kept to the minimum.

Air Pollution Control (APC) System
The air pollution control (APC) system of Plant
1 includes low NOx main burner and calciner,
selective non-catalytic reduction (SNCR; ammonia injection) for low NOx, and fabric ﬁlter baghouse for particulate matter (PM) control. A long
retention time is provided in the calciner to ensure
full combustion of the fuels used and limit CO and
VOC emissions to the minimum.

Description of the Process to Produce
Engineered Fuel (EF)
The EF is provided to the cement plant by a material
recovery facility in the same geographic area. In
general, the process used in such facilities consists
of sorting out marketable paper, plastic, metal, and
glass. The residue consists primarily of nonrecycled plastics (NRP) and paper ﬁber. It is shredded and transported to the cement plant in trucks. At
an earlier time, this shredded material was extruded
into a rodlike form, in order to increase its density
and thus reduce transportation cost. A typical ﬂow
diagram of the EF process is shown in Fig. 4.
AF Use in Cement Production
The most common AFs used in Plant 1 are
engineered fuel (EF), wood, tires, and pecan shells.
Other AFs include peanut shell, rice husk, dry
sewage sludge, and animal meal. There are proper
handling and dosing systems for each type of AF,
in order to provide the plant with a stable feed.
Plant 1 has been increasing its use of AF with
time. For example, in April, 2013, both kiln systems set an overall monthly record with of 38.9%
of the energy supplied by AF vs. the old record of
37.8%. Also, in February 2013, Kiln system 2 set
a new monthly record of EF use by reaching
53.5%. The compositions of AF burnt in Kiln
system 2, in February and April 2013, are shown
in Table 2. It can be seen that the new record was
principally due to the increased use of EF.
AF Combusted in Plant 1, January–September
2013

The fuels used in Plant 1 from January to
September 2013 are shown in Table 3. The
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corresponding energy inputs were calculated
assuming the following LHV for the different
types of AF used.
The thermal energy contributions of the various
fuels used during this period are shown in Table 4.
The percent contribution of each AF to the total
energy used in Plant 1, during January–September
2013, is plotted in Fig. 5.
Figure 5 shows that the principal alternative
fuel was EF, followed by tires.

Coarse

Magnet,ECS, PVC
removal

PVC

E

Two obvious differences exist between the use of
AF in Plant 1 and in the overall US cement industry. Firstly, the overall cement industry uses liquid
AF, whereas Plant 1 uses only solid AF.
Another ﬁnding is that the Plant 1 is much
ahead of the overall US cement industry with
regard to the use of alternative fuels. In 2013, the
AF substitution rate in the US cement industry
was about 23%, while Plant 1 achieved 33.7% in
the period January–September, 2013.

Metals
Remainder

Case Study: Analysis of Plant 2 Emissions
E

In this part of the study, a comparison was made of
the emissions of Plant 2 in a period when only
petroleum coke was used with a subsequent
period where alternative fuels were also used.

Secondary fraction
EF
E

WTE: Non-recycled Combustible Wastes in Cement
Production, Fig. 4 Production process of EF, which
consists of non-recycled plastics and paper ﬁber (NRPP),
used at Balcones plant. The input waste to the material
recovery facility (MRF) for the recovery of EF-NRPP is
commercial and industrial waste (C&I)

Clinker Production
Clinker production data of Kiln 1, when only
petcoke was used, was compiled. Eight groups
of daily data from year 2008 to 2010 were provided by the cement plant. The data included
clinker production, amount of petcoke used,

WTE: Non-recycled Combustible Wastes in Cement Production, Table 2 Composition of AF burnt in Kiln 2,
Plant 1
Kiln 2
Feb-13
Apr-13

Eng. fuel (%)
15.2
19.6

Wood (%)
18.3
18.5

Tires (%)
12.2
12.8

Bottom ash (%)
2.3
1.9

Pecan shells (%)
0.6
0.7

Others (%)
0.1
0.0

Total (%)
48.7
53.5

WTE: Non-recycled Combustible Wastes in Cement Production
WTE: Non-recycled Combustible Wastes in Cement
Production, Table 3 Assumed LHV of fuels used in
Plant 1 from January to September 2013
Fuel
EF
Wood
Pecan shells
Tire ﬂuff
Bottom ash

LHV (MJ/kg)
17.8
12
14
20
0

and heat input per day. Calculations were made
that included petcoke heating value, petcoke
used for clinker production, and heat used for
clinker production. The original data and calculation results are shown in Table 5. The last row
of Table 5 shows the average value for each
column.
Table 5 leads to several important conclusions:
(a) Clinker production is very steady from day to
day (about 7,200 tonnes/day or 300 tonnes/h).
(b) Calculated heating value of petcoke is very
stable (around 34 MJ/kg).
(c) Petcoke use for clinker production is very
steady, about 95 kg/tonne, corresponding to
3.24 MJ/kg.
(d) Plant 2, with heat input of 5,571,204 Mcal/day,
is calculated to have a thermal input of
5,571,204*4.18/24 MJ/h = 970,318 MJ/h =
970,318/3,600 MW = 270 MWh,th/
h = 270 MW,th.
US and EU Emission Standards for Cement
Kilns
To control emissions from cement production,
there are different regulations in different countries. The EU standards for cement kiln
co-incinerating AF and also the US standards for
cement plants are shown in Tables 6 and 7, respectively. The original EU standards are based on
10% O2; in the last column of Table 6, these
standards are converted to 7% O2, for comparison
with the US standards of Table 7.
In the EU standards, the emission limits are
usually on mg/m3. In the US standards, the emission limits are based on lb/tonne clinker, with
regard to PM, Hg, NOx, and SO2. To make the
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comparison possible, it is necessary to know the
volume of exhaust gas generated per tonne of
clinker.

Emission Data
Plant 2 emission data using only petcoke is shown
in Table 8. The emission data were collected at
different times, in 2008, 2009, and 2010. The
units used are kg/h for PM and mg/m3 for SO2,
NOx, and CO.
Plant 2 emission data when 15.9 and 16.5% of
the thermal energy was supplied by AF, for the
days of August 8 and 9, 2012, respectively. The
original data is based on 7% O2 and at 25  C,
1 atm (cnbs = dry basis at 25  C, 1 atm), and was
converted to 7% O2 and at standard temperature
and pressure (STP) basis. The recorded emissions
are shown in Table 9.
A comparison was made of the emission data
when only petcoke was used with the period when
AF was also used. The results are shown in
Table 10.
From Tables 9 and 10, the following conclusions can be made:
1. Table 10 shows that the emission values,
except for dioxin, when AF is also used are
relatively lower than the emission values when
only pet coke is used. For example, when only
petcoke is used, PM emission is in the range of
36.66–12.39 mg/m3, while when AF is also
used, PM emission is in the range of
1.41–2.04 mg/m3. It is very likely that this
large reduction is due to improvements made
in the air pollution control system of Plant
2 between 2010 and 2012 when alternative
fuels were used in place of some of the
petcoke.
2. Comparison of the emission data obtained
when AF was used with the EU standards for
“kilns co-incinerating waste” of EU standard
shows that SO2, NOx, Hg, and D/F comply
with EU standard. In particular, the three emissions that effectively led to the MACT regulation, mercury, cadmium, and dioxins/furans,
are all orders of magnitude lower than the EU
standards.

Pet coke
Nat gas
Total conv. fuels
EF
Tires
Wood
Pecan
Tire ﬂuff
BA
Total AF
Total fuels

February
187,989
64,840
252,829
53,060
74,269
42,087
2,787

0
172,203
425,032

January
392,515
65,375
457,889
36,069
109,892
44,815
0

0
190,775
648,665

0
212,526
583,259

March
332,273
38,461
370,733
51,620
110,366
49,102
1,438
0
228,865
590,474

April
345,440
16,168
361,608
60,391
115,700
50,280
2,495
0
155,573
498,023

May
302,229
40,220
342,450
50,568
87,813
17,193
0
0
143,990
446,982

June
265,324
37,669
302,992
44,451
85,649
12,044
1,845
0
186,934
593,150

July
373,289
32,927
406,216
60,860
99,845
25,135
1,095

August
319,693
60,526
380,219
50,973
91,013
34,364
2,749
1,127
0
180,226
560,445

September
364,975
31,965
396,939
37,267
105,328
39,742
3,220
4,055
0
189,611
586,550

WTE: Non-recycled Combustible Wastes in Cement Production, Table 4 Energy consumption of Plant 1, January–September, 2013 (in GJ)
January–September
2,883,725
388,150
3,271,876
445,259
879,874
314,760
15,629
5,182
0
1,660,704
4,932,580
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WTE: Non-recycled Combustible Wastes in Cement Production, Fig. 5 Total AF combusted in Balcones,
January–December, 2013

WTE: Non-recycled Combustible Wastes in Cement Production, Table 5 Clinker production when only petcoke is
used (Plant 2, Kiln 1)

Date
4-Sep-08
5-Sep-08
10-Sep-08
20-Jul-09
21-Jul-09
16-Jul-10
13-Jul-10
15-Jul-10
Average value

Clinker
production
(tonnes/day)
7,213
7,210
7,150
7,117
7,161
7,208
7,210
7,205
7,184

Petcoke
used
(tonnes/day)
684
681
678
670
674
682
682
681
679

Reported
heat input
(Mcal/
day)
559,5120
5,572,190
5,547,643
5,525,893
5,558,884
5,593,400
5,592,351
5,584,151
5,571,204

LCA Study and Calculation of
Greenhouse Gas Effects of Using NonRecycled Paper and Plastics
The emissions of CO2 by the US cement industry in 2013 were calculated to be about

Calculated
petcoke
heating value
(MJ/kg)
34.19
34.20
34.20
34.47
34.47
34.28
34.28
34.28
34.30

Petcoke used
for clinker
production
(kg/tonne)
94.83
94.45
94.83
94.14
94.12
94.62
94.59
94.52
94.51

Calculated heat
used for clinker
production
(MJ/kg)
3.24
3.23
3.24
3.25
3.24
3.24
3.24
3.24
3.24

60.7 million tonnes, i.e., 0.87 tonnes of CO2
per tonne of clinker produced [1]. Table 3
compares the US MSW and cellulose (paper
ﬁber) compositions. The molecular weight and
the heat of formation of the various compounds
were obtained from HSC 9.1 software.
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WTE: Non-recycled Combustible Wastes in Cement Production, Table 6 EU standards for cement kiln
co-combusting AF
Pollutants (mg/Nm3)
PM
HCl
HF
NOx
Cd + Tl
Hg
Sb + As + Pb + Cr + Co + Cu + Mn + Ni + V
D/F (ng/Nm3)
SO2
TOC
a

Original standard 10% O2
30
10
1
500
0.05
0.05
0.5
0.1
50
10

Standard after conversiona, 7% O2
38.19
12.73
1.273
636.5
0.06365
0.06365
0.6365
0.1273
63.65
12.73

Conversion from 10% O2 to 7% O2: c7%O2 = 1.27*c10%O2

WTE: Non-recycled Combustible Wastes in Cement Production, Table 7 US standards for stack gas of cement
plants
Pollutants
PM
D/F
Mercury
THC
HCl
NOx
SO2

Unit
lb/tonne clinker
ng TEQ/dscm
lb/million tonnes clinker
ppmvd
ppmvd
lb/tonne clinker
lb/tonne clinker

WTE: Non-recycled Combustible Wastes in Cement
Production, Table 8 Plant 2 emission data using only
petcoke fuel
PM (kg/h)
SO2 (mg/m3)
NOx (mg/m3)
CO (mg/m3)

2008
7.42

2009
3.99

2010
4.57

857.55
151.8

830.39
237.59

696.5
546

The corresponding chemical structure of the ﬁrst
three materials was calculated using the atomic
composition of each material [4]. The most biogenic material, poplar wood, contains 4.2 atoms
of oxygen for every six atoms of carbon, while the
highest fossil-based material, TDF, contains very
little oxygen.
The combustion of the NRPP fraction is associated with the following reaction:

Existing kilns
0.07
0.2
55
24
3

New kilns
0.02
0.2
21
24
3
1.5
0.4

C6 H11:7 O2:7 þ 7:57 O2 ! 6 CO2 þ 5:85 H2 O
which is a highly exothermic reaction with 23.8 MJ
of energy released/kg of fuel, which is higher than
the calculated value of MSW, 17.9 MJ/kg, as attenuated. However, the reported heating value of the
NRPP used at the Balcones plant was
17.5 MJ/kg. The losses are mainly associated with
the moisture and the impurities contained in the
NRPP fraction.
The CO2 emissions were calculated by the above
chemical equation, which gives 1.93 kg of CO2 per
kg of NRPP. MSW combustion is associated with
1.68 kg of CO2 and tires with 3.10 kg of CO2 per kg
of fuel, as presented in Table 11. Also, the combustion of petcoke is associated with 3.56 kg of CO2 per
kg of petcoke combusted, as a result of the signiﬁcant higher amount of carbon contained in petcoke
compared to NRPP/RDF, MSW, and other waste
fuels, except for waste tires.

WTE: Non-recycled Combustible Wastes in Cement Production
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WTE: Non-recycled Combustible Wastes in Cement Production, Table 9 Plant 2 emission data when using
petcoke and AF

PMb
SO2
NOx
CO
HCt
Sb, As,
Mn, Ni,
Se
Cr, Pb, Zn
Cd
Hg
PCDD/F

Original data
Stack 2, 15.9%
AF 8-Aug-12
1.222
8.63
297.1
388.9
51.86
0.0147

Stack 1, 16.50%
AF 9-Aug-12
0.842
7.79
242.7
325.4
43.39
<0.0037269

0.00981
<0.000002
<0.000012
0.00701

0.00538
0.0000067
<0.000010
<0.00003

Unit (7%
O2 cnbs)
kg/h
mg/m3
mg/m3
mg/m3
mg/m3
mg/m3

Data after conversiona
Stack 1, 16.50%
Stack 2, 15.9%
AF 9-Aug-12
AF 8-Aug-12
2.04
1.41
9.41
8.49
324
265
424
355
56.53
47.30
0.016023
<0.00407

Unit (7%
O2 STP)
mg/Nm3
mg/Nm3
mg/Nm3
mg/m3
mg/m3
mg/m3

mg/m3
mg/m3
mg/m3
ng/m3

0.0106929
<0.0000022
<0.000014
0.0076409

mg/m3
mg/m3
mg/m3
ng/m3

0.0058642
0.000007303
<0.000011
<0.000033

The conversion of emission values from 7% O2 cnbs to 7% O2 STP: EmissionSTP = 1.09 Emissioncnbs
The conversion of PM emission from kg/h to mg/Nm3: 1 kg/h = 1.67 mg/m3. This is based on the assumptions of
2,000 Nm3 exhaust gas/tonne of clinker and the calculated production rate of 300 tonne of clinker/hour
a

b

WTE: Non-recycled Combustible Wastes in Cement Production, Table 10 Plant 2 emission data

PM (mg/m3)
SO2 (mg/m3)
NOx (mg/m3)
CO (mg/m3)
Hg (mg/m3)
Cd (mg/m3)
PCDD/F (ng/m3)

Petcoke only, stacks 1 and 2
2008
2009
12.39
6.66
NA
NA
857.55
830.39
151.8
237.59
NA
NA
NA
NA

2010
7.63
NA
696.5
546
NA
0.0007
0.0005

The general methodology used for the Life
Cycle Assessment (LCA) is Eco-indicators 99
that uses the SimaPro database. Four different
scenarios were considered to determine the carbon
dioxide emissions of using NRPP in place of coal
in the cement production process:
– Scenario 1 (best case): 75% of the thermal
energy is derived from NRPP and 25%
from coal.
– Scenario 2: 50% of the energy is derived from
NRPP and 50% from coal.
– Scenario 3: 25% of the energy is derived from
NRPP and 75% from coal.

AF co-combustion
Stack 2, 8-Aug-12
2.04
8.63
297.1
388.9
<0.000012
<0.0000022
0.0076409

Stack 1, 9-Aug-12
1.41
7.79
242.7
325.4
<0.000010
0.000007303
<0.000033

– Scenario 4 (worst case): 100% of the energy
is derived from coal.
The functional unit was 1 tonne of clinker
production, and the assumptions made for the
CO2 calculation were as follows:
– Total energy demand of 4,500 MJ/tonne of
clinker produced.
– Heating value of 26.3 MJ/kg, for coal, and
17.5 MJ/kg, for NRPP.
– Transport distance from MRF to cement plant
of 50 km, using 7.5–16 tonne truck.
– Transport distance from coal mine to cement
plant: 300 km via rail.
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WTE: Non-recycled Combustible Wastes in Cement Production, Table 11 C, H, and O concentration in five dry
materials and petcoke coal

Composition
C (%)
H (%)
O (%)
All other (%)
Calculated C–H–O structure
Formula weight (g/mol)
Carbon emissions during
combustion (kg/kg of fuel)

Tire-derived
fuel
85.20
7.30
0.50
7.00
C6 H6.2 O0.03
78.79
3.10

RDF
and
NRPP
48.80
7.80
29.20
14.20
C6 H11.7
O2.7
127.06
1.93

– 80% of carbon in NRPP is biogenic (paper
ﬁber, etc.) and 20% fossil based
(non-recycled plastics).
– The carbon-based compounds in NRPP are
diluted with 20% moisture plus noncombustible materials.
Since the ash of both NRPP and coal is
absorbed in the clinker and there is no substantial
difference in the emissions of the four scenarios,
except for CO2, the differential boundaries of the
LCA study are deﬁned by fuel input to the cement
production process and by the estimated CO2
emissions. Only the fossil-based CO2 emissions
are considered as contributors to the greenhouse
gases (GHG) causing climate change. The GHG
emissions are based on the SimaPro database and
the Ecoinvent program and US input–output database for coal mining, production of NRPP
(electricity from waste allocation from SimaPro),
transportation (coal freight and lorry for coal ash
and NRPP), and landﬁll avoidance for NRPP.
The results of the LCA analysis are shown in
Table 12. It is assumed that, when the NRPP is not
used in cement production, it is disposed in a
sanitary landﬁll where 75% of the methane
(CH4) generated by the organic fraction of the
NRPP is captured and 25% is emitted to the atmosphere [4]. Under these circumstances, the
SimaPro LCA program assigns an additional
GHG beneﬁt of 1.31 kg CO2 per kg of NRPP
used in cement production.

US MSW
38
5.21
33.33
23.96
C 6 H10 O4
146.14
1.68

Poplar
wood
47.50
6.10
44.50
1.90
C6 H9.2
O4.2
148.53
1.66

Cellulose
44.40
6.20
49.40
0.00
C 6 H10 O5

Petcoke
90.00
3.00
1.20
5.8
C6H2.4O0.06

162.14
1.51

74.08
3.56

The use of 1 tonne of NRPP in the cement
production results in the reduction of about
1.6 tonnes of CO2. The beneﬁcial effect of using
NRPP in place of coal, when the avoided landﬁll
emissions are included in the comparison of GHG
emissions, results in an additional reduction of
1.3 tonnes of CO2 per tonne of NRPP, making a
total of about 2.9 tonnes of CO2.

Benefits from Using AF
There are many beneﬁts from using AF in the
cement production. The most direct beneﬁt is making use of the embodied energy in AF to replace
fossil fuels. Another beneﬁt of AF substitution is a
reduction in CO2 emissions from cement production. As discussed earlier, the cement industry is
responsible for 5% of global CO2 emission, nearly
50% of which are due to the combustion of fossil
fuels. Also, no further treatment of ash residuals is
in need when AF is burnt in cement kilns. Any ash
residuals, if produced, are incorporated into the
clinker. On the assumption that the NRPP used at
Balcones (17.5 MJ/kg) were to be used throughout
the US cement industry, the increase in the US
waste to energy capacity, and corresponding reduction in landﬁlling, would be about 17.7 million
tonnes of NRPP, i.e., a 64.5% increase of the current US WTE capacity. Also, the use of about
17.7 million tonnes of NRPP in the cement industry would be associated with the conservation of
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WTE: Non-recycled Combustible Wastes in Cement Production, Table 12 LCA calculation of GHG emissions for
four EF-coal combustion scenarios for functional unit: 1 tonne of clinker

Energy needed MJ/tonne clinker
Kilograms fuel per tonne clinker
Mining of coal, kg CO2/tonne clinker
Production of EF, kg CO2/tonne cl.
Coal transport, kg CO2/tonne clinker
EF transportation (kg CO2/tonne clinker)
Combustion emissions, kg CO2/tonne
clinker
Subtotal kg CO2/ ton clinker
Total EF + coal, for scenario, kg CO2/
tonne clinker
Kg CO2 avoidance due to EF use in
cement
Total GHG Including landﬁll, kg/tonne
clinker

Scenario A:
75% EF
EF
Coal
3,375 1,125
193
43
4.3
0.25
0.5
0.03
372
153

Scenario B:
50% EF
EF
Coal
2,250 2,250
129
86
8.6
0.17
1.1
0.01
249
306

0.008
124

372.3
530.1

249.2
564.9

124.1
594.5

157.8

315.7

Scenario C: 25%
EF
EF
1,125
64

Scenario D:
0% EF
Coal
Coal
3,375 4,500
128
171
12.8
17.1

0.08
1.6

2.1

456

609

470.4

628.2
628.2

98.1

63.3

33.7

0

351.1

232.3

117.5

0

1.7 million square meters or 420 acres of land
surface, plus the avoidance of about 53 million
tonnes of CO2-eq.
Effect on Emissions from Using AF
Through the usage of AF, cement manufactures
can play an important role in sustainable energy
and waste management. However, it should be
kept in mind that combusting AF in cement kilns
should be managed properly from the environmental perspective. The emissions of concern
are typically the heavy metals and dioxins and
furans, as discussed below.
Heavy Metals

The EU standard for mercury is 0.05 mg/Nm3 for
stack gas, which is the same as for waste-toenergy plants. As shown in Table 10, the Hg
emission of the case study of Plant 2, when AF
was combusted, was 0.000014 mg/Nm3, 1,000
times lower than the standard of 0.05 mg/Nm3.
Several papers in the literature [5–7] conﬁrm that
the heavy metals contained in the raw materials
and fuels used in cement production are either
incorporated into the clinker or contained in the
air pollution control (APC) system. A study testing the leaching ability of heavy metals contained

in clinker when exposed to acidic conditions
using EPA’s toxicity characteristic leaching procedure showed that cadmium was the only heavy
metal that could be detected in the environment
and at a level below regulatory standards [4]. The
literature also showed that little difference of
heavy metal emissions existed between plants
burning only fossil fuels and those
co-incinerating AF [5, 7].
Dioxins and Furans

Dioxins have a potential to form in the presence
of chlorine in the fuel or raw materials for cement
production. However, the extremely high temperature and long residence time provided in
clinker production are not conducive to dioxin
formation [8]. Limiting the concentration of
organics in the raw material mix and quickly
cooling the exhaust gases in wet and long dry
kilns also prevent the formation of dioxins [5,
8]. As shown in Table 10 for the case study of
Plant 2, the highest dioxin concentration measured in the stack gas was 0.0076 ng TEQ/Nm3
vs. the EU standard of 0.1 ng TEQ/Nm3. A signiﬁcant decrease by about 97% in US dioxin
emissions from hazardous waste co-incineration
in cement kilns was achieved between 1990
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WTE: Non-recycled Combustible Wastes in Cement Production, Fig. 6 US EPA PCDD/F contribution estimates
from cement kilns co-incinerating hazardous waste [5]

(431 g TEQ/year) and 1997 (13.1 g TEQ/year)
(Fig. 6) [2], [13] and [14]. These results are
shown graphically in Fig. 5.
A report published by the World Business
Council for Sustainable Development in 2006
included nearly 2,200 dioxin emissions data
from the early 1990s to 2005 worldwide [5]. The
data was collected from both wet and dry kilns
co-incinerating a wide range of wastes in cement
production process (Table 13).
The WBCSD report also noted that no big
difference for dioxin emissions could be found
when alternative fuels are burnt in the cement
production process than when only conventional
fossil fuels are burnt [5].
In 2005, United Nations Environment Programme (UNEP) put forward the emission factors
for PCDD/PCDF emissions from cement kiln.
According to UNEP, the emission factors are
based on kiln type, air pollution control devices
(APCD), and the temperature of APCD, instead of
whether AF being combusted in cement kilns or
not (Table 14) [2] and [10].

To compare the emission factors put forward by
UNEP with the dioxin emissions limit of 0.1 ng
TEQ/Nm3, a conversion of the emission factors
was done, by considering 1 tonne of cement produced and 2,000 Nm3 of stack gas/tonne. The emission factors after conversion are shown in Table 15.
Table 15 shows that the modern kilns,
equipped with preheater/precalciner, operate at
well below the EU/US dioxin emission limit of
0.1 ng TEQ/Nm3.

Limits for AF Use to Replace Fossil Fuels
in Cement Production
The maximum amount of chlorine tolerated in the
total feed to the kiln is 0.7% Cl. Higher amounts
result in the excessive formation of salts that are
volatilized in the kiln and then solidify and can
clog the following unit (in the direction of gas
ﬂow) of the calciner. This section discusses the
corresponding upper limit of AF that can be used
to replace fossil fuels in cement production.
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WTE: Non-recycled Combustible Wastes in Cement Production, Table 13 Summary of reported dioxin concentrations in clinker off-gas [5]
Country
Australia
Belgium
Canada
Chile
Colombia
Denmark
Egypt
Europe
Germany 1989–1996
Germany 2001
Holcim 2001
Holcim 2002
Holcim 2003
Heidelberg
Japan
Lafarge
Mexico
Norway
Philippines
Poland
Portugal
RMC
Siam
South Africa
Spain
Spain CEMEX
Spain Cimpor
Taiheiyo
Thailand
UK
Uniland
USAb
Venezuela
Vietnam

Use of AFR or not
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

Concentration ofa PCDD/F in ng TEQ/m3
0.001–0.7
<0.1
0.0054–0.057
0.0030–0.0194
0.00023–0.0031
<0.0006–0.0027
<0.001
<0.001–0.163
0.02
<0.065
0.0001–0.2395
0.0001–0.292
0.0003–0.169
0.0003–0.44
0–0.126
0.003–0.231
0.0005–0.024
0.02–0.13
0.0059–0.013
0.009–0.0819
0.0006–0.0009
0.0014–0.0688
0.0006–0.022
0.00053–0.001
0.00695
0.0013–0.016
0.00039–0.039
0.011
0.0001–0.018
0.012–0.423
0.002–0.006
0.004–50
0.0001–0.007
0.0095–0.014

Number of data
55
23
30
5
3
?
3
230
>150
106
71
82
91
>170
164
64
3
>20
5
7
4
13
4
2
89
5
8
67
12
14
2
~750
5
3

a

The numbers are either given as the range or the mean value
The high numbers from the USA is from measurements done in the early 1990s; the number of measurement is
approximate

b

The chlorine contents of different fuels were
compiled and are shown in Table 8. This data was
collected from different sources and small discrepancies were noted. Coal and petcoke have the lowest
chlorine content. The chlorine content of petcoke is
about 0.005–0.032%. There are high chlorine content coals (>0.3%) produced in Illinois, but the

usual chlorine content of coals is in the range of
0.01–0.04%. Wood pellets (0.01–0.126%) and tires
(0.07–0.2%) have higher chlorine content than coal
and petcoke, but lower than RDF (0.36–1.29%).
MSW is reported to range from 0.3 to 1.56%, but
the typical range of US MSW is 0.4–0.6%
(0–1.558%) and engineered fuel (0.74%) (Table 16).
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WTE: Non-recycled Combustible Wastes in Cement Production, Table 14 Emission factors for PCDD/PCDF
emissions from cement kiln [9]
Classiﬁcation
Shaft kilns
Old wet kilns, ESP temperature >300  C
Rotary Kilns, ESP/FF temperature 200–300  C
Wet kilns, ESP/FF temperature <200  C
Dry kilns with preheater/precalciner, T < 200  C

Emission factors-mg TEQ/t of cement
5.0
5.0
0.6
0.05
0.05

WTE: Non-recycled Combustible Wastes in Cement Production, Table 15 Emission factors for PCDD/PCDF
emissions from cement kiln after conversion
Emission factors-ng TEQ/Nm3
2.5
2.5
0.3
0.025
0.025

Classiﬁcation
Shaft kilns
Old wet kilns, ESP temperature >300  C
Rotary Kilns, ESP/FF temperature 200–300  C
Wet kilns, ESP/FF temperature <200  C
Dry kilns preheater/precalciner, T < 200  C

WTE: Non-recycled Combustible Wastes in Cement Production, Table 16 Chlorine contents of different fuels
Fuel type
Coal
Petcoke
MSW
RDF
Wood pellet
Tires
EF
a

Chlorine (%)
0.04 [11]
0.005–0.032 [14]
0.3–0.8 [11]
0.010–0.126 (0.048) [16]
0.07–0.2 [11]
0.74a

0.01–0.03 [12]

0.01–0.2 [12]

0.12–0.54 [13]

0–1.56 (0.726) [9]
0.36–1.29 [15]
0.01–0.05 [17]
0.15 [11, 12]

From Plant 1
Number in parenthesis in the chlorine content of MSW and wood pellets is the mean value

b

Conclusions
The combustion of alternative fuels in the cement
kiln system is being applied widely and offers
deﬁnite environmental and energy advantages.
1. The total energy consumption of the US
cement industry is calculated at 4.2 MJ/kg of
clinker for the year 2014 and is slightly
reduced as compared to 1993, which was
about 4.4 MJ/kg of clinker. The use of AF
(tires, RDF, wood, liquid wastes, etc.) in the
cement industry increased from 8.7% in 1993

to 18.9% in 2014 of the total energy consumption. Much higher levels have been reached in
Germany (62%) and The Netherlands (83%).
The use of “other solid wastes” in the US
cement industry increased from 90,000 tonnes
in 1993 to 1.3 million tonnes in 2014 which, at
an assumed LHV of 18 MJ/kg, represented
about 39.4% of the AF energy used in cement
production (7.4% of the total fuel used).
2. On the assumption that the NRPP used at
Balcones (17.5 MJ/kg) were to be used
throughout the US cement industry, the
increase in the US WTE capacity, and

WTE: Non-recycled Combustible Wastes in Cement Production

corresponding reduction in landﬁlling, would
be about 17.7 million tonnes of NRPP, i.e., a
64.5% increase of the current US WTE capacity. Also, the use of about 17.7 million tonnes
of NRPP in the cement industry would be
associated with the conservation of 1.7 million
square meters or 420 acres of land surface, plus
the avoidance of about 53 million tonnes of
CO2-eq.
3. The dioxin emissions examined in this study
were an order of magnitude lower than the US
and EU standard (0.1 ng TEQ/Nm3 of stack
gas). In a separate EEC study, an inventory was
created of all controlled (i.e., industrial) and
non-controlled (i.e., landﬁll ﬁres, back yard
burning, etc.) sources of dioxins in the USA.
The results showed that the annual dioxin
emissions of the entire US cement industry
amounted to 18 g TEQ, corresponding to
0.5% of all US sources of toxic dioxins.
4. The carbon dioxide emissions of four fuel scenarios were calculated using standard LCA
methodology; they ranged from 100% highquality coal to 25% coal–75% engineered
fuel. The results showed that the major GHG
impact was the CO2 generated during combustion of the fuel. The GHG beneﬁt of using EF
amounted to 3 tonnes of CO2 per tonne of EF
used in place of coal, when the avoidance of
landﬁll gas emissions was included. The GHG
emission is reduced from 390 kg CO2 per tonne
clinker for 100% coal to 137 kg for 75% EF
and 25% coal.
5. The overall conclusion from this study was that
the use of MSW-derived fuels in cement production has no adverse impact on the cement
production process.
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into liquids; leaching standards are typically
regulating the access to disposal or the utilization of a material; leaching is measured by
standardized tests.
Scrubbing Chemical gas cleaning step using wet
of dry neutralizing agents; wet systems are
typically designed in two stages.
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Glossary
Boiler ash Coarse ﬂy ash separated from the ﬂue
gas inside the boiler and directly discharged or
discharged after boiler cleaning by soot blowing or rapping.
Bottom ash Solid residue discharged from the
grate of a waste incinerator.
Dioxins (PCDD/F) A group of 75 congeners of
polychlorinated dibenzo-p-dioxins (PCDD)
and 135 congeners of polychlorinated dibenzofurans (PCDF); concentrations are given in
toxic equivalent accounting for the different
toxicity of the single congeners.
Filter ash Fine dust separated from the ﬂue gas
by ﬁlters, mainly by electrostatic precipitators.
Incineration Combustion of waste, in Europe
preferentially in grate furnaces.
Leaching Elution of inorganic (especially heavy
metal) or organic species out of solid materials

In Europe the environmentally compatible management of solid residues from waste incineration
became a major topic of concern in the ﬁrst decade
of the new millennium. Tightened access criteria to
landﬁlls promoted in a number of countries, especially in the European Union, an aim for beneﬁcial
use of the bottom ash as source for metal recovery,
but also as secondary aggregate and building material. There are many research studies associated
with beneﬁcial uses or stabilization of the ﬂy
ashes, in order to avoid the signiﬁcant costly disposition of these by products in a hazardous landﬁll
or a monoﬁll. Organic content and leaching stability are the most important environment-related
quality parameters to be addressed.

Introduction
Some time ago, the debate about thermal processes was mainly driven by potential risks of air
emissions, especially those related to dioxins.
Meanwhile,
the
gas
cleaning
devices
implemented in municipal solid waste incineration (MSWI) or, as they are called in some areas,
waste-to-energy (WtE) plants are among the most
effective ones found in any technical process, and
the interest is nowadays more focused on the
quality of the solid residues from these processes.
The actual objectives are to produce inert bottom
ashes and to enable their utilization as secondary
building materials. This is especially promoted in
the Netherlands, Denmark and Germany, and
recently also in France. A further focus is the

# Springer Science+Business Media LLC, part of Springer Nature 2019
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inertization and safe disposal – or even
utilization – of the ﬁlter and boiler ashes as well
as of the residues collected in the chemical gas
cleaning systems of WtE plants.
Already in early times, attempts were made to
utilize bottom ashes from waste incineration plants.
In the Frederiksberg incinerator, built in 1903, bricks
were produced from bottom ash for utilization in the
building sector [1]. However, the caloriﬁc value of
the waste at that time and the resulting combustion
temperature will most likely have generated bottom
ash, the quality of which was far beyond the standards required and achieved today. The practice was
hence only maintained for few years.
After World War 1 a tendency was seen not to
burn but to melt the waste, again to produce secondary building materials. This practice, too, was
ﬁnally not successful on the market because of
problems with the refractory liners of the furnaces, the varying product quality, and especially
the high costs of the processes [2].
Starting in the last decade of the twentieth
century, all kinds of secondary treatment processes have been developed to control the residue
quality according to special needs. Secondary
measures, however, are expensive, and the more
promising approach is an optimized control of the
combustion process to:
• Guarantee an excellent burnout of carbon
compounds
• Promote the volatilization of heavy metals like
Hg and Cd out of the fuel bed
• Fixate lithophilic elements in the silicatic and
oxidic matrix of the bottom ash, thus reducing
their leachability
The following discussion of the quality of residues from modern waste incineration plants will
follow these objectives. Finally, this article will
investigate which rational options exist to inertize
and eventually utilize bottom, boiler, and ﬁlter
ashes, as well as ﬂue gas cleaning residues.
Many considerations are based mainly on the
results of an international perspective on the characterization and management of waste incineration residues, published by the International Ash
Working Group in 1997 [3].
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Disposal Regulations for WtE Residues
Waste incineration is performed to transform
waste into a highly inert material, the bottom
ash, to facilitate aftercare-free disposal. Many
countries aim for utilization of this residue stream
in order to save space on landﬁll sites.
In the EU the disposal of residues is regulated
by the EU Landﬁll Directive 1999/31/EC [4] and
the Council Decision 2003/33/EC [5] which contains the landﬁll access criteria for inert, nonhazardous, and hazardous waste, together with
protocols for sampling and testing procedures.
The member states have to set their national standards accordingly. The non-EU countries Norway
and Switzerland have national regulations of
equal stringency.
The main standards are the organic inventory
measured as the TOC (total organic carbon) or
LOI (loss on ignition), the inventory of some
organic parameters, the pH value, and the
leaching stability of metals and other species.
Table 1 compiles the EU limit values of organic
constituents for the acceptance of nonhazardous
waste on a landﬁll.
Of paramount importance in all disposal regulations is the leaching stability of the material in
question. Leaching is a complex process
depending on several material parameters such
as its chemical composition; its chemical, geochemical, and mineralogical speciation; as well
as its morphology [3].

WTE: Management of WTE Residues in Europe,
Table 1 EU limit values for the total content of organic
constituents for the acceptance of nonhazardous waste on a
landfill (data in mg/kg of dry mass)

TOC (total organic carbon)
BTEX (benzene, toluene,
ethylbenzene, and xylenes)
PCBs (polychlorinated
biphenyls, 7 congeners)
Mineral oil (C10–C40)
PAHs (polycyclic aromatic
hydrocarbons (total of 17)

EU limit on
nonhazardous
waste
30,000
6
1
500
To be set by
countries
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A crucial parameter is the pH value of the
leachant. Metals forming cations have a high solubility in an acidic environment which drops down
with increasing pH and reaches a minimum at low
alkaline conditions. Some amphoteric metals,
especially Pb, show increasing solubility again,
starting at pH values exceeding 11.5. Metals
forming oxianions, e.g., V, Mo, W, and to a certain
extent also Cr and Mn, are characterized by a slight
solubility maximum around the neutral point.
A great number of various leaching tests have
been developed to investigate the elution stability
of solid residues. Controlling compliance with
legislative regulations requires of course the
application of standardized test protocols.
For measuring the elution stability, the CEN,
the European Committee for Standardization,
developed the EN 12457 batch tests to be applied
in all EU countries for compliance [6]. The test
leachant is water. There are four different test
variants (L/S = liquid-to-solid ratio):
EN 12457-1, one-stage test at L/S = 2 l/kg, particle size <4 mm
EN 12457-2, one-stage test at L/S = 10 l/kg,
particle size <4 mm
EN 12457-3, two-stage test at L/S = 2 and 8 l/kg,
particle size <4 mm
EN 12457-4, one-stage test at L/S = 10 l/kg,
particle size <10 mm
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The last one is almost identical with the former
German test procedure DEV S4 and the former
French test X31-210 AFNOR. The speciﬁc test
parameters of the most applied versions 3 and
4 are compiled in Table 2.
Switzerland uses its own TVA test for compliance. It is a two-stage test with a ﬁrst stage for
analyzing the release of metals where the pH is
controlled by CO2 permanently percolating
through water, and the second test for anions is
performed with pure water [7]. The parameters of
this test are included in the table.
The main difference between the CEN tests
and the TVA test is its pH which in all CEN tests
on fresh bottom ash crops up values between
11 and >12, whereas the TVA test adjusts an
almost constant pH around 6.
These different test conditions result in different leaching rates as shown in Fig. 1 for a bottom
ash sample which was tested using the Swiss and
the German test procedure [8].
The bar plot indicates that Ni, Cu, and especially Zn show a signiﬁcantly higher elution in the
TVA than in the DIN EN test due to the formation
of rather soluble hydrogen carbonates.
Selected limits of total release of metals and
anions for the access to landﬁlls as laid down in
the Council Decision 2003/33/EC are compiled in
Table 3. The Council Decision allows the countries
to select one of the CEN tests for compliance testing.

WTE: Management of WTE Residues in Europe, Table 2 Parameters of some leaching tests used in Europe
Test
Type
Max. particle size (mm)
Leachant
Number of stages
L/S (l/kg) per step
Contact time
Agitation

Council Decision 2003/33/EC
EN 12457–3
Serial batch
10
H2O
2
1st step: 2
2nd step: 8
1st step: 6 h
2nd step: 18 h
End over end/roller table

Germany
DIN EN 12457–4
Batch
Actual size
H2O
1
10

Switzerland
TVA
Serial batch
10
H2O
2
10

24 h

24 h per step

End over end/roller table

1st step
CO2 percolation
2nd step: pure water
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Fig. 1 Leaching results of
the Swiss TVA and the
German DIN EN 12457-4
test on one bottom ash
sample ([8], modiﬁed)
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Table 3 EU limit values of total release regulating the
acceptance of granular nonhazardous waste on landfills,

Test
L/S
As
Ba
Cd
Crtotal
Cu
Hg
Mo
Ni
Pb
Sb
Se
Zn
Chloride
Fluoride
Sulfate

Council Decision 2003/33/EC
Countries decide on test variant
2
10
0.4
2
30
100
0.6
1
4
10
25
50
0.05
0.2
5
10
5
10
5
10
0.2
0.7
0.3
0.5
25
50
10,000
15,000
60
150
10,000
20,000

The table contains also access limits for the two
German landﬁlls for bottom ash disposal [9] as well
as limits in Switzerland for residue landﬁlls [10].
For utilization of residues, however, no common regulations exist, and the various countries
have their own protocols. Most countries require

calculated at L/S = 2 and 10 l/kg in mg/kg dry matter, the
German limits for the landfill classes 1 and 2 and the Swiss
limits for residue landfills
Germany
Landﬁll class 1
DIN EN 12457-4
10
2
50
0. 5
3
10
0.005
3
2
2
0.3
0.3
20
15,000
50
20,000

Landﬁll class 2

2
100
1
10
50
0. 2
10
10
10
0.7
0.6
50
15,000
150
20,000

Switzerland
Residue landﬁll
TVA
10
1
50
1
20
5
0.1
–
20
10
–
–
100
–
100
–

site-speciﬁc permits with eventually speciﬁc test
methods. Germany, for instance, established a
committee of members of the responsible federal
state’s agencies, the LAGA, which issued a memorandum in 1994 as guideline for utilization of
bottom ash in road construction [11].
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The memorandum recommends leaching test
results measured by the DEV S4 test (in fact the
actual German test DIN EN 12457–4) which are
well below the limits for landﬁll class 1, but
achievable for ashes from well-operated incineration plants. Limits for elected heavy metals in
comparison to the landﬁll class 1 limits are compiled in Table 4.
For utilization as well as for disposal, additional standards are set for mechanical properties
like density, mechanical strength, grain size distribution, or freeze-thaw stability. This aspect will
not be discussed here.

Mass Flows in a WtE Plant
The basis of all discussions about waste incineration residues is the knowledge of the different
mass ﬂows in a municipal solid waste incinerator.
WTE: Management of WTE Residues in Europe,
Table 4 Selected German standards for disposal and utilization of WtE bottom ash
German landﬁll
Unit
class 1
LOI
wt-% 3
TOC wt-% 1
DIN EN 12457-4
Cl
mg/l
1,500
Cu
mg/l
1
Zn
mg/l
2
Ni
mg/l
0.2
Cd
mg/l
0.05
Hg
mg/l
0.005
Pb
mg/l
0.2

WTE: Management of
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Fig. 2 Mass balance of a
municipal solid waste
incineration plant (in kg/Mg
waste)

Road construction
(LAGA)
1
250
0.3
0.3
0.04
0.005
0.001
0.05
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Figure 2 shows average ranges for these streams
as found in modern mass burning systems [12].
The air consumption is approx. 4,500 m3/Mg of
waste.
State-of-the-art plants in most industrialized
countries produce typically between 150 and
250 kg of bottom per 1 Mg of burnt waste. Most
published numbers include the grate siftings
which are in many countries kept separate from
the bottom ash. The respective numbers in Japan
are in the order of 100–120 kg due to different
waste collection and eventual pretreatment
strategies.
The mass ﬂow of siftings depends on the type
of grate and its time of operation. It amounts
typically to less than 5 kg/Mg of waste. The siftings may increase the amount of unburnt matter in
the bottom ash. In view of utilization, however,
the inventory of metallic Al eventually dripping
through the grate voids is of much higher concern.
Metallic Al tends to form hydroxides in contact
with water, and this reaction is accompanied by
strong swelling of the material.
The production of boiler ash depends on the
type of boiler and on the amount of dust released
from the grate and carried over the ﬂue gas. Boiler
ashes should be treated together with the ﬁlter
ashes due to their similar level of toxic heavy
metals and organic compounds. In some countries
this has already been enforced by legislative regulations. The data presented for ﬁlter ashes reﬂect
the situation in modern plants that try to establish
so-called gentle combustion with dust loads down
to less than 2 g/m3.
The mass ﬂow of APC residues shows actually
the highest variation of all residues. Wet
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scrubbing systems with liquid efﬂuent discharge
produce 0.5–2 kg of dry neutral sludge per Mg of
burnt waste. In wet systems with internal or external evaporation of the scrubbing solutions, additional 11–16 kg of neutralization products
increases the total solid residues to approx.
12–18 kg/Mg. Whereas wet scrubbing operates
close to stoichiometry and hence at minimum
amount of residues, in case of semidry or dry
systems, the necessary surplus of neutralizing
reagents increases the total amount of scrubbing
residues to 20–40 kg/Mg of waste.

Bottom Ashes
Ash Discharge
In WtE plants equipped with grate furnaces –
which prevail by far in Europe – bottom ash falls
typically from the back end of the grate directly
into a water bath where it is quenched. The bottom
ash is then discharged by a hydraulic ram or a drag
chain system. The system is often operated with a
surplus of water and does not only replenish the
evaporation losses but also removes highly soluble salts, ﬁrst of all chlorides, from the ashes. If
wet gas cleaning is applied, the chloride-rich brine
can be fed into the ﬁrst acid scrubber of the plant.
In case of dry scrubbing, it may be injected into
the spray drier. The design of a wet ash discharge
with chloride washing as implemented at the
MVR Hamburg waste incineration plant is
shown in Fig. 3.
WTE: Management of
WTE Residues in Europe,
Fig. 3 Bottom ash
discharge with chloride
washing at the MVR
Hamburg WtE plant in
Germany ([13], modiﬁed)
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Dry discharge of the bottom ash is also reported
to increase ferrous metal recovery by 45% and nonferrous metal recovery by 50%, compared to wetdischarge systems. In 2009 two waste incineration
plants in Switzerland –SATOM in Monthey [14]
and KEZO in Hinwil [15] – have been equipped
with respective systems. The installed technology
is slightly different, but the principles, however, are
almost the same. As an example, Fig. 4 shows the
KEZO system where the hot ash falls onto a vibrating conveyor and is transported to a sieving
machine to separate the ﬁne fraction. So-called
tertiary air is introduced into the system which
cares for a kind of wind sifting and replaces
approximately 10% of the secondary air.
The dry ash discharge improves as a secondary
effect also the leaching properties of bottom ashes
[16]. The air used for wind sifting and tertiary air
transfers a signiﬁcant fraction of ﬁne ash particles
back into the combustion chamber which end up
in the ﬂy ash and increases its amount by approximately 10%. These ﬁne particles contain high
amounts of soluble metal salts, mainly chlorides,
which in case of wet discharge would contaminate
the bottom ash in the quench tank.
Characterization
Gross Composition

Bottom ash is an agglomerate comprising mineral
and metallic components as well as few percent of
residual unburnt matter. The mineral phases qualify the material for eventual utilization in the
building sector, and the metal inventory can to a
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WTE: Management of WTE Residues in Europe, Fig. 4 Scheme of dry bottom ash discharge at the KEZO Hinwil
plant ([15], modiﬁed)
WTE: Management of
WTE Residues in Europe,
Fig. 5 Typical gross
composition of bottom
ashes [17]

great extent be recovered, a practice which gained
great interest during the last years because of the
strongly increasing metal prices on the world market. The organic fraction in bottom ashes from
state-of-the-art incineration plants is today mainly
kept below 1 wt%. A typical example for
European bottom ash gross composition is
depicted in Fig. 5 [17].
Burnout and Organic Constituents

The “burnout” is a key parameter for disposal as
well as for utilization of bottom ashes. The EU

Council Decision 2003/33/EC sets a limit value
for inert waste going to nonhazardous waste landﬁlls of 3 wt%. The German Waste Storage Ordinance sets a total organic carbon (TOC) limit of
1 wt% for disposal on a class 1 landﬁll, and the
same number is found in the LAGA memorandum
for utilization of ash in road construction.
The TOC of bottom ashes comprises mainly of
elementary carbon or soot particles; some organic
compounds are also found that cover the spectrum
from short-chain compounds [18] up to low volatile species such as PAH or PCDD/F. Typical
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WTE: Management of WTE Residues in Europe, Table 5 Concentration ranges of organic compounds in bottom,
boiler, and filter ashes (PCDD/F in I-TE)
PCDD/F
PCB
PCBz
PCPh
PAH

Bottom ash ng/g
<0.001–0,03
<5–50
< 2–20
<2–50
<5–10

Boiler ash ng/g
0,02–1
4–50
200–1,000
20–500
10–300

Filter ash ng/g
0.1–10
10–250
100–4,000
50–10,000
50–2,000

WTE: Management of
WTE Residues in Europe,
Fig. 6 Concentration
ranges of selected elements
and PCDD/F in bottom ash
and in the earth’s crust

concentrations of organic compounds in the various solid residues are listed in Table 5. The table
contains also respective ﬁgures of boiler and ﬁlter
ashes which are generally much higher than those
of bottom ashes.
The data are obtained from measurements in
state-of-the-art WtE plants [19, 20]. The PCDD/F
ﬁgures are given as international toxic equivalents
(I-TE). It is evident that the organic pollution is
higher in the boiler and ﬂy ashes than it is in
bottom ash.
It should be noted that the I-TE levels detected
in the bottom ashes of modern incineration plants
are in the same order of magnitude as found in
uncontaminated soils in Central Europe [21].

crust. This is demonstrated by the concentration
ranges of selected species depicted in Fig. 6 [22].
Some heavy metals, such as As, Cd, Hg, and
Pb, are to a great extent volatilized out of the fuel
bed; however, also these metals show in most
cases higher concentrations in the bottom ashes
than in the lithosphere.
In addition to the chemical analysis, a geochemical and mineralogical characterization provides useful information in view of the long-term
behavior of a material. The coarse ash fraction
consists to a great extent of silicatic and oxidic
phases and is mainly responsible for the mechanical properties of the material, whereas in the ﬁne
fraction more carbonates and sulfates are found
which contribute more to the leaching properties
of the ash [23–25].

Chemical and Mineralogical Characterization

The mass and volume reduction occurring during
combustion of solid wastes causes an enrichment
of a number of heavy metals in the bottom ashes
compared to their concentration in the earth’s

Metal Inventory

As mentioned already, the inventory of metallic
phases in bottom ashes gained interest during the
last years because of strongly increasing prices.
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WTE: Management of WTE Residues in Europe, Table 6 Metal inventory in bottom ashes in wt.%
Country
Switzerland
Germany
Switzerland
Germany
Netherlands
Switzerland

Year
1995
2005
2010
2010
2011
2011

Ash discharge
Dry
Wet
Wet
Wet
Wet
Dry

Fe
15–20
10
9
7.3
7
11

NF
2
0.9

Al

2.2–3.3
0.7
1.3
3.2

Reference
[27]
[28]
[29]
[30]
[31]
[26]

NF nonferrous metals

WTE: Management of WTE Residues in Europe,
Table 7 Inventory of selected metallic species separated
from the <2 mm fraction of bottom ash from the Amsterdam WtE plant (data in mg/kg)
Inventory

Cu
920

Pb
480

Zn
10

Sn
80

Ag
2

Au
0.11

Reliable data on the metal inventory are rare, and
it can be expected that most data are taken from
practical metal separation and do not reﬂect
the total content. Up to 40% of the nonferrous
metals are found in the ﬁne ash fraction
[26]. Published data on the metal content are
compiled in Table 6.
The most proﬁtable metals for recovery are the
nonferrous, such as Al, Cu, Pb, and Zn, but also
Ag and Au from the waste electronics. Data on the
latter metals have recently been published from a
research project at the Amsterdam WtE plant and
are shown in Table 7 [32].
It can be assumed that these inventories are similar in all waste incineration plants in European big
cities.
Metal Separation
First metal separation starts typically by an overband magnet at the bottom ash discharge to recover
ferrous scrap as shown in the left graph of Fig. 7.
During the last years, more efﬁcient ferrous separation is often done by storing the ash for few days
and after that using a magnetic drum separator as
shown in the right graph of Fig. 7.
In most cases the ferrous scrap separation is
followed by an eddy current separation of nonferrous metals (shown in the left graph of Fig. 8).
Meanwhile also high sophisticated systems are in

use which detect metal pieces on a belt conveyor
by means of a matrix of metal detectors or other
sensors and eject them at the end of the belt by a
pulse of pressurized air. Such system is shown in
the right graph of Fig. 8.
Some plants implemented meanwhile complex
bottom ash treatment systems to recover metals
from very small particle fractions [30].
To estimate the relevance of metal recovery
from bottom ashes, the assumed amount of recoverable metals is brought into perspective to the
annual consumption of the respective metals in
Germany [33]. The data used for this assessment
are a German annual bottom ash production of
5 mill. Mg and a recovery potential of metals as
published by the Amsterdam waste incinerator
[17, 32]. The results are shown in Table 8.
According to this assessment, more than 2% of
the annual Fe consumption and almost 1.5% of
that of Al could be recovered from bottom ashes.
Zn is mainly oxidized in the combustion chamber
which results in almost negligible recovery potential from bottom ashes.
The market value of these recovered metals
would amount to approximately 150 Mill. €;
this ﬁgure, however, is misleading since it does
not account for the operational costs. A cautious
appraisal of a revenue of 3–5 € per ton of bottom
ash from selling the nonferrous metals [17]
would mean an annual proﬁt of up to 200,000 €
for a typical German waste incinerator with a
production of 40,000–50,000 Mg of bottom ash.
Treatment for Utilization
If the bottom ashes are landﬁlled, metal recovery
is the only pretreatment. If utilization is envisaged, the obligatory post-combustion treatment
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WTE: Management of WTE Residues in Europe, Fig. 7 Over-band magnet (left) and drum system (right) for
separation of ferrous scrap

WTE: Management of WTE Residues in Europe, Fig. 8 Eddy current system (left) and sensor-operated system (right,
[17] modiﬁed) for separation of nonferrous metals
WTE: Management of WTE Residues in Europe, Table 8 Share of selected metals in Germany potentially to be
recovered [34]
Inventory (kg/Mg)
Recovery (Mg)
Consumption (Mg)
Potential (%)

Fe
100
474,100
20,000,000
2.4

Al
10
47,410
3,300,000
1.45

Cu
0.9
4,267
1,700,000
0.25

is much more complex. As mentioned already, a
number of countries have issued or are planning to
issue regulations for the utilization of bottom
ashes. The major application area is road construction where the ashes are used in the support
layers, mainly under watertight capping. Among
the few countries which have more or less
country-wide common regulations is Germany
which will be discussed more in detail below.
Similar practice is followed in the Netherlands,
Belgium, and Denmark. Countries like Sweden
decide on utilization case by case.
The German guideline regulating the use of ash
in road construction is the LAGA memorandum [9].

Pb
0.5
2,370
320,000
0.74

Zn
0.01
47
350,000
0.013

Sn
0.08
380
300,000
0.13

Ag
0.002
9.5
1,230
0.77

It requires mechanical pretreatment, scrap removal,
and aging of the ashes for 12 weeks. A typical ﬂow
sheet of advanced ash treatment as performed at
the Hamburg waste incinerator MVR is shown
in Fig. 9.
The procedure starts typically already in the
quench tank of the incinerator where a surplus of
water reduces the salt content [12]. After discharge the ashes are stored for few days for
de-watering before they undergo further treatment
which consists of a sieving to remove bulky fractions and magnetic separation of ferrous scrap
which is followed by an eddy current separation
of nonferrous metals.
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WTE: Management of WTE Residues in Europe, Fig. 9 Grate ash treatment at the Hamburg waste incineration plant
MVR ([29], modiﬁed)

The ashes are than stored for aging or maturing
for 12 weeks, and after having passed the respective compliance tests, they are used as secondary
building materials.
Effect of Aging and Utilization Potential
In order to optimize the total burnout, the combustion temperature and with that the fuel bed
temperature at the back end of the grate have
been elevated in WtE plants compared to the
operation mode during the 1980s. As an effect of
such operation changes, a higher formation of
CaO can be seen. The pH value of fresh bottom
ashes is often exceeding 12. According to the
German LAGA memorandum, bottom ashes
have to be stored for 12 weeks prior to utilization
in road construction for aging or maturing. During
this time, the uptake of CO2 from the air converts
the earth alkali oxides into carbonates and neutralizes part of the alkalinity. Hence, aged bottom
ashes establish a pH of about 10–11 in the DIN
EN 12457-4 test.
Data from a test program in a German fullscale WtE plant illustrate the effect that aging
has on the pH of bottom ash and on the leaching
of metals [34]. The bar plot in the left part of
Fig. 10 documents that the pH of fresh bottom
ash in the DIN EN 12457-4 test exceeds in almost

all test trials pH = 12 and drops down by about
2 units during the aging process. As shown in the
right graph of Fig. 10, this pH change has a
dramatic effect on the leaching of Pb which is
reduced by almost two orders of magnitude. The
leaching stability of Cu and Zn is moderately
improved in the aged ashes, whereas Mo which
is mainly present as molybdate behaves independent of the pH reduction.
Experience indicates that aged bottom ashes
comply easily with the quality required in Germany for utilization in road construction. Twentysix bottom ash samples taken routinely in 1994
over 1 year from an industrial ash treatment site
were tested by the German DEV S4 leaching test,
the compliance test at that time, which is in fact
identical with the actual DIN EN 12457-4. The
results are depicted in Fig. 11 as shares of the
LAGA limits recommended for utilization in
road construction.
The environmentally interesting heavy
metals were always well below the respective
standards. The only component exceeding the
limit in a few cases was sulfate [36]. This limit
has been set to protect concrete structures from
corrosion attack.
In 2005 equivalent data were published for
bottom ashes of the Hamburg waste incineration
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WTE: Management of WTE Residues in Europe, Fig. 10 pH value of fresh and aged bottom ash samples (left graph)
and DIN EN 12457-4 test results on these samples for four metals (right graph)

WTE: Management of
WTE Residues in Europe,
Fig. 11 Bottom ash
leaching test results
obtained by the German
compliance test in 1996
(Adopted from [35]) and in
2005 (Adopted from [29])
(l: electric conductivity)

plants [29]. Except for the much better sulfate
values, the results show the same order of
magnitude.
Meeting the standards is a prerequisite to get
approval for utilization; more detailed information about the potential environmental impact
may be achieved by running the same test on
bottom ashes and other building materials. This
has been done using aged bottom ashes from a
German waste incinerator and secondary building
material recycled from a demolished highway
bridge [36]. For comparison with a conventional
building material, gravel from the river Rhine was

also tested [37]. The results of the DEV S4 test are
shown in Fig. 12.
The bar plot documents that the difference in
leaching stability of the three materials is surprisingly small, although there is no doubt that the
inventory of the selected metals in bottom ashes is
much higher than in concrete and especially in
gravel.
Utilization of Bottom Ashes in Europe
According to the above discussed bottom ash
quality, it can be stated that bottom ashes from
modern and well-operated WtE plants meet the
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LAGA limits for utilization easily and do not
behave signiﬁcantly different from conventional
building materials. Hence, there is no reason not
to utilize – after careful testing – such materials
for, e.g., road construction [38].
This use is common practice in countries with
geological conditions hampering the siting of
landﬁlls such as the Netherlands, Belgium, or
Denmark. These countries utilize 90% and more
of the bottom ashes. The respective numbers for
France and Germany are 80% and 85%. Some
other countries like Italy, the United Kingdom,
Sweden, and Austria practice bottom ash utilization to a lesser extent.
A different strategy is followed by the Swiss
authorities who categorize bottom ashes as reactive materials in view of their inventory of critical
constituents. Since bottom ashes contain higher
amounts of heavy metals than the lithosphere (see
Fig. 6), they have to be deposited or to be
converted into stonelike materials.
The actually available data on production and
utilization of bottom ashes are taken from country
reports of CEWEP, the Confederation of
European Waste-to-Energy Plants [39], and from
other statistical sources and are compiled in
Table 9.
The table contains also published data on the
recovery of metals which has signiﬁcantly
increased compared to the situation several years
WTE: Management of
WTE Residues in Europe,
Fig. 12 Leaching test
results obtained by the
German compliance test on
bottom ashes, recycled
concrete, and gravel
(Adopted from [37, 38])
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ago. This tendency will remain in the future since
it has to be expected that the demand for most
metals continues to increase and so will their
prices.
Whether the utilization of the mineral
fraction in the building sector will be extended
or eventually even reduced is hard to predict.
The total amount of the material represents
only a minor fraction in the respective market,
and the regulation concerning its application
might not encourage a wider use. Furthermore,
its quality after metal recovery allows easy
landﬁlling.

Quality Improvement by Secondary
Treatment
If utilization of the mineral fraction of bottom
ashes will continue in the future, high elution
stability is a prerequisite. This requires high temperatures in the fuel bed to volatilize mobile
metals and halogens out of the bed material and
to stabilize silicatic and oxidic species by
sintering. Sintering is a solid phase respeciation
which enables a ﬁxation of many heavy metals in
the silicate-rich lattice of the bottom ash. The
improvement of the elution stability by postcombustion sintering was validated in semitechnical experiments with fresh bottom ashes
from a full-scale incineration plant [40].
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WTE: Management of WTE Residues in Europe, Table 9 Production and utilization of bottom ashes in selected
countries in Europe

Austria
Belgium
Czech Republic
Denmark
Finland
France
Germany
Hungary
Italy
Netherlands
Norway
Portugal
Spain
Sweden
Switzerland
United Kingdom

Year
2010
2011
2008
2008
2008
2008
2010
2008
2010
2011
2010
2011
2011
2011
2011
2008

Production
[Mg/a]
460,000
511,000
162,000
631,000
45,000
2,700,000
5000,000
105,000
1,270,000
1,600,000
250,000
214,000
422,000
880,000
793,300
650,000

Laboratory-scale experiments using fresh bottom
ashes from two German incineration plants revealed
a positive effect of sintering at 850 or 1000; a further
increase of the elution stability by melting of the
ashes at 1,350  C was not observed [41].
This explains why all bottom ash melting processes which were developed during the late
1980s and early 1990s [42] did not ﬁnd a market
in Europe. The enormous energy consumption did
not pay in view of quality improvement.
In Japan a great number of ash melting plants
using
various
technologies have been
implemented, in most cases to vitrify ﬁlter ashes
as well. During the last years, however, here too the
tendency seems to grow to phase such processes
out because of their high energy consumption.
This ﬁnding is supported by the comparison of
DEV S4 leaching data from aged bottom ashes
with those of molten residues or slags from the
high-temperature processes Siemens Thermal
Waste Recycling Process (STWR) [43], meanwhile licensed to MES and commercialized as
MES R21, and from the Thermoselect process
(THS) [44]. The data of the molten residues were
provided by the respective companies. The results
of this comparison are shown in Fig. 13 [45].

Recovery/utilization
Fe
NF metals
Mg/a
Mg/a

7,600

300

400,000

50,000

21,000
120,000
19,500
15,542
41,000

1,000
36,000
884
1,100

Minerals
[%]
10
100
0
99
0
80
85
0
50
100
0
7
50
10
0
40

The bar plot documents that the leaching of
heavy metals from the three residues is comparable. Aged bottom ashes as well as slags from hightemperature waste treatment processes comply
easily with the most stringent legislative regulations, but the ﬁndings indicate that melting does
not improve the elution stability.
This fact in combination with the low energy
recovery, the high complexity, and high process
costs of such processes might be responsible for
their failure on the European market.
Other processes like stabilization by addition
of phosphates (WES-PHix process) [46] are also
not common in Europe. On the one hand, phosphorous is becoming more and more a rare element; on the other hand, the quality of bottom
ashes from well-operated incineration plants
meets all requirements for safe long-term disposal
or even utilization – as has been laid out above.

Boiler and Filter Ashes
Characterization
Boiler ashes are deposited at temperatures between
approx. 800 and 200  C, ﬁlter ashes typically at
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Fig. 13 DEV S4 leaching
data of aged waste
incineration bottom ashes
(MSWI), slags from the
Siemens Thermal Waste
Recycling Process
(STWR), and slags from the
Thermoselect process
(THS)

WTE: Management of
WTE Residues in Europe,
Fig. 14 Concentration
ranges of selected elements
and PCDD/F in bottom and
ﬁlter ash

temperatures slightly below 200  C. That is why
heavy metals and other species which are volatilized inside the combustion chamber are almost
totally precipitated on the dust surfaces. The concentration of volatile elements like Zn, As, Cd, or
Pb can exceed that in grate ashes signiﬁcantly as is
shown for ﬁlter ashes in Fig. 14. The inventory of
halogenated organic micro-pollutants like PCDD/F
or PCB which are mainly synthesized inside the
boiler or of PAH which are an indicator for incomplete combustion is also increased compared to that
in bottom ashes (see Table 5).

Since ﬁlter ashes are precipitated at lower temperatures than boiler ashes and since they have a
much ﬁner particle size distribution and offer
higher surfaces for condensation, their concentrations of heavy metals, of halogenides, and of
organic micro-pollutants are typically higher.
Disposal Practice
Due to their elevated pollutant, inventory boiler
and ﬁlter ashes are in all countries characterized as
hazardous waste and must not be combined with
the bottom ashes. They have typically to be
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WTE: Management of WTE Residues in Europe, Table 10 Filter ash production and management in selected
countries
Country
Austria
Belgium
Czech Republic
Denmark
France
Germany
Hungary
Italy
Netherlands
Norway
Portugal
Spain
Sweden
Switzerland

Year
2010
2010
2010
2008
2008
2010
2008
2008
2010
2010
2005
2011
2009
2011

Production [Mg]
38,400
90,000
14,400
76,000
400,000
650,000
19,000
224,000
180,000
44,000
40,000
158,000
220,000
66,700

disposed of on special – and expensive – disposal
sites, preferentially in the underground.
A compilation of ﬁlter ash production as well as
disposal strategy in European countries is found in
Table 10. The data have been compiled from
CEWEP country reports [42]. Often instead of
ﬁlter ashes, the entire amount of air pollution
control (APC) residues is reported with no indication of the share of ﬁlter ashes; hence, these data
have to be treated with caution.
The table documents that the by far prevailing
management strategy is the disposal on mainly
hazardous landﬁll sites after treatment for stabilization. A not quantitatively discernible amount is
used for backﬁlling caverns in salt mines, mainly
in Germany, where this practice is acknowledged
as utilization for boiler and ﬁlter ashes, but also for
residues from dry gas cleaning.
The same strategy is followed in Norway
where ﬁlter ashes can be “utilized” for backﬁlling
an old granite quarry on the small island of
Langøya. The European Commission does not
accept the classiﬁcation of such kind of disposal
as utilization; legal action of the Commission may
be expected in the near future.
A different utilization of ﬁlter ashes is practiced in the Netherlands. Out of the 50% of utilized ashes, a certain amount is used as ﬁller in

Management strategy
Mainly salt mine backﬁlling, disposal
Solidiﬁcation, disposal
Heavy metal leaching, stabilization, disposal
Stabilization, salt mine after treatment
Disposal
Utilization in salt mine (backﬁlling)
Disposal
Stabilization, disposal
50% utilized in mines and construction (asphalt ﬁller)
Disposal, utilization (Langøya)
Inertization before disposal
Disposal
Disposal, utilization in Norway (Langøya)
Stabilization before disposal

asphaltic layers on roads, and others are shipped
to German salt mines for backﬁlling.
Quality Improvement Processes
The high expenses for a sustainable ﬁnal disposal
of boiler and ﬁlter ashes were reason for numerous
attempts to detoxify these materials in order to get
access to less expensive disposal routes or even to
utilization scenarios. A broad spectrum of different processes has been proposed and tested in
different scales. Table 11 tries to categorize the
various treatment options.
It is evident that solidiﬁcation or stabilization
processes do not alter the toxic inventory of a
material. The inertization by chemical reactions
or the formation of a diffusion barrier does only
last for a limited time. Two processes have been in
full-scale application for many years. By the
so-called Bamberg Model, ﬁlter ashes were stabilized on a landﬁll by mixing with the sludge of the
wet scrubber discharge neutralization [47], and in
Switzerland the ﬁlter ashes were washed with
water and then stabilized by cement [48]. The
latter practice has meanwhile widely been
replaced by application of the FLUWA process,
which is described below.
Thermal treatment can be performed at moderate temperatures in the so-called Hagenmaier
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WTE: Management of WTE Residues in Europe, Table 11 Procedures for treatment of boiler and filter ashes

Combined
process

Acid extraction + sintering
Stabilization with FeSO4
Oxidation, sintering

(Bamberg Model) (Portland cement, alinite)
(coal ﬂy ash) (sulﬁdes, TMT 15™) (bitumen)
(Hagenmaier drum) (mineral respeciation)
(melting without additives) (melting with
additives)
(3R Process)
(Ferrox process)

filter

WTE: Management of
WTE Residues in Europe,
Fig. 15 Scheme of the 3R
Process

boiler

2. scrubber

Thermal
treatment

Process
Addition of cement-based materials or waste
materials with pozzolanic activity or organic
additives
PCDD/F destruction sintering fusion vitriﬁcation

1. scrubber

Principle
Solidiﬁcation/
stabilization

Hg recovery

grate ash
+ 3R product

extraction

binder
liquid
extrusion

drum at 400  C to destroy dioxins [49]. This process is actually used in a number of waste incineration plants in Japan; in Germany only few
plants operated it as pilots in the 1990s.
Another option is vitriﬁcation at high temperatures (>1,300  C) to produce glassy products.
Vitriﬁcation is mainly favored in Japan as is the
case for bottom ashes. The molten products are
distinguished by excellent leaching stability. Care
has to be taken to avoid air pollution by evaporation of metal compounds. The energy consumption of all of these processes, however, is very
high. That is why such processes did not conquer
the market in Europe.

heavy metal recovery
A further strategy – more in line with the
demand for simple in-plant measures – is
followed by the 3R Process which combines
acid extraction of soluble heavy metal compounds
(by the use of the acid ﬂue gas cleaning solution)
with thermal treatment of the compacted extraction residues in the combustion chamber [50].
A plant equipped with this process has no ﬁlter
and boiler ash stream and with that no need for a
separate disposal of these critical residues.
A scheme of the process is shown in Fig. 15.
The technical demonstration revealed that the elution stability of grate ash from a WtE plant
equipped with the 3R Process is not changed by
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addition of the compacted 3R products. It could
also be documented that the residual metals fed
back into the combustion chamber along with the
extracted ﬁlter ashes did not cause any increased
metal release and that the PCDD/F were almost
totally destroyed [51].
A very similar process called FLUWA [52, 53]
which has been developed using the basic principles of the 3R Process is today practiced in 50% of
the Swiss waste incineration plants. A main target
in the further development of this process is the
recovery of heavy metals out of the extraction
solution which will be described below.
The Ferrox process for treatment of ﬁlter ashes
and APC residues involve washing of the residues
in a ferrous sulfate solution and contemporary
oxidation of the iron to form insoluble iron
hydroxides and oxide hydrates [54].
The products have the quality to be landﬁlled, or
they are fed back into the combustion chamber for
quality improvement by further thermal treatment.
Tests in a pilot plant documented the almost total
destruction of PCDD/F and an excellent leaching
stability of heavy metals after such sintering [55].
Metal Recovery
When the 3R Process was developed in the mid1980s, the recovery of metals from the ﬁltrate was
already considered. This looked especially

WTE: Management of
WTE Residues in Europe,
Table 12 Concentration
ranges of selected metals in
filter ashes (data in mg/kg)

WTE: Management of
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Table 13 Extraction rates
obtained in the 3R Process
at low pH and in the
FLUWA process (%)

Cu
Zn
Cd
Sn
Pb

Cu
Zn
Cd
Sn
Pb

IAWG
50–5,000
5,000–80,000
50–450
1,700
5,300–26,000

promising for Zn at that time; however, its recovery was economically not feasible, and the
research was not continued. This changed with
time and Swiss research groups started recently
to use the FLUWA process for that purpose [55].
Concentration ranges of selected metals in ﬁlter
ashes as published by the International Ash Working
Group (IAWG) [3] and new data from four Swiss
incineration plants [56] are compiled in Table 12.
The third column of the table contains estimates of
the typical amount in ﬁlter ashes from modern WtE
plants.
Published extraction rates achieved in the
FLUWA and 3R Process for selected metals are
listed in Table 13. As the table points out, the
efﬁciencies of both processes are, as expected, similar for Zn and Cd; those for Cu and Pb are higher in
the FLUWA process, most likely due to addition of
H2O2 to the efﬂuents from the acid scrubber.
Processes suited for recovery of metals from acid
solutions comprise hydroxide precipitation, ion
exchange, solvent extraction, and electrolysis. Especially for Zn new investigations were started which
resulted in the development of the FLUREC process
for electrolytic Zn recovery [55]. The process is
actually tested in demo scale in Switzerland [58].
Like in the case of metal recovery from bottom
ashes, a rough estimate will be made to evaluate
the potential of metal recovery from ﬁlter ashes in

Swiss data
1,200–1,350
40,000–44,000
550–650
–
15,000–18,000

3R Process
25–35
70–80
90
20–30
25–40

Estimated average
1,300
45,000
600
1,500
16,000

FLUWA process
20–45
60–83
85–93
–
40–70
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WTE: Management of WTE Residues in Europe, Table 14 Recovery potential of selected metals from filter ashes in
Germany
Inventory (kg/Mg)
Recovery (Mg)
Consumption (Mg)
Potential (%)

Cu
1.3
300
1,700,000
0.02

Germany. The annual generation of ﬁlter ashes in
Germany is in the order of 350,000 Mg. Using the
averaged concentrations in Table 12 and optimistic extraction yields, the amount of recyclable
metals will be calculated. The results for Cu, Zn,
Sn, and Pb are listed in Table 14.
The rough calculation documents that the
recovery of Zn looks very promising since almost
4% of the Zn consumption can be recovered from
waste incineration ﬁlter ashes. The contribution of
the other metals seems marginal and might not be
worth the effort.

Residues from Gas Cleaning
The residues from wet gas cleaning without water
discharge and those from dry or semidry APC
systems carry high levels of soluble salts, especially of alkali and earth alkali chlorides or sulfates. Due to the high solubility, a safe disposal
can only be guaranteed on special and expensive
disposal sites. Attempts have been made to utilize
parts of the ingredients of these residues in order
to minimize the disposal problem.
The main challenge is the closing of the chlorine cycle. Different processes to recover NaCl
[57], HCl [58], or Cl2 [59] have been tested. All
such processes can only be successful if they end
up with high-quality products and if there is a
long-term market for the products.
Today, e.g., in Germany, only few MSWI
plants produce NaCl, CaCl2, or HCl from the
efﬂuents of the acid gas scrubber. For example,
HCl can be recovered through distillation. To
achieve a marketable product, however, several
cleaning stages have to be added [60]. The technology applied at the Hamburg MVR waste

Zn
45
13,000
350,000
3.7

Sn
1.5
150
300,000
0.05

Pb
16
3,200
320,000
1

incineration plant for HCl recovery is depicted in
Fig. 16.
As the ﬂow sheet points out, the production of
clean HCl from scrubber efﬂuents is a complex
and expensive process. At the Hamburg MVR
waste incineration plant, the recovered HCl is
used for processes inside other plants operated
by the owner of the MVR.
Crystallization is applied in many plants
equipped with wet scrubbing systems to recover
gypsum from the neutral scrubber efﬂuents.
As mentioned above already, in Germany the
disposal of gas cleaning residues and ﬁlter ashes
for backﬁlling of caverns in old salt mines is
acknowledged as utilization. This practice is
widely used, to some extent also by neighboring
countries, and is strongly competing with if not
preventing recovery efforts.

Conclusions
European WtE plants aim since the early 1990s
for the production of high-quality bottom ashes to
guarantee their safe disposal or even accomplish
utilization as secondary building material. Recommendations in that direction have been elaborated in the 1980s and 1990s; respective processes
and operation protocols have been developed and
have meanwhile been widely adopted by modern
plants all over Europe. The major principles for
achieving good management of WtE residues are
compiled below:
• Adequate combustion control and careful
sintering of the bed material at the back end
of the grate guarantee an excellent burnout and
cause a good ﬁxation of heavy metals in the
bottom ashes.
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WTE: Management of WTE Residues in Europe, Fig. 16 Scheme of the HCl recovery process at the Hamburg MVR
waste incineration plant ([61], modiﬁed)

• Simple washing of the bottom ashes, preferentially inside the plant in a modiﬁed quench
tank, reduces the leaching of chlorides to very
low levels.
• Bottom ash treatment and aging results in mineral products which have a high potential for
utilization, e.g., according to German regulations in road construction.
• Metal recovery initially limited to ferrous scrap
removal is widely extended to additional nonferrous metal recovery and will be developed
to higher recovery yields in the future.
• Post-combustion treatment of bottom ashes
increases the incineration cost without improving the elution stability signiﬁcantly and is
hence actually not practiced in Europe.
In line with this development also, the sustainable management of boiler and ﬁlter ashes as well as
of gas cleaning residues became of central concern.
Filter and boiler ashes are classiﬁed as hazardous residues due to their high loads of water-

soluble salts, heavy metals, and PCDD/F. Technologies for stabilization by washing, solidiﬁcation, melting/fusion, or leaching have been
developed.
Acid leaching with eventual stabilization of the
leached ashes is practiced in Switzerland. This leads
to the revival of an idea followed already in the
1980s but given up due to missing economic interest: recovery of Zn from ﬁlter ashes. It is expected
that this technology will be improved with time and
will ﬁnd widespread application, most likely in centralized treatment plants in cooperation with chemical and metal industry.
APC residues are also hazardous materials¸
their main problem is the salt content. Processes
have been developed to recover Cl as marketable
HCl or NaCl. For the time being these processes
do not really pay and are practiced by few incineration plants only. Better use of gypsum and
recovered chlorine products, the latter ones for
industrial use, could be expected in centralized
plants in cooperation with chemical industry.
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Future Directions
Most problems in the ﬁeld of residue management
are well understood today, and in most cases
appropriate technologies exist already. However,
further development, especially in view of optimized and simpliﬁed systems, is expected. It is
obvious that primary and in-plant measures have
to be preferred rather than secondary postcombustion techniques.
The process of uniﬁcation of waste management in the EU member states will continue, and it
is most likely that in the future all countries will
enact a landﬁll ban for reactive waste. It can also
be envisaged that in all member states recycling
will catch up with the actually leading countries.
This development in line with the expected convergence of economy and lifestyle will promote
WtE in the EU. The quality of residual waste will
not change dramatically concerning its caloriﬁc
value, but its inventory of some ingredients, especially of metallic species, will hopefully decrease
by advanced recycling strategies.
With the increased application of WtE, the
generation of solid residues from this process
will increase as well. The technological progress
should care for a higher quality of bottom ashes.
However, whether this will go along with an
increased utilization has to be waited for. The
niche market as secondary building material is
limited, but the required quality will allow a safe
and easy aftercare-free disposal of these materials.
The efforts for metal recovery from bottom
ashes as well as from ﬁlter ashes – seen today in
Switzerland – will ﬁnd an echo in other countries
and will pave the way for a tendency to inertize
these actually problematic residues and to achieve
easier ﬁnal disposal.
Today and also in the future, most critical residues from WtE processes are the residues from
chemical ﬂue gas cleaning. For the time being,
there is no convincing solution for the management of these highly water-soluble substances
other than their disposal in old salt mines – may
it be acknowledged as utilization or not. This
option is for most countries not accessible.
Hence, further research is necessary, but from a
chemical perspective, most of the water-soluble
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species, such as alkali halogenides, cannot easily
be stabilized against leaching. Hence, eventually
other practicable approaches have to be
considered.
Either recovery of chlorine and extended utilization of sulfur compounds are improved, or these
species are discharged into their natural sink – the
ocean. Of course, such strategy would need a
signiﬁcant change in our present gas cleaning
“philosophy.” Which technology will be preferred
in the future is open; however, there is great hope
that a sustainable solution will be found.
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Glossary
Material ﬂow analysis (MFA) Systematic
assessment of the ﬂows and stocks of materials
within a system, deﬁned in space and time
Statistical entropy Developed by C.E. Shannon
as part of his information theory and used as a
measure for distributions in statistics; formally
similar to the thermodynamic entropy of
mixing
Statistical entropy analysis (SEA) Entropybased method, based on material ﬂow analysis,
for quantifying the concentrating effect of a
process or system
Waste-to-energy (WTE) Combustion of municipal solid waste (MSW) with energy recovery

Definition of the Subject and Its
Importance
The turnover of materials used in a national economy has been described as the consumption of
resources (low-entropy materials) that are used
and transformed into wastes (high entropy materials): therefore, the economy is viewed as an
entropy producing process [1]. In a recycling
economy, entropy generation must be kept low
and waste management should transform highentropy wastes into low-entropy recycled products that can reduce the use of primary resources.
Entropy reduction is achieved by the concentrating of materials. Evaluation of the materials balances, by means of statistical entropy analysis,
within state-of-the-art incinerators shows that
waste-to-energy is a major contributor to a sustainable materials management. It is shown that
waste incineration results in signiﬁcant concentrating of several substances.

Introduction: Material Balances and
Entropy Evaluation
Stumm and Davis [2] described the life cycle of
copper qualitatively by using the metric of
entropy. They showed that entropy is reduced
when consumer products are made from raw
materials and entropy increases after the products
are used and become waste (Fig. 1). Later on,
Rechberger and Graedel [3] applied the concept
of statistical entropy to the global copper cycle
and quantiﬁed the entropy trend (Fig. 2).
The shape of the Relative Statistical Entropy
(RSE) curve of Fig. 2 can be explained as follows:
One tracks the life cycle of a batch of copper (e.g.,
1 kg) and quantiﬁes the state of this amount of
copper by applying statistical entropy. There are
two extreme states for the copper batch; either it
appears as a 100% pure item, e.g., as a copper bar
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WTE: Decreasing the
Entropy of Solid Wastes
and Increasing Metal
Recovery, Fig. 1 The life
cycle of copper and the
change in its entropy [2]

Recycling
Raw material
Manufacture

Use
Polluon

Consumer good
Waste

Resources

Entropy (relave)

Low-grade
resources

High-grade
resources
Resources

Dispersion

Raw material

of 1 kg, which translates into a RSE of zero, or it is
completely dissipated and contributes to the mean
concentration in the earth crust (ca. 70 mg/kg),
which is deﬁned as the maximum entropy state
(RSE of 1). Any other state has to lie between
these two extremes. The life cycle starts with copper ore (Fig. 2, point 1), which has a mean concentration of 0.5%. The “copper production” process
comprises several concentrating and beneﬁciation
steps resulting in high-grade cathode copper having
a purity of 99.9% or higher (step 1 ! 2 in Fig. 2).
However, point 2 lies above the x-axis (RSE = 0)
because extracting copper from its ore is not 100%
efﬁcient; there are some waste by-products
(tailings, slag) and these account for the distance
between point 2 and the zero-line in Fig. 2.
The process “production of goods” requires
that copper metal is mixed or combined with
other materials to form consumer products having
copper concentrations between 0.01 up to 100%;
this results in an entropy increase (step 2 ! 3 in
Fig. 2). These products are then used and eventually become waste (step 3 ! 4) with a typical

Consumer
good

Waste

copper concentration of <1% (MSW, waste electrical and electronic equipment, end-of-life vehicles, construction and demolition waste, etc.).
The process of “waste management” separates
copper scrap and this results in an entropy
decrease (step 4 ! 5 in Fig. 2). The decrease is
rather moderate because much of the copper
becomes embedded in the stock of the process
“consumption and use” that represents a future
potential for recycling (and entropy decrease);
because of this, the global recycling rate is rather
low (about 50%).
The global total entropy trend for copper is
rather balanced since point 1 (ore) and point
5 (wastes to landﬁll) have similar values. However, in a fully developed recycling economy
where waste becomes a high-grade resource
again, the life cycle of copper would end at point
50 in Fig. 2. This means that waste management
needs to realize a substantial reduction in entropy,
posing a similar challenge as the process from step
1 ! 2 (Fig. 2), i.e., the production of pure cathode
copper from copper ore. The latter is achieved by
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a series of processes in series, such as grinding,
ﬂotation, roasting, smelting, extraction, and reﬁning. Therefore, it is straight forward to postulate
that the path from 4 ! 50 (Fig. 2) will require a
similar technological effort as the production path
from 1 ! 2. In other words: The realization of a
substantial recycling economy will require hightech waste management. At present, these hightech technologies have not yet been introduced to
waste management. Notable exceptions are stateof-the-art incinerators and a trend to sophisticated
recycling technologies such as Near-Infrared
Spectroscopy detection and sorting equipment.

Description of Waste-to-Energy (WTE)
A waste-to-energy facility can be divided into the
actual combustion process, the boiler and power
generation turbine, and the air and water pollution
control system. The choice for the combustion
technology is mainly determined by the physical
(particle size distribution, density, aggregate state,
water content, etc.) and chemical (elemental composition, caloriﬁc value, ash content, etc.) characteristics of the waste. A widely used method for the
incineration of municipal solid waste (MSW) is the
so-called mass-burn grate combustion (Fig. 3).

Boiler

In a typical mass-burn facility [4] waste is
stored in a fully contained waste bunker for
periods up to 1 week. Combustion air is taken
from the bunker thus preventing odor outside the
facility. An operator-controlled or automated
crane mixes incoming wastes to provide some
homogeneity with regard to caloriﬁc value and
loads the waste into a hopper feeding a watercooled gravity chute that serves as an air seal
between bunker and furnace. A horizontal ram
feeder at the bottom of the chute pushes the
waste onto the furnace grate where it is
combusted. The grate consists of moving and
ﬁxed elements (rows) that guarantee controlled
transportation, mixing of the waste, and equal
distribution across the grate. At the end of the
grate, the bottom ash is discharged into a water
basin, where it is cooled and then conveyed to the
bottom ash bunker.
The ﬂue gas leaving the combustion chamber
contains high amounts of particulates (3–5 g/m3),
acids such as SO2 (sulfur dioxide), HCl
(hydrochloric acid), HF (hydroﬂuoric acid), and
NOx (nitrogen oxides) that require extensive ﬂue
gas treatment. Particulates are removed in electrostatic precipitators (ESP) or more commonly in
bag house ﬁlters (also referred to as fabric ﬁlters).
ESPs use electric forces to charge and move particulate matter in a ﬂowing gas stream to a
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WTE: Decreasing the Entropy of Solid Wastes and Increasing Metal Recovery, Fig. 3 Modern WTE facility with
state-of-the-art Air Pollution Control (APC) system
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collecting surface. They are more robust towards
temperature changes, have lower pressure drops,
and are easy to maintain. Bag house ﬁlters
(particulate removal by ﬁltration on ﬁber surfaces)
achieve high removal efﬁciencies for ﬁne particles
(<5 mm, >99.9%).
Various reagents are used in the APC system of
WTEs, such as lime (CaO) or lime hydrate (Ca
(OH)2), to remove sulfur dioxide and hydrogen
chloride, and activated carbon, to remove mercury
and dioxins. Acids can be very efﬁciently and
separately removed by a two-stage wet scrubber
system. HCl and HF are physically absorbed in the
ﬁrst acid scrubber stage at pH 1. The low pH prevents absorption of SO2. The scrubber liquid is
water, and then no neutralization agent has to be
used. Also mercury-chlorides are removed from
the ﬂue gas at this stage. During the second stage
SO2 is chemically absorbed using either CaCO3,
Ca(OH)2, or NaOH (sodium hydroxide) for neutralization at pH 7. The ﬁnal product of the sulfur
removal is gypsum, which is de-watered and either
recycled in the gypsum industry or landﬁlled. Part
of the scrubber water is continuously puriﬁed by an
on-site physical-chemical wastewater treatment
process. Neutralization sludge is precipitated and
dewatered in a ﬁlter press. Chloride is discharged
with the treated wastewater.
Hydrogen chloride (HCl) can be puriﬁed and
concentrated to over 30% for recycling. Alternatively, the acid can be neutralized with NaOH, and
sodium chloride brine can be recycled. NOx is
reduced to N2 and H2O by injecting NH3
(ammonia). The reaction requires high temperatures (900–1,000  C). A ceramic catalyst (based
on TiO2 and V2O5) reduces the temperature need
to 200–300  C and enhances the efﬁciency of the
reaction from 70% to 80% up to 90%. With proper
design, the catalyst can also be utilized to oxidize
PCDD/F. Sometimes activated carbon ﬁlters are
employed as a ﬁnal stage to adsorb organic compounds (e.g., PCDD/F), metallic mercury (Hg ),
and other trace pollutants passing the previous air
pollution control (APC) stages. State-of-the-art
combustion and APC-systems destroy organic
and remove inorganic pollutants with high efﬁciency. Various full-scale plants demonstrate the
reliability of these technologies; they operate at
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emissions way below the stringent emission limits
enacted, e.g., by the European Union [5].
An ongoing ﬁeld of research and development
with regard to WTE is how to produce bottom ash
and ﬁlter residues that have improved landﬁll
properties with regard to composition and emissions, and residues that can be utilized as secondary resources. This can be achieved either by
after-treatment of bottom and/or ﬂy-ashes in thermal and/or chemical processes or by designing
new technologies that are not necessarily based
on the grate furnace technology.
Bottom ashes can also be further treated by
mechanical processes (sieving, screening) and
magnetic separation of iron scrap. Adequate thermal after-treatment of bottom ash results in three
products: (1) a silicate product that can be utilized
for construction purposes, (2) metals consisting
mainly iron, copper, and other lithophilic metals
(metals of low vapor pressure), and (3) a concentrate of atmophilic metals (metals of high vapor
pressure). The last two fractions can be recycled in
the metal industry.
Immobilization of leachable substances can also
be achieved by solidiﬁcation/stabilization using
additives such as cement that physically and/or
chemically immobilize hazardous substances in
ashes. Some new incineration concepts combine
pyrolysis and high-temperature processes with
conventional APC as described in other sections
of the Encyclopedia. The goals of these technologies are to produce residues with better qualities
with respect to disposal and recycling than mass
burn systems. None of these new technologies
have experienced a breakthrough. Up to now,
they could not prove yet that they are able to
reach the same or higher goals than traditional
MSW incineration at lower costs and at the same
reliability. Today, WTE combined with advanced
APC represents a reliable, robust, and compared to
other available options environmentally sound
technology to dispose of combustible and hazardous wastes. Further development should be
focused on producing more residues that can be
recovered in an environmentally sound manner,
and to use thermal processes to turn waste management into an integrated part of a sustainable
materials management.
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Table 1 provides the mass balance of a WTE
facility consisting of mass-burn combustion, ESP,
two-stage wet scrubber system, de-NOx reactor,
activated carbon ﬁlter, and chemical-physical
waste water treatment. Table 2 shows the respective transfer coefﬁcients for selected metals. Both
were determined by an intensive measurement
campaign at a full-scale facility over 1 week [6].

Statistical Entropy Analysis (SEA)
The methodological framework of SEA is
described in [7, 8]. SEA employs statistical entropy

to quantify the distribution of substances or elements in a process. In statistics the entropy is used
as a metric to describe distributions of any kind.
Rechberger showed that the input as well as the
output of a process (e.g., a WTE facility) can be
described by distributions of substances as a result
of a Material Flow Analysis (MFA). Figure 4 and
Table 3 show an example, the cadmium balance of
a WTE facility.
The distribution of the input is rather simple
since over 99% of the Cd enters the process via
the material ﬂow “MSW” that contains a concentration of 15 mg/kg MSW. The output distribution
is more complex. Cadmium is partitioned among

WTE: Decreasing the Entropy of Solid Wastes and Increasing Metal Recovery, Table 1 Normalized mass balance
of a state-of-the-art WTE facility [6]
Input
MSW
Adsorbent
Liquid ammonia solution
Air
Water

t/t MSW
1.0
0.0011
0.0030
4.1
0.56

Total

5.7

Output
Bottom ash
FGD-gypsum
Filter cake
Fly ash
Iron scrap
Off-gas
Puriﬁed waste water

t/t MSW
0.26
0.0040
0.0026
0.029
0.035
4.9
0.39
5.7

WTE: Decreasing the Entropy of Solid Wastes and Increasing Metal Recovery, Table 2 Transfer coefficients (%)
of a WTE plant [6]

Ag
As
Cd
Co
Cr
Cu
Fe
Hg
Mn
Ni
Pb
Sb
Sn
V
Zn

Bottom ash
%
83
70
20
70
83
96
40
5
84
83
74
41
76
81
72

Fly ash
%
16
28
43
9
4
0.9
1.2
4.6
12
2
25
55
23
11
26

Iron scrap
%
0.001
0.17
31
20
13
3
58
0.001
3.8
15
0.0049
2.3
0.001
7.6
0.6

FGD-gypsum
%
0.0062
0.23
0.0052
0.054
0.0006
0.0005
0.00026
3.27
0.00032
0.0022
0.0078
0.01
0.014
0.0026
0.011

Filter cake
%
0.48
0.68
5.9
0.09
0.032
0.03
0.08
83
0.16
0.027
0.8
1.6
0.57
0.39
1.27

Pur. WW
%
0.06
0.09
0.01
0.02
0.0007
0.00005
0.00031
0.3
0.034
0.001
0.0006
0.004
0.009
0.02
0.006

Off-gas
%
0.001
0.6
0.04
0.005
0.0006
0.00002
0.001
3.9
0.0002
0.0003
0.0007
0.003
0.01
0.005
0.0006

WTE: Decreasing the Entropy of Solid Wastes and Increasing Metal Recovery
Input

Output

Input

4,9

Off-gas

4,1

0,029

Fly ash

MSW

1

0,0026

Filter cake

Water

0,56

0,004

FGD gypsum

Air

WTE facility

Liquid ammonia
0,003
solution
Adsorbent

0,0011
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0,006

Off-gas

0

6,5

Fly ash

MSW

15

0,89

Filter cake

Water

0

Air

0,39

Waste water

0,035

Iron scrap

0,26

Bottom ash

Output

Liquid ammonia
solution
Adsorbent

WTE facility

0,00078

FGD gypsum

0

0,00015

Waste water

0

4,7
3

Materials in t/t MSW

Iron scrap
Bottom ash

Cd in g/t MSW

WTE: Decreasing the Entropy of Solid Wastes and Increasing Metal Recovery, Fig. 4 Materials and Cd balance
for a WTE facility. The WTE facility can be conceived as a transformer of distributions (input ! output)

the outputs as follows: Bottom ash, 20%
(11 mg/kg); iron scrap, 31% (130 mg/kg); ﬂy ash,
43% (220 mg/kg); ﬁlter cake, 5.9% (340 mg/kg);
FGD gypsum, 0.0052% (0.2 mg/kg); puriﬁed
waste water, 0.01% (0.0038 mg/kg); off-gas,
0.04% (0.0012 mg/kg). In other words, cadmium
is transferred mostly to some output ﬂows (ﬂy ash,
iron scrap) and at different concentrations in the
various outputs. By applying the following equations, it is possible to quantify whether Cd is rather
concentrated or diluted during the WTE operation.
Xij. . . ﬂow of substance j in material i
Mi. . . ﬂow of material i
cij. . . concentration of substance j in material i
Xij ¼ Mi  cij ,

The dilution of gaseous (g) and aqueous
(a) emissions in the environment (only for the
output) is considered by introducing the geogenic
background concentration (cj,geog.) of a substance
in air and water. The assumption is that the emission via a stack or waste water pipe into a river is
diluted to 1% (therefore the factor of 100 in Eqs. 4
and 5) above the respective geogenic background
concentration. Equations 4 and 5 are approximations and only valid if cij >> cj,geog.. If this is not
the case, a more complex formula has to be
applied; for details see [7].
8 c m
ij
i
>
 100
>
>
>
c
< j, geog:, g
cij  mi
mi ¼
 100
>
cj, geog:, a
>
>
>
:
mi

(1)

with i = 1. . ..nI for input and i = 1. . ..nO for
output
mi. . .. normalized mass ﬂows
Mi
mi ¼ PnI

i¼1 X ij

Mi
¼ Pn O
i¼1

Xij

Xk
 

H j cij , m ¼ 
m  cij  ld cij ,
i¼1 i

(5)

(2)
The maximum statistical entropy is expressed

The statistical entropy function for the input
and output distribution is expressed as follows:


8
< cj, geog:, g =100
cij cj, geog:, a =100
:
cij

(4)

by

H max, j ¼ ld

(3)

where ld is the logarithm to the base 2 and ld
(0) = 0.

1

cj, geog:


 100 ,

(6)

with cj,geog. = cj,geog.,g when cj,geog.,g <cj,geog.,a
and cj,geog. = cj,geog.,a when cj,geog.,g >cj,geog.,a

ci
kg Cd/kg
material
0.000015
0
0
0
0

Mi
t material/t
MSW
1.0
0.0011
0.003

4.1
0.56

5.7

Input
MSW
Adsorbent
Liquid ammonia
solution
Air
Water

Total

0.015

0
0

Xi
kg Cd/kg
MSW
0.015
0
0

100

0
0

%
99.9
0
0
Fly ash
Iron scrap
Off-gas
Puriﬁed waste
water

Output
Bottom ash
FGD-gypsum
Filter cake

5.7

0.029
0.035
4.9
0.39

Mi
t material/t
MSW
0.26
0.004
0.0026

0.00022
0.00013
0.0000000012
0.0000000038

ci
kg Cd/kg
material
0.000011
0.0000002
0.00034

0.015

0.0065
0.0047
0.000006
0.0000015

Xi
kg Cd/kg
MSW
0.003
0.0000078
0.00089

100

43
31
0.04
0.01

%
20
0.0052
5.9

WTE: Decreasing the Entropy of Solid Wastes and Increasing Metal Recovery, Table 3 Result of an MFA for the flow of cadmium (Cd) through a WTE facility (material
flows (Mi), concentrations (c), and resulting substance flows (Xi))
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Hmax is determined by assuming that the total
substance ﬂow SXij is diluted into the environmental compartment with the lowest background
concentration (in the case of heavy metals, this is
usually the atmosphere).
The Relative Statistical Entropy is a normalized metric in the range [0,1].
H rel, j ¼ H j =H max, j

(7)

The power of a process (e.g., WTE facility) to
concentrate a substance j is then expressed by
DH rel, j ¼ H rel, j, Output  H rel, j, Input :

(8)

Alternatively, the “Substance Concentrating
Efﬁciency” (SCE) can be deﬁned as a speciﬁc
metric, in %:
SCEi ¼

DH rel, j
 100:
H rel, j, Input

(9)

The SCE is positive for concentrating processes with a maximum of 100% (the “pure”
substance) and negative for diluting processes
(e.g., for Hg when refuse derived fuel is used for
co-combustion in a cement kiln). As an example,
Table 4 provides the calculation of DHrel for cadmium in a WTE plant.

191

realize a noteworthy recycling economy (see
Fig. 2). In the case of global copper management
SEA shows that waste management should
achieve a SCE of at least 80%.
On the other hand it should be noted that a
selective separation step does not have to be
restricted to iron. Intensive characterization of
bottom ash [6, 9] has shown that some metals
appear to a large extent in metallic form in the
ash and not as oxides or other compounds. For
example, Fig. 6 shows that about 50% of the
copper contained in the bottom ash would be
recoverable by a mechanical process; particles
larger than 4 mm are considered to be detectable
and removable by a combination of Near-Infrared
Spectroscopy detection and pneumatic separators.
This measure would increase the SCE for Cu from
21% to 51%. A melting process, described by
Zeltner and Lichtensteiger [10] and shown in
Fig. 7, would increase the SCE up to 80%. This
last example shows that high recovery rates, i.e.,
high SCE-values, can be achieved. However, they
require the implementation of sophisticated and
costly technology. Although, it has not been
established quantitatively as yet, it is safe to
assume that SCE-rates in the range of 70–90%
are achievable for certain substances.

Relationship Between SEA and
Environmental Impact
Application of SEA to Waste-to-Energy
By applying Eqs. 1–9 to the metals shown in
Table 2, the resulting SCE-values for a speciﬁc
WTE facility are shown in Fig. 5.
Generally, it can be said that the SCE of stateof-the-art WTE for most metals is in the range
between 10% and 20%. For volatile (atmophilic)
elements, it tends to be higher since these elements are rather transferred to and concentrated
in the APC residues. The highest SCE is achieved
for iron. Ferrous metals are easily separated and
collected in a WTE facility, by means of magnetic
separation.
Following the above discussion it is clear that
SCE-values of 10–20% are not sufﬁcient to

There is no scientiﬁc evidence that entropy is a
direct measure of environmental impact. However, considering the stack emissions of a WTE
facility, Fig. 8 shows that the actual emissions of
Cd (0.0012 mg/m3) are in a range where they do
not contribute to Hrel,Output. A tenfold increase to
0.01 mg/m3 would result in an entropy increase by
1%. The emission standard for Cd (0.025 mg/m3)
is in the range of 1–5% which is the area the
cadmium emission in stack gas would become
entropy-relevant.
Therefore, from the point of view of statistical
entropy analysis, the emission limit of Cd has
been determined correctly. The European Directive on Waste Incineration [5] provides the following emission limits: Cd + Tl = 0.05 mg/m3;

nO
1.
2.
3.
4.
5.
6.
7.

nI
1.
2.
3.
4.
5.

Output
Bottom ash
FGD-gypsum
Filter cake
Fly ash
Iron scrap
Off-gas (g)
Puriﬁed waste water (a)
Total
Geogenic concentration of Cd in
Air (cgeog.,g)
Water (cgeog.,a)

j = Cd
Input
MSW
Adsorbent
Liquid ammonia solution
Air
Water
Total
kg Cd/kg material
0.000011
0.0000002
0.00034
0.00022
0.00013
1.0E-14
1.0E-12

kg Cd/kg air
kg Cd/kg water

1.0E-12
1.0E-10

ci

ci
kg Cd/kg of material
0.000015
0
0
0
0

t material/t MSW
0.26
0.004
0.0026
0.029
0.035
4.9
0.39
5.7

Mi
t material/t MSW
1.0
0.0011
0.003
4.1
0.56
5.7
Mi
kg Cd/t MSW
0.003
0.00000079
0.00089
0.0065
0.0047
0.000006
0.00000015
0.015

Xi
kg Cd/t MSW
0.015
0
0
0
0
0.015
Xi
kg material/kg Cd
17,400
265
173
1,934
2,347
4E + 10
1E + 08
4.0E + 10
Hmax
Hrel,Input
Hrel,Output
SCE (%)

mi
kg of material/kg Cd
66,664
74
200
273,322
37,332
377,593
mi
–
0.2
0.000052
0.0.59
0.43
0.31
0.0004
0.0001
1.0
47
0.34
0.28
18

ci  mi
–
1.0
0.0
0.0
0.0
0.0
1.0
ci  m i

DHrel

–
16.41
22.28
11.52
12.13
12.89
46.51
39.86

ldðci Þ

ld (ci)
–
16.0
0.0
0.0
0.0
0.0

0.06

–
3.3
0.00116
0.68
5.22
4
0.0186
0.004
13.2

ci  mi  ld (ci)
–
16.0
0.0
0.0
0.0
0.0
16.0
ci  mi  ldðci Þ

WTE: Decreasing the Entropy of Solid Wastes and Increasing Metal Recovery, Table 4 Example: Calculation of DHrel and the SCE of Cd in a WTE facility
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WTE: Decreasing the Entropy of Solid Wastes and Increasing Metal Recovery, Fig. 5 Substance concentrating
efﬁciency (SCE in %) of a WTE facility for selected metals

100
90
80
70
60
[%] 50
40
30
20
10
0
V

Cr

Mn

Fe

Co

Ni

Cu

Zn

As

Ag

Cd

Metals >50 mm

Metals <6,3

Metals 6.3–50 mm

Mineral fraction

Sn

Sb

Pb

WTE: Decreasing the Entropy of Solid Wastes and Increasing Metal Recovery, Fig. 6 Occurrence of metals [%] in
the bottom ash of a WTE facility (mass burn) after magnetic separation of iron [6]

Hg = 0.05 mg/m3; Sb + As + Pb + Cr + Co +
Cu + Mn + Ni + V = 0.5 mg/m3. For the sum
of elements from Sb to V, Table 5 reveals
that an emission of 1.1 mg/m3 would result in

an entropy increase (Hrel,j,Output) of 1%. For
entropy increases by 5% and 10%, the emissions would have to be 6.3 and 11 mg/m3, respectively. This calculation shows that, from an

194

WTE: Decreasing the Entropy of Solid Wastes and Increasing Metal Recovery

WTE: Decreasing the Entropy of Solid Wastes and Increasing Metal Recovery, Fig. 7 Melting of bottom ash;
copper ﬂows. Some 80% of the copper in MSW could be recovered [9]
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WTE: Decreasing the Entropy of Solid Wastes and
Increasing Metal Recovery, Fig. 8 Illustration of the
inﬂuence of the stack gas emission of a WTE facility on the

Relative Statistical Entropy (Hrel,Output). The emission limit
for Cd is in the transition area between 1% and 5% increase
in entropy

entropy point of view, the emission standard for
this group of metals is rather stringent. In the case
of mercury (Hg), the entropy approach would
suggest an emission limit of 0.01 mg/m3. In this
case, the actual emission standard of 0.05 mg/m3
seems rather high.
However, it should be noted that the transfer
coefﬁcients for metals in the stack gas have high
uncertainties because they are result of single
point measurement; also the geogenic background

concentrations of metals vary by one to two orders
of magnitude. In summary, it can be stated with
high certainty that the actual emissions of metals
are not entropy-relevant and with some certainty
that the present emission standards are in the
transition area where emissions to the air would
become relevant. Therefore it seems that there is a
weak relationship between entropy generation
and environmental impact. This means that the
entropy approach cannot replace human and eco-

WTE: Decreasing the Entropy of Solid Wastes and Increasing Metal Recovery
WTE: Decreasing the Entropy of Solid Wastes and
Increasing Metal Recovery, Table 5 Calculated emission values (mg/m3) as a result of entropy increase
Increase of Hrel,j,Output
1%
5%
10%
0.004 0.01 0.02
0.005 0.03 0.05
0.1
0.7
1
0.5
3.5
5
0.2
0.7
1.3
0.08
0.4
0.7
0.23
0.8
2.4
0.02
0.1
0.2
0.008 0.04 0.07
1.1
6.3
10.7

As
Co
Cr
Cu
Mn
Ni
Pb
Sb
V
Total (As + Co + Cr + Cu + Mn
+ Ni + Pb + Sb + V)
Emission limit for As + Co + Cr + Cu + Mn + Ni
+ Pb + Sb + V [5]

0.5

toxicological research to ﬁx emission limits but
can be used as a ﬁrst approximation tool where
limits are missing or need to be assessed.

Further Directions
Further research has been carried out to extend the
concept of SEA from chemical elements to compounds. For example, instead of examining the
nitrogen balance of a waste water treatment
plant, one would consider the different compounds of nitrogen in the inﬂow and efﬂuent of
the plant, such as nitrite, nitrate, ammonium,
nitrous oxide, etc. (see [11]). The consideration
of the chemical speciation of an element is important for substances like carbon and nitrogen. Since
the speciation of an element is crucial for its ecotoxicity, it will be interesting to ﬁnd out whether
there is a relationship between entropy and ecotoxicity. Another research topic is the testing of
the applicability and usefulness of SEA in
benchmarking studies for waste and waste water
treatment technologies and the employment of
statistical entropy for the evaluation of resource
consumption.
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Glossary
Environmental education Process in which individuals gain awareness of their environment and
acquire knowledge, skills, values, and experiences to solve present and future environmental
problems, including solid waste minimization.
Municipal solid waste A waste type that includes
predominantly household and commercial wastes
collected by a municipality within a given area.
They are in either solid or semisolid form and
generally exclude industrial hazardous wastes.
Public involvement The full range of activities
utilized by an organization to engage the public
in the decision-making process.
Recycling The act of processing used or abandoned materials for use in creating new products.
Source reduction Refers to any change in the
design, manufacture, purchase, or use of materials or products (including packaging) to
reduce their amount or toxicity before they
become municipal solid waste.

Definition of the Subject and Its
Importance
Public involvement and education are critical
components of successful solid waste management. Public involvement is deﬁned as the full
range of activities utilized by an organization to
engage the public in the decision-making process.
Through environmental education, people gain an
understanding of how individual actions affect the
environment, acquire skills to weigh various sides
of issues, and become better equipped to make
informed decisions. The components of environmental education are:
•
•
•
•
•

Awareness and sensitivity
Knowledge and understanding
Attitudes
Skills
Participation

Public involvement and education are important components for effective solid waste minimization efforts at local and national levels. These
efforts, combined with strong solid waste minimization programs, are the cornerstones that allow
organizations to reach waste minimization goals
by informing and motivating stakeholders to participate in these programs.

Introduction
Municipal solid waste (MSW), more commonly
known as trash or garbage, consists of everyday
items such as product packaging, grass clippings,
furniture, clothing, bottles, food scraps, newspapers, appliances, paint, and batteries [1]. In the
year 2006, US residents, businesses, and institutions generated more than 228 t (251 million US
tons) of MSW, which is approximately 2.1 kg
(4.6 lb) of waste per person per day, up from
1.2 kg (2.7 lb) per person per day in 1960 [1]. Governments must work through their constituents to
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address these issues. Public involvement and education are critical components to increase the
awareness and to help drive down these trends.
This entry provides an overview of public
involvement and education for solid waste reduction. First, background information is provided,
including an overview of environmental concerns
related to solid waste reduction and an overview
of key environmental regulations. Next, the main
components of environmental education are
discussed including education and public involvement tools, the public involvement plan framework, and an overview of several successful
solid waste education and involvement plans.
Finally, a discussion of future directions in this
ﬁeld is provided.

Overview of Environmental Concerns
The world has changed signiﬁcantly over the past
century. Societies are shifting to a convenienceoriented mind-set, world population is increasing,
and subsequently waste generation is shifting,
which is creating new environmental impacts. For
example, from a convenience standpoint, solid
waste generation rates are increasing due to the
proliferation of individually packaged food servings, fast-food containers, and disposable diapers.
The average American discards 2.1 kg (4.6 lb)
of garbage every day [1]. Most of this waste is
compacted and buried in landﬁlls and, as it continues to grow, so will pressure on the landﬁlls, the
resources, and the environment. The impacts are
intensiﬁed by an ever-increasing population. The
US Census Bureau estimates the current world
population at 6.6 billion people, with a projected
annual growth rate of approximately 1.2% [2]. By
2050, the world population is projected to be over
nine billion [2]. Globalization and the development
of Third World countries are compounding these
issues as well. More people, generating more waste
is not a good combination for the environment.
One of the central purposes of solid waste
education is to inform the public of the need to
reduce or eliminate the environmental impacts of
individuals, companies, and industries. An understanding of these impacts is critical when
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addressing solid waste issues to provide direction
for reduction efforts. Some of these impacts are
more important than others; thus a comprehensive
understanding will allow citizens, managers, and
engineers to focus on more serious problems. This
section provides an overview of these impacts
with a focus on the effects and not the sources.
These impacts are:
• Space availability: as the world population
increases and cities grow, the available space
to dispose of solid waste decreases. By minimizing solid waste levels, disposal space will
also decrease making land available for
other uses.
• Landﬁll leachate: leachate is a liquid that is
generated in a landﬁll by decomposing waste,
chemical waste, and rainwater entering the
landﬁll. If the landﬁll leachate enters the environment, it mixes with groundwater near the
site and can have very negative effects.
Groundwater is the source of drinking water
for over 40% of the US population and up to
90% of the population in rural areas. It was
formerly assumed that this source of water was
not subject to contamination, but recent studies
have shown that this source of water can in fact
become contaminated. Landﬁll leachate may
be virtually harmless or dangerously toxic,
depending upon the characteristics of the material in the landﬁll. Typically, landﬁll leachate
has high concentrations of nitrogen, iron,
organic carbon, manganese, chloride, and phenols. Other chemicals including pesticides, solvents, and heavy metals may also be present.
Modern landﬁll sites require that the landﬁll
leachate be collected and treated. Since there is
no method to ensure that rainwater cannot
enter the landﬁll site, landﬁll sites must now
have an impermeable layer at the bottom. The
landﬁll leachate that collects at the bottom
must be monitored and treated if required.
This liquid can be treated in a similar manner
to sewage, and the treated water can then be
safely released into the environment.
• Global warming: one study reports that US
landﬁlls are responsible for 3.8% of the global
warming damage from humans. Sources in the
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US municipal solid waste landﬁlls are the largest source of human-related methane emissions
in the USA, accounting for about 25% of these
emissions in 2004 [1]. This gas consists of
about 50% methane (CH4), the primary component of natural gas, about 50% carbon dioxide (CO2), and a small amount of non-methane
organic compounds. In 2003, US landﬁlls generated 131.2 Tg (teragrams) methane in terms
of carbon dioxide CO2 equivalents (where a
teragram is one million tons). Reducing the
amounts of solid waste disposed in landﬁlls
would reduce methane generation and subsequently reduce global warming.
• Consumption of natural resources: a large component of solid waste minimization is recycling.
Recycling reduces the consumption of virgin
natural resources by utilizing perceived waste
materials. For example, production of recycled
paper uses 80% less water and 65% less energy
and produces 95% less air pollution than virgin
paper production. If every American recycled
their newspaper just 1 day a week, the USA
would save approximately 36 million trees a
year. For every four-foot stack of paper
recycled, one tree is saved, and deforestation is
minimized. Recycling also reduces environmental impacts due to mining. For example,
by recycling aluminum, the need for the raw
mineral bauxite is eliminated, which in turn
eliminates the need for mining and smelting.
• Loss of habitat: although it is difﬁcult to accurately quantify habitat loss, many animal species are displaced by the creation of landﬁlls
and the effects of deforestation. By minimizing
solid waste levels and increasing recycling,
available habitats for animals will not be
disrupted by the development or expansion of
landﬁlls and the effects of deforestation to
acquire virgin raw materials.
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involving natural resources at both the local and
global scales. Although in recent decades the economic market has been identiﬁed as a suitable
mechanism for managing environmental quality,
markets have serious failures and governmental
intervention, and regulation and the rule of law are
still required for the proper, just, and sustainable
management of the environment. This section discusses several of the key US environmental laws
and regulations that pertain to solid waste
management.
Solid Waste Disposal Act (SWDA) of 1965
The Solid Waste Disposal Act (SWDA)
(P.L. 89–272, 79 Stat. 992) became law on
October 20, 1965. In its original form, it was a
broad attempt to address the solid waste problems
confronting the nation through a series of research
projects, investigations, experiments, training,
demonstrations, surveys, and studies. The key
points of the SWDA were as follows:
• Promoted better management of solid wastes
• Supported resource recovery
• Directed that the US Public Health Service
(PHS) promulgate and enforce regulations for
solid waste collection, transportation,
recycling, and disposal (The US EPA was not
formed until 1970.)
• Provided ﬁnancial assistance for states to study
and develop solid waste management plans
• Provided support for research and development of improved methods of solid waste
management
The decade following its passage revealed that
the SWDA was not sufﬁciently structured to
resolve the growing mountain of waste disposal
issues facing the country. As a result, signiﬁcant
amendments were made to the act with the passage of the Resource Conservation and Recovery
Act (RCRA) of 1976.

Key Environmental Regulations
Governments play a critical role in managing the
environment including the atmosphere, land, water
bodies, and all natural resources. Governments are
valuable institutions for resolving problems

The National Environmental Policy Act (NEPA)
of 1969
The National Environmental Policy Act (NEPA),
established in 1969 by the US Government
(42 U.S.C. 4321), was one of the ﬁrst laws written
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related to environmental protection. NEPA, which
is pronounced NEE-pa, established a basic policy
to assure that all branches of government give
proper consideration to the environment prior to
undertaking any major federal action that signiﬁcantly affects the environment. One of the key
phrases from this document that relates to
recycling is “to enhance the quality of renewable
resources and approach the maximum attainable
recycling of depletable resources.”
NEPA requires federal agencies to integrate
environmental values into their decision-making
processes by considering the environmental
impacts of their proposed actions and reasonable
alternatives to those actions. To meet this requirement, federal agencies prepare a detailed statement known as an environmental impact
statement (EIS). EPA reviews and comments on
EISs prepared by other federal agencies, maintains a national ﬁling system for all EISs, and
assures that its own actions comply with NEPA.
Resource Recovery Act (RRA) of 1970
Increasing concerns over protection for human
health and the environment led to amendments
of the 1965 SWDA, and the 1970 Resource
Recovery Act (RRA) was passed. The RRA
increased federal involvement with management
of solid waste; it encouraged waste reduction and
resource recovery and created national disposal
criteria for hazardous wastes. This Act was the
forerunner of the Resource Conservation and
Recovery Act (RCRA) of 1976. Below are the
key points of RRA:
• Directed that the nation would change its
emphasis from solid waste disposal to
recycling and energy recovery
• Required the US Public Health Systems to
investigate and report on the disposal of hazardous waste in the nation
This was an important guidance document for
the early stages of solid and hazardous waste
management. The RRA also marked the birth of
the Environmental Protection Agency (EPA), as it
was formed in the interim.
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Resource Conservation and Recovery Act
(RCRA) of 1976
The RCRA is the US’s primary law governing the
disposal of solid and hazardous waste. Congress
passed RCRA on October 21, 1976, to address the
increasing problems the nation faced from our
growing volume of municipal and industrial
waste. RCRA, which amended the Solid Waste
Disposal Act of 1965, sets national goals for:
1. Protecting human health and the environment
from the potential hazards of waste disposal
2. Conserving energy and natural resources
3. Reducing the amount of waste generated
4. Ensuring that wastes are managed in an environmentally sound manner
5. RCRA also included directives that the US
EPA establishes regulations to control solid
waste disposal. To achieve these goals,
RCRA established three distinct, yet interrelated, programs:
(a) The solid waste program: under RCRA
Subtitle D, encourages states to develop
comprehensive plans to manage nonhazardous industrial solid waste and
municipal solid waste, sets criteria for
municipal solid waste landﬁlls and other
solid waste disposal facilities, and prohibits the open dumping of solid waste.
(b) The hazardous waste program: under
RCRA Subtitle C, establishes a system
for controlling hazardous waste from the
time it is generated units its ultimate disposal – in effect, from “cradle to grave.”
(c) The underground storage tank (UST) program: under RCRA Subtitle I, regulates
underground storage tanks containing hazardous substances and petroleum products.
RCRA banned all open dumping of waste,
encouraged source reduction and recycling, and
promoted the safe disposal of municipal waste.
RCRA also mandated strict controls over the
treatment, storage, and disposal of hazardous
waste. The ﬁrst RCRA regulations, “Hazardous
Waste and Consolidated Permit Regulations,”
published in the Federal Register on May
19, 1980 (45 FR 33066; May 19, 1980),
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established the basic “cradle-to-grave” approach
to hazardous waste management that exists today.
RCRA focuses only on active and future facilities
and does not address abandoned or historical sites
which are managed under the Comprehensive
Environmental Response, Compensation, and
Liability Act (CERCLA) – commonly known as
Superfund.
The Hazardous and Solid Waste Amendment
(HSWA) of 1984
RCRA was amended and strengthened by Congress in November 1984 with the passing of the
Federal Hazardous and Solid Waste Amendments
(HSWA). These amendments to RCRA required
phasing out land disposal of hazardous waste.
Some of the other mandates of this strict law
include increased enforcement authority for
EPA, more stringent hazardous waste management standards, and a comprehensive underground storage tank program. Key points from
the HSWA are the following:
• Directed the US EPA to revise criteria for landﬁlls which receive hazardous household waste
or small quantities of industrial hazardous
waste.
• Treatment of all contaminated surface water
running off of landﬁlls.
• Methods for disposing of wastewater sewage
sludge at landﬁlls are included in the Clean
Water Act as amended.
• Increased enforcement authority for EPA.
• Provided more stringent hazardous waste management standards.
• Created a comprehensive underground storage
tank program.
The HSWA marked the most signiﬁcant set of
amendments to RCRA with a complex law with
many detailed technical requirements. Additional
restrictions on land disposal and the inclusion of
small-quantity hazardous waste generators (those
producing between 100 and 1000 kg of waste per
month) in the hazardous waste regulatory scheme
were added. The EPA was directed to issue regulations governing those who produce, distribute, and
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use fuels produced from hazardous waste, including used oil. Under HSWA, hazardous waste facilities owned or operated by federal, state, or local
government agencies must be inspected annually,
and privately owned facilities must be inspected at
least every 2 years. Each federal agency was
required to submit to EPA an inventory of hazardous waste facilities it has possessed in its history.
The HSWA also imposed on EPA a timetable for
issuing or denying permits for treatment, storage,
and disposal facilities; required permits to be for
ﬁxed terms not exceeding 10 years; terminated in
1985 the “interim status” of land disposal facilities
that existed prior to RCRA’s enactment, unless
they met certain requirements; required permit
applications to be accompanied by information
regarding the potential for public exposure to hazardous substances in connection with the facility;
and authorized EPA to issue experimental permits
for facilities demonstrating new technologies.
EPA’s enforcement powers were increased, the
list of prohibited actions constituting crimes was
expanded, penalties were increased, and the citizen
suit provisions were expanded. Other provisions
prohibited the export of hazardous waste unless the
government of the receiving country formally
consented to accept it; created an ombudsman’s
ofﬁce in EPA to deal with RCRA-associated complaints, grievances, and requests for information;
and reauthorized RCRA through FY88 at a level of
about $250 million per year. Finally, HSWA called
for a National Ground Water Commission to assess
and report to Congress in 2 years on groundwater
issues and contamination from hazardous wastes.
The commission was never funded and never
established, however.
Pollution Prevention Act of 1990
The Pollution Prevention Act of 1990 (PPA) was
passed as part of the Omnibus Budget Reconciliation Act of 1991. The measure declared pollution
prevention to be the national policy and directed
EPA to undertake a series of activities aimed at
preventing the generation of pollutants, rather
than controlling pollutants after they are created.
Matching grants were authorized for states to
establish technical assistance programs for businesses, and EPA was directed to establish a Source
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Reduction Clearinghouse to disseminate information. The Act also imposed new reporting requirements on industry. Firms that were required to ﬁle
an annual toxic chemical release form under the
Emergency Planning and Community Right-toKnow Act of 1986 must also ﬁle a report detailing
their source reduction and recycling efforts over
the previous year. A more complete description of
the Act, which addresses air and water pollution
as well as waste, is provided in the ﬁrst section of
this report.

Federal Facility Compliance Act of 1992
The Federal Facility Compliance Act (FFCA) of
1992 amended RCRA with the primary purpose
of ensuring a complete and unambiguous waiver
of sovereign immunity with regard to imposition of
administrative and civil ﬁnes and penalties on
federal facilities. It requires compliance with all
federal, state, interstate, and local requirements in
the same manner and extent as any person. The
objectives of the FFCA bring all federal facilities
into compliance with applicable federal and state
hazardous waste laws, of waiving federal sovereign immunity under those laws, and of allowing
the imposition of ﬁnes and penalties. The law
also requires the US Department of Energy
(DOE) to submit an inventory of all its mixed
waste and to develop a treatment plan for mixed
waste. The FFCA has ten sections, concerning
extent of waiver of sovereign immunity, application of RCRA to radioactive mixed wastes, and
application to public vessels, to waste munitions,
and to federally owned treatment works. The
language of RCRA waiver of sovereign immunity prior to FFCA was unclear on whether federal facilities had to pay civil and administrative
penalties for violations of hazardous waste provisions. Cases have involved the determination
of whether federal facilities have to pay penalties, even though there was no waiver of sovereign immunity. Legislatively, there were many
failed attempts at passing the act. But due to
increasing support for environmental movements
and frustration at state regulatory agencies that
could not strike federal facilities with ﬁnes and
penalties, the act was passed in 1992. Key points
of the FFC are:
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• All federal agencies are subject to all substantive and procedural requirements of federal,
state, and local solid and hazardous waste
laws in the same manner as any private party.
• The sovereign immunity of the USA is
expressly waived in all such cases.
• “Substantive and procedural requirements” of
such law include all administrative orders, civil
and administrative ﬁnes and penalties, and reasonable service charges imposed for issuing
and reviewing permits, plans, and studies and
inspecting facilities.
• Employees, ofﬁcers, and agents of the USA
may not be liable for civil penalties under any
such law for actions committed within the
scope of that person’s ofﬁcial duties, but such
persons may be liable for criminal penalties.
• The Administrator of EPA is authorized to commence an administrative enforcement action
against any federal agency or department in
the same manner as against a private party.
• Agencies must reimburse EPA for the required
annual inspections of agency hazardous waste
facilities and for EPA to conduct a comprehensive groundwater monitoring evaluation at the
ﬁrst inspection of each such site conducted after
October 6, 1992 (unless such an evaluation has
been conducted within the preceding year).
• In consultation with the Secretary of Defense,
EPA is required to propose regulations identifying when military munitions become hazardous waste and providing for the safe
transportation and storage of such waste.
• Federally owned wastewater treatment works
are not to be considered hazardous waste facilities if most of the water treated consists of
domestic sewage, and certain other speciﬁed
requirements are met. Introduction of a hazardous waste into a federally owned wastewater
treatment works is prohibited.
Landfill Disposal Program Flexibility Act of
1996
Land Disposal Program Flexibility Act of 1996
provided regulatory ﬂexibility for land disposal of
certain wastes as amendments to RCRA. This act
exempts hazardous waste from RCRA regulation if
it is treated to a point where it no longer exhibits the
characteristics that made it hazardous and is
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subsequently disposed in a facility regulated under
the Clean Water Act or in a Class I deep injection
well regulated under the Safe Drinking Water Act.
A second provision of the bill exempted small
landﬁlls located in arid or remote areas from
groundwater monitoring requirements, provided
there is no evidence of groundwater contamination.

Components of Environmental
Education
Environmental education (EE) is a process in
which individuals gain awareness of their environment and acquire knowledge, skills, values,
and experiences to solve present and future environmental problems, including solid waste minimization. The goal of EE should also motivate
individuals and organizations and enable them to
act to address solid waste issues.
EE is a complex process, covering not just
events but also a strong underlying approach to
society building as a whole. EE provides people
with the awareness needed to build partnerships,
understand government activities/programs,
develop participatory approaches to urban planning, and ensure future markets for eco-business.
Environmental education is a learning process
that increases people’s knowledge and awareness
about the environment and associated challenges,
develops the necessary skills and expertise to
address the challenges, and fosters attitudes, motivations, and commitments to make informed decisions and take responsible action. The US EPA
provides the following deﬁnitions that are helpful
in understanding this subject matter:
• “Environmental education (EE)” increases public awareness and knowledge about environmental issues and provides the skills necessary
to make informed environmental decisions and
to take responsible actions. EE is based on
objective and scientiﬁcally sound information
and does not advocate a particular viewpoint or
a course of action. EE teaches individuals how
to weigh various sides of an issue through critical thinking and enhances their own problemsolving and decision-making skills on environmental topics.
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• “Environmental information” provides facts or
opinions about environmental issues or problems. Information is essential to any educational effort. However, environmental
information is not, by itself, environmental
education. Information provides facts or opinions, whereas education teaches people how to
think, analyze, and solve problems.
• “Environmental outreach” disseminates information and sometimes asks audiences to take
speciﬁc action but does not necessarily teach
people how to analyze an issue. Outreach often
presents a particular point of view and often in
pursuit of a particular goal. Examples may
include a community meeting to inform residents about a toxic site in their area and where
they can go for help or a campaign to get
volunteer participants for a beach or stream
cleanup event.
• “Environmental stewardship” is voluntary
commitment, behavior, and action that results
in environmental protection or improvement.
Stewardship refers to an acceptance of personal responsibility for actions to improve
environmental quality and to achieve sustainable outcomes. Stewardship involves lifestyles
and business practices, initiatives, and actions
that enhance the state of the environment.
Some examples are living or conducting business in such a way as to minimize or eliminate
pollution at its source; using energy and natural
resources efﬁciently; decreasing the use of hazardous chemicals; recycling wastes effectively;
and conserving or restoring forests, prairies,
wetlands, rivers, and urban parks. Stewardship
can be practiced by individuals, groups,
schools, organizations, companies, communities, and state and local governments.

Environmental education enhances critical
thinking, problem-solving, and effective
decision-making skills and teaches individuals to
weigh various sides of an environmental issue to
make informed and responsible decisions. The
components of environmental education are:
• Awareness and sensitivity to the environment
and environmental challenges
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• Knowledge and understanding of the environment and environmental challenges
• Attitudes of concern for the environment and
motivation to improve or maintain environmental quality
• Skills to identify and help resolve environmental challenges
• Participation in activities that leads to the resolution of environmental challenges

Awareness and sensitivity to environmental
issues and challenges involve disseminating information to the public. This is accomplished
through a variety of means including television
advertisement, printed media, outreach programs,
or the Internet. The purpose is to create a knowledgeable society that understands the negative
impacts of solid waste generation and to motivate
them to take action. These activities can take place
in a school classroom or through ad campaigns.
Several notable examples are listed below:

• Recycling one aluminum can save enough
energy to run a TV for 3 h – or the equivalent
of a half a gallon of gasoline.
• We use over 80 billion aluminum soda cans
every year.
• To produce each week’s Sunday newspapers,
500,000 trees must be cut down.
• Recycling a single run of the Sunday
New York Times would save 75,000 trees.
• The average American uses seven trees a year in
paper, wood, and other products made from
trees. This amounts to about two billion trees
per year!
• The 17 trees saved (above) can absorb a total of
250 lb of carbon dioxide from the air each year.
Burning that same ton of paper would create
1500 lb of carbon dioxide.
• Americans use 2.5 million plastic bottles every
hour! Most of them are thrown away!
• The energy saved from recycling one glass
bottle can run a 100-W light bulb for 4 h. It
also causes 20% less air pollution and 50% less
water pollution than when a new bottle is made
from raw materials.
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• A modern glass bottle would take 4000 years
or more to decompose – and even longer if it is
in the landﬁll.
• Mining and transporting raw materials for
glass produces about 385 lb of waste for
every ton of glass that is made. If recycled
glass is substituted for half of the raw materials, the waste is cut by more than 80%.
These facts help illustrate the awareness and
motivation components of EE. They highlight
brief solid waste examples that compel individuals and companies to recognize solid waste challenges and take action.
The ﬁnal components of EE focus on providing the public the necessary skills to take action,
for example, instructions and information regarding setting up a recycling station at home or the
workplace, plus a list of local vendor and nonproﬁts that may be able help. In addition, local and
state governments can provide no-cost activities
and workshops to assist individuals in the process.
Many local government agencies sponsor no-cost
hazardous waste collection days to aid in the
minimization process.
Environmental education is aimed at producing a public that is knowledgeable concerning the
biophysical environment and its associated problems, aware of how to help solve these problems,
and motivated to work toward their solution.

Public Involvement and Planning
Framework
Public involvement is deﬁned as the procedures
for obtaining and considering the views of the
general public in planning and decision-making
processes. As related to solid waste, this includes
gathering input with regard to solid waste removal
processes and collection schedules, locations of
landﬁlls, and recycling processes (drop off sites or
curbside recycling). The public involvement plan
is a key component of this process. The goal of the
plan is to provide the public with accurate information about solid waste removal and minimization in a convenient and timely manner. The plan
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should be made available to the public and periodically reviewed. The main parts of this plan are:
• The goal, policies, and objectives of the public
involvement plan
• The public involvement techniques to be
utilized
• The public involvement evaluation plan
• A list of revisions and amendments
Generally, objectives of the plan include
maintaining an accurate database of solid waste
contacts (vendors and elected ofﬁcials), providing
regular meeting announcements, making all work
and documents readily accessible to the public
(usually through the Internet), maintaining a
staffed ofﬁce to answer questions, and continually
improving/reviewing the plan.
Common public involvement techniques
include maintaining a web site, maintaining a
master database, providing legal advertisements,
providing a periodic newsletter (and a newsletter
discussing speciﬁc projects), displaying ads, mailing information directly to the public, press
releases, television/radio messaging, billboard
messaging, hosting project workshops/open
houses, providing posters/ﬂyers, and conducting
surveys to gauge opinions.
The evaluation plan describes public involvement techniques, outlines the steps to be taken to
evaluate those techniques, identiﬁes measures to
quantify success rates, and outlines strategies to
improve the public involvement process. The
appendices of the plan may contain samples of
public involvement tools, general and projectspeciﬁc evaluations, and general and projectspeciﬁc improvement strategies.

Examples of Successful Programs
Throughout the USA, there have been several
programs and research studies linking colleges,
government agencies, and businesses involved
with environmental education. Universities play
an important role in environmental education and
often “set the bar” for outreach and innovation.
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This section provides a brief overview and comparison concerning some of these research studies
and programs. These programs include:
• US Department of Energy’s Industrial Assessment Centers
• The University of Toledo Business Waste
Reduction Assistance Program
• Youngstown State University’s Industrial
Waste Minimization Project
• Cornell University’s Waste Management
Institute
• Indiana University’s Institute on Recycling
• Iowa State University’s Total Assessment
Audits
US Department of Energy Industrial
Assessment Centers
The federal government has been funding industrial assessments for small- and medium-sized
manufacturing ﬁrms under the Industrial Assessment Center (IAC) program (formerly called the
Energy Analysis and Diagnostic Center [EADC]
program) since 1976. The program is funded
through the US Department of Energy’s Ofﬁce
of Industrial Technologies [3].
The industrial assessments provide an in-depth
assessment of a plant site: its facilities, services,
and manufacturing operations. This term is used
to refer to a process which involves a thorough
examination of potential savings from energy efﬁciency improvements, waste minimization and
pollution prevention, and productivity improvements. Assessments are performed by local teams
of engineering faculty and students from 26 participating universities across the country. The
26 participating universities are listed below:
•
•
•
•
•
•
•
•

Arizona State University, Tempe, AZ
Bradley University, Peoria, IL
Colorado State University, Fort Collins, CO
Loyola Marymount University, Los Angeles,
CA
Iowa State University, Ames, IA
Lehigh University, Bethlehem, PA
Mississippi State University, Mississippi State,
MS
North Carolina State University, Raleigh, NC
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•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•

Oklahoma State University, Stillwater, OK
Oregon State University, Corvallis, OR
Rutgers University
San Diego State University, San Diego, CA
San Francisco State University, San Francisco,
CA
Syracuse University, Syracuse, NY
Texas A&M University, College Station, TX
University of Dayton, Dayton, OH
University of Florida, Gainesville, FL
University of Illinois at Chicago, Chicago, IL
University of Louisiana at Lafayette, Lafayette, LA
University of Massachusetts, Amherst, MA
University of Miami, Coral Gables, FL
University of Michigan, Ann Arbor, MI
University of Texas at Arlington, Arlington,
TX
University of Utah, Salt Lake City, UT
University of Wisconsin-Milwaukee, Milwaukee, WI
West Virginia University, Morgantown, WV

The assessment begins with a university-based
IAC team conducting a survey of the eligible
plant, followed by a 1- or 2-day site visit, taking
engineering measurements as a basis for assessment recommendations. The team then performs a
detailed analysis for speciﬁc recommendations
with related estimates of costs, performance, and
payback times. Within 60 days, a conﬁdential
report, detailing the analysis, ﬁndings, and recommendations of the team, is sent to the plant. In
2–6 months, follow-up phone calls are placed to
the plant manager to verify recommendations that
will be implemented.
Manufacturers are not the only beneﬁciaries of
the IAC program. Students involved in the program have a unique opportunity to see a range of
manufacturing operations ﬁrsthand. This results
in more motivated students who more often than
not enter energy management as a career ﬁeld.

Business Waste Reduction Assistance
Program (the University of Toledo, Ohio)
In 1996, an innovative partnership between the
Lucas County Solid Waste Management District
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and the University of Toledo, College of Engineering, was formed to help improve environmental and economic conditions in Lucas County,
OH, USA, by providing no-cost solid waste
assessments to Lucas County manufacturers and
businesses [4]. Since the inception of the project,
over 70 waste assessments have been completed;
over 109,000 t of solid waste has been identiﬁed
for reuse, reduction, or recycling; and over $3.1
million have been identiﬁed as potential cost savings for Lucas County business. The project demonstrates that through a cooperative effort and a
creative alliance, businesses, governments, universities, and industries can work together to
improve environmental quality, reduce waste,
and improve proﬁtability. The project also educates college students through practical, realworld environmental work experience and trains
them to become future environmental leaders.

Industrial Waste Minimization Research
Project (Youngstown State University, Ohio)
In 1995, the Mahoning County Industrial Waste
Minimization Project, in a cooperative effort
between the Mahoning County Solid Waste District and Youngstown State University, began
using interns to provide free waste minimization
audits [5]. The project team attended a training
seminar titled “Integrated Manufacturing Assessments” to develop their waste audit process.
Between 1995 and 1999, the project conducted
22 waste audits. In 1997, the project received the
Governor’s Award for Outstanding Achievement
in Pollution Prevention and received additional
grants in 1998 [6]. In 1999, the project was
discontinued due to lack of resources. This project
was very similar to the WAMRP at the University
of Toledo. Both projects involved a joint effort
between government and academia and
conducted no-cost waste audits. The major difference between the programs was the college
departments involved. The WAMRP used industrial engineering students and faculty, while this
project used environmental science majors. For
this type of waste audits, industrial engineering
majors have an advantage over environmental
science majors due to the industrial engineering
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curriculum-based process analysis, engineering
economics, and systems improvement.
Waste Management Institute (Cornell
University)
The Cornell Waste Management Institute
(CWMI) was established in 1987 to address environmental and social issues associated with waste
management [7]. Researchers and educators work
to develop technical solutions to waste management problems and to address broader issues of
waste generation and composition, waste reduction, risk management, environmental equity, and
public decision-making. Current areas of research
for the CWMI are composting as a component of
integrated waste management; assessing the beneﬁts and impacts of agricultural application of
sewage sludges, manures, and fertilizers; and
source reduction.
Major goals of the CWMI outreach program
are to improve the ability of local ofﬁcials, businesses, and the public to make informed waste
management decisions and to enhance the competency of solid waste professionals through
increased training opportunities. The Cornell
Cooperative Extension network, with ofﬁces in
every New York State County, provides useful
means of reaching these audiences. Outreach
activities are based on research, with a goal of
extending up-to-date, objective, research-based
knowledge to a wide range of audiences from
state agencies to America’s youth.
The Institute develops and sponsors technical
and management workshops and conferences.
The CWMI staff also produces reports and audiovisual and computer-based training materials. The
CWMI houses a publication library with over 5700
reference materials and is open to the
public. A database of the library materials can be
accessed and searched through the CWMI web site.
Institute on Recycling (Indiana University)
The Indiana Institute on Recycling, a state-run
agency created in 1989 by the General Assembly
of Indiana, is located at Indiana State University,
in Terre Haute, Indiana. The Institute developed
concepts, methods, and procedures for assisting
Indiana residents in reducing and recycling solid
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waste. The Institute has conducted over 90 solid
waste reduction studies with emphasis on cost
beneﬁts. The studies have developed economic
and environmental solutions for companies to
address speciﬁc solid waste issues at their facilities, e.g., cost analyses on the use of reusable
shipping containers.
The Institute is similar to the WAMRP in that
both are supported by state funding, utilize college students to conduct the studies, and apply
economic beneﬁt analyses as an incentive for
companies to reduce waste. The primary difference is that the Institute addresses very focused,
speciﬁc waste reduction needs of companies covering a broad range of areas and the WAMRP
speciﬁcally conducts solid waste audits to characterize the companies’ waste streams and target
areas for reduction.
Total Assessment Audits (Iowa State
University)
In 1993, Iowa State University and the Iowa
Energy Center developed a Total Assessment
Audit (TAA) project that conducted energy,
waste reduction, and productivity audits simultaneously for manufacturing facilities [8]. The TAA
concept originated from the belief that a
manufacturing facility is better served using a
holistic approach to problem-solving rather than
the more conventional isolated approach. The
TAA approach assumes energy, waste reduction,
and productivity objectives are interrelated and
that simultaneous evaluation will produce synergistic results.
The TAA methodology utilized in Iowa has
evolved over a 6-year time frame and was utilized
on 25 audits. The TAA procedure emphasizes top
management support and the use of crossfunctional teams. Benchmarking exercises and
energy usage analyses have been conducted to
help the audit process identify improvement
opportunities.
An initial 2–3-day on-site audit is conducted
with the aid of key facility operating and management personnel. The TAA team members are
paired with the appropriate facility personnel to
collect speciﬁc data, gather a working knowledge
of operations, and identify opportunities for
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improvement. Workshops are conducted at the
end of the day to exchange information and are
structured to encourage open discussion and
debate regarding the merit of each identiﬁed
opportunity.
The TAA method is a very powerful tool for
small- and medium-sized manufacturers and identiﬁes and evaluates improvement opportunities
while accounting for the interconnected levels of
energy, waste, and process analyses. This method
allows for an efﬁcient, cost-effective analysis, in
essence combining three audits into one.
EPA Environmental Education Initiatives
The US EPA also plays a critical role in environmental education and public involvement. Since
1992, the US EPA has awarded over 3300 environmental education grants to various organizations at an amount of $2–3 million annually
[9]. Any local education agency, college or university, state education or environmental agency,
nonproﬁt organization as described in
Section 501(C) [3] of the Internal Revenue
Code, or a noncommercial educational broadcasting entity as deﬁned and licensed by Federal
Communications Commission may submit a proposal for these grants. The Grants Program sponsored by EPA’s Environmental Education
Division (EED), Ofﬁce of Children’s Health Protection and Environmental Education, supports
environmental education projects that enhance
the public’s awareness, knowledge, and skills to
help people make informed decisions that affect
environmental quality. The US EPA has identiﬁed
the following education priorities in the USA:
• EE Capacity Building: Building the capacity of
agencies and organizations to develop, deliver,
and sustain comprehensive environmental education programs statewide. Capacity building
proposals may focus on one state, multiple
states across the country, or multiple states in
one geographic region.
• Educational Advancement: Utilizing environmental education as a catalyst to advance state
or local education improvement goals.
• Community Projects: “Community Projects”
address environmental stewardship in a local
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context and use community-based stewardship
activities as the primary teaching tool.
• Human Health and the Environment: Educating teachers, students, parents, community
leaders, or the public about human health
threats from environmental pollution and how
to minimize human exposure to preserve good
health.
• EE Teaching Skills: Providing preservice and
in-service professional development for
teachers, faculty, or nonformal educators to
improve their environmental education teaching skills and/or knowledge about environmental issues and content, such as
sustainability, water and air quality, chemical
risks, hazardous wastes, climate change, and
greenhouse gas emissions.
Below is a snapshot of several public involvement and environmental education projects that
were funded from this grant. These projects demonstrate several real-world examples of public
involvement and environmental education that
may be applied in other regions to reduce solid
waste generation. For each project, the name or
the organization, organization contact, address,
project title, and brief description are provided [9].
Eastern Michigan University

Rebecca Martusewicz, Starkweather Hall, 2nd
Floor, Ypsilanti, MI 48197
Building Leadership Capacity for Sustainability Education
This project targets kindergarten through grade
12 teachers, administrators, and community partners to strengthen the capacity of four public
school districts in New Hampshire, New York,
Michigan, and Minnesota to reorient themselves
around sustainability and become models for
other schools. The goals of this project are to
develop a network of effective school leaders
who can demonstrate and advance education in
sustainability as a critical reform approach and to
disseminate a model process for building this
leadership capacity. To achieve these goals, four
leadership teams are completing status reports to
outline the strengths, weaknesses, and needs in
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student achievement, opportunities for involving
students in environmental stewardship, existing
reform efforts in sustainability education, and
internal capacity. Based on these data, a 2-day
retreat is designed where the teams are provided
with training in strategic planning, planning assistance, and existing resources in sustainability education. After the retreat, the teams develop a
strategic plan that outlines 1-, 3-, and 5-year
goals and budgets for (1) implementing programming to meet the needs identiﬁed, (2) involving
students in stewardship, (3) evaluating the
impacts of their efforts on student achievement
and environmental stewardship, (4) sustaining
their work through funding, and (5) promoting
the reform work to other educators. Teams are
provided with a rigorous framework in strategic
planning, technical assistance, evaluation
methods, and networking to achieve the objectives. Creative Change Educational Solutions
and four public school districts in New Hampshire, New York, Michigan, and Minnesota are
the partners on this project.
Creative Change Educational Solutions

Susan Santone, 229 Miles Street, Ypsilanti, MI
48198
Land-Use Education for Youth
Under this grant, high school teachers from
across southeast Michigan attend a 2-day workshop to learn about local land issues. The teachers
then integrate lessons learned into the classrooms.
The culmination of the project is a youth leadership forum where students share what they have
learned, identify priorities, and create action plans
that address land-use issues, speciﬁcally urban
sprawl. One important feature of “Lessons in
Leadership” is the content ﬂexibility of its model
(teacher education plus classroom instruction plus
youth leadership). The ﬂexibility offers the potential for other regions to adapt the model to pertinent environmental issues.
The Greening of Detroit

Rebecca Salminen Witt, 1418 Michigan Avenue,
Detroit, MI 48216
Green Heroes Program
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The Green Heroes program increases environmental awareness among Detroit’s youth by providing elementary school students and adult
partners with out-of-school training, guidance,
and materials to create cleaner and greener spaces
in their own neighborhoods. The program partners with two groups to promote a better understanding of the environment to children and
adults. It provides resources to participants for
areas selected for revitalization. Additionally,
community groups and youth investigate their
neighborhoods by creating maps of areas that
need to be cleaned up and planted with vegetation
to create a healthier ecosystem. All participants
are recognized for their efforts in protecting their
environment and creating a cleaner and healthier
Detroit.
Copper County Intermediate School District

Shawn Oppliger, 809 Hecla Street, Hancock, MI
49930
Developing Environmentally Informed Scientists, Educators, and Stewards for the Future
In this project, Michigan Technological University students are recruited and trained to support two programs for elementary and middle
school students: an after-school environmental
science class and a forest and pond ecology ﬁeld
trip. Approximately 600 students in kindergarten
through grade 8 participate in the environmental
science class, and about 2500 students complete
the ﬁeld trip. Pre-serve education and environmental engineering students conduct and facilitate
the after-school program and ﬁeld trips. University students gain valuable training and presentation skills while introducing young students to
environmental careers. While on the ﬁeld trips,
educators are involved in modeling environmental education methods.
Michigan Technological University

Joan Chadde, 1400 Townsend Drive, Houghton,
MI 49931
Kids Make a Difference
The Kids Make a Difference program provides
incentives for kindergarten through 12th-grade students, teachers, and youth groups to develop projects that promote environmental education,
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community service, and environmental enhancement. School classes and youth groups select environmental topics to study and to teach others about,
or they design and implement projects that address
environmental issues in their communities. Students share their projects through presentations to
other students or by publishing articles in the newspaper. All program participants receive Earth Day
award certiﬁcates and tokens of recognition. In
addition, their names are entered in a drawing in
which they could win an educational tool kit or an
environmental education ﬁeld trip.
Ypsilanti Public Schools

Tulani Smith, Ofﬁce of Academic Services,
Ypsilanti, MI 48197
Sustainability Education for Sustainable
Communities
The project addresses a critical need in
Washtenaw County to bring together teachers and
students to use education reform as a means of
addressing the links among student achievement,
urban sprawl, and sustainability of communities.
The target audiences of the project, middle and
high school teachers and students, are developing
a model for education reform that is based on
sustainability education. The goals of the project
are to (1) train science and social studies teachers to
lead students through investigations of contemporary environmental, social, and economic issues;
(2) support and mentor teachers as they implement
classroom investigations; (3) use presentations,
newsletters, and reports developed by the students
to educate the community about positive responses
to contemporary challenges; (4) evaluate the effect
of the project on the practices of the teachers and
the students’ achievements; and (5) disseminate the
components of the project – workshop designs,
lesson plans, assessment tools, and case studies –
to promote its replication. The outcomes of the
project are evaluated against state educational standards, and the principal components of the project
are distributed at the local, state, and national
levels. Partners in the project include Washtenaw
Intermediate School District, Washtenaw County
Government, Sustainable Washtenaw, the Michigan Alliance for Environmental and Outdoor Education, the Northeast Initiative, the New Jersey
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Sustainable Schools Network, the BESS Project,
and consultants from the University of Michigan
and Eastern Michigan University.
The Creation Station

Lori Thomas, P.O. Box 26113, Lansing, MI
48909-6113
Environmental Literacy Through Creative
Educational Projects
The Creation Station provides teachers and
childcare providers in the greater Lansing area
with creative and educational resources related
to waste management and pollution prevention.
Material guidelines provided by the North American Association for Environmental Education are
used to develop classroom kits for preschoolers
and third graders that meet the Michigan curriculum frameworks. Along with its collaborators, the
Creation Station also develops workshops to
show teachers how the materials integrate environmental education and science with art and
creativity. More than 15,000 preschool, daycare
and third-grade students are reached.
Michigan Recycling Coalition

Kerrin O’Brien, P.O. Box 10240, Lansing, MI
48901-0240
Master Recycler Program
After revising and adapting a recycling curriculum developed by the Oregon State University
Extension Service, the Michigan Recycling Coalition conducts two training programs in the community. The ﬁrst pilot program seeks to educate
community members about recycling, and the
second pilot program seeks to educate business
leaders about that subject. After completing the
pilot programs, participants are identiﬁed as Master Recyclers. The Michigan Recycling Coalition
then conducts a train-the-trainer workshop during
which potential facilitators are trained to conduct
the community-based program.
Ecology Center of Ann Arbor

Rebecca Kanner, 117 N. Division, Ann Arbor, MI
48104
The Re-Bicycle Project
The Ecology Center of Ann Arbor provides a
summer program for young people through which
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participants learn how to repair used bicycles. In
addition to learning the technical skills of
repairing a bicycle, students learn the important
environmental concepts of reuse and recycling.
Participants reduce the amount of solid waste
going into the landﬁll by repairing discarded bicycles. They also obtain an affordable and environmentally friendly form of transportation. The
program targets middle school children living in
public and subsidized housing developments.
Approximately 45–60 young people participate
in the program.
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Science Center, where staff members introduce
the concepts of natural cycles, ecosystems, and
interdependency. Students participate in hands-on
activities, nature hikes, simulation games, and
group discussions. They then have the opportunity to see recycling in action at the Solid Waste
Department’s material recovery facility. After the
ﬁeld trip, students and teachers receive recycling
boxes and are encouraged to establish recycling
programs in their schools. The Leslie Science
Center and the City of Ann Arbor Solid Waste
Department work in partnership to sponsor the
project.

The University of Michigan

Peggy Britt, Michigan Sea Grant, 3003 S. State
Street, Room 1066, Ann Arbor, MI 48109
Environmental Journalism
The Michigan Sea Grant Program provides a
handbook and fact sheet for high school writing
teachers. The handbook and fact sheet provide
teachers with the information they need to incorporate environmental journalism into their curricula. The materials provide teachers with an
understanding of key environmental concepts
and address the elements of science-based environmental writing. Students are introduced to
environmental journalism and related careers in
environmental communication. The handbook
and accompanying fact sheet address criticalthinking skills, such as investigating and analyzing environmental issues and assessing the threats
that pollution poses to human health. Although a
needs assessment indicated that educators were
not interested in workshops, staff at Michigan
Sea Grant are committed to assisting teachers in
fully integrating the lessons from the handbook
into their classroom criteria.
City of Ann Arbor

Cheryl Saam, 1831 Traver Road, Ann Arbor, MI
48105
Taking Action in Recycling
Taking Action in Recycling provides 19-fullday ﬁeld trips for students in area schools.
Through the ﬁeld trips, approximately 1140 students become familiar with the recycling process
and learn how to implement recycling programs at
their schools. Each ﬁeld trip begins at the Leslie

U-SNAP-BAC, Inc.

Linda Smith, Executive Director, 11101 Morang,
Detroit, MI 48224
Environmental Negotiations Skills Seminars
Environmental Negotiations Skills Seminars
are 2-day seminars offered by U-SNAP-BAC
and several partners to residents in the east side
of Detroit. The seminars teach participants how to
negotiate with ﬁnancial institutions, developers,
and state and local governmental agencies on
residential, commercial, and industrial redevelopment of Brownﬁelds and other urban sites.
Brownﬁelds are abandoned or underused industrial sites. These model seminars employ an innovative role-play technique and include a feedback
tool that enables groups to monitor their negotiation behaviors and evaluate progress. U-SNAPBAC will develop a ﬁnal product that describes
the process of planning and offering these seminars to enable other communities to offer similar
programs.
Communities in Schools

Beth Urban, 510 East Broadway, Columbus, OH
43214
Recycling Awareness
Communities in Schools provides environmental education opportunities to students in
after-school programs. The opportunities focus
on community issues of (1) litter, (2) lack of
environmental stewardship, (3) waste reduction,
(4) limited willingness to recycle, and (5) limited
access to free recycling centers in low-income
areas of Columbus. Students learn the effects of
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littering along with the value of recycling and
environmental stewardship. Goals are achieved
through the use of EPA’s Planet Protector and
Make a Difference curriculum and ﬁeld trips and
by starting recycling programs in each participating school. The project is implemented in three
phases: (1) educational programming during the
after-school program, (2) active participation in
school and community recycling, and (3) promoting greater access to recycling bins for the school
community. Students involved in the project educate the Solid Waste Authority of Central Ohio
and the local government about the importance of
recycling.
Youngstown State University

Marcia Barr, One University Plaza, Youngstown,
OH 44555-3355
Waste Minimization Workshop for Youngstown
Students and Teachers
In this project, ﬁfth- and sixth-grade teachers
from the Youngstown public and Catholic schools
participate in “train-the-trainer” workshops that
meet the Ohio Department of Education’s technology standards. The workshops, with the participation of 11 public and 5 Catholic schools,
provide an interactive chemistry demonstration
and instruction on waste reduction and pollution
prevention as well as ecosystem protection. The
teachers learn how to access databases in order to
determine what waste minimization regulations
affect their schools. Tests are given before and
after workshops so that project staff members
can determine the training’s effectiveness.
Mahoning Valley/Northeast Ohio Camp Fire
Council

Barbara Smith, P.O. Box 516, 3712 Lefﬁngwell
Road, Canﬁeld, OH 44406
Environmental Olympics
Mahoning Valley/Northeast Ohio Camp Fire
Council teams with Organizacfon Civica y Cultural Hispana Americana, Inc. (OCCHA) to bring
environmental education activities to OCCHA’s
after-school site on the south side of Youngstown.
The program teaches 40 inner city, high-risk
youth from 8 to 13 years of age about their local
environment through ﬁeld trips and hands-on
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service learning projects. Among other evaluation
measures, Mahoning Valley/Northeast Ohio
Camp Fire Council tracks student self-esteem
throughout different phases of the project.
Texas Discovery Gardens

Fran Anderson, 3601 Martin Luther King Boulevard, Dallas, TX 75210
After-School EE Program
Texas Discovery Gardens is an organic, botanic
gardens located in historic Fair Park in Dallas,
Texas. The garden has created a program called
the “After-School Environmental Education Program” for children to attend after school lets out for
the day. Students from local school groups participate in the “Life in the Compost Bin
Earthkeepers.” In this program, students focus on
sustainable urban development and waste management through composting and recycling education.
This program reaches many local households by
working with and empowering the children of
these communities. The students who participate
in this program learn about community stewardship and environmental issues. The student participants develop a community project and conduct
outreach programs in their neighborhoods. While
they are involved in these outreach programs, the
students coordinate with media outlets to produce
newsletters and brochures to use in these outreach
efforts. The students also produce a short-ﬁlm documentary of the outreach efforts for use as a public
service announcement.
The Artist Boat, Inc.

Karla Klay, 4919 Austin, Galveston, TX 77551
Eco-Art Adventure via Kayak Program
The Artist Boat increases awareness among
and instills an environmental ethic in middle
school students. The program employs an innovative and effective inquiry-based teaching methodology, which integrates art and science to engage
all types of learners – visual, auditory, and tactile.
The program consists of Eco-Art workshops (2-h
in-class workshops), Eco-Art adventures (4-h
waterborne ﬁeld classes) on kayaks at Galveston
Island State Park, and interdisciplinary environmental curricula in art, math, science, social studies, and English (eight pre- and post-classroom
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lessons teachers deliver). The nonproﬁt organization also provides faculty members with Eco-Art
Professional Development training. This program
meets the goals of the Texas Education Agency –
Texas Essential Knowledge and Skills and Galveston Bay Estuary Program’s goals for public
participation and education in the Galveston Bay
watershed.
Keep Texas Beautiful, Inc.

Stacy Cantu, 1524 South IH-35, Suite 150, Austin,
TX 78704
Stop Trashing Texas – It’s the Law
The goal of Keep Texas Beautiful, Inc. (KTB)
is to implement Stop Trashing Texas – It’s the
Law, an illegal dumping educational program.
KTB engages its statewide network of community
afﬁliates to promote workshops held in geographically and economically diverse areas of Texas in
order to support elimination of illegal dumping.
KTB’s efforts concentrate on law enforcement
personnel, such as code enforcement ofﬁcials,
police ofﬁcers, and sheriff’s ofﬁce representatives. This program gives law enforcement personnel the opportunity to attend workshops and
gather training tools and resource materials that
can be used to support community enforcement
efforts with the ultimate goal of eliminating illegal
dumping in Texas.
National Wildlife Federation

Marya Fowler, 44 East Avenue, Suite 200, Austin,
TX 78701
Earth Tomorrow
The project initiates Earth Tomorrow, an interdisciplinary, after-school and summer program in
environmental education and leadership for
underserved high school students. The goal of
the project is to address the environmental education and leadership needs of today’s young people
by increasing their environmental literacy. This is
being accomplished by means of teacher training
to align after-school enrichment with classroom
instruction, ﬁeld trips, career mentoring in the
environmental sciences, and a 5-day residential
summer institute at a local university. At this
institute, students, teachers, and community
leaders have the opportunity to explore the
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environmental sciences through ﬁeld trips,
hands-on data collection and analysis, discussions
with environmental professionals, and planning
for a community action project.
Texas Southern University

Laura Solitare, 3100 Cleburne Street, Houston,
TX 77004
Environmental Education for Environmental
Justice
The goal of this project is to educate local
residents and community leaders about environmental justice, environmental planning, and urban
revitalization issues through six interactive,
hands-on workshops. The workshops give the
participants a basic understanding of environmental systems and the regulations that frame the ﬁeld
of environmental planning. In particular, the
workshops focus on water issues, municipal
solid waste, and contaminated land. The workshops also examine how local residents and community leaders can help achieve environmental
justice in their communities.
Keep Texas Beautiful

Stacey George Cantu, 823 Congress Avenue,
Suite 230, Austin, TX 78701
Waste in Place
This project hosts eight Waste in Place curriculum workshops and distributes Keep Texas
Beautiful youth environmental education kits.
Waste in Place is a hands-on youth environmental
education curriculum. The interdisciplinary curriculum for grades kindergarten through 8 provides resource materials and hands-on activities
for educators and students to examine their environment, including land, water, and air issues. The
goals are to provide materials to increase the environmental awareness of educators and youth, to
offer formal and informal educators a proven
resource tool, and to provide regional workshops.
The objectives include training educators through
workshops offered in eight locations in the state to
reach formal and informal educators and to reach
thousands of youths. Partners include Texas
Department of Transportation, Texas Natural
Resource Conservation Commission, and Texas
Forest Service.
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Art from Scrap

Cay Sanchez, 302 East Cota Street, Santa Barbara,
CA 93101
AFS Green Schools Teacher Training Workshops
Getting “back to the garden” is the method Art
from Scrap uses to teach elementary school children in Santa Barbara County to foster appreciation of the natural world. This teacher education
program is the ﬁrst step to promoting positive
messages about environmental stewardship in
Santa Barbara County schools. It offers the beginnings of a social foundation for encouraging environmental practices that enhance land use for
tourism and mitigate the potential for groundwater
contamination from commercial use of pesticides
and fertilizers in regional agriculture. Art from
Scrap sponsors workshops in organic gardening
and in composting to classroom teachers, student
teachers, classroom aides, parent volunteers, and
administrators. Program partner Healing Grounds
Nursery provides free plant seedlings and
composting worms, the living beginnings for a
laboratory where age-appropriate experiments
are conducted every day in the most natural way,
as children cognitively and physically engage
with nature. The fruit of the garden for the community is the opportunity it provides children to
internalize positive associations with stewardship
of the environment.
California Integrated Waste Management Board

Christy Humpert, 1001 I Street, P.O. Box 4025,
Sacramento, CA 95812
Strategies for Incorporating the EEI Curriculum into California Classrooms
The California Integrated Waste Management
Board (CIWMB) is responsible for implementing
the Education and the Environment Initiative
(EEI), a program developed under a California
law that was enacted in 2003. It requires development and dissemination of a kindergarten through
grade 12 environment-based education program
for all students in the state’s public schools. The
EEI curriculum focuses on the relationship
between humans and the environment and
addresses various environmental issues, including
sustainability, water, air, and pollution prevention.
Under this project, CIWMB is developing and
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implementing a strategy for incorporating the
EEI curriculum into California school districts to
produce more environmentally literate students.
In addition, CIWMB is developing a professional
development plan for training educators in use of
the EEI curriculum. Teachers attend workshops to
learn about EEI and participate in focus group
meetings. This project serves as a model for bringing environment-based education into public
schools
nationwide,
institutionalizes
environment-based education, and helps to
develop more environmentally literate students.
Partners in this project include the California
Environmental Protection Agency (EPA), the California Department of Education, the State Education and Environmental Roundtable, and the
National Geographic Society.
Catholic Charities CYO

Deidre Rettenmaier, 180 Howard Street, Suite
100, San Francisco, CA 94105
Developing Youth as Environmental Leaders
and Stewards
This project, “Developing Youth as Environmental Leaders and Stewards,” addresses challenges to the riparian corridor of two discrete
stretches of Salmon Creek and one of its tributaries that run through 220 acres of coastal redwood forest in Sonoma County. The program will
serve students and teachers during 5-day retreats
offered 24 times throughout the year. A new creek
and watershed curriculum has been introduced,
emphasizing on-the-ground restoration activities
that are the direct result of student ﬁeld study,
observation, evaluation, decision-making, and
problem-solving. The goal is to develop the environmental leadership and stewardship skills of the
students through direct exposure to local environmental challenges.
Generation Green

R.C. Ferris, 2066 Donald Drive, Moraga, CA
94556
Traveling Trash Transformations
Generation Green will provide at least
20 hands-on workshops on recycled art at libraries
and farmer’s markets throughout Contra Costa
County. The objective is to inspire people, through
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creative endeavors, to see the potential value of the
raw materials that are recycled. The organization
hopes to attract participants at the farmer’s markets
and students at county and school libraries, who
will take part in “eco-art” activities that generate
enthusiasm and fun while teaching folks to use
unused, recycled materials and to think before it
is thrown away. Generation Green wants to enable
people to create, make, and make do and to inspire
people to experiment with junk. The organization
wants to help create a generation of recyclers so
that it will be second nature to look at something
discarded and wonder, “What else can this be?” or
“What can I make with this?”.
California Integrated Waste Management Board

Joanne Vorhies, 1001 I Street, P.O. Box 4025,
Sacramento, CA 95812-4025
Education and the Environment Initiative
Implementation Project
In an effort to improve implementation of the
Education and the Environment Initiative (EEI),
the California Integrated Waste Management
Board (CIWMB) provides environmental nongovernment organizations (NGO) in the state
with professional development opportunities and
technical assistance. Established by a state law in
2003, the EEI requires CIWMB, the California
Environmental Protection Agency (Cal/EPA),
and the California State Department of Education
to develop principles and approaches for incorporating environmental education into elementary
and secondary school curriculums. The EEI also
requires the agencies to create a model environmental education curriculum based on
California’s academic content standards. As part
of the EEI implementation project, representatives
of environmental NGOs attend professional
development workshops conducted in six regions
across the state followed by a series of technical
assistance workshops. These workshops are
intended to help the NGO community revise
existing environmental education materials in
order to better align them with California’s
model curriculum. The workshops also provide
increased opportunities for the NGOs to collaborate with schools on environmental education
reform. As a result, environmental concepts are
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being further integrated into the education of
California’s elementary and secondary school students. Each environmental NGO works with California teachers to help them integrate the revised
materials into their curriculums, a process that
also builds the capacity of the NGOs. As another
element of the project, CIWMB is creating a webbased environmental education provider database
that gives teachers and organizations the ability to
communicate and exchange expertise. Key
CIWMB partners in the project include Cal/EPA,
the California Resources Agency, the California
State Department of Education, the Ofﬁce of the
Secretary for Education, and the State Board of
Education. The project is also supported by a large
number of associated partners.
Los Angeles County Education Foundation

Roberta Gerarde, 9300 Imperial Highway, Room
106, Downey, CA 90242
Earth Works – Careers That Serve the Earth
Earth Works – Careers that Serve the Earth is a
new program that educates students in grades 10 and
11 about environmental careers such as forestry and
the atmospheric, space, and earth sciences. Earth
Works addresses crosscutting topics using presentations by career professionals and small group work
through use of the property known as Blue Sky
Meadow in the San Bernardino Mountains. These
presentations emphasize local environmental issues,
ﬁeld study, and service learning projects, such as
habitat improvement and modiﬁcation or native
plant restoration. Through interactive discussions,
written materials, and guided activities, students
learn how to identify and achieve their academic
and vocational goals. The students learn about the
steps that lead to careers in geology, meteorology,
astronomy, teaching, environmental engineering,
and forest management.
Imperial Valley Regional Occupational Program

Madaleine O. Macholtz, 687 State Street, El
Centro, CA 92243
Imperial Valley Student Entrepreneurs for
Recycling
The Imperial Valley Student Entrepreneurs for
Recycling program raises students’ awareness
about recycling and resource management to

216

improve their overall academic performance.
Another goal of the program is to help students
explore environmental careers and ﬁnd ways to
make positive contributions to the local environment. As part of the program, middle and high
school teachers are being trained using the California Integrated Waste Management Board’s “Closing the Loop” curriculum guide. The teachers work
with six middle and high school groups to develop
school-based recycling businesses. Information
about the students’ efforts is disseminated throughout the community. The target audience for this
grant includes students from a low-income, culturally diverse, rural community.
Placer Land Trust and Nature Center

Linda Desai, 3700 Christian Valley Road,
Auburn, CA 95602
Waste Busters
In this project, the Waste Busters program will
be added to the Environmental Science Travels
(EST) program, which is a set of ﬁve interactive
programs for elementary school students that
brings environmental science into the classroom.
Subjects of the EST program include water
resources, recycling, food chains, and birds, bats,
and bugs. For example, the Water Basins program
enhances middle school science curriculums by
making connections between the physical science
concepts that students learn about in the classroom and the energy and natural resources that
they use in everyday life. Although a traditional
science curriculum addresses the concepts of
energy and its application, it does not make
energy issues personal for students. The EST program connects the concepts taught in the classroom with students, their homes, and their
community. Thus, the program offers students a
fuller understanding of energy and natural
resources and their application in every aspect of
the students’ lives.
Venice High School

Julie Mann, 13,000 Venice Boulevard, Los
Angeles, CA 90066
The Learning Garden Composting Demonstration Site
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The Venice High School Learning Garden
includes a functional and educational
composting demonstration site that serves as a
learning center for students and community
members. The Learning Garden is a green
waste reduction post for the high school and
surrounding neighborhoods, and it produces
rich soil amendment for its own use. The goal
of the project is to incorporate the theory and
practice of composting into the school system
and the curriculum by utilizing existing environmental education materials. Local businesses are
encouraged to compost their wastes at the site.
Weekend workshops are held every 2 months
targeting different areas of the community. The
workshops educate residents about composting
options and landﬁll issues. Through community
use of the composting site, participants learn how
to reduce the amount of waste being landﬁlled
while producing a beneﬁcial soil amendment that
can be used to green their homes and
neighborhoods.

California Academy of Sciences

J. Patrick Kociolek, Golden Gate Park, San
Francisco, CA 94118
Wild City! Urban Environmental Education
Wild City! Urban Environmental Education
activities are for fourth and ﬁfth grade public
school students in San Francisco communities
where residents are traditionally underrepresented
in the sciences. The project connects scientiﬁc and
environmental concepts to everyday life and
experiences in order to make learning science
fun and interesting for children, many of whom
have had little or no previous experience in the
natural world. Wild City! helps participants
understand biodiversity at the species and ecosystem levels, emphasizes the importance of local
biodiversity as well as the problems facing biodiversity and possible solutions, gives each child the
opportunity to contribute personally to the preservation of biodiversity through a restoration or
cleanup project, and establishes a connection and
a potential ongoing relationship between each
child and the resources of the California Academy
of Sciences.
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CEC Stuyvesant Cove, Inc.

Christopher Collins, 24-20 FDR Drive Service
Road East, New York, NY 10010
The Green Design Lab
The Green Design Lab teaches high school
students to assess energy, water, waste, and food
ﬂows in the Manhattan Comprehensive high
school building. They create a detailed proposal
for how to “green” the school, including a plan for
capital renovations. This project uses existing curricula and resources to pioneer a new environmental educational strategy that incorporates science,
art, design, community stewardship, and career
development, with an emphasis on creativity,
applied problem-solving, and career training.
Friends of Van Cortlandt Park $15,000

Christina Taylor, 124 Gale Place, Apt. GRA,
Bronx, NY 10463
Summer Environmental Internship Program
The Friends of Van Cortlandt Park runs the
Summer Environmental Internship Program for
New York City high school students. The program
provides hands-on summer employment within
Van Cortlandt and other parks in the city. The
summer environmental interns obtain ﬁrsthand
experience maintaining and learning about the
ecosystems in urban parks, in the process developing an understanding of the need to protect the
natural environment and the ways visitors to a
natural area affect its ecosystems. Students work
with staff and volunteers from environmental and
natural resource providers, agencies, and organizations to acquire increased knowledge of career
opportunities in the environment as well as basic
job skills. By working in this urban ecosystem,
participants acquire environmental knowledge
and skills and undertake tasks reﬂecting their
commitment to environmental stewardship.
Long Island Regional Envirothon, Ltd.

Sharon Frost, 423 Grifﬁng Avenue, Riverhead,
NY 11901
Long Island Regional Envirothon
Participation of high school students in
New York’s Nassau and Suffolk Counties in an
annual environmental education competition is
supported through this grant. Students prepare
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by studying various topics and issues, such as
aquatics, forestry, soils, wildlife, and current environmental issues. They then compete by
responding to questions and challenges on these
environmental topics, demonstrating what they
have learned. Their involvement in the program
fosters interest in environmental careers and
develops environmental stewardship.
Capitol District YMCA Camp Chingachgook
Outdoor Center

Brian Leibacher, 1872 Pilot Knob Road, Kattskill
Bay, NY 12844
Food Source Reduction and Composting
The goal of this project is to reduce
Chingachgook’s food waste, create a useful compost product, and educate participants in the
annual program on the ease and beneﬁts of
Food Source Reduction and Composting. The
target audiences for this project are school children, summer campers, and adults and family
members from diverse backgrounds. These participants are taught about the value of waste
reduction and the amount of energy that is
required to produce a meal from “grow to
throw.” Students and campers weigh food waste
and learn to separate out composting materials.
Source reduction and composting is also incorporated into Chingachgook’s free semiannual
teacher training day and camp food and maintenance conferences.
City Parks Foundation

David Rivel, 830 Fifth Avenue, New York,
NY 10021
Green Girls
Green Girls introduces seventh- and eighthgrade girls in East Harlem and the Bronx to
career opportunities in the sciences and supports
the girls’ academic achievement. The City Parks
Foundation in New York City provides these
middle school girls with after-school, weekend,
and summer activities to promote environmental
stewardship. The Green Girls program encourages the girls to consider careers in the sciences
and enriches their understanding of science by
introducing the girls to successful female scientists who share their knowledge and love for the
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ﬁeld. The program also exposes them to environmental and social issues that affect their communities. The girls also become familiar with
New York City’s educational resources and
develop their critical thinking, leadership, and
teamwork skills.
Cornell University

Jeff Corbin, 120 Day Hall, Ithaca, NY 14853
Environmental Careers Skills Program
The Environmental Careers Skills Program
focuses on ecosystem protection. This program
provides college students with the skills and
knowledge they need to become better environmental stewards and to explore potential environmental careers. Program participants learn about
ﬁeld sampling techniques, study environmental
issues, are introduced to environmental career
paths, and learn leadership and team-building
skills that improve their ability to work with
others to protect the environment. In addition,
students attend a 3–4-day training workshop that
teaches them strategies for networking with professionals and their peers.

Friends of the High School for Environmental
Studies

M’L is Bartlett, 444 West 56th Street, New York,
NY 10019
Environmental Science Literacy Training
Project
The Friends of the High School for Environmental Studies (HSES) offers professional development programs for HSES teachers to increase
their environmental literacy and understanding of
environmental stewardship. These interdisciplinary programs are designed to help teachers feel
comfortable in incorporating environmental
issues into any subject area. HSES is
implementing a project to support science literacy
efforts as a means of promoting understanding of
environmental issues. This project offers training
to both English and science teachers through
inquiry-based discussions of environmental readings that reinforce concepts taught in high school
science classes.
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Prospect Park Alliance

Carol Giangreco, 95 Prospect Park West, Brooklyn, NY 11215
Midwood Green Team Project
The Prospect Park Audubon Center’s Midwood Green Team Project engages 20 preteens
in hands-on study, restoration, protection, and
interpretation of Prospect Park’s Midwood, a natural habitat. The project is intended to improve the
development and implementation of ecological
programs for underserved youth. Project participants design, produce, and install educational
signage to encourage environmental stewardship
among park visitors.
Old First Ward Community Association, Inc.

Laura Kelly, 62 Republic Street, Buffalo,
NY 14204
Community
Environmental
Education
Demonstration
The Community Environmental Education
Demonstration project educates the children and
teenagers in the traditionally underserved areas of
the Old First Ward community about ecological
problems such as pollution, contaminated soils,
and numerous brownﬁelds associated with industrial development in their neighborhood. The Old
First Ward Community Center is conducting
workshops that include ﬁeld trips to the nearby
Tifft Nature Reserve, local greenhouses, grain
elevators, and polluted industrial sites along the
Buffalo River. The workshop participants focus
on community garden projects as a means to
explore various environmental practices that can
improve their quality of life and lower their contribution to Buffalo River contamination.
Dream in Green

Jane Gilbert, 2000 Ponce de Leon Boulevard,
Suite 647, Coral Gables, FL 33134
Green Schools Challenge
The aim of this grant is to make concrete steps
toward a more “green” society. This goal is
accomplished by integrating hands-on, inquirybased learning about the local and global environmental impacts of greenhouse gas (GHG) emissions, sources of and conversion factors for GHG
emissions, energy assessments, and conservation
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methods to teach science, math, and language arts.
This project supports the training, resources,
coaching, and tracking support necessary for its
participating schools to educate students about
energy and resource conservation, reduce the carbon footprint of the schools and students’ homes,
and provide highly engaging, real-world learning
opportunities for students through the use of professional energy analysis tools.
University of Central Florida

Terri Vallery, 12201 Research Parkway, Suite
501, Orlando, FL 32826-3246
Education Recycling
Education Recycling aims to increase
recycling rates on the university campus by
conducting workshops on environmental stewardship and recycling that targets students living in
University of Central Florida (UCF) housing on
campus and the building managers for all
123 campus buildings and the entire staff of the
UCF library. This project focuses on the community and national issue of recycling and the need to
increase recycling rates on a national basis to
approach a zero waste stream goal. This project
empowers the UCF community to think about its
role in stewardship of the environment and the
need to increase recycling toward the goal of a
zero waste stream campus. Education leads to
further knowledge in the community that is carried back home, and to a new generation, about
the role recycling plays in environmental
stewardship.
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King County Solid Waste (government natural
resources agency), and Foster High School
(public high school) to develop a strategic model
for producing and delivering environmental education video projects on a county level.

Future Directions
One of the current trends within environmental
education seeks to move from an approach of
ideology and activism to one that allows students
to make informed decisions and take action based
on experience as well as data. Within this process,
environmental curricula have progressively been
integrated into governmental education standards.
Some environmental educators ﬁnd this movement distressing and a move away from the original political and activist approach to
environmental education, while others ﬁnd this
approach more valid and accessible.
There is a movement that has progressed since
the relatively recent founding (1960s) of the idea
of environmental education in industrial societies, which has transported the participant from
nature appreciation and awareness to education
for an ecologically sustainable future. This trend
may be viewed as a microcosm of how many
environmental education programs seek to ﬁrst
engage with participants through developing a
sense of nature appreciation which is then translated into actions that affect conservation and
sustainability.

911 Media Arts Center

Malory Graham, 117 Yale Avenue North, Seattle,
WA 98109
STUFF: The Secret Life of Everyday Things
In this environmental educational program,
25 high school students explore the relationship
between consumerism and waste production and
their own consumption habits. They mentor with
professional media producers to create a 10-min
video that takes a behind-the-scenes look at the
production, distribution, and consumption of an
everyday household object. The project increases
the capacity of three organizations: the 911 Media
Arts center (nonproﬁt educational organization),
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IR camera Infrared camera recording the surface
temperature across the width and the length of
the bed on the grate for selected bandwidths
from the roof of the combustion chamber.
MICC MARTIN Infrared Combustion Control
for reverse-acting grate systems including fuzzy
logic control, IR camera, operating mode concept, and operational data logging/visualization.
ACC Advanced Combustion Control for horizontal grate systems combining existing standard measurement information to generate the
control loops.
VLN Very Low NOx technology for signiﬁcant
reduction of NOx concentration downstream of
the combustion system by primary measures.
SNCR Selective Non-catalytic Reduction of
NOx by injection of a reagent into the combustion chamber as a secondary measure without
use of a catalytic converter.
SCR Selective Catalytic Reduction of NOx by
injection of a reagent into a catalytic converter
as a secondary measure.
T3 Time, Temperature, and Turbulence: concept
ensuring an efﬁcient post-combustion with
good gas burnout.

Glossary

Definition of the Subject

Reverse-acting grate Grate system, inclined at
an angle of 26 , with rows of grate bars moving
up and down against the downward ﬂow of
solids.
Reverse-acting grate VARIO Grate system,
inclined at an angle of 24 , with rows of grate
bars moving up and down against the downward ﬂow of solids. It is divided into three
independent drive zones along its length.
Horizontal grate Horizontal grate system with
rows of grate bars moving in opposite directions alternated with stationary rows of
grate bars.
SYNCOM SYNthetic COMbustion using
oxygen-enriched underﬁre air on a reverseacting grate.

Waste-to-energy (WTE) technologies have been
confronted with numerous and changing challenges over the last decades. Various important
factors have to be considered, not only the reduction of waste volume and mass and the destruction
and capture of pollutants. Environmental concerns
have demanded that ﬂue gases are no longer a
signiﬁcant source of emissions and that the waste,
and also residues remaining after thermal treatment, be transformed into reusable products. Thermal treatment of waste using a grate-based system
has gained acceptance as the preferred system for
sustainable treatment of waste worldwide. The reason for this is that the energy content of the waste is
utilized and that quality products and residues are
produced. Nevertheless grate-based processes
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must also keep pace with international requirements and proposed alternative thermal treatment
technologies by further innovative development.
Recent years have seen signiﬁcant changes in
the average heating values of waste in many countries. Essentially, this can be attributed to recycling
measures, separate recovery of waste streams, as
well as pretreatment and processing procedures in
modiﬁed waste management concepts. As a result
of the above and due to the increasingly frequent
application of energy recovery schemes for commercial waste, the fuel input to WTE plants
combusting household waste has been signiﬁcantly
inﬂuenced. In response to increased thermal load,
water cooling of grate bars, using different technical solutions, was developed and used for forwardacting grate systems.
In view of the continual depletion of raw materials, sustainable processes for the recovery of
recyclables are becoming increasingly important.
Efﬁcient use of the energy recovered (in the form
of electricity, process steam, and district heating/
cooling) by developing innovative concepts is also
in demand. In Europe, there is potential to increase
the contribution of WTE to over 10% of the overall
renewable energy produced since over one half of
the energy contained in municipal waste is of biogenic origin. All of these aspects have been driven
by political and public pressure, regulations, as
well as the ﬁnancial market situation. Any new
demand leads to an increase in the overall complexity of the thermal treatment process. Additional skills and competences are needed for plant
design, process control, and operation. Nevertheless, cost-beneﬁt and eco-efﬁciency analyses
clearly show that these additional efforts should
be made. Modern WTE plants are extremely complex in terms of the technology used. A sound
knowledge of the “fuel” waste as well as its effects
on design and operation is crucial for successful
planning and implementation of WTE plants.

Introduction
MARTIN GmbH was established in Munich, Germany, in 1925. The founder, Josef Martin, had
already been working on various combustion
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system designs for coal and waste of all types.
The invention of the reverse-acting grate is based
on the fact that fuel ignites more easily when an
already existing glowing mass is pushed back
underneath it. The combined effect of gravity
and reverse-acting motion resulted in the fuel
being circulated and optimally burned out. The
reverse-acting grate and the newly invented ramtype discharger were tested in a pilot unit for the
WTE plant in Romainville near Paris in 1932. The
combustion tests were successfully carried out
using waste from Paris, conﬁrming that the principle on which the grate is based can also be
successfully applied to the combustion of municipal waste. In 1952, the company was awarded a
contract to build its ﬁrst WTE plant in São Paolo,
Brazil. The grate system proved to be capable of
ensuring optimum reaction conditions for
combusting municipal solid waste (MSW) and
high reliability of the overall operation.
In the beginning of the 1980s, waste combustion technology underwent a fundamental technological change. Step by step, the conventional
combustion plant was reengineered to become a
modern high-tech power station for treating residual waste. The main forces behind this change
were a growing environmental awareness on the
part of the general public, which was reﬂected in
increasingly strict limit values for emissions; great
public interest, which focused the attention of
politicians and the media on WTE plants; the
constantly changing quality of MSW, which led
to increasingly higher heating values; and the
demand for efﬁcient materials recycling and
energy recovery from residual waste.
However, it soon became clear that the most
signiﬁcant innovations for optimizing combustion
on the grate could be achieved through appropriate furnace dimensions and a comprehensive,
intelligent combustion control system. Waste is a
complex, heterogeneous fuel, the composition
and heating value of which ﬂuctuate signiﬁcantly.
Also, the radical change in waste composition in
the 1990s, whereby a large fraction of the commercial waste was not recyclable and had a high
heat content, necessitated a phase of intense
development of existing technologies. Either
industrial or biomass waste could be used as fuel.
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For over 80 years, MARTIN has been successfully active – as general contractor, consortium
partner, supplier of components, or engineering
partner – in the ﬁeld of combusting difﬁcult fuels
such as low-grade coal and waste. Today more
than 863 lines for combusting waste have been
equipped with MARTIN grates in over 450 plants
(throughput approx. 295,913 Mg/d) worldwide
[1]. Following restructuring at one of its competitors, MARTIN took over their horizontal grate
technology in 2002.

Components of a WTE Plant
Figure 1 shows the typical components of a WTE
plant using the MARTIN technology. A detailed
description of the technologies used is provided in
the following sections.
In the “tipping” hall, the MSW collection
trucks discharge (“tip”) their load into the waste
bunker, where it is mixed by an overhead crane
and is temporarily stored for several days. The
tipping hall and waste bunker are totally enclosed
buildings to prevent dust and odors from escaping
into the environment. In addition, air is continually extracted to maintain a slightly negative pressure and is used as combustion air for the
combustion system.
A crane unit lifts the waste from the waste
bunker and transports it to the feed system,
which consists of a hopper and a feed chute.
Feed rams push the waste from the bottom of the
feed chute onto the combustion grate. Due to the
height of the waste column in the feed chute,
unwanted air cannot leak into the combustion
system. Microwave level detectors report the
height of the waste column in the feed chute to
the crane operator. Bridging and obstructions are
prevented by the inclined side walls of the hopper
and the ﬂaring of the feed chute. A shutoff damper
located underneath the hopper is closed when the
plant is not operating.
The feed ram changes the direction of waste
ﬂow from vertical to horizontal. The waste,
compacted in the feed chute, is loosened during
this process and pushed onto the grate in amounts
determined by the combustion control system.
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The transition between the feeder and grate can
be designed as an inclination or as a drop-off edge.
Each feed ram is driven by a hydraulic cylinder.
The combustion control system optimizes cycle
time, stroke length, and stroke speed to achieve
uniform combustion on the grate. The operation
of the feed rams is staggered for combustion
grates with several parallel grate runs.
The combustion system, consisting of the grate
system and furnace, is the heart of the WTE plant.
The air required for combustion is fed as
“underﬁre” or primary air from below the grate,
passing through the grate bars into the fuel bed.
Flue gases emitted from the fuel bed are not
completely burned out; therefore, “overﬁre” or
secondary air is provided for combustion of the
volatile gases rising from the grate. Overﬁre air is
injected into the furnace above the fuel bed via
numerous nozzles arranged opposite each other
on the front and rear walls of the furnace. The
resulting turbulence mixes the ﬂue gas very efﬁciently, causing complete burnout at temperatures
between 1000  C and 1200  C. Recirculated ﬂue
gas may also be used for secondary combustion.
This involves splitting part of the ﬂue gas after the
dust removal equipment and returning it to the
furnace to replace some of the overﬁre air. The
recirculated ﬂue gas is injected into the furnace via
separate nozzles.
The hot, burned-out bottom ash drops from the
grate end into a water bath in the bottom ash
discharger below the grate where complete
quenching occurs. The discharger is ﬁlled with
water up to the level of the air sealing wall. This
creates an air seal against the furnace, thus preventing ﬂue gas and thermal pollution in the basement, on the one hand, and air inﬁltration into the
boiler, on the other. The ash discharging ram
pushes the bottom ash under the air sealing wall
toward the drop-off edge.
For dry bottom ash discharge, the ram-type
discharger in unchanged form could also be operated without water under dry conditions. Therefore, the air seal to the furnace is achieved by
piling up the bottom ash in the inlet section. The
bottom ash is cooled down by the air without
increasing the surface temperature of the
discharger.

WTE: The Martin WTE Technology, Fig. 1 Longitudinal section of a WTE plant. 1 Tipping hall; 2 Crusher for bulky waste; 3 Refuse pit; 4 Crane unit; 5 Feed hopper; 6 Feeder
system; 7 Reverse-acting grate; 8 Grate siftings conveyor; 9 Ram-type discharger; 10 Bottom ash bunker; 11 Underﬁre air system with air preheater; 12 Overﬁre air system; 13
Furnace; 14 Oil/gas burners; 15 SNCR; 16 IR camera; 17 Waste heat recovery boiler; 18 Fly ash transport; 19 Absorber; 20 Fabric ﬁlter; 21 Residue silo; 22 Flue gas recirculation;
23 Acidic scrubber; 24 Induced draught fan; 25 Stack; 26 Live steam; 27 Turbine; 28 Generator; 29 Condenser; 30 Feedwater
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Thermal treatment of waste produces energy
that is converted to steam and used in a steam
turbine to generate electricity, heat for district
heating purposes, or process steam in almost any
number of combinations, as described in more
detail further on.
The ﬂue gas cleaning system is an integral and
the most important part of every modern WTE
plant. During combustion, pollutants contained
in the waste are released and pass into the ﬂue
gas which must be cleaned before it can safely be
allowed to enter the atmosphere. Suitable processes and components are combined according
to technical and economic requirements. Electrostatic precipitators, fabric ﬁlters, spray absorbers,
scrubbers, activated coke processes, and SCR or
SNCR systems are used in various combinations.
The clean gas emissions at the stack are continuously measured, monitored, and documented with
state-of-the-art measurement devices. Modern
WTE plants respect the strictest emission levels
worldwide and are trendsetters for the highest
environmental standards.
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• Operational reliability
• Avoidance of damage and operational failures
• Supply of fuel without blockages
Due to the column of waste it contains, a feed
chute of sufﬁcient height prevents the ingress of
undesirable air into the furnace and provides a
certain stock of fuel in the eventuality of failures
in preceding systems. The feed chute is provided
with a water jacket. By means of natural circulation, the water is moved through the warm and
cold zones, thereby preventing overheating. The
closed water circuit does not lead to any additional
water consumption during normal operation. The
cooling system for the feed chute is equipped with
a thermostat that opens an emergency water connection for cooling, in case the temperature of the
water jacket exceeds a certain level, and a warning
signal is sent to the control room.

Grate Technologies
The grate system consists of the feed hopper,
feeder, combustion grate, bottom ash discharger,
and air supply system for the furnace (Fig. 2).
Feeding System
The waste feeding system consists of the feed
hopper, connected feed chute with shutoff
damper, the water cooling system in the lower
part, and ram-type feeders (Fig. 3). The waste
taken up by the grapple of the waste crane is fed
into the feed chute via the hopper. The dimensions
of the hopper ensure that the contents of the grapple can be charged without difﬁculty and that
there is always a sufﬁcient stock of fuel in the
hopper. By means of the feed chute, the discontinuous charging of the waste into the hopper is
transformed to a continuous ﬂow of fuel. The ﬁne
metering is done by the ram-type feeding system
arranged downstream of the feed chute.
The design of the feed chute must satisfy the
following requirements:

WTE: The Martin WTE Technology, Fig. 2 Typical
grate system. 1 Feed hopper; 2 Feeder; 3 Reverse-acting
grate; 4 Bottom ash discharger; 5 Furnace; 6 Steam-heated
air preheater; 7 Underﬁre combustion air; 8 Overﬁre combustion air
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WTE: The Martin WTE Technology, Fig. 3 Mixing of the waste on a reverse-acting grate

A “bridge” breaking system is provided at the
rear side of the hopper to remove any “bridging”
of waste in the transition area between the hopper
and the feed chute. Also, in order to be able to take
countermeasures in the event of dust formation, an
atomized water spray can be generated by means
of spray nozzles that are arranged above the upper
waste hopper edge. Under the feed hopper, there is
a shutoff damper extending over the entire width
of the feed chute; this damper is closed when the
level in the feed chute drops too low or when the
plant is shut down. In order to ensure a sufﬁciently
high waste column in the feed chute, there is a
built-in level monitor in the form of microwave
sensors.
The direction of movement of the fuel is
changed from vertical in the feed chute to horizontal on the feed table. This is done by means of
ram-type pushing devices. In the course of charging, a uniform, continuous supply of waste onto
the grate is achieved. The design of the combustion grate allows exact fuel metering in accordance with the required thermal output because
the feed rams are driven separately for each run
via hydraulic cylinders. Cycle time, stroke length,
and stroke speed can be varied, independently for

each run. The waste transfer zone at the end of the
feeding table is designed with a gentle drop-off
edge, which has the effect that the fuel is loosened
with a minimum of dust formation.
The feeding system is part of the combustion
control concept; however, it can also be controlled
manually, and the feed ram can be switched from
“working” stroke to “clearing” stroke, enabling
the feeding system to be emptied within the
shortest possible time.
Reverse-Acting Grate
The reverse-acting grate is inclined at an angle of
26 to the horizontal and consists of several stairlike grate “steps” that consist of metal bars. Every
second bar is moved up and down against the
downward direction of the solids ﬂow (Fig. 3).
The moving rows of grate bars are moved forward
and backward by a hydraulic cylinder. This constantly rakes and mixes the red hot mass with
newly fed waste. In the area of the feeding system,
pre-drying of waste is carried out by radiation
from the ﬂames above the grate. The drying process is fully completed in the front grate area. The
waste begins to burn already at the front end of the
grate, and the fuel bed temperature reaches
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1000  C and higher. The waste is combusted fully
during its travel over the length of the grate. The
combustible constituents of the fuel are converted
to gases in the main combustion zone accompanied by the release of energy (primary combustion). Secondary combustion, e.g., the ﬁnal
oxidation of the unburned gases, takes place in
the ﬂames above the main combustion zone.
Complete gas burnout is achieved by means of
overﬁre air injection that is controlled according
to the prevailing furnace conditions.
The number of these agitation cycles, in other
words the grate speed, is primarily dependent on
the composition of the fuel and only to a minor
extent on the combustion throughput. The residence time of the fuel on the grate is typically
between 60 and 70 min.
Along its length, the reverse-acting grate is
divided into three to six separate air zones so
that underﬁre air is supplied across the grate in a
controlled manner and as needed for combustion.
The underﬁre air ﬂows into the fuel bed through
narrow gaps at the head of the grate bars (Fig. 4).
These air gaps are kept free of impurities during
operation because every second grate bar in a row
moves, relatively to its adjacent bars, at the end of
each agitation stroke. The effect of the relative
stroke is to clear the air gaps, thereby allowing a
long period between maintenance outages. The
evenly spaced narrow air gaps ensure that the
underﬁre air is distributed evenly over the fuel

WTE: The Martin WTE
Technology,
Fig. 4 Underﬁre air ﬂow/
movement of grate bars of a
reverse-acting grate
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bed. The grate bars are made of cast chromium
steel that is highly resistant to wear.
Combustion on the grate is completed after
approximately two thirds of the length of the
grate. A clear delimitation between the combustion zone and the end zone is plainly visible on an
overhead infrared camera. Through its intimate
mixing of the fuel, the reverse-acting grate always
ensures good thermal protection for the grate bars
due to the “insulating” fuel and ash layer on the
grate surface. The average operating temperature
of the grate bars is approximately 20–50  C above
the underﬁre air temperature even in the main
combustion zone of the grate. This provides a
high level of certainty against thermal overloading
and makes it possible to achieve a long service life
for the grate. The operating experience from
numerous plants obtained over many years of
continuous service time have conclusively proven
that the reverse-acting grate does not require water
cooling, even for high heating value fuel [2].
The grate “siftings,” i.e., inert particles that
may fall through air gaps between the grate bars
(mostly in the residue burnout area), are collected
in the hoppers under the grate. The particles are
discharged from the hoppers by means of pneumatically operated shutoff valves, with no air
inﬁltration. The shutoff valves operate according
to a speciﬁed timing program to open the ducts
and discharge the siftings into the bottom ash
discharger where they mix with the bottom ash.
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WTE: The Martin WTE Technology, Fig. 5 Reverse-acting grate

The reverse-acting grate is of modular design
(Fig. 5). Each module comprises a complete grate
run with a width of 1.5–2.5 m. The modules can
be fully preassembled at the factory and then
shipped to the plant site. Up to eight grate run
modules can be arranged in parallel to produce a
total grate width of over 15 m.
A clinker roller, or clinker weir, is installed at
the end of the grate to control the height of the fuel
bed and bottom ash layer. The roller, or weir, can
be adjusted to suit actual combustion conditions.
From there, the bottom ash drops into the bottom
ash discharger.
The reverse-acting grate satisﬁes the following
essential requirements of MSW combustion:
• Wide heating value range and capacity for
handling ﬂuctuations in waste composition
• Rapid transition of the fuel from a cold state to
the combustion phase in order to prevent smoldering that adversely affects emissions
• High and uniform fuel bed temperature
• Intensive and constant agitation of the fuel bed
• Clear demarcation between combustion zone
and burned-out bottom ash over the entire grate
width

• Uniform coverage of the grate surface
• Easily deﬁnable and controllable supply of
underﬁre air to suit requirements
• No additional air supply due to mechanical
requirements (e.g., cooling of cast steel parts)
• Low thermal load on grate surface due to covering of the bars with bottom ash
• Small amount of grate siftings
• Low dust emission from the combustion
process
• Direct response to control operations
• High equipment availability
• Rapid start-up and shutdown of the grate
• Easy replacement of grate bars
The overall result is long service life for the
grate surface, high availability and efﬁciency, the
ability to recover residues, and compliance with
emission requirements.
Reverse-Acting Grate VARIO
The reverse-acting grate VARIO (Fig. 6) was
developed for use with fuels of a high heating
value and a low ash content (e.g., a refuse-derived
fuel, RDF). This grate uses the same proven and
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WTE: The Martin WTE Technology, Fig. 6 Reverse-acting grate VARIO

unique reverse-acting principle, but its angle of
inclination is 24 . The stair-like grate steps are
alternately arranged in stationary and moving
grate bar rows. The interaction between the
upward stoking force and the downward pull of
gravity ensures constant mixing of the red hot
mass with the fresh fuel. This results in optimal
combustion and fully burned-out bottom ash. At
the same time, the grate is automatically covered
with a thick fuel and ash layer which insulates the
grate surface and provides excellent protection
against thermal radiation from the furnace
(>1100  C).
The reverse-acting grate VARIO is divided into
three independent drive zones along its length so
that full advantage can be taken of the reverseacting principle even with fuel that has a low inert
content. The width of the grate consists of a number of modules, depending on the design capacity
of the unit. Each module is driven independently.
The reverse-acting grate VARIO satisﬁes the
same requirements as listed earlier for the reverse-

acting grate. Additionally the grate speed can be
individually set per run and zone. Furthermore a
good bottom ash burnout by adjusting the grate
speed in the various zones in response to varying
waste quality can be achieved. This design results
in the following advantages for combustion system operation: high level of availability, great
tolerance on varying feedstock quality, long
grate surface service life, recyclable residues,
and consistent compliance with emission requirements while at the same time maintaining high
efﬁciency.
Horizontal Grate
The horizontal grate system was originally developed by the Swiss company W + E Umwelttechnik
AG. It has been part of the MARTIN technology
portfolio since 2002 (Fig. 7). It was developed for
the incineration of household waste and combustible industrial residues. The horizontal construction of the combustion grate allows the fuel to be
advanced in a well-controlled manner. The grate is
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WTE: The Martin WTE Technology, Fig. 7 Horizontal
grate system. 1 Feed hopper; 2 Feeder; 3 Furnace; 4 Horizontal grate; 5 Bottom ash discharger; 6 Grate siftings conveyor;
7 Underﬁre combustion air; 8 Overﬁre combustion air

modular, providing for the conﬁguration of a variety of different grate sizes, depending on given
variables such as:
•
•
•
•

Quantity of waste
Lower heating value of waste
Type of use (heat evaluation)
Structural constraints

The waste is pushed forward by rows of grate
bars moving in opposite directions, alternated
with stationary rows of grate bars (Fig. 8). Moving
and stationary horizontally arranged grate bar supports are located in the solidly built grate support
structure. The moving bar rows are connected to
an oscillating crank and move back and forth,
working in opposite directions relative to each
other. When the rows of grate bars are moved
apart in opposite directions, the fuel is dropped
down at this point and ignited fuel particles fall
down. The grate bars then move toward each
other, lifting and igniting the fuel layer. The fuel
particles initially ignited as a result of the backward motion of the bars then move forward as a
result of the advance feed motion of the bars and
drop to the bottom of the fuel layer, where they
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become ignition points and accelerate combustion
of the fuel above them. On the horizontal grate,
ignition takes place not only by radiation and
convection of heat from above but also from
within the waste bed. Burning particles are constantly being pushed downward by the intensive
stoking and agitation of the waste layer, causing
ignition to start from within the bed as well.
The continuous stoking and agitation of the
waste results in the waste layer being repeatedly
broken up and rearranged. This promotes ignition
and combustion by creating a large waste surface
area, which favors the admission of combustion
air, and effectively transports and mixes the waste
to ensure good burnout.
The fuel residence time on the grate (drying,
main combustion, and burnout zones) depends on
combustion capacity, fuel composition, processes,
etc. and takes about 30–120 min. From the grate
rear end, bottom ash falls into the water bath of the
bottom ash discharger.
The main features of the horizontal grate are:
• Combination of ﬁxed and moving rows of
grate bars
• Movement of the moving grate bar rows in
opposite directions
• Inﬁnitely variable hydraulic drive system
• Slow, continuous movement
• High-pressure loss over the grate bars with
resultant optimal air distribution
• Low overall height
• No grate steps
• No maintenance of the underﬁre air area
The horizontal grate is of modular design. The
length of each module is ﬁxed, but the width may
vary according to speciﬁc requirements. Each
module has its own drive and supply of underﬁre
air, both of which can be controlled separately.
A typical grate conﬁguration consists of three
modules in the direction of waste ﬂow, and there
may be between 1 and 3 runs in parallel depending
on the waste throughput capacity (Fig. 9).
The grate bars are typically air-cooled
(Fig. 10) by the ﬂow of underﬁre air passing
through a labyrinth of passages, cooling the bar
and promoting a uniform release of heat. The
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WTE: The Martin WTE Technology, Fig. 8 Movement of grate bars of a horizontal grate

WTE: The Martin WTE
Technology,
Fig. 9 Horizontal grate
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WTE: The Martin WTE Technology, Fig. 10 Air-cooled grate bar/water-cooled grate bar

underﬁre air exits from the front end of the grate
bar. The outlet slots have been designed and
positioned for an optimal supply of air to the
fuel bed. During operation, the air outlet slots
are kept clear by the relative motion of adjacent
grate bars. The grate bars are made from wearand heat-resistant chromium-nickel alloy steel.
The grate bars are an exact ﬁt, which means that
the proportion of grate siftings to waste is low.
The bottom ash which drops through the grate is
collected in ash hoppers and discharged into the
bottom ash discharger.
In recent years, there have been signiﬁcant
increases in the heating values of wastes, necessitating the development of water-cooled grate bars
(Fig. 10) to achieve acceptable service lives. The
solution is a cast steel construction, where one
water-cooled grate bar block has the width of
three air-cooled ones. The cooling circuit is a
closed-loop cooling circuit. Two different versions have been installed:
• Medium-pressure version (around 7 bar(a)),
where the heat removed is then used to either
preheat the combustion air or the condensate.
• High-pressure version, where the cooling circuit is part of the waste heat boiler circuit; the
heat removed is fed to the water-steam cycle.
An added beneﬁt of the water-cooled system is
that underﬁre air is no longer needed to cool the
grate bars and is controlled only as and when
required by the combustion process. The heat

dissipated by means of the water-cooling system
can be returned in full to the process.
The horizontal grate is notable for a number of
beneﬁcial characteristics:
• Controlled transport of the waste due to
double-motion overthrust mechanism of the
grate bars.
• Horizontal construction allows the waste to
travel in a controlled manner and precludes
sliding of the waste.
• Tight-ﬁtting grate bars with high-pressure drop
producing an even intake distribution of the
underﬁre air over the width of the grate.
• Small percentage of combustion products ending up as siftings.
• Parts subject to wear are made of a high-tensile
cast alloy steel.
• A high level of availability and operational
safety.
• Easy maintenance.
Bottom Ash Discharger
From the rear end of the grate, the bottom ash falls
into the water bath of the bottom ash discharger
(Fig. 11). The water and a constant amount of bottom ash up to the level of the air sealing wall create
an air seal against the furnace, preventing ﬂue gas
and thermal pollution in the basement on the one
hand and false air ingress into the boiler on the other.
The discharging ram pushes the bottom ash
under the air sealing wall toward the drop-off
edge. As a result, the bottom ash is discharged in
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WTE: The Martin WTE
Technology,
Fig. 11 Bottom ash
discharger. 1 Discharger
tub; 2 Inlet section; 3 Outlet
chute; 4 Connecting piece;
5 Water level;
6 Discharging ram; 7 Dropoff edge; 8 Drive shaft;
9 Air sealing wall;
10 Electrically-controlled
level metering system

a dust-free and odorless manner. Larger pieces of
bottom ash become cracked as a result of
quenching in the water. They are then broken by
the force of the discharging ram.
Because the bottom ash still resides for a while in
the chute above the actual water level and during
that time is compressed by the discharging ram,
most of the water ﬂows back into the discharger
tub, with the result that the bottom ash is discharged
with only low moisture content. The discharger has
no water overﬂow, so only the small amounts of
water escaping through evaporation and taken up by
the bottom ash need to be replaced. As necessary,
water is added and controlled via a ﬂoat valve. In
normal operation, therefore, the discharger has no
water drain and a very low water consumption. In
this way, clean operation is ensured, while at the
same time, a very sturdy, space-saving, and easily
accessible design is obtained.
The interior of the discharger tub and the side
walls of the inlet chute are lined with wear plates.
The front plate of the discharging ram is protected
by easily replaceable slide strips.

A wide range of dischargers is available, the
smallest with a discharging capacity of approx.
0.2 m3/h. Dischargers for coal-based combustion
systems have a discharging capacity of approx.
0.2–3.0 m3/h. Discharging capacities for waste combustion plants range between approx. 4.5–12.0 m3/h.

Combustion Technologies
Using optimal combustion design in terms of
thermal efﬁciency and temperature levels, systems must be applied to limit the speciﬁc global
and local heat loads to reasonable values for system components, i.e., grate, combustion chamber,
and post-combustion chamber, taking design
criteria into account:
• Optimal mixing of the ﬂue gases
• Homogeneous temperature and concentration
proﬁles
• Stable combustion and constant heat release
• Minimum formation of pollutants
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• Reduction of chemical attack and thermal stress
• Reduction of corrosion and abrasion of
materials
• Optimal burnout of bottom ash
A combustion system capable of maintaining
stable and uniform operation in terms of thermal
load, ﬂue gas ﬂow, bottom ash burnout, and ﬂue
gas burnout has major advantages compared with
systems in which conditions ﬂuctuate:
• Easier compliance with regulations and limit
values
• Smaller design range required for ﬂue gas
cleaning components
• Minimum operational effort required for combustion system control
• More uniform thermal and mechanical load
and, consequently, longer service life for components such as feeder, grate bars, etc.
Conventional Combustion with Air
The conventional combustion air system essentially comprises the underﬁre and overﬁre air systems. Optimum interaction between these systems

enables combustion to be as homogeneous as
possible with low pollutant emissions.
The underﬁre air typically is drawn from the
building housing the waste bunker. This is done by
means of a frequency-controlled fan by means of
which the underﬁre air ﬂow rate is adapted to the
prevailing requirements of combustion on the grate.
The extraction of air from the waste bunker has the
positive side effect that a slight negative pressure is
maintained in the bunker area, causing fresh air to
ﬂow in. This ensures that no odor nuisance occurs
outside the plant. After optional preheating, the air
ﬂows through the grate and in this way is supplied to
the fuel bed in accordance with requirements
(Fig. 12). Preheating is achieved using a steamheated air preheater with an air temperature
depending on the heating value of the waste and
the kind of waste to be burned. Normally for air
temperatures up to 120  C, 5 bar process steam is
used. Higher air temperatures up to 160  C (e.g., at
lower heating values and co-combustion of sewage
sludge) are achieved by applying saturated steam
from the boiler drum.
The grate is divided lengthwise into ﬁve separate air zones (Fig. 12). The air ﬂow to each

Hydraulic
pumping
station

Drive
Clinker roller
(or weir)

Underfire air fan

Air preheater

Underfire air damper

WTE: The Martin WTE Technology, Fig. 12 Underﬁre air distribution system (reverse-acting grate)
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undergrate air zone is measured and can be set
individually, with the exception of zone 5, to
which air is supplied from zone 4. Air is supplied
to the individual zones via oriﬁce openings that
are covered by adjustable dampers. The shape and
size of the oriﬁce openings are determined
according to the combustion characteristics and
the designed release of heat over the length of the
grate. Accordingly, the largest free oriﬁce opening
is located in the under grate compartments of the
main combustion zone. The aerodynamic resistance of the grate surface is signiﬁcantly higher
than the air resistance of the fuel bed above
it. Therefore the air admission through the fuel
bed is uniform even if the waste is distributed
unevenly on the grate. This concept for underﬁre
air distribution makes it possible to distribute the
combustion air to the fuel bed in an individual
manner according to requirements. As a result, it
is possible to react to differences in the waste
quality during combustion.
A vigorous, stable ﬁre, in which all the combustion phases (drying, gasiﬁcation, ignition, and
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combustion) occur simultaneously and consecutively, develops at the front end of the grate. The
constant stoking motion provides for a uniform heat
release and ensures excellent burnout values. Most
of the still unburned gases released from the fuel bed
oxidize at once at high temperatures when they mix
with the residual underﬁre air in the furnace. This
effect is enhanced by the overﬁre air which is supplied over the entire furnace section. It provides the
oxygen required for complete oxidation and ensures
thorough agitation of the gases.
The overﬁre air is supplied by a frequencycontrolled fan, through which the ﬂow rate can
be optimally adapted to the prevailing requirements in the furnace. It typically is drawn from
below the boiler house roof or, alternatively, is
extracted from the bottom ash bunker and is
injected according to the “stitching method.”
The overﬁre air is injected through four rows of
nozzles, two rows in the front and two rows in the
rear wall of the furnace (Fig. 13). The nozzles in
the two rows on each wall are arranged opposite
each other and in an offset pattern (stitching).

WTE: The Martin WTE Technology, Fig. 13 Positioning of overﬁre air and/or recirculation ﬂue gas nozzles (reverseacting grate)
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This so-called “4-row stitching” arrangement
ensures full coverage of the furnace cross section
and the turbulence needed for good mixing of the
gases, while uniform proﬁles for temperature and
ﬂow are obtained above the injection levels.
Gases arising from the fuel bed on the grate are
oxidized immediately afterward in the downstream furnace by ﬁnal mixing of the overﬁre air
with the remaining underﬁre air at high temperatures. The residence time of the gases in the hightemperature area is increased, the gas burnout
improved, and the formation of nitrogen oxides
in the furnace reduced.
Conventional Combustion with Recirculation
of Flue Gas
Burnout in the fuel bed takes place due to the
constant ignition and the supply of underﬁre air.
Most of the unburned gases produced on the grate
are oxidized immediately afterward in the furnace
after being mixed with the remaining underﬁre air
at high temperatures. However, some unburned
gases inevitably escape primary combustion. For
this reason, adequate mixing of the combustion
gases must be ensured by introducing an additional jet of overﬁre gas via nozzles. As described
above, the “4-row stitching” process for the
arrangement of the overﬁre air nozzles and the
recirculated gas nozzles is used (Fig. 13). As a
result of this measure, a uniform temperature and
ﬂow proﬁle, and optimal mixing of the gases in
the furnace, is achieved. The residence time of the
gases in the high temperature zone is extended and
gas burnout improves.
In order to reduce the ﬂue gas ﬂow (approx.
20–30%), the excess combustion air, and the NOx
content, part of the ﬂue gas ﬂow downstream of
the effective pre-deduster (e.g., electrostatic precipitator, fabric ﬁlter) is extracted with a separate
frequency-controlled fan and returned to the furnace as recirculated ﬂue gas. The recirculated ﬂue
gas replaces most of the required overﬁre air. It is
injected into the furnace via rows of nozzles on the
rear wall as well as on the front wall.
Since, as described above, unburned gases
escape from the fuel, overﬁre air is injected into
the furnace via the lower row of nozzles on the
front wall. Sufﬁcient oxygen for the combustion of
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these gases is provided by the overﬁre air at this
point. The turbulent effect of the overﬁre air is
mainly produced by the recirculated ﬂue gas. The
required overﬁre air could be extracted from the
underﬁre air ﬂow downstream of the air preheater.
If the recirculated ﬂue gas is extracted after a fabric
ﬁlter, the gas temperature is quite low (about
150  C). In this case, the gas ducts have an electric
trace heating system to prevent condensation on
the walls. Generally the ﬂue gas ducts are insulated
to keep heat loss to a minimum and to protect the
outside environment. Since the process requires
that the ﬂue gas recirculation system is operated
with ﬂue gas, which still contains dust remnants,
despite prior dust removal in the pre-deduster (dust
content >20 mg/Nm3), discontinuous cleaning of
the recirculated gas nozzles is possible. A ﬁne
water jet is injected directly into the nozzles in
regular adjustable cycles for short periods, so as
to remove any ﬂue gas constituents that may still be
present. This system ensures proper functioning of
the recirculated gas nozzles without having any
measurable inﬂuences on the operation of the
plant (furnace temperature, emissions, etc.).
Combustion with Oxygen-Enriched Air
(SYNCOM)
Discussion about how to minimize the level of
pollutants produced by WTE plants all over the
world has led to many new technological developments, focusing in particular on the treatment of
ﬂue gas and residues. Above all, the dioxin input
introduced with the waste of about 50 mg TEQ/Mg
must be destroyed. Consequently, reduction of
pollution burdens, improvement of bottom ash
quality, and reduction of overall dioxin output to
<5 mg TEQ/Mg of waste have been the driving
forces behind the development of the SYNCOM
process (SYNthetic COMbustion) [3].
The SYNCOM process is based on the following components, illustrated in Fig. 14:
• Grate-based combustion system using the
reverse-acting grate
• Combustion control system using IR
thermography
• Overﬁre air system with 4 nozzle rows (4-row
stitching)
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WTE: The Martin WTE Technology, Fig. 14 SYNCOM process

• Flue gas recirculation
• Oxygen enrichment of underﬁre air
The amount of nitrogen in the combustion air is
signiﬁcantly reduced by replacing part of the
underﬁre air in the main combustion zones 2 and
3 with technically pure oxygen. The oxygen concentration in these zones is then in the range
24–35%. As a consequence, the excess air rate is
signiﬁcantly lower, the ﬂue gas ﬂow is substantially reduced, and the pollution burden is clearly
decreased compared with conventional combustion. The IR camera control signal is used to meter
oxygen selectively and as required.
One of the core components of the SYNCOM
process is the oxygen generation plant. The oxygen is obtained from the ambient air in an air
separation plant. In Arnoldstein (Fig. 15), the air
separation plant uses the pressure swing adsorption principle, whereby oxygen and nitrogen are
separated by means of a zeolitic molecular sieve.
The nitrogen is adsorbed on the molecular sieve,
while the oxygen ﬂows through the adsorber. The
adsorbed nitrogen, water, and CO2 are then

desorbed by reducing the pressure within the
adsorber unit (vacuum).
The surface temperature of the fuel bed is
determined using the IR camera in the boiler
roof. The temperature is about 100  C higher
than when using underﬁre air without oxygen
enrichment. The higher fuel bed temperature
means that bottom ash sintering, improved burnout, and destruction of the organic pollutants are
achieved.
To reduce the ﬂue gas ﬂow and O2/NOx content, the recirculated ﬂue gas is drawn off downstream of the pre-deduster with a separate fan and
returned to the furnace. The recirculated gas
causes turbulence and mixing. Recirculated gas
is directed to both nozzle rows on the rear wall and
to the upper row of the front wall. Due to the use
of recirculated ﬂue gas in the overﬁre air system
and the reduction of nitrogen in the underﬁre air,
the gas volume per ton of feed is reduced by up to
35%, as compared with conventional waste combustion. The pollution burdens actually released
into the environment are commensurately reduced
by up to 35%.
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The smaller ﬂue gas ﬂow has a direct effect on
the equipment downstream of the combustion
system. As a result, the steam boiler (with the
exception of the ﬁrst boiler pass), any downstream
dedusting ﬁlter, the ID fan, and the downstream
ﬂue gas cleaning equipment can be designed with
smaller dimensions than is the case in conventional combustion systems, thereby resulting in
lower investment costs and higher energy efﬁciency. The smaller ﬂue gas volume associated
with the SYNCOM process also means that ﬂue
gas heat loss is also reduced. The thermal efﬁciency of the boiler is increased by 3–5%, as
compared with conventional thermal waste
treatment.
The use of the SYNCOM process results in
reducing both capital and operating costs. The
additional costs associated with constructing and
operating the air separation plant are largely offset
by the savings made due to smaller components, a
smaller construction volume, better energy utilization, and lower operating costs for the equipment downstream of the combustion system.
In conclusion, the SYNCOM process is characterized by the following features, as compared
with conventional combustion using air:
• Intense, uniform combustion
• Minimal CO content in the ﬂue gas
• Temperature in the fuel bed in the main combustion zone approx. 100  C higher
• Partial sintering of the bottom ash and
consequently
– Optimum burnout
– Minimal heavy metal leaching in compliance with drinking water quality standards
• Reduction of ﬂue gas ﬂow by approx. 35%
– Higher boiler efﬁciency
– Reduced pollutant burden at stack
– Reduced ﬂy ash ﬂow
This process was tested extensively in
industrial-scale demonstration plants at Coburg
(Germany), Oita (Japan), and Osaka (Japan). It
was then included in the new plant in Arnoldstein
(Austria) in 2004 (Fig. 15) and also at the Sendai
(Japan) WTE plant (three lines).
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The WTE plant in Arnoldstein consists of a
combustion system with reverse-acting grate
(one line, two runs), air separation plant, 4-pass
vertical boiler, ﬂuidized bed adsorption reactor,
fabric ﬁlter, lignite-coal ﬁxed-bed ﬁlter, ID fan,
SCR-DeNOx unit, stack, turbines, and generators.
Gasification with Post-Combustion
Gasiﬁcation of MSW has been developed using
various technologies, the most widespread being:
• Shaft furnaces (using additional coke)
• Pyrolysis kilns
• Fluidized bed systems
Experience in Europe in the 1990s showed that
these processes have their limitations when used
for waste due to high cost, low availability, poor
energy efﬁciency, and the need for waste pretreatment [4–7]. Experience has also proven operation to be stable in general under commercial
operating conditions. This is why many European
waste gasiﬁcation plants were dismantled after a
relatively short period of time. In the 2000s, a large
number of gasiﬁcation systems were built in Japan
and continue to operate despite these limitations [8, 9].
All these systems are coupled with postcombustion of the produced gases in furnaces
with boilers. The expected advantage of these
gasiﬁcation systems in Japan is the integrated
melting of the ash in the post-combustion step,
which also leads to reduction of the total dioxin
output (through melting of ﬂy ash) [10, 11].
MARTIN has developed a grate-based gasiﬁcation system since the 1990s. The grate gasiﬁcation system has the advantage of controlling the
following conversion steps (Fig. 16):
•
•
•
•
•

Drying
Degassing
Ignition
Gasiﬁcation
Burnout of carbon

Based on numerous tests with a semiindustrial-scale combustion unit, it has been
proven that the reverse-acting grate (Fig. 2) is

WTE: The Martin WTE Technology, Fig. 15 SYNCOM plant Arnoldstein (A). 1 Tipping hall; 2 Bulky waste cutter; 3 Waste bunker; 4 Waste crane; 5 Crane depot; 6 Underﬁre
air intake; 7 Feed hopper; 8 Reverse-acting grate; 9 Discharger; 10 Underﬁre air fan; 11 Underﬁre air preheater; 12 Oxygen distribution; 13 Air separation plant; 14 Overﬁre air
nozzles; 15 Flue gas recirculation fan; 16 Burners; 17 Steam boiler; 18 Turbine/generator set; 19 Air-cooled condenser; 20 Turbo reactor; 21 Fabric ﬁlter; 22 Additive silo; 23 Spent
active coke silo; 24 Nitrogen station; 25 Active coke ﬁlter; 26 ID fan; 27 SCR catalytic converter; 28 Aqueous ammonia storage; 29 Stack
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WTE: The Martin WTE Technology, Fig. 16 Conversion steps of grate-based gasiﬁcation [12]

essentially well suited to gasiﬁcation. In particular, the reverse-acting grate VARIO (Fig. 6) performs well regarding gasiﬁcation because it has
the particular feature that three grate zones can be
driven separately and the air compartments are
perfectly tight in order to control these conversion steps. Another important advantage of
grate-based gasiﬁcation compared with other
gasiﬁcation systems is its robustness, which
makes it possible to use waste that has not been
pretreated.

Post-combustion of the gas product of volatilization occurs either in an extension of the membrane wall furnace or in a following, uncooled
separate combustion chamber. Experience with
post-combustion chambers is based on the
Clausthal test facility (Fig. 17) as well as on the
WTE plants in Trieste and Cagliari using T3
(Time, Temperature, Turbulence) controls and
vortex post-combustion chambers (Fig. 18).
Grate-based gasiﬁcation systems with postcombustion processes are characterized by:

WTE: The Martin WTE Technology
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WTE: The Martin WTE Technology, Fig. 17 Clausthal test plant for gasiﬁcation with post-combustion [13]

• Reduced excess air rate from 1.8 to 1.4
resulting in reduced ﬂue gas ﬂow
• High residence time for sub-stoichiometric ﬂue
gas resulting in reduced NOx
• Efﬁcient post-combustion (Time, Temperature, Turbulence) resulting in good gas burnout
and reduced dioxin content
• Low gas velocities through the waste bed and
in the gasiﬁcation chamber resulting in reduced
ﬂy ash carryover to the boiler
• Taking advantage of the long experience of
traditional grate-based systems: moderate cost,
high availability, high energy efﬁciency, and the
possibility of treating waste that has not been
pretreated

Combustion Control

However, the gasiﬁcation process requires
higher waste heating values for stable reaction
conditions on the grate and more sophisticated
process control, because changes in waste quality
have a much greater inﬂuence on the process than
in the case of super-stoichiometric combustion.

A large number of parameters must be taken into
account when controlling a combustion system.
Consequently, only experienced operating staff or,
if all available process parameters have been taken
into consideration, an essentially automatic combustion control system can achieve stable control.

Stringent statutory requirements stipulate that the
combustion process on grate systems be automatically monitored, regulated, and controlled as far
as possible. These tasks are fulﬁlled by the combustion control system.
The purpose of the combustion control system
is to ensure that the combustion process takes
place under constant conditions whereby:
• Combustion gases and bottom ash burn out
completely
• Flue gas emissions are minimized
• A uniform steam ﬂow is generated
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WTE: The Martin WTE Technology, Fig. 18 Vortex
post-combustion chamber in T3 plants in Trieste/Cagliari

The goal of modern combustion control systems must therefore be to manage the inevitable
input ﬂuctuations even at the start of the process,
i.e., as soon as the fuel reaches the combustion
grate. However, because ﬂuctuations in waste quality (water content, amount of combustible matter,
heating value of the combustible matter) cannot be
noticeably inﬂuenced, an attempt is made to estimate these before fuel starts combusting.
Stable and uniform combustion depends
largely on the following factors:
• Uniform, continual feeding (fuel bed on the
grate)
• Combustion adjusted to waste quality
(combustion air ﬂows, distributions, grate
speed, etc.)
A stable combustion process (in terms of the
position of the main combustion zone, burnout,
heat release, etc.) results when the above factors
are managed optimally.
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MARTIN Infrared Combustion Control (MICC)
The MARTIN Infrared Combustion Control
(MICC) is an innovative, modern combustion
control system, developed for the reverse-acting
grate and the reverse-acting grate VARIO. It is a
very ﬂexible, extensible, and independent system
that is to be integrated in conventional overall
plant control systems. The modular architecture
facilitates the use of operating mode concepts,
thereby enhancing the functionalities associated
with classical combustion control. The purpose of
this system is to enable optimization of the entire
plant in order to meet different operator-speciﬁc
requirements such as maximum fuel throughput,
maximum service period or maximum energy
recovery (in the form of heat or electricity), or
minimum gas emission (e.g., NOx).
Moreover, additional customer requirements
can be incorporated, ideally without having to
intervene in the overall plant control system. The
MICC system comprises hardware and software.
To the outside environment, it appears as an independent component with a clearly deﬁned interface. All ﬁeld devices are connected to the overall
plant control system to ensure end-to-end visibility between the operator stations and the ﬁeld
(Fig. 19).
The hardware is based on a globally available
high-end industrial PC and is installed in a control
cabinet. The software comprises various functional modules:
• Fuzzy logic control of the combustion system
• Infrared camera, image analysis, and signal
generation
for
additional
optimizing
controllers
• Operating mode concept
• Operational data logging and visualization
Other functional modules such as SNCR control can be integrated into the MICC system in line
with market requirements.
The term “combustion control” normally
includes both the open-loop and closed-loop control functions for the combustion system and
grate. Speciﬁc closed-loop control system
know-how is implemented in the MICC system.

WTE: The Martin WTE Technology
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WTE: The Martin WTE Technology, Fig. 19 MICC integration in plant control and monitoring system (reverse-acting
grate/reverse-acting grate VARIO)

The functions of the open-loop control system and
a semiautomatic control system (steam ﬂow control) are programmed in the overall plant control
system. Consequently, plant operation can be
sustained even while maintenance or optimization
work is being performed on the MICC system.
With the standardized interface and screens generated in the overall plant control system, the
closed-loop system can be adjusted from the operator consoles in the main control room without
requiring expertise in the MICC component.
The MICC combustion control system
includes the fuel controller that controls feeding
of fuel to the grate, the O2 controller of underﬁre
air ﬂow for the grate, the overﬁre air controller
that controls ﬂow and distribution of overﬁre air,
and the grate speed controller. Additional controllers receiving signals from the IR camera system
inﬂuence the distribution of underﬁre air, feeder
speed, and grate movement.

There is a choice of control modes: “steam
ﬂow,” “furnace temperature,” or “steam ﬂow/IR
temperature.” The quality of steam ﬂow/IR temperature control is signiﬁcantly improved by the
IR camera controller. The combustion controllers
are implemented as fuzzy controllers. The actuating variables calculated by the combustion control
system are transmitted to the overall plant control
system, where they are further processed.
The basic advantage of fuzzy control is its
ability to ﬁnd the “best compromise.” Particularly
when combusting waste, the process (combustion,
boiler, ﬂue gas path, etc.) produces partly contradictory or inexact information for the control system. Fuzzy control processes such information
and ﬁnds the best solution at that time. Manual
intervention is signiﬁcantly reduced, and on the
whole, control is very stable. The “if . . . then”
formulation of control behavior allows every conceivable control case to be formulated simply,
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which is not possible to the same extent with
classical PID control. Compared with classical
PID control, the control logic requires less programming, although more complex logical connections can be implemented.
MICC uses specialized IR (infrared) camera
technology at selected bandwidths. An infrared
camera that records the temporal and twodimensional behavior of the fuel bed surface temperatures from the boiler roof is used to obtain
precise additional information from the combustion process (Fig. 20).
Depending on the size of the furnace, the evaluation area of the infrared camera includes
(longitudinally for each grate run) grate zones
1 to 3 up to the middle of zone 4, which covers
most of the drying, ignition, and combustion
stages, and also the entire grate width, which can
consist of several grate runs. The infrared camera
produces thermographic images of the surface
temperature of the fuel bed (Fig. 21).
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The information delivered by the infrared camera is processed by a specially developed image
analysis program using sophisticated mathematical algorithms. Signals for controllers are calculated and transmitted to the combustion control
system [14–17]. Operators can see the temporal
and two-dimensional distribution of the fuel bed
surface temperatures as well as the ash caking
distribution on the visible areas of the boiler wall
and also the overﬁre air nozzles on a separate
monitor in the control room. The observer learns
to interpret the infrared images and consequently
the temperature distribution over time, as well as
the overall combustion behavior on the grate.
Further optimization measures can then be introduced ahead of the furnace, such as better mixing
of the waste in the bunker, etc. The visual information provided to the operators results in more
stable and ﬂexible plant operation.
Modern WTE plants are operated ﬂexibly, and
many are integrated into power plant parks. This

WTE: The Martin WTE Technology, Fig. 20 Infrared camera (photo/position)
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WTE: The Martin WTE Technology, Fig. 21 Image of IR camera

means that the most cost-effective mode of operation may vary from case to case. Different goals
may be targeted, such as maximum fuel throughput, maximum energy recovery and maximum
service period, etc.
The stoker capacity diagram is displayed in the
overall plant control system so that the current
operating point is visible (Fig. 22). The operating
point is indicated by means of a trailing pointer.
In addition to the available modules for the
operating mode concept, further modes may be
implemented in response to market demand, e.g.,
the “energy release” module: it will be possible, in
the energy input/gross heat input mode, to have a
positive inﬂuence on individual parameters such as
NOx emissions, residue quality (bottom ash), or
residue quantities. The energy input/fuel throughput mode is designed to maximize waste throughput. The limits of the stoker capacity diagram will
not be reached in the energy input/service period
operating mode. In this mode, it is more important
to achieve maximum plant operating time. Plant
shutdown for purposes of overhaul is postponed
for as long as possible when this operating mode is
selected. The energy release/process steam, energy
release/electricity, and energy release/district
heating operating modes permit additional

selection of the appropriate mode of operation to
maximize plant proﬁts. The best mode can be
selected, and a constant amount of energy can be
supplied to the grid depending on the time of day or
year. These operating modes require partial expansion of the fuzzy control system, and further observation and start-up phases will be necessary for
new parameter settings and optimization measures.
The “operational data logging and visualization” module logs and displays all operating data
relevant to the combustion system (Fig. 23). If
malfunctions occur or damage is noted, the logged
data help identify and eliminate the cause.
The remote access and data transmission unit
make it possible to provide immediate support.
Traveling expenses are thereby minimized and
solutions are reached much more rapidly.
The most signiﬁcant beneﬁts of the MICC
component are:
• High ﬂexibility of combustion control
• No dependence on the overall plant control
system
• End-to-end visibility from the overall plant
control system to the ﬁeld devices
• Operator strategy can be changed at short
notice
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WTE: The Martin WTE Technology, Fig. 23 Data acquisition
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• Plant operation in accordance with the plant
operator’s requirements
• Highly integrated hardware components
• Few interfaces
• Low training costs
• High efﬁciency
• High level of availability
• Prompt and direct support
• Long-term sustainability through updates

• Burnout/calcination
• Combustion air

Horizontal Grate Combustion Control (ACC)
The horizontal grate uses Advanced Combustion
Control (ACC) that can be easily retroﬁtted to
existing plants without additional monitoring
equipment. It combines existing standard measurement information to generate the control loops.
The ACC combustion control consists of four
control systems:
• Waste input
• Combustion system output (boiler load or O2
excess)

Figure 24 illustrates the basic principles of the
ACC system and shows the actuating and controlled variables.
The waste input area (feeder) and grate zone
1 are used for waste supply and waste transport
only. They control loading (fuel bed thickness = ﬂow resistance) of grate zone 2 (constant
fuel bed thickness) by providing a uniform supply
of fuel to the combustion system and continuously
supply an optimum fuel ﬂow to the ﬁre. The long
residence time of the waste in the hightemperature area allows it to dry and become
combustible. Consequently, even wet waste can
be combusted without any noticeable negative
effects. To keep the ﬁre in zone 1 to a minimum
in the event of very combustible waste, the
underﬁre air is signiﬁcantly decreased in the ﬁrst
zone. The waste ﬂow introduced via the feeder to
zone 1 is controlled using a 3-variable (stroke
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WTE: The Martin WTE Technology, Fig. 24 Advanced Combustion Control system (ACC, horizontal grate)
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length, idle time, run-on time) control system with
a continuously operating feeder.
The grate zone 2, or in some cases grate zones
2 and 3, directly controls the combustion control
system. Either live steam ﬂow or excess O2 in the
ﬂue gas at boiler outlet is used as the reference
variable. The percentage O2 in the ﬂue gas at
boiler outlet or the live steam ﬂow can be controlled with a constant combustion air ﬂow via the
waste mass ﬂow using the stoking and transporting motion of grate zone 2 or zones 2 and 3.
Grate zone 3, or grate zone 4, is operated so as to
increase the residence time of the bottom ash on the
grate and, therefore, the burnout quality. If bottom
ash transport is slowed down in zone 3, or 4, ash
accumulates between zones 2 and 3, or 3 and 4, and
its residence time in the furnace is increased.
The total combustion air ﬂow is speciﬁed as a
function of load and correctively controlled as a
function of two modes:
• Live steam control, for which the O2 control
deviation is the controlled variable
• O2 control, for which the live steam control
deviation is the controlled variable
Load, O2 in the ﬂue gas, and total combustion
air ﬂow always correspond in this control system.
The air ﬂow can therefore only be inﬂuenced if the
O2 set point is changed.
The total combustion air is distributed between
underﬁre and overﬁre air according to a speciﬁed
percent distribution. The speciﬁed underﬁre air
percentage is determined automatically as a function of waste quality and load.
The underﬁre air is distributed to the air zones
under the grate as a function of load and waste
quality. The air ﬂow is reduced drastically in the
ﬁrst zone if the waste is extremely dry. The air not
needed for drying the waste is used as overﬁre air. In
this way, a constant air ﬂow is provided to the
combustion process in zones 2 and 3 at a steady load.
In the ACC system, the set points for all control
and regulating systems are calculated as a function of
the waste quality and current load and then are taken
over by the ACC system. Only minimal intervention
is required on the part of the operators; the combustion system adjusts continuously to the current operating conditions. CO and NOx emissions are reduced
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by this mode of operation and operational effort is
reduced. The quality of bottom ash burnout becomes
better and more uniform. Automatic adjustment of
the controller settings to suit the current “waste
quality” and load ensures optimized combustion
control. As a result, a very stable output and good
ﬂue gas and bottom ash burnout can be achieved
with minimal operational effort.

Energy Recovery
Thermal treatment of waste produces energy that
is used to generate electricity and process steam or
for district heating in almost any kind of combinations. The ﬁrst step is to evaporate water and
generate steam. The combustion system and
steam boiler must be appropriately matched. As
early as 1964, MARTIN directly integrated the
steam boiler into the combustion system in the
Rotterdam and Paris – Issy-les-Moulineaux –
plants. This concept was further developed and
used for WTE plants worldwide.
The arrangement, size, and dimensions of the
heating surfaces, i.e., radiation chamber, superheater, evaporator, and economizer, must be
designed carefully. The large volume of furnace
and radiation passes results in low ﬂue gas velocities and relatively long residence times. Furthermore, the type and quality of the ceramic lining in
the combustion chamber in addition to detailed
engineering of interfaces must be speciﬁed. The
scope of supply includes recommendations
regarding the arrangement and type of online
cleaning facilities for the heating surfaces and
speciﬁcations for the measurement and control
devices. High availability and long service
periods are consequently achieved.
The boilers in the concepts described below are
waste-ﬁred water tube boilers with natural circulation; they are designed to generate superheated
steam. The boilers are specially tailored to the
reverse-acting grate or the horizontal grate, creating a functional unit. Depending on the space
requirements and desired cleaning system, there
are two typical boiler types to choose from:
• Horizontal boiler
• Vertical boiler

WTE: The Martin WTE Technology

In both types, the ﬁrst radiation pass is made up
of the combustion furnace located directly over the
grate and the radiation chamber above the furnace.
The furnace begins at the grate surface and ends at a
height of about 12 meters. The membrane walls of
the furnace are designed in the lower area to meet
the geometric requirements of the reverse-acting or
horizontal grate. Overﬁre gas nozzles (for overﬁre
air and/or recirculated ﬂue gas) are arranged in the
lower area of the front and rear walls for postcombustion and intimate mixing of the volatile
ﬂue gas constituents escaping from the grate area.
Ceramic lining is applied to the furnace to protect the boiler tubes against excessive corrosion and
to maintain a ﬂue gas residence time of 2 s at a ﬂue
gas temperature of at least 850  C, as is required in
Europe and elsewhere. Studs or anchors suitable to
the type of lining used are applied to the wall. The
ceramic lining consists of silicon carbide molded
bricks or cast refractory, depending on the location
and stress to which the bricks or refractory will be
exposed. The walls of the radiation chamber
directly over the furnace are protected against corrosion and erosion by applying a weld overlay of
nickel alloy (e.g., Inconel 625).
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Both boiler types have been designed in many
plants for the superheated steam parameters 40 bar
and 400  C. For mixed designs, experience is
available for values up to 60 bar and 450  C.
Horizontal Boiler
The horizontal boiler (Fig. 25) consists of three
vertical radiation passes and a horizontal pass to
accommodate the convective heating surfaces.
The three radiation passes are of the same width.
The horizontal pass can be up to 30% narrower in
order to increase the ﬂue gas velocity. In the lower
area of the second and third radiation passes, the
walls are shaped to form a hopper for separating
ﬂy ash from the ﬂue gas. The walls of the three
vertical radiation passes, the side walls, and the
roof of the horizontal pass are of the welded, gastight tube-ﬁn-tube type (membrane walls). Risers
and downcomers connect the membrane walls and
convective evaporator(s) in the horizontal pass to
the boiler drum, which is arranged transversely
across the boiler, forming the natural circulation
evaporator section of the system.
The horizontal pass has convective heating
surfaces in the following sequence:

WTE: The Martin WTE Technology, Fig. 25 Horizontal boiler
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•
•
•
•

Evaporator 1 (known as the “cooling trap”)
Superheater (three-stage, with two desuperheaters)
Evaporator 2 (if required)
Economizer

All convective heating surfaces consist of
aligned bare tubes, and the ﬂue gas side is cleaned
by means of rapping devices. The energy of the
impacts made by the mechanically or pneumatically driven hammers causes the vertically
suspended heating surfaces to vibrate, thereby freeing them of any fouling. The upper heating surface
attachment is elastic to prevent cracks due to constant vibration. The bottom sections of the lower
headers are specially designed to handle the higher
mechanical stress. The economizer is arranged in a
gas-tight steel casing and, depending on the space
parameters, can either be integrated into the horizontal pass or located in a separate vertical pass.
However, a vertical economizer pass requires a
different cleaning system (e.g., sootblower or shot
cleaning).
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Hoppers for collecting ﬂy ash are located
below the horizontal pass. The number and form
of the hoppers is such that the ash is transported
away easily and the ﬂue gases do not
unintentionally ﬂow under the heating surfaces.
Vertical Boiler
The convective heating surfaces of the vertical
boiler (Fig. 26) are arranged in two vertical boiler
passes. The surrounding walls and roofs of the
ﬁrst three vertical passes are of the welded, gastight tube-ﬁn-tube type (membrane walls). The
convective heating surfaces also consist of
aligned bare tubes and are arranged similarly to
the convective heating surfaces of the horizontal
boiler. However, they are tailored to ﬂue gas side
cleaning by means of sootblowers due to the tube
pitch and depth of the heating surface banks. The
economizer is arranged in a welded, gas-tight steel
casing and forms the last boiler pass with a hopper
for separating ﬂy ash.

WTE: The Martin WTE Technology, Fig. 26 Vertical boiler
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The height of the vertical boiler is largely
determined by the size of the convective heating
surfaces of the third pass. Under the same boundary conditions, this means that the height is greater
than that of the horizontal boiler but that the area
required is smaller.
Both boiler types are suspended in a supporting
steel structure that allows free thermal expansion
downward for all pressure-carrying parts. The
transition from the boiler to the stationary
reverse-acting grate or horizontal grate is
designed accordingly.
Energy Efficiency
Because of concerns about climate change and
increasing fuel prices, efﬁcient utilization of
energy derived from waste has become more signiﬁcant. Municipal waste has characteristics that
make it particularly suitable for the generation of
heat and power. Waste is generally available close
to the location of heat and power consumption in
towns and densely populated areas. MARTIN
investigates and evaluates methods and concepts
for increasing efﬁciency by optimizing the combustion system and water-steam circuit using
practice-oriented models for preparing largescale implementation [18].
The standard WTE technology in Europe consists of grate-based combustion systems. Today
WTE plants use steam parameters of 60 bar/
420  C–425  C. Typically, these plants produce
650 kWh of electricity per ton of waste, which
corresponds to a gross energy efﬁciency of 22%
(lower heating value of 10.44 MJ/kg). With an
in-plant consumption of 150 kWh, this typically
results in exported electricity of 500 kWh (net
efﬁciency of 17%).
In some European countries, efforts are being
concentrated on further improving the energy efﬁciency of WTE plants beyond the values mentioned above. The driving force behind the
implementation of high-energy systems is usually
a premium for renewable electricity from waste.
There is a large potential for improving the use
of the energy contained in municipal waste. On
the one hand, waste can be diverted from
landﬁlling, and on the other hand, the energy
efﬁciency of WTE plants can be improved.
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In this respect, the main topics apply to power
generation: steam parameters (pressure and temperature of superheated steam), ﬂue gas heat
losses (temperature at boiler outlet, excess air
rate), steam condensation conditions (air or
water condensers), thermal cycles (intermediate
superheating, external superheating, two or three
pressure systems), and in-plant consumption
(SNCR/SCR, excess air rate).
Examples of recent innovative WTE plants
with MARTIN grate technology and highly efﬁcient power generation can be found in Brescia
(Italy), Amsterdam (the Netherlands), and Bilbao
(Portugal). The Brescia plant has an increased
gross efﬁciency of produced electricity of 27%
through increased steam parameters, reduced
ﬂue gas losses, and minimized in-plant consumption. The new plant in Amsterdam achieves 30%
with additional intermediate superheating and
water condensers. A further increase in energy
efﬁciency is then only possible by external superheating with natural gas in combined cycle plants,
as in Bilbao. However, innovations also took
place in the ﬁeld of heat recovery. The Malmö
plant (Sweden) is an example, where efﬁciency
has been increased by using heat generated from
ﬂue gas condensation for district heating. Twence
(the Netherlands) is another example, where a
high degree of energy recovery is achieved by
combining heat and power production.
In the case of power generation, the main limitation on increasing energy efﬁciency is posed by
the increased cost and corrosion risk and the associated cost for plant downtime and repair. For the
use of heat, climatic limitations and the cost of
district heating grids are important considerations.
In Europe, potential exists to increase the proportion of WTE to over 10% of the overall renewable
energy produced as half of the energy contained in
municipal waste is of biogenic origin [19].
Energy performance indicators are plantspeciﬁc ﬁgures which allow a power/throughputindependent comparison and classiﬁcation of
power plants with respect to their energy efﬁciency. Efﬁciency is generally deﬁned as the
ratio of useful output and input. In WTE plants,
the input is waste, and the useful output can be
electricity, heat, or even recovered materials.
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Gross electric efﬁciency, net electric efﬁciency,
and thermal efﬁciency are most commonly used.
It is essential to deﬁne clear system boundaries
when comparing the efﬁciency values of different
plants.
In Gothenburg (Sweden), where the focus is on
the production of heat, a large district heating
system is installed, where the WTE plant is only
one of many heat suppliers. During the summer,
the demand for heat is further increased by
absorption chillers distributed around the city.
The district heating system’s feed and return temperature depend to a large extent on the outside
temperature. The feed temperature varies from
75  C to 110  C, whereas the return temperature
lies between 40  C and 55  C. The yearly averages
are 80  C–45  C. Figure 27 shows the four stages
of the heat production system. Due to the low
return temperature, it is possible to use the lowtemperature heat of the condensing scrubber
directly. In the next step, more heat from the
scrubber water is extracted by means of absorption heat pumps. These heat pumps are driven by
steam extracted at the 5 bar tapping point of the
turbine. Depending on the operating conditions,
excess heat from the second economizer is used in
the following stage. The last stage comprises the
back pressure condenser of the turbine operating
with ﬂoating pressure, depending on the required
feed temperature, to maximize electricity production. Nearly 30% of the produced heat is extracted
directly from the ﬂue gas, which reduces the loss
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of electricity production and thereby decreases the
power loss coefﬁcient [20].
The new WTE plant in Amsterdam (the Netherlands) is designed for maximum electricity production. With a sophisticated water-steam cycle
(Fig. 28), the plant achieves an electric efﬁciency
of more than 30%. The turbine can only be operated with elevated pressure of 130 bar at low live
steam temperature with a water separator and
external reheater system. In 2008 the plant was
retroﬁtted with a condensing heat exchanger to
produce heat too. The district heating medium is
heated up from the return temperature of
50  C–120  C (design feed temperature) in two
stages. In the ﬁrst stage, waste heat from biogas
engines installed in the plant is used to heat part of
the district heating medium to 105  C. Upstream
of the condensing heat exchanger, the hot stream
is mixed with the bypass stream resulting in a
temperature of 61  C. Steam extracted from the
turbine is condensed in the condensing heat
exchanger to reach the ﬁnal temperature of
120  C. Most of the steam is extracted from the
4.5 bar tapping point, but since the plant was not
designed for heat production, not enough steam
can be extracted for full load operation of the heat
exchanger. Steam from the 14 bar tapping point
has to be reduced to 4.5 bar to be used in the heat
exchanger. The biogas engines are able to provide
3.5 MWth, while the heat exchanger of the WTE
plant is designed for a maximum of 18.3 MWth
heat output [20].

WTE: The Martin WTE Technology, Fig. 27 Heat production in Gothenburg (Sweden) [20]

WTE: The Martin WTE Technology

253
Low pressure turbine
Generator

Superheater

Reheater
G
Gear box

Water separator

Economizer

4.5 bar
Pressure
reducer

Economizer 2

Grate cooling

Deareator

Condensate pump

Evaporator

14 bar

Condensor

High pressure turbine

Economizer 3
Feedwater preheater

Feedwater pump
To the city

Biogas engines

Return from city

Condensing heat exchanger

WTE: The Martin WTE Technology, Fig. 28 Plant diagram of new WTE plant in Amsterdam [20]

Generally speaking, the increase in efﬁciency
leads to an increase of the overall complexity of
the process. Additional skills and competence are
needed for plant design, process control, and operation. Nevertheless, cost-beneﬁt and ecoefﬁciency analyses clearly show that these additional efforts should be made.
Wall Superheater/Radiant Superheater
Today’s standard steam parameters of 40 bar and
400  C are the result of a long-standing effort
against corrosion, in particular in the superheater
area. While the energy yield of a classical steam
power process can be easily improved by a significant margin by increasing the superheated steam
temperature, the justiﬁed demand for both high
levels of plant availability and low maintenance
costs also has to be addressed.
MARTIN has developed corrosion-protected
wall and radiant superheater solutions (Fig. 29)
with rear-ventilated tiles, located in the upper
furnace area and installed those as prototypes in

industrial-scale plants [21]. As a result, steam can
be heated about 35  C in excess of the current
state-of-the-art parameters, without adversely
affecting plant operation due to corrosion of the
superheater. The electrical efﬁciency of such a
combustion plant can thus be improved signiﬁcantly, resulting directly in primary energy savings and a reduction in speciﬁc CO2 emissions
during electricity production.
In both concepts, the superheaters have proven
that they operate reliably in comprehensive tests.
The wall superheater is installed in front of the
membrane wall in the ﬁrst pass and is protected
against corrosion by rear-ventilated tiles (Fig. 30).
In the second concept, a radiant superheater is
located in the middle of the radiation pass (ﬁrst
or second boiler pass), through which ﬂue gas
ﬂows, and is also protected by rear-ventilated
tiles (Fig. 31). The rear-ventilated tiles are purged
by sealing air, thereby ensuring a non-corrosive
atmosphere at the tubes and consequently a long
lifetime.
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WTE: The Martin WTE
Technology,
Fig. 29 Wall/radiant
superheater solutions

WTE: The Martin WTE Technology, Fig. 30 Wall
superheater

To ensure that the boiler’s part load behavior
remains comparable with a reduced ﬂue gas ﬂow
and increased steam ﬂow to achieve the live steam
temperature, the superheater heating surface must be
increased in comparison to the basic boiler concept.
Heating surface savings due to the reduced ﬂue gas
ﬂow at the convective evaporators and economizer
compensate for the additional work and costs. Overall, the boiler’s total heating surface is reduced by
approx. 3%. The horizontal pass is slightly longer in

WTE: The Martin WTE Technology, Fig. 31 Radiant
superheater
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comparison to the basic boiler because of the separation between the ﬁrst and second pass.
A further advantage is that components susceptible to corrosion in the vicinity of the convection heating surfaces can be relocated to the
furnace, where efﬁcient protection can be provided. This results in increased efﬁciency and
signiﬁcantly reduced downtimes.
MARTIN Online Cleaning (MOC)
In WTE plants efﬁcient online boiler cleaning is
of major importance because severe fouling or
even clogging of heating surfaces can otherwise
occur after short operating periods. The deposit
buildup on the boiler heat exchanger surface,
consisting of tubes and membrane walls, results
from mostly inorganic gaseous, liquid, and solid
products of the combustion process.
The deposits lead to a number of negative
impacts on the WTE plant operation:
• Reduction of the heat transfer rate and therefore reduction of the energy efﬁciency
• Increase of the pressure drop along the ﬂue gas
path, resulting in an increased electricity consumption of the induced draft fan
• Reduction of operating period of the boiler
between outages necessary for off-line
cleaning of the heat transfer surfaces, e.g., by
vibrating tools, sand blasting, or water washing
• Potential increase of corrosion at heat transfer
surface by aggressive components of the
deposits
• Risk of damage to boiler parts by falling down
of large agglomerates of deposits
The efﬁciency of continuous boiler cleaning
systems is therefore of very high importance to
the WTE plant operation in order to avoid deposit
buildup efﬁciently from beginning of boiler
operation.
The goals of online boiler cleaning systems
are:
• High cleaning efﬁciency
• Reliable and safe automated operation
• Low operating cost
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• No damaging of heating surfaces
• Small space and volume requirement
• Applicable for new plants as well as for
retroﬁts
• Broad application range for various fuels and
different boiler types
The MARTIN Online Cleaning System
(MOC, Fig. 32) is a fully automatic system to
clean the boiler radiation passes (ﬁrst, second,
third boiler pass) during operation using water to
keep the temperature at which the ﬂue gas enters
the convective heating surfaces as low as possible
and thus achieve longer service periods.
The hose with a tailor-made cleaning nozzle,
speciﬁcally developed for this purpose for optimum cleaning effect at low water consumption, is
positioned above the respective connecting pipe
and introduced into the boiler. The amount of
openings depends on boiler design. Inside the
boiler, an amount of water speciﬁcally suited to
the system is then sprayed onto the membrane
walls in sufﬁciently large drops, which enter the
incrustations. Evaporation causes the volume of
the drops to expand and consequently the incrustations to come off. When opening the stop valve,
the ﬂushing and drying unit is lowered into the
collar using a pneumatic lifting cylinder. This
results in a nearly completely closed system with
protection against escaping ﬂue gases.
In contrast to other systems available on the
market, the MOC system includes a hose-cleaning
unit. As soon as the nozzle is retracted to put it back
on its reel, the wet and dry cleaning process starts
and the hose is cleaned and dried to ensure a longer
service life. The nozzle can be removed easily, and
the maintenance is also possible during operation.
Another advantage is the system’s intelligent control unit which ensures that the boiler is cleaned
taking various parameters, e.g., the temperature at
the inlet to the superheater, into account.

Shock Pulse Generator (SPG)
The shock pulse generator (SPG), developed and
manufactured by Swiss company Explosion Power
GmbH (EPCH), is an online boiler cleaning equipment automatically generating shock pulses by
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WTE: The Martin WTE
Technology,
Fig. 32 MARTIN Online
Cleaning System MOC

pressurized, controlled gas combustion. The innovative technology has proven its outstanding performance at worldwide more than 250 different
installations since 2009. Plant operators conﬁrmed
signiﬁcant extension of boiler operating periods
and increased efﬁciency, thus contributing to a
sustainable and economic plant operation.
The shock pulse generator (Fig. 33) is mounted
at the outside of the boiler wall. The discharge
nozzle is introduced into the boiler by means of a
boiler nozzle or a boiler manhole. The supersonic
shock pulse is discharged into the boiler, puts the
gas volume and boiler surfaces into a short oscillation, causes an impact sound wave within the
deposits, and therefore cleans off the fouling in a
very effective way.
The shock pulse generator system (Fig. 34)
consists of:
• Shock pulse generators, mounted at the outside
of the boiler wall on a boiler nozzle, introducing the shock pulse through a discharge nozzle
into the boiler

WTE: The Martin WTE Technology, Fig. 33 Shock
pulse generator

WTE: The Martin WTE Technology
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WTE: The Martin WTE Technology, Fig. 34 System overview shock pulse generator

• Control cabinet, controlling shock pulse
cycles, connected to distributed control system
(DCS)
• Pressure regulating units, reducing gas cylinder pressure of natural gas/methane, oxygen,
and nitrogen to 40 bar, located near gas bottles
outside boiler house
• Valve panel, preassembly with valves, pressure
transmitters, and junction box
The frequency of the shock pulse generators
depends on the fouling behavior of the boiler system and the boiler system operation. During
commissioning, the frequency will start with one
shock impulse per hour and will be optimized
depending on the efﬁciency and the cleaning result.
The maximum frequency is four times per hour.
Shock pulse generators are not typical devices
as engines with a continuous sound emission. The
very short bang sound will be mostly absorbed by
the boiler wall and its insulation. The noise exposure level of the SPG according to limits on the
workplace, averaged over 8 h, is less than 80 dB(A).
The release of the shock wave is announced by
two signal tones and a ﬂashing light.

Process Simulation
A wide range of simulation tools are used in the
WTE sector for the design of new plants as well as
for the investigation of operating issues. These
tools apply thermodynamic representations of
the water-steam cycle to more complex representations such as Computational Fluid Dynamics
modeling.
A Boiler Dynamic program is used as a basis for
the combustion and boiler/water-steam cycle simulation of a power plant. This program code is
designed for engineering complex heat exchangers,
e.g., steam boilers and power stations. It allows the
user to build a graphical schematic representation
of a plant in a graphical user interface by selecting
predeﬁned power plant elements from a library and
to simulate their operation. Mass and energy balances are calculated for each element, which is
considered to be like a black box. The program
code makes it possible to simulate different types
of boilers such as natural circulation boiler, force
ﬂow boiler, Benson boiler (supercritical), WTE
plants, ﬁre tube boilers, ﬂuidized bed combustion,
etc. It includes static and dynamic modules. The
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ﬁrst module will be used to plan a new power plant,
to study an existing plant regarding fouling, and to
analyze the inﬂuence of different modiﬁcations
(fuel, operating point, changing of elements: e.g.,
heat exchangers). The dynamic modules are useful
to analyze the behavior of the boiler in special cases
such as start-up, load changes, or shutdown [22].
More complex problems in boilers such as
detailed combustion reactions, three-dimensional
temperature distributions or formation of emissions are analyzed by means of Computational
Fluid Dynamics (CFD). Numeric modeling and
simulation to describe the ﬂow processes in waste
combustion are regarded as state-of-the-art and
are in successful, widespread use. For combustion
problems, it has been shown that this software
gives accurate results and takes all aspects such
as chemical reactions, heat transfer, ﬂuid ﬂow, and
thermal radiation into account. CFD works by
solving the equations of mass conservation,
momentum conservation, and energy conservation over a region of interest, with speciﬁed conditions on the boundary of that region.
For boiler design purposes, it is enough to
provide a general model including combustion,
heat transfer, and radiation. For combustion reactions, there is a wide range of chemical reaction
models starting from simple ones for fast chemistry such as the eddy dissipation model or more
complex ones for ﬁnite rate chemistry such as
the eddy dissipation concept model, considering
chemical kinetics. For the purpose of investigating unburned carbon monoxide in the ﬂue gas,
models with ﬁnite rate chemistry are needed,
whereas for heat release and heat transfer calculation, simpler models are sufﬁcient to give realistic
results.
CFD is also used to investigate more complex
problems such as the formation of NOx (Fig. 35).
The CFD software includes numerical models of
NOx reactions from literature for the three NOx
formation mechanisms (fuel, prompt, and thermal
NOx). These models can be used to calculate the
formation of NOx for every type of mechanism,
showing the different areas in the boiler where this
emission is formed. For reduction of NOx on the
other hand, the SNCR mechanism is implemented
and can be selected. Ammonia and urea can be
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injected in gaseous, liquid, or solid form into the
boiler to react with NOx emissions. Different
injection models with varying geometries can be
chosen to simulate introduction of the reducing
agent as realistically as possible [23]. However,
these models are used to optimize the SNCR
system and consequently reduce NOx emissions
and additive consumption.
These injection models are further used to
investigate the trajectories of ﬂy ash particles
and can help to predict deposits or unfavorable
ﬂow patterns. Combining particle tracking with
other codes, it is possible to numerically observe
the growth of the deposit and thereby caused
changes in ﬂue gas ﬂow.
A basic precondition for CFD simulation of the
gas phase of a boiler is the provision of exact
initial values by means of a suitable fuel bed
model [24]. A wide range of models is available.
This is due to the fact that many different effects
occur on the grate, which can be modeled in
different ways and are considered important by
some, while others neglect the same effect. Ensuring transparency and understanding the fuel bed
model used are signiﬁcant when working with
CFD. Therefore, it is often easier to develop a
new model which is designed to comply with
one’s needs instead of using other models with a
limited capacity for adaptation and tailored to
some other purpose.
Instead of modeling the total fuel bed model
with motion, gasiﬁcation, and pyrolysis of the
waste, it is sometimes easier to just deﬁne the
heat or species release along the waste bed to
calculate starting values for CFD. These models
are more empirical and give no answer to what is
happening on the grate, but have proven to be good
enough for boiler design calculations or even
research topics in the gas phase combustion [25].
Of primary interest in simulation are the practical implementation and therefore the validity of
the model calculations. Validation is not of great
importance for thermodynamic water-steam cycle
calculation since these models are based on
energy and mass balances and therefore give
good results. CFD simulations on the other hand
are based on a wide range of models simplifying
reality. Choosing the right model is important to
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WTE: The Martin WTE Technology, Fig. 35 CFD modeling: NOx / NOx
to 11% O2, dry])

get realistic results. If there is any possibility, CFD
simulations are always validated by measurements. In WTE plants for validation, a mass and
energy balance over the boiler is combined with
temperature measurements in the ﬂue gas path to
perform accurate validations of CFD calculations.
For this purpose, grid measurements of the temperature are performed in the area of the SNCR
level to obtain a two-dimensional temperature
proﬁle, which then is compared with the temperature proﬁles calculated by the CFD software.
In a project covering overall validation on an
industrial-scale WTE plant, the development of a
fuel bed model yielded improvements in the basic
boundary conditions for CFD simulation. Comprehensive measurements of temperatures, ﬂue
gas concentrations, and velocities were performed
and compared with simulated values. Using the
model approaches selected, it was established that
the model for CO burnout and for a number of
other simpliﬁed partial models, such as heat dissipation in the convective area of the heat

SNCR calculation (NOx [mg/Nm3, referred

exchangers, did not permit accurate analysis or
forecasting for these subareas. However, good
matches were achieved, in particular with regard
to temperature and ﬂue gas concentration values
for CO2 and O2. There were some mismatches in
the speed components due, above all, to the turbulence prevailing in the ﬁrst pass of WTE plants.
Nevertheless, it was possible to identify tendencies correctly [26, 27].

NOx Reduction
Low NOx Technologies
Most of the waste’s nitrogen content is transferred
to the ﬂue gas during combustion as nitrogen oxide
NOx. The limit values for NOx emissions continue
to decrease as a result of statutory or regulatory
requirements; it can be expected that they will
become even more stringent. At the same time,
the operators of thermal waste treatment plants
are increasingly being put under pressure to reduce
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investment and operating costs. Compliance with
limit values is possible with the SNCR process,
which injects ammonia or urea into the furnace. In
some cases, SCR catalytic converters are necessary. However, these involve higher costs
(investment/operation) and energy consumptions.
In this respect, various concepts of Low NOx
technologies were developed to signiﬁcantly
reduce the NOx values downstream of the combustion system via primary measures. This is due
to the fact that chemical reactions that convert the
primarily formed NOx back to nitrogen are promoted as a result of the reduced excess air and
consequently higher temperatures in the lower
area of the furnace.
For a conventional combustion system setting,
the underﬁre air is set to be slightly superstoichiometric. An excess air rate of approx. 1.8
is achieved by supplying overﬁre air for ﬂue gas
burnout. The NOx content is approximately
400 mg/Nm3. With a modiﬁed overﬁre air conﬁguration in the upper furnace area, the NOx content
can be reduced to approximately 300 mg/Nm3.
This process option, known as LN (Low NOx),
has been tested on an industrial scale over longer
periods and is extremely suitable for being
retroﬁtted to existing plants. However, it can also
be implemented in the design of new plants.

WTE: The Martin WTE
Technology,
Fig. 36 Very Low NOx
(VLN) process (NOx
[mg/Nm3, referred to 11%
O2, dry])

Raw NOx
< 250 mg/Nm³

The VLN process (Very Low NOx, Fig. 36) is
based on a classical grate-based combustion system for municipal waste. This process achieves a
reduction in the levels of excess air and consequently higher temperatures in the lower area of
the furnace by means of internal ﬂue gas
recirculation. The “VLN gas” is drawn off at the
rear end of the grate and is reintroduced into the
upper furnace just below the ammonia injection
positions. The positive effect of this patented process is twofold: on the one hand, drawing off the
VLN gas leads to combustion conditions which
promote the inherent NOx reduction processes
such that fuel NOx is largely reduced to nitrogen.
On the other hand, reinjection of the VLN gas
cools the ﬂue gases down and enforces their
mixing with injected ammonia or urea. This
leads to improved efﬁciency of the SNCR system
and blocks the passage of ﬂames or unreacted
gases.
It has been proven under continuous commercial
conditions that NOx values below 250 mg/Nm3 are
achieved with internal ﬂue gas recirculation. These
values are reduced to less than 80 mg/Nm3 (all NOx
values referred to 11% O2, dry) by injecting ammonia or urea. A further feature of this process is that a
NH3 slip of less than 10 mg/m3 is reached at the
same time.

•
•
•
•

850°C/2s from VLN level fulfilled
Reduction of flue gas flow
Reduction of raw NOx
Increased efficiency

VLN gas

Overfire air

Underfire air

VLN gas
offtake
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The VLN gas has a temperature below 300  C
and is reinjected at a position at which the furnace
temperature is around 1000  C. The overﬁre air
pressures are reduced to a level, which is considerably lower than in conventional WTE plant design.
Nevertheless, super-stoichiometric conditions are
reached at the overﬁre air level. The 850  C/2 s,
criteria for ﬂue gas residence time, based on EU
legislation, is fulﬁlled starting from the last VLN
injection level in the furnace. The reduced excess air
rate allows cost reduction in the boiler and ﬂue gas
cleaning and improved boiler efﬁciency. A further
advantage of the VLN system is the reduced ﬂue gas
velocity in the lower furnace due to internal
recirculation via the VLN duct. This leads to a
reduction in the ﬂy ash carried over to the boiler.
The VLN system has been successfully
retroﬁtted in the existing two lines of the WTE
plant Coburg (Germany) and implemented in the
following newly built commercial WTE plants:
Honolulu (USA), Bazenheid (Switzerland),
Buchs (Switzerland), Durham (Canada), and
Kemsley (United Kingdom).
Selective Non-catalytic Reduction (SNCR)
Nitrogen oxides are present in the ﬂue gas due to
the high nitrogen content of the waste. Their levels
can be reduced on the one hand by means of
primary measures as the various concepts of
Low NOx technologies and on the other hand by
secondary measures as Selective Catalytic Reduction (SCR) or Selective Non-catalytic Reduction
(SNCR).
The nitrogen oxides are reduced to nitrogen (N2)
and water (H2O) in the SNCR system, based on the
principle of selective non-catalytic reduction
(SNCR), by injecting aqueous ammonia (NH4OH)
into the furnace. The aqueous ammonia is injected
via nozzle lances at two levels within a temperature
range of 850  C–1050 C. Moreover, the ammonia
can be converted to N2 or even to additional NOx in
secondary reactions at temperatures above 1050  C
without NOx participation. Below temperatures of
approx. 850  C, the DeNOx reactions occur only
very slowly. Compressed air (on request also softened fresh water) is used as the atomizing medium
in order to achieve the ﬁnest possible reducing agent
distribution.
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The compressed air SNCR system (Fig. 37)
requires only one carrier medium (compressed air)
for injection and cooling and is adjusted to the
speciﬁc conditions of the MARTIN combustion system and their ﬂow proﬁles. Excess ammonia must be
supplied due to the dependence on factors such as
the temperature window at the injection point,
mixing with ﬂue gas and the secondary reactions
taking place. In order to remain within the temperature window, the compressed air SNCR system distributes the aqueous ammonia to two levels as a
function of the temperature. This means that there
are always two levels in operation at the same time.
The compressed air SNCR system consists of
several system components. The aqueous ammonia storage tank serves as an area for delivery,
storage, and drawing off of aqueous ammonia.
As speciﬁed by regulations, the depressurized
storage tank is mostly designed as a doublewalled construction. The compressed air supply
unit, a screw-type compressor including refrigerant dryer, delivers compressed air continuously.
The pumping station includes NH4OH metering
pumps for the upper and lower injection level.
Distribution of the mass ﬂows to the individual
nozzle rows in the boiler walls takes place in the
distributor stations. All lances are required to
introduce the aqueous ammonia into the furnace.
The compressed air ﬂow ensures an extremely
ﬁne distribution of aqueous ammonia droplets.
There are three control concepts that can be
optimized using an in situ NH3 measurement
device for reducing slip. They can be used to
regulate the amounts injected as required and to
optimize use of the aqueous ammonia with changing NOx raw gas concentrations and combustion
conditions. In addition, a balance control system
steplessly shifts the point at which NH4OH is
injected to the optimum temperature window
between the upper and lower injection level.
NOx values of up to 70 mg/Nm3 (referred to
11% O2, dry) are reliably achieved with a low
level of NH3 slip at the boiler outlet. Features of
the SNCR system are:
• Use of cost-effective standard components/
easy-to-replace spare parts
• Stable spray pattern
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WTE: The Martin WTE Technology, Fig. 37 Compressed air SNCR system

• Deﬁned setting of the NH4OH ﬂow
• Rapid adjustment of the NH4OH ﬂow when
temperature and NH3 slip change
Within the temperature window, the compressed air SNCR system can achieve Low NOx
emission values. However, the NH3 slip increases
due to the excess aqueous ammonia required for
the SNCR reduction method. The system can
therefore be equipped with a raw gas catalytic
converter. This has the following advantages:
• Use of NH3 slip for further reducing NOx
• Only half of the catalytic converter volume is
used compared with a complete SCR system in
the raw gas area to achieve the same NOx
emission value
• Peripheral plant devices for reheating the raw
gas are not required
The NH3 slip and NOx emissions remaining in
the ﬂue gas ﬂow after the SNCR reaction pass

through the raw gas catalytic converter, e.g.,
downstream of the evaporator and upstream of
the inlet into the economizer bundles. The converter is equipped with a sootblower system.
At the WTE plant in Brescia (Italy), a high-dust
selective catalytic reduction system has been successfully implemented since 2006 (SNCR + highdust catalytic converter). The catalytic converter
is installed along the gas path where the temperature is already suitable for operation and reheating
is not needed. In this way a lower concentration of
NOx (< 70 mg/Nm3) is achieved in the ﬂue gas as
well as lower ammonia consumption and lower
concentration of ammonia slip (2–6 mg/Nm3) in
the ﬂue gas [28].

Combustion Residues
Materials recovery from waste by means of
thermo-recycling in grate-based WTE plants is
an important contribution to resource recovery.
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The combustion residues bottom ash and ﬂy ash
contain substantial amounts of raw materials
which are ﬁnite resources and whose primary
production is very often associated with high
environmental impacts. Bottom ash accounts
for the largest output by approx. 20–25% by
weight. It is usually discharged by means of
wet-type dischargers. On-site and/or off-site processing currently comprises separation of ferrous
and nonferrous metals, as well as subsequent
aging for the potential reuse of the mineral fractions which amount to approx. 80–85% by
weight as aggregates. But also precious metals
(e.g., gold, silver), glass, and stainless steel are of
great interest.
SYNCOM-Plus
In the SYNCOM process, as described earlier,
combustion air is enriched with oxygen, so that
fuel bed temperatures are considerably higher,
thereby causing increased sintering of the bottom
ash. To further improve bottom ash quality, the
SYNCOM-Plus process was developed, whereby
a downstream wet-mechanical treatment process
to separate a granulate (Fig. 38) is added to the
SYNCOM process [29, 30]. The separated ﬁne
fraction and sludge as well as the boiler ash/ﬂy
ash are then recirculated to the combustion system
for further sintering and the destruction of organic
compounds at high fuel bed temperatures of
approx. 1150  C (Fig. 39).
A compact large-scale pilot plant consisting of
selected units for the continuous wet-mechanical
treatment of bottom ash as well as recirculation
of ﬁne particles and boiler ash into the combustion system was implemented in the SYNCOM
WTE plant in Arnoldstein (A). The continuously
accumulating bottom ash ﬂow coming from a
wet-type discharger was ﬁrst dry screened to
separate a ﬁne fraction of <5 mm, then washed,
and wet screened to separate a granulate of
>2 mm and a suspension in a double-deck
screening machine. Because the wash water was
circulated, any particles <2 mm contained
therein had to be completely separated in order
to minimize the addition of fresh water.
A decanter centrifuge was used for this purpose.
The sludge that accumulated was fed into the
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combustion system; the particle-free wash water
was conveyed into a storage tank for washing and
wet screening. The pilot plant operated continuously and was always directly connected to the
bottom ash discharge.
An average of 428 kg/h ﬁne fraction, 180 kg/h
sludge, and 58 kg/h boiler ash were recirculated. In
total, this amounted to approx. 6.5% of the entire
hourly waste input. No signiﬁcant accumulation of
the ﬁne fraction in the bottom ash total as a result of
recirculation could be detected after determining
the screening curves (comparison of particle size
distribution with/without recirculation). Analysis
of the combustion parameters (steam, fuel bed temperatures, etc.) and the raw gas measurements at the
boiler outlet indicated no signiﬁcant inﬂuence
being exerted by SYNCOM-Plus operation. The
granulate meets the criteria for solids and leachates
laid down by the recovery regulations and all
requirements pertaining to aggregates for unbound
materials and anti-frost layers for use in civil engineering and road construction.
Figure 40 shows the entire input and output
mass ﬂows in the SYNCOM-Plus process for the
SYNCOM WTE plant in Arnoldstein (A). The
greatest residue mass ﬂow is the bottom ash output (3.74 Mg/h). Of this, the SYNCOM-Plus process produces 2.82 Mg/h of a granulate with good
recovery qualities. Fine fraction, sludge, and
boiler ash are recirculated; the ﬁlter ash contains
additives from ﬂue gas cleaning and must therefore be disposed of.

WTE: The Martin WTE Technology, Fig. 39 SYNCOM-Plus concept
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Boiler ash Filter ash
0.058 Mg/h 0.35 Mg/h

Combustion
+
Flue gas cleaning

Water
0.5 Mg/h

Bottom ash
3.74 Mg/h

Lime hydrate Charcoal Aqueous ammonia
0.020 Mg/h
0.145 Mg/h 0.030 Mg/h

WTE: The Martin WTE Technology, Fig. 40 SYNCOM-Plus, mass ﬂow

Recirculated material
0.74 Mg/h

Oxygen
(2500 Nm3/h)
3.58 Mg/h

Combustion air
(26800 Nm3/h)
34.51 Mg/h

Waste
10.7 Mg/h

Water
2.0 Mg/h

FE metals
0.24 Mg/h

Flue gas
(38700 Nm3/h)
48.80 Mg/h

Granulate
2.82 Mg/h

Fine fraction
0.49 Mg/h

Sludge
0.19 Mg/h

SYNCOM-Plus
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Figure 41 is a graphic illustration of the energy
ﬂow for the SYNCOM WTE plant in Arnoldstein
(A) during the SYNCOM-Plus trials showing
complete conversion of the waste input into electricity and specifying a value of 2.25 MW for
in-plant consumption. However, the components
of the SYNCOM-Plus process make only a small
contribution in this respect.
The SYNCOM-Plus trials at the SYNCOM
WTE plant in Arnoldstein (A) demonstrated successful results in continuous operation mode and
therefore proved that both, wet-mechanical treatment and recirculation, in continuous operation
are feasible. No inﬂuence on combustion or the
raw gas could be detected [31].
The removed material ﬂows (ﬁne fraction and
sludge), and the wash water can be recirculated
within the process so that SYNCOM-Plus produces no residues for disposal and the entire process is efﬂuent-free.
The characteristic features of the SYNCOMPlus process are listed below:
• Wet-mechanical treatment/recirculation feasible in continuous large-scale operation
• Optimized granulate quality with optional
recovery
• No vitriﬁcation of residues necessary/destruction of dioxins >90%
• Reduced amount of residues for disposal/
efﬂuent-free process

Dry Bottom Ash Discharge
In conventional grate-based WTE plants, bottom
ash is removed from the furnace via a wet-type
discharger. In most of these plants, ferrous metals
are separated from the bottom ashes, but the
removal of other metals is difﬁcult because the
ash particles and metal particles stick together due
to the moist conditions. Dry discharge of bottom
ash from waste combustion is becoming increasingly important in the context of recycling raw
materials from combustion residues. Studies have
shown that the recovery rate of ferrous and nonferrous metals could be signiﬁcantly increased by
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dry bottom ash discharge. Particularly in Switzerland, but also in numerous other countries, dry
bottom ash discharge has generated a great deal of
interest.
MARTIN has developed a system of dry ash
discharge to enhance the possibilities for recovering raw materials from combustion residues. On
the one hand, the discharge of classiﬁed dry bottom ash is economically viable due to effective
metal separation, maximization of revenues from
metal recovery, reduction of disposal costs as a
result of weight reduction, and associated lower
transport costs. On the other hand, there are additional beneﬁts due to the enhanced quality of the
discharged dry bottom ash and simpler bottom ash
handling in subsequent treatment, preparation,
and recovery processes. At the Monthey WTE
plant (Switzerland), dry discharge systems were
implemented in both combustion lines for
industrial-scale operation.
The MARTIN dry bottom ash discharge system (Fig. 42) consists of the following
components:
•
•
•
•

MARTIN ram-type discharger
Air separator enclosed in container
Dust extraction system
Air system

For dry bottom ash discharge, the discharger is
operated without water. The dry-discharged bottom
ash is conveyed directly to an air separator (Fig. 43).
The ﬁne fraction and bottom ash dust is extracted in
a deﬁned manner. Depending on the extraction
speed, the ﬁne fraction and dust particle size could
be set to deﬁned values. The air separation area is
enclosed by a container, in which negative pressure
is constantly maintained, thereby preventing false
air from entering the furnace or dust from getting
into the boiler house. The exhaust air from the air
separator is conveyed to a dust extraction system,
where the ﬁne fraction is separated. The unburdened
air, containing a minimal amount of residual bottom
ash dust, could be conveyed in a deﬁned manner to
the combustion air system as part of the overﬁre air.
Similar to wet-type discharge, the surface

Combustion

Steam
(35.4 Mg/h)
25.42 MW

Waste heat

Power

Heat
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Waste
(10.7 Mg/h)
29.72 MW

Flue gas
(35,000 Nm3/h)
4.3 MW

15.17 MW

Screening
machine
0.012 MW

Auxiliary
Decanter
systems
centrifuge
0.049 MW
0.020 MW
SYNCOM-Plus

In-plant power
2.25 MW

Optional

Process steam
District heating
(up to 11.0 Mg/h) (up to 13.0 Mg/h)
up to 10.0 MW
up to 9.0 MW

Plant auxiliary
systems
1.22 MW

Vacuum pressure
swing adsorption
0.95 MW

Power grid
5.0 MW

In-plant steam
(3.7 Mg/h)
3.0 MW
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WTE: The Martin WTE Technology, Fig. 42 Dry bottom ash discharge system
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WTE: The Martin WTE Technology, Fig. 43 Concept of dry bottom ash discharge/air separator
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Fig. 44 Ceramic tile

temperature of the discharger lies in the range
40  C–60  C in the dry discharge mode. The simple
and robust technology used in the dry discharge
system is based on generally known process engineering separation and transport procedures and
uses the advantages of a fractioned bottom ash
discharge.
Three material ﬂows are separated from the
dry-discharged bottom ash by means of air and
dust extraction (cyclone separator, etc.):
• Coarse fraction >1 mm (contains recyclable
metal)
• Fine fraction 1 mm (contains almost no
metal)
• Bottom ash dust 100 mm
The coarse fraction, in which almost all metals
are present, undergoes appropriate separating processes in order to extract the metals. The mineral
fractions contained in the coarse fraction can be
recycled, e.g., in road construction.
Due to its outstanding pozzolanic properties,
the largely mineral ﬁne fraction can be used without further treatment as a cement substitute, for
the solidiﬁcation of waste, for example. Extensive
investigations [32] demonstrated that ﬁne fraction
can also be transformed into an inert material
suitable for the production of hard, dense
ceramics. Processing involved the addition of

glass, ball milling, and calcining. This transforms
the major crystalline phases present in the ﬁne
fraction to pyroxene group minerals. Following
this, the processed powders showed minimal
leaching and can be pressed and sintered to form
dense, hard ceramics that exhibit low ﬁring
shrinkage and zero water absorption. The research
demonstrated the potential to beneﬁcially
up-cycle the ﬁne fraction into a raw material suitable for the production of ceramic tiles (Fig. 44)
that have potential for use in a range of industrial
applications.
The small quantities of bottom ash dust that
accumulate are returned to the combustion process with the overﬁre air, but the dust can also be
separated by means of appropriate ﬁlter systems
and recycled together with the ﬁne fraction.
The MARTIN dry bottom ash discharge system could be implemented in new or integrated
into existing WTE plants without any inﬂuences
on combustion control or plant safety. There is no
need for major modiﬁcations to the combustion
system, boiler, or ﬂue gas cleaning system.
Dry discharge offers signiﬁcant advantages in
this respect. On the one hand, the quality of recyclable metals is improved. On the other, the ﬁne
fraction and ﬁbers can be separated more efﬁciently from the coarse fraction. A TOC of the
coarse fraction of less than 0.5% by weight can
be achieved. Additionally the dust content of the
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coarse fraction is signiﬁcantly reduced, which
means it can be transported without any problems
by conventional means.
Bottom Ash Treatment
Materials recovery from waste by means of
thermo-recycling in grate-based WTE plants is
an important contribution to resource recovery.
The bottom ash contains substantial amounts of
raw materials which are ﬁnite resources and
whose primary production is very often associated
with high environmental impacts. Various
advanced techniques and concepts for the recovery of resources out of bottom ash have been
developed and installed in large-scale
implementations on-site WTE plants and processing facilities.
Typically ferrous and nonferrous bulk metals
are recovered, but also precious metals (e.g., gold,
silver), glass, and stainless steel are of great interest. The reuse of the mineral fractions which
amount to approx. 80–85% by weight varies in
different countries (e.g., aggregates, additives,
landﬁlls). Speciﬁc analyses and tests are conducted
to identify processing and recycling opportunities.
However, the environmental and economic
beneﬁts of bottom ash treatment are limited by
the efforts and economics of different treatment
concepts. System boundaries for integrated
on-site treatment must be identiﬁed, and a sensitivity analysis for speciﬁed system parameters
must be conducted. A pre-concentration of reusable materials on-site and ﬁnal recovery in special
facilities could be one approach.
Typical steps in the treatment of wetdischarged bottom ash are storage, aging, grading,
magnetic separation, eddy current separation, and
size reduction. Once the bottom ash has been
partially dried and aged, it is fed to a treatment
system, in which ferrous metals are removed
using magnetic separators (drum and conveyor
magnets). Nonferrous metals are removed using
eddy current separators and scrap metal separators. Bulky metal items are usually sorted out
before that by hand.
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When treating dry-discharged and wetdischarged bottom ash in an identical system by
dry mechanical means, dry-discharged bottom ash
offers a signiﬁcant advantage in the recovery of
ferrous and nonferrous metals. In concrete terms,
this means that the output of ferrous metals is
increased by 5% and that of nonferrous metals
by as much as 27% [33]. The dry-discharged
bottom ash, which has a reduced dust content, is
treated using the proven process steps and optimized components of a system designed to treat
wet-discharged bottom ash by dry mechanical
means, without having to make immoderate
adjustments to the process or equipment. In addition, the dry-discharged bottom ash does not have
to undergo intermediate storage and dust removal.
Existing facilities for the treatment of wetdischarged bottom ash can be converted to suit
the recovery of metals from dry-discharged bottom ash, which is pretreated in an air separator.
After the bulky scrap items have been
removed, the dry-discharged bottom ash is conveyed to a cascade of screens with a total of
6 screening steps. More recyclables and unburned
residues are separated from the fraction >70 mm
after scrap items have been removed in the manual
sorting unit. The ferrous and nonferrous metals
contained in the fractions <70 mm are recovered
through a combination of magnetic and eddy current separators, down to a ﬁne fraction >0.7 mm.
The residual fractions >10 mm are crushed to
extract recyclables locked in agglomerates,
thereby maximizing recovery rates. This concept
for the recovery of recyclables has been validated
at an industrial-scale facility.
The MARTIN bottom ash treatment system
(Fig. 45) is modular in design and can therefore
be adjusted to suit any given technical and economic requirements. It comprises the following
components:
•
•
•
•

Tipping hall and material feeding system
Grading
Removal and reﬁning of ferrous metals
Removal of nonferrous metals (ﬁve stages)
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WTE: The Martin WTE Technology, Fig. 45 Bottom ash treatment system

• Removal of stainless steel
• Optional removal of glass
• Receiver tanks for mineral residues
Access to the functional and separation equipment can be easily provided via boom lifts and
crane systems. Nonferrous metals are separated
using eddy current separator cascades. This has
the advantage that the residual fraction is treated at
the same time and that the peripherals of the ﬁrst
eddy current separator can be used when arranging a second separator directly downstream of the
ﬁrst. This arrangement reliably minimizes the loss
of nonferrous metals while ensuring a constant
quality level. Thanks to this modular process concept, a second sorting step can be retroﬁtted without requiring signiﬁcant modiﬁcations.

The recovery rate for ferrous metals rises from
approx. 83% to more than 90%. For nonferrous
metals, an increase of approx. 31% is achieved.
Although classical wet treatment systems have
markedly improved in terms of metal recovery
rates and quality in recent years, dry bottom ash
discharge still offers an additional economic
advantage as it allows for the recovery of recyclables from very ﬁne fractions and for the extraction
of metals in purer forms.
The economic viability of a plant can be
improved by recovering recyclables in a central
facility following decentralized pretreatment of
the dry bottom ash in the air separator of the
MARTIN dry bottom ash discharge system
described above (removal of dust). Centralized
treatment on behalf of an association of WTE
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plants is the preferred solution because it reduces
ﬁxed costs and improves efﬁciency. Such an association exists in the Swiss canton of Zurich, where
a central facility has so far treated 100,000 Mg/a
of dry-discharged bottom ash from 5 different
plants.
The integrated concept for the recovery of recyclables from dry-discharged bottom ash developed
by MARTIN is a very attractive solution both from
a technical and economic perspective. Thanks to its
modular design, it can be adjusted to suit customers’ economic requirements. Centralized bottom ash treatment aimed at increasing throughput
rates and combined with decentralized dry bottom
ash pretreatment steps further improves the economic viability of a treatment facility.

Fly Ash Treatment/Recirculation
In view of the continual depletion of raw materials, sustainable processes for the recovery of
recyclables are becoming more and more important. The process of selective zinc recovery from
the acid-scrubbed ﬂy ash of thermally treated
waste is one example of a cost-effective, processintegrated method for recovering economically
proﬁtable heavy metals.
By means of this process, cadmium, lead, and
copper are separated, and the valuable metal zinc,
which is contained in high concentrations in the
ﬂy ash, is recovered. After acidic ﬂy ash scrubbing, the ﬁlter ash cake has an extremely low
heavy metal content. Any organic matter that
remains in the cake subsequent to scrubbing can
be returned to the combustion system so that it can
be destroyed (Fig. 46) [34].
The synergies associated with the residues
occurring with wet ﬂue gas cleaning are used
during the process. During acidic ash extraction,
the heavy metals in the ﬂy ash are mobilized and
extracted by the acidity of the quench water. At
the same time, the excess acid content of the
quench water is neutralized by the alkalinity of
the ﬂy ash. In a ﬁltration stage, the ﬁlter ash
cake, which has an extremely low heavy metal
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content, is separated from the ﬁltrate containing
heavy metals. The ﬁltrate serves as the base
material for subsequent targeted heavy metal
separation and recovery. Cadmium, lead, and
copper are separated using a reductive process
and recovered as a metal mixture in lead works.
Zinc, which is present in the ﬁltrate in economically interesting concentrations, is separated
from the pre-cleaned ﬁltrate using a selective
liquid-liquid extraction method and then concentrated and recovered electrolytically as pure
zinc (Zn > 99.99%) [36]. In a waste water treatment plant using lime milk, the ﬁltrate with its
extremely low heavy metal content is neutralized, ﬁltered, and freed of all remaining traces of
heavy metals using selective heavy metal ion
exchangers. The resulting clean waste water
can be supplied directly to the receiving body
of water or can be used as process water. After
ﬁltration, a small amount of residual metal
sludge consisting largely of gypsum and alkaline earth metal hydroxides remains and is
disposed of.
To destroy the organic matter in the ﬁlter ash
cake, in particular the dioxins and furans, the ﬁlter
ash cake with its extremely low heavy metal content can be returned to the combustion system. As
proved in several industrial-scale trials at WTE
plants, recirculation of the ﬁlter ash cake has no
effect on plant operation, raw and clean gas
parameters, and the quality of the resulting
bottom ash.
By combining the individual process steps, the
residues from ﬂue gas cleaning can be sustainably
and efﬁciently treated. Using the processes
described here, thermal waste treatment results
in bottom ash and metal fractions containing recyclables that can be selectively returned to the raw
materials cycle.
In addition to the sustainable recovery of secondary raw materials and closing of substance
cycles, this process also has economic advantages. Value is added through the recovery of
zinc, and signiﬁcant cost savings are made in
relation to the treatment of waste water with low

WTE: The Martin WTE Technology, Fig. 46 Fly ash treatment/recirculation/Zn recovery [34, 35]
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heavy metal contents, thereby ensuring the cost
efﬁciency of the overall process. The process
could consequently achieve sustainable, ecologically relevant, and economically interesting
recovery of residues from ﬂue gas cleaning systems in thermal waste treatment plants.

customers with small waste volumes, modular
and standardized small-scale plants have been
speciﬁcally developed. These plants are suitable
for waste throughputs of 2.5 to 8 Mg/h per combustion line.

Future Directions
Reference Plants
In Figs. 47, 48, 49, 50, 51, 52, and 53, some
examples of WTE plants using MARTIN technology are provided. A current reference list is available in [1]. In order to provide solutions for

Sustainability, recycling, resource conservation,
and global warming are the greatest global challenges facing us today and will continue to occupy
our attention in the years to come. Waste combustion is an essential component of all modern waste

Reverse-acting grate
SYNCOM
Number of lines:
Waste capacity per line:
Thermal capacity per line:
Steam output per line:
Steam pressure:
Steam temperature:
WTE: The Martin WTE Technology, Fig. 47 Arnoldstein (A)

1
10.7 Mg/h
29.6 MW
35.2 Mg/h
40 bar
400 °C
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Reverse-acting grate VARIO
Number of lines:
Waste capacity per line:
Thermal capacity per line:
Steam output per line:
Steam pressure:
Steam temperature:

1
30.0 Mg/h
81.3 MW
96.7 Mg/h
50 bar
425 C

WTE: The Martin WTE Technology, Fig. 48 Roskilde (DK)

management concepts and plays a central role in
the handling of these issues, which will become
increasingly important as time goes on.
Experience and statistics from many countries
clearly show that the combustion of residual waste
does not conﬂict with the avoidance, recovery,
and recycling of waste in any way. The rate of
recycling of secondary raw materials is particularly high in countries predominantly using combustion, while their rate of landﬁlling of residual
waste is low.

There is no doubt that CO2 is produced and
released into the atmosphere with the ﬂue gases
generated during waste combustion. However,
when assessing the relevance of these emissions
to the climate, a difference must be made in terms
of where the CO2 originates. Approx. 50% of this
CO2 is biogenic in origin (paper, cardboard,
wood, materials, leather, etc.) and therefore does
not increase the global CO2 balance, similar to the
combustion of biomass. The other half, however,
is fossil in origin (plastics, paints, varnishes, etc.)
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Reverse-acting grate
MSW
Number of lines:
Waste capacity per line:
Thermal capacity per line:
Steam output per line:
Steam pressure:
Steam temperature:

2
23.0 Mg/h
88.3 MW
115.0 Mg/h
60 bar
450 °C

Biomass
Number of lines:
Waste capacity per line:
Thermal capacity per line:
Steam output per line:
Steam pressure:
Steam temperature:

1
23.0 Mg/h
100.0 MW
115.0 Mg/h
73 bar
480 °C

WTE: The Martin WTE Technology, Fig. 49 Brescia (I)

and therefore impacts on the climate. Consequently, the technological groundwork must be
laid for building highly efﬁcient waste combustion plants and in order that the substitution effect
of standard fuels can be maximized to the greatest

extent possible. Far-reaching climate policies are
basically inconceivable without these plants because
their potential for reducing the greenhouse effect
and as a source of alternative energies cannot be
ignored. Development goals must serve to increase
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Reverse-acting grate
Line 3
Number of lines:
Waste capacity per line:
Thermal capacity per line:
Steam output per line:
Steam pressure:
Steam temperature:

1
25.0 Mg/h
87.0 MW
103.5 Mg/h
40 bar
400 °C

Line 4
Number of lines:
Waste capacity per line:
Thermal capacity per line:
Steam output per line:
Steam pressure:
Steam temperature:

1
29.0 Mg/h
90.0 MW
103.5 Mg/h
40 bar
400 °C

WTE: The Martin WTE Technology, Fig. 50 Malmö (S)

the efﬁciency of these plants while integrating them
into the energy and material ﬂow management systems of individual countries [37, 38].
Modern WTE plants and optimized technology
concepts are responsible for signiﬁcant

improvements in the ﬁelds of combustion system
technology and energy concepts. Corrosionprotected wall or radiant superheaters improve
energy efﬁciency signiﬁcantly. In addition, many
other innovations have been developed and
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Reverse-acting grate Vario
Number of lines:
Waste capacity per line:
Thermal capacity per line:
Steam output per line:
Steam pressure:
Steam temperature:

1
36.0 Mg/h
80.0 MW
100 Mg/h
60 bar
418 °C

WTE: The Martin WTE Technology, Fig. 51 Brista (SE)

installed in several full-scale plants, for example,
the reverse-acting grate VARIO, the MICC system, dry bottom ash discharge concepts for
highest metal recovery rates, intermediate superheating devices, and heat exchanger switching
technologies for improved boiler performance or
online boiler cleaning systems.

Figure 54 shows the next generation of WTE
plants with the main innovations using MARTIN
technology.
In addition to recovery of the energy inherent
in the waste, the treatment of dry-discharged bottom ash is an important contribution to compliance with raw material and climate policies and to
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Reverse-acting grate VARIO
Number of lines:
Waste capacity per line:
Thermal capacity per line:
Steam output per line:
Steam pressure:
Steam temperature:

1
12.4 Mg/h
34.4 MW
39.6 Mg/h
51 bar
425 °C

WTE: The Martin WTE Technology, Fig. 52 Pilsen (CZ)

the promotion of a closed substance cycle in general. Furthermore, dry bottom ash discharge and
treatment represents a further step toward wastefree operation and “after-care-free” landﬁlls.
Further development and optimization of
existing technologies and concepts are needed
due to international requirements in the ﬁeld of
thermal waste treatment using grate-based combustion systems. It has been repeatedly proven
that innovative technologies must ﬁrst be

developed and comprehensively investigated.
Additional skills and competence are needed for
plant design, process control, and operation. Nevertheless, cost-beneﬁt and eco-efﬁciency analyses
clearly show that these additional efforts should be
made. In the future, MARTIN will continue to
reliably ensure treatment of waste under ecological
and economic constraints, using innovations and
reliable process engineering technology and taking
international statutory requirements into account.
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Horizontal grate
1994
Number of lines:
Waste capacity per line:
Thermal capacity per line:
Steam output per line:
Steam pressure:
Steam temperature:

4
30.0 Mg/h
73.0 MW
77.0 Mg/h
43 bar
415 °C

2007
Number of lines:
Waste capacity per line:
Thermal capacity per line:
Steam output per line:
Steam pressure:
Steam temperature:

2
33.6 Mg/h
93.3 MW
102.0 Mg/h
130 bar
420 °C

WTE: The Martin WTE Technology, Fig. 53 Amsterdam (NL)
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WTE: The Martin WTE Technology, Fig. 54 Next generation of WTE plants
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Glossary
ACS Auxiliary control systems
BAT Best available techniques
CEMS Continuous emission monitoring system
CFD Computational ﬂuid dynamics
CCS Combustion control system
CCS+ Enhanced combustion control system
CNG Compressed natural gas
DCS Distributed control system
ECS Equipment control systems
EfW Energy from waste (synonym to WTE =
waste to energy)
EPC Engineering,
procurement,
and
construction
FGT Flue gas treatment
GfR HZI grate for riddlings
HHV Higher heating value

HPS High-pressure steam
HZI Hitachi Zosen Inova AG
LEAP HZI low excess air process
LHV Lower heating value
LPS Low-pressure steam
LRD Load range diagram (or combustion
diagram)
MSW Municipal solid waste
O&M Operation and maintenance
PtG Power to gas
POP Persistent organic pollutants
RDF Refuse drive fuel
SCC Secondary combustion chamber
SCNG Synthetic compressed natural gas
SCR Selective catalytic reduction
SNCR Selective non-catalytic reduction
TOC Total organic carbon
VOC Volatile organic carbon: concentration of
organic compounds in ﬂue gas
WWT Wastewater treatment

Definition of the Subject and Its
Importance
Traditionally, waste has been landﬁlled and still is
today, when cost is the main criterion for waste
management. The amount of waste worldwide is
growing faster than the global population, with
the production of municipal solid waste set to rise
from 1.4 billion tons at present to 2.2 billion tons
by 2025. “Out-of-sight, out-of-mind” has been the
early concept, before science provided a more
complete picture of the effects of landﬁlling on
land, water, and air for a long time after a landﬁll
has been ﬁlled [1].
The primary reason for these effects is the continuing decomposition of organic waste compounds into methane and other gases that escape
to the air or to water-soluble compounds that dissolve in rainwater percolating through the waste
and may contaminate surface and groundwater.
Landﬁlls account for 8% of the total greenhouse
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WTE: Hitachi Zosen Inova Moving Grate and Anaerobic Digestion Technologies, Fig. 1 From landﬁlling to a
modern EfW plant (HZI EfW Plant Thun/Switzerland)
WTE: Hitachi Zosen
Inova Moving Grate and
Anaerobic Digestion
Technologies,
Fig. 2 Waste treatment
hierarchy as per Prof.
Themelis [2]

Waste

reduction

Recycling
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only for source
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Waste-to-energy
Modern landfill recovering and using
CH4
Modern landfill recovering and flaring CH4
Landfills that do not capture CH4

gas emissions, and its negative impact on human
habitat and the environment would be substantially
reduced by replacing it with state-of-the-art waste
treatment technologies (Fig. 1).
This is why today’s acknowledged hierarchy of
waste treatment options considers landﬁlling as
the least desirable option, and lack of landﬁll
capacity, the negative environmental impact,
urban hygiene, increasing costs, and tighter regulations require alternative solutions. As natural
resources become scarcer, the recovery of energy
and raw materials from waste becomes more
important. As shown in the ﬁgure below, best
options are obviously “avoid” and “reuse,” both
of which reduce the amount of waste to be treated,
and then recycle whatever is reasonably possible
from the waste stream (Fig. 2).

Recovery of materials and energy from waste
using thermal and biological waste treatment is an
integral part of any modern waste management
system focused on maximizing utilization of all
resources contained in the waste and minimizing
the adverse impact on society and the
environment.
Separate collection of direct recyclables and
organic waste allows for material and energy
recovery, whereas thermal treatment is used to
recover energy and material from waste that cannot be recycled directly. Hitachi Zosen Inova’s
in-house technologies for sustainable waste management aim to bring the world closer to a circular
economy (Fig. 3).
On the other hand, converting volatile electricity
into renewable, synthetic gases for a carbon-neutral

WTE: Hitachi Zosen Inova Moving Grate and Anaerobic Digestion Technologies
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WTE: Hitachi Zosen Inova Moving Grate and Anaerobic Digestion Technologies, Fig. 3 Sustainable circular
economy

economy is a key component of modern and sustainable energy management. This evens out ﬂuctuations in the grid while enabling the long-term
storage of the electrical energy and making it available later on demand (Fig. 4).

Introduction
Swiss cleantech company Hitachi Zosen Inova
(HZI) is a global technology leader for energy
and material recovery from municipal solid
waste (MSW), refused derived fuel (RDF), and
organic waste. HZI acts as an engineering, procurement, and construction (EPC) contractor
delivering complete turnkey plants with
in-house, innovative, and reliable solutions for
the entire plant life cycle.

HZI’s customers range from experienced waste
management companies and municipalities to
upcoming partners in new markets worldwide.
Its solutions have been parts of over 600 thermal
and 80 biological EfW plants delivered since 1933
and 1991, respectively.
Hitachi Zosen Inova’s roots go back to the
foundation of “L. von Roll Aktiengesellschaft”
in 1933, set up to focus on thermal waste treatment. Six years later, it built its ﬁrst plant in the
Dutch city of Dordrecht. From the very beginning,
the Swiss company developed proprietary and
improved technologies, including the reciprocating grate, advanced methods for ﬂue gas cleaning,
and processes for the recovery of materials from
residues. In 1960, Von Roll entered into a longterm license agreement with Hitachi Zosen Corporation and opened its ﬁrst ofﬁces in Germany

288

WTE: Hitachi Zosen Inova Moving Grate and Anaerobic Digestion Technologies

WTE: Hitachi Zosen Inova Moving Grate and Anaerobic Digestion Technologies, Fig. 4 Components of
sustainable energy management

and Japan. Subsidiaries were founded in France
and Sweden in 1966, and in 1975 the company
established a presence in the USA. Since 2011, the
renamed company and its subsidiary KRB have
been part of Hitachi Zosen Corporation. As a
licensee of the Von Roll technology, Hitachi
Zosen Corporation implemented HZI’s core technology in more than 200 energy-from-waste
plants in Japan, China, and other countries
throughout East Asia. Hitachi Zosen Inova and
Hitachi Zosen Corporation combine the competencies of two strong partners in the EfW sector.
In addition to the HZI thermal EfW technologies, the Kompogas ®, BioMethan, and EtoGas
technologies enhance Hitachi Zosen Inova’s portfolio, allowing the company to extend its position
as one of the world’s leading providers of EfW
plants and solutions. Offering both thermal and
biological treatment of waste completed with
advanced material recovery and renewable energy

conversion solutions, Hitachi Zosen Inova is able
to address the speciﬁc market requirements of
modern waste and energy management.
This entry describes the Hitachi Zosen Inova
energy from waste (EfW) technologies, consisting
of thermal EfW Grate combustion technology,
Kompogas®; dry anaerobic digestion, BioMethan;
biogas upgrade and EtoGas; converting energy into
renewable gases.

The Hitachi Zosen Inova Thermal
Energy-from-Waste Grate Combustion
Technology
Thermal EfW not only decreases the volume of
waste; it saves natural resources such as land and
water. It also protects the air and climate because
EfW plants reduce the greenhouse gases coming
from landﬁll. It also recovers the energy contained
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various recycling schemes, properties of feed
streams available for an EfW plant can signiﬁcantly change. At the same time, EfW solutions
must meet the highest environmental standards and
high thermal efﬁciency and be cost-effective. The
main objectives of the thermal treatment of waste
can be summarized as follows:

WTE: Hitachi Zosen Inova Moving Grate and Anaerobic Digestion Technologies, Fig. 5 Energy recovery
from 1 ton of waste

in the waste and reduces municipal solid waste
(MSW) to a maximum 10% of its original volume
and to a chemically stable form (Fig. 5).
The Hitachi Zosen Inova energy-from-waste
technology is a mass-burn technology which
treats post-recycling MSW and RDF as collected
and without any pretreatment. The robust construction of the grate and the heterogeneous
waste fractions explain why grate combustion
remains the most widespread method for thermal
treatment of residual waste today.
Hitachi Zosen Inova’s thermal EfW plants are
designed speciﬁc for plant requirements, for a big
variety of heating values, throughputs, and
methods of energy recovery. With the proven
reliability, both single- and multiple-train plants
are planned and built. The main question related
to single-train plants is if waste can be stored or
otherwise diverted as well as if it is acceptable to
have no heat and/or power output during service
periods. For larger plants, or if redundancy is
important, multiple trains can be combined in
one thermal EfW plant as needed.
The waste management market requires for
thermal EfW solutions with highest possible ﬂexibility regarding caloriﬁc values and composition
of wastes to be treated. With changing consumer
habits and waste management strategies, including

• Complete inertization and volume reduction of
waste
• Destruction of organic pollutants
• Recovery of metals and other useful products
• Concentration of inorganic pollutants in a
usable or inert form
• Highest recovery of energy contained in waste
for substitution of primary energy
• Cleaning of ﬂue gases and liquid efﬂuents to
very stringent environmental standards
• Cost-effective operation and maintenance for
equipment and processes
Speciﬁc main components that make up the
Hitachi Zosen Inova EfW technology and fulﬁll
mentioned requirements are described below in
detail.
Description of the Elements of the Hitachi
Zosen Inova Grate Combustion Technology
A thermal EfW plant with grate combustion technology consists of various elements such as waste
supply and feeding system, combustion grate and
its auxiliaries, bottom ash extraction, heat recovery and utilization units, ﬂue gas treatment, and
residue treatment.
Waste Supply and Feeding

The access road to the EfW plant directs waste
delivery trucks to the receiving ofﬁce where truck
scales are installed to weigh the incoming and
outgoing trafﬁc.
Mixed municipal solid waste or RDF from
sorting plants is stored in a waste pit, which is a
large concrete bunker for storage of the waste
delivered until it is treated. It serves to uncouple
the waste delivery in the tipping bay from the
waste treatment so that the plant can continue to
operate during weekends and holidays when

290

WTE: Hitachi Zosen Inova Moving Grate and Anaerobic Digestion Technologies

WTE: Hitachi Zosen Inova Moving Grate and Anaerobic Digestion Technologies, Fig. 6 Waste tipping bay

waste delivery is interrupted. It also enables waste
delivery, while the plant is shut down for periodic
maintenance (Fig. 6).
Another important function of the waste pit is
to provide the crane operator with the volume
needed to mix the waste, so that the plant can be
operated as stable as possible. To prevent the
combustible waste from igniting in the pit, infrared cameras are installed. When they detect a hot
spot, water cannons are used to cool it down.
Air is aspirated from the waste pit and used as
primary air for combustion. This also assures that
when the doors are open, air is drawn into the pit
and the odor is contained in the bunker.
A grapple crane is used to move the waste in
the waste pit for mixing, stacking, and transferring
waste to the feed hopper. A single crane can lift
loads of several cubic meters of waste in the
grapple (Fig. 7).
Scales are integrated into the crane in order to
weigh every load which is deposited into the feed

hopper. This allows the combustion control system to calculate the operating point, monitor
trends of waste composition changes, and adapt
operating parameters accordingly. The crane operation can also be automated by advanced control
systems for certain periods of time so the operator
can follow other duties.
The feed hopper connects the waste bunker
with combustion chamber and ensures continuous
delivery of the waste onto the grate as shown in
(Fig. 8).
Additionally, with the ﬂap gates installed at the
bottom part, the feed hopper ensures that:
• During start-up, until the minimum combustion chamber temperature is reached, the waste
will not be transferred onto the grate.
• During operation, the waste thickness in the
feed hopper chute is high enough to prevent
any tramp air from entering the combustion
chamber.

WTE: Hitachi Zosen Inova Moving Grate and Anaerobic Digestion Technologies
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WTE: Hitachi Zosen Inova Moving Grate and Anaerobic Digestion Technologies, Fig. 7 Waste bunker crane

WTE: Hitachi Zosen Inova Moving Grate and Anaerobic Digestion Technologies, Fig. 8 Feed hopper
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• During shutdown, backﬂow of ﬂue gas into the
waste bunker is avoided, even if the waste level
in the feed hopper chute is low (Fig. 9).

WTE: Hitachi Zosen Inova Moving Grate and Anaerobic Digestion Technologies, Fig. 9 Feed hopper
ﬂap gate

In order to prevent wear, certain key areas are
protected with wear-resistant steel sheet. The
slope of the hopper walls and the arrangement of
the hopper ﬂap gate are designed to prevent arch
buildup and, thereby, ensure continuous delivery
of waste to the ram feeder table.
An open-circuit cooling system with a water
tank alternatively a closed-circuit water system
including circulation pumps and expansion tank
ensures the cooling-off of the feed hopper chute
parts, which are exposed to extreme thermal
loads. Depending on the requirements for automated operation, additional waste level scanner
and additional level detectors can be installed to
control waste feed and detect possible arc formations in the feed hopper.
The combustion chamber is heated up by startup burners gradually and in line with refractory
requirements until the temperature is reached
where wastes can be burned. Once this condition
is met, the gate in the feed chute is opened to admit
the waste onto the grate where it will start to burn
immediately. The waste descends in the feed chute
and falls on to the horizontal feeder table, over
which hydraulically driven ram feeders (one for
each grate lane) slide (Fig. 10).
As the feeders slide back, waste falls from the
feed chute to the feed table. As the feeders slide
forth, waste on the feed table is pushed onto the
incineration grate. Each lane has its own ram
feeder, and the continuous regulation of the forward stroke allows uniform metering and

WTE: Hitachi Zosen Inova Moving Grate and Anaerobic Digestion Technologies, Fig. 10 Ram feeder and ram
feeder table
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immediate adjustment of the waste volume, which
is crucial for a stable combustion process.
HZI Grate

The purpose of the grate is to incinerate the waste
and to ensure continuous and complete combustion resulting in an adequate burnout of the bottom ash to a level of typically less than 3% TOC

WTE: Hitachi Zosen Inova Moving Grate and Anaerobic Digestion Technologies, Fig. 11 HZI grate with
two lanes
WTE: Hitachi Zosen
Inova Moving Grate and
Anaerobic Digestion
Technologies,
Fig. 12 Grate element
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(total organic carbon).The waste is incinerated on
an optimal inclined forward-acting grate, which is
made to ensure a stable and continuous heat
release and a good burnout of bottom ash
(Fig. 11).
The size of the grate is designed to meet the
requirements indicated in the load range diagram
(throughput and thermal power of the waste).
The basic modules of the grate are the grate
elements, which are joined together longitudinally
to form one grate lane (Fig. 12).
Each grate element consists of grate block
rows, alternating between movable and stationary
rows. The grate blocks are supported and mounted
on stationary and movable retaining tubes, where
the movable ones move in the direction of waste
ﬂow. Grate blocks carried on the block-retaining
tube are tightened by means of a tension rod,
which enables quick grate block replacement
and efﬁcient revision. It also reduces grate riddlings, prevents undesirable airﬂow between the
grate blocks, ensures effective grate block
cooling, and maintains a constant pressure drop
across the grate.
Each grate element is individually driven by
two hydraulic cylinders connected in series and
has a dedicated hydraulic control block.
Individual driven grate elements bring considerable advantages to the combustion process:
• Regardless of the quality of the waste, individual adjustments in movement pattern, stroke
length, and speed of the grate zones, lanes
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and elements guarantee consistent fuel bed
thickness and uniform thermal load on the
grate. As a result a stable combustion process
and a long grate service life can be ensured.
• Continuous grate movement improves combustion behavior and allows a smaller oxygen
band, which is ideal for an operation with
lower O2 content. On the other hand, discontinuous movement is still possible.
The grate blocks support and push the waste
through the combustion zone and as a result are
exposed to extreme thermal, chemical, and
mechanical stress. They are made of robust cast
steel and are perfectly surface-machined, to eliminate complicated site works. To reduce the thermal stress on the grate block, it has to be cooled as

WTE: Hitachi Zosen Inova Moving Grate and Anaerobic Digestion Technologies, Fig. 13 Air-cooled grate
block rows

WTE: Hitachi Zosen
Inova Moving Grate and
Anaerobic Digestion
Technologies,
Fig. 14 Aquaroll ® watercooled grate block rows

uniformly as possible. This is achieved by the air
that is guided through the grate block (Fig. 13).
The total opening of the air path through the grate
blocks is designed such that a minimum pressure
drop across the grate is maintained at all operation
points. This assures an even distribution of the primary air through all grate blocks and reduces the
risk of local superheating and associated excessive
wear and tear. The air openings are specially
designed to prevent fouling and blockages.
For high-caloriﬁc waste, the airﬂow alone does
not provide sufﬁcient cooling of the grate blocks.
For this purpose the ﬁrst water-cooled grate
was installed by Hitachi Zosen Inova in the year
1994 at the MSWI plant in Trondheim, and since
then in more than 25 thermal waste treatment
plants, over 40 water-cooled grates are taken in
operation. Aquaroll ® water-cooled grate blocks
assure a low enough surface temperature of the
grate block with forced water circulation through
a cooling tube cast into the grate block (Fig. 14).
Water-cooling option by high-caloriﬁc value
waste has decisive advantages:
• By water-cooled grate, the primary air in the
combustion zone can be exclusively supplied
acc. to the combustion air requirement (and not
by the cooling demands of the grate), which
optimizes the combustion process.
• Water cooling reduces the wear-off of the grate
blocks and grate riddlings and improves primary air distribution within a grate zone,
resulting in a longer service time and reduced
maintenance costs.

WTE: Hitachi Zosen Inova Moving Grate and Anaerobic Digestion Technologies
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WTE: Hitachi Zosen
Inova Moving Grate and
Anaerobic Digestion
Technologies,
Fig. 15 Typical hydraulic
station

The heat received from grate cooling can be
used either to heat up the primary combustion air
via heat exchangers or in district heating, so that
maximum efﬁciency in the combustion process
can be achieved.
The power for the hydraulic cylinders for the
feed hopper, the ram feeder, the grate elements,
the bottom ash extractor, and the push ﬂoor under
the reactor is supplied by hydraulic station. Each
system has a separate hydraulic control block with
electrical control elements to perform the functions of the feed hopper gate, ram feeder, and
grate. Depending on the bottom ash extractor
type, an additional pressure-controlled pump is
also installed in the unit (Fig. 15).

Grate Riddling Removal and Bottom Ash
Extraction

While all moving parts of the ram feeder and the
grate are designed with minimum gaps, the thermal expansion of the materials between ambient
and operating temperatures unavoidably leads to
small gaps through which small parts in the waste
or the ash can fall through. For this purpose HZI
offers pneumatic and mechanical grate riddling
removal systems.

The pneumatic grate riddling removal system
conveys periodically the grate riddlings to the
bottom ash chute and prevents tramp air from
entering into the combustion chamber through
the grate (Fig. 16).
The mechanical grate riddling removal system
is composed of grate riddling chutes placed under
the ram feeder and under each grate element. These
chutes are connected to the bottom ash extractor
with expansion joints, where ram feeder and grate
riddlings are directly conveyed into the chain-type/
apron-type bottom ash extractor. Bottom ash chute
and bottom ash extractor are connected to each
other in an air tight manner and provide the isolation to the combustion chamber (Fig. 17).
Also wet chain conveyor removal system can
be used for this purpose, where the chutes are
immersed under the water level inside the conveyor thus ensuring the exclusion of air intake.
The purpose of the bottom ash extractor is to
cool the bottom ashes from the furnace as well as
discharge bottom ashes and riddlings. It also acts
as an air seal between the furnace and the
environment.
HZI owns three different types of extractors to
remove grate riddlings and bottom ash remaining
at the end of the grate.

296

WTE: Hitachi Zosen Inova Moving Grate and Anaerobic Digestion Technologies

WTE: Hitachi Zosen
Inova Moving Grate and
Anaerobic Digestion
Technologies,
Fig. 16 Grate riddling
chutes for a ﬁve-zone grate

WTE: Hitachi Zosen
Inova Moving Grate and
Anaerobic Digestion
Technologies,
Fig. 17 Mechanical grate
riddling removal

• Ram-type bottom ash extractor is an in-housedesigned product, where a hydraulically driven
discharge ram pushes the bottom ash from the
extractor to a crosswise arranged bottom ash
conveyor/into the bottom ash bunker.
• Chain-type bottom ash extractor, where bottom
ash and grate riddlings are discharged by an

endless scraper chain with a travel sensor onto
a bottom ash belt conveyor.
• Apron-type bottom ash extractor, where the bottom ash extractor itself is a trough-shaped vessel
made of reinforced steel plate, of completely
welded construction. The chain of the apron conveyor is guided and reversed on rollers (Fig. 18).
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WTE: Hitachi Zosen Inova Moving Grate and Anaerobic Digestion Technologies, Fig. 18 Ram-type bottom ash
extractor

The bottom ash extractor is driven by an electric motor and gear drive, where the appropriate
bottom ash discharge speed can be adjusted.
Combustion Air and Flue Gas Recirculation
Systems

The necessary air for an efﬁcient combustion is
supplied by various systems and technologies.
The gases released from the waste in the bunker
serve as primary air. Secondary air is mixed with
recirculated ﬂue gases above the grate, which
assures complete combustion and lowest CO,
NOx, and VOC emissions. Additionally ﬂue gas
recirculation and low excess air enhance the
energy efﬁciency of the plant (Fig. 19).
Primary air system delivers the combustion air
to the grate at the right ﬂow rate, pressure, and
temperature as required for optimum combustion
in the individual zones and assures the ventilation
of the waste pit area such that negative pressure is
maintained and odors are contained therein. Total
and individual primary airﬂow to each grate element is set by combustion control system with a
variable speed drive of the primary air fan. In
areas where the caloriﬁc value of the waste is
very low, the primary air can be preheated by

means of a preheater. This feature improves drying of the waste in the ﬁrst grate zone and ensures
proper burnout while improving plant’s overall
energy efﬁciency.
Some volatile components of the waste do not
immediately combust on the grate because they
may react more slowly or because oxygen is
missing at that particular location in the waste
bed on the grate. It is therefore necessary to
provide secondary air, which is drawn in from
the boiler house under the roof in order to recover
some energy from the radiant losses of the boiler
equipment. The ﬂow rate is regulated by the
combustion control system with the variable
speed drive of the secondary air fan in a way
that the total combustion air is kept constant at
a speciﬁc operation point in the combustion diagram. Similar to primary air system at very low
waste heat values, a preheater maintains the furnace temperature while using internal steam
sources and increasing the plant’s overall energy
efﬁciency.
The tangential injection of secondary air and
nozzle arrangement cause a swirl ﬂow in the secondary combustion chamber which leads to a
good combustion gas mixing, a uniform ﬂow
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WTE: Hitachi Zosen Inova Moving Grate and Anaerobic Digestion Technologies, Fig. 19 Combustion air and
ﬂue gas recirculation systems

distribution in the direction of the main ﬂow and
reduction of NOx formation. The number of nozzles and their angles are deﬁned according to CFD
models and the latest experience (Fig. 20).
Due to this swirl, the ﬂow is homogenized with
respect to temperature, velocity, and concentrations, which reduces the corrosion risk. Furthermore it enables reduction of CO concentration,
reduction of dioxin formations, and improved
burnout of ﬂy ash. Flow optimized secondary
combustion chamber with swirl injection was
ﬁrst installed by Hitachi Zosen Inova in the year
1996 at the MSWI plant in Darmstadt and is
applied today as a standard in all new plants.
Both primary and secondary air systems comprise the intake ﬁlter/screen, the PA/SA air fan,
preheater (if needed), as well as all associated
ducts, dampers, and expansion joints (Fig. 21).

Flue gas recirculation improves mixing and
provides additional cooling without the need for
more combustion air and enables improved overall energy efﬁciency of the unit. In ﬂue gas
recirculation system, the ﬂue gas draft off downstream the dust separation equipment, e.g., electrostatic precipitator or fabric ﬁlter, is blown back
into the combustion chamber. It reduces the content of fresh air in the gas that is injected at the
secondary air injection level, where the ﬂow rate
of recirculated ﬂue gas is controlled by a variable
speed drive as calculated by the CCS.
In order to improve combustion conditions and
emission values, HZI engineers developed HZI
low excess air process (LEAP), where the injection of secondary air and recirculated ﬂue gas is
done in two stages. In the ﬁrst stage, the primary
gas from the grate is mixed and partially
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WTE: Hitachi Zosen
Inova Moving Grate and
Anaerobic Digestion
Technologies,
Fig. 20 CFD simulation of
ﬂue gas ﬂow through
secondary combustion
chamber

combusted with recirculated ﬂue gas. Typically,
the primary gas from the grate on the ram feeder
side contains no residual oxygen but is rich in CO,
CO2, hydrocarbons, NOx precursors, and H2
(area A, see in ﬁgure below).
On the bottom ash discharge side, it is essentially unused air (area B). These two fractions are
effectively mixed and partially combusted with
the injection of recirculated ﬂue gas (Fig. 22).
LEAP reduces the combustion airﬂow rate and
allows boiler and ﬂue gas treatment system to be
smaller and more efﬁcient. With LEAP, the three
pillars of cost reduction are effectively improved:
efﬁciency, operating costs, and capital investment
(Fig. 23).
HZI Combustion Control System

Two interacting systems can be distinguished in the
HZI combustion control system: the standard

combustion control system (CCS) ensuring stable
operation under normal conditions and optional
enhanced combustion control system and optional
enhanced combustion control system (CCS+), which
further optimizes the combustion process using more
sophisticated control algorithms and additional sensors. It is also possible to expand the CCS+ system
with additional modules at a later stage on demand.
As a general overview, the two sub-systems
and their purposes are described below (Fig. 24).
The HZI CCS assures the operation of the plant
within the permissible limits of continuous operation deﬁned by the load range diagram by setting
program-internal limits, the adjustment of the
control strategies, and the follow-up on set points.
It is an integrated system that can handle varying
process conditions like ﬂuctuating boiler pressure
and load increase or decrease without over- or
undershoot. It ensures maximum availability and
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WTE: Hitachi Zosen Inova Moving Grate and Anaerobic Digestion Technologies, Fig. 21 Primary air/secondary
air ducts

WTE: Hitachi Zosen Inova Moving Grate and Anaerobic Digestion Technologies, Fig. 22 Gas mix by
HZI LEAP

WTE: Hitachi Zosen Inova Moving Grate and Anaerobic Digestion Technologies, Fig. 23 Beneﬁts of the
low excess air combustion process
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WTE: Hitachi Zosen Inova Moving Grate and Anaerobic Digestion Technologies, Fig. 24 HZI combustion
control system consisting of basic CCS and enhanced CCS+

WTE: Hitachi Zosen Inova Moving Grate and Anaerobic Digestion Technologies, Fig. 25 Control performance
of the HZI basic CCS in Lausanne (Switzerland)

automation of the combustion process. Effective
bunker management and waste mixing improve
the control performance so that standard deviations down to 1.5% can be achieved as proven in

the energy-from-waste plant in Lausanne
(Switzerland) (Fig. 25).
Since waste is a highly variable fuel, this is not
a simple task. Various parameters must be
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monitored, and various equipment need to be
controlled in a concerted way.
Developed by HZI engineers, the HZI combustion control system (CCS), implemented in the
DCS, calculates the required waste feeding (ram
feeder speed) and transport of the waste (grate
speed), based on combustion parameters.
The control of the grate and ram feeder systems
takes place on three hierarchy levels:
• The combustion control system (CCS) calculating values for speed of the ram feeder and
grate
• The grate and ram feeder control system serving as the interface between the CCS and the
actuators, where monitoring, controlling, and
individual movement deﬁnition are realized
• Local control units for each grate element allowing manual intervention to each element
(Fig. 26)
The ram feeder and grate control system ensure
correct movement of the grate at each movement
pattern to meet the requirements of the CCS. The
transport of the waste is realized by individual
movements of the grate elements and of the ram

WTE: Hitachi Zosen
Inova Moving Grate and
Anaerobic Digestion
Technologies,
Fig. 26 Grate and ram
feeder control cabinet/local
control unit

feeder, where the movement of the hydraulic cylinders of each grate element and the ram feeder is
controlled in the “grate and ram feeder control
cabinet.” Movement pattern and the stroke length
of each grate element enable easy adaptation
acc. to the waste characteristics.
The basic operation value calculation of the
CCS uses the plant-speciﬁc combustion design
parameter to compute adequate start values for
all the control variables, based on the required
operating point in the combustion diagram. The
operating point is deﬁned by the preset live steam
set point and the expected waste NCV (net caloriﬁc value). The ﬁre position adjustment lets the
operator adjust the ﬁre end line to speciﬁc needs
and optimize the combustion process in an intuitive way (Fig. 27).
Developed by HZI engineers, enhanced combustion control system (CCS+) is an integrated
solution in addition to HZI CCS. The purpose of
the system is to allow the implementation of more
sophisticated and elaborate control strategies,
leading more stable operation of the plant and to
a higher degree of automation. In addition, more
advanced and demanding operating modes
become available, where the plant can be operated

WTE: Hitachi Zosen Inova Moving Grate and Anaerobic Digestion Technologies, Fig. 27 Example of a user interface – three inputs (yellow areas). 1. Steam ﬂow set point.
2. Waste NCV estimation. 3. Fire position adjustment
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closer to the design limits, potentially opening the
ﬁeld for increased revenues.
The software consists of several modules. Two
basic modules are always included as they are
essential and directly improve the control performance: module “improved feed rate control” and
module “online waste NCV analysis.” Additional
functionalities can be installed – also at a later
stage – upon demand; the system is expandable
and can be upgraded at any time. The primary goal
of these two essential modules is to gain more
insight about the otherwise largely unknown
waste characteristics such as net caloriﬁc value,
which would only possible by calculating after
combustion in a retrospective way without
CCS+. The module “improved feed rate control”
adapts the combustion automatically to changing
physical characteristics of the waste, while the
module “online waste NCV analysis” can calculate the heating value of the waste (chemical characteristics) and automatically preset the
combustion to this waste. Thus, the user input

“NCV class” of the CCS can become fully
automated.
The high variability in the physical properties of
waste is the major source of disturbance for the
combustion process. The improved feed rate control
includes several measures to equalize the fuel supply
to the grate and to maintain the solid matter balance.
With the waste volume in the feed hopper
measured by a 3D laser scanner and the crane
weight, the CCS+ compares the measured and
the theoretical waste volume ﬂow and adjusts the
ram feeder delivery rate accordingly. The density
is estimated by comparing the volume before and
after the crane has released the waste. This information is processed in the CCS+ as it is an indication about the physical properties such as
compressibility (Fig. 28).
The ram feeder hydraulic pressure is used to
equalize the waste feeding rate and to detect disturbances caused by very light or very heavy
waste. In addition, this signal may serve as an
indication of a waste blockage in the feed hopper.

Waste weight [kg]
Waste volume [m3]

Heavy waste fraction
Light waste fraction
P

ΔP

Wr =
ΔPexpf(F)

s
P
Ram feeder pressure [bar]

ρ
Ram feeder pos. [mm]
Differencial pressure [mbar] ΔP
PA volume flow [m3/h i.N.]

F

WTE: Hitachi Zosen Inova Moving Grate and Anaerobic Digestion Technologies, Fig. 28 Module “improved
feed rate control.” Left sketch of the principle, right image of the 3D laser scanner
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To estimate waste layer height and waste porosity, waste resistance coefﬁcient of the corresponding
grate element is calculated. The waste resistance
coefﬁcient is used to stabilize the amount of waste
on the grate and to prevent starving and overﬁlling.
The module “ﬁre end position control,” which
uses a combustion camera to calculate the ﬁre end
position, and the module “feed hopper blockage
detection” are optional and can be added to CCS+
anytime during the course of operation (Fig. 29).
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Heat Recovery and Heat Utilization

By means of a steam boiler, the energy in the ﬂue
gases is used to produce superheated steam, which
is then expanded in a turbine generator to generate
electricity. Alternatively, the heat can be used for
process steam supply for nearby industrial facilities or also combined with the heat from ﬂue gas
condensation for district heating purposes. Most
common conﬁgurations are shown in ﬁgures
below (Figs. 30 and 31).

WTE: Hitachi Zosen
Inova Moving Grate and
Anaerobic Digestion
Technologies,
Fig. 29 Example of
automated stable ﬁre
position at two different
lines in Plant Lucerne
(Switzerland)

WTE: Hitachi Zosen Inova Moving Grate and Anaerobic Digestion Technologies, Fig. 30 An EfW plant with
electricity production
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WTE: Hitachi Zosen Inova Moving Grate and Anaerobic Digestion Technologies, Fig. 31 An EfW plant with
district heating supply and energy production

WTE: Hitachi Zosen Inova Moving Grate and Anaerobic Digestion Technologies, Fig. 32 Different boiler
designs depending on plant requirements

Alternatively the combined cold and power
plant concept allows the use of heat in countries
where rather air conditioning is required than
heating. The electricity produced by the generator
is fed into a public electricity network. Part of the
steam is extracted from the turbine at a higher
pressure. It drives an adsorption chiller that converts the heat into cold water, which reaches the
consumers via a district cooling network.
The steam boiler is described by its conﬁguration in terms of the number and arrangement of
passes. A pass is a section of the boiler in which
the ﬂue gases ﬂow in the same direction.
Depending on the plant requirements and constructional limitations, the boiler can be designed
in various conﬁgurations (Fig. 32).

The main components of HZI’s in-housedesigned steam boiler are economizer, evaporator,
superheater, and boiler steam drum. In economizer, the pressurized feed water is preheated to
close to conditions and fed into the steam drum. In
evaporator, water is recirculated from and to the
steam drum until it partially evaporates. Steam is
separated in the steam drum and water is
recirculated again. In superheater the steam is
separated in the steam drum which is further
heated to desired conditions.
Depending on the boiler design, in radiation
and convection passes, the heat transfer takes
place through membrane walls. The ﬁrst pass is
located above the incinerator grate and consists of
membrane walls. Since these are exposed to the
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307

WTE: Hitachi Zosen Inova Moving Grate and Anaerobic Digestion Technologies, Fig. 33 Surface protection by
refractory lining and inconel cladding in the ﬁrst boiler pass

WTE: Hitachi Zosen Inova Moving Grate and Anaerobic Digestion Technologies, Fig. 34 Boiler steam drum

hottest temperatures, ﬂame impingement, and
aggressive ﬂue gas/boiler ash, they have to be
protected by refractory lining and/or inconel cladding. Refractory lining improves also waste ignition and burnout by protecting membrane walls
und preventing excess heat transfer (Fig. 33).
The steam drum is placed above the ﬁrst boiler
pass on the steel structure. It is the central part of
the steam boiler, where water and steam are separated and the water level and the steam pressure
are monitored. It includes a feed water preheater

coil as well as separating bafﬂes or cyclones to
efﬁciently separate water from the steam (Fig. 34).
In power plants it is extremely important to
monitor the water steam quality, which could otherwise lead to corrosion of the inner part of the
boiler tubes or to other serious malfunctions. The
boiler is therefore equipped with several sample
collecting and cooling units. All elements of the
sampling installation, which will be in contact
with the samples of water or steam, are made of
stainless steel.
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WTE: Hitachi Zosen
Inova Moving Grate and
Anaerobic Digestion
Technologies,
Fig. 35 Clean vs fouled
bundles

WTE: Hitachi Zosen
Inova Moving Grate and
Anaerobic Digestion
Technologies,
Fig. 36 Boiler water
shower cleaning system

Efficient cleaning of:
• Boiler cover
• Membrane walls
• Platen type heating

Possible entry
nozzles

Cleaning cone

Condensate (pH and conductivity)
Boiler water (pH and conductivity)
Steam (conductivity, SiO2, Na)
Feed water (oxygen, pH, and conductivity)

bundles is reduced during the operation time by
fouling (Fig. 35).
The purpose of online cleaning of the heat
exchange surfaces is to extend the operating
period and reduce maintenance cost. This can be
accomplished by various means. The main
options are:

A waste incineration boiler is inevitably
exposed to high ﬂy ash loads. Hence, the effectiveness of the heat exchanger surface in the

• Radiation pass cleaning system (water shower
cleaning)
• Sootblowers

The online/manual sampling station analyzes
the following streams:
•
•
•
•
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• Pneumatic rapping system for convection
passes
• Shock pulse generator
Radiation pass cleaning system (a water
shower cleaning system) can be installed for the
online cleaning of the empty boiler pass (Fig. 36).
It enables an automatic cleaning of the membrane walls by means of water injection. The
evaporation of the water on the dust layers results
in sudden cooling and contraction of the ash layer
which lets the ash layer crack and fall off.
During the beginning of operation campaign,
the clean surfaces of the evaporator sections take
more heat out of the ﬂue gases than in the average,
and less heat is available in the superheaters, leading to inadequate steam temperature. For this reason the water shower system is not often used in the
beginning, whereas with proceeding of the operation campaign, it is used more and more to assure
that the ﬂue gas temperatures at the inlet to the
superheaters do not exceed design temperatures.
Sootblowers allow an effective online cleaning
of tenacious fouling at heating surface banks with
high ﬂue gas temperatures with superheated steam
or compressed hot air as blowing agent. They are

WTE: Hitachi Zosen
Inova Moving Grate and
Anaerobic Digestion
Technologies,
Fig. 37 Retractable
sootblower
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installed in before, after, and between the bundles
in a vertical boiler pass (Fig. 37).
The shock wave generator uses an explosive
gas mixture of natural gas and oxygen which is
ignited to generate an explosion in controlled
conditions outside the boiler. The pressure wave
from this explosion is released into the boiler
through a discharge pipe, which directly removes
deposits and simultaneously vibrates walls and
tube bundles for short periods for enhanced
cleaning effect (Fig. 38).
Pneumatic rapping system is used to clean the
tube banks in the horizontal pass. Pneumatic
driven cylinders impact on the bottom collectors
of the bundles. The impact is transferred to the
collector by a ram and, from there, further to the
tubes. Owing to the impact, parts of the precipitated ash on the tubes fall down into the hoppers
and are removed by the ash handling system.
Hitachi Zosen Inova owns two different types
of boiler rapping systems.
By in-house-designed pneumatic rapping with
a carriage, the rapping system is installed on an
automatically moving conveyor on one/both sides
of the boiler and strikes each rod at a given interval with a deﬁned force (Fig. 39).
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WTE: Hitachi Zosen
Inova Moving Grate and
Anaerobic Digestion
Technologies,
Fig. 38 Shock wave
generator

WTE: Hitachi Zosen
Inova Moving Grate and
Anaerobic Digestion
Technologies,
Fig. 39 Automated rapper
system with carriage

The key in this technology is to hit the bundle
at the right place with the right force to achieve
ideal vibrations and acceleration. For cleaning to
work, the harp must deﬂect sufﬁciently at impact,
and only a small amount of damping is allowed,
since, otherwise, the impact energy applied by the

rapping device would be negated. An optional
online monitoring of boiler rapping enables high
automation and effective cleaning of the bundles.
In this system inductive sensors record the movement of the ram and bundles after every hit of the
hammer, and the local control unit evaluates the
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WTE: Hitachi Zosen Inova Moving Grate and Anaerobic Digestion Technologies, Fig. 40 Example of a good and
poor rapping point

WTE: Hitachi Zosen
Inova Moving Grate and
Anaerobic Digestion
Technologies,
Fig. 41 Boiler rapping
with individual impact
cylinders

measured data and passes on any alarm messages
to the process control system (Fig. 40).
(Left) Sufﬁcient deﬂection and number of
oscillations: the rapping device has a good
cleaning effect. (Right) Deﬂection too small and
no oscillations: the rapping device has no cleaning
effect.
If deviations from the reference measurements
are detected (e.g., at the beginning of the

operating period), remedial action can be initiated.
Consequently the inspections can be better prepared (procuring spare parts, estimating the time
input) and carried out because weak points are
often missed when the plant is cold.
By pneumatic rapping with single impact cylinder, the lower header of the bundles is hit with
individual cylinders, which are ﬂanged on the ram
housing (Fig. 41).
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WTE: Hitachi Zosen Inova Moving Grate and Anaerobic Digestion Technologies, Fig. 42 Feed water tank

Feed water system provides the required feed
water ﬂow at the right pressure for the boiler and
superheaters. It also provides spray water as
cooling water for the attemperators of the boiler,
the HP steam bypass station, and the HP-LP steam
pressure reduction station. The feed water system
consists of the deaerator with feed water tank, the
redundant feed water pumps, and all the associated piping and valves (Fig. 42).
A reagent injection system is provided to facilitate conditioning of the boiler water. Ammonia
water NH4OH is fed continuously into the feed
water pipe between the feed water tank and the
feed water pumps. The purpose of the chemical
dosing system is to condition the water-steam
cycle by the addition of chemicals such that
required water and steam properties are
maintained. At the same time, a demineralized
water system assures continuous supply of
demineralized water for the boiler with sufﬁcient
capacity and redundancy. It cleans the available
raw water to obtain the required purity and

chemistry for a steam boiler and turbine system
in order to prevent corrosion and equipment damage. Additional water puriﬁcation steps may be
needed if the raw water source for the EfW plant is
of low quality.
The boiler produces high-pressure superheated
steam which is sent to the turbine/generator to create
electrical energy during normal operation. In order
to compensate for possible variations in load, the
steam is ﬁrst sent to the high-pressure steam (HPS)
system. From there the high-pressure steam is delivered further to several consumers, e.g., steam turbine, HP steam bypass station, and HP-LP steam
pressure reduction station. In addition, there may be
other HPS consumers as per plant or external steam
consumer requirements (Fig. 43).
The low-pressure steam system distributes
low-pressure steam, which is usually taken from
the turbine bleed port to the LP header to several
consumers, e.g., deaerator, primary air preheater,
secondary air preheater, and evacuation equipment, possibly district heating system.
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Fig. 43 HP steam header

WTE: Hitachi Zosen
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Anaerobic Digestion
Technologies,
Fig. 44 Steam and
condensate circle

Turbine System

The superheated steam coming from boiler is
transformed into rotary motion and electrical
energy in a turbogenerator set that is used to
cover the plant’s own electricity needs and to
feed the public electrical grid. Within the turbine,
the steam expands and cools down. Thereafter it is
condensed in an air- or water-cooled condenser.
To close the cycle, the condensate is pumped back
into the boiler as feed water and converted to
steam again (Fig. 44).
If there is a beneﬁcial use for heat, the steam
cycle can be adjusted in various ways depending
on the amount and temperature level of the
required heat. The heat may be supplied directly

as process steam for industrial use or transferred
as hot water to public district heating networks. In
a combined heat and power production plant,
while a higher heat demand reduces electricity
production, it increases the total efﬁciency of the
complete plant.
Bleed pipes located at different locations on the
turbine body allow to extract steam at several pressure levels, so that different steam consumers in- or
outside the EfW plant can be supplied (Fig. 45).
To cool down the oil circuit of the steam turbine, the generator, the steam/water sampler, as
well as other process equipment that requires
active cooling, a cooling system is designed as a
closed circuit.
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WTE: Hitachi Zosen
Inova Moving Grate and
Anaerobic Digestion
Technologies,
Fig. 45 Typical steam
turbine and generator

Condenser and Condensate System

During regular plant operation, the exhaust steam
from the turbine condenses in the air- or watercooled condenser, which is situated normally near
to turbine house. In case of start-up, shutdown,
overload, or trip of the turbine, all or a part of the
live steam ﬂows into the condenser via the turbine
bypass system. The thermal capacity of the condenser is high enough so that it is able to condense
the saturated steam that bypasses the turbine. In
transitions from normal operation to exceptional
cases, such as island mode and bypass operation,
excess steam may need to be blown off for a short
period of time during in order to prevent a possible shutdown of the turbine or the plant. The lower
the condensation temperature which can be
achieved, the higher is the electrical energy efﬁciency of the turbine and the EfW plant.
Condensers can typically be one of the following two types:
• Air-cooled condenser
• Water-cooled condenser
An element of the air-cooled condenser consists of tubes with steam circulating and condensing inside and cooling air ﬂowing outside. The
elements of the condenser form a roof on the top
where the steam pipe distributes the steam to the
condensing surfaces. The condensate is collected

at the bottom of the “roof.” Air-cooled condenser
causes negligible impacts to the environment and
the neighborhood and other parts of the plant
(Fig. 46).
Water-cooled condenser system consists of a
straight tube condenser with integrated hot well,
condensate pumps, equipped with electrical motor
and frequency converter and the condensate piping. A mechanical tube cleaning system is
installed to minimize the built-up of contamination on the heat transfer surfaces.
The condensate from the condenser is collected and transported to the feed water tank.
All drainage and condensate returned from
other consumers, e.g., air preheater, are collected
in an auxiliary condensate tank and delivered to
the feed water tank by auxiliary condensate
pumps.
Flue Gas Treatment

A multistage ﬂue gas treatment consisting of various processes ensures the effective cleaning of
the ﬂue gases. These processes can be brieﬂy
listed as nitrogen oxide (NOx) reduction, acidic
gas, and particle/solid separation. The clean gas
after ﬂue gas treatment systems is continuously
monitored by a continuous emission monitoring
system (CEMS) before being released into the
atmosphere via the stack in order to fulﬁll the
strictest emission requirements.
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WTE: Hitachi Zosen Inova Moving Grate and Anaerobic Digestion Technologies, Fig. 46 Air-cooled condenser

Nitrogen
Oxide
(NOx)
Reduction
Measures Harmful nitrogen oxides (NOx),
mainly consisting of NO and NO2, are generated
as by-product in every combustion process.
Nitrogen in the combustion air and the nitrogen
chemically bound in the waste react partially
with the oxygen at combustion temperatures
and form NOx. Nitrogen oxide reduction
includes multiple measures with the goal to
have lowest concentrations of it in the ﬂue gas
leaving the plant.
The ﬂue gas recirculation and low excess air
process mentioned above are powerful means to
minimize the formation of NOx, whereas the NOx,
which has already been formed during combustion, can be reduced by chemical reaction as
shown below and form nitrogen and water vapor.
2 NO þ 2 NH3 þ O2 ! 2 N2 þ 3 H2 O
2 NO2 þ 4 NH3 þ O2 ! 3 N2 þ 6 H2 O
This reaction can technically be realized at
different temperature ranges:
• At high temperatures, as a spontaneous and
selective reaction, referred to as the selective
non-catalytic reduction (SNCR)

• At lower temperatures, only with the aid of a
catalyst, referred to as the selective catalytic
reduction (SCR)
The in-house-designed HZI SNCR process
has been perfected through years of operating
experience and extensive R&D works. It is
based on the principle of injecting an ammoniacontaining reagent into the post-combustion
chamber of the furnace where the temperature
range is between 850  C (1,560  F) and 950  C
(1,740  F). The narrow temperature window of
850–950  C is necessarily required for successfully reduction of NOx due to the fact that temperatures higher than 1000  C trigger the
undesired secondary reactions according to the
below shown formulas and are responsible for
higher ammonia water/urea solution consumption. On the other side at temperatures below
800  C, the efﬁciency of the NOx separation
declines considerably, and a large portion of the
injected ammonia is routed to the ﬂue gas treatment system without having been used.
Main reactions
4 NO þ 2 NH3 þ O2 ! 2 N2 þ 6 H2 O
2 NO2 þ 4 NH3 þ O2 ! 3 N2 þ 6 H2 O
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Secondary reactions
4 NH3 þ 5 O2 ! 4 NO
þ 6 H2 O at temperatures


> 1000 C
4 NH3 þ 3 O2 ! 2 N2 þ 6 H2 O
Because the temperature proﬁle in this area of
the boiler is subject to ﬂuctuations, several injection points in the post-combustion chamber are
required. The key of a good SNCR process is to
inject the reagent at exactly the right temperature
level and to mix it evenly into the ﬂue gases. For
this purpose the post-combustion chamber is
divided virtually into several vertical segments.
Each segment consists of a distribution module
and injection nozzles on several levels (Fig. 47).
WTE: Hitachi Zosen
Inova Moving Grate and
Anaerobic Digestion
Technologies,
Fig. 47 HZI SNCR setup

WTE: Hitachi Zosen
Inova Moving Grate and
Anaerobic Digestion
Technologies,
Fig. 48 Ammonia
injection nozzles

The conﬁguration of the nozzles makes it possible to achieve full-area coverage of the injection
medium across the entire cross section of the postcombustion chamber. By means of optional IR
pyrometers for DyNOR®, the optimum position
for ammonia/urea injection is detected (Fig. 48).
Developed by Hitachi Zosen Inova engineers, DyNOR ® (Dynamic NOx Reduction) is
an improved SNCR process that succeeds in
doing what previously was only possible with
a SCR process. It reduces nitrogen oxides to
very low levels with minimized ammonia slip
and with minimum initial investment. For
maintaining stronger NOx limits, each distribution module must be controlled independently
by an infrared pyrometer installed at the
according segment.
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By means of the selective catalytic reduction
(SCR) process, the reaction of nitrogen oxides in
the ﬂue gas with ammonia can be efﬁciently done
at low temperatures between 180  C and 240  C in
the presence of an appropriate catalyst (Fig. 49).
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The aqueous ammonia solution (NH4OH) is
sprayed upstream of the catalyst into the ﬂue gas
duct together with compressed air or to the
NH4OH evaporator. Similar to SNCR process,
the nitrogen oxides are converted to nitrogen and
water. The SCR process involves the following
global chemical reactions:
4 NO þ 4 NH3 þ O2 ! 4 N2 þ 6 H2 O
2 NO2 þ 4 NH3 þ O2 ! 3 N2 þ 6 H2 O

WTE: Hitachi Zosen Inova Moving Grate and Anaerobic Digestion Technologies, Fig. 49 SCR reactor
with layers, catalyst module, and element

WTE: Hitachi Zosen
Inova Moving Grate and
Anaerobic Digestion
Technologies,
Fig. 50 Cleaning of the
catalyst modules

The reaction reaches separation efﬁciencies of
up to 90% at stoichiometric quantities of ammonia
injected, and thus a minor ammonia slip appears.
The conversion of a small amount of sulfur dioxide (SO2) to sulfur trioxide (SO3) occurs as an
undesired side reaction.
The homogeneity of the ﬂue gas before entering catalyst is crucial for the proper NOx separation. It is usually obtained by means of a static
mixer installed in the ﬂue gas duct before the
casing inlet. The catalyst elements used are
TiO2/V2O5/WO3-based honeycomb elements
with a large number of square holes and a pitch
of a few millimeters. This design provides a very
large speciﬁc surface area for catalytic reduction
of nitrogen oxides at a reasonable pressure drop,
whereas they have to be cleaned regularly in order
to maintain low-pressure drop (Fig. 50).
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At operating temperatures below about 220  C
(430  F), the catalyst needs to be periodically
regenerated. This can be done during operation;
in order to evaporate possible salt deposits from
the surface of the catalyst modules, the ﬂue gas
entering the catalyst is heated up to about 320  C
(610  F) over a period of about 6 h.
A gas-gas heat exchanger is only needed in tailend conﬁguration. The ﬂue gases entering the catalyst have to be reheated. The most economical
way to reheat ﬂue gases is by transferring the heat
by means of a gas-gas heat exchanger. This can be
done by a plate or tube-type steel heat exchanger.
Final preheating can also be done with a steam-gas
heat exchanger, where steam from the boiler steam
drum is used for this purpose. Alternatively if
steam is not available or if the ﬂue gases have to
be heated above the temperature range that is practical for a steam preheater, like for regeneration, the
gas can be heated with a duct burner.
Acidic Gas and Dust Removal Acid gases such
as hydrogen chloride (HCl), hydrogen ﬂuoride
(HF), sulfur dioxide (SO2), and sulfur trioxide
(SO3) are formed when wastes containing chlorine, ﬂuorine, and sulfur are burned. Removal of
acid gases involves the use of an alkaline reagent,
which reacts with the acid and forms a nonvolatile
salt, which in most cases has to be disposed of.
Depending on the physical state in which the
reaction takes place, Hitachi Zosen Inova provides various ﬂue gas treatment solutions:
• Dry ﬂue gas treatment – HZI XeroSorp ®:
The reagent, lime or sodium bicarbonate, is
injected, and the reaction products are removed
as a dry powder. Temperature control happens
upstream of the process.
• Wet ﬂue gas treatment – HZI wet scrubber:
The contaminants in the ﬂue gases are
absorbed in an aqueous solution and either
internally or externally neutralized with an
alkaline reagent.
• HZI SemiDry ® ﬂue gas treatment: Semidry
means the reagent is injected as a dry powder but
is subsequently conditioned by a separate water
injection. The water evaporates in the process so
the reaction products are removed as a dry

powder. The ﬂue gas temperature is controlled
in the process by the amount of water added.
• HZI SemiDry® ﬂue gas treatment combined
with scrubber, where the scrubber purge can be
used in the semidry reactor. This allows a high
efﬁcient FGT system without liquid efﬂuent.
Dry ﬂue gas treatment – HZI XeroSorp ® is
designed to remove all dust particles, most of the
acidic gaseous contaminants by neutralization
with sodium bicarbonate or hydrated lime and
organic pollutants (PCDD/F) as well as mercury
and other heavy metals by adsorption on activated
carbon/lignite coke. Flue gas is contacted with the
additives in a reactor; to achieve best performance
and minimal additive consumption, solids from
the fabric ﬁlter are recirculated into the reactor,
where the chemical reactions take place (Fig. 51).
In these reactions the sodium bicarbonate
(NaHCO3) decomposes into sodium carbonate,
water, and CO2 at ﬂue gas temperatures above
150  C. This intermediate process (so-called thermal activation) further enlarges the active reaction
surface of the absorbent. The acidic gases are then
neutralized by sodium bicarbonate, and the residues
produced in this process are mainly salts. As H2O
and CO2 will be formed in each reaction and will
leave the process in gaseous state, the total amount
of residues is less compared with lime-based processes. With CFD analysis, the optimum injection
point and the reactor shape are designed (Fig. 52).
On the other hand, if used as adsorbent,
hydrated lime (Ca(OH)2) binds the gaseous contaminants, where salts CaSO3, CaSO4, CaCl2, and
CaF2 remain as residue.
Solids in the ﬂue gas coming from the reactor
are separated in the fabric ﬁlter and collected in
the ﬁlter hoppers. Chain conveyors transfer the
solids to collecting bins, from where they are
either recirculated back to the reactor or transported to residue silos.
The XeroSorp ® ﬂue gas treatment process is
characterized by the following features:
• Lowest additive consumption due to residue
circulation, reducing additive and residue cost.
• Damping of peaks due to high-residue capacity
in the recirculation system.
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WTE: Hitachi Zosen
Inova Moving Grate and
Anaerobic Digestion
Technologies,
Fig. 51 HZI XeroSorp ®
process

• Dry injection of additives; no water injection,
therefore no energy loss and simple operation.
• High energy efﬁciency due to low total system
pressure drop.
• High availability due to simple construction
and compact design.
• Low maintenance and operation costs.
• Low manpower requirement due to very simple operation.
• Lime is a very common additive in industry
and largely available at low costs.

WTE: Hitachi Zosen Inova Moving Grate and Anaerobic Digestion Technologies, Fig. 52 Example CFD
model of XeroSorp ® reactor; on top right side, fresh additive injection; at down in the middle, recirculated solid
injection

In the HZI SemiDry ® ﬂue gas treatment process, the separation of acidic gaseous contaminants is done by hydrated lime – injected as a
dry powder. The ﬂue gas is subsequently conditioned by a separate water injection. Similar to dry
ﬂue gas treatment process, activated carbon/lignite coke is used as adsorbent for mercury,
dioxins, and other semi-volatile organic pollutants, whereas other condensed heavy metals are
separated in the fabric bag ﬁlter.
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The ﬂue gas enters the reactor centrally from
below and forms a ﬂuidized bed, which lifts the
injected solids in a turbulent way to the top section. Due to the intensiﬁed gas/solid contact in the
ﬂuidized bed, gaseous pollutants are bound to the
solid particles via chemical reactions at approx.
145  C. Injection of atomized water ensures the
right ﬂue gas temperature and reactivation of
recycled lime particles. The water supplied from
the tank by high-pressure pumps is injected
through a nozzle, which is specially developed
for this purpose and automatically cleaned by
pressurized air.
The solids separated and collected in the ﬁlter
hoppers are ﬂuidized by means of air blowers and
recirculated to the reactor by gravity in an
adjusted ﬂow (Fig. 53).
Three control loops ensure low emissions and
minimized hydrated lime consumption: regulated
solid ﬂow control, ﬂue gas temperature control,
and hydrated lime control. Also with an optional

WTE: Hitachi Zosen
Inova Moving Grate and
Anaerobic Digestion
Technologies,
Fig. 53 HZI SemiDry ®
process

dry lime slaker, the hydrated lime supply costs can
be minimized considerably.
Basically, HZI SemiDry ® process is characterized by the following features:
• High availability and low maintenance/operation costs due to simple and compact
construction.
• Thanks to residue recirculation optimized use
of absorbent, reducing cost of consumables,
and residue amount.
• High buffering capacity and tolerance against
highly ﬂuctuating raw gas contaminants.
• Dry injection of hydrated lime (Ca(OH)2) makes
the process independent from water injection,
which is not the case with lime slurry injection.
• Scrubber blowdown can be injected to the
semidry reactor, which makes achieving
strictest emission values without liquid afﬂuent
possible and improves water balance of the
plant (Fig. 54).
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WTE: Hitachi Zosen Inova Moving Grate and Anaerobic Digestion Technologies, Fig. 54 HZI SemiDry ® FGT
plant in Dublin (Ireland)

In wet ﬂue gas treatment system, HZI wet
scrubber, the ﬂue gases are cooled down to saturation temperature, and acids are absorbed in the
liquid phase. Acids may be neutralized internally
or externally (in an efﬂuent water treatment).
In terms of process engineering, the scrubber can
be generally characterized as a quenching crosscurrent column followed by a countercurrent
absorption column, with a variety of internals.
The scrubber is used to remove acid gases from
the ﬂue gas, as well as submicron particles, heavy
metals, and salts in vapor and aerosol form.
The individual scrubber stages efﬁciently
remove the various contaminants of the ﬂue gas.
In general, the scrubber comprises the following
stages in direction of the ﬂue gas ﬂow:
• Scrubber stage 1: Quench stage with/without
secondary injection
• Scrubber stage 2: Packed bed stage (with/without NaOH injection)
• Scrubber stage 3: Ring jet stage (with/without
NaOH injection) (Fig. 55)

In the quench stage, the ﬂue gases are preconditioned and cooled down in order to reach the
vapor saturation temperature of approx. 60  C, while
the gaseous contaminants HCl, HF, and Hg are
absorbed to a signiﬁcant extent. The water is injected
into the quench stage via nozzles, and this process
protects the downstream scrubber stages from excessive ﬂue gas temperatures as most system components in the wet section of the ﬂue gas cleaning
system are made of plastics, which will not withstand a continuous temperature exceeding 90  C.
The scrubber tower component is set up as a vertical
vessel (countercurrent column) with a variety of
internals like mist separator, packed bed stage, and
ring jet stage in different combinations, depending
on the plants ﬂue gas requirements (Fig. 56).
After each stage an individual mist separator
stage, which prevents contaminant-laden water
droplets from being entrained into the next stage,
is located. The inertia of the droplets causes them
to settle on the mist separator plates which are
specially shaped in order to prevent the separated
liquid from bouncing back into the gas stream.

322

WTE: Hitachi Zosen Inova Moving Grate and Anaerobic Digestion Technologies
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Fig. 55 Schematic view of
typical Hitachi Zosen Inova
Scrubber design (three
stages)
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13 Droplet separator
12 Water supply Ringjet
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10 Ringjet water tank

9 Droplet separator

8 Water spray packed bed

Flue gas inlet 1

7 Packed bed

Quenching 2

6 Packed bed water tank

Post-quenching 3

5 Droplet separator

4 Quench water tank
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In packed bed stage, the ﬂue gas is intensively
scrubbed as it ﬂows through the packed bed made
up of high-performance packing elements. The
large speciﬁc surface area of the packing elements
results in a very good absorption of HCl and HF in
the scrubber liquid (Fig. 57).
The ﬂue gas ﬂows from below through the mist
separator stage and the separating bottom into the
ring jet section. In this scrubber stage, mainly
submicron particles and aerosols are efﬁciently
removed from the ﬂue gas as it ﬂows through the
ring jet nozzles. The ring jet is designed as a multiventuri stage, in which the gas stream is subdivided into several subsidiary ﬂows of about
2000 m3/h (Fig. 58).
A scrubber with integrated condensing stage
allows heat recovery by means of condensation
and transferring the heat with a water/water HEX

Hitachi Zosen
INOVA

to a district heating system. Alternatively a separate condensing scrubber with packed bed stage
can be supplied. Depending on the heat requirements by the district heating system, the condensing scrubber can be run in condensing or noncondensing mode, whereby the condensing
mode is the normal operating mode.
In a case where there is no possibility for
efﬂuent discharge, a combination of HZI SemiDry ® ﬂue gas treatment with wet scrubber can be
a perfect ﬁt. In this process scrubber water blowdown from the quenching stage is directed to the
semidry reactor for ﬂue gas cooling, while water
balance of the plant is improved (Fig. 59).
Particle Separation Fabric ﬁlter and electrostatic precipitator are two solutions provided by
HZI to separate solids from ﬂue gas. Fabric ﬁlter is
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integrated in every HZI SemiDry ® and
XeroSorp ® process; however both fabric ﬁlter
and electrostatic precipitator can be supplied additionally to any process depending on emission
requirements and FGT setup.
The fabric ﬁlter separates the solids from the
ﬂue gas using the ﬁltration on the surface of a gas-

WTE: Hitachi Zosen Inova Moving Grate and Anaerobic Digestion Technologies, Fig. 56 Scrubber tower

WTE: Hitachi Zosen
Inova Moving Grate and
Anaerobic Digestion
Technologies,
Fig. 57 Scrubber packed
bed stage elements
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permeable fabric. Due to the intensive contact of
the ﬂue gas and the adsorbents in the ﬁlter layer,
the removal of pollutants from the ﬂue gas is
further improved.
The fabric ﬁlter is a multi-chamber bag ﬁlter
with several compartments, and each chamber can
be isolated from the ﬂue gas stream by means of
automatic driven ﬂap gates in case of a leakage in
the ﬁlter material. The ﬂue gases enter into the
respective ﬁlter chamber and are deﬂected by a
distributor panel, located right under the ﬁlter
cover, to assure a uniform distribution of the
gases through the ﬁlter and separate a large part
of the solids carried with the ﬂue gas (Fig. 60).
The gases ﬂow around the outside of an array of
the ﬁlter bags suspended in the chamber. Then they
pass through the ﬁlter media routed at the end to the
clean gas duct. The ﬁlter bags are automatically
cleaned in relation to the pressure drop, and heaters
on the hoppers prevent dew point undershoot during start-up and shutdown phases as well as during
operational interruptions (Figs. 61 and 62).
Electrostatic precipitator enables particle separation of the ﬂue gas coming directly from the
boiler passes with high temperatures, using one
to three sections in series. The electric ﬁeld in one
section is created by emission and collecting electrodes arranged in narrow channels. The voltage
converter applies a high DC voltage (several thousand volts) to the emission electrodes (negative
charge) and collecting electrodes (positive
charge). This creates a corona discharge in the
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vicinity of the emission electrodes, causing electrons to be emitted at the electrode surface. Some
of the electrons become attached to the dust particles, giving them a negative charge. In response
to the electric ﬁeld, the electrically charged dust
particles migrate to the collecting electrodes,
where they are deposited as a dust layer.
As soon as a sufﬁciently thick dust layer has
been formed on the collecting electrodes, rapping
units (periodic rapping pulses) detach the accumulated dust layer from the plates. The dust drops

WTE: Hitachi Zosen Inova Moving Grate and Anaerobic Digestion Technologies, Fig. 58 View from the
bottom of scrubber ring jet stage

WTE: Hitachi Zosen
Inova Moving Grate and
Anaerobic Digestion
Technologies,
Fig. 59 Schematic view of
typical HZI SemiDry/
Scrubber combination

into the dust hopper located underneath the electrodes and is removed from there by a drag
conveyor.
The system size, the shape of the electrodes,
and the spacing between the emission and the
collecting electrodes are optimized for speciﬁc
operating conditions in terms of electrical,
mechanical, and ﬂow-related characteristics
(Fig. 63).
Additives (reagents and sorbents) to the ﬂue
gas treatment are stored and transported by the
additive feed system. The reagent (hydrated lime)
storage is done in silos, whereas the sorbent storage (activated carbon) can be a silo or a big bag,
depending on the size of the plant, and typically
contains a few days’ to a week’s supply. The
discharge from the storage is ensured by a
mechanical discharge and dosing system. Then
the additive is conveyed to the reactor pneumatically and injected as dry powder together with the
transport air directly into the ﬂue gas system.
Cleaned ﬂue gas, coming from ﬂue gas treatment, is pushed by induced draft fan (ID fan),
which also maintains an under pressure in the
combustion chamber, through ﬂue gas ducts and
the stack. It is driven by a variable speed drive. At
the end stack expels the clean ﬂue gases to the
atmosphere at a high enough point to ensure
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WTE: Hitachi Zosen Inova Moving Grate and Anaerobic Digestion Technologies, Fig. 60 Filter chamber cover
and look to the inside of chamber from top

WTE: Hitachi Zosen
Inova Moving Grate and
Anaerobic Digestion
Technologies,
Fig. 61 Cleaning
procedure of the fabric
ﬁlter. Left, pulse air supply
to each ﬁlter bag; right,
cleaning of the particle layer
with air pulse

adequate dispersion. The ﬂue gas ducts, ID fan,
and ﬂues of the stack are thermally insulated to
avoid excessive condensation along the walls
(Fig. 64).
Since the stack is normally the most visible
part of an EfW plant, there are ideas how a stack
could be converted to a landmark with architectural treatment as done in HZC plant in Osaka,
Japan (Fig. 65).
Emission limits for EfW plants are more stringent than for any other thermal power or process

plant. This requires best available technologies
(BAT) for pollution control. During the operation
continuous emission monitoring system (CEMS)
monitors the quality of the ﬂue gas exiting the
stack and to provide signals to the various control
loops of the air pollution control systems. While
all legal emission limits can be safely kept, it is
also possible to design plants which lead to substantially lower emissions as required by the
referenced national limits by combining different
stages, e.g., a semidry and wet scrubbing system.
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WTE: Hitachi Zosen
Inova Moving Grate and
Anaerobic Digestion
Technologies,
Fig. 62 Fabric ﬁlter in a
HZI SemiDry FGT

WTE: Hitachi Zosen Inova Moving Grate and Anaerobic Digestion Technologies, Fig. 63 Electrostatic
precipitator plant in Giubiasco (Switzerland)

WTE: Hitachi Zosen Inova Moving Grate and Anaerobic Digestion Technologies, Fig. 64 Flue gas ducts,
ID fan, stack
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InovaRe by HZI enables valuable metals to be
recovered from waste, where thermal treatment in
the furnace is followed by a dry discharge of
bottom ash. This allows metals, such as iron,
aluminum, zinc, copper, silver, and gold, to be
recovered.
The efﬂuent treatment process neutralizes
blowdown from wet ﬂue gas scrubbers or from
ﬂy ash washing and removes contaminants such
as heavy metals, ammonia, or persistent organic
pollutants (POPs). Depending on the plant conﬁguration, some contaminants such as mercury or
zinc can be recovered for recycling. The only
remaining components in the cleaned efﬂuent are
naturally occurring salts such as sodium and calcium chlorides and sulfates.

WTE: Hitachi Zosen Inova Moving Grate and Anaerobic Digestion Technologies, Fig. 65 Stack of the
HZC plant in Osaka, Japan

Residue Treatment

Thermal waste treatment plants produce bottom
ash and ﬂue gas treatment residues which can be
at least partly be reused or landﬁlled. Bottom
ashes are continuously discharged at the end of
the grate, along with siftings falling through the
small gaps between the grate blocks or through
grate for riddlings (GfR), into the bottom ash
discharger where it is quenched in water or collected dry for dry bottom ash treatment. The bottom ash consists mostly of noncombustible waste
components such as glass, minerals, or scrap
metals. The volume and nature of the residues
produced in the ﬂue gas cleaning depend mainly
on the composition of the waste. With a secondary
treatment process, large parts of these materials
are reused, where it can be taken to a treatment
facility for metal recovery and reuse of the inert
material for road construction.

HZI InovaRe It has long been known that the
residue from the combustion process is much
more than simply bottom ash and actually contains valuable metals and minerals. Recovering
metals from bottom ash is an increasingly significant aspect of urban mining for the operators of
energy-from-waste plants. InovaRe is a modular
system from Hitachi Zosen Inova that enables
operators to boost the proﬁtability of their plant
by efﬁciently treating discharged bottom ash. The
process has four key beneﬁts:
• It enables the proﬁtable recycling of valuable
raw materials such as copper, aluminum,
and gold.
• It reduces the amount of residual bottom ash
that has to be transported and put in landﬁll.
• It saves huge amounts of CO2 compared with
primary production thanks to recycling.
• It secures a high-quality mineral fraction suitable for subsequent reuse.
This modular system is based on four underlying products: dry bottom ash discharge, dry
mechanical bottom ash treatment for conventional
wet discharge, the grate for riddlings, and HZI
DryMining. The latter two focus on the <10 mm
ﬁne fraction, which makes up around 40% of the
total bottom ash and contains a signiﬁcant portion
of the valuable metals. As can be seen in the
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WTE: Hitachi Zosen Inova Moving Grate and Anaerobic Digestion Technologies, Fig. 66 Distribution of metals
in bottom ash and CO2 footprint savings in aluminum recycling

following ﬁgures, around 70% of the valuable
nonferrous metals, such as aluminum, copper,
and zinc, as well as silver and gold, are to be
found in the <10 mm ﬁne fraction of the bottom
ash (Fig. 66).
With conventional discharge methods, this
fraction is largely lost to setting reactions with
inert minerals or oxidation processes. This
makes separating the metals much more difﬁcult,
resulting in poor recovery rates. In order to prevent oxidation, there are two solutions available:
• Dry discharge with integrated or downstream
sieving
• HZI grate for riddlings
HZI’s dry mechanical treatment system
enables the effective recovery of minerals and
metals from bottom ash extracted. These can
then be processed further or recycled as secondary
raw materials and materials for use in construction
(Fig. 67).
The grate for riddlings (GfR) separates the ﬁne
fraction directly from the grate to give access to
the valuable small particles. The ﬁne particles fall
through narrow gaps of predeﬁned width between

the grate elements, helped by mechanical back
and forth movements and special deﬂectors on
the grate, and land in a substructure (Fig. 68).
Dry ﬁne bottom ash can be eventually sent to
HZI DryMining, a fully automated dry treatment
tower, where the ferrous metals are separated ﬁrst,
with nonferrous metals then sieved and sorted by
density to ensure the recovered particles are of
high quality.
Wastewater Treatment HZI provides also
wastewater treatment in order to minimize the
environmental effects of the plant. The aim of
this process is to neutralize the wastewater, to
precipitate the heavy metals, and to separate all
particles and pollutants. The treated wastewater
has the quality which allows drainage into a
sewer.
It consists of different procedures: wastewater
neutralization, liquid/solid separation, and sludge
dewatering.
The wastewater may contain pollutants like
HCl, HF, Na2SO4, and various heavy metals.
Adding of lime slurry [Ca(OH)2] at the neutralization stage increases the pH value to a level of
approximately 9.5, leading to a hydroxide
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WTE: Hitachi Zosen Inova Moving Grate and Anaerobic Digestion Technologies, Fig. 67 Dry mechanical
bottom ash treatment in HZI plant in Poznan (Poland)

and FeCl3) is added. Liquid/solid separation may
be done by sedimentation or by ﬁltration with
candle ﬁlters. Finally to achieve the lowest possible emission values, the clear wastewater is
passed through selective heavy metal ion
exchangers to remove the remaining heavy metals
and eventually through an activated carbon ﬁlter
to absorb traces of organic pollutants (Fig. 69).
Acidic Fly Ash Washing: FLUWA The ﬂy ash
essentially consists of three components: matrix
elements (like iron/alumina oxides), alkaline/
alkaline earth compounds, and heavy metals
(Fig. 70).
The acidic ﬁlter ash leaching process
(FLUWA) aims to split the ash in three fractions:

WTE: Hitachi Zosen Inova Moving Grate and Anaerobic Digestion Technologies, Fig. 68 HZI grate for
riddlings (GfR)

precipitation of most of the heavy metals. Additionally to improve ﬂocculation and precipitation
of heavy metals, a sulfur component (sodium sulﬁde or organic sulfur precipitants like TMT15®

• A concentrate of heavy metals (mainly zinc but
also cadmium, lead, copper) as an secondary
raw material for zinc recovery
• A decontaminated ash, ready for landﬁll
• A liquid efﬂuent with neutral salts
The acid used is preferably the acidic blowdown of the wet scrubber. The separation of the
heavy metals from the liquid phase is combined
with the wastewater treatment process.
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WTE: Hitachi Zosen Inova Moving Grate and Anaerobic Digestion Technologies, Fig. 69 Basic process ﬂow of a
wastewater treatment system

The Hitachi Zosen Inova Energy from
Organic Waste Technologies:
Kompogas® and BioMethan

WTE: Hitachi Zosen Inova Moving Grate and Anaerobic Digestion Technologies, Fig. 70 Filter ash component distribution

In recent years organic waste has been the subject
of growing public interest as a renewable natural
resource. While traditional composting recycles
only the material components of organic waste
into solid natural fertilizer, the Kompogas ® continuous dry anaerobic digestion process produces
also biogas and liquid fertilizer. This process
plays a key role in helping create a circular and
regenerative energy economy by producing natural fertilizer and renewable energy in the form
of heat, electricity, and biogas, which can be
further upgraded to biomethane with HZI
BioMethan system. Combining the Kompogas ®
and HZI BioMethan technologies, Hitachi Zosen
Inova can offer solutions covering the entire

WTE: Hitachi Zosen Inova Moving Grate and Anaerobic Digestion Technologies

331

WTE: Hitachi Zosen Inova Moving Grate and Anaerobic Digestion Technologies, Fig. 71 The ecological cycle in
the Kompogas ® process

process from bio-waste to biomethane – all from
a single source (Fig. 71).
Both the compost and liquid natural fertilizer
produced are valuable sources of nutrients for
farming and facilitate the formation of humus. In
areas where the use of liquid fertilizer is prohibited, the presswater-free Kompogas ® anaerobic digestion process can be used to convert the
digestate exclusively into high-quality compost
and biogas without the liquid fraction.
Biogas can be fed into the gas grid or further
compressed to be used as fuel for gas-powered
vehicles. Alternatively it can be used to generate
environmentally friendly power and heat in a
combined heat and power unit (CHP). A small
amount of the heat produced is used to maintain
the temperature in the digester. The rest can either

be used in buildings nearby or fed into district
heating networks.
This way 1 metric ton of organic waste can yield
up to 1,000 kWh of energy and around 850 kg of
high-quality natural fertilizer. Burning fossil natural gas would produce ﬁve times the greenhouse
gas emissions for the same amount of electricity
and heat. So using biogas reduces fossil carbon
emissions and thus makes a long-term contribution
to environmental and climate protection.
HZI Kompogas ® Technology
The continuous, horizontal plug-ﬂow digester
allows a high biogas yield and assures highest
operating reliability due to simple and efﬁcient
control systems. A low-speed agitator ensures
the optimum biogas conversion. The special
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WTE: Hitachi Zosen Inova Moving Grate and Anaerobic Digestion Technologies, Fig. 72 The Kompogas ®
technology

design of the agitator paddles prevents sedimentation of heavy and undesired matter in the substrate. Fermentation involves various upstream
and downstream processes. In the feed unit, the
organic waste is shredded, and metals and other
non-digestible materials are removed. A discharge
pump withdraws the digestate. Around one-third
is pumped back for inoculation. The rest is either
dewatered to produce compost and liquid fertilizer
or mixed with green waste using the liquid fertilizer free partial ﬂow process (Fig. 72).
After passing through an odor trap, all organic
waste is unloaded in the reception area – either a
pit bunker or a special ﬂat area for tipping and
delivery. A fully automated crane system takes the
organic matter to the shredder, which means the
Kompogas ® plant can be fed around the clock,
7 days a week. To prepare for digestion, the shredder chops the organic matter into small pieces
which are sieved to a maximum particle size of
60 mm using a star screener. The prepared substrate is then automatically conveyed to the
digester feed-in point, while the sieve rejects are
taken back to the bunker.
The core of the Kompogas ® facility is the
digester. A built-in heating system facilitates

thermophilic anaerobic operation and makes sure
that the digestate is completely sanitized, while a
patented inoculation system ensures a stable biological process ending with carbon-neutral biogas.
The process lasts approximately 2 weeks, with an
operating temperature of 55  C and 75% moisture
content ensuring the gas potential is fully exploited.
A feed screw conveyor transports the prepared
organic matter into the digester. Recirculate from
digestate rich in microorganisms is added to
immediately activate and accelerate the anaerobic
digestion process (inoculation). At the same time,
the addition of process water ensures the optimal
moisture content for decomposition.
The organic material is transported inside the
digester in what is known as the plug-ﬂow process.
Regularly feeding fresh material pushes the
digestate slowly through the digester and enables
it to be pumped out continuously at the discharge
outlet. Meanwhile, a steadily turning agitator
ensures that the digestate is thoroughly mixed
and that biogas is released.
The Kompogas® plug-ﬂow digester’s waterand gas-tight construction assures a high level of
operational safety and 100% availability. An agitator featuring patented plow-shaped blades mixes
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WTE: Hitachi Zosen
Inova Moving Grate and
Anaerobic Digestion
Technologies,
Fig. 73 The concrete
digester in HZI Kompogas
plant in Wauwil
(Switzerland)

WTE: Hitachi Zosen
Inova Moving Grate and
Anaerobic Digestion
Technologies,
Fig. 74 HZI KOM + Press

and de-gases the substrate optimally at low drive
power and prevents sedimentation. For this reason,
Kompogas® digesters can also be used to treat
organic waste with a high proportion of impurities.
The digesters are available in two series as
concrete or steel digesters. Both series are
equipped with the same robust agitator components and can be deployed for all input materials,
bio-waste, green waste, and organic elements
from the general waste collection. The digesters’
compact size and modular construction also make
them ideal for upgrading existing plants, and two,
three, or more digester modules can be combined
to form larger plants (Fig. 73).
Downstream of the anaerobic digestion process, HZI KOM + Press dewatering unit ensures
effective dewatering of the digestate with separating the digestate into solid and liquid fractions.
Following sieving and brief posttreatment, the

solid digestate can be used directly in agriculture
as a raw organic fertilizer or soil conditioner.
Alternatively, it can be further processed into
compost. In many places the liquid digestate is
also used as organic fertilizer. Where government
regulations prohibit the use of liquid fertilizer in
agriculture, there are two alternatives: either passing the liquid fraction into a wastewater puriﬁcation system or partial stream anaerobic digestion.
With presswater-free partial stream anaerobic
digestion, only the energy-rich component of the
bio-waste is fed into the digester. Meanwhile, the
highly structured green waste bypasses the digestion process and is subsequently mixed back into
the digestate after being shredded (Fig. 74).
The KOM + Press dewatering unit is mainly
used in Kompogas ® plants but can also be built,
along with the control unit, into existing plants
from other manufacturers.
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The entire anaerobic process takes place in a
completely enclosed system to prevent the emission of gases and odors. All exhaust air from the
plant’s work areas and other spaces is collected
and cleaned in an acid scrubber. A bioﬁlter made
of torn root wood and tree bark then neutralizes all
odors biologically before the puriﬁed air is
released into the atmosphere.

Hitachi Zosen Inova BioMethan
Technology
Demand for renewable energy is growing all over
the world. Biomethane from organic waste can be
stored in the form of compressed natural gas
(CNG) and easily transported. As CNG, it can
also be used as a carbon-neutral fuel for vehicles.
Alternatively, the biomethane is pure enough to be
fed into the gas grid and transported cost and
energy efﬁciently to where it is needed. This fact
makes it the ideal supplement to a heavily ﬂuctuating supply of solar and wind power (Fig. 75).

In the biogas to biomethane upgrading process, the raw biogas is dried, desulfured, and
reﬁned to natural gas quality using two state-ofthe-art technology carbon dioxide separation
processes.
One of these is pressure-less amine scrubbing
or alternatively a pressure-controlled membrane
process.
The membrane technology is a pressure-driven
physical process for upgrading biogas. It is most
suited for use in situations where low-cost process
heat is not available.
By means of membrane-based gas permeation,
the raw biogas is dried efﬁciently using minimum
primary energy. It is then desulfurized, and the
low-caloriﬁc carbon dioxide is subsequently separated using high-quality membrane modules.
These consist of several thousand extremely ﬁne
hollow ﬁbers; the ends are embedded in resin and
bundled in stainless steel pipes. The membranes
are characterized by high pressure and temperature resistance, pressure stability, and different gas
permeability. Carbon dioxide and methane

WTE: Hitachi Zosen Inova Moving Grate and Anaerobic Digestion Technologies, Fig. 75 BioMethan utilization
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selectivity enable maximum separation, methane
purity of up to 98%, and methane slip of below
0.5% (Fig. 76).
The pressure-less amine scrubbing process is
heat-driven and based on chemical absorption.
This technology is ideal for installations that can
draw on a source of low-cost process heat in the
form of waste heat from a nearby CHP unit or
other sources. This enables particularly proﬁtable
operation. With methane purity of up to 99.5%
and methane slip of 0.1% at the most, installations
with amine scrubbing technology deliver outstanding performance and efﬁciency.

HZI EtoGas Power-to-Gas Technology
HZI power-to-gas (PtG) technology makes it possible to convert virtually unlimited amounts of
power from volatile renewable sources into storable synthetic gas. EtoGas GmbH, a subsidiary of
Hitachi Zosen Inova, develops and constructs turnkey power-to-gas plants for producing synthetic
gases such as hydrogen and methane. These gases
are fed into the existing infrastructure, and can be
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used as a fuel for vehicles or heat, or converted
back into electricity at any time. This evens out
ﬂuctuations in the grid while enabling the longterm storage of the electrical energy and making it
available later on demand (Fig. 77).
PtG is an integral part of the efforts to ensure the
reliable supply of energy. It facilitates the energy
transition by harnessing the ideal long-term storage
capacity of the existing natural gas infrastructure.
The EtoGas portfolio comprises three main
system solutions and a comprehensive service
offering: power-to-SNG turnkey plants, powerto-hydrogen (electrolysis), and hydrogen-toSNG (methanation).
Using PtG technology, electricity from regenerative sources is ﬁrst converted into hydrogen
using electrolysis. This can be combined with
CO2 in a proprietary catalytic reactor to produce
methane, which can then be fed into the existing
natural gas infrastructure without any restrictions.
The methanation process requires CO2 and is
particularly suitable for processing biogenic gas
mixtures (biogas, sewage gas) or other industrial
sources of CO2. PtG technology thus makes a substantial contribution to sustainable decarbonization.

WTE: Hitachi Zosen Inova Moving Grate and Anaerobic Digestion Technologies, Fig. 76 BioMethan membrane
technology
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WTE: Hitachi Zosen Inova Moving Grate and Anaerobic Digestion Technologies, Fig. 77 Utilization of HZI
EtoGas technology

The technology can also be used to produce
hydrogen for direct use in industry and transportation and to generate oxygen. The heat it produces can also be used for industry and district
heating networks.
The PtG plants are structured as separate modules (each delivering 1 MWel), which means they
offer ﬂexible scalability and can be easily adapted
to client wishes.

Future Directions
In addition to the HZI grate combustion technology, the Kompogas ®, BioMethan, and EtoGas
technologies enhance Hitachi Zosen Inova’s portfolio, allowing the company to extend its position
as one of the world’s leading providers of EfW
plants and solutions. Offering both thermal and
biological treatment of waste, Hitachi Zosen
Inova is able to address the speciﬁc market
requirements stemming from the separate collection of organic waste.
Considering over 600 thermal EfW and
80 Kompogas ® reference plants built worldwide

since the 1930s and 1991, respectively, it is evident that the Hitachi Zosen Inova technology is
mature. However, from the very beginning on, the
Swiss company puts emphasis on innovation and
technical improvement. Development works concentrate mainly on the following areas:
• Increase energy efﬁciency and electricity production of EfW plants
• Improve the automated control of the EfW
plants in order to further increase average
plant capacity and availability
• Improve monitoring of plant components in
order to allow operators to track the plant efﬁciency and better plan preventive maintenance
actions
• Further improve stack emission limits
• Further improve bottom ash quality and
recycling options for bottom ash
However, since EfW technology in many areas
still commercially competes with relatively cheap
landﬁlling or is not available for large economic
areas, one goal of development is always concentrated on plant economics:
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• Achieve the same performance with less and
simpler equipment
• Find less expensive materials of construction,
in terms of investment and maintenance cost
• Further improve the operation ﬂexibility and
availability of the plant thus reducing O&M
cost

and more highly urbanized areas with high
energy/district heating demand. This includes
emissions and architecture to increase acceptability to the public as well as efﬁciency, reliability,
and total cost in order to increase its affordability
to communities in developing nations.

Last but not least, the goal must be to do all that
is necessary to make EfW plants politically
acceptable and a part of the infrastructure in the
densely populated areas. Wastes are created and
energy is needed where the people live. EfW
plants are an essential part needed to close the
loop of the material cycle [3]. Whatever cannot
be reused or recycled can be efﬁciently treated for
energy recovery in an EfW plant.
An excellent example is the EfW plant in Paris.
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Glossary
APC Air pollution control system of a plant
BAT Best available technology (BAT). The most
effective method for achieving a high level of
protection for the environment, developed on a
scale that allows implementation under technically and economically viable conditions
(in the USA, called maximum achievable control technology: MACT)
BREF Reference document on the best available
techniques
ENE Energy equivalence factor
MSWI MSW incineration, most commonly
called waste to energy, or WTE
MSW Municipal solid waste; waste from households as well as commercial, industrial, and
institutional waste that, by its nature and composition, is similar to waste from households.
This includes, e.g., bulky waste, residual waste
after recycling operations
RDF Refuse-derived fuel. The categories of
waste that may be treated in a WTE plant are
listed in the permit by the competent authority

R1 Energy efﬁciency factor determines whether
a WTE plant can be classiﬁed as a recovery
operation, under EU legislation
R1 formula Used to calculate the R1 factor
under EU legislation

Definition of the Subject and its
Importance
In the EU, waste-to-energy (WTE) plants are
classiﬁed either as “recovery” or as “disposal”
operations.
The European Commission has quantiﬁed this
distinction by means of the R1 energy efﬁciency
formula. A plant can only be classiﬁed as a recovery operation when its R1 factor is at least 0.60 for
existing and 0.65 for new plants. The R1 formula
is established using equivalence factors.
The R1 factor provides a major incentive for
WTE plants to improve their energy efﬁciency.
High R1 factors increase the contribution of WTE
plants to the national energy supply, saving
primary fossil fuel resources and reducing the
emission of greenhouse gases. The R1 factor
also serves as a driving agent in the competition
among operators of WTE plants to reach a higher
ranking than other facilities.

Introduction
The three main purposes of WTE plants are to
reduce the volume of waste by means of thermal
treatment, effectively control the emissions of this
operation, and recover as much energy content as
possible from wastes.
Material Flow
The aim of the WTE process is to reduce the
quantity of waste and produce as many recoverable materials from the residues as possible, so
that only a very small part needs to be deposited in
a landﬁll. The technologies used to achieve the

# Springer Science+Business Media LLC, part of Springer Nature 2019
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WTE: Energy Contained
in Solid Wastes,
Fig. 1 Material ﬂow
diagram showing the range
of MSW composition and
distribution of MSW weight
as ﬂue gas, bottom ash, and
APC residues
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Municipal solid waste
~30 (25−35)%
~25 (20−30)%
~45 (30−60)%

H2O

~100%

Combustion air

Clean gas

Mineralic
fraction
Burnable
fraction

~120% included
H2O as
steam

Flue gas-cleaning
(emissions)
Incinerator

APC

~ 3−8% incl. additives

residues

Energy release
(boiler)

~20 (15–28)%

Bottom ash

material ﬂow are shown in Fig. 1 [1, 2]. They
primarily depend on the type of grate or other
combustion device, the composition and caloriﬁc
value of the waste to be incinerated, the operating
conditions in the furnace (e.g., % excess air), and
the combustion temperature.
Pollutants and Emissions
One of the aims of combustion of wastes is to
destroy organic pollutants and to separate heavy
metals and inorganic pollutants that are contained
in the incoming waste. By employing highly efﬁcient ﬂue gas cleaning technology, WTE plants
can ensure that emissions into the ambient air are
negligible. The data in Fig. 2 for the input and fate
of pollutants in a WTE plant are from a life cycle
assessment (LCA) study [3]. The destruction of
organic pollutants takes place in the combustion
chamber and in the ﬁrst pass of the boiler,
maintained at a temperature above 850  C; this
is followed by adsorption of the remaining
organic pollutants followed in the APC system,
by means of the injection of activated carbon or
other method.
The heavy metals and other inorganic pollutants
in the MSW depend on their volatility volatilized
during combustion. The higher the bed temperature,
which should not exceed the melting point of

Generally for
material recovery

bottom ash, the fewer pollutants will remain in the
bottom ash. This is an important quality criterion for
beneﬁcial use of the bottom ash. The volatilized
metals and inorganic pollutants are then captured
in an air pollution control system, as described in
detail in other entries of this encyclopedia. As a
result, WTE plants designed and operated according
to the Waste Incineration BREF [4] can meet the
very stringent EU emission standards for waste
incineration plants [5].
Energy from Waste
A WTE plant should aim to recover as much
energy as possible available in the MSW feed.
Figure 3 shows how the chemical energy stored
in the waste is distributed in a WTE plant. The
MSW feed into a WTE plant is a mixture of
several fractions with very different caloriﬁc
values, ranging from 1.6 to 4.3 MWh/t and an
average value, for Europe, of 2.8 MWh (about
10 GJ) per ton of “as received” MSW (Fig. 3).
An appropriate calculation method, based on the
main data of a plant, is described in section net
caloriﬁc value of MSW (NCV; also called low
heating value or LHV).
In the waste bunker, the different components
of the MSW are mixed by the overhead crane, to
ensure optimal combustion within the furnace and
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Municipal solid waste
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(TE-dioxin, furanes)
metals
~3 kg/t wet ~ 35 μg/t wet

Inorganic
pollutants
Cl, S, F
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Organic pollutants
(TE-dioxin,furanes)

100
%

Σ Heavy metals

100
%

Inorganic
pollutants

100
%
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0.007

0.07

APC residues
Inorganic pollutants
Cl, S, F

59%
Flue gas-cleaning

23%

Σ Heavy metals

45%

Organic pollutants
(TE-dioxin,furanes)

(emissions)
Incinerator
energy release
(boiler)

Inorganic
pollutants

41
%

Cl, S, F

77
%

Organic pollutants
(TE-dioxin,furanes)

1%

54% organic pollutants
are destroyed by BREF
flue gas cleaning systems

Σ Heavy metals
Generally with very low leachability

bottom ash
WTE: Energy Contained in Solid Wastes, Fig. 2 Path and percent distribution of pollutants contained in MSW
processed in a WTE plant in Europe [3]

WTE: Energy Contained
in Solid Wastes,
Fig. 3 Flow diagram and
distribution of energy
contained in MSW
processed in a WTE plant

Municipal solid waste
Energy input
100%

~2.8 (1.6−4.3) MWh/t wet

Losses in
flue gas
~18 (11−25)%

Fluegas-cleaning

~2.5 (1.5−5)%

External
energy

Incinerator
Energy release
(boiler)

~3%

Losses by bottom- /
filter ash and radiation

to avoid the need to use auxiliary fuel, except
during start-up or shutdown of a unit. The importance of the combustion control system within the

Very low emissions

~82 (75−90)%

Recovered energy
as heat
Usable as heat and/or
electricity by citizens,
industry, hospitals etc.

furnace is discussed in detail in the AE&E Technology and the Martin WTE Technology sections
of this encyclopedia.
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Projected Energy Losses of the Incineration
Facility

the Confederation of European WTE Plants [6],
using the formula:

The heat loss in the bottom ash, the convection
and radiation losses of furnace and boiler, and the
loss associated with incomplete burnout of carbon
in the ash correspond to about 3% of the energy
input in the MSW feed. In the R1 formula, they
are taken into account by the ﬁxed correction
factor of 0.97. This is the reason why only 97%
of the heating value of MSW (plus any auxiliary
heat used in the plants) is entered into the denominator of BREF WI [4].

• % boiler efﬁciency = energy contained in
steam generated/0.97 (energy contained in
MSW feed + energy in any auxiliary fuel
used in steam generation). The red squares
show the actual data provided by the plant
operators (2001–2004 data) and the blue triangles the calculated data according to the
BREF WI formula.

Boiler Efficiency and Flue Gas Temperature After
Boiler

The temperature in the ﬂue gas leaving the boiler
affects the energy recovery by the boiler. It is independent of the heating value of the MSW, and in
state-of-the-art systems is in the range 180–230  C.
This range is associated with steam parameters of
40 bar/400  C and results in a mean boiler efﬁciency
of 82% [6]; in other words, 18% of the input energy
in the MSW is lost in the ﬂue gas.
Figure 4 shows the calculated boiler efﬁciencies of 97 European WTE plants, investigated by

It can be seen that many of the boiler efﬁciencies reported by the operators differ considerably
from the BREF formula. This can be due to
several factors, such as low or high estimate of
heating values of MSW, inaccurate measurements
of steam rates, etc.
When the steam energy is to be transformed to
electricity, high steam parameters are required. In
this case, relatively higher temperatures (up to
450  C) and pressures (up to 100 bar) of the
steam are technically possible, but the surfaces
of the boiler membrane walls, at least in the ﬁrst
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WTE: Energy Contained in Solid Wastes, Fig. 4 Boiler efﬁciencies of 97 European WTE facilities (CEWEP 2006)
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and second pass and the superheater tubes, must
be protected against corrosion and abrasion, by
cladding or other means.
Modern WTE plants can reach boiler efﬁciencies
over 85%. Even higher efﬁciencies are achievable
with wastes containing lower chlorine than MSW,
which contains 0.4–0.6% per ton of wet MSW.
Net Calorific Value (NCV; Also Called Low Heating
Value or LHV) of MSW

Many NCV (or LHV) data reported by the operators show a large deviation from the correct values
of NCV. Because of this, a NCV formula has been
deﬁned by the BREF WI that in effect uses the
furnace and boiler as a giant calorimeter. It is
based on a simple energy balance between the
energy inputs and the output of a WTE plant:
Formula 1: Formula for Calculation of the Net
Caloriﬁc Value (NCV or LHV in the USA) of
MSW Feed, According to BREF Waste Incineration (WI) Using Measured or Calculated
Data:
NCV ¼

ð1:133  ðmst w =mÞ  cst x þ 0:008 T b Þ
=1:085, in GJ=t wet MSW

where
NCV
¼ net ðor lowerÞ calorific value ðNCVÞ of MSW,
in GJ=t ðwetÞ

mst w ¼

mst x  ðmf  ðcf =cst x Þ  b Þ,
in t steam=t wet MSW

and
mst w = mass ﬂow of steam produced from waste
combustion, in t/year or t/day
mf = mass ﬂow of steam from auxiliary fuel
combustion, in t/year or t/day
mst x = total amount of the steam produced, in
t/year or t/day
m = mass of waste combusted, in t/year or t/day
cst x = net enthalpy of steam (i.e., minus enthalpy
of boiler water), in GJ/t wet
cf = net heating value (LHV) of auxiliary fuel
used for steam production, in GJ/t
Tb = temperature of ﬂue gas after boiler
(at 4–12% O2)  T input of air, in  C
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0.008 = speciﬁc sensible heat capacity of ﬂue gas,
GJ/t wet/ C
1.133 and 1.085 = constants derived from regression equations
b = efﬁciency of gas-to-steam heat transfer in the
boiler (approx. 0.80)
Because the greatest part of the energy output
goes to the steam exiting the boiler (mst x  cst x),
accurate measurement of the steam rate is very
important in using the above formula to calculate
the NCV (or LHV) of the waste. An example of
“double counting” errors in the steam rate is steam
used to preheat the combustion air. On the other
hand, steam quantities that should be included in
the steam rate of the plant are steam extracted
ahead of the steam measuring device for heating
the ﬂue gases (e.g., before SCR, after wet scrubbers, before fabric ﬁlters) or injection of water
for continuous boiler cleaning or in the form of
NH4OH for NO x reduction; the energy needed to
evaporate these sources of water is not counted by
the steam measuring device.
An example of NCV (or LHV) calculation,
based on the NCV formula of BREF WI, is
shown in Table 1 for a WTE plant with the annual
energy ﬂows shown in Table 1 [7, 8].
The calculations made in Table 1 show that by
taking into account all relevant energy ﬂows in
this WTE plant, the calculated NCV (LHV) of the
waste was 10.0 GJ/t of MSW at a boiler efﬁciency
of 85.3%. In comparison, for a simpliﬁed NCV
calculation, using only the energy of measured
steam minus imported energy, the NCV would
increase to 10.3 GJ/t, and the boiler efﬁciency
would decrease to 83.4%.
To get accurate and comparable NCVs of the
waste combusted at WTE plants of different conﬁgurations, it is necessary to collect the complete
energy ﬂows from each plant. Figure 5 shows the
results of an investigation that compared the net
caloriﬁc values (NCV or LHV) of 97 European
WTE plants, as calculated by the BREF WI formula (blue triangles) and reported by the plant
operators (red squares; data for 2001–2004).
A similar variation between these two values is
observed in Fig. 4 that compared calculated and
reported boiler efﬁciencies.
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WTE: Energy Contained in Solid Wastes, Table 1 Example of calculation of NCV (or LHV) using the BREF WI
formula
A
B.1
B.2
B.3
B.4

Boiler efﬁciency (1,738,100 + 15,992)/(0.97 * (210,000 *
10.038 + 12,100)) * 100 = 85.3%
Municipal waste incinerated
Measured steam quantity after boiler with the main
measuring device
Net enthalpy of steam 40 bar/400  C/130  C boiler water

B

Delivered steam to a third party with a second measuring
device
Net enthalpy of steam 45 bar/257  C with no backﬂow of
condensate
Total energy output based on measured steam quantities

C.1

Light fuel oil for start-ups and shutdowns

C.2

Light fuel oil for keeping combustion temperature >850  C

C.3

Sum of used light fuel oil

C.4

Energy input by fuel

C

Included in total energy output from measured stream

D.1-1

D.2-2

Steam for soot blowing and for NH4OH injection SNCR
(both extracted after total steam measuring device)
Net enthalpy of steam 40 bar/400  C/0.2 bar/220  C steam in
ﬂue gas
Energy by double measured steam quantity for soot blowing
and NH4OH injection of SNCR
Steam for heating up primary combustion air from 20  C to
130  C (extracted after steam measuring device)
Net enthalpy of steam 3 bar/144  C/100  C in condensate

D.2-3

Energy input by steam

D.2

Energy by double measured steam quantity for heating up
primary combustion air from 20  C to 130  C
Liquid quantity as water and NH4OH injected before the total
steam measuring device
Net enthalpy as steam 0.2 bar/220  C in ﬂue gas
Not measured energy by injected liquids into the combustion
chamber before steam measuring device
Steam extracted before the steam measuring device for
heating up ﬂue gas from 110  C to 120  C
Net enthalpy of steam 45 bar/257  C/90  C condensate

B.5

D.1-2
D.1
D.2-1

D.3-1
D.3-2
D.3
D.4-1
D.4-2
D.4
D.5-1

Not measured energy for heating up ﬂue gas from 110  C to
120  C with steam out of the boiler drum
Energy extracted by grate cooling before the steam
measuring device for heating up the backﬂow of district heat

b
mw
mst x
cst
(3,214 + 544)
mw
cst  (2,800)
mst x  cst x
mf steam
producing
mf steam
producing
mf steam
producing
mf  cf (42,73
GJ/t)
b  mf  cf
mst x
Cst  (3,214 
2,918)
mst x  Cst x
mst x

85.3

%

210,000
630,000

t/year
t/year

2,670,000

kJ/kg

20,000

t/year

2,800

kJ/kg

1,738,100
120

GJ/
year
t/year

215

t/year

335

t/year

12,100

12,500

GJ/
year
GJ/
year
t/year

296

KJ/kg

3,700
37,600

GJ/
year
t/year

10,321

Cst x (2,748 
419)
mst x  Cst

2,329

kJ/kg

87,570

b  mst x  Cst

74,698

GJ/
year
GJ/
year
t/year

x

mliquid
Cst  (2,918)
mliquid  Cst ﬂue

4,600
2,918
13,423

mst x

6,600

KJ/kg
GJ/
year
t/year

Cst  (2,800 
377)
mst x  Cst

2,423

KJ/kg

gas

15,992
3,800

GJ/
year
MWh/
year
(continued)
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WTE: Energy Contained in Solid Wastes, Table 1 (continued)
D.5-2

Transferred from MWh into GJ

3.6

D.5

Not measured energy from grate cooling for heating up the
backﬂow of district heat
D
Sum of double or not measured energies included in total
energy output from measured steam
S (B  C + D): NCV relevant energy ﬂows of this example

13,680
b  mf  Cf

NCV determination by BREF WI formula based on the investigated, NCV relevant energy
ﬂows (b = 85.3%)
NCV determination by BREF WI formula based only on the energy from the measured
steam in B (b = 83.4%)

The observed differences in caloriﬁc value
among different European WTE plants may be due
to several factors, including the prevailing rate of
recycling, the degree of industrialization, and the
economic development of the community served
by the WTE plant. Figure 6 classiﬁes NCV data
from 231 European WTE plants into three regions:
northern, middle, and southern Europe [9].
The reason for the relatively wide range of
caloriﬁc values of MSW combusted at different
WTE within a region are most likely the different
fractions of high heating value wastes treated at
different plants (e.g., industrial and commercial
waste, nonrecyclable wrapping, and waste wood).
For example, in northern Europe, which is the
coldest climate zone, high caloriﬁc waste is used
to complement the available MSW and provide
the demand for district heating and reduce the
consumption of fossil fuels.
The low heating values in southern Europe are
most likely due to the incineration of relatively
larger quantities of food and green wastes and
smaller quantities of plastics and paper.

Recovery of Usable Energy from Waste
The potential for energy recovery from WTE
depends not only on the combustion technology
used but also on location and size of the plant,
whether only electricity or heat are generated, and
the incentives provided by the government for the

35,303
1,692,476
10.038
10.265

GJ/
MWh
GJ/
year
GJ/
year
GJ/
year
GJ/t
MSW
GJ/
MSW

recovery of renewable energy and reduction of
greenhouse emissions.
Status of Energy Recovery from Waste in
Europe
Table 2 presents an overview of energy forms and
average recovery rates of 231 European WTE
plants, in 2004–2007. Forty-one plants produce
only heat, seventy-ﬁve only electricity, and one
hundred ﬁfteen both heat and power (CHP). The
“speciﬁc” values denote energy recovered per ton
of MSW; the percent values indicate the energy
output (MWh of heat and/or electricity recovered)
per MWh energy input in the MSW feed plus any
external energy used in the plant operation.
For WTE plants producing only heat, the energy
recovery is over 70%, with a maximum of 96.8%
for the most efﬁcient plant (only hot water producing). Plants producing electricity exhibit a thermal
efﬁciency of over 20%, with a maximum of 32.4%
for the best plant. However, it should be kept in
mind that electricity is a more valuable source of
energy than heat. The EU BREF multiplies MWh
of electricity by the factor of about 2.6; therefore,
the 20% mentioned above corresponds to 52%
actual thermal efﬁciency.
In the case of WTE plants that supply both heat
and power (CHP), the thermal efﬁciency is over
35% for heat plus over 14% for electricity generation; the maximum value reported was 89.6% for
a WTE plant recovering heat combined with 1.2%
for electricity generation.
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17.0
16.0

Heat value NCV (GJ/t wet)

15.0
14.0
13.0

By operator (97 plants):
Mean value: 10,333 GJ/t wet
Weighted mean value: 10,000 GJ/t wet

12.0
11.0
10.0
9.0

By BREF (97 plants):
Mean value: 10,225 GJ/t wet
Meighted mean value: 9,987 GJ/t wet

8.0
7.0
0

5

10

15

20

25

30

35

40

45

50

55

60

65

70

75

80

85

90

95

Number of investigated WTE plants (97)
NCV given by operator

Range 7.323−16.700 mean value not weighted 10.333 GJ/t / mean value weighted 10.000 GJ/t
Ordered by NCV calculated by BREF WI Range 7.210−14.869 mean value not weighted 10.225 GJ/t / mean value weighted 9.987 GJ/t

WTE: Energy Contained in Solid Wastes, Fig. 5 Net caloriﬁc values (or LHV) of 97 European WTE plants (CEWEP
2006, 2009)
20.000
18.000
16.000

15.425
Weighted average of 231
investigated WTE plants
10.129 GJ/t wet

NCV of MSW [GJ/t wet]

14.357
14.000
12.000

14.701

11.314
9.854

10.000

9.316

9.260
7.945

8.000
5.806

6.000
4.000
2.000
0.000

Max
Average weighted
Min

Northern Europe
(DK, FI, SE)

Middle Europe
(AT, BE, CZ, FR, DE, HU, NL, GB, LU,
CH)

Southern Europe
(IT, PT, ES)

14.357
11.314
9.316

15.425
9.854
5.806

14.701
9.260
7.945

WTE: Energy Contained in Solid Wastes, Fig. 6 Analysis of caloriﬁc values of MSW combusted in 231 WTE plants
in Europe

Kind of energy recovery
Number of WTE plants
Total throughput of MSW
Speciﬁc energy input in MSW
(NCV)
Speciﬁc energy input including
external energy
Total energy input (including
external energy)
Speciﬁc electricity produced (Ep)
Speciﬁc electricity exported to the
grid (Ep)
Speciﬁc heat produced and used
(Ep)a
Speciﬁc heat produced and used
(Ep)b
Speciﬁc heat exported (Ep)
Speciﬁc total energy demand ((part
of Ep) + Ef + Ei (th + el))a
Speciﬁc total energy demand ((part
of Ep) + Ef + Ei (th + el))b
0.413
0.318
0.905
1.202
0.790
0.272
0.569

MWh/t

MWh/t

MWh/t
MWh/t

MWh/t

130,910,312

2.876

MWh/t
MWh/t

MWh/year

MWh/t

Tons/year
MWh/t

All investigated
WTE plants
231
45,518,189
2.814

19.8

27.5
9.5

41.8

32.2

14.4
11.1

100

–

%
100
100
–

0.521

2.111
0.245

2.486

2.210

0
0

14,156,911

3.099

WTE plants
producing only
heat
41
4,568,219
2.953

16.8

68.1
7.9

80.2

71.3

0.0
0.0

10.8

–

%
17.7
10.0
–

0.529

0.000
0.222

0.399

0.092

0.551
0.457

33,765,096

2.654

WTE plants
producing only
electricity
75
12,722,342
2.618

19.9

0
8.4

15.0

3.5

20.8
17.2

25.8

–

%
32.5
28.0
–

WTE: Energy Contained in Solid Wastes, Table 2 Generation of electricity and/or heat by 231 WTE plants in Europe (2001–2004)

0.592

0.932
0.303

1.356

1.067

0.417
0.306

82,537,584

2.924

20.2

31.9
10.4

46.4

36.5

14.3
10.5

63.0

–

%
49.8
62.0
–

(continued)

WTE plants producing
heat and electricity
(CHP)
115
28,227,628
2.867
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0.019
0.028
0.095

0.115
0.412

MWh/t

MWh/t

MWh/t

MWh/t

MWh/t

MWh/t

14.3

4.0

3.3

1.0

0.7

%
0.5

0.375

0.099

0.000

0.027

0.101

WTE plants
producing only
heat
0.018

12.1

3.2

0.0

0.9

3.3

%
0.6

0.399

0.092

0.094

0.022

0.004

WTE plants
producing only
electricity
0.010

15.0

3.5

3.5

0.8

0.2

%
0.4

0.424

0.135

0.111

0.031

0.017

WTE plants producing
heat and electricity
(CHP)
0.009

14.5

4.6

3.8

1.1

0.6

%
0.3

a

In the real heat self-used (demand) are, related to Sankey energy ﬂow, beside the imported energy with 100% i.a. 18% energy self-used for heating up of combustion air and all
other processes with heat self-demand, i.e., the steam to soot blowers, evaporation of APC residues, ﬂue gas reheating, pipe heating, and building heating taken into account
b
In the heat self-used (demand) related to the draft of the EU-Guidance for R1 formula, are additional to the load of “a” the total heat demand for boiler water heating up from an
average temperature basis of 70  C to the individual boiler water temperature and 100% (instead of 18%) energy self-used for heating up combustion air included

Kind of energy recovery
Including in total speciﬁc demand as
Ef
Including in total speciﬁc demand as
Ei(el)
Including in total speciﬁc demand as
Ei(th)
Including in total speciﬁc electricity
produced as Ep (self-used
electricity)
Including in total speciﬁc heat
produced as Ep (self-used heat)a
Including in total speciﬁc heat
produced as Ep (self-used heat)b

All investigated
WTE plants
0.015

WTE: Energy Contained in Solid Wastes, Table 2 (continued)
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R1 formula boundary limits of a WTE facility
Waste

Ew x 1

Losses
Oven and boiler

Ef x 1
Fuels

x 1.1 Ep(th)

Ei x 1
Electricity

Other energy:
steam, heat

Ep(th) used
by the facility

Flue gas
cleaning
system

Ei x 2.6

Ei x 1.1

Turbine
generator
inside the
facility

Ep(th) x 1.1
Ep(el) used
by the facility

Ep(th) exported
x 1.1 Ep(th)

x 2.6 Ep(el)

Ep(el) x 2.6

Ep(el) exported

x 2.6 Ep(el)
Reimann 2010

WTE: Energy Contained in Solid Wastes, Fig. 7 Boundary limits for the determination of the energy efﬁciency of a
plant

Classifying European WTE Plants as Recovery
or Disposal Operations
As noted earlier, European WTE plants can be
classiﬁed as recovery or disposal operations,
depending on their thermal efﬁciency [10]. The
energy produced is calculated as the sum of
energy exported plus energy used to operate the
facility in a proper way, i.e., meeting at least all
requirements speciﬁed by the permit of the plant.
Boundary Limits for Energy Balance
In order to calculate the energy efﬁciency of a
plant, it is important to deﬁne the boundary limits
of the plant, as illustrated in Fig. 7.
R1 Energy Efficiency Factor for the Member
States of the European Union
The R1 energy efﬁciency factor is a nondimensional ﬁgure based on the ﬁrst law of thermodynamics. Its purpose is to increase energy
efﬁciency of WTE plants and minimize the
demand of primary energy in the European
Union [10]. This factor is calculated according to
the following formula [11]:

R1 = energy efﬁciency factor = (Ep  (Ef + Ei))/
(0.97  (Ew + Ef))
where
Ep = energy produced per year as electricity or
heat; electrical energy is multiplied by 2.6; heat
produced for commercial use is multiplied by
1.1
Ef = energy input per year to the plant from fossil
fuels
Ei = other external used per year in the plant
Ew = energy input per year to the plant from
waste, on the basis of its net caloriﬁc value
(or LHV)
The factor 0.97 accounts for heat losses due to
bottom ash and external radiation/convection
In the absence of external fossil fuels and electricity, formatting the R1 formula reduces to:
R1 ¼ Energy efficiency factor
¼ Ep=ð0:97  EwÞ:
The equivalence factors for energy are based on
savings of primary fuels in dedicated power and/or
heat plants. In the R1 formula, electrical energy is
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1.600

1.400

R1 efficiency factor [-]

1.200

1.000

1.11

1.11
1.02

1.00

0.88
0.81
0.800

0.83

0.77
0.71

0.72

0.72

0.58

0.600

0.400

0.30

0.200

0.12
0.04

0.04
0.000

Heat only

Electricity only

CHP

All

R1 max.

1.00

1.02

1.11

1.11

R1 average (CEWEP)

0.81

0.71

0.88

0.83

R1 average (EU guidance)

0.72

0.58

0.77

0.72

R1 min.

0.04

0.12

0.30

0.04

1)

R1 calculation in accordance to Directive 2008/98/EC (WFD) 20/10/2008, ANNEX II, with equivalence factors: for electricity
self produced and imported 1 MWh el=2.6 MWh el equ; for heat commercial used 1 MWh th=1.1 MWh th equ and according
to BREF WI for imported fuel 1 MWh fuel=1.0 MWh fuel equ. Self used heat in Ep as described under 2) in Table 2.

WTE: Energy Contained in Solid Wastes, Fig. 8 Analysis of R1 energy efﬁciency factors of 231 WTE plants in
Europe [9]

multiplied by the equivalence factor 2.6 and heat
by the factor 1.1. To reach the “recovery” status
(R1), the computed R1 factor, according to the
above formula, must be equal to or higher than:
• 0.60 for plants in operation and permitted, in
accordance with applicable EU legislation,
before January 1, 2009
• 0.65 for plants permitted after December
31, 2008
Figure 8 is based on the data presented in
Table 2 for 231 WTE plants in Europe. It divides
these plants into three classes: plants producing
only heat, producing only electricity, and producing both heat and electricity (2003–2007 data).
For each class, the maximum, average, and minimum R1 factors are shown. The average values of
energy efﬁciency are calculated in two ways: on

the basis of the R1 formula and from the Sankey
energy balance, as discussed earlier.
The highest R1 average based on CEWEP
(0.88) was recorded for a CHP plant, producing
both electricity and heat. The second highest average R1 factor was attained by a heat-generating
WTE. The average R1 factor of WTE facilities
generating only electricity was 0.71.

Potential for Increasing Energy Recovery
of WTE Plants
Reimann [8] has suggested several ways to
increase the energy efﬁciency of existing or new
WTE facilities. For example, operators can aim to
reduce excess air by optimal use of secondary air
and recirculation of part of the ﬂue gas stream.
Other low-cost measures are avoidance of fouling

WTE: Energy Contained in Solid Wastes

in boiler, ensuring a low ﬂue gas temperature after
boiler, reducing the use of fossil fuel during startup and shutdown, preheating the combustion air,
and heating the ﬂue gas for selective catalytic
reduction (SCR) by self-produced steam instead
of fossil fuels.
More costly measures recommended are frequent cleaning of heat exchanger tubes, providing
for cooling of condenser by water sprinkling during high-temperature excursions, increasing the
boiler water temperature, use of a multistage turbine with reheating and dewatering of extracted
steam in between the stages, and using boilers
with higher steam parameters.
By far, the most effective means to increase
WTE thermal efﬁciency is by using the lowpressure steam for district heating or for providing
heat to nearby industrial plants as base load, e.g., a
paper recycling plant that requires a lot of heat. Of
course, such measures are more applicable to new
WTE plants and depend on the presence of customers for heat and the length of the heating or
cooling period at a certain location.

Future Directions
Every WTE plant should strive not only to reach the
R1 standard required for classiﬁcation as a recovery
plant but to exceed it. Higher recovery rates have
several environmental and economic beneﬁts,
including the conservation of nonrenewable fuels
and the reduction of greenhouse gas emissions
with their climate change implications.
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Glossary
AD Anaerobic digestion
CFD Computational ﬂuid dynamics

CHP Combined heat and power
CHP/DHC Combined heat and power/district
heating and cooling
CV Caloriﬁc value
DEFRA Department of Environment Food and
Rural Affairs
DHC District heating and cooling
DVC Depolymerization-vaporization-crosslinking model
EfW Energy-from-waste
EU European Union
FG Functional group
FG-DVC Functional group model and a
depolymerization-vaporization-cross-linking
model
GJ Gigajoule
kWh Kilowatt hours
kWh Kilowatt heat
MBT Mechanical biological treatment
MSW Municipal solid waste
MRF Material recovery facility
MW Megawatt
NO Nitric oxide
NOx Nitrogen oxides
PCDD/Fs Polychlorinated dibenzo-dioxins and
furans
RDF Refuse-derived fuel
ROC Renewable Obligation Certiﬁcate
SRF Solid-recovered fuel
TEQ Toxic equivalent
TGA Thermogravimetric analysis
WID Waste WTE directive
WTE Waste-to-energy

Definition of the Subject
Historically, waste materials from cities were simply dumped in huge piles of polluting material.
The liquid runoff usually polluted water bodies,
and the rotting material continued to emit greenhouse gases, methane, and carbon dioxide for
many years. The area of land required also
became a problem, and most societies now
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consider such waste dumps to be unacceptable.
An important factor is the recognition that dumping of wastes without recovering reusable materials is unsustainable and waste should be
(a) minimized at source, (b) the recovery of reusable or recyclable materials should be optimized,
and (c) the recovery of energy-from-waste (EfW)
must be maximized.
Minimization of waste at source poses many
problems. For example, most cultures have celebrations, such as weddings, which result in waste
from gift packaging. Yet these events contribute to
the quality of life, and it would be unpopular to
ban them. However, packaging consists of paper
and cardboard which are biofuels similar to wood,
and their combustion in a waste-to-energy (WTE)
plant simply returns captured carbon dioxide to
the atmosphere and displaces fossil fuel that
would otherwise be used. The important point is
that waste material that is not reused or recycled
should be used as fuel in a WTE plant.
Waste consists of a wide variety of materials
such as cans and paper that are initially separate
but become mixed in a crude waste collection
system. The subsequent separation, or de-mixing,
requires considerable cost and energy and usually
results in cross-contaminated products. Thus,
in accordance with the principle of entropy
(or disorder), wastes should be separated at the
source, wherever it is viable. Material handling
machines can recover some recyclable material
such as metal, paper, and some plastics. The residue, which amounts to at least about 50% of the
raw waste, sometimes known as solid-recovered
fuel (SRF), can be burned or possibly gasiﬁed to
generate power.
Composting of raw municipal waste converts
much of the material to carbon dioxide without
recovering energy and leaves a semi-toxic residue, whereas methane generation by anaerobic
digestion is generally more suitable for wet food
wastes.
This presentation focuses on the recovery of
energy from solid wastes by combustion. This is
now a mature and bankable technology that is
delivering electricity at hundreds of plants worldwide. Attention is drawn to the fact that the
efﬁciency of the electrical power generation is
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only about 23% due to boiler corrosion problems.
Fortunately, there is an engineering solution to
this situation since the remaining energy is available to heat water that can be used for district
heating (or building cooling), thus raising the
energy conversion efﬁciency to about 90%. Not
only does this save fossil fuels, but because most
of the waste residue is biomass, the net carbon
dioxide emission is quite low, while the heat is
generated close to the consumer and transport of
waste is minimized.
A key feature of this environmentally friendly
“trash-io-resource” strategy is that it helps to
reduce global warming by reducing the net emissions of carbon dioxide to the atmosphere. In the
light of these observations, it is clear that WTE is a
key technology for modern society. The aim of
this entry is to present the rationale, the underpinning scientiﬁc principles, and the key engineering
aspects of this topical subject.

Introduction
The impending fossil fuel poverty that is developing in the world largely explains why countries
such as Denmark, which have no national fossil
fuels, have developed efﬁcient energy-from-waste
(EfW) systems incorporating district heating that
exploit low-grade heat from waste and integrate it
with low-grade heat from their electricity power
generation. The result is that two thirds of their
buildings are already connected to district heating,
and these two systems should be generally considered together for an energy-efﬁcient city.
Furthermore, the common perception that old
cities cannot have district heating is false since
many old cities like Vienna and Paris have successfully installed very extensive heat distribution
networks.
The relation between process plant-scale and
plant-capital cost generally follows the 0.6 power
law, leading to the relative economy of large-scale
process plants. WTE plants follow this rule.
However, in many cases, the problem of largescale waste supply is solved by the use of waste
transfer stations to integrate the wastes sources
from several towns.
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An important point that is not usually emphasized sufﬁciently is the relative efﬁciency of different energy-from-waste technologies. Firstly,
many studies assume that the low-grade heat
from power generation can be ignored. However,
as pointed out above, the efﬁciency of power
generation is usually less than 25%, and this
results in ignoring about 60% of the energy that
is available to displace fossil fuels currently used
to heat buildings. Surely, society will not be able
to ignore this issue for long.
The recent development of materials recovery
facility (MRF) plants that separate recyclables
from residual waste are already starting to produce
millions of tons per year of solid-recovered fuel
(SRF or RDF). The SRF from a particular process
will be much more consistent in quality than raw
MSW. Complex process plants such as gasiﬁers
generally require the feed to be tightly speciﬁed
and, hence, will be better suited to use such
wastes. It is also noteworthy that SRF can be
shipped and stored more easily than raw MSW.
An important factor is the need to apply the Waste
WTE Directive (WID) to emissions from all waste
combustion systems. The importance of deﬁning
the status of new fuels derived from wastes therefore requires considerable attention, especially
with regard to the emission of organic material
and inorganics, such as heavy metals.
The importance of the moisture content of
wastes must be also recognized. In the case of
thermal processes, this simply represents 2 MJ/kg
heat gain for every 10% reduction in moisture
content. The caloriﬁc value (CV) of raw MSW is
about 10 MJ/kg; hence drying results in a very
signiﬁcant gain in CV. The signiﬁcance of reducing this moisture in order to recover energy from
materials such as AD and sewage sludge requires
appropriate recognition. The UK sewage industry
often uses centrifuges and thermal systems to dry
sewage sludge before burning it in an autothermal
ﬂuidized bed; however, the additional use of a belt
press can result in a waste cake that delivers
enough heat to generate power.
A similar question arises when the powergeneration capability of different technologies is
compared. In the case of WTE, a typical plant
generates electrical energy at 0.6 MWh/t plus
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2.5 MWh/t of heat for buildings. By comparison,
an anaerobic digestion plant generates electrical
energy at 75–160 kWh/t of the organic fraction of
the waste. In the future, new thermal gasiﬁcation
plants could double the electrical energy that can
be generated from each ton of waste.

Brief Overview of Materials and Energy
Recovery from Solid Wastes
Municipal solid wastes (MSW) can be treated by
various methods, as illustrated in Fig. 1. However,
direct combustion, in the past called incineration,
of post-recycling-mixed MSW is currently the
main route for energy and metals recovery practiced by the global WTE industry.
The modern WTE plants burn wastes of a wide
range of caloriﬁc values on a moving grate, without any waste preprocessing. However, in some
countries, these combustion systems suffer from
unfavorable public perception. The main treatment alternatives to WTE are:
1. Production of solid-recovered fuel (SRF) from
mechanical/biological treatment
2. Pretreatment of MSW to “refuse-derived fuel”
(SRF) as discussed in another section of this
document
3. Gasiﬁcation of preprocessed or as-received
waste followed by either combustion or use
of the gas as a fuel
Such processes have potentially higher energy
efﬁciency when compared to WTE and perhaps
more ﬂexibility in the use of primary products.
However, further technology developments with
appropriate regulatory drivers are still required
for them to compete effectively with controlled
combustion.
Another thermal route available for treating the
high caloriﬁc components of MSW is pyrolysis, in
order to produce cheap and storable fuel products.
Pyrolysis is normally only suitable for speciﬁc
types of waste material such as plastics or waste
wood, where it is used to produce charcoal, a
storable fuel product.
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WTE: Combustion Phenomena on Moving Grate, Fig. 1 Various methods for recovering materials and energy from
municipal solid wastes

Energy Recovery by Thermal Treatment
of Wastes
The energy output available from a material is
conveniently speciﬁed by its caloriﬁc value in
MJ/kg. Thus, if the fuel feed is 1 kg/s (i.e., 3.6 t/h
or 31,500 t of waste per year), a typical municipal
waste fuel containing 10 MJ/kg can produce a
maximum of 10 MJ/s, that is, 10 MW of combined
heat and power. In practice, the efﬁciency of the
appropriate electrical power generating system is
only 23%, so a more realistic ﬁgure for the electrical output would be 2.3 MWe of electricity. However, the rest of the thermal energy is available as
low-grade heat that is suitable for district heating
and can provide about 6.2 MWh of district heating.
Putting these ﬁgures into perspective, the average person in the EU produces approximately half

a ton of nonrecyclable waste per year, so the
example above would correspond to a fairly
large city with a population of 60,000 and
20,000 homes. Heating each home requires up to
5 kWh; hence the number of homes that could be
heated from their own MSW is 6,200/5 = 1,240 or
a proportion of 20%. The electricity generated
from the waste also provides power for a similar
proportion of households in a community served
by EfW.
Therefore, the energy available from the waste
generated by a local population can make a signiﬁcant contribution to fulﬁlling the local demand
for heat and electricity, while also replacing the
use of an important amount of nonrenewable fossil fuel. Furthermore, by doing so, the local urban
population assumes the responsibility for managing their waste instead of sending it to pollute a

WTE: Combustion Phenomena on Moving Grate

rural area. The fact that the waste volume is
reduced by a factor of 10 in an energy-fromwaste plant is also an important consideration in
minimizing the transportation involved in waste
management.
To access the energy available in the waste, it
must be converted from chemical energy to heat
and/or power. This process involves all the
complex reaction processes of pyrolysis, gasiﬁcation, and oxidation. The other two processes
(gasiﬁcation and pyrolysis) produce intermediate
products of combustion that can be burned for
energy generation or used as a feedstock,
depending on process conditions. Furthermore, a
gasiﬁcation or pyrolysis system used to produce
heat and power energy also involves combustion
of the gas or char and thus conversion of the initial
feed to carbon dioxide, water, and ash. Each alternative process should therefore be considered
holistically, where one starts from the raw waste
and then follows the process to completion of the
reaction of the fuel with air, the production of heat
and power, and the disposal of the ash residue.
Also, any gas cleaning operation that is required
to meet the air and water environmental control
regulations must be included in such a comparison
of alternatives.
An important consideration is the internal use
of power within the plant; systems should be
compared on the basis of net power production
rather than the output of the electricity generator.
The internal power-consuming devices include
waste preprocessing shredders, fans, material conveyers, pumps, etc.
WTE is a mature technology that can meet all
regulations and that is bankable. Why then are
other technologies being considered? The reason
lies in the potential efﬁciency of electrical power
production. In the case of the mass-burn system,
the combustion gases are used to raise steam
for use in the turbine/generator with a Rankine
power-generation cycle. Thermodynamic considerations show that the efﬁciency of the power
generation depends on the top temperature of
steam generation. This temperature is limited by
the acceptable material life of the superheater
steam tubes. In a conventional coal-ﬁred power
station, steam temperatures are typically about
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565  C and result in a power-generation efﬁciency
of about 35%. In the case of a conventional
energy-from-waste plant, the composition of the
ﬂue gas is more corrosive, and a steam temperature yielding an acceptable superheater tube life is
about 400  C, resulting in power-generation efﬁciency of about 23–25%. Although most of the
balance of the energy is available as heat for a
district heating system, electricity is a more valuable form of energy than heat; hence, research
workers are striving to develop a more efﬁcient
system.
In principle, if one could generate gas from
waste with an efﬁciency of about 70% and use
the gas in an internal combustion engine or a
combined gas turbine/steam turbine generator
with an efﬁciency of 45–55%, then an overall
power-generation efﬁciency of 31.5–38.5% should
be attainable. However, this target has been
elusive and remains a “gleam-in-the-eye” at
the present time. For this reason, the following
discussion will largely focus on conventional
moving combustion as the route to produce
energy-from-waste. Furthermore, since the waste
combustion process is particularly complex and
its study is a specialty of the authors, this entry
will focus on this aspect of energy-from-waste.

Energy Recovery from MSW by
Controlled Combustion
Typical WTE systems are moving grate combustion chambers that operate at high temperatures
(i.e., 850  C at the furnace exit) and with excess
air (typically 50–80% of stoichiometric air) in
order to ensure efﬁcient combustion of waste
material and complete destruction of toxic organic
pollutants. As mentioned above, mass-burn incinerators can handle wastes with a wide range of
caloriﬁc value without any speciﬁc waste pretreatment, which is a key advantage of this
technology.
The major public issues concerning the WTE
option are pollution, health risks, and low energy
efﬁciency. All combustion systems inevitably
generate certain amounts of pollutants. In the
case of WTE, the main ﬂue gases are nitrogen,
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oxygen, water vapor, carbon dioxide, acidic
gases, NOx, particulates, heavy metals, and
dioxins. The pollutants are efﬁciently removed
by a combination of gas cleaning technologies to
a level below the emission limits set by the Waste
Directive of the EU (Table 1). Modern incinerators operate well below these emission limits.
Dioxins and ﬂy ash are of particular public interest. However, the dioxin level from modern WTE
systems is far below the European emission limits,
for example, the total UK dioxin emissions from
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Table 1 Daily average values of air emission limits for
WTE plants in WID
Pollutants
Total dust
Total organic carbon
HCl
HF
SO2
NOx
CO
Hg
Cd/Tl
Sb, As, Pb, Cr, Co, Cu, Mn, Ni, V
PCDD/Fs

Values
10 mg/m3
10 mg/m3
10 mg/m3
1 mg/m3
50 mg/m3
200 mg/m3
50 mg/m3
0.05 mg/m3
Total 0.05 mg/m3
Total 0.05 mg/m3
0.1 ng I-TEQ/m3

WTE account for only about 1% of the UK
national total [1]. A similar result was also
reported for Germany and other nations.

WTE with Combined Heat and Power
(CHP)
As noted above, due to corrosion problems the
efﬁciency of electricity generation by incinerators
using a steam turbine is about 25%, which is rather
low compared to about 35% for coal-ﬁred power
plant. However, the use of combined heat and
power systems (CHP) can dramatically increase
the overall energy efﬁciency by exploiting the
low-grade heat from the steam turbine for heating
(or cooling) domestic, commercial, and industrial
buildings. The overall energy efﬁciency of a CHP
system using conventional or waste-derived fuels
is as high as 85%. The best example in the UK is
the Shefﬁeld WTE plant operated by Veolia Shefﬁeld Ltd. (Fig. 2). It produces up to 60 MW thermal
plus 19 MW electrical energy from a waste
throughput of 225 kt/year and supplies heat to
commercial properties and over 5,000 residential
buildings through a network of 42 km of piping.
An important factor concerning EfW plants in
the UK is their eligibility for the Renewable
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WTE: Combustion Phenomena on Moving Grate,
Fig. 3 Curve-ﬁtted and updated (2009) for various plant
scales

Obligation Certiﬁcates (ROCs), which provides
an incentive to promote electricity generation
from renewable sources, such as the biomass content of wastes.
WTE is capital intensive (Fig. 3). The major
cost factors are equipment and building costs,
land acquisition, planning, labor, maintenance,
and ash disposal. The costs are very much site
dependent and are affected by a number of parameters such as:
• Scale of the plant (typically ranging from 50 to
400 kt/year)
• Requirement for ﬂue gas treatment
• Treatment and disposal process for the bottom
and ﬂy ash, including recovery of metals from
the bottom ash and their sale
• Efﬁciency of energy recovery

The Waste Combustion Process
Two alternative technologies are available to burn
waste. These are the mass-burn grate and the
ﬂuidized bed. The former consists of a moving
grate that burns waste traveling on a grate from a
feed shaft to the ash pit. The latter consists of a
ﬂuidized bed of near mono-size sand particles
enveloping the burning waste material. Air
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passing up through the bed is almost universally
used as the source of oxidant.
The two systems differ in the peak temperature
achieved during combustion. In the case of
a mass-burn grate, the maximum temperature
is about 1,300  C, whereas the ﬂuidized bed
operates at about 850  C. Because the ash melting
temperature lies between these two temperatures,
the ash from a mass-burn grate can contain large
pieces of slag. These two processes also differ in
the amount of power that is used within the process. In the case of a ﬂuidized bed, the waste must
be preprocessed by shredding, which incurs a
signiﬁcant cost and efﬁciency penalty; also the
air pressure needed to suspend the ﬂuidized bed
is much greater than that used with a mass-burn
grate. The overall effect is that the net electrical
power output of a ﬂuidized bed system tends to be
less than with a mass-burn grate. These and other
considerations have led to a preference for installation of the mass-burn system in Europe, where
there is more emphasis on power production,
whereas in Japan the balance between the uses
of each system is more nearly even.

Mathematical Modeling of Combustion
in an Energy-From-Waste Plant
Traveling grate combustion systems such as that
illustrated in Fig. 4 are commonly used in industry
for WTE of MSW waste. In this type of reactor,
waste burns on top of the moving grate with
primary air supplied from below. The fresh
waste fed onto the grate at one end ignites by
radiation from the hot environment and the ignition front propagates into the bed, as it is slowly
transported to the discharge end of the moving
grate. The combustion products are released to a
gas plenum above the bed, where further oxidation of combustible gases takes place. Secondary
air is injected through jets into the gas in the shaft
above the bed to enhance the gaseous mixing and
combust the volatile gases and carbon monoxide
that emanate from the burning bed of solids.
Mathematical modeling of the burning bed of
waste particles (“FLIC” code) was developed at
Shefﬁeld University for thermal processes in a
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WTE: Combustion Phenomena on Moving Grate, Fig. 4 Typical EfW plant [2]

packed bed such as moving grate combustion,
ﬁxed bed air-steam gasiﬁcation, and slow pyrolysis. After establishing the governing equations for
the two-phase reacting bed, the heat transfer and
reaction parameters are optimized using test
results carried out in parallel in a so-called pot
burner. This code is usually coupled with a gas
ﬂow modeling (“FLUENT” code) to provide
comprehensive information on the thermal processes in a furnace. This novel simulation technique has been applied widely to provide a
detailed understanding of the combustion process
and to help optimize the design and operation of
energy-from-waste plants worldwide.
To segregate recyclables, the unsorted MSW
can be mechanically treated before being fed into
the furnace, as shown in Fig. 5. This can be an
attractive waste disposal route for local authorities
in order to meet the recycling targets by postcollection segregation and reduce landﬁlling.
Based on a least-cost optimization of the waste
management options, WTE with mechanical
treatment of waste is most likely to be adopted in
the near future. However, the recent trend is for
more recyclables to be source separated and collected [3] rather than for post-collection

segregation of unsorted wastes, principally due
to the poor quality of recyclables sorted out from
mixed MSW.

Mass and Energy Balance in the WTE
Process
WTE furnaces are generally operated at temperatures between 850  C and 1,100  C with a large
excess of oxygen and converts waste materials
into ash and exhaust gas while producing thermal/electrical energy from the chemical energy
of waste. The overall reaction for WTE can be
written as
waste þ airðproductsÞ
wðH2 OÞ • CxHyOz • Ash
þ ð1 þ lÞaðO2 þ 3:76N2 Þ ! xCO2
þ ðw þ 2=yÞH2 O þ alO2
þ 3:76ð1 þ lÞaN2 þ Ash
where l : excess air ratio and a ¼ x
þy=4  z=2:
The chemical composition of waste varies signiﬁcantly between locations and seasons. For an
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WTE: Combustion Phenomena on Moving Grate, Fig. 5 Schematic of mass ﬂow for mechanical treatment followed
by controlled combustion

indicative mass and energy balance calculation,
typical ultimate and proximate analyses for MSW,
such as that shown in Table 2, must be obtained.
In this case, the combustible component of
MSW becomes C20H37.3O11.6 with 31.2% by
weight of moisture and 24.2% by weight of noncombustible ash.
A simple mass and energy balance for WTE
based on the above properties of waste is shown in
Fig. 6. For 1,000 kg of waste, the amount of air
required at 70% excess air (l = 0.7) is 5,377 kg.
The amount of solid residues is 242 kg. Most of
these are bottom ash, and the balance is collected
in bag ﬁlters as ﬂy ash. The amount of exhaust gas
is 6,120 kg in which the fraction of oxygen is
8.8% on a dry basis. The typical temperatures of
exhaust gas in the gas cleaning process, and at the
chimney are 200  C and 130  C, respectively. The
electricity output is 2.15 GJ from 8.6 GJ of chemical energy stored in 1,000 kg of waste. This is
based on 25% electrical energy efﬁciency which
is typical in a large-scale WTE plant with a steam
turbine. As mentioned above, for WTE with combined heat and power (CHP), the energy efﬁciency can be as high as 85%.

Moving Grate Modeling Equations
A mathematical model [4], also known as the
FLIC code, is used to predict the ﬁxed bed combustion of the waste materials. This model
assumes the fuel bed to be a unidimensional bed
of uniform spherical particles and gas voids and
tracks the combustion in the bed as a function of
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Table 2 Ultimate analysis of MSW
Material
Water
Carbon
Hydrogen
Oxygen
Nitrogen
Sulfur
Chlorine
Ash

% by weight
31.2
24.0
3.2
15.9
0.7
0.1
0.7
24.2

time. The combustion processes of moisture evaporation, devolatilization, and char burnout for the
solid phase and also the reactions in the gas phase
are simulated by various sub-models and modes
of heat transfer. The details of the model assumptions, governing equations, various sub-models
for reaction and heat transfer, and the numerical
scheme are presented below. Application of the
FLIC code to the mathematical modeling of the
characteristics of a burning bed has provided very
valuable results for various solid fuels in ﬁxed or
moving bed furnaces.
Early development of solid waste reaction
models was largely based in previous work on
coal combustion and was linked to biomass combustion due to the fact that a large proportion of
municipal solid wastes is biomass or originates
from it [4–6]. The devolatilization rate depends
not only on fuel type but also on particle size,
heating rate, and ﬁnal temperature. For experimental studies, thermogravimetric analysis (TGA) has
been used at low heating rates. However, the
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WTE: Combustion
Phenomena on Moving
Grate, Fig. 6 Typical
mass and energy balance for
WTE with combined heat
and power

pyrolysis processes in an actual WTE furnace or
packed-bed pyrolyser differ from the conditions
of TGA tests in terms of sample weight and particle sizes. Furthermore, evidence [7] indicated
that a bed ﬁlled with charcoal at elevated temperatures could reduce tar concentration in the exit
gases by 95%; therefore, mathematical models for
an actual solid-fuel pyrolysis system should
include the tar-cracking and re-polymerization
processes. In the following discussion, solid
waste pyrolysis is modeled by two different
methods, and the effect of devolatilization rate
on the combustion of MSW is investigated by
numerical simulations. A speciﬁc tar-cracking
feature is also mathematically simulated to optimize the process operation.
Char from solid wastes constitutes an important part of the waste-to-energy conversion process as the burnout time of char can be more than
ten times the devolatilization time. In addition,
chars from different parent fuels are expected to
have different kinetic rates since minerals in the
ash can act as catalysts and, also, the burnout rate
of char also depends heavily on mass transport
between the gas and solid phases through the
outer ash layer. Thus, collapse of this outer ash
layer or particles breaking down into smaller fragments during the char burnout processes can signiﬁcantly affect the results. This effect is taken

into account in the mathematical model by introducing a particle mixing coefﬁcient in a packed
bed agitated by a moving grate; numerical predictions indicate that the overall burning rate of
the solid fuel can be doubled. To investigate the
effect of grate movement on the combustion processes, a transient mathematical model has also
been developed which can reﬂect the random
nature observed for the dynamic processes.
However, to analyze the effect of fuel properties
and most of the other operating parameters such
as airﬂow rate, the transient mathematical model
is unnecessary. Therefore, the average or “steadystate” mathematical model has been generally used.
One of the earliest models for packed-bed solid
combustion was proposed by [6]. Early models
were generally based on the assumption of thermally thin particles; however, in the case of
MSW combustion, particle sizes may be very
large in some cases. To correctly model the combustion processes of thermally thick particles, an
advanced double-mesh numerical model was
developed that takes into account the threedimensional nature of the boundary conditions
for an individual particle in a packed bed. The
advantage of such a model is its ability to take
into account the temperature gradient inside thermally thick particles, making the modeling more
realistic.
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Radiation penetration is important in packed-bed
waste combustion as it is the major mode of heat
transfer inside packed beds of burning solid fuels
and one of the major factors inﬂuencing
the combustion characteristics. The absorption and
scattering coefﬁcients of the packed-particle assembly are therefore important parameters required for
advanced modeling of heat transfer inside packed
beds. Detailed 3D calculations of radiation penetration in packed beds of various bed conﬁgurations
were carried out by employing the discrete ordinates
method and treating the particle surface as wall
boundaries. The radiation absorption and scattering
coefﬁcients for the particle assembly were thus
deduced and correlated to particle size, shape, surface emissivity, and bed porosity.
Most of the model developments have been
validated against small-scale benchtop experiments for obvious economic and practical reasons.
Scale-up rules allow for the developed models to
be applied to large-scale industrial plants, which is
the ultimate goal of all the modeling work.

Steady-State Model for Packed-Bed
Combustion
A schematic description of a solid-to-energy conversion bed is shown in Fig. 7. Layers of solid
particles are packed on a grate and underﬁre
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airﬂows upward through the bed. Solid material
is supplied continuously at one end of the grate
and the force of gravity and motion of the grate
slowly propel the solids to the discharge end of the
grate. Most of the combustible material in the
solid is burned within the bed and the freeboard
zone above the bed, producing CO2, H2O, and
minor traces of CO and unburned hydrocarbons.
The combustible gases are later burned in the
over-bed region by adding secondary air. The
solid products are bottom ash and ﬂy ash carried
in the combustion gases.
It is assumed that the major bed properties, i.e.,
temperatures of gas and solid phases inside the
bed, gas compositions (O2, H2, CO, CO2, etc.),
and solid compositions (moisture, volatiles, ﬁxed
carbon, and ash), can be described as continuous
functions of space. It is also assumed that the
bed can be treated as a porous medium, where
mass and heat transfer take place between the
solid and gas phases and that the shape of
the particles is spherical (the surface-volumeaveraged diameter is used). Under such assumptions, the individual bed processes (moisture
evaporation, devolatilization, and char burning)
can be viewed as taking place layer by layer
from the bed top to the bottom. This model is
suitable for thermally thin particles. However,
for much larger particles, the combustion processes may not occur layer by layer from the bed

WTE: Combustion Phenomena on Moving Grate, Fig. 7 Schematic of the solid combustion processes in a moving
packed bed
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top to the bottom. Instead, the burning process
may be more on an individual particle basis, and
the numerical model for thermally thick particles
must be used.

For the solid-phase processes, the equations of
particle movement, species transport, and heat
transfer are described below:
Continuity : @rsb =@t þ ∇ • ðrsb ðVs  VB ÞÞ
¼ Ss
(7)

General Transport Equations
The general governing equations for both the gas
and solid phases in a moving bed include mass
and momentum conservation, heat transfer, and
species transport. For the gas phase, the following
equations apply:


Continuity @ frg =@t

(1)


þ ∇ • frg Vg  VB ¼ Ssg


Momentum @ frg Vg =@t


 
þ ∇ • frg Vg  VB Vg ¼ ∇rg þ FðvÞ

Momentum : @rsb Vs =@t
þ∇ • ðrsb ðVs  VB ÞVs Þ ¼
∇ • s  ∇ • t þ rsb g þ A

(8)

Species : @rsb Y is =@t þ ∇ • ðrsb ðVs  VB ÞY is Þ
¼ ∇ • ðDs ∇ðrsb Y is ÞÞ þ Syis
(9)
Energy : @rsb H s =@t þ ∇ • ðrsb ðVs  VB ÞHs Þ
¼ ∇ • ðls ∇T S Þ þ ∇ • qr þ Qsh
(10)

The fourth term on the right-hand side of (8) is
included to account for particle random movements (mixing) caused by the mechanical distur(2) bance of the moving grate and other random
sources. However, for simplicity, the particle


Speciestransport @ frg Y ig =@t
velocities are not actually calculated from (8).


 
Instead, predetermined values are given to the
(3)
þ ∇ • frg Vg  VB Y ig
horizontal average particle velocity, and the verti


¼ ∇ • Dig ∇ rg Y ig þ Syig
cal velocity is then calculated by means of (7).
The solid bed effective thermal conductivity ls




  in Eq. 10 consists of two parts: the solid material
Energy @ frg H g =@t þ∇ • frg Vg  VB Hg
conductivity, ls0, and the thermal transport caused




¼ ∇ • lg ∇T g þ Sa h0s T s  T g þ Qh
by random movement of the particle, lsm.
(4)
lg ¼ ls0 þ lsm
(11)
In the above equations, F(v) represents resistance of solids to ﬂuid ﬂow in a porous medium
The transport coefﬁcients of the solid phase,
and is calculated by Ergun’s equations. The ﬂuid i.e., m , D , and l , in a packed bed have to be
s
s
sm
dispersion coefﬁcients, Dig for mass and lg for estimated. “Particle Prandtl number” can be
thermal, consist of diffusion and turbulent contri- deﬁned as Pr and “particle Schmidt number,”
s
butions. For Re >5, the corresponding cross-ﬂow Sc , by analogy to the ﬂuid phase; by assuming
s
and inﬂow dispersion coefﬁcients are given by the that Pr /Sc = 1,
s
s
following equations [8]:
Dr

¼ E0 þ 0:1 dp j Vg j and Dax
¼ E0 þ 0:5dp j Vg j

lr ¼ l0g þ 0:1d p j Vg j rg Cpg and
lax ¼ l0g þ 0:5dp j Vg j rg Cpg

(5)

(6)

ms ¼ rsh Ds and lsm ¼ ms Cps
¼ rsh Cps Ds

(12)

In the above transport equations, steady state is
achieved by setting the time differentiation term
to zero.
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As discussed previously, thermal radiation is
the major heat transfer mode in the packed bed
under combustion conditions. The radiation heat
transfer in the bed is represented by a four-ﬂux
radiation model [9]:
dI r  =dr ¼ ðka þ ks ÞI r  þ 1=4ka Eb 
þ

þ1=4ks I x þ þ I 
x þ Iz þ Iz
(13)
where r = x or r = z. The scattering coefﬁcient, ks,
is assumed zero as the ﬁrst approximation, and the
absorption coefﬁcient, ka, is taken as [10]
ka ¼ 1=dp lnðfÞ

(14)



Ei  s
ki ¼ Ai exp 
RT

Evaporation of Moisture
It is assumed that the progress of drying is limited
by the transport of heat inside the particle and the
moisture evaporation rate is approximated by (6)

r_M ¼

8
<
:


fM
0


T s  T evop rM cpM
DH M dt

and was originally developed for coal pyrolysis.
The model combines two previously developed
models, a functional group (FG) model and a
depolymerization-vaporization-cross-linking
(DVC) model. The DVC subroutine is employed
to determine the amount and molecular weight of
macromolecular fragments, the lightest of which
evolves as tar. The FG subroutine is used to
describe the gas evolution and the elemental and
functional group compositions of the tar and char.
The reaction rates are assumed to follow ﬁrstorder kinetics with distributed activation energy
of width s. In particular, the rate constant ki for
release of the i-th functional group (also called
pool) is expressed by an Arrhenius expression of
the form

if T s  T evap
if T s < T evap
(15)

where fM = 1.
To overcome potential numerical instability
during the computation, the above equation is
modiﬁed with fM = XM/M, where M is the initial
moisture content in the fuel.

Devolatilization
There are two types of models that are generally
used to simulate solid-fuel pyrolysis:
1. Parallel reaction models
2. The functional group, depolymerization,
vaporization, cross-linking (FG-DVC) model
The FG-DVC model is advocated by
Advanced Fuel Research, Inc. in the USA [11]

(16)

where Ai is the pre-exponential factor, Ei is the
activation energy, and si is the width of distribution in activation energies.
Direct application of the FG-DVC model data
to large particles and fuel batches may encounter
difﬁculty due to secondary cracking of tar and
re-polymerization, both inside a pyrolyzing particle and on the activated surfaces of other particles;
this can signiﬁcantly increase the char yield and
reduce tar production. It has been found that char
yield can increase as much as 30–100% in the
packed-bed pyrolyser as compared to standard
TGA tests on which the FG-DVC model data are
based. Parallel reaction models, on the other hand,
provide a much simpler tool to predict the distribution of char, tar, and gases under more realistic
conditions, but the elemental composition of each
of the products is not predicted. Parallel reaction
models are also known as two-stage, semi-global
models [12]. In these models, the virgin material
is considered as a homogeneous single species,
and reaction products are grouped into gas, tar,
and char. The virgin fuel undergoes thermal degradation according to primary reactions giving as
products gas, tar, and char. Tar may undergo secondary reactions in the gas/vapor phase within the
pores of the solid matrix, related either to
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cracking, to give light hydrocarbons, or to depolymerization to give char, as illustrated in the
following:

The functional group model can be reduced to
the more traditional one-step global reaction
model if a representative single species is
employed:
du=dt ¼ kv ðu1  uÞ
where

s1

kv ¼ Av expðEv =RTs Þ

(17a)
(17b)

Combustion of Volatiles in the
Porous Bed
Gaseous fuels released from the devolatilization
process have ﬁrst to mix with the surrounding air
before they can be combusted. Therefore, burning
of the volatile hydrocarbon gases is limited not
only by the reaction kinetics (temperature dependent) but also by the mixing rate of the gaseous
fuel with the underﬁre air. The mixing rate inside
the bed is assumed to be proportional to energy
loss (pressure drop) through the bed and by
recalling the Ergun equations can be expressed as
(

Dg ð1  fÞ2=3
dp 2 f
)

V g ð1  fÞ1=3
Cfuel CO2
þ1:75
min
,
dp f
Sfuel SO2

Rmix ¼ Cmix rg 150

(20a)
In the above equations, u1 denotes the ultimate
yield of volatile and u the remaining volatile
amount at time t. Av and Ev are parameters determining the kinetic rate.

Char Burnout
The primary products of char combustion are CO
and CO2:
CðsÞ þ aO2 ! 2ð1  aÞCO þ ð2a  1ÞCO2
where the ratio of CO and CO2 can be expressed
as [13]
CO=CO2 ¼ 2500 expð6420=T Þ

(18)

for temperatures between 730 and 1170 K. Ratios
outside of this temperature range are calculated
using one of the limiting temperatures.
The char consumption rate is expressed as [9]
RC ¼ PO2 =ð1=kr þ 1=kd Þ

(19)

where kr and kd are rate constants due to chemical
kinetics and diffusion, respectively.

where Cmix is an empirical constant, Dg the molecular diffusivity of the combustion air, Vg the air
velocity, dp the particle diameter, f the local void
fraction of the bed, C the molar fractions of the
gaseous reactants, and S their stoichiometric coefﬁcients in the reaction.
In the freeboard area immediately above the
bed surface, “ﬂame tongues” form, and the mixing
rate of the volatile gases with surrounding air
decreases with increasing distance from the bed
surface. Detailed CFD calculations with simulated particle beds were conducted and have produced the following correlation between mixing
rate and the distance from the bed top:
Rmix ¼ R0mixoð2:8e0:2yþþ  1:8e2yþþ Þ
Cfuel CO2
,
min
Sfuel SO2
(20b)
yþþ ¼ yþ =lp

(20c)

where R0 mixo is calculated from (20a) without the
species concentration terms at the bed surface. y+
denotes the physical distance from the bed top.
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A representative hydrocarbon species,
CmHnOl, can be assumed in the devolatilization
products. It is oxidized to produce CO and H2:
Cm Hn Ol þ ðm=2  l=2ÞO2 ! mCO þ n=2 H2
CO is then burned by further oxidization to
form CO2:
CO þ 1=2O2 ! CO2
and H2 is combusted to H2O:
H2 þ 1=2O2 ¼ H2 O
The kinetic rate for CmHnOl oxidation, RCm Hn Ol ,
is assumed to be the same as that for CmHn:


RCm Hn Ol ¼ 59:8 T g P0:3 exp 12200=T g
CCm Hn Ol 0:5 CO2

 10


6

XNH3 XhO2 exp

134, 400
RT



s1
(25)

RN2 ¼ 1:8
 106 XNH3 XNO exp



134, 400
RT

s1
(26)

(22)

(23)

where the original CC2 H4 has been replaced with
CCm Hn Ol as an approximation.
For tar combustion, a similar reaction rate as
CmHnOl is adopted.
In the above equations, CCO, CH2 O , CO2 , and
CCm Hn Ol represent species concentrations, and
P represents the pressure (taken as atmospheric
for the packed-bed combustion). The actual reaction rates of volatile species are taken as the minimum of the temperature-dependent kinetic rates
and their mixing rates with oxygen:
R ¼ Min½Rkinetic , Rmix 

RNO ¼ 4:0

and

The kinetic rate for H2, RH2 is adopted from
[15] as


RH2 ¼ 3:9  1017 exp 20500=T g
 RH2 0:85 CO2 1:42 CCm Hn Ol 0:56

Fuel nitrogen is assumed to be the dominant source
of NO formation in the moving furnace. Fuel nitrogen is released from the solids during pyrolysis
either as HCN or NH3, depending on fuel type
and heating rate. In the presence of oxygen, NH3
or HCN is further oxidized to produce NO, and, at
the same time, it can also act as a de-NOx agent to
reduce the already-formed NO to nitrogen molecules. In this study, NH3 is assumed to be the only
intermediate product and the well-known De-Soete
model is used to calculate the rates:



(21)
and the kinetic rate for CO, Rco was shown by [14]
to be


Rco ¼ 1:3  1011 exp 62700=T g
CCO CH2 O 0:5 CO2 0:5

NO Formation and Destruction

(24)

where RNO and RN2 are the NO formation and
destruction rates, respectively.
It is assumed that the nitrogen remaining in the
char after devolatilization can be heterogeneously
oxidized to NO at a rate proportional to the rate of
char burnout by a factor related to the relative distribution of carbon and nitrogen in the char [16]. At
the same time, the surface oxidation of the char
carbon by NO to form N2 can be calculated from
ðd NO=dtÞ ¼ 4:18  104 expð34:70 Kcal=RTÞ
AE PNO moles= sec
(27)
where AE is the external surface area of the char in
m2/g and PNO is in atmospheres.

Solution Technique
Except for radiation, the governing equations
described above (summarized in Table 3) are generalized into a standard form:

Gas-phase conservation equations

Process rate equations

Energy

Species

y – Momentum

x – Momentum

Continuity

Char gasiﬁcation

Combustion of volatiles

Devolatilization

Moisture evaporation

þ

@ ð rg U g f Þ
@x

þ

@ ðrg V g fÞ
@y

m
n
O2 ! mCO þ H2
2
2

¼ Ssg
¼

@ pg
@x

RCm Hn ¼ 59:8 T g P0:3 exp



þ

@ ðrg U g Ug fÞ
@x

þ

0

lg = l + 0.5dp|Vg|rgCpg

Dig = E0 + 0.5dp|Vg|
@ ðrg Hg fÞ
@ ðrg U g Hg fÞ
þ
þ
@t
@x

@ ðrg Ug fÞ
@t

@ ðrg V g Hg fÞ
@y

@ ðrg U g V g fÞ
@y

¼

@
@x



lg

@ Tg
@x



þ

@
@y


lg



@
@y

@ Tg
@y

 
þ F Ug
 
@ ðrg V g fÞ
@ ðrg V g U g fÞ
@ ð rg V g V g fÞ
@p
þ
þ
¼  @ yg þ F V g
@t
@x
@y


@ ðrg Y i, g fÞ
@ ð r g U g Y i, g f Þ
@ ðrg V g Y i, g fÞ
@ ðrg Y i, g fÞ
@
þ
þ
¼
D
þ
ig
@t
@x
@y
@x
@x

@ ðrg fÞ
@t

Cm Hn þ

Dig

þ Qh



@ ðrg Y i, g fÞ
@y


þ S Y i, g


12200 0:5
CCm Hn CO2
Tg


1
62700
0:5
CCO C0:5
CO þ O2 ! CO2
RCO ¼ 1:3  1011 exp
H2 O CO2
2
Tg


1
20500 0:85 1:42
CH2 CO2
H2 þ O2 ! H2 O
RH2 ¼ 3:9  1017 exp
2
Tg
"
#
Dg ð1  fÞ2=3
V g ð1  fÞ1=3
Cfuel CO2
min
Rmix ¼ Cmix rg 150
,
þ
1:75
R ¼ min½Rkinetic , Rmix 
dp f
Sfuel SO2
d 2p f


CO
6420
¼ 2500exp 
CðsÞ þ aO2 ! 2ð1  aÞCO þ ð2a  1ÞCO2
CO2
T




1
1
Er
R4 ¼ AP CO2 =
þ
kr ¼ Ar exp 
RT s
kr kd

Rm = Aphs(Cw , s  Cw , g) when Ts < 100 C

Ap ½h0s ðT g T s Þþϵs sb ðT 4env T 4s Þ
when T s ¼ 100 C
Rm ¼
Hevp


Ev
kv ¼ Av exp 
Rv ¼ ð1  fÞrs kv ðv1  vÞ
RT s
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Radiation heat transfer

Solid-phase conservation equations

Energy

ks ¼ 0

dIsl
dxi

þ

@ ðð1fÞrs Us Þ
@x

þ

¼ Ssg

@ ðð1fÞrs V s Y i, s Þ
@y

@ ðð1fÞrs V s Þ
@y

U s = f(x), predeﬁned
@ ðð1fÞrs Y i, s Þ
@ ðð1fÞrs Us Y i, s Þ
þ
þ
@t
@x

@ ðð1fÞrs Þ
@t

¼ SY i, s

ka ¼  d1p lnðfÞ

@ ðð1  fÞrs H s Þ
@ ðð1  fÞrs Us H s Þ
@ ðð1  fÞrs V s H s Þ
þ
þ
@t 
@
x
@y


@ qry
@
@ Ts
@
@ Ts
@ qrx
¼
þ
þ
þ
þ Qsh
ls
ls
@x
@y
@x
@y
@x
@y
þ

1
1
¼ ðka þ ks ÞI
Ixi þ I
xi þ 2N k a Eb þ 2N k s
xi , i ¼ 1, N

Species

Continuity
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Fig. 8 (a) Bed temperatures for cardboard combustion at
an airﬂow rate of 468 kg/m2h. (b) Gas composition and

@rF
þ ∇ • ðrVFÞ ¼ ∇ • ðl∇FÞ þ SF
@t

(28)

where r represents density, V velocities, F the
parameter to be solved, l transport coefﬁcient,
and SF the source term. The whole geometrical
domain of the bed is divided into a number of
small cells and Eq. 28 is discretized over each cell
and solved numerically using the SIMPLE algorithm [17]. For each cell, the equation becomes
ai, j Fi, j þ ai1, j Fi1, j þ aiþ1, j Fiþ1, j
þai, j1 Fi, j1 þ ai, jþ1 Fi, jþ1 ¼ Si, j
ði ¼ 1, M; j ¼ 1, N Þ

(29)

The radiation equations are solved by the
fourth-order Runge-Kutta method.

Modeling Validation
The modeling predictions have been investigated
experimentally for a number of sample materials,
where the model parameters were not changed
other than the fuel properties. In the simulation,
the fuel bed was generally divided into 200 cells,
and the time step was ﬁxed at 2 s.
Figure 8a and b shows the measured temperature history, gas composition, and mass left on the
grate for cardboard samples at a low airﬂow rate
(468 kg/m2 h). This type of temperature history is

mass left on the bed for cardboard combustion at an airﬂow
rate of 468 kg/m2h

typical for ﬁxed bed combustion as reported in the
literature. The temperature plot in Fig. 8a shows
two distinct stages with different combustion
characteristics. In the ignition propagation stage
designated as “A” in Fig. 8a and b, the ignition
front initiated by the start-up burner propagated
into the bed. As the ignition front passed one of
the thermocouples in the bed, the volatiles from
the burning particles ignited and formed local
ﬂames around them and above. This resulted in
the temperature increases to around 800  C within
a few minutes. The heat released from the reaction
of volatiles and char with air transfers downward
toward the fresh particles (below the ignition
front). This heat is then consumed for further
evaporation and heating of fresh fuel. Since oxygen is consumed ﬁrst by the volatile gases, a layer
of char normally accumulates above the ignition
front as it propagates downward.
When the ignition front reaches the grate
(y = 0 cm), the devolatilization of the particles
terminated and only the gasiﬁcation of the
remaining char takes place. This stage is designated as “B” in Fig. 8a and b. Glowing char
particles without ﬂames and high bed temperatures characterize this stage of the combustion
process. The temperature at y = 0 cm dropped
immediately due to the convective cooling. At the
same time, the temperatures at y = 9 and 16 cm
increased rapidly due to active char gasiﬁcation in
this region. As a result, the level of CO immediately began to rise and reached a peak within 150 s
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Fig. 9 (a) Predicted solid temperature for cardboard combustion at an airﬂow rate of 468 kg/m2h. (b) Predicted

process rates for cardboard combustion at an airﬂow rate
of 468 kg/m2h. (c) Predicted and experimental gas composition for waste wood at an airﬂow rate of 468 kg/m2h

as shown in Fig. 8b. Note that there were about
60 s delays in the indicated gas composition due to
the retention time needed for the sample gas to
reach the gas analyzer. The char gasiﬁcation
stages for the cases at an airﬂow rate of 587 and
702 kg/m2h did not have a CO peak and were
shorter than for the above case.
Figure 9a–c shows the results predicted by the
FLIC code for cardboard and waste wood both at
an airﬂow rate of 468 kg/m2h. The thin burning
layer and hot spot at 800 s (Fig. 9a) illustrate the
key features of bed combustion. As shown, the
predicted temperature, weight loss, and gas composition results were in good agreement with the

measured data. There was some minor discrepancy
between the predicted and measured results for CO
and CO2 during the char gasiﬁcation stage,
although the overall trend was similar. The possible
reasons are underprediction of char by the CO2 to
CO reaction or the unaccounted effect of the water
gas shift reaction (CO + H2O $ CO2 + H2) in this
model. In a later model, the char was assumed to be
pure carbon, although the char contains a small
amount of H element, which is released to the gas
phase in the char gasiﬁcation stage. There was also
discrepancy in the bed height in the char gasiﬁcation stage. Therefore, more information is required
on the properties of char particles.
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Fig. 10 Comparison of measured and predicted ignition
and burning rates for cardboard and waste wood (IR

ignition rate, BRi burning rate) for the ignition propagation
stage. (a) Cardboard. (b) Waste wood

Figure 10 compares the predicted and measured mass loss, ignition rate, and burning rate
as a function of airﬂow for samples of cardboard
and waste wood. The predicted ignition rate for
cardboard shown in Fig. 10a was reasonably close
to the measured values, but the burning rate was
underpredicted. This point will now be discussed
to illustrate some of the issues to be taken into
account when modeling the combustion of municipal wastes.
Particle size determines the surface to volume
ratio of a particle, which directly affects the heat
transfer (i.e., radiation penetration through the
bed and convection) and the reaction rates of
char. Since the model herein assumes the fuel
particles to be spherical, the particle diameter
was determined to be 10 mm in order to maintain
the speciﬁc surface area (surface area to volume
ratio of a particle). However, the cardboard particle has internal corrugated layers, which signiﬁcantly increase the area available for mass transfer
and heterogeneous reactions. The ignition rate is
not signiﬁcantly affected by the particle size since
the bulk density of the bed and the caloriﬁc value
are unchanged. However, it directly increases the
predicted burnout time for char, which gives
slower burning rates than the measured values.
The char gasiﬁcation stage also appears at high
airﬂow rates in the prediction. Therefore, more
parametric studies for different particle sizes and

corresponding model improvement would be
required for cardboard. The introduction of a
shape factor would be essential in the model in
order to consider the actual surface area of a
complex particle shape.
However, as expected, the FLIC model prediction for the waste wood shown in Fig. 10b
matched well with the measurements. The predicted ignition rate and burning rate had maximum values at an airﬂow rate of 936 kg/m2h and
gradually decreased at higher airﬂow rates.

Future Directions
• The WTE of a bed of waste by combustion on a
moving grate is a widely used and mature
technology. Numerical modeling has helped
engineers and scientists to understand the key
features of the process and optimize plant
design and operation.
• The Shefﬁeld CHP/DHC system represents a
successful demonstration of this technology.
This waste management strategy is already used
widely in several European cities but could be
applied in many other towns and cities worldwide
to reduce fossil fuel consumption and achieve
socioeconomic and environmental objectives.
• As indicated above, the potential electricity
output of energy-from-waste plants could be

WTE: Combustion Phenomena on Moving Grate

almost doubled by the development of an efﬁcient waste gasiﬁcation system operating with
a gasiﬁcation efﬁciency of about 70%. The use
of this fuel gas in a modern combined cycle gas
turbine power plant that has an efﬁciency of
55% would give and overall efﬁciency of electricity generation of 38.5%. Since electricity is
a more valuable form of energy than low-grade
heat, this is an attractive opportunity for further
research and development
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ka
kd
kr
kv
ks
pg
Qh
Qsh
qr
R

Nomenclature
A
Ar
Av
C
Cfuel
Cpg
Cmix
Cw,g
Cw,s
Dig
dp
Eb
Er
Ev
E0
Hevp
Hg
Hs
hs
hs0
Ix+
Ix

2

3

Particle surface area, m m
Pre-exponent factor in char burning rate,
kgm2s1
Pre-exponent factor in devolatilization
rate, s1
Constant; molar fractions of species
Fuel concentration, kgm3
Speciﬁc heat capacity of the gas mixture,
Jkg1K1
Mixing rate constant, 0.5
Moisture mass fraction in the gas phase
Moisture mass fraction at the solid surface
Dispersion coefﬁcients of the species Y i,
m2s1
Particle diameter, m
Black body emission, Wm2
Activation energy in char burning rate,
Jkmol1
Activation energy in devolatilization rate,
Jkmol1
Effective diffusion coefﬁcient
Evaporation heat of the solid material,
Jkg1
Gas enthalpy, Jkg1
Solid-phase enthalpy, Jkg1
Convective mass transfer coefﬁcient
between solid and gas, kgm2s1
Convective heat transfer coefﬁcient
between solid and gas, Wm2K1
Radiation ﬂux in positive x direction,
Wm2
Radiation ﬂux in negative x direction,
Wm2

Rmix
S
Ssg

Syig

Syis
t
T
U
V
VM
x
y
Yig
Yis
es
sb
u
u1
F
lg
lg0
ls

Radiation absorption coefﬁcient, m1
Rate constants of char burning due to
diffusion, kgm2s1
Rate constants of char burning due to
chemical kinetics, kgm2s1
Rate constant of devolatilization, s1
Radiation scattering coefﬁcient, m1
Gas pressure, Pa
Heat loss/gain of the gases, Wm3
Thermal source term for solid phase, Wm3
Radiative heat ﬂux, Wm2
Universal gas constant; process rate,
kgm3s1
Mixing rate of gaseous phase in the bed,
kgm3s1
Stoichiometric coefﬁcients in reactions
Conversion rate from solid to gases due to
evaporation, devolatilization, and char
burning, kgm3s1
Mass sources due to evaporation,
devolatilization, and combustion,
kgm3s1
Source term, kgm3s1
Time instant, s
Temperature, K
x velocity, ms1
y velocity, ms1
Volatile matter in fuel, wt%
Coordinate in bed forward-moving
direction, m
Coordinate in bed height direction, m
Mass fractions of individual species (e.g.,
H2, H2O, CO, CO2, CmHn, etc.)
Mass fractions of particle compositions
(moisture, volatile, ﬁxed carbon, and ash)
System emissivity
Stefan-Boltzmann constant, 5.86  108
Wm2K4
Remaining volatile in solid at time, t
Ultimate yield of volatile
Void fraction in the bed
Thermal dispersion coefﬁcient,
Wm1K1
Effective thermal diffusion coefﬁcient,
Wm1K1
Effective thermal conductivity of the solid
bed, Wm1K1
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Subscripts
env
g
i
p
s

Environmental
Gas phase
Identiﬁer for a component in the solid
Particle
Solid phase
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Glossary
Combustion Oxidation of combustible materials
at elevated temperatures.
Fluidized bed Intensively mixed bed of solid
particles by means of an upward gas ﬂow
through the bed that keeps the particles in
motion, somewhat like bubbling of gas
through a liquid bath.

Definition of the Subject and Its
Importance
Natural resources are often simply differentiated
in “renewable” (i.e., plant and animal life) and

“nonrenewable” (i.e., minerals and fossil fuels).
Efﬁcient use of both renewable and nonrenewable
resources is vital for sustainability and the future
quality of life on earth. Energy recovery from used
materials, also called waste-to-energy, is complementary to material recovery (i.e., recycling).
Currently, about 90% of all presently consumed
fossil fuels go directly to combustion and the
generation of electricity or mechanical energy.
The rest is used to produce plastics and other
synthetic materials.
There are two major combustion technologies
for recovering energy from “wastes,” the moving
grate bed and the ﬂuidized bed technologies. The
basic principles of the ﬂuidized bed technology,
their applications and limitations for waste treatment, some selected reference projects, and future
perspectives for further applications of ﬂuidization are presented in this entry. In the case of
municipal solid wastes (MSW), the feedstock to
the ﬂuidized bed furnace must be pre-shredded by
means of high-torque, low-speed shredders.

Introduction
The overall process of heat production by combustion of waste comprises the processes of initial
“drying” (evaporation of water), “gasiﬁcation” of
volatile organics, and combustion of volatiles and
ﬁxed carbon. These processes may be spatial/temporal overlapped during combustion depending
on the internal waste composition and external
thermal-chemical reaction conditions such as temperature and environment. The terms “incineration,” “combustion,” “thermal treatment,” and
“generation of synthetic gas,” followed by some
form of combustion, are often used to describe the
waste-to-energy (WTE) process.
Figure 1 illustrates the mass and heat transfer
occurring in the four distinct phases of drying,
volatilization, gasiﬁcation, and combustion. The
overall process of combustion is similar to the
frying of a steak: At ﬁrst, the meat shrinks due to
evaporation of water; it then starts to release
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→
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→
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WTE: Fluidized Bed Technology, Fig. 1 The phases of the combustion process

organic fumes, and if the cook is distracted, the
steak gradually turns into black charcoal and
ﬁnally into gray ash that consists of the inorganic
elements in the steak.
The process of combustion involves heat and
mass transfer, including the supply of oxygen
necessary for oxidation and removal of the carbon
dioxide product. The necessary conditions for
complete combustion are determined by the
so-called “3 T” criteria: “Temperature” (e.g.,
850  C), “Time” (e.g., 2 s of residence time of
the ﬂue gas in the combustion chamber at a certain
high temperature), and “Turbulence,” i.e., full
mixing of the gas ﬂow to ensure complete oxidation of the organic compounds. The combustion
process can effectively be monitored by the
important parameters of temperature and concentrations of oxygen and carbon monoxide.
The basic principles of ﬂuidized bed reactors
can be illustrated by the experiment (Fig. 2) of a
large number of spherical particles placed in a
vertical cylinder in which gas ﬂows upward
through in the bottom plate at a gradually increasing ﬂow rate (Fig. 2). At low gas ﬂows, the packed
bed of particles remains static. However, as the
gas ﬂow increases, the pressure drop through the
bed also increases to a point where the bed of
particles starts “bubbling” and particles are lifted
by the gas ﬂow and ﬂoat like a “ﬂuid.” The ﬂuidized bed behaves much like a liquid: It can be
stirred and the bed surface remains horizontal
when the vessel is tilted; and part of the bed will

ﬂow out like a liquid through an opening near the
surface of the ﬂuidized bed (“overﬂow
stream”) [1]. At even greater gas ﬂow, some or
all of the particles will be carried upward in the
gas ﬂow (pneumatic transport or carryover
stream”).
Fluidized bed bed systems can be described
according to observation of their behavior, as
“bubbling” or as “circulating” ﬂuidized beds, in
which the particles carried out of the reactor in the
gas ﬂow are separated out in a cyclone separator,
after the ﬂuidized bed reactor, and separable particle will return to the reactor.

Technical Features and Limitations for
Thermal Treatment in Fluidized Bed WTE
Fluidized bed systems allow for intensive mass
and heat transfer between the solid particles and
the gas ﬂow, thus enabling complete chemical
reaction. The three key parameters, turbulence,
temperature, and time, can be controlled within a
narrow range. Because of precise control of mass
ﬂow (airﬂow as well as the feed rate of solids), the
maximum temperature can be kept within a very
narrow range at near 900  C, i.e., just above the
temperature necessary for complete gasiﬁcation
and combustion. Therefore, combustion in a ﬂuidized bed system allows for very low formation
of thermal NOx (nitrogen oxides), an undesirable
reaction that occurs at temperatures above

WTE: Fluidized Bed Technology

377

Δp
pile of solid
particles
Δp pressure
drop

V gas flow

solids on
fixed bed

fluidized
bed

“grate’’

“FBC’’

pneumatic
transport
“dust firing’’

0
0

V

WTE: Fluidized Bed Technology, Fig. 2 Pressure drop increase with gas ﬂow through a ﬁxed bed results in a ﬂuidized
bed and ﬁnally pneumatic transport of particles

1,000  C. However, it should be noted that the
formation of fuel NOx still occurs at this temperature. This is why the NOx emission of most
MSW incinerators is over 300 ppm in the absence
of gas control system.
The waste combustion rate in a ﬂuidized bed
furnace is much higher than that in a moving grate
one. Therefore, there are very low concentrations
of unburned organic substances in the bottom and
ﬂy ash residues and in the ﬂue gas. Also, due to
the precise process control, the excess air needed
for complete combustion can be kept at a lower
level than in the moving grate process; this
decreases the heat loss in the ﬂue gas and also
the size of the air pollution control system.
Figure 3 is a schematic diagram of the internally circulating ﬂuidized bed of a WTE serving
Vienna: The “primary air” used for ﬂuidization is
preheated in a heat exchanger. The input of “secondary air,” which provides for complete combustion of the volatile gases emerging from the
ﬂuidized bed, is a mixture of recirculated gas
and separately supplied air. There is an additional
supply of primary air (without need for preheating) by a separate ventilator for fostering
internal circulation (“rotation”) of the ﬂuidized
bed.
The intensive turbulence within the ﬂuidized
bed also allows for extensive sorption processes to
occur between gas and solid particles, e.g., the
reaction of sulfur oxide with calcium and magnesium oxides. The sorption agents may be already
present in the feedstock or can be added to the

ﬂuidized bed, e.g., in the form of calcium carbonate powder (limestone).
The large thermal inertia and close control of
ﬂuidized bed systems also allow for the combustion of a broad range of caloriﬁc values of the
feedstock. Thus, ﬂuidized bed systems can be
designed for waste fuels ranging from 5 MJ/kg
to values exceeding 30 MJ/kg (e.g., mixed plastic
wastes). Also, in extreme cases where the caloriﬁc
value of the waste to be incinerated is below
3 MJ/kg (e.g., in the case of mechanically
dewatered sewage sludge), the combustion air
can be preheated and part of the waste ﬂow predried, using the low-pressure steam exhaust from
the steam turbine generator of the WTE plant.
The operating range of ﬂuidized bed reactors
also allows for reduced thermal load, e.g., as low
as 50% of the maximum design capacity, and for
very short shutdown times in case of an emergency, because there is little unburned fuel within
the ﬂuidized bed at any particular time. Emergency shutdowns require only a few minutes to
stop the supply of solid waste and reduce or shut
off the air supply.
On the other hand, one of the limitations of
ﬂuidized bed systems is the maximum allowable
particle size suitable for controlled and safe
mechanical feeding. In general, it is required to
limit particle size to less than 8 cm, by preshredding the feedstock in high-torque, low-speed
shredders.
Some waste materials are not suitable for either
ﬂuidized bed or grate systems due to potentially
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internally circulating
ﬂuidized bed system
(Integral 2004)
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hazardous properties. Therefore, large rotary kilns
with an integrated afterburning chamber are typically used for mixtures of hazardous wastes or for
closed containers with partly unknown content
(e.g., infectious and other medical wastes, laboratory wastes). Tables 1 and 2 provide a general
comparison of ﬂuidized bed systems with other
important systems for thermal waste treatment
and waste-to-energy such as grate systems and
rotary kiln with an afterburning chamber.
In ﬂuidized bed furnaces, a much larger fraction
of the ash is in the form of ﬁne particles (ﬂy ash)
than in the case of moving grate furnaces. This is of
advantage with respect to maximum recovery of
speciﬁc materials, but it can also be a disadvantage
for the disposal of untreated solid residues at a lower
cost. The quantity of ﬂy ash in a moving grate

Vertical
Conveyor

Discharge
System

system combusting municipal waste may be only
about 10–20% of the total ash content, whereas in
the case of a ﬂuidized bed, the ﬂy ash may be about
30–50% of the total ash. Therefore, some ﬂuidized
bed systems use additional cyclones for particulate
removal from ﬂue gas in the boiler system at about
400  C, in order to recover most of the ﬂy ash before
the capture of chloride and sulﬁde compounds and
the injection of activated carbon in the gas ﬂow, to
capture dioxins and volatile metals. The bottom ash
from municipal waste combustion, either moving
grate of ﬂuidized bed, generally qualiﬁes as a nonhazardous material and may be disposed in monoﬁlls, at low cost in landﬁlls.
Speciﬁc attention must be given to potentially
high content of metallic aluminum in waste combustion for two reasons: Economic opportunity
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WTE: Fluidized Bed Technology, Table 1 Comparison of WTE technologies
Parameter
Maximum fuel capacity per line
Excess air (oxygen) ratio
(Speciﬁc quantity of ﬂue gas)
Range of caloriﬁc value for waste and waste-derived fuel
Fuel-processing requirements
Controllability of incineration and shutdown operation

Incineration technology
Grate
Fluidized bed
Approx. 90 MW Approx. 160 MW
Medium
Low

Rotary kiln
Approx. 40 MW
High

Low
Low
Medium

Medium
Medium
Low

High
High
High

WTE: Fluidized Bed Technology, Table 2 Suitability of selected wastes to specific WTE technologies
Type of waste
Mixed municipal solid waste (residual mixed waste)
Sewage sludge
Screening material from sewage treatment
Shredded plastic wastes
Scrap tires (from vehicles)
Shredder waste (from metal scrap recycling)
Shredded waste wood (e.g., from processing bulky
wastes)
Lacquer and paint sludge, oil sludges
Wastes in closed containers (e.g., medical and
laboratory waste)

Incineration technology
Grate
Well suited
Limited in terms of
quantity
Suitable

Fluidized bed
Pretreatment
required
Well suited

Suitable

Limited in terms of
quantity
Well suited

Well suited

Limited
suitability
Limited
suitability
Limited
suitability
Limited
suitability
Suitable

Unsuitable
Limited suitability

Suitable
Unsuitable

Suitable
Suitable

Limited in terms of
quantity
Limited suitability

for recovery and recycling of aluminum and the
potential risk of operational problems and hazardous properties of ﬁne ash. Aluminum content in
municipal waste has increased signiﬁcantly in
recent years (e.g., packaging, laminated materials,
various aluminum products). Aluminum alloys
have a melting point around or somewhat below
700  C; thus, metallic aluminum will be
completely “dissolved” at such temperatures in
the turbulence of ﬂuidized bed systems. The
very ﬁne aluminum droplets (with a very stable
surface of a thin layer of protective aluminum
oxide) are carried by the ﬂue gas and eventually
either adhere in layers on surfaces with lower
temperature (also causing risk for sudden exothermic reactions) or become part of the removed ﬁne

Pretreatment
required
Well suited

Rotary kiln
Suitable

Unsuitable
Well suited

ashes. These ashes have naturally high alkalinity,
and thus the ﬁne aluminum will react in case of
contact with water with the release of hydrogen
gas (up to 1.3 l of H2 per g of Al).
The types and installed capacities of various
waste-to-energy technologies vary signiﬁcantly
between various regions. On the basis of many
years of experience in Austria and some other
European countries, different technologies for thermal waste treatment and waste-to-energy are needed
and applied. For example, the City of Vienna and
the industrialized State of Upper Austria illustrate
the successful operation of various technologies for
waste-to-energy. Vienna operates four ﬂuidized bed
WTE lines for sewage sludge and waste-derived
fuel including mechanically pretreated municipal
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WTE: Fluidized Bed Technology, Fig. 4 Waste-to-energy facilities at Simmering, Vienna: Four ﬂuidized bed and two
rotary kilns

waste, seven moving grate combustion lines for
mixed residual municipal wastes, and two rotary
kilns for hazardous wastes that serve the entire
Austria as well as some other European cities.
In the State of Upper Austria, there are a large
number of ﬂuidized bed systems processing
municipal solid wastes. Also, there are several
ﬂuidized bed systems that recover energy from
biomass wastes, such as mixed waste wood,
bark, and sawdust from wood processing, reject
materials from paper recycling, and residues from
industrial and municipal wastewater treatment.

Use of Fluidized Bed Reactors for
Wastewater Sludge
In 1980, two ﬂuidized bed incinerators based on the
principle of “bubbling bed” were installed in Vienna
for treating mechanically dewatered sewage sludge,
using as auxiliary fuel waste oil or heating oil. These
waste-to-energy plants are still in successful operation today, along with an additional similar ﬂuidized
bed system installed in 1992 [2]. An additional
ﬂuidized bed incinerator was installed at the same
site in 2003 for treating sludge cake as well as
municipal solid wastes. The inputs and outputs of
the four ﬂuidized bed incinerators and two rotary
kilns for hazardous wastes, at the Simmering site of
Vienna, are shown in Fig. 4.

The overall mass and energy balance for thermal
treatment of residues from a large municipal wastewater treatment in a ﬂuidized bed system is presented
in Figs. 5 and 6. In order to operate the plant solely
on residues from municipal sewage treatment (i.e.,
without auxiliary fuel), part of the mechanically
dewatered sludge is dried in a heat exchanger using
the low-pressure exhaust steam from the turbine of
the waste-to-energy cogeneration facility.
Large waste-to-energy facilities (up to 160 MW
thermal capacity per line) for cogeneration of process heat and electricity at industrial sites are typically based on “externally circulating ﬂuidized bed
systems,” as illustrated by the example of Lenzing in
Upper Austria (Figs. 11 and 12). This project was
developed and planned in 1993 with subsequent
heated debate in the media and public hearings,
nevertheless resulting in a successful start-up of
operation in 1998. Based on the experience and
know-how derived from this ﬁrst plant of its kind,
several other and much larger waste-to-energy
plants have been built or are currently under construction by the supplier (ANDRITZ Energy &
Environment, Fig. 7).

Emissions and Environmental Impact
Assessment
In the past, there has been strong opposition to
such projects because of the fear of pollution from
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WTE: Fluidized Bed Technology, Fig. 5 Overall mass balance for a ﬂuidized bed system for residues from sewage
treatment

waste incineration by the local population. Furthermore, the legal ban on landﬁlling wastes
exceeding 5% TOC (total organic carbon) had
not been established, and the whole issue
was open for controversial public discussion.
Figure 8 summarizes the basic concept and
technical features of a ﬂuidized bed WTE at
Lenzing, Austria.
In extensive public discussions, justiﬁcation
for the considerable size of the project (thermal
power of about 110 MW from combustion of
up to 1,000 tons of waste per day) and the choice
of the location (surrounded by organic farms
and in the tourist region of Lake Attersee)
was successfully presented using the following
three arguments:
1. Steam requirement for the industrial production
of Lenzing (elimination of two old boilers from

1938 to 1939 at the site of the new plant, substitution of imported natural gas by waste-toenergy)
2. Improvement of local air quality by utilization
of the malodorous air emitted from viscose
ﬁber production for the necessary combustion
air in the waste-to-energy boiler
3. Avoiding future disposal of reactive organic
wastes in landﬁlls (so-called reactor dumps),
thus avoiding uncontrollable emissions from
landﬁlls and contaminated sites for future
generations
The argument in favor of the proposed capacity
at the highest level of energy efﬁciency in a ﬂuidized bed boiler with high-steam parameters
(80 bar, 500  C) for cogeneration (based on continuous demand for process steam throughout the
year) was illustrated by the comparison to a
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WTE: Fluidized Bed Technology, Fig. 6 Energy balance for a ﬂuidized bed system for residues from sewage treatment

modern municipal waste incineration plant (with
maximum production of electricity in a condensing turbine) as indicated in Fig. 9.
The fear of uncontrolled atmospheric emissions and possible adverse health impacts was of
highest concern to local citizens in public discussions. Therefore, it was a priority to inform the
public by providing continuous measurements
and recording all relevant parameters. The development and planning of the waste-to-energy project was based on the most stringent EU emission
standards. The public was also informed about the
composition of the cleaned ﬂue gas leaving the
stack (Fig. 10). Subsequently, public concerns
were expressed regarding the unknown organic
pollutants as indicated by the summary parameter
TOC (total organic carbon). However, the comparative calculation shows that the maximum
allowable emission through the smokestack is
equivalent to the organic carbon emissions of

14 passenger cars driving somewhere in the
region (e.g., on the nearby highway A1).
The negative public opinion regarding emissions from waste incineration is generally due to
ignorance of the progress made in the air pollution
control systems of modern WTE plants. Table 3
shows the progress made in Austria and Switzerland in the period 1970–2000 (see Fig. 18). The
comparison of strict emission standards for various
new sources of industrial production and heat and
power generation indicates the outstanding environmental standard of waste-to-energy (Fig. 19).

Growth of Circulating Fluidized Bed
Technology in China
In the past 20 years, the development of WTE in
China has been accelerated by governmental regulations and policies that advocate the “zero waste
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WTE: Fluidized Bed Technology, Fig. 7 Layout of a waste-to-energy “circulating ﬂuidized bed system” based on the
successful project in Lenzing (ANDRITZ Energy & Environment GmbH 2011)

to landﬁll” approach and the implementation of
renewable energy power sources. As in the case
for other developing countries, the Chinese MSW
contains a high fraction of food wastes and moisture, and a relatively small fraction of paper, in
comparison to American and European wastes.
This results in a much lower heating value of
Chinese MSW (4–7 MJ/kg), than that of US
MSW (11 MJ/kg) and EU MSW (8–11 MJ/kg).
The ﬁrst MSW incineration plant in China was
built in 1988 in Shenzhen, Guangdong province
using reciprocate moving grate provided by
Mitsubishi Japan with a capacity of 3  150
t/day. Due to the high content of moisture, the
unsorted waste was very difﬁcult to burn out on
the grate. Many unignited wood, clothes, and
cardboard were found in the bottom ash. Moreover, the capital cost of Shenzhen project was very
high as the main equipment was directly imported
from Japan. At the same time, the low cost

ﬂuidized bed furnace was well known for its
high combustion efﬁciency and was widely used
in China for burning lignite, peat, and coal washing sludge. In the 1990s, research group at Hangzhou Zhejiang University began to burn solid
waste in CFB incinerator ﬁrstly, and their pioneer
work was accompanied by colleagues at Beijing
Tsinghua University and Chinese Academy of
Sciences. In 1998, by collaborating with Hangzhou Jinjiang Group, Zhejiang University built
the ﬁrst commercial operating CFB MSW incinerator in China at Hangzhou Yuhang district with
a capacity of 150 t/day. The incinerator was
retroﬁtted from a coal-fueled chain-grate furnace.
The received MSW with a moisture of 40–50%
was shredded to a size below 150 mm before
feeding. The heating value of the burned MSW
was just 4,186 kJ/kg, and cheap coal was injected
to help waste burning. The combustion efﬁciency
of this ﬁrst CFB MSW incinerator was very
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WTE: Fluidized Bed Technology, Fig. 8 Schematic for integrated waste-to-energy project at Lenzing

promising, and the unburned carbon in the bottom
ash was well below 5%.
Till 2016, there are total 115 CFB WTE plants
under operating in China, and 35,000 tons of
MSW are burned. The capacity of single incinerator ranges from 150 to 800 t/day. Thirty-ﬁve of
these plants are operated by Jinjiang Group using
CFB technology from Hangzhou Zhejiang University, and another 20 plants are using the CFB
incinerator developed by Chinese Academy of
Sciences. The CFB technology provided by
Tsinghua University is adopted by another six
plants. The rest plants are using various incinerator provided by boiler manufactures like Wuxi
boiler company, Jiangxi boiler company, etc. In
addition to the technology developed by domestic
company, two plans, respectively, located at

Harbin, Dalian, and Taiyuan are using CFB incinerator from Ebara Japan.
Figure 11 shows the three main CFB technologies widely used in China. Although they all
have the same components, their layout and detail
design are different from each other.
The CFB technology of Zhejiang University is
directly developed from their previous CFB incinerator burning coal washing sludge in the later 1980s.
In 1998, they built the ﬁrst CFB MSW incineration
plant in China, Yuhang green energy plant with
Jinjiang Group, as shown in Fig. 12. This plant is
also the ﬁrst MSW plant that invested and operated
by a private company in China. By using cheap coal,
it can burn MSW with moisture over 55%.
Due to the success of Yuhang project, the technology of Zhejiang University was quickly
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WTE: Fluidized Bed Technology, Fig. 10 Composition of Lenzing WTE emissions atmospheric emissions and
comparison with EU and Austria standards
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WTE: Fluidized Bed Technology, Table 3 Advances made in air pollution control of WTE plants in Austria and
Switzerland [2] (concentrations in mg/Nm3, except for PCDD/F: ng I-TEQ/Nm3)
Year
1970
1980
1990
2000

Dust
100
50
1
1

Cd
0.2
1.1
0.005
0.001

HCl
1,000
100
5
1

SO2
500
100
20
5

NOx
300
300
100
40

Hg
0.5
0.2
0.01
0.005

PCDD/F
50
20
0.05
0.05

WTE: Fluidized Bed Technology, Fig. 11 CFB incinerator developed by (a) Zhejiang Univ.; (b) Chinese Academy of
Sciences; and (c) Tsinghua Univ.

implemented and improved from the ﬁrst generation as shown in Fig. 13a to second generation as
shown in Fig. 13b and the third generation as
shown in Fig. 11a. For the ﬁrst generation, the
superheater exchanger is placed before the
cyclone separator and buried heat exchange
tubes were placed in the bed to control the temperature to avoid bed material slagging when coal
was injected as auxiliary fuels. In order to maintain the combustion temperature without coal, in
the second generation of ZJU CFB incinerator, the
whole chamber was covered with refractor material, and the heat absorption in the chamber is
signiﬁcantly reduced. Moreover, the cyclone separator was placed before heat exchanger. The second generation is the most widely used design in
China with capacity ranging from 200 to 500 t/

day. In 2012, Zhejiang University developed the
third generation of CFB incinerator, as shown in
Fig. 11a, with a capacity of 800 t/day at Cixi city
of Zhejiang province. It is the largest CFB MSW
incinerator in China.
The CFB technology of Chinese Academic science was developed by research group of the institute of engineering thermophysics from their coal
burning CFB technology which features of its external heat exchanger (EHE) as shown in Figs. 14 and 15.
Their design was similar to that of Lurgi CFB
technology. The EHE was imbedded in standpipe
of the cyclone separator. A part of the hot ash
separated from the ﬂue gas would enter the
exchanger where the steam from the boiler drum
was heated up to 5.3 Mpa and over 480  C. Due to
the high density of the ash particles, the speciﬁc
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WTE: Fluidized Bed
Technology, Fig. 12 The
ﬁrst CFB MSW incineration
plant in China (1998,
Yuhang, China)

WTE: Fluidized Bed Technology, Fig. 13 (a) First-generation and (b) second-generation CFB incinerator of
Zhejiang Univ.

heat exchanging rate is almost doubled than that in
furnace. The advantage of EHE is the compacted
sized and the corrosion caused by the HCl in the
ﬂue gas can be signiﬁcantly reduced.
The ﬁrst demonstration plant was commissioned in 2000 at the Shangzhuang of Beijing
city with a capacity of 100 t/day. This project
was supported by the minister of Science and
Technology of China. Based on the experiences

from Shangzhuang project, they built their commercial operating plant at Pengzhou city of Sichuan province with the same capacity as shown in
Fig. 15. In 2003, the company of Chinese Academy of Sciences, “China Science General Energy
and Environment Co.,” built the 300 t/day BOT
WTE serving Jiaxing city of Zhejiang province.
The CFB technology from Tsinghua University is a combination of grate and CFB, or grate-
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CFB incinerator, as illustrated in Fig. 16. The
grate was used feeder, and the high moisture
MSW was dried on the grate by the hot ﬂue gas
drawn from the furnace exit and by the heat radiated from the combustion chamber. After drying,
waste fell into the dense phase zone of and ignited
quickly. It is expected to allow the waste to be fed
and dried simultaneously. The combination of
grate and CFB also allowed wastes with relatively
large sizes (up to 50 cm) to be incinerated directly
without shredding.
In 2000, the ﬁrst full scale waste-to-energy
incineration facility using the grate-CFB design
was built in Chaolai Agricultural Park, Beijing

WTE: Fluidized Bed Technology, Fig. 14 External heat
exchanger in the CFB incinerator of Chinese Academic
science

WTE: Fluidized Bed Technology

with a capacity of 2  150 t/day. In the October
of 2005, another MSW incineration plant in
Changchun city of Jilin province was commissioned where two incinerators were constructed
each with a capacity of 260 t/day.
In addition to the combustion of MSW, there
are many CFB incinerators burning municipal
sewage sludge in China. Figure 17 shows the
sludge drying and combustion system developed
by Zhejiang University, the sewage sludge with a
moisture of ~80% was dried to a moisture below
50% with stirring blade dryer using the lowtemperature steam from gas turbine. Then the
dried sludge particles were screwed into the CFB
incinerator and burned with coal. In order to control the ash particle concentration, a grid separator
was used in the bottom of “U-type” evaporation
heat exchanger after the cyclone, and the separated ash was send back to bed. In order to help
sludge ignition and maintain the combustion temperature, the CFB chamber was fully covered with
refractory material. So the heat absorption in the
ﬂuidized bed can be minimized. The heat was
recovered by the U-type evaporation wall, and
the overall heat efﬁciency reached 85% which is
much higher than that of MSW incinerator
(Fig. 18).
In 2012, by using upper technology, Zhejiang
Qingyuan thermal power company built the largest sludge incineration plant in China at Fuyang
city for burning the paper mill sludge.

WTE: Fluidized Bed Technology, Fig. 15 CFB MSW incineration project of Chinese Academic science: (a) the 100 t/day
demonstration project at Shangzhuang, Beijing 2000; (b) 100 t/day commercial project at Pengzhou, Sichun, 2001
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WTE: Fluidized Bed Technology, Fig. 16 The schematic layout of the grate-CFB incineration system of Tsinghua
Univ. (Cheng et al. [3], with permission from American Chemical Society)

WTE: Fluidized Bed Technology, Fig. 17 The demonstration plant of grate-CFB incineration system of Tsinghua
Univ. in Chaolai Agricultural Park, Beijing (Cheng et al. [3], with permission from American Chemical Society
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WTE: Fluidized Bed Technology, Fig. 18 Sewage sludge drying and CFB incineration developed by Zhejiang
University, 2008

WTE: Fluidized Bed
Technology,
Fig. 19 Treatment of endof-life vehicles based on
experience in Austria and
EU with special need for
treatment of shredder
residues for recovery of
material and energy
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WTE: Fluidized Bed
Technology, Fig. 20 The
TwinRec process combines
a gasiﬁer with an ash
melting furnace [4]

Till 2016, there are over 150 CFB waste burning plants under operating in China. Comparing
with grate incinerator, the operating and maintenance of these CFB system requires more experience and in 2014, Zhejiang University built the
ﬁrst technical guideline to regulate the construction and operation of solid waste plant using ﬂuidized bed incinerator in China, and this guideline
was issued by the ministry of Housing and UrbanRural development (RISN-TG016-2014).

Future Perspectives
On the basis of international experience, it is clear
that waste-to-energy is an integral part of sustainable waste management and that ﬂuidized bed
systems are and will be an important WTE technology. The future challenges for waste-to-energy
in ﬂuidized bed systems include recovery of valuable materials prior, during, or after the thermal
treatment process. This will be especially relevant
for the treatment of shredder residues from endof-life vehicles and other wastes containing
metals and rare elements. The recovery mandated
in the European Directive 2000/53/EC for end-of-

life vehicles is 95% and will be a signiﬁcant
challenge for further development of ﬂuidized
bed technologies (Fig. 11). Part of the solution
may be provided by circulating ﬂuidized bed systems, operating at about 600  C, followed by
high-temperature combustion at 1,400  C in an
ash vitriﬁcation furnace, similar to systems that
are already developed and operating in Japan [4]
(Figs. 19 and 20).
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Glossary
Arc plasma a gas that is heated electrically to
temperatures up to 20,000 K by means of an
arc struck between two electrodes
Arc plasma torch device used to generate a
thermal plasma
Efﬁciency of energy generation ratio of net
electrical energy generated to chemical heat
input, per ton of MSW processed
MSW municipal solid waste, mixed waste that is
collected by a given collection system
Non-transferred arc plasma torch the two
electrodes are located within a water-cooled
plasma torch
Torch thermal efﬁciency ratio of enthalpy input
to the plasma-forming gas to electrical energy
input to the plasma torch

Transferred arc the material to be processed
serves as an electrode
Vitriﬁcation also
called
glassiﬁcation,
converting WTE ash to a glassy substance by
melting at high temperatures
WTE acronym for waste to energy, i.e., thermal
treatment of solid wastes to recover their chemical energy content

Definition of the Subject and Its
Importance
The thermal plasma technology [1, 2] has been
used for over 30 years mainly for surface coating, metal welding and cutting, powder treatment and synthesis, and metal melting and
smelting. More recently, thermal plasmas have
also been used for the pyrolysis of hazardous
liquids and gases and the compaction of solid
wastes [3]. Examples of the latter technology
are the destruction of asbestos-contaminated
waste materials and the vitriﬁcation of the ash
by-product of waste-to-energy plants. Efforts to
apply plasma in the thermal treatment of municipal solid wastes (MSW), in the absence of partial combustion, have not been successful
because of the required high “investment” of
electricity per unit of mass treated. Therefore,
in this entry, we are examining processes where
thermal plasma is used in conjunction with partial oxidation and gasiﬁcation of the organic
compounds contained in the MSW, thus reducing the consumption of electricity per ton of
material treated. Such processes exist and are
in different stages of development. Collectively,
they can be called “plasma-assisted WTE” technologies and are the subject of this entry.

Introduction
Although both conventional waste-to-energy
(WTE) and plasma-assisted WTE processes
involve a certain degree of combustion, there is
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utilize the energy content of the syngas, it is necessary to combust it in a gas engine or turbine. The
potential advantages of gasiﬁcation are: (a) a much
lower excess oxygen is required, thus simplifying
the gas control system; (b) the thermal efﬁciency of
the gas engine can be substantially higher than that
of the steam turbine used in combusting the solid
wastes. Figure 1 shows the reaction sequence in
gasiﬁcation systems [4].

an important difference: In conventional WTE,
carbonaceous materials are combusted, and the
heat of combustion is transferred to steam that
powers a turbine generator of electricity. Per ton
of MSW processed, the ratio of net electric energy
generated for the grid/input chemical energy
contained in MSW is called the thermal efﬁciency
of energy generation.
In the case of plasma-assisted gasiﬁcation, the
objective is to partially oxidize the carbon content
of MSW to carbon monoxide (CO) and produce a
synthetic gas that contains as high as possible
concentrations of carbon monoxide and hydrogen
and, conversely, a low concentration of carbon
dioxide. This synthetic gas or “syngas” can generate electricity in a gas engine or turbine at a higher
thermal efﬁciency than a steam turbine. The heat
generated by the plasma torch is used to provide
some of the heat for gasiﬁcation, to break down
long hydrocarbons to CO and H2, and to vitrify the
ash product of the gasiﬁcation process. The syngas
product can either be quenched by means of a
water stream or passed through a heat recovery
exchanger to produce steam to be used in a steam
turbine to produce additional electricity.
The main difference between traditional combustion and gasiﬁcation is the amount of oxygen used.
Full combustion of the carbonaceous materials in
MSW requires a large excess of air, typically
70–100% of the stoichiometric requirement. Gasiﬁcation is carried out with a sub-stoichiometric
amount of oxygen in order to produce mostly carbon monoxide and hydrogen. Of course, in order to

The caloriﬁc value of MSW varies considerably,
depending on their content of food and green wastes,
which introduce moisture, and petrochemical wastes,
such as plastics and textiles, which are associated
with higher caloriﬁc values than paper ﬁber and
wood. Metals, glass, and other inorganic materials
in the MSW do not contribute to its heating value; in
fact they reduce it somewhat. Figure 2 shows the
typical composition of US MSW in 2007 [4].
On the basis of the MSW composition (e.g.,
Fig. 2) and the chemical composition of the constituent materials, it has been shown [5] that the
chemical structure of organic compounds (both
biogenic and fossil-based) in MSW can be
approximated by the formula C6H10O4; it is interesting to note that there are about ten organic
compounds in nature that have the same chemical
structure [6]. In the absence of moisture and inorganic materials, C6H10O4 would have a caloriﬁc
value of about 18,500 MJ per kilogram. However,

CO + H2

Some heat
release
ΔH1 < 0

Remaining
heat release
ΔH2 < 0
H2O + CO2

Fuel (solid, liquid or gas)

Enthalpy (ΔH)

WTE: Thermal Plasma
Processes,
Fig. 1 Conceptual
pathway for conversion of
carbon fuels to ﬁnal gaseous
products

Composition and Chemical Heat Content
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Reactants
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ΔH1 < 0
Intermediates
i.e. H2 + CO

ΔH2 ≈ ΔH1
Final Products
i.e. H2O + CO2

Reaction coordinate
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since mixed MSW contains other noncombustible
materials, the resulting caloriﬁc value can be
expressed as follows [5]:
Heating value of mixed MSW
¼ ðheating value of combustiblesÞ
 Xcomb  ðheat loss due to water in feedÞ  Xwater
 ðheat loss due to glass in feedÞ
 Xglass  ðheat loss due to metal in feedÞ  Xmetal

of combustible matter, water, etc. in the MSW and
Xcomb + Xwater + Xglass + Xmetal = 1.
Substituting numerical values for the heat of reaction, evaporation of moisture, and heat carryover in
the WTE ash results in the following equation:
Heating value of MSW ¼ 18:5:Xcomb
 2:6:Xwater
 0:6Xglass
 0:5Xmetal ðMJ=kgÞ

where Xcomb, Xwater, etc. are the mass fractions

Composition of U.S. MSW, 2007
6%

Paper & Cardboard

5% 2%

Organic waste

5%

Plastics

3%

32%
8%

Metals
Rubber & leather
Textiles

12%
27%

wood
Glass
Other

WTE: Thermal Plasma Processes, Fig. 2 Composition
of the US MSW [4]

WTE: Thermal Plasma
Processes, Fig. 3 Effect
of constituent materials and
moisture on heating value
of MSW [5]

The effect of moisture on the caloriﬁc value of
several types of solid wastes is shown graphically
in Fig. 3.
In the case of conventional WTE processes, the
inlet moisture in the MSW is evaporated, the
organic compounds in MSW are completely
combusted, and the inorganic compounds end up
in the WTE ash. The exothermic chemical reaction of US MSW in the combustion chamber can
be represented by the following equation:
C6 H10 O4 þ 6:5O2 ¼

6CO2 þ 5H2 O
þ2800 kWh per ton of MSW

A study of 97 incinerator power plants in the
European Union (Fig. 4) [7] showed that the
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WTE: Thermal Plasma Processes, Fig. 4 Caloriﬁc values of MSW of 97 EU WTE facilities [7]

average MSW combusted in the EU has an average caloriﬁc value of 10 MJ/kg (about 2800 kWh
per ton of feed). Some of the electricity produced
is used in the WTE plant operation. Therefore, a
WTE grate combustion facility operating at a
typical net thermal efﬁciency of 22% would provide to the grid about 600 kWh/ton of MSW. For
WTE plants that provide electricity and use the
low pressure steam for district heating, as is done
in Denmark and other northern European countries, the thermal efﬁciency can be signiﬁcantly
higher.

Thermal Plasma Torches
The most common way to create a thermal plasma
jet is by heating a gas stream to high temperatures
(up to 20,000 K) by means of a DC- or
AC-sustained electric arc between the cathode
and the anode of the torch. The plasma jet is a
mixture of ions, electrons, and neutral particles
and, because of its high temperature, can vaporize
and destroy any chemical compound if the

material is properly “mixed” with the gas phase.
The partly ionized gas exits the plasma torch at
high velocity, thus creating what is called a plasma
jet. The main advantages of thermal plasma are
high energy density, resulting in extremely high
heat and mass transfer rates, compact size of the
heat source, and rapid start-up and shutdown.
However the use of electricity is a drawback
since it is an expensive form of energy. Furthermore, the plasma torch needs to be water-cooled,
thus introducing a heat loss that ranges from 10%
to 40% depending on the torch conﬁguration.
Thermal plasmas can also be generated by
radio-frequency induction and microwaves. However, for the treatment of waste, plasma is preferentially generated by DC electric discharge with
two kinds of torch conﬁgurations, non-transferred
and transferred arc. Combining classic gasiﬁcation
with plasma technology allows a higher efﬁciency
in the production of the syngas, and lower emissions, as we will see later on. Figure 5 below shows
that subjecting the products of gasiﬁcation to
plasma treatment creates a higher-quality syngas
by increasing the H2-to-CO ratio.
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WTE: Thermal Plasma Processes, Fig. 5 Effect of plasma on products of gasiﬁcation [1]

WTE: Thermal Plasma
Processes, Fig. 6 Nontransferred arc plasma
torch [8]

Non-transferred Arc Plasma Torch
Non-transferred arc plasma torches are commonly
used in the treatment of wastes. Electricity is transformed into thermal energy by means of an electric
discharge between the cathode and the anode
contained in a water-cooled torch. This device
can be used either with hot (thermo-ionic) rodetype cathode (Fig. 6) or with water-cooled cathode.
Figure 7 is a schematic of the Europlasma nontransferred plasma torch that utilizes a cold
cathode:
Transferred Plasma Arc
In the case of transferred arc, one of the electrodes
is external to the torch. The electricity ﬂows

through the gas jet issuing from a graphite electrode (cathode) into the molten metal or slag
below the torch, which is connected to the external electrode (anode, Fig. 8). The peak temperature within the arc plasma can range from
12,000 K to over 20,000 K.
Since the plasma is produced outside of the
water-cooled body of the torch, this device is
thermally more efﬁcient than the non-transferred
arc torch. The cathode can be either a watercooled metal tube or a non-cooled graphite tube
that is consumed slowly by sublimation. In this
case, the thermal loss is reduced, but the cathode
needs to be replenished. The anode is generally
made from a high thermal conductivity metal that
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WTE: Thermal Plasma Processes, Fig. 7 Europlasma non-transferred arc DC plasma torch [9]

WTE: Thermal Plasma Processes, Fig. 8 Transferred
arc plasma torch [8]

is water-cooled at the outer end so as to avoid
melting it. This device has been used extensively
for vitrifying WTE ash and also asbestoscontaining wastes.

Energy and Material Balances in PlasmaAssisted Gasification of MSW
As described earlier, plasma-assisted gasiﬁcation
volatilizes MSW in an oxygen-deﬁcient

environment where the waste materials are
decomposed and partially oxidized to the basic molecules of CO, H2, CO2, and H2O. Thus, the organic
fraction of the waste is converted into a synthesis
gas (“syngas”) that contains most of the chemical
energy of the waste. Also, the inorganic fraction of
the MSW can be converted into an inert vitriﬁed
glass so that there is no ash remaining to be
landﬁlled. Furthermore, the plasma reactor can
treat all waste materials, as the only variable is the
amount of energy needed to melt the waste. Any
kind of feedstock, other than nuclear waste, can be
directly processed. Controlling the temperature of
the output gases by modifying the temperature
allows for better control of the syngas composition.
For a typical MSW of total caloriﬁc value of
2.8 MWh/ton, the two steps of the overall process
can be represented by the following chemical
equations:
• Gasiﬁcation by means of partial combustion
with oxygen (assuming zero reactor heat loss):
C6 H10 O4 þ 3O2 ¼ 3CO þ 3CO2
þ4H2 þ H2 O þ 1300 kWh per ton of MSW

(1)
• Gas turbine combustion (assuming zero turbine heat loss):
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3CO þ 4H2 þ 3:5O2 ¼ 3CO2 þ 4H2 O
þ 1500 kWh=ton MSW
(2)
Typically, the syngas produced in plasmaassisted gasiﬁcation has about 30% of the heating
value of natural gas.
At an assumed thermal efﬁciency of 50% of the
gas turbine, the electricity generated will be equal
to 1500 kWh x 50% = 750 kWh/ton of solid
wastes. The oxygen required for partial combustion should be provided in the form of industrial
oxygen, to avoid the introduction of about four
parts of nitrogen per part of oxygen. The production of 1 ton of industrial oxygen (95% O2)
requires about 250 kWh of electricity. Since the
gasiﬁcation reaction (1) requires three moles of
oxygen per mole of combustibles, the gasiﬁcation
of 1 ton of MSW containing 20% of moisture and
20% of inorganic materials will require.
1000  60%=146  96=1000
250 kWh
¼ 75 kWh of electricity per ton of MSW processed:

Thermodynamic considerations show that gasiﬁcation of various types of waste will yield the
syngas compositions as shown in Table 1. Figure 9
shows the composition of syngas produced by the
gasiﬁcation of a typical MSW.

However, due to their high consumption of electricity, sole use of plasma energy is not viable
economically for the treatment of low-value materials, such as MSW. However, plasma-assisted
gasiﬁcation processes are being developed and
may offer environmental and economic beneﬁts.
There are several plasma-assisted gasiﬁcation
technologies where plasma torches are used to
accelerate the gasiﬁcation process, to crack the product of volatilization to CO and H2, and to vitrify the
inorganic component of MSW. The processes to be
described in this entry are the gasiﬁcation process of
Alter NRG that is based on the Westinghouse
Plasma Technology and the plasma-assisted process
developed by Europlasma. The potential main
advantages of plasma-assisted processes, as compared to conventional WTE plants, are the reduction
of exhaust gas ﬂow rate, an overall installation with
smaller footprint because of more compact equipment, lower capital investment for a given throughput, and faster start-up and shutdown times.
Molar composition of syngas for classic
gasification of MSW
4.10%

6.30%

0.13% 0.13%

CO
H2

13.80%

CO2
41%
CH4
33.70%

H2O

Plasma-Assisted Processes for
Treating MSW

HCL
H2S

Plasma processes have been used widely for the
destruction of asbestos and other hazardous wastes.

WTE: Thermal Plasma Processes, Fig. 9 Composition
of syngas from gasiﬁcation of typical MSW

WTE: Thermal Plasma Processes, Table 1 % Molar (volume) composition of the syngas from different feedstocks
MSW (typical)
Carpet
Tire
Biomass
Med waste
ASR
Oil
Bituminous

CO
41.0
33.2
56.9
27.5
27.9
29.8
48.8
55.9

H2
33.7
43.1
18.9
36.1
37.8
37.4
25.6
23.9

CO2
13.8
6.8
1.5
20.1
18.2
17.3
2.2
4.1

CH4
4.1
8.8
22.2
1.4
1.8
2.1
21.1
12.8

H2O
6.3
4.9
0.3
14.7
13.7
12.0
0.6
1.0

HCL
0.13
0.02
0.04
0.03
0.03
0.00
1.61
1.71

H2S
0.13
0.03
0.00
0.00
0.65
0.64
0.00
0.00
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The Alter NRG Westinghouse Plasma
Corporation Process
In 2006, Alter NRG acquired the Westinghouse
Plasma Corporation (WPC), a leading plasma
gasiﬁcation technology. The non-transferred
plasma torch consists of a pair of tubular watercooled copper electrodes, the operating gas being
introduced through an annular space between the
electrodes. A schematic diagram of the operation
of the torch is shown in Fig. 10. Figure 11 shows
two views of the largest plasma torch of Alter
NRG that has an operating range of 80–500 kW
(Marc 11 plasma torch).
The WPC torches have been used extensively
in metal melting cupolas, but their most important

WTE: Thermal Plasma Processes

applications have been in the destruction of hazardous waste and the vitriﬁcation of WTE ash,
mostly in Japan. Since the WPC torch is watercooled, the efﬁciency of converting electricity
into heat ranges from 60% to 75%.
The MSW gasiﬁcation process developed by
Alter NRG is based on a cupola furnace ﬁred by
the WPC plasma torches (Fig. 12). This technology is well proven and currently used in several
processing plants in Japan. Alter NRG has tested
and offers this process for the gasiﬁcation of
MSW, biomass, petroleum coke, and hazardous
wastes to produce syngas.
The Alter NRG-WPC process uses up to six
plasma torches at the bottom part of the gasiﬁer.

WTE: Thermal Plasma Processes, Fig. 10 The WPC non-transferred arc plasma torch [10]

WTE: Thermal Plasma Processes, Fig. 11 Side and front view of the Alter NRG Marc 11 plasma torch
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WTE: Thermal Plasma Processes, Fig. 13 The Alter
NRG gasiﬁcation reactor viewed from the bottom [4]

WTE: Thermal Plasma Processes, Fig. 12 The Alter
NRG plasma gasiﬁer [10]

A bed of coke is formed within the cupola using
metallurgical coke (“met coke”) to absorb and
retain the heat energy from the plasma torches
and provide a “skeleton” that supports the MSW
feed as it descends through the gasiﬁcation reactor
and is converted to gas and liquid slag; this action
is similar to the phenomena occurring in an iron
blast furnace. The met coke and the MSW are fed
from the top of the refractory-lined gasiﬁcation
vessel. Figure 13 is a photograph of the Alter
NRG pilot reactor at Madison, Pennsylvania,
USA.
In 2010, Alter NRG was using its industrial
size pilot plant at Madison, PA, to gasify wood
chips to syngas that is stored in large gas tanks and
is then used by another company, located next to
the Alter NRG plant, to produce ethanol. There
were four industrial plants using the Alter NRG
gasiﬁer: two in Japan (one on MSW plus automobile shredder residue; the other on MSW and
wastewater sludge) and two in India (Pune and
Nagpur) processing hazardous waste. All these
plants use the smaller Marc 3 torches (300 kW
capacity), quench and clean the syngas, and then

combust it with air to generate steam. The largest
plant, in Japan, has a nominal capacity of 300 tons
of MSW per day, while the Indian plants are of
72 ton/day capacity.
Operating experience has shown that the electrodes of the Marc 3 torch have a lifetime of up to
500 h. Used electrodes are repaired and reused.
The largest WPC torch, Marc 11, is currently used
in Quebec for metal smelting. The lifetime of this
torch is up to 1200 h. Six Marc 11 torches will be
required for a 750 ton/day plant processing MSW.
This process can handle any moisture content
in the MSW since water is vaporized along with
the syngas. However, the feedstock must be less
than 25 cm in size to facilitate feeding into the
furnace. The process is controlled by maintaining
the temperature of the gas exiting the gasiﬁer
between 1000  C and 1100  C. At the bottom of
the cupola, the inorganic components in the MSW
are melted into a slag layer and a metal layer
underneath the slag. These liquids are tapped
intermittently from the furnace.
The plasma torches are controlled independently of each other, and a torch can be removed
for maintenance while the furnace is operating.
The gasiﬁer is working at slightly negative pressure to avoid gaseous leaks. There is a small gap
between the torches and the furnace wall so that a
small amount of air inﬁltrates into the furnace
(Fig. 14).
As in the case of other gasiﬁcation processes,
the syngas produced contains about one third of
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Fig. 14 Schematic
diagram showing how torch
is introduced through
furnace wall
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the energy content of natural gas. Therefore, the
gas turbine used to generate electricity has to be
compatible with a lower energy gas. The ultimate
goal of Alter NRG is to operate with MSW feed
plus 4% of met coke and generate power by means
of the integrated gasiﬁcation combined cycle
(IGCC, Fig. 15).
Regrettably, since the publication of the ﬁrst
edition of ESST, the Alter NRG technology suffered a serious setback when a 950 ton/day,
50 MW WTE plant, based on this technology
and built by Air Products and Chemicals at Teesside, Northern England [12], was closed in 2015
for undisclosed “technical reasons” [13].
Another large project on plasma gasiﬁcation of
MSW was announced in 2006 as a partnership

between Alter NRG and Geoplasma, at Ste.
Lucie, Florida. The initial plan was to construct
a plan processing one million tons of waste per
year. However, due to the lack of investors and
public opposition, the project was scaled down to
a 500 ton/day plant (about 150,000 ton/year). This
plant was to consist of two lines of total nominal
capacity of 500 ton/day, but it has not been
constructed as yet. The projected met coke and
limestone use will be 4% and 7.9% of the MSW
feed, respectively. The input materials to the gasiﬁcation reactor are shown in Figs. 16, and 17 is a
schematic ﬂow sheet of this potential application.
An overall energy balance for the Alter NRG
process was included in the thesis of Caroline
Ducharme [4], which is one of the most detailed

WTE: Thermal Plasma Processes, Fig. 15 Integrated gasiﬁcation combined cycle [10]
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studies of plasma gasiﬁcation. The electricity
needed to shred the MSW was estimated at less
than 10 kWh/ton. As noted earlier, a typical MSW
has a caloriﬁc value of about 10 MJ/kg which
corresponds to 2800 kWh/ton. The energy
Input composition by weight
0.92%

MSW
44.10%

49.10%

Coke
limestone
Air

3.89%

Plasma air

1.96%

WTE: Thermal Plasma Processes, Fig. 16 Input composition to WPC reactor by weight [10]

MSW

contained in the metallurgical coke (LHV:
32.8 MJ/kg) was calculated from
One ton of MSW  4%  32:8 MJ=kg
 1000 kg=ton
¼ 1312 MJ or 335 kWh=ton MSW
The thermal energy provided by six 600-kW
torches used in the Alter NRG reactor is
6  600  75% = 2700 kWh (the plasma torches
need to be water-cooled so that their average efﬁciency of converting electricity to heat is assumed
to be 75%). The electricity consumed by the six
plasma torches in a plant of 750 ton/day (31.25 ton/h)
would be 3600 kWh/h, corresponding to about
115 kWh of electricity per ton of MSW processed.
Table 2 shows the distribution of energy inputs to
the gasiﬁcation plant.
The energy outputs are the heat loss from the
reactors, the heat loss in the cooling water of the

Met coke (4% by weight)

Syngas
900°C<T<1100°C
Increase of
temperature
Waste bed
Met coke bed
Taverage =1600°C
electricity

electricity

DI water

DI water

Velocity plasma
plume ≈ Mach 2

Slag/metals out

WTE: Thermal Plasma Processes, Fig. 17 Flows of materials and energy into the WPC reactor [4]
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torches, the heat carryover in the vitriﬁed ash, and
the chemical plus sensible heat in the syngas
product. Assuming a 10% heat loss from the gasiﬁcation reactor plus the water-cooling system of
the torches and the vitriﬁed ash, the syngas should
carry 90% of the energy input by the MSW, coke, and
plasma torches. An estimated 80% of this energy is in
the form of chemical energy in the syngas, and 20%
is thermal energy, in the form of sensible heat. When
the syngas is quenched, as in the present Alter NRG
process, the sensible heat is not recovered. Therefore,
the chemical energy content in the syngas will be
0.90  0.80  3136 = 2258 kWh. If the syngas is
used to power a gas turbine at 45% efﬁciency, the
gross electrical energy generated will be 1015 kWh
of electricity per ton of MSW. However, some of this
energy must be used in the operation of the plant, i.e.,
shredding of MSW, production of industrial oxygen
for combustion, operation of plasma torches, and all
other uses of electricity within the plant (Table 2). The
consumption of electricity for oxygen production was
estimated earlier at 75 kWh per ton of MSW:
• Shredding of MSW: 10 kWh/ton of MSW.
• Operation of the air separation unit: As per
earlier discussion, an estimated 75 kWh of
WTE: Thermal Plasma
Processes,
Table 2 Energy inputs to
Alter NRG plant, per ton of
MSW processed

WTE: Thermal Plasma
Processes,
Fig. 18 Syngas
composition for MSW
gasiﬁed by the WPC
process
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electricity would be used per ton of MSW
processed.
• Operation of the plasma torches: 115 kWh ton
of MSW processed.
• All other needs of plant (assumed to be 75% of
those of a conventional WTE plant that has to
clean a much larger volume of gas): 75 kWh.
By subtracting the above internal uses of electricity from the 1015 kWh generated by the syngas, turbine yields the net electricity generated by
this plant per ton of MSW processed: 740 kWh.
This calculated number is somewhat higher than a
conventional grate combustion WTE of the same
size that generates 650 kWh per metric ton of
MSW containing 2800 kWh of chemical heat.
Figure 18 shows the projected composition of syngas produced by the WPC gasiﬁcation of MSW.

The Europlasma WTE Process
Europlasma is a French company and one of the
world leaders in plasma technology as applied to
the thermal treatment of wastes. They have been
very successful in using non-transferred arc
torches for vitrifying incinerator residues and

Inputs
MSW
Met coke
Energy from torches
Total

In kWh
2800
335.8
115.2
3251

In % of total inputs
85.8
10.3
3.5
100

Molar syngas composition for MSW gasified
with Westighouse
CO
CO2
N2

0.03%
0.02%

H2

29.20%

31.50%

CH4
H2S

1.00%
8.33%

16.20%
12.10%

HCI
H2O
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have also developed a process for treating
asbestos-contaminated wastes. The plasma torch
consists of two tubular, coaxial, water-cooled,
copper electrodes separated by a tubular gap
through which ﬂows the plasma-forming gas.
The thermal efﬁciency of the Europlasma torches
is in the order of 75–80%. Europlasma has also
developed a special plasma torch for cracking the
gasiﬁcation syngas, called “Turboplasma.”
Figure 19 shows the Europlasma gasiﬁcation
process. It includes a stoker grate autothermal
gasiﬁer, a plasma-ﬁred chamber for cracking the
gasiﬁcation gas to hydrogen and carbon monoxide, and a second plasma torch for vitrifying the
solid product of gasiﬁcation; the gas ﬂow from the
vitriﬁcation unit ﬂows into the gasiﬁcation unit
and provides the required heat for gasiﬁcation.
The clean syngas may pass through a heat
exchanger to recover its sensible heat and then

through a scrubber to remove acid gases and particulate matter, or quenched directly by scrubbing.
Figure 20 is a schematic diagram of the processes,
such as Europlasma, which use two torches for
syngas cracking and ash vitriﬁcation.
It includes a heat.
Europlasma is currently constructing their ﬁrst
MSW gasiﬁcation plant at Morcenx, France; startup is planned for the end of 2011. The plant
capacity will be 50,000 tons of waste per year.
Since there are no data as yet from the Morcenx
plant of Europlasma in France, Ducharme [4]
relied on an energy analysis conducted by Sunbeam for Credit Suisse of a proposal to build a
Europlasma plant in New Jersey. This plant was to
process 400 ton/day of MSW mixed with 3%
shredded tires. The assumed plant availability
was 90% corresponding to a nominal capacity of
120,000 tons per year. The LHV of the MSW was
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of plasma-assisted gasiﬁcation process

2800 kWh/ton and of the shredded tires
9690 kWh/ton. Therefore, the MSW-tire mix had
an average LHV of 3090 kWh/ton.
According to Sunbeam, the proposed 400 ton/
day plant would use 4800 kW for the plasma
torches distributed as follows: 4000 kW (83%)
for the syngas polishing torch and 800 kWh
(17%) for the ash vitriﬁcation torch. Thus,
according to the Sunbeam data, the electricity
consumption per ton processed would be.
4800 kW  24=400 ¼ 288 kWh per ton of MSW
On a per ton MSW basis, this projected value is
more than double the electricity consumption of the
Alter NRG plant and, therefore, questionable.
Therefore, it is necessary to wait for operating data
after the start-up of the Europlasma plant at
Morcenx.

Environmental Impacts
The ﬁrst noticeable difference of plasma-assisted
processes from classic grate combustion is that the
syngas is cleaned before combustion, which
should be less costly than post-combustion
cleaning of WTE ﬂue gas. The ﬁnal emissions of
a plasma-assisted process will depend on the level
of cleaning of the syngas, with the exception of
NOx that will not be formed during the gasiﬁcation process. However, some NOx will be formed
during combustion in the power generation equipment. Dioxins and furans can be avoided due to
the high heat of the plasma treatment, but they can
form “de novo” during the cooling of the syngas.

However, the dioxin emissions of modern grate
combustion WTE plants are so low (less than
0.5 grams TEQ per million tons of MSW) that
they are insigniﬁcant.
In contrast to conventional grate combustion
that has no liquid efﬂuents, quenching of the
syngas results in an aqueous stream that must be
cleaned before discharging.
A deﬁnite advantage of plasma-assisted processes is that the vitriﬁed slag is impervious to
leaching and can deﬁnitely be used for
construction.

Future Directions
Plasma torches have been highly developed and
are an excellent tool for converting electricity to
an extremely high-temperature gas. As described
in this entry, plasma torches are used for thermally
treating hazardous materials such as asbestos and
can be used, in combination with partial combustion, for treating any type of solid wastes, including MSW. Such plasma-assisted WTE processes
are in operation in Japan and India and an industrial plant is under construction in France. The
advantages they offer over conventional grate
combustion are a much reduced volume of process gas to clean and the potential of higher thermal efﬁciency in using the syngas in a gas turbine,
rather than generating steam for a steam turbine,
as in the case of conventional grate combustion.
As mentioned in other sections of this entry, the
major cost factor of thermally treating 1 ton of
MSW is the repayment of the capital cost. This is
where plasma-assisted WTE and other gasiﬁcation processes can compete with grate combustion
and also widen the application of WTE over
landﬁlling: by offering gasiﬁcation plants that,
because of their compactness and higher rates of
reaction, will be less costly to build than the giant
WTE plants that are based on grate combustion.
With regard to higher energy production,
plasma-assisted WTE processes must “invest” electricity in the operation of the plasma torches. Therefore, it is preferable to use the syngas in a gas turbine
that offers higher thermal efﬁciency than in steam
turbines such as are used by grate combustion
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processes. An analysis of several plasma-assisted
WTE processes at different stages of commercialization by Ducharme [4] showed that most are quoting numbers of electricity generation (e.g.,
1000 kWh/ton MSW) that are much higher than
the numbers calculated from material and energy
balances. Also, the produced syngas has a caloriﬁc
value equal to one third of natural gas. To overcome
this problem, the developing companies have two
options, either to blend syngas with natural gas or to
use specially adapted turbines.
In conclusion, plasma-assisted gasiﬁcation of
solid wastes is a very interesting process with
potential for future application. First, using a
reducing atmosphere and producing a relatively
smaller amount of process gas facilitate the gas
cleaning system. Second, controlling the amount
of heat input to the process by means of the
plasma torches allows controlling the composition of the syngas. The hydrogen-to-carbon monoxide ratio can be modiﬁed easily, according to
the needs of the user. The next decade will show
how plasma-assisted gasiﬁcation of MSW
evolves. The plants under planning or construction should provide reliable information on capital
and operating costs per ton of solids treated, and
this technology may provide an alternate route for
the thermal treatment of MSW.
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Glossary
Gasiﬁcation Thermal process that involves the
reaction of carbonaceous feedstocks with
oxygen-containing reagents, usually air, oxygen, steam, or carbon dioxide, generally at
temperatures in excess of 800  C
MSW Municipal solid waste
PET Polyethylene terephthalate
PVC Polyvinylchloride
Pyrolysis Thermal process that implies the degradation of the organic materials at temperatures in the range of 400–800  C and in the
absence of oxygen or other reagents
RDF Refuse derived fuel
Slag Molten ash
SR Shedder residue

Definition of the Subject and Its
Importance
The major technologies used in Japan for energy
recovery from municipal solid waste (MSW) are
moving grate waste-to-energy (WTE) plants,
some combined with ash vitriﬁcation and disposing of ash in monoﬁlls. However, shortage of
landﬁll space and the Japanese Containers and
Packaging Recycling Law have stimulated active
R&D and commercialization of relatively novel
thermal treatment processes based on gasiﬁcation
and liquefaction of MSW.
The purpose of this entry is to introduce novel
gasiﬁcation and liquefaction processes for MSW
that are already commercialized in Japan and are
potential future alternatives to moving grate combustion for effective resource recovery from MSW.

Introduction
In Japan, about 40 million tons of municipal solid
wastes (MSW) are incinerated each year. Of these,
about 20 million tons are used as fuel in waste-toenergy (WTE) power plants that produce about
1000 MW of electric power. Most of these wasteto-energy (WTE) plants are large-scale plants
exceeding 200 t/day scale.
The major technologies used in WTE plants in
Japan are stoker-type moving grates combusting
as-received MSW, where the ﬁnal residues such as
ash are landﬁlled. However, shortage of landﬁll
space and also new regulations for detoxifying the
ﬂy ash of WTE plants by vitriﬁcation, as of 2004,
have driven many municipalities to accept relatively
novel processes such as direct gasiﬁcation and
smelting and, also, rotary kiln or ﬂuidized bed gasiﬁcation combined with melting of the ash to a
vitriﬁed slag.

# Springer Science+Business Media LLC, part of Springer Nature 2019
N. J. Themelis, A. C. (Thanos) Bourtsalas (eds.), Recovery of Materials and Energy from Urban Wastes,
https://doi.org/10.1007/978-1-4939-7850-2_419
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R. A. Meyers (ed.), Encyclopedia of Sustainability Science and Technology, # Springer Science+Business Media LLC 2017
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Also, many municipalities have started to
source-separate and collect the plastic materials
contained in MSW, under the Japanese Containers
and Packaging Recycling Law enacted in 1995.
The segregated plastic materials are managed by
three methods: material recycling, chemical
recycling, and production of solid fuel. One of the
technologies in the chemical recycling technology
is the pyrolysis of plastic wastes to liquid fuels.
There are about 30 Japanese companies
engaged in the development of gasiﬁcation and
ash-melting systems, which can be divided into
three main types: (1) vertical shaft reactors that
melt the entire amount of wastes directly, (2) ﬂuidized bed reactors that gasify the wastes directly
with slagging, and (3) kilns that gasify the wastes
indirectly with slagging.
This entry introduces three novel MSW thermal treatment processes developed and commercialized in Japan: (1) the EBARA ﬂuidized bed
gasiﬁcation and ash-melting process, (2) the JFE
high-temperature gasifying and direct melting
process, and (3) the TOSHIBA waste plastics liquefaction (pyrolysis) process. These processes
have the potential to be future alternatives to the
existing mass burning processes for maximizing
the effective recycling and utilization of MSW.

EBARA Fluidized bed Gasification and
ash-Melting Process
Process Description
Since the year 2000, the EBARA ﬂuidized bed
gasiﬁcation and ash-melting process (TwinRec
process) is in operation in large commercial installations [1]. It is based on ﬂuidized bed gasiﬁcation
in combination with ash melting. The following
description is focused on the core components of
the TwinRec system: the ﬂuidized bed gasiﬁer and
the cyclonic ash-melting chamber.
Any type of waste can be fed into the gasiﬁer.
Only bulky wastes need to be cut to pieces smaller
than 30 cm in length. The gasiﬁer is a proprietary
internally circulating ﬂuidized bed of compact
dimensions, operated at temperatures between
500  C and 600  C. The resulting syngas (fuel
gas) and ﬁne particles are entrained into the gas
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ﬂow leaving the gasiﬁer. The low gasiﬁcation
temperature in the ﬂuidized bed leads to easily
controllable process conditions.
The main function of the gasiﬁer is to separate
the combustible gases and the dust from the inert
and metallic particles of the waste. Metals contained
in the waste, such as aluminum, copper, and iron,
can be recycled as valuable products from the bottom off-stream of the gasiﬁer as they are neither
oxidized nor sintered with other ash components.
Together with these metals, larger inert particles are
removed from the furnace. Smaller inert particles
are returned to the gasiﬁer where they serve as bed
material. The ﬁne inerts are blown out of the gasiﬁer
and enter the next stage of the process.
Figures 1 and 2 show the operating principle of
the gasiﬁer and the ash-melting furnace and the
process ﬂowsheet, respectively. The fuel gas and
carbonaceous particles that are produced in the
gasiﬁer are combusted in the cyclonic ash-melting
chamber at temperatures between 1350  C and
1400  C by the addition of secondary air. Here,
the ﬁne particles are collected on the walls, where
they are vitriﬁed and slowly ﬂow downward
through the furnace.
The molten slag collected in the furnace is then
quenched into a water bath to form a granulate with
excellent leaching resistance; this vitriﬁed material
meets all regulations for recycling in construction.
The high combustion temperature ensures that
the most stringent dioxin emission regulations,
below 0.1 ng-TEQ/Nm3, are met by means of
minimal air pollution control measures.
The gasiﬁer and the ash-melting furnace operate at atmospheric conditions, without any auxiliary fuels, except for start-up of the process or
industrial oxygen. Due to the low excess air ratio
that is required for complete combustion, the
steam generator, boiler, and air pollution control
system are very compact. The energy content of
the waste is converted into electricity and/or district heat with a high net efﬁciency.
Recycling and Recovery
The Ebara TwinRec process can treat a wide range
of materials generate product streams that match
their characteristics and enable optimal resource
recovery:
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WTE: Gasification and Pyrolysis in Japan, Fig. 1 The ﬂuidized bed gasiﬁer and the ash-melting furnace of the EBARA
TwinRec process
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• Metals and alloys are not oxidized in the gasiﬁer and can be recycled.
• Inert mineral materials are free of dust and
organic matter and are also suitable for
recycling.
• Mineral dust and metal oxide powder are vitriﬁed into slag and can be used as construction
materials.
• Any toxic organic substances are completely
destroyed, and the total organic content is
transformed into energy.
• Volatile metal salts are concentrated into the
secondary ﬂy ash and can be used for zinc,
lead, and copper recycling in the zinc industry.
• The amount of ﬁnal residues for landﬁlling is
reduced to very low values.
The energy efﬁciency of TwinRec is better than
the thermal waste treatment processes that require
oxygen and therefore internal consumption of electricity. Also, the ash-melting furnace is integrated
into the water-steam cycle, making use of the
highest temperature level for steam production.
The slag granulate is the largest fraction for
recycling. For successful application in the construction industry, it must satisfy technical criteria and
pass the respective environmental certiﬁcation.
Technically, the granulate qualiﬁes for various applications, replacing cullet, gravel, or sand. It can be
applied as loose bulk material or as ﬁller in combination with inorganic or organic binders. In Japan,
the granulate is also used as a ﬁller in asphalt.

Commercial Operational Experience
The ﬁrst TwinRec commercial plant for MSW
was built for Sakata Clean Union. The Sakata
plant has a capacity of 2  98 t of MSW per day.
Since the start-up of the ﬁrst plant, several other
TwinRec plants have been started, resulting in
15 plants in operation to date. Twelve of these
plants treat MSW and are listed in Table 1.
Figure 3 shows a photograph of the largest
plant at Kawaguchi that treats 420 t of MSW per
day in three process lines generating 12 MW. In
addition to vitriﬁcation of its own ashes, bottom
and ﬂy ash of another grate-type incinerator is also
vitriﬁed in the ash-melting furnace. Additionally,
some of the secondary ﬂy ash is recirculated, and
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even the inert gasiﬁer bottom ash, after metal
separation, is ground and fed back to the ashmelting furnace. In this way, over 97% of the
waste input is transformed into energy, metals,
and recyclable glass granulate.
Figure 4 shows a photograph of the Tokyo
Waterfront Recycle Power plant located in
Tokyo Bay area and treating 22.9 t/h of industrial
waste in two process lines. In this plant, industrial
wastes (plastic wastes and crushed/separated residue of construction wastes) are received in shredded form. Ash is melted under high temperatures
into slag that is granulated and used as construction material. This plant generates 23 MW of
electricity by recovering the heat generated in
this plant and in another facility, next to this
plant, in which medical wastes are treated.

The JFE High-Temperature Gasifying
and Direct Melting Process
Process Description
JFE is a new company resulting from the merger
of Nippon Kokan (NKK) and Kawasaki Steel.
The JFE high-temperature gasifying and direct
melting process (JFE process) resembles a small
iron blast furnace where wastes are fed through
the top of a vertical shaft (Fig. 5).
Air is introduced into the furnace through primary, secondary, and tertiary tuyeres located along
the height of the shaft. The primary air, near the
bottom of the shaft, is enriched to about 35% oxygen in order to generate the high temperatures
required to transform the ash to molten slag and
metal. In the gasifying zone, the gas produced in
the lower part is partially combusted at approximately 600  C by an air sent through the secondary
tuyeres while maintaining a ﬂuidized state. By
means of this heat, the wastes charged from the
furnace top are preheated and thermally
decomposed. Also, the ﬂuidization ensures the
downward ﬂow of the bed within the shaft. In the
gas reforming zone (“freeboard”), a tertiary air ﬂow
is injected to maintain the freeboard outlet temperature at 850  C and decompose organic gases and tar
in reducing atmosphere. Ample space in the free
board stabilizes the gas ﬂow and reduces the velocity resulting in lower dust carryover in the gas ﬂow.

WTE: Gasification and Pyrolysis in Japan
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WTE: Gasification and Pyrolysis in Japan, Table 1 List of operational TwinRec plants
No. Customer
Municipal waste
1
Joetsu union

Location

Capacity

Type

Inst. year

Electricity kw

Niigata

15.7 t/24 h

TIFG

45

2

Sakata clean union

Yamagata

196 t/24 h

TIFG

3

Kawaguchi city

Saitama

420 t/24 h

TIFG

4

Ube city

Yamaguchi

198 t/24 h

TIFG

5

Chuno union

Gifu

168 t/24 h

TIFG

6

Minami-Shinshu union

Nagano

93 t/24 h

TIFG

7

Nagareyama city

Chiba

207 t/24 h

TIFG

8

Chubu clean union

Shiga

180 t/24 h

TIFG

9

Dalsung

Korea

70 t/24 h

TIFG

10

Eunpyeong

Korea

48 t/24 h

TIFG

11

Hwasung

Korea

300 t/24 h

TIFG

12

Kurahama clean union

Okinawa

309 t/24 h

TIFG

Mar.
2000
Mar.
2002
Nov.
2002
Nov.
2002
Mar.
2003
Mar.
2003
Feb.
2004
Mar.
2007
Jun.
2008
Sep.
2009
Mar.
2010
Mar.
2010

Aomori

450 t/24 h

TIFG

17,800

Toyama

63 t/24 h

TIFG

Nov.
2002
Jun.
2001

Tokyo

550 t/24 h

TIFG

Industrial waste
1
RER Aomori renewable
energy recycling co., ltd.
2
Nikko Mikkaichi
recycling co., ltd.
3

Tokyo waterfront
recycle power co., ltd.

The slag and metal overﬂow from the furnace are
quenched in a water tank to form small spherical
particles of granulated slag and metal.
The process requires the addition of coke (less
than 5% of wastes), which is also added at the top
of the shaft along with sufﬁcient lime to form a
ﬂuid slag at the bottom of the furnace. The JFE
process produces slag and metal globules that are
used beneﬁcially and ﬂy ash which contains volatile metals and is landﬁlled.
Commercial Operation Experience
Up to 2010, JFE has delivered ten Direct Smelter
plants in Japan, as shown in Table 2 [2]. All of them

Aug.
2006

Night soil
sludge

1990
12,000
4100
1980
800
3000
3000
–
–
4400

(HEEC
license)
(HEEC
license)
(HEEC
license)

6000

–

23,000

Shredder
dust, sludge
Shredder
dust, waste
plastic
Industrial
waste

process as-received MSW except for the Fukuyama
plant where RDF is combusted. The most recent
plant serves the Chikushino/Ogori/Kiyama Association in Fukuoka Prefecture (Kyushu) introduced.
This plant is called “Clean-Hill Homan” and will be
described in the following sections.
An Example of the Performance of the JFE
Direct Melting Process
Figure 6 shows the process ﬂowsheet, and Fig. 7 is
a photograph of the most recent JFE Direct
Smelting plant at Fukuoka.
Table 3 shows the principal components of the
Fukuoka plant.
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WTE: Gasification and
Pyrolysis in Japan,
Fig. 3 Photograph of the
Kawaguchi plant

WTE: Gasification and
Pyrolysis in Japan,
Fig. 4 Photograph of the
Tokyo Waterfront Recycle
Power plant

Table 4 shows the mass balance of this plant
in 2008. The total weight of MSW treated was
49,348 t, and the slag, metal, and ﬂy ash were
11.1%, 0.7%, and 2.3% of the solids feed,
respectively. The use of the cyclone shown in

Fig. 6 reduced the amount of ﬂy ash signiﬁcantly. All the slag recovered was utilized as a
secondary concrete material or as a subbase in
road construction. The metal and ﬂy ash recovered were also recycled.
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WTE: Gasification and Pyrolysis in Japan, Fig. 5 JFE high-temperature gasifying and direct melting process

WTE: Gasification and Pyrolysis in Japan, Table 2 List of operational JFE process plants
1
2
3
4
5
6
7
8
9
10

Capacity  line
192 t/day
(64 t/day  3)
120 t/day
(60 t/day  2)
38 t/day (19 t/day  2)

Input waste
MSW (incl. Bulky wastes)

Completion
2003.03

MSW (incl. Bulky wastes)

2003.03

MSW (incl. Bulky wastes)

2003.02

MSW (incl. Bulky wastes)

2003.03

MSW (incl. Bulky wastes)

2003.03

Fukuyama recycle power Corp.,
Hiroshima
Ibaraki environment protection
foundation, Ibaraki
Aki area association, Kochi

160 t/day
(80 t/day  2)
110 t/day
(55 t/day  2)
314 t/day
(314 t/day  1)
145 t/day
(72.5 t/day  2)
80 t/day (40 t/day  2)

RDF

2004.02
2006.03

Hamada area association, Shimane
Chikushino/Ogori/Motoyama
association, Fukuoka

98 t/day (49 t/day  2)
250 t/day
(125 t/day  2)

MSW and industrial waste
(incl. Bottom ash)
MSW (incl. Bulky wastes,
landﬁll wastes)
MSW (incl. Bulky wastes)
MSW (incl. Bulky wastes,
disaster wastes)

Municipality/owner
Kagamihara City, Gifu
Amagi/Asakura/Mitsui association,
Fukuoka
Hidaka-chubu association,
Hokkaido
Morioka/Shiwa area association,
Iwate
Saiki area association, Oita

Table 5 shows the electric power balance
including the power usage in the recycling center
of this plant. The 49,000 t of MSW generated
22,000 MWh of electricity of which 9.100 MWh
were sold to the grid.

2006.03
2006.11
2008.03

Table 6 shows the exhaust gas emission data
along with the national standards. All the emission data were well below the regulation values.
Table 7 compares the results of leachability and
concentration tests for various metallic

Main
tuyere
blower

Attritor

Magnetic
separator

Metal bunker
(Recycle)

Boiler

Energy recovery
system

Combustion
chamber

Gusfying
melting furnace

Slag bunker
(Recycle)

Water-Granulation
conveyor

1

Coke

Oxygen generator

Refuse pit

Secondary
tuyere blower

Cumbustion
air blower

Waste feeder

Limestone

1

Cyclone

Fly ash treatment
equipment
(DXN craking unit)

Steam turbine
generator
(4,990kW)

Stacked lime,
Activated
carbon

Gas cooling water
(Reuse water)

Gas
cooling
tower

Hot-water
supply

Energy recovery system

WTE: Gasification and Pyrolysis in Japan, Fig. 6 Process ﬂowchart of the Clean-Hill Homan plant

Refuse
crusher

Refuse hopper

Refuse crane

Bag filter

Steam
Deaerator

Denox
reactor

Stack

Prevention fan of
steam smoke

Steam gas
heater

Recovery of
valuabel metal

Induced
draft fan

Compressed air
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WTE: Gasification and
Pyrolysis in Japan,
Fig. 7 Photograph of the
Clean-Hill Homan plant

WTE: Gasification and Pyrolysis in
Table 3 Outline of the Clean-Hill Homan plant
Capacity
Furnace type

Energy recovery
system

Exhaust gas
treatment system
Slag treatment
system
Fly ash treatment
system

Japan,

250 t/day (125 t/day  2 furnaces)
Shaft melting process (hightemperature gasifying and direct
melting furnace)
Boiler 22.0 t/h,
400  C  3.92 MPa, steam turbine
generator (4990 kW), hot-water
supply system
Cyclone, bag ﬁlter, Denox reactor
Water-granulation conveyor,
magnetic separator, attritor
Dioxins cracking unit

contaminants with the standard values of Japan. It
can be seen that in all cases, the test data were
substantially below the standard values.
Slag Utilization
Japanese government has a policy of encouraging
the vitriﬁcation of ash (bottom ash to slag) as part
of the hierarchy of waste management and for
extending landﬁll life. Therefore, the production
of slag has been increased remarkably during the
last 10 years. Slag is standardized by JIS (Japan

WTE: Gasification and Pyrolysis in Japan, Table 4 Mass
balance of MSW disposal (total MSW disposal was 49,348 t)
Recovered
material
Slag
Metal
Fly ash

Amount of
emergence (t)
5502
352
1116

Ratio (wt
%)
11.1
0.7
2.3

Industrial Standard) for usage as asphalt and concrete aggregate. As a result, slag utilization is
progressing, and a considerable fraction of slag
has acquired an economic value. Figure 8 shows
the increase in number of ash-melting furnace
plants with time. Figure 9 also shows that both
the tonnage of slag produced and the slag used
beneﬁcially have increased with time.
The various uses to which the slag is put are
shown graphically in Fig. 10.

The TOSHIBA Process for Liquefaction of
Plastic Wastes
Social Background
The Plastic Waste Management Institute of Japan
reported [3, 4] that the domestic plastic waste
produced in 2006 had reached a total of 10 million
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WTE: Gasification and
Pyrolysis in Japan,
Table 5 Electric power
balance (including recycling
center)

Item
Generated
Purchased
Sold
Consumed

WTE: Gasification and Pyrolysis
Table 6 Exhaust gas emission data
Item
Dust (g/m3N)
SOx (ppm)
NOx (ppm)
HCl (ppm)
CO (ppm)
Dioxins
(ng-TEQ/m3N)

Regulation
value
<0.02
<50
<50
<50
<30
<0.05

Electric
power
(MWh)
22,349
989
9070
14,268

in

Analysis value
<0.005
0.3–6.0
6.0–32.0
<8.6
2–7
0.00000009–0.0048

WTE: Gasification and Pyrolysis in
Table 7 Result of slag measurement (example)

Cd
Pb
Cr6+
As
T-hg
Se
F
B

Elution (standard
value, mg/l)
<0.005 (<0.01)
<0.005 (<0.01)
<0.04 (<0.05)
<0.005 (<0.01)
<0.0005 (<0.005)
<0.005 (<0.01)
<0.08 (<0.8)
<0.1 (<1.0)

Japan,

Japan,

Content (standard
value, mg/kg)
<10 (<150)
<10 (<150)
<10 (<250)
<10 (<150)
<0.1 (<15)
<10 (<150)
<150 (<4000)
<150 (<4000)

tons, made up of about 5 million tons of household waste and another 5 million tons of industrial
waste. Of this waste, 72% (7.21 million tons) was
reutilized as materials, fuels, electricity, or heat,
among others. However, 28% (2.84 million tons)
was incinerated without energy recovery or
landﬁlled. According to the Japan Containers
and Packaging Recycling Association [5], the
quantity of plastic containers and wrapping,

within household plastic wastes, was 550,000 t.
Of this amount, 23% (130,000 t) was used in
materials recycling operations and 46%
(250,000 t) in chemical recycling operations,
under the Container and Packaging Recycling
Law; the remaining 31% was incinerated or
landﬁlled. The breakdown of chemical recycling
activities (250,000 t) in 2006 was coke ovens
(61%), gasiﬁcation (22%), blast furnaces (15%),
and liquefaction (2%). The waste plastics liquefaction operations of the Sapporo Plastics
Recycling Co., Ltd. (SPR) are classiﬁed as a
chemical recycling technique in Japan. Two plastic liquefaction facilities have been operating
commercially in Japan: the Niigata Plastics Liquefaction Centre (6000 t/year) and the Sapporo
Waste Plastics Liquefaction Plant (14,800 t/year).
The waste plastics liquefaction technique is different to other recycling techniques, and, after
overcoming initial problems, SPR process has
maintained high levels of safety, stability, and
productivity.
Process Description
In 2000, SPR started operating a liquefaction process that includes the unique characteristic of
dechlorination of plastic wastes that contain polyvinylchloride chloride (PVC). The ﬂowsheet of
the SPR plastic waste liquefaction process is
shown in Fig. 11. In the pretreatment stage, bales
of compacted waste plastics are shredded, and
then foreign materials, such as pieces of metal
and water, are removed, and the remaining plastics are pelletized. The pellets are then fed into the
dechlorination process where they are heated electrically to 300–330  C, melted, and the hydrochloric gas resulting from the thermal decomposition
of PVC is incinerated at 1200  C in dechlorinating
furnace; scrubbing of this gas yields a solution
containing less than 20% HCl which is sold. The
molten polymer that is obtained in the dechlorination process is fed into the pyrolysis reactor where
it is heated at 400–450  C for about 10 h and
separates into a gaseous product that is conveyed
to the distillation process and a residue that is fed
to the solid fuel production process.
The gaseous product of the pyrolysis reactor is
liqueﬁed by spray quenching at 120  C, and the

WTE: Gasification and Pyrolysis in Japan
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WTE: Gasification and Pyrolysis in Japan, Fig. 8 Increase in number of ash-melting furnace plants

WTE: Gasification and Pyrolysis in Japan, Fig. 9 Increase of slag production and beneﬁcial use
WTE: Gasification and
Pyrolysis in Japan,
Fig. 10 Beneﬁcial uses
of slag

resulting pyrolysis oil is fed into the distillation
tower where it is separated into three fractions:
light oil at 120  C, “medium” oil at 200  C, and
heavy oil at 280  C. The remaining volatile hydrocarbon gas is used as fuel in the plant operation.

Some of the light oil product is used as a raw
material for manufacturing plastic, and the rest is
used as fuel in the plant. The “medium” oil is sold
to local companies and used as boiler fuel. Some
of the heavy oil product is provided to local
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WTE: Gasification and Pyrolysis in Japan, Fig. 11 Flowsheet of the Sapporo plastics recycling (SPR) plastics
liquefaction process. Hx heat exchanger

central heating and air-conditioning companies,
paper manufacturing companies, and other companies and used as fuel, and the rest is used to
power cogeneration diesel engines. The sludge
residue derived from the ﬁltering of the heavy
oil is mixed with pyrolysis residues and used as
a solid fuel. Almost all the plastic, except for the
foreign material and water, is being reclaimed. As
a result, in 2006, the recycling rate, excluding
water contained in the feedstock bales, reached
96%.
Main Technical Challenges
In the ﬁrst year of operation (2000), it was difﬁcult
to maintain normal processing due to corrosion
and clogging due to the presence of polyethylene
terephthalate (PET) in the plastic waste. The operational problems were due to the formation of
benzoic acid (C6H5COOH) and terephthalic acid
C6H4(COOH)2, during the thermal decomposition of PET (Table 8). The cause of the problems
was investigated, and it was found that the organic
acids were mainly formed in the operating

temperature range between 170  C and 250  C.
This problem was solved by adding hydrated lime
[Ca(OH)2] to the plastic waste pellets, and plant
operation was stabilized.
Composition of raw Material and Properties of
Reclaimed Products
The composition of typical municipal plastic
waste is shown in Fig. 12. Polypropylene, polyethylene, and polystyrene (PP/PE/PS:3P), which
are easily processed by liquefaction, make up
70–90% of the waste. However, PVC and PET
constitute 2–7 t% and 2–15% of the waste, respectively. PVC causes corrosion and quality degradation of the recycled product, and PET can cause
corrosion and clogging. Because the problems
caused by corrosion and clogging were overcome
by the countermeasures mentioned above, the
operation of the SPR process is presently stable
and safe.
The properties of the reclaimed oil are shown
in Table 9. The sulfur, nitrogen, and chlorine
contents were below the limit values speciﬁed in
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WTE: Gasification and Pyrolysis in Japan, Table 8 Influence of organic acids on the recycling process

Heavy oil Hx
(upper)
Heavy oil Hx
(lower)
Fire heater
tube
Distillation
tower (upper
middle
column)
Distillation
tower (middle
column)
Distillation
tower (bottom
column)

Temperature
( C)

Phase

In
250

Out
170

170
200

Concentration
(wt%)

Liquid

Trouble
(●; serious)
Benzoic
acid
<27

Terephthalic
acid
<1

Clogging
●

Corrosion
None

80

Liquid

–

–

Minor

None

300

Liquid

None

●

210

Liquid

<90

<2

None

●

220

Liquid

<24

<15

None

●

270

Liquid

<7

<3

Minor

None

Hx heat exchanger, wt% weight percent

Japanese Industrial Standards (JIS; technical
speciﬁcation Z 0025 for pyrolytic oil from waste
plastics). The SPR reclaimed oil contains
0.003–0.08% sulfur (JIS level: 0.2%),
0.08–0.14% nitrogen (JIS level: 0.2%), and
50–70 ppm chlorine (JIS level: 100 ppm).
The properties of the solid fuel produced
from waste plastics are shown in Table 10.
Solid fuel pellets are produced from thermally
degraded residue and heavy oil sludge. Inorganic chloride levels of 1–4% are found in the
solid fuel because CaCl2 is formed by reactions
between hydrated lime [Ca(OH)2; tat as noted
above is added to the process to mitigate the
problems caused by PET] and chlorine. Therefore, this solid fuel is used in a blend with other
solid fuels (e.g., wood or coal) at low levels of a
few percent (usually below 5%) to minimize
environmental problems.
The measured results for gas emissions from
the SPR off-gas-ﬁred furnace are shown in
Table 11. Some of the light oil is used as
in-plant furnace fuel and the heavy oil for
powering the cogeneration engines. According
to periodic analysis of the gaseous emissions of
these processes, nitrogen oxides (NOx), sulfur

oxides (SOx), dust, dioxins, and HCl levels are
below the required standards.
Development of Recycled Products and
by-Products
In the SPR process, sludge is separated from the
heavy oil by a centrifugal ﬁltering method that
was installed after initial operation; this resulted
in much better quality of the heavy oil product of
this process, and, since then, heavy oil has been
sold to other companies for use as a fuel. The
light oil has been sold to a petrochemical company and is used as raw material for the production of naphtha since 2004. It is also used in the
production of plastics. The Japanese recycling
law considers only hydrocarbon oil as a recycled
product; thermal degradation residue, off-gas
(ﬂammable gas), and hydrochloric acid are not
considered as recycled products.
The off-gas of the SPR process has been
reused as fuel within the plant since 2000.
Initially, most of the thermal decomposition
residue and oil sludge were discarded as industrial waste, but since 2004, they are supplied to
other companies and are used as solid fuel.
Hydrochloric acid, after neutralization, was
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WTE: Gasification and Pyrolysis in Japan, Fig. 12 Composition of municipal waste plastics. PET polyethylene
terephthalate, PVC polyvinylchloride, PVDC polyvinylidene chloride, PE/PP/PS polyethylene, propylene, polystyrene

WTE: Gasification and Pyrolysis in Japan, Table 9 Properties of the oils recovered in the SPR process
Property
Density
Flash point
Pour point
Reaction
Ash
Sulfur
Nitrogen
Chlorine
Gross heating value

g/cm3 (15  C)
C

C
pH
Wt%
Wt%
Wt%
Wtppm
Kj/kg


Light oil
0.814
<21
< 50
Neutral
<0.001
0.002
0.08
50
42,070

Medium oil
0.824
78
35.0
Neutral
<0.01
0.03
0.14
70
45,040

initially discharged into the sewage system, but
since 2004, it is also used by other companies
as a neutralizer.
The actual recycling rate of the SPR plastics
liquefaction plant in 2006 is shown in Fig. 13.
The recovered hydrocarbon oil amounted to
54.4% of the weight of the initial waste plastic;
the gaseous fuel, the solid fuel, and the hydrochloric acid products amounted to 35% of the
weight of the initial waste plastic. Since SPR
recycles almost all of the input waste plastics,

Heavy oil
0.856
114
47.5
Neutral
<0.01
0.08
0.1
60
45,360

JIS TS Z0025 (Japanese technical
standard)

≦0.05
≦0.2
≦0.2
≦100

except for the water and the foreign materials, a
high recycling rate of 96%, excluding the water
content, has been achieved (Fig. 13). Also, most
of the recovered materials are reused in the local
Hokkaido district; as a result, the resource recovery rate for local communities in Hokkaido has
reached 93%.
Productivity Improvement
The changes in recycling rate and productivity
with time of the SPR process are shown in
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WTE: Gasification and Pyrolysis in Japan, Table 10 Properties of the solid fuel produced in the SPR process
Property
Lower heating value (kJ/kg)
Carbon (wt%)
Sulfur (wt%)
Nitrogen (wt%)
Hydrogen (wt%)
Calcium (mg/kg)
Silicon (mg/kg)
Aluminum (mg/kg)
Total chlorine (wt%)
Inorganic chlorine (wt%)
Bulk speciﬁc gravity (kg/l)

Solid fuel (eco pellet)
15,160
41.8
0.09
0.43
5.7
88,000
12,000
13,000
2.82
2.82
0.72

Degradation residue
17,570
45.6
0.06
0.4
2.6
125,000
52,300
12,700
4.96
4.79
0.389

Sludge
31,650
67.5
0.04
0.39
6.3
46,700
19,800
940
1.42
1.42
0.868

WTE: Gasification and Pyrolysis in Japan, Table 11 Properties of gas emitted from the off-gas-fired furnace of the SPR
waste plastics liquefaction plant
Periodic survey (twice a year)
Dust (particulates)
Sulfur oxide (SOx)
Nitrogen oxide (NOx)
Optional survey
Hydrogen chloride (HCl)
Dioxin

Result of measurement
<0.02 g/Nm3
<0.05 Nm3/h
95 vol ppm

Emission standard
0.15 g/Nm3
3.12 Nm3/h
150 vol ppm

Date
2007/11/21
2007/11/21
2007/11/21

2.3 mg/Nm3
0.000018 ng-TEQ/Nm3

80 mg/Nm3
0.0006 ng-TEQ/Nm3

2004/1/13
2004/1/20

TEQ toxicity equivalency quantity, Nm3 gas volume at 1 atm and 0  C

Fig. 14. Productivity is expressed as the total
operating cost of electric power, commercial fuel
oil, other supplies, etc.; these costs have decreased
by a factor of three since the plant started operations in 2000. The measures that have contributed
to productivity improvement are as follows:

WTE: Gasification and Pyrolysis in Japan,
Fig. 13 Actual recycling rate of the SPR plant in 2006

• Reduction of hydrocarbon oil consumption
during processing
• Reduction of amount of water used by producing and selling hydrochloric acid for use as
neutralizer
• Reduction of industrial waste volume by
selong solid fuel to others
• Introduction of an energy-saving burning
system
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WTE: Gasification and Pyrolysis in Japan, Fig. 14 Annual trends of actual recycling rate and productivity

Summary
Through its technological improvements and
operational know-how, SPR has been able to process municipal waste plastics of almost all quality
grades, even those containing PVC and PET. SPR
can also process the sorted waste plastics from
material recyclers or mechanical recyclers, thus
allowing for a more efﬁcient recycling of plastic
waste that combines mechanical and chemical
recycling. SPR has achieved an extremely high
recycling rate (93% in 2006) from mixed plastic
wastes and developed a system that allows for the
use of the light oil product as a petrochemical raw
material.

Future Directions
In direct comparison with the currently more common stoker grate incineration of MSW, the
EBARA TwinRec and the JFE Direct Smelting
processes offer a number of advantages: high
recovery of metals and inert materials directly
from the bottom ash and vitriﬁcation of ﬁne ash
particles into an inert construction material [1, 3].

These processes are based on gasiﬁcation and
require a lower amount of excess air, resulting in a
compact air pollution control system. Also, as
shown by the feedstock of the reference plants
noted above, these processes are more ﬂexible
with regard to feedstock.
The processes described in this entry have
demonstrated, through the range of capacity of
commercial plants and the use of multiple feedstocks, that gasiﬁcation of solid wastes is mature,
reliable, efﬁcient, and a good solution for current
and future waste management applications.
Another approach to enhance the recycling of
MSW is to segregate plastic materials and liquefy
them, as demonstrated commercially by the SPR
process. In the past, it was difﬁcult to recycle
municipal waste plastics that contained PVC and
PET. Thus, material recycling methods have traditionally sorted out only PP/PE/PS from municipal waste plastics, and nearly one half were
disposed as residue. The SPR commercial liquefaction plant has shown that it is possible to process mixed plastics containing PVC and PET.
This plant has attained a very high recycling rate
achieved a high recycling rate of 93% of the solids
in the feedstock to the process.
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Glossary
CBA Cost-beneﬁt analysis.
CHP Combined heat and power: production of
electricity combined with delivery of heat, e.g.,
for district heating.
EfW Energy from waste, synonym of WTE.
LCA Life-cycle analysis.
MSW Municipal solid waste: residential, commercial, and other urban waste. It is the residual part, which is the non-source separated
stream.
R1/D10 EU legislative distinction between reuse
and disposal of waste.
RDF Refuse-derived fuel: pretreated waste,
mainly by shredding and recovery of some
recyclable materials and removal of inert and
wet fractions. It consists mainly of packaging
paper and plastics.
WTE Waste to energy: thermal treatment of
wastes with energy recovery.

This entry describes the history of WTE and technological developments with regard to increasing
the energy efﬁciency of this process and ways to
assess energy efﬁciency.
In the history, four distinct stages are described
involving improvements on the combustion system, ﬂue gas cleaning, and energy efﬁciency.
An overview of options to improve energy
efﬁciency is given, with the technical limitations
to raise steam parameters, resulting efﬁciencies,
and ways to evaluate the energy performance of
WTE installations.

Introduction
Over the last century, waste to energy was developed in a few distinct stages. Originally, the objective was to manage urban wastes in order to avoid
the spread of diseases. In the second stage, reduction of smoke issuing from the stack became the
point of attention. Later, discovery of the effects
of invisible pollutants, such as volatile metals and
dioxins, in the stack gases led to important
advancements of the air pollution control systems
of WTE plants. Currently, sustainability and
energy and materials conservation have shifted
the focus of WTE research and development on
obtaining higher energy efﬁciency and recovery
of metals. This entry describes brieﬂy the history
of WTE and presents technological developments
with regard to increasing energy efﬁciency.

Waste to Energy History
Pre-Nineteenth Century
Managing of waste became an urban issue when
cities reached a certain size. Nuisance factors,
both visual and unpleasant odor effects, led to

# Springer Science+Business Media LLC, part of Springer Nature 2019
N. J. Themelis, A. C. (Thanos) Bourtsalas (eds.), Recovery of Materials and Energy from Urban Wastes,
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the adoption of some rules for dealing with waste.
In the nineteenth century, landﬁlls were created to
deal with the mounting amount of waste, and
collection was organized either by public or by
private companies. The cholera epidemic that
started in 1892 in Hamburg, swept over Europe,
and even reached America was a general political
trigger for public responsibility for sanitation.
1900–1960: Hygiene
As a response to this political pressure, waste
collection, sewer systems, and drinking water distribution were quickly developed in many
European cities. Landﬁlls were moved out of the
cities and waste incinerators were built in many
places. The focus of these incinerations was to
dispose of the waste hygienically and reduce the
amount of materials that had to be transported to
landﬁlls. In order to increase landﬁll space, in
many cases the landﬁlled waste was often burned
in the open. When the waste was burned in dedicated incineration facilities, the focus was on
hygiene, and there were good examples of integrated systems of waste collection, transportation,
and transfer into the bunker of the incineration
plant. These systems were designed to minimize
manual contact with the waste and keep it in
closed containers to avoid rats, mice, birds, and
ﬂies.
However, in this focus on sanitation, there was
not much attention paid to atmospheric pollution.
A stack plume of black smoke was common and
was considered to be a sign of economic activity
and prosperity rather than a problem. Also, the
bottom ash, and ﬂy ash collected in a simple
cyclone, of incinerators was landﬁlled or spread
on roads to harden the surface. The incinerators
were generally run as batch operations.
With regard to energy, most of these installations did not provide for energy recovery, but
some were heating water for district heating. The
very simple combustion systems were inadequately controlled, resulting in large amounts of
air used, incomplete combustion causing massive
amounts of black smoke and carbon monoxide,
and very wide temperature ﬂuctuations. This also
led to corrosion problems so that only very simple
and small heat exchangers were used to extract

WTE: Boiler and Power Generation

some of the combustion heat. As a result, the heat
recovery was very small, and most of the combustion heat was lost in the ﬂue gases leaving the
stack.
Some incinerators in the ﬁrst part of the twentieth century were equipped with a boiler for
steam production that was used for either industrial use or electricity production. Electrical efﬁciency was very low, at about 5% in the best cases.
1960–1990: Dust Removal
Over time, the black deposits of the smoke and ﬂy
ash of waste incinerators became noticeable and
gradually unacceptable. Therefore, standards
emerged limiting smoke and dust for the next
generation of incinerators. Technology improved
in boiler designs, control of the ﬁre, and ﬂy ash
separation by means of electrostatic precipitators
that resulted in stacks without black smoke. This
also enabled the recovery of more heat from the
combustion gases and continuous operation of the
incinerator and boiler for a period of a month or
more. During this period, some cities were provided with a district heating network using hot
water. This was done with a simple and inexpensive hot water boiler but did not take advantage of
the potential work that can be done with the
energy of cogenerating electricity and heat. For
combined heat and power (CHP), a steam boiler is
needed plus a turbine for electricity production. In
this period, CHP installations were mainly small
backpressure turbines that were used to produce
the heat and electricity.
Steam pressure from the boiler was initially in
the range of 10–20 bar, but as designs improved, it
was gradually raised for newer installations,
reaching a common acceptance of about 40 bar as
state of the art at the end of the 1980s. This 40-bar
boiler pressure, and 400  C superheater temperature, resulted in an acceptable compromise between
excessive corrosion of the boiler wall and superheater tubes and thermal efﬁciency achieved.
Also, energy loss in the ﬂue gases was lowered
by decreasing the boiler outlet temperature to
250–300  C. The resulting energy efﬁciencies
were gradually improved to about 80% for hot
water boilers and from 10% to 18% for
electricity-producing plants.
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In this period, some plants in Germany were
built with higher steam parameters (e.g., Mannheim, 120 bar/525  C; Düsseldorf, 90 bar/495  C;
Frankfurt, 60 bar/500  C; Stuttgart, 74 bar/
525  C). However, these were based on coalﬁred boiler concepts. In the case of burning
municipal solid waste, the high chlorine-to-sulfur
ratio results in high corrosion rates, and, also, the
ﬂy ash tends to be very stick at the higher temperatures of ﬂue gas and boiler wall. The resulting
large downtime periods for repairs and plant availabilities in the range of 70–80% lead to adaptations in the design of boilers that use municipal
solid waste (MSW) as their fuel. But changing the
steam parameters of a WTE plant is generally not
possible without major rebuilding of boiler parts
and turbine. Therefore, existing plants could not
be retroﬁtted economically and had to continue
operating at low plant availability.
The general consensus developed that 40 bar/
400  C was the optimal compromise for the steam
parameters, balancing corrosion and associated
shutdowns and maintenance with the returns for
the electricity produced. The overall efﬁciency
with these parameters was commonly up to
about 14–18%, but most operators paid little
attention to improving electrical efﬁciency as the
revenues from power production and sale were
generally less than a quarter of total revenues.
1990–2005: Chemical Cleaning
At the end of the 1970s, it was discovered that
although there was no visible smoke, dioxins and
some volatile metals were present in alarming
quantities in the ﬂue gas of WTE plants. This raised
great concerns, and, within a period of about
10 years, political measures were taken to drastically limit the allowable quantities of emissions of
dioxins and other critical pollutants such as mercury, other heavy metals, chlorine, sulfur dioxide,
carbon monoxide, and particulate matter. The concerns were such that the new limits for dioxins
were set at the detection limit, i.e., at about a factor
1000 lower than average dioxin emissions of the
time. In some EU countries, standards emerged
which were EU-wide implemented following the
year 1991. These have by now been taken over by
nearly all other countries with WTE installations.
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The new standards have led to closure of many
of the 1980s WTE plants and the addition of stateof-the-art air pollution control systems in all operating plants. As a result, in a period of
10–15 years, the WTE industry, worldwide, has
been transformed from a major emitter of pollutants to being one of the cleanest power generators,
having stricter limits than almost any other industry. For example, for dioxins, the emissions have
been reduced by a factor 1000 till a maximum
limit of 0.1 ng/normalized cubic meter. As a
result, by 2005 the issue of emissions from WTE
was resolved. Although there remain some local
debates at different countries, these are more a
remnant of the past image rather than because of
actual impacts of WTE plants.
With the focus on cleaning the WTE stack
gases, there has been little attention to improvements with regard to energy efﬁciency. In many
cases, there was an actual lowering of energy
production, because of the increased use of energy
within the plant for gas cleaning.
Some of the existing WTE plants have
experimented with adding energy-saving
improvements, such as additional heat exchangers
in the ﬂue gas (e.g., a second economizer or a
condensing heat exchanger) so as to improve the
recovery of heat for district heating or to replace
internal heat consumption and to increase the
plant’s electrical efﬁciency.
Plants that were designed and built in this
period generally followed the consensus of the
40 bar/400  C steam parameters. However, on
the average, energy efﬁciency increased somewhat during this period, by reducing boiler outlet
temperature (from about 250  C to 180  C),
reducing the use of excess air from 1.8 to 1.6
(lowering oxygen content in the stack gas from
12% to about 8%), and simplifying the gas
cleaning designs. Few plants that deliver only
heat were built, as CHP was commonly
employed to produce electricity and heat. When
the plant is small compared to the heat demand,
backpressure turbines were used. For bigger
WTE plants, a vacuum turbine with a steam
bleed was used. This allows maximum electricity
production, while the heat extraction can be controlled according to demand.
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Some exceptional WTE plants were built in
this period with high thermal efﬁciencies, such as:
• Falls (Bucks County, PA, USA, 1994): 90 bar/
500  C and a boiler outlet temperature of about
180  C resulted in about 28% net electrical
efﬁciency.
• Moerdijk (The Netherlands, 1996): 100 bar/
400  C is directly coupled with a combined
cycle gas-ﬁred power plant that further superheats the steam and includes it in its cycle. The
total efﬁciency is in the order of 45%, but as
natural gas can normally yield 58% efﬁciency,
the net efﬁciency corresponding to the chemical energy from the waste is about 30%.
• Brescia (Italy, 1998): 61 bar/450  C two lines
(plus a third line in 2004 operating at 73 bar/
480  C) and a boiler outlet temperature of
135  C result in about 25.8% net electrical
efﬁciency plus 58% of heat for district heating.
• The Bilbao (Spain), 265,000 t/year WTE plant
combusting presorted waste was started in
2004. The WTE steam parameters are 100 bar/
330  C, but this steam is then superheated to
540  C in a combined cycle gas turbine and
reheated halfway the turbine. The efﬁciency is
similar to the Moerdijk WTE mentioned above.
Alternative thermal treatment technologies for
treating solid wastes (e.g., ﬂuidized bed, pyrolysis, and gasiﬁcation) have not proven in practice
to have as high energy efﬁciencies as the classical
WTE installations that use the common grate
technology. This is mainly due to the difﬁcult
physical and chemical properties of municipal
solid waste (MSW) or refuse-derived fuel (RDF)
and associated operational problems, as compared
to coal or biomass (e.g., wood chips).
2005 to Present: Sustainability
Since the mid-1990s, nickel-chromium alloys have
been used to repair and protect corrosion-affected
parts in WTE boilers. Especially, the alloy Inconel
625 has proven to be extremely successful in surviving the corrosive conditions encountered in
MSW boilers. The gain in plant availability has
paid for the high additional investment costs, and
by the year 2000, nearly all WTE plants were
testing or using this alloy. Its high cost however
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prohibited its use by contractors for new installations. However, by 2005, this alloy was proven to
be so effective that in some new construction projects its use was prescribed for cladding the ﬁrst
pass of the boiler already at construction of the
plant. Steam parameters were still mostly around
the conventional 40 bar/400  C.
At the same time, sustainability and the greenhouse gas effect came very much in focus, partly
due to Al Gore’s ﬁlm, the “Inconvenient Truth.” In
two legal proceedings in the EU about cross border
transport of waste, it was ruled that the efﬁciency of
the installation receiving the waste was the key
criterion for deciding whether this should be allowed. This resulted in an efﬁciency formula in the
EU “Best Available Technology” descriptions. In
the new EU Waste Framework Directive, this
resulted to the legal distinction between reuse/
recovery (R1) and disposal (D10) status. This
also meant that energy efﬁciency determines
whether waste can be traded cross border and
whether it may be used in the statistics for recovery.
The combination of more attention for energy
efﬁciency and the availability of Inconel 625 as a
good performing corrosion-resistant material led
to the use of higher steam parameters in new plant.
Some examples are:
• In Amsterdam (The Netherlands), alongside
the existing plant (1993, 800,000 t/year,
42 bar/430  C), the 530,000 t/year wasteﬁred power plant was completed in 2007.
The superior properties of Inconel 625 allowed in 2001 the choice for increasing the
boiler steam parameters to 125 bar/440  C
[1]. This high pressure with moderate superheater temperature was made possible by a
steam-to-steam reheater, using drum steam to
reheat the steam halfway the turbine. Energy
efﬁciency was increased further by reducing
boiler outlet temperature, reducing the combustion excess air ratio till 1.4 (equivalent to
lowering oxygen content in the stack gas from
8% to about 6%), heat recovery from the gas
cleaning system, reducing of internal heat and
electricity consumption, and improved design
of turbine and condenser. The net electrical
efﬁciency of this unit is 30.4% and 34.5%
gross.
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• In Rüdersdorf near Berlin (Germany, 2009), a
250,000 t/year RDF plant was started with
steam parameters of 90 bar/420  C. Also,
reheating halfway the turbine is used, albeit
with the reheating accomplished by a heat
exchanger tube bundle in the ﬂue gas. The net
electrical efﬁciency of this plant is 29.1% and
31.8% gross.
• In Hameln (Germany), a 200,000 t/year plant
was started in 2010 with steam parameters of
41 bar/400  C and external superheating of the
steam to 520  C. The excess air ratio is only
1.39. The net electrical efﬁciency from the
energy in the waste is 26.6% and 29.7% gross.
• Biomass combusting plants with reheaters were
erected in Bischofferode (Thüringen, Germany,
128 bar/532  C), Leipzig (Germany, 20 MW
ﬂuidized bed boiler, fresh wood from forestry,
128 bar/532  C), Eberswalde (Germany, 80 bar/
480  C), and Simmering (Vienna, Austria,
120 bar/520  C, 23.4 MWel, gross efﬁciency of
36.4%). The temperatures and hence efﬁciencies
in these plants can be higher because the biomass
combusted contains less chlorine than MSW,
which results in less aggressive conditions in
the boiler.
The above developments indicate that the
focus on sustainable waste management along
with favorable legislation and the availability of
new corrosion-resistant materials have shifted the
frontier of what WTE efﬁciencies can be commercially achieved. Especially, the general acceptance of using the high-cost Inconel 625 as a
cladding on the boiler membrane walls has been
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a breakthrough in maintaining high availabilities
with increasing steam parameters.
Historical Overview
Table 1 shows schematically the different generations of WTE power plants.

Improving Energy Efficiency from Waste
Waste-to-energy plants all use a boiler to produce
steam and a steam turbine to convert this steam to
electricity in a Rankine cycle. The efﬁciency of
this Rankine cycle depends directly on the ratio
between maximum and minimum temperature,
i.e., the superheated steam and the steam condenser at turbine outlet. The strongly corrosive
properties of the combustion gases are limiting
the maximum steam temperature that can practically be handled. This explains why WTE power
plants cannot achieve the high energy efﬁciencies
of a clean fuel like natural gas.
In designing WTE boilers, great care has to be
paid to the layout of superheaters with regard to
their position in the boiler and the ﬂue gas temperatures. The introduction of high-temperature
corrosion-resistant alloys for the cladding of the
membrane walling the ﬁrst pass of the boiler has
allowed to operate at higher boiler wall temperatures. This also allows for increasing steam pressure and the introduction of reheating of the steam
halfway the turbine. The reheating increases efﬁciency even with moderate superheater temperatures. The following graph relates the steam
parameters to the estimated corrosion resistance

WTE: Boiler and Power Generation, Table 1 Changing paradigms for WTE plants
Generation
0
First

Period
Pre-1900
1900–1960

Paradigm
Landﬁll
Sanitation, incineration

Second

1960–1990

Nuisance, dust separation

Third

1990–2005

Fourth

2005–

Pollution, chemical ﬂue gas
cleaning
Sustainability, energy efﬁciency,
and material recovery

Boiler
–
Hot water or low
steam parameters
Medium steam
parameters
40 bar/400  C
Higher steam
parameters

Heat
efﬁciency
–
50%

Electrical
efﬁciency
–
Some cases

<70%

5–14%

CHP

15–22%

CHP

25–31%
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of normal boiler steel (e.g., 15 Mo3) and cladding
of the steel with Inconel 625 (Fig. 1).
As shown in the above ﬁgure, a classical WTE
boiler is operated at superheater temperatures of
40–60  C below the temperatures where corrosion
starts to become important. However, it should be
noted that the surface of the steel tube is between
20  C and 50  C above the temperature of the steam
in the tube. The superheater temperatures for the
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new concepts can be increased till it is close to the
transition area when the boiler design is optimized
for this. Key parameters for this are especially low
ﬂue gas speeds in empty passes and in the superheater bundle. A long residence time of the ﬂue gas
allows for gradual cooling and a chemical equilibrium when reaching the superheater. Experiences
with the use of Inconel in superheater bundles are
mixed and are not generally cost-efﬁcient. The good

WTE: Boiler and Power Generation, Fig. 1 Corrosion: material properties and temperatures of steam and ﬂue gas
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properties at high ﬂue gas temperatures can best be
exploited by cladding the membrane walls in combination with drum pressures of 80–150 bar, thus
raising drum temperature by 50–80  C. These high
pressures require the use of reheating halfway
through the turbine in order to prevent too high
levels of steam wetness in the turbine. For this
there are three rivaling concepts.
Reheating can be done by a bundle in the boiler
(Rüdersdorf plant) which allows reaching high
reheating temperatures (450  C) but requires
an additional bundle near the superheaters. As a
consequence, the ﬂue gas at inlet of the bundles
has to be hotter, leading to more molten ﬂy ash
deposits and corrosion. This makes this a
maintenance-intensive solution.
In the alternative solution, the steam is
reheated halfway the turbine by a steam-steam
heat exchanger that uses steam from the drum.
The temperature of the reheating is limited by
drum steam temperature (330  C), but the
advantage is that it is a low-maintenance solution
because in this case, the heat transfer is shifted
from bundles to membrane wall, which is much
lower in maintenance due to the Inconel.
The third alternative is to use external superheating (Moerdijk, Hameln, Bilbao) to circumvent
the corrosion by using heat from another fuel to
superheat or reheat the steam. This is thermodynamically a very good solution combining the lowtemperature heat from waste (because the corrosion limits) with the high temperature from a good
fuel like natural gas. However, the total thermal
efﬁciency of a plant using auxiliary fuel must be
divided into the efﬁciency expected by the fossil
fuel and that achieved only from the energy in the
waste. Therefore, the reference efﬁciency for gas
(combined cycle gas turbine ca. 58%) must be
deducted from the total output. The resulting efﬁciencies from the energy in the waste have been
shown to be in the same range as the steam
reheating concepts, and they depend on the pressure at which the steam is delivered. Also,
matching the scale of WTE boiler and the gas
turbine can lead to practical problems since gas
turbines are chosen preferably to be of high capacity (>200 MWel) in order to be more efﬁcient.
Also, an economic disadvantage is that a WTE
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plant must be run in base load which means that
the gas plant cannot be switched off during periods
of low demand for electricity. This requires burning natural gas at times when electricity prices are
low and makes maintenance planning critical.
Also, new WTE plants with classical steam
parameters tend to have higher efﬁciencies due
to energy optimization at other points:
• Lowering deaerator temperature from the common 135  C to 115  C
• Lowering boiler outlet temperature of 180  C
further till 150  C
• After dust separation, a second economizer (for
condensate preheating or for district heating)
cooling the ﬂue gases till 90–100  C (below the
acid condensation point)
• A third economizer at the end of the ﬂue gas
cleaning (before induced draft fan) to extract
the condensation heat of the ﬂue gases (for
condensate preheating)
• Large condenser design to improve turbine
vacuum
• Flue gas recirculation as high-quantity secondary air/gas, with tertiary air above it
• Low stoichiometric combustion at 1.4
resulting in oxygen surplus of only 6%
• High efﬁcient motor drives and the use of
frequency converters to control them in order
to avoid throttling by control valves
• Recovery of heat from blowdown water and
steam bleeds (like deaerator off gas)
• Optimized steam bleeds from the turbine for
staged heating of condensate, two-stage
heating of water for district heating and primary air heating

Assessing the Energy from Waste
Efficiency Formulae
The simplest indicator of energetic efﬁciency of
WTE power plants can be expressed as follows:
Energy efficiency ¼

Heat þ Electricity
Input from waste

(1)

In this formula, the total energy content in the
waste (lower heating value) is the input to the
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system, and the total output is the sum of the
produced heat and electricity. Many different variations have been proposed for energy efﬁciency.
In a Dutch study alone, there are listed 11 methods
that are used in different legislation ( [2], p. 14).
This is mainly due to different deﬁnitions, deviations from the laws of physics, and using speciﬁc
parameters and assumptions.
The deﬁnitions of the energy streams can be
different, e.g., the place where the electricity is
measured can be chosen at the generator (gross
electricity production) or at the point of delivery to
the grid (net electricity delivery). The difference is
the in-plant consumption of electricity that can
amount to 2–4 percentage points in efﬁciency. The
time frame can be chosen as a speciﬁc measurement,
e.g., over a short time of good operation (e.g., a day),
or a year, including all variations in waste, operational disturbances, shutdowns, and start-ups. The
difference between short-term and long-term average efﬁciency is typically 1–2 percentage points in
efﬁciency. Also, corrections are needed to account
for fossil fuels that may be used occasionally.
The R1/D10 formula in the EU Waste Framework Directive is an energy efﬁciency formula
developed speciﬁcally for WTE:

R1 = 0.6 for plants built before 2008 and
R1 = 0.65 for new WTE plants. The ﬁgure is
not to be compared with the energy output efﬁciency as in formula (1) shown earlier. This formula expresses how much primary fuel is
replaced by the energy recovered from the waste.

R1=D10 efficiency factor

• For both heat and electricity, the gross production is to be used, so internal consumption also
contributes to a higher value.
• The energy efﬁciency deﬁnition is a new political deﬁnition, setting WTE power plants apart
from electrical power production industry.
• Material/metal recovery is not taken into
account.
• The offset from the biogenic content in the
waste is not taken into account.
• The equivalence factors 1.1, 2.6, and 0.97 have
no real physical background [3]. Heat is overvalued which makes it easy to fulﬁll the criterion
in colder countries where district heating is
common.
• The equivalence factor for heat does not take
the temperature (and thereby enthalpy) of the
heat delivery into account. This rewards (and
stimulates) low-temperature district heating,
but underestimates the even better effect of
high-temperature steam delivery to industry.

¼

Ep  ðEf þ EiÞ
0:97  ðEw þ Ef Þ

(2)

where
• Ep, annual primary energy substituted by the
produced heat and electricity
• Ef, annual energy input to the system from
fuels contributing to the production of steam
• Ew, annual energy contained in the treated waste
calculated using the lower net caloriﬁc value
• Ei, annual energy imported excluding Ew and
Ef (GJ/year)
• 0.97, factor chosen for accounting for energy
losses due to bottom ash and radiation
This formula is now the basis of a new EU
ruling that determines the distinction between
considering a WTE plant as reuse (R1 status) or
disposal (D10 status) plant. The threshold is

Ep ¼ 1:1 Heat þ 2:6 Electr

(3)

The equivalence factors 1.1 and 2.6 are
expressing that the heat produced is substituting
another boiler with an efﬁciency of 90% and the
produced electricity is substituting a power plant
with an average efﬁciency of 38%
(1/90% = 1.0989 and 1/38% = 2.6316).
The EU R1/D10 formula for energy approach
has some fundamental advantages:
• The equivalence factors account for the difference in thermodynamic quality of electricity
and heat, which is a deﬁnite improvement
over formula (1).
• Electrical efﬁciency for a plant can be measured by an established deﬁnition (ISO 1940).
This approach has some disadvantages:
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The use of exergy instead of energy is a possibility to physically correctly relate heat and
electricity.
Many existing plants will meet the 0.6 criterion; only small plants delivering electricity only
will be below. For new plants to be built, the 0.65
is not challenging for full optimization. Values up
to the range of 0.9 till 1.1 have been reported.
Alternative Efficiency Evaluations
In order to address the performance of a WTE
power plant in a speciﬁc context, several more
integrated methods are available:
• Instead of efﬁciency (which is a ratio), the direct
output can be expressed. Classical plants deliver
about 500–650 kWh/t of waste when this has the
average caloriﬁc value of 10 MJ/kg (standard
waste, lower heating value (LHV)). For the
high-efﬁciency plants, this can be raised to as
much as 850 kWh/t of waste. For presorted high
caloriﬁc wastes with a caloriﬁc value of
12–14 MJ/kg, the recovery can reach 900–1100
kWh/t of waste. Additionally, 1500–2500 kWh
heat/t of standard waste can be delivered with
only a small derating of the capacity to produce
electricity. Derating depends on the temperature
at which the heat is delivered and the conﬁguration of the turbine and can be 13–20% of the
amount of heat extracted from the turbine, i.e.,
delivery of 1 kWh of heat reduces electrical
output with 0.13–0.20 kWh.
• The use of exergy instead of energy is a possibility to physically and thermodynamically
correctly relate heat and electricity; see [4, 5].
Exergy is the equivalent amount of work that
can be performed by a stream of heat. A small
formula uses the temperature to convert heat
energy in it to equivalent exergy. This solves
the use of arbitrary equivalence factors as used
in the R1/D10 formula and expresses the output of a CHP plant in an equivalent amount of
electricity that plant could produce if no heat
was extracted from the turbine.
• CO2 evaluation is calculating the overall impact
of the greenhouse gas effects. This constitutes the
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direct emission of CO2 which originates partly
from fossil origin (450 kg/t of waste). The
other half of the carbon in the waste is of biogenic origin content of the waste which is CO2
neutral. The direct emissions are offset by the
external effect of substitution of other fossil
energy power production by the energy produced
from waste. Also, the substitution of mining and
material processing by the recovery of metals can
be calculated. For normal WTE installations, the
combination of biogenic content and substitution
results in a net greenhouse effect of +100 to
about zero kg CO2/t of waste. For high-efﬁciency
WTE installations, the higher substitution leads
to a net avoidance (negative emission) of up to
200 kg CO2/t of waste [6].
• Life-cycle analysis (LCA) is doing the same as
a CO2 evaluation, but it also adds a list of other
impacts on the environment and health, like
human toxicity, ecotoxicity, acidiﬁcation,
eutrophication, injuries, mineral extraction,
land use, nonrenewable energy, and ozone
layer depletion. In the LCA for different
methods to manage wastes, it is generally
shown that energy efﬁciency has a major effect
in reducing the impact of waste management
options. The process to conduct these studies is
much more complicated but allows detailed
analyses of the impacts [7].
• Cost-beneﬁt analysis (CBA) is doing the same
as an LCA but monetizing all the effects. So
comparisons of alternatives in a speciﬁc situation can be done using a single economic
value. The economic value of different impacts
has however high uncertainties which make
the use of CBA often complicated and strongly
depending on the boundary deﬁnitions of the
system to be considered.

Future Directions
In the EU, there are strong legal drivers (e.g.,
formula for R1/D10 distinction and Best Available Technology Reference (BAT-BREF) documents) and in many nation members economic
incentives (sustainable energy premiums) that
encourage striving for higher efﬁciency of WTE.
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This promotes the use of more of the available
energy efﬁciency optimization options. Even with
classical steam parameters, new plants tend to be
more energy efﬁcient. WTE plants that produce
only heat are becoming rare (with the exception of
steam delivery to industry), and even in the case of
combined heat and power (CHP), electrical output
is optimized. In the USA, there is renewed interest
in WTE which could also result in new highefﬁciency plants. In Asia, a ﬁrst wave of conventional installations is being built in China, while in
Japan there is up to now more focus on ash treatment than on energy efﬁciency.
It is to be expected that Europe will keep its
technological leading position in getting more
energy out of waste. After new advances in technology have been proven in the EU, it is expected
that they will also be implemented elsewhere.
As LCA studies have shown, consistently, that
energy efﬁciency is a key parameter for reducing
the overall cost as well as the environmental
impact of waste management, it is expected that
minimum standards for energy efﬁciency will be
raised over time. Economical modeling shows
that the additional energy produced by WTE
power plants is among the least-cost sources of
sustainable, and also renewable, energy.
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Glossary
Energy from waste (EfW) Synonym of WTE
used by some companies
Greenhouse gases (GHGs) Carbon dioxide,
methane, and other gases contributing to the
greenhouse effect
Integrated waste management Using a combination of all possible means of waste management so as to minimize adverse environmental
impacts and optimize resource conservation
Waste-to-energy (WTE) Recovery of the chemical energy contained in used materials by
means of thermal treatment

Definition of the Subject
Globally, we are consuming natural resources at
an increasing rate due to economic development
and growing population. There is international
agreement that a long-term solution to energy
and climate change issues must include a low to
carbon neutral energy supply. There is also growing

agreement that more careful attention to how we
manage wastes and materials is critical to minimizing environmental impacts, including global
climate change. Moving away from our current
linear model of material extraction through
manufacturing, use, and disposal to a more circular economy model where materials are increasingly returned to useful products can help reduce
the signiﬁcant energy consumption and environmental impacts of waste and materials management. At end of life, waste should be viewed as a
resource that, when managed correctly with commercially proven technologies, can be a sustainable source of materials and energy for the global
economy.
Recognition of the importance of sustainable
waste and materials management is gaining traction. The 2010 Davos Report from the World
Economic Forum included a recommendation to
follow the European Union’s waste model and
increase energy from waste by phasing out the
use of landﬁlls because burying waste in landﬁll
is “increasingly considered environmentally
unacceptable” [1]. The published outcome of the
2012 UN Conference on Sustainable Development in Rio included the following discussion
on waste management:
We recognize the importance of adopting a life
cycle approach and of further development and
implementation of policies for resource efﬁciency
and environmentally sound waste management. We
therefore commit to further reduce, reuse and recycle waste (3Rs), and to increase energy recovery
from waste, with a view to managing the majority of
global waste in an environmentally sound manner
and, where possible, as a resource. See commitment
#218 of [2]

Information provided in this chapter quantiﬁes the
value and beneﬁts of a more sustainable waste and
materials management system comprised of
greater recycling (inclusive of composting and
anaerobic digestion with reuse of digestate),
followed by energy recovery through waste-toenergy (WTE) and minimization of disposal in
landﬁlls.

# Springer Science+Business Media LLC, part of Springer Nature 2019
N. J. Themelis, A. C. (Thanos) Bourtsalas (eds.), Recovery of Materials and Energy from Urban Wastes,
https://doi.org/10.1007/978-1-4939-7850-2_404
Originally published in
R. A. Meyers (ed.), Encyclopedia of Sustainability Science and Technology, # Springer Science+Business Media LLC 2017
https://doi.org/10.1007/978-1-4939-2493-6_404-3
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Conceptual Model
One approach to more sustainable waste and
materials management is through application of
the waste management hierarchy adopted by the
European Union [3] and the United States Environmental Protection Agency (US EPA). [4, 5].
An expanded, more detailed, version of the waste
hierarchy, developed by Columbia University scientists, is provided in Fig. 1.
The general concept of the hierarchy is that the
“most sustainable” option is at the top because it
conserves natural resources, saves or recovers
energy, and reduces the emission of greenhouse
gases. Options lower in the hierarchy are considered to be less desirable because, generally, they
are not as effective at mitigating impacts. The
hierarchy is a guideline. Life cycle assessment
(LCA) and life cycle thinking are important tools
to ascertain relative impacts in speciﬁc situations,
as the optimal solution with the lowest environmental and social impacts may not always follow
the hierarchy. The use of these tools is also important to avoid burden shifting: the potential
increase in impacts in a sector resultant from a
reduction of impacts in a different sector.
Principles Versus Practice
Sustainable waste and materials management is
not a revolutionary concept. We have for centuries, if not millennia, to varying degrees of success, employed source reduction, reuse, recycling,
and energy recovery as waste management
WTE: Sustainable Waste
and Materials
Management, Fig. 1 The
hierarchy of waste
management [6]
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approaches. The economic efﬁciency through
which we can now manufacture goods and generate energy has, however, put pressures on sustainable use of materials and waste management,
necessitating concerted policy frameworks to
drive success. The best example of a proven and
successful policy framework encouraging sustainable waste and materials management is the
European Union’s Waste Framework Directive.
This directive establishes the waste hierarchy
and goals for diversion of wastes from landﬁlls
[3]. The US EPA also recognizes that proper
materials management can provide greenhouse
gas mitigation while yielding multiple environmental, human health, and economic beneﬁts for
communities and the nation [5]; however, this
position has not been implemented nationally as
a matter of policy, legislation, or regulation.
Despite the abundant and growing analysis that
supports management of MSW as a resource, and
the progress made by the European Union (EU),
the practices of many countries lag behind.
Table 1 presents the amount of MSW managed
by recycling, energy recovery, and landﬁlls in
three major geopolitical regions. These areas
were selected due to readily available information
on each and their disparate waste management
strategies.
The EU has continued to move toward a sustainable waste and materials management system.
Germany has been one leading pioneer, with over
30 years of legislative efforts to change their waste

Waste

Reduction

Recycling
Anaerobic
digestion

only for source
separated organics

Aerobic composting
Waste-to-energy
Sanitary landfill recovering and using CH4
Sanitary landfill capturing and flaring CH4
Non-regulated landfills
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WTE: Sustainable Waste and Materials Management, Table 1 Allocation of MSW for existing practices
Reference information
Region
2004a
European Union
379
North America
371
East Asiab
442
a

Tons of MSWa
Landﬁll
WTE
234
46
252
22
345
53

Percent of total
Recycling
Landﬁll (%)
99
62
96
68
44
78

WTE (%)
12
6
12

Recycling (%)
26
26
10

MSW values (as million tons) and allocation as % of total is from [7]
Includes China, Hong Kong, Japan, North Korea, South Korea, Mongolia, and Taiwan

b

Percent of Total Waste Treatment

70%
60%
50%
40%
30%
20%
10%
0%
1999

2004

Recycling & Compost

2009
Incineration

2014
Landfill

WTE: Sustainable Waste and Materials Management,
Fig. 2 Waste management activities: EU 27

80%
Percent of Total Waste Treatment

management system. North America’s performance is largely driven by the USA where there
has not been a policy or regulatory driver to
change the strong dependence on landﬁlls. East
Asia is interesting for several reasons. China is
one of the world’s largest economies and has
adopted a policy to divert MSW from landﬁlls
by providing WTE capacity. China also inﬂuences
the demand for recycled commodities, with both
North America and Europe sending signiﬁcant
quantities of materials to China for recycling.
China has, in recent years, put an emphasis on
the quality of incoming recyclable materials
through its Green Fence and National Sword programs, which continue to change the dynamics of
the international trade in recyclables.
The potential to diversify waste management
on a national basis is demonstrated by a review of
waste management trends in different European
Union (EU) member states (Figs. 2, 3, 4, 5, 6, and 7)
[8]. While the EU’s overall direction is set by the
Waste Framework Directive, the Landﬁll Directive, and other common policies, different member states have taken a variety of approaches with
vastly different outcomes. Some member states
have performed extraordinarily well, effectively
leading the path, and others have struggled to
comply with the minimum requirements.
Figure 2 presents the average results for the
27 member states and the general trend where
MSW is being diverted from landﬁlls to recycling
and to a lesser extent to WTE. Figures 3 and 4
present results for Germany and the Netherlands,
respectively, two countries that have a long-term
history of leading Europe in waste management
and environmental concerns in general. Figures 5,
6, and 7 demonstrate trends in Spain, Italy, and
Greece. Italy has experienced slow and steady

70%
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40%
30%
20%
10%
0%
1999
2004
Recycling & Compost

2009
Incineration

2014
Landfill
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Fig. 3 Waste management activities: Germany

growth in WTE, which, when coupled with a
faster growth rate in recycling, has resulted in a
pronounced drop in landﬁlling since 2000. In
Spain and Greece, a relatively constant percentage
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Fig. 4 Waste management activities: Netherlands
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Fig. 5 Waste management activities: Spain
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Fig. 6 Waste management activities: Italy
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Fig. 7 Waste management activities: Greece

of MSW has historically been managed by WTE,
which in the case of Greece is nearly zero. Both
countries have had modest declines in landﬁlling,
but Spain couples a relatively steady 10% WTE
rate with a signiﬁcantly higher recycling rate than
Greece.
Over the past decade, waste management practices in the USA have remained largely
unchanged. Table 2 presents waste management
data for the USA from two different sources. One
set is from the US EPA’s annual solid waste report
[9] with the second set from Columbia University
Earth Engineering Center (EEC) scientists
[10–12]. US EPA’s results are based on a survey
of manufacturing information with waste generation rates being estimated from consumption rates
of resources, whereas the EEC data is based on
surveys completed by solid waste departments
from all 50 states using data reported by waste
management operations. The signiﬁcant difference in results is largely attributable to the large
difference in the studies’ estimates of MSW
landﬁlled in the USA, with US EPA estimating
134 million tons and the EEC estimating 247 million tons in 2011. The EEC data is likely more
accurate. The EPA’s study has been found to signiﬁcantly underestimate overall US waste generation and landﬁlling, in part on the basis of landﬁll
data reported to the US EPA itself [13]. The US
EPA itself uses the EEC data in its GHG inventory
report (see Sect. 7.1 of [14]).
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WTE: Sustainable Waste and Materials Management, Table 2 US waste management trends: 2000–2011
Data source
US EPA

EEC

a

Practice
Recycling and composting
WTE
Landﬁll
Recycling and composting
WTE
Landﬁll

Yeara
2000
28.6
13.9
57.5
32
7
61

2005
31.6
12.5
55.9
28.5
7.4
64.1

2007
33.3
12.5
54.2
28.6
6.9
64.5

2011
34.7
11.7
53.6
28.9
7.6
63.5

Biocycle data from 2004 are used in 2005 and from 2006 in 2007 to enable a comparison

There is insufﬁcient data to track long-term
performance of the three waste management
options in China. However, long-term data from
the USA and EPA support the following observations and conclusions:
• The EU’s 47% average recycling and
composting rate is signiﬁcantly better than the
US average rate, with several EU countries
exceeding 60% recycling and composting.
• The USA continues to landﬁll the majority of
its MSW even though it is generally recognized
to be the least sustainable approach.
• National policies, such as those adopted by EU
member states to comply with the Landﬁll
Directive and the Waste Framework Directive,
can catalyze diversion of MSW from
landﬁlling to more sustainable alternatives
higher on the waste hierarchy.
• Even in the presence of a binding Directive,
improvements have stalled in certain EU member states subject to the requirements.
• The recycle rate is not impeded by WTE. As
depicted above, recycling rates have increased
both with and without concurrent growth in
WTE. In the case of the Netherlands, recent
recycling growth has actually come at the
expense of WTE. It is clear that recycle rates,
and their growth over time, are dependent on a
national policy and not the presence of a WTE
industry.
Life Cycle Assessment (LCA) Methodology
The European Union formulates environmental
directives according to a thematic strategy that is
a multidisciplinary plan to assure that directives

consider the big picture and interrelationship
between different media including air, water,
waste, toxics, etc. Their Integrated Pollution Prevention and Control (IPCC) [15] approach is an
example of the multidisciplinary approach to
decision-making and introduces the concept of
LCA into the decision-making process. An LCA
is a multidisciplinary evaluation methodology to
assure that long-term implications across the
value chain are considered when selecting an
option.
There are a variety of life cycle analysis tools
available internationally speciﬁcally designed for
waste and materials management application
[16]. The US EPA has two tools available for
public use, the Waste Reduction Model
(WARM) [17], a screening level tool focused on
GHG emissions and energy, and the Municipal
Solid
Waste
Decision
Support
Tool
(MSW-DST), a full LCA tool offering more comprehensive analysis of air, water, and land
impacts; a full suite of reporting options and customizable inputs. Table 3 provides a general comparison of the two tools.
Evaluation of Waste Management System
Options
The following sections address several of the
major parameters that warrant consideration
when evaluating and/or designing an integrated
waste management system:
• Energy – does the proposed system provide
energy recovery and energy savings relative
to a baseline scenario, or is it a net energy
consumer?
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WTE: Sustainable Waste and Materials Management, Table 3 Comparison of primary input and outputs of WARM
and MSW-DST
Parameter
Input options
WTE efﬁciency
Landﬁll gas collection efﬁciency
Oxidation of methane by soil
Carbon intensity of electricity
Landﬁll carbon storage
Output values
Energy saved/consumed
GHG emissions
Detailed GHG reporting by gas (including biogenic CO2)
and source
Criteria pollutant emissions (e.g., SO2, NOx, CO, ﬁlterable
particulate)
Air toxic emissions (e.g., lead, ammonia, HCl)
Solid waste
Water discharges
Economics
Impact assessment capability

• Greenhouse gases – does the proposed system
provide overall net life cycle mitigation
(reduction) of greenhouse gases (GHGs) or is
it a source?
• Air emissions – does the system and its components provide for mitigation of air emissions
including air toxics?
• Land management – can the proposed system be
located in close proximity to the point of waste
generation and what are the long-term impacts?
Energy is addressed ﬁrst because it is a key
parameter in determining the GHG and air emission characteristics.

Energy
A two-step approach is used to present and evaluate the energy parameter. Step 1 identiﬁes the
energy savings/sink for speciﬁc components managed by various waste management options. Step
2 applies these component-based factors to
national inventories as a means to present the

MSW-DST

WARM

Variable
Variable
Variable
Variable
Optional and separate
report

Constant
Three options
Constant
Discrete options
No option or separate
report

Yes
Yes
Yes

Yes
Yes
No

Yes

No

Yes
Yes
Yes
Yes
Yes

No
No
No
No
No

energy recovery/savings for an integrated waste
management system. A similar sequence is also
followed with greenhouse gas (GHG) emissions
in order to understand the relationship between
energy and GHG emissions.
Derivation of Energy Factors
Primary energy represents all of the energy consumed, including the energy required to produce,
generate, distribute, and transmit the electricity,
petroleum, and natural gas used. This metric is
used by the International Energy Association
(IEA) and the US Energy Information Administration (EIA) and is well suited to compare different waste management options which generate
electricity (i.e., WTE, landﬁll gas to energy) and
save electricity and fuels (recycling).
The primary energy savings or consumption
for the three options was determined by US EPA
for various waste components and composites
through an LCA. Table 4 presents the US EPA’s
LCA energy factors for various components managed by recycling, WTE, and landﬁlls [18]. Landﬁlls are further subdivided into three types: vent
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WTE: Sustainable Waste and Materials Management, Table 4 Energy factors for discrete components and mixed
recyclables (MMbtu/ton) [17]
Component
Aluminum cans
Steel cans
HDPE
Cardboard
Ofﬁce paper
Mixed recyclablesc
Yard trimmings
Food waste

Recycling
152.76
19.97
50.20
15.07
10.08
14.82
0.58d
1.40e

WTE
0.60b
17.14
19.34
6.64
6.40
6.58
2.48
2.06

Landﬁll
LF-vent
0.27
0.27
0.27
0.27
0.27
0.27
0.27
0.27

LF-ﬂare
0.27
0.27
0.27
0.27
0.27
0.27
0.27
0.27

LF-energya
0.27
0.27
0.27
0.50
0.92
0.23
0.07
0.17

a

Reﬂect typical operation of LFG collection systems and national average landﬁll moisture conditions
WARM does not account for nonferrous recovery from ash, which is now common at WTE facilities
c
Deﬁned in WARM v14 as aluminum cans 1.4%, steel cans 2.7%, glass 6.4%, HDPE 1.2%, PET 1.9%, corrugated
containers 54.1%, magazines/third-class mail 7.6%, newspaper 10.6%, ofﬁce paper 8.1%, phonebooks 0.4%, textbooks
0.7%, and dimensional lumber 5.0%
d
Factor for composting
e
Factor for anaerobic digestion
b

(no gas collection and no energy recovery), ﬂare
(gas collection but no energy recovery), and landﬁll gas to energy (LFGTE).
Recycling
The energy factor associated with recycling represents the average energy impact of collecting,
processing, and remanufacturing the component
relative to manufacturing the same from virgin
inputs. When considering recycling factors, it is
important to keep in mind the following:
1. There is only one energy factor for each commodity collected. In reality, the energy savings
per ton of material collected will vary based on
the quality and level of contamination in the
materials collected. For example, singlestream recycling programs can result in higher
diversion rates relative to single-stream
recycling, but increased contamination can
lead to lower ﬁnished product yields and, as a
consequence, a lower rate of energy savings
per recycled ton.
2. Manufacturing processes, including for both
processing of raw materials and recycled
inputs, change over time, thereby potentially
changing the relative savings of manufacturing
products from recycled, rather than virgin,

inputs. For example, a large fraction of materials separated for recycling in North America
and Europe, particularly paper, are recycled in
China. The impact of energy savings in China
versus other manufacturing locations is not
considered by the US EPA factors.
Waste-to-Energy
US EPA’s factors are based on operating characteristics of WTE facilities 20 years ago when the
evaluation was completed. As a result, the estimated energy generation from WTE in WARM is
low for several reasons:

1. Net energy distributed to the grid is based on a
nominal thermal energy efﬁciency of 18%
which is quite low in comparison to new units
in Europe and North America that operate at up
to 30% thermal efﬁciency (electricity generation only) and 60–80% when they also provide
steam for local district heating.
2. Nearly all existing WTE facilities and all new
WTE facilities recover both ferrous and nonferrous metals. This increases the energy savings because these materials are used in
downstream recycling operations. WARM
does not consider nonferrous recovery.
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Landfills
US EPA has a separate factor for three different
landﬁll designs: landﬁll gas venting, either through
pipes or the landﬁll cap, collection and ﬂaring, and
collection with combustion in a reciprocating
engine. There are no expected energy savings for
landﬁlls with vents or ﬂares. The energy savings per
ton of MSW buried for landﬁlls for gas to energy
systems is dependent on the amount of gas recovered. Factors are dependent on a four-tiered system
of gas collection scenarios (e.g., typical, aggressive,
worst-case, California) and precipitation, both of
which impact lifetime gas collection. The absence
of veriﬁable and proven long-term collection efﬁciencies and power generation over the life of waste
in a landﬁll leads to greater uncertainty in these
factors relative to those for WTE.
The results in Table 4 are consistent with the
waste hierarchy. Recycling saves the greatest
amount of energy, followed by WTE and, lastly,
by landﬁll gas to energy. A separate and independent analysis by the Earth and Environmental
Engineering Department of Columbia University
yielded similar results using a Resource Conservation Efﬁciency (RCE) metric [19].
The recycling of certain materials, like aluminum, saves large amounts of energy underscoring
the importance of recovery of aluminum from the
waste stream. However, the recycling of materials
like paper, cardboard, plastics, and even steel has
the largest impact when considering their prevalence in the overall waste stream.
Several major observations regarding Table 4
are:
• Recycling saves approximately 2.3 times as
much energy as WTE, when looking at a
mixed basket of recyclables, and over
60 times as much energy as landﬁlling the
same materials at a landﬁll equipped with
energy recovery.
• Landﬁlls with vents and ﬂares are energy sinks
(consume energy) considering the energy
required for transportation, landﬁll construction,
operations, closure, and ongoing maintenance.
• The amount of energy recovered/saved by WTE
is 27–30 times more than landﬁlls with energy
recovery when considering mixed recyclables.

WTE: Sustainable Waste and Materials Management

• A separate peer-reviewed life cycle analysis
completed using the US EPA’s MSW-DST estimated that average WTE recovers 9–14 times
the energy, as electricity delivered to the grid
than landﬁll gas to energy [20].
The energy factors in Table 4 aggregate impacts
and net beneﬁts over the different time requirements for each option. Both recycling and WTE
are relatively short-term processes with WTE
being a nominal 1-h process after MSW is charged
to the grate. Recycling is also a short-term process
when considering the time to transfer separated
components to a transformation process where
those components are converted to a recycled commodity. In comparison, landﬁlling is a long-term
process. Depending on climate (i.e., annual rainfall), signiﬁcant landﬁll gas generation from anaerobic decomposition can continue for 100 years or
more. The duration of landﬁll gas collection and
destruction is driven by regulatory requirements
and, for those landﬁlls which recover gas for
energy production, the quantity and quality of
recovered landﬁll gas. Landﬁll operators may operate LFGTE systems well beyond regulatory
requirements provided it continues to be economical to recover energy. However, we have little
direct experience with the long-term (100-year+)
operation and maintenance of modern landﬁlls.
Application of Energy Factors
More sustainable waste management, through the
application of the waste hierarchy globally, has
the potential for 12.4 EJ of primary energy savings if there was an immediate change in waste
management practices [21]. This is over double
the world’s primary energy demand currently met
by wind, solar, and geothermal combined [22]. By
2054, primary energy savings increases to 35.8
EJ, greater than all of the current primary energy
demand met by nuclear. Even greater energy savings can be achieved through the incorporation of
reuse or source reduction strategies. A 10% global
reduction in waste generation combined with
more sustainable waste management by results
in an energy savings in excess of 20% relative to
business as usual practices by 2054.
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The energy saving is associated with the use of
improved, yet currently available, technology and
reallocation of global waste from 79% landﬁll, 7%
combustion, and 15% recycling in the business as
usual case to 18% landﬁll, 36% WTE, and 46%
recycling. The energy savings are driven by
recycling and WTE. The global average energy
savings per ton estimated in 2054 are 14.25 GJ t-1
and 8.3 GJ t-1 for recycling and WTE, respectively. In contrast, LFGTE saves, on average, only
0.7 GJ t-1. However, since not all landﬁlls are
expected to be equipped with LFGTE, especially
in emerging regions, landﬁlling remains an overall energy sink on an absolute basis.
Columbia University scientists developed a
screening level metric called the Resource Conservation Efﬁciency (RCE) to enable a quick analysis and comparison of the sustainability of waste
management practices [19]. The RCE metric was
applied to two leading cities in the USA, San
Francisco and Honolulu, to evaluate their sustainable use of MSW as a resource. San Francisco has
a higher recycle rate (34.4%) than Honolulu
(27.2%); however 65.6% of MSW was landﬁlled
yielding an RCE of 60.4. Honolulu minimized
landﬁll (4.9%) with WTE managing 67.9% for a
total RCE of 73.1. While Columbia’s RCE metric
is a different energy-based approach to evaluate
sustainable use of MSW as a resource, its conclusions are consistent on a component basis and
when applied to a larger source.
The amount of potential energy that can be
saved/recovered from a sustainable allocation of
MSW is signiﬁcant on an absolute and relative
basis. For the USA alone, the energy savings is
equivalent to over 2% of our primary energy consumption, equivalent to the energy currently generated from wind and solar combined. For the
USA, Europe, and China together, the energy
savings is equivalent to the coal consumption of
nearly 200 large 500 MW coal plants.

Greenhouse Gas Emissions
Overview
Climate change has been correlated to an increase
in the concentration of greenhouse gases (GHGs)
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driven predominately by anthropogenic emission
sources. How we manage materials, from raw
material extraction through manufacturing, transportation, and end-of-life management, is a signiﬁcant contributor to GHG emissions.
The US EPA has estimated that materials and
waste management is associated with an approximately 42% of US GHG emissions [5]. Looking
strictly at end-of-life management, landﬁlls, the
predominate form of waste management, are
a leading source of anthropogenic methane
[23, 24]. Methane is the second largest contributor
to global climate change (see Figure SPM.5 of
[25]). As a short-lived climate pollutant (SLCP)
increasingly under international scrutiny, methane
has a much larger climate impact than previously
reported, and its atmospheric concentrations continue to rise [26]. According to the IPCC’s 5th
Assessment Report, methane is 34 times stronger
than CO2 over 100 years when all of its effects in
the atmosphere are included and 84 times more
potent over 20 years (see p 714 and Tables 8–7 of
[27]). Methane may be also lingering longer in the
atmosphere today than before, as a result of a
possible decline in the atmosphere’s oxidative
capacity, adding to its impact [28]. Many models,
including the US EPA’s WARM and MSW-DST,
still use the outdated 100-year methane GWP of 25.
Controlling methane is vital to addressing
global climate change. According to the Climate
and Clean Air Coalition, “fast action to reduce
SLCPs, including methane, has the potential to
slow down the global warming expected by
2050 by as much as 0.5 Celsius degrees”
[29]. A failure to address SLCPs, like methane,
signiﬁcantly increases the risk of crossing the 2  C
temperature increase threshold widely discussed
as most likely to limit severe climate change
impacts [30].
Reducing GHG emissions will take a multifaceted approach. In 2004, the journal Science
published a pivotal paper by Pacala and Socolow
that simpliﬁed the situation by considering two
situations over a 50-year period, one where emissions are ﬂat and one where emissions increase
according to the existing rate. This yields a right
triangle or “stabilization wedge” with a growth
of 7 billion tons of carbon over a 50-year period.
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The right triangle could then be broken down into
more manageable “wedges,” each of which could
achieve a reduction in GHG emissions of at least
1 Gt of carbon equivalents per year (Gt CE/year)
by 2054 [47]. Seven 1 t wedges would stabilize
carbon emissions. Fifteen stabilization wedges
were presented in six categories: energy efﬁciency
(vehicles, buildings, power plants), fuel shift
(switching from coal power to nuclear, wind, or
natural gas), CO2 capture and storage, nuclear
ﬁssion, renewable energy (wind, photovoltaic,
biogas), and forest and agricultural soils
(reduced forestation and tillage).
Individual waste management options and an
integrated system were not considered by this
initial analysis. However, application of an integrated solid waste management policy based on
the waste hierarchy was subsequently identiﬁed as
a stabilization wedge [7].
GHG Emission Characteristics of Waste
Management Options
Each of the three waste management options considered in the energy section has GHG emission
characteristics that must be considered in any
discussion on sustainability. Table 5 presents an
overview of the general GHG characteristics of
each relative to CO2 and CH4 emissions.
In addition to the characteristics above, landﬁlls are potential reservoirs of carbon for those
portions of biogenic MSW components that do
not degrade. The treatment of, and accounting for,
carbon storage is inconsistent. Some tools, including WARM, include an estimate of long-term
carbon storage in landﬁlls as part of a single,

aggregate, net CO2e emission ﬁgure. Other
models, such as the US EPA’s Municipal Solid
Waste Decision Support Tool, do not include carbon storage by default yet provide for separate
reporting and transparently report biogenic CO2
emissions and carbon storage estimates separately
consistent with international reporting protocols
[18]. The accounting methods in the ICLEI (Local
Governments for Sustainability) community protocol exclude carbon storage, allowing users to
report estimates of carbon storage for informational purposes only [31].
The GHG emission characteristics in Table 6
are estimated life cycle GHG emissions for each
waste management option. The change in GHG
impacts associated with moving from one management approach to another (e.g., from landﬁlling to
recycling) can be evaluated by taking the difference between the corresponding values in Table 6.
Observations from Table 6 on discrete components and different options are:
• Recycling is an effective GHG mitigation strategy, especially when considering the potential
for increased forest carbon sequestration.
• Management of paper and cardboard by
recycling and WTE are GHG mitigation strategies; however, recycling is generally the preferable option from a GHG emission
perspective.
• Landﬁlls are a net source of GHG emissions
even when factoring in landﬁll gas collection
and, for all waste components except for yard
wastes, when estimates of carbon storage are
considered.

WTE: Sustainable Waste and Materials Management, Table 5 Overview of GHG emission characteristics
Option
Recycling and
composting
Energy from
waste
Landﬁll
(disposal)

GHG
CO2
CH4
CO2
CH4
CO2
CH4

Characteristic
Mitigation
Mitigation
Mitigation
Mitigation
Mitigation or
source
Source

Mechanism
Energy savings = avoided fossil CO2
Avoided landﬁll CH4
Power generation = avoided fossil CO2
Avoided landﬁll CH4
Mitigation for landﬁlls with energy recovery – avoided fossil CO2.
A GHG source for landﬁlls with vent or ﬂares
All landﬁlls emit CH4 with the amount dependent on the effectiveness of
the landﬁll gas collection system
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WTE: Sustainable Waste and Materials Management, Table 6 GHG emissions as ton CO2e/ton MSW
Recycling

Material
Aluminum
cans
Steel cans
HDPE
Cardboard
Ofﬁce
paper
Mixed
recyclablesc
Yard
trimmings
Food waste
Mixed
MSW

Process, energy,
and transport
9.11

Forest carbon
sequestration and soil
C storage
0

Landﬁlla
Excluding
carbon
storage
+0.02

Including
carbon
storage
+0.02

Total
9.11

WTE
0.04b

3.06
3.06

1.81
0.87
3.12
2.86

1.57
1.23
0.51
0.49

+0.02
+0.02
+0.95
+1.34

+0.02
+0.02
+0.23
+1.22

0.32

2.50

2.82

0.44

+0.69

+0.04

+0.01

0.24

0.15d

0.18

+0.36

0.18

+0.07
Not applicable

0.24

0.18d

0.14
0.07

+0.63
+0.56

+0.54
+0.35

1.81
0.87
0.06
+0.20

0
0

WARM v14. Values presented are for national average rates of landﬁll gas management practices (e.g., ﬂare, gas-toenergy, no control), typical landﬁll gas collection efﬁciency, and national average moisture conditions
b
WARM does not account for nonferrous recovery from ash, which is now common at WTE facilities
c
See Table 4 for deﬁnition
d
Factor for composting
a

Recycling, inclusive of composting, is generally recognized as a demonstrated GHG mitigation technology because it generally reduces GHG
emissions from manufacturing (both associated
with energy consumption and process emissions),
increases forest carbon sequestration and soil carbon storage, and avoids landﬁll methane emissions. Forest carbon sequestration and soil
carbon beneﬁts are of particular importance to
the recycling and composting of biogenic materials. Recycling biogenic materials reduces the
demand for new forest products manufactured
from timber, which, in turn, results in fewer net
carbon withdrawals from forest resources.
Composting and anaerobically digesting biogenic
materials and returning the resultant materials to
land result in a long-term storage of carbon in the
soil. Both mechanisms are complex, resulting in
uncertainty with regard to the magnitude of GHG
beneﬁt. In particular, assessment of forest carbon
sequestration requires consideration of the impact
of timber harvesting for forest products on forest
growth and associated carbon sequestration rates,
which can vary on a stand (forest plot) level.

It is clear that recycling is a preferred management option for both energy savings and GHG
mitigation. For those materials remaining after
recycling, LCAs performed to date have generally
concluded WTE is preferable to landﬁlling,
resulting in net GHG reductions relative to
landﬁlling [32]. The magnitude of this net reduction is dependent on a variety of factors, including
the waste composition; the efﬁcacy of landﬁll gas
collection and, if applicable, energy recovery; the
efﬁciency of the WTE facility; the carbon intensity of the displaced grid-connected electricity;
and the presence of ferrous and nonferrous recovery systems.
In particular, the selection of the timeframe for
the global warming potential (GWP) for methane
can have a large impact on the calculated net GHG
reduction. Many in the scientiﬁc community have
called for a separate look at methane and other
short-lived climate pollutants (SLCPs) [33, 34].
The use of a 20-year global warming potential
further underscores the beneﬁts of recycling,
composting, and WTE relative to landﬁlling.
There is no single appropriate timeframe for a
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global warming potential [35, 36], and California
has adopted the use of 20-year GWPs in its SLCP
plan, noting that it better reﬂects both the importance of SLCPs like methane and the speed at
which they impact the atmosphere [37].
Application of GHG Emission Factors
Application of an integrated solid waste management policy based on the waste hierarchy has been
identiﬁed as a stabilization wedge by Bahor et al.
[7]. The analysis demonstrated that if MSW is
allocated to recycling, WTE, and landﬁlling in
descending order in lieu of existing “business-asusual” practices, with each option using modern
technology and best practices, the system would
reduce greenhouse gas emissions by more than
1 Gt of carbon equivalents (Gt CE) per year by
mid-century. This integrated waste management
system reduces CO2 by displacing fossil electrical
generation and avoiding manufacturing energy
consumption and methane emissions from
landﬁlls.
As mentioned above, the concept of a stabilization wedge is to examine the GHG mitigation
over a 50-year period on the premise that it takes
that much time to implement change. However,
immediate progress toward more sustainable
waste management can reap sizable beneﬁts as
well. Table 7 presents the GHG mitigation associated with immediate implementation of an integrated waste management system alongside the
future projections which form the basis of the
waste wedge.
The GHG mitigation for Europe, North America, and East Asia in the waste wedge was approximately 0.4 GtCE/year when considering growth
of waste quantities by 2054, equivalent to the
annual GHG emissions of approximately

350 large coal-ﬁred power plants, over 285 million
automobiles, or the energy consumption of every
home in the USA [38]. An immediate reduction of
existing MSW in the three geographic areas,
based on 2004 data, indicates an immediate reduction of about 0.2 GtC.
This is a conservative and signiﬁcant factor. It
uses a 100-year global warming potential of
21, whereas the IPCC has raised the 100-year
GWP to 28 and 34, when all of methane’s impacts
are considered [39]. The use of a 100-year GWP
of 34 increases the baseline attainable GHG savings to 1.48 GtCE/year. As described earlier, a
short-term GWP may be more appropriate when
considering near-term actions which can have an
immediate impact on radiative forcing. Lastly, the
factor omits the beneﬁts of additional forest carbon sequestration as a result of decreased ﬁber
demand on global forests.

Other Air Emissions
A direct comparison of emissions from the three
options is difﬁcult for a variety of reasons. First,
recycling of various separated commodities
occurs at different operations (pulp and paper,
smelting, arc furnaces, etc.), each of which has a
different set of standards in the USA alone, and
many recyclable commodities are exported and
subsequently processed internationally. WTE
emissions are well characterized, as a result of
continuous emission monitoring systems
(CEMS), periodic stack testing, and emission
standards, including those set by the US EPA
and the EU. As large area sources with minimal
history of direct measurement, landﬁll emissions
are much harder to characterize.

WTE: Sustainable Waste and Materials Management, Table 7 GHG mitigation attributable to an integrated waste
management system
Geographic region
Europe
North America
East Asiaa
a

Current potential, 2004
(106 t CE)
40
60
94

Includes China, Hong Kong, Japan, North Korea, South Korea, Mongolia, and Taiwan

Future potential, 2054
(106 t CE)
74
98
219
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WTE has been subject to extensive regulation
in the EU through the Waste Incineration Directive (WID) [40] and through the Clean Air Act
Amendments of 1990 (CAAA) in the USA
(As codiﬁed in 40 CFR Part 60). While these
two sets of regulatory standards differ, the results
are similar in that each regulates similar pollutants
(Table 8) and have resulted in similar air pollution
control strategies. In fact, the air pollution control
equipment installed under both sets of requirements is remarkably similar.
A directly comparable national standard for
WTE was not available for China and Canada;
however WTE projects in China are being permitted in accordance with the EU WID, and recent
projects in Canada have also been permitted in
accordance with the EU WID or more stringent
standards.
Continuous or intermittent measurement of
emission from landﬁlls is relatively complicated.
Landﬁlls generally have two basic kinds of air
sources: (1) an area source of landﬁll gas that is
not collected by the landﬁll gas collection system
and (2) emissions from the ﬂare and/or engine
where collected gas is combusted. Neither EU
nor US EPA regulations require periodic emission
testing of fugitive emission from landﬁlls. Only
minimal testing or monitoring (largely ﬂue gas
temperature) of combustion gas from the ﬂare or
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engine is required (Table 9). EU regulations are
more rigorous, apparently due to the overall
objective being to reduce negative impacts to the
local environment (surface water, groundwater,
soil, and air) and global environment including
the greenhouse effect and any resulting risk to
human health during the whole life cycle of the
landﬁll. However, the EU standards do not require
routine stack testing or monitoring in a manner
similar to WTE.
US EPA’s draft update of emission factors for
landﬁlls listed 170 air pollutants of which 45 are
Title III air toxics including several known carcinogens and many more reasonably anticipated
carcinogens [44]. A comparison of landﬁll emission with either recycling or WTE operations is
difﬁcult because landﬁlls are not required to test
for these with the result being a minimal database.
Historically, municipal waste combustors were
a leading source of dioxin emissions. However,
advancements in boiler design, operations, and air
pollution control equipment have drastically
reduced the footprint of the industry. In fact,
according to recent peer-reviewed research by
Columbia University scientists, the total dioxin
emissions of all US energy from waste plants in
2012 represented just 0.54% of total controlled
combustion sources and just 0.09% of total controlled and open burning sources of dioxin [45].

WTE: Sustainable Waste and Materials Management, Table 8 Overview of monitoring and testing requirements
of WTE
Pollutant
CEM
Sulfur dioxide
Nitrogen oxides
Carbon monoxide
Particulate
Hydrogen chloride
Hydrogen ﬂuoride
Hydrocarbons
Manual testing
Metals
Dioxins and furans
a

European Union WID

US EPA CAAA

Yes
Yes
Yes
Yes
Yes
Yes
Yes

Yes
Yes
Yes
Yesa
Manualb
Noc
Noc

Yes
Yes

Yes
Yes

Particulate emissions are evaluated in the USA through continuous opacity monitors as well as by speciﬁc reference
methods during annual stack testing
b
HCl is measured during annual stack testing
c
Not a national federal requirement. However, facility-speciﬁc permits may include this requirement
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WTE: Sustainable Waste and Materials Management, Table 9 Landfill testing requirements in the European Union
and USA
Parameter
Gas collection system
installation
Gas collection period
Testing – bulk emissions
(CH4, CO2, O2, N2, H2S)

Testing – criteria Pollutants
and air toxics
Continuous emission
monitoring

European Union
Landﬁll Directive [41]
All landﬁlls that accept
biodegradable waste
Implies forever
Operating landﬁll –
monthly
Closed landﬁll –
semiannual
No
No

US EPAa
Only those landﬁlls with modeled NMOC emission above
50 Mg per year
Shutdown allowed 15 years after initial startup of system
provided total NMOC collected is below 50 Mg/year
Quarterly surface monitoring of CH4 concentrations

No
No

a

40 CFR 60 Subpart WWW. The U.S. EPA promulgated new requirements in August 2016 which would have lowered the
NMOC thresholds from 50 to 34 Mg [42] but those requirements were stayed in 2017 [43]

Land Management
Each of the three MSW management options has a
land impact, the relative extent of which decreases
as one moves up the waste management hierarchy.
In this manner, land impacts follow the general
pattern of energy, climate, and emission impacts.
Recycling results in a signiﬁcant avoidance of
land impacts, particularly with regard to the
avoidance of forestry and mining. There are
some negative impacts as well, associated with
landﬁlling of residues and unrecyclable contaminants collected with recyclables. US EPA’s life
cycle assessment of MSW management options
recognized that when any material is separated for
recycling, some portion of that material is
unsuitable for use and is discarded. The loss
rates for different separated commodities were
reported with a range of 0.4 (ofﬁce paper) and
0.02 (steel cans) (see Exhibit 2-1 of [46]). The
typical mixed basket of recyclables, excluding
compost, yields a loss factor of about 0.13, meaning that for every ton of recycled products, there is
0.13 ton of material that must be managed by
either WTE or landﬁll.
The automatically controlled combustion process at a modern WTE facility converts a ton of
MSW into 0.25 tons of total inert residue in a
nominal 1-h period. This reduction in mass is

proportional to a 90% reduction in volume. This
essentially extends the lifetime of a landﬁll by a
factor of 10 if both a WTE and landﬁll were to
accept the same amount of material for any given
period of time.
Landﬁlls have the largest land impacts, as little
to no materials are diverted once they enter the
landﬁll “supply chain.” The use of certain waste
materials as landﬁll daily cover can help preserve
landﬁll space, as can advanced compaction strategies and leachate recirculation, which helps
speed decomposition of wastes. However, early
waste decomposition often exasperates methane
emissions, as it can shift the timing of methane
generation to those periods of a landﬁll’s life prior
to the installation of a ﬁnal cap and cover. After
landﬁll closure, some landﬁlls are candidates for
conversion to parks or other recreational areas.
Diversion of MSW from landﬁlls to recycling
and WTE systems would provide signiﬁcant
energy savings and a signiﬁcant reduction in the
emissions of GHGs.

Summary
There is extensive information that documents
that an integrated waste management system that
manages municipal solid waste as a resource

WTE: Sustainable Waste and Materials Management

would provide a sustainable solution for both
generation of renewable energy and reduction of
greenhouse gas emissions.
The countries, states, and communities that have
been most successful in moving toward more sustainable waste management have done so through
concerted policy efforts. The European Union’s
concerted efforts through the Waste Framework
Directive have been a major driver of success for
both recycling and energy recovery. Concurrently,
China’s development of WTE has been largely
spurred by goals set forth in the 12th and 13th 5year plans. In contrast, a dearth of national level
policies in the U.S. has resulted in a stagnation of
recycling and WTE and a continued overwhelming
reliance on landﬁlls, the lowest cost option.
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Carbon dioxide (CO2) Is a by-product of the
combustion of fossil fuels or organic materials.
Carbon dioxide is the principal greenhouse gas
(GHG) in the earth’s atmosphere.
Carbon dioxide equivalents (CO2,eq) Carbon
dioxide equivalents inﬂuence the Greenhouse
gases (GHG) effect in different degrees. Their
contribution is calculated in volume (or mole)
equivalents to carbon dioxide.
Combined heat and power generation (CHP)
Is the simultaneous generation of both electricity and useful heat. Energy at a high temperature level is ﬁrst converted to electricity, and
the remaining energy, at a low level, is used to
produce heat (e.g., district heating).
Global warming factor (GWF) Expresses the
amount of released CO2,eq for a combusted unit
of fuel, in Mg CO2,eq/Mg of fuel, and can be
expressed as generated amount of electricity, in
Mg CO2,eq/MWhel, or heat, in Mg CO2,eq/
MWhth.
Greenhouse gas (GHG) Gases in the atmosphere that absorb and reemit infrared radiation; they cause the GHG effect that results in
the heating up of the atmosphere.
Lower heating value (LHV) Also known as net
caloriﬁc value (CV) of a fuel, deﬁned as the
amount of heat released by the combustion of a
unit mass of fuel; the LHVassumes that the water
produced in combustion is in vapor state and that
the latent heat of vaporization is not recovered.
Municipal solid waste (MSW) Predominantly
household wastes (domestic wastes) and similar commercial and bulky wastes collected by a
municipality. They are in a solid or semisolid
form; sludge or liquids are excluded as well as
industrial wastes.
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Nitrous oxide (N2O) Also known as laughing
gas and is a major greenhouse gas with
298 times higher impact factor than carbon
dioxide in a 100-year period.
Selective catalytic reduction (SCR) Is the
reduction of nitrogen oxides in combustion
gases to nitrogen, using a catalyst and anhydrous ammonia, aqueous ammonia, or urea to
diatomic nitrogen and water.
Wet weight (ww) Substance in its original state,
including combustibles, water, and ash.

Definition of the Subject
Waste management in general plays an important
role in the GHG reduction targets of every country. Usually, the generated municipal solid wastes
(MSW) are landﬁlled, and in many cases these
landﬁlls are not controlled, and their emissions are
not collected. Collection and treatment of the
emissions of regulated landﬁlls can reduce their
GHG effect by up to 75%. The reduction of wastes
going to landﬁll and the replacement by a mechanical, biological, and/or thermal treatment lower
the released GHG emissions signiﬁcantly.
By means of these processes, the contribution of
waste management to the GHG emissions of a
nation can be reduced from 3.3 to 1.2% (e.g., in
Germany [1]). In addition, the use of waste incineration in a modern waste management system produces electrical power and heat from the wastes.
This results in a further decrease of GHG emissions.

Introduction: Importance of Waste
Incineration
The principal method of disposing MSW worldwide is landﬁlling. After the initial wastes are
covered by other wastes, atmospheric oxygen
cannot reach them, and under the prevailing
anaerobic conditions, the biogenic carbon in
MSW is converted to methane (CH4) and CO2.
If the landﬁll is not equipped for landﬁll gas
collection, this CH4 is emitted into the atmosphere. The global warming potential of CH4,
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relative to CO2 and for a time horizon of
100 years, is between 21 and 25 [2].
In developed nations, more and more landﬁlls
are equipped with a landﬁll gas collection system.
The collected biogas is then used to generate
electricity or heat. This results in reducing GHG
emissions, both by reducing the emission of methane and also by the use of fossil fuels substituted
by the landﬁll gas.
Even though modern landﬁlls are secured by
ground and surface covers, during operation or if
landﬁll covers are broken after closing the landﬁll,
hazardous substances can be emitted in the environment. The major task of waste incineration
plants recovering energy (waste to energy (WtE)
or energy from waste (EfW)) is the environmentally friendly disposal of waste and the destruction
of hazardous substances during the combustion
process. Modern air pollution control systems
clean the ﬂue gas to emission levels below the
EU standards. However, the production of the
greenhouse gas (GHG) CO2, resulting from the
oxidation of carbon in the MSW, is unavoidable.
Also, a small amount of another greenhouse gas,
nitrous oxides, is emitted; although this amount is
small, as compared to CO2 emissions, it has to be
assessed, because NOx has a lifetime of 114 years
in the atmosphere and its global warming potential is 298, in a time horizon of 100 years [2].
The thermal energy in the WTE ﬂue gases is
transferred to water and steam in a boiler and is
used to generate electricity in a steam turbine or
for district heating. Overall, the combined effect
of WTE, that is, reducing landﬁll emissions and
generating electricity, results in a GHG reduction
of 1 t of CO2 per ton of MSW combusted, for
landﬁlls that do not capture landﬁll gas, or half a
ton of CO2 for those that do (www.wte.org).

Release of Greenhouse Gas Emissions by
Waste Incineration
A modern waste incineration plant consists of the
combustion chamber where the waste is converted
into ash and hot ﬂue gas. The wastes are used as
fuel, and an airﬂow provides the oxygen needed
for combustion. The thermal energy of the
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combustion gases is transferred to steam in the
boiler and superheater tubes, and the steam is used
to generate electricity and also process steam and
district heating. The cooled ﬂue gas is treated in a
ﬂue gas puriﬁcation system, and the clean gas is
emitted to the atmosphere – necessary oxygen.
A fossil fuel, for example, natural gas or fuel oil,
is used only for start-up and shutdown operations.
Water is used in the water steam cycle and, in
some cases, in the ﬂue gas puriﬁcation system.
The cleaned gas consists of nitrogen, CO2, water,
and oxygen. The residues include the incineration
ash and the ﬂue gas puriﬁcation residues. Figure 1
shows the incoming and outgoing material and
energy ﬂows in a waste incineration plant.
For the calculation of GHG emissions, the
waste fuels and any use of auxiliary energy are
taken into account. Air, water, and auxiliaries do
not produce signiﬁcant GHG emissions. The clean
gas containing the GHG and the delivered energy
amounts, substituting energy produced and therefore their avoided GHG, need to be considered.

Determination Methods for Determining
the Fossil-Based and Biogenic Carbon
Content of MSW
In order to estimate the carbon footprint of waste
incineration, it is necessary to know the fossil-
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based carbon content of MSW. The carbon
contained in the biogenic fraction of MSW and
the corresponding CO2 emissions are, by deﬁnition [4], classiﬁed as carbon neutral. The determination of the biogenic and fossil parts of the
carbon can be made by means of a direct procedure (determination by the composition of the
waste mixture) or an indirect one (determination
in the ﬂue gas) as discussed below.
In manual sorting, the waste mixture is separated to different waste fractions, and the biogenic
and fossil parts in these single fractions are
determined.
Selective extraction is a wet chemical procedure where oxidation of biogenic to non-biogenic
components is used to identify the biogenic part of
the waste mixture.
The 14C or radio carbon method is based on
the difference in the age of fossil and biogenic
materials. Because of the decay of the radioactive
carbon isotope 14C, its concentration decreases
with time. Because of its age, fossil carbon contains no 14C, whereas biogenic carbon contains a
relatively higher ratio of 14C/12C. Therefore, the
biogenic part in the CO2 of the WTE stack gas is
proportional to the 14C content, which can be
measured by an instrumental method.
The balance method combines a theoretical
mass balance with measurable operating data of
an incineration plant. Every balance equation is

WTE: Greenhouse Gas Benefits, Fig. 1 Material and energy ﬂows in a typical waste incineration plant [3]
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characterized by a speciﬁc feature of the waste, for
example, ash content, carbon content, etc., and the
waste input is theoretically divided into four
groups: inert, biogenic, fossil, and water. By solving these mass balance equations and with the
help of nonlinear correction calculations, the biogenic carbon content can be determined.
The literature shows that their results are in the
same range [5]. The manual sorting method is
used in this section. The carbon isotope techniques are discussed in another section of the
encyclopedia.

Waste Composition
The basis of all calculations regarding released
GHG emissions of wastes by the manual sorting
method is the waste composition. First of all, the
aggregate waste has to be separated in their different waste fractions. This is usually done manually. The composition is dependent on the kind of
waste (municipal solid waste, commercial waste,
industrial waste, etc.) and, especially for the
municipal solid waste (MSW), on the following:
•
•
•
•
•
•

Country, region
Climate
Settlement structure
Season
Economic situation
Waste collection system

In different countries, rules and laws are
existing inﬂuencing the waste management and
ﬁnally the waste composition. As an example, in
countries requiring a deposit on several materials
like glass, plastic bottles, or cans, people sourceseparate these materials to get their money back.
As a result, only a small part of such materials end
up in the MSW. Also, when special bins for
organic wastes, glass, and paper are provided in
a region or country, the amount of these materials
in the MSW are reduced appreciably. In regions
with hot and dry climate, the generated MSW
contains a smaller fraction of organics than in
wet climate areas. The reason is that fruits and
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vegetables grow well in these wet areas and after
consumption the residues end up in the MSW.
Organics are often composted, and the compost is used in the gardens of rural areas; thus, this
fraction is very small in the MSW. In urban areas,
where there is no possibility of composting, the
organics remain in the MSW. Another example is
the higher amount of minerals and ash in the
MSW of communities where coal or wood is
used for heating. Also, during the winter season,
the amount of organic garden waste decreases,
while in the summer and autumn, this fraction
increases signiﬁcantly. Ash residues also disappear in the summer months.
Economic development also results in greater
consumption and generation of wastes, such as
plastics, cardboard, and other packaging materials. Modern waste collection systems with single
collection of glass, paper, cardboard, and plastics,
as well as the possibility of sending back the used
products to the manufacturers also reduce the
amount of MSW and also inﬂuence their
composition.
MSW is very heterogenic in nature, and no
standard methodology exists for deﬁning the
waste composition [6]. It is therefore difﬁcult to
compare compositions resulting from different
types of sorting analysis. Information about
MSW composition in different EU countries was
compiled by Gentil [7] and is shown in Fig. 2.
As illustrated in Fig. 2, the organic and paper/
cardboard fractions constitute about 50% of the
wet MSW, as received. Glass and plastics amount
to about 10% each and metals about 5%. “Other”
materials (minerals, pollutants, composite materials, textiles, and ﬁnes) range from 15 to 20%.
The error bars show the minimal and maximum
values observed in a particular nation due to seasonal and other conditions.

Fossil Carbon Content of MSW
The total amount of carbon (TC) in MSW is
estimated on the basis of the CO2 released in
combustion tests. The biogenic and fossil carbon
parts can be estimated from the overall composition of the MSW or by carbon-14/carbon-12
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WTE: Greenhouse Gas Benefits, Fig. 2 MSW composition in various European nations (Gentil [7])

WTE: Greenhouse Gas Benefits, Fig. 3 Fossil carbon content of different materials contained in MSW

measurements of the WTE stack gas, as described
in another section of this encyclopedia. The only
materials containing fossil carbon are composite
materials, plastics, and some textiles. Figure 3
shows the measured fraction of fossil carbon in

various materials contained in MSW, as reported
in the literature [7–13].
Due to the polymeric structure and the low
water content of plastic, the concentration of fossil
carbon is very high (65–75%). The composite,
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textile, and ﬁne fractions contain both biogenic
and fossil-ﬁxed carbon, and therefore their fossil
carbon content is relatively low.

Global Warming Factors of Different
Waste Types in Germany
The MSW collected by a municipality consists
mostly of household wastes but also includes
bulky wastes and commercial waste that is similar
to household wastes. In many communities, there
is source-separation and collection of recyclables
that are transported to materials recovery facilities
(MRF) where they are separated either mechanically or manually to different recyclable streams.
Between 2005 and 2007, the Institute of Waste
Management and Contaminated Site Treatment of
the Technical University of Dresden and the
Intecus GmbH carried out an intensive campaign
to analyze the waste types of household waste,
similar commercial waste, and bulky waste all
over Germany. The results of this investigation
are shown in Table 1 [10].
Compared to the data that were shown in
Fig. 2, Table 1 includes more waste fractions
but the values are in the same range. The advantage of more detailed analysis is in providing a
more accurate picture of the fractions of fossil
and biogenic carbon. The estimated empirical
values of materials of fossil origin are used to
provide the estimated fossil carbon content of
household, bulky waste, and commercial wastes
(Table 2).
As shown in Table 2, textiles in household
waste consist mostly of biogenic materials like
cotton, and the fossil mass fraction is only 35%.
Bulky waste contains a lot of carpets made of
synthetic materials, and the fossil carbon fraction
is 80%. Table 3 shows the calculated total carbon
content of various materials.
There are no signiﬁcant differences among the
total carbon contents of the different waste materials. Thus, the same total carbon content is
assumed for all waste types, whereas the total
carbon contents vary signiﬁcantly among the
waste fractions as shown in Table 3. The calculated
fossil carbon contents of various waste materials
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WTE: Greenhouse Gas Benefits, Table 1 Composition
of different waste types [10]

Waste
fraction
Organic
Wood
Textiles
Minerals
Composite
materials
Hazardous
materials
Others
Fine
fraction
<10 mm
Fe/NE
metals
Paper/
cardboard
Glass
Plastic

Household
waste
(% ww)
30.9
1.9
4.9
4.6
4.7

Bulky
waste
(% ww)
0.6
42.6
5.3
1.7
26.3

Commercial
similar
household
waste (% ww)
(M.-%)
13.2
6.3
3.0
4.8
8.6

0.6

0.1

0

10.6
14.7

11.0
0.2

7.3
17.5

2.7

5.0

3.0

10.5

2.4

17.1

4.9
9.2

0.1
4.7

4.4
14.8

WTE: Greenhouse Gas Benefits, Table 2 Estimated
fossil carbon fraction of materials contained in three types
of waste [10]

Waste
fraction
Textiles
Composite
materials
Others
Fine
fraction
<10 mm
Plastic

Household
waste
(% ww)
35
70

Bulky
waste
(% ww)
80
60

Commercial
similar
household
waste (% ww)
(M.-%)
70
40

20
40

90
40

50
20

100

100

100

and three different types of wastes (household,
bulky, and commercial) are shown in Table 4.
The fossil carbon content is 62%; therefore,
plastics bring most of the fossil carbon into the
MSW. The fossil carbon contents of all other
waste fractions are considerably lower, and they
range from 3 to 36%.
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WTE: Greenhouse Gas Benefits, Table 3 Total carbon
content of waste fractions with fossil portions [10]
Waste fraction
Textiles
Composite
materials
Others
Fine fraction
<10 mm
Plastic

Total carbon content (Mg C/Mg of
waste material)
0.37
0.38
0.19
0.14
0.62

WTE: Greenhouse Gas Benefits, Table 4 Fossil carbon
content per ton of waste, for different waste materials and
type of wastes

Household
waste
Waste
(Mg Cfossil/
fraction
Mg waste)
Textiles
0.13
Composite 0.26
materials
Others
0.36
Fine
0.06
fraction
<10 mm
Plastic
0.62

Bulky
waste
(Mg Cfossil/
Mg waste)
0.30
0.22

Commercial
similar to
household
waste
(Mg Cfossil/
Mg waste)
0.26
0.15

0.17
0.06

0.09
0.03

0.62

0.62

The estimated content of fossil carbon in the
waste fraction multiplied by the corresponding wet
weighted amount in the waste composition (see
Table 1) yields the content of fossil carbon in each
waste material of the three types of wastes (Table 5).
Table 5 shows that, in total, 8.8% of the wet
household waste consists of fossil carbon, 12.1%
of the bulky waste, and 12.4% of the commercial
waste that is similar to household waste.
During combustion, the carbon is oxidized to
CO2 and emitted to the atmosphere. A small
amount of carbon may not be oxidized and leaves
in the incinerator ash. In the literature, the oxidation of carbon, that is, the efﬁciency of combustion, is reported to be in the range of 95 and 100%
[10, 12, 14]. In the following calculations, an
oxidation of 97% was assumed for all waste

WTE: Greenhouse Gas Benefits, Table 5 Fossil carbon
content per ton of waste type, for different waste materials
and type of wastes

Household
waste
(Mg Cfossil/
Waste
Mg waste
fraction
type)
Textiles
0.0063
Composite 0.0121
materials
Others
0.0038
Fine
0.0082
fraction
<10 mm
Plastic
0.0571
Total
0.0876

Bulky
waste
(Mg Cfossil/
Mg waste
type)
0.0157
0.0570

Commercial
similar
household
waste
(Mg Cfossil/
Mg waste
type)
0.0077
0.0130

0.0188
0.0001

0.0069
0.0049

0.0291
0.1207

0.0917
0.1244

types. Also, the conversion factor from carbon to
CO2, that is, 44/12 on the basis of the respective
molecular weights, must be taken into account.
On the basis of these data, the CO2 emission
factors for the three types of waste included in
MSW are calculated to be as follows:
• Household waste: 0.312 Mg CO2/Mg waste
• Bulky waste: 0.429 Mg CO2/Mg waste
• Commercial waste similar to households:
0.443 Mg CO2/Mg waste
As noted earlier, in addition to CO2, the other
important GHG gas emitted by WTE plants is
nitrous oxide (N2O). N2O has a long residence time
in the atmosphere of 114 years because there appears
to be no natural removal processes for this gas
[15]. Other GHG trace gases, such as carbon monoxide (CO) that has a global warming potential of 1.9
for a time horizon of 100 years, are not considered
because their contribution to GHG is negligible.
The estimated total GHG emissions for the
three types of wastes collected in the MSW stream
are shown below:
• Household waste: 0.315 Mg CO2,eq/Mg ww
• Bulky waste: 0.432 Mg CO2,eq/Mg ww
• Commercial waste similar to households:
0.446 Mg CO2,eq/Mg ww
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WTE: Greenhouse Gas Benefits, Fig. 4 Calculated global warming factors of different waste types and of fossil fuels
(per Mg of wet fuel)

As discussed earlier, the identiﬁed global
warming factors (GWF) depend on the waste composition and their biogenic and fossil carbon contents. The GWF can vary considerably from area to
area. For household waste in industrial countries,
the GWF ranges between 0.253 Mg CO2,eq/Mg
waste [16] and 0.557 Mg CO2,eq/Mg waste [17].

Comparison of Global Warming Factors
of MSW with Fossil Fuels
The carbon content of fossil fuels is by deﬁnition
of fossil origin. Figure 4 compares the calculated
global warming factors of three types of wastes in
the MSW stream with those of fossil fuels listed in
the Global Emission Model for Integrated Systems (GEMIS) [18].
Figure 4 shows that, with the exception of
lignite, the global warming factors of MSW are
one order of magnitude lower than the various
types of fossil fuels used to generate electricity
and heat. However, it is also necessary to consider
the amount of energy that is generated by the
various fuels. Table 6 shows the respective lower
heating value (LHV) of the fuels.
The three waste types have a LHV ranging from
2.5 to 3.4 MWh/Mg of waste. The better fossil
fuels range in LHV from 7 to 11.8 MWh/Mg of

WTE: Greenhouse Gas Benefits, Table 6 Estimated
LHV of selected fuels [10, 18] and own calculations
Fuel
Household waste
Bulky waste
Commercial similar
household waste
Lignite
Hard coal
Light fuel oil
Heavy fuel oil
Natural gas

LHV in MWh/Mg wet weight
(MWh/Nm3 for natural gas)
2.468
4.441
3.701
2.941
6.980
11.836
11.275
9.392

fuel, which is two to three times higher than MSW.
The only exception is lignite which, because of its
high water content, is in the same range as MSW.
The LHV of natural gas is shown in MWh/Nm3
because at standard conditions (293 K and
101 kPa) it is in the gaseous form. The relation of
the global warming factors and the corresponding
LHVof the various fuels as used is shown in Fig. 5.
Figure 5 shows that the GWF of MSW, per
MWh of contained thermal energy, is only one
third to one half that of fossil fuels. The main
reason is that the biogenic carbon content of
MSW has been assigned zero global warming
factor, CO2,eq/MWh.
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WTE: Greenhouse Gas Benefits, Fig. 5 Global warming factors of various types of wastes and fuels expressed as Mg
CO2/MWh of thermal energy

The consequence is that when wastes are incinerated with the same energy efﬁciency like fossil
fuels, the corresponding GHG emissions for the
same amount of energy delivered is two to three
times lower than for fossil fuels. Or, in other
words, the released GHG emission for a delivered
amount of energy, from waste or from natural gas,
would be the same even if the efﬁciency of energy
recovery of waste incineration were to be one half
that of natural gas combustion.
The weighted average gross heat efﬁciency of
German WTE plants in 2007 was estimated to be
36.5% [10], and the average weighted net heat
efﬁciency was 27.8% [19]. For the 231 European
plants that generate both electricity and district
heating, an average weighted gross heat efﬁciency
of 46% was calculated [20] but the net efﬁciency
was not provided; on the basis of operating experience of WTE plants, it is expected that the average net heat efﬁciency of these plants is about
35%. The electrical efﬁciency does not differ signiﬁcantly between countries because the technology for power generation is everywhere available,
and even in developed countries like Germany old
incinerators continue to operate.
In the case of heat generation efﬁciency, a
difference between southwest and northern
Europe is visible. The gross heat efﬁciency in

southwestern Europe is around 22% and in northern Europe around 83% [21]. The principal reason
is the extensive use of WTE plants for district
heating in the north. Heat has to be used close to
the place of production because the transfer over
higher distances is not economic. If there is no
district heating network or industrial plant requiring heat, the low-level thermal energy exiting the
turbine is wasted by air or water condensation.
Because of their high emissions, decades ago,
many incinerators were built far away from settlement structures. Consequently, even in Germany
where energy efﬁciency is an important part in the
GHG reduction targets of the government, the
heat efﬁciency of the WTE plants is rather poor.
Another important fact is the climate. In southwestern Europe heat is simply not needed because
of relatively high temperatures all year round.
A conversion from heat by absorption refrigeration
to cooling is technically possible, but special
cooling networks and cooling energy costumers
are necessary. The opposite is in northern Europe.
Cold climate and high heat requirements combined
with an intelligent energy provision and generation
system make high efﬁciencies possible. In northern
European countries, such as Denmark, WTE plants
are positioned close to district heating networks,
and there is an intelligent integration of the WTE
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plants in the heating system of an area. The simultaneous production of electrical power and heat in a
single process of a power plant is called combined
heat and power generation (CHP) and ensures
maximum efﬁciency in recovering energy. The
very efﬁcient incineration plants in northern
Europe are using this technology.
Even when the combined heat and power generation which is very efﬁcient is ﬁnancially
supported, as, for example, in the case of CHP in
Germany, most of the large fossil fuel power plants
produce exclusively electricity. The electrical net
efﬁciency of lignite power plants is around 36.6%,
of hard coal power plants 37.6%, of light and heavy
fuel oil around 35%, and of natural gas 43.9%
[22]. Usually the produced heat of these power
plants is not used, and in the case of lignite, hard
coal, and natural gas power plants that seek to have
a high electrical efﬁciency, the steam is condensed
to relatively low temperatures. This low-level
energy cannot be used for district heating.
In comparison, smaller heating plants that are
designed to produce only heat have a net heating
efﬁciency of around 91%, using the same fossil
fuels [23]. Because of high emissions, heavy fuel
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oil is not used anymore for power generation in
most industrial countries. However, it is still used
for fueling ships and tankers.
Figure 6 shows the global warming factors per
unit of energy content, as illustrated in Fig. 5,
divided by the corresponding net efﬁciencies of
the power plants using these fuels. The result of
this division yields the amount of released GHG
per unit of delivered electrical power or heat.
The low electrical net efﬁciency of 10% and
the heat net efﬁciency of 35% from WtE plants
cause the GWF of around 1 Mg CO2,eq/MWh of
electricity and about 0.3 Mg CO2,eq/MWh of heat
from wastes (Fig. 6). The higher net efﬁciencies of
fossil-ﬁred power plants of about 40% for electricity and 90% for heat result in GWF ranging
from 0.45 to 1 Mg CO2,eq/MWh of electricity and
from 0.2 to 0.4 Mg CO2,eq/MWh of heat for the
most efﬁcient power plants (Fig. 6).
However, it should be noted that the global
warming factors for the most efﬁcient WTE facilities are obtained by cogeneration of power and heat.
The net efﬁciencies of 40% for power and 90% for
heat for fossil-ﬁred power plants are not possible in
the case of cogeneration of electricity and heat.

WTE: Greenhouse Gas Benefits, Fig. 6 Calculated global warming factors of different waste types and fossil fuels
referring a unit of delivered energy

WTE: Greenhouse Gas Benefits

Reduction of GHG Emissions and
Conservation of Fossil Fuels by Means of
Energy Recovery from Wastes
The energy released by the combustion in the
waste incineration plants is used to produce electricity and/or heat. The effect of this is to decrease
the consumption of fossil fuels, thus conserving a
nonrenewable resource. The effect of this contribution to the overall mix of power generations
differs from country to country. The amount of
nuclear energy and renewable energy used, the
amount of fossil fuels used, and the degree of
cogeneration play an important role. Also, the
efﬁciency of electricity generation from fossil
fuels has a big inﬂuence on the electricity mix
factor. In turn, the electricity mix factor results in
the overall GWF (Mg CO2,eq/MWh) of a nation.
This factor is also affected by the upstream and
downstream emissions associated with the mining, processing, and transport of the fuels, the
construction and demolition of the energyproducing facilities, and the disposal of
by-products, such as coal ash and nuclear wastes.
The electricity mix factors of many countries
are calculated every year and are available in the
literature. In the EU, the electrical mix factor
ranges from 0.007 Mg CO2,eq/MWhel for Norway,
which uses renewable hydropower, to 1.13 Mg
CO2,eq/MWhel for Poland, which depends on
lignite-ﬁred power plants [24]. Developed industrial economies with a wide mix of nuclear, coal,
and renewable energy have GWF of about 0.6 Mg
CO2,eq/MWhel [24, 25].
The heat mix factors are more difﬁcult to calculate. The big difference between electricity and
heat is in the ways that these two kinds of energies
are produced and supplied to the users. Electricity
is usually produced in a relatively small number of
large power plants and is distributed by means of
national grids. Heat is generated by a multitude of
generating sources, including residential boilers,
industrial and municipal boilers, and many other
sources. Heat can be produced in cogenerating
plants, as a by-product of industrial processes,
and also by geothermal or solar energy and is
delivered either as steam or warm water. It is
therefore much more difﬁcult to compile statistics
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on the GWF of heat generation than in the case of
electricity. For the current 27 countries of the
European Union, a weighted heat mix factor of
0.27–0.32 Mg CO2,eq/MWhth was estimated by
Kreissig and Stoffregen [26] and Skovgaard
et al. [27]. The German heat mix factor was calculated to be 0.216 Mg CO2,eq/MWhth [22] and
for Greece to 0.468 Mg CO2,eq/MWhth [7].
As discussed earlier, the biogenic fraction of
MSW energy is over 50%, and the energy delivered by waste incineration plants primarily substitutes energy from fossil fuels. Therefore, it is
reasonable to calculate electrical and heat mix
factors based on the energy provision of fossil
fuels, that is, taking out of the energy mix factor
of a country’s nuclear and renewable energy. The
German federal environmental energy prefers to
use the fossil energy mix factors for calculating
the GHG emission savings resulting from MSW
and other biomass combustion. In countries like
Poland where nearly 100% of the energy is generated from fossil fuels, the fossil energy mix
factors are nearly the same as the actual energy
mix factors. In the case of Germany, 30% of
electricity is generated by lignite, 60% by hard
coal, and 10% by natural gas, when nuclear and
renewable energy are excluded from the calculation of the energy mix; in this case, the fossil fuel
mix factor is 0.886 Mg CO2,eq/MWhel versus the
actual factor of 0.6 Mg CO2,eq/MWhel [22]. The
German heat mix factor increases from 0.216 to
0.232 Mg CO2,eq/MWhth [22] when heat is exclusively generated by fossil fuels. When a nation
obtains most of its energy from natural gas, the
mix factor is about 0.45 Mg CO2,eq/MWh for
electricity and 0.22 CO2,eq/MWh for heat
(Fig. 5). When the only fossil fuel is lignite coal,
the fossil energy mix factor for electricity is about
1 Mg CO2,eq/MWh and for heat 0.4 Mg CO2,eq/
MWh.
The third scenario is developed to examine the
effect of energy provided by WTE as base load
operation, that is, on a 24-h basis. Base load plants
are primarily nuclear, lignite, and, in some cases,
hard coal-ﬁred power plants; at times of high
demand of electricity, the required peak load
power is provided by power plants ﬁred by light
oil or natural gas. Waste incineration plants burn
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waste and provide energy continuously, 24 h a
day, and, therefore, are a good base load provider.
In the case of Germany, base load electricity is
primarily provided by lignite coal power plants
with an electricity factor of 1,088 Mg CO2,eq/
MWhel [22]. In Norway or France, where base
load electricity is produced by renewable or
nuclear energy, the corresponding factor is zero.
Because of the difﬁculties involved in compiling
heat generation data, as discussed earlier, it is not
possible to calculate the base load heat factor; in
this case, the fossil heat mix factor is assumed as
the base load factor for generation of heat. The
above discussion of GWF is summarized in
Table 7.

WTE: Greenhouse Gas Benefits, Table 7 Global
warming factors for the generation of electricity and heat,
under three substitution scenarios in EU
Substitution
scenario
Actual
energy mix
Fossil
energy mix
Base load

Electrical power
(Mg CO2,eq/MWhel)
0.007–1.13

Heat
(Mg CO2,eq/
MWhth)
0.216–0.468

0.45–1.13

0.22–0.5

0–1.13

0.216–0.468

As an example, in Germany the use of WTE
reduces in the fossil energy mix scenario GHG
emissions by the factor 0.886 Mg CO2,eq/MWh,
of electricity provided by the WTE, and
0.232 Mg CO2,eq/MWh, for heat generated by
the WTE. For the LHV of household waste presented in Table 6 and the power (10%) and heat
(35%) net efﬁciencies of waste incineration
plants, 0.247 MWh of power and 0.864 MWh
of heat are provided by the combustion of 1 t
(1 Mg) of household wastes. Multiplying these
amounts of energy by the emission factors of the
fossil energy mix scenario yields the factor of
0.419 Mg CO2,eq/Mg of household waste
combusted. Comparison with the released GHG
emissions from the combustion of household
waste of 0.315 Mg CO2,eq/Mg (Fig. 4) shows
that there is a net reduction of 0.104 Mg CO2,eq/
Mg of MSW. Figure 7 shows the net prevention
of GHG emissions for the three waste types and
for the three substitution scenarios.
Figure 7 shows that, for Germany, there is a net
reduction of GHG emissions, in all three scenarios. The net reduction ranges from 0.02 to
0.14 Mg CO2,eq/Mg for household waste and
from 0.17 to 0.39 Mg CO2,eq/Mg for bulky
waste. The net reduction is 0.315 for household

WTE: Greenhouse Gas Benefits, Fig. 7 Net reduction of GHG emissions in Germany for the three substitution
scenarios and three types of waste
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waste and 0.446 Mg CO2,eq/Mg for commercial
waste similar to that of households. The difference
is due to the higher LHVof the commercial waste.

Resource Conservation by Savings of
Fossil Fuels
Each unit of energy produced by WTE conserves
a unit of fossil fuel energy. Furthermore, every ton
of incinerated waste conserves a certain amount of
fossil fuels. Using the LHV of Table 6 and the
power and heat net efﬁciencies mentioned earlier,
one can calculate the mass of fossil fuels conserved per ton of MSW combusted (Fig. 8).
In an average WTE plant, between 0.15 Mg of
natural gas and 0.55 Mg of lignite can be avoided
by the incineration and energy recovery of 1 Mg
of household waste (Fig. 8). In the case of heat
generation, the amount of avoided fossil fuel per
ton of MSW is higher because the energy efﬁciency of heat-generating WTE is higher than
that for electricity. The higher is the LHV of the
MSW combusted, the higher will be the reduction
in GHG emissions. For example in the case of
bulky waste (Table 6), 1 t of waste decreases the
use of lignite by about 1 t.

Greenhouse Gas Emissions by
Landfilling
As noted earlier, landﬁlling continues to be the
dominant method of disposing MSW worldwide. Under the prevailing anaerobic conditions
in a landﬁll and in the presence of water, the
biogenic components of MSW are converted to
methane and carbon dioxide. Figure 9 illustrates
that in Phase I, when wastes are ﬁrst dumped, air
can ﬂow through the wastes; under these conditions, aerobic bacteria consume oxygen and
break down the long molecular chains of complex proteins, lipids, and carbohydrates. The
oxygen concentration decreases, and the concentration of produced carbon dioxide increases.
Phase I lasts for days to several months,
depending on how loose or compressed the
waste is. In Phase II, oxygen is depleted, and
carbon dioxide reaches the concentration of over
60%. When anaerobic conditions are reached,
methanogenic bacteria produce methane and
carbon dioxide, and, at the beginning of Phase
IV, the generated landﬁll gas consists of nearly
equal volumes of methane and carbon dioxide. It
may take a few years until the stable Phase IV is
reached, depending on waste composition,
moisture content, temperature within the

0.6
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WTE: Greenhouse Gas Benefits, Fig. 8 Conserved amount of various fossil fuels by the combustion of 1 t (1 Mg) of
MSW in WTE

468

WTE: Greenhouse Gas Benefits

WTE: Greenhouse Gas Benefits, Fig. 9 Changes in landﬁll gas composition with time [28]

landﬁll, and other factors. Phase IV can last
several decades with a stable landﬁll gas
composition.
If there is no inﬁltration of rainwater in the
landﬁll, the production of landﬁll gas decreases.
Modern, controlled landﬁlls, also called sanitary landﬁlls, are provided with ground sealing
and also landﬁll gas collection systems. However,
it may take several years for the landﬁlls to be
covered and the gas collection system to start
operating. During this time, rainwater can ﬂow
through the wastes, and methane gas is formed.
The amount of resulting GHG emissions from
landﬁlls is primarily dependent on the biogenic
carbon and the water content in the wastes. The
degradation of the biogenic carbon depends more
on the water to solids ratio than on the age of the

landﬁll. In order to calculate the production of
landﬁll gas, one needs to know the amount of
biogenic carbon in different waste types. The
amounts shown below are based on the calculation of the fossil carbon (see section on “Global
Warming Factors of Different Waste Types in
Germany”):
• Household waste: 0.122 Mg Cbio/Mg waste
• Bulky waste: 0.232 Mg Cbio/Mg waste
• Commercial waste similar to household waste:
0.097 Mg Cbio/Mg waste
In practice, the amount of produced landﬁll gas
is calculated by means of mathematical models
that describe the decomposition and gas generation processes using mathematically formulated
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procedures in combination with empirical factors.
A commonly used model in Europe was developed by Tabasaran and Rettenberger on the basis
of the following formula [29]:
Gt ¼ 1:868  Cbio  ð0:014  T þ 0:28Þ

 1  10kt
where
Gt = produced amount of landﬁll gas
(m3/Mg ww)
Cbio = biodegradable carbon (Mg C/Mg ww)
T = temperature ( C)
k = degradation constant (a1)
t = time since deposition (a)
The factor 1.868 indicates the amount of landﬁll gas (in liters) stoichiometrically produced by
1 g of biogenic carbon. The temperature T in
landﬁlls is in the mesophilic range and is assumed
to be 30 C. The degradation constant is calculated
from the formula by ln 2/T1/2, where the average
half-life (T1/2) used by the authors is 18 years, and
k is calculated to be 0.04. Easily biodegradable
material like food wastes have a shorter half-lives
than paper and wood that contain lignin; however,
to simplify the calculation, the half-life of 18 years
is assumed for all waste types. The amount of
landﬁll gas produced annually, using the formula
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of Tabasaran and Rettenberger, is shown in
Fig. 10.
According to Fig. 10, landﬁll gas production
would be nearly ﬁnished after 50 years. The accumulated amount of landﬁll gas over the 50-year
period is 158 Nm3 per Mg of wet weight of household waste, 301 Nm3 per Mg for bulky waste, and
126 Nm3 per Mg of commercial waste similar to
households.
For an assumed distribution of 50% methane
by volume and 50% carbon dioxide, the molar
mass of methane (16 g/mol) and carbon dioxide
(44 g/mol), the molar volume of gases at standard
temperature and pressure (22.4 L/mol), and an
assumed GWF for methane of 23, the following
amounts of GHG emissions are released per ton of
waste:
• Household waste: 1.449 Mg CO2,eq/Mg waste
• Bulky waste: 2.766 Mg CO2,eq/Mg
• Commercial waste similar to household waste:
1.155 Mg CO2,eq/Mg
These amounts will be emitted to the atmosphere in landﬁlls that are not provided with gas
collection systems. In controlled (sanitary) landﬁlls, over 50% of the total biogas generated can be
captured, and the rest is emitted to the atmosphere.
The following section shows that the amount of

WTE: Greenhouse Gas Benefits, Fig. 10 Calculated amount of landﬁll gas generated annually
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GHG emissions from landﬁlls is considerably
higher than the GWF associated with the combustion of MSW in WTE.

The Germany Example
Since 2005, landﬁlling of untreated MSW in Germany is prohibited; the primary reason is to
reduce the landﬁll gas potential of the disposed
waste. At this time, the post-recycling MSW goes
directly to waste incineration or to mechanical and
biological treatment (MBT) plants; in 2007, there
was no landﬁlling of untreated MSW. In the MBT
plants, some recyclables are recovered, green and
food wastes are stabilized, and a high caloriﬁc
value material is produced that may be used as a
solid fuel (SRF or RDF). Figure 11 shows the
disposition of municipal solid wastes in Germany,
in the years 1996–2007 [31]. It can be seen that
only a small fraction goes to BMT, 50% of the
post-recycling MCW is combusted in WTE facilities, and in the period 1997–2007 landﬁlling was
reduced from about 23 million tons to zero.

WTE: Greenhouse Gas Benefits

Greenhouse Gas Emissions by Waste
Incineration in Germany 2007
In the year 2007, about 17.8 million tons of MSW
were incinerated in 66 German waste incineration
plants. The waste input composition was in general about 12.5 million Mg of household wastes,
0.5 million Mg of bulky wastes, and 4.8 million
Mg of commercial wastes similar to household
waste and other materials [10]. As discussed earlier (see Fig. 4), the annual GHG emissions from
household waste were 3.93, for bulky waste 0.22,
and for commercial waste similar to household
waste 2.14 million Mg CO2,eq.
For the caloriﬁc value of the waste mix of
about 2.8 MWh/Mg [19], the thermal energy
generated by the 17.8 million tons of MSW
combusted in 2007 was 49.45 million MWh.
In addition, an estimated [19] 1.62 million
MWh of external energy was used in the
form of light fuel oil used for start-up and shutdown operations or as natural gas used for
reheating of the ﬂue gas prior to selective catalytic
reduction (SCR); Bilitewski [10] determined that

WTE: Greenhouse Gas Benefits, Fig. 11 Disposition of MSW collected in Germany [30]
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24% of this auxiliary energy was provided by
light fuel oil and 76% by natural gas; as stated
earlier (Fig. 4), the GWF of light fuel oil is
0.268 Mg CO2,eq/MWh and of natural 0.199 Mg
CO2,eq/Mg. This use of auxiliary fuels resulted in
the GHG emission of 0.35 million Mg CO2,eq. In
total, waste incineration in Germany in the year
2007 emitted about 6.64 million Mg CO2,eq.

Reduction of Greenhouse Gas Emissions
in Germany by Means of Waste
Incineration in 2007
Table 8 shows the amounts of electricity and thermal energy provided by the 66 German waste
incineration plants in 2007.
Since the thermal energy input was estimated
earlier to be 49.45 million MWh/a minus the 1.62
million MWh of external fuel, the energy efﬁciency of delivered electrical power was 10.1%
and the energy efﬁciency of delivered heat 26.9%.
The combined efﬁciency of delivered electrical
and thermal energy generation was 37%.
In determining the effect of WTE in substituting fossil energy, three scenarios were considered,
same as discussed earlier:
• Actual German energy scenario
– Power mix: nuclear 23%, natural gas 13%,
lignite 23%, hard coal 20%, renewables
15%, others 6%; electricity GWF of
0.596 Mg CO2,eq/MWhel [22]
– Heat mix (39% hard coal, 42% natural gas,
12% lignite, 6% waste); heat GWF of
0.216 Mg CO2,eq/MWhth [32]
• Fossil fuel scenario

WTE: Greenhouse Gas Benefits, Table 8 Energy generated by all WTE plants of Germany in 2007 [19]
Type of
energy
Electrical
power
Heat
Total

Amount of energy provided (in million
MWh/a)
5.16
13.75
18.91
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– Power mix: 60% hard coal, 30% lignite,
10% natural gas; electricity GWF of
0.886 Mg CO2,eq/MWhel [22]
– Heat mix: 57% natural gas, 40.5% light fuel
oil, 2.5% coal; heat GWF of 0.232 Mg CO2,eq/
MWhel [22, 33]
• Base load scenario
– Electricity factor based on lignite coal;
GWF of 1.088 Mg CO2,eq/MWhel [22]
– Heat factor based on the actual German heat
mix; heat GWF of 0.216 Mg CO2,eq/
MWhth [32]
The actual German power mix consists of a
wide range of energy sources, so as not to be
dependent on one source. The future aim is to
reduce the nuclear power fraction and replace it
by renewable energy. As was shown in Fig. 5,
natural gas is the “cleanest” fossil energy with
the highest conversion efﬁciencies. Clean is not
only meant in terms of low emission of carbon
dioxide; during combustion of natural gas, other
emissions such as sulfur oxides, hydrochloric
acid, carbon monoxide, and particulates are
much lower than from other fossil fuels. For this
reason, Germany is making further efforts to
increase the use of natural gas by expanding gas
pipeline connections to Russia.
As noted earlier, data on industrial heat is hard
to obtain; therefore, the above distribution of heat
for the actual German energy scenario is based on
the provision of district heat. The majority of
provided heat is produced by hard coal- and natural gas-ﬁred power plants, in combined heat and
power generation. Actually, nearly 90% of the
district heating in Germany is produced in cogeneration with electricity [32]. This cogeneration is
ﬁnancially supported by the German government
by implementing high-efﬁciency technologies
and in order to reduce GHG emissions.
The fossil power mix for Germany consists of
hard coal and to a lesser degree by lignite and
natural gas. The fossil heat mix is based on the
energy source share of the German heat market in
2003 [32].
Apart from nuclear power, the base load of
electricity in Germany is provided by lignite.
Nuclear power has little effect on GHG, so the
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WTE: Greenhouse Gas Benefits, Fig. 12 Avoided GHG emissions in Germany by means of energy recovery in waste
incineration plants in 2007, under three energy mix scenarios

base load scenario involves substitution of lignite
by MSW incineration. For the base load of heat,
the actual heat mix factor was used, because the
heat requirements change with season rather than
time of the day.
Multiplying the amounts of electricity and heat
provided by WTE (see Table 8) by the substitution
factors of the three scenarios yields the amounts of
GHG emissions avoided by substituting MSW
incineration for the combustion of fossil fuels
(Fig. 12).
The avoided GHG emissions are shown as
negative numbers in Fig. 12. The three bars on
the left side of Fig. 12 show the effect of WTE in
substituting fossil fuels for electricity generation.
Substitution of heat energy (three bars in the middle) results in lower avoidance of GHG emissions
because heat generation in Germany is very efﬁcient, and the substitution factors lower. The
avoided GHG emissions range from 3 to 5.6 million Mg CO2,eq/a. In total, the GHG emissions
avoided by WTE electrical and thermal energy
range from 6 to 8.6 Mio Mg CO2,eq per year. By
adding the WTE GHG emissions and the avoided
(i.e., negative) emissions of fossil fuels because of
the energy generated by WYE (Fig. 12) results in
the net GHG emissions shown in Fig. 13 (last
three bars).

The German example shows that the scenario
chosen for substitution of energy is very important
and has a real impact on the GHG balance of WTE
plants. In the case of substitution in the actual
German energy mix, the GHG net emissions (0.6
million Mg CO2,eq/year) is positive. For the substitution of the fossil energy mix and the base load
scenarios, the GHG balance is negative, and GHG
emissions of 1.1 and 2 million Mg CO2,eq/year are
avoided.

Comparison to Landfilling
Currently, 95% of all German landﬁlls are
equipped with a gas collection system, and the
biogas collection efﬁciency has been estimated
at 60% [33]. If it is assumed that the 17.8 million
Mg of incinerated MSW were landﬁlled and using
the calculations presented in the section “Greenhouse Gas Emissions by Landﬁlling,” 9.6 million
Mg CO2,eq would be directly released. The gas
collection systems would capture about 0.4 million Mg of methane. Since the LHV of methane is
13.9 MWh/Mg, the captured gas would provide
about 5.6 million MWh that could be used to
generate energy in the form of electricity and
heat. Usually the landﬁll gas is burned in slightly
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WTE: Greenhouse Gas Benefits, Fig. 13 GHG emissions, avoidance of emissions, and net emissions of German waste
incineration plants in 2007

modiﬁed gasoline engines to produce electricity
only. Heat is generally not needed at landﬁlls and
therefore not recovered. The electrical efﬁciency
of the gasoline engines is around 35%. Assumed
that all of the captured landﬁll gas can be used in
gasoline engines, about 2 million MWh of electricity would be produced. This electricity would
substitute energy produced by other fossil fuels
and thus avoid GHG emissions. On the basis of
the substitution scenarios for Germany (see section “Reduction of Greenhouse Gas Emissions in
Germany by Means of Waste Incineration in
2007”) between 1.6 and 3 million Mg CO2,eq of
fossil fuel emissions would be avoided. Figure 14
shows what would be the effect of landﬁlling,
instead of combusting, 17.8 million Mg on the
GHG emissions balance for Germany, for the
same three energy mix scenarios.
Figure 14 shows that even if all of the captured
methane were used to generate electricity, the
GHG net emissions would be between 6.7 and
8 million Mg CO2,eq. In comparison to waste
incineration (see Fig. 13), the GHG net emissions
by landﬁlling would be about 8 million Mg CO2,
eq, higher than in the case of waste incineration
with energy recovery. This amount corresponds to
about 0.5 t of carbon dioxide per ton of MSW
landﬁlled rather than combusted. The landﬁll
emissions would be much greater for landﬁlls

that do not recover methane or ﬂare the landﬁll
gas instead of using it to generate electricity.

Future Directions
This entry shows clearly that waste incineration
results in much lower GHG emissions than
landﬁlling. One of the reasons is that only CO2
is emitted during incineration, while the landﬁll
gas that is not captured consists of about 50%
methane that has a global warming potential that
is 23 times higher than the same volume of carbon
dioxide. The second reason is that much more
energy is generated by the combustion of MSW
than from the combustion of the methane generated and captured during landﬁlling.
Many communities have begun to collect biodegradable materials separately. The result is less
biogenic ﬁxed carbon in the household wastes and
a higher amount of plastics and composite materials with high amounts of fossil-ﬁxed carbon. The
results are a lower amount of landﬁll gas generated during landﬁlling and a corresponding reduction in GHG emissions. For the waste
incineration, removal of organics results in a
higher concentration of fossil-based wastes and
higher GHG emissions. It also means higher caloriﬁc value of the MSW which should result in
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WTE: Greenhouse Gas Benefits, Fig. 14 GHG emissions in Germany if 17.8 million tons of MSW were landﬁlled
rather than combusted in 2007

higher thermal efﬁciency. In any case, it is necessary for WTE plants to strive to increase their
thermal efﬁciency and energy recovery. This will
result in higher amounts of produced and delivered energy and, thus, higher substitution of fossil
fuels and increased avoidance of GHG emissions.
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Glossary
Combined Heat and Power (CHP) The concurrent production of usable heat (district heating
or steam) as well as electrical power from the
same thermal process.
District Heating (DH) A network of pipes, typically underground, that distributes hot water
(or steam) used for space heating of residential

homes and industrial spaces. This network
allows for centralized production of heat to be
distributed to many consumers.
Waste-to-Energy (WtE) A thermal process
where the chemical energy contained in solid
wastes is converted to electricity and/or heat.

Definition of the Subject
In Denmark, energy recovery from waste has been
used to provide district heating (DH) since 1903,
when the Frederiksberg Municipality in Copenhagen realized that landﬁlling of municipal waste
could not continue within the municipality boundaries [1]. The waste-to-energy (WtE) plant of the
municipality provided steam, hot water, and some
electricity to a nearby hospital, while reducing the
waste volume and mass at the same time.
The ﬁrst WtE plants in Denmark were producing heat only, while from the late 1980s, they
started to produce combined heat and power
(CHP). However, recovery of DH for useful purposes requires large investments in energy infrastructure (DH pipe distribution and transmission
network), and the lack of such infrastructure
makes combined heat and power difﬁcult in
many countries. Most countries at this time produce only electricity (and not heat) from their WtE
plants.
Nevertheless, energy recovery in CHP wasteto-energy plants is three- to ﬁvefold higher than
from electricity-only plants. Additionally, the revenues for a waste plant from selling DH may
substantially reduce the waste gate fee. For example, in 2007, 70% of the costs of the 29 Danish
WtE plants were covered by revenues from selling
DH. In Denmark today, about 23% of the total DH
production and approximately 6% of the electricity production are due to energy recovery from
WtE facilities [2].
This entry reviews waste-to-energy and DH
technologies, drawing on the considerable experience accumulated in Denmark.
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Introduction
This entry deals with energy recovery in wasteﬁred boilers, using the Rankine steam cycle for
electricity production, and also examines methods
of producing district heat or process steam that
allow combined heat and power production. The
Rankine thermal cycle is used to produce approximately 90% of the world’s electricity.
Figure 1 illustrates this process in its simplest
form: Water is pressured in a pump, evaporated
and superheated in a boiler, and expanded in a
steam turbine. It can be shown thermodynamically that the electricity yield at the turbine, Ẇ
turbine, is much higher than the power consumed
by the pump, Ẇ pump. It can be shown that the
cycle efﬁciency – from fuel to turbine output –
increases with higher steam temperatures and
pressures (point 3); similarly, a higher efﬁciency
is reached by lowering the steam condensing temperature (point 4). The condensing temperature
ultimately depends on the cooling temperature
level available to the condenser; the condenser
can be either water cooled (seawater or river/lake
water) or air cooled. This is why power stations
located in cold regions (with access to cold seawater, for instance) have a higher electrical efﬁciency than power stations without such access.
WtE facilities are often equipped with aircooled condensers, which can be either wet
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(water consuming) or dry, and conﬁgured with
either forced airﬂow or natural draft (“cooling
tower”). Air-cooled condensers are the most common choice of WtE facilities.
Figure 2 shows the principle of such an aircooled condenser system. In the top illustration in
Fig. 2, low-pressure high-volume steam from a
steam turbine exhaust is routed to a four-row
air-cooled condenser unit, where the steam is condensed in ﬁnned tube bundles; large fans (often
10 m in diameter) force airﬂow across the condenser heat surface areas, thus removing the heat.
Air-cooled condenser installations are necessary
where there are no other means of cooling.
Therefore, WtE facilities with no access to a
heat user must reject large amounts of heat
through condensers, such as that shown in
Fig. 2. Typically, the net electrical efﬁciency of
WtE facilities is in the region of 25%. Hence, for a
100 MW plant (corresponding to 32 t/h of waste
with a caloriﬁc value of about 11 MJ/kg), roughly
25 MW of electricity can be sold to the grid. Of the
100 MW energy input, about 55 MW is rejected in
water- or air-cooled condenser. Therefore, a very
large amount of energy is lost.
However, if there is a demand for heat, such as
space heating, in the vicinity of the WtE facility, it
may very well be feasible to provide heat from the
WtE facility – thereby utilizing part of the heat
rejected to condensers. Other options for using the

.
Wturbine

4
.
Qout

.
Wpump
2
.
Qin

1

WTE: Heat Recovery for District Heating,
Fig. 1 Illustration of the Rankine water-steam cycle for
electricity generation, as well as picture of a steam turbine

rotor (Figure to the left from wikipedia.org. Picture of
steam turbine rotor by MAN Diesel & Turbo SE. See
also http://www.mandieselturbo.com)
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WTE: Heat Recovery for
District Heating,
Fig. 2 Air-cooled
condensers (Figures from
http://www.geaenergietechnik.com.
Courtesy of GEA
Energietechnik)
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WtE heat include the supply of process steam to a
nearby factory or industry that would otherwise be
produced by oil or gas.

Fuel input (waste)
Electricity from waste
Heat reject in aircooled condenser
Other losses
Useful heat potential
(hot water or steam)

100%
25%
55%
20%
55–65% (ﬂue gas
condensation, a method of
extracting additionally
10–15% of the fuel input as
useful heat, but this is not
included in this table)

There are various methods of producing heat
from a WtE plant, as discussed in the following
sections.

Waste Boilers
WtE plants are designed to treat waste with great
variation in the composition of the incoming
waste (this chapter is mainly based on solid
waste technology management, Vol. 1, Chap. 8.1
[3], as well as generally on Ramboll knowledge
and experience). This is the primary difference
between WtE and other combustion systems,
and it has large implications on the design of the
WtE plant. Waste is not an ideal fuel due to its
heterogeneous nature and it is important to link
the fuel characteristics to the combustion process.
The main technologies described in this section
are combustion of as-received municipal solid
wastes (MSW) by means of a moving grate.
Common to waste boilers is the concept of the
“capacity diagram” (or “ﬁring diagram”), which
determines limits of thermal capacity (energy
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WTE: Heat Recovery for District Heating, Fig. 3 Typical waste boiler capacity diagram. The nominal load point in
this example is indicated by point (1), where the waste has a heating value of 12 MJ/kg

input) for a particular boiler, given the variation of
heating value in the waste. In the example shown in
Fig. 3, the boiler can accept waste with a (lower)
heating value ranging from 9 MJ/kg to 15 MJ/kg
and a throughput from 7 t/h to 14.4 t/h of waste.
WtE plants can be designed to treat waste with
down to an average of around 7 MJ/kg without
using auxiliary fuel. The waste throughput capacity of a WtE plant is selected from locally available waste amounts, ranging from approximately
0.5 to 40 tonnes per hour per line when designed
for continuous operation. With sufﬁcient waste
amounts each line would usually be constructed
with a capacity of 20–40 tonnes per hour for
optimal cost effectiveness.
Typical heating values for some waste fractions are as shown below [4]. Note the very large
variations and hence the need for a waste boiler to
handle fuel input with a variety of lower heating
values.
Fresh wood (50% moisture)
Oven-dried wood
Paper/cardboard
Plastic
Metal, glass, concrete

8–9 MJ/kg
17–19 MJ/kg
14–15 MJ/kg
28–35 MJ/kg
0 MJ/kg
(continued)

Organic waste
Municipal waste (Copenhagen)
Municipal waste (Bangkok)

4 MJ/kg
10–11 MJ/kg
2.5–12 MJ/kg

The heating value of MSW is typically around
9–10 MJ/kg in Europe. It depends on the segregation scheme imposed through the local waste
management system, and it can be much lower
in developing countries.
The minimum thermal load of a modern grate
combustion waste boiler is 65–70%, limited by
the ability to ensure proper burnout and upholding
legislative requirements with regard to ﬂue gas
temperature limits (ﬂue gas at least 850  C for a
minimum of 2 s, for instance) and emission limits
of CO and TOC (total organic carbon).

Grate-Fired Boilers
A combustion grate is a transport device that
moves the burning fuel from the inlet through
the furnace to the bottom ash outlet. During transportation, the fuel is mixed and combustion air is
added. Volatile material is released to the
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combustion chamber above the grate, and ﬁxed
carbon is burned on the grate. The grate is an
integrated part of the furnace, where the fuel is
converted into energy in hot ﬂue gas. The grate
ensures drying, ignition, combustion and energy
release, and complete burnout before the bottom
ash outlet.
Flue gases leaving the furnace enter the actual
“boiler,” where the main steam generation takes
place. A modern waste boiler often consists of
three empty ﬂue gas passes, in which the ﬂue
gas is cooled to approximately 600–750  C
while providing heat to evaporate the boiler
water to generate (saturated) steam. The dominant
means of heat transfer in this part of the boiler is
radiation, due to the high temperature of the ﬂue
gases; thus, the ﬁrst three passes are often called
“radiation passes.”
Boilers for waste facilities are “drum-type”
boilers, characterized by a “drum” vessel
maintained well below the critical steam pressure
of 221 bar, and typically below 100 bar. The large
cylindrical drum contains water at high pressure
and is located at the top of the boiler. Water
circulates by natural convection by means of
“downcomer” tubes and up through the evaporator tubes, since evaporated water (steam) has a
lower density than the water in the downcomers.
Typically, the circulation ratio is 15–20, i.e., the
circulating mass ﬂow in the evaporator section is
15–20 times the dry saturated steam ﬂow exiting
the drum.
A very simple analogy to the circulation principle in a drum-type boiler is a household electric
drip-brewing coffeemaker, where hot water is also
moved upward without need of a pump by the
thermosiphon method.
When the ﬂue gases enter the fourth pass of the
boiler, the primary method of heat transfer
changes to convection: superheater tube bundles
are located in the path of the ﬂue gas ﬂow, thus
providing a large surface area to facilitate the
transfer of heat from ﬂue gas to superheated
steam. The superheater tube bundles heat the saturated steam from the drum to the desired ﬁnal
steam temperature.
The economizer is the last set of tube bundles
in the boiler, seen from the ﬂue gas point of view.
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Here the inlet water is heated to somewhere below
the boiling point at the particular water pressure
(e.g., heated to 200  C) while the ﬂue gas is cooled
to the desired temperature, e.g., 180  C.
Typically the pressure in the drum is 50–80 bar
and the ﬁnal steam temperature, 380–440  C.
The mechanisms described below are illustrated in Fig. 4.

Different Types of Boiler Arrangements
Depending on the needs and requirements of the
purchaser of a WtE facility, the boiler heat transfer
surfaces can be arranged in various ways, thus
inﬂuencing up-front cost, operating and maintenance costs, availability, and efﬁciency.
The most common boiler conﬁgurations are
described in Table 1.

Steam Turbines for Electricity
Production
The steam turbine is the equipment that transforms the energy in the steam (at high temperature
and pressure) to mechanical energy via a rotating
generator that produces electricity. The thermodynamic process is expansion of the high-pressure
steam that produces kinetic energy (high velocity)
that is transferred to the blades of the steam and
drives the shaft rotation.
This process, in very simple terms, can be
compared to a wind turbine with the airﬂow past
the wings (or “blades” as it is called in a steam
turbine) being replaced by hot steam under pressure (Fig. 5).
It is often useful to plot a steam turbine expansion in a so-called Mollier or hs-diagram. “h” is
the steam enthalpy and “s” is the entropy, both of
which are thermodynamic variables of state and
can be thought of as variables that can be looked
up in tables provided that temperature and pressure are known (in the wet steam region, where
water droplets are present, this is not enough –
here also steam dryness must be known).
In such a diagram, the enthalpy change during the steam expansion is shown “visually,”
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WTE: Heat Recovery for District Heating, Fig. 4 Schematic of a modern 4-pass waste boiler

which has particular interest due to the ﬁrst law
of thermodynamics stating the relationship
between mechanical work, heat loss, and
enthalpy drop (see equation below; its validity
is subject to various assumptions for steam turbines, such as steady-state operation and negligible heat loss):
W½Work ¼ m  ðhin  hout Þ
½kW ¼ ½kg=s  ½kJ=kg
Since the heat loss from a steam turbine is
negligible, and considering that approximately
97–99% of the mechanical shaft work can be
translated into electrical power, the above equation shows that the steam turbine power output is
mainly dependent on:
1. Mass ﬂow of steam (given by the size of the
boiler)
2. Inlet and outlet enthalpy (given by steam
parameters and available cooling, which sets
the ﬁnal expansion pressure)

A steam expansion from 40 bar to 1 bar is
shown in Fig. 6 by means of the red line between
the two yellow dots. The enthalpy drop on the
y-axis can be read to be 0.68 MJ/kg
(3.24–2.56 MJ/kg). Therefore, for every kg/s of
steam subjected to such an expansion, roughly
0.68 MW of electricity can be produced.
The “internal” efﬁciency of a steam turbine can
be determined by the steepness of the red expansion line, where a completely vertical line represents 100% efﬁciency (limited by the second law
of thermodynamics). This would correspond to an
expansion to the green dot.
Figure 6 also clearly shows that each kg/s of
steam would produce additional electricity if the
inlet pressure and temperature were higher (see,
for instance, the “200 bar” line) and if the outlet
pressure was lower (see the “0.1 bar” line).
As noted earlier, thermal cycles are more efﬁcient at higher steam temperatures and pressures.
However, due to high-temperature corrosion of
boiler tubes arising from chloride and other substances in the waste, waste boilers are for practical
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WTE: Heat Recovery for District Heating, Table 1 Typical boiler configurations
“Horizontal” waste boiler
Often used in Europe for larger WtE facilities
Advantages:
High efﬁciency, high availability
Good access to cleaning tubes in fourth pass, hence
lower maintenance costs
Disadvantages:
Higher initial investment

Superheaters

WASTE

Superheaters
WASTE

ECO

Superheaters
WASTE

“Vertical” waste boiler
Often used in smaller WtE facilities
Advantages:
Low initial investment (smaller boiler)
Smaller plant footprint
Disadvantages:
Replacement of superheaters, and in general
maintenance, more difﬁcult due to poorer access
conditions
Economizer tube cleaning by soot blower
(= > lower efﬁciency)

“Vertical” waste boiler with superheater tubes in the
radiation pass
This boiler conﬁguration is often seen in the USA
Advantages:
As the “vertical” boiler, although even more
compact
Disadvantages:
The superheater tubes in the radiation pass may
incur additional risk of corrosion and hence
maintenance costs
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WTE: Heat Recovery for
District Heating,
Fig. 5 Simple illustration
of the steam cycle, with a
wind-turbine analogy
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WTE: Heat Recovery for District Heating, Fig. 6 hs-diagram for a hypothetical steam turbine expansion (Source:
Ramboll)

purposes limited to approximately 440–450  C
and 60–90 bar, depending on the levels of maintenance a plant owner will accept.
Other examples of expansion lines can be seen
in Fig. 7, using 8 kg/s as an example. This ﬁgure
shows that at 90% steam turbine efﬁciency, the

potential power output is 4.1 MW for an inlet state
of 400  C and 40 bar and a ﬁxed back pressure of
2 bar. This drops to 3.2 MW for an efﬁciency of
70% and drops further to 2.6 MW when the steam
temperature and pressure are decreased to 380  C
and 22 bar.
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WTE: Heat Recovery for District Heating, Fig. 7 Various expansion lines for 8 kg/s steam. The 2 bar back pressure
equates to the necessary pressure level to produce hot water at 120  C (Diagram by Ramboll)

Process Concepts for a Complete
Electricity-Only Energy for Waste Facility
When the waste boiler and steam turbine technologies are combined, along with appropriate ﬂue
gas treatment, a waste-ﬁred power plant concept is
formed. Such a concept is illustrated in Fig. 8,
comprising a horizontal-type boiler with a vertical
economizer, a 400  C/40 bar steam turbine
connected to an air-cooled condenser, and a dry
ﬂue gas cleaning system. The thermal cycle also
shows other necessary components like a deaerator, which removes noncondensable gases from
the boiler water/condensate. The process ﬂow
path of the water-steam ﬂow and the ﬂue gas,
respectively, is shown in Fig. 9.
Experience with waste boilers has shown that
the risk of high-temperature corrosion of the
superheater tubes is greatly dependent on the
ﬂue gas temperature at the entrance to the fourth
pass. It is therefore often a boiler design criterion
that the ﬂue gas does not exceed roughly

625–650  C when passing across the hottest
superheater tubes. Selection of correct/appropriate material (steel alloy) for the tubes is also
important.
Superheater tubes producing 400  C steam on
a municipal waste facility are estimated by
Ramboll to have a lifetime of up to 10–15 years
under the best conditions and with a modern
boiler design. Even moderate increases to this
temperature, say up to 450  C, may cause severe
corrosion and reduce the lifetime of superheater
tubes to perhaps 3–5 years. Ramboll estimates
that further increases, say to 500  C, may entail
boiler tube maintenance several times a year due
to severe high-temperature corrosion.
Waste boiler manufacturers generally do not
recommend higher steam temperatures more
than 440–450  C, unless special circumstances
dictate otherwise. Methods of reducing corrosion
include choosing high-alloy steels or especially
resistant but costly weld-on coatings, such as
Inconell.
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TYPICAL WASTE TO ENERGY CONDENSING PLANT (DRY FLUE GAS CLEANING)

LIVE STEAM
Top of boiler
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400∞C / 40 bara
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∼180°C
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Active
coal
Reactor

baghouse
filter

ID FAN
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WTE: Heat Recovery for District Heating, Fig. 8 Complete water-steam cycle for a typical European waste-to-energy
facility, with no heat production (Source: Ramboll)

Also the evaporator tubes of the ﬁrst and second passes may be Inconell-cladded.

WtE Facilities Delivering “Small-toMedium” Amounts of Heat
An “electricity-only” waste-to-energy plant can
easily be designed to produce small-to-medium
amounts of heat, for example, when heat or process steam can be sold a number of months of the
year (winter) while the plant can operate to produce electricity only during the remaining
months.
A technical solution to this is to have an
“extraction” turbine, with a crossover valve
placed somewhere along the turbine expansion
path. When actuated toward the close position,
the valve forces out steam to a hot water condenser which (Fig. 10) produces 80–110  C
water. The crossover valve can thus divert
steam to where it is mostly needed: either to

produce heat or to produce electricity as required.
As such, this type of turbine enables both “heat
and power” operation and “electricity-only”
operation.
Turbines such as the one shown in Fig. 10
could be the choice when the plant is connected
to a small district heating network, or for the plant
to be “CHP ready,” for future DH operation.
Figure 11 shows a cross-sectional view of an
“extraction” steam turbine with the ability to operate freely between “electricity-only” and “combined heat and power” modes.
Figure 12 is an elaboration of Fig. 10, now
showing also the major control principles relevant
for an extraction turbine connected to a small DH
network.
The waterside DH pumps (shown as a set of
three pumps, for redundancy reasons) control to
achieve a desired pressure drop in the DH network, dP, for instance, 2 bar. This allows enough
pressure to operate the heating installations
connected to the network.
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WTE: Heat Recovery for District Heating, Fig. 9 Process ﬂow path for water-steam (left) and ﬂue gas (right) in a WtE
facility (Source: Ramboll)

If the heating consumers in the network turn on
their radiators (call for more heat), the pressure in
the network will drop, and the variable speed DH
pumps of the plant will respond by increasing the
ﬂow to again uphold the desired dP.
The steam turbine crossover valve, as well as
the steam valve in the line to the DH condenser, is
regulated to keep a constant DH supply temperature. Thus, if the consumer calls for more heat, the
DH pumps will increase the ﬂow and the initial
consequence will be a lower DH temperature.
This is picked up by the turbine controls, which
respond by providing more steam to the condenser until the set point DH temperature is
obtained.

These controls in combination will thus match
the consumer demand for heat (in MJ/s) and desired
supply temperature, which is a set point determined
by the heating network operators. For large transmission heat networks, the supply temperature is
100–120  C or more, whereas smaller heat networks
may have supply temperatures as low as 75–85  C.
Generally, the supply temperature is a function
of the ambient temperature, since a higher supply
temperature will allow the transfer of more heat in
the DH pipework, which is also bound by hydraulic limits.
Table 2 shows an example of set points for DH
network supply temperatures as a function of
ambient temperature.
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Cross over valve
operated to match heat demand
Boiler steam
Low pressure section
For condensing operation

< 0,1
bara
~ 1–1,5
bara
DH forward
80–110°C
FWT
DH return:
40–60°C
Heat exchanger
for district heat
WTE: Heat Recovery for District Heating,
Fig. 10 Extraction turbine with the ability to provide
variable quantities of hot water, depending on the heat

requirement. The depicted solution is applicable for a
plant to be operated both in “electricity-only” mode and
in “combined heat and power” mode (Figure by Ramboll)

Larger District Heating Networks and
District Heat-Producing WtE Facilities

As a result, the electrical-only plant will have
an electrical efﬁciency approximately 3–6%
points higher than the corresponding DH plant
(based on various assumptions).
Table 3 shows typical ﬁgures based on a
100 MW thermal plant as an example. It is clear
that the DH plant produces 3.5 MW less
electricity.
However, a total of 63 MJ/s of heat is produced
instead – hence 1 MW of electricity is converted to
18 MJ/s of heat (63/3.5 = 18). This is 18 times
more efﬁcient than electric space heating, and also
even more efﬁcient than highly efﬁcient heat
pump installations, which can produce up to
approximately 4–6 MJ/s of heat for every MW
of electricity.
The conclusion is that a waste-to-energy CHP
turbine is an extremely efﬁcient means of producing heat. Obviously, the “value” of the produced
heat depends on the local heat market and the size
of the DH network. Figure 15 shows the DH
network in the Copenhagen region that stretches
over a distance of about 40 km from east to west.

When a WtE facility has access to a large DH
network, such as in countries with a cold climate
like Denmark, Sweden, and Finland, it is common
to establish so-called back pressure turbines,
where all the steam exiting the turbine is used to
produce DH (Fig. 13).
This conﬁguration is illustrated in Fig. 14 (next
page) where the very large air-cooled condenser
has been replaced by two, and much smaller,
surface steam condensers, where the condensing
heat is transferred to the DH water. To exemplify
other options, a 14-bar process steam extraction to
a hypothetical nearby factory is also shown.
Table 3 compares the electrical and total efﬁciencies of an “electrical-only” and CHP plant,
conﬁgured as discussed in this entry. Since the
DH water induces a higher back pressure
(1 bar) than an air-cooled condenser (0.1 bar),
the electrical efﬁciency of the “electrical-only”
plant is higher.
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to district heat
condenser

Low pressure part

80–110°C

40–60°C
WTE: Heat Recovery for District Heating,
Fig. 11 Extraction steam turbine cross section. Crossover
valve seen used to drive steam to the DH condensers as per
required heat demand (Courtesy of MAN Diesel & Turbo

SE; see also http://turbomachinery.man.eu/products/
steam-turbines) (Figure by MAN Diesel & Turbo SE,
annotated by Ramboll)

The high total efﬁciencies of waste-to-energy
plants connected to (medium-large) DH networks
result in low WtE gate fees, since there is generally a higher energy-sales income than electricityonly plants.
The conﬁguration of pumps and main control
strategies for a CHP WtE facility can be seen in
Fig. 16. The mechanisms are slightly different
than the “electricity-only” concept shown in
Fig. 12, since now the DH pumps are controlled
to sustain a given DH supply temperature. The
result is that the DH pumps ensure that variations
in the steam ﬂow are taken up by the DH water
ﬂow.
If, for instance, the thermal load on the waste
boiler was to decrease (say due to a lower heating
value of the waste), the steam ﬂow to the turbine
would be lower. The immediate consequence
would be a lower DH supply temperature. The

DH pumps would respond by decreasing the
ﬂow to again obtain the desired DH supply temperature. In such a system, the heat network is
relying on other production units to balance the
heat demand and heat production at any given
point in time.
During summer, a waste back pressure turbine
may produce more heat than the heat network
demands. Since a certain amount of MSW must
be processed in the WtE plant, it is not always
possible to reduce the thermal boiler load. Instead,
plants often install water-to-air “summer coolers”
to cool away the excess heat.
Ultimately, the heat demand of the DH network, as compared to the size of the WtE facility,
will determine whether it is more cost-effective to
install an extraction turbine with an air-cooled
condenser or a CHP back pressure turbine with a
water-to-air hot water cooler.
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DH conceptual diagram -- ACC (no / small heat market solution)
bypass of waste
turbine
Waste boiler

P

Waste to energy
condensing/extraction turbine
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DH condenser
DH forward

dp

P

T

pumps control MJ/s
M setpoint (or DH demand)

x2

DH network
Pressure hold
DH return

P

M

flow meter
& heat msr.

M

T

WTE: Heat Recovery for District Heating, Fig. 12 Typical districting heating components and principle control
mechanisms

WTE: Heat Recovery for District Heating, Table 2 Example of DH supply temperature versus ambient temperature
for large Swedish DH network.
Very cold winter
Cold winter
Winter
Spring/autumn
Summer

T ambient ( C)
<15
10 to 15
0 to 10
+10 to 0
> +10

Flue Gas Condensation
Further heat recovery downstream the boiler is
possible downstream the boiler by condensing
the moisture content of the ﬂue gas. Flue gas
condensation recovers the signiﬁcant evaporation
energy of the ﬂue gas water content as low temperature heat and thereby increases the energy
efﬁciency by additional 10–25% for mixed
waste. Flue gas condensation works by cooling
the ﬂue gases below their dew point, causing part

T supply ( C)
115
105
95
85
75

T return ( C)
52
50
45
42
45

of the moisture to condense and effectively drying
water out of the ﬂue gases. This releases the heat
of condensation which is transferred to the DH
network.
The cooling can be done either directly in a
condensing heat exchanger, or via a packed
scrubber, where the circulation water is cooled
in a heat exchanger. In the latter case, the scrubber can act as a polishing scrubber, further reducing traces of pollutants from the ﬂue gas. The
amount of heat recovered by ﬂue gas
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1 tonne of waste

2 MWh heat

WTE: Heat Recovery for District Heating,
Fig. 13 1–2-3 rule of thumb for “district heat” conﬁgured
waste-to-energy facilities. One tonne of waste yields

2/3 MWh electricity

approximately 2 MWh of heat and 2/3 MWh of electricity.
Heat production can be signiﬁcantly higher if
implementing ﬂue gas condensation, as described later

Back pressure
turbine

G

to deaerator

Waste
boiler

~14 bara
Process
steam to
factory

SUPER HEATERS

District
Heat HXs
80–110°C
District
Heat
forward

ECO
Spray
coolers

Deaerator
40–60°C
District Heat
return
Flue gas
cleaning

WTE: Heat Recovery for District Heating,
Fig. 14 Back pressure turbine for DH production. Such a

setup does not require an (large requiring) air-cooled condenser, since all the heat is transferred to the DH network

condensation is very sensitive to the temperature
of the cooling media. Therefore, ﬂue gas condensation is used to preheat the coldest heat recovery
media such as the incoming DH water from the

network, either directly (“direct condensation”)
or via heat pumps. Since 2000 most new built
WtE lines in Scandinavia have been equipped
with ﬂue gas condensation, and numerous
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Table 3 Estimates of electrical and total efficiencies for
“district heating” versus “electricity-only” energy for
Size: 100 MW thermal 36 t/h of waste (~300,000 t/
year) CV = 10 MJ/kg
Back pressure (DH) plant (without air-cooled
condenser)
Electricity-only plant (with air-cooled condenser)

waste facilities. Assumptions: electricity-only back pressure = 100 mbar. DH network temperatures = 50–90  C.
Live steam parameters: 425  C/52 bar

Net electrical
efﬁciency (example)
22.5% (22.5 MW sold)
26% (26 MW sold)

Heat efﬁciency
(example)
63% (63 MJ/s
heat sold)
0%

Total efﬁciency
(example)
85.5%
26%

THE COPENHAGEN DISTRICT HEATING NETWORK

I/S Vestforbrænding

Lynettefællesskabet I/S
I/S Amagerforbrænding

KARA/NOVEREN

10 km

CTR district heating areas
VEKS district heating areas
Heat supply ares of Vestforbrænding
Steam area

Waste-to-energy plant
CHP station
Peak load plant
Transmission pipeline

WTE: Heat Recovery for District Heating, Fig. 15 Copenhagen DH network spanning about 40 km from east to west
(Figure courtesy of Ramboll waste-to-energy)

existing lines have retroﬁtted ﬂue gas condensation into their plants.
Figures 17 and 18 show the calculated net
boiler efﬁciency and net total efﬁciency for a
WtE plant (CHP or heat only) equipped with
direct ﬂue gas condensation connected to a DH
network with a return temperature of 50  C.
Figure 17 is based on the “lower heating
value” (LHV) normally referred to in Europe.
This diagram shows that the boiler efﬁciency is
almost constant, at around 88% (dashed line),

while the total efﬁciency increases with increasing moisture content (decreasing LHV) and by
far exceeds 100% as heating values descend
below 10 GJ/t.
The y-axis on the right diagram in Fig. 18 is
based on the higher heating value (HHV). Higher
heating values (HHV) include the energy contribution from condensation energy of water vapor
from the ﬂue gases and are relevant when ﬂue
gases are condensed for heat recovery. The diagram illustrates that the HHV-based boiler
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DH conceptual diagram -- DH dry cooler (Scandinavian solution)
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WTE: Heat Recovery for District Heating, Fig. 16 Example of a DH conceptual diagram for a “heat-only” back
pressure plant

efﬁciency drops signiﬁcantly with decreasing
LHV heating values. The power efﬁciency follows the boiler efﬁciency trend, as the power
production is based on the boiler steam. The
total efﬁciency however is almost constant when
based on HHV, at around 86% in the example.
The actual level of the total efﬁciency depends
almost entirely on the temperature that the ﬂue
gas is cooled to by the condenser, determined by
the DH return temperature. Figure 19 shows the
estimated total efﬁciency based on HHVof a WtE
plant as a function of the DH return temperature.
The direct ﬂue gas condensation potential exists
for DH return temperatures below 55–60  C and
increases signiﬁcantly as this temperature
decreases. Variations in the excess air ratio of
the boiler may affect the total efﬁciency only

slightly (within 1.5% points), while other
plant design choices have insigniﬁcant impacts.
Thus Fig. 19 can be used to generally and with
good accuracy estimate the total efﬁciency
(based on HHV) of a WtE or solid biomass
plant equipped with direct ﬂue gas condensation,
based only on the available DH return temperature. This estimate is even valid for marginal
efﬁciencies of single waste fractions such as
organic waste, paper or plastics.
When the HHV-based efﬁciency has been
found in Fig. 19, it can be converted to LHV
basis for given waste mixes or waste fractions.
Example: given a DH return temperature of
50  C, the total efﬁciency is 84% on HHV basis
according to Fig. 19. For a mixed waste input with
LHV of 10 GJ/t and HHV of 11.5 GJ/t, the total
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H 2O
in waste:

67,3%
200%

Efficiency vs. net calorific value (L H V )
47,3%

27,4%

7,5%

0,0%

Gross energy eﬃciency ( L H V )

180%
160%
140%
120%

97%

100%
80%

88%

60%

40%
20%
0%
0 GJ/t

5 GJ/t

10 GJ/t

15 GJ/t

20 GJ/t

MSW net caloriﬁc value (LHV)
Total efficiency

Boiler efficiency

Power efficiency

WTE: Heat Recovery for District Heating, Fig. 17 Energy recovery based on the lower heating value (LHV) at a WtE
plant with direct ﬂue gas condensation (assuming 50  C DH return temperature)

Efficiency vs. gross calorific value (H H V )
H 2O
in waste:

67,3%
100%

47,3%

7,5%

0,0%

84%

90%

Gross energy eﬃciency ( L H V )

27,4%

80%
70%

77%

60%
50%
40%
30%

20%
10%
0%
0 GJ/t

5 GJ/t

10 GJ/t

15 GJ/t

20 GJ/t

MSW net caloriﬁc value (LHV)
Total efficiency

Boiler efficiency

Power efficiency

WTE: Heat Recovery for District Heating, Fig. 18 Energy recovery based on the higher heating value (HHV) at a WtE
plant with direct ﬂue gas condensation (assuming 50  C DH return temperature)
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Total efficiency with flue gas condensation (H H V )
100%
95%

Gross eﬃciency (H H V )

90%
85%
80%

75%
70%
65%
60%
55%
50%
20 °C

30 °C

40 °C

50 °C

60 °C

70 °C

District heang return temperature
Total efficiency

Boiler efficiency

WTE: Heat Recovery for District Heating, Fig. 19 Energy recovery on WtE plant with direct ﬂue gas condensation
based on the lower heating value (LHV).

GJ=t
efﬁciency on LHV basis will be 84%∙ 11:5
10:0 GJ=t ¼

97%. For a wet green bin waste fraction with LHV
of 4.7 GJ/t and HHV of 6.8 GJ/t, the same plant
would reach a total LHV-based efﬁciency of 84%
GJ=t
∙ 6:8
4:7 GJ=t ¼ 122%.
In Scandinavia, it is not uncommon to install
large heat pumps to supply cooling water at lower
temperatures in order to further increase the heat
recovery, especially if the available DH return
temperatures are high. At these plants, ﬂue gases
are typically cooled to around 30  C, but designs
as low as 20  C have been implemented. In these
cases, the total efﬁciency potential can still be read
from Fig. 19 by replacing the DH return temperature on the x-axis by the (lower) chilled water
temperature from the heat pump. Slightly higher
total efﬁciencies can be achieved by enabling the
heat pumps to recover the heat from component
cooling at the plant, which is otherwise cooled
away. The Amager Bakke CHP plant in Copenhagen cools the ﬂue gases to 22  C using large
absorption heat pumps, which also recover heat

from component cooling. This plant’s total efﬁciency with mixed waste is 107%.

Advanced Solutions: Heat Pumps and
District Cooling
Waste-to-energy plants (and other thermal installations) can be equipped to supply both district or
industrial heating and cooling. This could be a
preferred solution for a geographic location with
cold winters but hot summers. For this application, an electrically or steam-driven chiller could
be used. The electricity or driving steam could be
supplied by the waste-to-energy steam turbine,
thus allowing for the complete installation to supply power, district heat, and district cooling,
depending on the current demands.
A schematic diagram of such “tri-generation”
is shown in Fig. 20, where the “generator package” is driven by a waste-ﬁred steam turbine.
District cooling is less common than district
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WTE: Heat Recovery for District Heating, Fig. 20 Generation of power, heat, and cooling: “tri-generation.” Cooling
provided by an absorption chiller

heating and is most feasible in hot countries or for
supply of industrial cooling to large buildings,
airports, etc. District cooling at household level
is not common.

Optimizing Energy for Waste Facilities
for CHP Operation
A WtE facility typically has efﬁciencies in the
following order of magnitude (MWt: thermal
input) (Ramboll calculations and experience
from Ramboll projects. Some plants may deviate
from these values):
“Electricity-only” WtE facility
up to 100 MWt
“Electricity-only” WtE facility
>100 MWt
Heat and power WtE facility
up to 100 MWt
Heat and power WtE facility
>100 MWt

23–26% net electrical
efﬁciency
Up to 30% net
electrical efﬁciency
17–23% net electrical
efﬁciency
Up to 25% net
electrical efﬁciency

The lower efﬁciency of combined heat and
power facilities is due to a higher turbine back
pressure, as discussed earlier (Fig. 6). However,
even without ﬂue gas condensation, combined

heat and power facilities have total efﬁciencies
ranging from 82 to 86%; hence, a large amount
of the energy in the waste is recovered for useful
purposes. As shown above, WtE facilities using
ﬂue gas condensation may reach total energy
recovery efﬁciencies exceeding 100% and are
thus extremely efﬁcient.
In relation to optimizing electricity output for a
combined heat and power plant, the temperature
of the DH water (especially the supply temperature) has a big inﬂuence on efﬁciency, as can be
seen in Fig. 21. The ﬁgure shows that the electrical efﬁciency is reduced by approximately 1%
point for every 10  C increase in hot water supply
temperature, which compared to other measures is
a strong impact. A lower DH supply temperature
also results in a lower heat loss in the network, so
there are many beneﬁts to be gained by striving
toward the lowest possible supply temperature.
On the other hand, as discussed earlier, a higher
supply temperature will allow transfer of more
heat (or a reduced water ﬂow rate) in the DH
pipework, which is also bound by hydraulic
limits. A low DH return temperature improves
the hydraulic capacity, and if below 55–60  C,
opens the potential for signiﬁcantly increased
total efﬁciencies with direct ﬂue gas

% point difference
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Examples of change in net electrical efficiency
for a European waste fired district heat producing power plant
as a function of district heating supply temperature
DT water=30∞C
p=60 bar

District Heating supply temperature ∞C
85

90

95

100

105

110

115

120

WTE: Heat Recovery for District Heating, Fig. 21 Change in net electrical efﬁciency for a 100 MW WtE facility as a
function of the supply temperature in the DH network (Source: Ramboll calculations)

condensation. It is recommended by Ramboll that
for new DH networks, the design temperatures
should be a focus point, among others, when
optimizing the overall system. For existing
districting networks, it is difﬁcult to change supply and return temperatures, due to the coupling to
exiting pipe sizes, hydraulics, and ﬁnal user
installation.
Even for relatively big changes in DH supply
temperatures, which would result in large/expensive impacts on the mechanical design, the effect
on electrical efﬁciency is only within 1–5%
points. Other optimization measures toward
higher power output, such as higher steam parameters, higher boiler efﬁciency, inﬂuence electrical
efﬁciency also in the range of 1–5% points at
the most.
These relatively slight changes in electrical
efﬁciency are in stark contrast to the beneﬁts of
combined heat and power, where the plant total
efﬁciency can be increased by up to 60% points
(from 25 to 85%), and even exceeding 100% if
district heating return temperatures are low
enough to take advantage of ﬂue gas
condensation.
Obviously, CHP systems require a heat sales
opportunity, which in practice means an energy

infrastructure of DH pipework and pump installations. The DH network is not cost-effective on the
short term, and certainly not for the individual
producers of heat. However, municipalities, large
energy companies, or governments interested in
the long-term beneﬁts of highly efﬁcient energy
facilities (for all fuels) can drive forward such
infrastructure investments to the beneﬁt of the
whole community.

Conclusions and Future Directions
If a heat market exists or can be made available,
WtE facilities can be a low cost source of heat. As
an example, the total energy recovery for
“electricity-only” facilities of about 25% can be
increased to 85–105% for combined heat and
power installations. The loss in electrical efﬁciency by doing so is moderate: The electrical
efﬁciency is reduced by only 3–6% points.
Furthermore, conﬁguring a steam turbine for
“heat and power” instead of “heat only” generates
heat with high efﬁciency: an “electricity-to-heat”
ratio of up to almost 20!
Even for smaller amounts of heat extraction
from a waste plant, it is not uncommon to achieve
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an “electricity-to-heat” ratio of up to 10. Using
such heat is particularly interesting given the fact
that energy recovery from waste continuously
takes place mainly to reduce the mass and volume
of (nonrecyclable) waste, and, hence, the alternative is to reject large amounts of heat in cooling
installations with no real beneﬁt.
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APCS Air pollution control system
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CAA Clean Air Act
EGU Electric generating unit
FRCC Florida Reliability Coordinating Council
HICC Hawaiian Islands Coordinating Council
ICE Internal combustion engine
LCA Life cycle assessment
LCI Life cycle inventory
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Definition of the Subject
This entry provides a detailed life cycle assessment (LCA) of combustion vs. landﬁlling of postrecycling municipal solid waste (MSW), that
means the MSW with no value in the market or
recovery potential. The LCA methodology is used
extensively to evaluate the environmental footprint of products, processes, and services. An
LCA allows decision makers to compare products
and processes through systematic evaluation of
supply chains. Also known as a “cradle-tograve” approach, LCA evaluates each stage of
life for a given product or process, including
extraction of the raw materials, transportation,
manufacturing, distribution, use, and ﬁnal
disposal.
LCA has been widely utilized to analyze different solid waste management alternatives
[1–9]. Despite resource conservation efforts,
over 50% of the US MSW is discarded in landﬁlls.
This number is signiﬁcantly higher than other
countries such as Denmark, where only 4% of
the MSW generated is disposed in landﬁlls. The
remaining 96% is recycled or combusted for
energy recovery. There is an ongoing debate
about the relative environmental merits of landﬁll
disposal versus waste-to-energy (WTE). The relative emissions associated with both options are
highly sensitive to the input data in the life-cycle
inventory (LCI).
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Introduction
While per capita generation has been relatively
constant for the past decade, the absolute amount
of MSW generated is increasing due to population
growth. In 2002, the US EPA established the
Resource Conservation Challenge to increase the
nationwide recycling rate to 35%. The challenge
encourages pollution prevention, resource conservation, efﬁcient use of materials, and a materials
management approach to waste management. Current recycling and composting rates in the USA
have almost reached the 35% goal [10]. In addition,
13% of MSW is combusted in waste to energy
(WTE) facilities. The rest of the MSW, totaling
151 million Mg according to USEPA, is disposed
in landﬁlls (Editor’s note: The Columbia/BioCycle
“State of Garbage” survey, based on landﬁlled
tonnages provided by the 50 states, reported the
2008 landﬁlled MSW at 270 million tons [35]).
Europe’s SWM policies also focus on the minimization of MSW disposal in landﬁlls and maximization of the environmental beneﬁts with respect to
material and energy conservation. For example, in
Denmark, only 4% of MSW is disposed in landﬁlls. Most of the Danish MSW (55%) is combusted
and the balance (42%) is recycled [11]. The US
public generally perceives solid waste combustion
as hazardous and toxic, due mainly to the poor
environmental performance of incineration facilities in the early 1990s, which lacked air pollution
control systems (APCS). While there is public
resistance to the siting of new WTE facilities, the
Clean Air Act (CAA) requires that all WTE facilities in the USA have APCS installed [12]. In 2010,
there were 86 WTE plants operating in 24 states
with continuous emission monitoring [13]. In addition, each facility is required to submit an annual
stack test to measure performance and demonstrate
compliance with regulations.
The design of SWM strategies that are efﬁcient
with respect to material and energy conservation
requires a site-speciﬁc evaluation of multiple
SWM alternatives. For example, energy recovery
in a waste-to-energy (WTE) facility may represent
an efﬁcient way to recover the energy value of
many recyclables while displacing some fossil
fuel utilization. Thus, the beneﬁts of WTE
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facilities should be compared to the beneﬁts of
converting recyclables to new products. To evaluate the environmental burdens of alternative
SWM strategies, models that can calculate the
energy consumption and environmental emissions for each unit process used in a given solid
waste system, including collection, separation,
recycling, treatment, and landﬁll processes, are
essential. These unit process models can then be
integrated into a larger model to compare energy
use and emissions across a large number of technically feasible alternative SWM strategies.
This entry describes the calculation of lifecycle inventory (LCI) air emissions from WTE
and compares the results with the LCI emissions
from landﬁlls. Background information on LCI is
presented in the next section, followed by a
description of the system boundaries and design
basis for the WTE LCI. The method used to calculate each emissions factor and amount of energy
recovered is then described. Emission factors are
reported both on a per Mg basis and per unit of
electricity generated.

Background on Life Cycle Assessment
The goal of LCA is to gather information on and
evaluate the environmental impacts of a process
or product. The LCA is carried out in four phases:
goal and scope deﬁnition, life-cycle inventory
(LCI), life-cycle impact assessment, and interpretation. In this entry, the LCI concept is applied to
combustion of MSW, also called waste-to-energy
(WTE). In the MSW combustion LCI, a set of
environmental emissions plus energy recovery
associated with waste combustion are quantiﬁed.
The essential feature of LCI methodology is an
attempt to thoroughly consider all aspects of a
process. In the context of MSW combustion,
LCI methodology requires that in addition to an
inventory of the direct emissions from a WTE
facility that recovers energy, an inventory of the
avoided emissions at a power plant (including
associated steps for fuel extraction and transportation) also be included. General information on
LCI methodology as it can be applied to MSW
management has been presented previously [9].
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System Boundaries of the WTE LCI
The LCI-based emission factors include all the
activities associated with the combustion of
1 Mg of MSW as it is received by the WTE
facility. A typical mass-burn combustion facility
with energy and ferrous metal recovery is
assumed for the analysis. The facility is equipped
with all necessary Air Pollution Control (APC)
system to comply with the prevailing air quality
regulations. The following APC equipments are
assumed to be present in the facility: spray dryer
absorbers for acid gas (i.e., SO2 and NOx) control,
activated carbon injection for mercury control,
injection of ammonia for NOx control by conventional selective noncatalytic reduction, and a fabric ﬁlter for particulate matter (PM) control. The
LCI emissions associated with collection, transfer,
and separation of MSW and ash disposal is considered in separate unit process LCI models,
which can be found in [14].
A LCI model developed for WTE [15] can
track 32 life-cycle parameters, including energy
consumption, CO2, CO, NOx, SOx, total greenhouse gases (CO2e), PM, CH4, water pollutants,
and solid wastes associated with combustion of
MSW as well as indirect burdens. The CO2e represents the summation of CO2 and CH4 emissions,
multiplied by their corresponding global warming
potentials (GWP). The GWPs for CO2 and CH4
are 1 and 25, respectively [16]. In addition, CO2
emissions are represented in two forms: fossil and
biogenic. Carbon dioxide released from anthropogenic activities such as burning fossil fuels or
fossil-fuel-derived products (e.g., plastics) for
electricity generation and transportation are categorized as CO2-fossil. Likewise, CO2 from biogenic materials (e.g., paper, food waste) released
during combustion, or biodegradation in the case
of landﬁlls, is categorized as CO2-biogenic.
The emission levels depend on waste composition, combustion process details, and the effectiveness of the installed APC system. For
example, the quantity of CO2 emissions is composition dependent, whereas the quantity of
criteria air pollutants and hazardous air pollutants
depends primarily on ﬂue gas treatment procedures. Generally, US WTE plants do not generate
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wastewater, and the sludge generated from semidry or wet scrubbing is not included in this LCI.
The model does not differentiate between bottom
ash and ﬂy ash. The quantity of total ash is a
function of the materials combusted in the facility,
the corresponding ash content, and the assumed
uncombusted fractions of each material. The
assumptions regarding MSW component characteristics are presented in Table 1. The amount of
limestone and ammonia used in the APC are also
added to the total quantity of ash produced. The
ash is then taken to an ash landﬁll for disposal.
Another LCI model developed by [17] is used to
track emissions associated with the disposal of
ash.
The emissions associated with the production
of limestone and ammonia for the APC are
included as indirect burdens in the LCI. The emissions associated with the construction of the facility are less than 1% of total LCI emissions
occurring during the operation of the facility
[18]. As a result, construction emissions were
excluded from the results presented here. The
heat recovered from the WTE facility is converted
to electricity and contributes to baseload electricity generation within the regional electric grid.
The supply of electricity from the WTE plant
avoids emissions from conventional fossil fuelﬁred power plants. These avoided emissions are
calculated and included in the LCI as an emissions
reduction. In addition, most WTE facilities
recover ferrous metals from bottom ash. The LCI
model takes into account the avoided emission
from manufacturing of iron and steel using ferrous
scrap recovered from WTE ash.

Life-Cycle Inventory
Method to Generate Emission Factors per Mg
of Waste Item
The WTE LCI model generates emission factors
per Mg of each waste item, which represent
the summation of emissions associated with (1)
the combustion of MSW (while accounting for the
emission controls), (2) the production and use
limestone and ammonia in the APC, (3) offsets
applied due to avoided grid emissions, (4) offsets

Categorya
Leaves
Grass
Branches
Old newsprint
Old corr.
cardboard
Ofﬁce paper
Phone books
Books
Old magazines
3rd class mail
Mixed paper
HDPE
PET
Mixed plastic
Ferrous cans
Ferrous metal
Aluminum cans
Aluminum
Glass
Food waste
Wood

5,968
599
1,016
2,286
5,288
21,995
4,753
2,159
11,410
2,150
10,340
1,723
1,188
9,905
26,512
12,635

2,231
490
780
1,406
3,392
20,544
4,281
1,669
11,211
789
7,229
1,098
1,188
7,401
25,887
11,447

Generated total,
thousands of
Discarded waste,
Mg
thousands of Mg
6,690
2,547
17,744
6,756
4,654
1,,772
10,930
1,,215
28,054
8,009
6,313
6,248
6,248
5,386
6,076
6,799
18,687
18,687
14,101
301
–
–
–
84
1,797
6,640

Heating
value,
BTU/lbb
2,601
2,601
6,640
7,541
6,895
6%
6%
6%
6%
6%
6%
2%
2%
2%
3%
3%
2%
2%
2%
70%
70%

Moisture
Content, %b
60%
60%
60%
6%
5%
11%
11%
11%
27%
11%
11%
5%
5%
15%
97%
97%
97%
97%
99%
10%
11%

Ton WTE residue
per dry ton waste i
11%
11%
11%
6%
10%
6.0%
6.0%
6.0%
23.3%
6.0%
6.4%
0.4%
0.4%
10.0%
97.0%
97.0%
97.0%
97.0%
98.9%
5.0%
6.0%

Ash
content
(dry basis)
6.3%
6.3%
6.3%
1.5%
5.0%

WTE: Life Cycle Assessment Comparison to Landfilling, Table 1 Characteristics of US municipal solid waste

Biogenic
Biogenic
Biogenic
Biogenic
Biogenic
Biogenic
Fossil
Fossil
Fossil
Biogenic
Biogenic
Biogenic
Biogenic
Biogenic
Biogenic
Biogenic

Carbon
source
Biogenic
Biogenic
Biogenic
Biogenic
Biogenic

100% wood

All glass except durable glass

All other resins
Steel packaging

All other paper categories

Additional assumptions
23% of the total yard wastec
61% of the total yard wastec
16% of the total yard wastec
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14,431

151,175

1,660

16,971

222,785

Glass –
nonrecyclable
Misc. inorganics
20%

–

27%

2%

–

20%

20%

7,730e
10,890

2%

10,000d

100%

99%

11%

11%

15%

b

Unless stated otherwise in the assumptions column, all the categories are consistent with [19]
[20]
c
The split of yard waste into leaves, grass, and branches is based on [21]
d
[22]
e
Average of heating value of textiles and leather

a

1,660

2,503

Rubber tires

Total MSW

9,460

11,002

1,633

2,649

2,649

Plastic –
nonrecyclable
Misc. organics

100.0%

98.9%

6.0%

6.0%

10.0%

77%
biogenic/
23% fossil

Fossil

50%
biogenic/
50% fossil
Biogenic

Biogenic

Fossil

Other products, other inorganics,
other nonferrous metals, durable
plastics

100% durable glass

100% clothing, 100% other
nondurables
100% rubber tires

100% carpets

WTE: Life Cycle Assessment Comparison to Landfilling
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applied due to ferrous recovery, and (5) emissions
associated with ash disposal [15].
LCI_WTEij ¼ LCI_Stackij
þ LCI_Limestoneij
þ LCI_Ammoniaij
 LCI_GridEmissionsij
 LCI_FeOffsetsij

þ LCI_Ashij for all i, j

(1)

where LCI_WTEij is the LCI emission factor for
pollutant i (g/Mg of waste item j); LCI_Stackij is
the controlled stack gas emissions for pollutant
i (g/Mg of waste item j); LCI_Limestoneij is the
allocated emissions of pollutant i from the production and use of limestone in the scrubbers
(g/Mg of waste item j); LCI_Ammoniaij is the
allocated emissions of pollutant i from the production and use of ammonia (g/Mg of waste item
j); LCI_GridEmissionsij is the allocated emissions
of pollutant i associated with the avoided utility
emissions (g/Mg of waste item j); LCI_FeOffsetsij
is the emission offset for pollutant i per Mg of
recycled ferrous material; and LCI_Ashij is the
emissions of pollutant i associated with the disposal of ash from WTE facility (g/Mg of waste
item j).
The magnitude of the emission factors is a function of heat rate (i.e., the amount of energy input
required to generate one kWh of electrical energy),
waste composition, and the pollutant removal efﬁciency of the APC system. The characteristics of
MSW assumed for this study are shown in Table 1.
The composition and amount of MSW determines
the total electricity generated, which affects the
total avoided emissions from the grid. Avoided
grid emissions are allocated based on the energy
content of the individual waste item. The emissions
remaining after APC treatment are allocated
equally among different waste categories. The
facility design assumptions are given in Table 2.
The CO2 emissions are calculated using a stoichiometric equation for combustion given the
quantity, moisture, and ultimate analysis of individual waste items. The emission rates for criteria

WTE: Life Cycle Assessment Comparison to
Landfilling, Table 2 Summary of major parameters
characterizing a combustion facility
Parameter
Lifetime
Capacity factor
Heat rate
Limestone usage in
the APCS
Ammonia usage in
the APCS
Ferrous ash recovery
rate
Unburned waste

Units
Years
Btu/kWh
Mg/Mg of
MSW
Mg/Mg of
MSW
%
%

Assumptions
20
0.91
18,000
0.007055
0.0015
90
5

air pollutants were calculated using ﬁeld level
stack gas concentrations (including the controls)
and resultant ﬂue gas volumes [15]. The performance data on WTE plants in the USA reveal that
all the facilities’ stack gas concentrations are well
below the regulatory limits [12]. The WTE LCI
model can use either the regulatory concentration
limits or average stack gas concentration limits to
calculate the emission factors. Table 3 presents
these input concentration limits. The results presented here are calculated using the regulatory
limits; however, sensitivity analysis is conducted
to demonstrate the effects of changes in concentration limits on emission factors.
The WTE LCI accounts for all energy and
material recovery activities. The model calculates
the total electricity generated per unit mass of
waste item based on the assumed heating value,
ash content of each waste item, and heat rate. The
electricity generated at the WTE facility is supplied to the grid to help meet baseload demand. As
a result, electricity generation from conventional
sources is avoided, leading to a proportional
decrease in emissions.
An LCI model for the electric sector was
developed to calculate emission factors per unit
electricity generated for a given US region or the
national grid. Each of the electric grid regions in
the North American Electric Reliability Council
(NERC), an average national grid, or a userdeﬁned grid can be deﬁned in the model through

WTE: Life Cycle Assessment Comparison to Landfilling
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WTE: Life Cycle Assessment Comparison to Landfilling, Table 3 Regulatory emission concentration limits and
average emissions concentrations in the stack gas of waste-to-energy facilities
Pollutants
SO2
HCl
NOx
CO
PM
Total dioxins/
furansa

Units
(ppmv @ 7% oxygen, dry)
(ppmv @ 7% oxygen, dry)
(ppmv @ 7% oxygen, dry)
(ppmv @ 7% oxygen, dry)
(mg/dscm @ 7% oxygen,
dry)
(ng/dscm @ 7% oxygen,
dry)

Regulatory emission
limitsb
30
25
150
100
24
13

Assumed average at WTE
facilitiesc
10
11
170
100
4.7
4.5

a

Total dioxins/furans are divided by 100 to yield Toxic Equivalent dioxins/furans
Ref: [12]
c
Ref: [23]
b

input of fuel mixes. The fuel mixes for NERC
regions and the national average are taken from
US EPA’s eGRID database [24] and presented in
Table 4. The model concurrently calculates emission factors for each of the electric generating
units (EGUs) running with various fuels, including coal, natural gas, oil, biomass, hydroelectric,
and nuclear. The factors include both the operating emissions with postcombustion APC system
and precombustion emissions including the
extraction, processing, and transportation of
fuel. The LCI data for each of the fuels running
the EGUs in the grid was obtained from NREL
LCI database [25–28]. The database reports
emissions associated with the extraction, processing, and transportation of fuel. These data
were reported on a unit mass of fuel bases
[25–28]; when converted to emissions per unit
of electricity generated, the magnitude of the
resultant emissions factor is inversely proportional to the efﬁciency of the power plant. The
efﬁciency of the EGUs and the corresponding
emission factors used in this analysis are presented in Table 5. The results of this analysis
include offsets for coal-ﬁred power plants in the
SERC regional grid. The SERC grid represents
27% of US electricity generation, and the fuel
mix in the SERC region roughly matches the fuel
mix of the US national average grid. The

emission factors for the SERC regional grid are
summarized in Table 6.
Most WTE facilities recover up to 90% of the
ferrous materials from the bottom ash. The
recycled ferrous material replaces iron ore and
other raw materials in the production of steel. As
a result, emissions due to steel manufacturing
from virgin materials are avoided. In terms of
greenhouse gas emissions, 1.05 Mg CO2e is
avoided per Mg of recycled ferrous material as
a result of recovery activities. The complete set
of LCI emissions are presented in Table 7.
The WTE LCI emission factors per Mg of
MSW item are summarized in Tables 8 and 9.
Table 8 presents the combustion-related emission
factors associated with WTE facilities. These factors exclude offsets associated with electricity
generation and ferrous recycling as well as the
burdens associated with the use of limestone and
ammonia in the facility. Table 9 presents the LCI
emissions from WTE facilities that include stack
gas emissions, emissions associated with limestone and ammonia production, and offsets associated with the electricity generation in coal fueled
EGUs in SERC region. Table 10 presents the
emissions associated with the disposal of ash
from the WTE facility. From these tables, the
LCI emission factors for WTE are derived using
Eq. 1.

Ref: [24]

NERC
region
ASCC
FRCC
HICC
MRO
NPCC
RFC
SERC
SPP
TRE
WECC
U.S.

Nameplate capacity
(MW)
2,010
59,453
2,593
53,418
79,230
245,899
288,160
61,500
89,456
186,027
1,067,746

Net generation
(GWh)
6,577
207,885
11,523
209,005
282,945
997,523
1,109,684
214,392
321,072
695,837
4,056,442
Coal
9.47
26.24
14.16
72.72
14.42
64.42
57.14
62.63
37.06
33.45
49.61

Oil
11.56
17.87
78.77
0.82
13.16
1.43
1.46
0.74
0.48
0.48
3.03

Gas
56.62
39.03
0.00
5.18
29.24
5.78
11.73
27.72
47.52
26.29
18.77

Other
fossil
0.00
0.64
1.65
0.21
1.06
0.73
0.42
0.20
1.24
0.44
0.60
Biomass
0.08
1.54
2.61
1.18
3.16
0.70
1.75
1.05
0.07
1.30
1.30

Hydro
22.26
0.01
0.83
4.07
11.70
0.61
3.27
2.58
0.31
24.66
6.50

Nuclear
0.00
13.83
0.00
13.98
27.22
26.22
24.17
4.11
11.91
10.09
19.28

WTE: Life Cycle Assessment Comparison to Landfilling, Table 4 Fuel mix on North American reliability council regions
Wind
0.01
0.00
0.06
1.79
0.04
0.07
0.00
0.85
1.24
1.08
0.44

Solar
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.08
0.01

Geothermal
0.00
0.00
1.92
0.00
0.00
0.00
0.00
0.00
0.00
2.08
0.36

Other
0.00
0.84
0.00
0.04
0.00
0.05
0.05
0.12
0.17
0.05
0.10
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WTE: Life Cycle Assessment Comparison to Landfilling, Table 5 LCI-based emission factors for conventional
power plants
Coal
System parameters
Efﬁciency
Criteria pollutants
CO
NOx
SOx
PM
PM-10
Other pollutants
HCl
Dioxins/furans
Ammonia
Hg
Greenhouse gases
CO2-biomass
CO2-fossil
CH4
CO2e

%

Natural gas

Oil

Nuclear

33

50

33

33

g/MWh
g/MWh
g/MWh
g/MWh
g/MWh

220
3,700
6,900
1,300

800
1,500
3,400
14

340
1,400
6,100
120

27
280
830
210

g/MWh
g/MWh
g/MWh
g/MWh

82

0

22

2

0.05

9.1

56

0.15

0.00
0.97
0.00
1

0.00
0.41
0.00
0.44

Mg/MWh
Mg/MWh
Mg/MWh
MTCO2E/MWh

0.00
0.88
0.00
0.89

0.00
0.03
0.00
0.03

Ref: [25–28]; The raw data on precombustion emission factors are collected on a unit mass of fuel; when converted on a
per unit electricity generated, the magnitude of resultant emissions depends on the efﬁciency of the power plant. To
provide transparency, the assumed efﬁciencies are provided along with the factors

Method to Generate Emission Factors per
MWh of Electricity Generated
The WTE LCI model also generates emission
factors per MWh of electricity generated using
the emission factors per Mg of waste item and
the energy content of the waste stream received
by the facility. The composition and quantity of
waste used in this analysis are summarized in
Table 1. The analysis assumes that the WTE facility receives the postrecycling fraction of the
MSW. The emissions per MWh of electricity generated are then calculated using the following
equation:
LCI_WTEi ¼

X 

trolled stack gas emissions for pollutant
i (g/Mg of waste item j); LCI_Limestoneij is
the allocated emissions of pollutant i from the
production and use of limestone in the scrubbers
(g/Mg of waste item j); LCI_Ammoniaij is the
allocated emissions of pollutant i from the production and use of ammonia (g/Mg of waste item
j); LCI_Ashij is the allocated emissions of pollutant i from the disposal of ash (g/Mg of waste
item j); Massj is the amount of each waste item
j processed in the facility (obtained from
Table 1); and Elec is the total electricity generated from MSW processed in the facility (MWh)
and calculated as follows:

LCI_Stackij

j

þ LCI_Limestoneij þ LCI_Ammoniaij
þ LCI_Ashij Þ  Massj g  Elec for all i (2)
where LCI_WTEi is the LCI emission factor for
pollutant i (g/MWh); LCI_Stackij is the con-

Elec ¼

X

HeatingValuej  Massj
j

lb
ton =HeartRate

kWh
1000
MWh



2000

(3)

508

WTE: Life Cycle Assessment Comparison to Landfilling

WTE: Life Cycle Assessment Comparison to Landfilling, Table 6 LCI-based emission factors for US grid and South
Eastern Reliability Council (SERC) region
Air emissions
PM10
Particulates (total)
Nitrogen oxides
Hydrocarbons (non-CH4)
Sulfur oxides
Carbon monoxide
CO2 (biomass)
CO2 (nonbiomass)
Ammonia
Lead
Methane
Hydrochloric acid
Waterborne emissions
Dissolved solids
Suspended solids
BOD
COD
Oil
Sulfuric acid
Iron
Ammonia
Copper
Cadmium
Arsenic
Mercury
Phosphate
Selenium
Chromium
Lead
Zinc
Solid waste
Energy

g/kWh
g/kWh
g/kWh
g/kWh
g/kWh
g/kWh
g/kWh
g/kWh
g/kWh
g/kWh
g/kWh
g/kWh

National
0.00E+00
7.02E01
2.43E+00
5.89E01
5.30E+00
4.10E01
6.52E+00
6.57E+02
4.52E03
2.94E05
1.44E+00
4.23E02

SERC
0.00E+00
7.88E01
2.46E+00
3.87E01
4.85E+00
3.46E01
8.70E+00
6.52E+02
2.65E03
2.77E05
1.44E+00
4.71E02

g/kWh
g/kWh
g/kWh
g/kWh
g/kWh
g/kWh
g/kWh
g/kWh
g/kWh
g/kWh
g/kWh
g/kWh
g/kWh
g/kWh
g/kWh
g/kWh
g/kWh
g/kWh
BTU/kWh

2.90E+00
4.07E01
2.94E03
4.10E02
5.12E02
5.21E03
3.16E02
3.97E04
0.00E+00
1.31E04
0.00E+00
1.03E08
2.60E03
0.00E+00
1.31E04
2.17E08
4.53E05
1.09E+02
10,772

1.90E+00
4.31E01
1.89E03
2.67E02
3.34E02
5.75E03
3.59E02
4.48E04
0.00E+00
8.61E05
0.00E+00
6.75E09
2.87E03
0.00E+00
8.61E05
9.56E09
2.96E05
1.20E+02
10,764

where HeatingValuej is the heating value of item
j (Btu/lb) and HeatRate is the thermal efﬁciency of
the WTE facility (Btu/kWh).
Method to Generate Emission Factors for
Landfill Gas to Energy
The total LCI emissions from landﬁlls are the
summation of the emissions resulting from (1) the
site preparation, operation and postclosure

operation of a landﬁll, (2) the decay of the waste
under anaerobic conditions, (3) the equipment utilized during landﬁll operations and landﬁll gas
management operations, (4) the production of diesel required to operate the vehicles at the site, and
(5) the treatment of leachate [17, 29]. The production of LFG was calculated using a ﬁrst order decay
equation for a time horizon of 100 years and the
measured methane yield from each individual

WTE: Life Cycle Assessment Comparison to Landfilling
WTE: Life Cycle Assessment Comparison to
Landfilling, Table 7 LCI emission offsets due to recovery and remanufacturing of ferrous metals from the bottom
ash in WTE plants
Air emissions
PM-10
PM
NOx
Hydro carbon
(non-CH4)
SOx
CO
CO2 biomass
CO2 fossil
Ammonia
Lead
Methane
Hydrochloric acid
Waterborne emissions
Dissolved solids
Suspended solids
BOD
COD
Oil
Sulfuric acid
Iron
Ammonia
Copper
Cadmium
Arsenic
Mercury
Phosphate
Selenium
Chromium
Lead
Zinc
Solid waste
Energy

g/Mg
g/Mg
g/Mg
g/Mg

Ferrous
metals
0.00E+00
4.99E+03
8.35E+02
4.88E+03

g/Mg
g/Mg
g/Mg
g/Mg
g/Mg
g/Mg
g/Mg
g/Mg

1.78E+03
1.22E+04
0.00E+00
1.03E+06
0.00E+00
6.90E01
8.56E+02
1.80E+01

g/Mg
g/Mg
g/Mg
g/Mg
g/Mg
g/Mg
g/Mg
g/Mg
g/Mg
g/Mg
g/Mg
g/Mg
g/Mg
g/Mg
g/Mg
g/Mg
g/Mg
g/Mg
MBTU/
Mg

5.84E+02
2.22E+02
0.00E+00
0.00E+00
5.15E+00
0.00E+00
0.00E+00
5.07E+01
0.00E+00
0.00E+00
0.00E+00
0.00E+00
2.64E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
2.53E+05
1.89E+02

Negative values indicate the magnitude of emission
avoided due to remanufacturing activities

waste component [17, 30]. The LCI model also
requires the quantity and composition of the
waste disposed, LFG collection efﬁciency
(Table 11), annual LFG management schedule,
oxidation rate (15%), emission factors for
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combustion by-products from LFG control
devices, and the emission factors for equipment
used on site during the site preparation and operation of a landﬁll. The LFG collection efﬁciency can
be varied annually. The emission factors are calculated under the following scenario assumptions:
1. A regional landﬁll subject to CAA is
considered.
2. A single cell in the regional landﬁll is
modeled.
3. Waste is initially placed in the new cell in
year 0.
4. The landﬁll already has a LFG collection
network in place.
5. An ICE is utilized to generate electricity.
6. The ofﬂine time that is required for the
routine maintenance of the ICE is not considered.
7. The LFG control devices are assumed to
have a lifetime of 15 years.
8. The LFG will be collected and controlled
until year 65. This assumption is based on a typical landﬁll with an average operating lifetime of
20 years in which LFG production decreases signiﬁcantly after about 60 years from initial waste
placement. The LFG production is based on the
use of a ﬁrst-order decay equation.
In practice, the timing of LFG-related operations
such as the installation of the gas capture system,
start of gas capture, and the installation of energy
recovery equipment exhibits signiﬁcant variation
that will inﬂuence the total emissions from an individual landﬁll. To capture these variations, several
different LFG management schemes were tested.
An average or typical LFG management scheme
would vary signiﬁcantly from one location to
another. Kaplan et al. (2009) enlists a variety of
scenarios for comparison [32]. Here, the WTE LCI
emission factors were compared in detail against
three LFG LCI scenarios, and the sensitivities
around various operational assumptions are
accounted and presented as lower and upper
bounds. The ﬁrst scenario assumes 100% venting
of LFG for the entire life of the landﬁll. The second
assumes venting of the LFG for the ﬁrst 4 years and
then ﬂaring of the LFG until year 65. The third
scenario represents an LFG energy recovery scenario: the LFG is vented for the ﬁrst 4 years
followed by the installation of an LFG collection

Leaves
Grass
Branches
Old newsprint
Old corr. cardboard
Ofﬁce paper
Phone books
Books
Old magazines
3rd class mail
Mixed paper
HDPE
PET
Mixed plastic
Ferrous cans
Ferrous metal – other
Aluminum cans
Aluminum – other #1
Glass
Paper – nonrecyclable
Food waste
CCCN other -wood
Plastic – nonrecyclable
Misc. organics
CCNN other – rubber
Ferrous – nonrecyclable
Al – non-recyclable
Glass – nonrecyclable
Misc. inorganics

Biomass CO2
6.44E+05
5.89E+05
6.44E+05
1.58E+06
1.47E+06
1.24E+06
1.51E+06
1.44E+06
8.59E+05
1.05E+06
1.23E+06
0.00E+00
0.00E+00
0.00E+00
4.79E+04
4.79E+04
4.84E+04
4.84E+04
1.70E+04
1.24E+06
5.04E+05
4.98E+05
0.00E+00
1.34E+06
1.34E+06
4.79E+04
4.84E+04
1.70E+04
0.00E+00
Fossil CO2
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
2.91E+06
2.12E+06
2.73E+06
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
2.73E+06
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00

SO2
2.20E+02
2.04E+02
2.20E+02
5.19E+02
4.82E+02
4.20E+02
4.99E+02
4.79E+02
2.88E+02
3.65E+02
4.18E+02
1.27E+03
6.64E+02
1.11E+03
1.56E+01
1.56E+01
1.57E+01
1.57E+01
6.69E+00
4.20E+02
1.79E+02
1.77E+02
1.11E+03
4.67E+02
4.67E+02
1.56E+01
1.57E+01
6.69E+00
0.00E+00

HCl
1.04E+02
9.74E+01
1.04E+02
2.48E+02
2.29E+02
1.99E+02
2.38E+02
2.28E+02
1.37E+02
1.73E+02
1.99E+02
6.04E+02
3.16E+02
5.24E+02
7.39E+00
7.39E+00
7.49E+00
7.49E+00
3.19E+00
1.99E+02
8.49E+01
8.39E+01
5.24E+02
2.22E+02
2.22E+02
7.39E+00
7.49E+00
3.19E+00
0.00E+00

NOx
5.14E+02
4.79E+02
5.14E+02
1.22E+03
1.13E+03
9.84E+02
1.17E+03
1.12E+03
6.74E+02
8.54E+02
9.79E+02
2.98E+03
1.56E+03
2.60E+03
3.65E+01
3.65E+01
3.69E+01
3.69E+01
1.57E+01
9.84E+02
4.19E+02
4.15E+02
2.60E+03
1.09E+03
1.09E+03
3.65E+01
3.69E+01
1.57E+01
0.00E+00

Dioxins/furans
3.34E05
3.10E05
3.34E05
7.89E05
7.34E05
6.34E05
7.59E05
7.29E05
4.37E05
5.54E05
6.34E05
1.93E04
1.01E04
1.68E04
2.36E06
2.36E06
2.38E06
2.38E06
1.02E06
6.34E05
2.71E05
2.69E05
1.68E04
7.09E05
7.09E05
2.36E06
2.38E06
1.02E06
0.00E+00

CO
3.21E+02
2.98E+02
3.21E+02
7.59E+02
7.04E+02
6.09E+02
7.29E+02
6.99E+02
4.20E+02
5.34E+02
6.09E+02
1.86E+03
9.69E+02
1.61E+03
2.27E+01
2.27E+01
2.29E+01
2.29E+01
9.79E+00
6.09E+02
2.61E+02
2.58E+02
1.61E+03
6.79E+02
6.79E+02
2.27E+01
2.29E+01
9.79E+00
0.00E+00

Total PM
6.14E+01
5.74E+01
6.14E+01
1.46E+02
1.35E+02
1.17E+02
1.40E+02
1.34E+02
8.09E+01
1.02E+02
1.17E+02
3.57E+02
1.86E+02
3.10E+02
4.36E+00
4.36E+00
4.40E+00
4.40E+00
1.88E+00
1.17E+02
4.99E+01
4.95E+01
3.10E+02
1.31E+02
1.31E+02
4.36E+00
4.40E+00
1.88E+00
0.00E+00

Methane
1.50E+00
1.50E+00
1.50E+00
1.50E+00
1.50E+00
1.50E+00
1.50E+00
1.50E+00
1.50E+00
1.50E+00
1.50E+00
1.50E+00
1.50E+00
1.50E+00
1.50E+00
1.50E+00
1.50E+00
1.50E+00
1.50E+00
1.50E+00
1.50E+00
1.50E+00
1.50E+00
1.50E+00
1.50E+00
1.50E+00
1.50E+00
1.50E+00
1.50E+00

WTE: Life Cycle Assessment Comparison to Landfilling, Table 8 LCI emissions from WTE (controlled emissions only) (g pollutant/Mg of waste component)
CO2e
3.75E+01
3.75E+01
3.75E+01
3.75E+01
3.75E+01
3.75E+01
3.75E+01
3.75E+01
3.75E+01
3.75E+01
3.75E+01
2.91E+06
2.12E+06
2.73E+06
3.75E+01
3.75E+01
3.75E+01
3.75E+01
3.75E+01
3.75E+01
3.75E+01
3.75E+01
2.73E+06
3.75E+01
3.75E+01
3.75E+01
3.75E+01
3.75E+01
3.75E+01
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Leaves
Grass
Branches
Old newsprint
Old corr. cardboard
Ofﬁce paper
Phone books
Books
Old magazines
3rd class mail
Mixed paper
HDPE
PET
Mixed plastic
Ferrous cans
Ferrous metal – other
Aluminum cans
Aluminum – other #1
Glass
Paper – nonrecyclable
Food waste
CCCN other -wood
Plastic – nonrecyclable
Misc. organics
CCNN other – rubber
Ferrous – nonrecyclable
Al - nonrecyclable
Glass - nonrecyclable
Misc. inorganics

6.44E+05
5.89E+05
6.44E+05
1.58E+06
1.47E+06
1.24E+06
1.51E+06
1.44E+06
8.59E+05
1.05E+06
1.23E+06
3.05E+02
3.05E+02
2.30E+02
4.79E+04
4.79E+04
4.84E+04
4.84E+04
1.70E+04
1.24E+06
5.04E+05
4.98E+05
1.63E+02
1.34E+06
1.34E+06
4.79E+04
4.84E+04
1.70E+04
3.35E01

2.97E+05
2.97E+05
7.74E+05
8.79E+05
8.04E+05
7.34E+05
7.29E+05
7.29E+05
6.24E+05
7.04E+05
7.89E+05
7.19E+05
6.89E+04
1.08E+06
2.64E+04
8.99E+03
8.99E+03
8.99E+03
8.79E+02
7.54E+05
2.03E+05
7.74E+05
1.56E+06
8.99E+05
1.27E+06
8.99E+03
8.99E+03
8.99E+03
8.99E+03

Biomass CO2 Fossil CO2
1.92E+03
1.94E+03
5.29E+03
5.74E+03
5.24E+03
4.82E+03
4.68E+03
4.70E+03
4.18E+03
4.67E+03
5.24E+03
1.43E+04
1.49E+04
1.06E+04
2.10E+02
4.13E+01
4.15E+01
4.15E+01
3.76E+01
4.94E+03
1.29E+03
5.34E+03
7.19E+03
5.94E+03
8.59E+03
4.13E+01
4.15E+01
3.24E+01
2.57E+01

SO2
7.89E+01
7.14E+01
3.90E+01
1.73E+02
1.61E+02
1.37E+02
1.76E+02
1.66E+02
8.39E+01
1.13E+02
1.31E+02
4.21E+02
1.32E+02
3.87E+02
4.42E+00
7.39E+00
7.49E+00
7.49E+00
2.36E+00
1.35E+02
6.74E+01
1.86E+01
4.28E+02
1.46E+02
1.14E+02
7.39E+00
7.49E+00
3.19E+00
8.29E06

HCl
6.29E+02
6.64E+02
2.42E+03
2.11E+03
1.91E+03
1.80E+03
1.59E+03
1.63E+03
1.70E+03
1.83E+03
2.02E+03
5.29E+03
6.69E+03
3.64E+03
8.79E+01
4.56E+01
4.60E+01
4.60E+01
1.23E+01
1.87E+03
3.68E+02
2.52E+03
1.83E+03
2.32E+03
3.72E+03
4.56E+01
4.60E+01
2.49E+01
9.14E+00

NOx
3.34E05
3.10E05
3.34E05
7.89E05
7.34E05
6.34E05
7.59E05
7.29E05
4.37E05
5.54E05
6.34E05
1.93E04
1.01E04
1.68E04
2.36E06
2.36E06
2.38E06
2.38E06
1.02E06
6.34E05
2.71E05
2.69E05
1.68E04
7.09E05
7.09E05
2.36E06
2.38E06
1.02E06
0.00E+00

2.55E+02
2.33E+02
1.49E+02
5.64E+02
5.24E+02
4.49E+02
5.69E+02
5.39E+02
2.82E+02
3.76E+02
4.34E+02
1.37E+03
4.84E+02
1.25E+03
1.73E+01
2.52E+01
2.54E+01
2.54E+01
1.00E+01
4.45E+02
2.16E+02
8.69E+01
1.35E+03
4.81E+02
3.99E+02
2.52E+01
2.54E+01
1.22E+01
2.47E+00

Dioxins/furans CO
3.26E+02
3.31E+02
9.59E+02
1.01E+03
9.24E+02
8.49E+02
8.19E+02
8.24E+02
7.44E+02
8.29E+02
9.29E+02
2.55E+03
2.72E+03
1.88E+03
2.37E+01
2.34E+01
2.34E+01
2.34E+01
7.79E+00
8.74E+02
2.12E+02
9.69E+02
1.23E+03
1.06E+03
1.55E+03
2.34E+01
2.34E+01
2.09E+01
1.90E+01

Total PM
6.59E+02
6.59E+02
1.70E+03
1.93E+03
1.76E+03
1.61E+03
1.59E+03
1.59E+03
1.37E+03
1.55E+03
1.74E+03
4.79E+03
4.79E+03
3.61E+03
6.89E+01
8.19E+00
8.19E+00
8.19E+00
1.34E+01
1.65E+03
4.53E+02
1.70E+03
2.56E+03
1.98E+03
2.79E+03
8.19E+00
8.19E+00
8.19E+00
8.19E+00

Methane
1.43E-02
1.43E-02
3.88E-02
4.42E-02
4.03E-02
3.68E-02
3.64E02
3.64E02
3.12E02
3.54E02
3.97E02
1.12E-01
1.12E01
8.39E02
4.12E04
1.41E03
1.41E03
1.41E03
8.99E04
3.77E02
9.44E-03
3.88E-02
5.89E-02
4.53E-02
6.44E-02
1.41E03
1.41E03
1.41E03
1.41E03

Ammonia

1.49E+01
1.49E+01
4.14E+01
4.72E+01
4.30E+01
3.92E+01
3.88E+01
3.88E+01
3.32E+01
3.77E+01
4.24E+01
1.20E+02
1.20E+02
8.99E+01
1.10E01
2.08E+00
2.08E+00
2.08E+00
1.53E+00
4.02E+01
9.69E+00
4.14E+01
6.34E+01
4.85E+01
6.89E+01
2.08E+00
2.08E+00
2.08E+00
2.08E+00

Hydro
carbons

3.14E+05
3.14E+05
8.17E+05
9.27E+05
8.48E+05
7.74E+05
7.69E+05
7.69E+05
6.59E+05
7.43E+05
8.33E+05
5.99E+05
1.89E+05
9.89E+05
2.81E+04
9.19E+03
9.19E+03
9.19E+03
1.21E+03
7.95E+05
2.14E+05
8.17E+05
1.50E+06
9.48E+05
1.34E+06
9.19E+03
9.19E+03
9.19E+03
9.19E+03

CO2e
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Biomass CO2
Leaves
4.07E01
Grass
4.07E01
Branches
4.07E01
Old newsprint
6.14E01
Old corr. cardboard
6.20E01
Ofﬁce paper
6.14E01
Phone books
6.14E01
Books
6.14E01
Old magazines
6.14E01
3rd class mail
6.14E01
Mixed paper
6.14E01
HDPE
6.38E01
PET
6.38E01
Mixed plastic
6.38E01
Ferrous cans
6.32E01
Ferrous metal – Other 6.32E01
Aluminum cans
6.38E01
Aluminum – other #1 6.38E01
Glass
6.38E01
Paper – nonrecyclable 6.14E01
Food waste
3.83E01
CCCN other –wood
3.83E01
Plastic – nonrecyclable 6.38E01
Misc. organics
5.43E01
CCNN other – Rubber 5.43E01
Ferrous –
6.32E01
nonrecyclable
Al – nonrecyclable
6.38E01
Glass – nonrecyclable 6.38E01
Misc. inorganics
5.43E01
SO2
4.11E+00
4.11E+00
4.11E+00
6.20E+00
6.26E+00
6.20E+00
6.20E+00
6.20E+00
6.20E+00
6.20E+00
6.20E+00
6.44E+00
6.44E+00
6.44E+00
6.38E+00
6.38E+00
6.44E+00
6.44E+00
6.44E+00
6.20E+00
3.87E+00
3.87E+00
6.44E+00
5.48E+00
5.48E+00
6.38E+00
6.44E+00
6.44E+00
5.48E+00

Fossil CO2
1.73E+03
1.73E+03
1.73E+03
2.60E+03
2.63E+03
2.60E+03
2.60E+03
2.60E+03
2.60E+03
2.60E+03
2.60E+03
2.71E+03
2.71E+03
2.71E+03
2.68E+03
2.68E+03
2.71E+03
2.71E+03
2.71E+03
2.60E+03
1.62E+03
1.62E+03
2.71E+03
2.30E+03
2.30E+03
2.68E+03

2.71E+03
2.71E+03
2.30E+03

3.23E03
3.23E03
2.75E03

HCl
2.06E03
2.06E03
2.06E03
3.11E03
3.14E03
3.11E03
3.11E03
3.11E03
3.11E03
3.11E03
3.11E03
3.23E03
3.23E03
3.23E03
3.20E03
3.20E03
3.23E03
3.23E03
3.23E03
3.11E03
1.94E03
1.94E03
3.23E03
2.75E03
2.75E03
3.20E03
3.79E+01
3.79E+01
3.22E+01

Nox
2.42E+01
2.42E+01
2.42E+01
3.65E+01
3.68E+01
3.65E+01
3.65E+01
3.65E+01
3.65E+01
3.65E+01
3.65E+01
3.79E+01
3.79E+01
3.79E+01
3.75E+01
3.75E+01
3.79E+01
3.79E+01
3.79E+01
3.65E+01
2.27E+01
2.27E+01
3.79E+01
3.22E+01
3.22E+01
3.75E+01
1.28E+01
1.28E+01
1.09E+01

CO
8.19E+00
8.19E+00
8.19E+00
1.24E+01
1.25E+01
1.24E+01
1.24E+01
1.24E+01
1.24E+01
1.24E+01
1.24E+01
1.28E+01
1.28E+01
1.28E+01
1.27E+01
1.27E+01
1.28E+01
1.28E+01
1.28E+01
1.24E+01
7.71E+00
7.71E+00
1.28E+01
1.09E+01
1.09E+01
1.27E+01
3.48E+00
3.48E+00
2.96E+00

Total PM
2.22E+00
2.22E+00
2.22E+00
3.35E+00
3.38E+00
3.35E+00
3.35E+00
3.35E+00
3.35E+00
3.35E+00
3.35E+00
3.48E+00
3.48E+00
3.48E+00
3.44E+00
3.44E+00
3.48E+00
3.48E+00
3.48E+00
3.35E+00
2.09E+00
2.09E+00
3.48E+00
2.96E+00
2.96E+00
3.44E+00

Ammonia
2.67E03
2.67E03
2.67E03
4.03E03
4.07E03
4.03E03
4.03E03
4.03E03
4.03E03
4.03E03
4.03E03
4.19E03
4.19E03
4.19E03
4.15E03
4.15E03
4.19E03
4.19E03
4.19E03
4.03E03
2.51E03
2.51E03
4.19E03
3.56E03
3.56E03
4.15E03

Hydrocarbons
6.18E+00
6.18E+00
6.18E+00
9.32E+00
9.41E+00
9.32E+00
9.32E+00
9.32E+00
9.32E+00
9.32E+00
9.32E+00
9.69E+00
9.69E+00
9.69E+00
9.60E+00
9.60E+00
9.69E+00
9.69E+00
9.69E+00
9.32E+00
5.81E+00
5.81E+00
9.69E+00
8.24E+00
8.24E+00
9.60E+00
4.80E01 4.19E03 9.69E+00
4.80E01 4.19E03 9.69E+00
4.08E01 3.56E03 8.24E+00

Methane
3.06E01
3.06E01
3.06E-01
4.62E01
4.66E01
4.62E01
4.62E01
4.62E01
4.62E01
4.62E01
4.62E01
4.80E01
4.80E01
4.80E01
4.75E01
4.75E01
4.80E01
4.80E01
4.80E01
4.62E01
2.88E01
2.88E01
4.80E01
4.08E01
4.08E01
4.75E01

WTE: Life Cycle Assessment Comparison to Landfilling, Table 10 Emission factors for ash landfill (g pollutant/Mg of waste component)

2.72E+03
2.72E+03
2.31E+03

CO2e
1.73E+03
1.73E+03
1.73E+03
2.62E+03
2.64E+03
2.62E+03
2.62E+03
2.62E+03
2.62E+03
2.62E+03
2.62E+03
2.72E+03
2.72E+03
2.72E+03
2.69E+03
2.69E+03
2.72E+03
2.72E+03
2.72E+03
2.62E+03
1.63E+03
1.63E+03
2.72E+03
2.31E+03
2.31E+03
2.69E+03
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WTE: Life Cycle Assessment Comparison to
Landfilling, Table 11 Inputs to landfill process model
During
Venting
1st year of gas
collectiona
2nd year of gas
collection
3rd year and on of
gas collection

LFG collection
system efﬁciencyb
0%
50%

Oxidation
rate
15%
15%

70%

15%

80%

15%

a

Gas collection can start anytime during the operation of
the landﬁll. In this analysis, two scenarios were considered.
In the ﬁrst scenario, gas collection starts at the second year
of the operation, and in the second one, the gas collection
starts at the fourth year of the operation
b
We assumed efﬁciency of the collection system based on
the year of the operation and the ranges stated in [31]

system in the landﬁll. The recovered LFG is ﬂared
for 2 years, and subsequently combusted in an ICE
for electricity generation for 30 years, then ﬂared
until year 65. In practice, this energy recovery
period could last anywhere from 10 to 60 years.
The extent of this time period depends on the site
characteristics such as ﬂow rate and the quality of
the captured methane gas, regional climate, and
economic feasibility. Table 12 presents the LCI
emission factors per Mg of MSW components for
LFGTE case with 30 years of electricity generation
through the use of an ICE. These emission factors
include offsets associated with generation of electricity from coal powered EGUs in SERC region.
Results and Discussion
The LCI emission factors for WTE were generated on a per Mg of MSW item and compared to
LCI emission factors for LFGTE scenarios.
Table 13 summarizes the CO2e emission factors
for major waste items such as paper, yard waste,
and plastics sent to either WTE or LFGTE. The
CO2e emission factors for WTE include all the
components presented in Eq. 1. All of the biogenic waste items such as grass, leaves, cardboard, and food waste result in avoided
emissions when combusted in a WTE facility.
When biogenic items are disposed in landﬁlls –
even with energy recovery – the CO2e emission
factors for those items are higher than the factors
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for fossil-based waste items such as plastics. This
is mainly due to the fact that organic materials
decompose in the landﬁll under anaerobic conditions, which results in methane emissions. Plastics, on the other hand, do not decompose in
landﬁlls. However, their higher carbon content
translates to a higher energy content per unit
mass, which results in higher CO2e emissions
when combusted in a WTE facility. The average
composition of MSW as discarded by weight was
calculated to be 77% biogenic- and 23% fossilbased [19]. Based on the average composition of
discarded MSW presented in Table 1, average
CO2e factors were calculated. A WTE facility
receiving the discarded portion of MSW resulted
in avoided or negative emissions of 345 kg CO2e
per ton of MSW, whereas the emissions from
LFGTE was 219 kg of CO2e per ton of MSW,
which includes the electricity generation offsets.
When waste is buried in a landﬁll, some of the
biogenic material does not degrade and this material is said to be stored. While carbon storage was
not included in this analysis, it could have a signiﬁcant impact on the results. For example, Staley
and Barlaz (2009) report carbon storage factors of
about 0.13 kg C per kg dry refuse [33]. At a
moisture content of 20%, this translates to
381 kg CO2e/Mg of wet refuse. This value
would be subtracted from the landﬁll LCI result
of 219 kg of CO2e per Mg of MSW to obtain LCI
emission factors that accounts for the carbon
sequestration.
The LCI emissions were calculated per MWh
of electricity generated and compared to the LCIbased emission factors for LFGTE. A parametric
sensitivity analysis was conducted on the LCI
emission factors to establish lower and upper
bounds. We hypothesize that the variations in the
MSW composition and electricity thermal efﬁciency of the WTE facility could have signiﬁcant
effects on the LCI emission factors. The sensitivity of emission factors to biogenic- vs. fossilbased waste fraction was also determined. Two
compositions (one with 100% biogenic-based
waste and another with 100% fossil-based waste)
were used to generate the emission factors. In
addition, the thermal efﬁciency of the WTE facility was varied from 15% to 30%. A summary of

Biomass CO2
Leaves
4.39E+04
Grass
1.93E+05
Branches
8.99E+04
Old newsprint
2.51E+05
Old corr. cardboard
5.19E+05
Ofﬁce paper
7.33E+05
Phone books
2.51E+05
Books
7.33E+05
Old magazines
2.85E+05
3rd class mail
5.09E+05
Mixed paper
3.50E+05
HDPE
1.05E+00
PET
1.05E+00
Mixed plastic
1.05E+00
Ferrous cans
1.05E+00
Ferrous metal – other 1.05E+00
Aluminum cans
1.05E+00
Aluminum – other #1 1.05E+00
Glass
1.05E+00
Paper – nonrecyclable 3.50E+05
Food waste
3.20E+05
CCCN other -wood
1.05E+00
Plastic – nonrecyclable 1.05E+00
Misc. organics
1.05E+00
CCNN other – Rubber 1.05E+00
Ferrous –
1.05E+00
nonrecyclable
Al – non-recyclable
1.05E+00
Glass – nonrecyclable 1.05E+00
Misc. inorganics
1.05E+00
SO2
9.18E+01
4.77E+02
1.99E+02
5.74E+02
1.20E+03
1.70E+03
5.74E+02
1.70E+03
6.54E+02
1.18E+03
8.06E+02
1.07E+01
1.07E+01
1.07E+01
1.07E+01
1.07E+01
1.07E+01
1.07E+01
1.07E+01
8.06E+02
7.98E+02
1.07E+01
1.07E+01
1.07E+01
1.07E+01
1.07E+01
1.07E+01
1.07E+01
1.07E+01

Fossil CO2
1.04E+04
6.52E+04
2.57E+04
7.92E+04
1.69E+05
2.40E+05
7.92E+04
2.40E+05
9.05E+04
1.65E+05
1.12E+05
4.26E+03
4.26E+03
4.26E+03
4.26E+03
4.26E+03
4.26E+03
4.26E+03
4.26E+03
1.12E+05
1.11E+05
4.26E+03
4.26E+03
4.26E+03
4.26E+03
4.26E+03

4.26E+03
4.26E+03
4.26E+03

7.67E03
7.67E03
7.67E03

HCl
6.80E01
3.66E+00
1.40E+00
3.91E+00
8.12E+00
1.15E+01
3.91E+00
1.15E+01
4.45E+00
7.95E+00
5.46E+00
7.67E03
7.67E03
7.67E03
7.67E03
7.67E03
7.67E03
7.67E03
7.67E03
5.46E+00
6.07E+00
7.67E03
7.67E–03
7.67E03
7.67E03
7.67E03
5.98E+01
5.98E+01
5.98E+01

Nox
2.54E+01
1.07E+02
1.05E+01
1.36E+02
3.46E+02
5.13E+02
1.36E+02
5.13E+02
1.63E+02
3.38E+02
2.14E+02
5.98E+01
5.98E+01
5.98E+01
5.98E+01
5.98E+01
5.98E+01
5.98E+01
5.98E+01
2.14E+02
2.17E+02
5.98E+01
5.98E+01
5.98E+01
5.98E+01
5.98E+01

Total PM
1.00E+01
6.86E+01
2.60E+01
8.19E+01
1.75E+02
2.49E+02
8.19E+01
2.49E+02
9.37E+01
1.72E+02
1.16E+02
5.21E+00
5.21E+00
5.21E+00
5.21E+00
5.21E+00
5.21E+00
5.21E+00
5.21E+00
1.16E+02
1.17E+02
5.21E+00
5.21E+00
5.21E+00
5.21E+00
5.21E+00
2.21E+01 5.21E+00
2.21E+01 5.21E+00
2.21E+01 5.21E+00

CO
8.34E+01
2.53E+02
1.47E+02
3.72E+02
7.46E+02
1.04E+03
3.72E+02
1.04E+03
4.19E+02
7.32E+02
5.10E+02
2.21E+01
2.21E+01
2.21E+01
2.21E+01
2.21E+01
2.21E+01
2.21E+01
2.21E+01
5.10E+02
4.05E+02
2.21E+01
2.21E+01
2.21E+01
2.21E+01
2.21E+01

Ammonia
1.06E02
2.30E02
1.44E02
2.79E02
5.04E02
6.83E02
2.79E02
6.83E02
3.07E02
4.95E02
3.62E02
6.88E03
6.88E03
6.88E03
6.88E03
6.88E03
6.88E03
6.88E03
6.88E03
3.62E02
3.36E02
6.88E03
6.88E03
6.88E03
6.88E03
6.88E03

Hydro carbons
1.43E+01
1.33E+01
1.41E+01
1.33E+01
1.19E+01
1.09E+01
1.33E+01
1.09E+01
1.31E+01
1.20E+01
1.28E+01
1.45E+01
1.45E+01
1.45E+01
1.45E+01
1.45E+01
1.45E+01
1.45E+01
1.45E+01
1.28E+01
1.25E+01
1.45E+01
1.45E+01
1.45E+01
1.45E+01
1.45E+01
8.42E01 6.88E03 1.45E+01
8.42E01 6.88E03 1.45E+01
8.42E01 6.88E03 1.45E+01

Methane
2.59E+03
1.39E+04
5.30E+03
1.48E+04
3.06E+04
4.32E+04
1.48E+04
4.32E+04
1.68E+04
3.00E+04
2.06E+04
8.42E01
8.42E01
8.42E01
8.42E01
8.42E01
8.42E01
8.42E01
8.42E01
2.06E+04
2.30E+04
8.42E–01
8.42E01
8.42E01
8.42E01
8.42E01

WTE: Life Cycle Assessment Comparison to Landfilling, Table 12 Landfill emission factors (g pollutant/Mg of waste component)

4.28E+03
4.28E+03
4.28E+03

CO2e
5.44E+04
2.82E+05
1.07E+05
2.90E+05
5.97E+05
8.41E+05
2.90E+05
8.41E+05
3.29E+05
5.85E+05
4.04E+05
4.28E+03
4.28E+03
4.28E+03
4.28E+03
4.28E+03
4.28E+03
4.28E+03
4.28E+03
4.04E+05
4.65E+05
4.28E+03
4.28E+03
4.28E+03
4.28E+03
4.28E+03
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WTE: Life Cycle Assessment Comparison to
Landfilling, Table 13 Comparison of LCI emission factors in kg of CO2e per Mg of selected major MSW items
and average MSW as received by the WTE facility and
landfill with energy recovery
Leaves
Grass
Cardboard
Ofﬁce paper
HDPE
PET
Mixed plastic
Food
MSW

WTE
312
312
846
772
602
186
991
212
345

LFGTE
54
282
597
841
4
4
4
465
219

this analysis is presented in Table 14. For LFG
scenarios, the LCI emission factors were varied by
changing oxidation rates and analyzing various
LFG management scenarios. The results of this
analysis are presented in the ﬁgures as lower and
upper bounds; however, for more details on the
assumptions, the reader should refer to Kaplan
et al. [5]. The LCI emission factors for the conventional EGUs are recalculated while varying the
thermal efﬁciencies. The lower and upper bounds
on the LCI emission factors are established.
Figure 1 presents the emission factors for total
CO2e per MWh of electricity generated for landﬁlls, WTE, coal, natural gas, oil, and nuclear
power plants. The WTE scenarios result in less
CO2e emissions than the LFG scenarios. The
vented methane in the early years of the landﬁll
operation is the main contributor to the higher
CO2e emissions. The CO2e emissions from
WTE ranged from 0.02 Mg of CO2e/MWh to
1.5 Mg of CO2e/MWh, where the low end of
the range represents high efﬁciency and MSW
composition with 100% biogenic waste while the
high end of the range represents emission factors
calculated using MSW composition consisting of
100% fossil based waste items. However, the
CO2e emissions from WTE – even the ones
based on 100% fossil-based waste – are still
lower than the most aggressive LFGTE scenario
whose CO2e emissions are 2.3 Mg of CO2e/
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MWh. Figure 2 provides a closer look at the
CO2e emission factors for WTE and conventional EGUs and distinguishes between precombustion and combustion-related emissions.
The average CO2e emissions for WTE are
0.56 Mg of CO2e/MWh, resulting in lower emissions than coal and oil; however, natural gas and
nuclear still have lower greenhouse gas emissions than WTE.
SOx emissions from WTE facilities occur during the combustion process and are controlled via
wet or dry scrubbers. The use of LFG control
during operation, closure, and postclosure of
the landﬁll as well as the treatment of leachate
contributes to the SOx emissions from landﬁlls.
Figure 3 presents SOx emission factors for WTE,
LFG scenarios, and conventional EGUs. Overall,
the SOx emissions resulting from the LFGTE and
WTE alternatives are approximately ten times
lower than the SOx emissions resulting from
coal- and oil-ﬁred power plants with ﬂue gas
controls. The SOx emissions for WTE ranged
from 140 to 730 g/MWh, and for LFGTE it
ranged from 430 to 900 g/MWh. In a coal-ﬁred
power plant, average SOx emissions were
6,900 g/MWh. Note that the majority of the
SOx emissions from natural gas are attributed to
processing of natural gas rather than the combustion of the natural gas for electricity generating
purposes.
During the combustion process, NOx emissions result from two different oxidation mechanisms. First, a reaction referred to as “thermal
NOx” occurs between nitrogen in the combustion
air and excess oxygen at elevated temperatures.
A second reaction referred to as “fuel NOx” represents the oxidation of nitrogen that is chemically
bound in the fuel. For most coal-ﬁred EGUs,
thermal NOx typically represents about 25%, and
fuel NOx represents about 75% of the total NOx
formed. Figure 4 presents NOx emission factors
for WTE, LFGTE, and conventional EGUs. The
NOx emissions for WTE alternatives ranged from
810 to 1,800 g/MWh, and for LFGTE, it ranged
from 2,100 to 3,000 g/MWh. In a coal-ﬁred power
plant, average NOx emissions are 3,700 g/MWh.
The emission factors for other criteria pollutants
are also calculated. Besides CO and HCl
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WTE: Life Cycle Assessment Comparison to
Landfilling, Table 14 Emission factors (g pollutant/
MWh) and sensitivity of emission factors for WTE to

plant efficiency, waste composition, and remanufacturing
benefits of steel recovery

Sensitivity on
Baseline
factors
Input parameters varieda
Heat rate
BTU/kWh
Thermal
efﬁciency
Composition

%

Stack gas
limits
Steel
recovery
Results: criteria pollutants
CO
g/MWh
g/MWh
NOx
SOx
g/MWh
PM
g/MWh
HCl
g/MWh
Dioxins/
g/MWh
furans
Ammonia
g/MWh
Hg

g/MWh

Results: greenhouse gases
Mg/MWh
CO2biogenic
Mg/MWh
CO2-fossil
CH4
Mg/MWh
CO2e

Waste composition

Ferrous metal
recovery

18,000

18,000

18,000

18,000

19

[11,000,
23,000]
[15, 30]

19

19

19

19

Default

Default

All fossil

Default

Default

Reg/Avg

All
biogenic
Reg

Reg

Reg

Avg

Excludes

Excludes

Excludes

Includes

Includes

790
1,500
221
60
110
2.8E05
3.8E03
5.0E02

[500,1000]
[810, 1800]
[140, 730]
[38, 230]
[71, 320]
[1.8E-05,
1.0E-04]
[2.4E-03,
4.8E-03]
[3.2E-02,
6.4E-02]

740
1,200
550
180
240
7.6E-05

880
1,400
620
190
280
9.1E-05

110
1,200
450
190
260
8.1E-05

110
1,400
90
310
110
2.8E-05

4.4E-03

2.7E-03

3.8E-03

3.8E-03

6.5E-02

2.7E-02

5.0E-02

5.0E-02

0.91

0.91

[0.58, 1.2]

1.5

0.03

0.91

0.91

0.56
1.3E-05

0.56
1.3E05
0.56

[0.36, 0.71]
[8.1E-06,
1.6E-05]
[0.36, 0.71]

0.02
1.6E-05

1.5
7.9E-06

0.02

1.45

0.49
5.0E05
0.49

0.49
5.0E05
0.49

98
590
12

[78, 160]
[470, 930]
[9.7, 20]

61
470
7.6

37
970
4.7

98
590
12

98
590
12

System efﬁciency

18,000

Reg

Avg

Excludes

790
1,300
578
181
260
8.1E-05
3.8E-03
5.0E-02

Mg CO2E/
0.56
MWh
Results: electricity generation
98
TWhb
kWh/mg
590
GWc
12

a
For each sensitivity analysis scenario, the input parameters in italics were modiﬁed, and resultant emission factors were
calculated and reported
b
The values represent the TWh of electricity that could be generated from all MSW disposed into landﬁlls
c
1 TWh/8,000 h = TW; Capacity factor of approximately 0.91 is utilized

emissions, the emission factors for all LFGTE and
WTE cases are lower than the ones for the coalﬁred generators [32].

In addition, the impact of WTE within the
larger energy system is evaluated. Hypothetically,
if 166 million Mg of MSW is discarded in regional
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CO2e Emissions [MTCO2e/MW h]
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12
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8
6
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MSW Alternatives

LFGTE

WTE

COAL

Pre-combustion Emissions

NATURAL
GAS

OIL

NUCLEAR

Operational Emissions

WTE: Life Cycle Assessment Comparison to
Landfilling, Fig. 1 Comparison of carbon dioxide equivalents for LFGTE, WTE, and Conventional EGUs (Note
that the Flare and LFGTE options have same CO2e; this is

due to the fact that emission factors per MWh do not
include offsets associated with the generation of electricity
from LFG)

landﬁlls with energy recovery, on average roughly
10 TWh or 65 kWh per ton of MSW of electricity
can be generated, whereas a WTE facility can
generate on average roughly 100 TWh or
600 kWh per ton of MSW of electricity with the
same amount of MSW. WTE can generate an
order of magnitude more electricity than LFGTE
given the same amount of waste. LFGTE projects
would result in signiﬁcantly lower electricity generation because only the biodegradable portion of
the MSW contributes to LFG generation, and
there are signiﬁcant inefﬁciencies in the gas collection system that affect the quantity and quality
of the LFG.
Moreover, if all postrecycling MSW (i.e.,
excluding recycled and composted portion) is utilized for electricity generation, the WTE alternative could yield a generation capacity of

14,000 MW, i.e., potentially replace about 4.5%
of the 313,000 MW of current coal-ﬁred generation capacity [34]. The transportation of waste
could result in additional environmental burdens,
and there are clearly limitations in accessing all
discarded MSW in the nation. Wanichpongpan
(2007) studied the LFGTE option for Thailand
and found that large centralized landﬁlls with
energy recovery performed much better in terms
of cost and GHG emissions than small, localized
landﬁlls despite the increased burdens associated
with transportation [8].
The landﬁll emission factors include the
decay of MSW over 100 years, whereas emissions from WTE and conventional electricity
generating technologies are instantaneous. The
operation and decomposition of waste in landﬁlls
continues beyond the monitoring phases for an
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WTE: Life Cycle Assessment Comparison to Landfilling, Fig. 2 Comparison of carbon dioxide equivalents for WTE
and conventional EGUs
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WTE: Life Cycle Assessment Comparison to Landfilling, Fig. 3 Comparison of sulfur oxides emissions for LFGTE,
WTE, and conventional electricity generating technologies
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WTE: Life Cycle Assessment Comparison to Landfilling, Fig. 4 Comparison of nitrogen oxides emissions for
LFGTE, WTE, and conventional electricity generating technologies

indeﬁnite period of time. Reliably quantifying
the landﬁll gas collection efﬁciency is difﬁcult
due to the every changing nature of landﬁlls,
number of decades that emissions are generated,
and changes over time in landﬁll design and
operation, including waste quantity and composition. Landﬁlls are an area source, which makes
emissions more difﬁcult to monitor. In a recent
release of updated emission factors for landﬁll
gas emissions, data were available for less than
5% of active municipal landﬁlls [31]. Across the
US, there are major differences in how landﬁlls
are designed and operated, which further complicates the development of reliable emission factors. This is why a range of alternative scenarios
is evaluated with plausible yet some optimistic
assumptions for LFG control. For WTE facilities,
there is less variability in the design and operation. In addition, the US EPA has data for all the
operating WTE facilities as a result of CAA

requirements for annual stack testing of pollutants of concern, including dioxin/furan, Cd, Pb,
Hg, PM, and HCl. In addition, data are available
for SO2, NOx, and CO from continuous emissions monitoring. As a result, the higher quality
and availability of WTE data makes estimation of
emissions factors less uncertain compared to
LFGTE.
Despite increased recycling efforts, US population growth will ensure that the mass of MSW
discarded in landﬁlls will remain signiﬁcant.
Discarded MSW is a viable energy source for
electricity generation in a carbon-constrained
world. One notable difference between LFGTE
and WTE is that the latter is capable of producing
an order of magnitude more electricity from the
same mass of waste. If the goal is greenhouse gas
reduction, then WTE should be considered under
state and US renewable energy policies. In addition, LFTGE scenarios had on average higher
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NOX, SOX, and PM emissions than WTE. However, HCl emissions from WTE are signiﬁcantly
higher than the LFGTE scenarios.

Future Directions
This analysis does not address location-speciﬁc
issues such as local air quality concerns. In cases
where the remanufacturing and electricity generation offsets occur in locations different from the
location of the WTE facility, the direct emissions
from WTE could reduce local air quality. For
example, if a WTE facility is located in an electric
grid with a high penetration of renewable and
nuclear, then WTE could result in an increase of
CO2e, NOx, SOx, and PM emissions. Future work
to account for the geographic and temporal distribution of emissions would yield valuable insight
into the life-cycle performance and impact of
WTE and LFGTE.
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Glossary
Atmophilic Characterizing an element that concentrates in the atmosphere
Dibenzofuran Dioxin with one of the two oxygen atoms replaced by a carbon-carbon bond
Dioxin Short
for
dibenzo-dioxin,
often
substituted with various chlorine atoms such
as 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD)
MSW Municipal solid waste, representing mixed
waste that is collected by a given collection
system. Since in addition other collection systems for recycling might be present too (paper,
glass, metals, etc.), MSW from different regions
with different collection systems might vary
even if consumption patterns are identical.

PVC Polyvinylchloride
SEA Statistical entropy analysis (see Rechberger
in this volume)
Transfer coefﬁcient kXi Coefﬁcient describing
the partitioning of an element X among “i”
products of incineration

Definition of the Subject and Its
Importance
Thermal treatment of waste is not an isolated
process: It is part of waste management, energy
supply, resource management, and environmental
protection. It is linked to economic activities and
requires ﬁnancial, material, and human resources.
Without thermal waste treatment, waste management cannot reach its goals. In fact, waste-toenergy (or incineration as it is called commonly
in Europe) reduces signiﬁcantly environmental
pollution by persistent organic substances and,
also, by some inorganic elements such as heavy
metals. Hence, it is important to point out the
contribution of waste incineration to sustainable
waste management and to show the potential and
limitations of this technology in a broader view.
This is even more relevant since the material
turnover of modern societies has increased dramatically during the last century, making it necessary to apply powerful and safe technologies both
at the front and back end of the material system.

Introduction
Waste management is an integral part of material
management. It serves as an important interface
between the so-called anthroposphere (the manmade sphere or technosphere) and the environment [1]. Waste management ensures that harmful
substances do not cross this border and that useful
materials and energy are cycled back to the
anthroposphere. In order to take effective and
efﬁcient measures in waste management, a certain
knowledge of the material metabolism of the
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anthroposphere is necessary. A striking example
is forecasting of waste generation: When the
buildings stock and age distribution, plus certain
economic parameters of a region, are known, the
generation of construction wastes can be predicted. As another example, when the consumption, stocks, and lifetime of plastic materials are
known, the amount and composition of plastic
wastes to be treated by recycling and waste disposal can be easily assessed.
Also, in the case of hazardous substances, it is
important to have a minimum knowledge of the
anthroposphere: Which are the signiﬁcant sources
of heavy metals such as cadmium, lead, and
mercury in wastes, and when and how legislation
– such as a ban on mercury in batteries – can affect
waste composition? Due to progress in science and
technology, the anthropogenic metabolism is constantly changing, with new materials being introduced and increasing complexity of everyday
goods. It is therefore necessary to look at the
anthroposphere as a dynamic organism with rapidly
varying ﬂows (years) and slowly varying stocks
(decades).This is also reﬂected in the amounts and
composition of the generated wastes.
Hence, this article starts with an overview of
the material ﬂows and stocks of the most important activities of the metabolism of the
anthroposphere, emphasizing changes over time.
It then focuses on the goals of waste management
and points out the contribution of thermal treatment to waste management. While the focus is on
municipal solid waste (MSW) and MSW combustion with energy recovery, most insights can be
applied to the thermal treatment of other types of
wastes. In particular, the goals of waste incineration, which are explicitly discussed in section
“Goals of Waste Management and of Thermal
Waste Treatment,” are the same for all wastes.
The main objective of this article is to point out
that waste incineration is an indispensable constituent of every modern waste management system,
because of the variety and complexity of materials
used in the anthroposphere: While certain fractions can be recycled, there still remain large
amounts of useless and hazardous materials that
have to be converted into minerals by means of
thermal treatment of the MSW.

Today’s Material Turnover Results in
Large Volumes of Waste Requiring
Appropriate “Final Sinks”
The activity “to clean,” deﬁned as the separation
of the “wanted” from the “unwanted,” is a basic
human need [1]. All organisms have to take up
and excrete materials as a consequence of their
metabolism. The food, drinks, and air consumed
annually by human beings is about 6 Mg per
capita; the resulting output amounts to about
1 Mg per capita of feces and urine and 5 Mg per
capita of gas. This so-called “physiological”
metabolism has been basically the same over
thousands of years. Even with dietary habits
evolving over time and representing differences
in culture and economic development, the basic
human mass ﬂow is comparatively constant.
However, the composition of this mass ﬂow can
change substantially, e.g., as has been observed
for the consumption of animal protein in afﬂuent
countries.
In addition to the physiological metabolism,
modern man depends on the so-called “anthropogenic” or man-made metabolism. This includes
the total material turnover of all goods necessary
to sustain a modern standard of living. With the
evolution from hunters and gatherers to today’s
service-oriented afﬂuent societies, the material
turnover of men has increased dramatically.
Table 1 presents the per capita ﬂows associated
with the essential activities of humanity, in prehistoric and modern times. For the activities “to
nourish,” “to clean,” and “to reside,” only ﬂows
and stocks within private households are shown;
the activity “to transport and communicate” also
includes the fraction of materials used outside the
household, such as roads and other
infrastructures.
“To nourish” includes storage, preparation, and
consumption of food, beverages, and air. “To
clean” stands for the separation of wanted and
unwanted goods in households and includes all
cleaning processes such as laundry, dish washing,
bathroom, vacuum cleaning, etc. The main material used is water mostly as a conveyor belt for
dirt, feces, and urine. Materials included in “to
reside and work” are mainly fuel (oil, gas, coal,
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WTE: Thermal Waste Treatment for Sustainable Waste Management, Table 1 Turnover and stock of materials
for prehistoric and modern men (Data from [1]

Activity
“To nourish”
“To clean”
“To reside/work”
“To transport and communicate”
Total

Material ﬂows
Mg/capita/year
Prehist.
Modern
5.6
5.7
<0.1
60
<0.1
10
0
10
6
86

Material stocks
Mg/capita/year
Prehist.
Modern
0
<0.1
0
0.1
<0.1
100
0
160
<0.1
260

Annual change in material stock
Mg/capita/year
Prehist.
Modern
0
+<0.1
0
+<0.1
0
+1
0
+2
~0
+3

WTE: Thermal Waste Treatment for Sustainable Waste Management, Table 2 Input, output, stocks, and stock
changes of the most important activities of humanity, in Mg per capita per year [1]
Activity
“To nourish”
“To clean”
“To reside and work”
“To transport and communicate”
Total

Input
5.7
60
10
10
86

Output
Wastewater
0.9
60
0
0
61

and wood) and construction materials used to
protect and shelter humans from the environment.
The same materials are instrumental for the activity “to transport and communicate,” comprising
the transport of persons, goods, information, and
energy by individual and public transport media
on roads, rails, water, and airways, as well as
cables, computers, and satellites.
While the total material turnover has increased
by more than one order of magnitude, there has
been little change in the “to nourish” activity,
while the activity “to clean” has experienced an
extraordinary increase in mass ﬂows, from less
than 0.1 to 60 Mg per capita per year. The same
enormous increase has been experienced in the
activities “to reside and work” and “to transport
and communicate.” In modern societies, the activity “to clean” implies the biggest material turnover. Due to the consumption of 60 Mg water per
capita annually, modern households and cities
experience a healthy environment, with no threats
any more from waterborne diseases. The other
side of the coin is the large amount of water and
waste water that have to be managed. It becomes

Off gas
4.7
0
7.6
6
19

Solid residues
0.1
0.02
1
1.6
2.7

Stock
<0.1
0.1
100 + 1
160 + 2
260 + 3

evident that for the functioning of modern cities,
wastewater management of 60 Mg per capita is
more demanding than solid waste management of
“only” 2.7 Mg per capita per year (Table 2).
Table 2 below shows the large material stocks
that have been accumulated in order to fulﬁll
human requirements. The growth of these stocks
is impressive: If present growth rates continue in
the future, the anthropogenic stock will double in
about 100 years. However, it is doubtful that such
a future growth is a realistic assumption. It has to
be kept in mind that these activities serve human
needs. While a certain material turnover supports
human welfare and prosperity, too high a stock
may become a heavy burden in terms of resource
and ﬁnancial requirements for maintenance,
renewal, and upgrading. It is not known yet if
there is an optimum size of anthropogenic stock
beyond which the societal beneﬁt becomes marginal or even negative.
The data in Table 2 also shows implications
relevant for waste management: The solid output
of human activities in private households amounts
to 2.7 Mg per capita annually. Another 3 Mg per
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capita are accumulated in anthropogenic stocks.
In the future, when these 3 Mg per capita per year
have reached the end of their life, they will
become wastes. Therefore, it is clear that the
amount of wastes to be managed will increase
considerably in the future. This is particularly
the case for wastes from construction and infrastructure. New measures to reduce the generation
of wastes will not much inﬂuence the existing
material stocks that inevitably will become wastes
to be managed.
Table 2 shows the mass ﬂows of materials used
in various human activities. However, the quality
of the materials used must also be considered.
Today’s consumer products and long lifetime
goods (infrastructure, buildings) are highly complex mixtures of innumerable individual substances. These material combinations allow new
and better functions of products, prolong the lifetime of goods, and improve their economic and
environmental performance. Since 1939, the
world production of chemicals has increased
400-fold, reaching close to 500 million Mg in
2010. As of this date, there are about seven million known chemical substances. Close to 70,000
are produced for regular use in the industrial,
agriculture, and service sector, and of these,
5–10% are considered hazardous and about
200 are known to be carcinogenic.
Historically, the materials used were mainly of
geogenic (stone, gravel, sand) and biogenic
(wood, cotton, and other biomass) origin. Today,
while stones, gravel, and sand are still used
widely, most products contain metals and synthetic, fossil-based organic substances. As a consequence, during the last three centuries, wastes
produced have changed from harmless geogenic
and biomass materials to complex blends of
degradable as well as persistent, man-made
organic and inorganic materials. While in preindustrial times hygienic problems associated
with waste and wastewater were of primary relevance, today’s challenge has shifted: The biggest
threat for men and environment from modern
material turnover and resulting wastes is risks
emanating from inappropriate handling of hazardous substances.

Thus, for modern anthropogenic metabolism,
waste management must play a key role in:
– Redirecting the huge amount of materials used
by modern men back into a useful cycle
(recycling)
– Providing facilities to safely dispose of the
hazardous substances that are leaving the consumption process (safe disposal)
– Informing the manufacturing process regarding the use of substances and design of products (design for recycling and disposal)
In particular – since all materials extracted
from the earth and the biosphere, or synthesized
by humans, will turn into waste at one point –
waste management must provide ﬁnal sinks for
these materials [2]. A “sink” stands for a process
that receives waste materials and emissions from
human habitat. The most important and powerful
sink is the atmosphere which is a perfect conveyor
belt for gaseous substances. Next comes the
hydrosphere that collects salts and organic substances by rainwater in watersheds and transfers
them into rivers that convey them to the sea. The
soil also acts also as a sink for landﬁlled wastes,
when sewage sludge is applied to soil, and for
airborne dust particles that settle on land.
Substances may be transported from one sink
to another. Over long time periods, speciation of
substances in soils, lakes, sediments, or landﬁlls
can change signiﬁcantly due to natural as well as
anthropogenic impacts, e.g., by means of eutrophication, acidiﬁcation, or a shift in redox conditions. In addition to biogeochemical reactions,
geological processes such as erosion, weathering,
seismic activities, and landslides can relocate substances from one sink to another. Therefore, a sink
such as a landﬁll may not be a long-term sink from
a geological perspective.
Sustainable waste management requires that
waste-derived problems are solved here and now
and that they are not deferred and passed on to the
next generations. Thus, a so-called ﬁnal sink is
deﬁned as a place on the planet where substances
have residence times of over 10,000 years. This
ensures that the resulting emissions are small and
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that the fate of a substance is more or less under
control. Final sinks are, for instance, underground
salt mines, ocean sediments, places on the ground
where sedimentation prevails over erosion, etc.
For organic substances, there is a second
category of ﬁnal sinks. In contrast to passive
natural ﬁnal sinks, active “ﬁnal sink” reactions
transform organic substances rapidly into other
substances, such as metabolites. In the case of
mineralization, the end products are carbon
dioxide, water, and – depending on the composition of the initial material – other products
such as hydrochloric acid or sulfates. From the
point of view of organic substances, such active
ﬁnal sinks represent the last step in the lifetime
of a substance. Mineralization is the ultimate
method to dispose of hazardous organic substances; it is thus a necessary element of every
waste management system.
For afﬂuent societies with a high material turnover, it is necessary to have appropriate ﬁnal sinks
for all substances. The search for ﬁnal sinks has a
long tradition and has not reached its goal as yet
[3]. The need for ﬁnal sinks is well documented by
current challenges such as climate change and the
ozone hole, both of which are manifestations of
inadequate ﬁnal sinks. The utilization of fossil carbon overloads carbon sinks, resulting in the rise of
concentrations of carbon dioxide and methane in the
atmosphere. Also, production, use, and emissions of
certain chlorinated and ﬂuorinated carbohydrates
(CFCs) have resulted in high concentrations of
CFCs in the sink stratosphere, depleting the ozone
layer and creating the so-called ozone hole.

Goals of Waste Management and of
Thermal Waste Treatment
The ﬁrst goal of waste management has been and
still is the protection of human health and life.
While in afﬂuent countries with well-developed
waste management systems this has become a
matter of course, in many less-developed countries, this is still the chief objective for
establishing waste management. In parallel to
this goal, and also linked to it since human health
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depends on a sound environment, stands the protection of the environment.
The second goal of waste management is
resource conservation, that is, conservation of
materials, energy, and land. This objective
becomes the more important with higher material
turnover and population density, with megacities
as hotspots of resource use and resulting wastes.
There are two main beneﬁts from the pursuit of
this goal: Recycling enhances the availability of
resources and signiﬁcantly reduces environmental
pollution by reducing the need for primary production that in general represents the most polluting step in the life cycle of a product.
The third goal represents more of a framework
for sustainable waste management: The practice
of waste management shall not cause any burden
for future generations. Landﬁlling that produces
long-term emissions requiring treatment and control for several centuries [4] does not comply with
this objective. What is needed are ﬁnal storage
landﬁlls that have very small emissions even for
long time periods (thousands of years). Landﬁlls
can only become ﬁnal sinks for substances when
wastes are pretreated and organic compounds are
completely mineralized, before landﬁlling.
Recycling of wastes containing hazardous substances without removing the harmful constituents such as heavily stabilized plastic materials
also poses a burden for future generations.
Concerning neighboring countries, wastes
should be exported only when the receiving country is able to manage wastes as well as its constituents in a safe, responsible, and resource
conserving way (cf. Basel Convention [5]).
The means to reach these goals are manifold. In
the nineteenth century, “collection and transport
of wastes out of town as fast as possible” was the
main principle of waste management. Today,
sophisticated logistic systems, high-tech mechanical sorting processes, and mature and efﬁcient
recycling concepts are state of the art in many
afﬂuent countries. On the other side, for emerging
economies the economic situation does not allow
to apply sophisticated waste treatment processes
such as sorting, incineration, or mechanicalbiological treatment.
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It should be kept in mind that most societies
spend between 0.2% and 0.4% of their GDP for
waste management [6]. Thus, in a wealthy region
with a GDP above US$ 30.000 per capita, people
are willing and can afford to spend about US$100
per capita annually for waste management. This
enables the region to implement modern waste
management systems including waste-to-energy.
By contrast, in an emerging economy with a per
capita GDP below US$3.000, the ﬁnancial
resources available for waste management are
less than 10 US$ per capita and year. It is clear
that for this sum it is not possible to construct and
operate an MSW incinerator. Hence, subsidizing
the investment of an MSW incinerator or any
other expensive treatment technology in an
emerging economy is not an appropriate means
to solve waste management problems.
The goals of MSW incineration are congruent
with, but more speciﬁc than, the goals of waste
management and can be summarized as follows.
Protection of Humans and the Environment
Disinfection: The original objective of waste incineration is still one of the main – but often
forgotten – goals and advantages of modern incineration. No other waste treatment process such as
landﬁlling or composting has a similar hygienic
effect. The high temperature and long residence
time in modern incinerators guarantee complete
destruction of all microorganisms. Thus, incinerators are a necessary ﬁnal sink for all those materials
that are biologically contaminated. This is especially important for high-density megacities,
where the outbreak of diseases can have disastrous
consequences. A particular case is represented by
hospital wastes that require special attention due to
their high concentration of pathogenic organisms.
Such materials demand special care for delivery,
storage, and feeding; thus, they need to be packaged and handled with special care when they are
co-combusted with MSW. In case of an outbreak of
contagious diseases, it is of great value to have
incinerators at hand that are designed to safely
dispose of biologically contaminated materials.
Complete oxidation: A main goal of incineration is to completely mineralize organic substances to CO2, H2O, and other stable

compounds. As discussed in the previous section,
thousands of tons of hazardous organic substances
are produced in industry, utilized by consumers,
and collected by waste management. The hazardous materials that are built into consumer products
and investment goods can neither be recycled nor
composted or landﬁlled because of their persistent
and toxic properties. They need to be broken
down by thermal treatment at elevated temperatures, with sufﬁcient oxygen supply and at long
enough residence times to completely destroy any
organic material. If special care is taken, “de
novo” synthesis of trace organic substances in
the furnace and subsequent boiler and ﬂue gas
cleaning can be minimized, and the overall conversion rate for total organic carbon to carbon
dioxide and carbonates (bottom ash and APC
residue) is close to 99%. The remaining carbon
in the WTE bottom ash has been found to consist
of 19–38% organic carbon, 33–62% of elemental
carbon, and 10–38% of inorganic carbon [7]
(Fig. 1).
Emissions compatible with environmental
standards: The ﬁrst goal of waste incineration is
to protect the environment from pathogenic
organisms, hazardous organic chemicals, and
heavy metals and other toxic substances. As will
be discussed in section “Goals of Waste Management and of Thermal Waste Treatment,” state-ofthe-art incineration has reached this goal. Table 3
presents the example of cadmium on a regional
scale: Let us consider a region of 250 km2 with a
population of 100,000, each producing about
400 kg of MSW per year containing 10 mg
Cd/kg MSW. Table 3 shows the increase of Cd
in the regional soil, assuming that all emitted Cd
settles in the region (such a hypothesis is justiﬁed
if the region is surrounded by similar regions that
import the same amount of Cd as they are
exporting). Cadmium is chosen here because in
the 1970s, this volatile heavy metal was recognized as the most signiﬁcant pollutant emitted by
MSW incinerators at that time [9, 10]. The fraction of input Cd that is emitted in the stack gas
after the air pollution control (APC) system is
expressed by the transfer coefﬁcient. It should be
noted that state-of-the-art incinerators operate at
transfer coefﬁcients for cadmium of less than
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Combustion
gas

Waste
250

Off-gas
Combustion
chamber

Grate

100%
1–2%

2–4
Primary air O2/N2

Heat
exchanger
& APC
0.5–1

Bottom ash

WTE: Thermal Waste Treatment for Sustainable
Waste Management, Fig. 1 Flow of carbon through
an MSW incinerator: Carbon is effectively oxidized to

Cleaned
off-gas
246
98%

Atmosphere

Secondary air O2/N2

<1%

APC residue

CO2; the small amounts of carbon in bottom ash and
APC residue are mostly inorganic carbon

WTE: Thermal Waste Treatment for Sustainable Waste Management, Table 3 Contribution of modern waste-toenergy plants to cadmium loading of soils
Emission, mg Cd/Nm3 of stack gas
0.2
0.02
0.002
Best available technology
0.0005
0.001
Geogenic background concentration in soils

Transfer coefﬁcient kCd cleaned off-gas
0.1
0.01
0.001

0.0005; as shown in Table 3, emissions from such
incinerators are insigniﬁcant when compared to
other sources, and their contribution to geogenic
values of cadmium is low even when long time
periods are considered (Table 3).
Concentration of hazardous substances: As
shown in Fig. 2, thermal treatment processes
have the power to concentrate or deplete elements
in the various incineration products. Atmophilic
metals with comparatively high vapor pressures
and low boiling points, such as mercury, cadmium, tin, zinc, antimony, and lead, are preferentially transferred from the combustion grate to the
gas phase. During gas cooling, the metal vapors
condense on available surfaces which are in general provided by the large number of small particles formed by incineration. These particles, overproportionally loaded with atmophilic metals, are
removed from the process gas stream by electrostatic precipitators or fabric ﬁlters, yielding a ﬁlter
residue that is highly concentrated in useful but

Cd ﬂow to soil in 1,000 years, mg Cd/m2
200
20
2
1
90 mg/m3

also toxic heavy metals. The overall accumulation
effect is remarkable: Starting with 1 Mg (i.e., one
ton) of MSW containing 10 mg of Cd, an MSW
incinerator produces about 20–30 kg of APC residue containing 360 mg Cd/kg.
The concentration in the APC residue (also
called “ﬂy ash”) during the incineration process
occurs only with atmophilic metals and chemical
compounds with a high vapor pressure, such as
metal chlorides. Metals and metal compounds
with low volatility such as iron, chromium, titanium, and cobalt accumulate rather in the bottom
ash. Due to the different behavior of various
metals, it will never be possible to direct all useful,
or all hazardous, materials to one particular fraction of incineration products. However, the
partitioning described above allows the recovery
of some metals from the bottom ash and some
from the APC residue.
Immobilization: Bottom ash and APC residues
contain soluble compounds such as chlorides,

530

WTE: Thermal Waste Treatment for Sustainable Waste Management

Combustion
gas

Waste
10

Off-gas
Combustion
chamber

Grate

100%
1
Primary air O2/N2

4 mg/kg
Bottom ash

Heat
exchanger
& APC
9

Cleaned
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0.006
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WTE: Thermal Waste Treatment for Sustainable
Waste Management, Fig. 2 Flow of cadmium through
an MSW incinerator; the concentration of cadmium in

APC residues increases 40-fold from 10 mg Cd/kg in
MSW to 360 mg Cd/kg; the cadmium concentration in
bottom ash is 2.5 times lower than in MSW

nitrates, or sulfates of metals. Thus, a main concern is the long-term mobility of heavy metals.
Due to the individual partitioning of substances,
the solubility of bottom ash and APC residue are
not the same. Volatile metals and chlorides are
mostly transferred to the ﬂy ash product; the bottom ash contains more oxides and some sulfates
that are less soluble. Both products react with
water and air (O2, CO2) and are by no means in
a thermodynamic equilibrium when exposed to
the environment. The long-term mobility of
heavy metals in bottom ash depends on pH and
thus on the acid-neutralizing capacity [8]. Bottom
ash appears to be predominantly buffered by calcium minerals. Under alkaline conditions, calcium hydroxides/silicates and CaCO3 can
dissolve. In neutral to acidic conditions, silicate
dissolution becomes increasingly relevant. Basic
calcium hydroxide/silicate components are likely
to be neutralized by CO2 or silica. The solution
chemistry of the APC residues is similarly controlled by pH. Thus, solidiﬁcation by cement stabilization or other treatment requires careful
control of pH conditions, anticipating the future
fate of the landﬁlled material (leaching and environmental conditions).

of four. If materials are further recovered from
bottom ash, it is feasible to reduce the
required volume for ash disposal to less than
10% of the volume required for landﬁlling of
untreated MSW.
Energy recovery: While initially the recovery
of heat was more directed toward the protection of
the air pollution control (APC) devices, most of
today’s MSW incinerators are well embedded in
regional electricity grids and, sometimes, are also
linked to district heating networks. In 2009, MSW
incinerators across Europe had an annual capacity
of 73  106 Mg and supplied 30 TWh of electricity and 55 TWh of heat. The share of wastederived energy in Europe amounts to less than
1% of total energy demand. About 50% of energy
derived from MSW combustion originates from
renewable sources, such as wood, paper, and biomass. The contribution of MSW incinerators
to renewable energy supply in Europe totals
about 4%.
Recovery of materials: The products of incineration contain not only hazardous substances
but also valuable resources. The recovery of
iron from the bottom ash has a long tradition;
also, the reuse of bottom ash as construction
material has been practiced for 100 years by
now (although with limited success). Today, it
seems feasible and economically attractive to
recover more metals, such as copper, aluminum,
and others. Also, the enriched concentration of
atmophilic metals in ﬁlter ashes potentially
opens the possibility to recover metals such as

Resource Conservation
Volume reduction: Particularly for large cities
where landﬁll space close to waste producers is
rare. Incineration decreases the mass of MSW by
70–75% and the volume by 90%. Thus, the lifetime of landﬁlls can be reduced at least by a factor
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cadmium, zinc, antimony, and others from APC
residues. The main objective must be to enrich
valuable constituents in highly concentrated
small fractions by optimizing the thermal treatment process and, also, to divert those elements
that reduce the effectiveness of recovery to a
small fraction that can be landﬁlled. The ideal
of zero solid incineration residues to landﬁll will
be difﬁcult to reach, considering that the intricate
composition of bottom and ﬁlter ash reﬂects the
complex mixture of nearly all elements of the
periodic table that are present in MSW.
In view of the goals of waste management and
of incineration, what is the contribution of waste
incineration to attaining the goals of waste management? In particular, what is the main contribution of MSW incineration for the protection of
humans and the environment and for resource
conservation? These questions will be discussed
in the following section.

Thermal Waste Treatment for
Environmental Protection
In addition to fulﬁlling the goals of recycling,
waste management must also provide a solution
for those materials that cannot be recycled. This
applies in particular to the large amount of hazardous substances that are used today in modern
products such as biocides, ﬂame retardants, heavy
metals, etc. Mechanical or biochemical treatment
such as sorting combined with composting or
anaerobic digestion can neither decompose nor
eliminate these substances. The key role of thermal treatment is to completely mineralize organic
substances and to control inorganic substances by
concentration. At present, no other waste treatment process is available that fulﬁlls this task at
the same proven reliability, cost-effectiveness,
and environmental soundness.
Toward the end of the nineteenth century,
waste incineration was introduced as a means to
prevent pollution. The ﬁrst plants were been built
in England and Germany, as an alternative to
waste disposal on agricultural land that spoiled
valuable farmlands with disease-spreading microorganisms. These incinerators, directed toward
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the ﬁrst goal of waste management, did have a
stack, but they were not equipped with APC systems and did not recover the chemical energy
contained in MSW. Their sole purpose was to
prevent the application of MSW on valuable
farm land by reducing volume and mass. It is
interesting to note that the bottom ash of some of
these early incineration plants was used as a construction material as far back as the beginning of
the twentieth century. Unfortunately, there are no
records as to why this practice was abandoned
later; it is likely that the bricks made at that early
time from incinerator ash did not fulﬁll their purpose in the long run.
The next step of development was the introduction of simple ﬁlters for the removal of particulates and of energy recovery. Both went hand in
hand, since even simple ﬁlter systems require the
cooling of ﬂue gas temperatures. Municipal incinerator plants built in the late 1960s were already
equipped with sophisticated energy recovery
(combined district heating with electricity production), but the air pollution control devices
removed only coarse particulate matter (legal
standards at that time were around 150 mg of
dust per Nm3 off-gas). Waste incineration got a
boost during the oil crisis of 1973 when fuel prices
sky rocketed. Shortly after, the ﬁrst groundbreaking studies on heavy metals in incinerator off-gas
appeared in the scientiﬁc literature [9, 10]. This
had little effect until the 1980s when – under
heavy pressure from an informed public and legislation in countries like Switzerland, Denmark,
and Sweden – the waste-to-energy industry developed highly efﬁcient APC pollution control
devices.
Today, emissions from state-of-the-art waste
incinerators are among the lowest of all industrial
power plants. Thanks to technological advancements that were inconceivable in the 1970s, modern municipal solid waste incinerators can beat
most stringent existing regulations easily, for
some parameters even by orders of magnitude.
Figure 3 summarizes the reduction emissions
from municipal solid waste incineration from
1930 to 1970 and 1995. The graph stops at 1995
because the highly advanced state of the art of APC
of 1995 has not changed much since then; further
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WTE: Thermal Waste Treatment for Sustainable
Waste Management, Table 4 Contribution of MSW
incineration to national dioxin/furan load in Germany and
Country
Germany
Austria

Total emissions of PCDD/PCDF
g TEQ/year
800–1,200
50–320

improvements have focused on energy efﬁciency,
cost-effectiveness, and reliability.
Particulate matter and lead have been reduced
by about four orders of magnitude, and most other
heavy metals and dioxins by three orders of magnitude. Also, hydrochloric acid and sulfur oxides
have been drastically eliminated, and only for
nitrogen oxides, the reduction was somewhat
moderate. The increase in HCl and dioxins in the
1970s was due to the introduction of PVC that
made up about 1% of the mass of MSW.
Table 4 shows that today – in contrast to some
earlier publications – the share of MSW incineration for total dioxin emissions is insigniﬁcant. Of
course this applies only for countries employing
BAT (in the USA, MaCT) incineration, such as

Austria (calculation is based on data from [11] and [12],
assuming that all MSW generated is incinerated)
Share of MSW incineration
g TEQ/year
5.5
0.53

%
0.5–0.7
0.2–1.1

Austria, Germany, Japan, the Netherlands, Singapore, Sweden, Switzerland, and the USA.
In view of the objectives of waste management,
it is important to point out the pollution potential by
burning household waste in private stoves. This
practice might appear attractive in areas with high
penetration of solid fuel household furnaces. Such
furnaces, designed to produce heat without generating greenhouse gases, are becoming increasingly
popular and are sometimes even subsidized by
authorities. With increasing fuel costs, some
waste will eventually be used as a fuel for such
furnaces, resulting in severe air pollution.
Figure 3 can be used to compare emission values
of today’s MSW incinerators (emissions of 1995)
and household furnaces (emissions of 1970). It is
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striking that even if only 1% of all waste is incinerated in household furnaces, the emission load of
dioxins and particulates will be much larger than
for state-of-the-art MSW incineration. It is important
to convey this message to the general public that
aims at reducing greenhouse gases by burning
waste-derived products in their heating systems.
It is important to stress that incineration is ﬁrst
of all a process that protects the environment from
harmful organic and inorganic substances. The
generation of useful energy is an added value, but
not the main purpose. This is important when it
comes to the disposal or use of bottom ash and ﬁlter
ash. If a posttreatment of incineration residues such
as concentration, solidiﬁcation, or immobilization
requires energy, this should not be weighed against
the beneﬁt of protecting the environment from
harmful substances. After all, the turnover of
energy in waste management is marginal when
compared to total energy demand. Today, the challenge of producing incineration residues that have
“ﬁnal storage quality” has been recognized and is
in focus of research and development. While
treated bottom ash is close to ﬁnal storage quality,
in Germany and some other countries, the APC
residues are disposed of in underground salt
mines where the risk of water contact and thus
mobilization is exceptionally small.
In terms of greenhouse gas reduction, incineration has a double advantage: Since about 50% of
MSW is of biogenic origin [13], it contributes also
to the reduction of greenhouse gases by replacing
fossil fuel-derived energy. Also, in contrast to
composting or landﬁlling with limited gas recovery, the organic carbon is not released as CH4 to
the atmosphere but is used to produce electricity
and/or heat.
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particular APC residues, are also increasing and
pose a new challenge. In the future, main emphasis will be laid on beneﬁcial use and/or disposal of
the solid products of incineration, namely, bottom
ash and APC residues. Both materials comprise
considerable amounts of valuable substances in
concentrated form. While iron scrap in bottom ash
is already routinely collected and economically
recycled, current research focuses more on the
reclamation of aluminum and other nonferrous
metals. It appears that substantial amounts can
be recovered at competitive costs. The goal will
be to separate those materials that are clean
enough and well suited for construction purposes
(stones, sand, concrete, and other residues from
construction materials).
Certain atmophilic heavy metals such as cadmium are highly enriched in APC residues. Therefore, this material presents an opportunity for
resource recovery. About 50% of the national
import of Cd ends up ﬁnally in MSW and similar
wastes that are suitable for MSW incineration
(Fig. 4). Roughly 80% of the Cd entering an
incinerator leaves the plant as APC residue (the
partitioning between bottom ash and APC residues depends upon incineration design, operating
conditions, and waste composition, e.g., Cd in
batteries or in plastic additives). Therefore, is
shown in Fig. 5, nearly half of the Cd used in a
region can be recovered from the APC residue of
waste-to-energy plants within the region. Similar
material recovery is possible for other atmophilic
metals such as Zn, Pb, Sn, and Sb. However, for
most of these other metals, the ratio of metal in
MSW to national imports is less than 50%.

Future Directions
The Contribution of Thermal Waste
Treatment to Resource Conservation
As a result of advanced APC technologies, MSW
incinerators have become marginal polluters of
air, water, and soil when compared to other hightemperature industrial processes. At the same
time, as waste-to-energy capacity increases, the
amount of solid incineration products, in

The potential of MSW incineration for improving
waste management is not yet fully exploited. The
following outlook summarizes some of the ideas
that have been presented recently, again listed in
the order of, ﬁrst, health and environmental protection and, second, resource recovery.
While average emissions are exceptionally
low, some emission peaks can be discerned
when short-term time series are analyzed.
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Mitigation measures such as waste pretreatment,
in situ homogenization, or alternative thermal
treatment technologies should be examined.
Since new materials such as nanoparticles and
rare metals are penetrating the market, the fate of
these new substances during combustion as well
as in residues resulting from incineration needs to
be investigated.
MSW incinerators can also be used as tools to
monitor MSW composition. On the one hand,
biogenic carbon can be distinguished from fossil
carbon. As stated earlier, incineration contributes
toward the reduction of greenhouse gas emissions. Several methods exist to measure the biogenic fraction of CO2 in the off-gas of
incineration with good accuracy [13]. In order to
take advantage of the greenhouse gas reduction
potential of MSW incineration, incinerators
should be included in emission trading schemes.
Incinerators can also be used for cost-effective
routine analysis of elemental waste composition.
For this purpose, an initial mass balance for the
determination of transfer coefﬁcients is made, and
it is then followed by identifying those incineration products that are the main carrier of certain
substances, such as stack gas for carbon, scrubber
water for chlorine, APC residue dust for cadmium
and antimony, and bottom ash for aluminum and

iron. On the basis of the transfer coefﬁcients, the
selected elements can be easily determined by
measuring the concentration in a well accessible
incineration product of known mass ﬂow, such as
the APC residue [14]. The main advantage of this
method for waste analysis is that the incinerator
acts as a large homogenizer. Consequently, sample size and frequency can be much smaller as
compared to direct characterization of the MSW,
and the results will be more reliable than those
from classical waste analysis.
Concerning resource recovery, large-scale
research programs have been started in order to
recover additional resources from bottom ash
[15]. So far, these studies of sophisticated
mechanical separation processes point out that
many more valuable substances can be extracted
from bottom ash. Some of the proponents go as far
as to state that, in the future, separate collection of
some waste fractions will become obsolete due to
the new possibilities of recovering selected substances from incineration products [16].
Concerning APC residues, new concepts are
still in the visionary phase. Since these materials
make up only a small fraction of the initial MSW
(2–3%), it seems feasible to collect them for central treatment at a few regional centers, e.g., serving a population of ten million. The resulting
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Taking into account that MSW contains nearly half of the
national import of Cd, about 40% of this metal used could
be recycled by recovery from the APC residues of MSW
incineration

amount of 100,000 Mg of APC residue would
represent a resource base that would allow for
economic recovery of certain metals.
In the future, new methods will be required for
evaluation of waste management scenarios. The
present LCA approach is not well suited to
assessing long-term challenges such as landﬁll
emissions during the next ﬁve centuries or multiple recycling of hazardous substances in recovery
schemes. New evaluation criteria such as the statistical entropy analysis SEA [17] (see contribution by Rechberger in this volume) or the ﬁnal
sink approach [18] represent additional means for
an objective appraisal of MSW incineration.
MSW incineration, also commonly called
waste-to-energy (WTE) has gone a long way and
will certainly keep on advancing in the future. In
order to conquer and penetrate new markets, it
will be necessary to decrease costs of investment,
operation, and maintenance. The art will be to
deliver the same performance regarding

environmental protection, resource conservation,
and reliability at lower costs. Considering that
waste incineration is now a mature business,
with decades of solid and successful experience,
this new goal seems feasible. It will ensure that a
larger percentage of the global population can
enjoy the beneﬁts of this key waste treatment
technology.
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