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Abstract— Principles of sustainable development are
currently an integral part of any advanced way of thinking
either in the development of society in general, the
development of an economy or an engineering practice. The
problem lies in the complexity of such a mindset. In order
for a system to be sustainable it must be at least
economically justified, not to have a negative impact on the
environment and to be acceptable to the society. In addition,
very often, it is necessary to consider the political
consequences of certain phenomena, technological solutions,
and other aspects. The development of software solutions
that offer the possibility of including a lot of parameters
(indicators) and their analysis are of crucial importance.
This paper presents the principle of a software package
application that provides the possibility of comparing the
sustainability of certain methods of waste management on
the territory of the local community. For this purpose three
scenarios were taken into consideration: basic as usual,
aerobic process and anaerobic process, together with the
relevant pretreatment. For the assessment of their
sustainability, economic, environmental and social
indicators were taken into account. The procedure of multicriteria analysis using the AHP method and pair-wise
criteria, performed with the Expert Choice 11 software, was
used. The results obtained by using the AHP method and a
sensitivity analysis showed that, according to the selected
indicators, it is possible to rank the scenarios and choose the
best sustainable waste management scenario (the scenario
which involves resource recovery through recycling
inorganic waste and composting organic waste ).

I.
INTRODUCTION
The problem of waste management is not new, but has
become current with population growth, economic
development and recognition of the negative effects of
waste on the environment. In recent decades, research has
been done in the field of waste management, from finding
different waste management methods, and the utilization
of energy from waste, to the election of the most optimal
method of waste management for specific local
requirements.
From the moment that sustainable development became
current in different areas, the attention has been focused
on sustainable waste management and the search for
sustainable waste management scenarios. Different
research was done [1-3] in order to determine a
sustainable decision making model for waste management
scenarios.
Sustainability has been appealed sometime as the
revolution of the 21st century, having the
environmentalism the precursor of this new wave of

thinking. In the vast scientific literature on sustainability, a
huge number of different definitions and interpretations of
this concept have been proposed, so that it is really
difficult to have an unique clear-cut understanding of it.
Several models of waste management were developed:
models based on cost-benefit analysis, models based on
life cycle analysis, and models based on the use of multicriteria analysis [4]. Each of them has different
approaches, benefits and limitations: for models based on
the cost benefit analysis all criteria for assessing scenarios
translate into a monetary measurement, for models based
on life cycle assessment scenario the analysis is carried
out on the basis of the analysis of environmental impact of
all phases of a product that lead to the creation of waste,
and for models based on the multi-criteria analysis the
assessment and selection of scenarios is carried out on the
basis of a number of selected, usually conflicting criteria.
There are different models used in research depending
on the chosen criteria and criteria weight for the selection
of optimal and sustainable waste management scenarios.
In the case where economic criteria are the preferred
choice, cost-benefit analysis is commonly used [5,6]. If
environmental criteria are recognized as a priority, life
cycle analysis is used [7,8].
When assessing the sustainability of waste management
scenarios according to three types of sustainable
development indicators (environmental, economic and
social), the best results can be provided by multi-criteria
analysis. "For a waste management system to be
sustainable, it needs to be environmentally effective,
economically affordable and socially acceptable" [4]. The
benefit of multi-criteria analysis in assessing the
sustainable scenario is that it allows the use of both
qualitative and quantitative criteria (sustainable
development indicators). It also allows for the
participation of different groups of decision-makers even
with opposing goals in defining indicators and decisionmaking.
In literature [9,10] there are a number of multi-criteria
methods applied in the assessment of the sustainability of
a waste management scenario. Depending on particular
problems, AHP, ELECTRE or PROMETHEE methods
are commonly used in literature [11-13].
In this paper the principle of a software package
application that provides the possibility of comparing the
sustainability of certain methods of waste management on
the territory of the local community is presented. For this
purpose three scenarios are taken in the consideration:
business as usual, aerobic process and anaerobic digestion,
both with relevant pretreatment. For assessment of its
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sustainability economic, environmental and social
indicators were taken into account. The procedure of
multi-criteria analysis using the AHP method and pairwise criteria, performed with the Expert Choice 11
software was used.
THE ANALYTIC HIERARCHY PROCESS (AHP) AND
EXPERT CHOICE
The Analytic Hierarchy Process (AHP) is a multicriteria decision making technique, quite often used to
solve complex decision making problems in a variety of
disciplines [13–15].
The AHP hierarchical structure allows decision makers
to easily comprehend problems in terms of relevant
criteria and sub-criteria. Additional criteria can be
superimposed on the hierarchical structure. Furthermore,
if necessary, it is possible to compare and prioritize
criteria and sub-criteria in the AHP practice, and one can
effectively compare optimal solutions based on this
information.
The decision procedure using the Analytic Hierarchy
Process (AHP) is made up of four steps:
“1) define the problem and determine the kind of
knowledge sought.
2) structure the decision hierarchy according to the goal
of the decision – in the following order: the objectives
from a broad perspective, through the intermediate levels
(criteria on which subsequent elements depend) up to the
lowest level (which usually is a set of the alternatives).
3) construct a set of pair-wise comparison matrices.
Each element of the matrix in the upper level is used to
compare elements in the level immediately below.
4) use the priorities obtained from the comparisons to
weigh the priorities in the neighboring level. Do this for
every element. For each element in the level below add its
weighed values and obtain its overall or global priority.
Continue this process of weighing and adding until the
final priorities of the alternatives in the bottom most level
are obtained.” [16].
Expert Choice, the user-friendly supporting software,
has certainly largely contributed to the success of the AHP
method. It incorporates intuitive graphical user interfaces,
automatic calculation of priorities and inconsistencies and
several ways to process a sensitivity analysis [17].

and Figure 2. shows the hierarchical structure presented in
Expert Choice software.

II.

A. The adopted AHP model
The most important step of these decision-making
processes is a correct pair-wise comparison, whose
quantification is the most crucial step in multi-criteria
methods which use qualitative data. Pair-wise
comparisons are quantified by using a scale. Such a scale
is a one-to-one mapping between the set of discrete
linguistic choices available to the decision maker and a
discrete set of numbers which represent the importance, or
weight, of the previous linguistic choices.
The pair-wise comparisons in the AHP are determined
in line with the scale introduced by Saaty [16]. According
to this scale, the available values for the pair-wise
comparisons are: {9, 8, 7, 6, 5, 4, 3, 2, 1, 1/2, 1/3, 1/4, 1/5,
1/6, 1/7, 1/8, 1/9}.
Figure 1. shows the hierarchical structure considered in
the selection of a sustainable scenario for waste treatment,
based on selected indicators of sustainable development

Figure 1. The hierarchical structure for selection and evaluation of a
sustainable waste management scenario.

Figure 2. The hierarchical structure presented in Expert Choice
software

III.

EXPERIMENTAL RESEARCH

A. Scenario
The data on generated waste used in the considered
scenarios were taken from the Waste Management Plan of
the city of Niš in the period up to 2015 and other
previously published papers [18].
In this paper, three scenarios were developed: business
as usual, aerobic process and anaerobic digestion. Main
variation factors (annual distance driven by trucks, fuel
efficiency, energy consumption, energy efficiency) of
each scenario are given in order to evaluate environmental
indicators.
Scenario 1 – business as usual: Most of waste (68,440
t) is disposed to the landfill, only small amount of metal
and glass (3560 t) is recycled. Annual distance driven by
collection trucks is 118400 km. Trucks use diesel fuel,
with fuel efficiency of 2.5 km/l. Energy consumed by
landfill operation: diesel 0.22 l/t. Energy consumption at
materials recovery facility: electricity 25 kWh/t, natural
gas 0.264 m3/t.
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Scenario 2 – aerobic process: Inorganic waste (28,840
t) is recycled (plastic, glass, paper and metal). Organic
waste (31,790 t) is sent to in-vessel composting plant.
Other waste (11,464 t) is disposed of in the landfill.
Annual distance driven by collection trucks is 112,596
km. Energy consumption in composting process:
electricity 21 kWh/t.
Scenario 3 – anaerobic digestion: Recyclable waste –
glass, metal and plastic (17,809 t) are recycled. Other
waste (54,291 t) is sent to anaerobic digestion plant for the
purpose of electricity generation. Annual distance driven
by co-mingled trucks is 108150 km. Composition of
biogas produced: C02 45%, CH4 55%. Energy efficiency
in anaerobic digestion process: 20%. Facility energy
consumption: 22% of energy produced.
B. Evaluation of indicators
Nine sustainable development indicators were selected
in order to carry out the research (which will be used to
rank the considered scenarios). Environmental indicators:
GHG emissions (CO2 Equivalents), acid gases emissions
(NOx and SO2), waste volume reduction. Economic
indicators: investment costs, operational costs, revenues.
Social indicators: job creation, public acceptance.
GHG and acid gases emissions: Amounts of carbon
dioxide, nitrogen oxides and sulphur dioxide emitted to
the atmosphere were estimated using the data from the
previous paper [18] in which the amount of gas emissions
is determined based on the composition of waste using the
Integrated Waste Management Model [19]. In assessing
the emissions, this model takes into account the emissions
from the point at which a material is discarded into the
waste stream to the point at which it is either converted
into a useful material or finally disposed of. The model
does not evaluate the energy and emissions associated
with the production of infrastructure (e.g. collection
vehicles, waste management facilities, etc). Emissions
during transportation of waste, consumption of fossil fuels
and electricity for the treatment of waste, and emissions
during incineration were considered.
Waste volume reduction: The amount of waste that
remains after treatment for landfill disposal, is also
estimated by the Integrated Waste Management Model
[19].
Investment and operational costs: Evaluation of
investment and operational costs for the defined scenarios
was performed on the basis of the data that are valid in the
European Union for landfill, composting, anaerobic
digestion and incineration [20,21]. For this purpose, the
data for Germany were taken, shown in Table 4.
Evaluation of investment and operational costs for
recycling used the data from literature [22-24]. For
evaluating the investment costs, land costs, the costs of
design and construction of landfills, facilities and waste
treatment facility, and the transportation vehicles costs
were all taken into account. To evaluate the operational
costs, maintenance costs, labor, energy costs and other
operating costs were also taken into account.

Revenues: Evaluation of revenues was made on the
basis of the data from literature [20] for waste treatment:
composting (taking into account the market price of
composting), incineration (taking into account the price of
electricity produced) and anaerobic digestion (taking into
account the price of electricity produced). Assessment of
income from recycling was done on the basis of the
market price of recycled materials (paper, metal, glass,
compost), where the recovery rate taken into account was
based on the data from literature [25].
Job creation: Evaluation of new jobs created was done
on the basis of the data from literature [26,27], as shown
in Table 5. The number of new jobs in waste management
depends on waste treatment. Regardless of the different
information that can be found in the literature related to
the level of employment in terms of tonnes of waste per
job, it can be concluded that for the more labor-intensive
activities such as hand sorting and collecting waste, the
level of employment is less than 500 tonnes of waste per
job, while the less labor-intensive activities, such as
dumping, incineration and composting, the level of
employment is over 1000 tonnes of waste per job. The
level of employment in the recycling is between these two
extremes, depending on the type of materials that are
recycled and recycling methods [28].
Table 1. shows the evaluation of indicators.
TABLE I.

EVALUATION OF INDICATORS
Scenario 1

Scenario 2

Scenario 3

GHG emission (CO2
Equivalents) (kg/t)

701.48

-1184.35

-966.55

NOx emission (kg/t)

-0.035

-1.793

-1.550

SO2 emission (kg/t)

-0.047

-2.422

-1.982

Volume reduction (%)

4.65

80.59

95.69

Investment costs (€/t)

8.90

16.70

24.40

Operational costs (€/t)

14,20

45.90

70,20

Revenues (€/t)

0,60

51,50

28,20

Job creation

368

450

488

Public acceptance: Public acceptance is a qualitative
criterion which cannot be measured, therefore, 9 levels
scale established in the AHP method [16] (1 - Worst, 9 Best) was used for the assessment of this criterion.
IV. RESULTS AND DISCUSSION
After making hierarchal structure and evaluating of
indicators, the procedure of multi-criteria analysis using
the AHP method pair-wise criteria (compare the relative
preference with respect to goal) was carried out,
performed with the Expert Choice 11 software. Figure 3.
shows comparison the relative preference with respect to
goal.
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Figure 3. Comparison the relative preference with respect to goal.

Following the pair-wise criteria, the criteria weight with respect to the goal is obtained and shown in Figure 4.

Figure 4. Criteria weight

The normalized performance of scenarios against the
criteria is presented in Table 2.

organic waste. Scenario 1, which corresponds to business
as usual scenario, ranked the last.

TABLE II.

NORMALIZED PERFORMANCE OF SCENARIOS AGAINST
THE CRITERIA (SUSTAINABLE DEVELOPMENT INDICATORS)
Scenario 1

Scenario 2

Scenario 3

GHG emission (CO2
Equivalents) (kg/t)

0,003

0,031

0,019

NOx emission (kg/t)

0,004

0,016

0,012

SO2 emission (kg/t)

0,002

0,019

0,009

Volume reduction (%)

0,004

0,015

0,039

Investment costs (€/t)

0,07

0,042

0,028

Operational costs (€/t)

0,096

0,038

0,019

Revenues (€/t)

0,016

0,044

0,072

Job creation

0,008

0,039

0,022

Public acceptance

0,011

0,15

0,068

Following the procedure, software provides graphical
representation scenarios ranking in different ways.
Figure 5. shows the ranking of scenarios after criteria
(sustainable
development
indicators)
weighting.
According to the obtained results it can be concluded that
the best ranking is Scenario 2, which includes recycling of
waste (plastic, glass, paper and metal) and composting of

Figure 5. Scenario ranking for evaluated indicators weight –
performance presentation

In order to carry out sensitivity analysis, software
provides over dynamic representation and change the
criteria weight, as shown in Figure 5. The last step of the
decision process is the sensitivity analysis, where the input
data are slightly modified in order to observe the impact
on the results. If the ranking does not change, the results
are said to be robust [17]. The sensitivity analysis is best
performed with an interactive graphical interface. Expert
Choice allows different sensitivity analyses, where the
main difference is the various graphical representations as
shown in Figure 6.
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Figure 6. An example of four possible graphical sensitivity analyses in Expert Choice.

V. CONCLUSION
In this paper, the multi-criteria analysis AHP method is
applied to assessing the sustainability of waste treatment
scenarios. The selection of indicators of sustainable
development was performed as a result of the recognized
priorities in environmental, economic and social criteria.
Software Expert Choice based on AHP method is
presented and used for forming hierarchical structure,
pair-wise comparison, criteria and weighting scenario
ranking according to the goal - selection of a sustainable
waste management scenario.
The results obtained by using the Expert Choice
software showed that, according to the
selected
indicators, the best sustainable waste management
scenario is Scenario 2, recycling inorganic waste (plastic,
glass, paper and metal) and composting organic waste
(yard and food waste). The scenario which proved to be
the least sustainable is Scenario 3 (combination of
recycling inorganic waste parts and incineration of the
remaining waste) due to high costs and negative public
acceptance.
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