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a b s t r a c t

Green waste is a type of biomass consisting mainly of grass, leaves and fresh prunings originating from
gardens and parks. It can be used as feedstock for composting, or for energy recovery. The EU Waste
Directive 2008/98/EC advocates composting to prevent waste. This directive allows green waste to be
used for (renewable) energy valorization only if a better overall environmental outcome can be demon-
strated. In this paper, we propose an assessment procedure based on examining the Pareto front of opti-
mal trade-off combinations for maximizing composting and energy recovery of green waste while
minimizing environmental impact and minimizing particulate matter emission. The Pareto optimal front
is determined by solving a multi-objective optimization problem using the e-constraint method. Previous
research on green waste valorization using Life Cycle Analysis (LCA) shows that either energy recovery or
composting is the preferred option depending on how environmental impact is assessed. In contrast to
the full assignment to one of these recovery methods produced by LCA, we demonstrate, using the case
of green waste valorization in the Netherlands and Belgium, that the proposed assessment procedure
provides optimal solutions in a range between full allocation to compost or energy recovery. The pro-
posed methodology supports the selection of optimal solutions taking the decision makers’ preference
into account that allows complying with Directives that have opposite goals on green waste valorization.
Finally, computational results show that the assessment of the ‘‘better environmental outcome”
requested by the EU waste Directive 2008/98/EC is influenced by the life cycle impact categories and
the policy makers preferences with respect to the valorization options taken into account. Since the
EU waste Directive 2008/98/EC does not specify how to execute the outcome assessment of valorization
alternatives, this can lead to ambiguity.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Green waste is a type of biomass consisting mainly of grass,
leaves and fresh prunings originating from gardens and parks. It
can be used as feedstock for composting, or for renewable energy
production. Two different EU Directives encourage both valoriza-
tion options. In this paper we present a framework for determining
the optimal assignment of green waste valorization to each option,
to provide decision-making support for policy makers.

Composting green waste is regarded as waste prevention and is
therefore promoted by the EU Waste Directive 2008/98/EC (EP&C,
2008). This directive advocates a waste hierarchy ranking that rec-
ommends, in decreasing order, prevention over re-use, recycling or
incineration with energy recovery, and incineration or landfill. It
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obliges EU Members States to take measures to encourage the
option that delivers the best overall environmental outcome. This
may require specific waste streams to depart from the waste hier-
archy, if the overall lower environmental impacts of the generation
and management of such waste across its entire life cycle justify
this.

Green waste incineration with energy recovery is an alternative
valorization option if it can be proven to perform better than com-
posting from an environmental standpoint. This option advances
the goals of another EU Directive 2009/28/EC on the promotion
of the use of renewable energy (EP&C, 2009), which obliges EU
Member States to cover at least 20% of their energy needs from a
renewable energy source (RES) by 2020. In the EU, the share of
energy from renewable sources in the gross final consumption of
energy was 17% in 2016. While the EU as a whole is on course to
meet its 2020 targets, some Member States such as Belgium and
the Netherlands will need to take additional efforts to meet their
obligations for the share of energy from renewable sources in the
gross final consumption of energy (Eurostat, 2019). As a result,
these countries are under growing pressure to valorize biomass
for energy purposes. Energy valorization of green waste could help
them meet the EU RES targets by 2020 and therefore we will use
the green waste LCA data of Belgium and the Netherlands in the
case study discussed in this paper. Anaerobic digestion of green
waste is not considered as a renewable energy source because of
its poor economic viability (VITO, 2017; Pick et al., 2012).

The EU advocates life cycle thinking and life cycle assessment
(LCA) to ensure the identification of the best environmental out-
come (EC, 2015) (i.e. the criterion for diverting from the preferred
options mentioned in the EU Waste Directive 2008/98/EC (EP&C,
2008)). An LCA approach (ISO 14040+44, 2006 a+b) is traditionally
used to assess the environmental impact of products and services.
ISO 14040+44 permits only a comparative assertion, i.e. an envi-
ronmental claim regarding the superiority or equivalence of one
product versus a competing product, if both perform the same
function. The two green waste valorization processes (composting
and incineration with energy recovery) are comparable when con-
sidered from the perspective of solid waste management since
both composting and incineration of green waste are forms of solid
municipal waste management.

LCA is a widely used tool for environmental impact assessment
of products and processes. However, it has some drawbacks that
are relevant to the comparison of waste management options.
Focusing on a single product function (e.g., managing waste) and
omitting secondary functions (e.g., producing compost or generat-
ing energy) might yield a functional unit that fails to reflect reality
well (Reap et al., 2008a). Furthermore, the outcome of an LCA
applied to green waste valorization will prefer one valorization
option above another (i.e., either composting or energy recovery).
Finally, it bears noting that not all life cycle impact assessment
(LCIA) methods evaluate the human health damage per mass of
particulate matter (PM) emitted (Humbert et al., 2011). It is well
known that wood-fuelled domestic stoves and boilers could have
adverse air quality impact on PM (AQEG, 2018; EEA, 2016) leading
to increased mortality in case of long term exposure (Annesi-
Maesano et al., 2007). However, in this paper, we discuss incinera-
tion of green waste in industrial waste incinerators using filters
that reduce PM10 to a level far below the limit value of 10 mg/
m3 (Van Caneghem et al., 2012) of the EU Directive 2000/76/EC
(EP&C, 2000). Therefore PM will not be taken into account.

Extending LCA with multi-criteria decision analysis (MCDA)
methodologies is a recently emerging field of scientific research
that overcomes the aforementioned problems (Vadenbo et al.,
2017; Banasik et al., 2016; Jacquemin et al., 2012). Since policy
and decision makers spend most of their time on decision making
and implementation, they would derive greater benefit from
decision analysis tools such as MCDA than from tools such as
LCA used solely for environmental assessment (Kiker et al.,
2005). Better tools could assist policy decision-makers in choosing
the best overall environmental outcome for the valorization of
green waste. Contacts with waste policy officers working for the
Belgian government, in the context of gathering data and insights
for our research on green waste management, revealed the need
for a decision support model for the assignment of green waste
to composting and renewable energy production. In this paper,
we will apply methods from MCDA to derive optimal green waste
valorization from an environmental standpoint.

One reason for the limited use of OR techniques is that the tra-
ditional focus of OR is minimizing costs (Dekker, 2012). Another
reason is that many LCA-studies seek to describe a system in terms
of its impacts, rather than optimizing it. Further, most LCA-studies
are done with specialized software that lacks OR-type algorithms.
This paper therefore also aims to promote the use of OR techniques
in support of sustainability-related decision making. More specifi-
cally, in this paper, we examine the impact on environmental deci-
sion making of extending LCA with MCDA versus the more
traditional technique of using LCA on its own. A real-life case in
Belgium and the Netherlands is used to illustrate how to determine
optimal environmental green waste assignment to compost and
energy valorization based on certain environmental criteria. Com-
putational results show that extending LCA with MCDA, thereby
minimizing the most common life cycle impact categories, while
maximizing compost and energy valorization, results in the assign-
ment of green waste to combinations of composting and energy
valorization depending on the importance assigned to each objec-
tive. Moreover, this study demonstrates that differences in the
decision makers’ preferences on the environmental impact cate-
gories and the decision makers’ preference for composting or
energy recovery might lead to differences in assigning green waste
valorization to composting and energy recovery. This stresses the
importance of unambiguous guidelines on the selection of environ-
mental impact categories and the weighing factors linked to the
valorization options in the EU Waste Directive to avoid that divert-
ing from composting green waste is based on specifically selected
environmental criteria aimed to support a targeted outcome of
optimal green waste valorization.

The remainder of the paper is structured as follows: Section 2
presents a literature review on the limitations of the LCA approach
and on multi-criteria decision making. Section 3 discusses the
objectives and constraints of the green waste valorization problem
(GWVP). The approach taken to the solution of this problem and
the results obtained from the case study are presented in Section 4.
In Section 5 the results are discussed and finally conclusions are
presented in Section 6.

2. Literature review

2.1. LCA approach, potential and limitations

LCA is an established analytical method for quantifying the
environmental impacts of a product, service or production process.
The method is traditionally used to study four types of problems:
assessment of individual products to understand their environ-
mental impact, comparison of process paths in the production of
substitutable products or processes, the comparison of alternatives
for delivering a given function (Jacquemin et al., 2012) and to
analyze the phases of the product or service life cycle that have
more considerable environmental impact also known as ‘‘hot-
spots” (Piekarski et al., 2013). As a decision support tool, LCA com-
bines preference values and science, and therefore precludes the
existence of uniquely correct methods and results (Hertwich
et al., 2000).
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ISO 14040+44 (2006 a+b) gives a clear and structured descrip-
tion to practitioners of how to conduct an LCA. ISO 14040+44
(2006 a+b) states LCA to be ‘‘one of the several environmental man-
agement techniques (e.g., risk assessment, environmental performance
evaluation, environmental auditing, and environmental impact assess-
ment) and might not be the most appropriate technique to use in all
situations.” So ISO 14040+44 (2006 a+b) does not claim LCA to be
the sole methodology for assessment of environmental impact.

Although LCA is generally considered to be a good environmen-
tal assessment tool, it does have drawbacks. Readers interested in a
complete overview of drawbacks and potential solutions to over-
come them are referred to the literature reviews of Pryshlakivsky
and Searcy (2013), Jacquemin et al. (2012), Finnveden et al.
(2009), Reap et al. (2008a+2008b) and Hertwich et al. (2000), and
to the work of Lazarevic (2018) and Lazarevic et al. (2012).
Laurent et al. (2014a+2014b) discuss specifically flaws and best
practices on conducting LCA studies of solid waste management
systems, the waste group to which green waste belongs. The pri-
mary weaknesses of LCA, relevant to the subject of this paper,
can be summarized as follows.

To begin, it has limitations as a method for conducting a com-
parative assertion. The ISO 14040+44 standard does not permit
the use of LCA as a basis for a comparative assertion for competing
products that do not perform the same function. However, the def-
inition of competing products is inadequately formulated
(Klöppfer, 2013). As an example, composting and energy recovery
of green waste deliver two competing products resulting from
the green waste valorization of a same batch of green waste (i.e.
the same function for both competing products). However, these
products are competing on different markets resulting in different
trade-offs to be taken into account in the LCA: green waste com-
post competes with other kinds of fertilizers such as peat and the
recovered energy from green waste competes with energy origi-
nated from e.g., coal or wind. Moreover, the ISO 14040+44 standard
does not give supplementary guidelines on how to determine
whether a product or service performs the same function, which
can lead to ambiguity (Klöpffer, 2012). Therefore, LCA practitioners
should be encouraged to give a quantitative description of the pri-
mary function fulfilled by the systems under study concerning the
study’s goal and scope (Reap et al., 2008) including the local spec-
ifications to guarantee their comparability (Laurent et al., 2014b).
For example, the composition of 1 ton of green waste in the Low
Countries may differ from 1 ton of green waste in Africa. A conse-
quential LCA1 has been argued to be the relevant method to reflect
the consequences of choosing one or the other product (Frischknecht
and Stucki, 2010).

A drawback specific to waste management is that clear-cut and
undisputable results may not be expected given the many stake-
holders that are involved (Lazarevic et al., 2012). As an example,
consider the assignment of green waste to compost or energy val-
orization by Kranert et al. (2010) versus the one performed by
SenterNovem (2008), an agency of the Dutch Ministry of Economic
Affairs charged with implementing policies in the fields of innova-
tion, energy and climate, environment and spatial planning. Based
on separate LCAs, Kranert et al. (2010) conclude that both valoriza-
tion methods are on par on CO2 emissions, while SenterNovem
(2008) clearly favors incineration with energy recovery.

Current comparative LCAs lack robust methods of interpretation
to help decision makers understand and identify trade-offs in the
selection process (Lopez, 2013). While using normalization enables
1 The consequential approach is a system modeling approach in which activities in
a product system are linked so that activities are included in the product system to
the extent that they are expected to change as a consequence of a change in demand
for the functional unit. (See for more details: https://consequential-lca.org/clca/why-
and-when/)
different units of impact categories to be converted into one
dimensionless unit for easier comparison, selecting appropriate
normalization methods is still controversial (Bare, 2010). Further,
a full comparison requires an additional weighting step, which is
even more controversial (Finnveden et al., 2009). The process of
normalization and weighting eventually leads to a selection of
one green waste valorization process as optimal, thereby leaving
no room to search for an optimal partial assignment to both val-
orization options resulting in lower greenhouse gas and particulate
matter emissions.

There is a growing consensus on the need to expand the ISO
14040+44 LCA framework by integration and connection with
other concepts and methods to increase its usefulness for sustain-
ability decision making (Vadenbo et al., 2017; Banasik et al., 2016;
Jacquemin et al., 2012; Jeswani et al., 2010, Helias et al., 2004). The
review of Jacquemin et al. (2012) finds that LCA results are often
used as an input for the multi-objective optimization of processes:
practitioners use LCA to obtain the life cycle inventory and insert
the results into the optimization model. It also shows that most
LCA studies undertaken consider the unit processes as black boxes
and build the inventory analysis on fixed operating conditions.
Moreover, according to Jeswani et al. (2010) multiple-criteria deci-
sion analysis (MCDA) could help broaden LCA to consider, among
other factors, social and economic impacts, as was done by
Inghels et al. (2016) for green waste valorization. Furthermore, in
relation to LCA, MCDA can be used for interpretation of the
obtained results, which come in different units of measurement
and often manifest goal conflicts (Jeswani et al., 2010, Helias
et al., 2004).

The next subsection reviews MCDA, as it plays a central role in
the methodology presented in this paper, and discusses the inte-
gration of LCA and MCDA as well.

2.2. Multiple-Criteria Decision Analysis (MCDA)

Multiple-criteria decision analysis (MCDA), also known as
multi-criteria decision making (MDCM), is a sub-discipline of
Operations Research and Management Science that supports deci-
sion makers (DMs) by structuring and solving decision and plan-
ning problems involving multiple criteria. There are several good
handbooks and reviews on the subject (see for example Fandel
et al., 1985; Bana e Costa, 1990; Roy, 1985, 1996,). MCDA is a col-
lection of methods to support decision makers, according to their
preferences, in complex situations where criteria are conflicting
and no single ideal solution simultaneously satisfies the DM across
them. In such instances, an optimal trade-off must be sought
between the objectives to be achieved in accordance with the pref-
erences of the DM. Kiker et al. (2005) provided an overview of dif-
ferent types of decision support tools based on MCDA used in
environmental management.

In this paper, we use a mathematical process of determining
optimal trade-off solutions, known as multi-objective program-
ming (MOOP; see, e.g. Stadler, 1979 or Steuer, 1986). Solving a
MOOP delivers optimal trade-off solutions that 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 We prefer to formulate the problem of assigning green
waste to composting or energy recovery as a multiple-objective
programming problem since there is a set of Pareto optimal solu-
tions from which the DM can choose, ranging between full assign-
ments to either composting or energy recovery.

In general, three types of approaches to solve a MOOP can be
distinguished based on the timing at which the DM states his
preferences (Van Veldhuizen and Lamont, 2000): (i) an a priori
preference articulation in which the DM decides how to combine
differing objectives into a scalar function prior to the optimization

https://consequential-lca.org/clca/why-and-when/
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process, (ii) a progressive preference articulation in which decision
making and optimization are intertwined and (iii) an a posteriori
preference articulation in which the DM is presented with a set
of Pareto optimal candidate solutions and chooses from that set.
Approaches (i) and (iii) are commonly used to solve a MOOP.

In this paper, we will use the augmented e-constraint method
(AUGMECON), a widely used a posteriori preference approach, to
solve the MOOP used in the case study. The augmented e-
constraint method is a novel version of the conventional e-
constraint method providing remedies for its well-known pitfalls
such as generating weak Pareto optimal and redundant solutions
(Mavrotas, 2009). In the e-constraint method, one of the objective
functions is optimized while the other objective functions are used
as constraints. Finally, it results in the exact calculation of the Par-
eto optimal front. The Pareto optimal front is the set of Pareto opti-
mal solutions. The AUGMECON method is available in a number of
different modeling languages, including GAMS (general algebraic
modeling language, www.gams.com). The interested reader is
referred to Mavrotas (2007, 2009) for further details of the AUG-
MECON method.

Integrating LCA with MCDA or in MOOP is a new and emerging
research field (Banasik et al., 2016). Attempts to integrate a fully
consequential LCA perspective in an environmental multi-
objective optimization problem formulation are scarce in the liter-
ature (Vadenbo et al., 2017). There are already case studies in the
domain of waste management and the use of biomass resources
for energy and material recovery supporting the potential of this
approach. Vadenbo et al. (2017) develop a multi-objective opti-
mization model to systematically identify the environmentally
optimal use of biomass for energy under a given system’s con-
straints. Minciardi et al. (2008) use Multi-objective optimization
of solid waste flows to determine environmentally sustainable
strategies for municipalities. The results of this study can help
stakeholders formulate sustainable material supply strategies that
minimize the associated environmental impacts and material costs
while meeting demand and emission targets.

To the best of our knowledge combining LCA with MCDA or in
MOOP has not yet been considered for the assignment of green
waste to material and/or energy valorization. Green waste val-
orization has been studied in the literature from a sustainability
point of view, taking into account the three areas of sustainability
assessment, people-planet-profit, (Morrissey and Browne, 2004;
Inghels et al., 2016), as well as from a single environmental stand-
point (Kranert et al., 2010).

Given that a comparative LCA according to ISO 14040+44 (2006
a+2006b) results in the preferred selection of one green waste val-
orization process (i.e., either composting or energy recovery) and
given that the assignment of green waste to composting and/or
energy recovery is not to be classified into a finite set of alterna-
tives in advance, the optimal trade-off, assuming green waste is
used for both products, may be formulated as a MOOP. Depending
on the situation, decision makers can assign green waste to com-
posting or to energy recovery, or to a combination of both, taking
all other relevant objectives such as the minimization of particu-
late matter into account. This approach is described in the next
section.
Energy recovery, WTE

Green waste x*,*

x*,i = xwi + xgi + xli

H2O

Life cycle impacts [see Z3]

Power, heat [see Z2]

Fig. 1. Overview of the green waste management system.
3. A MOOP formulation for the green waste valorization
problem

The process of green waste management is best evaluated on its
own as a gate-to-gate system since green waste is a natural pro-
duct, in contrast to products in general, which have a complete
product life cycle (Grant, 2003). Therefore we consider only the
processes that deal with composting and incineration with energy
valorization in the green waste valorization problem, further
denoted as GWVP. We do not take into account the collection
and transport of green waste, as this is the same for both valoriza-
tion options applied to the case study of the densely populated
countries of Belgium and the Netherlands (OVAM, 2016;
SenterNovem, 2008). In general, the influence of collection and
transportation on the final results of LCA studies on solid waste
management is limited (Laurent et al., 2014b). Only in some
regions where waste collection is widely spatially distributed also
spatial considerations should be considered (Raviv et al., 2018).
However, we do take into account the environmental effects of
substituting green waste for composting (i.e. peat replacement)
and energy valorization (i.e. replacement of coal). To assess envi-
ronmental impact to divert from the EU Waste Directive
2008/98/EC (EP&C, 2008), environmental impact indicators must
be selected. To support environmental policies, the European Envi-
ronmental Agency (EEA, 2014) maintains an extensive set of 137
environmental indicators, based on statistics from international
organizations and EU partners, as well as on national data indica-
tors. Among the set of indicators, those for air pollution, climate
change and energy are relevant for the subject of this paper.

The GWVP consists of finding a set of best-decision vectors over
a single planning period that maximizes the output of compost and
waste-to-energy by means of incineration with energy recovery
(referred to hereafter as waste-to-energy, WTE) and minimizes
the environmental impacts (see Section 3.4. for the life cycle
impact categories taken into account) subject to several con-
straints. The outcome of the MOOP is a set of Pareto optimal solu-
tions guaranteeing the best outcome for the options under study
and complying with the EU waste Directive 2008/98/EC (EP&C,
2008), which allows diversion from the waste hierarchy and pre-
fers composting to incineration with energy recovery if it leads
to an equivalent or better environmental outcome. A batch of
one ton of green waste of average composition for the Low Coun-
tries (i.e. the Netherlands and Belgium) will be taken as functional
unit.
3.1. The basic system and its notation

Fig. 1 provides an overview of the waste flows and introduces
the necessary notation. The decision variables in the constrained
optimization problem are the mass amounts (in tons) of three dif-
ferent green waste components to be sent to two different destina-
tions, denoted as xc,d (c = component and d = destination). The
green waste components c = {w, l, g} are wooden prunings, indexed
as ‘‘w”, leaves ‘l” and grass ‘‘g” (in general the components w, l and
g are referred to as component n in the blend of green waste) and
the destinations d= {c,i} are composting ‘‘c” and incineration ‘‘i”.
The total amount of a component or the total destination is
denoted as ‘‘*” (e.g., the total amount of wooden material is

http://www.gams.com


Table 1
Characteristics of main components of green waste (source: Phylis database; the following numbers indicated with ‘‘#” refer to the number in the Phylis database: Excess fraction
wood from organic domestic waste composting plant xw (#1295), Grass, xg (#613), Withered leaves, xc (#3065)).

Component n Carbon content
Cn [%wt]

Nitrogen content
Nn [%wt]

Dry energy content
LHVdry,n [MJ/kg]

Moisture content
Mn [%]

Wet energy content
LHVwet,n [MJ/kg]

Wood (w) 30.63 0.92 12.60 9.90 11.11
Grass (g) 18.58 0.53 17.04 60 5.35
leaves (l) 20.23 0.69 11.93 32.95 7.20
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denoted as xw,* and the total amount of green waste to be com-
posted is denoted as x*,c).

The green waste batch will be composted and/or incinerated
with energy recovery, which is also known as Waste To Energy
(WTE). During the composting process gases and water are emit-
ted. Process gases are also emitted during WTE as result of inciner-
ation. Fig. 1 refers to the goal functions Zj (j = (1, 2, 3)) that will be
explained in the next sections.

We make use of the Phyllis database (ERCN, 2017) to determine
the carbon, nitrogen and moisture content, which are important
parameters for the composting process, as well as the Lower Heat-
ing Value (LHV) to determine the energy valorization of green
waste as depicted in Table 1. The effect of the moisture content
in biomass on the LHV is expressed by Eq. (3.1) (see Fowler et al.,
2009) in which Mn is the moisture content of component n in the
blend expressed in %.

LHVwet;n ¼ LHVdry;n � 1�Mnð Þ � 2:442 �Mn ð3:1Þ
The mass of the green waste x*,* is assumed to be fully com-

posted and/or incinerated. This is expressed in Eq. (3.2).

xwi þ xwc þ xgi þ xgc þ xli þ xlc ¼ x�;� ½ton� ð3:2Þ
3.2. First objective function: maximizing composting yield

Following the EU waste Directive 2008/98/EC (EP&C, 2008), the
material in the green waste mixture should be assigned to com-
posting. During composting, gasses and water are emitted to the
ambient environment resulting in a weight loss expressed in the
compost yield factor cc, which is dependent on the green waste
blend (see Section 3.6). Therefore the first objective is:

Maximize Z1 ¼ x�;c � cc ¼ ðxwc þ xgc þ xlcÞ � cC ½ton� ð3:3Þ
2 See: www.homecompostingmadeeasy.com
3.3. Second objective function: maximizing waste to energy

The objective function for the energy valorization of green
waste by incineration, Z2, is given by Eq. (3.4) using the lower heat-
ing values (LHV), also known as net calorific values (NCV) or lower
calorific values (LCV), for wooden prunings, grass, and withered
leaves (see Table 1). LHV calculations assume that the water com-
ponent of a combustion process is in a vaporous state at the end of
combustion and that the latent heat fromwater vaporization in the
fuel and reaction products is not recovered. Note that in Table 1 the
LHV is expressed in [MJ/kg] and that the mass xn,* of component n
is expressed in tons resulting in an outcome expressed in [GJ] in Eq.
(3.4). By taking the energy conversion efficiency g into account, Z2
expresses the net electrical power that is generated by the inciner-
ation of green waste. The energy conversion efficiency g is defined
as the ratio between the useful output (in this case electrical power
and heat) of an energy conversion machine and the input (in this
case green waste) in energy terms. Taking these considerations
into account, the second objective is expressed as:

Maximize Z2 ¼ ðLHVwet;w � xwi þ LHVwet;g þ LHVwet;l � xliÞ � g ½ton�
ð3:4Þ
The functions Eq. (3.3) and Eq. (3.4) represent opposing trends.
The more green waste mass is assigned to energy recovery, the less
it will be assigned to compost according to Eq. (3.2).

Practically, green waste could be used as co-firing in coal-fired
energy plants in Belgium and the Netherlands. In general, the
energy conversion efficiency of a steam turbine of a coal-fired
power plant ranges between 39 and 47% whereas a conventional
biomass-fired power plant ranges between 30 and 40% and a pure
waste-fired power plant ranges between 22 and 28% (VGB, 2003).
Since green waste can be considered as biomass in case of fuel used
for the production of power (VITO, 2007), we use an energy conver-
sion efficiency of g = 35% in the GWVP case.

3.4. Third objective function: minimizing the environmental impact

For the environmental impact, we rely on the outcome of the
SenterNovem (2008) LCA representing the total normalized envi-
ronmental impacts of composting and energy valorization
expressed in dimensionless points [pt] by comparing them with
the total environmental impact related to the economic activities
in the Netherlands in 1997. The life-cycle impact (LCI) categories
taken into account are abiotic depletion, global warming, ozone
layer depletion, acidification, eutrophication, photochemical oxi-
dant, and eco-toxicity. The total normalized environmental impact
of composting and energy recovery is represented by:

Minimize Z3 ¼ lc � xwc þ xgc þ xlc
� �þ li � ðxwi þ xgi þ xliÞ ½pt� ð3:5Þ

where lc is the total environmental impact per kg of composted
waste and li is the total environmental impact per kg of incinerated
waste. Senter Novem (2008) gives estimates of these coefficients:
lc = �575 pt/kg and lw = �1710 pt/kg.

The negative sign denotes the net savings in total environmen-
tal impact. Although composting and incineration have impacts on
the environment, they also lessen environmental impact by avoid-
ing impacts from primary production. Both for composting and
incineration, on balance, more impact is saved than created.

3.5. The first constraint

The objectives described above are subject to several con-
straints. First, we assume an optimal composition for composting.
Compost practitioners divide material to be composted into brown
and green mass. 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’ mass2. Composting green waste needs a
proper ratio of carbon-rich materials called ‘browns’ such as dried
leaves and prunings, as well as nitrogen-rich materials called
‘greens’ such as grass. If the C/N 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). The C/N ratio, indicated
by R, in our case is given as:

http://www.homecompostingmadeeasy.com
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R ¼ xwc � Cw � 100�Mwð Þ þ xgc � Cg � 100�Mg
� �þ xlc � Cl � ð100�MlÞ

xwc � Nw � 100�Mwð Þ þ xgc � Ng � 100�Mg
� �þ xlc � Nl � ð100�MlÞ

ð3:7Þ
To obtain a desired R ratio, Eq. (3.7) can be solved exactly for a

mixture of two materials, whose carbon, nitrogen and moisture
contents are known. Mixtures of three or more materials can be
solved for the mass of the third material if the first two are speci-
fied. Given the carbon, nitrogen and moisture content of each
material in the compost blend, the desired amount of the third
material to comply with a desired R ratio is given by Eq. (3.8).
The mass of the prunings, xwc, is chosen as the third material to
be assigned to composting since this is the main material to be
incinerated.

xwc ¼
R � xgc � Ng � 100�Mg

� �þ R � xlc � Nl � 100�Mlð Þ � xgc � Cg � 100�Mg
� �� xlc � Cl � ð100�MlÞ

Cw � 100�Mwð Þ � R � Nw � ð100�MwÞ
ð3:8Þ

The yield obtained from composting a certain mass of green
waste, xwc + xgc + xlc, derived from the incoming batch of green
waste of mass x*,* is dependent on the composition of the blend
according to Vlaco (2010) based on experiments carried out at a
composting site in Flanders, Belgium. Following the insights of
composting practitioners, the maximum compost yield cc = 0.35
is reached when the amount of brown mass in the green waste
blend equals the amount of green mass. Moreover, high-quality
composting is impossible if only brown or green mass is used in
the green waste blend. In this paper, we assume that compost
practitioners will strive for the optimal R-ratio of about 30, which
corresponds to common practice. In Section 4 we calculate the R-
ratio for the case study.

3.6. Other constraints

There are also limitations on the amount of green waste to be
assigned to composting or waste recovery. A conventional blend
of green waste consists of a wooden fraction, xw,*, of fresh prunings,
grass, xg,*, and leaves, xl,*, that can be assigned either to composting
or energy recovery:

xwc þ xwi ¼ xw;� ½ton� ð3:9Þ

xgc þ xgi ¼ xg;� ½ton� ð3:10Þ

xlc þ xli ¼ xl;� ½ton� ð3:11Þ
Finally, all masses are positive numbers.

xwc; xgc; xlc; xwi; xgi; xli � 0 ½ton� ð3:12Þ
4. Solving the green waste valorization problem

4.1. Generating the Pareto front

The green waste valorization problem, GWVP, has conflicting
objective functions. The objective functions and constraints are lin-
ear in the decision variables. This allows using the e-constraint
method to generate the efficient frontier and solve the multi-
objective problem. The problem-solving approach will be illus-
trated using the practical case of green waste valorization in the
Low Countries (Belgium and the Netherlands). The optimal assign-
ment of a batch of green waste with x*,* = 1 ton (the functional unit)
to composting and/or WTE will be taken as an example. According
to SenterNovem (2008), the regular green waste composition of 1
ton green waste is xw,* = 0.6 ton wooden prunings, xg,* = 0.2 ton
grass and xl,* = 0.2 ton leaves. Following Eq. (3.7) this corresponds
with an R ratio of R = 32.83. Given this R ratio, the compost yield
may be assumed to be equal to cc = 0.35 which corresponds with
the maximum yield (Vlaco, 2010).

Since we assume that compost practitioners always strive for an
optimal blend, the mass fractions to be composted are calculated
using the carbon, nitrogen and moisture content of the ‘regular’
compost mixture depicted in Table 1 and R = 32.83. Using these
input values, Eq. (3.8) can be rewritten as Eq. (4.1):

xwc ¼ 162:45 � xlc � 47:20 � xgc
38:41

ð4:1Þ

In the e-constraint method, one of the objective functions is
optimized using the other objective functions as constraints. For
the GWVP case, the objective function Eq. (3.3) to maximize com-
posting will be optimized, and the other linear objective functions
Eq. (3.4) and Eq. (3.5) will be incorporated with the other con-
straints. As a result, the set of constraints remains linear.

Since all objective functions must be written as maximization
objectives, the minimization objective Eq. (3.5) is transferred into
maximization objectives using the duality principle Minimize
Zj = Maximize (�Zj). The problem can then be reformulated as
follows.

Following Mavrotas and Florios (2013) and Mavrotas (2009),
the e-constraint method forces a constrained problem to produce
only efficient solutions by adding a factor to the first objective
function. Furthermore, the ranges of the objective function are
divided into equal intervals proportional with the number of grid
points chosen. Since 10 grid points are used in the case study pre-
sented, each of the ranges is divided into 10 equal intervals. The
right-hand-side value of the objective functions Z2 and Z3 are
assigned a value e2 and e3. These e-values range proportionally
between the lowest and highest value in the payoff table for Z2
and Z3. Furthermore, the ranges of the respective objective func-
tions Zj are r2, r3 ; a range rj is the difference between the highest
and lowest value in the payoff table for Zj. Finally, S2, S3 are the
slack or surplus variables of the respective constraints and e 2
[10�6, 10�3].

The problem defined in Section 3 can now be applied to the
practical case study that is solved using the e-constraint method.
This results in the following Linear Programming model:

Maximize xwc þ xgc þ xlc
� � � 0:35þ e � S2

r2
þ S3

r3

� �
ð4:2Þ

Subject to:

3:89 � xwi þ 1:87 � xgi þ 2:52 � xli � S2 ¼ e2 ð4:3Þ

575 � xwc þ xgc þ xlc
� �þ 1710 � xwi þ xgi þ xli

� �� S3 ¼ e3 ð4:4Þ

xwc þ xwi ¼ 0:6 ½ton� ð4:5Þ

xgc þ xgi ¼ 0:2 ½ton� ð4:6Þ

xlc þ xli ¼ 0:2 ½ton� ð4:7Þ

38:41 � xwc þ 47:20 � xgc � 162:45 � xlc ¼ 0 ½ton� ð4:8Þ

xwc; xgc; xlc; xwi; xgi; xli � 0 ½ton� ð4:9Þ
Efficient solutions to the problem are obtained by parametric

variation of the variables on the RHS of the second and third con-
strained objective functions (e2 and e3) (see Mavrotas, 2009). Solv-
ing the MOOP results in a payoff table, expressing the results of
individual optimization of objective functions, as depicted in
Table 2. According to Deb (2009), the optimal objective values of
each single-objective optimization model Zj form the components
of the ideal point vector f*j for the multi-objective problem under
investigation.



Table 2
payoff table GWVP case study.

Z1: Compost [ton] Z2: Energy [GJ] Z3: Normalized
environmental impact [pt]

Max Z1 0.350 (f*1) 6.205 � 10�5 �575.028
Max Z2 0 3.212 (f*2) �1710.000
Min Z3 0 3.212 �1710.000 (f*3)
Range r2 3.212
Range r3 1135.014
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The e-constraint module of GAMS (www.gams.com) is used to
solve the problem formulated above. This module is based on lin-
ear programming.

The results of the GAMS optimization procedure with 10 grid
points for ei lead to the Pareto optimal front shown per objective
in Fig. 2. Since we depict a three dimensional Pareto front in a
two-dimensional figure, the total number of solutions exceed 10.
The Pareto optimal front depicted clearly shows the conflicting
objectives: the more green waste is assigned to compost, the less
it is assigned to energy recovery and, consequentially, the less
CO2e is emitted.
4.2. Determining a final single solution

If a single optimal solution is to be determined on the Pareto
optimal front, a decision maker can assign ex-post to each criterion
j (corresponding to an objective function) a weighting factor, wj,
representing its importance so that the total of all weighting fac-
tors equals 1. Next, for each single-objective solution s of the opti-
mal solutions set, the distance to the ideal point f �j is weighted by
the chosen weights fj

s to obtain a weighted percentage deviation
factor (WPDs). The value fj

s of the jth objective function is then cal-
culated for all solutions s of the Pareto optimal set, and compared
with the ideal point value of the jth objective function fj

*. This ideal
Fig. 2. Pareto optimal front of the GWVP case study separately depicted for each objec
objective are reported in the legend between brackets.
point value is formed by the optimal results per objective function
of each assessed alternative depicted in the payoff table.

WPDs ¼
X3
j¼1

wj �
f sj � f �j
��� ���

f �j

2
4

3
5 ð5:1Þ

This method is applied to the Pareto optimal front population of
the case discussed in Section 3 and the results are depicted in
Table 3.

The outcome with the lowest WPDs factor is the preferred out-
come since this corresponds with the weighted sum of all outcome
objectives lying closest to the ideal points for all objectives. All
solutions depicted in Fig. 2 belong to the Pareto optimal front.
Table 3 shows that if the three objectives are equally weighted
(wj = 1/3 for all j), WTE is preferred (s = 1). Moreover, Table 3 shows
the effect of varying the weighing factors assigned by the policy
makers to represent their preference. The optimal outcome shifts
depending on the assigned weighting factor values representing
the importance assigned to each of the four objectives. If equal
importance is assigned to composting and energy recovery
(w1,2 = 0.5), and if no importance is assigned to life cycle impact
categories (w3 = 0), 29% of the green waste is assigned to compost
and the reminder to energy recovery (s = 6).

If compost is promoted above WTE and little importance is
assigned to life cycle impact categories (w1 = 0.6, w2,3 = 0.2), com-
posting is preferred above WTE (s = 20).

If WTE is preferred above composting and little importance is
assigned to life cycle impact categories (w2 = 0.6, w1,3 = 0.2), the
preferred option is WTE (s = 1). An identical outcome is obtained
when the highest importance is assigned to the outcome of the life
cycle impact categories and lower importance is assigned to both
compost and WTE (w3 = 0.6, w1,2 = 0.2).

The GWVP case study shows that, depending on the decision
makers’ preferences, the presented methodology allows assign-
ment of green waste valorization to a variety of fractions of
tive for 20 solutions of the MOOP solver in GAMS, the Y-axis dimensions for each

http://www.gams.com


Table 4
Alternative payoff table for the GWVP case study taking into account only CO2e for the
third objective Z0

3.

Z1: Compost [ton] Z2: Energy [GJ] Z03: CO2e [kg]

Max Z1 0.350 (f*1) 6.205 � 10�5 �530.007
Max Z2 0 3.212 (f*2) �801.000
Min Z03 0 3.212 �801.000(f*03)
Range r2 3.212
Range r03 270.993

Table 3
WPDs values of the GWVP case study discussed in Section 3 for five sets of weighing factors. The lowest WPDs value, indicated in bold, corresponds with the preferred compost
and WTE valorization fraction.

Nr s Compost [ton] WTE [GJ] LCI [pt] WPDs

w1,2,3 = 1/3 w1,2 = 0.5, w3 = 0 w1 = 0.6, w2,3 = 0.2 w2 = 0.6, w1,3 = 0.2 w3 = 0.6, w1,2 = 0.2
1 0.00 3.21 �1710.00 0.334 0.500 0.600 0.200 0.200
2 0.03 3.01 �1596.5 0.348 0.489 0.574 0.234 0.235
3 0.06 2.89 �1529.2 0.345 0.464 0.538 0.247 0.249
4 0.07 2.81 �1483.01 0.353 0.463 0.532 0.262 0.265
5 0.10 2.54 �1369.51 0.374 0.462 0.510 0.308 0.304
6 0.10 2.57 �1378.89 0.369 0.457 0.507 0.302 0.299
7 0.13 2.25 �1278.41 0.393 0.464 0.488 0.356 0.337
8 0.14 2.18 �1256.01 0.396 0.461 0.477 0.366 0.344
9 0.16 1.93 �1177.93 0.418 0.471 0.468 0.410 0.375
10 0.17 1.81 �1142.51 0.428 0.475 0.462 0.431 0.389
11 0.20 1.61 �1077.44 0.432 0.464 0.431 0.459 0.407
12 0.21 1.45 �1029.02 0.449 0.474 0.429 0.489 0.429
13 0.23 1.28 �976.96 0.458 0.472 0.412 0.515 0.446
14 0.24 1.09 �915.52 0.480 0.487 0.414 0.552 0.474
15 0.26 0.96 �876.48 0.482 0.479 0.392 0.570 0.484
16 0.28 0.73 �802.02 0.501 0.486 0.381 0.610 0.513
17 0.29 0.64 �775.99 0.506 0.486 0.372 0.624 0.522
18 0.31 0.36 �688.53 0.533 0.501 0.366 0.675 0.559
19 0.32 0.32 �675.51 0.530 0.493 0.352 0.678 0.560
20 0.35 0.00 �575.03 0.555 0.500 0.333 0.733 0.598
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compost and WTE, rather than to only one of them, as is the case
with LCA assessment.

Next, we examine the sensitivity of the outcome of the MOOP
by selecting only CO2e emissions since this the most important
life-cycle impact category on which to assess environmental
impact as specified by the EU Waste Directive. According to
SenterNovem (2008) and Kranert et al. (2010) both composting
and incineration with energy recovery of green waste result in
net CO2e savings. Moreover, Vaughan et al. (2011) report that green
waste compost has the potential to reduce emissions of N2O, an
important greenhouse gas. Green waste used as biomass feedstock
for co-firing in conventional energy plants substantially reduces
the CO2 emission of power production compared to regular power
production (Baxter, 2005; Kwant, 2003). Since the report of Sen-
terNovem does not disclose specific data for these CO2e savings,
we rely on the data published by Kranert et al. (2010) and
Boldrin et al. (2009). Following Kranert et al. (2010) for a green
waste mixture with a high fraction of woody material and a small
fraction of herbaceous material, which is most similar to the com-
position used in this paper, the net CO2e savings for green waste as
a substitute for peat fertilizer is 675 kg CO2e/ton green waste.
Depending on the origin of peat and the related transport dis-
tances, Boldrin et al. (2009) report CO2e savings from 77 up to
838 kg CO2e/ton green waste. Taken the high variation in CO2e

savings into account, we use a mean value of 530 kg CO2e/ton green
waste CO2e savings. For the substitution of coal by green waste as
an energy source, we take an LHV of hard coal of 25.75 MJ/kg into
account (Staffell, 2011) and an LHV = 13.354 MJ/kg for green waste
for the composition as discussed in Section 4.1. Following WNA
(2011), the mean CO2e emission for electricity generation using
coal is 888 kg CO2e/MWh and for biomass 45 kg CO2e/MWh. There-
fore the substitution of coal by green waste for power production
will induce savings of 801 kg CO2e/ton green waste.

These data are used in the equation for the minimization of
CO2e, Z03, replacing Z3:

MinimizeZ
0
3 ¼�530 � xwc þxgcþxlc

� ��801 � ðxwiþxgiþxliÞ½kgCO2e�
ð5:2Þ

Solving the GWVP MOOP with the alternative third objective
Z0

3, results in the alternative payoff table depicted in Table 4 and
an alternative Pareto optimal front depicted in Fig. 3, for 10 grid
points resulting in 20 solutions.
The execution time for the revised GWVPMOOP in GAMS is 27 s
on a personal computer with a 1.66 GHz processor and 10.99 GB
RAM. The outcome of the data points on the Pareto optimal front
and the preferred solution using the WPDs approach is depicted
in Table 5.

The results depicted in Table 5 indicate the same preference for
assigning green waste valorization to either composting or to
energy valorization as depicted in Table 3 apart from the decision
makers’ preference to assign the same weight to composting, WTE
and CO2e emissions. In case w1 = w2 = w3 = 1/3, the optimal out-
come is to assign 17% to compost and the remainder to WTE. This
differs from the situation were all life cycle impacts were taken
into account (see Table 3 for w1 = w2 = w3 = 1/3) showing a clear
preference for full assignment to WTE. This is caused by the fact
that when only considering the CO2e emissions, the impact on
CO2e saving is less explicit between full composting and full
WTE valorization compared with taking all the life cycle impacts
into account.
5. Discussion

This paper examined whether MCDA could be used as a
methodology for environmental policy makers to support them
in assigning green waste to compost and energy valorization taking
conflicting objectives into account. Two European Directives have
conflicting goals with respect to the valorization of green waste:
The Waste Directive promotes composting and the Renewable
Energy Directive calls for incineration with energy recuperation.
Both valorization options have different net savings in total envi-
ronmental impact. Using LCA as a tool will result in either allocat-



Fig. 3. Alternative Pareto optimal front for the GWVP case study taking into account only CO2e for the third objective Z0
3, the Y-axis dimensions for each objective are reported

in the legend between brackets.

Table 5
optimal solutions of the GWVP MOOP using the alternative objective function Z0

3 representing only the CO2e impact associated with composting and WTE.

Solution nr. s Compost [ton] WTE [GJ] CO2e [kg] WPDs

w1,2,3,=1/3 w1,2 = 0.5, w3 = 0 w1 = 0.6, w2,3 = 0.2 w2 = 0.6, w1,3 = 0.2 w3 = 0.6, w1,2 = 0.2
1 0.00 3.21 �801.00 0.334 0.500 0.600 0.200 0.200
2 0.03 3.01 �773.90 0.337 0.489 0.568 0.227 0.216
3 0.06 2.89 �757.83 0.328 0.464 0.528 0.237 0.218
4 0.07 2.81 �746.80 0.331 0.463 0.519 0.249 0.226
5 0.10 2.54 �719.70 0.342 0.462 0.491 0.289 0.246
6 0.10 2.57 �721.94 0.338 0.457 0.488 0.283 0.242
7 0.13 2.25 �697.95 0.352 0.464 0.463 0.331 0.263
8 0.14 2.18 �692.60 0.352 0.461 0.451 0.340 0.265
9 0.16 1.93 �673.96 0.367 0.471 0.437 0.380 0.284
10 0.17 1.81 �665.50 0.373 0.475 0.430 0.399 0.292
11 0.20 1.61 �649.97 0.372 0.464 0.395 0.423 0.299
12 0.21 1.45 �638.40 0.384 0.474 0.390 0.450 0.312
13 0.23 1.28 �625.97 0.388 0.472 0.370 0.473 0.320
14 0.24 1.09 �611.30 0.404 0.487 0.368 0.507 0.337
15 0.26 0.96 �601.98 0.402 0.479 0.344 0.522 0.341
16 0.28 0.73 �584.21 0.414 0.486 0.329 0.558 0.357
17 0.29 0.64 �577.99 0.417 0.486 0.319 0.570 0.361
18 0.31 0.36 �557.11 0.436 0.501 0.307 0.617 0.383
19 0.32 0.32 �554.00 0.431 0.493 0.293 0.619 0.382
20 0.35 0.00 �530.01 0.446 0.500 0.268 0.668 0.403
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ing green waste completely to compost or energy recovery. Using a
consequential LCA approach, the environmental impact of both
valorization options could be compared with each other but the
outcome will never lead to an allocation of both green waste val-
orization options. Minimizing the life cycle impact of composting
and energy valorization of green waste together with maximizing
compost and energy valorization in a MOOP allows generating a
set of Pareto-optimal solutions that simultaneously optimize all
objectives of the policy decision maker. The final selection of the
optimal allocation to compost and /or energy valorization depends
on adding the decision makers’ preference based on the relative
importance of the objectives to be optimized. The outcome of the
case study discussed, is that in particular cases the proposed MCDA
methodology could lead to an optimal allocation of a part to com-
post and the remainder to energy recovery. In the discussed case
study, this is the case when the decision maker has good reason
to allocate equal importance to compost and energy valorization
and ignoring the associated life cycle impact or CO2e emissions
(see Tables 3 and 5). Depending on the situation other preference
weights can be assigned leading to another optimal outcome. In
any case, the presented methodology guarantees the selection of
an outcome for the decision maker that is Pareto-optimal meaning
that there is no better optimal solution given the objectives and
constraints.
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In extension, the presented methodology enables to also take
social, economic, policy or any other objective into account. Hence,
this approach allows policy decision makers to make balanced
decisions knowing that the outcome will be optimal giving the
objectives to be met simultaneously. As such, the approach can
be considered as a vehicle for carrying out life cycle sustainability
analyses (LCSA), an approach that is in line with ISO’s observation
that LCA may be extended to social and economic objectives (ISO
14040+44, a &b), and which has been popularized by Klöpffer
(2008). Often in decision-making, decision-makers have multiple
goals that have to be satisfied and therefore they need to be sup-
ported with techniques enabling them to make these balanced
decisions. Therefore, this methodology is better suited for policy
makers than a comparative LCA method that leads to the exclusive
assignment of green waste to either compost or energy valoriza-
tion without taking other non-environmental objectives into
account.

Belgium and the Netherlands are both countries that have diffi-
culties to comply with the EU Directive 2009/28/EC on the promo-
tion of the use of renewable energy. Using the proposed
methodology in this paper, policy makers of these countries could
argue to divert partially or completely from the allocation of green
waste to compost in case their preferences for the objectives can be
justified. This approach complies with the Waste Directive
2008/98/EC that obliges EU member states to select the valoriza-
tion option that delivers the best environmental outcome. The EU
advocates life cycle thinking in determining the best environmen-
tal outcome but does not impose LCA as the sole methodology.
Combining the life cycle impact assessments of an LCA on green
waste valorization with the objectives of compost and energy val-
orization of green waste can be considered as a methodology that
yields a set of optimal environmental outcomes including life cycle
thinking.

It should be noted that the results of the case study discussed in
this paper are first of all applicable to Belgium and the Nether-
lands. The conclusion of Laurent et al. (2014) based on a compre-
hensive literature review on LCA studies of solid waste
management systems (SMWS) is therefore also applicable to this
case study. Laurent et al. (2014a) conclude that the strong depen-
dence of each SMWS on its context or local specificities prevents a
consistent generalization of LCA studies. In Belgium and the
Netherlands, the infrastructure is available for composting and
energy valorization of green waste. Both countries have a good
infrastructure in place to collect green waste and have a good track
record in recycling and recovering of Municipal Solid Waste, the
waste category to which green waste belongs (EEA, 2013). This is
e.g. not the case for some other EU Member States, such as Greece,
Malta and Latvia that also face difficulties to meet the EU 2020
renewable energy targets and where more than 80% of municipal
waste is still landfilled (EPSU, 2017). In this paper, we discussed
composting and incineration with energy recuperation as valoriza-
tion options for green waste. In general, the waste management
options for green waste and bio-waste, include prevention at
source, anaerobic digestion and composting, incineration, and
landfilling. The environmental and economic benefits of different
treatment methods depend significantly on local conditions such
as population density, infrastructure, and climate as well as on
markets for energy and composts (Interreg Europe, 2017).

6. Conclusions

Traditionally the ISO 14040+44 (2006 a+b) standard on
comparative life-cycle assessment (LCA) is the preferred method
for assessing the environmental impact of products and processes.
This paper, using green waste valorization as a case study,
demonstrates that decision makers could benefit from using a
multi-objective optimization approach, in which the LCA assess-
ment outcome is used as an input for the environmental objective
along with other relevant objectives.

To the best of our knowledge, the presented approach is the first
to offer the possibility of detecting a range of optimal assignments
of green waste both to composting and to energy valorization,
rather than limiting the choice to a single assignment to one of
these two processes as LCA does.

Moreover, the study demonstrates the importance of selecting
the environmental impact categories to represent the environmen-
tal impact as required in the EU Waste Directive. In the case of
green waste valorization, minimizing the most common life-cycle
impact categories, while maximizing compost and energy valoriza-
tion, results in assigning green waste to different combinations of
composting and energy valorization depending on the assigned
weighting factors associated to the three objectives.

This insight is important since, according to the EU Waste
Directive, one may divert from composting green waste if it can
be proved that the total environmental impact of an alternative
solution is better. Because it is not prescribed how to determine
the environmental impact, policy makers can present different
optimal assignment solutions based on the life-cycle impact cate-
gories they select to determine environmental impact. This stres-
ses the importance of defining more strictly how to determine
the environmental impact.

The approach presented in this paper could be extended with
objective functions representing the economic and societal
impacts of composting and energy recovery of green waste. More-
over, this methodology can be applied to any other waste stream.
In this way, the presented approach could be used as a generic
method for sustainability assessment.
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