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“The difficulty lays not so much in developing new ideas
as in escaping from old ones”
(John Maynard Keynes)

3

Samenvatting
Sinds enkele decennia vindt een transitie plaats van een lineaire naar een circulaire economie
die gebaseerd is op het hergebruiken en recycleren van materialen. Kwantitatieve wiskundige
modellen en case study analyse zijn hierbij nuttige ondersteunende instrumenten (Raven,
2007) maar deze instrumenten worden slechts zelden gebruikt voor de ondersteuning van
verduurzamingsvraagstukken (Seuring, 2013; Dekker et al., 2012). In deze thesis gaan we aan
de hand van case studies na hoe kwantitatieve beslissingsmodellen de omschakeling naar
duurzamere logistieke ketens kunnen ondersteunen. In het bijzonder willen met deze thesis
bijdragen aan de ontwikkeling van beslissingsmodellen voor een duurzamer afvalbeheer en
duurzame logistieke ketens voor overheid en industrie. Voor de uitwerking van deze
modellen gebruiken we voornamelijk system dynamics en multi criteria analyse.
De ontwikkeling van een duurzaam overheidsbeleid kan goed worden ondersteund door
middel van system dynamics modellen (Boulanger en Bréchet, 2005). System dynamics is een
krachtige modelleertechniek om het complexe gedrag van logistieke ketens te onderzoeken en
te voorspellen (Towill, 1996). System dynamics laat besluitvormers toe om de dynamiek van
processen te begrijpen en de invloed van beleidsbeslissingen op deze processen te doorzien
(Sterman, 2000). Bovendien laat de methode toe om de interactie tussen het milieu, sociale en
economische systemen te modelleren (Meadows et al. 1972). Er zijn echter slechts een
beperkt aantal toepassingen van system dynamics op dit terrein, onder andere voor de
modellering van duurzame productie (Kibira et al., 2009) en duurzaam afvalbeheer
(Morrissey en Brown, 2004).
Industriële besluitvormers moeten meer en meer voldoen aan (supra) nationale en regionale
wetgeving inzake duurzame ontwikkeling. Wetgeving speelt een belangrijke rol in de
verduurzaming van het ondernemen door een kader aan te bieden voor de coördinatie tussen
economische, ecologische en maatschappelijke factoren (Tang en Zhou, 2012). In deze thesis
definiëren we duurzaamheid in industriële processen als de gecombineerde optimalisering van
economische, milieu- en maatschappelijke doelen rekening houdend met technologische
beperkingen en wetgeving. Deze benadering staat ook bekend als de triple bottom line (TBL)
aanpak of “People-Planet-Profit” optimalisatie (Kleindorfer et al., 2005).
Industriële besluitvormers worden bij het managen van hun logistieke ketens regelmatig
geconfronteerd om uit verschillende opties het meest duurzame alternatief te kiezen. Multiple
objective programming is een geschikte optimaliseringtechniek voor het behandelen van
dergelijke vraagstukken (Munda, 2005). Uit een uitgebreid literatuuronderzoek van Seuring
(2013), blijkt echter dat het bestaand onderzoek op dit terrein beperkt is en dat bestaande
modellen meestal enkel economische en ecologische dimensies beschouwen.
Maatschappelijke doelstellingen worden zelden in modellen opgenomen (Seuring, 2013;
Sharma et al. 2013).
Met deze thesis willen we bijdragen tot het dichten van de hierboven geschetste kloof in de
literatuur door beslissingsondersteunende modellen te ontwikkelen om de duurzaamheid van
afvalbeleid te beoordelen en potentieel voor verbetering aan te reiken gebaseerd op de triple
4

bottom line benadering.
Na de inleiding in hoofdstuk 1, worden twee system dynamics modellen voorgesteld om het
afvalbeleid te beoordelen voor huishoudelijk afval (hoofdstuk 2) en voor afgedankte
personenwagens (hoofdstuk 3). Beide modellen worden toegepast op de Belgische situatie om
de lange termijn invloeden te begrijpen van de belangrijkste endogene en exogene variabelen
in het afvalbeheer van de voornoemde afvalstromen.
In de hoofdstukken 2 en 3 tonen we aan hoe system dynamics modellen kunnen bijdragen tot
het onderzoek naar een duurzaam nationaal afvalbeheerbeleid. Met betrekking tot
huishoudelijk afval onderzoeken we wat het belang is van een preventiebeleid dat gericht is
op het beperkt houden van het afval volume per inwoner. Dit doen we door de afvalproductie
los te koppelen van de economische groei. In hoofdstuk 3 stellen wij een generiek model voor
om na te gaan of en hoe EU landen de uitdagende 2015 EU doelstellingen kunnen bereiken
met betrekking tot terugwinning en hergebruik van materalen uit afgedankte voertuigen (het
zogenaamde End-of-Life Vehicle (ELV) afval). In dit hoofdstuk, dat gebaseerd is op
onderzoek uit 2013, laten we zien dat deze 2015 EU doelstellingen daadwerkelijk vanaf 2015
kunnen worden bereikt in België. Voorwaarde hiervoor is dat een stabiele stijging in ELV
afval wordt gegenereerd die leidt tot investeringen in de recyclage van kunststoffen. Dit kan
gerealiseerd worden door bijvoorbeeld het beperken van de uitvoer van afgedankte
personenauto's of door het verkorten van hun levensduur. Bovendien wordt aangetoond dat
hoe sneller erkende afvalverwerkers nieuwe investeringen implementeren voor de recyclage
van kunststoffen, hoe sneller de ELV 2015 streefcijfers voor personenauto's kunnen worden
behaald. De ontwikkelde modellen zijn generiek en kunnen eenvoudig worden aangepast voor
de evaluatie van gelijkaardige afvalbeheerproblemen in andere EU Lidstaten. De nieuwigheid
van de voorgestelde aanpak bestaat eruit dat de voorgestelde modellen rekening houden met
de dynamische interacties tussen o.a. BBP, bevolkingsgroei, consumentengedrag, wetgeving
en andere specifieke parameters die van belang zijn voor het ontwikkelen van een duurzaam
afvalbeheer. In vergelijking met eerder ontwikkelde statische beslissingsondersteunende
macro-economische modellen laten de voorgestelde system dynamics modellen toe om een
procesbenadering toe te passen die rekening houdt met interactie tussen processen,
tijdsafhankelijke effecten en met non-lineaire relaties tussen variabelen.
Vervolgens bestuderen we twee problemen die verband houden met het duurzaam afvalbeheer
van groenafval. In hoofdstuk 4 onderzoeken we of compostering en/of verbranding met
energierecuperatie de meest duurzame valorisatie is voor groenafval. Traditioneel wordt
hiervoor een levenscyclusanalyse (LCA) gebruikt, echter deze is niet geschikt voor het
vergelijken van de milieu-impact van diverse valorisatie alternatieven met verschillende
functies (in dit geval materiaal recuperatie en energie recuperatie). Daarom presenteren we
een alternatieve methode die gebaseerd is op de bepaling van een Pareto-optimaal front. Met
behulp van deze aanpak stellen we de optimale afruilcombinaties voor van compostering en
terugwinning van energie uit groenafval. Voor het bepalen van het Pareto-optimaal front is
multi-objective programming toegepast met als doelstelling het gezamenlijk maximaliseren
van de hoeveelheid compost en de hoeveelheid energie uit groenafval. Dit probleem wordt
opgelost met behulp van een elitist non-dominated sorting genetic algorithm version (NSGA
5

II) (Deb, 2009) en met behulp van de ε -constraint methode (Mavrotas, 2007). De
voorgestelde oplossingsmethode is getest op een gevalstudie voor groenafval valorisatie uit
Vlaanderen, het noordelijk deel van België. Berekeningsresultaten gebaseerd op openbare
beschikbare Belgische gegevens tonen aan hoe de optimale valorisatie van een partij
groenafval bepaald wordt door de verhouding van snoeisel en bladeren ('bruine massa') en
gras ('groene massa'). We tonen aan dat het laagste milieu impact gerealiseerd wordt door de
volledige toewijzing van groenafval aan ofwel compostering ofwel energierecuperatie.
In hoofdstuk 5 bestuderen we het probleem van de valorisatie van groenafval vanuit een ander
perspectief. In dit hoofdstuk analyseren we of, in vergelijking met zuivere compostering, het
duurzamer is om een deel snoeisel uit groenafval te verwijderen en dit te gebruiken voor
energievalorisatie. Volgens de EU afvalrichtlijn 2008/98/EG (EP&C, 2008) mag enkel van
compostering afgeweken worden indien kan aangetoond worden dat een andere valorisatie
duurzamer is. Het ontwikkelde model – het eerste in zijn soort – selecteert de meest duurzame
valorisatie door het gezamenlijk optimaliseren van winst, milieu- en maatschappelijke
effecten met behulp van de ε-constraint oplossingsmethode. Op basis van praktijkgegevens
onderzoeken we de duurzaamheid van verschillende valorisatie alternatieven voor groenafval
alsmede het effect dat subsidies kunnen hebben op de selectie van het meest duurzame
valorisatie alternatief. Op basis van berekeningen zullen we laten zien dat het duurzamer is
om een deel van het snoeisel uit het inkomend groenafval en een deel van de zeefoverloop na
compostering te gebruiken voor energievalorisatie in plaats van al het groenafval te
composteren. Daarnaast tonen we aan hoe subsidies de meest duurzame valorisatie oplossing
kunnen beïnvloeden.
Ten slotte bestuderen we in hoofdstuk 6 de duurzaamheid van vervoersopties voor het
transporten van huishoudelijk afval van gemeentelijke collectiecentra naar
afvalverwerkingsinstallaties. De opties die vergeleken worden zijn vervoer per vrachtwagen,
binnenschip en gecombineerd vrachtwagen-binnenschip vervoer. Door middel van het in
kosten uitdrukken van de drie pijlers van de duurzaamheid, People-Planet-Profit, kan een
traditionele single-objective programming aanpak gebruikt worden. Vernieuwend aan de
voorgestelde aanpak is dat we een dynamisch tactisch planningsmodel gebruiken dat de som
minimaliseert van de transportkosten, externe milieu- en maatschappelijke kosten. Het
voorgestelde service netwerk ontwerpprobleem voor huishoudelijk afval wijst afvalvolumes
toe aan transportmodi en selecteert de transportfrequenties voor een te kiezen
planningsperiode. Voor het praktijkvoorbeeld dat we bespreken, laten we zien dat het
rendabel is om zelfs huishoudelijk afval via multimodaal vrachtwagen/binnenschip transport
te vervoeren voor afstanden kleiner dan 100 km. Deze afstand wordt traditioneel beschouwd
als de minimale afstand waarbij een modal shift rendabel is (Pekin, 2010).
We besluiten in hoofdstuk 7 met een overzicht van de voornaamste bevindingen van deze
thesis en formuleren aandachtsgebieden voor vervolgonderzoek.
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Summary
Over the past few decades, there has been a transition from a linear “take-make-dump”
economy to a circular economy in which materials are reused and recycled at their end-of-life.
While modelling and case study analysis are helpful tools to support such a transition (Raven,
2007), quantitative models rarely have been used (Seuring, 2013; Dekker et al., 2012). By
means of several case studies, this thesis intends to demonstrate the potential of using
quantitative models to support a shift towards more sustainable supply chains. In particular,
this thesis aims to contribute to the development of decision-support tools for national
policymakers and industrial decision makers in their journeys toward establishing sustainable
waste-management policies and sustainable supply chains. In this thesis we use system
dynamics and Multi Criteria Analysis to model sustainable waste-management problems.
System dynamics can very well support the development of sustainable government policies
(Boulanger and Bréchet, 2005). It is a powerful modelling technique that is used to explain
and predict behaviour of real-life supply chains (Towill, 1996) by describing system building
blocks and the relationships between them (Sterman, 2000). Moreover, system dynamics is
considered to be suitable for modelling the interaction between the earth’s systems and human
systems (Meadows et al. 1972). However, there have been only a limited number of
applications of system dynamics for modelling sustainable manufacturing (Kibira et al, 2009)
and sustainable waste management (Morrissey and Brown, 2004).
Industrial decision makers are required to comply with (supra) national and regional
legislation on sustainable development. Because of the challenges related to managing the
complex trade-offs between economic, environmental, and societal factors, governmental
regulations and legislation play an important role in spurring sustainable business activities
(Tang and Zhou, 2012). We define sustainability in business processes as the combined
economic, environmental, and societal optimum of alternatives that take into account
constraints, such as technological limits or legislation. This is also known as the triple bottom
line (TBL) approach to People-Planet-Profit optimization (Kleindorfer et al., 2005). Industrial
decision makers face strategic and tactical questions as they consider a range of options and
seek to make the most sustainable choices at various points in their supply chain—from
product development to manufacturing to transportation. In general, these questions can be
summarized as meeting different objectives, which might be conflicting, subjected to a finite
number of constraints. Multiple objective programming is capable of dealing with these types
of questions (Munda, 2005). An extensive literature review of Seuring (2013), however,
shows that, in the limited number of papers that apply quantitative decision support models,
typically only the economic and environmental dimension is present. The societal dimension
is seldom taken into consideration (Seuring, 2013; Sharma et al. 2013).
This thesis aims to contribute to the current gap in the literature by presenting system
dynamics models used to assess and support national sustainable waste-management policies
and by developing multiple-criteria decision models that take the triple bottom line into
account for supporting sustainable industrial waste management decision making.
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After the introduction in Chapter 1, two system dynamics models are presented to evaluate, in
Chapter 2, the municipal solid waste management policy for Flanders, the northern region of
Belgium and, in Chapter 3, the end-of-life vehicles waste management policy performance for
passenger cars of Belgium. Both models are used to understand the longer-term influence of
the main endogenous and exogenous variables that influence the waste management policies
under study.
In Chapters 2 and 3 we demonstrate how system dynamics can be used to examine national
waste-management policies. Suggestions for improvement will be made using sensitivity
analysis. With regard to household waste, we will examine the importance of a prevention
policy for keeping waste volume per capita decoupled from economic growth. In Chapter 3
we will present a generic model to examine if and how countries can achieve the challenging
2015 EU recovery and reuse targets on end-of-life vehicle waste using Belgium as a case
study. Results show that Belgium is capable of meeting these targets from 2015 onwards if a
stable growth in ELV waste is generated to trigger investments for raising the recovery rate of
plastics. Such stable growth in ELV waste can be realised by e.g. limiting the export of
discarded passenger cars or by decreasing their life span. Moreover we will demonstrate that
the quicker authorised treatment facilities react by installing additional recovery equipment
for plastics, the sooner the ELV 2015 targets for passenger cars will be met. The models
developed are generic and may be adjusted easily to evaluate similar waste management
problems in other European Union member states. The novelty of the proposed solution
approach is that it takes the dynamic interactions between GDP, population growth, consumer
behaviour, legislation and many other specific parameters into account to model sustainable
waste management processes. Compared to earlier developed static decision-support and
macro-economic models, the proposed system dynamics models allow integrated decisionmaking time effects and non-linearities to be taken into account.
Next, we study two problems related to the sustainable recovery of green waste. In Chapter 4
we will examine whether composting and/or incineration with energy recuperation is the most
sustainable approach to green waste valorisation. Traditionally life cycle assessment (LCA) is
not capable of comparing the environmental impact of two valorisation alternatives when the
resulting products perform different functions. Therefore, we present an alternative
environmental impact analysis method. This method is applied to a case study to assess the
environmental impact of different green-waste valorisation options. The proposed method is
based on the determination of the Pareto optimal front, representing optimal trade-off
combinations of composting and energy recovery of green waste. For determining the Pareto
optimal front, the multi-objective programming problem of maximizing composting yield and
waste to energy is solved using the elitist non-dominated sorting genetic algorithm version II
(NSGA-II) (Deb, 2009) and the ε-constraint method (Mavrotas, 2007). The methodology is
tested on a case from Flanders, the northern part of Belgium. Computational results on
publically available Belgian data show how the optimal valorisation of a batch of green waste
is determined by its composition of fresh cuttings from pruning and leaves (‘brown mass’)
and grass (‘green mass’). The full allocation of green waste, to either energy valorisation or to
composting, gives optimal results only if no green mass is incinerated with energy
recuperation.
8

In chapter 5 the green-waste valorisation problem will be studied from another perspective by
analysing whether, compared to only composting, it is more sustainable to remove cuttings
from green waste to be used for energy valorisation. This question has been challenging to
policymakers since they may divert from composting green waste only if it can be proved that
an alternative recovery process is more sustainable following the EU waste directive
2008/98/EC (EP&C, 2008). We are the first to present a model that selects the most
sustainable valorisation by optimizing profit, environmental and societal impact using the εconstraint solution approach. Using real-life data we will examine different green waste
valorisation alternatives and the impact of subsidies. Computational results will show that, in
place of full composting, it is more sustainable to separate a fraction of woodcuttings and
sieve overflow, to be used for energy recovery, and to compost only the remainder of green
waste. We also will demonstrate how subsidies can change the optimal sustainable recovery
solution.
Finally in chapter 6 we will deal with selecting the most sustainable transportation mode for
household waste. The options taken into consideration are truck, barge or combined truckbarge transport. By expressing the three sustainability pillars People-Planet-Profit in terms of
internal and external costs, a traditional single-objective programming approach can be used.
The novelty of the paper is that it presents a dynamic tactical planning model that minimizes
the sum of transportation costs, external environmental and societal costs. The presented
Municipal Solid Waste Service Network Design Problem allocates waste volumes to transport
modes and determines transportation frequencies over a planning horizon. For the case under
consideration, we will show that it is economically viable to ship municipal solid waste using
multi-modal truck/barge transport for distances below 100 km, a distance traditionally
considered to be the minimum distance for such a modal shift (Pekin, 2010).
We conclude in chapter 7 with the main findings of this thesis and we present directions for
further research.
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Chapter 1: General Introduction
1. Sustainability and environmentally conscious manufacturing
In this section we give a brief background on the theoretical foundations of sustainability and
environmentally conscious manufacturing. This background is important because it sets the
scene for the second section where the rationale to develop policy models for sustainable
waste management, the topic of this thesis, is discussed.
1.1. Sustainability as an answer to the multiple crises of modern society
Many scholars state that we are currently facing the limits of economic growth that force
policy makers to change to another approach of economy, ecology and society (Langeveld et
al., 2010). At the start of the Industrial Revolution, the world economy was small with respect
to the global ecosystem so that environmental impact was not taken into account in economic
problems. In recent decades, however, we have been facing the biophysical limits of further
economic growth (Jones and Demeyere, 2009). Despite recent and short periods of cheaper
crude oil availability, expectations are that the era of cheap and abundant oil is over (Bonauti,
2012; Rifkin, 2009); moreover, there is an expectation that this will soon be the case for a
large number of primary resources. That we extract resources from the earth faster than the
speed at which the planet can regenerate is captured by the global Ecological Footprint
calculator (www.footprintnetwork.org). To counteract the overuse of natural resources a rapid
reduction in the ecological footprint is now necessary if we are to prevent the ultimate
collapse of our natural ecosystem.
Failing to take planetary boundaries into account will send the earth into a less
environmentally viable state, which could have a major impact on society
(www.stockholmresilience.org). Finite planetary resources force us to look differently at the
economy and society. As we have known this for many decades, we have most likely reached
the end of economic growth (Heinberg, 2011; Rifkin, 2009). Finite planetary resources also
relate to the issue of a fair distribution of wealth. In a state of environmental overuse, the
distribution of societal wealth can no longer be linked to material growth as creating more
wealth by increasing production (the traditional solution) could potentially cause the
destruction of our ecosystem and harm future generations. On the other hand, current
generations will be harmed if we do not increase our consumption. This is called the paradox
of sustainable development (Rees, 1988).
Sustainable development came on the global agenda as an answer to the combination of
environmental degradation, lasting poverty and underdevelopment. The transition towards a
sustainable society began with the report “Our Common future” (a/k/a the Brundtland report)
(WCED, 1987), and by “Agenda 21” of the UN conference on Environment and Development
in Rio de Janeiro, 1992 (UN, 1992). This transition requires a shift towards an ecological
paradigm, or worldview, based on two fundamentals: finite biophysical limits of the earth and
interdependence of processes (Peeters, 2015).
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The concept of sustainable development also requires different approaches to problems
related to economy, ecology and society. Currently there is not a common view on what
sustainability assessment is and how to perform it. This has led to diverse ways of assessing
sustainability based on several methodologies (Moldavska and Welo, 2016). Sustainability
issues are characterized by a large number of trade-offs; thus, compromise solutions need to
be discovered (Munda, 2005).
Sustainability in business processes can be defined as the combined economic, environmental,
and social optimum of manufacturing alternatives that take into account constraints, such as
technological limits or legislation. This is also known as the triple bottom line (TBL)
approach to People-Planet-Profit optimization (Kleindorfer et al., 2005). Many sustainability
assessments are built on the TBL accountancy concept (Seuring, 2013), which extends
classical financial reporting to include social and environmental performance, as proposed by
Elkington (1994). A criticism of the TBL approach is that the separation of the sustainability
concept into three pillars tends to emphasize potentially competing interests between pillars,
rather than linkages and interdependencies among them (Pope et al., 2004). Environmental
economists advocate embedding economy in society, and embedding society in the ecosystem
(Sterling, 2004). The latter approach is called strong sustainability (Figure 1 b) and it differs,
to some extent, from weak sustainability (Figure 1 a). Weak sustainability claims that
biophysical limits need to be explored and enlarged by means of technological development.
Strong sustainability is rooted in the idea of “limits to growth” (Meadows et al. 1972) and
claims that the ecosystem of the earth has to be restored (by reducing the ecological footprint)
in order to be protected.

“Profit”
Ecosystem
Economy
Economy

Society

(cost,
(cost, growth,revenu,…)
growth,revenu,…)

Society
Society

Environment
Environment

(welfare,
(welfare, fair
fair trade,
trade,
gender
gender equality,…)
equality,…)

(resource
(resource consumption,
consumption,
land
land use,
use, pollution,…)
pollution,…)

Economy

“Planet”

“People”
(a)

(b)

Figure 1: Triple bottom line weak sustainability perspective (a) and strong sustainability perspective (b)

Following Munda (2005) we consider Multiple Criteria Analysis (MCA) to be a suitable tool
for assessing sustainability. Multiple Criteria Analysis evaluation offers the appropriate
methodological tools to operationalize the concept of incommensurability between economic,
environmental and social objectives at both macro and micro levels of analysis (Munda, 2005;
Martinez-Alier et al., 1998). MCA is formed upon the premise that there are many and, at
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times, conflicting economic, environmental and social preferences, but that a consensus
should be sought (Oglethorpe, 2010). According to the stakeholders’ view, the importance of
each objective, related to the three dimensions to be optimized, can be varied by assigning
weight factors (Carter & Rogers, 2008; Oglethorpe, 2010).
System dynamics is another frequently used form of sustainability assessment and is based on
systems thinking (Halog and Manik, 2011). Systems thinking is an approach aimed at
understanding an emergent behaviour in a system by focusing on the whole system and how
its interacting parts contribute to that behaviour. Dynamic interactions are defined by delays,
i.e., differences in time between actions and consequences of these actions; (2) non-linearity,
i.e., one action can cause more than one consequence and one consequence can be caused by
more than one action; and (3) feedback loops, both reinforcing and counteracting, i.e., the
output from one node becomes its input (Moldavska and Welo, 2016).
Following Boulanger and Bréchet (2005) we consider system dynamics to be well suited for
supporting sustainable policy development. System dynamics is a powerful modelling
technique for explaining and predicting the behaviour of real-life supply chains (Towill,
1996) by describing the building blocks of the supply chain system and the relationships
between them (see Sterman (2000) for more details). System dynamics also is considered to
be suitable for modelling the interaction between the earth’s resources and human systems
(Meadows et al. 1972). However, there has been a limited application of system dynamics for
modelling sustainable manufacturing (Kibira et al, 2009) and sustainable waste management
(Morrissey and Brown, 2004).
The waste management policy models developed in this thesis aim to contribute to the
efficiency improvement of waste recovery and waste transport. Based on the discussion above
Multiple Criteria Analysis and system dynamics are be considered to be appropriate tools for
assessing sustainable optimization of waste-recovery processes.
1.2. Environmentally conscious manufacturing and product recovery
Environmentally Conscious Manufacturing (ECM) deals with green principles for
manufacturing products—from conceptual design to final delivery to consumers and,
ultimately, to End of Life (EOL)—that satisfy environmental standards and requirements
(Ilgin and Gupta, 2010). Environmentally conscious manufacturing and product recovery
(ECMPRO) have come to be seen as obligations to the environment and to society-at-large.
Primarily, this has been enforced by governmental regulations and driven by customer
perspectives on environmental issues (Gungor and Gupta, 1999). Figure 2 depicts the
interactions among the activities that take place in a product life cycle.
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Remanufacturing

Disposal

Resuable Parts

Figure 2: Interactions among the activities in a product life cycle (Gungor and Gupta, 1999)

In order to counteract the fast depletion of primary raw materials and to decrease the amount
of waste, environmentally friendly products must be developed along with techniques for
product recovery and waste management. In product design, Life Cycle Analysis (LCA) can
be used to assess the environmental impact of product design, manufacturing, use and
recovery—an approach called “Design for Environment” (DFE). Making better choices in the
early stages of product development can have the largest impact on the environment. In the
next phase of Product Manufacturing, recovery of products should be taken into account to
whatever extent possible. This is generally achieved in two ways: via recycling and
remanufacturing. Recycling aims at recovering raw materials so that they can be used in new
products. Remanufacturing aims to bring old products back to an as-new level of quality.
After their useful life, products are discarded and become waste. The waste hierarchy
described in the European Waste Directive 2008/98/EC (EP&C, 2008) advocates prevention
above reuse, recycling and incineration with energy recuperation. Disposal of products should
take place only if no other valorisation option is (currently) possible. Both manufacturers and
consumers are forced to pay more attention to environmental issues related to products as a
result of new laws, legislation and taxation. Examples in Europe are the Waste Directive and
the End-of-Life (ELV) Vehicles Directive 2000/53/EC (EP&C, 2009a).
The literature on ECMPRO is organized into four main areas: product design, reverse and
closed-loop supply chains, remanufacturing and disassembly. This is depicted in Figure 3
(Ilgin and Gupta, 2010). For an encompassing literature overview on ECMPRO we refer to
Gungor and Gupta (1999) and Ilgin and Gupta (2010).
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Figure 3: Classification of issues in environmentally conscious manufacturing and product recovery (Ilgin
and Gupta, 2010)

2. Policy modelling for sustainable waste management
The previous section addressed the need to shift to an ecological worldview and the
implications of such a shift for production and product recovery. In this section we focus on
product recovery and how policy modelling can support a transition towards sustainable waste
management - the topic of this thesis. Moreover we provide an outlook to the next chapters.
2.1. National and industrial sustainable waste-management objectives
Since the Industrial Revolution, the global economy has grown rapidly, mainly through the
use of non-renewable raw materials as feedstock for products and energy. This has led to the
depletion of non-renewable stocks and the generation of huge volumes of waste. However,
waste is no longer regarded as something to discard in a landfill but as an important secondary
material source (Louis, 2004). Sustainable development requires putting policies in place that
will ensure sustainable materials management by building on the principle of the 3Rs –
Reduce, Reuse and Recycle (OECD, 2012). The OECD defines sustainable materials
management as “…an approach to promote sustainable materials use, integrating actions
targeted at reducing negative environmental impacts and preserving natural capital
throughout the life-cycle of materials, taking into account economic efficiency and social
equity.”
Consequentially both policymakers and industry are confronted with a transition from a linear
to a closed-loop economy in which end-of-life products are of growing economic,
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environmental and societal importance. National policymakers deal with questions of how to
achieve and maintain specific waste-management goals, which range from decoupling waste
generation from GDP growth to how to achieve reuse, recycling and recovery targets for
specific waste flows. Industrial policy makers are confronted with questions of how to make
the transition towards a sustainable way of manufacturing. These questions cover the entire
supply chain starting from product development to product realization to end-of-life treatment
and sustainable transportation.
Transition processes are fuelled by exploring pathways in which transition experiments,
models and scenarios play a key role to move from a past to a desired sustainable state
(Raven, 2007).
2.2. Aim and structure of the thesis
In this thesis we will demonstrate how quantitative modelling can assist policymakers and
decision makers in assessing and realizing sustainable waste management polices by
presenting five case studies.
This thesis is structured as follows. The next two chapters assess national waste management
performance for municipal solid waste and end-of-life-vehicle waste. For both types of waste,
interactions between the endogenous and exogenous parameters influencing waste
management performance are modelled and evaluated. This allows policymakers to gain
insight into past performance and to assess possible future behaviour.
Chapter 2 analyses the Flemish household waste management policy, which belongs to the
best in class within the European Union. Municipal solid waste is one of the largest national
waste flows for EU member states. Household waste treatment is subjected to the Waste
Directive 2008/98/EC (EP&C, 2008), which forces governments to comply with the waste
hierarchy that promotes prevention over re-use, recycling, recovery and disposal. A system
dynamics model was developed based on publically available data. We demonstrated in 2010
that household waste targets up to 2015 might be achieved as a result of waste policy
measures that were in place for Flanders, Belgium. Policy measures to promote waste
prevention were seen as particularly important in decoupling annual household waste mass
per capita from GDP growth. Forecasts made by the system dynamics model we developed
proved to match with reality. The generic model provides insight into the interactions of three
important parameters and how they influence the generation of waste over time: population
growth, GDP growth and behaviour. The model illustrates how household waste goals may be
affected by these parameters.
In Chapter 3 we use system dynamics modelling to investigate whether the ambitious targets
for passenger cars in the End-of-Life Vehicles (ELV) Directive 2000/53/EC, which have been
in force since January 2015, can be met in Belgium. While End-of-life vehicle waste is a
smaller waste flow than municipal solid waste flow, it is much more economically attractive
because of its potential for recycling metals. In assessing ELV performance, changing
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composition of materials, weight evolution of passenger cars, life span and investments of
authorized waste treatment facilities in recovery for plastics are found to be influencing
parameters. We demonstrate that Belgium can achieve and sustainably maintain the 2015
ELV reuse and recovery goals if it continues to invest in the waste treatment of ELV plastics.
Given that the models from Chapters 2 and 3 are quite generic, they can be applied easily to
other countries
Chapter 4 deals with the question of optimal allocation of green waste for material and energy
recovery. In discussions with OVAM, the Flemish public waste agency, a question was raised
as to whether green waste should be used entirely for compost or partially for compost and
partially for energy recovery. Traditionally Life Cycle Assessment (LCA) is used for this
purpose, however because both products (material recovery or energy recovery) differ in use
an alternative approach has to be developed. In order to compare both green waste recovery
options from a national policymaker standpoint, we propose a multiple objective approach.
Generating Pareto optimal fronts enables waste management policymakers to determine the
optimal allocation of green waste to material and/or energy recovery.
In chapters 5 and 6 we demonstrate how decision-support models can help industrial decision
makers comply with the triple bottom line approach of maximizing profit and minimizing
environmental and societal impact.
Chapter 5 deals with how to select the most sustainable waste recovery option out of a finite
number of possibilities. Here again, we take green waste recovery as a case study using
publically available data from Belgium and the Netherlands. Four green waste-processing
valorisation options are compared and analysed: composting, partial separation of cuttings
prior to composting, partial separation of chopped cuttings in the sieve overflow after
composting, or a combination of the last two options. A multiple objective programming
approach shows that, without subsidies, separating a fraction of the cuttings in the sieve
overflow, to be used as green energy feedstock, turns out to be the optimal sustainably
recovery solution. Moreover we demonstrate how subsidies change the selection of the most
sustainable recovery practice.
In chapter 6 we discuss how to support waste treatment facilities in their decision making for
transporting household waste from collection centres to treatment facilities. In the case under
consideration, household waste is currently transported by truck to a waste treatment facility,
thereby contributing to congestion and CO2 emissions. By formulating and solving the
problem as a service network design problem we demonstrate that it can be economically
viable to consider a modal shift towards truck/barge transport, even for transport distances
shorter than 100 km.
Finally, in chapter 7 we conclude by summarizing the major contributions of this thesis. Table
2 provides an overview of the research questions, approaches and data used in Chapters 2 - 6.
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Chap.
2

Topic
Analysis of
the
municipal
solid waste
management
of Flanders,
Belgium

Data sources
Public data
from OVAM,
EU, Statbel

3

Analysis of
end-of-life
vehicles
waste
management
in Belgium
Should green
waste be
recovered
for material
and/or
energy?

Public data
from ACEA,
Febiac,
OVAM, EU,
Statbel

5

How to
improve
sustainable
green waste
recovery

6

Transportation of
collected
municipal
solid waste
to the waste
treatment
facility

4

Research questions
• Determine the main parameters and
the interactions among them over
time that influence municipal solid
waste management performance
• Asses the current waste
management policy on its
effectiveness to comply with the
European targets in the near future
• Identify how Belgium was able to
meet the EU targets on reuse and
recovery over the last decade
• Can Belgium achieve the more
severe ELV targets of 2015 now
and in the future
• Should green waste be used as
renewable material or energy
source?
• Compare the NSGA-II and εconstraint solution approaches to
determine the Pareto optimal front
representing the optimal recovery
solutions

Research approach
• Statistical data analysis
• System dynamics
modelling

OVAM,
Vlaco,
SenterNovem

• Comparison of four potential
valorisation options for green waste
according the triple bottom line
optimization approach to determine
the most sustainable valorisation
solution.
• Determine how subsidies can
influence the most sustainable
solution

• multi-objective
programming

Company
owned data,
EU data

• Can a modal shift towards a
combined road and waterborne
barge transport be more sustainable
than the current road freight
transport
• What is the effect of internalizing
external costs related to road
freight transport on the first
question
• What is the potential of new
operating policies such as linking
up barges to reduce labour costs

• tactical planning
optimization model
formulated as a service
network design problem.
• integer linear programing

SenterNovem,
OVAM

Table 1: Overview research questions thesis
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• Statistical data analysis
• System dynamics
modelling

• multi-objective
programming using
NSGA-II and epsilon
constraint methodologies

Chapter 2: An analysis of Household Waste Management
Policy using System Dynamics Modelling1
Abstract
This paper analyses the Flemish household waste management policy. Based on historical
data from the period 1991-2006, literature reviews and interviews, both mathematical and
descriptive relationships are derived that describe Flemish waste collection, re-use, recycling
and disposal behaviour. This provides insights into how Gross Domestic Product (GDP),
population and selective collection behaviour have influenced household waste production
and collection over time. These relationships are used to model the dynamic relationships
underlying household waste management in Flanders by using a System Dynamics (SD)
modelling approach. Where most SD models in literature are conceptual and descriptive, in
this article a real-life case with both correlational and descriptive relationships is modelled for
Flanders, a European region with an outstanding waste management track record. This
model is used to evaluate the current Flemish household waste management policy based on
the principles of the waste hierarchy, also referred as the Lansink ranking. The results show
that Flemish household waste targets up till 2015 can be achieved by the current waste policy
measures. It also shows the sensitivity of some key policy parameters such as prevention and
re-use. Given the general nature of the model and its limited data requirements, the authors
believe that the approach in this model can also assist waste policy makers in other regions or
countries to meet their policy targets by simulating the effect of their current and potential
household waste policy measures.

1

This paper has been co-authored by Wout Dullaert, Institute of Transport and Maritime Management Antwerp
(ITMMA), Antwerp, Belgium; Antwerp Maritime Academy, Antwerp, Belgium and has been published in 2011
in Waste Management & Research:
Reference: Inghels, D. and Dullaert, W. (2011). An analysis of Household Waste Management Policy using
System Dynamics Modelling, Waste Management & Research, Vol. 29, Iss. 4.
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1. Introduction
Traditionally, municipal solid waste (MSW) has been regarded as an unwanted product to be
disposed off. For more than a decade, there has been increasing recognition in Western
economies that discarded items are resources awaiting reclamation for their economic value
(see e.g. Louis 2004). In Europe, management of MSW and more specifically the reduction of
the amount of waste going to landfills have been significantly influenced by the EU directives
1994/62/EC (amended by 2004/12/EC) and 1999/31/EC. More recently, the EU directive
2006/12/EC forces the European member states to establish concrete plans for waste
management in order to achieve the European waste targets. Other important EU directives
regulating waste are 2003/108/EC on electrical and electronic equipment, 2006/66/EC on
batteries and accumulators and waste batteries and accumulators and 2000/76/EC on the
incineration of waste. The EU 2020 climate targets (European Commission, 2008 a & b)
create an additional incentive for effective waste management and energy recuperation.
Awareness is also increasing in the rapidly developing Asian countries, partially because of
the immense growth in waste production but also because of the changed composition of
waste in terms of plastics and paper, reflecting an improved standard of living. In the longer
term, increasing energy and raw material prices reinforce the interest in value recovery.
Broadly speaking, value recovery from municipal solid waste consists of reuse, recycling or
energy recuperation. Golueke and Diaz (1991) define reclamation for reuse as consisting of
refurbishing or other upgrading without significantly altering original form and composition
(e.g. re-using glass bottles). Recycling on the other hand, involves processing (physical,
thermal or biological) discarded items into raw material to be used for manufacturing new
products, i.e. resources in the manufacturing of "new" products. Energy recuperation from
incineration of materials waste is not new. Louis (2004) reports on waste-to-energy facilities
being built at the end of the 19th century in the US, but contrary to the situation in the distant
past, waste-to-energy has now become economically viable. Waste-to-energy includes
landfill gas collection, incineration with energy recuperation (especially for high caloric
wastes), anaerobic digestion with green energy valorisation during the pre-treatment of
compost and the production of biodiesel derived from vegetable oil or animal fat (Andries and
Loncke, 2008).
Clearly reuse, recycling and waste-to-energy can present alternative uses for the same type of
waste and the option with the lowest overall (social) cost in collection and treatment
combined with the value obtained from selling the recovered materials should be chosen. In
this trade off the influence on the reduction of green house gases should also be taken into
account. To assist governments in prioritizing their overall waste management policy, the
European Commission advocates the revised Lansink ranking which prefers (i) prevention
over (ii) re-use, recycling or incineration with energy recuperation and (iii) incineration or
landfill (EU Directive 2006/12/EC).
The actual design of solid waste management systems can be supported by decision support
systems. Some of these decision support systems are linear or nonlinear programming models
that analyse the waste management system for single time periods (in most cases years).
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These waste management systems are described by (non)linear equations. The objective
function consists most often of the minimization of the total annual cost of the waste
management system under consideration. Such solid waste management models are e.g. used
in Sweden (Ljunggren, 2000) using a single period linear programming model) and in Canada
(Vaillancourt and Waaub, 2002) using a sophisticated mixed integer linear programming
model or Wu et al. (2006) using an interval nonlinear programming model. Other objective
functions can also be selected such as maximizing energy recuperation, minimizing green
house emissions, etc. Constraints can be defined for e.g. waste disposal capacity, recovery
goals, emission restriction etc. A multi-objective approach (economics, noise control, air
pollution and traffic congestion limitation) using mixed integer programming approach for
assessing the long-term optimal waste management solution is described by Chang & Wang
(1996). The developed model was applied to a case study in the city of Kaohsiung in
Taiwan.
Another type of model calculates in a simple spreadsheet the environmental impact and
economic value of waste throughout its entire life cycle (a so-called Life Cycle Analysis,
LCA) starting from waste as ‘raw’ material input for comparing different options for
managing municipal solid waste treatment systems. Examples of this approach are used for
assisting waste management system decision makers in Spain in the region of Pamplona
(Wilson, 2002) and the region of Asturias (Rodriguez-Iglesias et al., 2003). LCA can also be
integrated in supply chain models, which are commonly focused on cost minimization.
Krikke et al. (2003) present a model wherein the product design and product manufacturing is
optimized both in terms of cost and environmental impact.
The aforementioned decision support models offer a static optimization for selecting the best
municipal solid waste treatment system. However, when evaluating waste management
policy over time, they all share the same shortcoming in ignoring the dynamic nature of waste
management systems. There is a specific need for assessing dynamic waste management
systems over a longer period of time since the focus on municipal waste management could
shift due to e.g. changed collective selection behaviour, objectives for environment, waste and
energy, etc. Municipal waste policy makers therefore require a comprehensive model to
assist them in evaluating their current and future municipal waste management policies.
System Dynamics (SD) offers an interesting modelling approach because it can
comprehensively model the dynamic behaviour between all processes and actors involved.
Simulation is the most commonly used technique to study the effect of different factors on the
performance of a closed-loop chain (Ilgin and Gupta, 2010).
System Dynamics allows for modelling feedback loops, time delays and both linear and nonlinear interactions between the processes and actors involved in the integrated waste
management in countries or regions.
SD models have, amongst others been used for
examining the evolution of the waste management system in the Netherlands since 1970
(Yücel and Miluska Chiong Meza, 2008) and for studying the potential and systemic
consequences of various structural and policy alternatives for a sustainable urban solid waste
management system in Madras, India (Sudhir et al., 1997). Georgiadis & Vlachos (2004)
present a general conceptual SD model for evaluating both the effect of the green image of
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products on demand and on the local government’s waste management policy for product
recovery. SD models can also be used for assessing real-world municipal solid waste closedloop supply chain models. Georgiadis & Besiou (2008) e.g. developed a SD model for a
single producer, single closed-loop supply chain with recycling activities that was tested
against a particular real-world application of electronic and electrical equipment in the
municipality of Kozani in Greece. This model is extended by Georgiadis & Besiou (2010)
with the economical dimensions of sustainability and with a broader number of characteristics
for describing the environmental sustainability strategies and the operational features of the
closed-loop supply chain.
In this paper, System Dynamics (SD) methodology is used to develop a model that is based
on both historical data and dynamic relationships between important variables for assessing
the dynamic behaviour of household waste management. Because historical data is available
for the problem under consideration, also a Discrete Event Simulation (DES) could have been
used. It is a well-known fact that many problems can be modeled with either approach and
can produce similar results. Therefore, the choice for SD or DES mainly depends on the
needs and interests of the decision maker (Sweetser, 1999). We opted for SD in this paper
since this technique is better capable of representing the non-linear human selective waste
collection behavior. Moreover, SD better depicts the causal loops of the dynamic system state
behavior of the municipal waste process for decision makers . The SD model presented is a
global closed-loop materials model, extended with the effect of waste-to-energy recuperation.
The main objective of this paper is twofold: (i) develop a comprehensive model that
encompasses the dynamic relationships in waste collection, prevention, re-use and recycling
and waste disposal in Flanders and (ii) apply this model to real-life data to assess the dynamic
effects of various waste management policy plans for obtaining the waste management policy
targets of the Flemish government. Flanders, the northern part of Belgium, has a leading
position in selective municipal waste collection in Europe (Braekevelt et al., 2008). It has
detailed statistical information publicly available to provide the necessary inputs for
developing the model. Since the household waste management processes in developed
countries are quite common, the model set-up can be easily applied to other regions and
countries.
The remainder of this paper is structured as follows. First the household waste management
policy of Flanders is discussed together with the achievements on waste collection and
disposal since 1991. Before analysing the dynamic behaviour of the Flemish household
waste management policy over the past two decades the closed-loop supply chain with both
material and energy recovery will be described. Historical data on waste management
collection and disposal in Flanders is then analysed and mathematical relationships are
derived to build a dynamic simulation tool.
The model is used to evaluate waste
management policy scenarios that are discussed. Finally, conclusions and suggestions for
further research are presented.
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2. Household waste policy in Flanders
During the last 25 years, Flanders has built up a well-organized waste management system.
Starting without any form of waste management policy, Flanders has shifted towards an
integrated waste management policy with respect to products, raw materials, climate and
energy policy. The waste management practices of Flanders actually belong to the best-inclass examples in Europe (Braekevelt et al., 2008) and are well documented, making them an
interesting case study.
The municipal solid waste that is discussed in this paper concerns “household waste”. This
term is defined in the Waste Decree (Decree of 2 July 1981 concerning the prevention and
management of waste). VLAREA (Decision of the Flemish government of 5 December 2003
to lay down Flemish regulations in relation to waste prevention and management) (VLAREA,
2008) supplements the definition. According to article 2.1.1.of VLAREA, the term household
waste is used to refer to waste that has arisen through the normal operation of a private
household (e.g. green waste, packaging waste, white goods waste). Household waste also
includes some types of waste which are equated to household waste such as street and roadsweeping refuse originating from maintenance by municipal services, market waste, beach
waste and some parts of paper waste (newspapers, printed advertising material, etc.).
To execute the waste management policy, a Household Waste Implementation Plan has been
made by OVAM, the Public Waste Agency of Flanders (Braekevelt et al., 2008). The most
recent version is dated 7 January 2008 and will last until 2015 unless it is replaced earlier by
an updated version. This plan is part of the Flemish Waste Management Policy and complies
with the aforementioned European directives.
Flanders’ objective is to build its Waste Management Policy on the principles of sustainable
development. Sustainable development is defined as “development that meets the needs of
the present without comprising the ability of future generations to meet their own needs”
(World Commission on Environment and Development, 1987). For Flanders the sustainable
development policy encompasses targets for the environment, economic growth and social
development, all of which have to be in harmony with each other. It also wants to uncouple
the production of waste from increasing consumption.
Sustainable development is founded on sustainable resource management of materials and
energy. The final target is to preserve primary raw materials and the environment for future
generations. The principles of sustainable materials and waste management are formulated in
the reviewed Household Waste Implementation Plan of 2008 as follows: minimized use of
exhaustible primary raw material, optimal use of renewable energy sources, maximized
prevention of waste materials, maximized use of waste materials as secondary raw materials
and minimized environmental impact during the processing of waste materials.
The ambitious target of this plan is for Flanders to have less than 150 kg non-selective
collected waste per capita by 2010. This objective remains unchanged until 2015. This is an
ambitious target as the increasing number of smaller households, increasing consumption and
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the reduction of the average life cycle of products, increases the production of waste
materials.
Nevertheless, the Waste Management Policy seems to be proving effective in reaching this
objective since the non-selective collected waste per capita has been equal or less than 160 kg
since 2003. The target of 150 kg can be achieved by increasing waste prevention (e.g.
reduction of packaging, expansion of composting at home) and increasing the re-use of used
goods sold by used goods depots.
Apart from its objectives on waste prevention and recycling, Flanders wants to maintain its
good performance in terms of landfill of household waste. Landfill is at the bottom of the
waste hierarchy and the policy ambition is to exclude landfill for household waste in 2015.
In the reviewed Household Waste Implementation Plan of 2008 (Braekevelt et al., 2008) the
four waste management targets are:
Target 1: Sustainable consumption has to increase by increased sustainable innovation
focused on developing products that can close the materials loop.
Target 2: The total amount of household waste becomes uncoupled from increasing
consumption. This is reflected in the target that household waste production per capita may
not increase beyond the 2000 level of 560 kg waste per capita per year.
Target 3: The fraction of non-selective household waste that is removed forever from the
materials loop by e.g. incineration or landfill decreases to the level of maximum 150 kg per
capita per year in 2010 and remains steady at this level until 2015.
Target 4: The fraction of household waste that has to be disposed of, will be processed
according to the waste disposal hierarchy where re-use, recycling and incineration with
energy recuperation is preferred over landfill.
These targets can be achieved by many initiatives as specified in the reviewed Household
Waste Implementation Plan of 2008. Because the impact of many initiatives will vary over
time until 2015 and since the impact of many initiatives has to be estimated, a dynamic
modelling approach can be a helpful instrument for evaluating their outcome.
From the standpoint of waste management the Flemish government uses the Lansink ranking
that is the representation of the waste management hierarchy. According to this ranking
prevention should be selected above recycling, incineration with energy recuperation,
incineration and landfill.
In the reviewed Household Waste Implementation Plan (Braekevelt et al., 2008), waste
prevention is defined as the qualitative and quantitative reduction of waste materials and their
harmfulness by reduction at the source. Composting at home also belongs to waste
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prevention since it encompasses organic-biological waste that is recycled at the source and
thus not offered to the waste collection system.
3. Conceptual model of integrated household waste management
To study the dynamic effects of household waste prevention, collection, re-use and recycling,
the Flemish closed-loop solid municipal waste management system is first modelled. Based
on the revised Household Waste Implementation Plan (Braekevelt et al., 2008)
Implementation Plan of Organic-biological Waste (Interne OVAM werkgroep, 2000), the
overview report of biomass availability and use 2006-2007 (Andries and Loncke, 2008), the
study of renewable energy in Flanders (Devriendt et al., 2005) and various meetings with a
team of OVAM experts on waste management, the representation of the waste collection and
valorisation chain was obtained as represented in Figure 1 in which numbers are used to refer
to the flows discussed below. The numbers in the discussion below that refer to the numbers
of Figure 1 are indicated between brackets. For more detailed information, the reader is
referred to the revised Household Waste Implementation Plan (Braekevelt et al., 2008).
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Figure 1: Domestic waste collection and disposal in Flanders (conceptual model)
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Basically, the production of household waste comes from domestic consumption of solid
material such as newspapers, packaging material, etc. [6] resulting in the dry fraction of
domestic waste and the collection of green [7] and food and kitchen waste (in Dutch: GFT
afval) [8]. The dry faction of domestic waste is composed of primary raw materials [1] and
secondary –recycled- raw materials [2] together with a fraction of re-used goods [12] taken
from the selectively collected waste [12].
A very marginal part of domestic waste is disposed of in an uncontrolled way [5]. Domestic
waste is collected selectively [11] or non-selectively [14]. The dry fraction of selective
collected waste is mainly disassembled and recycled [13] so that it can be reused as secondary
raw material in the materials forward supply chain loop. The green and bio waste are mainly
composted [13]. Compost is mainly used as fertilizer and is therefore also considered as
secondary raw material.
Non-selectively collected domestic waste is nowadays mainly incinerated together with the
comparable industrial waste (IW) according to the best available technology [18]. This
means that energy is recuperated as much as possible [23] and in some installations a pretreatment [17] takes place where the recyclable dry fractions are sorted out first. Since
1/1/2006, household waste landfill is prohibited unless no other disposal methods are
available. Actually the remainders of the incineration of waste can only be used for 50% as
secondary raw material in the construction of roads [19]. The remaining fraction has to be
landfilled [21].
Renewable energy out of waste, also called waste-to-energy, is produced mainly by the
incineration of landfill gas [22] and solid non-selectively collected waste [23].
Also
fermentation of organically biological waste produces a minor portion of gas [20]. Together
with other sources of renewable energy [24] an increasing portion of renewable energy is
produced [25] to support the total energy demand [26] of Flanders.

4. Historical data analysis and mathematical formulation
Two main parts can be distinguished to be modelled: (i) Household waste generation,
prevention and collection and (ii) Household waste handling (re-use, composting, recycling,
disposal) consisting of material waste handling and waste-to-energy flows.
4.1. Conceptual model for household waste collection
The total household waste collection per year, THWC(t), can be split up into two main
components: selectively collected household waste THWCs(t) and non-selectively collected
household waste THWCns(t).
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THWC (t ) = THWC s (t ) + THWC ns (t )[10³kg ⋅ year −1 ]

(1)

The selectively collected household waste can be decomposed in two subgroups: (i) an
organic-biological fraction OBFs(t), consisting of vegetables, fruit and yard waste called bio
waste (in Dutch: GFT afval) and green waste and (ii) a non-organically dry fraction DFs(t) of
paper and cardboard, glass and some other smaller fractions of selective collected waste.
Since paper and cardboard are collected for recycling purposes, the organic component
therein contained is not taken into account in OBFs(t). Selectively collected waste is denoted
with the subscript “s”.

THWC s (t ) = DFs (t ) + OBFs (t )[10³kg ⋅ year −1 ]

(2)

To compare the waste management performance of the European member states and regions
with each other, domestic waste is expressed per capita denoted with the subscript “c”.
Therefore equation (2) is rewritten as

THWC s (t ) = THWC s ,c ⋅ POP (t ) = [ DFs ,c (t ) + OBFs ,c (t )] ⋅ POP (t )

(3)

Following the OVAM reviewed Household Waste Implementation Plan 2008 (Braekevelt et
al., 2008) the generation of household waste will be modelled as a function of GDP growth,
population growth, and selective collection behaviour reflected by the switch from nonselective to selective waste collection. Prevention should be also taken into account but to the
best of our knowledge yearly-collected data does not exist. The available 1991-2006 data is
represented in Figure 2 (Statbel, 2008).
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Figure 2: Evolution of GDP, Population, selective collection behaviour and selectively collected household
waste in Flanders
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Clearly the dependent variables are not constant over time and as such their behaviour needs
to be modelled to allow for dynamic simulation. As detailed below, the best fit for the
population growth is an exponential function, for the GDP growth a linear function is more
appropriate and for the reuse and recycling behaviour a logistic growth function is selected.
The latter variable can be more accurately described by a cubic function. However, since it is
our goal to model selective collection behaviour and prevention separately the logistic growth
function is preferred. The authors assume that the decline in selective collection behaviour, as
derived directly from the total selectively collected household waste during the last 3 years
(2003-2006) is due to increased prevention such as e.g. the increase in home composting, the
reduction of non renewable packaging and the increase of reused goods due to the
considerable efforts made during that period (Braekevelt et al., 2008). Prevention will be
separately modelled given its crucial role in sustainable waste management policy. The R2
statistic measures the strength of association between the observed and model-predicted
values of the dependent variable, time. The curves are fitted based on 16 data points (19912006). For scaling purposes GDP and Population values for 1991 are expressed as an index
(basis 1991=100). Equations (4), (5), (6), (7) and (8) were all generated by SPSS with a
significance level of p= 0.000.

POP(t ) = 5,781,726 ⋅ e 0.003⋅t [capita ]; R 2 = 0.960

(4)

POPI (t ) = 99.769 ⋅ e 0.003t [capita ⋅ year −1 ]; R 2 = 0.981

(5)

GDPI (t ) = 95.406 + 2.474(t )[Euro ⋅ year −1 ]; R 2 = 0.988

(6)

The selective collection behaviour SCBEH(t) expresses the percentage of the household waste
that is collected selectively and is represented by a figure in the interval [0, 75]. This figure is
derived from the Statbel data of the selectively collected waste after extracting the GDP and
Population effect from the data. As reference, the value in 2005, i.e. t = 15 is chosen as
SCBEH(15) =70. This corresponds with the OVAM statement that 70% of the intended
selective waste fractions were effectively selectively collected in 2005. The maximum of
selectively collected waste until 2015 is estimated as 75%. SCBET(t) can be described by the
cubic function (7) or the logistic growth function (8) It is the latter that will be used from now
on in this article.

SCBEH (t ) = 10.462 + 3.803t + 0.601t 2 − 0.039t 3[%]; R 2 = 0.984
SCBEH (t ) =
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1
1
+ 0.048 ⋅ 0.729t
75

(7)

[%]; R 2 = 0.791
(8)

4.2. Conceptual model for selectively collected household waste
The selectively collected dry fraction DFs(t) and the selectively collected organic biological
fraction OBFs(t) are examined on their relationship with the independent variables GDPI(t)
and SCBEH(t) and POPI(t) using the statistical technique of multiple linear regression
analysis. In the equations that are derived using this technique, the independent variables that
contribute to the regression with a significance level of less than 95% are withdrawn. Each
equation (9, 10) contains a set of figures that are noted in parentheses. The first set are the
estimated standard errors, SE, of the regression coefficients, the second set are the estimated t
values computed under the null hypothesis that the true population value of each regression
coefficient individually is zero. The figures in the third set of parameters are the estimated p
values. Values of p ≤ 0.05 contribute to the regression with a significance level of at least
95%, which means that they are considered to be relevant in explaining the relationship with
the dependent variable in the equation. Apart from the three sets of figures, some other
single figures describing the quality of the regression are presented: R²adj is the adjusted
multiple coefficient of determination that expresses the goodness of fit of the regression
equation. The closer R²adj is to 1, the better the fit is. The adjusted R-squared, R²adj, compares
the sample size to the number of terms in the regression model. In doing so, it offers an
appropriate measure of fit for regression models that have few samples per term such as the
ones presented in the next two sections. In time series, autocorrelation may occur meaning
that members of observations ordered in time are correlated. Autocorrelation should be
detected and corrected. The Durbin-Watson d statistic is a test for detecting serial correlation
(Gujarati 1995). Finally the regression coefficients are examined on the presence of
multicollinearity, meaning that the independent variables are to some extent inter-correlated.
The extent of inter-correlation is expressed in the VIF-factor. Both auto-regression and
multicollinearrity have a negative influence on the regression accuracy. For more details, the
reader is referred to Gujarati (1995). In the upcoming statistical derived equations for DFs(t),
OBFs(t) and THWC(t) a double logarithmic specification will be used so that the regression
parameters show the elasticity of the dependent variables on the independent variable. This
means that the slope coefficients of lnGDPI(t) and lnSCBEH(t) are a measure of the
percentage change in DFs(t) for a percentage change in GPDI(t) or SCBEH(t).

ln DFs (t ) = 4.513 + 1.207 ⋅ ln GDPI (t ) + 0.9 ln SCBEH (t )[10³kg ⋅ year −1 ]
SE
t
p

(0.775)
(5.821)
(0.000)

(0.191)
(6.331)
(0.000)

2
Radj
= 0.996; d = 1.391; VIF = 4.914

(0.039)
(23.300)
(0.000)
(9)
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ln OBFs (t ) = 6.494 + 0.456 ⋅ ln GDPI (t ) + 1.155 ⋅ ln SCBEH (t )[10³kg ⋅ year −1 ]
SE
t
p

(0.831)
(7.818)
(0.000)

(0.204)
(2.232)
(0.044)

(0.041)
(27.895)
(0.000)

2
Radj
= 0.977; d = 1.470; VIF = 4.914

(10)

In both (9) and (10) a high R2 is noticed and significant t ratios together with a moderate VIF,
indicating moderate multicollinearity (as a rule of thumb, variables are said to be highly
collinear if VIF > 10). First-order autocorrelation using the Durbin-Watson d statistic for n =
16 and 2 dependent variables implies that the lower and upper bounds at 0.05 level of
significance are dL= 0,982 and dU= 1.539. For both expressions (9) and (10) dL< d < dU which
signifies that one cannot conclude whether autocorrelation does or does not exist. Because
the
standardized
residuals
are
approximately
normally
distributed
with
^

^

u DF ≈ u OBF ~ N (0;0.931)
the presence of autocorrelation is rejected.
Finally, there is no indication of spurious
regression in (9) and (10) because the Durbin-Watson d statistic is larger than the R2 statistic
(Gujarati, 1995).
The selectively collected household waste (without the effect of prevention) can be written by
filling (9) and (10) into (2) as

THWC s (t ) = 91.194 ⋅ GDPI (t )1.207 ⋅ SCBEH (t ) 0.9 + 661 .163 ⋅ GPDI (t ) 0.456 ⋅ SCBEH (t )1.155 [10³kg . year −1 ]
(11)
4.3. Conceptual model for prevention
To the best of our knowledge, there is no annual historical data available on the prevention of
selectively collected waste in Flanders. In the reviewed Household Waste Implementation
Plan 2008 (Braekevelt et al., 2008), OVAM has set a goal of 5% re-use of the material for the
dry fraction in 2010. Moreover, OVAM has decided that the prevention for the dry fraction of
the household GPREV_DF(t) waste has to be in line with the autonomous growth of the
population and GDP as from 2005. For the prevention of the organic biological fraction
GPREV_OBF(t) OVAM decided that this only has to be in line with the population increase
as from 2005.
The prevention goal function GPREV(t) as set out by OVAM will therefore be expressed
from 2005 onwards as

GPREV (t ) = DF (t ) ⋅ a1 ⋅ [ POPI 2005(t ) + GDPI 2005(t )] + OBF (t ) ⋅ a2 ⋅ POPI 2005(t )]
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(12)

in which a1, a2 are scaling factors in the SD-model for simulating an increased/decreased
prevention with respect to the planned prevention GPREV(t).

POPI 2005(t ) =

POP(t ) − POP(2005)
POP(2005)

(13)

GDPI 2005(t ) =

GDPI (t ) − GDPI (2005)
GDPI (2005)

(14)

4.4. Conceptual model for non-selectively collected household waste
The non-selectively collected household waste can be derived from (1) as

THWC ns (t ) = THWC (t ) − THWC s (t )

(15)

For the total amount of collected household waste THWC(t), only GDP(t) was statistically
significant in the regression equation (16.) Both POPI(t) and SCBEH(t) were not statistically
significant for a significance level of at least 95%

ln THWC (t ) = 10.114 + 1.012 ln GDPI (t )[10³kg . year −1 ]
SE
t
p

(0.657)
(15.391)
(0.000)

(0.138)
(7.318)
(0.000)

2
R adj
= 0.778; d = 0.398

(16)

With d = 0.398 < dL = 0.844 this expression suffers from (first-order) autocorrelation. As the
parameter estimates remain unbiased, and only the estimated standard errors (SEs) are biased
in the presence of autocorrelation, the current formulation and estimation method is kept (for
more details on handling autocorrelation, see e.g. Green (2007)).
4.5. Conceptual model for household waste management methods
Household waste management methods vary between re-use, recycling, composting and
landfill as depicted in Figure 3. Selectively collected household waste can be re-used,
recycled or composted. Non-selectively collected household waste is partially pre-treated
(dried or separated) since 2006, incinerated or landfilled. (Statbel, 2008)
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Figure 3: Evolution of waste collection and disposal in Flanders 1991-2006

4.6. Disposal of selectively collected household waste
The dry fraction of the selectively collected household waste is either re-used or recycled.
The fraction that is re-used is marginal compared to the fraction that is recycled. In 2005
3kg/capita was re-used. The goal of the Flemish government is to increase this to 5 kg/capita
by 2015. Since no data is available, a linear re-use increase dating from 1991 is assumed (i.e.
t = 0) with a yearly re-use increase rate b = 0.2 [kg/year, capita]. The yearly reuse rate
REUSE(t) is expressed by (17):

REUSE (t ) = b ⋅ t ⋅ Pop (t )

(17)

Apart from a small residual fraction of DFs(t), RFD, that is not suitable for recycling, the
selectively collected dry fraction that is not re-used should be recycled. Based on OVAM
figures, RFD= 0.05 (Braekevelt et al., 2008).

REC (t ) = DFs (t ) ⋅ (1 − RFD) − REUSE(t )

(18)

The organic biological fraction of the selectively collected household waste is industrially
composted. Compost, expressed by the yearly compost rate COMP(t), is used as fertilizer
and is thus considered a secondary raw material. The yearly compost rate is composed of the
yearly selectively collected organic biological fraction OBFs(t) augmented with the amount of
compost due to the extra prevention action defined since 2005 GPREV_OBF(t). The
organically biological fraction rate that is exported OBFe(t) and the amount of incinerated
organic biological fraction rate OBFi(t) are subtracted. During composting a weight loss,
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WL, of about 40% takes place. A small fraction of bio waste is first fermented before
composting. During the fermentation process, biogas is generated and this can be used as a
source of energy.
COMP(t ) = (OBFs (t ) + GPREV _ OBF (t ) − OBFi (t ) − OBFe (t )).WL

(19)

4.7. Disposal of non-selectively collected household waste
Non-selectively collected household waste is mainly incinerated, INC(t), together with a
remaining fraction of industrial waste RFIW(t) and the small residual fraction RFD of DFs(t)
that is not suitable for recycling. Also the potential amount of the selectively collected organic
biological fraction that is incinerated OBFi(t) is added although this is yet principally not
allowed by VLAREA art. 5.4.2. The amount of waste that can be incinerated is limited by the
incineration capacity INCC(t).

INC(t ) = min(THWC ns (t ) + RFIW (t ) + DFs (t ) ⋅ RFD + OBFi (t ), INCC (t ))

(20)

Since 2006, landfill has been principally prohibited for the disposal of domestic waste unless
no other option is available. The amount of waste that is still landfilled LF(t), is the amount
of the non-selectively collected household waste that cannot be incinerated in addition to the
remains of waste incineration . These remains constitute about 10% of the incinerated waste
of which 50% can be reused as secondary raw material for construction. The remaining 50%
has to be landfilled. For non-selectively collected industrial waste that can be incinerated
landfill will be prohibited at the latest by 2015 (Braekevelt et al., 2008).

LF (t ) = INC(t ) ⋅ 0.5 ⋅ RF + max(THWCns (t ) − INC(t ),0)

(21)

According to the reviewed OVAM Household Waste Implementation plan of 2008

RF = 0.1 ⋅ INC (t )

(22)

4.8. Conceptual model for waste-to-energy
This subsection will focus on renewable energy that can be generated from the collective
disposal of domestic waste in Flanders. Since there are also many public initiatives to
generate electricity and heat from waste, this presents a partial overview. For the model
presented, the reasonable assumption is made, based on the actual practice in Flanders, that all
the energy is transformed into electricity. It should however be noted that biogas and bio
waste is energetically a better fit for heat production but due to the higher subsidies for green
electricity this is actually not the common practice in Flanders (Devriendt et al., 2005)
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The production of electric power from domestic waste PEW(t) comes from the production of
electric power from the incineration of household waste PEWi(t) and the production of
electric power from biogas PEWb(t) generated from the landfills and the fermentation of the
organic biological fraction.

PEW (t ) = PEWi (t ) + PEWb (t )[ MWhe ⋅ year −1 ]

(23)

The electricity production from incineration PEWi(t) depends on the amount of waste that is
incinerated INC(t), its energy content ECWI(t) and conversion ratio of ECWI(t) into the
produced electrical power CRI. Although both can vary over time, ECWI(t) is considered to
be constant in time. For more information, the reader is referred to the reviewed OVAM
Household Waste Implementation Plan of 2008(Braekevelt et al., 2008).

PEWi (t ) = INC (t ) ⋅ ECWI (t ) ⋅ CRI [ MWhe ⋅ year −1 ]
−3

(24)

ECWI (t ) = 10[GJ ⋅ 10 kg ]

(25)

CRI = 0.026[MWhe ⋅ GJ −1 ]

(26)

Electric power produced by the incineration of biogas is generated from the collection of
landfill gas and from the fermentation of the selectively collected organic biological waste.
The electricity production that is derived from the fermentation PEWf(t) is only a rough
estimation based on data in the reviewed OVAM Household Implementation Plan of 2008.
The yearly organic biological fraction rate used for fermentation OBFf(t) is rather small. In
2004 9,000 MWhe was produced by means of fermentation out of 51,000 ton bio waste.

PEW f (t ) = OBFf (t ) ⋅ ECF [MWhe ⋅ year −1 ]

(27)

ECF = 0.176[MWhe ⋅ 10 −3 kg ]

(28)

Biogas that is collected on landfills is related to the amount of new landfilled waste LF(t), the
degree of capture and the degradation effect of the production of biogas coming from
previously landfilled material. For the purpose of this article only the new landfilled waste is
taken into account. The energy content per ton landfilled waste ECL(t) is assumed to be
constant. In reality this content decreases in time but also increases by better capture. Both
actions take actually place. Further investigation can give a more precise expression.

PEWl (t ) = LF (t ) ⋅ ECL (t )[ MWhe ⋅ year −1 ]
−3

ECL(t ) = 0.10[MWhe ⋅ 10 kg ]

(29)
(30)

The total rough estimate of electric power production per year derived from biogas from bioorganic household waste is
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PEWb (t ) = PEWf (t ) + PEWl (t )[MWhe ⋅ year −1 ]

(31)

5. Simulation model
In the previous section the mathematical relationships are derived that underlie the dynamic
simulation tool that will be developed in this section. After validation and calibration, this
simulation tool is used to evaluate the actual waste management policy in Flanders and to
investigate the sensitivity of some major waste management issues. As a dynamic simulation
tool, the System Dynamics (SD) approach is used. SD is a method to enhance learning in
complex systems. It is increasingly being used in companies and public policy settings to
design more successful policies (Sterman, 2000). In SD a model can be described by means
of stock and flow diagrams underlying the physical structure of the system that is
investigated. Stocks include inventories of e.g. product, population and financial accounts.
Flows are the rates of increase or decrease in stocks, such as e.g. production and shipments,
births and deaths, investment and depreciation. Stocks characterize the state of the system and
generate the information upon which decisions are based. The decisions then alter the rates of
flow, altering the stocks and closing the feedback loops in the system (Sterman, 2000). The
simulation program was developed using Vensim DSS32 v5.4a.
5.1. Forward and reverse material supply chain
The European waste management strategy is based on the fundamental principle that every
country or region is responsible for disposing the waste it has produced in its own
country/region. As such, the economy of Flanders can be modelled as a virtual closed-loop
system with regard to waste management.
In the SD model that is presented, it is assumed that all the household consumed products
produced in one year lead to household waste in the same year. According to the household
waste figures of 2006 (Statbel 2009), the main fractions in terms of weight are: 39% organic
kitchen and garden waste, 15% plastics, 11% paper and cardboard, 10% glass and metal.
Together they cover 75% of the total collected waste. Organic kitchen and garden waste have
by nature a short life and the waste derived from plastics, paper, cardboard, glass and metal is
mostly waste which has also a short life such as packaging waste and newspapers (Fost Plus
2007). Since these amounts do not vary much over the years (see Statbel 2009), the 2006
decomposition of waste in terms of life cycle is also valid for the other years and thus renders
our assumption acceptable. Household waste also encompasses products with a longer life
such as e.g. white goods, but their volume is negligible compared to the other waste streams
and hence does not influence significantly our assumption. Therefore the demand rate for
household goods to the produced household waste in the same year is equalled. Products that
are reused are not demanded. This is expressed in equation (32).
Demand rate = THWC(t)-REUSE(t)

(32)
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All products that are demanded by the customers are produced out of primary or secondary
raw materials. It is assumed that the demand of household goods can be fulfilled by the
production in the same year. Also sufficient material supply is assumed so that no time
delays have to be taken into account. This is expressed in (33) and (34).
The total production of goods per year is made out of primary non-renewable material (PRM
supply rate) and secondary renewable material (SRM supply rate). Primary raw material is
used when no secondary raw material is available.
PRM supply rate = demand rate – SRM supply rate
SRM supply rate = Min(demand rate, SRM input rate)

(33)
(34)

The other mathematical equations previously derived in this article are put into the System
Dynamics model as depicted in Figure 4. Stocks are symbolized by rectangles, flow variables
are symbolized by valves, and model variables by their name without a symbol added.
Model variables that are defined in another view of the SD model, the shadow variables, are
printed between “< >”. Stocks outside the model boundary that are used as input (source) or
output (sink) and are represented by a cloud. The variables are related by causal links,
denoted by arrows. Each causal link is assigned a polarity, either positive (+) or negative (-)
to indicate how the dependent variable changes when the independent variable changes.
In the stocks and flows diagram of the SD-model depicted in Figures 4 and 5, the forward
supply chain (equations 32,33,34), the yearly compost production COMP(t) (equation 19), the
yearly amount of incinerated household waste INC(t) (equation 20), the yearly amount of
landfilled household waste LF(t) (equation 21) and yearly power production PEW(t) (equation
23) are described as auxiliary variables since we assume no time delays between the
production – consumption – waste management options for the household products under
study in one year.
The Selective Collection Behaviour logistic growth function SCBEH(t) (equation 8) is
modelled as a S-shaped Growth behaviour (see Figure 5). The model constant fractional
SCBEH net increase rate was determined using Vensim for the logistic growth function
SCBEH(t) to the data.
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Figure 4: Forward and reverse material supply chain SD model in Flanders
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5.2. Waste disposal methods and waste-to-energy
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Figure 5: Household waste landfill, incineration and waste-to-energy SD model Flanders

Also for waste disposal and waste-to-energy the equations previously derived in this article
are put in the System Dynamics model as depicted in Figure 5. To increase the potential of
the simulation model as a decision support tool the possibility of OBF incineration, OBFi(t),
and OBF export, OBFe(t), is added for the selectively collected organically biological
household waste as depicted in Figure 4.

6. Simulation results
6.1. Validation of the model
Since the smallest time constant in the model is 1 year, the time stamp used in the SD
simulation is 1/4 year. According to Sterman (2000) one should use a time stamp between ¼
and 1/10 of the smallest time constant in the model. The model was run at 1/8 and ¼ with no
substantial changes. Furthermore the Euler integration method was preferred to the RungeKutta method because of its greater accuracy when a discontinuous element is included such
as the step function for the prevention goal function of waste, PREV(t), in the model
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(Sterman, 2000). The simulation period is 25 years starting at time t = 0 in 1991. The
simulation results of this model end in 2016, which is comparable to the end date 2015 of the
Household Waste Implementation Plan. Since all the major regulatory measures foreseen in
this plan are covered in this model and since the period before 2005 is to be considered as
frozen with respect to regulatory measures, the authors assume that the constant variables in
the model will not become too dynamic.
The model was further checked on structural validity and extreme conditions.
A quantitative check of how the simulated and the actual data fit can be done by using the
Theil inequality statistics (Sterman 2000). This provides an easily interpreted breakdown of
the sources of error by dividing the Mean Square Error (MSE) into three components: bias
(UM), unequal variation (US) and unequal co-variation (UC). The sum of these three
components always equals 1. The model fit of the equations (9), (10), (11) and (16) with the
real life data was assessed (see Table 1).
Before offset correction on DFs(t)
Variable
Expression
N

R2

MAPE

Bias

DFs(t)
(9)
16
OBFs(t)
(10)
16
THWCs(t)
(11)
16
THWC(t)
(16)
16
After offset correction on DFs(t)
Variable
Expression
N

0.987
0.957
0.981
0.823

0.078
0.123
0.088
0.041

0.583
0.395
0.520
0.001

R2

MAPE

Bias

DFs(t)
(9)-offset
16
OBFs(t)
(10)
16
THWCs(t)
(11)-offset
16
THWC(t)
(16)
16
Table 1: Theil inquality statistics

0.987
0.957
0.981
0.823

0.057
0.123
0.072
0.001

0.000
0.395
0.149
0.001

Unequal
variation
0.004
0.008
0.008
0.041

Unequal
covariation
0.413
0.597
0.472
0.958

Unequal
variation
0.009
0.008
0.014
0.041

Unequal
covariation
0.991
0.597
0.837
0.958

Theil inequality statistics indicate a low unequal variation (US) for all the equations which
signifies the absence of a systematic error in the trend between the model and the real life
data. The equation (9) shows a rather dominant bias error due to the fact that the modelled
data values for DFs(t) are almost always higher than the real-life data values. This systematic
error is corrected by applying an offset of -61,289 kg for the modelled DFs(t) in the equation
(9) in the SD model. The offset used is equal to the difference of the data mean and model
mean for DFs(t). Consequently also equation (11) will have the offset correction since it is
the sum of DFs(t) and OBFs(t). After the application of the offset correction the majority of
the error for all equations is concentrated in the unequal co-variation (UC) but this has to be
considered as an unsystematic error since cyclic behaviour is not of importance in the
equations under study (Sterman, 2000).
Table 1 also shows the point-by-point
correspondence of the model measured by the Mean Absolute Percent Error (MAPE) and the
coefficient of determination R². R² is in all cases near to 1 indicating that the model replicates
well the real-life data. For OBFs(t) the MAPE is rather high indicating that the model does
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not match very well the real-life data on all points. This difference can be explained by the
seasonal differences in the yearly collection of OBFs(t).
Since it does not influence
substantially the MAPE of THWCs(t), no corrective measures have been taken. As an
example, the comparison of selectively collected household waste per capita generated by the
System Dynamics model and the original Statbel data is reported (Figure 6).
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Figure 6: Selectively collected household waste per capita (simulated versus historical data)

6.2. Evaluation of Flanders’ waste management policy
In Flanders, excellent results have been achieved in selective household waste collection. In
the future, the emphasis will be on increased waste prevention. If non-renewable energy
prices continue to increase, waste-to-energy valorisation will also gain importance.
The SD model can be used to evaluate the Flemish household waste policy described in the
introduction. First targets 2 and 3 of the reviewed Household Waste Implementation Plan
(Braekevelt et al., 2008) will be examined. Target 2 aims at keeping the total household
waste per capita below the maximum of 560 kg/capita. This target has to be reached by
using all kinds of prevention initiatives to neutralize the growth of the household waste
caused by GDP growth. To simulate the sensitivity of the amount of waste to be prevented in
order to keep the total amount of domestic waste at a level of maximum 560 kg/capita for the
period 2005 and later, the a-values will be used in equation (12). The targets set by the
Flemish government are first simulated, i.e. a1=a2=1 (base run) in such a way that the amount
of prevented domestic waste for the dry fraction and organic biological fraction is equal to
their autonomous growth since 2005. Clearly this will result in achieving the target as
depicted in Figure 7. However the sensitivity on the total domestic waste collection for a
39

lower or higher level of prevention than the autonomous growth of the dry faction and organic
biological fraction of domestic waste is very high. A lower level of prevention of the dry
fraction is represented by 0< a1 <1 and 0< a2 <1 for the organic biological fraction. A higher
level of prevention is represented by a1 >1 and/or a2 >1. When a1=a2=0.5 target 2 is not
reachable. In the opposite case when a1=a2=2, target 2 can be easily reached.
THWCc
800

700

600

500

400
0

5

10

15

20

25

Time (year)
THWCc : a1=a2=5E-1
THWCc : a1=a2=2
THWCc : a1=a2=1

kg/(year*people)
kg/(year*people)
kg/(year*people)

Figure 7: Simulation of the sensitivity of prevention on the total collected household waste per capita in
Flanders

By analysing the selectively collected household waste per capita from the Statbel figures in ,
an indication of an increased prevention starting in 2003 (t = 12) is noted whereas it was
planned to start from 2005 (t=15) onwards in the reviewed Household Waste Implementation
Plan (Braekevelt et al., 2008).
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Figure 8: Effect of prevention on the selectively collected household waste in Flanders

It is worth noting here that a logistic growth function was preferred for the selective waste
collection behaviour over the cubic function to separately model the effect of prevention on
the selective domestic waste collection behaviour, represented by the logistic growth function
(8) and the effect of prevention represented by (12).
The system dynamic model confirms that under the assumptions of the Flemish government,
simulated at a1=a2=1, target 3 of the Flemish waste management policy can be reached.
Target 3 states that the non-selectively collected waste may not exceed the level of 150
kg/capita starting from 2005.
The simulation results of the influence of increased or
decreased prevention, with respect to the targets of the Flemish household waste management
policy, on the total amount of non selectively collected household waste are depicted in
Figure 9.
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Figure 9: Effect of prevention on the total non-selectively collected household waste in Flanders

6.3. Energy- To-Waste
This model can also be used to evaluate the effect of using organic biological waste for
energy recovery instead of for compost production. Figure 10 shows the effect if 100,000 ton
of green waste were to be incinerated instead of composted. This would lead to an increase of
renewable energy but to a decrease of compost. Clearly this decision would not affect the
Flemish government’s targets for household waste collection. It would only affect the
increased use of non-renewable primary material for fertilizing if the amount of compost were
no longer sufficient due to this decision.

42

COMP
600,000

450,000

300,000

150,000

0
0

5

10

15

20

25

Time (year)
COMP : 100,000 ton OBF yearly incinerated
COMP : a1=a2=5E-1
COMP : a1=a2=2
COMP : a1=a2=1

ton/year
ton/year
ton/year
ton/year

Figure 10: Effect of prevention and incineration of green waste on the amount of compost

7. Conclusions
In this article the dynamic effects of household waste collection and disposal in Flanders were
analysed by means of a system dynamics model. After validation and calibration, this model
proved to be reliable and capable of supporting integrated waste management policy issues
with respect to both material and energy recuperation.
The model’s effectiveness in supporting waste policy management was illustrated by looking
into the effects of prevention initiatives in Flanders. Other waste policy issues can be
evaluated along the same lines. Given its generic nature and limited data requirements, the
simulation model can also be used by other EC countries and regions, all of which rely on the
same EC directives, to develop a sustainable approach to domestic household waste. In
doing so, they should take their own data and review how the EC directives are implemented
respectively in domestic legislation.
To extend the model’s capabilities in supporting integrated waste management, further
research can be aimed at including waste prevention, CO2 production or by further exploring
the trade-off between waste-to-energy and recycling waste.
Introducing additional
relationships for the most important waste parameters can further enrich the model. For the
selective collection behaviour it would be e.g. interesting to introduce the effect of the tax
levied. Also more distinction could be made between the life cycles of the main household
waste stream so that the effect of increasing these life cycles on the amount of prevented
waste can be better examined. Finally, embedding delays between the production –
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consumption - waste stages for the main household waste product groups could add to the
understanding of the dynamic effects of the entire supply chain for household products.
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Appendix A. Used Symbols and abbreviations
Symbols
a1: sensitivity scaling factor for the prevention goal of the dry fraction
a2 : sensitivity scaling factor for the prevention goal of the organic biological fraction
b : yearly re-use increase rate
COMP(t) : industrially composted household waste in period t
CRI : conversion ratio of ECWI(t) into electrical power
DF(t) : Dry Fraction of household waste in period t
ECF : energy content of fermentation gas out of one ton organic biological waste
ECL : energy content per ton landfilled waste
ECWI(t) : Energy Content of Waste that is Incinerated
GDP(t) : Gross Domestic Product in period t
GDPI(t) : Gross Domestic Product index compared with GDP of 1991 with index = 100
GPPI2005(t) = [GDPI(t) – GDPI(2005)]/ GDPI(2005)
GPREV(t) : Goal of household waste to be prevented in period t
INC(t) : amount of domestic and rest fraction of industrial waste incinerated in period t
INCC(t) : waste incineration capacity in period t
IW(t) : Industrial Waste in period t
LF(t) : amount of domestic waste that is landfilled in period t
OBF(t) : Organic Biological Fraction of household waste in period t
PEW(t) : Electric power generated from domestic waste in period t
POP(t) : Number of inhabitants in period t
POPI(t) : Population index for period t referred to situation 1991 with index of population =
100
POPI2005(t) = [POP(t)-POP(2005)]/POP(2005)
PRM : Primary material
REC(t) : Recycled selectively collected household waste in period t
REUSE(t) : Reused dry fraction of the selectively collected household waste in period t
RF : remainder fraction after the incineration of domestic and industrial waste
RFD: residual fraction of the selectively collected dry fraction [DFs(t)] not suited for
recycling
RFIW(t) : Remaning fraction of Industrial Waste in period t
SCBEH(t) : Selective Collection Behaviour in period t
SRM : Secondary Raw Material
THWC(t) : Total Household Waste Collection in period t
WL : weightloss factor for composting process
Subscripts used
b : biogas
c : per capita
e : exported
f : fermentation
i : incineration
l : landfill
ns : non selectively collected
s : selectively collected
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Abbreviations
IWT-Vlaanderen: Instituut voor de aanmoediging van Innovatie door wetenschap en
technologie in Vlaanderen [Flemish Agency for innovation through Science and Technology]
MSW : Municipal Solid Waste
OVAM : Openbare Vlaamse Afvalstoffen Maatschappij [Flemish Public Waste Agency]
VITO : Vlaamse instelling voor technologisch onderzoek [Flemish institute for technological
research]
VLAREA : Vlaams Reglement inzake afvalvoorkoming en –beheer [Flemish Decree on waste
prevention and waste management]

46

Appendix B Model parameter values and names of variables
a1=1

Units: dimensionless

a2=1

Units: dimensionless

actual SCBEH=max SCBEH rate-SCBEH Units: dimensionless
anual population increase=0.0034

Units: dimensionless/year

average anual GDP increase=2.474
b=0.0002

Units: dimensionless/year

Units: [ton/(year*people)]/year

COMP=WL*(sel OBF input rate-OBFe-OBFi)
CRI=0.026

Units: ton/year

Units: MWHe/GJ

demand rate= THWC-REUSE

Units: ton/year

desired yearly export amount=5000

Units: ton/year

desired yearly incineration of OBF amount=0

Units: ton/year

DFs=91.194*POWER(GDPI, 1.207 )*POWER(SCBEH*100, 0.9 )-offset
ton/year
ECF=0.176

Units: MWHe/ton

ECL=0.1

Units: MWHe/ton

ECWI=10

Units: GJ/ton

fermentation capacity=150000

Units: ton/year

FINAL TIME = 25 Units: year
fractional SCBEH net increase rate=0.6

Units: dimensionless/year

GDP increase rate=average anual GDP increase

Units: dimensionless/year

GDPI= INTEG (GDP increase rate, 97.88)

Units: dimensionless

GDPI2005=step(1, 15 )*(GDPI-131.49)/131.49

Units: dimensionless

GPREV=GPREV DF+GPREV OBF

Units: ton/year

GPREV DF=DFs*a1*(GDPI2005+POPI2005)/SCBEH
GPREV OBF=OBFs*a2*POPI2005/SCBEH
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Units: ton/year

Units: ton/year

Units:

INC=MIN(INCC, incineration input rate ) Units: ton/year
INC remainder=INC*RF*0.5Units: ton/year
INCC=1.3e+006

Units: ton/year

incineration input rate= THWCns+RFIW+DFs*RFD+OBFi

Units: ton/year

INITIAL TIME = 0 Units: year
"kg/ton"=1000

Units: kg/ton

LF=MAX(incineration input rate+INC remainder-INC, 0 ) Units: ton/year
max SCBEH rate=0.75

Units: dimensionless

number of people 2005=6.0786e+006

Units: people

OBFe=MIN(desired yearly export amount, sel OBF input rate-OBFi )

Units: ton/year

OBFf=MIN(fermentation capacity, yearly fermentation amount )

Units: ton/year

OBFi= MIN(desired yearly incineration of OBF amount, sel OBF input rate )
Units:
ton/year
OBFs=661.16*POWER(GDPI, 0.456 )*POWER(SCBEH*100, 1.155 ) Units: ton/year
offset= -61.289

Units: ton/year

PEW= PEWf+PEWl+PEWi
PEWf=ECF*OBFf

Units: MWHe/year

PEWi=CRI*ECWI*INC
PEWl=ECL*LF

Units: MWHe/year

Units: MWHe/year

Units: MWHe/year

POP= INTEG (Population increase rate,5.79486e+006)

Units: people

POPI2005=step(1, 15 )*(POP-number of people 2005)/number of people 2005
Units: dimensionless
Population increase rate=anual population increase*POP
PRM supply rate=demand rate-SRM supply rate
Recycling=DFs*(1-RFD)-REUSE

Units: people/year

Units: ton/year

Units: ton/year

REUSE=POP*REUSE rate Units: ton/year
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reuse increase rate= b

Units: ton/(year*people)/year

REUSE rate= INTEG (reuse increase rate,0)
RF=0.2

Units: dimensionless

RFD=0.05

Units: dimensionless

RFIW=850000

Units: ton/(year*people)

Units: ton/year

SAVEPER = TIME STEP

Units: year

SCBEH= INTEG (SCBEH net increase rate,0.16) Units: dimensionless
SCBEH net increase rate=actual SCBEH*fractional SCBEH net increase rate*SCBEH
Units: dimensionless/year
sel OBF input rate=OBFs+GPREV OBF

Units: ton/year

SRM after INC rate= INC*RF*0.5 Units: ton/year
SRM input rate=COMP+Recycling+SRM after INC rate Units: ton/year
SRM supply rate=MIN(demand rate, SRM input rate)
THWC=24686*POWER(GDPI, 1.012 )-GPREV
THWCc=THWC*"kg/ton"/POP

Units: ton/year

Units: ton/year

Units: kg/(year*people)

THWCns=THWC-THWCs Units: ton/year
THWCnsc=(THWCns/POP)*"kg/ton"

Units: kg/people/year

THWCs=DFs+OBFs-GPREV*SCBEH

Units: ton/year

THWCsc=(THWCs/POP)*"kg/ton"

Units: kg/people/year

TIME STEP = 0.25

Units: year

Total production of domestic goods= INTEG (+PRM supply rate+SRM supply rate-demand
rate,0)
Units: ton
WL=0.4

Units: dimensionless

yearly fermentation amount= 60000
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Units: ton/year

Chapter 3: Influence of composition, amount and life span
of passenger cars on end-of-life vehicles waste in Belgium:
a System Dynamics approach. 2
Abstract
The increasing worldwide production of passenger cars depletes natural resources and
increases the number of end-of-life vehicles (ELVs) to be processed. Lack of landfill capacity
and a growing scarcity of natural resources have lead to severe ELV reuse and recovery
targets in the European Union (EU). This paper examines the main influencing parameters
affecting the amount and composition of ELV waste originating from passenger cars to be
treated in Authorized Treatment Facilities (ATFs). Moreover the effect of a changing number,
composition and life span of passenger cars on the ability to meet the ambitious EU ELV
Directive 2000/53/EC targets in 2015 is examined for Belgium. Using system dynamics, the
aforementioned changing parameters are studied from 1990 and projected to 2030. The model
results show that the total annual weight of ELV waste to be reused and recycled in Belgium
is expected to grow over the coming years despite the economic downturn of 2008 and its
effect on GDP growth. Moreover it shows that Belgium can sustainably achieve the ambitious
EU ELV Directive 2000/53/EC targets in 2015 and thereafter if it continues to invest in waste
treatment of ELV plastics. The availability of higher amounts of ELV plastics proves to be
favourable to trigger investments in their reusing and recycling. We demonstrate that this can
be realized by reducing export of discarded passenger cars, shorting the life span of passenger
cars or shortening the time for investing in additional plastic recovery.
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1. Introduction
The worldwide production of passenger cars has been increasing over the last decade fuelled
by an emerging Chinese market (ACEA, 2013; Poudenx, 2008). In 2005, the disposal of
passenger cars and light commercial vehicles at the end of their operational life was estimated
to generate more than 10 million tonnes of material requiring treatment and disposal, within
the EU. Due to an increase in the number and average weight of vehicles, this volume was
projected to reach 14 million tonnes in 2015 (Zorpas and Inglezakis, 2012). The increase in
the number of End of Life Vehicles (ELVs) generated in the EU, as well as the associated
Automotive Shredder Residue (ASR) impact on the environment by land filling, have been
the driving force for EU legislation on ELV (Smink, 2007) resulting in the ELV Directive
2000/53/EC (European Parliament, 2000).
ELV waste-performance figures (Eurostat, 2014) indicate that a significant number of EU
countries are still struggling to meet the two 2015 ELV targets—at least 95% reuse and
recovery and at least 85% reuse and recycling. These 2015 ELV targets have been
challenging for all EU member states since they were introduced for a few reasons:
insufficient availability of post-shredder capacity, high treatment costs for the reuse of
components and recycling of the Shredder Light Fraction, (SLF), and a lack of economically
viable markets for secondary materials, with the exception of metals (Duncan, 2005).
Currently Germany, Finland, Austria and the Netherlands have been able to meet the 2015
target of 95% reuse and recovery of ELV (Eurostat, 2014).
Belgium has not yet succeeded in meeting the 2015 ELV reuse and recovery target, but has
been one of the first EU member states to comply with the 2015 reuse and recycling target
(Bio Intelligence Service, 2012).
This paper aims to identify how Belgium was able to meet at least 85% of ELV reuse and
recovery target, and at least 80% reuse and recycling target by 2015 and how it may
contribute to meeting the 2015 ELV targets. Our aim is not to develop an exact forecasting
model but to build a framework for examining which factors influence materials management
and how they specifically affect ELV in the passenger car supply chain. The contribution of
this paper is the establishment of a comprehensive closed-loop material supply-chain model
for ELVs that will enable decision makers to assess various policy scenarios for meeting the
EU ELV targets. Moreover, it brings forward ways for Belgium Authorized Treatment
Facilities (ATFs) to reach and maintain the EU 2015 ELV targets. The framework discussed
can be applied to other EU countries taking the country-specific peculiarities into account. All
EU countries are subjected to the same ELV Directive; and the change in the number of
passenger cars in their national car stocks are all influenced by GDP, population, and average
life span of passenger cars. Differences from the Belgian case are found in data gathering
(which varies by country), by the manner in which reuse, recycling, and recovery are
organized (European Parliament, 2010) and in the average life span of passenger cars (which
can e.g. vary from 13 years for Ireland to 22 years for Finland) (Oguchi and Fuse, 2015). For
more details on the differences in ELV performance between various EU countries we refer
the interested reader to Zorpas and Inglezakis (2012) and European Parliament (2010).
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This paper is structured as follows: Section 2 presents the closed-loop passenger-car supply
chain and discusses the ELV reuse and recovery system. Section 3 presents a literature review
focused on how the EU ELV Directive 2000/53/EC targets can be met and how system
dynamics can be used as a modelling tool for analysing ELV waste performance. Section 4
introduces the methodology of system dynamics models. Section 5, discusses the parameters
of the closed-loop passenger-car supply chain that most influence ELV performance and
formulates quantitative as well as qualitative relationships. Section 6 discusses the system
dynamics model validation. Section 7 reports on scenarios for evaluating the effect of policy
measures on increasing ELV reusability and recyclability. Finally, Section 8 formulates
conclusions and offers directions for further research.

2. Reuse and Recovery System for ELV waste of passenger cars
2.1. Closed loop passenger car supply chain
In this section we describe the closed-loop passenger-car supply chain with an emphasis on
the material reuse and recovery performance of discarded passenger cars. In general only
those economic, environmental and societal aspects that have a significant impact on the
material composition of cars are considered. Figure 1 represents the closed material loop of
the passenger-car supply chain from the perspective described above. It is drafted based on
the input of several sources discussed hereafter. The boundaries of the system studied in this
paper are described in more detail in section 5.
The forward loop of the closed-loop passenger-car supply chain, depicted in Figure 1, starts
with the production of new passenger cars from virgin raw material and recycled secondary
raw material. The reverse, vehicle-recovery loop starts with the collection of discarded
passenger cars. Original Equipment Manufacturers (OEMs) assemble parts made from
primary and secondary raw materials, while taking into account both current legal obligations
and profitability related to the use of such primary and secondary materials. New passenger
cars are distributed via dealers. Reused parts may be used during maintenance and repair.
When a used car is still in a good working condition, it can be sold as a second-hand car
(Zorpas and Inglezakis, 2012).
After an average lifespan of 12 to 15 years, passenger cars reach the end of their useful life
(Kanari et al., 2003; Statbel, 2009) and cease to be roadworthy due to age, wear-and-tear, or
damage from a car accident. The demand for new cars replacing discarded ones is influenced
by legislation that, amongst other factors, can allocate subsidies for less polluting cars or
assign more favourable taxes for cleaner engines. Such legislation has an influence on the
recyclability and material composition of new cars (Stevens, 2010; Kibira et al., 2009; IPTS,
2003).
Because of the Extended Producer’s Responsibility (EPR) principle, as outlined in the EU
ELV Directive 2000/53/EC, the car manufacturer has a take-back obligation when the last
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owner decides to get rid of his car and this is, in practice, organised by the Authorized
Treatment Facility (ATF) sector in Belgium. However, vehicles may be sold for export either
before reaching the end of their life, or at the moment of deregistration. Each year, large
numbers of used cars are exported inside and outside the EU, resulting in a reduction in the
number of ELVs requiring waste treatment within their originating country. In 2004, e.g.
Belgium exported 379,527 used cars and light, commercial vehicles—of which 229,617 went
to EU25 countries—and imported 36,942 of them (GHK and BIO, 2006b). Figure 1 contains
the different end-of-life vehicle options described in the EU ELV Directive 2000/53/EC:
reuse, recycling, Waste-To-Energy (WTE) and landfill. Note that some of these waste
fractions can also be exported.
Profitabilty
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The letter-figure notations refer to measuring points defined in the ELV monitoring targets Directive 2005/293/EC

Figure 1: Closed loop passenger car supply chain (based on Zorpas and Inglezakis (2012), GHK and BIO
(2006a & b), IPTS (2003) Kanari et al. (2003), ELV Directive 2000/53/EC (European Parliament, 2000)
and the ELV monitoring targets Directive 2005/293/EC (European Parliament, 2005b)).
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Following the collection of discarded passenger cars, vehicle recovery begins with the
dismantling and decontamination of the ELVs in the ATFs. ELVs undergo a process of
depollution, which involves the removal of fuel, oil and other liquids as well as the battery,
airbags and heavy metals. Some ELVs may be dismantled to remove valuable parts and
materials before they are sent to a shredder, while others will be sent directly to the shredder.
Shredding involves a capital-intensive mechanical process that grinds the dismantled and
decontaminated ELVs, sometimes referred to as hulk. The steel component is recycled
directly after shredding. The remaining Automotive Shredder Residue (ASR), which accounts
for 20-25% of the weight of the ELVs, consists of a shredder-heavy fraction (SHF) and a
shredder-light fraction (SLF) (Kanari et al., 2003). The SHF contains a significant amount of
non-ferrous materials, which are commonly recycled. The SLF contains a high level of
plastics and a fraction of high-caloric waste (e.g. textile, rubber) suitable for energy recovery,
commonly referred to as Waste-To-Energy (WTE). Traditionally, ASR has been landfilled
but it is increasingly being treated to separate useable fractions and enhanced rates of
recycling (GHK and BIO, 2006a; IPTS, 2008).
For the closed-loop passenger-car supply chain presented in Figure 1, the level of detail is
important. Since we study ELV performance at a national level, the data must be sufficiently
aggregated to account for macro-economic effects, while at the same time it should remain
sufficiently detailed with respect to behaviour of actors (e.g. investors). Therefore, brand and
car model differences, for example, are not able to be included. Also, short-term fluctuations
in the volume of cars sold (e.g. discounts related to large motor shows) are not included since
we focus on long-term behaviour of the closed-loop passenger-car supply chain. Although
changes in prices for recycled materials influence the economic viability of authorized
treatment facilities, such changes are considered out of scope for the current paper as they
have no direct impact on the reuse and recovery performance of ATFs, as such.
There are three exogenous parameters influencing the closed-loop material supply chain of
passenger cars: profitability for carmakers and ATFs, demand for particular passenger car
models and regulatory requirements briefly called legislation (IPTS, 2003). Their influence on
the passenger-car closed-loop supply chain is depicted with a dotted line in Figure 1. They
are briefly discussed in the next section.
2.2. Influence of profitability on origin of materials used in cars
OEMs, car manufacturers and ATFs can maximize their profits by using more recycled
materials. The use of secondary raw materials derived from recycled ELVs reduces the
production costs for some materials used in passenger cars. This is e.g. the case with ferrous
and non-ferrous metals that can be reused without quality downsizing (Febelauto, 2010).
Virgin materials are becoming scarcer; additionally, the exploitation and energy costs
involved in obtaining primary raw materials are increasing. Using recycled materials instead
of virgin materials results in significant energy savings: 74% for iron and steel, 95% for
aluminium, 85% for copper, 60% for zinc and at least 80% for plastics (Cui and Forssberg,
2003).
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However, recycling of some ELV materials is not yet economically viable. For such waste
flows as plastics, glass and textiles the market value is too small to support the investments
needed for careful waste separation. Moreover, as long as it is cheaper to dispose of some socalled critical waste flows rather than to recycle them, there will be a limit on ELV wastemanagement reuse and recovery performance (OVAM, 2008). The main improvement on
ELV waste management performance will be generated by increasing efforts to recycle and
recover plastics using mechanical separation since other fractions, like rubber or textiles, are
not present in large enough fractions to make a significant difference (Duncan, 2005; IPTS,
2008; Ferrao and Amaral, 2006).
It bears mentioning that ATF’s shred together not only discarded passenger cars, but also
motorbikes, vessels, discarded electric/electronic devices and other metal appliances (OVAM,
2008). Processing different vehicles and appliances offers economies of scope to ATFs for
recycling plastics and fluids (Zameri and Blount, 2006). In order to reduce economic and
environmental costs of processing ASR, existing ATFs in most European countries are also
integrated with metal recyclers and producers with dismantling activities (Bellman and Khare,
2000; IPTS, 2000). Since our focus is on passenger cars, following IPTS (2003, 2008 and
2009) and ETCRWM (2008), economies of scope related to processing other vehicle types at
ATFs is not taken into account.
2.3. Regulatory requirements influencing the passenger cars material composition
In the European Union (EU), the ELV Directive 2000/53/EC (European Parliament, 2000)
and the EU Regulation No 443/2009 (European Parliament, 2009a) on the reduction of CO2
emissions influence the material composition of passenger cars that, after a useful life, will be
discarded and treated as ELV waste.
The ELV Directive is based on the principle of the Extended Producer’s Responsibility
(EPR), which makes individual car manufacturers financially responsible for the waste
management of their products at the end of their useful life and, thus, promotes awareness of
sustainable materials management in the design phase of new passenger cars. Essentially, the
Directive 2005/64/EC (European Parliament, 2005a), as modified by the Directive 2009/1/EC
(European Parliament, 2009b), forces car manufacturers to develop a strategy for recycling
the materials of their discarded cars.
EPR is implemented in two ways by EU car manufacturers (Ferrao et al., 2006): via a shared
organisation that manages the ELVs of all manufacturers (primarily in countries such as
Portugal, Spain, the Netherlands, Greece and Belgium, which are not dominated by a few
brands), or via individual take-back systems established by the most representative brands (in
countries such as Germany). An EPR program can be effective only with the cooperation of
car manufacturers (Manomaivibool, 2008).
The ELV Directive 2000/53/EC ensures that all EU member states have uniform legislation
on the reuse, recycling and recovery of ELVs. Alongside imposing ELV waste management
targets, the ELV Directive also requires car manufacturers to increase the percentage of
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recycled materials in their new vehicles, in order to stimulate the recycling rate of ATFs.
From 2006 onwards, member states are required to report their ELV waste performance in a
uniform manner, in accordance with the European Directive 2005/293/EC (European
Parliament, 2005b). When implementing the ELV Directive 2000/53/EC the member states
are authorised to make national plans that take local conditions into account.
Definitions used in the ELV monitoring targets Directive 2005/293/EC are listed in Table 1.
The Directive’s measuring points A, B1 ...are indicated on the flow of the supply chain of
Figure 1.
ELV process step

Reuse

Recycling

Depollution and dismantling [tonnes]
A
B1
Shredding [tonnes]
B2
(Part of) ELV exported for further
F1
treatment [tonnes]
Total [tonnes]
A
B1+B2+F1
Total reuse and recycling X1 = A + B1 +B2 + F1 [tonnes]
Total reuse and recovery X2 = A + D1 + D2 + F2 [tonnes]
Total number of end-of-life Vehicles W [number]
Total vehicle weight W1 [tonnes]
Total reuse and recycling rate = X1/W1 [%]
Total reuse and recovery rate = X2/W1 [%]

Energy
recovery
C1
C2

Total
recovery
D1=B1+C1
D2=B2+C2
F2

Disposal

D1+D2+F2

E1+E2+F3

E1
E2
F3

Table 1: ELV waste performance measurement definitions according to EU Directive 2005/293/EC

Currently, more than 80% of ELV total weight is reused and recovered in the EU, but results
differ per country (Eurostat, 2014). An overview of the specific situation per EU country is
described by Zorpas and Inglezakis (2012). Most EU countries complied with the EU ELV
Directive 2000/53/EC reuse and recovery targets until 2015 (Eurostat, 2014). An overview of
Belgium’s performance over the period 2003-2011 is depicted in Table 2.
(3)

Number of ELVs
Weight of ELVs [tons](4)
Reuse [%]
Recycling [%]
WTE [%]
Incineration-Landfill [%]
Reuse & Recovery rate
[%]
Reuse & Recycling rate
[%]
Target Reuse & Recovery
[%]
Target Reuse & Recycling
[%]

(1)
(2)
(3)
(4)

2003(1)
70,193
57,003
16
62
1
21
79

2004(1)
92,186
77,447
18
62
1
19
81

2005(1)
103,347
88,284
18
62
1
19
81

2006(1)
131,050
116,795
19
61
1
19
81

2006(2)
131,043
131,030
19.07
68.65
1.78
10.50
89.99

2007(2)
127,949
128,615
19.71
68.22
2.16
9.91
90.07

2008(2)
141,521
144,121
19.40
68.56
2.27
9.77
90.24

2009(2)
140,993
144,726
17.32
71.10
2.15
9.43
90.57

2010(3)
170,562
176,446
17.55
71.41
2.27
8.77
91.23

2011(3)
165,016
171,747
13.70
74.54
2.34
9.32
90.58

78

80

80

80

88.71

87.91

87.96

88.42

88.96

88.24

85

85

85

85

85

85

85

80

80

80

80

80

80

80

Figures reported by Febelauto based on the measured weight of the ELVs
Eurostat figures based on the definition of 2005/293/EC
Figures communicated by Febelauto
Only the weight reported by recognized dismantlers and recycling centers

Table 2: ELV waste management performance in Belgium

Along with the ELV Directive, EU regulatory requirements aimed at reducing CO2 emissions
have a significant impact on the realisation of ELV reuse and recovery targets because they
influence the materials composition of new passenger cars. The EU Regulation No 443/2009
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(European Parliament, 2009a) sets mandatory CO2 emission-reduction targets for new cars.
The fleet average to be achieved by all new cars is 130 grams of CO2 per kilometre (g/km) by
2015 and 95 g/km by 2021, phased in from 2020. For 2025 the European Parliament currently
defines an indicative target of 68-78 g CO2/km. It is estimated that a 10% reduction in weight
will result in a 3% to 7% reduction in fuel consumption (CAR, 2011; GHK and BIO, 2006a),
which will consequently reduce CO2 emissions. The increasingly ambitious EU CO2 emission
targets for passenger cars will be realized by measures aimed at engine efficiency, increased
use of lightweight materials and electrified powertrains (Heywood, 2010; McKinsey &
Company, 2012). According to McKinsey & Company (2012), the future need for lighter cars
will be realized differently according to the class of car. Small- and medium-sized cars
(approximately two-thirds of cars produced) will be equipped with conventional and hybrid
powertrains and will be composed primarily of high-strength steel. Upper-medium/executiveclass vehicles and battery-electric vehicles (approximately one-third of cars produced) will
make use of a higher share of lightweight materials, including aluminium, magnesium, highstrength steel and, to a limited extent, expensive carbon fibre. A small, niche of luxury- and
extreme-premium, battery-electric vehicles is expected to have a high composition of carbon
fibre.
2.4. Meeting the ELV 2015 Directive targets
Currently Belgium and other EU countries are still struggling to meet the 2015 ELV targets
on reuse and recovery. This subsection presents an overview of several options for them to
achieve these targets.
The first (and for ATFs the easiest) option is formulated by Ignatenko et al. (2008). They
argue that the 95% reuse and recovery target would be more easily met if the constraint
requiring maximum 5% energy recovery were dropped from legislation, as doing so would
allow for the use of less sophisticated separation technology. However, this does not seem to
be a realistic assumption since several countries have already demonstrated compliance with
the 2015 ELV reuse and recovery target.
A second option is increasing ASR recovery. To do so, particular attention must be paid to
plastics as they constitute a major flux in the ASR composition (Ferrao et al., 2006). As an
example, Santani et al. (2011) report that for Italy in 2006 ASR consisted of 40% plastics and
polyurethane foam (PUF). These plastics can be separated and treated for enhanced-material
recycling by post-shredder technologies (PSTs). PSTs are processes designed for recovering
material or energy from ASR after depollution, commercial dismantling and shredding.
ASR recovery technologies can be divided into two major categories (Ferrao et al., 2006;
Santini et al., 2011): those oriented towards energy recovery using thermal processing and
those oriented towards improved recycling through the mechanical separation of materials.
The latter is the most favourable option since recycling is ranked higher on the waste
hierarchy and since EU targets for 2015 allow for, at most, 5% of ELV weight to be used for
energy recovery. However, PSTs still generate waste requiring incineration or landfilling
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(Bartl, 2008). Moreover, PSTs are characterized by high fixed costs, making them
economically viable only for annual shredder throughputs of 100-200 ktonnes (GHK and
BIO, 2006c). Another key challenge is finding markets to absorb secondary materials derived
from the shredder-light fraction after the PST process.
A third option to improve ELV waste reuse and recovery is called Design for
Remanufacturing. Many contemporary products used in passenger cars could be suited for
remanufacturing if properly designed for this purpose. According to Hatcher et al. (2011),
however, design for remanufacturing is not widely used by Original Equipment
Manufacturers (OEMs). According to Seitz (2007), however, OEMs do pursue
remanufacturing in order to secure a spare-parts supply chain and avoid sharp price increases
by their parts suppliers after serial production of a particular car model is phased out. OEMs
will also establish a remanufacturing cycle for aftermarket share and brand protection reasons.
Although remanufacturing can be a cost-effective strategy in the end-of-life service phase of a
vehicle (Spengler and Schröter, 2003; Seitz, 2007), it is not always the best environmental
solution in terms of energy savings during a product’s lifetime (Gutowski et al., 2011).
Remanufacturing generally saves energy compared to new production; however, newly
produced products consume less energy during their operational life. The total energy
consumption for remanufactured products can therefore be higher or equal to that of new
products. As an example, tires are products with no reusable energy benefit (Gutowski et al.,
2011).
Regardless of which ELV policy option is preferred, to achieve improved ELV reuse and
recovery performance it needs to be sustained. This is illustrated by Forton et al. (2006),
which find that progress on ELV recycling and recovery slowed down as a result of the 2003
withdrawal of a UK landfill tax on ASR, that had been introduced in early 2000 and that
funded R&D for increased recyclability of ASR.
We conclude section 2 by describing the aim of the study and providing an overview of the
requirements for a model to assess the ELV performance of passenger cars.
The aim of this paper is to assess the possibility for Belgium to meet the ELV 2015 targets
(now and hereafter). As discussed in this section, the composition of new cars is influenced
by legislation supporting efforts to meet ELV 2015 targets; however, discarded cars manifest
a delay in material composition influenced by their life cycle. Therefore, in the forward
supply chain the changing composition and aging of the car stock needs to be modelled by
taking into account the specific delay associated with the lifetime of passenger cars.
Additionally, the number of discarded cars that are treated in ATFs together with their
material composition linked to their age will have to be modelled, since this will have an
influence on reuse and recovery performance. The reverse supply chain should focus on how
post-shredder activities can enhance ASR recyclability, particularly of the plastic components.
Finally, an ELV decision-support model should be able to study the effect of national ELV
policymaking on reuse, recycling and recovery of ELV waste. The accuracy of the model will
be determined by the accuracy of both the estimated number of discarded cars and estimated
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car composition over time, which will be modelled along with the mass of secondary
materials originating from ELVs. We elaborate these estimations in section 5.
3. Literature review
Amongst the different methodologies for assessing sustainability, Moldavska and Welo
(2016) consider systems thinking to be appropriate for understanding the complex and
interactive behaviour of systems, such as sustainable supply chains. Systems thinking is an
approach to understanding emergent behaviour of a system by focusing on the whole,
expressing it in terms of the interacting parts that contribute to the behaviour. The dynamic
interactions are defined by (1) delays, i.e., differences in time between actions and its
consequences; (2) non-linearity, i.e., one action can cause more than one consequence, and
one consequence can be caused by more than one action; and (3) feedback loops, both
reinforcing and counteracting, i.e., the output from one node becomes its input. System
dynamics is a popular approach to systems thinking (Halog and Manik, 2011).
According to Boulanger and Bréchet (2005) policymaking for sustainable development
constitutes a special kind of decision making for three reasons: (i) the objectives are (often)
not specified beforehand, (ii) there are multiple decision makers and (iii) the assessment of
costs and benefits is much more difficult for sustainability issues than for regular business
projects. Boulanger and Bréchet (2005) found that among six kinds of decision support
models frequently used in socio-economic policymaking, multi-agent modelling and system
dynamics are most suited for supporting sustainable policy development. System dynamics
modelling is on par with multi-agent modelling in terms of interdisciplinary and long-term
intergenerational potential, but ranks slightly lower on managing uncertainty. System
dynamics is a powerful modelling technique for explaining and predicting the behaviour of an
actual supply chain (Towill, 1996) by describing its building blocks and the relationships
between them (see Sterman (2000) for more details). System dynamics is also suitable for
modelling the interaction between earth systems and human systems (Meadows et al. 1972);
however, there here has been a limited application of system dynamics for modelling
sustainable manufacturing (Kibira et al, 2009).
System dynamics has been used successfully to assess policy and strategy, as illustrated by
the following examples. Spengler and Schröter (2003) applied system dynamics to assess
remanufacturing and recycling strategies for medical equipment. Han and Hayashi (2008)
developed a system dynamics model for policy assessment and CO2 mitigation-potential
analysis applied to the case of intercity passenger transport in China. Walther et al. (2010)
used system dynamics to assess car-manufacturing strategies for compliance with California’s
low-emission vehicle regulations. Inghels and Dullaert (2011) evaluated the Flemish
household waste policy by means of system dynamics. And Thies et al. (2015) present a
system dynamics model used to evaluate strategies for introducing alternative powertrain
technologies in long-range passenger cars to the market.
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System dynamics has been used to specifically address ELV closed-loop supply-chain issues.
Using historical US data from 1976-2000, Bandivadekar et al. (2004) examine the effect of
potential industry changes in the US automotive material life cycle on the economic and
environmental sustainability of the infrastructure. By means of scenario simulation for the
period 2000-2030, the authors examine the economic and material-recovery impact of
replacing steel with aluminium, or plastics and composites. Based on system dynamics
modelling output, they conclude that the amount of ASR per vehicle will continue to rise in
the US, even if dismantling and plastics-recovery rates significantly increase. This suggests
that the US will not attain the Japanese and European 2015 reuse and recovery targets under
current waste policies. Furthermore, the authors conclude that a change in vehicle material
content would not jeopardize the profitability of dismantlers if they were to apply increased
rates of dismantling
Kumar and Yamaoka (2007) analyse the closed-loop supply-chain design of the Japanese car
industry through system dynamics modelling using car consumption and recycling data for
the period 1983-2003. They explore relationships between reuse, recycling and disposal using
scenario analysis with car consumption data and forecasts. Between 2004 and 2024
consumption is estimated by means of an exponential smoothing time-series forecast, with
trend (Holt’s approach). Kumar and Yamaoka (2007) conclude that the government should
impose a recycle tax in order to limit used-car export and create an efficient closed-loop
supply chain within Japan.
Given that the volume of ELV waste will increase in the coming years and that the European
Commission will put more emphasis on sustainable material management, a comprehensive
ELV system dynamics model could support sustainable policy decision making in EU
member states. Based on our survey of the literature, such a system dynamics model needs to
take into account the amount and composition of material flows, as well as their driving
forces, in both the forward and reverse supply chain. The existing models of Bandivadekar et
al. (2004) and Kumar and Yamaoka (2007) do not contain the detailed material composition
of passenger cars and fall short in presenting an accurate modelling of the forecast of new
passenger cars entering the market. Also they base the discarding of used passenger cars on a
fixed time delay between new and discarded cars, which is problematic since cars of every
vintage year are partially discarded in subsequent years. Therefore, in order to support
policymakers with accurate modelling tools, a more accurate system dynamics model dealing
with ELV waste will be presented in this paper.
Several earlier approaches to modelling ELV waste are based on macro-economic models
such as the one presented by ETCRWM (2008), IPTS (2008) and Greenspan and Cohen
(1999). These models are valuable for describing the relationships between GDP, population
and the size of the national stock of passenger cars, or in formulating the annual number of
discarded cars. Their shortcoming is that they are static and, therefore, not suitable for
modelling the ELV waste system from an interactive closed-loop perspective, which links the
evolving material composition, GDP, population growth and reuse and recovery options. In
this paper, insights from macro-economic models will be integrated with a system dynamics
approach.
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4. Methodology
To model the passenger-car supply chain this paper follows the Cardiff methodology as
explained by Towill (1996). This methodology recognizes two major phases that are
iteratively linked with each other. The first phase involves a qualitative analysis that identifies
the objectives and the key drivers of the study, thus determining the relationships between the
key drivers. The second phase is a quantitative analysis that describes the relationships in
terms of algebraic equations. During the second phase, the system dynamics model is built
and validated; additionally, dynamic analysis and sensitivity analysis are performed. The
Cardiff methodology was used, for example, to study a closed-loop ELV supply chain from a
macro-economic view (Kumar and Yamaoka, 2007) and the material management of Waste
of Electrical and Electronic Equipment (WEEE) (Georgiadis and Besiou 2008, 2010).
System dynamics models describe reality by means of stocks and flows. Stocks include
inventories such as car ownership or population. Stock variables are indicated with a capital.
Flows are the rates of increase or decrease in stocks, such as generation of new cars or
discarding of used cars. Flow variables are indicated with a small cap. Stocks characterize the
state of the system and generate the information upon which decisions are based. Decisions
can change flow rates, which, in turn, can alter the stocks and close the system feedback
loops.
Stocks are symbolized by rectangles, flow variables are symbolized by valves, and model
variables by their name without a symbol added. As system dynamics models can be
extensive they are often decomposed into different components called views. Model variables
that are defined in another view of the system dynamics model, the so-called shadow
variables, are printed between “< >”. Stocks outside the model boundary that are used as input
(source) or output (sink) are represented by a cloud. The variables are related by causal links,
denoted by arrows. Each causal link is assigned a polarity, either positive (+) or negative (-) to
indicate how the dependent variable changes when the independent variable changes. Delays
are indicated by a double cross line (//) on the arrow between the source variable and the
variable subjected to delay. The feedback loops and endogenous parameters influencing the
forward and reverse supply chain of passenger cars and ELVs are depicted in Figure 1.
Feedback loops can be reinforcing (denoted by “Rx”) or balancing (denoted by “Bx”), with x
representing a reference number for the loop. Reinforcing feedback loops, or positive
feedback loops, occur when an initial change is reinvested to further that change in the future.
A balancing feedback loop stabilizes the system as it counteracts changes. The system
dynamics model was developed using Vensim DSS32 v5.4a.

5. System Description
Because of the many interactions of endogenous and exogenous variables involved, it is
complex to study the influence on ELV performance of weight and material composition of
passenger cars and the evolution of the number of discarded cars to be treated annually in
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ATFs. Therefore the problem is split into three interacting sub-problems described in separate
sub-modules as depicted in Figure 2.
The sub-module “Weight and material composition of passenger cars” deals with evolution in
the weight of passenger cars and changing material composition.3 The sub-module “Reuse,
recycling and recovery of ELV of passenger cars” is used for gaining insight into how ELV
reuse, recycling and recovery targets were met in the past and how they may evolve in the
future. The sub-module “National car stock passenger cars” deals with the evolution of the
number of new and ELV passenger cars. Details will be further explained in the subsequent
subsections.
Following the Cardiff methodology, each of these sub-modules will be described
qualitatively, by means of the interactions in the system dynamics model, and quantitatively
by means of equations in the subsequent subsections. System dynamics model variables are
indicated in italics, for example Population or National car stock, and are related to the case
of Belgium although some relationships discussed are generally applicable.
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Figure 2: interaction System Dynamics building blocks

5.1. National car stock Belgian passenger cars
The number of new passenger cars belonging to the national Belgian fleet stock grows
exponentially (R1), fuelled by the GDP increase rate (Poudenx, 2008; Sivak, 2013). This
3

In this paper we use the term weight to refer to car mass expressed in [kg] or [tonne] following, amongst others,
Heywood (2010) and Sprei et al. (2008).
62

increase is responsible for a rapid decline in mobility and accessibility in most of the
developing world (Gakenheimer, 1999). Generally speaking, this growth is limited finally by
a carrying capacity representing the saturation level in the demand for cars per capita
(Medlock and Soligo, 2002). The carrying capacity has a growing balancing impact (B1) on
the annual net increase of passenger cars annually entering the national passenger car stock,
as the gap narrows between the carrying capacity and the National Car Stock per 1000
people. The annual net increase of new passenger cars entering the national fleet stock is the
product of the net increase and the number of the Population. The evolution of the number of
people belonging to the Population is, in general, an interaction of births, deaths, emigration
and immigration. Since in Belgium the annual population increase over the last decennia was
linear (see Statbel, 2010), it is modelled as such by a constant annual population increase in
the stock-flow representation of the stock Population in Figure 3.
Following IPTS (2008) an average life span Belgian cars of about 12 years4 is assumed
although other average life spans for Belgian passenger cars have been reported. Oguchi and
Fuse (2015) found that the average lifespan between 2000 and 2010 was around 11 years. The
dataset of Lenaerts (2013) indicated that the average lifespan in 2012 was 14.3 years with a
standard deviation of 3.9 years. For some decennia, lifespans for passenger cars have tended
to increase as a result of increased competition in the automotive industry leading to a
reduction in the price of auto maintenance and repair. Consequently for consumers it has
become more attractive to pay for maintenance on older cars rather than to discard them
(Hamilton and Macauley, 1998).
Passenger cars are replaced over time. This effect is best approximated by modelling the
number of discarded cars as a first-order material delay (R2) in the number of new cars for
each vintage year. The outflow discarded cars is proportional to the stock of material in
transit, Yearly car stock difference, which is the difference between the number of discarded
cars and new cars and is inversely proportional to the delay time average life span Belgian
cars.
Discarded cars in this model are assumed to be replaced by new cars during the same year.
This replacement decision is assumed to be influenced by the ERFC. For scenario analysis
purposes, a change in average life span triggered by the ERFC target, i.e. the “Emphasis on
Reducing Fuel Consumption” is assumed to influence the change in average life span. ERFC
represents the fraction of powertrain efficiency increase that is used to lower fuel
consumption in new cars (see subsection 2.1). The number of ELVs to be dismantled is given
by the number of discarded cars corrected with a cyclic unemployment factor resulting in the
yearly number of discarded cars and also takes into account that a large number of passenger
cars are exported from Belgium each year. The export rate in the model is kept constant at
66% of all the cars that are out of service each year based on official registration data of the
European Union starting from 2006.

4

Following IPTS (2008) p. 49: “Overall, the average lifespan of a car in Europe is between 12 and 15 years. In
a wide range of studies, car lifetime is assumed to be 12 years”.
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Figure 3: Number of ELVs to be dismantled

The next step of the Cardiff methodology consists of a quantitative analysis describing the
relationships in terms of algebraic equations5. The following notation for the variables will be
used:
C: number of passenger cars per capita [cars/1000 people]
D: number of discarded cars [cars]
E: number of end-of-life vehicles (ELV) [cars]
F: correction factor expressing the influence of the unemployment rate, U, on the number of
discarded cars, D. [cars]
G: Gross Domestic Product (GDP) per capita [currency unit/people]
N: number of new cars entering the national stock S [cars]
P: Population [1000 people]
R: weight reused/recovered ELV [kg]
S: volume of the national car stock [cars]
U: unemployment rate [%]
W: Average weight of a new car [kg]
X: material composition car [%]
η: scrapping factor [%]
ERFC: Emphasis on reducing Fuel Consumption factor
b: adjustment factor for slope weight increase
5

The total number of cars, the life span of cars and their material composition for the case of Belgium are
modelled based on real-life data from various sources. Not all of these sources offer recently updated figures,
hence the time ranges for estimating variables in the model varies.
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The National Car Stock in year t, St, is defined as the product of the number of passenger cars
per capita Ct with population number Pt in the same year:

St = Ct ⋅ Pt [Cars]

(5.1)

Data on real GDP per capita6 in Belgium (U.S. Department of Labour, 2010), population
(Statbel, 2010) and the stock of vehicles (Febiac, 2010) were examined over the period 19602009 to estimate the relation between GDP increase rate per capita, Gt, and the number of
passenger cars in the National car stock per 1000 people, Ct. A logistic growth function was
estimated for the period 1930 to 2010 using SPSS (see Eq. (5.2)). Similar estimations
expressing the logarithm of GDP as a strong linear predictor for the logarithm of vehicle sales
can be found by Dargay et al. (2007) and the ETCRWM (2008). Recently Sivak (2013)
demonstrated that the aforementioned correlation between vehicle sales and GDP was
observed in 48 developed and developing countries from 2005 through 2011. This period
included both economic prosperity and economic downturn. The logistic growth function Ĉt is
modelled as an S-shaped Growth behaviour (see Figure 3). Therefore, model constant GDP
increase rate was determined by fitting the logistic growth function Ĉt to historical collected
data.
27842
(6.947−
)
⌢
Gt
[Cars/1000 people] (R²=0.995)
Ct = e

(5.2)

For modelling the number of passenger cars in the Belgian national stock in year t, St as
expressed in Eq. (5.1) estimates for the variables Population, P̂t and GDP, Ĝt in Belgium for
the period [1990, 2009] are represented in Eq. (5.3) and (5.4), respectively.
For P̂t data was obtained from Statbel (2010) and for Ĝt data was obtained from the US
Department of Labour (2010). The regression equations (5.3) and (5.4) were estimated using
SPSS. In the estimation equations the year 1990 corresponds to t = 0.
P̂t = 9898.065 + 35.187 ⋅ t [1000 People]

(R²=0.962)

(5.3)

⌢
Gt = 26905.389 + 547.125⋅ t [US$/People] (R²=0.967)

(5.4)

The number of new cars in year t, Nt, is equal to the change in stock of cars from year t-1, St-1,
to year t, St, expressed by Eq. (5.1) and the replacement of discarded cars in year t, Dt,

N t = St − St−1 + Dt

6

[Cars]

(5.5)

Although the case study described in this paper discusses a European country, the GDP will be expressed in
USD since it avoids cash conversions prior to introduction of the Euro in 1999
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Figures from Febiac (2010) show that starting from 2000 more than 400,000 passenger cars
annually are taken out of service. On the other hand, the official registration of ELVs since
2003 (Eurostat, 2014) shows that only a fraction, ranging between 70,000 and 140,000, are
registered annually as an ELV. This discrepancy is explained by the fact that a large number
of Belgian passenger cars were exported (European Parliament, 2007) and unofficially
dismantled especially in the early 2000’s (Febiac, 2010). Therefore, the number of ELV to be
dismantled in year t, Et needs to incorporate a scrapping factor η expressing the percentage of
discarded cars handled annually in ATFs. Because the available data between 2006 and 2011
indicates little variation, it is assumed to be constant in this paper.

Et = η ⋅ Dt

[Cars]

(5.6)

The next step is to express the number of discarded cars in year t, Dt as a function of the cars
that were added to the stock in a year prior or equal to year t. Following ETCRWM (2008),
we assume that ELVs of vintage year v are gradually discarded, represented by a first-order
delay and following the assumption that the lifetime function is identical for all vintages.
Please note that Dt is sometimes modelled as a fixed time delay T of new cars Nt-T, that
entered the national car stock in year t-T (see e.g. Kumar and Yamaoka, 2007). However, this
approach is less accurate since cars of a given vintage year are discarded over several years
after being added to the national stock. We define the estimation with the fixed time delay T,

D̂ta in Eq. (5.7) to compare it with the first-order delay modelling approach, D̂tb in Eq. (5.10)
and the empirical data at the end of this section (see Figure 5).

⌢
Dta = N t−T

[Cars]

(5.7)

Let the remaining stock of a given vintage of cars in year t be represented by Sv,t. and the
initial stock of cars of vintage v by Sv,v. The discarded vehicles of vintage v cars in year t is
then expressed by Eq. (5.8) and the total number of discarded cars in year t is expressed by
Eq. (5.9) as the sum over vintages of the total number of discarded cars in year t (ETCRWM,
2008).

Dv,t = (Sv,t−1 − Sv,t )
Dt = ∑ Dv,t

[Cars]

[Cars]

(5.8)
(5.9)

v

Following the assumptions formulated by ETCRWM (2008), we will model Dt and
consequently Et in the system dynamics model as a material delay of new cars entering the
market each year. The estimated total number of discarded cars in year t, denoted D̂tb , and
detailed in Eq. (5.10), assumes a constant average life span Belgium cars of T years and a
first-order material delay for all vintages v. In a first-order delay there are no discarded
vehicles at the time t = v.
⎛ −( t−1−v ) −( t−v ⎞
⌢b
Dt = ∑ Sv,v ⋅ ⎜ e T − e T )⎟ ; ∀t > v
[Cars]
(5.10)
⎝
⎠
v
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Eq. (5.8) reflects that the stock in transit, Yearly car stock difference, decays exponentially
with time constant T (Sterman, 2000).
At time t=v, the number of ELVs to be dismantled needs to be derived from the historical
vintage stock Sv,v.
The model as formulated in Eq. (5.10) for modelling Dt has a shortcoming in that it does not
take into account short time fluctuations in passenger car scrapping, as depicted in the
empirical data of Dt in Figure 4. The empirical data of Dt reveal a cyclical component that has
to be added to D̂t as formulated in Eq. (5.10). The more accurate the estimation for Dt, the
more accurate the related estimated data (e.g. the material weight of materials in new and
discarded cars); therefore, we further elaborate on a more accurate estimation of Dt.
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Figure 4: Empirical and modelled data for Dt , Nt and St-St-1 (passenger cars in Belgium)

Greenspan and Cohen (1999) report for the U.S.A. that vehicle discarding (or in their
terminology ‘scrapping’), is driven not only by engineering scrappage corresponding to the
physical or “built-in” deterioration of a passenger car, but also by a cyclical scrappage
component that is driven by prices of new passenger cars, repairs and gasoline, as well as by
unemployment.
To determine whether the same correlations are valid for Belgium a statistical regression
analysis was executed using data collected in a national budget survey over the period 20002008 (Statbel, 2010) involving more than 3000 people among all ages and professions. The
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regression showed a correlation only between D̂t as expressed in Eq. (5.10) and the empirical
data Dt with the inversed unemployment degree 1 / U t . Because figures for the degree of
unemployment are available for 1990-2010, a correction factor in year t, Ft, expressed in Eq.
(5.11) was estimated over this period.

⌢
2
Ft = −170, 652 +1, 406,100 /Ut [Cars] ( R 2 = 0.513; Radj
= 0.485;d = 0.923 )

(5.11)

There is no indication of spurious regression because the Durbin-Watson d statistic is larger
than the R² statistic (Green, 2007).
Taking this correction factor Ft into account, Eq. (5.5) can be estimated more accurately as:

⌢
⌢
⌢
N t = S t −St−1 + Dtb + Ft

[Cars]

(5.12)

The evolution of the unemployment rate in year t, Ut, in Eq. (5.11) will be estimated by a
combination of a long-term decreasing trend representing the effect of a decline in the active
population number due to aging of the overall population in Belgium and a seasonal
component representing the impact of the economic cycles. For the seasonal component a
five-year cycle is assumed using the findings of Reinhart and Rogoff (2008), who found that
an average five-year economic expansion period seems to hold even after severe financial
crises since 1945 (post World War II). The estimation of the unemployment rate Û t expressed
in Eq. (5.13) is shown to be acceptable based on a match with historic data over the period
[1985,2010] (Eurostat LFS, 2011), measured by the product moment correlation rUt,Ût.
⌢
⎛π ⋅t
⎞
(5.13)
Ut = 8.673 − 0.049t + e(−0.04⋅t ) ⋅ sin ⎜
− 2 ⎟ ; [ rUt ,U⌢t = 0.84; RU2t ,U⌢t = 0.70 ][%]
⎝ 5
⎠
The different approaches to model the number of yearly discarded passenger cars, Dt, in
Belgium over the period 1990-2020 are depicted in Figure 5.
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Figure 5: Overview of different approaches to model the Belgian number of yearly discarded passenger
cars Dt

This figure shows that estimating Dt as a first order material delay expressed by D̂tb in Eq.
(5.10) is on average more accurate than estimating Dt assuming a fixed-time delay by D̂ta of
T=12 years as suggested by Kumar and Yamaoka (2007). The addition of the cyclical
correction factor Ft results in an additional improvement to estimating Dt (and consequently
Et.) Differences between the empirical data Dt and the estimated Dt + Ft can be explained by
occasional short, time-limited events (Febiac, 2012) such as a subsidy for cleaner cars. These
are not included in the model we will use.
5.2. Weight and material composition of passenger cars
In this subsection, we discuss the material composition modelling of new and ELV passenger
cars as well as the weight increase of new passenger cars. Using the estimation equations of
the previous subsection, the material composition and average weight of discarded cars in
Belgium are derived as first-order material delays (see Figure 6). The amount of material
reused or recycled and the energy recovered from ELV waste in ATFs depend upon the
composition and total weight of the discarded passenger cars.
Based on the survey of De Mol et al. (2009) of the 30 best-selling cars in Belgium over the
period 1993-2007 (representing about 60% of the Belgian passenger-car population) the
average weight evolution of new passenger cars in Belgium, Average weight new car, Ŵt , is
estimated using regression Eq. (5.14).
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⌢
Wt = 868 + 30.6 ⋅ t

[kg]; [ R 2 = 0.952 ]

(5.14)

The increased weight of passenger cars over years is an internationally observed trend driven
by the tendency for consumers to demand larger vehicles with increased safety and
functionality (Poudenx, 2008; Tolouei and Titheridge, 2009). A study of the car stock in the
Netherlands showed that the average car weight increase between 1980 and 1997 could be
almost completely explained by the weight increase in successive models (Van den Brink and
Van Wee, 2001). The shift to larger passenger cars is also related to changing demographic
characteristics of households, vehicle attributes, fuel costs, travel costs, and physical
environment characteristics (land-use and urban-form attributes) of the residential
neighbourhood (Baht and Sen, 2006). Passenger car manufacturers are gradually using lighter
weight materials to moderate the weight increase in order to comply with the imposed CO2
exhaust reductions of EU regulation No 443/2009 (European Parliament, 2009a).
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Figure 6: Average weight of new cars and material composition of new and discarded cars.

In recent decades, the average composition of a passenger car Xcar expressed in mass rate is
characterized by a decreased ferrous content XF (F rate in Figure 6), and an increased lighter,
non-ferrous content XNF (NF rate) of which aluminium is the largest part followed by zinc,
copper, magnesium and lead. Also the mass rate of non-metal materials has increased by
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using more plastics XP (P rate). The mass rate of other materials, XO, like adhesives, paints,
glass, textiles, fluids, etc. did not change in recent decades. In the model depicted in Figure 6,
no relation is modelled between the evolution of the material compositions and the Average
weight new car since the change in material composition does not account solely for the
average weight increase of cars. The evolution of the mass rate of the materials used in
passenger cars in the EU is depicted in Figure 7. The data was collected from surveys taking
place over a period of 20 years: 1985 (Ferrao and Amaral, 2006), 1998 (Kanari, 2003), 2000
and 2005 (Duncan, 2005). For the period 2010-2030, the estimated figures are obtained from
the McKinsey & Company (2012) “lightweight, heavy impact” report. Following Modaresi
and Müller (2012) the evolution of material composition of passenger cars in the US (CAR,
2011) evolved linearly over the last decennia. The evolution of the material composition of
new passenger cars between 1985 and 2005 is estimated by using linear regression for Eq.
(5.16) - (5.19) in which the year1990 corresponds with t = 0.

⌢
⌢
⌢
⌢
⌢
Xcar = X F + X NF + X P + XO = 100%
⌢
X F = 68.97 − 0.42 ⋅ t [%]; [ R 2 = 0.99 ]
⌢
X NF = 8.25 + 0.27 ⋅ t [%]; [ R 2 = 0.99 ]
⌢
X P = 8.57 + 0.15⋅ t [%]; [ R 2 = 0.92 ]
⌢
XO = 14.21 [%]

(5.15)
(5.16)
(5.17)
(5.18)
(5.19)

The material composition of ELV passenger cars in Belgium is obtained using the first-order
material delay relationship between new and discarded passenger cars as discussed in
subsection 5.1. For the different fractions discussed, the annual average mass composition of
ELV passenger cars is represented in Figure 6 by F% ELV for the ferrous part, NF%ELV for
the non-ferrous part, P% ELV for the plastic part and Other%ELV for the other materials
fraction.
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Figure 7: Evolution/prediction of material composition of new passenger cars in the EU (1980-2030). Data
points and linear regression trends based on Ferrao and Amaral (2006), Kanari (2003), Duncan (2005), for
the period 2010-2030 the estimated figures are obtained from the McKinsey & Company lightweight
report (2012).

Both consumers and car producers seem to be sensitive to increasing CO2 emission
regulations. Hayashi et al. (2001) showed that an increase in ownership tax related to
passenger car CO2 emissions in Japan resulted in a shift to purchasing smaller cars.
According Van den Brink and Van Wee (2001), in order to comply with EU CO2 emissions
regulations, car manufacturers will have to improve passenger-car fuel consumption by
improving their engines and shifting to the production of smaller and lighter cars. Therefore,
in this paper, the use of materials in new passenger cars sold in the EU from 2015 onwards is
assumed to be influenced by the global CO2 emissions evolution (before 2015 we rely on
historical data). Since material composition of cars influences recycling, this has an impact
on the recycling targets analysed in this paper. An important factor influencing the speed of
introduction of new materials depends on how much gain in powertrain efficiency will be
used effectively for the reduction of fuel consumption and the associated CO2 emissions
exhaust. Since the mid-80s, powertrain and thus vehicle efficiency has steadily improved, but
a part of the efficiency gain has been used to increase vehicle acceleration, power, size, or
weight, or a combination thereof (Heywood, 2010, Sprei et al., 2008). The performance-sizefuel consumption trade-off is expressed by Heywood (2010) in a variable called “Emphasis
on Reducing Fuel Consumption” (ERFC). ERFC is a measure of the degree to which
improvements in technology are being directed toward on-the-road fuel consumption (FC).
The ERFC in the four largest European Passenger vehicle markets (Germany, Italy, France
and the UK) has been about 50% (Heywood, 2010).
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ERFC =

actual FC
theoretical FC reduction with constant performance and size

(5.20)

The influence of ERFC—representing the fraction of powertrain efficiency increase used to
lower fuel consumption in new cars—on material composition from 2015 (t=25) onwards will
be reflected in the slope of Eq. (5.14) as expressed in Eq. (5.21). We assume that tighter CO2
emission targets will be met by higher ERFC values (i.e. more focus on keeping performance
and size of new cars constant while improving fuel consumption of new cars) and not by a
faster introduction of new lightweight materials. A fast introduction may increase the cost of
new passenger cars or limit the production of models given the scarcity of some new
materials that need additional production capacity on the side of the material suppliers. Also a
transition time to test and shift manufacturing of components with new material composition
needs to be taken into account.

⌢
Wt = 868 + 30.6 ⋅ b ⋅ t [kg] ; ∀t < 25: b=1

(5.21)

The slope b of the weight equation Eq. (5.21) will be influenced by the ERFC target set from
2015 onwards and expressed by Eq. (5.22)

b = −2 ⋅ (ERFC − 0.5) +1 ; b = [ 0,1]

(5.22)

Since it is assumed that in Europe the ERFC was 0.5, an ERFC = 0.5 will lead to a b=1 factor
which is the business-as-usual situation. An ERFC = 1 will result in a b= 0 factor representing
a steady state weight of the passenger car.
5.3. Reuse, recycling and recovery of ELVs
This final subsection describes the module dealing with the system dynamics of realising
reuse, recycling and recovery of ELV passenger cars in Belgium. This ELV waste
management practice depends on the composition and amount (i.e. number and weight) of
discarded cars, and is influenced by the ways in which reuse, recycling and recovery is
technically organized in the ATFs.
The amount of ELVs to be dismantled in a specific year is the product of the number of ELVs
to be dismantled with the average weight of the dismantled cars of the specific years. The
number of ELVs to be dismantled is described in subsection 5.1 and is derived from the
vintage stock of discarded cars in Belgium. The average ELV Weight is modelled as a firstorder exponentially delayed function of the Average weight new cars (see Eq. (5.14)) with
time constant the average life span Belgian cars, since this reflects best the discarding
practice in Belgium as earlier described.
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Figure 8: reuse, recycling and recovery of ELVs

Since 2006, when data on ELVs began to be collected according to Directives 2000/53/EC
and 2005/293/EC, limited data can be used only to estimate the average weight of an ELV
passenger car, W’t, expressed in Eq. (5.23). The estimate is derived from the statistics
depicted in Table 2. The weight increase of an average ELV is in line with figures of GHK
and BIO (2006a) for the EU.
2
Wt ' = 859.55 = 8.71⋅ t [kg]; [ R 2 = 0.994; Radj
= 0.968; p = 0.000 ]

(5.23)

In order to calibrate the modelled data with the empirical data, an ELV weight correction
factor of 88% needs to be applied in correspondence with Eq. (5.23). The difference between
the modelled and empirical data can be explained by the difference in average catalogue
weight versus effectively measured weight of ELV (OVAM, 2008).
The composition of an ELV passenger car is also modelled as a first-order material delayed
function of new car composition. The average material composition of the ELV expressed in
the system dynamics variables F%ELV, NF%ELV, P%ELV and other%ELV were already
discussed in subsection 5.2.
Figure 8 further represents the past practices around ELV material management in Belgium
(for data, please see Table 2 and Table A1 in appendix A) and encompasses the historical
steps taken in order to comply with the 2015 EU ELV Directive targets. Because of the EU
reporting delay, data is currently available only up to 2013 in the EU statistics. We continue
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the description of the model starting with the main variable of this system dynamics submodule, ELV reuse and recovery rate. This rate is derived as the ratio between the total
weight reused and recovered ELV with the total annual ELV weight. The latter is modelled as
the product of average ELV weight with the number of ELVs to be dismantled.
The total weight reused and recovered ELV, R̂t , is the sum of the weight reused and recycled
ELV metals, R̂ m , the weight reused and recovered plastic, R̂ p , and the weight reused and
recovered ELV other materials, R̂o (see Eq. (5.24))
⌢ ⌢
⌢
⌢
Rt = Rm + Rp + Ro

(5.24)

The weight reused and recycled ELV metals, R̂m is derived from the ferrous (F%ELV), X̂ F ,
and non ferrous (NF%ELV), X̂ NF , metals composition of an average ELV multiplied with the
number of ELVs to be dismantled, D̂tb and a reuse and recycling rate metals, ɤm (see Eq.
5.25). The reuse and recycling rate of metals (Ferrous and Non Ferrous) in Belgium is high
(99.18% in 2006 up to 99.42% in 2011) due to the presence of enough capacity for the
shredding and recycling of metals and the presence of a market for these recycled products.

⌢
⌢
⌢
⌢
Rm = ( X F + X NF )⋅ Dtb ⋅ γ m

(5.25)

The weight reused and recovered ELV other materials covers the weight other ELV that is not
disposed in a landfill. Up to 2012 this disposal degree was around 15% of this fraction. Due to
a successful program aimed at increased recycling of glass and tires in 2012 an extra effect
reuse and recovery of glass and tires was obtained lowering from that point forward the
disposal%other degree each year. The weight reused and recovered plastic is derived from
the average fraction of plastic present annually in the ELV passenger car, P%ELV, multiplied
by the number of ELVs to be dismantled.
This sub-module models the Belgian ELV management approach to meeting the EU 2015
ELV targets. Belgium has a policy in place to gradually meet the reuse and recovery target of
95% in 2015 starting with a target of 90% in 2010 and adding 1% a year until 2015. This
gradually increasing target multiplied by the number of ELVs to be dismantled and the
average ELV weight yields a target annual weight to be reused and recovered. Since ELV
metal is already entirely reused and recovered and since for the so-called “other” fraction
many valorisation possibilities are not available, the focus of further reuse and recovery will
be assumed to be on the plastic fraction. A better valorisation of plastics can be realised by
increased dismantling, recycling or WTE. The choice will be influenced by the processing
costs of the options, the income received from the recycled materials and competition with
landfill costs. This is expressed in the ratio revenue from recovered ELV plastic/disposal gate
fee. To stimulate the recyclability and recovery of ELV waste in Flanders the northern part of
Belgium, the landfill fee for combustible ASR was increased from 2010 onwards making land
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filling more expensive than incinerating the ASR. However, if the shredder sector is gradually
able to reduce the landfilled fraction at their own initiative, the current fees will stay in place.
The purpose is to stimulate recyclability by further development of Post Shredder Technology
(Febem, 2011).
6. System Dynamics model validation
According to Sterman (2000) one should use a time stamp between ¼ and 1/10 of the smallest
time constant in a system dynamics model. Since the smallest time constant in the model is 1
year, the time stamp used in the simulation is set to 1/8 year. Furthermore, the Euler
integration method was preferred to the Runge-Kutta method because of its greater accuracy
when a discontinuous element, such as the step increases in the reuse and recycling targets, is
included (Sterman, 2000). The simulation period is set to 40 years starting at time t = 0 in
1990 to examine the contribution of various policy and management scenarios to meet the
more severe EU ELV targets in 2015. Moreover, this time period allows assessing future
scenarios such as lower weight increase for new passenger cars than being practiced over the
last decennia.
The model was tested by assigning extreme values to selected model parameters and by
comparing model behaviour to observed values of the real system. A quantitative assessment
of the fit between the simulated and the observed data was made by using the Theil inequality
statistics (Sterman, 2000). They provide an easily interpretable breakdown of the sources of
error by dividing the Mean Square Error (MSE) into three components: bias (UM), unequal
variation (US) and unequal co-variation (UC). The sum of these three components always
equals 1. The model fit of the variables Et modelled as number of ELVs to be dismantled and
Dt modelled as yearly number of discarded cars with the observed data was assessed to
validate the equations derived in section 5 and are depicted in Table 3.
Theil inequality statistics indicate a low bias (UM) and a variance concentrated in the unequal
variation (US) and unequal co-variation (UC) for the modelled variables Et and Dt. This
signifies that the simulated variables equal the actual data. Moreover the high unequal
variation (US) for Et, reflects a systematic error that model and data have the same phasing,
but different amplitude fluctuations (see Figure 3) (Sterman, 2000). This is because we aimed
to estimate the long-term behaviour function for the number of ELV passenger cars, Et,
hereby neglecting short-term fluctuations.
The high unequal co-variation (UC) for the
modelled variable Dt reflects that majority of the error between the model and the real life
data is unsystematic and can be considered as noise (Oliva and Sterman, 2001). According to
Sterman (2000) the model is not to be considered as faulty. The number of empirical data for
Et is limited to N=7 since EU recordings started from 2006 onwards and were available only
up to 2012 as recorded by Febelauto. The number of empirical data for Dt was recorded by
Febiac from 1990 until 2013. The system dynamics modelled data and empirical recorded
data is depicted in Figure 9.
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Variable

Expression

N

R²

MAPE [%]

Bias

Unequal
variation

Unequal
covariation

Et

(5.7)

7

0.807

5.70%

0.013

0.863

0.124

Dt

(5.8)+(5.9)

24

0.794

5.87%

0.014

0.129

0.858

Table 3: Theil statistics applied to Et and Dt
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Figure 9: Comparison of the empirical and modelled data for the number of discarded passenger cars, Dt
and for the number of ELV passenger cars, Et in Belgium

7. Scenario analysis
The system dynamics model that is presented presents the influence of the parameters GDP,
Population, unemployment rate and average life span of Belgian cars on the total annual ELV
weight, the yearly number of discarded cars, the ELV reuse and recovery rate and the weight
recycled and recovered plastic. The yearly number of discarded cars together with the
average ELV weight evolution and the material composition of new passenger cars influence
the reuse and recovery rate of ELV waste. Although the model outcomes are validated with
empirical data, the future outcome needs to be seen as a trend. The real behaviour of the
system in the future will depend on how several parameters develop in response to events that
cannot be foreseen.
The past results show a trend that is promising for Belgium to meet the EU ELV 2015 targets.
The Belgian policy on ELV reuse and recovery has been successful over the last decades and
the prime question is whether the results will last in the coming years. Model validation will
therefore aim to simulate the influence on parameters that had a significant impact over the
last years and on parameters that are expected to become more important in the future. More
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specifically, we will first test the influence of GDP decrease since we know that this
influences negatively the number (and consequently also composition) of new cars entering
the national stock and with some time delay the number and composition of ELVs to be
reused and recovered. Next we want to assess the importance of Belgium’s 2012 extra effort
on reuse and recycling of glass and tires on future ELV waste performance. This was
launched as a major improvement for meeting the EU ELV 2015 targets in Belgium and
therefore it makes sense to validate the impact on ELV performance improvements now and
in the future. Finally we examine the ERFC, Emphasis on Reducing Fuel consumption (see
Eq. (5.20.)). ERFC, developed by Heywood (2010), indicates the share of the powertrain
efficiency improvement resulting in fuel consumption savings, effectively being used to
realize a reduction in fuel consumption. Currently for most European cars the ERFC factor is
about 50% (Heywood, 2010) leaving the other 50% to be used for enlarging the size and or
performance of the car. Since it is likely that the trend toward continually reduced CO2
emission targets for passenger cars will last for the coming decades, driven by the raise in
global CO2 emissions, increasing the current ERFC is a likely scenario. We assume that the
ERFC stays at 50% until 2015, corresponding with the findings of Heywood (2010) for the
current EU car situation. Furthermore we assume that new, more severe targets can be defined
as of 2015 to be fully effective by 2030. The annual growth in the ERFC target from 50%
towards the 2030 simulated new target is assumed to be achieved linearly. Finally, a change
in average life span of one year more (+1) or one year less (-1) smoothly implanted over 5
years is tested. An overview of the scenarios tested is represented in Table 4.
Scenario

2008 GDP decrease

2012 extra effort on
ERFC target for
reuse and recycling
2030 starting in
of glass and tires
2015
1
No
No
50%
2
Yes
No
50%
3
Yes
Yes
50%
4
Yes
Yes
75%
5
Yes
Yes
100%
6
Yes
Yes
100%
Table 4: Overview of the scenarios tested with the system dynamics model

Change in average
life span
0
0
0
0
1
-1

Scenario 1 is the base scenario that does not take into account the GDP decrease of 2008 due
to the economic downturn in Belgium. It represents the situation up to 2008, which is
assumed to continue after 2008. Scenario 2 represents the economic downturn in 2008 in
Belgium due to the global financial crisis and the consequent lower GDP growth in
subsequent years. Scenario 3 represents the extra effort on reuse and recycling of glass and
tires in 2012 as discussed in Section 4, keeping ERFC constant with the European average of
50%. It also represents the status quo of actions currently taken. In scenario 4 the ERFC is
increased to 75% expressing a lower weight increase than in scenarios 1, 2, and 3. Finally,
scenario 5 and 6 represent that future measures to reduce fuel consumption will no longer be
used for weight increase of cars. We assume that this will take place if strong action is needed
to reduce CO2 exhaust. We assume that consumers will tend to discard their cars either later
(scenario 5) or sooner (scenario 6).
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Figure 10: Scenario analysis on total annual ELV weight from Table 4
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Figure 12: Scenario analysis on weight reused and recovered plastic from Table 4
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Figure 13: Scenario analysis on ELV reuse and recovery rate from Table 4
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The scenarios 1-6 of Table 4 are evaluated on the yearly number of discarded cars, the total
annual ELV weight; the weight recycled and recovered plastic and the ELV reuse and
recovery rate. The results are depicted in Figures 10-13.
For all the scenarios listed in Table 4, the yearly number of discarded cars and consequently
also the total annual ELV weight will increase (Figures 10 and 11). From 2010 (t=20) until
2030 (t=40) a serious effort will need to be made in recycling and recovery of plastics in order
to meet the EU ELV target of 95% reuse and recovery. If Belgium continues to invest further
in the recycling and recovery facilities for plastic, as it has been doing so far, model outcomes
show that Belgium will be able to comply with these targets in 2015 (t=25) and thereafter.
A change in average life span of passenger cars is shown to have the biggest influence on the
total annual ELV weight, yearly number of discarded cars and weight of plastic to be reused
and recovered (Figures 10, 11 and 12). The shorter the life span (scenario 6 compared with
scenario 5), the more discarded cars will need to be treated in ATFs resulting in more ELV
waste and plastic to be reused and recovered. Consequently, investments of ATFs in the
recovery of plastics will accelerate and so will the ELV reuse and recovery rate.
Figure 10 a, b and c shows that a GDP decrease (scenario 2 compared with scenario 1) results
in fewer discarded cars and ELV waste. The effect of the extra effort in 2012 on reuse and
recycling of glass and tires on reducing the efforts of reuse and recycling of glass is moderate
(scenario 3). Also, a slower pace of weight increase of new cars (scenario 4) has a moderate
effect on the total annual ELV weight and the weight of reused and recycled plastic.
Figure 13 shows that scenarios 1 and 2 lead to the same ELV reuse and recovery rate—
meaning that GDP rate fluctuations do not have an influence on the ELV reuse and recovery
rate because they influence only the number of new and discarded cars and not the
composition of cars. Scenarios 3 and 4 are also on par for ELV reuse and recovery rate
although the ELV reuse and recovery rate is higher than in scenarios 1 and 2 due to a higher
reuse and recycling of glass and tires. So a smaller annual weight increase of new and (with a
delay) discarded cars has no effect on the ELV reuse and recovery rate.
The above discussed scenario analysis shows that the total stable annual mass of plastics to be
reused and recovered (weight reused and recovered plastic) appears to have the highest
impact on the ELV reuse and recovery rate. Therefore, we analyse the influence of parameters
in the presented model that influence the weight of reused and recovered plastic. In particular,
we analyse the influence of the life span of passenger cars (change in average life span), the
export rate (export rate) and the response time for ATFs to invest in additional recovery
capacity for plastics (investment delay ATF recovery ELV plastic). The scenarios tested are
listed in Table 6 and compared with the base scenario 1 and the scenarios 5 and 6 that proved
to have the greatest effect on the ELV reuse and recovery rate. In Section 5.1 we discussed
that the average life span of passenger cars can differ according to the source. Therefore in
scenarios 7 and 8 we further examine the model behaviour for a change in life span of +/- 5
years compared to the average life span of 12 years. For many years, the export rate in
81

Belgium of discarded passenger cars has been around 66%. In the extreme case in which the
export of passenger cars would stop in 2015 and thereafter, a large amount of ELV waste
would be added and therefore reused and recovered (scenario 9). Finally we examine the
effect of a longer response time of ATFs to invest in the recovery of plastic (scenario A and
B).
Scenario

2008
GDP
decrease

2012
extra
effort on reuse
and recycling of
glass and tires

ERFC
target for
2030
starting in
2015
1
No
No
50%
5
Yes
Yes
100%
6
Yes
Yes
100%
7
Yes
Yes
100%
8
Yes
Yes
100%
9
Yes
Yes
100%
A
Yes
Yes
100%
B
Yes
Yes
100%
Table 5: parameter setting sensitivity analysis

Change
in
average life
span starting
in 2015 [year]

Export
rate
in
2015 and
later

Investment delay
ATF
recovery
ELV plastic [year]
starting in 2015

0
1
-1
5
-5
0
1
-1

66%
66%
66%
66%
66%
0%
66%
66%

3
3
3
3
3
3
12
12

The sensitivity analysis confirms the impact of decreasing the life span of passenger cars on
increasing the ELV reuse and recovery rate (scenarios 6 and 8 in Figure 14). In the long term
however all the scenarios 1, 5, 6, 7 and 8 result in achieving the ELV 2015 reuse and recovery
target rate of 95%. The more ELV waste becomes available to be reused and recovered
(scenarios 6 and 8 compared with scenarios 5 and 7) the faster the ELV 2015 reuse and
recovery target rate of 95% will be achieved.
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Figure 14: Scenario analysis of life span on ELV reuse and recovery rate from Table 4
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Figure 15 shows that no longer exporting discarded passenger cars since 2015 (scenario 9),
has approximately the same impact on the reuse and recovery rates as reducing the average
life span of passenger cars by 5 years (scenario 8). Here again the increase in total annual
ELV weight to be processed triggers a fast rise in ELV reuse and recovery rate from 2015
onwards.
Finally, Figure 16 shows that a sudden rise in response time from 3 to 12 years for investing
in extra recovery capacity in ATFs (investment delay ATF recovery ELV plastic) from 2015
onwards will result in a delay for achieving the 2015 ELV reuse and recovery target (12 years
in scenarios A and B compared with 3 years in scenarios 1, 5 and 6).
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Figure 15: Sensitivity analysis of export rate and life span on ELV reuse and recovery rate from Table 4
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Figure 16: Scenario analysis of response time investment recovery plastic on ELV reuse and recovery rate
from Table 4

8. Conclusions and suggestions for further research
This paper presents a model for studying the dynamics of material management and ELV
reuse and recovery for passenger cars in Belgium. It integrates macro-economic models
dealing with the number of new passenger cars together with reuse and recycling practices. It
is used to assess the simultaneous influence of the continuous weight increase of discarded
cars and the changed material composition of discarded cars in Belgium. Also the ELV reuse
and recovery performance under different future scenarios was examined.
Based on historical data, empirical relationships are derived that are used to build a system
dynamics model for assessing compliance with the ELV waste performance of passenger cars
in Belgium. The derived relationships are proven to be valid using Theil statistics assuring a
reliable basis for simulating future scenarios. The model describes the relationships between
governmental ELV waste policy measures, macro-economic parameters such as GDP and
unemployment rate, changing material composition of passenger cars, and dismantlers’
investments with respect to meeting the reuse, recycling and recovery targets as set out by the
EU. The validated system dynamics model shows that Belgium needs to focus on the
increased reuse and recovery of plastics in ELV waste to meet the challenging ELV Directive
targets in 2015 and thereafter. If the current ELV management measures are kept in place,
Belgium has a good chance to meet in 2015 the ELV Directive 2000/53/EC target of 95%
reuse and recycling and will probably maintain this for the entire simulated period up to 2030
under all the scenarios tested. The economic downturn of 2008 has slowed down the growing
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number of ELVs to be treated in ATFs, but has had little influence on the growth of the
annual ELV weight to be treated in ATFs.
In the scenarios for the period 2015-2030, decreasing the passenger-car life span, decreasing
the export of discarded passenger cars and shortening the time for investing in additional
plastic recovery increased the availability of ELV waste to be processed in ATFs. In turn this
led to higher reuse and recovery rates.
The proposed model can be applied to other EU member states by collecting and modelling
input data and possibly making small adjustments to the model structure to account for
country-specific features in processes, passenger car life span, etc. Model extensions could
include the influence of Design for Environment of new passenger cars and the influence of
landfill fees on the decision of ATFs to incinerate ELV waste with energy recuperation or for
investing in additional recycling capabilities.
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Appendix A
Weight
of
ELV
fractions in Belgium
[tonnes]
Depollution &
Dismantling
Total
Batteries
Liquids (excl. Fuel)
Oil filters
Other materials
(depollution)
Catalysts
Metal components
Tires
Large plastic parts
Glass
Other materials
(dismantling)
Shredder
Total
Ferrous scrap (steel)
Non-ferrous materials
Shredder Light
Fraction (SLF)
Other
Weight of ELV
fractions in Belgium
[tonnes]
Depollution &
Dismantling
Total
Batteries
Liquids (excl. Fuel)
Oil filters
Other materials
(depollution)
Catalysts
Metal components
Tires
Large plastic parts
Glass
Other materials
(dismantling)
Shredder
Total
Ferrous scrap (steel)
Non-ferrous materials
Shredder Light
Fraction (SLF)
Other

2006
2007
2008
Reuse Recycling WTE Disposal Reuse Recycling WTE Disposal Reuse Recycling WTE Disposal

24,992
70
47
0
/

5,021 1,207
1,176 237
428
96
21
4
/
/

19
0
735
1
0
24,120

76
2,043
318
3
0
957

0
0
0
0

88
0
78
0
/

25,348
40
48
0
/

5,798
1,362
492
23
/

1,161
215
30
8
/

125
2
110
0
/

27,953
101
78
1
/

8,020 1,393
1,199 252
626
1
15
4
/
/

123
2
105
0
/

0
0
827
0
0
43

0
0
5
3
0
2

32
0
792
0
0
24,436

73
2,086
425
10
0
1,327

0
0
881
0
0
26

0
0
6
1
/
7

45
0
848
1
1
26,878

91
0
3,070
0
374 1,035
14
2
0
0
2,632
99

0
0
7
0
0
9

84,932 1,781
71,730
0
6,416
0
5,129 694

13,009
130
532
7,727

0
0
0
0

81,941
69,201
6,226
4,921

1,618
0
0
616

12,624
109
476
7,531

0
0
0
0

64,049 1,134
54,574
0
4,915
0
3,158 348

10,630
57
368
6,795

0

1,657 1,087
4,619 0
1,592
1,002 4,508
0
1,402 786
3,410
2009
2010
2011
Reuse Recycling WTE Disposal Reuse Recycling WTE Disposal Reuse Recycling WTE Disposal

25,069
35
67
3
/

9,449 1,070
1,401 301
678
21
34
4
/
/

47
0
843
0
0
24,073

159
3,995
818
3
0
2,429

0
0
0
0
0

0
0
710
3
0
30

60,888 1,036
51,693
0
4,668
0
3,246 343
1,281

693

138 30,972
2
40
123
87
0
0
/
0
56
0
0
4
770
0
0
0
33
10 29,986

9,893
59
336
6,168

0
0
0
0

3,330

0

12.855 1.300
1,556 356
803
0
21
5
158
5,714
2,031
14
0
2,557

0
0
823
3
0
113

80,738 1,577
67,751
6,172
4,036 618
2,779

959

174 23,525
3
33
147
118
0
0
0
46
0
0
1 1,137
0
0
0
2
23 22,189

11798
68
385
8,134

0
0
0
0

3,211

0

12,763 1,120
1,510 169
758
1
24
6
133
4,740
2,706
20
25
2,846

185
4
136
0

0
0
836
0
0
108

0
0
0
0
3
43

90,612 1,088
76,197
0
6,937
1
4,963 1,116

13,147
78
437
8,302

2,515

971

4,330

Nonferro materialen (Al,Cu, Zn, Pb)
SLF (PP, PE, PMMA, ABS, PET, EPP, PPEPDM, PU, Textile)
Others (Glass, Rubber)
Table A1: Reuse, recycling and recovery of ELV in Belgium Eurostat (2014)
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Chapter 4: TOWARDS OPTIMAL TRADE-OFFS
BETWEEN MATERIAL AND ENERGY RECOVERY
FOR GREEN WASTE7
Abstract
Green waste, mainly consisting of fresh cuttings, grass and leaves collected from gardens and
parks can be used as feedstock for composting or for energy recovery. The EU Waste
Directive 2008/98/EC (EP&C, 2008) advocates composting to prevent waste. This directive
allows green waste to be used for (renewable) energy valorisation only if a better overall
environmental outcome can be demonstrated. The classical life cycle assessment (LCA)
approach, in accordance with ISO 14040+44 (ISO, 2006), cannot be used by policy-makers to
compare alternatives for the valorisation of green waste since the resulting products perform
different functions. In this paper, we propose an alternative assessment procedure based on
the Pareto front of optimal trade-off combinations of composting/energy recovery of green
waste. The Pareto optimal front is determined by a multi-objective optimization problem that
is solved using the elitist non-dominated sorting genetic algorithm version II (NSGA-II) and
the ε-constraint method. Computational results based on publically available Belgian data
show how the optimal valorisation of a batch of green waste is determined by its composition
of fresh cuttings and leaves (‘brown mass’) and grass (‘green mass’). Only if no green mass
is incinerated with energy recuperation does full allocation of green waste to either energy
valorisation or to composting give optimal results. For the case under consideration, the userfriendly ε-constraint method produces the same results as the more complex NSGA-II
algorithm. We finally demonstrate that the proposed assessment procedure is capable of
supporting decision-makers in allocating green waste to composting and energy recovery in
compliance with the EU Waste Directive 2008/98/EC (EP&C, 2008).
Keywords: Multiple Objective Modelling; green waste valorisation; material conservation;
waste-to-energy; decision support tool

7

This paper has been co-authored by Wout Dullaert, VU University of Amsterdam, the Netherlands and
El-Houssaine Aghezzaf, Ghent University, Belgium
Preparing for resubmission: Inghels, D., Dullaert, W., Aghezzaf, E. Towards optimal trade-offs between material
and energy recovery for green waste. International Journal of Life Cycle Assessment
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1. Introduction
Green waste can be used as feedstock for composting or for renewable energy production.
Two different EU Directives encourage both conflicting options. Composting green waste is
regarded as waste prevention and is therefore promoted by the Waste Directive 2008/98/EC
(EP&C, 2008). Green waste can also be entirely or partially used as feedstock for renewable
energy, which favours compliance with EU Directive 2009/28/EC (EP&C, 2009) on the
promotion of energy from renewable resources. This paper aims at assisting policy decisionmakers in choosing the best overall environmental outcome.
The current version of the European Waste Directive 2008/98/EC (EP&C, 2008) advocates
the original waste hierarchy ranking that recommends in decreasing order prevention over reuse, recycling or incineration with energy recuperation and incineration or landfill. It also
states that EU Members States shall take measures to encourage the option that delivers the
best overall environmental outcome. This may require specific waste streams departing from
the waste hierarchy, if the overall impacts of the generation and management of such waste
during its entire life cycle justify this.
EU Directive 2009/28/EC (EP&C, 2009) obliges EU Member states to cover at least 20% of
energy needs from a renewable energy source (RES) by 2020. However, the current growth
rate of renewable energy production is only about a third of what is expected in EU scenarios,
which assume heat and power production from biomass to be around 850 TWh higher in 2020
than in 2007 (ECF, 2010). Several other resources such as use of agricultural or forest
residues and planting of energy crops will therefore be needed.
It should however be noted that not all EU Member States are under the same pressure to
comply with EU Directive 2009/28/EC. In particular, the Scandinavian EU Member States
Sweden, Finland and Denmark (and Norway, which does not belong to the EU) have already
met the 20% energy RES target. Other EU Member States such as Belgium and the
Netherlands, which have been granted a reduction on the average target to respectively 13%
and 14% of RES by 2020, currently fail to reach even these more limited goals (Eurostat,
2015). As a result, these countries are under growing pressure to valorise biomass for energy
purposes. Energy valorisation of green waste would help them to meet the EU RES targets by
2020.
According to the EU Waste Directive, green waste may only be used for renewable energy
valorisation if this is proven to be the best environmental outcome. The EU advocates life
cycle thinking and assessment (LCA) to ensure the identification of the best environmental
outcome (EC, 2015). An LCA approach (ISO 14040+44, 2006) is traditionally used to assess
the environmental impact of products and services. However, ISO 14040+44 only permits
comparative assertion8 of one product as compared with a competing product if both perform

8

ISO 14040:2009-11 § 3.6: Comparative assertion: environmental claim regarding the superiority or equivalence
of one product versus a competing product that performs the same function.
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the same function9. This is not the case in the situation considered here, since composting as a
way of conserving material differs in essence from the production of renewable energy from a
policy-makers point of view. The two processes are however comparable when considered
from the perspective of solid waste management, since both composting and incineration of
green waste are forms of solid waste management.
Interested external parties aim the emphasis on comparative assertions in ISO 14040+44 at
avoiding misunderstanding. This standard does not give supplementary guidelines on how to
assess an equivalent level of function or service, which can lead to ambiguity (Klöpffer,
2012). Furthermore, the definition of competing products should be more clearly formulated
(Klöppfer, 2013).
This paper aims to contribute to the discussion of the trade-off between material and energy
recovery of green waste by proposing a methodology that can be used to help policy decisionmakers to achieve the best general environmental outcome for green waste valorisation, while
complying with the above-mentioned EU directives. Contacts with waste policy officers
working for the Belgian government revealed the need for a decision support model for the
allocation of green waste to composting and renewable energy production.
We present a multi-objective programming approach for maximizing the compost and energy
recovery output of a given batch of green waste. Use of the NSGA II and the ε-constraint
solution approaches to solve the multi-objective programming problem yields a Pareto
optimal front (also known as an eco-efficient frontier of solutions) from which decisionmakers can choose. A Pareto optimal front in the present case is a set of allocations of green
waste to composting and energy recovery for which no higher performance can be achieved
on one dimension without lower performance on another.
According to Dekker et al. (2012), operations research (OR) techniques are currently
insufficiently used for determining eco-efficient optimal solutions. The present paper
therefore also aims to promote the use of OR techniques in support of sustainability-related
decision-making.
The remainder of the paper is structured as follows: Section 2 presents a literature review on
green waste recovery, the limitations of the LCA approach, alternative solutions and multicriteria decision-making. Section 3 discusses the objectives and constraints of the green
waste valorisation problem (GWVP). The approach taken to the solution of this problem and
the results obtained are discussed in section 4. A comparison of the NSGA-II and the εconstraint method for solving the GWVP, formulated as a multiple-objective optimization
problem (MOOP), is discussed in section 5. Finally, conclusions are presented in section 6.

9

Consider for example the comparison of the packaging of a beer in a bottle made of aluminium or polyethylene
terephthalate (PET). Both options perform the same function, which is to contain and protect the beverage (for
more details see www.openica.org/documentation/index.php/ Caste_study:_Beer_Bottle).
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2. Literature review
According to Morrissey and Browne (2004), waste management models can be divided into
three types: those based on cost benefit analysis, those based on life cycle analysis and those
based on multi-criteria analysis. As discussed in the introduction, LCA cannot help policymakers to allocate green waste to composting or energy recovery, since the outcomes of these
two processes are considered to be different products. Cost benefit analysis is not very
suitable either because this method requires the monetization of environmental impacts,
which is often the subject of discussion amongst stakeholders. Multi-criteria decision
analysis can be seen as the technique with the least shortcomings for environmental policy
decision-making, since policymakers and decision-makers spend most of their effort on the
selection of the final decision and its implementation. Hence they need decision analysis
tools such as multi-criteria decision analysis instead of environmental assessment tools such
as LCA (Kiker et al., 2005).
This section starts with a brief introduction to green waste recovery since this will be used as
a case study to illustrate the methodology presented in this paper. A discussion of LCA and
its shortcomings follows. Since multiple-criteria decision-making is used to alleviate the
shortcomings of LCA in comparing the environmental impact for the same product used for
different functions, we conclude this section with a brief introduction to multi-objective
optimization to accommodate readers with different environmental and mathematical
backgrounds.
2.1. Green waste recovery
Green waste is a type of biomass consisting mainly of grass, leaves and fresh cuttings
originated from gardens and parks. Biomass resources in general can be considered as
organic matter, in which solar energy is stored in chemical bonds. When the bonds between
adjacent carbon, hydrogen and oxygen molecules are broken by digestion, combustion or
decomposition, the substances release their stored chemical energy. Biomass can be
converted into three main types of products: electrical or heat energy, transport fuel or
chemical feedstock (McKendry, 2002a). The optimal form of the energy conversion process
depends primarily upon the biomass moisture content. High moisture content biomass, such
as herbaceous plant sugarcane, lends itself to a “wet/aqueous” conversion process, involving
biologically mediated reactions, such as fermentation, while “dry” biomass such as wood
chips is more economically suited to gasification or combustion (McKendry, 2002a).
Since green waste consist partially of fresh grass clippings and leaves, which can be
considered as having a high moisture content, and partially of wood and dry leaves, which has
a high calorific value, multiple conversion technologies can be applied such as combustion,
fermentation and anaerobic digestion. An overview of all the conversion technologies for
energy production from biomass is presented in McKendry (2002b).
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According to Grant (2003), green waste falls somewhere between food waste and timber
waste in terms of its potential uses. It is a unique form of waste since it does not have a
“product life cycle” as many products do. Green waste generation will vary depending on
seasonal factors that affect growth rates and is suitable both for energy recovery and
composting purposes.
The main options for green waste material/energy recovery are depicted in Figure 2. Green
waste can be composted in the open air by what is known as an aerobic composting process,
resulting in only compost. This is considered to be an environmentally friendly procedure as
emissions to ground water during composting can be avoided by appropriately designed
composting facilities. During the biodegradation of green waste, microorganisms produce
nitrate via the nitrification chain. The emission of nitrous oxide cannot be avoided, but can be
kept at a low level with sufficient aeration resulting in the lowest contribution to the global
greenhouse effect (Hellebrand, 1998).
Partial removal of the wooden part of the green waste is however also possible; this fraction
can then be used for co-firing in power plants. Use of biomass as feedstock for co-firing
substantially reduces the CO2 emission of power production and helps to reach the EU 2020
objectives on renewable energy for the Netherlands (Kwant, 2003). Use of the wooden part
of the green waste in combined heat and power (CHP) installations yields both power and
heat. An anaerobic digestion process can ferment the remaining part. The biogas that results
from this process can be enriched to be added to natural gas and the digestate produced can be
composted. Vegetable, fruit and garden (VFG) waste can also be processed in the same way.
In many cases co-digesting of green waste with VFG waste can improve both the energy yield
and the economic yield (Braber, 1995).
Composting and energy recovery from green waste both have their merits. On the one hand,
green waste energy recovery can help to close the current gap in generating sufficient
renewable energy sources in the EU. On the other hand, compost originating from green
waste has a positive environmental impact on the soil and on the reduction of CO2 emissions.
Kranert et al. (2010) report that the valorisation of green waste by energy recovery or material
recycling and peat replacement should be considered to be on par in terms of reducing CO2
emissions. Moreover, Vaughan et al (2011) report that green waste compost has potential to
reduce emissions of N2O, an important greenhouse gas.
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Figure 1: Popular green waste recovery processes.

Apart from the technologies available for green waste processing discussed above, other
approaches such as green waste briquetting, cellulosic ethanol production, bio-plastics
production and bio-hydrogen production can also be applied (see for example Bhange et al.
(2012) for a complete overview). These technologies are not discussed here since they are
considered commercially unviable. Moreover, green waste briquetting is used especially in
developing countries to reduce deforestation by providing a substitute for fuel wood. In the
European Union it is not considered a viable renewable source of energy.
Kabir et al.
(2012) also suggest pyrolysis as a suitable conversion process for green waste. Since this
conversion process is expensive for green waste valorisation compared to the abovementioned conversion processes, it is not widely used and hence is not further considered in
this paper.
2.2. LCA approach, potential and limitations
Life cycle assessment (LCA) is a well-established analytical method for quantifying the
environmental impacts of a product, service or production process. The method is
traditionally used to study three types of problems: assessment of individual products to
understand their environmental impact, comparison of process paths in the production of
substitutable products or processes, and comparison of alternatives for delivering a given
function (Jacquemin et al., 2012).
ISO 14040+44 (2006) gives a clear and structured description to practitioners on how to
conduct an LCA. However, ISO 14040+44 (2006) states LCA to be “one of the several
environmental management techniques (e.g. risk assessment, environmental performance
evaluation, environmental auditing and environmental impact assessment) and might not be
the most appropriate technique to use in all situations. LCA typically does not address the
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economic or social aspects of a product, but the life cycle approach and methodologies
described in the ISO 14044 may be applied to these other aspects”. So ISO 14040+44 (2006)
does not claim LCA to be the sole methodology for assessment of environmental impact.
Although LCA is a good environmental assessment tool, it does have some drawbacks.
Readers interested in a complete overview of the drawbacks and potential solutions to
overcome them are referred the literature reviews of Pryshlakivsky and Searcy (2013),
Jacquemin et al., (2012), Finnveden et al. (2009), Reap et al. (2008 a, b) and Hertwich et al.
(2000). The main drawbacks of LCA can be summarized as follows.
An initial drawback, highly relevant to the subject of this paper, is that ISO 14040 +44 does
not permit use of LCA as a basis for a comparative assertion if the products under study do
not perform the same function. Even if the products perform the same function, the outcome
can still differ significantly. For example, consider the allocation of green waste to compost
or energy valorisation by Kranert et al. (2010) with that performed by SenterNovem, an
agency of the Dutch ministry of Economic Affairs charged with implementing policies in the
fields of innovation, energy and climate, environment and spatial planning (SenterNovem,
2008). Based on separate LCAs, Kranert et al. (2010) conclude that both methods are on par
based on CO2 emissions, while SenterNovem (2008) clearly favours incineration with energy
recuperation.
Jacquemin et al. (2012) do not specifically address the use of LCA for competing products
with a different function. However they point out that during the past decade the focus of
LCA has expanded from a methodology that originally was mostly applied to products into
currently an analysis and design tool for processes. In this extended approach, LCA results
are used as an input to define environmental objectives in a multi-objective optimization
model. Apart from environmental objectives, other objectives related to costs and other
factors can also be taken into account. Münster et al. (2015) show that it is feasible to
combine LCA methodology with multiple-objective optimization. The value of multiobjective programming in the context of LCA lies in offering a range of choices for
environmental improvement of the system, thus enabling preferences to be identified after
analysing the trade-offs among the objectives (Azapagic and Clift, 1999).
Reap et al. (2008a) identify another drawback of LCA, relating to the definition of the
functional unit considered in the study and the scope of the study. If the functions of a product
are not appropriately addressed in an LCA with respect to the study’s goal and scope, the
functional unit may fail to reflect the actual trade-offs properly. As an example, consider the
failure to take long-term effects on the condition of the soil into account when using green
waste compost compared to competing products such as fertilizers made from natural oil.
Finnveden et al. (2009) and Reap et al. (2008a) point out that only environmental impacts are
addressed in the ISO standard for LCA and not the social and economic impacts which
combine to form the dimension. Reap et al. (2008b) state that a consensus on the most
appropriate remedy for the problems in each of the four phases of an LCA (definition of goal
and scope, life cycle inventory analysis, life cycle impact assessment, and interpretation)

93

remains elusive. As a decision support tool, LCA combines preference values and science,
and hence precludes the existence of uniquely correct methods and results (Hertwich et al.,
2000)
2.3. Multiple-Criteria Decision Making (MCDM)
Multiple-criteria decision-making (MCDM) is a sub-discipline of Operations Research that
supports decision-makers (DMs) by structuring and solving decision and planning problems
involving multiple criteria. The objectives to be achieved in connection with these criteria
often conflict with each other. Consequently, there is no single ideal solution that
simultaneously satisfies the DM across all criteria. Therefore an optimal trade-off between
these objectives must be sought in accordance with the preferences of the DM. Kiker et al.
(2005) give an overview of different types of decision support tools based on MCDM in
environmental management. Most of them are based on multi-attribute utility theory
(MAUT), multi-attribute value theory (MAVT) and analytical hierarchy process (AHP).
MAUT and MAVT involve use of utility/value functions that transform the decision criteria
into a 0-1 utility scale. By using weightings for the different criteria they provide the DM with
a score for each alternative. AHP uses a quantitative comparison method based on pair-wise
comparison of decision criteria rather than utility and weighting functions. The abovementioned MCDM methods are used to identify the most preferred alternative or to rank a
finite number of the alternatives explicitly known at the start of the solution process.
Another approach to MDCM consists of first mathematically determining the Pareto optimal
solutions as alternatives, the choice between which is not explicitly known, and thereafter
including the preference of the DM to obtain a final solution. Optimal trade-off solutions are
called Pareto optimal or Pareto-efficient if none of the objectives can be improved in value
without deteriorating the values of some other objectives. The mathematical process of
seeking such a solution is known as multi-objective programming (see e.g. Stadler, 1979 or
Steuer, 1986 for an introduction). We prefer to formulate the problem of allocating green
waste to composting or energy recovery as a multiple-objective programming problem since
there are not a finite number of alternatives explicitly known at the start of the solution
process.
In general, three types of approaches to the solution of a multiple-objective optimization
problem (MOOP) can be distinguished based on the timing of making the preferences by the
DM (Van Veldhuizen and Lamont, 2000): (i) an a priori preference articulation where the DM
decides how to combine the differing objectives into a scalar function prior to the
optimization process, (ii) a progressive preference articulation where the decision-making and
optimization are intertwined and (iii) an a posteriori preference articulation where the DM is
presented with a set of Pareto optimal candidate solutions and chooses from that set. Type (i)
and (iii) solution approaches for a MOOP are commonly used and will be discussed further
below.
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If the DM defines his relative preferences at the start of the process (a priori), the relative
preference vector is used to scale the multiple objectives into a single-objective optimization
problem with one single solution as outcome. Well-known methods for determining upfront
relative preferences are the analytical hierarchy process (Saaty, 2008) and goal programming
(Jones et al., 2002; Tamiz et al., 1998), which are based on the construction of a value
function that expresses DM preferences. Once the objective function is constructed, the
resulting single objective mathematical program is solved to obtain a preferred solution.
Standard solution techniques for these models have been available for some time and are
mostly simplex-based methods. A drawback of defining the relative preferences at the start of
the optimization process is the high sensitivity of the solution to the relative preference vector
used in forming the composite function (Deb, 2009). To alleviate this drawback, one can first
generate as many trade-off solutions as possible (the a posteriori approach). Once a sufficient
number of these Pareto points have been determined, the DM can select one amongst these
solutions by adding information to the problem. This process of generating a subset of the
Pareto optimal solutions can basically be carried out using classical gradient-based exact
optimization methods or meta-heuristic methods such as simulated annealing, taboo-search or
genetic algorithms.
In the group of exact methods, the MOOP is solved by constructing several scalarizations
with the aim of obtaining a subset of Pareto points that are distributed as evenly as possible
within the full set of Pareto optimal points. This group of methods includes the normal
boundary intersection (NBI), modified normal boundary intersection (NBIm), normal
constraint (NC), successive Pareto optimization (SPO) and directed search domain (DSD)
methods. Another widely used method is the ε-constraint method and the augmented εconstraint method (AUGMECON), which is a novel version of the conventional ε-constraint
methods providing remedies for its well-known pitfalls (Mavrotas, 2009). In the ε-constraint
method, one of the objective functions is optimized while the other objective functions are
used as constraints. It has several advantages over the weighting method (Mavrotas, 2009),
such as obtaining a richer representation of the Pareto optimal front and being fit for use in
multi-objective integer and mixed integer programming problems. Compared to the εconstraint method, the AUGMECON method avoids generating weakly Pareto optimal
solutions and accelerates the optimization process by avoiding redundant solutions. The
AUGMECON method is available in a number of different modelling languages, including
GAMS (general algebraic modelling language, www.gams.com). The interested reader is
referred to Mavrotas (2007, 2009) for further details of the AUGMECON method. The εconstraint method has also been used by Azapagic and Clift (1999), among others, in an
evaluation of possible options for environmental management of five boron products.
Meta-heuristics solution methods have become increasingly important in MCDM for their
ability to solve many highly nonlinear multiple-criteria problems. In the nineties three
evolutionary algorithms were suggested by three different groups of researchers: the multiobjective genetic algorithm (Fonseca and Fleming, 1993), the non-dominated sorting genetic
algorithm (Srinivas and Deb, 1994), and the niched Pareto genetic algorithm (Horn et al.,
1994), as reviewed by Wallenius et al. (2008). Increases in computing power have been at the
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heart of many of the advances in MCDM (Wallenius et al., 2008). Along with algorithmic
advances, larger and more complex problems have become solvable in reasonable
computation times.
Probably the most popular meta-heuristics for MCDM are genetic algorithms, which emulate
the way species breed and adapt in the field of genetics; simulated annealing, which emulates
the way in which material cools down to its steady state in the field of physics; and taboo
search which draws on the social concept of ‘taboo’ in order to provide an effective search
technique which avoids returning to local optima (Gonzalez, 2007). The main advantage of
evolutionary algorithms, when applied to solve multi-objective optimization problems, is the
fact that they typically generate sets of solutions that approximate the entire Pareto front. The
main disadvantage of evolutionary algorithms is that the Pareto optimality of the solutions
cannot be guaranteed. Only the solutions generated are guaranteed not to dominate the
solutions on the Pareto optimal front. In general, evolutionary algorithms are considered a
good alternative to exact methods for large MCDM instances. The observed Pareto fronts
determined by evolutionary algorithms have a better spread of solutions with a larger number
of non-dominated solutions when compared to the classical multi-objective techniques (Li,
2010).
Given the fact that ISO 14040+44 (2006) does not permit the use of comparative LCA in case
of different product functions and given the fact that the allocation of green waste to
composting and/or energy recovery is not to be classified into a finite set of alternatives in
advance, the optimal trade-off if green waste is used for both products may be formulated as a
MOOP. Depending on the situation, decision-makers can allocate green waste to composting
or energy recovery, or a combination of both.
3. A MOOP formulation for the Green waste valorisation problem
In the case of green waste, a complete life cycle approach in which the closed loop supply
chain has to be evaluated is not very suitable since its prior life cycle is a relatively natural
one that is generally not considered to be a “product life cycle” at all (Grant, 2003). This
process can be better evaluated on its own as a gate-to-gate process. Therefore we consider
only the processes that deal with composting and incineration with energy valorisation in the
green waste valorisation problem, GWVP, and we do not take the collection and transport of
green waste into account.
The GWVP consists of finding a set of best decision vectors over one planning period that
maximizes the output of compost and waste-to-energy by means of incineration with energy
recuperation (referred to from now on simply as incineration) subject to several constraints.
Depending on the preferences of the decision-makers, the green waste can be allocated to one
or a combination of both options. The outcome of the MOOP is a set of Pareto optimal
solutions guaranteeing the best outcome for the options under study and complying with the
EU waste Directive 2008/98/EC that allows diversion from the waste hierarchy preferring
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composting to incineration with energy recuperation if it leads to an equivalent or a better
environmental outcome.
The problem consists of finding the optimum between two conflicting objectives: the first
objective function maximizes the compost output and the second objective function
maximizes the waste to energy output in a given planning period for a given mass of green
waste, as detailed below.
Let:
− xt: total incoming mass of green waste to be composted/incinerated [ton]
− xbc: brown mass (mainly leaves and cuttings) in green waste batch xt to be used for
composting [ton]
− xgc: green mass (mainly grass) in green waste bath xt to be used for composting [ton]
− xbi: brown mass (mainly leaves and cuttings) in green waste batch xt to be used for
incineration [ton]
− xgi: green mass (mainly grass) in green waste batch xt to be used for incineration[ton]
− xc: total mass resulting from the composting process [ton]
The mass of the green waste xt to be composted or incinerated equals the sum of the brown
mass and the green mass. This is expressed in (3.1)
xt=xbc+xgc+xbi+xgi

(3.1)

3.1. First objective: maximizing composting yield
The yield obtained from composting a certain mass of green waste (xbc + xgc) derived from the
incoming batch of green waste of mass xt can be modelled by an approximate empirical
function (3.2) derived from publically available data for Belgium reported by Vlaco (2010).
The data was based on experiments carried out at a composting site in Flanders, Belgium
(Vlaco, 2010), where two 350-ton batches with a different green waste content were
composted in the open air (aerobic composting) every season. This resulted in four
experiments, each with a different seasonal composition of brown mass, xbc, and green mass,
xgc, leading each to a composting yield, γc, expressed in (3.2) and a final amount of compost
xc, expressed in (3.3). The empirical parabolic function, depicted in Figure 2, agrees with
insights of composting practitioners that the maximum compost yield is reached when the
amount of brown mass in the green waste blend equals the amount of green mass (xbc = xgc),
and that high-quality composting is impossible if only brown mass (xbc≠ 0 and xgc=0), or only
green mass (xgc ≠0 and xbc=0) is used in the green waste blend. Both extremes are
represented in Figure 2 by xc=0 in case of x equals 0% (only green mass) or 100% (only
brown mass) of the total mass of incoming green waste, (xbc + xgc), assigned for composting.
Composting green waste needs a proper ratio of carbon-rich materials called ‘browns’ such as
97

dried leaves and cuttings, and nitrogen-rich materials called ‘greens’ such as grass. If the C
(carbon)/N (nitrogen) ratio of compost deviates from the optimal ratio, negative
environmental impact arises. A too high C/N ratio results in a loss of nitrogen in the soil and a
too low C/N ratio results in a compost product that does not help to improve the structure of
the soil (Bhange et al., 2012). Material with a carbon/nitrogen (C/N) ratio larger than 30 is
called ‘brown’ mass and material with a C/N ration less than 30 is called ‘green’ mass
(www.homecompostingmadeeasy.com).

γ c = (− 1.4 ⋅ x 2 + 1.4 ⋅ x )⋅ 100[%]

(

(3.2)

)

xc = − 1.4 ⋅ x 2 + 1.4 ⋅ x ⋅ (xbc + x gc )[ton]

Where

(3.3)

⎛ (xbc ) ⎞
⎟ ⋅ 100[%]; x = [0,100]%
x=⎜
⎜ (x + x ) ⎟
gc ⎠
⎝ bc

(3.4)
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Figure 2: Empirical function for composting yield of green waste, γc, based on the fraction of brown mass
xbc and green mass xgc in the green waste blend and results of the composting experiment Vlaco (2010)

In this paper we use a blend of green waste as detailed in Table 1 for our calculations. If a
more detailed composition of a batch of green waste is available, more detailed calculations
can be made, for example on the basis of data from the Phyllis10 database.
For the blend in Table 1, the mass for 1 m3 of brown mass equals approximately the mass of 1
m3 of green mass, which is optimal for composting: xb = 0.6 ⋅ 0.15 + 0.1 ⋅ 0.4 ≈ x g = 0.3 ⋅ 0.45

10

Energy Research Center Netherlands. Phyllis database for biomass and waste, http://www.ecn.nl/phyllis/
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C/N ratio

LHV [GJ/ton]

Bulk density
[ton/m3]
0.15(d)

Volume share in
green waste
0.6(e)

Dry cuttings (25%
641(a)
14.0(b)
moisture)
Dry leaves
54(a)
17.2(c)
0.40(d)
0.1(e)
(a)
(b)
(d)
Wet
grass
12-19
8.0
0.45
0.3(e)
clippings
(50%
moisture)
Table 1: Characteristics of main components of green waste (C/N ratio: carbon/nitrogen ratio; LHV:
lower heating value). (a) Jenkins (2005); (b) NVRD, 2010: (c) LNE (2002); (d) LNE (2014); (e) based on
SenterNovem (2008) and Vlaco (2010).

3.2. Second objective function: maximizing waste to energy
Since the aim is to find the optimal mix of xbc, xgc, xbi and xgi that maximizes green waste as
feedstock for energy recovery and composting, the objective function for the energy
valorisation of green waste by incineration, Ei, is given by (3.5) using the lower heating
values (LHV)11 also known as net calorific values (NCV) or lower calorific values (LCV) for
dry pruning wood and wet grass (see Table 1).
Ei = 14 ⋅ xbi + 8 ⋅ x gi [Gj ]

(3.5)

Note that since wood is mostly used dry in co-firing, the dry LHV value is used and since
grass is mostly not dried when used for energy recuperation, the wet LHV is used.
The effect of the moisture content in biomass on the LHV is expressed by (3.6) (see Fowler et
al., 2009) in which MC is the moisture content of the biomass expressed in %.

LHV wet = LHVdry ⋅ (1 − MC ) − 2.442 ⋅ MC

(3.6)

To give an example, using leaves with moisture content MC of 50% reduces the LHV from
17.2 [GJ/ton] to 7.4 [GJ/ton]. Given the low proportion of leaves in the blend and the
seasonal variation in collecting the leaves, we assume in this paper that the average annual
LHV of the leaves is the same as that of dry cuttings.
The functions (3.3) and (3.5) represent opposing trends. The more brown mass xbi and green
mass xgi are removed from the total incoming green waste mass xt for incineration, the less
compost will be made according to (3.3), but the more renewable energy will be made
according to (3.5). Moreover, if the equal balance of brown mass and green mass is disturbed
in the green waste mixture, for example to favour the conversion of brown mass to renewable
energy, the output of compost will also be reduced as depicted in Figure 2 and expressed in
(3.2).

11

LHV calculations assume that the water component of a combustion process is in a vaporous state at the end
of combustion and that the latent heat of vaporization of water in the fuel and the reaction products is not
recovered.
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The objectives of GWVP can be expressed by (3.7) and (3.8), where x is expressed by (3.4).

(

)

Maximize f1 = xc = (−1.4 x 2 + 1.4 x) ⋅ xt − xbi − x gi [ton]
Maximize f 2 = Ei = 14 ⋅ xbi + 8 ⋅ x gi [GJ]

(3.7)
(3.8)

3.3. Constraints
(1) Space restrictions: Constraint (3.9) represents the fact that the mass to be composted in a
single batch is limited to a maximum mass of xt ton given the physical constraint of the
space where the green waste is composted.

xbc + x gc + xbi + x gi ≤ xt [ton]

(3.9)

(2) Limitations on the energy valorisation of green waste: since a conventional blend of green
waste consists of half brown and half green mass, the fraction brown xbi and green xgi are
limited to half the amount of green waste xt as represented by constraints (3.10) and
(3.11).

xt
(3.10)
[ton]
2
x
(3.11)
0 ≤ x gi ≤ t [ton]
2
(3) Guaranteeing an acceptable yield for the composting process: According to the empirical
function (3.2), the composting yield drops when the ratio of brown to green mass to be
composted deviates increasingly from the preferred balance. Constraint (3.12) therefore
lays down boundaries guaranteeing an acceptable composting yield.
0 ≤ xbi ≤

xbc
⋅ 100 ≤ 65[%]
x gc + xbc
This can be rewritten as:
35 x gc − 65 xbc ≤ 0
35 ≤

35 xbc − 65 x gc ≤ 0

(4) All masses are positive numbers.
xbc , x gc , xbi , x gi , xt ≥ 0[ton ]

(3.12)
(3.13a)
(3.13b)

(3.14)

4. Solving the Green waste valorisation problem
The green waste valorisation problem, GWVP, has two conflicting objective functions (3.7)
and (3.8), of which (3.7) is non-linear. All constraints apart from (3.4) are linear. We use the
genetic algorithm NSGA-II and the ε-constraint method to generate the efficient frontier and
solve the bi-objective problem. Both methods are widely used a-posteriori methods
permitting generation of the Pareto optimal front for decision-makers. The NSGA-II method
is the most generic one, but is less popular because of the computational effort required and
the lack of widely available software (Mavrotas, 2009). The problem solving approach will be
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illustrated using the practical case of green waste valorisation in the Low Countries (Belgium
and the Netherlands). The optimal allocation of a batch of green waste with xt =150 ton to
composting or energy recovery will be taken as an example.
4.1. The NSGA-II GA algorithm used for solving the GWVP MOOP
Given its good performance, the NSGA-II GA has been used in many MOOP solving
problems in the last decade (Konak et al., 2006; Murugan et al., 2009; Jeyadevi et al., 2011;
Lin and Yeh, 2012). According to Murugan et al. (2009), it is one of the most efficient
algorithms for multiple-objective optimization on a number of benchmark problems. It
generates a set of solutions close to the Pareto optimal front (Deb, 2009).
The NSGA-II algorithm and its detailed implementation are described in Deb (2009). Unlike
the case with the ε-constraint method that can easily be used with the aid of freely available
GAMS software, there is no widely available free tool for the NSGA-II algorithms as far as
we know. The basic working principles of the NSGA-II algorithm will therefore be briefly
explained in the appendix to this paper. Software commonly used to implement the NSGA-II
algorithm includes Visual Basic (Montazer-Rahmati and Binaee, 2010; Hani et al., 2008)
Mathlab (Dehghanian and Mansour, 2009) and Python (De Rainville et al., 2012).
In order to solve the GWVP with the NSGA-II method, the objective functions have to be
formulated as minimization problems. Functions (3.7) and (3.8) are therefore transformed
into (4.1) and (4.2) respectively, using the duality principle. It should be noted that NSGA-II
could deal with nonlinear objective functions and constraints unlike the ε-constraint method,
which requires linear objective functions and constraints. The NSGA-II method is thus the
more generic version of the two. The constraints (3.4) and. (3.9) – (3.14) are transformed into
(4.3) – (4.8) in this case.

(

)

Minimize f1 = (1.4 ⋅ x 2 − 1.4 ⋅ x) xt − xbi − x gi [ton]
Minimize f 2 = −14 ⋅ xbi − 8 ⋅ x gi [GJ]

(4.1)
(4.2)

Subject to:
x=
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(x

(xbc )
bc

+ x gc )

=

(75 − xbi )

(150 − x

bi

− x gi )

(4.3)

xbc + x gc + xbi + x gi ≤ 150[ton]

(4.4)

0 ≤ xbi ≤ 75[ton]
0 ≤ x gi ≤ 75[ton]

(4.5)
(4.6)

35 x gc − 65 x wb ≤ 0

(4.7a)

35 x wc − 65 x gc ≤ 0

(4.7b)

xbc , x gc , xbi , x gi ≥ 0[ton]

(4.8)

4.1.1. Basic situation: grass and wood in green waste allowed for green waste valorisation.
Solution of the GWVP with the aid of the NSGA-II algorithm yields the Pareto optimal front
shown in Figure 3. The NSGA-II algorithm was programmed in Visual Basic. Each variable
was binary coded in a 10-bit chromosome string. As a point of comparison for the
implementation, the Matlab code of Lin (2011) was used. The NSGA-II algorithm was
executed using Matlab R2014b and Microsoft Visual Basic 6.5 on a personal computer with a
1.66 GHz processor and 10.99 GB Ram memory. The results shown were obtained after 500
iterations, starting with an initial population of 20 solutions using a single crossover
probability Pc=0.8. The Pareto optimal solutions in Figure 3 represent all combinations with
maximum compost yield γc=35% with x=50% for the range xbi = [0, 75] ton and xgi = [0, 75]
ton, while xbc=xgc. All solutions on the Pareto optimal front represent equal combinations in
terms of lowest environmental impact for green waste valorisation. The shape of the Pareto
curve indicates the perfect complementary nature of the trade-off between the two different
objective functions when the fixed maximum compost yield γc=35%. The Matlab and Visual
Basic programs of NSGA-II generate comparable results. The Pareto optimal front generated
by the NSGA-II algorithm results in a combination of negative values of compost and energy
production because of the dual representation of the objective functions as expressed in (4.1)
and (4.2).
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Figure 3: Pareto optimal front for the Green Waste Valorisation Problem, GWVP, representing the
optimal combinations for Energy valorisation, Ei, and Compost, xc, in case of equal amounts of brown
mass, xbc, and green mass, xgc, in the green waste batch, obtained with NSGA-II (elitist non-dominated
sorting genetic algorithm version II) after 500 iterations using a single cross-over probability, Pc=0.8,
using Matlab and Visual Basic (VB).
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Since we want to compare the outcome of NSGA-II, which minimizes the objective functions
with that of the ε-constraint method that maximizes objective functions, the results of the
NSGA-II algorithm will be presented as positive values in Figure 3 using the duality principle
so that the outcomes reflect the maximization of both objective functions.
4.1.2. Only brown mass of green waste allowed for energy valorisation
Because the brown mass of the green waste is most suited for incineration, it is more likely
that no green mass will be incinerated in practice (i.e. xgi=0). The partial removal of
especially the wooden mass from the green waste batch xt will bring about a change in the
composition of the green waste used for composting from the empirical optimal proportions
of 50% green and 50% brown mass. Depending on the amount of brown mass used for
incineration, the amounts xbi, xbc and xgc will then differ in accordance with constraint (4.4).
Constraints (4.7 a and b) limit the imbalance between xbc and xgc to a ±15% range around
γc=35%. This results in the Pareto optimal front shown in Figure 4. This does not differ
appreciably from the result shown above for the basic situation, since the parabolic function
(4.1) is almost linear in the range defined by constraints (4.7 a and b). If the composting yield
constraints (4.7 a and b) are alleviated, the Pareto optimal front will be seen to deliver worse
results outside the range defined by constraints (4.7 a and b). This is shown by the option
“xgi=0, no composting yield constraints” in Figure 4. In this case, composting and Waste-ToEnergy are no longer perfect complements.
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Figure 4: Pareto optimal front for the Green Waste Valorisation Problem, GWVP, representing the
optimal combinations for Energy valorisation, Ei, and Compost, xc, in case of only the brown mass, xbc, of
green waste is allowed for energy valorisation, obtained with NSGA-II (elitist non-dominated sorting
genetic algorithm version II) after 500 iterations using a single cross-over probability, Pc=0.8; (xgi: amount
of incinerated green mass; xbc: amount of composted brown mass; xgc: amount of composted green mass;
VB: Visual Basic).
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4.2. The ε-constraint method
In the ε-constraint method, one of the objective functions is optimized using the other
objective functions as constraints. For the GWVP case, the non-linear objective function (3.7)
for composting will be optimized, and the second linear objective function (3.8) will be
incorporated with the other constraints. As a result, the set of constraints remains linear. The
problem can then be reformulated as follows:
Maximize
Subject to:

f1 = (−1.4 x 2 + 1.4 x) ⋅ (150 − xbi − xgi )[ton]

(4.9)

14 ⋅ xbi + 8 ⋅ x gi ≥ e

(4.10)

The other constraints (4.3) – (4.8) remain unchanged.
Efficient solutions of the problem are obtained by parametric variation of the variables on the
right-hand side (RHS) of the second constrained objective function (e) (see Mavrotas, 2009).
The ε-constraint module of GAMS (www.gams.com) is used to solve the problem expressed
above. This solver is based on linear programming, which means that (4.9) and (4.3) have to
be linearized. This can be done using the algorithm of Frank-Wolfe (1956) or by the approach
suggested below.
In the basic situation, the maximum composting yield will be subject to the constraint xbc=xgc
as explained in section 4.1.1. In this case constraint (4.3) becomes x=0.5 and function (4.9) is
reduced to the linear function shown in (4.11).
f 1 = 0.35 ⋅ (150 − xbi − x gi )[ton ]

(4.11)

In the second scenario where no green mass from the green waste is incinerated, as expressed
by xgi=0, constraint (4.11) can no longer be used since xbc≠xgc if xbi≠0. Due to constraints (4.7
a and b), only the part of the parabolic function that is quite linear will be used. We therefore
approximate to (4.9) by considering only xbi and assuming that xgi=0 in (4.3). This leads to the
expression (4.12) for xbi= [0, 34.62] ton.

f1 = −0.45 xbi + 53.13[ton]

; R²=0.995

(4.12)

The results of the GAMS optimization procedure for 10 grid points for e and for the two
situations discussed above leads to the two Pareto optimal fronts shown in Figure 5. The
results of the NSGA-II method are also included in Figure 5 for the sake of comparison,
showing that both methods result in similar Pareto optimal fronts. If the constraints (4.7 a and
b) were alleviated, the Pareto optimal front would deviate from the one in (4.11) for xbi >34.62
ton. This effect is modelled by the option “xgi=0, no composting yield constraints”.
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Figure 5: Overview of the Pareto optimal fronts of the Green Waste Valorisation Problem, GWVP,
representing the optimal combinations for Energy valorisation Ei and Compost xc in case of equal
amounts of brown mass, xbc, and green mass, xgc, in the green waste batch and in case of no green mass
allowed for incineration with energy recuperation, xgi=0, generated with the aid of the ε-constraint
method in GAMS. (xbc: amount of composted brown mass; xgc: amount of composted green mass; VB:
Visual Basic).

The pay-off table for the basic run using the ε-constraint method is given in Table 2, and that
for the special case with xgi=0 is given in Table 3. Table 2 shows that in the basic run the
extreme solutions for the valorisation of an incoming batch of 150 ton of green waste are
given by complete composting of the batch resulting in 52.5 ton of compost or complete
incineration resulting in 1650 GJ of energy. Table 3 shows, for the same incoming batch of
150 ton of green waste, that if no green mass is incinerated and constraints (4.7 a and b) on
composting yield are taken into account, the maximum energy valorisation is limited to
484.68 GJ. The maximum composting yield is still possible in the absence of incineration. It
will be noted that the maximum composting yield of 53.13 ton differs from the value of 52.5
ton given in Table 2 because the estimated function (4.12) is used.
Compost xc [ton]
Energy Ei [GJ]
Table 2: Pay-off table for GAMS basic run

Compost xc [ton]
52.5
0

Energy Ei [GJ]
0
1650

Compost xc [ton]
Energy Ei [GJ]
Compost xc [ton]
53.13
0
Energy Ei [GJ]
37.44
484.68
Table 3: Pay-off table for GWVP GAMS special case xgi=0 (no green mass is incinerated).
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4.3. Comparison of the NSGA-II and ε-constraint methods for the GWVP
The ε-constraint method needs linearization of the non-linear objectives and constraints in the
green waste valorisation problem. The NSGA-II method permits nonlinear multi-objective
programming and is therefore better suited to deal with the green waste valorisation problem
as such. The computing time for the NSGA-II method is however higher than that for the εconstraint method (see Table 4). Use of Matlab gives faster generation of the population on
the Pareto optimal front thanks to the efficiency of the built-in functions that can be used.
The grid points in the NSGA-II method are less evenly distributed than those in the εconstraint method, which does yield an even distribution of the grid points. The grid points of
the population representing the Pareto optimal front in NSGA-II may deviate slightly from
those of the ε-constraint method, which are based on an exact calculation. This is because the
heuristic underlying the NSGA-II algorithm guarantees only Pareto optimality for the set of
solutions generated on the Pareto optimal front.
Method

Basic run time in
seconds

Run time (seconds)
for xgi=0

Population size

Number of
generations

ε-constraint

2
2
10
N/A
3
4
20
N/A
NSGA-II
173
153
10
100
(Visual Basic)
772
756
10
500
1003
969
20
500
NSGA-II
8
8
10
100
(Matlab)
42
41
10
500
45
45
20
500
Table 4: Comparison of computing times for the NSGA-II (elitist non-dominated sorting genetic
algorithm version II) and ε-constraint methods; xgi is the amount of green mass that is incinerated.

4.4. Determining a final single solution
If a single optimal solution is to be determined, a decision-maker can fix the values of two
weighting factors ex-post by assigning to each objective function a weighting factor, wj,
representing its importance so that the total of all weighting factor equals 1. According to
Deb (2009), the optimal objective values of each single-objective optimization model form
the components of the ideal point vector f* for the multi-objective problem under
investigation. Next, for each single-objective solution of the optimal solutions set, the
distance to the ideal point f *j is weighted by the chosen weights fjs to obtain a weighted
percentage deviation factor (WPD).
The value fjs of the jth objective function is then
calculated for all solutions s of the Pareto optimal set, and compared with the ideal point
value of the jth objective function fj*. This ideal point value is formed by the optimal results
per objective function of each assessed alternative.

⎡
f js − f j*
WPDs = ∑ ⎢ w j ⋅
f j*
j =1 ⎢
⎣
2

⎤
⎥
⎥⎦

(5.1)

This method is applied to the Pareto optimal front population of the basic case generated by
the ε-constraint method. When w1=w2=0.5, all solutions are identical; in other words, all
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combinations belonging to the Pareto optimal front are equally optimal from a waste
management policy standpoint. The results are depicted in Table 5. The outcome with the
highest WPD factor is the preferred outcome.
Solution s

f1=xc [ton]

f2=Ei [GJ]

WPDs
w1=0.4;
w1=0.6;
w1=0.1;
w2=0.6
w2=0.4
w2=0.9
1
0
1650
0.5
0.40
0.60
0.10
2
5.25
1485
0.5
0.42
0.58
0.18
3
10.5
1320
0.5
0.44
0.56
0.26
4
15.75
1155
0.5
0.46
0.54
0.34
5
21
990
0.5
0.48
0.52
0.42
6
26.25
825
0.5
0.50
0.50
0.50
7
31.5
660
0.5
0.52
0.48
0.58
8
36.75
495
0.5
0.54
0.46
0.66
9
42
330
0.5
0.56
0.44
0.74
10
47.25
165
0.5
0.58
0.42
0.82
11
52.5
0
0.5
0.60
0.40
0.90
Table 5: influence of the weighting factors on the outcome in the basic case (xc: amount of compost; Ei:
amount of energy; w1, w2: weighing factor for function f1, f2; WPDs: weighted percentage deviation factor
for solution s)
w1=w2=0.5

The optimal allocation of the incoming green waste to composting and energy valorisation
will vary, depending on the relative weighing factors wj. If w1≥0.5, material valorisation will
be favoured, while if w2≥0.5 energy recuperation will be favoured.
In the case of a GWVP with a linear Pareto optimal front combination between the two
objective functions f1 and f2, the results are obvious. Other criteria may be used to select the
optimal allocation of green waste to composting and energy valorisation. We demonstrate the
power of the WPD method by choosing the optimal green waste conversion method if the
green mass of the green waste may not be used for incineration (that is, xgi=0) and when no
constraint is enforced on maintaining the composting yield. As depicted in Figures 4 and 5,
there is no linear relationship between f1 and f2 in this case. If equal weight is allocated to
composting (f1) and energy valorisation (f2), then complete composting or complete
incineration of the green waste is optimal (see Table 6). All other solutions s on the Pareto
optimal front will result in a composting yield loss.
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Solution s

f1=xc [ton]

f2=Ei [GJ]

1

52.50

0

WPDs
w1=w2=0.5
0.50

2

49.69

105

0.48

3

46.57

210

0.46

4

43.07

315

0.44

5

39.13

420

0.42

6

34.65

525

0.42

7

29.53

630

0.41

8

23.61

735

0.42

9

16.70

840

0.44

10

8.51

945

0.46

11

0.11

1036

0.50

Table 6: Optimal solution of green waste valorisation for xgi=0 (xc: amount of compost; Ei: amount of
energy; w1, w2: weighing factor for function f1, f2; WPDs: weighted percentage deviation factor for solution
s)

5. Conclusions
According to ISO 14040+44 (2006), comparative life cycle assessment (LCA) cannot be used
to assist policy decision-makers in obtaining the best environmental outcome for green waste
recovery when choosing between composting and incineration with energy recuperation. This
paper therefore develops an alternative solution approach using multi-objective optimization.
Both types of green waste recovery methods have positive environmental impacts.
Composted green waste has a positive long-term effect on the soil and avoids the use of peat
or natural–oil-based fertilizers, both of which have a negative environmental impact.
Incineration of some or all of the green waste can also generate a considerable amount of
renewable energy, which can help in achieving EU targets for renewable energy. Multiobjective optimization offers a methodology to assist decision-makers in making an optimal
trade-off between these two options.
In this paper, the green waste valorisation problem (GWVP) is formulated as a non-linear
multi-objective optimization problem (MOOP) with the objective of maximizing the
generation of compost and of renewable energy. The NSGA-II genetic algorithm method and
the computationally more efficient ε-constraint method have been used to solve this problem.
The outcome is a Pareto optimal front taking into account the trade-off of both conflicting
sustainable objectives. In this sense, the outcome represents a balanced approach that is
beneficial for both material conservation and renewable energy generation. Moreover, this
approach satisfies the requirement of the EU Waste Directive 2008/98/EC that EU Member
States shall select the waste recovery method that delivers the best overall environmental
outcome. Finally, the presented methodology also contributes to the goal of the EU Directive
2009/28/EC on the promotion of energy from renewable resources.
Computational results based on publically available Belgian data show that when equal
importance is attached to composting and energy valorisation, the optimal valorisation of a
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batch of green waste is determined by its share of brown (cuttings and leaves) versus green
(grass) mass. Green waste is optimally allocated to composting for all combinations with an
equal share of green and brown mass. The uncomposted remainder may be allocated to
incineration with energy recuperation.
If a batch of green waste consisting of green and brown mass can be incinerated with energy
recuperation, then combinations with an equal share of green and brown mass give optimal
results. If no green mass from the green waste batch is incinerated, then it is optimal to fully
allocate the brown mass from the batch to either energy valorisation or to composting.
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Appendix: Basic explanation of the NSGA-II algorithm
In this appendix we explain the basic principles of the NSGA-II algorithm. For a more
detailed explanation, see Deb (2009).
Variables in a genetic algorithm (GA) are represented by binary strings. For example, a
variable denoted as (8, 10) will be represented in a 5 bit binary format as a chromosome
denoted as 01000 01010. Each chromosome is made of genes. In this example the
chromosome has 10 genes. Binary GAs use chromosomes representing the decision variables
instead of the decision variables themselves.
Three genetic operators are used to find the Pareto optimal solutions in a GA: (i)
reproduction; this operator duplicates good solutions and eliminates bad ones in a population
while keeping the population size constant; (ii) crossover operator; during crossover two
chromosomes or strings are exchanged from the mating pool and some portion of the strings
are exchanged between the strings to create new strings; (iii) mutation; during mutation, the
binary value of some genes changes according to a pre-defined schema.
A GA can begin its search with a random set of solutions. Each population of solutions is
evaluated in the context of the underlying MOOP and fitness is assigned to each solution.
Solutions are evaluated by calculating the objective value and constraint violations. The
fitness is the relative merit that is assigned to the objective value and constraint violations. As
long as the termination criterion is not met, the three genetic operators used to create an
offspring population Qt modify the population of solutions. The generation counter is
incremented for each completed generation of the GA.
An elite-preserving operator favours the better solutions in a population by giving them an
opportunity to be directly carried over to the next generation. In NSGA-II, the offspring
population using the parent population Pt first creates Qt. Applying a crossover and mutation
operator to the parent population in the mating pool generates an offspring population. The
two populations Qt and Pt, both of size N, are combined to form the entire population Rt of
size 2N. Then a non-dominated sorting is used to classify the entire population Rt. On
completion of this non-dominated sorting, solutions from different non-dominated fronts fill
the new population one at a time. The filling starts with the best non-dominated front and
continues with solutions of the second non-dominated front, and so on. All fronts which could
not be accommodated in N slots are simply rejected (Figure A.1d).
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Figure A.1 NSGA-II Procedure. (a) Decision variable x in the Decision space D and the corresponding
point z in the Objective space Z; (b) A, B, C and D are Pareto optimal solutions and E is a Pareto nonoptimal solution; (c) classification into non-domination fronts; (d) NSGA-II procedure (figures based on
Deb (2009)).

The non-dominated sorting method used in the NSGA-II algorithm is known as the crowdingsort procedure. In this sorting procedure, the crowded comparison operator, < c , compares two
solutions and returns the winner of the “tournament”. It assumes that every solution i has two
attributes: (i) a non-domination rank ri in the population and (ii) a local crowding distance, di,
which is a measure of the search space around i which is not occupied by any other solution in
the population.
The crowded comparison operator is designed so that a solution i wins a tournament against
another solution j if any of the following conditions are true: (i) if solution i has a better rank,
that is ri<rj or (ii) if they have the same rank but solution i has a better crowding distance than
solution j, that is ri=rj and di>dj.
Let Ij denote the solution index of the jth member in the sorted solution list. I1 and Il denote
the lowest and highest objective function values respectively. For m=1, 2... M, the crowding
distance of the jth solution in its front is calculated as in (A.1):
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Im

dIm = dIm
j

j

Im

f j +1 − f m j −1
+ mmax
f m − f mmin

(A.1)

The crowding sort ( f i , < c ) procedure that assigns the crowding distance is the following:
Step a: Call the numbers of solutions in F as l = F . For each i in the set, first assign di=0
Step b: For each objective function m = 1, 2... M, sort the set in worse order of fm.
Step c: For m=1, 2... M, assigning a large distance to the boundary solutions, or
d I m = d I m = ∞ , and for all other solutions j=2 to (l-1) assign d I m according to (A.1).
1

j

l

The NSGA-II procedure is as follows (see Figure A.1d):
Step 1: Combine parent population Pt and offspring populations Qt and create Rt = Pt ∪ Qt .
Perform a non-dominated sorting to Rt and identify different fronts Fi, i=1, 2...etc.
Step 2: Set new population Pt +1 = ∅. Set a counter i = 1. Until Pt +1 + Fi < N , perform

Pt +1 = Pt +1 ∪ Fi and i= i+1
Step 3: Perform the crowding-sort ( f i , < c ) procedure and include the most widely spread

(N − P ) solutions by using the crowding distance values in the sorted F to P
i

t +1

t+1.

Step 4: Create offspring population Qt+1 from Pt+1 by using the crowded tournament
selection, crossover and mutation operators.
Up to now the algorithm described assumed that the underlying optimization problem is free
from any constraint. A popular constraint-handling strategy is based on use of penalty
functions. Minimization of all objective functions is assumed here (Deb, 2009). Before the
constraint violation is calculated, all constraints g j ( x i ) are normalized, denoted by g ( xi ) .
j

For each solution xi, the constraint violation for each constraint in is calculated as follows:

ϖ ( xi ) = g j ( xi ) , If g j ( xi ) < 0 or 0 otherwise

(A.2)

The overall constraint function Ω( xi ) is the sum of all the constraint violations:
J

Ω( xi ) = ∑ϖ j ( xi )

(A.3)

j =1

This constraint violation is finally multiplied by a penalty parameter Rm and this product is
added to each of the objective function values as in (A.4):

Fm ( xi ) = f m ( xi ) + Rm ⋅ Ω( xi )

(A.4)

For a feasible solution the corresponding Ω term is zero and for an infeasible solution Fm>fm
due to the addition of the penalty function. The penalty parameter Rm in this penalty function
has to be chosen so that it has the same order of magnitude as fm(xi).
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Chapter 5: A model for improving sustainable green waste
recovery12
Abstract
Green waste, consisting of leaves, woodcuttings from pruning, and grass collected from parks
and gardens, is a source of biomass that can be used for material and energy valorisation.
Until recently, the EU-Waste Directive 2009/28/EC allowed green waste to be used as
feedstock only for compost. This paper presents a framework for examining the most
sustainable processing options for green waste valorisation in terms of the triple bottom line,
People-Planet-Profit. A mathematical model is presented that optimizes profit, as well as
environmental and social impact. Four processing options are compared and analysed:
composting, partial separation of wood cuttings prior to composting, partial separation of
chopped wood cuttings in the sieve overflow after composting, and a combination of the last
two options. Computational results for a Belgian case demonstrate that the optimal
sustainable recovery solution is to separate a fraction of the woodcuttings in the sieve
overflow for use as green energy feedstock. Additionally, if sufficiently large subsidies are
available to separate woodcuttings prior to composting, the optimal solution shifts to one of
partially separating the cuttings both prior to composting and in the sieve overflow, and then
using the combined cuttings for energy valorisation. Whenever cuttings are partially separated
the remainder of the green waste is composted.
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1. Introduction
Since the Industrial Revolution, the global economy has grown rapidly through the use of
mainly non-renewable raw materials as feedstock for products and energy; this has led to the
depletion of non-renewable stocks. Over the last decade, this insight has been a stimulus for
governments and other involved stakeholders, particularly in Western, developed countries, to
begin a transition toward a sustainable society. We define sustainability in business processes
as the combined economic, environmental, and social optimum of manufacturing alternatives
that take into account constraints, such as technological limits or legislation, also known as
the triple bottom line (TBL) approach to People-Planet-Profit optimization (Kleindorfer et al.,
2005). Government regulations and legislation play an important role in this transition and in
the coordination of the complex trade-offs between economic, environmental, and societal
factors (Tang and Zhou, 2012). Quantitative models are rarely used to support such decisions
(Seuring, 2013; Dekker et al., 2012). This paper presents a quantitative model that enables
policymakers to examine different waste processing alternatives and to identify their most
sustainable options, given the relative importance assigned to people, planet, and profit.
Without reducing more general application, this paper proposes a sustainability assessment
model for optimal green waste recovery. The proposed model can also be applied to select the
optimal recovery process from a set of alternatives for other types of waste and biomass
feedstock, such as food or wood waste, or lignocellulosic biomass (see e.g. Sharma et al.,
2013 for an overview of conversion methods).
Green waste consists of woodcuttings from pruning (hereafter, cuttings), leaves, and grass
collected after gardening. The cuttings are desirable for both composting and energy
production since dry wood has an energy content of 18600 MJ/ton (McKendry, 2002). When
used as co-firing in a power plant, dry wood can generate on average 1650 KWhe/ton. Until
recently, green waste could be used only for compost in the EU. The current version of the
EU Waste Directive 2008/98/EC (EP&C, 2008) permits separating a portion of green waste
cuttings for energy recuperation if doing so can be shown to be a more sustainable option.
Nevertheless composting remains the most common option to recover material from the
organic fraction of municipal solid waste because of the possibility to use compost as a
fertilizer (Cesaro et al., 2015).
To better explain the problem setting and the need for a quantitative model to assess
sustainability effects, consider the main options for green waste material/energy recovery
depicted in Figure 1. Green waste composted in open air, so-called aerobic composting (AC),
results in compost only. It is also possible to separate some of the wooden fraction of the
green waste to be used for co-firing in power plants, depicted as “Pre-treatment” in Figure 1.
When used in Combined Heat Power (CHP) installations, the wooden mass of the green waste
can produce both power and heat. The remaining fraction of the green waste can be fermented
by means of an anaerobic digestion (AD) process, which results in biogas that can be added
to a natural gas grid after upgrading. The digestate of the AD process then can be composted.
The same fermentation process is also applicable for Vegetable, Fruit and Garden (VFG)
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waste. In many cases, co-digestion of green waste with VFG waste improves energy yield and
is more economically viable (Braber, 1995).

Vegetable, fruit and garden
waste

Composting

Compost

Digestate

Fermentation

Natural gas

Wet fraction (e.g. grass)
Green waste

Pre-treatment

Aerobic Composting

Wooden fraction (e.g. wood cuttings from pruning)
Wood and wood waste

Co-Firing

Power

Heat

Figure 1: Alternative green waste recovery processes

Anaerobic digestion (AD) of green waste as biomass feedstock for renewable energy sources
(RES) is not economically viable (Pick et al., 2012).
By using a multi-objective mathematical model, this paper will examine the sustainability of
the following recovery options for processing green waste: (a) composting, (b) separation of
wooden mass prior to composting, (c) separation of wooden mass after composting, and (d)
separation of wooden mass prior to and after composting. The separated wooden mass can be
used for co-firing in coal power plants generating power and heat.
Using a portion of green waste for energy recuperation could help EU member states, such as
e.g. Belgium and the Netherlands, comply with the EU Directive 2009/28/EC (EP&C, 2009)13
on the promotion of renewable energy resources. EU-targets for the overall share of energy
from renewable sources by 2020 have already been reduced for Belgium (13%) and the
Netherlands (14%), given their geographical position which results in average sunshine,
average wind speed, almost no possibilities to generate hydro power, and limited biomass
stocks in combination with highly dense populations. According to the latest figures of
Eurostat (2015) both countries still have a huge gap to close. Additional biomass feedstocks
such as green waste can help to close this gap. For this paper, we will use Flanders, the
northern region of Belgium, as a case. In 2012, Flanders implemented the EU Waste Directive
13

By 2020, so-called 20-20-20 climate targets aim to effect a 20% reduction in EU greenhouse gas emission
from 1990 levels, raise the share of EU energy consumption produced from renewable resources to 20%, and
improve the EU’s energy efficiency by 20%.
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2008/98/EC (EP&C, 2008) as part of a new Flemish waste directive VLAREMA (Flemish
Government, 2012).
Vanneste et al. (2011) showed that the valorisation of wood waste in large-scale Combined
Heat Power (CHP) systems and co-firing in coal plants offers the largest CO2 reduction per TJ
wood waste for Flanders. The Flemish public Waste Agency, OVAM (2009) already
demonstrated the economic feasibility of partially separating cuttings from green waste if at
least 15% of the cuttings could be used for energy valorisation. However, this study ignored
the quantitative environmental and social impacts for the different green waste recovery
alternatives examined.
Although co-firing of biomass reduces CO2 emissions compared to regular power production
(Baxter, 2005), co-firing of biomass with coal is generally more expensive than dedicated
coal systems. Moreover, co-firing also has some known drawbacks such as fuel preparation,
handling and storage, milling and feeding problems, different combustion behaviour, possible
decreases in overall efficiency, deposit formation (slagging and fouling), agglomeration,
corrosion and/or erosion, and ash utilization. The impact of these difficulties depends on the
quality and percentage of biomass in the fuel blend. One of the measures to alleviate the
difficulties of co-firing is the application of biomass pre-treatment used to modify biomass
properties of e.g. density. The higher cost of pre-treatment needs to be evaluated against
improved fuel operability (handling, storage, transportation) and operability of the boiler and
combustion process (Maciejewska, 2006).
The discussion on co-firing illustrates the importance of an integrated approach towards
sustainable waste valorisation. This paper does not focus on a single waste recovery process
as such. Rather, it aims at selecting the waste recovery process that performs best from a triple
bottom line perspective.
The remainder of this paper is as follows. Section 2 presents a literature review on sustainable
value recovery and sustainability assessment modelling. Section 3 defines the problem
statement. Section 4 introduces the model and Section 5 reviews the results. Finally, in
Section 6 the research findings are discussed and suggestions for further research are made.
2. Literature review
Sustainable development came on the global agenda as an answer to environmental
degradation, lasting poverty, and underdevelopment. The Brundtland Commission (WCED,
1987) defined sustainable development by integrating social, economic, and ecological
dimensions (Hediger, 1999). As a consequence, sustainability issues are characterized by a
high degree of conflicts and compromise solutions needing to be found (Munda, 2005).
Sustainability in business processes can be defined as the combined economic, environmental,
and social optimum of manufacturing alternatives that take into account constraints, such as
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technological limits or legislation, also known as the triple bottom line (TBL) approach to
People-Planet-Profit optimization (Kleindorfer et al., 2005). Many sustainability assessments
are built on the TBL concept (Seuring, 2013), which refers to the accountancy concept that
extends classical financial reporting to include social and environmental performance
reporting, as proposed by Elkington (1994).
The TBL framework requires all three dimensions to be quantified. The economic pillar is
commonly represented by the minimization of costs or the maximization of profits (Seuring
and Müller, 2008). However, since the World Summit on Sustainable Development in
Johannesburg in 2002, prosperity is also used, instead of profit, to reflect the perspective that
the economic dimension covers more than company profits (Heijungs et al., 2010). For the
environmental pillar the standard assessment tool is the Life Cycle Assessment (LCA),
described by ISO 14040 +44 (2006). Additionally, the Eco-indicator methodology
(Goedkoop and Spriensma, 2001) can be applied to quantify environmental impacts in a
simplified manner. As economic and environmental dimensions have been on the agenda for
some time, there is a growing consensus on how to describe them (Seuring and Müller, 2008)
and a number of (optimization) models can be found in the academic literature. A commonly
accepted definition for the social dimension is not yet available, largely because there is not
yet consensus on the meaning of the term ‘social’ (Lehtonen, 2004). The social dimension is
immaterial and therefore difficult to analyse quantitatively (Lethonen, 2004; Munda, 2004).
Since many social indicators cannot be quantified, qualitative ranking and scoring is currently
used alongside quantitative measures (Klöpffer, 2008). A popular method from Multi-Criteria
Decision Making (MCDM) that can be used to quantify such qualitative comparisons is the
Analytic Hierarchy Process, (AHP) (Saaty, 2008). AHP requires the social criteria of interest
to be selected and rated by means of pair-wise comparisons, as illustrated in Dehghanian and
Mansour (2009), which utilized AHP to compare social impacts for several design options to
obtain a sustainable recovery network for end-of-life tires in Iran.
Seuring (2013) concludes that only a limited number of papers on green or sustainable
(forward) supply chains apply quantitative models. Moreover, the social aspect of
sustainability is often ignored in these quantitative models. As such, Seuring (2013) asserts
that the conclusions of an earlier extensive literature review of 191 papers on sustainable
supply chain management (Seuring and Müller, 2008) are still valid. The earlier literature
review showed that all papers covered the economic dimension, 140 also covered the
environmental dimensions (for waste see e.g. Vadenbo et al., 2014), but only 20 covered the
social dimension. These findings are in line with Sharma et al. (2013), which reviewed 32
papers dealing with biomass supply chains and observed that only two papers used multiobjective programming models to optimize simultaneously the economic, social and
environmental objectives.
Currently various methodologies and frameworks are available for assessing sustainability at
different levels such as e.g., country, city, and organization (Moldavska and Welo, 2016).
Following Munda (2005) we consider Multiple Criteria Analysis (MCA) to be a suitable tool
for assessing sustainability of green waste recovery. Because the economic, environmental,
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and social dimensions of the different recovery options are difficult to impossible to compare,
Multiple Criteria Analysis evaluation offers the appropriate methodological tools to
operationalize the concept of incommensurability at both macro and micro levels of analysis
(Munda, 2005; Martinez-Alier et al., 1998).
MCA is formed upon the premise that there are many and, at times, conflicting economic,
environmental and social preferences, but that a consensus should be sought (Oglethorpe,
2010). According to the stakeholders’ view, the importance of each objective, related to the
three dimensions to be optimized, can be varied by assigning weight factors (Carter & Rogers,
2008; Oglethorpe, 2010). Oglethorpe (2010) uses goal programming to optimize the three
pillars and focuses on costs, on-time delivery, lead time, GHG emitted, energy used, water
used, health impacts and number of accrued jobs. You et al. (2011) uses the ε-constraint
method to solve the multi-objective mixed-integer linear programming model that optimizes
the three sustainability pillars. They focus on costs, on time delivery, lead-time, food quality
degraded, food waste, GHG emitted, water used, and number of accrued jobs. Another
approach is presented by Dehghanian and Mansour (2009), who use a multi-objective genetic
algorithm (MOGA) to find Pareto-optimal solutions for designing a sustainable recovery
network, in which economic, environmental, and social impacts are balanced. Devika et al.
(2014) conclude that a gap still exists in the quantitative modelling of social impacts
alongside environmental and economic impacts. They develop a mixed-integer programming
(MIP) model which uses hybrid metaheuristic methods to solve multi-objective closed-loop
supply chain network problems, taking the three sustainability pillars into account. And Mota
et al. (2015) describe a multi-objective mixed-integer linear programming (MOMILP) model
for the design and planning of sustainable closed-loop supply chains. Their objectives include
profit optimization (NPV), environmental impact minimization using the LCA methodology
ReCiPe, and socio-economic indicators applied by the European Union in its Sustainable
Development Strategy.
The previous mentioned papers demonstrate how the three sustainability pillars can be
integrated in a mathematical model. They present extendable alternative approaches for the
inclusion of the societal “people” pillar of sustainability. However, these papers are
exceptions to the rule: most models to assess sustainable outcomes deal with a combined
economic and environmental optimization only.
In this paper we want to formulate a multiple-objective mixed-integer linear programming
(MOMILP) model with three objective functions (economic, environmental, and social) for
green waste recovery. The model is applied to a case in Flanders, introduced in the next
section. Since we compare the traditional composting option with other options that may
require additional investments, it is appropriate to calculate the Net Present Value of the
differences to the current situation (see e.g. Guillen-Gosalbez and Grossmann, 2010). To
assess the environmental aspects of the different options, we use the commonly used LCA
methodology. Since green waste is not intentionally grown, but is a by-product, it is not
suitable to use a complete life-cycle approach in which the closed-loop supply chain must be
evaluated (Grant, 2003). Instead, the process can be better evaluated on its own as a gate-to118

gate process in which only the waste treatment is considered. If green waste is delivered to the
processing facility, then the waste treatment process to obtain compost and separate the
wooden mass also needs to be considered. To assess the social impact, we utilize AHP to
compare the different scenarios for green waste valorisation, following Dehghanian and
Mansour (2009).
3. Problem statement and analysis
The composition of green waste differs for each season (e.g. less grass and leaves in winter)
and for each geographical location (VLACO, 2010). Since no typical composition of green
waste for Flanders is available, the typical composition in the Netherlands (SenterNovem,
2008) is used in our case study for Flanders. Green waste in the Netherlands can be assumed
to have the same composition as in Flanders, the northern part of Belgium, which is situated
next to the Netherlands. Dutch green waste has a moisture content of 50%, an ash content of
20%, and a caloric value of 6.4 MJ/kg (SenterNovem, 2008). The wooden fraction of the
green waste can be divided into three subcategories: small (<20 mm), medium (20-80 mm),
and large (>80 mm). The compost is sieved at the end of the composting process. The
wooden fraction that passes through the sieve with a mesh-size of 20 mm stays in the
compost. The remainder is called the sieve overflow and can be reused as structural material
in the compost process, or separated for energy valorisation.
Figure 2 represents the various options for the recovery of green waste embedded in the
current aerobic composting process under study. It represents the generic mass balance in
weight percentage of the incoming green waste, in an instance in which all green waste is
composted. The typical mass input of a batch of green waste is composed of 50% grass, 30%
sieve overflow (a remainder of the previous composting run), and 20% mass of fresh cuttings.
This leads to a typical mass output of 40% compost, 30% sieve overflow, and 30% emissions
such as water, gasses and pollutants as reported by OVAM (2009).
The aim of this paper is to assess whether separating sieve overflow and/or fresh cuttings
from a batch of green waste can be more sustainable than composting green waste
exclusively. Therefore, we need to quantify the relationship between the composition of the
blend (grass, fresh cuttings, and sieve overflow) and compost. According to compost
practitioners, separating part of the fresh cuttings in a green waste batch, and/or those from its
sieve overflow, will lead to a reduction in the amount of compost being produced (OVAM,
2009). In order to quantify this effect we examine the best available data. VLACO (2010),
The Flemish Agency for Compost (2010) reports on experiments in two different plants that
can be used to gain a preliminary insight in this process. The estimation of the mass of
compost based on the mass explanatory variables of grass, fresh cuttings, and sieve overflow
calls for a careful interpretation since only a small number of observations are available.
Therefore we will also take into account the compost practitioners’ expected effects of
partially separating fresh cuttings and sieve overflow on the compost yield of a batch of green
waste.
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Grass (g ton) and fresh cuttings (p ton)

Pre-treatment

Removed cuttings: Δp ton

p-Δp ton

Aerobic composting

s-Δs ton

Post-treatment

Emissions (wate, gas, pollutatants,…)

Example: reference situation Δp=Δc=Δs=0
Batch of green waste M=g+p+s=100 ton
In
Out
g= 50 ton grass
c= 40 ton compost
p= 20 ton fresh cuttings
s= 30 ton sieve overflow
s= 30 ton sieve overflow
30 ton emissions

Sieve overflow
Resulting compost difference: Δc ton
Removed sieve overflow : Δs ton

Figure 2: Overview aerobic composting process with possible separation of fresh cuttings and sieve
overflow for energy valorisation

In the first (summertime) experiment of VLACO (2010), the impact of the amount of grass,
fresh cuttings, and sieve overflow on compost output was examined for four batches of 350ton green waste input, each with a differing composition. The sieve overflow contained
grinded cuttings with a diameter ranging between 15 and 40 mm.
Let:
p: amount of fresh wood cuttings (from pruning) in a batch of green waste [ton]
s: amount of sieve overflow in a batch of green waste [ton]
g: amount of grass in a batch of green waste [ton]
c: resulting amount of compost [ton]
Input (per 100 ton green waste)
Output
Grass,
Fresh cuttings,
Sieve overflow,
Compost,
g [ton]
p [ton]
s [ton]
c [ton]
1
44
20
36
28
2
47
18
35
35
3
56
26
18
25
4
68
14
18
19
Table 1: Influence of the composition of green waste on the mass output of compost (based on VLACO,
2010)
Batch

The results in Table 1 show that a batch consisting of about 50% grass and 50% fresh cuttings
plus sieve overflow yields the highest green waste output of compost. Deviations from this
green waste composition seem to lead to less compost, based on a limited number of test
batches.
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Using the limited number of observations in Table 1, the yield of compost, c, is estimated
using a multiple linear regression analysis on the predictors grass, g, fresh cuttings from
pruning, p, and sieve overflow, s, and the observed responses of the resulting amount of
compost, c, on four observations. Following OVAM (2009), a linear relationship may be
assumed. The resulting estimated amount of compost ĉ is expressed by Eq. 1, which is
obtained by using Matlab R2014b.

⌢
c = 0.046 ⋅ g + 0.427 ⋅ p + 0.597 ⋅ s

2
R 2 = 0.732; Radj
= 0.195; p − value = 0.518

(1)

As we want to quantify the effect of separating fresh cuttings and/or sieve overflow on the
resulting amount of compost, as compared to the reference situation of exclusive composting,
we express the variables in Eq. 1 as differences between exclusive composting and the
remaining amount after separating cuttings, grass and/or sieve overflow. This is based on the
fact that Eq. 1 holds true for any difference Δp, Δs and Δg of two different batches
expressed in Table 1.
Let:

Δp = pref − premaining

(2)

Δs = s ref − s remaining

(3)

Δg = g ref − g remaining
⌢
Δc = c ref − c remaining

(4)
(5)

Eq. 1 can be expressed in terms of the differences expressed in Eq.2-5, see Eq. 6:

⌢
Δc = 0.046 ⋅ Δg + 0.427 ⋅ Δp + 0.597 ⋅ Δs

(6)

For any two different batch observations in Table 1, the sum of the mass differences equals
zero as expressed in Eq. 7

Δg + Δp + Δs = 0

(7)

This allows expressing the estimated compost difference Δĉ as a function of only Δp and Δs

⌢
Δc = 0.381⋅ Δp + 0.551⋅ Δs

(8)

Based on the limited number of experiments of VLACO (2010), Eq. 8 indicates that the
separation of fresh cuttings has less influence on the resulting amount of compost than the
separation of sieve overflow. This finding is challenged, however, by a subsequent
experiment of VLACO (2010).
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The second experiment from VLACO (2010), investigated the influence on the compost yield
of using cuttings with a diameter larger than 20 mm in a green waste batch. Each season, the
incoming green waste was grinded, mixed, and sieved with a mesh size of 20 mm. Cuttings
with a diameter larger than or equal to 20 mm were set aside. Next, the waste mixture was
divided in two and cuttings with a diameter larger than 20 mm were reintroduced to one of the
two parts. The subsequent batches created from this mixture containing sieved wooden mass
larger than 20 mm are denoted with “+”. The other mixed green waste batches, created from a
mixture not containing sieved wooden mass larger than 20 mm, are denoted with “-”. None of
the batches contained a portion of the sieve overflow. The process of composting lasted 10 to
12 weeks. All batches were treated equally during compost processing. After composting, the
input mass of both types of batches was sieved with a mesh size of 12 mm. The results are
listed in Table 2.
Batch

Composition Green Waste
(per 100 ton)

Compost (ton)

Compost yield y (weight compost
output/ weight green waste mixture
with fine material < 20 mm) in [%]

Weight fine
cuttings dia ≤ 20
mm

Weight medium
and large
cuttings dia >
20 mm
1+
61
39
55
90.16
2+
52
48
43
82.69
3+
49
51
48
97.96
4+
51
49
49
96.08
159
0
45
76.27
249
0
32
65.30
351
0
48
94.12
446
0
46
100.00
Table 2: Influence of wooden input material on compost (data based on experiments VLACO, 2010)

Using the data in Table 2, we analyse, per season, the impact on the compost yield y of the
presence of wooden mass with diameter larger than 20 mm in the green waste input. The
mean of the compost yield of the batches with wooden mass with a diameter larger than 20
mm, y1 , is compared to the mean of the compost yield of the batches without it, y 2 (see Table
3). The verification is carried out with a significance level α =0.05 on the difference between
the two means with the test statistic t 0* (Montgomery & Runger, 1999) on the null hypothesis

H 0 : y1 = y 2 . The null hypothesis cannot be rejected at the 5% significance level (p-value =
0.6250).
Composting with wooden mass n1=4
with diameter > 20 mm
Composting without wooden mass n2=4
with diameter > 20 mm

y1 = 91.72%

s1 = 6.88

y2 = 83.92%

s2 = 16.00

Table 3: Effect of wooden mass with diameter larger than 20 mm on the compost yield of green waste
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In conclusion, in the case of a regular composition of green waste (i.e. about 50% green and
50% wooden mass), the effect of separating medium and large cuttings with a diameter > 20
mm during pre-treatment has no significant effect on the mean compost yield.
Since the above described analysis was based on a very limited number of observations, the
results are taken with caution and compared with the compost practitioners’ (OVAM, 2009)
expected effects—that by taking a portion of sieve overflow Δs out of the green waste input,
the resulting difference in the amount of compost, Δc~ , would decrease by 50% of Δs.
Furthermore, practitioners intuitively expect that taking out a portion of fresh cuttings Δp in
the green waste input would reduce the expected resulting amount of compost difference with
10% of Δp. The expected resulting amount of compost difference Δc~ based on the compost
practitioners’ experience is expressed in Eq. 9

Δc~ = 0.1 ⋅ Δp + 0.5 ⋅ Δs

(9)

As outlined in the introduction, our goal is to investigate whether, during a pre-treatment of
the green waste input, separating a part of the wooden mass of the sieve overflow after
composting or prior to the start of the compost process will enhance the sustainable recovery
of green waste. Four feasible alternatives are examined. These alternatives denoted α1...α4 are
summarized in Table 4.
Alternative k

Exclusive
composting
(reference scenario)
Only sieve
overflow

Q

Fresh
cuttings
separated
during pretreatment
Q

R

Q

α3

Pre-treatment &
sieve overflow

R

R

α4

Only pre-treatment

Q

R

α1
α2

Description

Sieve overflow
separated after
composting

Change in mass balance compared to
the reference situation of exclusive
green waste composting.

⌢
Δs = Δp = Δc = Δc" = 0
⌢
Δc = 0.551⋅ Δs;Δp = 0

Δc~ = 0.5 ⋅ Δs; Δp = 0
Δcˆ = 0.381⋅ Δp + 0.551⋅ Δs
Δc~ = 0.1 ⋅ Δp + 0.5 ⋅ Δs = 0
Δcˆ = 0.381 ⋅ Δp; Δs = 0
Δc~ = 0.1 ⋅ Δp; Δs = 0

Table 4: Overview of the four alternatives to be considered for the valorisation of green waste

As outlined in the introduction, the EU Waste Directive 2008/98/EC (EP&C, 2008) now
permits diverting green waste from the exclusive use of composting if an alternative use is
proven to yield a more sustainable outcome. Section 4 presents and discusses a model capable
of selecting the most sustainable alternative from a set of alternatives.
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4. Model development
The goal of this section is to develop a framework for assessing the sustainable value
recovery of green waste given the options for composting and wood extraction prior to and/or
after composting.
4.1. Sustainability Assessment
Profit
Since profit is the only consideration when comparing value recovery alternatives, the
objective function can be formulated as the maximization of the Net Present Value (NPV) of
different investment options (challenger situations) as compared to the actual situation
(defender situation). In this equation, any difference in cash flow, CFt, between the defender
situation and the k challenger alternatives, needs to be taken into account.
n
⎡
CFt ⎤
max ⎢− FCI k + ∑
t ⎥
t =1 (1 + i ) ⎦
⎣

(10)

The Net Fixed Capital Investment, FCIk, is the investment needed for a different conversion
alternative k than the defender situation, taking potential subsidies into account. The number
of annual interest periods is represented by n. The annual interest rate is denoted by i [%].
Since the investment takes place in period 0, t starts from t=1.
When the cash flows CFt are constant and equal to an amount B paid at the end of each annual
interest period, the right hand side of equation (10) can be rewritten as (Thuesen and
Fabrycky, 1993):

⎡ (1 + i) n − 1⎤
CFt
= B⋅⎢
∑
t
n ⎥
t =1 (1 + i )
⎣ i ⋅ (1 + i) ⎦
n

(11)

Planet
The environmental impact of products and processes is commonly assessed by means of an
LCA that takes all environmental issues and their impacts into account across the entire life
cycle (production, use, end of life). The environmental impact of each alternative k is
expressed as EIk. Examples based on the scientific CML process (see
http://www.cml.leiden.edu) are the Global Warming Impact expressed in [kgCO2/kg], the
depletion potential of the stratospheric ozone layer (ODP), the summer smog creation
potential (POCP), the acidification potential of soils and water bodies (AP), the nitrification
potential of soils and water bodies (NP), and the depletion of abiotic resources (ADP). Other
internationally accepted impact assessment methodologies are eco-indicator 99, IMPACT
2002+, ReCiPe, TRACI I, and EDIP.
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People
To quantify the relative social impact of the four alternatives listed in Table 4, we use AHP
(Saaty, 2008). First, social impact criteria (e.g. safety, employment, etc.) need to be defined.
Second, relative priority levels for the l selected criteria need to be determined by assigning
normalized weighting factors ωl to each. These weighting factors will not differ for the four
alternatives under study. Third, for each criterion, the normalized weight factors ωlk for social
impact criterion l on alternative k are derived. The relative weight of each criterion l per
alternative k is used to determine the social impact for each alternative k. The higher the
impact score, the more social importance is linked to that alternative.
4.2. Mathematical formulation
The most sustainable alternative for green waste recovery out of the k alternatives is
determined by simultaneously optimizing the three objectives describing the TBL. The
sustainable optimum of green waste recovery encompasses economic and social benefits
maximization and environmental impact minimization, as described above. This can be
expressed mathematically by a multi-objective programming model with three objective
functions (12)-(14) subject to constraints (15)-(23).
The following decision variables are used:
Δp: mass of fresh cuttings separated during pre-treatment compared with the defender
situation [ton]
Δs: mass of sieve overflow separated after composting compared with the defender situation
[ton]
∆c: change in amount of compost compared with the defender situation [ton]
αk: investment alternative k (αk=1 if alternative k is selected, otherwise αk=0)
The parameters and indices used are:
FCIk: net Fixed Capital Investment for alternative k taking potential subsidies into account [€]
n: number of annual interest periods
i: annual interest rate [%]
CFp,: Fixed yearly cash flow per ton for the fraction separated fresh cuttings Δp [€/ton]
CFs,: Fixed yearly cash flow per ton for the fraction separated sieve overflow Δs [€/ton]
CFc : Fixed yearly cash flow per ton for the fraction separated compost Δc [€/ton]
CFg : Fixed yearly cash flow per ton for the fraction separated grass Δg [€/ton]
M: Mass of green waste input per year in the recovery facility [ton]
EIm: Environmental Impact of process treatment for the part m in the green waste batch (m=s
for sieve overflow, m=p for pre-treatment, m=g for grass and m =c for compost)
ωl: normalized weight factor for social impact criterion l
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ωlk: weight factor for social impact criterion l on alternative k
The model consists of three objective functions Z1, Z2 and Z3 subject to constraints (15) to
(23):

⎡
(1 + i) n − 1⎤
max Z1 = ⎢− FCI k + (CFs ⋅ Δs + CF p ⋅ Δp + CFg ⋅ Δg + CFc ⋅ Δc ⋅
⎥
i ⋅ (1 + i) n ⎦
⎣
min Z 2 = Δs ⋅ EI s + Δp ⋅ EI p + Δg ⋅ EI g + Δc ⋅ EI c
l

(12)
(13)

k

max Z 3 = ∑∑ ω l ⋅ ω lk ⋅ α k

(14)

l =1 k =1

Subject to:

f (Δs, Δp, Δg , Δc) = 0

(15)

s min ≤ Δs ≤ s max

(16)

p min ≤ Δp ≤ p max

(17)

g min ≤ Δg ≤ g max

(18)

cmin ≤ Δc ≤ cmax

(19)

Δs, Δp ≥ 0

(20)
(21)

Δc ≤ 0
k

=1

(22)

α k ∈ {0,1}

(23)

∑α

k

k =1

This model maximizes simultaneously the cash flow (12) and social impact (14) and
minimizes the environmental impact (13). The mass balance reflecting the effect of separating
the portions Δs, Δp, Δg on the resulting amount of compost Δc is expressed in (15). This
effect will differ if observed or expected data are used as already shown in Eq. 8 and Eq. 9,
respectively. Constraints (16)-(18) reflect the boundaries of separating the fractions Δs, Δp,
Δg in the green waste batch. The allowed compost loss due to separation of fresh cuttings
and/or sieve overflow is expressed in constraint (19). Constraint (20) expresses that we
consider only those situations in which we separate fresh cuttings and/or sieve overflow in a
batch of green waste composed of 50% grass and 50% cuttings and sieve overflow, and which
yield the maximum resulting amount of compost. Therefore, every separation of fresh cuttings
and sieve overflow will result in a decrease in the resulting amount of compost difference,
expressed by a non-positive amount Δc (21). The green waste recovery alternatives are
mutually exclusive (22). The variable for the alternatives k, αk, is a binary variable (23).
The next step is to quantify the objective functions (12)-(14) and the constraints (15)-(23) for
the case described in section 3. This is discussed in the next section.
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5. Computational results
In this section, the model from Section 4 is applied to a practical case of Flanders for a green
waste facility that deals with 25,000 tons of green waste per year. In this case, fresh cuttings
and sieve overflow are separated, as compared to the reference situation of composting only
(i.e. Δg=0), and lead to a loss of compost.
5.1. Profit objective function
The costs and benefits linked to the various alternatives listed in Table 4 are presented in
Table 5.

Compost
Biomass retrieved from sieve
overflow

Investment in
additional
equipment [€]
0
0

Variable cost
[€/ton final
product]
2

Revenue
[€/ton final
product]
5
6.5

Benefit [€/ton
final product]
5
4.5

Biomass retrieved from pre200,000
2
11
9
treatment
Table 5: Overview of cash flow parameters for the different alternatives (data based on OVAM (2009)

Taking into account expression (12) and Table 5, Z1 is expressed as

Z1 = −200,000 ⋅ (α 3 + α 4 ) + (9 ⋅ Δp + 5 ⋅ Δc + 4.5 ⋅ Δs) ⋅

(1 + i ) n − 1
i ⋅ (1 + i) n

(24)

Following OVAM (2009) we will impose an annual interest or return rate of 7% for the
different options over a period of 5 years, resulting in expression (25)

Z1 = −200,000 ⋅ (α 3 + α 4 ) + 36.9 ⋅ Δp + 20.5 ⋅ Δc + 18.45 ⋅ Δs

(25)

5.2. Environmental objective function
Since no LCA study has been carried out on the different components in Flanders, we use the
LCA analysis that was carried out by SenterNovem (2008) for one ton of Dutch green waste.
This study of a biomass power plant compares the environmental impact of composting of
green waste to incineration with energy recuperation of the same composition of green waste.
The LCA took the following aspects into account: the composition of the green waste, the
energy consumption of all the processes involved, and the (avoided) emissions to air, ground
water and soil. Using SimaPro 6.02 SenterNovem (2008) calculated the environmental impact
scores on the total emissions to the environment, depletion of raw materials, and space.
Comparing them with the total environmental impact of the Netherlands normalized these
environmental impact scores. This resulted in weighted environmental impact scores, further
noted as Environmental Impact EI. Environmental impacts can be expressed in LCA points
(abbreviated as “Pt”) that relate to a ton of green waste that is either composted or incinerated
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with energy recuperation. The higher the score, the higher is the negative impact on the
environment. A negative impact score reflects the avoidance of environmental impact.
The environmental objective function (13) takes into account the environmental impact of
composting and the retrieval of fresh cuttings during pre-treatment, or retrieval from the sieve
overflow for co-firing in an energy plant. This impact is reflected in a normalized
environmental effect score (points).
If all the aspects of the LCA analysis are weighted equally, the environmental impact score of
one ton of composted green waste can be represented by -1537 points denoted as -1537 Pt/ton
and one ton of the same green waste composition with a caloric value of 6.4 MJ/kg
(SenterNovem, 2008), incinerated with energy recuperation, can be denoted as -5374 Pt/ton.
Since a lower number represents a lower environmental impact, this signifies that the latter
option has a better environmental impact solution.
In the case described in this paper, we only intend to incinerate a portion of the wooden
fraction of the green waste input and a portion of the sieve overflow. The wooden fraction in
the green waste input has a caloric value of 8MJ/kg (OVAM, 2009) and a moisture content of
50%. The sieve overflow has more impurities and a lower caloric value. The exact caloric
value is not publically available, but we assume the value of both wooden masses to be
proportional to their market value as depicted in table 5. Hence the caloric value of sieve
overflow is assumed to be equal to: 6.5/11 * 8MJ/kg = 4.7 MJ/kg by allocation.
Since the energy recuperation is the most influential parameter in the environmental impact
score, we derive the LCA scores for the wooden fraction of green waste and for the sieve
overflow based on the caloric values as follows:
Wooden fraction: 8/6.4 * (-5374) = -6717 Pt/ton and
Sieve overflow: 4.7/6.4 * (-5374) = -3947 Pt/ton.
Z2 can now be expressed as:

⌢
Z 2 = 25,000 ⋅ (−6,717 ⋅ Δp − 1,537 ⋅ Δc − 3,947 ⋅ Δs)

(26)

5.3. Social Impact objective function
For quantifying the social impact, we use AHP (Saaty, 2008). The social impact objective
function (14) is the final outcome of the AHP assessment that assigns a social impact factor to
the four alternatives under investigation. The alternative with the highest social impact factor
is the most sustainable from the point of view of the social impact objective. First, criteria
must be chosen that are representative for assessing the Social Impact of the four alternatives
(Figure 3): safety, local employment, job enrichment and job security were selected as
criteria.
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These criteria then need to be pair-wise ranked by relative importance on a scale ranging from
1 to 9. The higher the number, the higher is the importance. For this case study the relative
importance of the relative importance comparison of the social impact criteria were scored as
following (SA:LE) = (5:1), (SA:JV) =(9:1), (SA:JS)=(7:1), (LE:JV) = (7:1), (LE:JS)=(3:1),
(JV:JS) = (1:3)
Social Impact

Focus

Criteria

Safety (SA)

Local Employment (LE)

α1

Alternatives

Job Enrichment (JE)

α2

α3

Job security (JS)

α4

Figure 3: Focus, Criteria and Alternatives used in the AHP approach to assess the Social Impact for the
four investment alternatives for the valorisation of green waste

The pair-wise comparison assessment of the social impact criteria are then put into a
comparison matrix A whose element at row i and column j is the ratio of row i and column j.
The first row compares, from left to right, the criteria S, LE, JV and JS with the elements in
the first column that run, from top to bottom, SA, LE, JV and JS. For example element aij =
a32=LE/JV = 7. For this case study the comparison matrix A is denoted in (27):

5
⎡ 1
⎢1 / 5 1
A=⎢
⎢1 / 9 1 / 7
⎢
⎣1 / 7 1 / 3

9
7

7 ⎤
3 ⎥⎥
1 1 / 3⎥
⎥
3 1 ⎦

(27)

Since in general this pair-wise comparison of priorities by decision makers is not consistent,
by definition, AHP allows some inconsistency. The level of (in)consistency is checked by the
calculation of the consistency ratio. The consistency ratio is computed from the eigenvalue
λmax of the comparison matrix. Saaty (2006) defines the consistency index, CI, as a measure
of consistency

CI =

λ max − l
l −1

with l = number of criteria and λmax the largest eigenvalue of A.
For the case study λmax = 4.205, l = 4 and consequently CI = 0.068.
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(28)

Finally, the CI is compared to a value derived by generating random reciprocal matrices of the
same size to give a consistency ratio CR. The comparative values, CV, are dependent to the
size of the criteria comparison matrix

CR =

CI
CV

(29)

In this case of a 4x4 matrix A, the CV = 0.89 (Saaty, 2006). For the case study CR = 0.077
<0.1 and is, therefore, determined to be acceptable (Saaty, 2006).
The next step is the pair-wise comparison of the four alternatives αk on the four criteria.
Table 6 summarizes the relative priority level for each criterion of the alternatives. In the
above row, the normalized weighting factors ωl are listed between brackets for each criterion.
For example, safety (S) has a normalized weighting factor of 0.65. Per criterion, the
normalized weight factors ωlk for social impact criterion l on alternative k are listed in each
column.
Finally, AHP computes the contribution of each alternative to the overall goal (see Eq. 14).
For example, the Social Impact of alternative α2 is calculated as Z3,α2 = (0.65)·(0.16) +
(0.22)·(0.08) + (0.04)·(0.12) + (50.09)·(0.12) = 0.14
Normalized weight
Criteria l (ωl listed between brackets for each criterion)
factors ωlk
Alternative k
SA(0.65)
LE(0.22)
JV(0.04)
JS(0.09)
α1
0.35
0.08
0.16
0.16
α2
0.16
0.08
0.12
0.12
α3
0.18
0.42
0.52
0.52
α4
0.31
0.42
0.20
0.20
Table 6: Summary priorities for each hierarchical level

Z3 in (14) can now be expressed as:
Z3=0.27α1+ 0.14α2 + 0.28α3 + 0.32α4

(30)

5.4. Constraints
For the observed data, Eq. 8 expresses the mass balance of Eq. 15. Furthermore the compost
difference ∆ ĉ will be expressed by a negative number (see Eq. 21):

⌢
0.381⋅ Δp + Δc + 0.551 ⋅ Δs = 0

(31)

Along the same lines, the mass balance involving the expected compost yield expressed in Eq.
9 can be written as:

⌢
0.1Δp + Δc + 0.5 ⋅ Δs = 0

(32)

130

According to OVAM (2009) sieve overflow accounting for at most 15% of the green waste
batch of M ton can be separated without hampering the composting process. This upper limit
is reduced by 50% if a portion of the fresh cuttings is also separated, which is only applicable
for alternative α4

Δs + 0.075 ⋅ M ⋅ α 4 ≤ 0.15 ⋅ M

(33)

To avoid hampering the composting process, the fraction of fresh cuttings that may be
separated during pre-treatment is limited to 20% of the green waste batch of M ton:

Δp − 0.2 ⋅ α 3 ⋅ M − 0.2 ⋅ α 4 ⋅ M ≤ 0

(34)

The allowable compost reduction due to the separation of sieve overflow and/or the wooden
fraction is limited to 10% of the green waste batch of M ton (OVAM, 2009):

⌢
Δc + 0.1 ⋅ α 2 ⋅ M + 0.1 ⋅ α 3 ⋅ M + 0.1 ⋅ α 4 ⋅ M ≥ 0

(35)

Sieve overflow can be separated only if the alternatives α2 or α3 are selected

Δs − M ⋅ α 2 − M ⋅ α 3 ≤ 0

(36)

We consider cases only where sieve overflow and fresh cuttings may be separated

Δs, Δp ≥ 0

(37)

Since we are making a comparison with the reference situation of exclusively composting
with an optimal mix, separating fresh cuttings and/or sieve overflow will lead to a reduction
in compost. Hence the reduction of compost is expressed as a negative number

⌢
Δc , Δc~ ≤ 0

(38)

The alternatives are represented as binary variables

α k ∈ {0,1}; k ∈ {1,2,3,4}

(39)

All alternatives are mutually exclusive
4

∑α
k =1
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k

=1

(40)

The MOMILP for the green waste case with objectives (25), (26) and (30) and constraints
(31)-(40) was solved using the augmented ε constraint method (AUGMECON), a new version
of the conventional ε-constraint method that provides remedies for its well-known pitfalls
(Mavrotas, 2009). In the ε-constraint method, one of the objective functions is optimized
while the other objective functions are used as constraints. It has several advantages over the
weighting method (Mavrotas, 2009), such as obtaining a richer representation of the Pareto
optimal front and being fit for use in multi-objective integer and mixed-integer programming
problems. Compared to the ε-constraint method, the AUGMECON method avoids generating
weak Pareto optimal solutions and accelerates the optimization process by avoiding redundant
solutions. The AUGMECON method is available in a number of different modelling
languages, including GAMS (general algebraic modelling language, www.gams.com). The
interested reader is referred to Mavrotas (2007, 2009) for further details of the AUGMECON
method.
Using GAMS, the outcome of the model shows three optimal alternatives taking the expected
or observed mass balance into account (see section 5.5). The computing time to solve the
MOMILP is 22 seconds. Solving the alternatives α2, α3 and α4 separately, as MoLP models
using Matlab R2014b, validated the model results. In general, such MoLP models have no
single solution but a set of Pareto-optimal solutions. Only in the particular case of nonconflicting objectives will the outcome be a single optimum solution (Deb, 2009). Since
equations (26) and (27) do not conflict and since objective Z3 is not a function of ∆p, ∆s and
∆c, the individual MoLP for each alternative can be solved as an LP model, considering the
objectives Z1 and Z2 separately as a single objective function. The solutions for each
individual LP model will be the same, regardless of whether Z1 or Z2 is used as the objective
function.
As a result of solving the MOMILP, GAMS generate different optimal parameter solutions
for each alternative (∆p, ∆s and ∆c). Following Deb (2009), the optimum objective values of
each alternative constructs the elements of the ideal-point vector for the global problem under
investigation. Finally, each single optimal solution per alternative is weighted and is allocated
a weighted per cent of deviation factor, WPD. This is a measure that calculates the weighted
distance between an optimal solution and the ideal point. Each objective function gets a
weighting factor, wj, representing its importance. For all solutions s of the Pareto-optimal set,
the value fjs of the jth objective function is calculated and compared with the ideal point of the
jth objective function value fj*. The ideal point is formed by the optimal result per objective
function over all the assessed alternatives. The values of the ideal point are marked in bold in
Tables 7 and 8 of section 5.5.

⎡
f js − f j*
WPDs = ∑ ⎢ w j ⋅
f j*
j =1 ⎢
⎣
3

⎤
⎥
⎥⎦

(41)
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5.5. Scenario analysis
In this section we discuss the outcome of the model described in the previous subsection.
In general, sustainable recovery of biomass waste requires subsidies in order to be
economically viable. These subsidies can differ greatly across European member states and
regions. In the neighbouring countries of Germany, the Netherlands, and the UK, such
subsidies are substantially higher than in Flanders (OVAM, 2009). Basically, two forms of
subsidies are used to support the introduction of sustainable use of biomass recovery
investments: those granted for investments, or those granted to support exploitation. Some
European member states, or regions, employ both forms of subsidy; others employ only one.
In Flanders both types of subsidy are in place (OVAM, 2009).
Another notable difference is the link between subsidies and the waste conversion method.
Some EU member states or regions support more environmental use of biomass through
higher subsidies; as a result these (novel) conversion methods are being applied in spite of
their higher (initial) investment cost (OVAM, 2009).
In our experiments we consider two scenarios: one with no subsidy being granted and one
with a subsidy to separate the cuttings from an incoming green waste batch. In the latter case,
a subsidy S [€] will be subtracted from the net Fixed Capital Investment cost, FCI.
Scenario 1: no subsidies
The first scenario represents the current situation in Flanders where no subsidies are granted
for the separation of the wooden fraction of biomass from green waste for waste-to-energy
purposes. This is the situation described in Section 4. The optimal solutions for the four
alternatives are expressed in Table 7 for the expected mass balance and in Table 8 for the
observed mass balance. The optimum objective values forming the ideal-point vector are
indicated in bold.
Alternative k

∆p
∆c
∆s
Z1
Z2
Z3
[ton]
[ton]
[ton]
[€]
[LCA pt]
α1
0
0
0
0
0
0.26
α2
0
-1875
3750
30750
-11919375
0.14
α3
5000
-1437.5
1875
-10375
-38776190
0.28
α4
5000
-500
0
-25750
-32816500
0.32
Table 7: Outcome of the mathematical model for the four alternatives under study (expected values)

Alternative k

∆p
∆c
∆s
Z1
Z2
Z3
[ton]
[ton]
[ton]
[€]
[LCA pt]
α1
0
0
0
0
0
0.26
α2
0
-2066
3750
26829
-11625420
0.14
α3
5000
-2938
1875
-41128
-36469919
0.28
α4
5000
-1905
0
-54553
-30657020
0.32
Table 8: Outcome of the mathematical model for the four alternatives under study (observed values)
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The best solution is the one with the overall lowest relative deviation to the optimal solution
expressed by the WPDs factor. The WPDs is calculated for the four alternatives for four
different weighting factor combinations w1, w2 and w3 representing: strong emphasis on profit
(w1=0.8, w2=0.1 and w3=0.1), medium emphasis on profit (w1=0.6, w2=0.2 and w3=0.2),
emphasis on profit and environment (w1=0.4, w2=0.4 and w3=0.2), and equal emphasis on
profit, environment and social wellbeing (w1=0.33, w2=0.33 and w3=0.33). The results are
depicted in Figure 4 for the expected mass balance and in Figure 5 for the observed mass
balance.
The solution with the lowest WPDs value is the optimal solution for the multiple objectiveprogramming model. In the scenario without subsidies, the optimal situation is the second
alternative (i.e. only partial separation of the sieve overflow for which no investments have to
take place), independent of the use of the expected or observed mass balance and independent
of the weight factors assigned to the components Profit (w1) –Planet (w2) -People (w3).
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Figure 4: Expected mass balance overview WPD values for different values of weight factors w1-w2-w3
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Figure 5: Observed mass balance overview WPD values for different values of weight factors w1-w2-w3

Scenario 2: Investment subsidy for pre-treatment
If a subsidy of S [€] for investment in pre-treatment is granted, the optimal alternative will
differ depending on the size of the subsidy and the weights assigned to People-Planet-Profit
(Figures 6, 7 and 8). The tipping point for alternative α3 to become the optimal alternative
instead of alternative α2 is dependent on the assigned weighting factors to People-PlanetProfit. We demonstrate this effect for the case of the expected mass balance. If
w1=w2=w3=0.33, the tipping point to shift from alternative α2 to α3 as the optimal alternative is
a subsidy equal to S= 5,637€. If w1=0.8 and w2=w3=0.1 then the tipping point is S=36,443€
and if w1=w2=0.4 and w3=0.2 then the tipping point is S=13,581€. For all alternatives—except
for the reference situation of alternative α1—granting a subsidy S [€] has an impact on the
relative optimization of the alternatives α2, α3 and α4. We observe that the higher the subsidy
above the tipping point, the less attractive alternative α2 becomes compared to the alternatives
α3 and α4 (see Figures 6, 7 and 8).
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Figure 6: Influence of a subsidy S[€] on the optimal alternative selection for w1=w2=w3=0.33
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Figure 7: Influence of a subsidy S[€] on the optimal alternative selection for w1=0.8; w2=w3=0.1
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6. Conclusions on research findings and directions for further research
The use of renewable energy sources is becoming increasingly important to mitigate the
impact of global warming. In Europe, biomass is the most commonly used renewable energy
source; however, biomass extracted from waste flows is still an undervalued feedstock (Gold
and Seuring, 2011). This paper assessed whether separating sieve overflow and/or fresh
woodcuttings from green waste to be used for energy production could be more sustainable
than exclusive green waste composting. Assuming this could be demonstrated and that the
separated quantity of sieve overflow and cuttings does not hamper the composting process, a
portion of the wooden fraction of green waste could be used as biomass feedstock for energy
valorisation in compliance with the European Waste Directive 2009/28/EC.
To answer this research question, a multi-objective mixed-integer linear programming model
that takes the three pillars of sustainability into account was formulated and solved using the
ε- constraint method. This paper contributes to the scarce literature on simultaneously
optimizing the three sustainability pillars as well as to valorisation of undervalued waste
streams for the sustainable production of power and heat.
The model was applied to green waste test data of OVAM, the public Flemish Waste Agency.
Model outcomes show that the optimal alternative depends on the level of available subsidies.
If no subsidies for separating cuttings prior to composting are granted, the alternative of
separating a part of the sieve overflow for energy valorisation is a better alternative than the
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reference situation in which all green waste is used exclusively for composting. If a
sufficiently large subsidy is granted, the optimal valorisation alternative shifts to partially
separating fresh cuttings in the incoming batch of green waste and partially separating the
sieve overflow, with both used for energy valorisation. The model outcome supports earlier
expectations of OVAM that retrieval of some wooden mass out of green waste would lead to
a better sustainable result. However, compared to the solely economic evaluation of the four
alternatives, sustainability optimization presents a nuanced picture in which other alternatives
can be preferred depending on the policy choice assigned to the importance of the PeoplePlanet-Profit indicators.
The framework presented in this paper also can be used to assess recovery processes for other
types of waste and biomass. Because the methodology is capable of comparing alternative
processing and recovery methods using the triple bottom line concept, it can help decision
makers identify trade-offs between three basically incommensurable dimensions. Further
research could be directed towards including additional sustainability dimensions (following
e.g. Munda, 2005) and examining the weighing criteria for the sustainability dimensions in
order to gain greater insight into the sensitivity of model outcomes. Additionally the proposed
framework could be used to determine the amount of subsidy that would be required to make
currently economically unviable pre-treatment and recovery processes such as pyrolysis
attractive.
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Chapter 6: A Service network design model for
multimodal Municipal solid waste transport14
Abstract
A modal shift from road transport towards inland water or rail transport could reduce the total
Green House Gas emissions and societal impact associated with Municipal Solid Waste
management. However, this shift will take place only if demonstrated to be at least costneutral for the decision makers. In this paper we examine the feasibility of using multimodal
truck and inland water transport, instead of truck transport, for shipping separated household
waste in bulk from collection centres to waste treatment facilities. We present a dynamic
tactical planning model that minimizes the sum of transportation costs, external
environmental and societal costs. The Municipal Solid Waste Service Network Design
Problem allocates Municipal Solid Waste volumes to transport modes and determines
transportation frequencies over a planning horizon. This generic model is applied to a real-life
case in Flanders, the northern region of Belgium. Computational results show that multimodal
truck and inland water transportation can compete with truck transport by avoiding or
reducing transhipments and using barge convoys.
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1. Introduction
Green House Gas (GHG) emissions associated with the transport of Municipal Solid Waste
(MSW) in the European Union (EU) have been increasing over the last decades. Barring
interventions, this evolution is expected to continue (EEA, 2011a). The European
Environment Agency (EEA) recognizes the growing importance of the transport component
in the total net GHG emissions associated with MSW management: “The collection and
transport of waste, closely linked to waste volumes, is estimated to account for less than 5%
of the direct greenhouse gas emissions of the waste sector, primarily due to the short
distances over which municipal waste is usually transported. However, this figure represents
40% of the net emissions in 2020” (EEA, 2008).
MSW is defined as the waste collected by or on behalf of municipalities. In reality, it also
includes waste that is identical or similar in nature but collected directly by the private sector
(business or private non-profit institutions) (Eurostat, 2012). MSW can be recycled,
incinerated with or without energy recuperation, or landfilled by Waste Treatment Facilities
(WTF). The transport of MSW can be organised by a carrier or shipper. A carrier is a person
or organisation that offers transportation services and a shipper is either the supplier or the
owner of the cargo to be shipped (Agarwal and Ergun, 2008).
The increase in GHG emissions associated with MSW transport follows the same
unfavourable evolution as the fast growth in EU GHG emissions associated with transport
modes in general over recent decades. To mitigate this trend several technology or behaviourbased solutions have been developed (Waisman et al., 2013). On the technological side,
carbon intensity can be lowered through the introduction of bio fuels and alternative energy
carriers (electricity and hydrogen). Additionally, developing more energy-efficient vehicles
can lower the energy intensity of transport and mobility. On the behavioural side, transport
GHG emissions can be reduced through policy choices that cause decision makers to choose
transportation options that will lower GHG emissions. On the one hand, the modal structure
of mobility can be shifted from carbon-intensive options (air, passenger cars and trucks) to
less carbon intensive ones (public transport and non-motorized modes for passengers, rail, and
shipping; and inland waterways for freight). On the other hand, the volume of transport can be
decreased by a more efficient spatial distribution of transport movements (Waisman et al.,
2013).
These same strategies are formulated in a European Commission white paper to establish a
competitive and resource-efficient transport system (EC, 2011). In addition to the
development and deployment of new and sustainable fuels and propulsion systems, the
European Commission advocates the increased use of more energy-efficient modes. Its goal is
to shift 30% of road freight over 300 km to other modes (such as rail or waterborne transport)
by 2030, and to shift more than 50% by 2050. In principle, moving a portion of the MSW
currently transported by truck to other transport modes could contribute to lowering the
growth in GHG emissions and congestion (EC, 2011). In practice, however, such a modal
shift will take place only if it is at least cost neutral compared to truck transport. The main
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issue that arises when considering such a move is that a modal shift is generally more
expensive for long-haul distances shorter than 100 km. The break-even distances for a modal
shift from truck transport to Inland Water Transport (IWT) differ across studies. Van Duin
and Van Ham (1998) report break-even distances of 100-250 km for IWT and 200-400 km for
railway transport. Pekin (2010) states that IWT can be cheaper than road transport above 99
km. The MIRA (2010) reports a break-even distance of 250 km for continental container
transport with IWT or truck. The break-even distance for intermodal rail is longer than for
intermodal barge transport (Macharis et al., 2012).
In consideration of the options presented by Waisman et al. (2013) to reduce GHG emissions
for transport in general, we aim to examine whether a modal shift from truck to IWT for longhaul transport can be beneficial, given that transport distances shorter than 100 km are typical
for MSW transport (see e.g. Sweden: Sonesson, 2000). We will not address the technological
evolution towards more environment-friendly fuels and engines. For the impact of alternative,
greener fuels in freight transport we refer to Erdogan and Miller-Hooks (2012) and Bektas
and Eglese (2014).
To support strategic decision making towards a modal shift in MSW transport it is crucial to
evaluate the conditions that influence the feasibility of multimodal MSW transport. By
demonstrating the feasibility of multimodal MSW truck/barge transport based on real life
cases research could support strategic decision makers to consider this option. To this end, we
formulate a tactical planning problem that minimizes the transportation costs for a given
waste handling and processing infrastructure composed of multiple collection centres and
multiple WTFs. Solving this problem enables decision makers to choose services and
associated transportation modes (truck and/or barge), allocate volumes to orders while taking
available capacities into account, and plan shipping itineraries. This tactical planning problem
will be modelled as a Service Network Design Problem (SNDP) applied to a practical case of
MSW transport in Europe. This approach is in line with a majority of research conducted at
the tactical planning level that addresses specific real-world problems using algorithms
designed for those problems (SteadieSeifi et al., 2014).
Generally speaking, multimodal transport has increased significantly due to the use of
standardized containers that enable both faster loading/unloading at intermodal terminals and
transportation of multiple commodities on the same mode (Ayar and Yaman, 2012).
However, in the case of MSW, using dedicated containers for hygienic reasons leads to both
empty backhaul and additional handling costs. For transport over distances shorter than 100
km, transportation costs can be significantly higher compared to truck transport, according to
logistic experts that were interviewed. Therefore, in this paper we will examine the transport
of MSW in bulk only. To the best of our knowledge, this is the first feasibility study of
multimodal barge-truck bulk transport on distances shorter than 100 km.
The remainder of this paper is organized as follows. The literature on multimodal waste
transport is discussed in the next section. The research objectives are formulated in Section 3.
The methods for addressing the issue as a tactical planning problem, as well as the model, are
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presented in Section 4; and the application to a practical case study is presented in Section 5.
Finally, results are discussed in Section 6.
2. Literature review
In this section we begin by highlighting how MSW management optimization models have
evolved in recent decades and which transport-related aspects have been taken into account.
Next, in order to better position our choice to formulate a possible modal shift for MSW as a
tactical planning problem, we will provide an overview of how modal-shift problems
typically have been modelled. Finally we review recent articles addressing way to incorporate
environmental concerns into (operational) planning models.
2.1. MSW modelling
Morrissey and Browne (2004) present an overview of the evolution of MSW modelling over
recent decades. In their view, changes in MSW modelling reflect an evolution in the societal
debate on MSW. Initial MSW models were developed in the 1960s and dealt with the
optimisation of specific topics within MSW, such as e.g. waste collection problems. The
major shortcoming of these models was their simplicity and lack of consideration for
recyclability aspects. In the 1980s, MSW models adopted a systems approach and began
taking into account relationships among various MSW management factors. These models
were focussed mainly on minimizing the cost of waste management, although a few of them
also encompassed some environmental and societal aspects. Models developed in the 1990s
addressed waste minimization and prevention and, in the early 2000s, they began to reflect a
shift from a narrower focus on landfills towards a wider range of waste management
processing techniques based on the principles of Integrated Solid Waste Management
(ISWM). ISWM considers the full range of waste streams to be managed and views available
waste management practices as a menu from which to select a preferred option based on sitespecific environmental and economic considerations. More recent MSW models consider the
environmental impact of MSW management options over their entire life cycle. For examples
of recent MSW models we refer to Reich (2005), Eriksson et al. (2005), Minciardi et al.
(2008), Tavares et al. (2009) and Ghiani et al. (2014).
As regards transport, recently developed MSW models are focussed on lowering waste
collection and haulage costs by means of scheduling strategies. However these models fail to
address the influence of transport mode or its associated environmental and societal impact.
Johansson (2006) acknowledges that collection and haulage of transport in modern MSW
management systems are accountable for the greater part of total costs associated with MSW
management. To manage these costs he presents a model that optimizes MSW collection and
haulage by means of dynamic scheduling and routing allocation. McLeod and Cherrett (2008)
model the effect of three different options for MSW collection to reduce vehicle mileage.
Tavares et al. (2009) discuss a model for choosing optimal waste collection and haulage to
lower the transport cost associated with the collection and haulage of MSW. The cost
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associated with MSW transport accounts for the majority of total MSW management costs in
the discussed case studies.
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The MSW models using Life Cycle Assessment (LCA) to minimise environmental impact
over the entire life cycle of MSW have the same shortcoming as the models discussed in the
previous paragraph: they do not take into account the role of transport mode. Reich (2005)
includes transport in Life Cycle Costing (LCC) as part of an LCA optimization model, but
only for a single transport mode. Hung et al. (2007) take the three pillars of sustainability
(People-Planet-Profit) into account in their life cycle modelling of MSW but do not address
the role of transport or transport mode.
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Figure 1: GHG emissions from MSW management in the EU (EAA, 2011). GHG emissions after 2008 are
projected as ‘business as usual’.

Macharis et al. (2012) found that, on average, barge transport has a lower CO2-eq emission
than truck and rail transport. Hence, a modal shift of MSW transport could help to reduce the
share of transport in total GHG emission related to MSW management. This is a topic that
recently has gained attention in the EU as a result of the successful shift in focus away from
landfills towards prevention and recycling of MSW, since the early 2000s. The shift has
resulted in a decline of the total GHG emissions linked to MSW treatment in the EU (see
Figure 1) and it has highlighted the importance of transport—and in the total GHG emissions
linked to it—as an opportunity to further reduce MSW GHG emissions in the near future
(EAA, 2011). This importance is depicted by the Net MSW transport versus the Net MSW
GHG emissions line in Figure 1, which indicates that in 2015 the transport of MSW will
contribute 40% of the net MSW GHG emissions associated with MSW Management.
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2.2. Modelling approaches to modal shift
In this section we discuss how modal choice/shift has been studied since 2000 for freight
transport to set the scene for the formulation of our research objectives in Section 3 and the
development of the MSW model in Section 4. At the most basic level, a distinction can be
made between papers modelling modal shift policy and multimodal freight transportation
planning. The first type of papers is focussed on evaluating modal shift transport policy
measures with the aim of creating awareness and consideration of modal shift as a transport
policy option. The second type of papers mostly analyses practical case studies that deal with
the implementation of multimodal transport at the strategic, tactical or operational level in
order to assess the feasibility of a modal shift.

2.2.1. Modal shift policy
Papers on modal choice in the EU mainly consist of case studies comparing different transport
modes. An evaluation of the best transport mode choice is made based on the associated
minimal Total Logistics Cost (TLC), or by using Multi-Criteria Decision Modelling (MCDM)
reflecting the preferences of decision makers (DM) on criteria linked to several transport
modes under investigation. MCDM for modal shift assessment can be split into two types: (i)
Cost function based modelling that is primarily focused on minimizing the TLC and (ii)
Utility function based modelling that is based on Multi-Attribute Utility Theory (MAUT), an
approach largely developed by Keeney and Raiffa (1976). Underlying this theory is the idea
that the DM wants to satisfy simultaneously a number of different attributes (transport cost,
transit time, CO2 emission, etc.). In the case of a modal shift, the DM wants to minimize all
the aforementioned attributes.
Despite infrastructure improvements made in the EU since 1995 and despite policy measures
taken to promote alternative modes for road and air transport, the modal shift from truck to
IWT, or train inland freight transport, has not been successful. In 1995, the relative share of
inland freight transport by truck in the EU-27 was 67.4%. Moreover, this share grew
continuously to 72.7% by 2010 (EC, 2012). Differences can be noted in the modal split per
country in the EU-27, depending on geographic and infrastructural situations. Over the last
decade, several authors have discussed the underlying problems related to effectively
establishing a modal shift (e.g. Blauwens et al., 2006 and Liedtke, 2012).
Blauwens et al. (2006) evaluate three types of transport mode used for containers being
moved between a seaport and its hinterland: direct road, combined rail/road and combined
barge/road. A TLC reflecting the following logistics characteristics characterizes each
transport mode: transport costs, cycle stock costs (related to loading capacity), inventory-intransit costs (related to average lead-time) and safety stock costs (related to the average and
variance in lead-time, as well as average and variance in demand for a given service level).
Based on TLC calculation, researchers evaluated the effectiveness of three policy measures
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aimed at obtaining a modal shift for freight transport in the European Union for a hypothetical
case. They found that an increase in transport tax costs for road transport (reflecting
congestion cost) or a decrease in rail transport costs (due to the forthcoming deregulation of
the European rail freight transport market) would be beneficial for the shift to rail/road
transport. Additionally, they found that decreasing combined road/rail and barge/road
transport lead times by removing current obstacles would be beneficial for a modal shift to
both multimodal transport modes.
Liedtke (2012) evaluate the LOGOTAKT project in Germany aimed at achieving a modal
shift from transport that is smaller than truckload (i.e. pallet transport) to rail transport using
curtain side containers. The use of curtain side containers lowers train transport costs on long
hauls (typically a core single wagon is used) while offering a solution for the transhipment of
the pre- and post-haulage of a single pallet. Intermodal transhipment of an entire curtain side
container by a traditional crane also remains possible. The research outcomes show that
logistics costs are reduced by LOGOTAKT because of increased delivery frequency, which
leads to savings in warehouse (inventory) cost and slightly reduced transport cost. The
LOGOTAKT concept demonstrates that train transport could be integrated into a multimodal
transportation system offering high frequency transport services over long distances for
smaller shipments.
Papers using utility function based modelling in the EU are presented by Pérez-Mesa et al.
(2012) and Truschkin and Elbert (2013). A utility function is used to assess modal shift
options for situations where a modal shift from road transport is not yet in place. Pérez-Mesa
et al. (2012) assess the possible modal shift for fruit and vegetable transport from southeast
Spain to the rest of Europe. Combined Short Sea Shipping (SSS) and road transport is
compared to current road transport. Increasing road transport costs, future drawbacks from the
introduction of environmental taxes, and traffic limitations all make it attractive to pursue an
alternative transport mode by means of intermodal transport using combined SSS and road
transport. Because empirical data was unavailable, the weighting factors for transport cost and
transition time in the objective utility function are estimated using Analytic Hierarchy Process
(AHP) (For AHP see e.g. Saaty, 2008). The outcome of the model shows that the cost of
intermodal transport using combined SSS and road transport can be 14% lower than current
road transport but total transit time can double, which is not favourable for the shelf life of
fruits and vegetables.
The above papers demonstrate the feasibility of a modal shift from truck transport to rail or
waterborne transport in order to make policy makers consider such a modal shift. The next
section will focus on examining the feasibility of the implementation of this modal shift on a
tactical and operational level.
2.2.2. Multimodal freight transportation planning
The planning of multimodal freight transport is an interesting area in Operations Research.
Most authors split up the related planning problems based on their decision horizon leading to
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strategic, tactical and operational planning models (e.g., SteadieSeifi et al., 2014, Crainic and
Laporte, 1992). SteadieSeifi et al. (2014) describe the three planning levels (as follows).
Strategic planning problems relate to investment decisions on present infrastructure
(networks). Typical problems addressed at this level are the consolidation of cargo in order to
maximize the utilization of multimodal transportation and the location of hubs in order to
minimize total transportation costs. Tactical planning problems are aimed at optimizing the
utility of existing infrastructure through the selection of services and associated transportation
modes, the allocation of their capacities to orders, and the planning of their itineraries and
frequency. Finally, operational planning problems relate to making the best choices with
regard to services and associated transportation modes, itineraries, and allocation of resources
to demand. Operational planning deals with variability and stochasticity that are not
explicitly addressed at strategic and tactical levels. For a detailed literature review of these
models, the reader is referred to SteadieSeifi et al. (2014).
Figure 2 outlines the key decisions that need to be made at different levels of the planning
horizon in multimodal road-waterborne transport (Agarwal and Ergun, 2008). In the strategic
planning stage, the optimal number and mix of ships (or barges) in a fleet is determined as
input for the tactical planning stage. During that stage, the service network is designed by
creating the ship routes, i.e. the sequence of port visits by a given fleet and the assignment of
ships to such routes. Finally, in the operational stage, a carrier makes decisions on which
cargo to accept or reject for servicing and which path(s) to use to ship the selected cargo.
Decisions made at one planning level affect the decision making at other levels. General
policies and guidelines are defined in the upper level; while feedback with respect to revenue
and cost information is generated in the underlying levels and assists decision-making at the
higher level.
In addition to economic aspects leading to a decrease in transportation related costs and an
increase in efficiency (such as, e.g., cooperation and utilizing resources more efficiently),
environmental concerns are high on the agenda. The latter are driven by new regulations and
taxes that encourage companies to shift to more sustainable solutions (SteadieSeifi et al.,
2014).
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Strategic Planning (long term)
Acquire resources, determine fleet size and mix

General policies
and guidelines

Revenu and
cost information

Tactical Planning (medium term)
Design the service network (i.e. frequency of routes, port
selection, port rotation), assign vessels and trucks to routes
Goals, rules
and limits

Revenu and
cost information

Operational Planning (short term)
Choose which vessel to accept/reject for routing,
route the selected vessels and trucks
Figure 2: Levels of multimodal freight transportation planning for truck-waterborne transport (Argarwal
and Ergun, 2008).

2.2.3. Green operational planning modelling
Environmental concerns have been addressed mainly in operational rather than tactical
planning models.
CO2 vehicle emissions are related directly to fuel consumption (Bektas and Laporte, 2011).
For trucks, CO2 emissions are determined mainly by distance driven and total weight of the
vehicle (Gaur et al. 2013). CO2 emissions from road freight transport can vary by as much as
30% depending on the definition of trucking activity, the geographical scope of the
calculation, and the degree of reliance on survey, vehicle test-cycle or traffic count data
(McKinnon and Piecyk, 2009). Several authors have made extensions to the classic Vehicle
Routing Problem (VRP) to determine routes with the lowest CO2 emissions. Laporte (1992)
defines the VRP as the problem of designing optimal delivery or collection routes from one or
several depots to a number of geographically scattered cities or customers, subject to side
constraints. Several exact and approximate algorithms have been developed for the VRP but
research on environmental factors is rather recent (Bektas and Eglese, 2014).
Bektas and Laporte (2011) developed the Pollution Routing Problem (PRP) by extending the
objective function of the VRP to include the cost of minimizing GHG emissions. The overall
objective of the PRP is to minimize total costs composed of cost of emissions, cost of
operations and cost of drivers.

147

Erdogan and Miller-Hooks (2012) developed the Green Vehicle Routing Problem (GVRP)
that accounts for the additional challenges associated with operating a fleet of vehicles using
alternative cleaner fuels, denoted as Alternative Fuel Vehicles (AFVs). AFVs are fuelled by
biodiesel, electricity, hydrogen, methanol, natural gas (liquid-LNG or compressed-CNG), and
propane, amongst others. AFVs require Alternative Fuelling Service stations (AFSs) for
replenishment. The GVRP takes into account a vehicle’s fuel tank capacity limitation and
chooses the optimal placement of AFS visits within the tour.
These green operational planning modelling examples show the importance of integrating the
cost or effect of GHG emissions, associated with the selected transportation mode, in the
transportation planning models.
3. Research objectives
Bontekoning and Priemus (2004) indicate that the main growth potential for a modal shift to
barge transport can be found in the market for freight flows on shorter distances. They find
the following to be helpful for lowering the break-even distance with truck transport: (i)
increasing the volume to be shipped over the long haul distance, thereby reducing the costs
per tonkm; (ii) eliminating or reducing the need for pre or post haulage; and (iii) reducing
transhipment costs.
The literature review in Section 2 found no study that had evaluated a modal shift of MSW
road freight transport to a combination of road and waterborne transport. As explained in the
introduction, we do not consider intermodal train transport as it is more expensive than
waterborne transport on the short distances over which MSW is commonly transported.
Moreover, the role of IWT, also called barge transport, is less examined in the literature on
modal shift transport. The aim of this paper is to close this gap by evaluating a modal shift for
MSW from road transport to a combination of road and waterborne barge transport.
Practitioners will consider a modal shift if they can be convinced, using real life data, that
such a shift is economically and technologically feasible. To support strategic decision
making towards a modal shift in MSW transport it is crucial to evaluate the conditions that
influence the feasibility of multimodal MSW transport. To this end we formulate a tactical
planning optimization model that minimizes the operational, environmental and societal
transportation and transhipment costs, and that is similar to the objective function of Bektas
and Laporte (2011) at an operational planning level. The generic model discussed in this
paper is capable of optimizing MSW transport in a wide variety of settings and will be used to
provide insight into the following research questions by examining a real-life case study for
the transport of MSW in bulk in Belgium:
(i)
(ii)

Can a modal shift towards combined road and waterborne barge transport for MSW be
beneficial compared to current road freight transport of MSW?
What is the effect of internalising the external costs related to road freight transport for
MSW on a shift to combined road and waterborne barge transport for MSW?
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(iii)

What is the potential for new operating policies, such as linking up barges, to reduce
labour costs?

4. Problem description and modelling
The problem under consideration consists of determining the most sustainable mode of
transport for MSW. This means identifying the mode with optimal trade-off between transport
cost, GHG emission and societal impact; and it means determining the associated transport
itineraries and frequencies for each selected transport mode, subject to the following
constraints: (i) the MSW must be transported within a certain time window because of limited
space in the collection centres and the risk of self-combustion; (ii) only a single type of MSW
may be transported each time since mixing up waste types is prohibited by law; and (iii) the
waste bunkers used to store MSW at the Waste Treatment Facility (WTF) have a finite
capacity to be operated within a certain volume range. Because no goods may be transported
in a vehicle that has transported waste, empty backhauling will occur.
The above problem can be formulated as a service network design problem. The problem we
study explicitly considers modal shift opportunities and incorporates choice of services
(transport mode and frequencies). Other approaches to solve this problem are multiobjective
programming by minimizing transportation costs and minimizing environmental and societal
impact, or the lexicographic goal programming approach (Morissey and Browne, 2004; Sun et
al., 2015). Service network design generally covers a wide variety of applications in which all
or some of the links in the network are optional and may be used, provided that a
corresponding fixed cost is paid. Through the network a set of known demands must be
routed between specific origin-destination pairs at given unit flow costs. The aim of designing
a network is realized by selecting links in the network that will be used to satisfy demand.
This is done by determining flow distribution at minimum cost, which is computed as the total
cost of the selected links and the total cost of the flow distribution (Chouman and Crainic,
2010). The model is defined over a given planning horizon (typically one week), divided into
time periods (typically one day for a single type of waste). Analysing five days is sufficient to
obtain relevant measures of the sustainability of a modal shift, as no transport occurs over the
weekend and no waste is shifted to the next week. The result is that weekly schedules are
independent. Furthermore seasonal variation in the flows of MSW is limited so one “average”
week is representative for an entire year. For every time period a variable amount of MSW is
added to the stock of MSW collection centres. The demand by the WTF for MSW per time
period can vary. The MSW is transported through the network either by truck transport or by
multimodal truck-barge transport. In case of multimodal truck-barge transport, transhipment
at origin and destination may take place. The time needed to collect a sufficient amount of
waste at the collection centres and to transport the shipment to the WTF destination will differ
for the two transport modes, truck and barge, because they differ in carrying capacity and
transportation lead-time. We assume that the MSW is transported to the WTF within one time
period for both transport modes. The storage capacity at the WTF is sufficiently large to
accommodate the multimodal shipments; therefore, we can assume an infinite buffer capacity
at the WTF. Moreover, we assume that all waste is transported in bulk.
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In the next sections we present the network and time-space representation required to address
the scheduling aspect of the MSW SDNP, following the stepwise description of Andersen et
al. (2009). The MSW Service Network Design Problem (SNDP) developed in section 4.4 is
an extension of the static SNDP formulated by Crainic and Laporte (1992). Alternative
formulations of the static SNDP can be found in e.g. Crainic and Kim (2007).
4.1. Notations
The MSW network discussed in this paper consists of nodes representing collection centres at
the terminals of origin, a transhipment point for each terminal of origin, a transhipment point
for each WTF and a number of WTFs at the terminals of destination. Arcs between adjacent
nodes in the network represent the services between these nodes. MSW is to be transported
from the collection centres to the WTF by means of truck or truck-barge. The following sets
are defined:
N = set of all network nodes
No= set of nodes representing the waste collection centres at the terminals of origin
Ng= set of transhipment nodes at the terminals of origin
Nf= set of transhipment nodes at the terminal of destination
Ne= set of destination nodes

N = No ∪ N g ∪ N f ∪ Ne
The arcs between the nodes represent different transport options or services. The following
sets are defined:
A= arcs (i, j) between two adjacent nodes i, j ∈ N
Ar= arcs connecting nodes i ∈ N o with the nodes j ∈ N e carried out by truck
Av= arcs connecting nodes i ∈ N o with the nodes j ∈ N g representing the service of prehaulage carried out by truck
Aw= arcs connecting nodes i ∈ N g with the nodes j ∈ N f carried out by barge
Ap= arc connecting nodes i ∈ N f with the nodes j ∈ N e representing the service of post
haulage carried out by truck

A = Ar ∪ Av ∪ Aw ∪ Ap
All arcs represent connections between physical entities.
At, Art, Avt, Awt and Apt represent the time-indexed version of the respective arc set (see the
next section for details).
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4.2. Time-space network
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Figure 3: MSW time space network and an example of a feasible service plan

The network is represented by a directed graph G= (NT, At) in which NT represents the state of
the nodes in set N at a certain time period T= {1, 2, ..., TMax} for a given planning horizon
TMax. The set At represents the state of the arcs at a certain time t, At= {(i1, j1), (i2, j2), ..., (it,
jt),...} where i, j ∈ N T and At ⊆ N T × N T . Each node and each arc belonging to the sets Art,
Avt, Awt and Apt are replicated once for each time period t over the given planning horizon TMax.
An example of the time-space network is depicted in Figure 3 for a planning horizon of five
time periods t= 0 ...4 and the simplest configuration of a network with a single collection
centre and a single WTF. Each time period t, a new amount sit of MSW is supplied to the
collection centre i represented by node n0 = (0, t ), t ∈ T , since in this example we have only
one collection centre at node 0. At time t=0, a supply s00 is added to the initial stock w00 at
node n0. Note that, generally, w00=0. A volume d0 represents the demand of the WTF to be
satisfied by collection centre at time t=0. The volume is shipped by truck and/or by
multimodal truck-barge transport. After shipping the volume d0, the remaining stock level of
the collection centre to be transferred to the next period t=1 is w01=w00-d0+s00. Such a process
is iterated also in the following intervals. In general, each collection centre i ∈ N 0 has a
maximum capacity Li that may not be exceeded. Note that because of this constraint the
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quantity transported to the WTF in each period can be larger than dt. If there is more than one
collection centre or WTF, the specific production and demand values may be different for
each of them.
The arcs connecting the nodes represent services in the network. Services represented by the
arcs Ar (truck transport) and Av, Aw, Ap (multimodal truck-barge transport) can take place
simultaneously. The same sequence as described for t=0 takes place each time period prior to
TMax. As previously mentioned, at t=0 no initial stock w00 is present at the collection centre. At
the end of the planning horizon TMax (represented by t=4 in Figure 3) all the MSW available at
the collection centre terminal must be shipped. MSW planning cycles typically encompass a
five-day work week and no transport occurs during the weekend: meaning, on Friday the
remaining volumes collected at the collection centres must be shipped to the WTF. This
ensures that sufficient storage capacity is available at the collection centres for the next
workweek and that there is a sufficient stock at the WTF to continue incineration operations
over the weekend. The storage capacity of the WTF can be assumed to be sufficiently large to
accommodate all waste flows.
4.3. Services and vehicle fleets
Services s are assumed to depart from and arrive at the nodes at the beginning of each time
period. Each service is defined by its origin terminal i and destination terminal j, where
i, j ∈ N , and is performed by using vehicles (trucks, barges) deployed on the arc (i, j ) ∈ A
with given capacity VT and VB, respectively, as well as fixed and variable costs. The capacity
of the service is defined as the maximum volume that a service can ship. We assume that
loading, transhipment and unloading take place in the service time defined by the time period;
therefore, service times are not explicitly modelled. After unloading, vehicles are available
again for service.
4.4. The Municipal Solid Waste Service Network Design Problem Model
Following SteadieSeifi et al. (2014), the Municipal Solid Waste Service Network Design
Problem (MSW SNDP) can be characterized as a dynamic SNDP with asset management and
multiple-fleet coordination. The MSW SNDP is optimized by taking the fixed, variable and
environmental transportation cost for the transportation modes (i.e. truck and barge) into
account. In the model, described hereafter, constants and sets are denoted in capital letters
while variables and indices are denoted in small caps.
The network described by the model at time t ∈ T consists of k collection centres represented
by the nodes ok ,t ∈ N o , l transhipment terminals at origin represented by the nodes sol ,t ∈ N g ,
m transhipment terminals at destination represented by the nodes sem ,t ∈ N f , and n WTFs
represented by the nodes en ,t ∈ N e as depicted in Figure 4. MSW can be transported from the
collection centres at origin to the WTFs by truck or by barge. Back-haulage transport is not
152

included since we assume that only MSW waste may be transported by the selected
transportation modes.

Figure 4: network representation of the MSW SNDP with k collection centres, l transhipment terminals at
origin, m transhipment terminals at destination and n WTFs.

For the truck and barge services the decision and network design variables are:

xijt ≥ 0 : Decision variable: total flow on arc (i, j ) ∈ At between two adjacent nodes i and j at
time t [ton]
yijt ∈ {0,1}: Network design variable: yijt = 1 in case the arc (i, j ) ∈ At is activated at time t,
otherwise yijt=0
zijt ∈ ℤ+: decision variable: number of vehicles on arc (i, j ) ∈ At between two adjacent nodes i
and j at time t
Let:
Fij: fixed cost for opening activity on arc (i, j) [€]
Kij: fixed cost per vehicle deployed on arc (i, j) [€]
Vij: unit variable cost for shipping goods xij on arc (i, j) [€/tonkm]
Eij: unit external (environmental, societal) cost for shipping xij on arc (i, j) [€/tonkm]
Dij: distance for shipping xij from node i to j [km]
NTt: maximum number of trucks that can be used at time t ∈ T
NBt: maximum number of barges that can be used at time t ∈ T
VT: capacity of a truck [ton]
VB: capacity of a barge [ton]
Li: maximum storage capacity at node i ∈ N o
Mij: maximum flow on arc (i, j)

153

sit: production of MSW supplied to collection centre i ∈ No at time t ∈ T [ton]
dit: minimum demand of destination i ∈ N e (WTF) at time t ∈ T [ton]
wit: initial stock level at collection centre i ∈ No at time t ∈ T [ton]
The model is then given by:
Minimize

∑∑

(Vij + Eij ⋅ Dij )⋅ xijt + ∑

t∈T (i, j )∈At

∑

t∈T (i, j )∈At

Fij ⋅ yijt + ∑

∑

K ij ⋅ zijt

(4.1)

t∈T (i, j )∈At

Subject to

sit + wit − wi (t +1) −

∑

xijt −

∑

xijt −

( i , j )∈Avt

∑x

ijt
( i , j )∈Art ∪ Avt

= 0 ; ∀i ∈ N o , ∀t ∈ T

(4.2)

∑x

ijt

= 0 ; ∀t ∈ N g , ∀t ∈ T

(4.3)

∑x

ijt

= 0 ; ∀i ∈ N f , ∀t ∈ T

(4.4)

( i , j )∈Awt

( i , j )∈Awt

( i , j )∈Apt

x ijt ≥ d jt ; ∀j ∈ N e , ∀t ≤ TMax

∑

(4.5)

(i, j )∈A pt ∪A rt

wi 0 = 0 ; ∀i ∈ N o

(4.6)

wit ≤ Li ; ∀i ∈ N o , ∀t ∈ ]0, TMAX ]

(4.7)

wi (TMAX +1) = 0 , ∀i ∈ N o

(4.8)

xijt ≤ yijt ⋅ M ij , ∀(i, j ) ∈ At , ∀t ∈ T

(4.9)

xijt ≤ zijt ⋅VT , ∀(i, j ) ∈ Art ∪ Avt ∪ Apt , t ∈T

(4.10)

xijt ≤ zijt ⋅VB , ∀(i, j ) ∈ Awt , t ∈ T

(4.11)

∑z

≤ NTt , ∀t ∈ T

ijt
( i , j )∈Art ∪ Avt ∪ Apt

∑z

ijt

≤ NBt , ∀t ∈ T

(4.12)
(4.13)

( i , j )∈ Awt

xijt ≥ 0 , ∀i, j ∈ At , ∀t ∈ T

(4.14)

wit ≥ 0 , ∀i ∈ N o , ∀t ∈ ]0, TMAX ]

(4.15)

yijt ∈ {0,1}, ∀(i, j ) ∈ Art ∪ Awt , ∀t ∈ T

(4.16)

zijt ∈ ℤ+, ∀(i, j ) ∈ At

(4.17)

The objective of the MSW SNDP (4.1) is to minimize the costs linked to the transport of
MSW from origin to destination taking into account the fixed cost linked to the organisation
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of transport associated with the transportation mode selected, Fij, the fixed cost associated
with deploying a vehicle or vessel, Kij, the variable cost per tonkm, Vij, and the external costs
representing the environmental and societal impact associated with the selected transportation
mode, Eij.
Constraints that have to be taken into account follow. The flow balance in the collection
centres is expressed in (4.2). At time period t ∈ T a new amount of MSW sit is supplied to the
collection centre i ∈ N o and is added to the remaining amount of MSW wit that was present in
the beginning of period t. An amount xijt is allocated for the transport to the WTF at
destination j and a remaining amount wi(t+1) stays in the collection centre i ∈ N o . The flow
balance between the transhipments terminals is expressed in (4.3) and the flow balance at the
destination transhipment terminals where the MSW is transported to the WTFs is expressed in
(4.4). For all periods t ∈ T except for the last period t=TMax, the volume shipped to WTFj is at
least the minimum demand djt by this WTF at time t ∈ T . Constraint (4.5) imposes that the
quantity shipped should be at least equal to the minimum quantity djt required to operate the
WTF efficiently. Capacity constraints are expressed in (4.6) - (4.8). In the initial time period
t=0 there is no existing waste in the collection centre i (4.6). In all time periods expect the
initial time period t=0 the initial volume at time t in collection centre i is limited by the
maximum storage capacity in collection centre i (4.7). In the last time period t=TMAX all the
MSW is shipped (4.8). Constraint (4.9) expresses the activation constraint of shipping MSW
and therefore opening the arc (i, j). The number of vehicles to be assigned for shipping MSW
at time t ∈ T is expressed in (4.10) for trucks and in (4.11) for barges. The amount of MSW
that can be transported at time t ∈ T is limited by the availability of the maximum number of
trucks NTt (4.12) and maximum number of barges NBt (4.13). Finally variables are defined.
Constraint (4.14) expresses that all transported MSW cannot be expressed by negative values.
Constraint (4.15) expresses that the remaining volume of MSW in the collection centres
cannot be expressed by negative values. The selection of a transportation mode is expressed
by a binary value (4.16) and the number of vehicles selected for shipping MSW is expressed
by integer values (4.17).
5. A case study
In this section, the model from Section 4 is applied to a business case of a Belgian WTF.
For the case under consideration, MSW is delivered mainly to the WTF by municipalities and
inter-municipal organizations. Although many stakeholders desire a modal shift towards
barge or train transport to reduce GHG emissions and road congestion, the municipalities are
forced to favour the cheapest mode of transportation for budgetary reasons.
The MSW delivered to the WTF is stored in waste bunkers designed to hold a sufficient
amount of waste to allow waste treatment installations (e.g. incinerators) to continue working
for a few days even if no new MSW were to be received (safety stock). The composition of
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the MSW differs over time. In summer, less solid waste (such as plastic and hardboard) is
collected because of the holiday season. MSW must be transported from origin to destination
within a week to prevent organic waste reactions, which generate odour nuisance and lead to
an increased risk of self-combustion.
Average external cost
Truck
Barge
Train
[€/ 10³ tonkm]
Accidents
5.4
0.0
1.5
Noise
2.1
0.0
3.5
Air
pollution
and
8.7
3.0
4.3
climate
Congestion
5.5
NA
0.2
Infrastructure
2.5
1,0
2.9
Total
24.10
5.0
12.3
Table 1: External costs per transport mode applicable for the EU (EC (2008), Waterwegen en Zeekanaal
NV (2009)

In order to compare the environmental and societal impact of transport modes a common
basis needs to be defined. Basically, two approaches can be used: internalising the external
environmental and societal costs, or multi-criteria decision modelling that associates
weighting factors to the environmental and societal impact of each transport mode. Since the
objective function of the MSW SNDP is a cost function, we opt for internalising the
environmental and societal costs using EU figures (EC, 2008) adopted by e.g. the
governmental organization Waterwegen en Zeekanaal managing the Belgian waterways (see
Table 1).
It should be noted that external costs differ according to which source is consulted. The
outcome of a recent study by Panteia (2013) is depicted in Table 2 based on a weighted
average of each type of barge used in the EU-27. This table breaks down the total external
costs of emissions to air into climate change costs, reflecting CO2 emission, and air pollution
costs, reflecting the emissions of air pollutants NOx and Particulate Matter (PM). In general,
European barge transport performs poorly on air pollutants. This is primarily due to the longer
lifetime of barge engines relative to truck engines and, secondarily, to the prevalence of truck
transport relative to barge transport, which makes it economically more attractive to develop
cleaner truck engines (Panteia, 2013).
2011

Climate change costs

Air pollution costs

Total external costs of
emissions to air
Road (Truck)
€ 6.95
€ 7.00
€ 13.95
IWT (Barge)
€ 3.06
€10.47
€13.53
Table 2: Weighted average external costs for the emissions to air (in Euro2011/1,000 tonkm) for EU-27
(table 3.2 Panteia, 2013)

The case study consists of a network of n=8 nodes. Three nodes 0, 1, 2 are collection centres,
three other nodes (3, 4, 5) are transhipment terminals at origin, node 6 is an intermediate
multimodal transhipment terminal and node 7 is the terminal at destination representing the
WTF (Figure 5).
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Figure 5: Case study Service Network

At the collection centres two types of MSW are collected and stored separately to be
transported to the destination within a maximum one-week period: residual household waste
and bulky household waste. Neither types of waste may be combined for shipping; and MSW
can be transported by both transport modes. In this case study we consider only residual
household waste to be shipped to the WTF, either by direct road transport or multimodal
barge and truck transport. In the latter case, pre-haulage by truck is required between the
collection centre and the transhipment terminal at origin. Thereafter, MSW is transported via
barge to the transhipment terminal at the destination. From this transhipment terminal, posthaulage by truck transports the MSW waste to the terminal at destination (WTF). Because
there is no direct waterway connection between the transhipment terminals at origin (nodes 3,
4, 5) combined haulage by barge is impossible.
To organize the planning of the MSW transports, we consider a planning horizon of TMax=5
days where each period corresponds to one working day.
Currently MSW is transported exclusively by truck and the external costs are not taken into
consideration when comparing transport alternatives. This situation is referred to as the
‘Baseline’ scenario or Scenario 1 in our analysis. A few additional scenarios are examined.
Scenario 2 is similar to Scenario 1 but takes external costs into account. Scenario 3 considers
Multimodal Transportation (MMT) of MSW with trucks and barges, without the need for prehaulage (i.e. the collection centre has a transhipment terminal on its premises allowing the
MSW to be directly dumped into the barge), but taking into account additional depreciation
costs for new equipment needed to load and unload the barges, as well as external costs of
transport. Depreciation costs are based on expected average annual volumes to be handled.
Moreover, the five-day schedule determined by our model is repeated over the investment
period. Scenario 4 is similar to Scenario 3 but requires pre-haulage of MSW by truck between
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the collection centres and the transhipment points at the origin. This shortens the loading time
of the barge but adds an additional transportation cost.
Scenarios 1, 2, 3 and 4 are executed by commonly used barges with a carrying capacity of
128 tons and trucks with a carrying capacity of 15 tons. Two individual barges can be
combined into a convoy (requiring only one captain) in order to reduced fixed labour costs.
This option is examined for Scenarios 3 and 4 in Scenarios 5 and 6. Data on the model
parameters for the case is summarized in Table 3 in which: Fij – Fixed Cost for organising
transport between node i and j, Vij – Variable Cost for shipping xij from node i to j, Kij –
Fixed Cost per vehicle deployed between node i and j, Eij – External Cost for shipping xij
from node i to j and Dij – Distance between node i and j.

Arc (i, j)
Fij[€]
Vij[€/ton]
Kij[€]
(0,7)
20
20.89
20
(0,3)
2
5.30
0
(3,6)
20
6.20
639
(1,7)
20
17.25
20
(1,4)
2
5.30
0
(4,6)
20
5.20
510
(2,7)
20
22.44
20
(2,5)
2
5.30
0
(5,6)
20
5.95
639
(6,7)
2
5.30
0
Table 3: cost components used in the computational example

Eij [€/tkm]
0.0241
0.0241
0.0050
0.0241
0.0241
0.0050
0.0241
0.0241
0.0050
0.0241

Distance Dij[km]
83.80
1
71.60
65.40
2
47.88
74.60
1
64.37
5.10

The daily supply of waste to the terminals at the origin is assumed to be constant: for terminal
0 this is estimated at 107 t/day, for terminal 1 at 174 t/day and for terminal 2 at 151 t/day. The
maximum storage capacity is limited to 100 t/day for terminal 0, to 250t/day for terminal 1
and to 200 t/day for terminal 2. The daily demand for MSW at the WTF, representing the
minimum amount of waste required for efficient waste processing, is set at 300 t/day.
The MSW SNDP model for the case under consideration was modelled in Python V2.7 and
optimized by the Gurobi solver V5.6.2 on a personal computer with a 1.66 GHz processor and
10.99 GB RAM memory. The computing time for all scenarios is less than 8 seconds.
In Table 4, the six scenarios are evaluated on the volume shipped by truck transport and
truck/barge, and the associated total transportation costs, for a total supply of 432 t/day and a
minimum demand of 300 t/day of MSW to be shipped to the WTF, which we assumed to be
stable.
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Scenario

1
2
3

Description

(volume by truck ;
volume by truck+barge)
[ton]
(2160; 0)
(2160; 0)
(170; 1990)

Total transportation cost
over the planning horizon
[€]
46,406
50,215
36,895

Baseline
Baseline E incl.
MMT E incl., pre-haulage excl. (barge:
128 ton)
4
MMT E incl., pre-haulage incl. (barge:
(1041; 1119)
128 ton)
5
MMT E incl., pre-haulage excl. (barge:
(7; 2153)
256 ton)
6
MMT E incl., pre-haulage incl. (barge:
(173; 1987)
256 ton)
Table 4: overview of scenario results (MMT = Multimodal Transport, E = External cost)

47,031
32,494
42,368

Comparing total transportation costs of Scenario 3 to Scenarios 1 and 4 shows that a modal
shift is most beneficial if MSW can be dumped directly onto a barge at the transhipment
points of origin. As expected, additional pre-haulage raises costs and makes the modal shift
less attractive. If two barges can be combined (Scenarios 5 and 6) total logistics costs can be
reduced relative to the single barge conditions of Scenarios 3 and 4. As a result, a larger share
of MSW can be shifted to multimodal transport. Please note that in Scenarios 3, 4, 5 and 6
more MSW is transported by combined truck-and-barge than by truck.
If we analyse how volumes are assigned to the two transport modes, we notice that for each
time period (a day in this case) MSW is selected from the collection centres so that the
demand dt of the WTF is shipped, which limits the number of MSW transportations at the
terminal of origin. As such, the MSW SNDP minimizes the transportation costs in each time
period and avoids violating the storage capacity limit at a terminal of origin. The remaining
MSW is shipped on the last day of the planning horizon (see Tables 5 a, b).
Since the model parameters included in Table 3 might change in the future, a sensitivity
analysis is conducted to assess the robustness of our findings. In Table 6, the variable cost Vij
and fixed cost Kij of barge transport is increased for the three routes linking each collection
centre (n= 3,4,5) with the transhipment terminal at destination (n=6). The sensitivity analysis
is carried out on Scenario 4, as the total transportation costs over the planning horizon of this
multimodal scenario are closest to the baseline scenario of truck transport. In particular, the
sensitivity analysis will assess the reduction in volume transport by barge over the planning
horizon when an increase of Vij with 2€/t (denoted as Scenario 7) and Kij with 200€ (denoted
as Scenario 8) would take place. The results show that an increase in variable or fixed costs
for barge transport will soon lead to a lower share to be transported by barge. For Scenario 4,
as soon as the variable costs Vij are increased by approximately 4€/t, or as the fixed costs Kij
increase by 420 € per transport, barge transport will no longer be used.
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Scenario 3
Truck (0,7)
Truck (1,7)
Truck (2,7)
Truck (0,3)
Truck (1,4)
Truck (2,5)
Truck (6,7)
Barge (3,6)=
(0,3)
Barge (4,6)
=Truck (0,4)
Barge (5,6)
= Truck(0,5)
Total shipped

t=0
7
37
0
0
128
128
256
0

t=1
0
44
0
128
128
0
256
128

t=2
0
44
0
128
0
128
256
128

t=3
0
0
20
65
87
128
280
65

t=4
0
18
0
207
384
351
942
207

128

128

0

87

384

128

0

128

128

351

300

300

300

300

960

t=0
7
165
0
0
0
128
128
0

t=1
0
172
0
128
0
0
128
128

t=2
0
44
0
128
0
128
256
128

t=3
65
87
20
0
0
128
128
0

t=4
79
402
0
128
0
351
479
128

0

0

0

0

0

128

0

128

128

351

300

300

300

300

960

a)
Scenario 4
Truck (0,7)
Truck (1,7)
Truck (2,7)
Truck (0,3)
Truck (1,4)
Truck (2,5)
Truck (6,7)
Barge (3,6)
=Truck (0,3)
Barge (4,6)
=Truck (0,4)
Barge (5,6)
=Truck (0,5)
Total shipped

b)
Table 5: volume shipped each time period in scenarios 3 and 4

In Scenario 7, the variable costs Vij over the planning horizon encompass the exploitation
costs, the loading and unloading costs and the variable investment costs; and in Scenario 8,
the fixed costs Kij for barge transport consists of wages and port dues.
Scenario 4
Arc
Vij [€/ton]
Kij [€]
(3,6)
6.2
639
(4,6)
5.2
510
(5,6)
5.95
639
Volume by truck
1041
[ton]
Volume by barge
1119
[ton]
Total
47,031
Transportation
Cost [€]
Table 6: Sensitivity analysis for Scenario 4

Scenario 7
Vij [€/ton]
Kij [€]
8.2
639
7.2
510
7.95
639
1427

Scenario 8
Vij [€/ton]
Kij [€]
6.2
839
5.2
710
5.95
839
1169

733

991

49,199

48,888
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The demand and supply rates in our case can be assumed to be constant given that the
variation over time due to e.g. holidays is small. However, to better illustrate how the model
and method perform in other practical situations a sensitivity analysis is performed by varying
demand and supply quantities/rates. Computational results show that a change in demand of
+/-10% for Scenario 4 results in no change in volumes shipped by truck and barge and in only
a very small increase in total logistics costs (no more than 21€ over a time horizon of five
days). A randomly varied daily supply rate of 432 t/day in the collection centres, as illustrated
in Table 8, results in a total logistics cost of 46,928€ and volume of 1076 ton shipped by truck
and 1084 ton shipped by barge, over a five-day planning horizon. Scenario 9 shows that
random variations of more than 30% in the daily supply rate in the collection centres result in
low variations of around 3% in the volumes shipped by truck and barge, as compared with
Scenario 4. Please note that the daily total supply rate in the collection centres is identical for
Scenario 4 and Scenario 9 and equal to 432 t/day. Also the daily minimum demand of the
WTF (d=300 t/day) is identical.
Scenario 9
t=0
t=1
t=2
t=3
t=4
d=300 [ton/day]
Supply collection
107,174,151
90,242,100
120,200,112
20,210,202
140,120,172
centers 0,1,2
[ton/day]
Truck (0,7)
7
0
0
0
86
Truck (1,7)
165
172
135
104
370
Truck (2,7)
0
0
37
0
0
Truck (0,3)
0
128
128
0
128
Truck (1,4)
0
0
0
0
0
Truck (2,5)
128
0
0
200
372
Truck (6,7)
128
128
128
200
500
Barge (3,6)
0
128
128
0
128
=Truck (0,3)
Barge (4,6)
0
0
0
0
0
=Truck (0,4)
Barge (5,6)
128
0
0
200
372
=Truck (0,5)
Total shipped
300
300
300
304
956
Table 7: Random variations in the daily supply rate of the collection centers over a five day planning
horizon

Given the aforementioned results, and since the purpose of the case study simulation is to
demonstrate the feasibility of multimodal truck-barge transport for MSW over a given time
horizon, we conclude that the assumption of constant daily supply and demand rates is
appropriate to demonstrate the effect of the scenarios listed in Table 4 on the modal choice for
the MSW SNDP problem.
Finally, in order to simulate a current situation in which multimodal transport would take
place, the sensitivity of the outcome of Scenario 4 was tested on excluding external costs from
the decision making process. This resulted in a slightly increased volume for truck transport
(1169 ton) and, consequently, a smaller volume to be shipped by barge (991 ton). Using
external costs leads to a reduction of 5.9% of truck transport in case of Scenario 4. The total
transportation costs decrease to 44,844€.
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The real-life case that we have used consists of a limited number of collection centres and
associated transhipment terminals. To test the performance of the model on larger problems,
we examine a hypothetical case consisting of 9 collection centres and 9 associated
transhipment terminals at origin, 1 transhipment point at destination and 1 WTF (i.e. in total
20 nodes). Table 7 depicts the program execution time of the MSW SNDP model for a
planning horizon Tmax ranging from 1 to 100 periods. The results in Table 8 show that the
model output is generated in a reasonable computation time even when a large number of
periods is considered.
Tmax
1
5
10
15
20
30
40
50
100
n=8
1
8
16
24
37
47
68
89
195
n=20
4
29
67
111
151
226
334
425
952
Table 8: Program execution time in sec for the MSW SNDP model for a given planning horizon Tmax and
two networks sizes

6. Conclusions
In this paper we examined the feasibility of a modal shift for MSW bulk transport on
distances shorter than 100 km formulating the problem as a tactical planning problem of
assigning trucks and/or barges to the MSW transport over a scheduling horizon. Multimodal
barge transport is generally believed to be more expensive than truck transport on such short
distances. However, policy makers want to stimulate a modal shift to barge transport to
reduce the environmental and societal impact of MSW transport. To support MSW modal
shift decision-making a discrete multi-period dynamic SNDP model was developed for MSW
bulk transport. The MSW SNDP model is tested on a real-life case of MSW transport in
Belgium. Computational experiments illustrate the performance of the model and its potential
to support decision-making and evaluate scenarios. For the case and scenarios under
consideration, multi-modal barge-road transport turns out to be a viable option when MSW is
transported in bulk.
As such, the study confirms that generic recommendations of Bontekoning and Priemus
(2004) to lower the break-even distance are also valid for the MSW bulk transport.
Simulations also showed that taking external costs into account is favourable for a shift to
waterborne barge transport. Moreover, we demonstrated that dropping the MSW directly into
a barge near the collection centres and linking up barges make a shift towards multimodal
barge transport more attractive.
The MSW SNDP presented in this paper considers only the transport between the collection
centres of MSW and the WTF. It can be further extended to cover total logistics costs,
encompassing warehouse costs at collection centres and operations at several waste treatment
facilities (WFTs).
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Chapter 7: General conclusions and findings
1. General conclusions
In this section we highlight the main findings obtained by using the presented quantitative
decision support models for sustainable waste management and reflect on the applicability of
mathematical models to support policy and decision makers. We also formulate directions for
further research.
In Chapters 2 and 3 we assessed the sustainability of current policies for municipal solid
waste management and end-of-life vehicle waste management for passenger cars, using
Belgium and Flanders as case studies. In chapter 2 we used a systems dynamics model to
demonstrate that the Flemish household reuse and recovery waste targets up till 2015 can be
achieved by the 2010 household waste policy. This outcome would require a decoupling of
waste creation per capita from GDP growth by maintaining household waste prevention, e.g.
composting of green waste at home.
For end-of-life of vehicles (ELV) waste management for passenger cars such a decoupling is
not yet on the European agenda; and neither is waste prevention. The EU ELV Directive
2000/53/EC promotes a waste management policy that is focussed on material reuse,
recycling and recovery but does not consider ELV waste prevention to be a target. In Chapter
3, using system dynamics modelling, we showed that Belgium can reach compliance with the
ambitious EU 2015 ELV targets of 85% reuse and recycling and 95% reuse and recovery in
2015 and thereafter if it continues to improve the recycling of ELV plastics. Limiting export
of discarded passenger cars (see e.g. restrictions on export such as in Norway), or reducing
the life span of passenger cars, are effective policy measures for stimulating the recovery and
recycling rates of ELV waste. Both measures would help achieve the 2015 ELV reuse and
recovery targets from 2015 onwards. Because the proposed model is sufficiently generic, it
can also be applied to other regions and countries; moreover, proposed policy
recommendations also are expected to be effective.
For answering the research questions of Chapters 2 and 3, system dynamics models were built
using the Cardiff methodology, which use statistical evidence as the underlying source for the
models. To validate and calibrate the models, Theil inequality statistics were used. Although
system dynamics is not used to make exact forecasts, the municipal solid waste model proves
to be highly accurate given the reports on current household waste management performance.
System dynamics has proven to be an accurate modelling tool for making so-called “business
as usual” forecasts in sustainable development as demonstrated by the review of the “Limits
to growth” outcomes of 1972 that, after more than 30 years, still hold true (Turner, 2004).
In the Chapters 4, 5 and 6 we discussed how to select the optimal sustainable recovery and
transport option out of a set of possibilities using multi-objective programming. Sustainability
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is operationalized using the People-Planet-Profit triple bottom line approach of maximizing
profit and minimizing environmental and societal impact.
Because Life Cycle Analysis (LCA) is not suitable for comparing the environmental impact
of two valorisation alternatives when the resulting products perform different functions, e.g.
when green waste is used for composting or energy production, we proposed an alternative
approach in Chapter 4. Our alternative assessment procedure is based on the Pareto front of
optimal trade-off combinations of valorisation processes. We examined and compared two
methods for determining the Pareto-optimal front for conflicting sustainability objectives: the
NSGA-II algorithm and the ε-constraint method. Both methods are applied to the Green
Waste Valorisation Problem that seeks the most sustainable valorisation allocation for green
waste, given the options of composting or incineration with energy recuperation. The NSGAII algorithm is applicable in general for both linear and nonlinear objectives but is more
cumbersome to use. We showed that in case of linear objectives, the user-friendly ε-constraint
method can be a good alternative. We demonstrated that the proposed assessment procedure is
capable of supporting decision makers in allocating green waste to composting and energy
recovery. The proposed methodology can be applied to other comparative LCA assessment
problems when compared products perform different functions.
In Chapter 5 we used the ε-constraint method to determine the most sustainable green waste
recovery option, given a series of valorisation possibilities. A multi-objective mixed integer
linear programming model is presented to select the most sustainable recovery option for
green waste out of four possible recovery options. GAMS and Gurobi were used for
formulating and solving the related multi-objective programming models. We showed that
separating a part of the sieve overflow after composting is more sustainable than exclusive
composting. Moreover we showed how subsidies change the optimal sustainable solution.
The framework presented in this chapter is applicable for all types of problems that look for
the most sustainable recovery option from a set of alternative, in terms of triple bottom line
(People-Planet-Profit)
In Chapter 6 environmental and societal impacts are expressed as costs. To determine the
most sustainable way of transporting municipal solid waste from collection centres to waste
treatment facilities, we used a single objective-programming model that minimizes the
operational transport and environmental and societal costs. Using a service network design
approach we demonstrated that multi-modal truck barge transport could be economically
viable for municipal solid waste transport below 100 km, which is generally considered to be
the minimal distance for applying multi-modal truck/barge transport. This model can be
adapted for determining the most sustainable transportation mode when products are collected
at collection centres and must be transported to processing facilities using multiple
transportation modes and transhipment terminals
The results of each chapter are briefly summarized in Table 1.
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Chapter
2

Topic
Analysis of the
municipal solid
waste
management of
Flanders, Belgium

Research questions
• Determine the main
parameters and the
interactions among
them over time that
influence municipal
solid waste
management
performance
• Asses the current
waste management
policy on its
effectiveness to
comply with the
European targets in the
near future
• Identify how Belgium
was able to meet the
EU targets on reuse
and recovery over the
last decade
• Can Belgium achieve
the more severe ELV
targets of 2015 now
and in the future

3

Analysis of endof-life vehicles
waste
management in
Belgium

4

Should green
waste be
recovered for
material and/or
energy?

• Should green waste be
used as renewable
material or energy
source?
• Compare the NSGA-II
and ε-constraint
solution approaches to
determine the Pareto
optimal front
representing the
optimal recovery
solutions

5

How to improve
sustainable green
waste recovery

• Comparison of four
potential valorisation
options for green waste
according the triple
bottom line
optimization approach
to determine the most
sustainable
valorisation solution.
• Determine how
subsidies can influence
the most sustainable
solution

Research results
• Statistical evidence supports that Gross
Domestic Product (GDP), population and
disposal behaviour explain the household waste
production and collection over time in Flanders.
• System dynamics modelling results show that
Flemish household waste policy should be
capable of achieving household waste targets
over time if waste prevention initiatives are
maintained to compensate for increase in
autonomous household waste.

• Statistical data analysis shows how successive
actions on enhanced waste reuse and recycling,
increase product recovery rate for discarded
passenger cars in Belgium.
• System dynamics modelling confirms that
Belgium has a good chance to meet the more
severe ELV 2015 targets from 2015 onwards.
Sensitivity analysis was carried out on the results
showing that increasing a stable ELV waste flow
by limiting export of discarded passenger cars or
reducing the life span of passenger cars has the
largest impact on sustainably meeting ELV 2015
targets.
• Green waste can both be sustainably used for
renewable energy and material. Pareto optimal
fronts can assist policymakers in making the
right choice.
• The ε- constraint solution approach can be used
to determine these Pareto optimal fronts in case
the linearization of the objective functions and
constraints does not yield large differences with
the original nonlinear objective functions and
constraints.

• In case no subsidies are granted, separating of a
part of the wood cuttings from the sieve
overflow for energy recovery proves to be more
sustainable than the current method of
composting.
• If sufficiently high subsidies are granted for
investing in separating cuttings from incoming
green waste, the optimal solution changes to
partially separating cuttings prior to composting
as well as sieve overflow after composting, to be
used for energy valorisation.
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Chapter
6

Topic
Transportation of
collected
municipal solid
waste to the waste
treatment facility

Research questions
• Can a modal shift
towards a combined
road and waterborne
barge transport be
more sustainable than
the current road freight
transport
• What is the effect of
internalizing the
external costs related
to road freight
transport on the first
question
• What is the potential
of new operating
policies such as linking
up barges to reduce
labour costs
Table 1: overview of the research results of the thesis

Research results
• A modal shift towards combined road and
waterborne barge transport is feasible on
distances shorter than 100 km
• For the case under consideration
o Internalizing the external costs is only
marginally beneficial for this transition
o Operational improvements such as linking
up barges have a higher impact on this
modal shift.

This thesis aims to contribute to the development of quantitative models to support
sustainable waste management. System dynamics and multi criteria analysis were used as
modelling tools. We used system dynamics to assess the effectiveness and sensitivity of
national waste management policies. Traditionally static macro-economic modelling tools
based on statistical analysis are commonly used for this purpose as discussed in Chapters 2
and 3. The proposed system dynamics models presented in this thesis is suited to use
nonlinear, feedback and delay behaviour to examine and model the dynamic state of the
processes involved. By using the Cardiff methodology, qualitative and quantitative data of the
supply chain under study is included in the discussed models. Sustainability assessments
require linking economic, environmental and societal objectives and including dynamic
process interactions (see Chapter 1). We demonstrated that system dynamics models are
capable of doing so and can be used for understanding past behaviour and assessing the future
impact of policy decisions. The aforementioned arguments show that system dynamics can be
a more suitable tool to support sustainability waste management policy than the classis static
macro-economic decision support models.
Next, we showed that multi-criteria analysis based modelling is capable of supporting
industrial waste management decision-making. This type of decision-making often requires
seeking the optimal solution, or set of solutions, from among many options. Multi-criteria
analysis is better suited to addressing problems that seek optimal solutions than system
dynamics, which is better for examining the state of processes under study. In the proposed
models of Chapters 4, 5 and 6, we showed how economic, environmental and societal
objectives could be optimized simultaneously. Multi-criteria analysis is shown to be a suitable
approach for determining optimal sustainable waste management solutions because it allows
for the comparison of triple bottom line objectives (expressed in different units of
measurement) and because it is able to support strong sustainability claims by using
weighting factors to reflect the relative importance of the objectives.
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2. Reflection on the main findings from the thesis and the most recent academic
literature
Given the rapid developments in sustainable waste management, this section wants to
highlight 2016 contributions related to the research topics addressed in this thesis before
presenting directions for further research.
Singh (2016) presents a review on 138 papers published during the last decade (2005-2014)
on sustainable green supply chain management. The paper confirms the findings of earlier
studies referred to in this thesis of Seuring (2013) and Dekker et al. (2012): (i) most articles
on sustainable supply chains have a major focus on environmental sustainability only,
therefore neglecting social aspects, (ii) 88% of the papers have been focused on the
manufacturing industry giving limited academic attention to the service industry, (iii) 38% of
the papers present an holistic approach for managing sustainable green supply chains, (iv)
analytical and conceptual research methods were applied in most of the reviewed papers using
extensively multi criteria decision making tools such as Analytic Hierarchy Process, Analytic
Network Process, Interpretive Structural Modelling, Decision Making Trial and Data
Envelopment Analysis. Contrary, multi criteria optimization which we applied in Chapters 4
and 5 has received little attention in the literature reviewed by Singh (2016).
Concerning the operationalization of the triple bottom line (TBL) evaluation and reporting,
some new interesting approaches have been published this year. Saurabh et al. (2016) present
a new multiple criteria decision method for performance evaluation based on the TBL
concept. They focus on reverse logistics (RL) since little attention has been given to RL
performance evaluation that simultaneously considers the economic, environmental and social
aspects performance. Because most of performance measures are qualitative in nature and are
expressed in terms of linguistic variables, the authors employ fuzzy based Analytic Hierarchy
Process (AHP) to more accurately model the decision making process. The proposed method
is applied to a case study of three electronic companies in India.
Onat et al. (2016) introduce another novelty by considering the complex dynamic
relationships between social, environmental, and economic indicators in a life cycle
sustainability assessment framework (LSCA) using a system dynamics approach. The
resulting integrated dynamic LCSA model is used to analyse the environmental, economic,
and social life cycle impact and life cycle cost of alternative vehicle engines in the USA.
Vindoth et al. (2016) extend the existing approach to value stream mapping (VSM) with
environmental metrics based on life-cycle assessment (LCA) together with societal metrics
for ensuring sustainable manufacture to make VSM fit for TBL sustainability assessment.
Integrating LCA and VSM allows lean improvement projects to focus on specific
environmental improvement actions. The new extended VSM approach has been applied to an
automotive component manufacturing organization located in India. This framework provides
leveraged benefits satisfying both lean and sustainable needs.
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The three previously discussed papers illustrate the conclusion of Singh (2016) that a lot of
new research is making use of multi criteria decision making tools, but seldomly use multi
criteria optimization to improve the sustainability of supply chain networks. In the reviewed
literature of 2016, only Varsei and Polyakovskiy (2016) makes use of multi criteria
optimization by presenting a generic model for sustainable wine supply chain network design
(encompassing economic, environmental and social objectives) for a case study in Australia.
The model is formulated as a multi-objective mixed-integer program and solved using the
augmented ϵ-constraint method. For the social dimension, the paper uses AHP to measure the
social sustainability and to determine social impact coefficients based on two selected
categories: employment and regional GDP. From a methodological point of view, this paper
is therefore very similar to the paper presented in Chapter 5 of this thesis.
In 2016 only two papers addressed sustainable domestic waste management. Giannis et al.
(2016) study the influence of Population, rapid economic growth, and the change of
consumption and living patterns on waste management in Singapore. Based on real-life data,
a system dynamics model is built to examine different scenarios. Results indicate that the
total waste generation is expected to increase mainly because of socioeconomic factors and
that attention should be paid to total domestic waste recycling instead of the current domestic
food waste recycling. Calculations also indicate that the current waste management strategy
will lead to a shortage in landfill capacity between 2038-2040 but that this shortage can be
significantly postponed by increased reuse of domestic waste.
Sukholthaman and Sharp (2016) present a system dynamics model that envisages the
relationships of source separation and effectiveness of waste management in Bangkok,
Thailand. Influential factors that affect waste separation attitudes are addressed and the result
of change in perception on waste separation is explained. The impacts of different separation
rates on effectiveness of provided collection service are compared in six scenarios. The
scenario based on the willingness of 40% of residents to conduct organic and recyclable waste
gives the most promising opportunities. The constructed system dynamics model illustrates
how the efficiency of Bangkok MSW collection and transportation would benefit if increased
source separation would be applied. The authors conclude that the developed system
dynamics model is of benefit for policy makers, strategic planners, or MSWM staff to support
increased waste collection and transportation efficiency by the proposed source separation.
Both models confirm the importance of the human behaviour in an effective domestic waste
management as we also demonstrate in Chapter 2 of this thesis.

169

3. Suggestions for further research
Many tactical and operational industrial waste management problems seek for optimality
between economic, environmental and societal objectives. However the hurdle to developing
such models as multi-objective programming models remains quite high for companies and
governmental organisations. This is mainly because of the cumbersome nature of LCA
analysis and the fact that there is no consensus on quantifying societal impact. From a
methodological perspective, finding solutions to simplify these modelling steps would
increase the use of sustainability modelling in practice.
From a supply chain perspective, the integration of waste return flows in supply chains makes
supply chains more sustainable but also more complex. Because of globalisation and the focus
on core competences, lead times in supply chains have increased in recent decades. Combined
with shorter life cycles for products this could lead to more obsolete products and result in
increased waste volume (Fransoo, 2014). From a sustainability standpoint it makes sense to
investigate the effect on waste and energy reduction if these products were to be locally
produced using locally extracted raw materials and made by companies sharing energy and
material flows. Eco parks are examples of such an approach in which waste of one company
(e.g. heat) is used as a valuable good in another neighbouring company. In such inter-linked
supply chains strong sustainability related problems can be examined, e.g. resilience of supply
chains. By closely linking companies of a supply chain to each other, shortages in delivery
from one company to another can have a direct negative impact on the performance of the
supply chain.
Currently a large amount of waste (see e.g. end-of-life vehicles) is exported to other
continents to be reused or recycled. Given that raw materials are scarce for the European
Union this practice should be questioned. Since most of our primary raw materials will be
depleted in the coming decades, we need to examine how regional or continental reuse of
discarded material can be realized. Finally, alternative strategies, such as leasing of materials
instead of owning them, would be a research direction worth exploring.
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