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ABSTRACT

Decision makers are confronted with the question: Is the current waste management (WM)
system the most effective or are there other processes for better reaching set goals? Methods
are therefore required that allow for the determination of whether goals are achieved, by
evaluating economic, social and environmental aspects. In order to compare the goals and
outcomes of any given WM system, it is necessary to adopt an approach that takes a complete
set of information into account. This thesis investigates assessment methods that focus on the
application of material flow analysis (MFA) for the evaluation of WM systems. Its main goal
is to develop a comprehensive novel MFA approach by which to optimize WM systems and
support goal-oriented decisions in general.

The starting point of this thesis is a survey of assessment methods in order to show their
potential and to provide guidance for the application and (future) research into assessment
methods. Furthermore, it assesses the potentials of MFA on the level of goods and substances
individually, and discusses their differences in view of applicability, effectiveness and data
availability. The results reveal the high potential of MFA in supporting goal-oriented WM if
the levels of both goods and substances are taken into account. With respect to given goals,
these findings lead to the development of a novel approach based on a defined and
comprehensive WM system. Material flows beginning with waste input into the system,
continuing with collection, transportation and treatment, and ending with recycling, landfilling
and emissions are assessed on the levels of both goods and substances. This generalized MFA
system and a survey including the value judgment of WM stakeholders is connected to seven
criteria which are identified as fulfilling given goals: (i) waste input into the system, (ii) export
of waste, (iii) gaseous emissions from waste-treatment plants, (iv) long-term gaseous and liquid
emissions from landfills, (v) recycled waste, (vi) waste for energy recovery and (vii) total
landfilled waste.

A case study demonstrates the applicability of the novel approach and indicates the advantages
of including the levels of both goods and substances in optimizing WM systems. Using STAN
software, a countrywide material flow system is established and quantified for Austria,
comprising all relevant inputs, stocks, outputs of wastes, products, residues and emissions.
Material balances on the level of goods and selected substances (C, Cd, Cr, Cu, Fe, Hg, N, Ni,
P, Pb and Zn) are developed to characterize this system. The seven criteria are calculated and
used for a scenario analysis. The results of the case study indicate potential of higher collection

and recycling rates, but also show a limitation regarding ‘clean’ product cycles as certain
hazardous substances are recycled instead of eliminated by waste-to-energy plants, for instance,
or disposed of in safe deposits. Discharges to the environment can be decreased by promoting
‘clean’ recycling and by prolonging landfill aftercare. The results are reproducible with known
uncertainties, and indicate dependencies and contradictions between given goals and criteria.
In addition, a scenario analysis shows that it is not possible to improve all defined criteria only
with a single measure.

The novel approach that is developed provides benefits for optimization, design, and decision-
making in WM through the mass-balance principle and due to redundancy, data consistency
and transparency. However, this study also discloses deficits that cannot yet be overcome by
this MFA approach, such as the lack of methodical tools by which to take waste exports and
long-term effects on recycling-product cycles into account. Furthermore, making
comprehensive decisions on how a WM system should develop demands that social and
economic issues are taken into account as well.
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INTRODUCTION

1. INTRODUCTION

This introductory chapter provides background information, defines the research gap
and outlines the goal and scope of this thesis.

1.1. BACKGROUND AND PROBLEM DEFINITION

The primary goals of waste management (WM) are based on the precautionary principle and
aim of protecting human health and the environment, the conservation of resources, and
aftercare-free waste treatment and landfilling. These goals encompass the protection of future

consumers by removing hazardous substances from today’s recycling streams (Brunner 2013)
and the provision of socially acceptable WM practices (Wilson et al. 2007). In order to reach
these goals, decision makers apply integrated strategies that consist of a multitude of connected
processes, including the collection, transportation, treatment, recycling and disposal of waste
(Al Sabbagh et al. 2012). Decision makers expect practicable WM at an affordable cost and,
balancing environmental, economic, technical, regulatory and other factors (Barton et al.
1996).

As the number of available options for waste collection and treatment continuously grow, and
as the economic-boundary conditions repeatedly change, decision makers are constantly
confronted with the following questions (Rogge and De Jaeger 2012): Is the current WM system
the most cost effective method in reaching set goals? Are there other and better combinations
of more advanced processes that can provide identical service at lower costs? In answering
these questions, decision makers are on one hand under pressure from different stakeholder
groups that demand more sustainability, new technologies or cheaper WM (Wilson et al.
(2007). On the other hand, they experience a methodological dilemma in choosing an evaluation
tool by which to assess and present new WM systems. This situation is particularly challenging
due to the many and diverse approaches that promise support for strategic or policy decisions,
WM planning, and WM optimization on all levels (companies, municipalities and governments)
(Finnveden et al. 2007).

Societies create waste and must attend to it over time, thereby sometimes having to take
conflicting decisions. Waste and its management revolves around the demand for resources,
environmental concerns, personal identity, human behavior, finance, global market supply and
demand, to name but a few factors (Hornsby et al. 2017). Hence, in making a comprehensive
evaluation of the many effects that WM systems have, it is necessary to consider all processes
that are involved and to take a complete set of information into account (Diaz et al., 2006).

1.2. AIM, SCOPE AND RESEARCH QUESTIONS

This thesis investigates assessment methods that focus on the application of MFA for the
analysis and evaluation of WM systems. The goal is thereby to develop a comprehensive novel
MFA approach by which to optimize WM systems and support goal-oriented decisions in
general. This thesis therefore presents a survey of assessment methods in order to show their
potential and to provide guidance for the application and (future) research into assessment
methods. Furthermore, it assesses the potentials of MFA on the level of goods and substances
individually, and discusses their differences in view of applicability, effectiveness and data
availability. Based on these findings, a novel goal-oriented approach is developed with respect
to sustainability.
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INTRODUCTION

A selected case study demonstrates the applicability of the novel approach and indicates its
advantages in applying MFA. The following research questions derive from the goal of this
thesis:

1. Which information and criteria can be quantified and derived from MFA?
2. How can the newly developed MFA approach support goal-oriented decision making?

3. How can the newly developed MFA approach be applied in a case study in order to
identify future improvements?

4. What are the strengths and weaknesses of the newly developed MFA approach?

The results should support stakeholders and decision makers on one hand, and the research
community on the other. The investigations focus on the WM system in order to identify future
improvements of existing highly developed WM systems in order to answer the question of
whether the current WM system is the most effective method by which to reach set goals.

1.3. THESIS STRUCTURE

The thesis is based on three research articles (see appendix) which are presented in
chapters 2-4. Chapter 2 outlines sustainable development and WM goals on different
governmental and organizational levels. The use of MFA as a tool for WM decisions
substantiates the value and necessity of applying the fundamental principle of MFA: the
conservation of matter. Furthermore, assessment methods, which are common tools used to
support decisions regarding WM, are investigated in order to provide guidance for the selection
of appropriate evaluation methods. Chapter 3 describes the power of MFA in designing WM
systems and supporting decisions with regard to given environmental and resource goals. A
comprehensive novel MFA approach for goal-oriented decision-making is defined. Chapter 4
presents a comprehensive case study of a nationwide WM system and discusses advantages
and drawbacks of a mass-balance approach. Chapter 5 presents concluding remarks and an
outlook onto future research questions.

page 2 of 34



STATE OF THE ART

2. STATE OF THE ART

In this chapter, the given goals on different levels (e.g., international and national) are
presented to indicate their connection regarding WM. Furthermore, assessment methods
are investigated in order to provide guidance for the selection of appropriate evaluation
methods (Allesch and Brunner 2014) and the use of MFA as a decision-support tool for
WM is discussed (Allesch and Brunner 2015).

2.1. SUSTAINABLE DEVELOPMENT AND WASTE MANAGEMENT
GOALS

As a key utility service on which public health depends, solid WM is one of the most important
functions of any government (Wilson et al. 2015). Public health and safety are central factors
within society and are closely connected to the environment and the economy. In the European
Union (EU 28), about 2.5 billion tons of waste were produced in 2014, of which about 4 %
were hazardous (Eurostat 2014). In that year, the per capita municipal-waste generation
averaged 475 kg throughout the EU, ranging from about 250 to 790 kg across individual EU
Member States (EU Commission 2008; Eurostat 2014). The sustainable management of
municipal solid waste (MSW) is necessary in all phases of impact, from planning to design,
operation and decommissioning. Consequently, the spectrum of waste-treatment technologies
and management strategies spans from maintaining environmental quality in the present to
meeting sustainability goals in the future (Pires et al. 2011). Sustainable-development or WM
goals are named on different legislative and organizational levels.

A resolution adopted by the UN General Assembly defines a set of 17 goals as a plan of action
for people, the planet and prosperity (United Nations 2015). They are integrated and
indivisible, and balance the three dimensions of sustainable development: economic, social and
environmental. In relation to resources and WM, the new agenda attempts to reduce the
negative impacts of urban activities and the use of chemicals that are hazardous for human
health and the environment, especially through environmentally sound management and the
safe use of chemicals, as well as the reduction and recycling of waste, and a more efficient use
of water and energy.

On the European level and through the 7t Environment Action Programme (EU Commission
2008), the EU has agreed to protect the environment and human health by preventing or
reducing the adverse impacts of the generation and management of waste, by reducing the
overall impact of resource usage and by improving the efficiency of such usage. Within the
Environment Action Programme, the following actions relating to WM and policy can be
identified:

e Reduce per capita waste generation and waste generation in absolute terms

e Limit energy recovery to non-recyclable materials

e Phase out landfilling of recyclable or recoverable waste

e Ensure high-quality recycling, in which the use of recycled material does not lead to
overall adverse environmental or human-health impacts
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e Develop markets for secondary raw materials to achieve resource-efficiency objectives

e Manage hazardous waste to minimize significant adverse effects on human health and
the environment

In order to achieve these goals, market-based instruments and other measures that privilege
prevention, recycling and re-use should be applied far more systematically throughout the EU,
including extended producer responsibility, while also supporting the development of non-toxic
material cycles.

The Directive 2008/98/EC of the European Parliament and of the Council of 5 April 2006 on
waste lays down measures by which to protect the environment and human health by
preventing or reducing adverse impacts of the generation and management of waste, pursued
by reducing the overall impact of resource use and by improving the efficiency of such use (EU
Parliament 2008). Furthermore, the waste hierarchy applies as a priority order in waste
prevention and in management legislation and policy. In applying the waste hierarchy, certain
measures should be taken into account in order to encourage the options that deliver the best
overall environmental outcome. This may require specific waste streams, departing from the
hierarchy in which this is justified, by life-cycle thinking on the overall impact of the generation
and management of such waste.

At the Austrian national level, the Waste Management Act (WMA 2002) provides the
legislative framework and the precautionary to which aftercare is connected forms the basis
for sustainability. Accordingly, WM should focus on the following:

e To prevent harmful or adverse effects on humans, animals and plants, as well as their
basic resources and natural environment, and to generally minimize other negative
effects on human well-being.

e To minimize air pollution and gases that affect the climate.

e To conserve resources (raw materials, water, energy, landscapes, land areas, landfill
volumes).

e In the case of recycling, to ensure that the materials that are reclaimed do not present
a greater risk than comparable primary raw materials or products from primary raw
materials.

e To ensure that only such waste remains which can be stored without endangering
future generations.

The WM performance of all EU Member States was subjected to a screening which ranked
Austria at the top (BiPRO 2012). The high recycling rates for packaging waste as well as the
continuously declining greenhouse-gas emissions underline this fact. For the future, the
questions that arise are whether given WM goals are achieved and how current WM system
be further developed (Allesch and Brunner 2016).
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2.2 ASSESSMENT METHODS

One literature review (Allesch and Brunner 2014) assesses studies in view of investigating their
goals, methodologies, investigated systems and results regarding economic, environmental and
social aspects. At present, many published assessment methods that support decision making
in WM are available, and are quite advanced and sophisticated (Coelho et al. 2012). Decision-
support models were first applied to WM in the late 1960s (Karmperis et al. 2013) and focus
on individual functional elements, such as collection routes or facility locations (Tanskanen
2000). Table 1 provides an overview of various assessment methods that support decisions
regarding WM.

The literature review shows that most of the studies used existing assessment methods (see
Figure 1). The percentage distribution of the assessment methods that were used shows that
approximately 41 % of the reviewed studies used life cycle assessment (LCA) to evaluate WM
systems. Approximately one tenth assessed waste-related topics through multi-criteria-
decision-making (MCDM). In order to calculate the positive and negative effects of WM
scenarios, cost-benefit analysis was used by 6 % and approximately 14 % of the reviewed
studies were performed as benchmark studies. Some of these focus on the environmental
performance of WM systems, while others focus on their economic performance (Finnveden et
al. 2007).

Benchmarking CBA combinations LCA

others| =
Benchmarking
{CBA

6% [

MCDM others RA

: [Clenv. aspects
Msoc. aspects
[Meco.aspects

Figure 1: Assessment methods in the reviewed studies (n=151) and considered aspects (Allesch and
Brunner 2014).

A comparison of the different aspects (see Figure 1) of the assessment methods in the reviewed
studies shows that, in particular, LCA and risk assessment (RA) often evaluated a WM system
by considering only environmental impacts. Multi-criteria decision making and the category

‘Others’ (different methods) appear to be the most complete methods regarding the
comprehensive evaluation of social, economic and environmental aspects.

The system boundaries of the reviewed studies differ geographically and thematically.
Comparing system boundaries with the object of investigation (see Figure 2) shows that studies
that evaluate WM systems, waste-collection systems and waste-prevention options often used
geographic boundaries (country, region or city), because these boundaries most likely coincided
with administrative boundaries. The functional unit through which to compare different
treatment options is primarily one unit of a specific waste stream and the evaluation of a single
treatment, often referred to as the inputs and outputs of the investigated plant.
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Table 1: Description of different assessment methods (Allesch and Brunner 2014).

ASSESSMENT
METHODS

Benchmarking

DESCRIPTION

Benchmarking is a continual comparison of products, services, methods or
processes to identify performance gaps, with the goals to learn from the best
and to note out possible improvements (Gabler 2005).

Cost-benefit
analysis

The essential theoretical foundations of cost-benefit analysis (CBA) are defining
benefits as increases in human wellbeing (utility) and costs as reductions in
human wellbeing. All benefits are converted to monetary units. The cost
component is the other part of the basic CBA equation (Pearce et al. 2006).

Cost-effectiveness-
analysis

Cost effectiveness analysis (CEA) evaluates alternatives according to both their
cost and their effect concerning producing some outcome (Levin and McEwan
2001). CEA allows the consideration of intangible effects.

Eco-efficiency
analysis

Eco-efficiency analysis (Eco-Eff) denotes the ecological optimization off overall
systems while not disregarding economic factors. The Eco-Eff analysis by
BASF quantifies the sustainability of products and processes, considering the
environmental impacts and economic data concerning a business or national
economic level (Saling et al. 2002).

Emergy analysis

Emergy is the amount of available energy that is used up in transformations,
directly and indirectly for a service or product. The emergy analysis (EA) is an
evaluation method that considers both environmental and economic values
(Song et al. 2012; Yuan et al. 2011a).

Environmental
impact assessment

Environmental impact assessment is a method that has to be performed before
consent is given to a project. Significant effects on the environment by virtue,
inter alia, of their nature, size or location are made subject to a requirement for
development consent and for an assessment concerning their effects (Directive
2011/92/EC).

Exergy analysis

The exergy method evaluates the qualitative change from the available energy
to the unusable one in form of work (Szargut 2005; Hiraki and Akiyama 2009).

Life cycle
assessment

Life cycle assessment addresses the environmental aspects and potential
environmental impacts (e.g., use of resources and environmental consequences
of releases) throughout a product’s life cycle from raw material acquisition

through production, use, end-of-life treatment, recycling and final disposal (ISO
2006).

Life cycle costing

Life cycle costing is an economic analysis method in combination with life cycle
assessment. This method is a tool for accounting the total costs of a product or
service over a long life span (EU Guidance 2007; Carlsson Reich 2005).

Multi-criteria-
decision-making

Multi-criteria-decision-making (MCDM) 1is a decision-making tool that
facilitates choosing the best alternative among several alternatives. This tool
evaluates a problem by comparing and ranking different options and by
evaluating their consequences according to the criteria established (Hermann et
al. 2007; Hung et al. 2007; Karmperis et al. 2013).

Risk assessment

Risk assessment (RA) is an integral part of the overall organization’s
performance assessment and measurement system for departments and for
individuals. The goal is to provide a comprehensive, fully defined and fully
accepted accountability for risks (ISO 2009).

Statistical entropy
analysis

The statistical entropy analysis is a method that quantifies the power of a
system to concentrate or to dilute substances (Rechberger and Brunner 2002;
Brunner and Rechberger 2004).

Strategic
environmental
assessment

Strategic environmental assessment is a method by which to provide a high
level of protection to the environment and to contribute to the integration of
environmental considerations into the preparation and adoption of plans and
programs. It aims to promote sustainable development by ensuring that an
environmental assessment of certain plans and programs, which are likely to
have significant effects on the environment, is performed (Directive
2001/42/EC).
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n=33 n=36 n=14 n=1 n=48 n=3 n=16
100%~ M wasts stream
[Ctreatment plant
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220%™
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Figure 2: Assessment methods in the reviewed studies: Comparison of the objects of investigation and
used scales (Allesch and Brunner 2014).

Figure 3 shows that benchmarking methods were often used in assessing MSW management.
However, benchmarking does not appear to be common in investigations of single-waste
streams. Compared with other assessment methods, LCA, MCDM and RA were performed
more frequently in assessing single-waste streams. E-waste, which is associated with RA, was
frequently the topic under investigation. Several RAs were performed in China to evaluate the
risks that are related to e-waste treatment plants.

n=21 n=9 n=15 n=21 n=11

Me-weste

MM mixed
Horganic waste
Csw

Cmsw
Eother

fraction of publications

2 %
%

Figure 3: Assessment methods in the reviewed studies: Investigated waste streams as a function of the
assessment methods (Allesch and Brunner 2014).

As a framework for WM decisions, assessment methods depict the strengths and weaknesses
of different management alternatives and hence, a goal that is shared among all of the reviewed
studies is to support stakeholders. Table 2 shows for whom assessments are performed and
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presents the reviewed assessment methods in relation to the receivers of the studies.
Benchmarking and RA are most frequently carried out for governments and only CBAs are
carried out to inform citizens.

Table 2: Receiver of the 151 reviewed studies (percentages in bold indicate the most commonly used
assessment method in relation to the criteria for each column) (Allesch and Brunner 2014).

RECEIVER - FOR WHOM IS THE ASSESSMENT PERFORMED [%]

METHODS
Benchmarking 76 5 0 0 0 5 5 0 10
CBA 44 11 22 0 11 0 11 0 0
Combinations 42 0 8 8 0 0 17 0 25 0
LCA 56 6 0 0 5 2 18 8
MCDM 40 7 7 27 0 0 7 0 13 0
RA 9 27 27 18 0 0 0 9 0 9
others 52 5 5 5 0 0 14 5 14 0

G Government, C Citizens, O Operators. R Researcher. M Municipalities. NN Not Named

The results of this review (Allesch and Brunner 2014) indicate the heterogeneity within the
published studies and show that investigations of WM systems require an individual assessment
methodology, depending on the goal of the assessment, the object of investigation, system
boundaries and addressees. In order to provide reliable results and data for decision making,
Figure 4 summarizes the conclusions of the literature review of assessment methods in WM:

D

D EFINE THE SCOPE AND GOAL OF APPLY THE MASS
THE ASSESSMENT BALANCE PRINCIPLE

SELECT AN ASSESSMENT METHOD ENSURE COMPREHENSION

CONSIDERING THE GOAL AND TRANSPARENCY

f‘igur()a 4: Key elements of a waste management assessment methodology based on Allesch and Brunner
2014).

1. Goals are important and must be clearly stated. Therefore, an assessment must focus
on the objectives that legislative frameworks, policy statements or regional guidelines
provide for WM. Furthermore, the scope and system boundaries have to be selected
carefully, because changing boundaries can have a key influence on the results.

2. The selection of the assessment method must focus on defined goals.

3. The application of the mass-balance principle is crucial for a comprehensive evaluation
and results in better support for decision makers.

4. Assessments must be reproducible, comprehensible and transparent regarding
methodology and data. Methods that are based on mass balances and promote these
characteristics must be favored and applied.
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2.3. MATERIAL FLOW ANALYSIS

An extended literature research (Allesch and Brunner 2015) using the keywords ‘material flow

analysis’ and ‘waste management’ was carried out and 83 studies were used for a review. An
MFA delivers a complete and consistent set of information about all flows and stocks of a
particular material over time, within a spatially defined system (Brunner and Rechberger
2016). Material flow analysis has been applied in various fields, such as medicine (Santorio
1737), social systems (Fischer-Kowalski 1998) and urban metabolism (Baccini and Brunner
1991), and is currently being increasingly applied in industrial ecology: a quickly developing
field of research with mounting policy relevance (Bringezu and Moriguchi 2002).

The growing use of MFA can be attributed to resource-, environment-, economy- and health-
related demands. By balancing inputs and outputs, the flows of wastes and environmental
loadings become visible and their sources can be identified (Brunner and Rechberger 2016).
The goal of MFA is to establish a mass balance for the system of study. The sum of all inputs
into the system must equal all outputs plus/minus the changes in stock. The mass-balance
principle applies on the level of goods (wastes, air, off-gas, products, etc.), as well as substances
(elements or chemical compounds) and must be observed for every process and for the total
system. The MFA terms that are used in this study are described in Figure 5 and correspond
to those which are presented in the Handbook of Material Flow Analysis: For Environmental,
Resource, and Waste Engineers (Second Edition). Within the field of MFA, a subdivision in
the investigations of goods and substances can be discerned (Brunner and Rechberger 2016).

’ Definition Example ’

Name of
process

Process Car wash

Rate of

Litho-
Stock change sphere (500D
Rate of change
Stock 10,000

Name of flow/flux Gasoline

Flow
Flow/
Flux A
- = \ [Unit for flows/fluxes] - = \ [t/yr or kg/(c.yr)]
System I I [Unit for stocks] I I [tor t/c]
boundaries I I
(space/time) | |
_____ J N
Name of system LISA, 1998

DESCRIPTIONS

Substances are any (chemical) element or compound that is composed of

Substances uniform units (atoms, molecules).

Goods are any economic entities of matter with a positive or negative economic
Goods

value and are made up of one or several substances.
Materials Material serves as an umbrella term for both substances and goods.
Processes Processes are defined as the transformation, transport or storage of materials.
Flows Flows are defined as a mass flow rate with the ratio of mass per time.

Transfer coefficients Transfer coefficients describe the partitioning of materials in a process.

System is the actual object of investigation. It connects the flows and stocks of
System materials and substances by processes, and is limited by system boundaries,
which are defined in space and time.

Figure 5: Terminology and main symbols of MFA (Brunner and Rechberger 2016).
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Table 3 offers an overview of studies that show the heterogeneity within the field of WM,
examined by listing the investigated goods and substances and subdividing them into three

levels: 'MFA on goods’, ‘MFA on substances and goods’ and ‘MF A on substances’. This review
shows that about 25 % focused on the level of goods, 50 % on the substance level and 25 %
started with goods and proceeded to substances. Most studies on the goods level focus on
municipal solid and electronic waste. Twenty of the reviewed studies provide a MFA for goods
and substances for the same system: on the level of goods the analysis is focused primarily on
MSW and plastic waste, and on the level of substances it focusses primarily on metals and
carbon. On the substance level, MFA focuses on metals (n=28) and non-metals (n=12). It
creates an inventory of flows, stocks and treatment processes, and hence offers a basic
knowledge and understanding of WM systems. However, an MFA alone cannot assess a system
in view of certain goals, such as resource conservation or protection of human health. The
reviewed studies investigate the following aspects with regard to the evaluation of MFA results:

e The resource potential is quantified to identify sources and pathways of valuable
materials. Recycling potentials, re-use options and the reduction of landfill volumes
are often investigated.

e The environmental consequences are investigated by quantifying emissions to the
hydrosphere, atmosphere and pedosphere. Often, effects such as eutrophication and
climate change are included.

e The release of potentially hazardous substances to the environment or the
incorporation of such substances in products is evaluated in order to take into account
environmental and human-health risks.

e The energy performance of WM and treatment is assessed in order to reduce energy
consumption or to improve energy efficiency by using new or advanced technologies.

100%
90%
80% -

70%
60%
7 |2 |
50%
40%
30%
20%
10%
0%
level of goods  level of goods and level of substances
substances

Res mEne Env W Haz

Figure 6: Comparison of the aspects considered in the various MFAs in relation to the investigated
materials (n=83). Res = resource potential, Ene = energetic performance, Env = environmental
consequences, Haz = release of potential hazardous substances (Allesch and Brunner 2015).
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Table 3: Applied MFA in the reviewed studies (n==83) on the level of goods and/or substances (Allesch
and Brunner 2015).

. SUBSTANCES

REFERENCES

Bio-, garden-, 4 ' (Bergeron 2014; Betz et al. 2015; Lang et al. 2006a;
food-, wood waste Lang et al. 2006b)
C&D wastes 1 | (Nasrullah et al. 2014b)
C&I waste 1 | (Nasrullah et al. 2014a)
< . (Al Sabbagh et al. 2012; Binder and Mosler 2007;
E MSWV/[’/ a;e;sezdual 5 Déberl et al. 2002; Masood et al. 2014; Stanic-
g - Maruna and Fellner 2012)
C‘B plastic waste, 3 (Bogucka et al. 2008; Jacob et al. 2014; Kleijn et al.
tires, PVC 2000)
General 1 | (Eckelman and Chertow 2009)
(Gurauskiené and Stasi$kiené 2011; Kahhat and
WEES, computer, 5 Williams 2012; Liu et al. 2006; Steubing et al. 2010;
Streicher-Porte et al. 2005)
Bio-, garden-, .
foocf’—o, Wi?fd ifas te Mixture 2 | (Andersen et al. 2011, 2012)
Bottom ash Metals 1  (Allegrini et al. 2014)
- CLD wastes Mixture 9 gl(?)»(r)t)l;mer and Stampfli 1993; Schachermayer et al.
>
%: General Mixture 1  (Brunner and Baccini 1992)
% Metals 1 | (Morf et al. 2000)
7
< ; (Arena and Di Gregorio 2013; Brunner and Ménch
a MSW;;agigdua] Mixture 6 1986; Mastellone et al. 2009; Rotter et al. 2004;
g Stanisavljevic and Brunner 2014; Tonini et al. 2014)
&
g Organic 1 | (Arena and Di Gregorio 2014a)
3 : :
. Arena and Di Gregorio 2014b; Mastellone et al.
© Plastic waste, Mixture 2 5012) &
tires, PVC - - - -
Organic 2 | (Arena et al. 2011; Di Gregorio and Zaccariello 2012)
WEE%;?;?? uter, Metals 1 | (Chancerel et al. 2009)
(Eriksson et al. 2008; Nakamura et al. 2009;
Compounds 3 Vyzinkarova and Brunner 2013)
(Asari et al. 2008; Asari and Sakai 2013; Cain et al.
2007; Chen et al. 2013; Chen and Graedel 2012; Guo
et al. 2010; Huang et al. 2014; Kral et al. 2014; Krook
et al. 2007; Kuo et al. 2007; Lanzano et al. 2006;
_ Long et al. 2013; Mansson et al. 2009; Morf et al.
o ; 2013; Oguchi et al. 2013; Oguchi et al. 2012;
g Main focus on Metals 2 Rechberger and Graedel 2002; Saurat and Bringezu
8 substance level; 2008; Spatari et al. 2002; Spatari et al. 2003; Spatari
= (though usually et al. 2005; Tanimoto et al. 2010; Vexler et al. 2004;
% based on good Zhang et al. 2008; Themelis and Gregory 2001;
= flows) Nakajima et al. 2008; Modaresi and Mueller 2012;
n Graedel et al. 2011)
Mixture 1 | (Morf et al. 2007)
(Bi et al. 2013; Chen et al. 2015; Cooper and Carliell-
Marquet 2013; Fan et al. 2009; Li et al. 2010; Ma et
Non metals i 12 :al. 2012, 2013; Ott and Rechberger 2012; Schmid
Neset et al. 2008; Senthilkumar et al. 2014;
Senthilkumar et al. 2012; Yuan et al. 2011b)

Note: #=number of studies; WEEE=waste of electrical and electronic equipment; C&D=Construction and demolition;
C&I=Commercial and industrial; MSW=Municipal solid waste
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Figure 6 shows the number of MFA applications on the level of goods or substances in relation
to the aspects that are considered. About 75 % of the reviewed studies apply MFA to assess
resource potential, whereby the goal is to analyze the dependency of a regional economy on
imported goods and substances, and to explore recovery potentials. Looking at both goods and
substances, 13 MFAs aim to identify resource potential by quantifying the mass flow rates of
wastes and their main constituents (chemical elements). In 32 of the reviewed studies, the
MFA on the substance level is carried out to identify sources, pathways and sinks of single
elements (e.g., P, Cu) and particularly, the analysis of whole economies focus on the evaluation
of resource potential.

Environmental aspects are the focus of one third of the reviewed studies. Especially, studies
on the substance level quantify environmental consequences of emissions to soil, air and water
(n=19). Potential hazardous substance emissions are investigated on the substance level (n=8),
with the goal of constructing a picture of sources and pathways in order to estimate possible
impacts and identify necessary actions for policy makers. On the level of goods, the hazardous
aspect was not and cannot be considered. Twelve studies focus on energetic performance, either
to evaluate the energy generation of individual plants or to assess the energy efficiency of WM
systems.

One third of the reviewed studies investigated two or more aspects (resource potential,
energetic performance, environmental consequences or release of potential hazardous
substances). Most frequently, resource potentials and environmental consequences are
considered. Most studies that apply MFA on the level of goods focus on a single aspect. In
contrast, one third of the reviewed studies providing MFAs on the substance level and half of
the reviewed studies focusing on goods and substances considered two or more aspects. The
results of this review (Allesch and Brunner 2015) corroborate the successful application of
MFA methodology. Especially, the combination of MFA on the level of goods and substances
can offer a goal-oriented tool for WM decision making (see Table 4).

Material flow analysis that is performed on the level of both goods and substances is an
indispensable instrument in assessing whether a given WM system reaches set goals in a
comprehensive way. On the levels of goods and substances separately, MFAs have particular
strengths and weaknesses, but together (goods and substances), they provide profound and
transparent knowledge for decision makers. Because a combined approach on the level of goods
and substances takes advantage of the same system definitions and analysis, the effort to
perform a combined MFA is less resource consuming than for two individual MFAs. On both
levels, MFA provides a systematic analysis of the system based on the mass-balance principle.
The results can be used as a well-grounded inventory for life-cycle-impact assessments or other
assessment methodologies, as a basis for the application of indicators or to provide a basis for
management decisions.
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Table 4:

GOAL-ORIENTED WASTE MANAGEMENT

Combination of MFA on the level of goods and substances for goal-oriented waste management.

MFA ON THE LEVEL OF GOODS TO...

...provide knowledge about the crucial

physical flows.

MFA ON THE LEVEL OF SUBSTANCES TO...

...identify the partition of hazardous

substances.

...implement regulatory mechanisms.

...depict the storage of hazardous
substances.

...understand connections between
stakeholders.

...characterize the chemical composition of
inflows and the transfer to possible
products.

...understand WM systems.

...evaluate whether WM goals are fulfilled.

...analyze, control and manage, material
flows within a system.

...consider all flows, including those that are
sometimes neglected, for instance because
they are not regulated.

...understand how waste is transformed,
transported or stored.

...ensure that materials that are reclaimed
or recycled do not present a greater risk
than comparable primary resources.

...identify materials leaving (outflows) or
accumulating in the system (stocks).

...avoid that potentially harmful substances
are hidden or accumulated somewhere in the
system.

...support communication and facilitate

transparency between the various groups.

...prevent pollution of the environment or
secondary resources.

MFA ON THE LEVEL OF GOODS AND SUBSTANCES TO...
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3. DEVELOPING AN ASSESSMENT APPROACH FOR WASTE
MANAGEMENT SYSTEMS

In this chapter, a novel goal-oriented approach is presented in order to assess WM
systems with respect to given environmental and resource goals (Allesch and Brunner
2017). Hence, the power of MFA in designing systems and supporting decisions is
described.

3.1. DEVELOPING A MASS BALANCE BY MATERIAL FLOW ANALYSIS

In order to use MFA for the optimization of WM, it is essential to know which elements
(wastes, treatment processes, products, emissions, flows, stocks and processes) are within the
system boundaries and are balanced, and which are situated outside the boundaries and are
thus neither balanced nor further considered. Therefore, a comprehensive form of visualization
is shown in Figure 7, which provides a template by which to design WM systems based on
MFA. One of the central points is the focus on the mass-balance principle in order to provide
a complete database on the level of goods as well as on the level of substances. The sum of all

inputs must equal the outputs + changes in stock. It must be observed for every process and
for the total system, and the mass-balance principle must be applied on the level of goods
(wastes, air, off-gas, products, etc.), as well as on the level of substances (elements or chemical
compounds).

INPUT: TONS PER YEAR STOCK, A STOCK: TONS PER YEAR OUTPUT: TONS PER YEAR

WASTE

TREATMENT
(Thermal,
biological

physico-chemical

WASTE andother

COLLECTION treatment)
AND
TRANSPORTATION

: TONSPER
LANDFILL | 1,000vEAR
------- I
© T Sstemboundary _—L T
“Waste management, Region, 1-1.000years”

FrLows DESCRIPTION
> Waste Total waste input into the system (generated and imported waste).
FExport Export of waste (leaving the investigated geographical system).
Emission I Gaseous emissions from waste treatment plants.
FEmission IT Long-term gaseous and liquid emissions from landfills over a time-period of 1,000y.
Resource M Reused or (treated) waste suitable for material recycling.

Resource E f’Il‘lreelg)ted waste that is used for energy recovery in non-WM-plants (only substitute

Waste II & III  Landfilled wastes.

Precipitation Precipitation on landfills.

Figure 7: Comprehensive MFA system for the evaluation of waste management systems based on Allesch
and Brunner (2017).
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3.2. MATERIAL FLOW ANALYSIS BASED CRITERIA FOR ASSESSMENT

According to given goals and based on the comprehensive MFA system, Table 5 shows seven
criteria by which to assess whether MFA and relating material flows on the level of goods and
substances support goal-oriented WM, and which provide a basis for further assessment
methods. Every criterion is assessed individually. For a complete evaluation of a WM system,
it is also necessary to take into account the dependencies and contradictions between these
criteria. The comprehensive WM system and the MFA-based criteria generate a well-founded,
reproducible and transparent database for the evaluation of WM systems. The results can be
used for the comparison of different scenarios (e.g., years and treatment options), to evaluate
WM system, to understand their functioning and to provide a basis for future impact
assessments.

Table 5: MFA based criteria for assessment (Allesch and Brunner 2017)

DECISION SUPPORT CRITERIA - MFA ON THE

LEVEL OF

SUBSTANCES

. . ~To conserve resources and
Reduction of Reduction of hazardous reduce environmental impacts
Y Waste | waste generation substances in generated . \
3 through WM (outside of WM’s
[t year] waste [mg/kg] ;
sphere of influence).
: Reduction of exports of To conserve resources (beneficial
Reduction of : :
waste with hazardous or substances) and provide
Export Ftvasggri)]( ports beneficial substances treatment autarky (hazardous
¥ [mg/kg] substances).
Reduction of Reduction of air pollutants @ To protect the environment,
FEmission | emissions from and climate-relevant gases: | improve air quality and ensure
I waste-treatment e.g., SOz, NOy, CO,, N0, the achievement of legal
plant [t year] CH, [t year] objectives.
Reduction of gaseous .
Reduction of long- | emissions: e.g., CO,, CHy, To provide agtercare fr(f Was1ie
FEmission | term emissions [t 1-1000 year] treatment and ensure tnat only
. . such waste remains which can be
7 from landfills Reduction of leachate load: . .
[t year]] e.g., TOC, NH,, Cd, Cr stored without endangering
O 2 b ) ) 1
Fe, Hg, Pb [t 1-1000 year-] future generations.
To conserve resources (raw
Increase in . materials) and, in the case of
Reduction of hazardous . )
secondary raw- - recycling, to ensure that
Resjc‘);rce material i;@sﬁgggfiéi,sgcgn%éy Cr reclaimed materials do not
generation . o5 0 7 h ¢ present a greater risk than
[t year] Cu, Ni, Hg, Pb, Zn [mg/ke] comparable primary raw
materials.
Res%zrce iggészig l[rtl f}ggi%}y To conserve resources (energy).
Reduction of hazardous or To conserve resources (landfill
Waste II : Reduction of beneficial substances to volume) and ensure that only
and landfill volume landfills: that waste remains which can be
Waste IIT | [t year] e.g., Cr, Cd, Cu, Hg, Ni, stored without danger to future
Pb, Zn [mg/kg| generations.

The choice of the investigated system’s thematic and geographic boundaries is crucial for an
impartial assessment, in interpreting data and results, and in generating transparent
information for stakeholders and the public. Depending on the WM system that is in focus,
different evaluation criteria can be derived. A survey and value judgment of WM stakeholders
can be used to identify different criteria, in which MFA and relating material flows can provide
a basis for further assessment methods. Other goals and stakeholders’ value choices may lead
to different criteria.
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4. CASE STUDY: AUSTRIAN WASTE MANAGEMENT

Based on the case study of a nationwide WM system, the advantages and drawbacks of
the mass-balance approach are disclosed and discussed (Allesch and Brunner 2017). The

case study’s results demonstrate the power of MFA in designing WM systems and in
supporting decisions with regard to given environmental and resource goals.

4.1. SCOPE

For the case study, the geographic system boundary corresponds to the national boundary of
Austria. The thematic system boundary is the WM system, including all processes (collection,
treatment, recycling, incineration, landfilling, etc.), material flows, recycling products, residues
and emissions. The inputs into the WM system are domestic as well as imported wastes and
precipitation falling on landfills. The outputs, which are measured and calculated by means of
transfer coefficients, are secondary products for material or energy recovery, and exported
waste and emissions to the environment. The temporal system boundary is one year for all
WM processes and subsequent flows before landfilling. A static approach is applied in order to
evaluate the Austrian WM system. The year 2012 was chosen because, at the start of the
project, the best and most complete data set was available for this period. Landfills are defined
as long-term stocks within the WM system and are the only stocks in this model. For the
investigation of long-term effects within this case study, the temporal boundary for the

biogeochemical reactor ‘landfill’, and its input (precipitation) and outputs (emissions) is 1,000
years (Déberl et al. 2002).

The following substances were selected for mass balancing: C, Cd, Cr, Cu, Fe, Hg, N, Ni, P,
Pb and Zn. These substances are of interest because on one hand they are useful as resources
and on the other may act as hazardous substances and are of potential harm to the
environment. Data uncertainties are calculated and estimated according to Laner et al. (2015),
and the software tool STAN 2.5 is used to perform MFA (Cencic and Rechberger 2008). In
considering data uncertainties, the calculation algorithm of STAN 2.5 uses mathematical tools
such as data reconciliation, error propagation and gross-error detection. The calculation
algorithm of STAN 2.5 allows for the use of redundant information in order to reconcile

uncertain ‘conflicting’ data with data reconciliation and to subsequently compute unknown
variables, including their uncertainties, with error propagation (Cencic 2016).

4.2. INVENTORY ANALYSIS

The detailed data inventory, including input quantities, substance concentrations and transfer
coefficients is provided in Allesch and Brunner (2017) and in the associated study (Brunner et
al. 2015).

In the year 2012, Austria generated about 48.7 million tons of waste (5,800 kg/inhabitant), of
which about 30 million tons consist of uncontaminated excavation material (50 % landfilled
and 50 % backfilled). This waste and certain other waste fractions are not included in the case
study. Seventeen million tons of waste are considered in detail, comprising about 500 different
waste fractions. For the MF A these 500 waste fractions were merged into selected waste groups
with similar substance concentrations. For the data collection, a comprehensive search was
carried out, including official statistics, stakeholder interviews and literature reviews. In total,
over 100 processes of collection, recycling, treatment and disposal, and about 300 flows of
wastes, residues, secondary products and emissions were taken into account and quantified.
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Austrian and imported waste, as well as precipitation on landfills serve as inputs into the MFA
system. The outputs, which were calculated by means of transfer coefficients, are emissions to
air, soil and water, secondary products, and exported waste. Through literature researches and
the use of own data from previous work, the transfer coefficients were defined for each waste

treatment plant. Landfills’ long-term gaseous emissions were calculated for residues from
mechanical biological treatment (MBT) based on Tabasaran and Rettenberger (1987). Long-
term leachate concentrations of TOC and NH.N after t years are modelled based on the
mobilizable substance potential of the landfilled waste (Laner 2011). For metals and
phosphorus, a constant substance concentration over time in the leachate is assumed. Data
uncertainty was also considered. According to an approach for characterization uncertainty
(Laner et al. 2015), data quality is evaluated with respect to reliability, completeness, and
temporal and geographical correlation. For the evaluation of expert estimates, only one data-
quality dimension is used.

4.3. RESULTS
4.3.1. MATERIAL FLOW ANALYSIS

The total input into the investigated system is about 17 million tons of waste. Figure 8 shows
an overview of the MFA on the level of goods and offers details about inputs, outputs and
stocks in million tons per year.

About 65 % of the waste is transferred into secondary products for material or energy recovery,
which include materials for reuse or which are ready for recycling without treatment (1.1
million tons) and treated waste, which can be directly used as a substitution for raw materials
(9.8 million tons).

The treatment of construction and demolition (C&D) waste for recycling provides the major
share with about 6 million tons, followed by metals with about 2 million tons. Secondary
products for energy recovery are plastic and wood waste which is processed to refuse-derived-
fuels, thereby fulfilling the end-of-waste criteria (0.6 million tons). About 15 % of the total
waste input is incinerated in waste-to-energy (WTE) plants, and 7 % is either mechanically-
biologically treated (MBT) or biotechnologically treated in composting or biogas plants. About
18 % of the input is released into the environment, mainly as off-gas into the air through
biotechnical and thermal treatment. About 12 % is landfilled and 4 % is exported to other
countries. The largest shares of the deposited materials are bottom ashes from incineration
processes, residues after mechanical- and biological-waste treatment, and C&D-waste. Figure
9 shows substance balances for C, Cd, Cr, Cu, Fe, Hg, N, Ni, P, Pb and Zn. About one third
of the carbon and half of the nitrogen are released into the air by biotechnical and thermal
treatment. Carbon is discharged mainly in the form of CO,, and to a lesser extent to CH, and
nitrogen, mainly as N, and in small quantities as NoO and NOx.

The carbon content of all landfilled materials, despite prior treatment, remains over 50g/kg:
the legal limit for landfilling in Austria. Residues from thermal processes, which are landfilled,
contain relevant concentrations of Cd, P, Cr, Pb and Zn. About one third of the phosphorus
is contained in ashes and dusts, which are used either for the production of concrete or recycled
within the cement industry. Separate collected metal fractions such as Fe, Cu, Pb, Ni and Zn
are mainly recycled. About 50 % of the Cd is deposited as residue from thermal treatment.
Recycled cadmium is mainly contained in metals and plastics. Mercury is mainly landfilled and
around 20 % of mercury can be found in secondary resources, such as paper and plastics. The
detailed MFA on the level of goods and substances is provided in Allesch and Brunner (2017).
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Figure 8: MFA system representing the Austrian WM in 2012 (Allesch and Brunner 2017).
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case study Austria (Allesch and Brunner 2017).

1A

MFA based criter:

Table 6

CURRENT STATE

SUBSTANCES
S Waste 17,300 2,810,000 113 47,200 14,900 1,490,000 12,200 54,000 15 169,000 16,600 18,800
Input (1y) e [t year?]
Precipitation 268 not calculated (n.c.)
Stock (1y) &wmmu_ma 2,190 [mg/kg] 54,700 27 1,110 2,600 30,600 2,680 1,100 4 5,270 2,510 4,100
Emissions | 2,900} [tyear?] 977,000 1 24,200 113 219 4 153 0.2 19 22 47
Export 751 326,000 5 2,680 6,160 9,910 670 369 4 639 1,190 687
Resources M 10,900 i [mg/kel 111,000 4 1,470 397 130,000 530 4,690 0.2 14,400 935 846
Outout Resources E 563 466.000 5 4,360 229 3,090 20 168 0.5 14 49 69
utpu
?w Emissions Il 270 927 i 8.7E-04 136400 1.0E-02 3.1E-01¢ 9.5E-04i (n.c) | 8.1E-05 (n.c.) 1.76-04 | 2.7E-03
Landfill Gas 2 926 not calculated (n.c.)
Leachate Load 1.9-03 [tyear?] 3.36-01} 8.76-04 | 1.3E+00| 1.0E-02 3.1E-01 9.5E-04 (nc) |81E-05  (n.c) 1.7E-04  2.7E-03
Evaporation, 268 not calculated (n.c.)
surface runoff
mbm Precipitation 268,000 not calculated (n.c.)
< M Stock 2,180 115,000 58 2,350 5,590 66,300 5,870 ; 2,410 8 11,500 5,490 8,970
£ 8 iEmissionsli 268,000 5,640 0.1 91 90 700 20 (nc) 1 (n.c.) 1 15
T [t 1000 :
w m\ Landfill Gas 13 year] 5,310 not calculated (n.c.)
PR Leachate Load 1 331 01 91 90 700 | 21 (nc) 1 (nc) 1 15
o0 o
= Evaporation
© £ p ,
£ m surface runoff 268,000 not calculated (n.c.)
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4.3.2. MATERIAL FLOW ANALYSIS BASED CRITERIA

Based on the results of the MF A on the level of goods and substances, the developed assessment
approach (see chapter 3) can be applied and the MFA-based criteria can be calculated. The
approach that is presented is based on (i) the mass-balance principle, to ensure that all inputs
are equal to the outputs and stock changes, (ii) the seven goal-oriented criteria according to
the Austrian WM act and (iii) a stakeholder survey. Nine complete questionnaires and six
additional statements could be included (Brunner et al. 2015) to identify criteria by which
MFA and relating material flows can provide a basis for further assessment methods and
support goal-oriented WM. The results (see Table 6 ) can be used for the comparison of
different scenarios (e.g., years and treatment options), to evaluate WM systems, to understand
their functioning and to provide a basis for future impact assessments.

4.3.3. SCENARIO ANALYSIS

Scenario analysis provides a powerful tool in looking into a possible future in an organized
way. Based on the MFA results, three scenarios were defined to better understand and evaluate
the Austrian WM system. The aim of this scenario analysis is to investigate changes within
the system and to gain insight into the functioning of the WM system and its associated
impacts. Each scenario examines different key aspects in order to investigate the effects of
different measures on future WM (see Table 7).

Table 7: Description of scenarios (Allesch and Brunner 2017).

SCENARIOS Key aspect Changes Motivation
No separate household Reduce cost for citizens,
collection of metals, textiles, Reduce costs for collection
biogenic waste and plastics and transportation
Plastic waste is incinerated The collection and treatment
Economy Reducing costs of plastics is costly
- The collection and treatment
WEEE are incinerated of WEEE is costly
No mechanical or mechanical MBT and following treatment
and biological treatment paths are costly
Increase of collection ratios for
separated recyclables in Transfer from mixed to
households, trade and separate waste streams
o industries
Optimize - - -
resource Dloutbhng Crlnaterzélal rectychng of
ci astic and wood wastes
RESOURCES gfﬁcwncy, P - - - Increase in material recycling
mcrease Doubling material recycling of
conservation of | WTE bottom ashes
resources - -
Two-stage process for biogenic
waste: Firstly biogasification Increase in material and
and secondly composting energy recovery
fermentation residue
Residual and bulky waste from
households are incinerated In order to reduce the
Provide clean : dissipati fh d
Combustible recyclables (wood, issipation of hazardous
SV INEinaRa product cycles, plastics, paper and biogenic substances

(S3) reduce long-

o waste) are incinerated
term emission

Enhanced landfill aftercare for Reduces long-term emissions
long time periods from landfills
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Based on the defined scenarios, the MFA was performed again on the level of goods and
substances for each scenario. The detailed results of the scenario analysis, including the MFA,
is provided in Allesch and Brunner (2017). Shifts in flows for the primary waste as well as the
consequent change in the secondary waste streams are evident. Figure 10 shows the changes
of secondary-waste quantity and different treatment paths for the status quo (SQ) and for
each scenario. Scenarios E1 and S3 show higher incineration rates compared to the SQ, and
biotechnical treatment is reduced accordingly. Scenario E1 is most similar to the SQ. The
landfill volumes are approximately equal for all scenarios, with a slight increase in scenario S3.
Scenario R2 shows the highest sorting and processing of separate collected waste with a focus
on recycling. In scenario R2, material recycling is increased by about 14%.

17.500 10.000
15.000
7.500
12.500
) " i
S 10.000 &
= © 5.000
o o
= 7.500 =
5.000 2500 —
- ﬂi s |
0 -« T 0 T T T T
SECONDARY PRIMARY BIOTECH. WASTE TO SORTING SORTING OTHER LANDFILL
WASTE WASTE TREATMENT ENERGY C&D WASTE RECYL. TREATMENT

MATERIALS
osQ OE1 HR2 @s3

f‘igur()e 10: Scenario analysis: Variation of secondary waste treatment based on Allesch and Brunner
2017).

In terms of material recycling, the most significant change is the shift of wood and plastic
wastes from energy recovery to material recycling (see Figure 11). This also increases the
amount of carbon that is contained in secondary resources (products of waste treatment).
Increased recycling within scenario R2 decreases the concentration of different substances, but
the absolute amount of recycled substances increases. Especially, the increased flow of Hg and

Cd into recycling products needs to be carefully assessed in view of the goal of ‘protection of

human health and environment’. For further impact assessment of hazardous substances within
product cycles, it is necessary to evaluate single recycling products and especially their area of
application. Scenario S3 recycles the least waste due to the increased WTE, although bottom
ashes are partly used as secondary products.

The MFA-based seven criteria are calculated for each scenario. Table 8 (level of goods) and
Figure 12 (level of substances) provide an overview of the percentage changes for each scenario
compared to the SQ. On average, the changes are about +30 %. Nevertheless, on the level of
goods, changes become visible between -100 % and +134 % and on the level of substances,
changes become visible between -100 % and +1.160 %.
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Mio. tons

METALS GLASS PAPER PLASTICS C&D BIOGENICWOOD OTHERS

T

0SQ (10.9 Mio ToNs)
M R2(12.4 MIO TONS)

O E1 (10.2 MIO TONS)

M S3 (7.7 Mio TONS)

Figure 11: Scenario analysis: Products from waste treatment as secondary resources (Allesch and Brunner

2017).

Although waste prevention is the most favored option according to the EU waste hierarchy, it
was not included in the scenario analysis. Waste prevention comprises using less products
and/or less material per product, thereby keeping products in the use phase for a longer time
and using less hazardous materials. In general, waste prevention lies outside of the sphere of
influence of WM. Nevertheless, feedback from WM stakeholders to other sectors of the economy
(e.g., designers, producers, and manufacturers of goods and services) is necessary.

Table 8: Scenario analysis: Percentage change relative to the SQ - level of goods (Allesch and Brunner

2017).

> Waste 0 0 0
Input(1y) T
Precipitation -1 -13 17
Stock (1y) | Waste IT and Waste III 0 -14 20
Emissions I 27 -30 134
Export -2 10 -72
Resources M -6 14 -30
Output Resources E -21 -75 -100
ly) Emissions II 1y -1 -13 16
Landfill gas -52 -24 -100
Leachate load -36 -17 -32
Evaporation, surface runoff -1 -13 17
o Precipitation -1 -13 17
z E 7 Stock 0 -14 21
Z =  Emissions Tl -1 -13 17
258 Landfill gas -69 -22 -100
s Leachate load 7 13 61
S
C;): - Evaporation, surface runoff -1 -13 17
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According to the Austrian WM act, treatment autarky should be sought. Hence, on the level
of goods, scenario S3 is the most favored option with a reduction in waste exports of about
70 %. An increased waste-to-energy ratio reduces the export of C and N in waste products,
and concentrates many metals in bottom ash and APC residue, the latter of which are mainly
exported to Germany and disposed of in underground storages. On the level of goods, releases
to the air are reduced by 30 % within scenario R2, and increased by about 130 % within
scenario S3.

Increased recycling reduces discharges, especially of C and N, to the air by about 25 %.
Additionally, within scenario R2, metal emissions in very small quantities to the gas stream
can be reduced by between 3 % and 19 % due to reduced thermal treatment. Long-term
gaseous emissions and leachate loads from landfills can be reduced within all scenarios, with
scenario S3 showing the highest reduction. Landfilling of pre-treated biogenic waste is
significantly reduced within scenarios E1 and S3. Hence, gaseous emissions are also
substantially decreased. Long-term leachate emissions from landfill are about equally reduced
within scenarios R2 and S3. On the level of substances, leachate loads are reduced within S3
by extended landfill aftercare treatment. In scenario R2, material recycling is increased by
about 14%. However, increased WTE reduces waste volumes that are sent to landfills within
scenario S3 and due to the decreased recycling, the waste mass that is sent to landfill is not
reduced compared to the SQ.

44. SUMMARY

The system ‘Austrian waste management’ was analyzed and evaluated in its entirety. Its
structure was mapped in a coherent, transparent and verifiable way by displaying the SQ by
means of the mass-balance principle on the level of goods and selected substances. This MFA
facilitates the understanding of how a particular WM system functions, and simplifies the
comparison of different treatment options and their effects on emissions, secondary resources,
exports and landfilled wastes. The developed approach requires the selection of criteria for the

evaluation of the WM system. These criteria are based on stakeholder’s value choices and on
predefined WM goals, which, in the case of Austria, are stated in the Federal Waste
Management Act.

The selected criteria represent the specific WM system that is in focus and are not universal:
they may be different for different stakeholders and WM goals. Based on the MFA results for
the year 2012, a scenario analysis was carried out in order to understand and evaluate the
Austrian WM system. On the level of goods, scenario R2 (focusing on recycling) provides the
best results for material recycling and the reduction of emissions from waste-treatment plants.

Scenario S3 (focusing on clean cycles) significantly reduces exports and long-term emissions
from landfills. On the level of substances, complex relations become apparent. The best scenario
varies according to the substance that is taken into account. In summary, the scenario analysis
of Austrian WM reveals a potential for higher collection and recycling rates, but also shows a
limitation regarding ‘clean’ product cycles. Some hazardous substances are recycled rather than
eliminated by WTE, or are disposed of in safe deposits. Furthermore, short- and long-term
discharges to the environment can be decreased by promoting recycling and by prolonging
landfill aftercare. The assessment of the three scenarios compared to the SQ shows that it is
not possible to improve every defined criterion with only a single measure.
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Figure 12: Scenario analysis: Percentage change relative to SQ - level of substances based on Allesch and

Brunner (2017)
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5. DISCUSSION AND CONCLUSION

This chapter summarizes the results and findings of the three research articles and offers
an outlook for future research focusing on the emphasis of the thesis:

e Assessment methods for decision making (Allesch and Brunner 2014)
e The application of MFA for analysis and evaluation (Allesch and Brunner 2015)

e A comprehensive novel MFA approach for goal-oriented decision making (Allesch and
Brunner 2017)

5.1. ASSESSMENT METHODS

Comparing and analyzing assessment methods in a literature review (n= 151) shows that any
investigation of WM systems requires an individual assessment methodology, which depends
on the goal of the assessment, the object of investigation, the system boundaries, and the
addressees. Goals are important and must be clearly stated. This concerns two types of goals:

e Firstly, the objectives for WM, as provided by the legislative framework, policy
statement or regional guideline, must be considered. It is important to concentrate on
these objectives because they can be manifold and even contradictory, and because
they have a determining influence on the methodology that must be chosen for the
evaluation.

e Secondly, the purpose, scope and goals for the assessment must be clearly defined,
considering the addressees and objectives of WM. It is relevant to select an assessment
method, or, most frequently, a set of assessment methods that is capable of tackling
all of the criteria that are necessary in characterizing the goals that are established in
the first step.

It becomes evident that sophisticated assessment methods are required. Only such methods
are able to evaluate the economic, ecological and social effects of a WM system. The choice of
the starting- and end-points of an assessment can have a decisive impact on the results. The
scope and the system boundaries have to be selected carefully because changing the boundaries
can strongly influence the results. Assessments must be reproducible, comprehensible and
transparent regarding methodology and data. Methods that are founded on mass balances
must be favored and applied because they promote these characteristics. Good, impartial and
reliable data sources with known uncertainty are crucial. Objectivity, transparency and
confirmability are necessary for the assessment step as well as for data acquisition.

5.2. MATERIAL FLOW ANALYSIS

The investigation of the application of MFA through a literature review (n=83) indicates that
the application of the mass-balance principle is significant for an impartial, comprehensible
evaluation. In evaluating WM systems, data availability and data quality are often limiting
steps. Wastes contain numerous products that are made from complex mixtures of many
elements and are composed of countless substances, yielding highly heterogeneous
combinations. In fact, wastes may and do contain everything because their content cannot be
completely controlled. Thus, analyzing waste inputs over longer periods of time for real
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situations is a non-trivial, time-consuming and costly endeavor. A more effective means is
output-oriented analysis. If inputs and outputs of waste-treatment systems are monitored and
balanced, the law of conservation of matter allows for the comparison of information concerning
substance flows from the input side with the output side. Hence, data can be crosschecked,
deviations can be detected and additional investigations can be performed, if necessary.

On the level of goods, MFA is highly useful in understanding WM systems. It represents a tool
for analyzing, controlling and managing material flows within a system. For WM, it is essential
to know the quantity of waste that is to be treated (inflows), how this waste is transformed,
transported or stored (processes), what kind of materials leave (outflows) or are accumulated
in the system (stocks). On the level of goods, MFA is also a valuable means by which to
implement regulatory mechanisms. Yet, the level of goods does not include sufficient qualitative
information.

In addition to mere bulk-material flows, it is highly recommended to select key substances and
to balance them throughout the system. This allows answering questions regarding the
accumulation and depletion of beneficial as well as hazardous substances in goods. The level
of substances is indispensable in evaluating whether WM goals are fulfilled. A mass balance
also prevents potentially harmful substances from becoming hidden or accumulated somewhere
in the system, thereby preventing pollution of the environment or secondary resources.

5.3. MATERIAL FLOW ANALYSIS AS A BASE FOR DECISION-MAKING

The results and findings of the literature reviews lead to the development of a comprehensive
approach by which to assess WM systems. Based on a real-world WM system, seven criteria
were identified whereby MFA and relating material flows on the level of goods and substances
provide a basis for further assessment and support goal-oriented WM: (i) waste input into the
system, (ii) export of waste (iii) gaseous emissions from waste-treatment plants, (iv) long-term
gaseous and liquid emissions from landfills, (v) waste being recycled, (vi) waste for energy
recovery and (vii) total landfilled waste.

The developed approach defines the system boundaries explicitly. The comprehensive WM
system ensures that all elements are considered and that no flows or stocks are lost or forgotten.
It thus provides a suitable tool by which to indicate dependencies and contradictions between
given goals and criteria due to the fact that the mass-balance principle takes into account all
in- and outflows. The approach serves as a factual basis for future decision making and is an
important and necessary basis for subsequent assessments, such as benchmarking or LCA.

A comprehensive case study of a nationwide WM system demonstrates the applicability of the
developed approach. It shows that MFA that is performed on the level of both goods and
substances is an indispensable tool in assessing whether a WM system reaches given goals in a
comprehensive way. The MFAs of goods and substances separately have their strengths and
weaknesses, but together (goods and substances), they provide profound and transparent
knowledge for decision makers. The results of this study reveal the following benefits of a mass-
balance approach if the levels of both goods and substances are taken into account.

e Inputs, outputs and stocks are balanced and data consistency is ensured.

e Deficiencies become evident if balances do not close and if data inconsistency is
observed.

e Results are reproducible with known uncertainties.
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e Material flow analysis forms a transparent and open way by which to inform
researchers as well as external stakeholders.

e The application of different criteria enables revealing contradictions.

e A complete, unambiguous and consistent data set can be used as a basis for subsequent
assessment methods

This approach is helpful in understanding WM systems and facilitates well-founded and goal-
oriented decisions. Hence, it is an essential basis in developing effective and goal-oriented WM
strategies by which to plan and operate WM systems.

5.4. FUTURE RESEARCH AND OUTLOOK

This thesis demonstrates the power of MFA in designing WM systems and in supporting
decisions with regard to given environmental and resource goals. A novel approach is developed
by which to optimize WM systems and a case study proves that this approach is a powerful
tool in assessing whether a chosen system reaches designated WM goals.

However, this study also discloses deficits that cannot yet be overcome by this approach, such
as the lack of proper methodical tools by which to take into account possible risks that are
related to waste exports, as well as the long-term effects of recycling products. The increasing
variety and complexity of chemicals, and the ever-longer and more intricate chemical supply
chains and waste streams expose serious gaps, lapses and inconsistencies in governmental and
international policies, and corporate practices (UNEP 2012). Therefore, further research and
possibly regulatory activities are needed in order to close data gaps, especially regarding
hazardous substances in different waste streams.

Knowledge about waste export is essential and an appropriate assessment demands that re-
use, collection, storage, treatment and disposal within destination countries are taken into
account. Hence, considering waste export and associated risks requires an extension of the
spatial system boundary compared to the approach introduced here, which includes the global
economy.

There is also a need for research into the shift of pollutants from wastes to recycling-product

cycles. A ‘clean cycle’ philosophy requires a change in recycling strategy: rather than focusing
simply on increasing recycling quantities, recycling qualities should also be taken into account
(Brunner 2010). The interactions between pollutants in products and the transfers of pollutants
to safe sinks are not yet sufficiently investigated. For future assessments, the extension of the
thematic system boundary (including the area of application of recycling products) and the
temporal system boundary (including future effects) that are associated with the developed
approach is recommended.

In order to close the gaps mentioned above, the extension of geographic, temporal and thematic
system boundaries is required. Nevertheless, doing so will also significantly increase the
complexity of the developed MFA approach. For final decisions on how WM systems should
develop, social and economic issues also need to be taken into account.
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Review Article

Assessment methods for solid waste
management: A literature review

Astrid Allesch and Paul H Brunner

Abstract

Assessment methods are common tools to support decisions regarding waste management. The objective of this review article is
to provide guidance for the selection of appropriate evaluation methods. For this purpose, frequently used assessment methods
are reviewed, categorised, and summarised. In total, 151 studies have been considered in view of their goals, methodologies,
systems investigated, and results regarding economic, environmental, and social issues. A goal shared by all studies is the support
of stakeholders. Most studies are based on life cycle assessments, multi-criteria-decision-making, cost-benefit analysis, risk
assessments, and benchmarking. Approximately 40% of the reviewed articles are life cycle assessment-based; and more than 50%
apply scenario analysis to identify the best waste management options. Most studies focus on municipal solid waste and consider
specific environmental loadings. Economic aspects are considered by approximately 50% of the studies, and only a small number
evaluate social aspects. The choice of system elements and boundaries varies significantly among the studies; thus, assessment
results are sometimes contradictory. Based on the results of this review, we recommend the following considerations when assessing
waste management systems: (i) a mass balance approach based on a rigid input—output analysis of the entire system, (ii) a goal-
oriented evaluation of the results of the mass balance, which takes into account the intended waste management objectives; and (iii)

a transparent and reproducible presentation of the methodology, data, and results.

Keywords

Assessment methods, benchmarking, cost benefit analysis, life cycle assessment, mass balance, material flow analysis, multi criteria

decision making, risk assessment, waste management

Introduction

The primary goals of sustainable waste management are to pro-
tect human health and the environment and to conserve resources.
Additional goals include prevention of the export of waste-
related problems into the future (e.g. ‘clean’ cycles and landfills
requiring little after care (Brunner, 2013)) and socially accepta-
ble waste management practices (Wilson et al., 2007). A key pre-
condition is affordable waste management costs. To reach these
goals, decision makers apply integrated strategies that consist of
a multitude of connected processes, such as collection, transpor-
tation, treatment, recycling, and disposal (Al Sabbagh et al.,
2012). As a result, decision makers expect practicable waste
management at an acceptable cost, balancing environmental,
economic, technical, regulatory, and other social factors (Barton
etal., 1996).

Because the number of available options for waste collection
and treatment is always growing and because the economic
boundary conditions are changing often, decision makers are
constantly confronted with the following questions: Is the current
waste management system the most cost effective method for
reaching the goals of waste management? Are there other and
better combinations of more advanced processes that can provide
an identical service at lower costs (Rogge and De Jaeger, 2012)?

When answering these questions, decision makers on one hand
are under pressure of different stakeholder groups that ask for
more sustainability, new technologies, or for cheaper waste man-
agement (Wilson et al., (2007). On the other hand, the decision
makers experience the methodological dilemma in the choice of
the evaluation tool to assess present and new waste management
systems.

This situation is a particular challenge because of the many
and diverse approaches that promise support for strategic or pol-
icy decisions, for waste management planning, and for waste
management optimisation on all levels (companies, municipali-
ties, and governments) (Finnveden et al., 2007).

Decision support models were first applied to waste manage-
ment in the late 1960s (Karmperis et al., 2013). These early
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approaches, which primarily focused on individual functional
elements, such as collection routes or facility locations
(Tanskanen, 2000), were followed during the 1980s by studies
assessing entire waste management systems. Computer-aided
decision support began in the 1980s (Banar et al., 2009).
Regarding the economic impacts of waste services, the first study
dates back to 1965 (Hirsch, 1965), with a rapid development and
increasing number of publications peaking between 2000 and
2010 (Simdes and Marques, 2012).

At present, many published assessment methods for waste
management systems are quite advanced and sophisticated
because waste management is considered a strategic sector of
public service (Coelho et al., 2012). The high goal to provide
sustainability as a balance between society, economy, and
ecology requires an integrated approach. Hence, for an evalu-
ation of the many effects of waste management systems, it is
necessary to consider all of the processes involved (Diaz and
Warith, 2006). An assessment method as discussed in this
review should be understood as a cornerstone within such a
decision framework. The method should be goal oriented and
provide an overview of the advantages and disadvantages of
different options, while being objective, transparent, and
comprehensible.

Aim and scope of this article

The objective of this article is to support decision makers when

choosing assessment methods for waste

Commonly used assessment methods are reviewed and catego-
rised, and conclusions are drawn that consider the selection of
methods for decision support. For this purpose, 151 studies have

management.

been examined considering their goals, methodologies, systems
investigated, and results regarding economic, environmental,
and social issues. Similar reviews have been previously per-
formed. These reviews usually included studies concerning
municipal solid waste (MSW) or single assessment methods
(Beigl et al., 2008, Cleary, 2009, Morrissey and Browne, 2004).
Other overviews concerning assessment methods have com-
pared different assessment methods and discussed their weak-
nesses and strengths; have looked at the historical development
of assessment methods; or have presented a new combined
approach (Finnveden and Moberg, 2005; Finnveden et al., 2007;
Karmperis et al., 2013; Pires et al., 2011).

This study focuses on stakeholders and decision makers on the
one hand, and the research community on the other hand. The
purpose is to present a survey of assessment methods, to show
their potentials and to provide guidance for the application of, and
for future research into, methods for the assessment of waste man-
agement systems. In contrast to other reviews, this study focuses
less on the assessment methodology itself, but on the actual con-
tent of the assessment. The objects of investigations, specific
addressees, and goals of the studies are characterised to indicate
why and for whom assessments are performed. In addition, we
examine the data quality of the studies using the mass balance
principle. Finally, key elements within waste management

assessment methodologies are addressed to provide suggestions
for future developments within the research community.

Materials and methods

The current study is based on a thorough literature search that
was composed of articles in journals through September 2013 in
the Science Direct database and in specific SAGE Publications
journals. The keywords used for the literature search included
‘waste’, ‘assess’, and ‘different assessment methods’ according
to the state of the art. Some further studies were identified through
the reference list of these articles and Google was used to find
special reports or conference proceedings. After a pre-review of
the collected articles, 151 studies were selected for this review
(Supplementary Table, available online). This database allows a
systematic examination of the goals and scope of investigations:
How did the investigations assess the impacts of waste manage-
ment systems on technical, economic, environmental, and social
levels? Which system boundaries, waste treatments, waste
streams, and compositions were considered? Was there a weight-
ing step included in the assessment, and how and by whom was
the weighting performed? Which novelties concerning the assess-
ment method were introduced? The results of the review are cat-
egorised and discussed to answer the following questions.

e What were the objectives of the studies?
e  Which assessment methods were used?

o Which software/tools were applied?
o Were there any novelties with respect to the assessment
tool?

e  Which scales were observed?
e  Which waste streams were considered?
e Which aspects were considered?

o General goals of waste management.

o Economic aspects (business economy or national
economy).

o Environmental aspects.
Social aspects.

e Were weighting steps performed?
e Did the study contain information concerning the impact of
the study?

Rounding and rough categorising were used to simplify the
results. Categories with a contribution <5% were grouped under
the term ‘others’. Differences to 100% in the figures were caused
by rounding errors.

Results and discussion

Overview of different assessment
methods, software, and novelties

Table 1 provides an overview of the different assessment meth-
ods used in the 151 reviewed studies.
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Table 1. Description of the reviewed assessment methods.

Assessment method

Description

Benchmarking

Cost benefit analysis
(CBAJ

Cost effectiveness
analysis (CEA]
Eco-efficiency
analysis (Eco-Eff)

Emergy analysis (EA)

Environmental impact
assessment (EIA)

Exergy analysis

Life cycle assessment
(LCA)

Life cycle costing
(LCC)

Multi-criteria-
decision-making
(MCDM)

Risk assessment (RA)

Statistical entropy
analysis

Strategic
environmental
assessment (SEA)

Benchmarking is a continual comparison of products, services, methods, or processes to identify
performance gaps, with the goals to learn from the best and to note out possible improvements
(Gabler, 2014).

The essential theoretical foundations of CBA are defining benefits as increases in human
wellbeing (utility) and costs as reductions in human wellbeing. All benefits are converted to
monetary units. The cost component is the other part of the basic CBA equation (Pearce et al.,
2006).

CEA evaluates alternatives according to both their cost and their effect concerning producing
some outcome (Levin and McEwan, 2000). CEA allows the consideration of intangible effects.
Eco-efficiency analysis (Eco-Eff] denotes the ecological optimisation of overall systems while
not disregarding economic factors. The Eco-Eff analysis by BASF quantifies the sustainability of
products and processes, considering the environmental impacts and economic data concerning
a business or national economic level (Saling et al., 2002).

Emergy is the amount of available energy that is used up in transformations, directly and
indirectly for a service or product. The EA is an evaluation method that considers both
environmental and economic values (Song et al., 2012; Yuan et al., 2011).

ElIA is a method that has to be performed before consent is given to a project. Significant effects
on the environment by virtue, inter alia, of their nature, size, or location are made subject to a
requirement for development consent and for an assessment concerning their effects (Directive
2011/92/EC).

The exergy method evaluates the qualitative change from the available energy to the unusable
one in the form of work (Hiraki and Akiyama 2009; Szargut, 2005).

LCA addresses the environmental aspects and potential environmental impacts (e.g. use of
resources and environmental consequences of releases) throughout a product’s life cycle, from
raw material acquisition through production, use, end-of-life treatment, recycling, and final
disposal (SO 2006).

LCC is an economic analysis method in combination with LCA. This method is a tool for
accounting the total costs of a product or service over a long life span (Carlsson Reich, 2005;
Langdon, 2007).

MCDM is a decision-making tool that facilitates choosing the best alternative among several
alternatives. This tool evaluates a problem by comparing and ranking different options and by
evaluating their consequences according to the criteria established (Hermann et al., 2007; Hung
et al., 2007; Karmperis et al., 2013).

RA is an integral part of the overall organisation’s performance assessment and measurement
system for departments and for individuals. The goal is to provide a comprehensive, fully
defined, and fully accepted accountability for risks (ISO 2009).

The statistical entropy analysis is a method that quantifies the power of a system to concentrate
or to dilute substances (Brunner and Rechberger, 2004; Rechberger and Brunner, 2002).

SEA is a method to provide a high level of protection to the environment and to contribute to

the integration of environmental considerations into the preparation and adoption of plans

and programmes, with an aim to promote sustainable development by ensuring that an
environmental assessment of certain plans and programmes, which are likely to have significant
effects on the environment, is performed (Directive 2001/42/EC).

Most of the reviewed studies used existing assessment meth-
ods and models. However, new approaches have also been
developed to evaluate waste management systems, and often,
existing assessment methods have been modified or supple-
mented. Figure 1 shows the percentage distribution of the assess-
ment methods used in the reviewed articles. Approximately 41%
of the 151 reviewed studies have used life cycle assessment
(LCA) as a method to evaluate waste management systems.
Particularly since the 1990s, the interest in LCA has rapidly
grown (Finnveden et al., 2009), and in the recent years, it has
become popular to analyse MSW management systems with
LCAs (Cleary, 2009). Since 1990, attempts have been made to
develop and to standardise the LCA methodology (Burgess and
Brennan, 2001), and since the publication of the guidelines for

LCA (ISO 2006), an international standard has been defined.
Commonly used software tools for LCAs include EASEWASTE
and SimaPro software programs. Approximately one-third of the
reviewed studies using LCAs performed their evaluation with
one of these software programs. One of the reviewed studies
linked economic information to a LCA in a so-called life cycle
cost (LCC) assessment. To evaluate the positive and negative
effects of waste management scenarios, cost-benefit analysis
(CBA) was used by 6% of the reviewed articles. For assessing
the socio-economic implications of waste to energy (WtE), a
social CBA was developed on one study (Jamasb and Nepal,
2010). Approximately 14% of the reviewed studies were per-
formed as benchmark studies. Benchmarking is commonly used
to compare countries, regions, or cities to identify the best
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Figure 1. Assessment methods in the reviewed studies
(n=151).

CBA: cost-benefit analysis; LCA: life cycle assessment; MCDM: multi-
criteria-decision-making; RA: risk assessment.

practice, with the aim of learning from each other. Approximately
one-tenth of the reviewed articles assessed waste-related topics
with multi-criteria-decision-making (MCDM). Commonly used
MCDM software tools include analytic hierarchy process,
ELECTRE, and PROMETHEE (Achillas et al., 2013). In the
reviewed studies that were performed with MCDM, one-quarter
was performed using ELECTRE. Approximately 7% of the
researchers adopted risk assessment (RA) for the assessment,
primarily for the evaluation of local environmental impacts
through waste treatment plants.

The analysis of the assessment methods LCA, MCDM, and
CBA by Karmperis et al. (2013) shows that all frameworks have
shortcomings. The main weaknesses of a LCA are the assump-
tions required by the researchers. The required number of
assumption within a LCA is large and leads to diverging results
(Heijungs and Guinée, 2007). Moreover, a review concerning a
LCA of sewage sludge by Yoshida et al. (2013) shows that the
different assumptions made (e.g. energy and chemical con-
sumption) vary greatly between the LCA studies. The results of
MCDM are difficult to interpret because the choice of the crite-
ria and the weighting are highly subjective. Additionally, using
a CBA method, the valuing of intangible goods is not possible
and the selection of the discount rate is a critical issue
(Karmperis et al., 2013). Cost effectiveness analysis (CEA) can
circumvent some of these disadvantages. Future methods and
models should combine different methods to maximise their
strengths and/or to minimise their weaknesses. Combinations
of different assessment methods have been used to provide a
more comprehensive picture (Finnveden and Moberg, 2005). In
the reviewed studies for example, the Cumulative Energy
Demand and the Centrum voor Milieukunde Leiden CML
method (LCA impact assessment) have been combined for the
evaluation of energetic and environmental impacts (Giugliano
et al., 2011). Furthermore, combinations of LCA, RA, emergy

analysis (EA), or the joint application of geographic informa-
tion system (GIS) to MCDM have been performed (Benetto
et al., 2007; Gémez-Delgado and Tarantola, 2006; Song et al.,
2012). Overall, 12 studies have used a combined approach to
investigate waste management-related topics. Some of the
reviewed studies report novelties according to the assessment
methods. On-going methods and supplementary software tools
have been modified to enhance the quality of the methods and
of the results. Different assessment methods have been modi-
fied, such as the MCDM methodology TOPSIS for the selection
of appropriate disposal methods (Ekmekgioglu et al., 2010) or
the MCDM software ELECTRE III to help decision makers
more objectively negotiate alternatives that rank close to each
other (E1 Hanandeh and El-Zein, 2010). In few assessments,
new indices have been developed or used for the first time in the
context of waste management. Examples are the Cleaner
Treatment Index, which aggregates several indicators based on
operational parameters to assess the environmental perfor-
mance of waste treatment technologies (Coelho et al., 2012);
the Net Recovery Index to assess the capacity of a MSW man-
agement system for converting waste into resources; the
Transport Intensity Index with the aim of minimising transport
requirements for managing specific waste flows (Font Vivanco
et al., 2012); or the Resource Conservation Efficiency to bench-
mark the ecological sustainability of waste management prac-
tices across multiple locations with minimal data (Kaufman
et al., 2010).

Aims of the reviewed studies

The general goals of all the reviewed studies were to support
stakeholders by (i) noting the current state of waste management
systems and/or (ii) naming best waste management options for a
specific local situation. Hence, one comprehensive aim of the
reviewed studies is the simplification of the complex waste man-
agement processes and their environmental, economic, and social
impacts to provide a basis for adequate decision making.
Although there are many reasons for assessing waste manage-
ment systems, in this article the reviewed studies are classified
into four categories according to their aims.

e ‘Scenario-based’: an evaluation of different scenarios to find
the best scenario for a single project/company or for a whole
waste management system.

e ‘Comparison-based’: a comparison of countries/cities/regions
or companies to determine the best in a defined category.

e ‘Performance-based’: an evaluation of the performance of a
single project (e.g. treatment plant) or strategy (waste man-
agement system) with the goal to increase efficiency.

e ‘goal-based’: an evaluation of the current status of a project
or strategy concerning provided goals or regulations.

The reviewed studies show that it is common to compare the
current situation with different scenarios. Approximately 60% of
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Figure 2. Aims of the reviewed studies (n = 151).

the studies were ‘scenario-based’. Often, three or four scenarios
were compared; however, the range of the considered scenarios
in the reviewed studies was from one to 19. One-third of the stud-
ies used the ‘performance-based’ approach, and approximately
10% were ‘comparison-based’. Only four studies compared the
efficiency of current waste management systems with provided
goals or laws (see Figure 2).

As already mentioned, the reviewed studies were performed
with the overall goal to support decision makers in developing
new laws, to provide the decision makers with a base for deci-
sions concerning current waste management and for future pro-
jects, or to note new assessment methods. The target group of the
reviewed studies were primarily official institutions. Only a few
studies were performed to provide direct support for citizens or to
introduce new methods or software tools.

Scale of the reviewed studies

The scale refers to the boundaries and functional unit observed in
the reviewed assessments. The scales used in the studies were (i)
one unit of a specific waste stream (e.g. 1 tonne organic house-
hold waste), (ii) the entire waste input and output of a treatment
plant, or (iii) the waste management system of a city, country, or
region. In a few cases, household waste or waste generated
through the demolition of buildings was investigated.

This review shows that more than half of the studies geo-
graphically defined their system boundaries by assessing the
waste management of a city, region, or country, and that
approximately 25% of the 151 studies investigated one unit of
a waste stream. The waste input and output streams of a treat-
ment plant were evaluated in 15% of the reviewed studies (see
Figure 3).

Only approximately one-fifth of the reviewed studies used the
mass balance principle (Brunner and Rechberger, 2004) to iden-
tify the inputs and outputs of the investigated system. More com-
monly, only the outputs of the systems were considered.

others
7%

waste stream
23%

Figure 3. Observed scale in the reviewed studies (n = 151).

]
others
3%

11% treatment

comparison
22%

Figure 4. Object of investigation of the reviewed studies
(n=151).

Objects of investigation

Categorising the reviewed articles by their objects of investiga-
tion shows that many studies assessed entire waste management
systems. The life cycle of a product ends with waste manage-
ment, which includes the waste management system from waste
generation, waste collection, recycling, and treatment to final
disposal. Therefore, the efficient planning of waste management
systems requires an accounting of complete sets of effects caused
by the entire life cycle of waste (Emery et al., 2007). One-quarter
of the reviewed works assessed either one treatment plant or
compared different treatment options to determine the best avail-
able alternative (Figure 4.). In particular, the performances of
incinerators or landfills were often the objects of such
investigations.

Comparing system boundaries with the object of investigation
shows that studies evaluating waste management systems, waste
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Figure 5. Comparison of the objects of investigation and scales used (n = 151).
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Figure 6. (a) Waste hierarchy of solid waste management (Directive 2008/98/EC). (b) Objects of investigation of the reviewed

studies according to the EU waste hierarchy.

collection systems, and waste prevention options often used geo-
graphic boundaries (country, region, or city). The reason is that
these boundaries most likely coincided with administrative
boundaries. The functional unit to compare different treatment
options was primarily one unit of a specific waste stream, and the
evaluation of single treatment often referred to the inputs and
outputs of the investigated plant (Figure 5).

According to the European Union waste hierarchy (Directive
2008/98/EC), waste prevention is ranked as the highest goal in
waste management (see Figure 6(a)). The allocation of the
reviewed studies to the five steps of the EU waste hierarchy
(without considering the categories of waste management system
and waste collection) shows that waste prevention is not ranked
among the top issues by the waste management assessment com-
munity (see Figure 6(b)).

In only 4% of the reviewed studies, the main object of the
investigations was waste prevention or re-use; however, approxi-
mately 25% assessed waste recycling systems. Most frequently,
other recovery methods, such as incineration, with energy recov-
ery or disposal methods, such as landfills, have been the objects
of investigations.

The investigated waste stream can be categorised as solid
waste, MSW, different waste fractions (mixed), or a single waste

fraction (organic, plastic waste, paper waste, aluminium waste,
construction and demolition waste (C&D) waste, glass waste, or
other single waste streams). Over 50% of the reviewed articles
assessed waste management systems considering MSW, and
12% investigated the combined solid waste of a region or the
solid waste applied to a specific waste treatment plant (see
Figure 7).

Because of the growing production and consumption of elec-
tronic products, the question of how to manage e-waste has
become important (Song et al., 2012). Approximately 6% of the
articles attempted to determine the best e-treatment option. The
increasing attention to climate change and the diversion of
organic waste away from landfills lead to the fact that 6% of the
studies specifically observed organic waste.

Figure 8 shows that benchmarking methods were often used
for assessing MSW management. However, benchmarking
does not seem common for investigations of single waste
streams. Compared with the other assessment methods, LCA,
MCDM, and RA were more often performed for assessing sin-
gle waste streams. Associated with risk management, e-waste
was often the topic of investigations. Many RAs were per-
formed in China to evaluate the risks concerning e-waste treat-
ment plants.
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Considered aspects

For a comprehensive assessment of waste management systems
or processes, it appears necessary to examine all three aspects
associated with the term sustainability: social, economic, and
environmental aspects. However, depending on the goal of a
study, sometimes only one or two aspects were considered.
Economic aspects are an important factor because money,
in combination with available technology, is generally the lim-
iting factor for a sophisticated, properly functioning waste
management system. Economic aspects are mentioned on a
business (micro-economic) level or on a public (macro-eco-
nomic) level. In the reviewed articles, on the business level,
the investment and operational costs were usually evaluated.
Macro-economically, the costs for waste management are
labelled as a percentage of the gross domestic product, or the

e-waste Jlimixed
6% 8%

SW
12% -
organic wastel

6%

MSW
52%

Figure 7. Observed waste streams in the reviewed studies
(n=151).
MSW: municipal solid waste; SW: solid waste.

total costs of a waste management system of a region or coun-
try are calculated and evaluated. However, many studies did
not consider the economic aspects. This lack may be a common
reason why different waste management strategies, scenarios,
and plans are not implemented.

The purpose of considering environmental aspects in waste
management (from waste generation over collection, recycling,
and treatment to the final disposal) is to evaluate the impacts on
air, soil, and water, as well as on resource consumption (Su et al.,
2010). To protect humans, flora, and fauna, it is necessary to
know the environmental aspects of a service or a process. Studies
using LCA methodology for an assessment often evaluate envi-
ronmental impacts by examining the following categories: global
warming potential; stratospheric ozone depletion; acidification;
terrestrial eutrophication; aquatic eutrophication; photochemical
ozone formation; human toxicity; and ecotoxicity.

Social sustainability can be classified under three different
perspectives (den Boer et al., 2005): social acceptability (the
waste management system must be acceptable); social equity
(the equitable distribution of waste management system benefits
and detriments between citizens); and social function (the social
benefit of waste management systems). Public health and safety
are important factors within society, with a close link to the econ-
omy and to the environment. Social aspects also refer to the
employment market, governance, ethics, security, education sys-
tems, and to culture (European Commission, 2009).

In this article, to categorise the reviewed studies depending on
the economic, environmental, and social impacts, a modified
classification of the ‘Impact Assessment Guidelines’ that was
provided by the EC was used (see Table 2). Notably, many evalu-
ated impacts can not only refer to one of the three pillars of sus-
tainability, but also interactions between social, economic, and
environmental sustainability are frequent. For example, human
health can be associated with the social sustainability, depending
on the DALY (disability-adjusted life years), the economic
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Figure 8. Investigated waste streams as a function of the assessment methods (n = 151).

MSW: municipal solid waste; SW: solid waste.
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Table 2. Economic, environmental, and social impacts of waste management, based on European Commission (2009).

Economic impacts

Environment impacts

Social impacts

Function of the internal market
Investment costs

Operating costs
Administrative burdens
Public authorities

Property rights innovation and
research

Economic effects on
consumers and households
Economic effects on industry
and business

Climate

Energy

Air quality

Biodiversity, flora, fauna, and
landscapes

Water quality and resources
Soil quality or resources
Land use

Renewable or non-renewable
resources

Environmental consequences
of firms and consumers

Employment and labour markets

Social inclusion and protection of
particular groups

Non-discrimination

Individuals, private and family life,
personal data

Governance, participation, good
administration, access to justice, media,
and ethics

Public health and safety

Security

Access to and effects on social protection,

- Likelihood or scale of
environmental risks

- Animal welfare

health, and educational systems
- Culture

sustainability with the future costs of different toxic impacts, and
on the environmental sustainability as the cause for future dis-
eases. Particularly as a function of time, environmental aspects
can influence the economy and society.

The categorisation of the reviewed articles shows that com-
mon environmental impacts were investigated. Approximately
90% of the reviewed studies considered environmental impacts;
45% of the reviewed studies considered economic impacts; and
only 19% of the reviewed studies considered social issues. Few
studies considered environmental, and/or economic, and/or
social aspects. However, only 28 of the 151 reviewed studies ana-
lysed the impacts on all three pillars of sustainability. Studies
assessing the economic aspects more often considered macro-
economic than micro-economic effects.

A comparison of the different aspects in the reviewed studies
with respect to the assessment methods (Figure 9) shows that, in
particular, LCA and RA often evaluated a waste management
system by only considering the environmental impacts. According
to LCA guidelines (ISO 2006), economic and social aspects are
typically not considered within a LCA. MCDM and the category
‘others’ (different methods, e.g. CEA, EA, exergy analysis, stra-
tegic environmental assessment (SEA)) appear to be the most
complete methods regarding the comprehensive evaluation of
social, economic, and environmental aspects.

Weighting

Weighting is defined as converting and possibly aggregating
indicator results across impact categories using numerical
factors based on value-choices; data before weighting should
remain available (ISO 2006). The weighting steps are based
on value-choices of the stakeholders, and are not scientifi-
cally based (ISO 2006). This lack of a scientific basis is the
reason why weighting is prone to criticism (Finnveden et al.,
2007). For comparison or for converting different indicators,
approximately 50% of the reviewed studies performed a
weighting step.

Conclusions and recommendations
for the application of assessment
methods and for future research

In total, 151 studies have been reviewed to compare goals,
methods, object of investigations, considered aspects, and
system boundaries. The results of this review show the hetero-
geneity within the published studies. The results also show
that any investigation of waste management systems requires
an individual assessment methodology, depending on the goal
of the assessment, the object of investigation, system bounda-
ries, and on addressees. For a complete knowledge of a waste
management system, an assessment is fundamental (Zurbriigg
et al., 2014) for providing reliable results and data for decision
making.

Based on the results of this review, the following recommen-
dations are suggested for the future evaluation of waste manage-
ment systems.

1. Goals are important and must be clearly stated. This con-
cerns two types of goals: (i) First, the objectives for waste
management, as provided by the legislative framework,
policy statement, or regional guideline, must be consid-
ered. It is important to focus on these objectives because
these objectives can be manifold and even contradictory
and because these objectives have a determining influence
on the methodology that must be chosen for the evaluation.
(i1) Second, the purpose, scope, and the goals for the
assessment must be clearly defined, considering the
addressees and the objectives of waste management stated
in (i). It is important to select an assessment method, or,
most often, a set of assessment methods, that is capable of
addressing all the criteria necessary for characterising the
goals established in the first step. To meet these expecta-
tions, numerous studies have been published. Table 3 sum-
marises why, and for whom, assessments are performed,
and presents the reviewed assessment methods in relation
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Figure 9. Considered aspects in the reviewed studies with respect to the different assessment methods (n = 151).
CBA: cost-benefit analysis; LCA: life cycle assessment; MCDM: multi-criteria-decision-making; RA: risk assessment.

to the receivers of the studies, objects of the investigation,
and aspects considered.

If only a part of the goals are to be considered, for example
environmental protection such as in a LCA, this consideration
must be clearly stated to allow for the comparison of different stud-
ies. Regarding goals of waste management, it is recommended to
choose comprehensive social, environmental, and economic goals
that meet the requirements of sustainability. In specific terms, this
recommendation suggests affordable and acceptable waste man-
agement of proven reliability that protects humans and the envi-
ronment, conserves resources, and minimises after-care. According
to the purpose of the assessment, it may be necessary to address
additional issues, such as the value of previous investments and of
existing waste treatment components. It is evident that such a com-
prehensive evaluation is a demanding task requiring reliable meth-
odologies, sound data, and experienced evaluators.

2. Often, waste management systems are assessed by evaluating
the impacts caused by selected single outputs, for example
emissions. A comprehensive evaluation must consider all
direct and indirect impacts. Waste management should be
perceived as a ‘throughput economy’, with inputs from the
market and with outputs to the market and to the environment
(Figure 10).

Taking this view, the complexity of the economic system is
apparent. It becomes evident that sophisticated assessment
methods are required. Only such methods are able to evaluate
the economic, ecological, and social effects of a waste manage-
ment system. The choice of the starting point and end point of
an assessment can have a decisive impact on the results. The

scope and system boundaries have to be selected carefully,
because changing the boundaries can have a key influence on
the results. Particularly in the case of recycling, it is important
to consider not only emissions but also all the risks. The fate of
hazardous substances that are not released to the environment,
but that are retained in the recycling goods, must be followed
as well. If not, then an ‘after-care-free’ waste management can-
not be established because these hazardous substances will
have to be managed after x cycles (Velis and Brunner, 2013).
Hence, when recycling processes are assessed, waste composi-
tion, process characteristics, emissions, and recycling product
qualities must be known. In summary, inputs must be linked
with outputs.

3. The application of the mass balance principle is crucial for an
impartial, comprehensible evaluation. As stated before,
assessment methods can be divided into two groups: methods
that are based on the mass balance principle and other meth-
ods that do not require this strict precondition. The establish-
ment mass balances of the total waste management system is
recommended as a base for any subsequent evaluation step.
Such mass balances on the level of goods and substances rep-
resent required and highly useful tools for evaluation because
these tools allow the cross-checking plausibility of available
information (Brunner and Rechberger, 2004). When evaluat-
ing waste management systems, data availability and data
quality are often limiting steps. Wastes contain many products
that are made from complex mixtures of elements and that are
composed of countless substances, yielding highly heteroge-
neous combinations. In fact, wastes may contain everything
because their content cannot be completely controlled. Thus,
to analyse waste inputs over longer periods for real situations
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Figure 10. Waste management as a ‘throughput economy’.
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Figure 11. Key elements of a waste management assessment methodology.

is a non-trivial, time-consuming, and costly endeavour. A
more effective means is output-oriented analysis. If inputs and
outputs of waste treatment systems are monitored and bal-
anced, then the law of conservation of matter allows the com-
parison of information concerning material flows from the
input side with the output side. Hence, data can be cross-
checked, deviations can be detected, and additional investiga-
tions can be performed, if necessary. The products of waste
treatment are generally more homogenous and easier to ana-
lyse, and the accuracy of waste composition data calculated
from the products of waste treatment is usually higher
(Brunner and Ernst, 1986). This advantage becomes even
more pronounced when, in addition to the level of goods, the
level of substances is considered. Mass balances on the level
of goods ensure that the total input (wastes) and total output
(products, residues, emissions) match. Substance balances go
one step further; these balances ensure that inputs and outputs
correspond on the level of individual elements or chemical
compounds (e.g. carbon or CO,). Thus, if an array of valuable

4,

and hazardous substances is balanced together with the flow
of inputs and outputs of goods, then the resulting information
serves as a reliable and comprehensive base for subsequent
evaluation steps. Hence, a mass balance approach based on a
rigid input—output analysis of the entire waste management
system should be taken. Well suited for this purpose is mate-
rial flow analysis, a systematic assessment that considers all
processes, flows, and stocks in a defined system, delivering a
complete and consistent set of information concerning a waste
management system (Brunner and Rechberger, 2004).

Assessments must be reproducible, comprehensible, and
transparent regarding methodology and data. Methods based
on mass balances must be favoured and applied that promote
these characteristics. Good, impartial, and reliable data
sources with known uncertainty are crucial. Objectivity, trans-
parency, and confirmability are not only necessary during the
assessment step; these qualities are also of key importance
when the results are presented, for example policy decisions.
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Politicians, stakeholders, and decision makers generally
require results that these individuals can grasp with little
effort. If informative and convincing text, figures, and tables
are produced in a transparent and reproducible manner, then
the results of the assessment are likely to have a larger impact.

Figure 11 summarises the conclusions of this review. As a
framework for waste management decisions, assessment methods
depict the strengths and weaknesses of different management
alternatives. An approach based on mass balances and on a goal-
oriented evaluation of impacts is a powerful means to ensure com-
prehension, objectivity, rigidity, and transparency. Applying this
approach for assessing waste management systems will result in
better and more comprehensive support for decision makers.
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no  3SS€SS” 1 goal objectofthe waste . 1 ' receiver ‘ware/  (With respectto | as- reference
i ment tool i investigation | type | ! ool i the assess- i t i
: : : : ; 100 : ment tool) | pec
cylindrical
evaluation of environmental monoliths
> {EIA impacts of APC residues from recvelin APC (4 cm overnment | - ) X (Quina et al.,
MSWI to fail to be further used yeling Residues | diameter 9 2011)
as building material and 4 cm
height)
emer comparison of emergy benefits compostin treatment Net emer (Agostinho
1 9y and costs for three different P 9 Msw plants (Sao government | - mergy X 9
analysis . sorting benefit et al., 2013)
i waste treatment alternatives i_Paolo)
emer evaluation of the Macao’s waste man- | region i (Lei et al
2 anal gs)(s { waste treatment in the years i agement i MSW (Mgacao) i researchers | - - X 2008) ”
anabsis 1995, 1999, 2003, 2004 - system s s s
evaluation of the sustainability e-waste
3 emergy of an e-waste treatment enter- e-waste e-waste treatment operators - - X (Song etal.,
analysis rise treatment enterprise P 2012)
P (Suzhou)
evaluation of the efficiency of cab
recycling C&D waste to achieve - .
emergy f ) landfilling, waste region (Yuan et al.,
4 analysis the integration between eco- recyelin (con- (China)) operators - - X 2011a)
nomic, social and environmen- yeling
crete)
tal effects
comparison of two waste- Including
disposal options and evaluation non-
exergy of energy conversion process- waste man- energetic (Sciubba
1 . agement MSW - researchers | - . X
analysis es and systems, based on an guantities to 2003)
: system
extended representation of the exergy
their exergy flow diagram analysis
HMA comparison of effects of differ-
Model ent separation strategies on the waste man- city (Hel- HMA (Tanskanen
1 (Helsmkl_ costs and emissions of MSW agement MSW sinki) government Model HMA Model X 2000)
Metropoli- system
management
tan Area)
Industrial | assessment of the environmen- region (3x3 overn- (Wang et al
1 | Source tal impacts of a MSWI based on | incineration MSW km) around %ent/citizen - - X 2008)9 "
Complex : the PCDD/F concentrations incinerator
Integrate
- model to
. evaluation of waste manage- cities evaluate
integrate : re-use, recy- | C&D (Trond- researchers/ ; (Klang et al.,
1 ment system to re-introduce . . - environmen- X
model | cling waste heim, operators . 2003)
ong-term unemployed people = tal, economic
Ostersund) .
and social
aspects
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no | i goal } opject ot i i scale i i receiver | ware/ | (with respect to i i as- as- i reference
i ment tool i investigation | type ; i balance | i i the assess- ro icro | ;
: : : : : : : ! tool | ment tool) : | pect pect
1 comparison of the environmen-
tal impacts of existing MSW composting, 1 ton MSW } } } } (Abduli et al.,
LCA strategies to improve the cur- landfilling MSwW (Teheran) government X X 2011)
rentsystem e
) comparison of environmental home com-
impacts of different scenarios posting, 1 ton OHW EASE ) ) ) (Andersen et
LCA for treatment of organic house- | incineration, OHW (Denmark) X government WASTE X al., 2012)
hold waste landfilling ¢+ ¢ b
3 ) . waste man- govern-
LCA comparison of environmental agement MSW lkgMSW 1y mentiresearc | - ) ) ) X ) (Arena et al.,
impacts of SWM scenarios (Campania) 2003)
system hers
4 to select an optimum waste waste man-
management system for region SIMAP ) ) ) (Banar et al.,
LCA Eskisehir by evaluating from an 2gsetg1r$1m sw (Eskisehir) government RO 7 X 2009)
environmental point of view 4
5 comparison of environmental g ;
LCA impacts of current separation waste collec MSW region government EASE - - X - (Bernstad et
O ; tion (Sweden) WASTE al., 2011)
systems with different scenarios
6 to assess environmental im- _- 4400 tons . L
LCA pacts of two different disposal Irzgdz::':g’ E;th]tom bottom ash i - government E(E)Q D- 1. - - X - ‘(a?lg?lsggg;r)
scenarios for MSWI bottom ash yeling (Denmark) ¢+ & pTEE b "
evaluation of the environmental
7 impacts of the waste incinera-
LCA tion tax proposal, to investigate : incineration SW country government SIMAP - _ - - X - (Bjorklund et
o - (Sweden) RO 5 al., 2007)
possibilities of more optimal
design of such a tax
composting
windrow, 1 ton or-
fl?rmgi)s;:_g ganic waste
8 comparison of environmental aerobiz: organic (2/3 vege- EASE (Boldrin et
LCA impacts of different biological ) A g table food | X researchers - - X -
digestion, MSW WASTE al., 2011)
treatment methods . waste, 1/3
combined d
anaerobic— garcen
; waste)
aerobic
reactor i b b
to quantify the environmental anaerobic bio-
burdens associated by manag- | digestion, degrada- : 1 ton of
9 LCA ing organic household waste gasification, ble frac- | each waste researchers WRAT | ) : X : (Burnley et
materials and to determine the ! incineration, tions of material E al., 2012)
optimum way of recovering combustion in | MSW (England)
energy acementkiln { food, ¢ 4 4 4 E B
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% - % s | no P lenv. |soc. —
no | 8ssess- goal | object of the  : waste i scale | Mass 4 e caiver | ware/ | (withrespectto { Mac- {mi-— 4o as- veight | erence
| ment tool | investigation | type balance ! ool | the ats;seT)s- ro icro | pect | pect | -Ang |
ment tooi
garden,
paper,
wood
municipal
waste
and
refuse-
derived
fuel e
cement
. . industry
comparison of environmental 1kg of CEM
10 impacts associated to materials fly ash, I (com-

LCA prewous_ly considered as waste waste recy- blast pared to X government - ) ) X X ) X (Chen et al.,
after their status have been cling furnace 1 11Kg of 2010a)
revised by considering the EU slag GBFSg and
directive 2008 to 1.67kg of

S ) R e R R
treatment
) of 60.000 .
1 LCA comparison of two flge gas incineration MSwW Nm%h of - operators - - - - X - X (Chevalier et
cleaning processes in MSWIs raw flue al., 2003)
Lo N O S SO SR S
” comparison of SWM alterna- waste man-

LCA tives t_o assess Fhe gIobaI. agement SwW ) X researchers ) : ) : X : ) (Christensen
warming potential according to system et al., 2009)
the actual C load to atmosphere { ™= ¢+ &+ 4 4
assessment and quantification

13 of the environmental im-
ortance of the development of | . . . EASE Damgaard

LCA gir pollution control (AFF’)C) of incineration MSW 1ton MSW | - researchers WASTE |~ - - X - X <(et aI.,g2010)
waste incineration environmen-
tal aspects

LCA-
. countries WM
comparison of urbanlwaste (Spain (Inte-
14 management scenarios to waste man- SIovak’ia grate (den Boer et

LCA support decision makers in agement MSW Poland ’ - government Waste LCA-IWM X - X X X al., 2007)
planning urban waste man- system Greece’ Man- ”
agement systems Lithuania) age-

ment)
15 to examine the environmental region
LCA 23%2;?2?@;&?2?:6 ofla agement MSwW (South - government \ISVISAR - X - X - - (I|Em2ec;)67e t
posa system Wales) al, )
systems TR TR b e
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no | SSess- goal object of the waste | scale | mass o ceiver | ware/ | (with respectto | mac- i mi- | ZQY' &SI(S)? . | reference
i ment tool i investigation | type : i balance ! ! tool i the assess- ro icro :
i i i i i i i too {menttool) | i i pect | pect
food
anaerobic waste,
digestion, nQV\/ts—
. composting print,
comparison of advantages and incineration corrugat-
16 disadvantages of different ) ed card- )
LCA treatment methods of solid with heat board per hh government | - - - X - (Finnveden
. . o recovery, A (Sweden) et al., 2005)
waste and to identify critical landfillin mixed
factors in the systems andiifing card-
with 9as board
extrac_tlon, PE, Pb,
recycling, PS. PVC,
PET &+
anaerobic
comparison of the cost, energy, | digestion, organic waste of
17 | ca and global warming implicaﬁons thermoph_ilic waste the Univer- (Franchett
(EI0) of the use of several emerging | acidogenic (food sity of government | - - - X X - 2013)
food waste to energy technolo- | hydro- waste) Toledo
gies at the University of Toledo : genesis,
landfilling, ¢+ 4+ b
landfilling,
backfilling in
salt mines,
neutralization
of waste
acids, filler
comparison of treatment and material in ar pollu- 1 ton of
18 LCA di | opti for APC resi asphalt, tion APC resi government/ : EASE X (Fruergaard
dlusg;)sa options for TS| Ferrox stabi- | control dues resk - operators WASTE ) ) ) et al., 2010)
lization, residues
vitrification,
thermal co-
treatment
with automo-
bile shredder,
residue b
food
waste,
evaluation of the environment unsolicit-

19 | LCA consequences of waste pre- waste pre- ed mail 100.000 ton | government EASE . ) X ) (Gentil et al.,
vention on SWM systems and | vention and of MSW WASTE 2011)
wider society beverage

packag-
NG A
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no | 8ssess- goal i object of the i waste i scale | Mass 4 e caiver | ware/ | (withrespectto { Mac- {mi-— 4o as- | weight i reference
i ment tool i investigation | type : i balance ! ! tool i the assess- ro cro et ¢ ng
i i i i i i : oo { ment tool) L : pec pect
cities
comparison of collection alter- (750.000 Combination
natives to identify optimised waste collec- and ) ) of CED, and | ) ) (Giugliano et
20 ; LCA activities for subsequent treat- | tion MSwW 150.000 government CML- X X al., 2011)
ments ton/year of Method)
MSw) &b
landfilling
with energy .
) ) . region
comparison of energetic valori- | recovery, (Yoyakarta (Gunamanth
21 | LCA sation options with the existing | incineration, | SW si 4 T government | - - - - X - - aetal,
X . eman,
solid waste treatment anaerobic 2012)
. : Bantul)
digestion,
gasificaton { & 4
landfilling,
incineration,
comparison of environmental BMT-
22 | LCA impacts of different waste compost, MSW 1ton MSW government | - - - - X - X (Hong et al.,
h (Pudong) 2006)
treatment scenarios BMT-
incineration,
BMT-landfill
composting,
comparison of environmental incineration, 1ton dry (Hong et al
LCA comp land applica- | MSW MSW - government | - - - - X - X J ”
impacts of MSW : ) 2010)
tion, land- (China)
23 filling &+ e
organic,
comparison of the overall po- paper,
LCA tential environmental impacts of | waste collec- | packag- {1500 tons | researchers | - : ) : X : X (Iriarte et al.,
three selective collection ser- tion ing and /month 2009)
vices in urban areas glass
24 MSw b
MSW,
. . wood, Output: 1
comparison of environmental asification organic ton product
LCA impacts of various waste con- 9 - 9 pro - government GaBi - X - X - X (Khoo 2009)
; pyrolysis waste, gas (Sin-
version systems
RDF, gapore)
25 tyres b
comparison and evaluation of composting, food 1 ton food
environmental impacts of differ- | dry and wet waste (Kim et al.,
LCA . . waste X - - - - - X - -
ent food waste disposal sys- feeding, (MSW) (South 2010)
26 tems landfilling Koreg) ¢+ & b
| i to design a more complete | | plastic | |  mathematical | | |
i i model of PET waste manage- | waste recy- p i1kg PET i i model (modi- i i i (Komly et al.,
i LCA ; . : L i waste ; - i researchers - [ - - i X - i X ;
i i ment system, including both i cling (PET) i bottles i i fied CML- i i 2012)
27 | i open and closed-loop strate- | | i Method) | | |
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assess- | object of the waste mass | . soft- (with respect to | Mac- mi- env. | soc.
no : i goal [ o ; i scale ; | receiver rware/ p ; i as- as- i reference
i ment tool i investigation : type : i balance | | i the assess- ro icro :
: : : : : ! i tool  ment tool) L | pect pect
gies, and the possibility of
multiple recycling trips
e-waste modified LCA
comparison and evaluation of landfilling, (electric govern- by waste
; . : country h (Kondo et
LCA environmental and economic recycling, home X ment/researc | - input output | X - X -
. . ) (Japan) : al., 2004)
effects of treatment alternative | shredding applianc- hers analysis
28 es) woy i
organic
waste
anaerobic (textiles,
comparison of GHG impacts of h - wood, 1 ton wet
L . digestion, . (Kong et al.,
LCA landfilling and alternative waste . food, organic - - - - - X -
composting, 2012)
treatment methods - yard matter
landfilling S
trimming,
misc.
29 organics) { L b
’ . anaerobic
comparison and environmental digestion city (Thes- (Koroneos et
LCA assessment of different MSW gestion, MSwW A - researchers : - - - - X -
) landfilling, saloniki) al., 2012)
treatment strategies B
30 recycling, &+ b
: : ! waste : : :
i : i paper, : i i i i
| i evaluation of the environmental | i crop | | i ; physmal | |
i i . i i | paper : : ! input—output : -
i i impacts of four categories of i . i straw, [ i : operators/ [ i i (Liang et al.,
i LCA : P - i recycling : i industry X : -  life-cycle - - i X - :
| i waste recycling in China’s | i bagasse, . | ! researchers | | 1 2012)
; ; : ; ) i (China) ; i assessment |
: paper industry ! textile | | (PIO-LCA) |
| | sorap
31 | | paper ‘
home com-
comparison of alternative posting, organic
treatment methods for food centralised 9 food waste .
; - waste (Lundie et
LCA waste and evaluation of the In- icomposting, perhhand | - researchers | - - - - X -
; ! (food al., 2005)
Sink-Erator food waste proces- in-Sink-Erator y (Sydney)
waste)
sor system food waste
32 processor i b e
comparison of environmental .
LCA impacts of six landfilling tech- landfilling MSWwW 1ton MSW ;| X goz(f;?;:sent/ \EVA,\ASSE'E - - - X - g\lllagggg)l et
33 nologies perators — JWASIEL N
comparison of environmental other (low | 1 ton low
impacts of a low organic waste - organic organic ) EASE | ) ) ) (Manfredi et
LCA landfill with a conventional landfilling waste, waste or government WASTE X al., 2010)
34 landfill MSW) hh-waste) ¢+ & 0
comparison of environmental composting, : organic, 1 ton of .
LCA impacts of different waste incineration, | paper, each frac- | - - EASE - - X - (Mantfredi et
. - . . WASTE al., 2011)
35 treatment options landfilling, plastic, tion
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assess- object of the waste mass | . soft- ! (with respect to | mac- mi- env. soc.
no | : goal P - : : scale : | receiver ‘ware/ p : i as- as- : reference
i ment tool . investigation : type i i balance | ! tool i the assess- ro cro et t :
‘ ; i ; ; ; : oo { ment tool) L : pec pec
recycling alumini-
um and
glass
waste b
comparison of environmental tt;laor?iscl)m:?_ 1 ton MSW (Mendes et
LCA impacts of treatment methods D osiin g MSW (Sao Pao- | - government | - - - - X - al., 2003)
36 of municipal organic waste landfilling o)
1 on S —
LCA o agement MSW (Nontha- - government | - - X - X X
ability assessment of waste . et al., 2012)
system buri)
37 managementsystems ~~ YUe o0 EE e
comparison of environmental incineration, | waste 1 ton waste EASE (Merrild et
LCA impacts of waste paper recy- B - government - - - X -
) L ; recycling paper paper WASTE al., 2008)
38 cling and incineraton TR A EEREE aFEEE 0T
i i comparison of environmental | waste man- | i region | | | ot
i LCA i impacts of integrated waste i agement i MSW i (Southern | - i government WAMP - - i X - i (Milidte et
3 3 ; 3 i D ; i 'S i i al.,, 2010)
39 i management solutions | system | i Lithuania) | | | |
paper
waste
comparison of different treat- incineration, | (news- count (Moberg et
LCA ment options to test the validity | landfilling, print), 1y government ;- - X - X - 9
: B : (Sweden) al., 2005)
of the waste hierarchy recycling plastic
waste
40 (PET) @ e
comparison of environmental
LCA impacts from two different types | incineration MSWwW 1ton MSW |- operators - - - - X - (Ning etal.,)
41 of waste incinerationsystems ¢ b
to develop an environmental - landfill site | EASE | ) ) ) (Niskanen et
42 LCA assessment of a landfill landfiling sw (Finland) researchers  waste - T T X al., 2009)
comparison of different alterna- | waste man- region UM- (Pires et al
LCA tives for solid waste manage- agement MSW (Peninsula : - government BERTO : - - - X - 2011) N
43 ment system de Setubal) 56 ¢+
) EASE .
LCA to model enwro_nmental_as- incineration MSW MSWI X ) WAST | - . ) X ) (Riber et al.,
a4 pects of waste incineration (Aarhus) E 2008)
comparison of energetic and waste man- . T . )
LCA environmental impacts of two agement MSW region X researchers SimaPr & - - X - (Rigamonti
(North Italy) o7 et al., 2009)
45 MSW management system system
to quantify and compare envi-
ronmental impact of different waste collec- region SimaPr | ) ) ) (Rives et al.,
LCA MSW collection systems that tion MSwW (Spain) government o7 X 2010)
46 use waste containers b
47 | LCA to quantify environmental im- composting | organic 1toncom- - researchers ' SIMAP ' - - - X - (Saeretal., )
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% T 3 | | no - soc. i
no | 8ssess- goal i object of the i waste i scale | Mass 4 e caiver | ware/ | (withrespectto { Mac- {mi-— 4o as- i reference
i ment tool i investigation | type : i balance ! ! tool i the assess- ro icro t t i
: : : : : : : : oo imenttoo) | i : pec pec
pacts and benefits of a food waste post, RO 7
waste composting system (food (Pennsyl-
waste) vania) e
comparison of different waste Lo .
paper management scenarios |ncm(_ar_at|on, waste country (Schmidt et
LCA to evaluate the goals of the EU landfilling, paper (Denmark) X government . - . . . X . al., 2007)
. recycling
waste hierarchy
48 1 e
to assess the environmental new set-
quality of different waste treat- | waste man- tlement -
LCA ment scenarios when planning | agement MSW 1500 hh - government BASE 1 - - X - (Slagstad et
h ; . WASTE al., 2012)
a new project in an existing system (Trond-
49 town heim) ¢+ & e
evaluation of the reconstruction IJEMAL-
of the MSW management waste man- 1 kg MSW government/ | LCA (Tabata et
LCA system comprehensively from | agement MSWwW - - X - X -
. (Iwate) researchers Pro, al., 2011)
both environmental and eco- system
. . . 3EID
50 nomic points of view
evaluation of the environmental
sustainability of a specific waste | anaerobic
refinery concept in which organ- | digestion, co- (Tonini et al
LCA ic waste materials are liquefied | combustion, MSW 1ton MSW | - - - - - - X - 2012) N
using enzymes and recoverable | incineration,
materials are separated out in a | recycling
51 “solid fraction” L
to help the local municipality
éslgr;ilg:es;:iefuer?(elnn:g(s%t;k (Sjusri_- waste man- region overnment/ WM (Tulokhonov
LCA . iy pprop agement MSW g - g Soft- - X - X X aetal,
ate direction for current waste (Irkutsk) researchers
; L system ware 2013)
management and its optimiza-
52 tion
comparison of three alternative ) .
LCA waste management strategies WIE treat MSW country - government WRAT - - X - (Tunesi
ment plants (England) E 2011)
53 for energy recovery fromwaste " 4 TR
comparison of two incinerators EASE
to provide a quantitative as-
sessment of the importance of . . ) 1 ton wet WASTE (Turconi et
LCA . incineration SW - operators s - - - X -
local conditions and model waste SIMAP al., 2011)
choice for the environmental
) S . RO
54 profile of waste incineraton ¢+ & 4 b b
comparison of the environmen- beverage 100 kg
tal impacts of selected technol- | waste recy- 9€ " sorted government/ (Varzinskas
LCA . ) carton - - - X - X -
ogies for beverage carton cling beverage operators et al., 2012)
h . packages
55 recycling and to support deci- carton
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no | 8ssess- goal i object of the i waste i scale | Mass 4 e caiver | ware/ | (withrespectto { Mac- {mi-— 4o as- | weight i reference
i ment tool i investigation : type : i balance | | i the assess- ro icro i-ing
: : : : | | i tool |menttoo) | i pect |pect |
sion-makers waste
comparison of the environmen- | e
tal impacts for bioethanol pro- bioethanol 1 kg bio-
duction from waste papers and | production, waste ethanolor1 | ) : ) : : ) (Wang et al.,
LCA to compare them with the alter- | incineration, | paper kg waste government X 2012a)
native waste management recycling paper
56 optons e
comparison of two treatment incineration region (Wittmaier et
LCA systems for optimized reduction | with energy MSWwW (Northern - government | - - - - X - - al., 2009)
57 of greenhouse gas emissions recovery Germany) { & bbb "
evaluation of the environmental EASE
LCA impacts o_f different Ieachate landfilling MSW city (North ¢ government | WAST - ) : X : X (Xing et al.,
recirculation systems in a con- China) E 2013)
58 ventional lanadfit ~~~~~+ oL
comparison of the existing waste man-
MSW management system and city (Tian- ) ) : ) : : ) (Zhao et al.,
LCA different MSW management agement MSwW jin) government X 2009a)
; system
59 strategies ~ ETUTIT e
| i comparison of the environmen- | waste man- | | city (Hang- | | | EASE | | | (Zhao et al
i LCA i tal impacts of the different SWM | agement i MSW | oy 9 . i government | WAST | - - - X - X i ”
| | : | | i zhou) | | | | | 2009b)
60 system scenarios system = B R
comparison of the current SWM | waste man- . . EASE
LCA system with two future waste agement MSW .?'r:y)(Bel - government  WAST : - - - X - X (ZZOT:IL%)e tal,
61 management scenarios system Ing E <
: i comparison of the environmen- | : : : EASE : : :
i tal impacts of different incinera- | . . . i city (Shu- i (Zhao et al.,
LCA | tion scenarios using auxiliary Incineration MSW { ozhou) ) government \IIEVAST ) ) T X ) X i 2012)
62 ! : coal ; ; ; ; ; ; ;
comparison of waste manage-
ment alternatives to enlighten waste man- region
what are the assumptions that (Massarutto
Lee most influence the feasibility of agement MSwW (Northern - government | - . X . X . . et al., 2011)
. ) system Italy)
each scenario and determine
1 the ranking ofoptions ¢+ 4
1 composting, modified (Ekmekgiog|
comparison of different disposal | incineration, city (Istan- } fuzzy TOP- } }
MCDM ' ethods and sites for MSW | landfiling, = MSW | pul) government SIS meth- XX X uetal,
2010)
RDF odology
comparison of SWM scenario anaerobic organic ELECTRE
2 relating to bio-degradable digestion, angd city (Syd- ELEC- | SS (modified (El
MCDM fraction of MSW to minimize the | composting aper ney) 4 - researchers | TRE version of - - X - X Hanandeh et
quantity of waste sent to land- incineration , lr\)/ISpW y SS ELECTRE al., 2010)
fills, increase energy production : landfilling m -
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: : : : : : | i tool menttoo) i pect | pect
and decrease with energy
recovery {4 b
comparison of different dispos- plastic
3 MCDM ing options of plastic waste and recvelin waste, country ) government/ ) ) X X ) (Gomes et
waste recycling facilities of yeling C&D (Brazil) operators al., 2008)
construction and demolition waste 0
4 to analyse the problems to find hazard- city (Ma- iﬂg;ﬂﬁls (Goémez-
MCDM a location for hazardous waste  landfilling ous Yy - researchers | - e - X X X Delgado et
N drid) Criteria
landfill site waste . al., 2006)
Evaluaton { |
comparison and ranking of
5 different waste treatment and composting, region Decision (Haastrup et
MCDM disposal scenarios with the incineration, | MSW gr¢ - government | - Support X - X - b
- . (Sicily) al., 1998)
developed decision support landfilling System
system b
composting,
6 . . . gasification, .
MCDM comparison of different options incineration, waste region (Isle | government | - : X : X X (Hanan et
for managing waste paper . paper of Wight) al., 2012)
landfilling,
recycling . e
7 MCDM comparison of SWM systems ;Vasrfewf n- ) region ) government/ | ELEC- | X : X X (Hokkanen
with ELECTRE Il sgstem (Oulu) researchers | TRE IlI et al., 1997)
8 comparison of waste manage- | waste man- ; e
MCDM ment systems of nine areas in | agement MSW hh-waste - government/ - AR - X - - X (Kapepula et
(Dakar) researchers | GOS al., 2007)
Dakar SR L T A S e T P S
demolition
9 comparison of different demoli- | waste man- of an old o
. C&D I~ government/ | ELECT : modified (Roussat et
MCDM tion waste management strate- | agement waste military - researchers R ELECTR Il X - X X al., 2009)
ay system camp "
(yom) |\
to develop a concept to evalu- waste man-
10 ate the social, economic and City (Mu- government/ (Schutz et
MCDM ; agement MSW A - - - - X X X
ecologic performance of a system nich) citizen al., 2013)
waste management system ystem o0
comparison of waste reduction
1n alternatives and to integrate the
experiences of cities that have | waste pre- city ) ) ) ) (Suetal,
MCDM adopted waste reduction strat- | vention MSwW (Taoyuan) government X X X 2010)
egies to facilitate planning of
future policies e
12 comparison of the environmen- g ; .
MCDM tal impacts of different collec- waste collec MSW city (Istan ) government/ ) X ) X X (Ulukan et
tion bul) researchers al., 2009)

tion methods
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i ment tool i investigation | type i i balance | ! ool i the assess- ro icro | i[ing
i : : i i i i too | ment tool) L ipect | pect
comparison of different inte- composting, . .
3 MCDM grat(gd solid waste management landfilling, MSW city (Mon- government - - X - X - X (Vaillancourt
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Summary

This article reviews, categorizes, and evaluates the objectives, means, and results of the
application of material flow analysis (MFA) in waste management. It identifies those areas
where MFA methodologies are most successful in supporting waste management decisions.
The focus of this review is on the distinction between MFA on the level of goods and on the
level of substances. Based on 83 reviewed studies, potentials, strengths, and weaknesses are
investigated for the two levels of MFA when applied for analysis, evaluation, and improve-
ment of waste management systems. The differences are discussed in view of effectiveness,
applicability, and data availability. The results show that MFA on the level of goods are
instrumental for understanding how waste management systems function, facilitating the
connections of stakeholders, authorities, and waste management companies. The substance
level is essential to assess qualitative aspects regarding resources and environment. Know!-
edge about the transformation, transport, and storage of valuable and hazardous substances
forms the base for identifying both resource potentials and risks for human health and the
environment. The results of this review encourage the application of MFA on both levels
of goods and substances for decision making in waste management. Because of the mass
balance principle, this combination has proven to be a powerful tool for comprehensively

assessing if a chosen system reaches designated waste management goals.

Introduction

Material flow analysis (MFA) is a tool to analyze the
transformation, transportation, or storage of materials within
a defined system (Brunner and Rechberger 2004). It has been
applied in various fields, such as medicine (Santorio 1737),
social systems (Fischer-Kowalski 1998), and urban metabolism
(Baccini and Brunner 1991). MFA is increasingly applied
in industrial ecology, and has become a fast developing field
of research with mounting policy relevance (Bringezu and
Moriguchi 2002). The growing use of MFA can be attributed
to resource-, environmental-, economic-, and health-related
demands. Among others, it serves to fulfill higher recycling

rates and reduce losses of potential secondary raw materials as
demanded by the European Commission (EC 2014). Ecological
consequences on a regional (e.g., eutrophication) or global
scale (e.g., greenhouse gas emission) are minimized with the
implementation of national laws or international agreements.
The use of chemical substances is controlled by REACH
Regulation (EC 2006) to protect human health and the
environment. Sociopolitical and legal actions are common;
to ensure their success and effectiveness, it is necessary to
understand the properties of the systems at stake.

MFA provides a comprehensive and systematic account
of a defined physical system to support decision makers.
Owing to the different conceptual backgrounds, a diversity of
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MFA concepts has been developed (Bringezu and Moriguchi
2002). The approaches differ in terms of (1) scale of the
system evaluated (e.g., whole economy, specific parts of the
economy, regions, industrial plants, and private households),
(2) materials investigated (goods and/or substances), and (3)
databases used (e.g., material flows derived from national
or international econometric statistics, physical substance
flows measured by specific sampling, and analysis campaigns).
Regarding methodologies, the main principle of all MFA
approaches is the mass balance: The sum of all inputs into a
system has to be equal to all outputs plus changes in stocks.

An MFA investigation requires a system defined by system
boundaries in time and space and material flows linking pro-
cesses (Brunner and Rechberger 2004). A process is defined as
transformation, transport, or storage of one or more materials.
Flows are the ratio of mass per time (e.g., tonnes per year), and
are sometimes given as mass per time and cross-section (e.g.,
tonnes per capita and year). The term material serves as an
umbrella term for both substances and goods.

Within the field of MFA, a subdivision into investigations of
goods and substances can be discerned (Brunner and Rechberger

2004).

® MFA on the level of goods is the analysis of flows and
stocks of goods. Goods are economic entities with a pos-
itive or negative economic value for example computers,
waste of electrical and electronic equipment (WEEE),
municipal solid waste (MSW), and cement. All flows of
goods within a system are investigated.

® MFA on the level of substances provides an analysis of
flows and stocks of substances. Substances are materials
composed of uniform units, such as chemical elements
(composed of identical atoms, e.g., silver and phospho-
rous [P]) or compounds (composed of identical molecules,
e.g., water and benzene). All substance flows within a sys-
tem are investigated, often together with the correspond-
ing goods; this type of MFA is sometimes referred to as
substance flow analysis.

® MFA on the level of goods and substances regards the
flows and stocks of goods and substances. Selected sub-
stances and related goods are investigated.

The goal of this study is to look into the application of MFA
for analysis and evaluation of waste management (WM). The
potentials of MFA on the level of goods and substances are in-
dividually assessed, and the differences are discussed in view of
effectiveness, applicability, and data availability. In addition,
this study aims at providing a base for goal-oriented decision
making in WM. With respect to the precautionary principle
and sustainability issues, the following goals are generally ac-
cepted for WM and have been incorporated into legislation
in several countries: (1) protection of humans and the envi-
ronment; (2) conservation of resources; and (3) aftercare-free
waste management, resulting in no burdens for future gener-
ations. These general goals are often specified in more detail.
The so-called waste hierarchy of prevention, prepare for reuse,
recycle, recover other value (e.g., energy), and disposal, has
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been developed as a means to reach those goals. Based on the
assumption that it is essential to know flows and stocks of goods
and substances through a WM system in order evaluate its
performance, the reviewed studies are characterized by: (1) ma-
terials investigated (goods and/or substances); (2) goal within
the study; (3) scale of system evaluated; (4) processes and flows
observed; and (5) origin of data and data uncertainties.

Materials and Methods

This study is based on an extended literature research com-
prising articles in journals until November 2014. The following
databases have been scanned: Science Direct, Wiley Online
Library, and SAGE Publications. Additionally, Google Scholar
has been used to retrieve more information. The keywords used
for the literature search included “material flow analysis” and
“waste management.” After a prereview of the collected arti-
cles, 83 studies have been reviewed in detail. In all of them,
goals, methodologies, means, and results of MFA applications
have been categorized in general as well as concerning WM
(see supporting information SI on the Journal’s website).

In contrast to other studies, this review considers only MFA
studies with a clear focus on WM. MFA is well suited to provide
fundamental knowledge about material stocks; together with
periodic analysis and life span estimations, this information
serves to assess future off-flows from stocks, such as future waste
generation or change in waste composition. However, due to
the focus of this review, the aspect of how resource management
can inform waste management has not been taken into account.
There are other excellent reviews of MFA applications, such
as Chen and Graedel (2012a) concentrating on anthropogenic
flows and cycles of elements, or Binder (2007) discussing the
coupling of MFA with social science modeling approaches.

MFA terms and definitions are used according to the Practical
Handbook of Material Flow Analysis (Brunner and Rechberger
(2004).

Results and Discussion
Goods and Substances Investigated

Among the 83 reviewed studies, approximately 25% focused
on the level of goods, 50% on the substance level, and
25% started with goods and further proceeded to substances.
Table 1 gives an overview of the studies examined and lists the
investigated goods and substances. On the substances level,
either inorganic substances (metals or nonmetals), organic
substances (by carbon [C]), compounds (e.g., polyvinylchloride
[PV(C]), or mixture of substances were evaluated.

Most studies on the goods level focus on municipal solid and
electronic waste. Further, the flows of biological, construction
and demolition, and industrial and plastic waste are evaluated.
Twenty of the reviewed studies provide an MFA on goods and
substances for the same system; on the level of goods, primarily
MSW and plastic waste, and on the level of substances, metals
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Table | Applied MFA in the reviewed studies (n = 83) on the level of goods and/or substances

MFA Goods Substances

#

References

Good level Bio-, garden-, food-, wood waste —

C&D wastes
C&I waste
MSW, residual waste

plastic waste, tires, PVC

General
WEEE, computer, TV sets

=

(Bergeron 2014; Betz et al. 2015; Lang et al.
2006a; Lang et al. 2006b)

(Nasrullah et al. 2014a)

(Nasrullah et al. 2014b)

(Al Sabbagh et al. 2012; Binder and Mosler 2007;
Doberl et al. 2002; Masood et al. 2014;
Stanic-Maruna and Fellner 2012)

(Bogucka et al. 2008; Jacob et al. 2014; Kleijn
et al. 2000)

(Eckelman and Chertow 2009)

(Gurauskiené and Stasiskiene 2011; Kahhat and
Williams 2012; Liu et al. 2006; Steubing et al.
2010; Streicher-Porte et al. 2005)

Good and substance Bio-, garden-, food-, wood waste =~ Mixture
level
Bottom ash Metals
C&D wastes Mixture

General Mixture

MSW, residual waste Metals

Mixture

Organic
Plastic waste, tires, PVC Mixture

Organic

WEEE, computer, TV sets Metals

O\ —

(Andersen et al. 2011, 2012)

(Allegrini et al. 2014)

(Brunner and Stampfli 1993; Schachermayer
et al. 2000)

(Brunner and Baccini 1992)

(Morf et al. 2000)

(Arena and Di Gregorio 2013; Brunner and
Monch 1986; Mastellone et al. 2009; Rotter
et al. 2004; Stanisavljevic and Brunner 2014;
Tonini et al. 2014)

(Arena and Di Gregorio 2014a)

(Arena and Di Gregorio 2014b; Mastellone et al.
2012)

(Arena et al. 2011; Di Gregorio and Zaccariello
2012)

(Chancerel et al. 2009)

Substance level Main focus on substance level; Compounds
(though usually based on good
flows)

Metals

Mixture
Nonmetals

1
12

(Eriksson et al. 2008; Nakamura et al. 2009;
Vyzinkarova and Brunner 2013)

(Asari et al. 2008; Asari and Sakai 2013; Cain
et al. 2007; Chen et al. 2013; Chen and
Graedel 2012b; Guo et al. 2010; Huang et al.
2014; Kral et al. 2014; Krook et al. 2007; Kuo
et al. 2007; Lanzano et al. 2006; Long et al.
2013; Mansson et al. 2009; Morf et al. 2013;
Oguchi et al. 2013; Oguchi et al. 2012;
Rechberger and Graedel 2002; Saurat and
Bringezu 2008; Spatari et al. 2002; Spatari
et al. 2003; Spatari et al. 2005; Tanimoto et al.
2010; Vexler et al. 2004; Zhang et al. 2008;
Themelis and Gregory 2001; Nakajima et al.
2008; Modaresi and Miiller 2012; Graedel
et al. 2011)

(Morf et al. 2007)

(Bi et al. 2013; Chen et al. 2015; Cooper and
Carliell-Marquet 2013; Fan et al. 2009; Li
et al. 2010; Ma et al. 2012, 2013; Ott and
Rechberger 2012; Schmid Neset et al. 2008;
Senthilkumar et al. 2014; Senthilkumar et al.
2012; Yuan et al. 2011)

Note: # = number of studies; WEEE = waste of electrical and electronic equipment; C&D = construction and demolition; C&l = commercial and

industrial; MSW = municipal solid waste; PVC = polyvinylchloride; TV = television.
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Table 2 Goals of the reviewed studies (n = 83)

Level of Level of goods — Lewvel of

Godl goods  and substances substances Total %

Performance 8 9 22 39 47
evaluation

System analysis 1 0 10 11 13

Comparison of 3 5 7 15 18
WM systems

Early 4 1 3 8 10
recognition

Scenario 4 4 2 10 12
analysis

Total 20 19 44 83 100

Note: WM = waste management.

and C are analyzed. MFA on the substance level focus on metals
(n = 28) and nonmetals (n = 12), mixtures (n = 1), and
compounds (n = 3). Primarily investigated substances are P and
copper (Cu), followed by zinc and mercury. Three studies aim at
organic compounds (polybrominated diphenyl ether, Parabens,

or PVC).

Goals of the Studies

MFA is carried out on multiple levels. The goals are manifold
and range from Chinese P metabolism of the prehuman period
(Fan et al. 2009) to the evaluation of air gasification behavior
of mixed plastic wastes (Al Sabbagh et al. 2012).

Every reviewed study has its own individual goals. Some of
the goals are:

® Performance evaluation: To assess and evaluate the per-
formance of a current waste management system to obtain
information about the distribution of materials (focus on
related impacts and whether a system reaches set goals)

® System analysis: To describe a WM system for further
assessments (focus on quantifying flows and stocks)

® Comparison of WM systems: To compare different man-
agement systems or technologies

® Early recognition: To early recognize beneficial or harmful
changes of flows and stocks, for example, future accumu-
lations or depletions of substances within a system

® Scenario analysis: To evaluate and optimize WM systems

In table 2, different goals in relation to the MFA methodol-
ogy on the level of goods and/or substances are summarized.

In WM, MFA is most often used for performance evaluation
of current systems (47%). Approximately 20% of all studies are
aiming at the comparison of WM or treatment systems, for ex-
ample, to compare different waste treatment plants. The goal
of 13% of the studies is system analysis; either for qualitative
assessments through interpretation or to serve as inventory for
further evaluations such as life cycle assessment (LCA). The
other studies apply MFA for predictions or scenario analyses.
Indicators are used to assess the efficiency (e.g., resource, en-
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Figure I Comparison of the aspects considered in the various
MFAs in relation to the investigated materials (n = 83). MFA =
material flow analysis; Res = resource potential, Ene = energetic
performance; Env = environmental consequences; Haz = release of
potential hazardous substances.

ergy, or collection efficiency) or evaluate emissions (gaseous
to atmosphere, or liquid to groundwater and surface water).
Scenario analyses are carried out in ten studies, primarily to
optimize different MSW management systems. To early recog-
nize the need for future changes in WM strategy or treatment
system, eight studies focus on the future generation of waste or
on future material flows.

MFA creates an inventory of flows, stocks, and treatment
processes and hence provides knowledge and understanding
about a WM system. However, an MFA alone cannot actually
assess a system in view of certain goals, such as resource con-
servation, or protection of human health. For such purposes,
the MFA has to be combined with further assessment methods
such as risk assessment or exergy/entropy considerations. The
reviewed studies focus on the following aspects with regard to
evaluation of MFA results:

® The resource potential is quantified to identify sources
and pathways of valuable materials. Recycling potentials,
reuse options, and reduction of landfill volumes are often
investigated.

® The environmental consequences are investigated by
quantifying emissions to the hydrosphere, atmosphere,
and pedosphere. Often, effects such as eutrophication and
climate change are included.

® The release of potentially hazardous substances to the
environment or the incorporation of such substances in
products are evaluated to take into account risks for the
environment and human health.



® The energy performance of WM and treatment is assessed
to reduce energy consumption or to improve energy effi-
ciency by new or advanced technologies.

Figure 1 shows the number of applications of MFA on the
level of goods or substances in relation to the considered aspects.
Some studies consider more than one aspect.

Approximately 75% of the reviewed studies apply MFA to
assess resource potential. The goal is to analyze the dependence
of a regional economy on imported goods and substances and
explore recovery potentials. MFA on the level of goods (n =
17) is primarily used to provide an overview of the connections
of stakeholders, authorities, and WM companies and identify
losses and accumulations of resources. Looking at both goods
and substances, 13 MFAs are aiming at identifying resource
potential by quantifying mass flow rates of wastes and their
main constituents (chemical elements). In 32 of the reviewed
studies, MFA on the substance level is carried out to identify
sources, pathways, and sinks of single elements (e.g., P and Cu);
particularly, analyses of whole economies are focusing on the
evaluation of resource potential. Environmental aspects are in
the focus of one third of the reviewed studies. Especially, studies
on the substance level quantify environmental consequences of
emissions to soil, air, and water (n = 19). Potential hazardous
substance emissions are investigated on the substance level (n =
8), with the goal to construct a picture of sources and pathways,
estimate possible impacts, and identify necessary actions for
policy makers. On the level of goods, the hazardous aspect was
not—and cannot be—considered. Twelve studies focus on the
energetic performance either to evaluate energy generation of
individual plants (e.g., by comparing different input materials)
or assess energy efficiency of WM systems. Six studies provide
an energy flow diagram based on the applied MFA. One third
of the reviewed studies have investigated two or more aspects
(resource potential, energetic performance, environmental con-
sequences, or release of potential hazardous substances). Most
often, resource potentials and environmental consequences are
considered. Most studies applying MFA on the level of goods
focus on a single aspect. In contrast, one third of the reviewed
studies providing MFA on the substance level and half of the
reviewed studies focusing on goods and substances have consid-
ered two or more aspects.

Systems and System Boundaries of Studies Investigated

The definition of the temporal, spatial, and/or thematic sys-
tem boundaries is crucial. Commonly, one year is chosen as the
temporal boundary. Spatially, the system is defined by geograph-
ical, hydrological, or administrative boundaries. If investigating
an economic sector or a company, the system boundaries are
often defined thematically (e.g., municipal WM or treatment
plant). In the reviewed studies, the thematic system boundaries
can be categorized into four areas:

i. WM as an integral part of the national economy; WM is
just one fragment (whole economy—waste management

embedded)
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Table 3 Application of MFA in relation to the thematic and geo-
graphical system boundary in the reviewed studies (n = 83)

Lewvel of
Thematic Geo. Level of goods and  Level of
boundary boundary ~ goods substances substances Total
Whole City 6 6
economy—  Region 1 3 4
waste Country 4 1 16 21
management EUJ 6 6
embedded Continent 2 2
Global 1 1
MSW City 2 1 1 4
management  Region 2 2
Country 3 3
— 1 1
Waste fraction ~ City 4 1 5
management  Coungry 4
Global 1 1
Waste — 2 14 7 23
treatment
plant
Total 20 19 44 83

Note: MSW = municipal solid waste; EU = European Union.

ii. WM systems considering MSW (MSW management)

iii. WM systems considering a specific waste fraction other
than MSW (waste fraction management)

iv. Waste treatment plants (waste treatment plant).

The thematic system boundaries (i to iii) can be further cat-
egorized geographically, such as global, continents, countries,
regions, or cities. Approximately 40 studies focus on material
flows of a whole economy. Twenty studies investigate WM sys-
tems (ten MSW, ten waste fraction), and 23 studies apply MFA
for waste treatment plants (see table 3).

The level of goods is often investigated in order to depict the
structure of a sector. In the case of WM, the goal is for example
to optimize recycling processes or transport routes. The analysis
of a system on the level of goods and substances serves primarily
as a characterization of the elemental composition of inputs
into a treatment plant, as well as their transfer to outputs.
MFA on the substance level is commonly applied to quantify
the overall flows of that substance through a large section of
the economy—including waste management—with the goal to
identify and link sources, pathways, and sinks.

In many of the reviewed studies, system boundaries are not
explicitly defined, and hence it is unclear where the investi-
gated system begins and ends. In approximately one quarter
of the studies, the environmental components, such as hydro-
sphere, lithosphere, and atmosphere, are included within the
system boundaries, but are not actually analyzed, balanced, and
treated as the other processes of the system. The reason for
this is the lack of information on environmental components,
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Table 4 Amount of investigated substances in relation to the the-

Table 5 Amount of investigated inflows, outflows, and processes

matic system boundary (n=83)
Thematic system boundary No. of substances  No. of studies  No. of No. of No. of No. of No. of No. of
inflows studies outflows studies processes studies
Whole economy—waste 1 31
management embedded 2-5 1 25 1 3 1 7
~10 1 2-5 42 2-5 37 2-5 30
6-10 14 6-10 23 6-10 31
MSW management 1 1 >10 2 >10 20 >10 15
2-5 Total 83 Total 83 Total 83
6-10 2
Waste fraction management 1 1
6-10 1 (resource potential = 20; energetic performance = 1; envi-
ronmental consequences = 4; release of potentially hazardous
Waste treatment plant 1 4 substances = 1).
2-5 7 In relation to the substances investigated, the following as-
6—118 2 pects are considered: MFA studies about metals most often
>

Note: MSW = municipal solid waste.

which are difficult to investigate and balance. Owing to the fact
that MFA is a systematic account of a defined physical system,
every process within the system boundary has to be balanced
according to the mass balance principle. A solution for this
dilemma of lack of data and necessity to include environmental
components is to position the environmental processes outside
the MFA system boundaries. Material flows from and to the
environment can be considered as imports and exports, such as
consumption of and emissions to air, or use of and leachate to
groundwater.

Methodology of Studies Investigated

Mass Balance Principle

The fundamental principle of MFA is the conservation of
matter: Inflows into an MFA system equal the outflows plus
changes in stocks to consider accumulation and depletion. Ev-
ery MFA system as well as each process within the system has
to be balanced according to the mass balance principle. Ap-
proximately 80% of the reviewed studies take the mass balance
principle into account; all MFA investigating both goods and
substances are among those 80%.

Quantity of Substances Investigated

The substance level has been investigated in 63 studies. Ap-
proximately 60% of them focus on one substance, especially in-
vestigations focusing on pathways through the whole economy.
If the goal is to manage single waste fractions, or to evaluate
and optimize waste treatment processes, commonly more than
one substance is analyzed (see table 4).

Number of substances analyzed and aspects considered
(resource potential, environmental consequences, release of
potential hazardous substances, or energetic performances) do
not necessarily correlate. In studies with one or more than
ten substances, primarily one aspect has been considered
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investigate resource potentials. Looking at organic substances,
environmental impacts are in the foreground, and other non-
metals are taken into account for investigating in both resource
and environmental issues.

Complexity of the System Investigated

The complexity of the reviewed MFA varies significantly.
The amount of the considered inflows, outflows, and processes
are represented in table 5.

In general, several studies exhibit a high complexity, com-
prising a large number of flows and processes requiring compu-
tational methods and corresponding software. In contrast, ap-
proximately 25 of the reviewed MFAs—often studies on waste
treatment plants—start with one inflow only. Primarily two to
five inflows are investigated.

The studies differ substantially in relation to the num-
ber of processes investigated. Studies comprising a few (one
to five) processes often only focus on production, fabrica-
tion/manufacture, use, and WM. If more than five processes
are analyzed, a variety of processes, such as people, animals,
construction, machinery, landfills, and wastewater treatment,
are among them.

On the backend of MFA systems, most often two to ten
outflows have been analyzed. Outflows appear to correlate with
the goals of the studies. Outflows most often considered, such as
raw materials, finished products, old scrap, residues, and recy-
cled materials, serve to provide information about the resource
potential. If environmental impacts and releases of potential
hazardous substances are in focus, outflows such as emissions
to air, water, and land are analyzed (e.g., landfill gas, landfill
leachate, and pollutant carrier). Outflows such as biogas, waste
to energy, syngas, ashes, and air pollution control residues are
often linked to the evaluation of energetic performance.

Data Considered and Uncertainty in the Studies
Investigated

Data quality is the specific characteristic of data as expressed
through information about the data, such as information on



its uncertainty, its reliability, its completeness, and its age
(Weidema and Wesnaes 1996). For the interpretation of MFA
results, information about data quality is crucial. Also, if MFA
is used to support WM policy decisions, it is indispensable to
know the uncertainties of the underlying data and thus results.
Uncertain data pose a risk for misperception and speculation
(Hedbrant and Soérme 2001). For instance: Decision makers
often have the choice between a new technology with high
uncertainty owing to lacking experience, and old technology
with little or no uncertainty owing to a long track record. If
the uncertainties of the two cases are not known, decisions are
inclined to be biased. In general, MFA is well suited to supply
comprehensive information about uncertainties, too.

The majority (65%) of the data of the reviewed studies have
been collected by literature research. Either physical mate-
rial flows have been assessed or econometric data have been
taken from statistics and translated into physical flows. In ap-
proximately 20% of the studies—particularly about treatment
processes—material flows have been measured. Roughly, one
third used a combination of methods such as literature research,
personal interviews, and measurements to obtain data. Emis-
sions to air and water were often calculated through models.

Owing to the diversity of information sources, the varying
quality and availability of data, MFA results are inherently
uncertain (Laner et al. 2014). No matter whether data are col-
lected either through literature or by measurement, uncertainty
should be stated in the MFA. In MFA practice, data are often
scarce, incomplete, or even missing. Thus, numerical values
may have to be extracted from empirical evidence (e.g., mea-
surements), up- or downscaled, transformed from other systems
to apply to the investigated system, quantified using expert judg-
ment, or assumed using educated guesses and plausible reasoning
(Laner et al. 2014).

In 20% of the reviewed MFA studies, uncertainties in flows
and stocks are quantified. Approximately one third discusses or
mentions uncertainties in a qualitative way, but do not quantify
the uncertainty for each flow and stock. Half of the reviewed
studies do not specify data with uncertainties: So far, waste-
related MFA studies analyzing whole regional economies men-
tion uncertainties, but do not actually describe them. Quan-
tification of uncertainties is more common when investigating
treatment plants. Although uncertainty treatment of data col-
lected at a single plant may be less resource consuming, MFA
for whole economies should also take into account such treat-
ment. Based on their literature review, Laner and colleagues
(2014) suggest a step-wise procedure to systematically consider
uncertainty in MFA.

Results and Deductions Based on the Studies
Investigated

The studies included in this review differ in relation to the
systems investigated and goals defined, and thus their results
and conclusions cover a broad range of issues.

The studies focusing on MSW management are mainly car-
ried out on the level of goods, or on both goods and substances
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(Supporting Information on the Web: #: 1, 7, 13, 26, 49, 50, 73,
74, 79, and 83). General conclusions in view of their goals are
mainly suggestions for organizational changes, such as better
involvement of stakeholders, or shifting waste flows to other
treatment options. Studies focusing on waste fractions other
than MSW are mainly applied on the level of goods (Support-
ing Information on the Web: #: 11, 14, 34, 38, 40, 41, 44, 52,
75, and 76). Investigations on biogenic waste result in strategic
advice for improving marketing of products and provide gen-
eral information about losses (e.g., nutrients). Studies on WEEE
identify the need for data to predict future e-waste generation
as a key issue. These MFAs for MSW or waste fraction man-
agement are carried out to provide insight into WM and allow
visualization of a given WM system with all related inputs,
stocks, and outputs.

Approximately 20 studies focusing on waste treatment plants
(Supporting Information on the Web: #: 2 t0 6, 8, 16, 18, 20, 21,
25, 39,45, 51, 53 to 55, 58 to 61, 64, and 66) are mainly carried
out on the level of goods and substances, or substances only.
Their purpose is to identify the distribution of substances during
waste treatment. Process emissions are determined by substance
concentrations in wastes; product quality is evaluated and re-
covery efficiencies are quantified to fulfill the goals resource
conservation and environmental protection. MFA is applied in
15 studies on thermal waste treatment, either to compare dif-
ferent incinerators or waste to energy plants on economic and
technological aspects, or to identify elemental composition of
inputs and their transfer to outputs. Studies investigating energy
aspects suggest technological improvements, such as oxygen-
enriched combustion air or treatment options such as presorting
steps to ensure high-energy efficiencies. Other studies focus on
the resource potential of residues of thermal treatment plants
and assess the recovery of valuable metals from bottom ash and
air pollution residues. These studies differ in their conclusions
depending on the system boundaries and waste input: Some
find a lack of precious metal enrichment in residues and suggest
presorting whereas other studies conclude that many valuable
substances can be recovered economically from bottom ash and
air pollution control residues.

Approximately 40 of the reviewed MFAs take into account
the level of substances for whole economies, emphasizing waste
management as an important embedded part (Supporting In-
formation on the Web: #: 9,10,12,15,17,19,22 to 24,27 to 33,35
to 37,42, 43,46 to 48,56,57,62,63,65,67 to 72,77,78,80 to 82).
These MFAs focus on resource management and environmental
impacts by analyzing stocks and flows. The results of 11 studies
focusing on P-flows conclude that there is a large P-discharge
to water bodies. They recommend to reduce the application of
P-fertilizer and redesign agricultural systems.

The knowledge about the in-use stock, its emissions, and
expected lifetime is fundamental for waste management plan-
ning, and thus several MFA studies investigate the change of
anthropogenic metal stocks over time. Dynamic MFA mod-
els are provided to predict future waste flows and emissions by
Kleijn and colleagues (2000) and Van der Voet and colleagues
(2002).
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MATERIALS INVESTIGATED

ASPECTS CONSIDERED

Goods (20) Substances (44) MFA on the level MFA on the level
of goods (20) of substances (44)
WEEE, Bio-, garden-,
computer, TV food-, wood
sets; 5 waste; 4 Mixture; 1
Metals; Res; 15
C & D wastes; 1 28

Prodlucts; - C & | waste; 1
Plastic Res, Haz; 3
te, ti . Env; 6 E Res: i
wasf e,. ires, | | Env; 1/ Res, Env; 1 | ne, Res;
PVC; 3 Compounds; 3 Ene,Env;1  |Ene;2 Env, Haz; 4 Haz;'1l \ Ene, Env; 1
Goods and substances (19) MFA on the level of goods
100% Org.Sub; 1 and substances (19)
o
80% Org.Sub; 2
60%
Mixture; 2 Mixture; 2 Mixture; 1 Mixture; 6
40% Res; 7 Res, Env; 4
20% Mixture; 2 N
ne;
0% Metals; 1
Bio-, Bottom ash Cc&D General MSW, Plastic WEEE,
N Env, Haz; 1_~
garden-, wastes residual waste, computer,
food-, wood waste  tires, PVC  TVsets ‘ “~_Ene, Env; 2

waste

Ene, Res, Env; 1 Ene, Res; 1

Figure 2 Materials investigated and aspects considered (n = 83). Org.Sub = organic substances; Res = resource potential, Ene =

energetic performance; Env = environmental consequences; Haz = release of potential hazardous substances.

In summary, MFAs are carried out to comprehensively an-
alyze flows, stocks, and processes within defined system bound-
aries. They illuminate connections between system inputs, pro-
cesses, and system outputs in a mass balanced way and thus foster
general understanding and control of waste management. MFAs
on the level of goods have proven to be useful for decisions such
as capacity planning or selection of collection and treatment
concepts. Studies applying MFA on the level of goods and sub-
stances mainly provide information on the strategic level, but
are also useful for environmental impact statements, technical
decisions about design of treatment plants, or exploitation of
resource recovery potentials. MFA on the level of substances
are carried out to gain insights into the flows and into the sub-
sequent accumulation of harmful or beneficial stocks of waste-
derived materials in the anthroposphere and environment.

Conclusions and Recommendations for
Goal-Oriented Decision Making in Waste
Management

The review of 83 studies shows that during the last two
decades, MFA has become a common, widely used tool to ana-
lyze waste management systems on different levels (goods and
substances) and with various goals. The main goal of an MFA
is to describe a defined system and establish a flow and stock
diagram for individual materials based on the mass balance
principle (Baccini and Brunner 1991). The results of this re-
view corroborate the successful application of MFA methodol-
ogy for the following purposes: (1) to reduce the complexity of
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comprehensive waste management systems; (2) for managing
wastes, resulting in secondary resources, and substance flows to
the environment; (3) to model the interrelation between the
regional/national economy and waste management; and (4)
to provide background information in aggregated form on the
composition and changes of the physical structure of socioeco-
nomic systems for waste management (Bringezu and Moriguchi
2002; Eurostat 2009; Fischer-Kowalski et al. 2011).

Figure 2 categorizes the reviewed MFA studies regarding
materials investigated and aspects considered, subdivided into
the three levels “MFA on goods,” “MFA on substances and
goods,” and “MFA on substances.”

Based on the presented results of this review, the follow-
ing recommendations are suggested for application of MFA
in WM.

MFA on the level of goods is highly useful for understanding
WM systems. It represents a tool for analyzing, controlling, and
managing material flows within a system. For decision making
in WM, it is essential to know the quantity of waste to be
treated (inflows), how this waste is transformed, transported, or
stored (processes), and what kind of materials are leaving (out-
flows) or are accumulated in the system (stocks). MFA on the
level of goods is also a valuable means to implement regulatory
mechanisms. Literature examples are assessments of collection
efficiencies, recycling rates, and amounts of materials treated
and landfilled. On the level of goods, primary resources can be
conserved by pointing out the potential in secondary resources
of wastes. It is recommended to use MFA to support communi-
cation and facilitate transparency between the various groups



engaged in WM decision making: Visualizations of the flows
of goods and the changes of stocks over time facilitates greatly
the development of a common discussion basis for stakeholders
from public, industrial, and administrative sectors.

Yet, the level of goods does not include enough qualitative
information. In addition to mere bulk material flows, it is highly
recommended to select key substances and balance these key
substances throughout the system. This allows answering ques-
tions regarding the accumulation and depletion of beneficial as
well as hazardous substances in goods. The level of substances
is indispensable to evaluate whether waste management goals
are fulfilled. A main advantage that has been described in some
of the reviewed articles is that the balance principle forces
experts to consider all flows, also those that sometimes are
neglected (e.g., because they are not regulated). Characteriz-
ing the substance composition of inflows and the transfer to
possible products by a mass balance approach can ensure that
materials reclaimed or recycled do not present a greater risk
than comparable primary resources. A mass balance also avoids
that potentially harmful substances are hidden or accumulated
somewhere in the system, thus preventing pollution of the en-
vironment or of secondary resources. Therefore, MFA on the
substance level is a key tool for decision making in view of the
goals protection of humans and the environment, conservation
of resources, and aftercare-free WM (Brunner and Ma 2009).

Based on our review, we conclude that an MFA performed
on the level of both goods and substances is most appropriate to
support WM decisions. This combination is an indispensable
tool for assessing whether a given WM system reaches a set
goal in a comprehensive way. MFA of goods and respectively
substances have their strength and weaknesses, but together
(goods and substances) they provide profound and transparent
knowledge for decision makers. Because a combined approach
on the level of goods and substances takes advantage of the same
system definitions and analysis, the effort to perform a combined
MFA is less resource consuming than for two individual MFAs.
The results of MFA can be used as a well-grounded inventory for
LCA or other evaluation methodologies and serve as a basis for
management decisions. Further, MFA with a focus on resource
management can provide valuable information on the in-use
stock and future end-of-life flows from stocks for decision makers
in the fields of resource and waste management.

It is recommended to define MFA system boundaries care-
fully and explicitly. For the beneficiaries of the results, it is
essential to know clearly which elements (flows, stocks, and
processes) are within the systems boundaries and are balanced
and which are situated outside the boundaries and thus are
not balanced. It is equally important to estimate uncertain-
ties of used data and obtained results. A transparent and clear
presentation of uncertainties is of great importance to inform
stakeholders in an impartial way and will result in well-founded,
goal-oriented decisions.

In summary, this review shows the high potential of MFA to
support goal-oriented WM if both levels of goods and substances
are taken into account.
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-to determine the economic status and
. . market interdependencies of an entire
41 (Lang et al. City Bio-waste waste fraction Bio-waste recycling industry Perfonne?nce y Literature y 6-10 >10 >10
2006b) management management . . evaluation
- to develop effective strategies to
improve the product market
-to assess the overall flow patterns of the
silver cycle
(Lanzano et al. Whole silver whole -to eStathh the amount entering silver Performance .
42 EU Ag TEeServoirs X y Literature n 2-5 1 6-10
2006) economy economy . . evaluation
-to assess the amount of silver used in
Europe
-to light target areas for policy makers
Whole whole -to examine phosphorus flow and its Performance
43 i (Lietal 2010) : City phosphorus P connection to water pollution in the city X y Literature n 2-5 6-10 6-10
economy . evaluation
economy of Hefei,
-to predict the annual obsolete amount
. . of the five kinds of electronic appliances
44 (Liu et al. City WEEE waste fraction WEEE generated from Beijing urban Early recognition y Literature n 1 2-5 >10
2006) management management X
households and analyse their flow after
the end of the useful phase.
Incinerator for -to estimate the heavy metal transfer
(Long et al. . waste Cu, Zn, Pb, Ni, behavior in the incineration system and Performance Measureme
45 residues of . X y y n 1 6-10 2-5
2013) WEEE treatment plant Cd provide reference values for the evaluation nt
management of WEEE solid waste
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SI System boundary Al J Materials Aspects Data Flows and Processes
# Reference Geo. Them. Topic Goods Substances Goal Allocated Goal Ene | Res i Env | Tox | Collection [Z;te;t Inflows Ol:g o Pn;iem
-to account the change traits of China’s
anthropogenic P metabolism from a
(Maetal Countr Whole whole ?:)oc ::;)i:zl(;gso tmhleca\:;:ﬁ(::; aggregate . . =
46 . phosphorus P . X . Comparison y Literature (discus 2-5 2-5 6-10
2012) y cconom economy accumulation of P into natural reservoirs sed)
Y and identify the human-induced stocks
with the greatest potential for the
secondary recovery
-to quantify and explore the temporal
evolution of China’s P consumption in
(Ma et al. Countr Whole whole main metabolic nodes from 1984 to ) ) no
47 phosphorus P 2008 Comparison y y Literature (menti 2-5 2-5 2-5
2013) y economy . .
economy -to discuss the environmental oned)
implications for both surface waters and
natural soil
-to study the effect of large stocks of
y & n
48 (Mansson et al. City Whole whole Cd, Pb, Hg metals which have alccumulaled in the Early recognition y Literature (menti 25 6-10 25
2009) economy economy urban technosphere in Stockholm, oned)
Sweden, in 1995 and in 2002-2003
-to characterize the SWM system in
Y
(Masood et al. . MSW MSW Lahore in a format that can be compared Performance Literature, - s
49 2014) City Management ;| Management MSW with the data from other cities in evaluation y interviews n ! 6-10 6-10
developing countries.
. -to quantify and assess six waste n
50 (Mastellone et | Regio | MSW MSw MSW C,Cd management Scenario analysiss d by Scenario analysis y y Literature (menti 6-10 >10 2-5
al. 2009) n Management | Management .
means of substance flow analysis oned)
-to investigate the effect of a gasifying
Fluidized bed stream composed by air enriched with
(Mastellone et gasification waste Plastic pure oxygen on the Performance Performance . ) . }
31 al. 2012) (plastic treatment plant ; waste CH evaluation of the co-gasification process evaluation y Literature n 23 23 25
wastes) of coal, plastics and wood fed as a
mixture in the gasifier.
-to develop a dynamic model of global
) (Modaresi and Global ﬁitnllﬁ:m waste fraction Al Zzﬁ:;iieosl:s?Erszgp;?ﬁg}r:rtz;gﬁzg Performance Literature (mrsl:n— 25 25 25
Miiller 2012) yeuns, management -to assess most effective interventions to evaluation ¥ .
(Automobiles) . tioned)
ensure that all recoverable scrap will
find a useful application
Ag, Au, Ba, Be,
Bi, Co, Ga, Gd,
Ge, Hf, In, Li, .
(Morf et al. MSW waste Mo, Nb, Nd, Pb, to charz'ic':terlze of the elemental . Measureme
53 L composition of MSW and the transfer System analysis y y 1 6-10 2-5
2013) incinerator treatment plant Pr, Pt, Rb, Rh, . nt
Ru. Se. Se. Sr into the outputs of the MSWI
Ta, Te, TI, V, W,
Y, Zr
-to characterize the actual chemical
WEEE Al, Sb, Pb, Cd, composition and contents of specific
(Morf et al. waste Cr, Fe, Cu, Ni, pollutants of WEEE Performance Measureme
54 treatment . . . X y y y 1 >10 2-5
2007) lant treatment plant Hg, Zn, Sn, CL, P, | -to determine the separation efficiency evaluation nt
P PCB sum of the hand-sorting and mechanical
recycling process regarding resources
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# Reference Geo. Them. Topic Goods Substances Goal Allocated Goal Ene i Res | Env | Tox Collection [Z;te;t Inflows Ol:g To Pn;iem
and potential toxic substances
| | | i -to investigate a full-scal MSW
i (Morfetal. i MSW i waste i incinerator Performance i Measureme .
35 2000) | incinerator | treatment plant | MSW ( Cu, Zn,Pb,Cd -to analyze effects on waste input evaluation Y i nt y ! 6-10 1
variations on CU, Zn, Cd and Pb
-to identify the material flow of zinc
associated with steel production
56 (Nakajima et Countr | Whole zinc whole 7n - to estimate the egv1r0nmental eftjeclts Performe.mce y y Literature n 25 25 6-10
al. 2008) y economy economy (energy consumption and CO, emission evaluation
reduction) of some intermediate dust
treatment processes
57 (Nakamura et Countr ¢ Whole PVC whole PVC PVC -to analyze PVC flows in Japan System analysis y Literature n 2-5 6-10
al. 2009) y economy economy
Solid -to analyze the material flows and their
58 (Nasrullah et recovered fuel : waste C&l characteristics in the various streams of Performance Measureme n 1 6-10 1
al. 2014a) production treatment plant : wastes material produced in SRF production evaluation y nt
process process produced from C & I waste
Solid -to analyze the material flows and their
59 (Nasrullah et recovered fuel | waste C&D characteristics in the various streams of Performance Measureme n 1 6-10 1
al. 2014b) production treatment plant : wastes material produced in SRF production evaluation y nt
process process produced from C & D.
-to characterize substance flows of toxic
metals in WEEE
WEEE -to examine the relative importance of
60 (Oguchi ctal. treatment waste 54 metals various types of WE EE in terms of Comparison y | Literature n 1 2-5 2-5
2013) lant treatment plant managing both toxic and valuable metals
P -to investigate the distribution behavior
of metals in a typical process for MSW
thermal treatment
-to investigate the distribution ratios and
(Oguchi et al WEEE waste substance flows of 54 metals contained n
61 g ’ treatment 54 metals . . L. Comparison y Literature (discus 1 2-5 2-5
2012) lant treatment plant in WEEE during municipal waste sed)
P treatment
(Ott and Whole whole -to develop an SFA model for the EU15
62 i Rechberger EU phosphorus cconom P and adopt it to the special requirements System analysis y Literature y 6-10 6-10 2-5
2012) economy Y for an EU15 wide analysis
(Rechberger o . . n
63 | and Graedel EU Whole copper | whole Cu to introduce an altgrnanve a_nd useful Scenario analysis y y Literature (discus 2-5 2-5 6-10
economy economy method for evaluating material flows
2002) sed)
-to evaluate the possibilities of
modifying the chemical characteristics
Refuse- .
(Rotter et al derived fuels | waste Residual of refuse-derived fuels that are
64 : . CL, Pb, Cd processed from residual household Scenario analysis y y Literature n 1 2-5 2-5
2004) production of | treatment plant i waste X .
waste by mechanical operations
MSW 5 .
-to achieve and assure quality targets for
relevant chemical concentrations
(Saurat and Whole whole -to analyze the Platinum Group Metal Performance Literature
65 . EU platinum PGM flows to, from, and through Europe and . y (economic n 2-5 >10 >10
Bringezu 2008) economy . . evaluation
proup metal the related environmental impacts data)
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flows
economy
-to present original results of a mass
balance of a wet construction waste
sorting plant n
Schachermaye C & D sorting | waste C&D . -to present an assessment of two . Measureme .
66 Eet al. 2000)y plant ¢ treatment plant | wastes S, 8i, Zn diff';rent separation techniques for C & Comparison ¥ nt (discus 23 6-10 6-10
D wastes with respect to their potential sed)
to produce suitable secondary building
materials
-to answer, how the flow of phosphorus
changed, which were and are the main
(Schmid Neset . Whole whole flows, and how changes in consumption . . n
67 City phosphorus P . . ? Comparison y y Literature (discus 2-5 6-10 6-10
et al. 2008) economy economy agricultural production and waste sed)
handling influence the reuse of this
resource
-to quantify P flows along the food
processing, household wastewater and
municipal waste chains at the country
. Whole scale n
68 (Senthilkumar  Countr phosphorus whole P -to quantify P recovery, P recycling and Perfomz}nce y y Literature (menti 1 2-5 6-10
etal. 2014) y economy . evaluation
economy P losses at various stages of the waste oned)
streams
-to identify opportunities for improved P
resource recycling
-to identify and quantify P flows, stocks
and balances across and within different
sectors in France
-to quantify the French P efficiency of
(Senthilkumar | Countr Whole whole crops and 'fmimals, as well as P recovery Performance . no
69 phosphorus P and recycling from waste management X y y Literature (menti 2-5 2-5 >10
etal. 2012) y economy R . o evaluation
economy systems and to identify opportunities for oned)
improvement
-to understand how closed the P flows in
France are and their consequences for
soil and water compartments.
-to estimate the amount of copper
Spatari et al. Whole copper : whole leaving the economy in waste, determine . .
70 501())2) EU economy o economy Cu the an;goum recovereyd, and to assess the System analysis Y Literature n 25 25 6-10
amount stored in specific reservoirs
-to examine the quantity of zinc used in
the 1990s, to estimate the amount
(Spatari et al. Whole zinc whole leaving the economy as discarded waste . .
7 20I())3) EU economy economy Zn -to det%:nnine the an}:ount recovered, and System analysis ¥ Literature n 23 6-10 s
to assess the amount stored in specific
reservoirs
-to estimate the accumulation of copper- n
7 (2S01(9)atar1 etal. contin ;| Whole copper i whole Cu bearmglpr(.)ducts in use ar.ld in waste System analysis y Literature (discus 25 25 6-10
5) ent economy economy reservoirs in North America over the d
period 1900 1999. sed)
73 (Stanic-Maruna | Countr | MSW MSW MSW -to show the past an_d present situation of Scenario analysis y y Literature n 6-10 6-10 25
and Fellner y Management | Management waste management in Croatia,
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Reference

System boundary

Materials

Geo.

Them.

All q
Topic

Goods

Substances

Goal

Allocated Goal

Aspects

Data

Flows and Processes

Res | Env

Tox

Collection

Uncert
ainty

Inflows

Outflo
ws

Process
es

2012)

-to analyze the transposition of the
Landfill Directive into Croatian law
-to evaluate the country’s waste
management plan by investigating
different Scenario analysiss of future
waste management.

74

(Stanisavljevic
and Brunner
2014)

City

MSW
Management

MSW
Management

MSW

-to demonstrate how a combination of
MFA, SFA and Scenario analysis
modelling can be used as a base for
goal-oriented evaluation and
optimization of waste management
systems

Scenario analysis

Literature

2-5

>10

75

(Steubing et al.
2010)

Countr

Computer
waste
management

waste fraction
management

Computer

to provide data with regard to the
generation of e-waste to the decision
makers in Chile using the method of
material flow analysis

Early recognition

Literature
(economic
data)

76

(Streicher-Porte
et al. 2005)

City

E-waste
management

waste fraction
management

WEEE

-to identify key drivers within the
WEEE managing system

-to assess the informal sector of the
recycling industry in Delhi

Comparison

Literature

2-5

>10

>10

71

(Tanimoto et
al. 2010)

Countr
y

Whole copper
economy

whole
economy

Cu

-to quantify the flow of copper in Brazil
in 2005, throughout its life cycle,
including stages of production,
consumption and final disposal

System analysis

Literature

n
(discus
sed)

2-5

2-5

6-10

78

(Themelis and
Gregory 2001)

Regio

Whole
mercury
economy

whole
economy

Hg

-to quantify the sources of past and
present emissions of mercury in the
Hudson-Raritan basin

-to establish an order-of-magnitude
material balance of sources and sinks of
mercury in the period 1880-2000
-recommend measures that may be taken
to decrease mercury contamination

Performance
evaluation

Literature

(menti
oned)

>10

>10

>10

79

(Tonini et al.
2014)

MSW
Management

MSW
Management

MSW

Fe,

C, Crosss N, P, K,

and Al

- to characterize the outputs of a
pilotscale waste refinery process

-to develop a mathematical optimization
model to evaluate the potential for
recovery

-to evaluate the quality of the digestate
left after anaerobic digestion

-to estimate the costs of the waste
refinery solution compared with
alternative waste management systems.

Performance
evaluation

Measureme
nt

80

(Vexler et al.
2004)

contin
ent

Whole copper
economy

whole
economy

Cu

-to examine the quantity of copper used
in the 1990s, to estimate the amount of
copper leaving the economy in waste,
determine the amount recovered, and to
assess the amount stored in specific
Teservoirs

System analysis

Literature

6-10

81

(Vyzinkarova
and Brunner
2013)

City

Whole
(cPentaBDE,
cOctaBDE)
economy

whole
economy

cPentaBDE,
cOctaBDE

-to identify sources, pathways, and sinks
-to determine fractions of cPentaBDE
and cOctaBDE that reach final sinks

-to develop recommendations for goal-

Performance
evaluation

Literature
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SI System boundary Al J Materials Aspects Data Flows and Processes
# Reference Geo. Them. Topic Goods Substances Goal Allocated Goal Ene i Res | Env | Tox Collection [Z;te;t Inflows Ol:g To Pn;iem
oriented waste management in order to
ensure minimum recycling and
maximum transfer of POP-PBDE:s to
final sinks.
-to develop a phosphorus-flow analytical
(Yuan et al . Whole whole model to trace the pathways of this . . no
82 : City phosphorus P Lo . PN System analysis y Literature (menti 6-10 6-10 6-10
2011) economy limiting nutrient throughout Lujiang’s
economy . X oned)
socioeconomic system
-to analyze the occurrence and
(Zhang et al. . MSW MSW Pa, Wo, Pu, Gl, dlstr{butlon of'heAavy‘metAals in MSW Performance Measureme
83 City -to discuss their implications for the . y y 1 2-5 6-10
2008) Management Management Pl, Te, Me, Cd . . evaluation nt
integrated MSW management system in
mega-cities

Note: y = yes; n = no; Geo. = geographical system boundary, Them. = thematic system boundary, Res = resource potential; Ene = energetic Performance evaluation; Env = environmental consequences; Haz =

release of potential hazardous substances; C & D wastes = Construction and demolition wastes; C & I = Commercial and industrial wastes; WEEE = waste of electrical and electronic equipment; MSW = Municipal
solid waste

S-11




2015 Journal of Industrial Ecology — www.wileyonlinelibrary.com/journall/jie

References

Al Sabbagh, M. K., C. A. Velis, D. C. Wilson, and C. R. Cheeseman. 2012. Resource management
performance in Bahrain: a systematic analysis of municipal waste management,
secondary material flows and organizational aspects. Waste Management & Research
30(8): 813-824.

Allegrini, E., A. Maresca, M. E. Olsson, M. S. Holtze, A. Boldrin, and T. F. Astrup. 2014.
Quantification of the resource recovery potential of municipal solid waste incineration
bottom ashes. Waste Management 34(9): 1627-1636.

Andersen, J. K., A. Boldrin, T. H. Christensen, and C. Scheutz. 2010. Mass balances and life-cycle
inventory for a garden waste windrow composting plant (Aarhus, Denmark). Waste
Management & Research 28(11): 1010-1020.

Andersen, J. K., A. Boldrin, T. H. Christensen, and C. Scheutz. 2011. Mass balances and life cycle
inventory of home composting of organic waste. Waste Management 31(9—-10): 1934-
1942,

Arena, U. and F. Di Gregorio. 2013. Element partitioning in combustion- and gasification-based
waste-to-energy units. Waste Management 33(5): 1142-1150.

Arena, U. and F. Di Gregorio. 2014a. Energy generation by air gasification of two industrial
plastic wastes in a pilot scale fluidized bed reactor. Energy 68: 735-743.

Arena, U. and F. Di Gregorio. 2014b. A waste management planning based on substance flow
analysis. Resources, Conservation and Recycling 85: 54-66.

Arena, U., F. Di Gregorio, C. Amorese, and M. L. Mastellone. 2011. A techno-economic
comparison of fluidized bed gasification of two mixed plastic wastes. Waste
Management 31(7): 1494-1504.

Asari, M. and S.-i. Sakai. 2013. Li-ion battery recycling and cobalt flow analysis in Japan.
Resources, Conservation and Recycling 81: 52-59.

Asari, M., K. Fukui, and S.-i. Sakai. 2008. Life-cycle flow of mercury and recycling scenario of
fluorescent lamps in Japan. Science of The Total Environment 393(1): 1-10.

Bergeron, F. C. 2014. Assessment of the coherence of the Swiss waste wood management.
Resources, Conservation and Recycling 91: 62-70.

Betz, A., J. Buchli, C. Gbbel, and C. Miiller. 2015. Food waste in the Swiss food service industry —
Magnitude and potential for reduction. Waste Management 35: 218-226.

Bi, J., Q. Chen, L. Zhang, and Z. Yuan. 2013. Quantifying Phosphorus Flow Pathways Through
Socioeconomic Systems at the County Level in China. Journal of Industrial Ecology 17(3):
452-460.

Binder, C. R. and H.-J. Mosler. 2007. Waste-resource flows of short-lived goods in households of
Santiago de Cuba. Resources, Conservation and Recycling 51(2): 265-283.

Bogucka, R., I. Kosinska, and P. H. Brunner. 2008. Setting priorities in plastic waste management-
lessons learned from material flow analysis in Austria and Poland. Polimery 53(1): 55-59.

Brunner, P. H. and H. Modnch. 1986. The flux of metals through municipal solid waste
incinerators. Waste Management & Research 4(1): 105-119.

Brunner, P. H. and P. Baccini. 1992. Regional material management and environmental
protection. Waste Management & Research 10(2): 203-212.

Brunner, P. H. and D. M. Stampfli. 1993. Material balance of a construction waste sorting plant.
Waste Management & Research 11(1): 27-48.

Cain, A,, S. Disch, C. Twaroski, J. Reindl, and C. R. Case. 2007. Substance Flow Analysis of
Mercury Intentionally Used in Products in the United States. Journal of Industrial Ecology
11(3): 61-75.

S-12



2015 Journal of Industrial Ecology — www.wileyonlinelibrary.com/journall/jie

Chancerel, P., C. E. M. Meskers, C. Hagellken, and V. S. Rotter. 2009. Assessment of Precious
Metal Flows During Preprocessing of Waste Electrical and Electronic Equipment. Journal
of Industrial Ecology 13(5): 791-810.

Chen, G., N. Zhang, W. Ma, V. S. Rotter, and Y. Wang. 2015. Investigation of chloride deposit
formation in a 24MWe waste to energy plant. Fuel 140: 317-327.

Chen, P.-C., H.-J. Su, and H.-W. Ma. 2013. Trace anthropogenic arsenic in Taiwan—substance
flow analysis as a tool for environmental risk management. Journal of Cleaner
Production 53: 13-21.

Chen, W.-Q. and T. E. Graedel. 2012. Dynamic analysis of aluminum stocks and flows in the
United States: 1900-2009. Ecological Economics 81: 92-102.

Cooper, J. and C. Carliell-Marquet. 2013. A substance flow analysis of phosphorus in the UK food
production and consumption system. Resources, Conservation and Recycling 74: 82-100.

Di Gregorio, F. and L. Zaccariello. 2012. Fluidized bed gasification of a packaging derived fuel:
energetic, environmental and economic performances comparison for waste-to-energy
plants. Energy 42(1): 331-341.

Doberl, G., R. Huber, P. H. Brunner, M. Eder, R. Pierrard, W. Schonback, W. Frihwirth, and H.
Hutterer. 2002. Long-term assessment of waste management options - a new,
integrated and goal-oriented approach. Waste Management & Research 20(4): 311-327.

Eckelman, M. J. and M. R. Chertow. 2009. Using Material Flow Analysis to llluminate Long-Term
Waste Management Solutions in Oahu, Hawaii. Journal of Industrial Ecology 13(5): 758-
774.

Eriksson, E., H. R. Andersen, and A. Ledin. 2008. Substance flow analysis of parabens in Denmark
complemented with a survey of presence and frequency in various commodities. Journal
of Hazardous Materials 156(1-3): 240-259.

Fan, Y., S. Hu, D. Chen, Y. Li, and J. Shen. 2009. The evolution of phosphorus metabolism model
in China. Journal of Cleaner Production 17(9): 811-820.

Graedel, T. E., J. Allwood, J. P. Birat, M. Buchert, C. Hagelliken, B. K. Reck, S. F. Sibley, and G.
Sonnemann. 2011. What do we know about metal recycling rates? Journal of Industrial
Ecology 15(3): 355-366.

Guo, X., J. Zhong, Y. Song, and Q. Tian. 2010. Substance flow analysis of zinc in China. Resources,
Conservation and Recycling 54(3): 171-177.

Gurauskiené, I. and Z. Stasiskiené. 2011. Application of material flow analysis to estimate the
efficiency of e-waste management systems: the case of Lithuania. Waste Management
& Research 29(7): 763-777.

Huang, C.-L.,, J. Vause, H.-W. Ma, Y. Li, and C.-P. Yu. 2014. Substance flow analysis for nickel in
mainland China in 2009. Journal of Cleaner Production 84: 450-458.

Jacob, P., P. Kashyap, T. Suparat, and C. Visvanathan. 2014. Dealing with emerging waste
streams: Used tyre assessment in Thailand using material flow analysis. Waste
Management & Research 32(9): 918-926.

Kahhat, R. and E. Williams. 2012. Materials flow analysis of e-waste: Domestic flows and exports
of used computers from the United States. Resources, Conservation and Recycling 67:
67-74.

Kleijn, R., R. Huele, and E. van der Voet. 2000. Dynamic substance flow analysis: the delaying
mechanism of stocks, with the case of PVC in Sweden. Ecological Economics 32(2): 241-
254,

Kral, U., C.-Y. Lin, K. Kellner, H.-w. Ma, and P. H. Brunner. 2014. The Copper Balance of Cities.
Journal of Industrial Ecology 18(3): 432-444.

S-13



2015 Journal of Industrial Ecology — www.wileyonlinelibrary.com/journall/jie

Krook, J., A. Martensson, and M. Eklund. 2007. Evaluating waste management strategies—A
case of metal-contaminated waste wood. Resources, Conservation and Recycling 52(1):
103-118.

Kuo, N.-W., H.-W. Ma, Y.-M. Yang, T.-Y. Hsiao, and C.-M. Huang. 2007. An investigation on the
potential of metal recovery from the municipal waste incinerator in Taiwan. Waste
Management 27(11): 1673-1679.

Lang, D. J., C. R. Binder, R. W. Scholz, K. Schleiss, and B. Staubli. 2006a. Impact factors and
regulatory mechanisms for material flow management: Integrating stakeholder and
scientific perspectives: The case of bio-waste delivery. Resources, Conservation and
Recycling 47(2): 101-132.

Lang, D. J., C. R. Binder, M. Stauffacher, C. Ziegler, K. Schleiss, and R. W. Scholz. 2006b. Material
and money flows as a means for industry analysis of recycling schemes: A case study of
regional bio-waste management. Resources, Conservation and Recycling 49(2): 159-190.

Lanzano, T., M. Bertram, M. De Palo, C. Wagner, K. Zyla, and T. E. Graedel. 2006. The
contemporary European silver cycle. Resources, Conservation and Recycling 46(1): 27-
43.

Li, S., Z. Yuan, J. Bi, and H. Wu. 2010. Anthropogenic phosphorus flow analysis of Hefei City,
China. Science of The Total Environment 408(23): 5715-5722.

Liu, X., M. Tanaka, and Y. Matsui. 2006. Generation amount prediction and material flow
analysis of electronic waste: a case study in Beijing, China. Waste Management &
Research 24(5): 434-445.

Long, Y.-Y., Y.-). Feng, S.-S. Cai, W.-X. Ding, and D.-S. Shen. 2013. Flow analysis of heavy metals in
a pilot-scale incinerator for residues from waste electrical and electronic equipment
dismantling. Journal of Hazardous Materials 261: 427-434.

Ma, D., S. Hu, D. Chen, and Y. Li. 2012. Substance flow analysis as a tool for the elucidation of
anthropogenic phosphorus metabolism in China. Journal of Cleaner Production 29-30:
188-198.

Ma, D., S. Hu, D. Chen, and Y. Li. 2013. The Temporal Evolution of Anthropogenic Phosphorus
Consumption in China and Its Environmental Implications. Journal of Industrial Ecology
17(4): 566-577.

Mansson, N., B. Bergback, and L. S6rme. 2009. Phasing Out Cadmium, Lead, and Mercury.
Journal of Industrial Ecology 13(1): 94-111.

Masood, M., C. Y. Barlow, and D. C. Wilson. 2014. An assessment of the current municipal solid
waste management system in Lahore, Pakistan. Waste Management & Research 32(9):
834-847.

Mastellone, M. L., P. H. Brunner, and U. Arena. 2009. Scenarios of Waste Management for a
Waste Emergency Area. Journal of Industrial Ecology 13(5): 735-757.

Mastellone, M. L., L. Zaccariello, D. Santoro, and U. Arena. 2012. The O2-enriched air gasification
of coal, plastics and wood in a fluidized bed reactor. Waste Management 32(4): 733-
742.

Modaresi, R. and D. B. Miller. 2012. The role of automobiles for the future of aluminum
recycling. Environmental science & technology 46(16): 8587-8594.

Morf, L. S., P. H. Brunner, and S. Spaun. 2000. Effect of operating conditions and input variations
on the partitioning of metals in a municipal solid waste incinerator. Waste Management
and Research 18(1): 4-15.

Morf, L. S., J. Tremp, R. Gloor, F. Schuppisser, M. Stengele, and R. Taverna. 2007. Metals, non-
metals and PCB in electrical and electronic waste — Actual levels in Switzerland. Waste
Management 27(10): 1306-1316.

S-14



2015 Journal of Industrial Ecology — www.wileyonlinelibrary.com/journall/jie

Morf, L. S., R. Gloor, O. Haag, M. Haupt, S. Skutan, F. D. Lorenzo, and D. Boni. 2013. Precious
metals and rare earth elements in municipal solid waste — Sources and fate in a Swiss
incineration plant. Waste Management 33(3): 634-644.

Nakajima, K., K. Matsubae-Yokoyama, S. Nakamura, S. Itoh, and T. Nagasaka. 2008. Substance
flow analysis of zinc associated with iron and steel cycle in Japan, and environmental
assessment of EAF Dust Recycling Process. ISlJ international 48(10): 1478-1483.

Nakamura, S., K. Nakajima, Y. Yoshizawa, K. Matsubae-Yokoyama, and T. Nagasaka. 2009.
Analyzing Polyvinyl Chloride in Japan With the Waste Input-Output Material Flow
Analysis Model. Journal of Industrial Ecology 13(5): 706-717.

Nasrullah, M., P. Vainikka, J. Hannula, M. Hurme, and J. Karki. 2014a. Mass, energy and material
balances of SRF production process. Part 1: SRF produced from commercial and
industrial waste. Waste Management 34(8): 1398-1407.

Nasrullah, M., P. Vainikka, J. Hannula, M. Hurme, and J. Karki. 2014b. Mass, energy and material
balances of SRF production process. Part 2: SRF produced from construction and
demolition waste. Waste Management 34(11): 2163-2170.

Oguchi, M., H. Sakanakura, and A. Terazono. 2013. Toxic metals in WEEE: Characterization and
substance flow analysis in waste treatment processes. Science of The Total Environment
463-464:1124-1132.

Oguchi, M., H. Sakanakura, A. Terazono, and H. Takigami. 2012. Fate of metals contained in
waste electrical and electronic equipment in a municipal waste treatment process.
Waste Management 32(1): 96-103.

Ott, C. and H. Rechberger. 2012. The European phosphorus balance. Resources, Conservation
and Recycling 60: 159-172.

Rechberger, H. and T. E. Graedel. 2002. The contemporary European copper cycle: statistical
entropy analysis. Ecological Economics 42(1-2): 59-72.

Rotter, V. S., T. Kost, J. Winkler, and B. Bilitewski. 2004. Material flow analysis of RDF-production
processes. Waste Management 24(10): 1005-1021.

Saurat, M. and S. Bringezu. 2008. Platinum Group Metal Flows of Europe, Part 1. Journal of
Industrial Ecology 12(5-6): 754-767.

Schachermayer, E., T. Lahner, and P. H. Brunner. 2000. Assessment of two different separation
techniques for building wastes. Waste Management & Research 18(1): 16-24.

Schmid Neset, T.-S., H.-P. Bader, R. Scheidegger, and U. Lohm. 2008. The flow of phosphorus in
food production and consumption — Linkoping, Sweden, 1870-2000. Science of The
Total Environment 396(2-3): 111-120.

Senthilkumar, K., T. Nesme, A. Mollier, and S. Pellerin. 2012. Conceptual design and
quantification of phosphorus flows and balances at the country scale: The case of
France. Global Biogeochemical Cycles 26(2).

Senthilkumar, K., A. Mollier, M. Delmas, S. Pellerin, and T. Nesme. 2014. Phosphorus recovery
and recycling from waste: An appraisal based on a French case study. Resources,
Conservation and Recycling 87: 97-108.

Spatari, S., M. Bertram, K. Fuse, T. E. Graedel, and H. Rechberger. 2002. The contemporary
European copper cycle: 1 year stocks and flows. Ecological Economics 42(1-2): 27-42.

Spatari, S., M. Bertram, K. Fuse, T. E. Graedel, and E. Shelov. 2003. The contemporary European
zinc cycle: 1-year stocks and flows. Resources, Conservation and Recycling 39(2): 137-
160.

Spatari, S., M. Bertram, R. B. Gordon, K. Henderson, and T. E. Graedel. 2005. Twentieth century
copper stocks and flows in North America: A dynamic analysis. Ecological Economics
54(1): 37-51.

S-15



2015 Journal of Industrial Ecology — www.wileyonlinelibrary.com/journall/jie

Stanic-Maruna, I. and J. Fellner. 2012. Solid waste management in Croatia in response to the
European Landfill Directive. Waste Management & Research 30(8): 825-838.

Stanisavljevic, N. and P. H. Brunner. 2014. Combination of material flow analysis and substance
flow analysis: A powerful approach for decision support in waste management. Waste
Management & Research 32(8): 733-744.

Steubing, B., H. Boni, M. Schluep, U. Silva, and C. Ludwig. 2010. Assessing computer waste
generation in Chile using material flow analysis. Waste Management 30(3): 473-482.

Streicher-Porte, M., R. Widmer, A. Jain, H.-P. Bader, R. Scheidegger, and S. Kytzia. 2005. Key
drivers of the e-waste recycling system: Assessing and modelling e-waste processing in
the informal sector in Delhi. Environmental Impact Assessment Review 25(5): 472-491.

Tanimoto, A. H., X. Gabarrell Durany, G. Villalba, and A. C. Pires. 2010. Material flow accounting
of the copper cycle in Brazil. Resources, Conservation and Recycling 55(1): 20-28.

Themelis, N. J. and A. F. Gregory. 2001. Sources and Material Balance of Mercury in the New
York-New Jersey Harbor. Report to the New York Academy of Sciences: 17-19.

Tonini, D., G. Dorini, and T. F. Astrup. 2014. Bioenergy, material, and nutrients recovery from
household waste: Advanced material, substance, energy, and cost flow analysis of a
waste refinery process. Applied Energy 121: 64-78.

Vexler, D., M. Bertram, A. Kapur, S. Spatari, and T. E. Graedel. 2004. The contemporary Latin
American and Caribbean copper cycle: 1 year stocks and flows. Resources, Conservation
and Recycling 41(1): 23-46.

Vyzinkarova, D. and P. H. Brunner. 2013. Substance Flow Analysis of Wastes Containing
Polybrominated Diphenyl Ethers. Journal of Industrial Ecology 17(6): 900-911.

Yuan, Z., X. Liu, H. Wu, L. Zhang, and J. Bi. 2011. Anthropogenic phosphorus flow analysis of
Lujiang County, Anhui Province, Central China. Ecological Modelling 222(8): 1534-1543.

Zhang, H., P.-J. He, and L.-M. Shao. 2008. Implication of heavy metals distribution for a municipal
solid waste management system — a case study in Shanghai. Science of The Total
Environment 402(2-3): 257-267.

S-16



ARTICLE III:

MATERIAL FLOW ANALYSIS AS A TOOL TO IMPROVE WASTE MANAGEMENT
SYSTEMS: THE CASE OF AUSTRIA
Astrid Allesch and Paul H. Brunner

Environmental Science & Technology 2017, 51 (1), pp 540-551
DOI: 10.1021/acs.est.6b04204



st

pubs.acs.org/est

Material Flow Analysis as a Tool to improve Waste Management

Systems: The Case of Austria

Astrid Allesch*® and Paul H. Brunner

Vienna University of Technology, Institute for Water Quality, Resource and Waste Management, Karlsplatz 13/226, A-1040 Vienna,

Austria

© Supporting Information

ABSTRACT: This paper demonstrates the power of material
flow analysis (MFA) for designing waste management (WM)
systems and for supporting decisions with regards to given environ-
mental and resource goals. Based on a comprehensive case study
of a nationwide WM-system, advantages and drawbacks of a
mass balance approach are discussed. Using the software STAN,
a material flow system comprising all relevant inputs, stocks and
outputs of wastes, products, residues, and emissions is established
and quantified. Material balances on the level of goods and
selected substances (C, Cd, Cr, Cu, Fe, Hg, N, Ni, P, Pb, Zn) are
developed to characterize this WM-system. The MFA results
serve well as a base for further assessments. Based on given goals,
stakeholders engaged in this study selected the following seven
criteria for evaluating their WM-system: (i) waste input into the
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system, (ii) export of waste (iii) gaseous emissions from waste treatment plants, (iv) long-term gaseous and liquid emissions from
landfills, (v) waste being recycled, (vi) waste for energy recovery, (vii) total waste landfilled. By scenario analysis, strengths and
weaknesses of different measures were identified. The results reveal the benefits of a mass balance approach due to redundancy,
data consistency, and transparency for optimization, design, and decision making in WM.

B INTRODUCTION

In most countries, goals of waste management (WM) are based
on the precautionary principle and sustainability. They aim
at protecting human health and environment, conservation of
resources, and aftercare-free waste treatment and landfilling
without jeopardizing future generations." Today, WM-systems
have reached different levels of development. A screening of
WM performances of EU Member States shows that especially
high developed countries like Austria, Netherland, Denmark,
and Germany have achieved high standards.” For future devel-
opment of WM in such countries, the question arises, how to
assess and improve current WM-systems. Various assessments
methods like cost-benefit-analysis, environmental impact assess-
ment, multicriteria-decision-making, life cycle assessment and
life cycle costing are available to point out strength and weak-
ness of a WM-system, and to identify strategies for future devel-
opment.” ® Independent of the applied assessment method,
a consistent, transparent and unambiguous database is required
to analyze and manage material flows.

Material flow analysis (MFA) has become an increasingly
applied method providing a system-oriented view of interlinked
processes and flows to support strategic and priority-oriented
decisions and to design management measures. MFA have a
long history in various fields.” Fischer-Kowalski, and Fischer-
Kowalski and Hiittler”” have presented a review on the history
of MFA from 1860 to 1998 showing the rapidly growing

-4 ACS Publications  © 2016 American Chemical Society
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development and analytical and policy interest in MFA.
MFA studies offer a big picture view of industrial processes.'’
A general form to visualize MFA is shown in Figure 1 with
processes depicted from left to right. Chen and Graedel''
provided a critical review of elements to characterize material
flows of specific materials with anthropogenic cycles. MFA
provides a comprehensive overview of a material system and its
interaction with the surroundings. It is highly instrumental
for linking the anthroposphere with the environment. Thus,
it serves for early recognition, priority setting, to analyze and
improve effectiveness of measures, and to design efficient
material management strategies in view of sustainability.12 MFA
are carried out on multiple levels. Many are focusing on metal
flows of whole economies'* ™ to quantify accumulations and
environmental releases. An overview of MFA in the biblio-
graphic database for sciences (Scopus)’* shows an increasing
use of MFA since 1992 with a peak in the year 2010. The main
subject areas of interests are engineering, materials science, and
chemical and environmental engineering. A similar trend can be
observed in the field of WM. Especially, MFA for municipal
solid WM is often carried out™~*" to account flows within the
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Figure 1. MFA, system and its elements as a mass-balanced base for further evaluation.

system or to the environment. MFA facilitates the under-
standing of the structure and functioning of metabolic pro-
cesses, and supports the analysis of the throughput of process
chains.*> WM can be seen as a “throughput economy”, with
inputs from the market and consumgtion and with outputs to
the market and to the environment.”""

The objectives of this study are (i) to demonstrate how
MFA can be used as tool to design WM-systems, (ii) to point
out how MFA can be applied as a base for assessment of
WM-systems in view of given objectives, and (iii) to support goal-
oriented WM decisions in general. A case study from Austria is
presented exemplifying the comprehensive MFA approach. The
following three questions are addressed: (1) What is the main
unique advantage of applying MFA to facilitate WM decisions?
(2) Which information and criteria can be derived from MFA
and how can these results support assessments of WM-systems?
(3) How can MFA be applied in a case study to identify future
improvements of an already highly developed WM-system?

B MATERIALS AND METHODS
Establishing a Mass Balance by MFA. The goal of MFA

is to establish a mass balance for a system of study. The sum of
all inputs into the system must equal all outputs plus changes in
stock. The mass balance principle applies on the level of goods
(e.g., wastes, air, off-gas, products, etc.) as well as substances
(elements or chemical compounds). It must be observed for
every process and for the total system. Depending on the focus
of a study, MFA can be carried out as a static or dynamic mass-
balance approach. To evaluate the changes over time within a
system, dynamic models provide information about changes in
stocks and flows. Dynamic models are carried out to capture
time-dependent aspects such as the development of the in-use
stock and the associated postconsumer flows.'* Miiller et al.*®
have shown that dynamic MFA with the focus on metals are
useful for providing knowledge of stocks and flows. Static
models provide insight into investigated systems for a specific
time. Therefore, they allow assessing current states of a system.
In this study a static MFA for the year 2012 is carried out.
The advantage of a static modeling approach is that accounting
requires reported or measured data sets (inputs, outputs, and
stocks) and these are often available for past years.”’ Further, if
a data set for one year only is aimed at, the available financial
resources can be concentrated on this year, resulting in more
data and smaller uncertainties of the resulting mass balances for

1
o TONS PER
Em .'ss.m 1
LANDFILL —C—— i | 1,000 YEAR
Stock: A Stock JEpE 1
A :
Q;Jﬁl.‘r}‘;D
==
Table 1. Terminology of MFA
terms descriptions
substances substances are any (chemical) element or compound
composed of uniform units (atoms, molecules).
goods goods are any economic entities of matter with a positive or
negative economic value and are made up of one or several
substances.
materials material serves as an umbrella term for both substances and
goods
processes processes are defined as the transformation, transport, or
storage of materials.
flows flows are defined as a mass flow rate with the ratio of mass per
time.
transfer transfer coeflicients describe the partitioning of materials in a
coefficients  process
system system is the actual object of investigation. it links flows and
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stocks of materials and substances by processes, and is
limited by system boundaries defined in space and time.

this year. Terms used in this study are described in Table 1 and
correspond with those presented in the Practical Handbook of
Material Flow Analysis."”

The mass-balance based approach provides a well-founded,
reproducible, and transparent database for evaluating WM-
systems. The choice of thematic and spatial boundaries of the
investigated system is crucial for impartial assessment, and
for interpreting the data and results generating transparent
information for stakeholders and the public. A literature review
on MFA in the field of WM™ reveals the high potential of MFA
to support goal-oriented WM if both levels of goods and
substances are taken into account. MFA on the level of goods is
instrumental for understanding the functioning of WM as a
whole (processes and connection between processes). It pres-
ents an excellent tool for analyzing, controlling and managing
flows of wastes, recycling products, and residues. Also, the level
of goods corresponds to the economic level, because each flow
of goods can be associated with a monetary value. MFA on the
level of substances is essential to assess aspects regarding the
quality of material flows, such as resource flows or emissions
to the environment. It serves to evaluate the transformation,
transport, and storage of valuable and hazardous substances,
and thus forms the base for identifying both resource potentials
and risks for human health and the environment. In order to
evaluate a WM-system in a comprehensive way, material flows
beginning with waste input into the system, continuing with
collection, transportation, treatment, and ending with recycling,
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Table 3. Waste Generated and Included in the Assessment

waste generated

substance concentration [mg/kg]

[kilo
waste groups tons] Cd C Fe N P Cr Cu Hg Ni Pb Zn
biogenic waste 1490 0.3 183 000 3150 9650 1730 7 21 0.1 7 19 72
bulky waste 330 35 164 000 608 1210 81 353 210 0.2 4 1280 767
construction and demolition waste 6290 0.3 75 800 8120 193 27 24 0.1 18 37 48
(C&D)
drosses, slags and metallic dusts 262 26 301000 43000 22900 295 2170 12 144 12900 11600
glass waste 297 0.2 3000 11 800 3370 1 1 1 6
incineration residues 328 111 12 400 14 800 490 6790 270 1190 8.8 3590 3390 9600
lime mud 22 0.2 9 9 0.1 4 6 19
metal waste 2110 8.8 10 700 631 000 4S5 267 1810 23 500 75200 574 1680
oils and oil contaminated waste 332 1.9 284 000 23000 2180 2290 166 128 3.1 56 26 4SS
other waste 369 24 5830 54700 3580 394 14200 1820 12 22 400 24 800 17900
paper waste 2050 2.0 350 000 2020 3650 108 19 47 0.2 96 17 22
plastic waste 350 29 583 000 9540 5650 668 81 54 2.1 18 252 199
residual waste 1960 6.1 203 000 21200 7270 1000 180 727 0.4 54 296 713
textile waste 41 24 376 000 2170 23 500 764 172 254 0.3 7 147 462
waste electrical, electronic equipment 80 11 154 000 150000 2030 273 14500 11800 1.1 6920 5080 1100
(WEEE)
wood waste 995 0.3 460 000 443 4080 121 8 198 0.1 14 18 85
total 17 300 6.5 162 000 86 300 2730 860 703 3130 0.8 9760 963 1090
Input: 17.6 Miot/la A Stock: +2.2 Miot/a  Output: 15.4 Mio t/a
ST T T TTTT T T T T 1
Imported Waste @ Emissions
. Austrian Waste 1
Generated Waste Management, 2012 Secondary resources
I I
Landfill +2.2
Precipitation on landfills Waste exports
L S gy J
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Figure 2. MFA-System representing Austrian WM of 2012.

landfilling and emissions, need to be assessed and linked on
both levels of goods and substances. Figure 1 provides a general
template to design WM-systems with MFA. One of the central
point is the focus on the mass balance principle to provide a
complete database on the level of goods as well as on the level
of substances. The description of the mass flows is provided in
Table 2.

In Austria WM goals are based on the precautionary prin-
ciple and sustainability. They aim at (i) protection of humans,
animals and plants, (ii) reduction of greenhouse gases and
air pollution, (jii) conservation of resources, (iv) production of
recycled materials that do not present a greater risk than
comparable primary materials, and (v) remaining waste that
can be stored without jeopardizing future generations.' Based
on a survey and value judgment of Austrian WM stake-
holders, different criteria were identified to fulfill these goals.

543

Table 2 shows seven criteria, where MFA and relating material
flows provide a base for further assessment methods and support
goal-oriented WM. Every criterion is assessed individually.
For a complete evaluation of a WM-system, it is necessary to
take into account dependencies and even contradictions
between these criteria, too. This has not been performed in
the present study, which serves to present the MFA approach
only.

The method presented is based on (i) the mass-balance-
principle to ensure that all inputs are equal to the outputs and
stock changes (Figure 1), (ii) goal-oriented seven criteria
(Table 2) according to the Austrian WM act and (iii) a
stakeholder survey. Depending on the WM-system in focus this
approach needs specifications with regard to the MFA system
and evaluation criteria. Other goals and stakeholders value-
choices will lead to different criteria.

DOI: 10.1021/acs.est.6b04204
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Figure 3. MFA: Inputs, outputs, stocks, and releases to the environment for selected substances.
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Scope and System Boundary. For this case study, the
system boundaries in subject, space and time are Austrian
WM with all its processes (collection, treatment, recycling,
incineration, landfilling etc.), material flows, recycling products,
residues, and emissions; the national boundary of Austria; and
the year 2012. The following substances were selected for mass
balancing: C, Cd, Cr, Cu, Fe, Hg, N, Nj, P, Pb, and Zn. These
substances are of interest, because on the one hand they
are useful as resources, and on the other hand they may
act as hazardous substances and are of potential harm to the
environment. A static approach is applied to evaluate the
Austrian WM-system. The year 2012 was chosen because at the
start of the project the best and most complete data set was
available for this point in time. The inputs into the WM-system
are domestic as well as imported wastes, and precipitation falling
on landfills. The outputs, measured respectively calculated
by transfer coefficients, are secondary products for material or
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energy recovery, exported waste, and emissions to the environ-
ment. The transfer coefficients describe the partitioning of
materials in a process.”” Landfills are defined as long-term
stocks within the WM-system, and are the only stocks in this
model. The temporal system boundary is one year for all WM
processes and subsequent flows before landfilling. For the
investigation of long-term effects, the temporal boundary for
the biogeochemical reactor “landfill” and its in- and outputs is
1000 years.”® Data uncertainties are calculated and estimated
based on Laner et al.*’ For data collection, a comprehensive
search was carried out including official statistics, stakeholder
interviews and literature reviews. In total, over 100 processes
of collection, recycling, treatment, and disposal, and about
300 flows of wastes, residues, secondary products, and emissions
have been taken into account™” and quantified. The software
tool STAN 2.5 is used to perform MFA.”' For considering data
uncertainties, the calculation algorithm uses mathematical tools
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such as data reconciliation, error propagation and gross error
detection. The calculation algorithm of STAN allows to make
use of redundant information to reconcile uncertain “conflicting”
data (with data reconciliation) and subsequently to compute
unknown variables including their uncertainties (with error
propagation).52 Especially, error propagation is essential for
compiling different types of plants.

Database and Modeling. In 2012, Austria with 8.4 million
inhabitants has generated 48.7 million tons of waste (5800 kg/
inhabitant). About 30 million tons consist of uncontaminated
excavation material (50% landfilled and 50% backfilled). This
waste and some other waste fractions are not included in the
case study. Seventeen million tons of waste are considered in
detail, comprising about 500 different waste fractions. For the
MFA, these 500 waste fractions were merged into selected
waste groups with similar substance concentrations. Data uncer-
tainty was considered, too. Based on an approach to characterize
uncertainty of MFA™ data quality is evaluated with respect to
reliability, completeness, temporal, and geographical correla-
tion. For evaluation of expert estimates, only one data quality
dimension is used. Table 3 shows an aggregated overview of the
investigated waste groups and associated substance concen-
trations.

By literature search and the use of own data from previous
work, the transfer coeflicients, describing the partitioning of
materials in a process,”’ are defined for every waste treatment
plant. In 2012, about 1.500 WM plants—most of them com-
posting plants and treatment plants for C&D waste—were in
service in Austria. Due to the large number of different plants,
transfer coeflicients have been compiled for 32 plant types to
calculate the transfer of the total waste input (excluding other
raw materials) into a plant to a specific output on the level of
goods and selected substances. Long-term gaseous emissions
were calculated for landfills for residues from mechanical
biological treatment (MBT) based on Tabasaran and Retten-
berger™® long-term leachate concentrations of TOC and NH,—
N after t years are modeled, based on the mobilizable substance
potential of the landfilled waste.”* For metals and phosphorus,
a constant substance concentration over time in the leachate is
assumed. Detailed information on input quantities, substance

10,000
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5,000

Kilo tons

2,500

0 - L
BIOTECH. WASTETO SORTING  SORTING OTHER
TREATMENT ENERGY C&DWASTE RECYL. TREATMENT
MATERIALS

LANDFILL

osa OE1 HR2 ms3

Figure S. Scenario Analysis: Variation of waste treatment.

concentrations and transfer coefficients are provided in Brunner
et al.> and in the Supporting Information.

B RESULTS

MFA as a Base for Decision Making. The total input
into the investigated system is about 17 million tons of waste.
Figure 2 shows an overview of the MFA on the level of goods,
and gives details about inputs, outputs and stocks in million
tons per year. About 65% of the waste is transferred into
secondary products for material or energy recovery. Secondary
products for material recovery include materials for reuse or
ready for recycling without treatment (1.1 million tons) and
treated waste which can be directly used as substitution of raw
materials (9.8 million tons). The treatment of construction and
demolition (C&D) waste for recycling provides the major share
with about 6 million tons followed by metals with about 2
million tons. Secondary products for energy recovery are plastic
and wood waste processed to refuse-derived-fuels fulfilling the
end-of-waste criteria (0.6 million tons). About 15% of the total

Table 5. Description of Scenarios

scenarios

key aspect

economy (E1)  reducing costs

resources (R2) optimize resource efficiency, increase

conservation of resources

sustainability provide clean product cycles, reduce
S3) long-term emission

changes

no separate household collection of metals, textiles, biogenic
waste, plastics

Plastic waste is incinerated
WEEE are incinerated

no mechanical or mechanical and biological treatment

increase collection ratios for separated recyclables at
households, trade, and industries

doubling material recycling for plastic and wood wastes
doubling material recycling of wte bottom ashes

two-stage process for biogenic waste: first biogasification and
second composting fermentation residue.

residual and bulky waste from households are incinerated

combustible recyclables (wood, plastics, paper and biogenic
waste) are incinerated

enhanced landfill aftercare for long time periods
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motivation
reduce cost for citizens, reduce costs for
collection and transportation

Collection and treatment of plastics is
costly

Collection and treatment of WEEE is
costly

MBT and following treatment paths are
costly

transfer from mixed to separate waste
streams

increase material recycling

increase material and energy recovery

to reduce dissipation of hazardous
substances

reduces long-term emissions from landfills
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waste input is incinerated in waste-to-energy (WTE) plants,
and 7% is either mechanically biologically treated (MBT) or
biotechnologically in composting or biogas plants. About 18%
off the input are released to the environment, mainly as off-gas
into the air through biotechnical and thermal treatment. 12%
are landfilled and 4% are exported to other countries. The
largest share of the deposited materials are bottom ashes from
incineration processes, residues after mechanical and biological
waste treatment and C&D-waste.

Figure 3 shows substance balances for C, Cd, Cr, Cu, Fe, Hg,
N, Nij, P, Pb, and Zn. About one-third of carbon and half of
nitrogen are released to the air by biotechnical and thermal
treatment. Carbon is discharged mainly in the form of CO, and
to a lesser extent as CH,, and nitrogen mainly as N, and in
small quantities as N,O and NO,. The overall carbon content
of all landfilled material, despite prior treatment, is still over
50 g/kg—which is the legal limit for landfilling in Austria.
Residues from thermal processes which are landfilled contain
relevant concentrations of Cd, P, Cr, Pb, and Zn. About
one-third of the phosphorus is contained in ashes and dusts,
which are used either for the production of concrete or recycled
within the cement industry. Separate collected metal fractions
like Fe, Cu, Pb, Ni, and Zn are mainly recycled. About 50%
of the Cd is deposited as residues from thermal treatment.
Recycled cadmium is mainly contained in metals and plastics.
Mercury is mainly landfilled; around 20% of mercury can be
found in secondary resources, such as paper and plastics.
A detail overview of substances in different products is provided
in the Supporting Information.

In the future, if clean product cycles are aimed at as provided
by the Austrian waste legislation, certain substances in products,
like Cd in plastics, need to be removed to ensure that recycled
materials do not present a greater risk than comparable primary
materials." A “clean cycle” strategy is based on the sustainability
principle embedded in the Austrian waste legislation. Waste
derived problems should not be exported into the future,
neither by landfills requiring extensive aftercare, nor by
recycling of hazardous constituents in products that entail
costly future treatment. In order to establish clean cycles, ways
to remove hazardous substances from modern products that
often represent a mix of numerous and sometimes hazardous
substances must be explored. If clean product cycles are
established, the safe disposal of hazardous substances removed
from these cycles is necessary, and thus a clean product cycle
strategy requires final sinks.”> A “final sink” is a sink that either
destroys a substance completely, or that holds a substance for a
very long time period.”” Landfills become final sinks, if waste is
transformed into inert materials and if they are situated in an
area with low erosion rates.”® The MFA on the level of
substances therefore shows the necessity of landfills for metals
like Cd, Hg, Pb, and Zn. If economic conditions will change in
the future extraction of beneficial substances could be viable.
The detailed MFA on the level of goods and substances
including data uncertainties are provided in Brunner et al.>® and
in the Supporting Information.

Figure 4 shows the MFA on the level of goods for the year
2012. For investigation of long-term effects from landfill the
temporal system boundary is extended to 1,000 years for the
inputs (precipitation) and outputs (landfill gas and leachate).

Based on the MFA, the criteria listed in Table 2 can be
calculated on the level of goods and substances (see Table 4).
These results can be used for comparison of different scenarios
(e.g., years, treatment options), to evaluate WDM-system, to
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understand the functioning, and to provide a base for future
impact assessment.

Scenario Analysis. Based on the MFA results, three
scenarios have been defined to better understand and evaluate
the Austrian WM-system. The aim of this scenario analysis is to
investigate changes within the system and to gain insight about
the functioning of the WM-system and associated impacts.
Each scenario focuses on different key aspects to investigate
effects of different measures on future WM (see Table ).

Based on the defined scenarios the MFA was performed
again on the level of goods and substances for each scenario.
The detail results of the scenario analysis including the MFA on
the level of goods and substances is provided in Brunner et al.*’
and in the Supporting Information. Shifts in flows for the
primary waste but also the consequent change in the secondary
waste streams are evident. Figure 5 shows the different
treatment paths for the status quo (SQ) and each scenario.
Scenario E1 and S3 show higher incineration rates compared to
the SQ and biotechnical treatment is reduced accordingly.
Scenario El is most similar to the SQ. The landfill volumes are
approximately equal for all scenarios, with a slight increase in
scenario S3. Scenario R2 shows the highest sorting and pro-
cessing of separate collected waste with the focus on recycling.

The MFA based seven criteria (see Table 2) are calculated
for every scenario. Table 6 (level of goods) and Figure 6 (level
of substances) provide an overview of the percentage changes
for each scenario compared to the SQ.

Table 6. Scenario Analysis: Percent Change Relative to the
SQ - Level of Goods

percent change relative to
the status quo

flow El R2 S3
input (1 year) > waste 0% 0% 0%
precipitation —1% —13% 17%
stock (1 year) waste II and 0% —14%  20%
waste 111
output (1 year) emissions I 27% —30%  134%
export —2% 10% —72%
resources M —6% 14% —30%
resources E —21% —=75% —100%
emissions 11 —1% —13% 16%
landfill gas -52%  -24%  -100%
leachate load -36% -17% -32%
evaporation, -1% -13% 17%
surface runoff
changes in viewing long-term  precipitation —1%  —-13% 17%
effects (1000 years) stock 0% _14%  21%
emissions 11 —1% —-13%  17%
landfill gas -69%  -22%  -100%
leachate load -7% -13% -61%
evaporation, -1% -13% 17%
surface runoff

Although waste prevention is the most favored option
according to the EU waste hierarchy, it was not included in the
scenario analysis. Waste prevention comprises using less
products and/or less material per product, keeping products
longer in the use phase, and using less hazardous materials. In
general, waste prevention is outside of the sphere of influence
of WM. Nevertheless, feedback from WM stakeholders to
other sectors of the economy (e.g, designers, producers and
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Figure 6. Scenario Analysis: Percent Change Relative to SQ - Level of Substances.

manufacturers of goods and services) is necessary. According to
the Austrian WM act, treatment autarky should be sought.
Hence, on the level of goods, scenario S3 is the most favored
option with a reduction of waste exports of about 70%.
Increased waste-to-energy reduces the export of C and N in
waste products, and also concentrates many metals in bottom
ash and air-pollution-control-residues (APC-residues). APC-
residues are mainly exported to Germany and disposed of in
underground storages. On the level of goods, releases to the air
are reduced by 30% within scenario R2, and increased by about
130% within scenario S3. Increased recycling reduces dis-
charges especially of C and N to the air by about 25%. Within
scenario R2 also, metal emissions in very small quantities to the
gas stream can be reduced between 3% and 19% due to reduced
thermal treatment. Long-term gaseous emissions and leachate
loads from landfills can be reduced within all scenarios, with
scenario S3 showing the highest reduction. Landfilling of
pretreated biogenic waste is much reduced within scenario E1
and S3, hence gaseous emissions are also substantially decreased.
Long-term leachate emissions from landfill are about equally
reduced within scenario R2 and S3. On the level of substances,
leachate loads are reduced within S3 by extended landfill after-
care treatment. In scenario R2, material recycling is increased
by about 14%. The most significant change is the shift of wood
and plastic wastes from energy recovery to material recycling

6

Mio. tons

il CHE I

METALS GLASS PAPER PLASTICS C&D BIOGENICWOOD OTHERS

(1SQ (10.9 Mio TONS)
HR2 (12.4 MIO TONS)

OE1 (10.2 MIO TONS)
B S3 (7.7 Mio TONS)

Figure 7. Scenario analysis: Products from waste treatment as secondary
resources.
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(see Figure 7). This also increases the amount of carbon con-
tained in secondary resources (products of waste treatment).
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Increased recycling within scenario R2 decreases the concen-
tration of different substances, but the absolute amount of
substances recycled increases. Especially, the increased flow
of Hg and Cd into recycling products needs to be carefully
assessed in view of the goal “protection of human health and
environment”. For further impact assessment of hazardous
substances within product cycles the evaluation of single recycling
products and especially their area of application is necessary.
Scenario S3 recycles the least waste due to increased WTE,
although bottom ashes are partly used as secondary products.
Scenario R2 reduces the landfilled amounts by 14% (mass)
though increased recycling and reduction of secondary wastes.
Although, increased WTE reduces waste volumes sent to
landfills, within scenario S3 due to the decreased recycling, the
waste mass sent to landfill is not reduced compared to the SQ.
Final Remarks. The system “Austrian waste management”
was analyzed and evaluated in its entirety. Its structure was
mapped in a coherent, transparent and verifiable way by
displaying the SQ by means of the mass balance principle on
the level of goods and selected substances. This MFA facilitates
the understanding of how a particular WM-system is func-
tioning, and simplifies comparison of different treatment
options and their effects on emissions, secondary resources,
exports and landfilled wastes (see Figures 2 and 3). The approach
developed requires the selection of criteria for the evaluation of
the WM-system. These criteria are based on stakeholder value
choices and on predefined WM goals, which, in the case of
Austria, are stated in the Federal Waste Management Act." The
selected criteria represent the specific WM-system in focus, and
are not universal criteria, hence they might be different for
different stakeholders and WM goals. Based on the MFA results
for the year 2012, a scenario analysis was carried out to
understand and evaluate the Austrian WM-system. On the level
of goods scenario R2 (focusing on recycling) provides the best
results for material recycling and reduction of emissions from
waste treatment plants. Scenario S3 (focusing on clean cycles)
reduces exports and long-term emissions from landfills
significantly. On the level of substances, complex relations
become apparent. The best scenario varies according to the
substance taken into account. In summary the scenario analysis
of Austrian WM reveals a potential for higher collection and
recycling rates, but also shows a limitation regarding “clean”
product cycles. Some hazardous substances are recycled instead
of eliminated by WTE or disposed of in safe deposits. Further,
short and long-term discharges to the environment can be
decreased by promoting recycling and by prolonging landfill
aftercare. The assessment of three scenarios compared to the
status quo shows that it is not possible to improve every
defined criterion with a single measure only. Therefore, because
of the mass balance principle taking into account all in- and
outflows, the MFA approach provides a suitable tool to point
out dependencies and contradictions between given goals and
criteria. For final decisions on how a WM-system should be
developed further, additional social and economic issues need
to be taken into account. Economic aspects have been
considered in the comprehensive study’” but are not subject
of this publication. The study also discloses deficits of
assessment methods that cannot be overcome by this MFA
approach, such as lack of proper tools to take into account
long-term effects on recycling product cycles. It will be
necessary to evaluate hazardous substances within recycling
products and to increase the system boundary by looking into
the area of application. The combination of MFA on the level
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of goods and substances serves as a factual basis for future
decision-making by authorities and WM stakeholders. MFA
allows a complete characterization of WM-systems, and is
therefore an important and necessary base for assessments like
benchmarking or LCA. The results of this study reveal the
following benefits of a mass balance approach if both levels of
goods and substances are taken into account.

e Inputs, outputs and stocks are balanced and data
consistency is ensured.

e Results are reproducible with known uncertainties.

o MFA allows a transparent and open way to inform
researchers as well as external stakeholders.

e The application of different criteria enables to reveal
contradictions.

e A complete, unambiguous and consistent data set can
be used as a base for subsequent assessment methods
(e.g., scenario analysis, benchmarking, LCA).

These benefits help understanding WM-systems. They
facilitate well-founded and goal-oriented decisions. Hence, they
are an essential base for planning and operating WM-systems
and for developing effective and goal-oriented strategies.
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Table S 1. Waste generation in tons and uncertainties.

1 \WASTE GENERATION 2012 (BMLFUW 2013 AND EDM 2012?)

Waste fractions

Uncertainty

Biogenic waste from households 791,000.0 7%
Biogenic waste Other biogenic waste 695.000.0 31%
Bulky waste Bulky waste 330,000.0 3%
Concrete demolition waste 2,410,000.0 31%
Construction waste 2,160,000.0 31%
Construction and demolition waste
Rail-gravel 227,000.0 7%
Road surface materials 1,480,000.0 31%
Drosses 10,200.0 10%
Dust and ashes 154,000.0 10%
Drosses, slags and metallic dusts

Salt slags 47,900.0 10%
Slags 49,400.0 10%
Glass waste from households 293,000.0 7%

Glass waste
Other glass waste 4,370.0 7%
Fly ashes 189,000.0 3%
Incineration residues Other Ashes 16,400.0 3%
Wood Ashes 122,000.0 3%
Lime mud Lime mud 21,900.0 7%
Aluminum 112,000.0 7%
Copper 43,300.0 7%
Iron and steal 873,000.0 7%
Metal waste Metal packaging waste 29,500.0 7%
Metal waste from commercial trade and industry 841,000.0 7%
Metal waste from households 87,800.0 7%
Nickel 23,100.0 7%
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Waste fractions Uncertainty

Other metal waste 93,500.0 7%
Zinc 2,640.0 7%
Filters and wipes 9,150.0 7%
oil 38,900.0 7%
QOil contaminated soil 126,000.0 8%
Oils and oil contaminated waste

Oil-containing drilling muds and wastes 121,000.0 7%
Other 22,500.0 7%
Waste from de-sanding 14,500.0 7%
Acids 56,200.0 7%
Asbestos waste 61,800.0 7%
Batteries 17,000.0 7%
Lime mud 1.0 7%
Other hazardous waste 55,700.0 7%
Other waste Oxides and hydroxides 89,300.0 3%
Paints and lacquers 6,680.0 7%
Paints and lacquers from households 21,200.0 10%
Salts 5,060.0 3%
Solvents 47,900.0 7%
Wash and process water 7,740.0 3%
Paper waste Paper waste 2,050,000.0 7%
Other plastic waste 172,000.0 3%

Plastic waste
Plastic waste from households 179,000.0 3%
Residual waste Residual waste 1,960,000.0 3%
Textile fibers 2,390.0 20%
Textile waste Textile sludge 513.0 20%
Textile waste from households 37,900.0 31%
Lighting equipment 1,090.0 3%
WEEE Other WEEE 1,760.0 3%
Refrigeration appliances 12,800.0 3%
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Waste fractions Uncertainty
Screens 18,700.0 3%
WEEE big 18,800.0 3%
WEEE small 27,000.0 3%
Barks 116,000.0 31%
Chip-board waste 25,900.0 31%
Construction and demolition waste wood 312,000.0 31%
Wood waste Piles 42,200.0 31%
Railway sleepers 31,000.0 31%
Sawdust 147,000.0 31%
Wood packaging 321,000.0 31%
SUM 17,300,000.0
1.1 Composition of the residual and bulky waste

Table S 2. Waste composition residual waste

Waste fraction ‘ [%]
Biogenic Waste 17.8
Food waste 9.8
Plastic waste 15.6
Paper waste 10.6
Textiles 5.2
Glass waste 4.2
Metals 4
Wood Waste 13
WEEE 0.8
Hazardous Waste from households 0.4
Composite materials 2.6
Sanitary products 15.8
Inert materials 6
Other waste 5.9

Table S 3. Waste composition bulky waste

Waste fraction

Hazardous Waste from households 0.02%
Packaging waste 3.5%

Wood Waste 32.73%

Metals 0.6%

Plastic waste 5.0%

WEEE 0.3%

Furniture 38.9%
Construction waste 4.3%
Sport and leisure equipment 0.4%
Inert materials 3.4%
Residual waste 1.2%
Windows with glass 6.6%
Other waste 3.2%
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2 SUBSTANCE CONCENTRATION

Table S 4. Substance concentration (Cd, C, Fe, N, and P) in mg/kg and uncertainties (Uncer.).

Waste fraction

Uncer. [%]

Uncer. [%]

Uncer. [%]

Uncer. [%)]

Uncer. [%)]

Biogenic waste from households 0.3 11% 184,000.0 11% 3,140.0 11% 10,800.0 11% 1,840.0 11%
Other biogenic waste 0.3 24% 182,000.0 24% 3,160.0 24% 8,300.0 25% 1,620.0 24%
Bulky waste 354 4% 164,000.0 4% 608.0 4% 1,210.0 4% 80.6 4%
Concrete demolition waste 0.2 32% 89,000.0 32% 7,000.0 32% 200.0 32%
Construction waste 0.2 32% 60,000.0 32% 11,000.0 32% 200.0 32%
Rail-gravel 3.8 32%
Road surface materials 0.2 32% 89,000.0 32% 7,000.0 32% 200.0 32%
Drosses 61.0 32% 150,000.0 32% 2,280.0 32% 1.0 32%
Dust and ashes 5.0 32% 500,000.0 32% 21,900.0 32% 38,300.0 32%
Salt slags 3.0 32% 1,000.0 32% 15,300.0 32%
Slags 108.0 32% 144,000.0 32% 1,540.0 32%
Glass waste from households 0.2 32% 3,000.0 32% 11,800.0 32% 0.0 32% 0.0 32%
Other glass waste 0.2 96% 3,000.0 96% 11,800.0 96% 0.0 96% 0.0 96%
Fly ashes 187.0 4% 20,200.0 4% 15,400.0 4% 830.0 4% 6,280.0 4%
Other Ashes 53.7 4% 15,600.0 4% 38,300.0 4% 207.0 4% 5,230.0 4%
Wood Ashes 1.0 4% 10,600.0 4% 7,800.0 4%
Lime mud 0.2 96%
Aluminum
Copper
Iron and steal 10.0 11% 500.0 11% 715,000.0 11% 300.0 11%
Metal packaging waste 2.0 32% 110,000.0 32% 767,000.0 32% 489.0 32% 49.0 32%
Metal waste fromﬁgsema' trade and 10.0 12% 500.0 12% 669,000.0 11% 300.0 12%
Metal waste from households 4.0 32% 210,000.0 32% 661,000.0 32% 903.0 32% 90.0 32%
Nickel 500.0 32% 500.0 32%
Other metal waste 9.5 32% 476.0 32% 653,000.0 32% 285.0 32%
Zinc
Filters and wipes 0.1 32% 50,000.0 32% 400.0 32% 12,000.0 32% 10,000.0 32%
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Waste fraction

Uncer. [%]

Uncer. [%]

Uncer. [%]

Uncer. [%)]

Uncer. [%)]

oil 0.1 32% 700,000.0 32% 400.0 32% 12,000.0 32% 10,000.0 32%
Qil contaminated soil 0.9 32% 113,000.0 32% 12,700.0 32% 993.0 32% 613.0 32%
Qil-containing drilling muds and wastes 2.8 32% 278,000.0 32% 44,100.0 32% 1,500.0 32%
Other 3.9 32% 750,000.0 32% 29,600.0 32% 1,000.0 32% 30.0 32%
Waste from de-sanding 5.5 32% 120,000.0 32% 1,500.0 32%
Acids 0.0 96% 0.0 96% 9,870.0 96% 0.4 96%

Asbestos waste 39,000.0 32%
Batteries 305.0 32% 87,000.0 32% 64,000.0 32% 1,000.0 32% 10.0 32%

Lime mud 0.2 96%
Other hazardous waste 0.5 89% 802.0 89% 5,560.0 89% 11,000.0 89% 70.0 89%
Oxides and hydroxides 33.8 45% 7,000.0 45% 183,000.0 45% 355.0 45%
Paints and lacquers 0.7 70%
Paints and lacquers from households 20.8 96% 52.8 96% 3,770.0 96%

Salts 1.2 96% 1,000.0 96% 21,000.0 96%

Solvents 1.1 96% 317.0 96%
Wash and process water 0.5 32% 7,380.0 32% 391.0 32%
Paper waste 2.0 32% 350,000.0 32% 2,020.0 32% 3,650.0 32% 105.0 32%
Other plastic waste 47.2 33% 593,000.0 34% 15,200.0 96% 7,850.0 33% 956.0 32%
Plastic waste from households 11.0 32% 574,000.0 32% 4,080.0 32% 3,540.0 32% 391.0 32%
Residual waste 6.1 4% 203,000.0 4% 21,200.0 4% 7,270.0 4% 1,000.0 4%
Textile fibers 0.3 32% 683,000.0 32% 2,170.0 32% 23,500.0 32% 764.0 32%
Textile sludge 2.5 32% 357,000.0 32% 2,170.0 32% 23,500.0 32% 764.0 32%
Textile waste from households 2.5 32% 357,000.0 32% 2,170.0 32% 23,500.0 32% 764.0 32%
Lighting equipment 0.1 32% 10,700.0 32% 5,860.0 32% 128.0 32% 5.5 32%
Other WEEE 13.1 96% 154,000.0 96% 149,000.0 96% 2,030.0 96% 275.0 96%
Refrigeration appliances 12.9 96% 159,000.0 96% 164,000.0 96% 2,140.0 96% 264.0 96%
Screens 117,000.0 96% 3,620.0 96% 1,580.0 96% 195.0 96%
WEEE big 15.7 96% 167,000.0 96% 244,000.0 96% 2,060.0 96% 352.0 96%
WEEE small 14.1 96% 174,000.0 96% 185,000.0 96% 2,340.0 96% 288.0 96%
Barks 0.3 11% 514,000.0 11% 150.0 11% 5,500.0 11% 60.0 11%
Chip-board waste 0.4 32% 450,000.0 32% 566.0 32% 4,000.0 32% 119.0 32%
Construction and demolition waste wood 0.4 32% 450,000.0 32% 355.0 32% 4,000.0 32% 219.0 32%
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Waste fraction

Piles 0.4 32% 461,000.0 32% 618.0 32% 3,910.0 32% 94.4 32%
Railway sleepers 0.5 32% 450,000.0 32% 3,700.0 32% 4,000.0 32% 153.0 32%
Sawdust 0.4 22% 465,000.0 22% 453.0 27% 3,400.0 23% 93.8 22%
Wood packaging 0.3 32% 450,000.0 32% 283.0 32% 4,000.0 32% 60.2 32%

Table S 5. Substance concentration (Cr, Cu, Hg, Ni, Pb and Zn) in mg/kg and uncertainties (Uncer.).

Waste fraction

Biogenic waste from households 7.5 11% 2.4 909% 0.1 11% 6.9 11% 19.1 11% 74.3 11%
Other biogenic waste 6.9 24% 4.9 409% 0.1 24% 6.3 32% 19.1 24% 70.2 24%
Bulky waste 353.0 4% 8.4 2500% 0.2 4% 4.4 4% 1,280.0 4% 767.0 4%
Concrete demolition waste 15.0 32% 3.8 313% 0.0 32% 22.0 32% 27.0 32% 25.0 32%
Construction waste 40.0 32% 4.8 313% 0.2 32% 40.0 32% 50.0 32%
Rail-gravel 108.0 32% 97.6 313% 0.4 32% 114.0 32% 176.0 32% 420.0 32%
Road surface materials 15.0 32% 3.8 313% 0.0 32% 22.0 32% 27.0 32% 25.0 32%
Drosses 16.5 32% 1,850.0 313% 1.0 32% 607.0 32% 1,000.0 32% 190,000.0 32%
Dust and ashes 143.0 32% 73.3 313% 6.0 32% 72.0 32% 441.0 32% 1,870.0 32%
Salt slags 602.0 32% 1,510.0 313% 2.6 32% 213.0 32% 724.0 32% 2,490.0 32%
Slags 531.0 32% 1,610.0 313% 44.0 32% 209.0 32% 65,800.0 32% 14,200.0 32%
Glass waste from households 3,370.0 32% 0.3 313% 0.0 32% 1.0 32% 0.9 32% 6.0 32%
Other glass waste 3,370.0 96% 1.0 104% 0.0 96% 1.0 96% 0.9 96% 6.0 96%
Fly ashes 390.0 4% 64.0 2500% 14.8 4% 6,180.0 4% 5,110.0 4% 15,200.0 4%
Other Ashes 369.0 4% 153.0 2500% 2.0 1% 198.0 1% 1,970.0 1% 5,710.0 1%
Wood Ashes 69.8 4% 8.1 2500% 0.4 1% 30.7 1% 910.0 1% 1,360.0 1%
Lime mud 8.9 96% 8.8 104% 0.1 96% 3.9 96% 6.0 96% 19.0 96%
Aluminum 0%
Copper 0% 320,000.0 313%
Iron and steal 1,300.0 11% 330.0 909% 81,000.0 11% 20.0 11% 500.0 11%
Metal packaging waste 12,400.0 32% 1,920.0 313% 6,900.0 32% 0%
Metal waste fro:?]gssr?rr;emia' tradeand 4 3500 12% 375.0 801% 81,000.0 12% 20.0 12% 500.0 12%
Metal waste from households 12,400.0 32% 1,920.0 313% 6,900.0 32% 0% 0%
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Waste fraction

Nickel 500.0 32% 160.0 313% 500,000.0 32% 500.0 32% 0%
Other metal waste 1,250.0 32% 919.0 313% 77,100.0 32% 12,400.0 32% 476.0 32%
Zinc 1,000,000.0 32%
Filters and wipes 2.0 32% 1.0 313% 0.0 32% 0% 10.0 32%
oil 2.0 32% 1.0 313% 0.0 32% 0.4 32% 0% 10.0 32%
Oil contaminated soil 64.1 32% 41.0 313% 5.7 32% 48.3 32% 56.9 32% 688.0 32%
Oil-containing drilling muds and wastes 304.0 32% 28.1 313% 1.6 32% 68.5 32% 1.0 32% 28.3 32%
Other 318.0 32% 84.5 313% 4.0 32% 40.8 32% 63.3 32% 1,060.0 32%
Waste from de-sanding 204.0 32% 216.0 313% 13 32% 234.0 32% 2,540.0 32%
Acids 0.0 96% 12.4 105% 0.3 96% 4.1 96% 1.9 96% 186.0 96%

Asbestos waste
Batteries 334 32% 1,590.0 313% 4.0 32% 484,000.0 32% 262,000.0 32%
Lime mud 8.9 96% 8.8 104% 0.1 96% 39 96% 6.0 96% 19.0 96%
Other hazardous waste 20.0 89% 15.2 112% 1.0 89% 5.0 89% 86.0 89% 226.0 89%
Oxides and hydroxides 58,500.0 45% 2,890.0 223% 334 45% 92,500.0 45% 9,900.0 45% 23,600.0 45%
Paints and lacquers 6.5 70% 6.0 142% 0.4 70% 9.7 70% 45.8 70% 302.0 70%
Paints and lacquers from households 23.7 96% 261.0 104% 55.2 96% 8.2 96% 288.0 96% 315.0 96%
Salts 10.2 96% 11.9 104% 383 96% 46.5 96% 106.0 96%
Solvents 132.0 96% 82.9 104% 3.0 96% 6.9 96% 273.0 96% 120.0 96%
Wash and process water 38.3 32% 47.0 311% 0.2 32% 27.2 32% 255.0 32%
Paper waste 19.0 32% 15.0 313% 0.2 32% 95.8 32% 16.9 32% 22.0 32%
Other plastic waste 101.0 32% 16.7 313% 4.3 32% 14.9 32% 420.0 32% 406.0 32%
Plastic waste from households 62.2 32% 17.7 313% 0.1 32% 21.4 32% 91.7 32% 0.0 32%
Residual waste 180.0 4% 29.2 2490% 0.4 4% 53.5 4% 296.0 4% 713.0 4%
Textile fibers 19.6 32% 28.8 313% 0.2 32% 6.5 32% 14.5 32% 137.0 32%
Textile sludge 180.0 32% 84.3 313% 0.3 32% 7.2 32% 156.0 32% 478.0 32%
Textile waste from households 182.0 32% 84.5 313% 0.3 32% 7.0 32% 155.0 32% 482.0 32%
Lighting equipment 3.6 32% 221.0 313% 1.8 32% 143.0 32% 23.1 32% 24,000.0 32%
Other WEEE 15,300.0 96% 10,900.0 104% 1.1 96% 7,310.0 96% 3,660.0 96% 759.0 96%
Refrigeration appliances 3,460.0 96% 17,500.0 104% 1.2 96% 1,530.0 96% 0.9 96% 113.0 96%
Screens 33.0 96% 3,160.0 104% 0.9 96% 40.8 96% 21,100.0 96% 2,100.0 96%
WEEE big 57,800.0 96% 2,310.0 104% 1.1 96% 27,600.0 96% 120.0 96% 297.0 96%
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Waste fraction

WEEE small 30.8 96% 20,800.0 104% 13 96% 104.0 96% 127.0 96% 522.0 96%

Barks 5.0 11% 0.5 909% 0.0 11% 1.4 11% 3.0 11% 90.0 11%

Chip-board waste 3.7 32% 8.9 313% 0.1 32% 4.1 32% 119 32% 22.1 32%
Construction and demolition waste wood 8.9 32% 170.0 313% 0.2 32% 39.1 32% 31.9 32% 124.0 32%
Piles 10.9 32% 79.5 313% 0.1 32% 6.2 32% 14.4 32% 109.0 32%

Railway sleepers 18.8 32% 6.8 313% 0.1 32% 3.0 32% 10.3 32% 69.7 32%

Sawdust 10.0 22% 33.9 363% 0.1 22% 4.6 26% 15.2 21% 88.6 23%

Wood packaging 6.9 32% 13 313% 0.2 32% 0.9 32% 12.8 32% 47.4 32%
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Table S 6. References for substance concentration.

Waste fraction

Asbestos waste

References

3 and general molecular composition of asbestos cement

: Estimated from -

Construction waste 47
Concrete demolition waste 46,8
Rail-gravel 9
road surface materials 4,8,10
11,12

Batteries

Biogenic waste

13-15

Other WEEE Mean value of all WEEE
Lighting equipment 16-18
Screens 19,20
WEEE small 20,21
WEEE big 2
Refrigeration appliances 20,23
Paints and lacquers 9
Oils and oil containing waste, filter, wipes, 9, 24
Glass waste 2528
Construction and demolition waste wood 9,29,30
Railway sleepers 30
Wood packaging 29,30
Piles 30
Barks 9,31
Sawdust 9,30
Wood or slabs / splinters, 29,30
Chip-board waste 30
Lime mud 9
Plastic waste 32,33
Plastic waste from households 34,35
Lyes 9
Solvents 9
Metal waste from households 34,36,37
27,35,38

Metal packaging waste
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Waste fraction

Metal waste from commercial trade and industry,

References: Estimated from -

9,39

Aluminium

Estimated 100% Aluminium

Lead

Estimated 100% Lead

Iron and steal

9,39

Copper

Estimated 100% Copper

Non-iron metals

39 9

’

Nickel

Estimated 100% Nickel

Other metal waste

39 9

’

Zinc

Estimated 100% Zinc

Salt slags, slags, metallic dust and ashes, metallic drosses

9

Oxides and hydroxides

9

Residual waste 34,40-45
Salts °
Acids °
Bulky waste Composition from *; substance concentration from different waste fractions

Textile waste from households

34,46

Textile fibres and sludge

9

Fly, wood and other ashes 30,47-61
Contaminated soil estimated
Washing- and process water, o
Other hazardous waste °

34, 38,62

Paper waste from households

Paper packaging waste and other paper waste

9
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3 TRANSFER COEFFICIENT

Table S 7. Transfer coefficient (TC) for waste treatment plants (goods, Cd, C, Fe, N, P, Cr, Cu, Hg, Ni, Pb, Zn) and uncertainties (UC).

Processes Output
Emissions to air 052 11% 32%: 055 32% 32% i 048 32% 32% 052 96%
compost 036 11%: 050 32% @ 027 32% 32% 046 32% : 097 32%: 096 32% 067 32%: 086 32% 036 96%: 059 32% : 075 32%
screen overflow to incineration 0.09: 11%: 0.15: 32% : 0.18: 32% 32% i 0.06 32% 0.03: 32%: 0.04: 32%: 001 : 32%: 0.02: 32% : 009: 96% : 0.17 i 32% : 0.03: 32%
Composting
plant Waste to incineration (GF) 001 11% : 012 32% 32% 32% 32% 32% 010 32% : 004 32%: 001 96% 008 32%: 007 32%
Waste to incineration (FBC) 001} 11%: 012} 32% 32% 32% 32% 32% 010} 32% : 004 32%: 001 96% : 008 32%: 007 32%
Scrap to shredder 0.01: 11% i 012 32% 32% i 1.00 32% 32% 32% 010 32% : 004 32% 001 96%: 008 32%: 007 32%
SUMS 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Emissions to air 002 11% 32%: 001 32% 32% 004 32% 32% 0.02 96% : 002 96%
Biogas 012 11% 32%: 054 32% 32% 32% 32% 012 96%: 012 96%
Liquid digestate 0.79 : 11% i 032 32%: 040 32% 32% i 095 32%: 096 32%: 095 32%: 0.65: 32% : 079 96% & 0.79 96% 052 32%: 072 32%
Digestate compost 002 11%: 007 32% : 004 32% 32%: 001 32% 004 32%: 005 32% 006 32%: 002 96% : 002 96%: 0.04: 32% : 005 32%
Biogas plant Waste to incineration (GF) 002 11%: 023 32% 32% 32% 32% 32% 0.11: 32% : 002 96% : 002 96%: 016 32%: 009 32%
Waste to incineration (FBC) 002 11% i 023 32% 32% 32% 32% 32% 0.11: 32% : 002 96% : 002 96%: 016 32%: 009 32%
Scrap to shredder 001 11% i 015 32% 32% i 1.00 32% 32% 32% 007 32% 001 96% 001 96%: 011} 32%: 006 32%
screen overflow to incineration i 0.00 i 11% : 0.01 : 32% : 0.00 : 32% 32% i 000 32%: 000 32%: 0.00: 32%: 0.00: 32% : 0.00: 96% : 0.00 96% 001 32%: 0.00: 32%
SUMS 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Emissions to water 0.04 4% i 0.00: 11% 11% 11% 11% 11%
Emissions to air 016 4% 11%: 013 11% 11%: 016 . 11% 11%
Waste export 0.00: 4% 11% 11% 11% 11% 11%
'l‘)’_'eICh?”iTa' Scrap to shredder 004 4% 068 11%: 001 11% : 075 11% : 0.01: 11% : 002 11%: 020 11% : 010 11% : 001 11% : 026 11%: 004 11% : 0.14 & 11%
lologica
treatient Waste to incineration (GF) 027 4% 014 11%: 038 11% : 007 11%: 035: 11% : 014 & 11%: 030 11% @ 040 11% : 045 11% & 017 & 11%: 041 11% : 035 11%
Waste to incineration (FBC) 027 4% 014} 11%: 038} 11%: 007 11%: 035: 11%: 014 11%: 030 11% & 040 11%: 045 11% & 017 11%: 041 11% @ 035 11%
Waste to landfill 024 4%: 004 11%: 009 11%: 010 11%: 013 11% : 071 11% : 021 11%: 011 11%: 0.09: 11%: 040 11%: 014 : 11% @ 015 11%
SUMS 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Emissions to water 001 32%: 0.01: 96% : 005 96% 96% i 010 96% @ 005 96% : 0.01: 96% : 0.01: 96% 001 96%  0.01 96% 001 96% : 005 96%
Organic— Waste to incineration (FBC) 016 32%: 016 96% : 016 96% 96% i 015 96% : 0.16: 96% : 016 96% : 0.16: 96% : 016 96% @ 0.16 96% & 0.16: 96% : 0.16: 96%
;:32?6'27' Waste to incineration (RK) 016 32%: 016 96%: 0.16 & 96% 96% i 015 96% 016 96% 016 96% 016 96% : 0.16 96% 016 96% 016 96% 016 96%
treatment Waste to landfill 0.66 32% i 0.66: 96% : 064 96% i 1.00 96% : 060 96%  0.64 96%  0.66 96% 066 96% i 0.66: 96% i 0.66: 96% : 0.66 & 96% & 0.64  96%
SUMS 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Inorganic — Emissions to water 0.01: 32%: 001 96% : 0.01: 96% 96% i 0.01: 96% : 005: 96% : 001 96% : 0.01: 96% : 0.01: 96% : 001 96% 001 96% : 0.01: 96%
chemical- Emissions to soil 0.01 32%: 001 96%: 001 96% 96% i 0.01 96% & 000 96% : 001 96%: 0.01: 96% 001 96% 001 96% 001 96% 001 96%
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Processes Output

physical emissions to air
treatment Waste to landfill 097 32% 097 96% 097 96% 100 96% 097 96% 095 96% 097 96% 097  96% 097 96% 097 96%: 097 96% 097 96%
SUMS 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
(OIFEINENY I - issions to water 001 32% 001 96%: 005 96% 96% i 010 96% i 005 96%  001: 96% 001 96% 001 96%: 001 96% 001 96% 005 96%
'c'::ri?:a'f_ Waste to landfill 099 | 32% 099 96%: 095 96% 100 96% : 090 96% 095 96%: 099 96% 099 96% 099 96% 099 96%: 099 i 96% i 095 96%
physical SUMS 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
treatment ]
Iron scrap to shredder 002 4% 025 11%: 000 11% @ 069 11% : 000 11%: 000 K 11%: 013 11% 003 & 11%: 000 11%: 0.5 11%: 000 11% : 0.00 11%
slags recovery 007 4% 004} 11%: 000 11% @ 009 11% : 000 11%: 025 11%: 025 11% 028  11% & 005 11%: 025 11%: 020 11% 019 11%
slags to landfill 010 4% 005 11%: 001 11% @ 012 11%: 001 11% & 035 11%: 035 11% 039  11% & 006 11%: 035 11%: 029 11% 027 | 11%
Slags to CPT 007 4% 003 11%: 000 11% @ 008 11%: 000 11%: 023 11%: 023} 11% 026 11% 004 11%: 023  11%: 019 11%: 018 & 11%
MSW Ashes recovery 001 4% 019} 11%: 000 11% : 000 11% : 000 11%: 005 K 11%: 001} 11% 001 & 11% 009 11%: 001  11%: 009 11%: 010 11%
TS Ashes to landfill 001 4% 026 11%: 000 11% @ 000 11% : 000 11%: 007 | 11%: 002 11% 001 & 11% 013 11%: 001  11%: 013 | 11%: 015 11%
grate furnace  SNNRSRNGEY 001 4% 017 11%: 000: 11% : 0.00: 11% i 000: 11% @ 005: 11% : 0.01: 11%: 0.01: 11% : 0.08 | 11%: 001 : 11% : 009 : 11% : 0.10: 11%
Filter cake - export 000 4% 001 11%: 000 11% @ 000 11% : 000 11%: 000 11%: 0.00 11% & 000 & 11% i 049 11%: 000 11%: 000 11%: 0.00 11%
Emissions to water 000 4% 000 11% i 000 11% : 000 11% : 000 11%: 000 11%: 0.00: 11% 000 & 11% 000 11% : 0.00 & 11%: 000 11% : 0.00 & 11%
Emissions to air 070 4% 000 11% i 098 11% @ 001 11%: 098 & 11%: 000 11%: 0.00: 11% 000 & 11% & 005 11%: 0.00 & 11%: 000 11% : 0.00 & 11%
SUMS 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Ashes recovery 006 4% 030 11%: 000 11% @ 030 11% : 000 11%: 025 11%: 030 11% 030 11% 009 11%: 030 11%: 030 11%: 030 11%
Ashes to landjill 008 4% 042 11%: 000 11% @ 042 11% : 000 11%: 035 11%: 042 11% 042  11% 013 11% 041 11%: 042} 11% 042 11%
MsW Ashes to CPT 0061 4% 028 11%: 000 11% @ 028 11%: 000 11% & 023 11% 028 11% 028 11%: 009 11% 028 11%: 028 11% 028 11%
'ﬂnji'd"i‘:;t';’: P Filter cake - export 002 4% 000 11%: 000 11% : 000 11% : 000 11%: 017 11%: 000 11% & 001 | 11% : 066 11%: 001 | 11%: 000 11% : 000 11%
NSRRI £ missions to water 000 4% 000 11%: 000 11% : 000 11% : 000 11%: 000 11%: 0.00: 11% 000 & 11% i 000 11% : 0.00  11%: 000 11% : 0.00 & 11%
Emissions to air 079 4% 000 11%: 099  11%: 000 11% : 099 11% & 000 11%: 000 11% & 000 11%: 003 11% 000 11% 000 & 11% @ 000 11%
SUMS 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
cement 029 32% 099 32%: 001 32% 1.00: 32%: 001 32% 100 32%: 100 32% 100 32% 066 32% 100 32%: 1.00: 32% 100 32%
Eel’:ge”t Rl 7 ssions to air 071 32%: 001 32%: 099 & 32% 32%: 099 32% 000 32%; 000 32% 000 32%: 034 32% 000 32%: 000 32% 000 32%
SUMS 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Ashes recovery 001 32% 001 96%: 0.00 96%  1.00: 96% i 0.00 96% 0.15 96%: 0.16: 96% 001 96% 000 96% : 0.6 96%: 002 96% i 003 96%
Ashes to landfill 002 32% 001 96%: 000 96% 96% | 0.00 96% i 021 96% 023 96% 002 96% 000 96%: 022 96% 003 96% 004 96%
Ashes to CPT 001 32%: 001 96%: 0.00 96% 96% i 000 96% & 014 96% 015 96% 001 96% i 0.00: 96% 015 96% 002 96% 002 96%
Zyklon Ashes recovery 000 32%: 012} 96% i 0.00 : 96% 96% i 000 96% 012 96% : 0.10: 96% : 000 96% : 002 96% 012 96% 0.07 i 96%  0.11; 96%
Co-incineration WL RNt e/l 001 32% 017 96%: 0.00 96% 96% | 0.00 96% i 0.7 96%  0.15: 96% 001 96% 002 96%: 017 96% 0.0 96% 0.5 96%
wood industry NN 0.00 32% 011 96%: 0.00 96% 96% | 0.00 96% i 0.2 96%  0.10: 96% : 0.00 96% 002 96%: 011 96% 007 & 96%  0.10 96%
Fly Ashes recovery 000 32%: 000 96%: 0.00 96% 96% i 000 96% : 0.00: 96% 000 96% 000 96% i 0.00: 96% 000 96% 000 96% 000 96%
Fly Ashes to landfill 0.00 32% 016 96%: 0.00 96% 96% | 0.00 96% i 005 96% 006 96% 000 96% 019 96%: 003 96% 019 96%  0.18 96%
Fly Ashes to CPT 0.00 32% 016 96%: 0.00 96% 96% | 0.00 96% i 005 96% 006 96% 000 96% 019 96%: 003 96% 019 96%  0.18 96%
Emissions to air 094 32%: 025 96% i 099 & 96% 96% i 099 96% & 000 96% 000 96% 094 96% i 0.55: 96% 000 96% 030 96% 020 96%
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Processes Output

SUMS
b £y Ashes recovery 010 32%: 0.9 96% 000 96%  1.00 96%: 000 96% 010 96%: 027 96% 010 96% 023 96% 027 96%: 0.28: 96% 027 96%
Fly Ashes to landfill 014 32%: 040 96% 000 96% 96% : 000 96% 014 96%: 038 96% 014 96% 032 96% 038 96%: 040 96% 038 96%
Fly Ashes to CPT 009 | 32%: 027 96% 000 96% 96% 000 96% i 009 96% 025 96% 009 96% 021 96%: 025 96% 026 96%: 025 96%
Co-incineration B oy 32% 000 96%: 000 96% 96% 000 96% 96%  0.03 96% 002 96%: 003 96% 002 96% 003 96%
paper industry  JSNSSMMT 3% 001 96%: 000 96% 96% | 000 96% 96% | 004 96% 002 96%: 004 96% 002 96% 004 96%
Ashes to CPT 32%: 000 96% 000 96% 96% : 000 96% 96% | 003 96% 001 96%: 003 96% 001 96% 002 96%
Emissions to air 068 32%: 002 96% 099 96% 96% 0981 96%: 068 96% 000 96% 068 96% 020 96% 000 96% 000 96%: 001 96%
SUMS 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
B Ashes recovery 005 1% 020 32% 000 32% 030 32%: 000 32% 025 32%: 030 32% 030 32% 001 32% 030 32%: 029 32% 030 32%
Ashes to landfill 007 11%: 028 32% 000 32% 042 32%: 000 32% 035 32%: 042 32% 042 32%: 001 32% 041 32%: 041 32% 041 32%
Other Ashes to CPT 005 11%: 019 32% 000 32% 028 32%: 000 32% 023 32%: 028 32% 028 32% 001 32% 028 32%: 027 32% 028 32%
:,I"Lfi'(;‘;:‘ﬁ: R Filter cake - export 000 11% 033} 32%: 000 32% 000 32% 000 32% 017 32%: 000 32% 001 32% 097 32% 001 32%: 002 32% 001 32%
UNANONINNNN - /1issions to water 000 11%: 000 32% 000 32% 000 32%: 000 32% 000 32%: 000  32% 000 32%: 000 32% 000 32%: 000 32% 000 32%
Emissions to air 082 11%: 000 32% 099 32% 000 32%: 099 32% 000 32%: 000 32% 000 32% 001 32% 000 32%: 000: 32% 000 32%
SUMS 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
k Siogs recovery 006 11%: 002 32% 000 32% 021 32%: 000 32% 025 32%: 028 32% 023 32% 001 32% 025 32%: 016 32% 012 32%
Slags to landfill 009 11% i 002 32% 00l 32% 030 32%: 00l 32% 035 32%: 039 32% 032 32% 001 32% 034 32%: 022 32% 016 32%
Slags to CPT 006 11% i 001 32% 000 32% 020 32%: 000 32% 023 32%: 026 32% 021 32% 001 32% 023 32%: 0.15: 32% 011 32%
Ashes recovery 001 11% 025 32% 000 32% 00l 32% 000 32% 32% 002 32% 005 32% 003 32% 004 32% 014 32% 018 32%
other Ashes to landfill 001 11%: 035 32% 000 32% 00l 32% 000 32% 32%: 003 32% 007 32% 005 32% 005 32%: 020 32% 025 32%
incineration ~ PNe 4 001! 11%: 023 32% 000 32% 00l 32% 000 32% 32% 002 32% 004 32% 003 32% 004 32%: 013 32% 017  32%
rotary kiln Filter cake - export 001 11% i 012 32% 000 32% i 000 32% : 000 32% 017 32% 000 32% 000 32%: 086 32% i 000 32%: 000 32% 001 32%
Iron scrap to shredder 002 11% 000 32% 000 32% 027 32%: 000 32% 000 32%: 001 32% 008 32% 000 32% 005 32%: 000 32% 000 32%
Emissions to water 000 11%: 000 32% 000 32% 000 32%: 000 32% 000 32%: 000  32% 32% 000 32% 000 32%: 000 32% 000 32%
Emissions to air 073 11% 000 32% 098 32% 000 32%: 098 32% 000 32%: 000 32% 32% 000 32% 32% 000 32% 32%
SUMS 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Mswsorting TR 005 032 070 032 000: 032 057 032 000 032 006 032: 005 096 005 096 005 005 005 096: 005: 096 005 096
(QSIELTSTI |/ste to incineration 070 032 012 032 0.60: 032 027 032 051 032 041 032 065 096 065 096 065 065 065 096 0.65: 096 065 096
:f:;ﬂ"cznt o 010 032 004 032 00l 032 003 032 010 032 011 032 010 096 010 096 010 010 010 096: 0.0 096 010 096
secondary Waste to MBT 015 032 015 032 040 032 013 032 039 032 043 032 020 096 020 096 020 020 020 096: 020 096 020 096
fuels) SUMS 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00° 1.00 1.00 1.00 1.00
Product 091 32%: 092 32% 091 32% 091 32%: 091 32% 090 32%: 089 32% 092 32% 091 96% 093 32%: 091: 96% 091 96%
&b Waste to incineration (GF) 002 32% 000 32% 002 32% 000 32% 002 32% 005 32% 002 96% 002 96%: 002 96%
processing Waste to landfil 004 32% 004 32% 004 32% 005 32%: 004 32% 003 32%: 006 32% 004 32%: 004 96% 004 32%: 004: 96% 004 96%
facilities Waste to landfil 004 32% 004 32% 004 32% 005 32%: 004 32% 003 32%: 006 32% 004 32% 004 96% 004 32%: 004: 96% 004 96%
SUMS 1.00 1.00 1.00 1.00 1.00 .00 .00 1.00 .00 1.00 1.00 1.00
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Processes

Shredder

Paper
processing
facilities

Glass
processing
facilities

Metal
packaging
processing
facilities

Scrap metal
processing
facilities

Metal
processing
facilities

Wood
processing
facilities

Output
Product
Waste to incineration (GF) 001} 32% i 008 32% : 0.23: 32% : 001 32% : 003 32%: 003 32% : 001 32% : 0.01: 32% : 0.01 @ 32%: 001 G 32%: 0.01: 32%: 001 32%
Waste to incineration (FBC) 0.01: 32% : 0.08: 32%: 023 : 32% i 0.01: 32% : 0.03: 32%: 0.03: 32%: 0.01: 32%: 0.01: 32%: 0.01: 32%: 001: 32%: 001 : 32% : 0.01: 32%
Waste to incineration (P) 001} 32% i 0.05: 32% : 0.16 i 32% : 000 32% : 0.02: 32%: 002 32% : 0.01: 32% : 0.01: 32% : 0.01 @ 32%: 0.01: 32%: 001 32%: 001 32%
Waste to incineration (W) 001 32% i 004 32% : 0.12 0.00: 32% i 0.01: 32%: 001 32%: 001 32% i 001 32% : 0.01: 32% : 0.01i 32% : 0.01 @ 32% : 0.01 & 32%
Waste to incineration (C) 0.01: 32% : 0.06: 32%: 0.17: 32% i 0.00: 32% : 0.02: 32%: 0.02: 32%: 0.01: 32%: 0.01: 32%: 0.01: 32%: 0.01: 32%: 001 : 32% : 0.01: 32%
SUMS 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Product 074§ 11% i 0.74 . 32% : 074 32% : 0.74  32% : 074 32%: 074 32% : 074 96% : 0.74 : 96% i 0.74 : 96% : 0.74 : 96% : 0.74 | 96% : 0.74 ;| 96%
Waste export 024 11% i 024 32% : 024 32% : 024 32% : 024 32%: 024 32% @ 024 96% @ 024 96% i 024 96% : 024 96% : 0.24 ;| 96% : 0.24 ;| 96%
Waste to incineration (GF) 001 11% % 0.01: 32%: 001 32%: 0.01: 32% : 0.01 32% 0.01: 32%: 0.01: 96%: 001 : 96% i 0.01: 96% : 0.01: 96% : 0.01: 96% : 0.01: 96%
Waste to incineration (FBC) 001} 11%: 001 32%: 0.01: 32% : 001 32% : 001 32%: 001 32% : 0.01: 96% : 0.01: 96% : 0.01 @ 96% : 0.01 @ 96% : 0.01: 96% : 0.01: 96%
Waste to incineration (P) 0.00 11%: 0.00: 32% : 0.00: 32% : 0.00 32% : 0.00: 32%: 0.00: 32% : 0.00: 96% : 0.00 : 96% : 0.00 : 96% : 0.00 : 96% : 0.00 : 96% : 0.00 : 96%
Waste to incineration (W) 0.00: 11% i 0.00: 32% : 0.00: 32% i 0.00: 32% : 0.00 32% 0.00: 32% i 0.00: 96% : 0.00: 96% i 0.00: 96% : 0.00: 96% : 0.00 i 96% : 0.00: 96%
Waste to incineration (C) 0.00: 11% i 0.00: 32% : 0.00: 32% i 0.00: 32% : 0.00 32% 0.00: 32% i 0.00: 96% : 0.00: 96% i 0.00: 96% : 0.00: 96% : 0.00 i 96% : 0.00: 96%
SUMS 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Product 0.74 % 11% i 0.74: 32% : 0.00: 32% i 0.66: 32% : 0.74 32% 074 32% i 0.76 i 32% : 074 96% i 0.74: 96% : 0.74: 96% : 0.74: 96% : 0.74 i 96%
Waste export 020% 11% i 020: 32% : 0.20% 32% i 020 32% i 0.20 32% 020: 32% i 0.20: 32% i 020: 96% i 0.20: 96% i 0.20: 96% : 0.20: 96% : 0.20: 96%
Waste to incineration (GF) 001} 11% i 001 32%: 020 32% : 0.04; 32% : 001 32%: 001 32% : 0.01: 32% : 0.01: 96% : 0.01 & 96% : 0.01: 96%: 0.01: 96% : 0.01: 96%
Waste to incineration (FBC) 001} 11% i 001 32%: 020 32% : 0.04 32% : 001 32%: 001 32% : 0.01: 32% @ 0.01: 96% : 0.01 & 96% : 0.01: 96%: 0.01: 96% : 0.01: 96%
Waste to incineration (P) 001 11% i 001 32% : 014 32% : 002} 32% : 001 32%: 001 32% : 001 32% : 0.01: 96% i 0.01 @ 96% : 0.01: 96% i 0.01: 96% : 0.01 96%
Waste to incineration (W) 001} 11% i 001 32% : 011 32% : 002 32% : 001 32%: 001 32% : 0.01: 32% : 0.01: 96% : 0.01 @ 96% : 0.01 @ 96% : 0.01: 96% : 0.01 : 96%
Waste to incineration (C) 001} 11% i 001 32%: 0.15: 32% : 003 32% : 001 32%: 001 32% : 0.01: 32% @ 0.01: 96% : 0.01 @ 96% : 0.01: 96%: 0.01: 96% : 0.01: 96%
SUMS 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Product 085 11% 32% i 002 32% i 1.00: 32% i 0.00i 32% : 000 32%: 085 96% i 085 96% : 0.85i 96% : 0.85i 96% : 0.85: 96% i 0.85: 96%
Scrap to shredder 015} 11% i 1.00: 32% : 098 32% : 0.00 32% : 1.00: 32%: 1.00: 32% : 0.15: 96% : 0.15: 96% i 0.15: 96% : 0.15:  96% : 0.15: 96% : 0.15: 96%
SUMS 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Product 0.00; 11% i 0.00: 32% : 0.00i 32% : 0.00: 32% : 0.00: 32%: 0.00:i 32% : 0.00i 32% : 0.00: 32% i 0.00 : 32% : 0.00: 32%: 0.00: 32% i 0.00: 32%
Scrap to shredder 1.00 0 11% : 1.00i 32% : 1.00 32% : 1.00 : 32% i 1.00: 32% : 1.00: 32% i 1.00: 32% i 1.00i 32% : 1.00: 32% : 1.00i 32% : 1.00 : 32% : 1.00 : 32%
SUMS 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Product 068 11% i 0.68 : 32% : 0.68: 32% : 068 32% : 068 32%: 0.68: 32% : 0.68: 32% : 0.68 : 32% i 0.68 @ 32%: 0.68: 32%: 068 32% : 0.68: 32%
Scrap to shredder 032 11% i 032 32% : 032 32% : 032 32% : 032 32%: 032 32% : 032} 32% : 032 32% i 032 32%: 032 32%: 032 32%: 032 32%
SUMS 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Product 055 11% i 056 | 32% : 0.55: 32% : 053 32% : 055 32%: 055 32% : 055 32% : 054 32% i 054 32%: 055 32%: 056 32% : 055 32%
Waste to incineration (GF) 011 11% i 011 32% : 011} 32% : 012} 32% : 011 32%: 011 32% @ 011 32% @ 0.11: 32% : 011 32%: 011 32%: 011 32%: 011 32%
Waste to incineration (FBC) 011 11%: 011 32%: 011 32% : 012 32% : 011 32%: 011 32% @ 011} 32% @ 0.11: 32% i 011 @ 32%: 011 32%: 011 32%: 011 32%
Waste to incineration (P) 008 11% i 0.08: 32% : 0.08: 32% : 008 32% : 0.08: 32% ;i 0.08: 32% : 0.08: 32% : 0.08 @ 32% i 0.08: 32%: 0.08 0.08 : 32%: 008 32%
Waste to incineration (W) 006 11% i 0.06 : 32% : 0.06 i 32% i 006 32% : 0.06: 32%: 0.06: 32% : 0.06 i 32% : 0.06 : 32% i 0.06: 32%: 0.06 0.06 | 32% i 0.06 : 32%
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Processes

Plastic waste
(HH)processing
facilities

Plastic waste
processing
facilities

Textile waste
processing
facilities

WEEE Screens
processing
facilities

WEEE
Refrigerators
processing
facilities

Output
Waste to incineration (C) 008 11% i 0.08: 32% : 0.08: 32% : 0.09 32% : 0.09: 32%: 0.09: 32% : 0.08: 32% : 0.09 : 32% : 0.09: 32%: 0.09: 32%: 008 32% : 008 32%
SUMS 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Product 0.75: 11% : 082 32%: 083 : 32% i 034 32% : 063 : 32%: 0.57: 32%: 0.75: 96% : 0.75: 96% i 0.75: 96% : 0.75: 96% : 0.75: 96% : 0.75: 96%
Waste export 005} 11% i 0.05: 32% : 0.06 i 32% : 002 32% : 0.05: 32%: 0.04: 32% : 0.05: 96% : 0.05: 96% : 0.05: 96% : 0.05: 96% : 0.05: 96% : 0.05: 96%
Waste to incineration (GF) 005 11% i 003 32% : 0.03: 32% : 016 32% : 008 32%: 010 32% : 0.05: 96% : 0.05: 96% : 0.05: 96% : 0.05: 96% : 0.05: 96% : 0.05: 96%
Waste to incineration (FBC) 0.05: 11% : 0.03: 32%: 003 : 32% i 016 32% : 0.08: 32% : 0.10: 32%: 0.05: 96% : 0.05: 96% i 0.05: 96% : 0.05: 96% : 0.05: 96% : 0.05: 96%
Waste to incineration (P) 004 : 11% : 002} 32%: 002 : 32% i 011} 32% i 0.06: 32% : 0.07 0.04: 96% : 0.04: 96% i 0.04: 96% : 0.04: 96% : 0.04 i 96% : 0.04: 96%
Waste to incineration (W) 003 11% i 002 32% : 0.01: 32% : 009 32% : 0.04: 32%: 0.05 0.03: 96%: 003 96% : 0.03: 96% : 0.03: 96% : 0.03: 96% : 0.03 : 96%
Waste to incineration (C) 004§ 11% i 002 32% : 0.02: 32% : 012 32% : 006 32%: 0.07: 32% : 0.04: 96% : 0.04: 96% : 0.04 : 96% : 0.04: 96% : 0.04 : 96% : 0.04 : 96%
SUMS 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Product 0.60 | 32% i 0.60: 96% : 0.60: 96% : 0.60: 96% : 0.60: 96% i 0.60: 96% : 0.60: 96% : 0.60 : 96% i 0.60 : 96% : 0.60 : 96% : 0.60 : 96% : 0.60 : 96%
Waste to incineration (GF) 010} 32% i 010 96% : 0.10: 96% : 0.10; 96% : 0.10: 96% : 0.10: 96% : 0.10: 96% : 0.10 : 96% : 0.10 : 96% : 0.10 : 96% : 0.10 : 96% : 0.10 ;| 96%
Waste to incineration (FBC) 010 32% i 0.10: 96% : 0.10 96% i 0.10: 96% : 0.10 96% 0.10: 96% i 0.10: 96% : 0.10: 96% i 0.10: 96% : 0.10: 96% : 0.10: 96% : 0.10 i 96%
Waste to incineration (P) 0.07 i 32% i 0.07: 96% : 0.07: 96% i 0.07: 96% : 0.07 : 96% 0.07 i 96% i 0.07: 96% : 0.07: 96% i 0.07: 96% : 0.07 i 96% : 0.07 i 96% : 0.07 i 96%
Waste to incineration (W) 0.05 % 32% i 0.05: 96% : 0.05: 96% : 0.05; 96% : 0.05: 96% i 0.05: 96% : 0.05: 96% : 0.05: 96% : 0.05: 96% : 0.05: 96% : 0.05: 96% : 0.05: 96%
Waste to incineration (C) 0.08: 32% i 0.08: 96% : 0.08: 96% i 0.08: 96% : 0.08 96% 0.08: 96% i 0.08: 96% i 0.08: 96% i 0.08: 96% : 0.08: 96% : 0.08 i 96% : 0.08 i 96%
SUMS 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Product 0.40 i 96% i 0.40 : 96% : 0.40: 96% : 0.40; 96% : 0.40: 96% : 040 96% : 040 96% : 040 : 96% : 0.40 : 96% : 0.40 : 96% : 0.40 : 96% : 0.40 : 96%
Waste to incineration (GF) 015} 96% i 0.15: 96% : 0.15: 96% : 0.15 96% : 0.15: 96% i 0.15: 96% : 0.15: 96% : 0.15: 96% : 0.15: 96% : 0.15:  96% : 0.15: 96% : 0.15: 96%
Waste to incineration (FBC) 015} 96% i 0.15: 96% : 0.15: 96% : 0.15} 96% : 0.15: 96% i 0.15i 96% : 0.15: 96% : 0.15: 96% i 0.15: 96% : 0.15: 96% i 0.15: 96% i 0.15: 96%
Waste to incineration (P) 011} 96% i 011 96% : 0.11: 96% : 0.11 | 96% : 0.11 | 96% i 0.11: 96% : 0.11: 96% : 0.11 : 96% : 0.11 : 96% : 0.11 : 96% : 0.11 | 96% : 0.11 | 96%
Waste to incineration (W) 0.08 96% i 0.08 : 96% : 0.08: 96% : 0.08 : 96% : 0.08 : 96% : 0.08: 96% : 0.08: 96% : 0.08 : 96% : 0.08 & 96% : 0.08: 96% : 0.08: 96% : 0.08 : 96%
Waste to incineration (C) 011} 96% i 011 96% : 0.11: 96% i 0.11 96% : 0.11 | 96% i 0.11:i 96% : 0.11i 96% : 0.11 : 96% i 0.11 : 96% i 0.11 : 96% i 0.11 ;| 96% i 0.11 | 96%
SUMS 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Product 012 32%: 012 96% : 0.12: 96% : 012 96% : 0.12: 96% i 0.12: 96% : 0.12: 96% : 0.95: 96% i 0.12 : 96% : 0.12: 96% : 0.12 : 96% : 095 96%
Waste to incineration (GF) 0.04§ 32% i 0.04: 96% : 0.04: 96% : 0.04; 96% : 0.04: 96% : 0.04: 96% : 0.04: 96% : 0.01: 96% : 0.04 : 96% : 0.04 : 96% : 0.04: 96% : 0.01 : 96%
Waste to incineration (FBC) 0.04 32% i 0.04: 96% : 0.04: 96% : 0.04 96% : 0.04: 96% i 0.04: 96% : 0.04: 96% : 0.01: 96% i 0.04 : 96% : 0.04: 96% : 0.04 : 96% : 0.01: 96%
Waste to incineration (P) 0.02 32%: 002 96% : 0.02: 96% : 002 96% : 0.02: 96%: 0.02: 96% : 0.02: 96% : 0.01: 96% : 0.02: 96% : 0.02: 96%: 0.02: 96% : 0.01: 96%
Waste to incineration (W) 0.02 32%: 002 96% : 0.02: 96% : 002 96% : 0.02: 96% i 0.02: 96% : 0.02: 96% : 0.01: 96% : 0.02 @ 96% : 0.02: 96%: 0.02: 96% : 0.01: 96%
Waste to incineration (C) 003 32% i 003 96% : 0.03i 96% : 0.03 96% : 0.03: 96% i 0.03i 96% : 0.03i 96% : 0.01: 96% i 0.03: 96% : 0.03: 96% i 0.03: 96% : 0.01 96%
Waste export 071} 32% i 071 96% : 0.71: 96% : 0.71 96% : 0.71: 96% i 0.71: 96% : 0.71: 96% : 0.00 : 96% : 0.71 : 96% : 0.71 : 96% : 0.71 | 96% : 0.00 ;| 96%
Unknown 0.03 32% i 003 96% : 0.03: 96% : 003 96% : 0.03: 96% : 0.03: 96% : 0.03: 96% : 0.00 : 96% : 0.03 : 96% : 0.03 : 96% : 0.03: 96% : 0.00: 96%
SUMS 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Emission to air 0.00 32% i 0.00: 96% : 0.00: 96% : 0.00: 96% : 0.00: 96% i 0.00: 96% : 0.00 0.00 0.00: 96% : 0.00 0.00: 96% : 0.00: 96%
Product 068 32% i 0.68: 96% : 0.68: 96% : 0.68 96% : 0.68: 96% : 0.68: 96% : 0.95: 96% : 0.95: 96% : 0.68 & 96% : 0.68 96% : 0.68: 96% : 0.68: 96%
Waste export 001} 32%: 001 96% : 0.01: 96% : 001 96% : 0.01: 96% i 0.01: 96% : 0.00 0.00 0.01 | 96% i 0.01 0.01 | 96% i 0.01 & 96%
Waste to incineration (GF) 001 32% i 001 96% : 0.01: 96% : 001} 96% : 0.01: 96% i 0.01: 96% : 0.01: 96% : 0.01 : 96% i 0.01 : 96% : 0.01: 96% i 0.01: 96% : 0.01: 96%
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Processes Output

Waste to incineration (FBC) 001 32%: 001 96% 001 96%: 001 96% 001 96% 001 96%: 001 96% 001 96% : 001 96% 001 96%: 001 96%: 001 96%
Waste to incineration (P) 001 32%: 001 96% 001 96%: 001 96% 001 96% 001 96%: 0.01: 96% 001 96% : 001 96% 001 96%: 001 96%: 001 96%
Waste to incineration (W) 001 32%: 001 96% 001 96%: 001 96% 001 96% 001 96%: 001 96% 001 96% 001 96% 001 96%: 001 96%: 001 96%
Waste to incineration (C) 001 32%: 001 96% 001 96%: 001 96% 001 96% 001 96%: 0.01: 96% 001 96% 001 96% 001 96%: 001 96%: 001 96%
Unknown 027 32% 027 96% 027 96%: 027 96% 027 96% : 027 96% 027 96% 027 027 96% 027 96%
SUMS 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Emission to air 0.00 32% 0.00 96% 000 96%: 0.00 96%  0.00: 96% & 000 96%: 0.00: 96%: 0.00 96% 0.00F 96%: 0.00: 96% : 0.00: 96%
Product 001 32%: 001 96% 001 96%: 001 96% 001 96% 001 96%: 001 96% 001 96% 001 96%: 0.01: 96% : 001 96%
Waste export 093 32% 093 96% 093 96%: 093 96% 093 96% 093 96%: 093 96% 093 96% 083 96% 093 96%: 093 96%: 093 96%
Waste to incineration (GF) 000 32% 0.00 96% 000 96%: 0.00 96%  000: 96% 000 96%: 0.00: 96%: 0.00: 96% 004 96% 000 96%: 000 96%: 0.00: 96%
RSV st to incineration (FBC) 000 32% 0.00 96% 000 96%: 0.00 96%  000: 96% 000 96%: 0.00: 96%: 0.00: 96% : 004 96% 000 96%: 000 96%: 0.00: 96%
g;ﬁteis:;ng Waste to incineration (P) 000 32% 0.00 96% 000 96%: 0.00 96%  000: 96% 000 96%: 0.00: 96%: 0.00: 96% : 003 96% 000 96%: 000 96%: 0.00: 96%
Waste to incineration (W) 0.00 0 32% 000 96% 000 96%: 0.00 96%  000: 96% 000 96%: 0.00: 96%: 0.00: 96% 002 96% 000 96%: 000 96%: 0.00: 96%
Waste to incineration (C) 0.00 0 32% 0.00 96% & 0.00: 96%: 0.00 96%  000: 96% 000 96%: 0.00: 96%: 0.00: 96% : 0.03: 96% 000 96%: 0.00 96%: 0.00: 96%
Unknown 006 32% 006 96% 006 96%: 0.06 96% 006 96% 006 96%: 0.06: 96% 006 96% : 0.00 006 96%: 0.06: 96% : 0.06 96%
SUMS 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
b product 045 32% 045 96% & 045 96% : 045 96% 045 96% & 045 96%: 045 96% 045 96% i 045 96% 045 96%: 045 96%: 095 96%
Waste to incineration (GF) 001 32%: 001 96% 001 96%: 001 96% 001 96% 001 96%: 001 96% 001 96% 001 96% 001 96%: 001 96%: 0.01: 96%
Waste to incineration (FBC) 001 32%: 001 96% 001 96%: 001 96% 001 96% 001 96%: 0.01: 96% 001 96% : 001 96% 001 96%: 001 96%: 0.01: 96%
WEEE big Waste to incineration (P) 000 32%: 000 96% : 000 96%: 0.00 96% 000 96% 000 96%: 0.00: 96%: 0.00: 96% : 0.00: 96% 000 96%: 0.00 96%: 0.01: 96%
fargﬁteis;mg Waste to incineration (W) 000 32%: 0.00 96% 000 96%: 0.00 96% 000 96% 000 96%: 0.00: 96%: 0.00: 96% : 0.00: 96% 000 96%: 0.00 96%: 0.01: 96%
Waste to incineration (C) 000 32% 0.00 96% 000 96%: 0.00 96% 000 96% 000 96%: 0.00: 96%: 0.00: 96% : 0.00: 96% 000 96%: 000 96%: 0.01: 96%
Unknown 053 32% 053 96%  053: 96% i 053 96% 053 96% 053 96%: 053 96% 053 0531 96%: 053 96% 053 96%
SUMS 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Product 045 32% 045 96% & 045 96% : 045 96% 045 96% & 045 96%: 045 96% : 095 96% : 045 96% 045 96%: 045 96%: 095 96%
Waste to incineration (GF) 001 32% 001 96% 001 96%: 001 96% 001 96% 001 96%: 0.01: 96% 001 96% 001 96% 001 96%: 001 96%: 0.01: 96%
Waste to incineration (FBC) 001 32% 001 96% 001 96%: 001 96% 001 96% 001 96%: 001 96% 001 96% : 001 96% 001 96%: 001 96%: 001 96%
WEEE small Waste to incineration (P) 000 32% 0.00 96% 000 96%: 0.00 96%  000: 96% 000 96%: 0.00: 96% 001 96% : 000 96% 000 96%: 000 96%: 0.01: 96%
g;ﬁff:smg Waste to incineration (W) 000 32% 0.00 96% 000 96%: 0.00 96% 000 96% 000 96%: 0.00: 96% 001 96% : 0.00: 96% 000 96%: 0.00 96%: 0.01: 96%
Waste to incineration (C) 000 32% 0.00 96% : 0.00: 96%: 0.00 96% 000 96% 000 96%: 0.00: 96% 001 96% : 0.00: 96% 000 96%: 000 96%: 0.0l 96%
Unknown 053 32% 053 96% 053 96%: 053 96% 053 96% 053 96%: 053 96% 0531 96%: 053 96% 053 96%
SUMS 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Product 005 96% 0.05: 96% & 005: 96%: 005 96%  005: 96% 005 96%: 0.05: 96% 005 96% : 005 96% 005 96%: 005 96%: 0.05: 96%
microbiological MM 005 96%: 0.05: 96% & 090 96%: 0.05 96%  005: 96% 005 96%: 0.05: 96% 005 96% : 005 96% 005 96%: 005 96%: 0.05: 96%
e T A \Vaste to landfill 045 96%: 045 96% & 003 96%: 045 96% 045 96% & 045 96%: 045 96% 045 96% i 045 96% & 045 96%: 045 96%: 045 96%
soil Waste to landfill 045 96% 045 96% & 003 96%: 045 96% 045 96% & 045 96% i 045 96% 045 96% i 045 96% & 045 96%: 045 96%: 045 96%
SUMS 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
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Processes

Output

Waste to landfil 050 32% i 050 32% & 0.50: 32% 0.50 32%: 050 32% 050 32%: 050 32% 050 32%: 050 32% 050 32%: 050 32% 050 32%
::s::f;'s‘%vaste Waste to landfill 050 32%: 050 32%: 0.50 32%: 0.50 32%: 050 32% 050 32% 050 32% : 050 32%: 050 32% 050 32%; 050 32% 050 32%
SUMS 1.00 1,00 1,00 1,00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

GF: grate furnace, FBC: fluidised bed combustion, RK: rotary kiln, P: paper industry, H: wood industry, C: cement rotary kilns

Table S 8. References for Transfer coefficients.

Processes

Composting plant

References

13,14, 63, 64

Biogas plant

13,14, 63, 64

Mechanical biological treatment

Personnel interviews, -8

Organic — chemical-physical treatment

Inorganic — chemical-physical treatment

Organic and Inorganic — chemical-physical treatment

Personnel interviews and expert estimation

MSW Incineration grate furnace

81. 38. 82. 54. 56
] ’

MSW Incineration fluidised bed combustion 81,3883, &2
Cement rotary kilns 38 848583
Co-incineration wood industry 86 8783
Co-incineration paper industry 86 88 83
Other incineration fluidized bed combustion 38,81, 82
Other incineration rotary kiln 8183
MSW Sorting 75,89
C&D processing facilities 6
Shredder Personnel interviews and expert estimation
Paper processing facilities 38,62, 90
25,28

Glass processing facilities

Metal packaging processing facilities

35

Scrap metal processing facilities

expert estimation

Metal processing facilities

expert estimation

Wood processing facilities

Personnel interviews and expert estimation

Plastic waste (HH)processing facilities

35

Plastic waste processing facilities

91
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Processes References
Textile waste processing facilities 38

WEEE Screens processing facilities

WEEE Refrigerators processing facilities

WEEE lighting processing facilities 92,93

WEEE big processing facilities

WEEE small processing facilities

microbiological treatment of soil expert estimation

Packaging asbestos waste expert estimation
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4 LONG-TERM EMISSIONS FROM LANDFILL

Long term gaseous emissions were only calculated for mass waste landfills with significant organic
compounds based on Tabasaran and Rettenberger.®* To evaluate long-term leachate emissions a model
based on Laner® is used to calculate the concentration of TOC and NHs-N in the leachate after t years.
For metals and phosphorus, a constant substance concentration over time in the leachate is assumed.

The leachate is collected and treated.

G, = 1,868 x TOCy,q * (0,014 + T + 0,28)

Gp Gas generation potential [m’t]
TOCqeg Degradable organic carbon [kg C t1]t]
T Temperature [°C]

Gt = Gp * (1 + 10~ (k)

Gt Cumulative amount of generated landfill gas after t years [m’t?]
Gp Gas generation potential [m’t]

t Time after deposition [years]

ki velocity constant [years]

The velocity constant (ki) can be calculated estimating the half-time (ti2) of different organic

combinations.

Table S 9. Half-time (t1/2) of the different organic combinations

Waste fractions I Half -time [years?]
Easily degradable 4.1
Medium poorly degradable 8.7

poorly degradable 23

Very poorly degradable 5,000
non-degradable

Although methane oxidation rates in landfill covers are influenced by many factors a conservative factor
of 10% for the average annual fraction of oxidized methane for cohesive soils is assumed.*® Further, 50%
of the generated landfill gas is used for energetic utilization. For inorganic landfills, leachate emissions
are in the focus and CO,- and CHa-emissions can be neglected. To evaluate long-term leachate emissions

a model based on Laner® is used to calculate the concentration of TOC and NH4-N in the leachate after

t years.
C L

c(t) = ¢o* e_(m_z*Ag*h)*t
C substance concentration in the leachate after t years [mg |}]
Co substance concentration in the leachate directly after the intensive reactor phase [mg |}]
my mobilizable waste fraction in mg/kg of dry matter [mg kg]
AL/S change of the deposited waste’s liquid-to-solid ratio per year [l kg a]
h heterogeneity factor; total volume of the waste body divided by the volume taking part in

water flow and contributing to leachate emissions
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For metals and phosphorus, a constant substance concentration over time in the leachate is assumed.

The leachate is collected and treated. The retention capacity is estimated according to following table.

Table S 10. Retention capacity.

Substances Retention capacity [%] References
TOC 95
NH. 80 %
p 90
Cd 63 97
Cr 54
Fe 60 assumption
Hg 92
Pb 89 ¥
Zn 84
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5 MATERIAL FLOW ANALYSIS — SYSTEM

5.1 Qualitative System and Subsystems
Input: 3 Import Mio. Tons / year Changes in stock: A Stock Mio. Tons / year Output: 3 Export Mio. Tons / year
ll. direct recycling
0 direct export
o emissions oT
waste to oT products oT
waste frombToT L exportoT
waste imported waste from tT-oT ()!() waste from oT-tTE
I waste o 1T emissions tT
waste from peT-{T o products tT
export tT
(©  wastefompTr |
waste generated emissions bT
waste from oTBT 2 products BT
waste to bT 0 (o) export bT
§ (0)  wastefrombTLF |
waste from oT-LF - emissions LF
waste from oT-LF product LF
: 0 :
E waste to LF O export LF
(0) wastefrompeT-LF |
waste from tT-pcT o emisisons peT
: product peT
, ©
waste to pcT export peT

waste management system Austria, 2012

Figure S 1. Main System.
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Changes in stock: A Stock Ggl/a

waste to oT —@—- m'w

bT-oT

Figure S 2. Subsystem other treatment.

Separate waste processing facilites, 2012

Figure S 3. Sub-Subsystem Separate waste processing facility.
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Qutput: 3 Export kt pro Jahr

Input: § Import kt pro Jahr Changes in stock: A Stock kt pro Jahr

thermal treatment (tT), 2012
Figure S 4. Subsystem thermal treatment.
Input: ¥ Import Gg/a Changes in stock: A Stock Ggla Output: J Export Ggla
0 export IMSW
{0 iMSW
waste from tTiMSW ———(0
incineration
neration municipal solid
waste to IMSW 0 m::ilnlpllsold Outp 0 waste IMSW
waste Input
{0} metals iIMSW
waste from bT-IMSW ——(0 )
0 products IMSW

incineration MSW, 2012

Figure S 5. Sub-Subsystem Incineration MSW.
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Input: 3 Import Gg/a

Changes in stock: A Stock Ggla

Output: 3 Export Gg/a

waste from oT-iCo —@—-

C)

waste to iCo

C)

waste iCo

®

i

Figure S 6: Sub-Subsystem Co-Incineration

Input: ¥ Import Tonnen pro Jahr

Changes in stock: A Stock Tonnen pro Jahr

co-incineration, 2012

Output: ¥ Export Tonnen pro

waste to bT

waste to mbT

waste from oT-bT —@

compost
residues

emissions cP

emissions aD
biogas
residue liquid

screen overflow

waste from aD

etals

m
heat value rich fraction

landfill fraction

emissions mbT
products mbT

@ EEPReEEE @@

@@

Figure S 7. Subsystem biotechnical treatment.

biotechnial treatment, 2012

Jahr

export

products bT

emissions
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Input: 3 Import Gg/a Changes in stock: A Stock Gg/a Output: 3 Export Gg/a

Figure S 8: Subsystem Landfill

Input: ¥ Import Ggla Changes in stock: A Stock Ggla Output: § Export Ggla
emisisons pcTo .
waste pcTi @
o :
P (0 0> emisisons pcT
product pcTo H
— {0 exportpeT
emisisons pcTi W i
waste ———(0)—  peT Input © 5
waste pcTi o peTOutput {0  waste from pcT-LF
product peTi =
—@—’ waste from pcT-tT
@ i
emisisons pcToi i
—~ —@—- product peT
0 i
f:_\ waste pcToi
waste from tT-peT 0 (o)
\?‘j product peToi =
physico-chemical treatment, 2012

Figure S 9. Subsystem physico-chemical treatment.
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5.2 Quantitative Main System

Input 18,000%1,000 Gg/a Changes in Stock 2,200£160

waste to oT

waste imported

waste from bT-oT
waste from tT-oT

waste to tT

14008
758535

waste from pcT-{T

vaste generated L 17,00041,000 J

100434

waste to bT

waste from tT-LF

waste from oT-LF

waste to LF

waste from oT-bT

1,300+83

870150

53081

precipitation

l waste from oT-T

waste from bT-AT

waste from bT-LF

(350414 waste from pcT-LF

0.840.0

Current State: waste management system Austria, 2012

Figure S 10. Main System Goods.

<1,100£40 direct recycling
210211 direct export

emissions oT
products oT

exportoT

emissions tT
products tT

exporttT

emissions bT
products bT

exportbT

emissions LF
product LF

export LF

emisisons pcT
product peT

export peT
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Input 110,000+3,600 kg/a Changes in Stock Output 54,000+2,800 kg/a

direct recycling
direct export
emissions oT
products oT
0004400 exportoT
waste imported
emissions T
products tT
exporttT
iste from bT-AT
waste generated 110,000+3,600 4 emissions bT
products bT
export bT
C200£31 waste from bT-LF
emissions LF
m.u;m product LF
export LF
emisisons pcT
: waste from pet-LF :
0£0.0022 product pcT
: 600285 exportpeT
waste to pcT

Current State: waste management system Austria, 2012

Figure S 11. Main System Cadmium.
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Input 2,800+220 Gg/a

Changes in Stock 120+15

Output 2,700+210 Gg/a

direct recycling
7941 direct export
emissions oT
waste to oT products oT
2.240.59 exportoT
3 waste from bT-oT !
waste imported ; waste from tT- 1@@ waste from oT-T |
32015 emissions tT
waste to tT 5'5&1.
waste from peT-tT products tT
exporttT
waste from bT-{T
waste generated emissions bT
7822 i products bT
waste from oT-bT
25023 export bT
waste tobT
(14£3.7) waste from bT-LF
waste from tT-LF me)‘ emisslons LF
waste from oT-LF el
product LF
31343
waste to LF q exportLF
(25¢49) waste from pcT-LF
(1.641.1>—> emisisons pcT
waste from pct-LF H
(020> product peT
29448 C0£0> export pcT
; waste to pcT '
precipitation —(0£0)

Current State: waste management system Austria, 2012

Figure S 12. Main System Carbon.
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Input 12,000£1,500 t/a

waste imported

waste generated

Changes in Stock Output 6,300£700 t/a

direct recycling

direct export

emissions oT
waste to oT

products oT

exportoT

emissions tT

waste from pcT-tT products tT

exporttT

CB7£21> waste from bT-tT

emissions bT

products bT

export bT

waste from tT-LF emissions LF

waste from oT-LF productLF

export LF

emisisons pcT
waste from pet-LF

product peT

precipitation @

150438 : export pcT
waste to pcT

Current State: waste management system Austria, 2012

Figure S 13. Main System Chrome.
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Input 54,000£14,000 t/a Changes in Stock 2,400+160 Output 52,000+14,000 t/a

000+14,000> direct recycling
LTI direct export

6,700£620 0.63+0.7 emissions oT
Wasto toor: 5,000£590 = products oT
exportoT
waste from bT-oT
waste imported waste from tT-oT l 600100 waste from oT-tT
810£39 emissions tT
waste to tT 3841 .2
waste from pcT-tT products tT
exporttT
280168 O waste from bT-tT
waste generated L 52 000+14,000 0024 emissions bT
91484 products bT
waste from oT-bT
280+13 . exportbT
waste to bT
(3810 waste from bT-LF
waste from tT-LF 5:: f :: - emissions LF
waste from oT-LF productLF
1,200+140
waste to LF export LF
emisisons pcT
waste from pet-LF
product pcT
120%27 . export pcT

waste to pcT

precipitation

Current State: waste management system Austria, 2012

Figure S 14. Main System Copper
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Input 1,500£95 Gg/a

waste imported

waste generated

Changes in Stock 6746 Gg/a Output 1,400£94 Gg/a

direct recycling

direct export

emissions oT

waste to oT

products oT
exportoT
waste from bT-oT
waste from tT-0 l waste from oT-tT
24411 emissions tT
waste to tT : 10.29
waste from peT-tT products tT
exporttT
3.4%0.29 O waste from bT-tT
emissions bT
1.740.6 products bT
waste from oT-bT
1040.54 exportbT
waste to bT
waste from tT-LF emissions LF
waste from oT-LF productLF
waste to LF exportLF
emisisons pcT
waste from pet-LF
product pcT

precipitation

Figure S 15. Main System Iron

4.840.63 (00D export pcT
waste to pcT !
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Input 15,00041,000 kg/a Changes in Stock9,1004850 Output 5,500£540 kg/a

direct recycling
direct export

emissions oT
waste to oT

products oT

exportoT
waste from bT-oT T :
waste imported waste from tT. waste from oT-AT |

600390 emissions tT
waste to tT 45213
waste from pcT-tT products tT
exporttT
(19057 > waste from bT-tT
waste generated emissions bT
: 58459 products bT
H waste from oT-bT :
' 25016 7 exportbT
waste to bT H
: waste from bT-LF '
: wels o TTF mm». 0.081£0.0083> emissions LF
waste from oT.LF 0L 150 L
' C00.0005>—+ product LF
= =
i C0.93£0.094>> export LF
waste from pcT-LF :
12466 emisisons pcT
: waste from pct-LF :
H C0£0.00044>+ product peT
530180 export peT
: waste to pcT
precipitation ~ ~C0£0.00017>

Current State: waste management system Austria, 2012
Figure S 16. Main System Mercury
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waste imported

Input 170,000411,000 tia

Changes in Stock

Output 160,000+11,000 tia

£45,000£5,300> direct recycling

24048
waste to tT 36T 4
waste from pcT-tT

1,200£230

waste from tT-LF 15541

waste from oT-LF

waste to LF m

33064
waste to pcT

Current State: waste management system Austria, 2012

Figure S 17. Main System Nickel

1,100+160 “waste from pcT-LF

460180 direct export

(0.27+15>—> emissions oT
L 110,000%9,500 > products oT
6.6%17 (39+28)>—» exportoT
waste from bT-oT
waste from tT-o I te from oT-AT |

1.240.36 emissions tT

1,600£310

QD

(.4£2.2> waste from bT-{T :

products tT

export tT

emissions bT
products bT

export bT

emissions LF
product LF

exportLF

emisisons pcT
product pcT

export pcT
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Input 47,000£2,200 ta Changes in Stock 2,400£350 Output 45,000+2,200 t/a

direct recycling
direct export

emissions oT

products oT

exportoT
| waste from bT-oT
waste imported 2 waste from tT-o

emissions tT

waste from peT-T products tT

exporttT

waste generated P 46,000+2,300 3 emissions bT

2,500£690 products bT
waste from oT-bT !

exportbT

emissions LF

waste from {T-LF
waste from oT-LF

product LF

export LF

208 emisisons pcT
waste from pet.LF

product peT
B70£160° 9 export peT

wasto to peT

procipiation - 0£0.00061 >

Current State: waste management system Austria, 2012

Figure S 18. Main System Nitrogen
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Input 17,000£2,800 t/a

waste imported

waste generated

Changes in Stock 5,500£740 Output 11,000£2,700 t/a

< direct recycling

610£170 direct export

emissions oT

products oT

exportoT
waste from bT-oT

waste from tT "m waste from oT-tT

42017 emissions tT
waste to tT 231:1.3
waste from peT-tT products tT
export tT

(20072 waste from bT-tT

emissions bT

products bT

exportbT

waste from tT-LF emissions LF

waste from oT-LF

product LF

L 4,70047303

0

export LF

emisisons pcT
waste from pet-LF

product pcT

precipitation @

3979 26 export pcT
waste to pcT H

Current State: waste management system Austria, 2012

Figure S 19. Main System Lead
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Input 15,000+1,400 t/a Changes in Stock 5,700+420 Output 9,200%1,300 t/a

0+0.00038 product pcT

190£28 export pcT

waste to pcT

1,300%180 direct recycling
direct export
emissions oT

waste to oT producta oT
exportoT
waste from bT-oT S—— :
waste imported waste from tT-6D0 9 >(560£110 > waste from oT-tT
A
T :: emissions tT
waste from pcT-tT (74061 >—> products T
2413 exporttT
waste from bT-tT
250481
waste generated 0£0.0007 emissions bT
420110 1,700£200 products bT
H waste from oT-bT .
: 100£200 0£0.00026 >+ exportbT
; waste to bT :
' (550220 > waste from bT-LF
e TTiE 0120005+ enssions LF
Wasts from oL 0%0.00048>> product LF
' — 600£310 )
: export LF
' (62052 waste from peT-LF
; (35821 emisisons pcT
i waste from pet-LF !
1

precipitation £0.000

Current State: waste management system Austria, 2012

Figure S 20. Main System Phosphorus
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Input 19,000+1,700 t/a

waste imported

waste generated L 13,00041,700 J

Changes in Stock 9,000£740 Output 9,80041,600 t/a

waste to oT

waste from bT-oT

waste from tT-oT3.2£0.36 : waste from oTT !

waste to tT 880139

8.2433
waste from pcT-T

waste from bT-tT

1204110
waste from oT-bT

34015
waste to bT

(59+18" waste from bT-LF
<10.00260.0013

waste from tT-LF

waste from oT-LF

[7 6007407 m-m'nss

0014200013

(B60£42> waste from peT-LF

waste from pet-LF

17024

waste to peT

Current State: waste management system Austria, 2012

Figure S 21. Main System Zinc

direct recycling
direct export

emissions oT
products oT

exportoT

emissions tT
products tT

export tT

emissions bT
products bT

export bT

emissions LF
product LF

export LF

emisisons pcT
product peT

export pcT

Page S 39 of 48



5.3 Products: Goods and Substances

Table S 11. Mass flows in tons and kg for goods and substances

Products goods [t] Cd [kg] C [kg] Fe [kg] P [ke] Cr [kg] Cu [kg] Zn [kg]
Biogenic materials 368,000 89 60,600,000 917,000 5,160,000 798,000 3,380 8,780 38 1,360 6,880 28,800
C&D 5,710,000 1,880 432,000,000 46,200,000 1,100,000 150,000 137,000 514 103,000 210,000 274,000
Compost 305,000 108 42,200,000 3,200,000 1,330,000 5,670 11,700 80 3,050 9,670 45,000
Glass 218,000 33 2,290,000 749,000 218 218 196 1,310
Metal 2,170,000 26,200 3,140,000 1,340,000,000 145,000 596,000 3,760,000 49,300,000 19 154,000,000 1,240,000 3,600,000
Paper 1,400,000 2,880 490,000,000 2,900,000 4,700,000 103,000 27,000 63,000 283 17,300 1,370 9,970
Plastic 214,000 5,330 132,000,000 1,820,000 1,020,000 115,000 16,300 11,500 348 4,040 45,200 31,800
Slags and ashes 303,000 7,260 3,700,000 10,600,000 92,000 741,000 221,000 535,000 267 1,570,000 351,000 546,000
Wood 550,000 193 253,000,000 231,000 2,210,000 66,400 4,540 107,000 73 7,560 4,780 24,700
Other Products 222,000 6,120 50,300,000 10,300,000 855,000 693,000 843,000 993,000 868 705,000 8,340,000 4,690,000

11,500,000 50,100 1,470,000,000 1,420,000,000 18,500,000 4,450,000 5,780,000 51,200,000 157,000,000 10,200,000 9,250,000
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6 SCENARIO ANALYSIS

Input: 18,000+1,000 Gg/a

Changes in Stock: 2,200+150 Gg/a

Output: 15,000£910 Ggla

waste imported

waste generated collection and
. transport

880+39 direct recycling
21011 direct export

other treatment emissions oT
(oT) :
waste to oT products oT
Stock ;
= B> exportaT
waste from bT-oT —
waste fromtT-oT (72£33> (550£39) waste from oT-tT
emissions tT
wastele BED— ]
waste from peT-tT il ) products tT
exporttT
waste from bT-tT
emissions bT
biotechnical :
waste from o B1-020.00022 e —.—» products bT
350£56 0£0.00023 exportbT

waste tobT

waste from tT-LF

720+140
waste from oT-LF

waste to LF

EED o

0£0.00036 waste from bT-LF
landfill (LF) emissions LF
productLF

waste from pcT-LF

422004150 0.840.079 export LF
waste from pcT-LF ]

emisisons pcT

hvsico-ch
Y’

precipitation —@

waste to pcT

Scenario E1: waste management system Austria, 2012

Figure S 22. Main System: Scenario E1

p .
ent (pcT) uo.mu product pcT

180%3.7 0+0.00024 export pcT
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Input: 18,000£1,000 Ggl/a Changes in Stock: 1,900+150 Output: 16,000+920 Ggla

#00!40 direct recycling
210%11 direct export

5.3449 emissions oT

(oT) )
Wasts tool 000055100 products o
waste from bT- @ 600*,82 sxportoT

waste from oT-tT |

waste imported waste from tT-oT
: 1,100£30 1.900487 = emissions T

waste to tT 25453 T

waste from pcT-t ﬂmml: :_:_)ntm.n( - products {T

exporttT

! 23015 waste from bT-tT '
waste generated 000 collection and emissions bT

transport :
waste from oT-bT 20238 treatment (bT) 1,100481 products bT
1,400486 4@—’ exportbT
waste to bT !
waste from bT-LF

waste from tT-LF Ssooz s landfill (LF) emissions LF
waste from oT-LF "

waste to LF B8 2 Stock 4@—’ export LF
+1,900£150 ==
Q20415

waste from pcT-LF

waste from pc(-LF 4.7t0‘.82 emisisons pcT
il
e &
treatment (pcT) 020.0001 product peT
wastetopeT o043l oto.oloo1 export peT

precipitation 730420

Scenario R2: waste management system Austria, 2012

Figure S 23. Main System: Scenario R2
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Input: 18,000+990 Gg/a

Changes in Stock: 2,600+150

Output: 15,000£910 Gg/a

waste imported

17,000+990

waste generated

collection and
transport

630+25
15010

waste from tT-oT

waste from oT-t‘i’

precipitation 31034

Scenario $3: waste management sysetm Austria, 2012

Figure S 24. Main System: Scenario S3

direct recycling
direct export

6,000£980 > other treatment emissions oT
waste to oT (oT) :
6,300£900 exportoT
0%0.0006 I z 3::’" | 0£0.00038>> exportoT
waste from bT-oT '

9,100£140 6,800£110 emissions tT
vaste ol thermal treatment :
aste rom peT-ATOAZ0.00 () products T
exporttT
0£0.0005 Dwaste from bT-tT
0£0.00034 emissions bT
00.00022 ';l::'.ni':":'(c;.:.) products bT
waste from oT-bT :
(00— 0£0.0002>—> export bT
waste to bT H
0£0.00024 “waste from bT-LF
waste from {T-LF Tandfill (LF) - product LF
waste from oT-LF 0+0.00029 product LF
wastetoLF 920475 3 Stock SR> exportLF
+2,6004150 T4 SRS
(630+25> waste from pcT-LF
waste from pct-LF- ‘ smisiachs po}
'";“mm' (peT) 0t0.00.059 product peT
34+1.9 0£0.00025 export pcT
waste to pcT :
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