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The Republic of Serbia as a candidate country for the EU is obliged to comply with EU directives. 
This refers to the waste management sector as well. Different goals need to be fulfilled and the current 
waste management practice has to be improved in order to meet all regulatory EU requirements. There-
fore, any piece of information that would support future waste management decisions is of great sig-
nificance for developing and streamlining future strategies. The life cycle assessment (LCA) is a pop-
ular tool widely used for assessment of environmental impacts of waste management systems. This 
paper focuses on a LCA of four waste management scenarios used in selected region in Serbia (South 
Backa) and five indicators for the comparison and evaluation of municipal solid waste management 
strategies. The analysis includes the current situation of waste management in this region, as the base 
scenario, and three alternative scenarios. The combined life cycle inventory (LCI) model and life cycle 
impact assessment (LCIA) method has been used to evaluate the municipal solid waste system with the 
purpose of identifying environmental benefits and disadvantages, as well as economic cost of defined 
scenarios of waste management systems that could be implemented. The results clearly indicate the 
difference between the scenarios and show the influence of implementation of composting, RDF treat-
ment, incineration and increased recycling rates on the environmental performance and economic cost 
of municipal solid waste management in the South Backa region.  
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1. INTRODUCTION 

Waste is a by-product of our daily activities, which poses a serious threat to societies 
all over the world [1]. A specific waste management system can greatly influence qual-
ity of the environmental factors. The decisions regarding selection of different options 
for municipal waste management are crucial for development and improvement of 
a sustainable waste management system.  

The landfill directive, the waste incineration directive, the waste framework di-
rective (WFD), the packaging and waste packaging directive [2–5] are the basis for the 
current European policy on waste. The Republic of Serbia as a candidate for the EU is 
obliged to harmonize national legislation with EU directives in the near future. 

Waste management practice in Serbia can generally be characterized as unsatisfactory 
as it consists mainly of waste collection and land disposal. Until 2000 almost all collected 
waste in Serbia was disposed of in uncontrolled landfills or open dump sites [6]. Non-com-
pliant landfills need to be closed more quickly and waste legislation should be enforced. 
Full alignment with the waste framework directive is still to be achieved. 

Waste management in Serbia is regulated by the waste management strategy 
(WMS) for the period of 2010–2019, the law on waste management (LWM), the law on 
managing packaging and packaging waste (LMPW) and the regulation on waste dis-
posal in landfills (RWDL) [7–10]. The waste framework directive (WFD) [4] was trans-
posed in 2010 by adopting amendments to the LWM [8] and its implementing legisla-
tion. However, the WFD has not been fully transposed yet. The directive on packaging 
and packaging waste [5] has been fully transposed by the law on packaging and pack-
aging waste (LMPW) [9] and it has been in the process of implementing legislation. The 
national goals and objectives related to recycling and recovery of packaging waste are 
defined in the regulation on developing the Plan for Reducing Packaging Waste for the 
period 2010 to 2014 (PRPW) [10]. The Directive on the Landfill of Waste [2] and the 
Council Decision on establishing criteria and procedures for the acceptance of waste at 
landfills have mostly been regulated according to LWM and the RDWL. 

Life cycle assessment (LCA) is a widely used method that quantitatively supports life 
cycle thinking. LCA is generally based on an inventory of all flows of resources, energy, 
and emissions that compose each element of individual operations in the system [11]. 

In the last 15 years several models (UMBARTO, ORWARE, EASETECH, IWM-2) 
have been developed for the special purpose of assessing environmental consequences 
of solid waste management systems [12]. The majority of them is based on LCA, 
whereas there are methods that are based on the material flows analysis (MFA) and the 
substance flow analysis (SFA) [13]. Today, LCA is considered as well-established 
method for supporting decision making related to waste management. Until now, a num-
ber of review studies have investigated the application of LCA to the field of solid waste 
management. Their focus has been limited to specific methodological aspects or specific 
types of waste or waste management systems [14]. At the European level, it is being 
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applied as a decision-supporting tool to policy-makers [19], but the level of knowledge 
of LCA remains worryingly low in the public domain, especially in Serbia. The goal of 
implementing LCA models in solid waste management is not necessarily to obtain a fi-
nal single number, but rather to generate an indication of the best choices when consid-
ering uncertainties [16]. Laurent et al. [14] analyzed 222 published LCA studies of solid 
waste management system. Results showed that LCA applications have largely been 
limited to developed countries, hence indicating that a number of environmental prob-
lems specific to waste management in developing countries have not been investigated. 
LCA can identify not only the best scenario, but also the analytical contribution of single 
operations to the overall environmental performance of the system [15]. LCA has been 
extensively applied for the evaluation of the environmental aspects and support envi-
ronmentally sound decision-making in the waste management context [17]. 

To assess the environmental impact, it is necessary to apply LCIA method. Until 
today, a range of LCIA methods have been developed. Among them, the most frequently 
used are: CML 2002, EDIP, Eco-Indicator 99, Impact2002+ and ReCiPe. Damage ori-
ented methods such as Eco-indicator 99 are focused on the cause-effect chain up to the 
damage and quantify endpoint CFs. The Impact2002+ proposes a feasible implementa-
tion of a combined midpoint/damage approach, linking all types of life cycle inventory 
results via 14 midpoint categories to four damage categories [21]. 

The aim of this study was to compare alternative waste management solutions 
(which are in accordance with the EU membership requirements), to assess their impact 
on the environment and evaluate the level of operating costs of the system. 

2. MATERIALS AND METHODS 

A combination of LCI and LCIA models has been applied to the regional waste 
management system in South Backa in order to evaluate the introduction of biological 
treatment of waste (composting), RDF treatment and incineration, to increase the level 
of recycling and fulfill the conditions regarding disposal of municipal solid waste in 
a sanitary landfill. The reason for LCI/LCIA model application is that they can deter-
mine the economic costs, environmental burdens, midpoint impacts and damage im-
pacts. 

The test region comprises seven municipalities (Backa Palanka, Backi Petrovac, 
Beocin, Zabalj, Srbobran, Temerin and Vrbas) and the City of Novi Sad in which the 
waste is mostly deposited in landfills, that are not sanitary nor technically organized. 
It certainly does not represent a sustainable waste management system. In regard to 
the waste composition in the test region, garden and biodegradable waste is dominant 
with 46%, then paper and cardboard 14%, plastic 14%, glass 5,5%, metal 2,4%, textile 
3,9% and others 13,2%. Data on general population and waste quantities are given in 
Table 1. 
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T a b l e  1

The population number 
and quantity of generated waste in the test region [18] 

Indicator Value 
Number of households 194 452
Population 532 200
Amount of municipal solid waste, kg·person–1·d–1 1.01
Average number of persons per household 2.7
Total waste input, t·yr–1 195 850
Amount generated, kg·person–1ton·yr–1 368

 
The scenarios are developed in accordance with the objectives defined in the landfill 

directive [3] and the packaging and packaging waste directive [5]. The landfill directive 
obliges all member states to reduce the amount of biodegradable waste disposed to land-
fills to 35% in the period of 15 years compared to the quantities disposed in 1995. More 
specific objectives regarding recycling of certain materials are regulated by the packag-
ing and packaging waste directive: 60% for paper, cardboard and glass, 50% for metals, 
22.5% for plastics and so on. Due to lack of some regional-specific data needed for 
development of the scenarios, we have used those adopted from the literature. 

General assumptions for all scenarios are: the compost produced is considered to be 
marketable 50%, the gross efficiency of energy recovery from thermal treatment (RDF, 
incineration) and landfilling is 30% (energy recovered as electricity only). For this par-
ticular purpose the following scenarios have been analyzed: 

Scenario 1 (S1, recycling 9% and landfill 91%) refers to the current state of munic-
ipal waste management and includes: collection of unselected waste, transportation and 
disposal of solid waste to unsanitary landfills. In the whole region, only the town of 
Novi Sad has a plant for the separation of certain fractions. Only waste collected in 
residential buildings in the urban area is delivered to this plant. The field research has 
provided data on the average amount of waste in a separation plant and it amounted to 
approximately 19 000 t·yr–1 in 2014. 

Scenario 2 (S2, recycling 16%, composting 31% and landfill 53%) includes the fol-
lowing processes: selected fractions collection and waste transport, scaling up of the 
recycling process (60% paper, cardboard and glass, 50% metals and 22.5% plastic), 
biological treatment of waste (composting) in the proportion of about 65% of the total 
amount of biodegradable waste and disposal of the remaining quantities of waste to the 
regional sanitary landfill. This landfill is equipped with a system for collection and treat-
ment of landfill gas and landfill leachate in accordance with all sanitary and technolog-
ical requirements. 

Scenario 3 (S3, recycling 16%, composting 31% and RDF 53%) includes: the col-
lection of selected fractions and waste transport, recycling (60% paper, cardboard and 
glass, 50% metal and 22.5% plastic), biological treatment of waste (composting) in the 
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proportion of about 65% of the total amount of biodegradable waste, RDF treatment 
(sorting and incineration) whereas residues from the treatment are disposed of in the 
landfill. 

Scenario 4 (S4, incineration 100%); this option includes: collection of unselected 
waste fractions and 100% of the municipal solid waste in the case study area has been sent 
to incineration. This option does not conform to the waste recovery targets but meets the 
landfill directive targets. It should be noted that the landfill directive targets do not include 
recovery rates for specific processes such as recycling and composting [19].  

LCA was conducted in accordance with ISO 14040 standards. The functional unit 
is the comparison unit in a life cycle inventory. The functional unit is the management 
of the household and similar waste from a given geographical area in a time period of 
1 year. The system boundaries consider the whole life cycle of waste, from the moment 
it becomes waste by losing value, to the moment it regains value or leaves the waste 
management system as an emission.  

The scope of IWM-2 model is to enable LCI of a specific waste management system 
to be carried out [20]. This model was used in this paper, with some modifications re-
lating to the adjustment of the specifics of the test region. The tool can then estimate the 
environmental performance and economic costs of various options for waste manage-
ment. This is based on life cycle emissions and resource consumption data (inventory) 
for a variety of waste management and related operations, including waste collection, 
sorting, recycling different materials, biological treatment, thermal treatment and land-
filling. The results from this particular tool are in the form of emissions into the air, 
water and inert landfill material but in the form of useful products as well, for instance, 
energy.  

For LCI results to be further discussed in the context of the impact assessment, it is 
necessary to multiply them with the CFs given in LCIA method. As far as possible, the 
Impact2002+ method aims to connect each LCI result (elementary flow or other inter-
vention) to the corresponding environmental impacts by using CFs. LCI results are clas-
sified into impact categories, each with a category indicator. The category indicator can 
be located at any point between the LCI results and the damage category in the cause-
effect chain [21]. In the Impact2002+ method at the damage level, the impact from 
global warming is presented in a separate damage category (climate change) unlike 
other methods in which the influence of climate change is associated with ecosystem 
quality or human health. The modeling up to the damage of the impact of the climate 
change on the ecosystem quality and human health is not accurate enough to derive 
reliable damage characterization factors [22]. 

In the paper, the results of the research are presented on two levels: 1) at the level 
of the inventory results – LCI indicators and 2) at the level of results regarding the as-
sessment of impact on life cycle – LCIA indicators. Selected indicators for the compar-
ison of the scenarios are total energy consumption (GJ) and cost per capita (€) as LCI 
indicators and global warming, land occupation and terrestrial acidification as the LCIA 
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indicators. These indicators have been selected based on the most important national 
issues in order to meet the obligations arising from EU legislation and which the Re-
public of Serbia as a candidate should meet. There is a significant degree of consensus 
in the scientific community that greenhouse gases (GHG) emissions and land degrada-
tion are the key issues when it comes to waste management. Waste sector is a significant 
contributor to GHG emissions for approximately 5% of the global GHG. Municipal and 
industrial wastes contribute most to soil contamination (38%) in EU [22]. 

LCIA indicators in the midpoints are associated with indicators in the end positions, 
i.e., indicators of damage, as shown in Table 2. 

T a b l e  2 

LCIA indicators, reference substances and units used to express values 

Midpoint indicator Midpoint 
reference substance Damage indicator Damage unit 

Global warming kg CO2 into aireq climate change kg CO2 into aireq 
Terrestrial acidification kg SO2 into aireq ecosystem quality PDF·m2·y 
Land occupation m2 organic arable landeq·y ecosystem quality PDF·m2·y 

The damage category climate change is the same category as the midpoint category global warming. 
Even if it is considered as a damage category, climate change impact is still expressed in kg CO2-eq. 

kg substance seq (kg equivalent of a reference substance s) expresses the amount of a reference sub-
stance that equals the impact of the considered pollutant within the midpoint category studies. 

PDF·m2·y (potentially disappeared fraction of species over a certain amount of m2 during a certain 
amount of year) is the unit to “measure the impacts on ecosystems. The PDF·m2·y represents the fraction 
of species disappeared on 1 m2 of earth surface during one year [21].

 
Total energy consumption. Power consumption is an essential factor when it comes 

to sustainability assessment of waste management systems in the context of resource 
conservation. Energy balance is used for the purpose of describing the relation between 
energy production and the necessary amount of energy needed for the functioning of 
a particular system [6]. This indicator includes energy production and consumption in 
the process of collecting, sorting, biological treatment, thermal treatment, recycling and 
disposal of waste. 

Cost per capita. The financial parameter is the decisive factor in the processes of 
decision making and evaluation of the waste management system. The relationship be-
tween socioeconomic and technological aspects is often a major obstacle for improving 
the quality of the environment. The introduction of modern waste treatment options is 
often related to the additional costs. The costs represent an indicator which is directly 
correlated with purchasing power of the population. 

Global warming (climate change). Climate change prevention and the reduction of 
greenhouse gas emission are among the biggest challenges of the European Union. The 
share of the waste management sector in the total emissions of greenhouse gases in the 
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EU 28 amounted to 3%. European 2020 strategy has set a goal to reduce emissions of 
greenhouse gases by 20% by 2020 compared to the starting year of 1990. The Republic 
of Serbia as a candidate for the EU membership is obliged to reduce its greenhouse 
gases emissions in all sectors, including waste management sector. 

Terrestrial acidification and land occupation (ecosystem quality). These indica-
tors have been discussed because the correlation between soil pollution and waste 
management is obvious. Waste disposal is a method that requires large tracts of land, 
and at the same time, it is the most common method of waste treatment in Serbia. 
Inadequate waste management has led to a large number of sites that are potentially 
contaminated due to inadequate waste disposal [6]. According to the data of The Eu-
ropean Environment Agency from 2007, approximately 250 000 contaminated sites 
require urgent rehabilitation. In the Republic of Serbia, according to official data, 
43.5% of the total number of the identified contaminated sites are illegal waste dump-
ing landfills [23].  

LCI results in the form of air emissions expressed in kg and the amount of waste 
disposed at the landfill (m3) obtained in the LCI model, were further evaluated using 
characterization factors in the Impact2002+ method in which the results of the analysis 
of inventory are processed in the context of environmental impact. However, the impact 
category for land occupation cannot be calculated directly from the inventory. The Im-
pact2002+ requires the value expressed in m2·y as an input. Therefore, the following 
assumption has been used for the determination of this indicator: total volume of land-
filled waste (m3), divided by an average landfill depth (15 m assumed) and multiplied 
by an average occupation time (70 years assumed: 20 for waste disposal and 50 for 
monitoring) [24].  

3. RESULTS AND DISCUSSION 

The results of the inventory of waste life cycle (LCI indicators) and comparison of 
the scenarios 1–4 are shown in Tables 3 and 4. All results are reported in relation to the 
annual quantity of waste (195 850 t). In comparison with the scenario 1, the scenarios 
2–4 haves shown a significant advancement in terms of environmental performances. 

Energy consumption in the treatment of waste is negative: in the process of dumping 
waste in sanitary landfill in the scenarios 2 and 3, in the process of recycling waste in 
the scenarios 1, 2 and 3 and in the process of thermal treatment of waste in the scenarios 
3 and 4. It means that the energy recovered at the landfill site in the form of landfill gas 
or in the RDF process or incinerator, plus the energy saved thanks to the recycling pro-
gram, is larger than the energy needed for waste processing. The scenario 3 is the most 
favorable scenario with regard to the energy aspect. 

In the waste management scenarios, economic costs include collection, transport, 
sorting and treatment of waste and refer to 195 850 t of municipal solid waste. The costs 
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of collecting and treating waste are also a substantial part of the total costs used on 
overall environmental issues in the society [12]. The costs shown in Table 4 represent 
costs per capita in the form of waste disposal. The economic costs of various systems 
are determined by the cost of processing, transport, revenue from subsequent sales of 
sorted materials, compost and electricity market price. The economic costs per capita 
increase proportionally with the increase in complexity of the applied technologies of 
waste treatment. Although more advanced scenarios 2–4 generate greater savings 
through material and energy recovery, they also require a larger number of vehicles or 
specialized vehicles for selected fractions collection and additional sorting of waste 
fractions which increase overall costs. 

T a b l e  3 

Results at the level of inventory, LCI indicator total energy consumption 

Stage of the process 
Total energy consumption [GJ] 

S1 S2 S3 S4 
Collection 132 256 137 767 137 767 137 767 
Sorting 8128 12 867 126 802 0
Composting 0 19 043 31 180 0
Thermal 0 0 –389 361 –1 227 006 

Landfill 6078 –204 650 –88 206 1946
Recycling –365 426 –764 667 –920 318 0
Total –218 965 –799 640 –1 102 136 –1 087 293 

Negative values reflect the net benefits.
 

T a b l e  4 

Results at the level of inventory, LCI indicator cost per capita 

Stage of the process Cost capita·yr–1 [€]
S1 S2 S3 S4 

Collection 19 30 30 20 
Sorting –1 –3 4 0
Composting 0 3 5 0
Thermal 0 0 –4 23 
Landfill 4 8 6 4
Recycling 0 0 0 0
Total 22 38 41 47 

Negative values reflect the net benefits.
 
LCI results that contribute to the following indicators: global warming (CO2, CH4 

and N2O), terrestrial acidification (SOx, NOx and ammonia) and land occupation (waste 
volume) are given in Figs. 1–7. 
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Fig. 1. LCI results for CO2 emission  

 
Fig. 2. LCI results for CH4 emission  

 

Collect. Sorting Com. Ther. Land. Rec. Total
Scenario 1 7.94E+06 4.78E+05 0.00E+00 0.00E+00 2.69E+07 -5.31E+0 3.00E+07
Scenario 2 8.27E+06 7.57E+05 1.63E+06 0.00E+00 1.04E+07 -1.03E+0 1.07E+07
Scenario 3 8.27E+06 6.18E+06 2.66E+06 -3.33E+0 4.64E+06 -1.47E+0 -2.62E+0
Scenario 4 8.27E+06 0.00E+00 0.00E+00 1.04E+08 1.22E+05 0.00E+00 1.13E+08

-6.00E+07
-4.00E+07
-2.00E+07
0.00E+00
2.00E+07
4.00E+07
6.00E+07
8.00E+07
1.00E+08
1.20E+08

CO2 kg year-1

Scenario 1 Scenario 2 Scenario 3 Scenario 4

 

Collect. Sorting Com. Ther. Land. Rec. Total
Scenario 1 9.66E+03 7.49E+02 1.18E+07 -6.76E+0 1.18E+07
Scenario 2 1.01E+04 1.19E+03 2.63E+03 5.64E+05 -1.41E+0 5.64E+05
Scenario 3 1.01E+04 1.01E+04 4.29E+03 2.46E+04 -3.26E+0 2.40E+05
Scenario 4 1.01E+04 1.57E+02 1.02E+04

-2.00E+06
0.00E+00
2.00E+06
4.00E+06
6.00E+06
8.00E+06
1.00E+07
1.20E+07
1.40E+07

CH4 kg year-1

Scenario 1 Scenario 2 Scenario 3 Scenario 4
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Fig. 3. LCI results for N2O emission  

 
Fig. 4. LCI results for SOx emission  

 

Collect. Sorting Com. Ther. Land. Rec. Total
Scenario 1 1.92E+02 3.94E+03 0.00E+00 0.00E+00 4.92E+02 7.42E+04 7.88E+04
Scenario 2 2.00E+02 6.24E+03 1.61E+04 0.00E+00 -1.80E+0 -7.20E+0 -8.77E+0
Scenario 3 2.00E+02 5.91E+04 2.63E+04 0.00E+00 -7.86E+0 -1.04E+0 -1.04E+0
Scenario 4 2.00E+02 0.00E+00 0.00E+00 0.00E+00 1.92E+02 0.00E+00 3.92E+02

-1.20E+06
-1.00E+06
-8.00E+05
-6.00E+05
-4.00E+05
-2.00E+05
0.00E+00
2.00E+05

N2O g year-1

Scenario 1 Scenario 2 Scenario 3 Scenario 4

 

Collect. Sort ing Com. Ther. Land. Rec. Tot al

Scenario 1 1.20E+04 2.35E+03 0.00E+00 0.00E+00 7.78E+02 -1.30E+04 2.10E+03

Scenario 2 1.25E+04 3.72E+03 9.31E+03 0.00E+00 -1.03E+05 -5.59E+04 -1.33E+05

Scenario 3 1.25E+04 3.33E+04 1.52E+04 -1.91E+05 -4.49E+04 -6.85E+04 -2.44E+05

Scenario 4 1.25E+04 0.00E+00 0.00E+00 -6.04E+05 2.65E+02 0.00E+00 -5.91E+05

-7.00E+05
-6.00E+05
-5.00E+05
-4.00E+05
-3.00E+05
-2.00E+05
-1.00E+05
0.00E+00
1.00E+05

SOX kg year-1

Scenario 1 Scenario 2 Scenario 3 Scenario 4
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Fig. 5. LCI results for ammonia emission  

 

Fig. 6. LCI results for NOx emission  

 

Collect. Sort ing Com. Ther. Land. Rec. Total

Scenario 1 0.00E+00 1.00E+00 0.00E+00 0.00E+00 0.00E+00 4.53E+02 4.53E+02

Scenario 2 0.00E+00 1.00E+00 3.00E+00 0.00E+00 -3.10E+01 6.20E+02 5.93E+02

Scenario 3 0.00E+00 1.00E+01 5.00E+00 0.00E+00 -1.40E+01 4.61E+02 4.62E+02

Scenario 4 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

-1.00E+02
0.00E+00
1.00E+02
2.00E+02
3.00E+02
4.00E+02
5.00E+02
6.00E+02
7.00E+02

Ammonia kg year-1

Scenario 1 Scenario 2 Scenario 3 Scenario 4

Collect. Sort ing Com. Ther. Land. Rec. Total

Scenario 1 1.43E+05 2.20E+03 0.00E+00 0.00E+00 6.04E+03 -2.00E+04 1.31E+05

Scenario 2 1.49E+05 3.46E+03 3.27E+03 0.00E+00 -2.66E+04 -3.54E+04 9.35E+04

Scenario 3 1.49E+05 1.45E+04 5.41E+03 -6.51E+04 -1.01E+04 -4.28E+04 5.08E+04

Scenario 4 1.49E+05 0.00E+00 0.00E+00 -2.05E+05 1.90E+03 0.00E+00 -5.39E+04

-2.50E+05
-2.00E+05
-1.50E+05
-1.00E+05
-5.00E+04
0.00E+00
5.00E+04
1.00E+05
1.50E+05
2.00E+05

NOX kg year-1

Scenario 1 Scenario 2 Scenario 3 Scenario 4
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Fig. 7. LCI results for waste volume  

Using characterization factors given in the Impact 2002+, these results are con-
verted into LCIA indicators or impact categories. The results of the indicators at the 
midpoint and end positions are shown in Tables 5 and 6. 

T a b l e  5 

Results at the level of the impact assessment, LCIA indicators at midpoint 

Midpoint category Midpoint  
reference substance S1 S2 S3 S4 

Global warming kg CO2 eq 3.25×108 2.48×107 –2.05×107 1.13×108 
Terrestrial acidification kg SO2 eq 7.22×105 3.80×105 4.19×104 –8.86×105 

Land occupation m2·y 6.52×105 3.61×105 1.71×105 1.02×105 

Negative values reflect the net benefits.
 

T a b l e  6 

Results at the level of the impact assessment, LCIA indicators at the end points 

Damage category S1 S2 S3 S4 
Climate change, kg CO2 eq 3.25×108 2.48×107 –2.05×107 1.13×108 
Ecosystem quality. 
Terrestrial acidification, PDF·m2·y 7.51×105 3.95×105 4.36×104 –9.23×105 

Ecosystem quality. 
Land occupation, PDF·m2·y 7.11×105 3.94×105 1.86×105 1.11×105 

 Negative values reflect the net benefits. 

Collect. Sorting Com. Ther. Land. Rec. Total

Scenario 1 1.00E+01 6.20E+03 0.00E+00 0.00E+00 1.88E+05 -1.31E+04 1.81E+05

Scenario 2 1.00E+01 2.27E+03 1.57E+04 0.00E+00 1.10E+05 -2.78E+04 1.00E+05

Scenario 3 1.00E+01 3.74E+04 4.00E+04 -6.80E+01 -3.20E+02 -2.96E+04 4.75E+04

Scenario 4 1.00E+01 0.00E+00 0.00E+00 -2.83E+04 9.80E+01 0.00E+00 2.84E+04

-5.00E+04

0.00E+00

5.00E+04

1.00E+05

1.50E+05

2.00E+05

Waste volume m2 year-1

Scenario 1 Scenario 2 Scenario 3 Scenario 4
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As one might assume, the scenario 1 presents the least favorable option from an 
environmental standpoint. The scenarios 2–4 represent a significant improvement of the 
scenario 1. 

By analyzing the scenarios of waste management through the use of selected indi-
cators, it is possible to conclude that the scenario 1, which represents the current situa-
tion in the field of solid waste management, is the least acceptable option if we assume 
that in the existing practice the largest amount of waste is disposed of at landfill which 
does not possess the elements of sanitary protection. Therefore, a large amount of re-
sources are lost and the polluting substances are uncontrollably emitted to the environ-
ment. Energy savings in this scenario are ca. 1 GJ·t–1 of waste due to recycling. The 
contribution to global warming is 1657 kg CO2 eq·t–1 of waste, terrestrial acidification is 
3.6 kg SO2 eq·t–1 of waste and land occupation 3.3 m2·t–1 of waste. 

The scenario 2 achieves energy savings amounting ca. 4 GJ·t–1 of waste, thanks to 
recycling and exploitation of landfill gas. Global warming in this scenario amounts to 
126 kg CO2 eq·t–1 of waste, terrestrial acidification 1.9 kg SO2 eq·t–1 of waste and land 
occupation 1.8 m2·t–1 of waste.  

Total energy consumption in the scenario 3 has shown the best results since it has 
generated savings of 5.6 GJ·t–1 of waste. The savings have also been generated when 
global warming is in question and amounts to 104 kg CO2 eq·t–1 of waste, whereas ter-
restrial acidification is 0.2 kg SO2 eq·t–1 of waste and the land occupation 0.9 m2·t–1 of 
waste.  

The scenario 4 generates large amounts of energy (ca. 5 GJ·t–1 of waste) but large  
amounts of emissions of greenhouse gases as well, so the global warming is 576 kg CO2 eq·t–1  
of waste. The generation of CO2 increases when incineration is added as the carbon 
content of the incinerator feedstock is converted to CO2 during the incineration process 
[25]. These results show the sum of fossil and biogenic CO2 emissions from the inci- 
neration process. Same LCA studies, tools and models divided CO2 emission on fossil 
and biogenic, considering that this division has a crucial influence on the calculated 
amounts of climate-relevant CO2 emissions. The climate-relevant CO2 emissions from 
waste incineration are determined by the proportion of waste whose carbon compounds 
are assumed to be of fossil origin. The proportion of carbon of biogenic origin from 
waste is usually in the range of 33–50% [26]. In the case that in this study, the emission 
of CO2 considered divided on emissions of fossil and biogenic origin, CO2 emissions 
from the incineration process would be significantly reduced (ca. by 50%).  

The indicators that affect the ecosystem quality (terrestrial acidification and land 
occupation) in this scenario have shown the best results. In the case of terrestrial acidi-
fication there are savings of 4.5 kg SO2 eq·t–1 of waste, while land occupation is 0.5 m2·t–1 
of waste.  

In addition, the costs of waste management in the scenario 1 are, nevertheless, at 
the expense of environmental degradation and cannot be acceptable. Looking at the 
costs of waste management in the remaining waste management scenarios, costs per 
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capita have been increasing together with the growing complexity of treatment technol-
ogies. Therefore, the costs the highest in the scenario 4, the scenario which includes 
incineration of unselected municipal waste. Costs per capita in the scenario 2 are 20% 
lower than in the scenario 4, i.e., by 13% lower than in the scenario 3, compared to the 
scenario 4.  

Although the scenario 4 has shown as the most favorable for two indicators relating 
to the ecosystem quality, the scenario 3, nevertheless, has shown the lowest burdens in 
terms of climate change and total energy consumption which are among main objectives 
of the European Strategy 2020. The scenario 2 includes two processes of waste treat-
ment, disposal and composting, that require large tracts of land. Therefore, this scenario 
proved to be inadequate when ecosystem quality is in question.  

Impact on climate change in the scenario 3 is the most suitable since CO2 emissions 
in the RDF process primarily depend on the ratio of the produced and consumed energy, 
RDF saving of CO2 emissions and improvement of air emission quality as well. The 
quantities of CO2 in the scenario 4 have negative effects on the results of this scenario, 
which speaks to the fact that waste with such morphological composition cannot be 
treated in the process of incineration. 

If we consider the indicator per capita cost as well, the scenario 3 is a better option 
than the scenario 4 due to lower costs per capita. 

4. CONCLUSION  

This paper presents the application of combined LCI and LCIA approach for com-
parison and evaluation of different municipal solid waste strategies on a case study on 
waste management in the South Backa region. The results of the research will be very 
helpful to increase the life cycle inventory database of Serbia and provide useful infor-
mation for policymakers in making decisions regarding to waste management strategies. 

The approach does not give a definitive answer. It provides objective information 
on a broad scale of environmental costs and benefits. The combination of LCI and LCIA 
methods has shown some negative effects on environmental quality due to different 
ways of waste management in the test region. The conducted analysis shows how certain 
treatments of waste can affect differences in trends of selected indicators as well as the 
correlation with energy consumption and necessary costs. The results indicate that by 
composting of biodegradable municipal waste, by increasing the degree of separation 
of recyclable materials and by introducing thermal treatment of waste, certain parame-
ters regarding waste management efficiency in the South Backa region can be improved.  

There are different combinations of options presented in the scenarios of waste man-
agement, which show positive and negative implications of the analyzed indicators. In 
this regard, the scenario 1, which represents the current situation in the field of solid 
waste management in the studied region, has proved to be the least acceptable option.  
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Comparing the scenarios 2 and 3, and taking into account all considered indicators, 
including the costs of waste management as well, it can be concluded that the scenario 3 
shows better performance. As it has already been mentioned, this particular scenario is 
specific since it assumes a plant for mechanical separation of combustible materials and 
their processing in order to obtain refuse-derived fuel. The produced RDF is used as an 
alternative fuel in a plant for energy production.  

The technology of waste treatment presented in the scenario 4 (incineration of unse-
lected municipal waste) has shown very good results for two, out of five, indicators. How-
ever, when making decisions about the choice of treatment technology that would be the 
most suitable for the South Backa region, it is necessary to take into account the cost of 
incineration plant construction, as well as operating costs, which are very high. Additionally, 
if the primary objective of decision-makers is to reduce emissions of gases that contribute 
to global warming and are consequence of bad waste management, it is certain that the com-
bination of technologies presented in the scenario 3 is the right choice. The disadvantages 
of incineration technology are mainly related to the emission of harmful products in the 
process of burning. From the aspect of climate change, the scenario 4 is the least favorable. 
Also, if there is no possibility for the utilization of by-products of the combustion process, 
it is essential to dispose them in a proper way (ash landfill or hazardous wastes) because of 
the concentration of heavy metals and other harmful products.  

The results of such an analysis are of great importance to those involved in the process 
of decision making as a support tool when selecting waste management options at both local 
and regional level [27]. This approach enables: evaluation and comparison of the waste 
management system by using a number of environmental impact indicators, identification 
of strengths and weaknesses of the compared waste management systems, recognition of 
the optimal scenario for waste management and determination of an individual waste treat-
ment and its influence on the improvement of environmental characteristics. 

Further research is needed to enable the inclusion of a greater number of parameters 
important for the evaluation of system performances for waste management, as well as 
the analysis of a larger number of the scenarios (e.g., pyrolysis) which would give de-
cision makers better insight into the consequences of development directions of waste 
management system in the South Backa region in the future. 
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