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Abstract: The main purpose of this paper is to develop possible scenarios for reducing carbon dioxide
(CO2) emissions in Serbia by switching from coal-fired to natural gas-fired electricity generation by
the end of 2050. Accordingly, the challenges are to establish scenarios and identify measures that are
best suited to all Western Balkan countries. In particular, this paper proposes a number of energy
mix scenarios that offer some options for reducing CO2 emissions while maintaining an economic
way of consumption. Projections of these reduction scenarios are obtained by combining the Kaya
identity with the emission factor method. A simplified methodology based on sensitivity analysis
is used as a source of data to estimate the nonstatistical uncertainty limits for the projections of the
reduction scenarios. The sensitivity analysis is carried out using historical data from Serbia for the
period from 1990 to 2019. In addition, a direct verification of the proposed methodology is performed
based on historical data for 2020. The developed scenarios 1 and 2 show that CO2 emissions could be
reduced by 10.94% and up to 74.44% from baseline in 1990, respectively. The obtained results are
also contrasted with the data available for some other countries with similar experiences. Finally, it is
found that the developed scenarios are achievable only at significantly decreased levels of coal-fired
electricity generation.

Keywords: carbon dioxide (CO2) emissions; coal; electricity generation; natural gas (NG); reduc-
tion scenario

1. Introduction

In the period from 1990 to 2018—except in 2009, when there was an outbreak of the
influenza A (H1N1) pandemic—global energy-related CO2 emissions increased year to
year [1,2]. According to [1,3], the global energy-related CO2 emissions in 2018 amounted to
33.5 Gt CO2 and were shared by economic sectors in the following manner: electricity and
heat generation: 43.75%; transportation: 25.93%; industry: 19.33%; buildings: 9.04%; and
other sectors: 1.95%. Coal-fired electricity generation and corresponding CO2 emissions
decreased by 3% and 2%, respectively, in 2019, for the first time in history [4]. In addition,
global energy-related CO2 emissions in 2019 were 0.1 Gt CO2 lower than in 2018 [1]. As
primary energy demand dropped by nearly 4% in 2020 due to the COVID-19 pandemic,
global energy-related CO2 emissions decreased by an additional 5.8% and amounted to
31.5 Gt CO2 [1]. The declines were caused by a sharp decline in CO2 emissions from the
electricity and heat generation sector (the so-called energy sector), thanks to the expanding
role of renewables (mainly wind and solar energy), fuel switching from coal (or lignite)
to natural gas (NG), very mild winters during the period 2018–2021, and higher nuclear
power output [4,5].
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Although Serbia is not one of the most developed economies in the world and has
no nuclear power plants, an increase in CO2 emissions from the energy sector in the
period following 2018 was recorded in this country [6]. This is contrary to the global
trend. According to [7], Serbian energy-related CO2 emissions in 2018 amounted to 44
Mt CO2 and were shared by economic sectors as follows: electricity and heat generation:
68.18%; transportation: 13.64%; industry: 9.09%; buildings: 2.27%; and other sectors: 6.82%.
Regardless of an increased usage of renewables (such as hydro, wind, biomass, biogas,
and solar energy), switching from solid and liquid fossil fuels to NG in the majority of
district heating systems, and very mild winters during the given period, the mentioned
increase in CO2 emissions was caused by an increased usage of coal in coal-fired power
plants (CPPs). In addition, natural gas-fired power plants (NGPPs) contributed to a further
increase in global energy-related CO2 and other greenhouse gas (GHG) emissions but to
a significantly lower extent compared with CPPs. In the particular case of Serbia, since
the second string of the TurkStream natural gas pipeline (the so-called Balkan Stream
pipeline) became operational in the course of 2020 [8], special attention should be paid to
the generation of electricity and heat from NG.

The release of methane (CH4), which is the second most abundant GHG after CO2, is
of particular importance for the application of natural gas-fired combined heat and power
(CHP) technology. Although CH4 is released into the atmosphere in smaller quantities than
CO2, its ability to trap heat in the atmosphere is about 25 times greater [9]. Consequently,
CH4 leaks are reported to nullify or reverse any climate change benefit experienced from
the switch from solid and liquid fossil fuels to NG [10–12]. This does not apply in the case
of Serbia because coals from the Kostolac and Kolubara basins have relatively small lower
heating values and release enormous quantities of poisonous gases during combustion. This
can be generalized to the other Western Balkan countries, namely: Bosnia and Herzegovina,
Montenegro, North Macedonia, and Croatia, where some types of coals have a lower
heating value higher than the ones used in Serbia. From this perspective, it is also important
to note that energy-related GHG emissions are only a portion of the total anthropogenic
GHG emissions and that global CO2 emissions rose as the worldwide economic activity
recovered at the end of 2020.

Serbia itself is not at the cutting edge when it comes to global GHG emission reductions;
however, according to [13], this country is among the 10% of countries in the world
whose CPPs pollute the environment to the highest extent. In addition, environmental
campaigners have taken legal action against the state-owned Public Enterprise Electric
Power Industry of Serbia (PE EPS) for exposing Serbian and EU citizens to poisonous gases
six times above the allowed limit, in breach of both national and international law [14].
Moreover, the EU is preparing a new tax for countries such as Serbia, where energy-related
CO2 emissions are higher than allowed [15]. Accordingly, in the case of Serbia, as in most
regions worldwide, there is already a significant international interest in the switch from
coal-fired to natural gas-fired electricity generation, including renewables.

The top 10% of countries in the world with the most polluting CPPs are China, India,
the United States, South Africa, South Korea, Germany, Ukraine, Poland, the United
Kingdom, Kazakhstan, Russia, Japan, Serbia, Australia, Mexico, Israel, Romania, and
Taiwan [13]. According to this list, Serbia takes 13th place, but with its CPPs of 4448 MW, it
should actually be in 12th place. In Serbia and the majority of these countries, electricity
generation by CPPs is also inefficient. For instance, the authors of [16] identify sources of
polluting and inefficient electricity generation by CPPs in China. Large-scale measures
taken to overcome one or both of these two issues in China are as follows: (i) switching
from CPPs to natural gas-fired CHP plants [17,18]; (ii) replacing CPPs with photovoltaic
(PV) power plants [19,20]; (iii) the use of wind power plants instead of CPPs [21,22]; (iv)
implementing projects of flue gas-fired combined cooling, heating, and power (CCHP)
plants [23,24]; and (v) the use of geothermal energy for district heating instead of coal-fired
heating [25,26], etc.
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In the case of Serbia, switching to NG currently represents the most suitable measure
in the light of the reduction of local and regional GHG emissions. In addition, there are
a number of publications on related topics, providing the readership with useful details
about GHG emissions in Serbia in general [27,28], CO2 emissions from various types
of coals used in Serbian CPPs [29,30], climate change policies and plans relating to the
Southeast European countries [31,32], renewable energy development trends in Serbia
and the other Western Balkan countries [33,34], and so on. Moreover, some papers deal
with CPPs and/or NGPPs in other countries and regions of the world, namely: India [35],
Germany [36], Turkey [37], Algeria [38], Asia-Pacific [12], Southeast Asia [39,40], South
Korea [41], Egypt [42], etc. Accordingly, there is no paper reviewing the potential effects
of the Balkan Stream pipeline on CO2 emissions in Serbia, reviewing planned NGPPs
in Serbia, or dealing with possible scenarios and necessary measures for reducing CO2
emissions in Serbia by the end of 2050 (by means of natural gas-fired electricity generation).

In this paper, reliable projections are made of CO2 emissions reduction scenarios
for the Serbian energy sector up to 2050, and a number of associated measures are then
identified, answering the questions of how the transition from CPPs to NGPPs can reduce
CO2 emissions, to what extent, and with which consequences. The projections are made
based on the relevant data, actual state, and current plans, and the assumption that possible
development trends of renewables in Serbia will follow the current predictions about the
rising proportion of electricity generation from renewable energy sources (RESs) in the
EU’s gross electricity demand up to 2050. In particular, the projections are made using
the Kaya identity [43–48] and emission factor method [49,50], and by varying the levels
of electricity generation from coal, NG, and RES and priorities related to the measure
implementation, taking into account the political environment, status of legislation, actual
state of the economy, energy sector responsiveness to new development trends, etc.

Specifically, the Kaya identity [43–48] is usually used for quantifying global CO2
emissions from anthropogenic sources (in Mt of CO2 per year) and is expressed as the
product of the global population (in billions of persons), global gross domestic product
(GDP) per capita (in current USD per year), energy intensity of global GDP (in TWh or TJ
per billions of current USD), and CO2 intensity of the energy supply (in Mt of CO2 per TWh
or TJ). The emission factor method [49,50] estimates direct GHG emissions from stationary
combustion processes in line with the principles of the GHG protocol. In addition to the
mentioned methods, there are many other methods that can be used to estimate global GHG
emissions, such as the so-called IPAT model [47], Logarithmic Mean Divisia Index (LMDI)
decomposition method [51], LMDI decomposition method based on energy allocation
analysis [51], method of marginal emission factors [52], etc. Furthermore, a number of other
methods that can be used for the same purpose are already outlined in [53]. In order to
estimate the uncertainty limits for the projections, sensitivity analysis is performed using
historical data from the Serbian energy sector for the period 1990–2019. The emission
projections for 2020 are directly compared with the corresponding actual data. The results
include all electricity generation capacities in Serbia, except the ones located in Kosovo.

2. Necessary Data and Methodology

Along with a number of data, the Kaya identity [43–48], necessary assumptions, and
emission factor method [49,50] are used for the development of different projections of the
annual CO2 emissions from the Serbian electricity generation sector. In addition, the Kaya
identity factors are used as a basis for the introduction of all assumptions necessary for the
purpose of applying the emission factor method. Afterwards, based on those projections,
measures for the reduction of CO2 emissions up to the end of 2050 are defined.
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2.1. The Kaya Identity and Historical Data

In the context of the effects of the electric power system and socioeconomic parameters
on CO2 emissions, the original Kaya identity is adapted and expressed as follows [43–48]:

Ea,t = P·G
P
·Cel

G
·Ea,t

Cel
(1)

where Ea,t represents the annual CO2 emissions from the Serbian electricity generation
sector in Mt CO2/y, P is the total population of Serbia in millions, G is the Serbian GDP
in billions of current USD, and Cel is the annual gross electricity consumption of Serbia in
TWh/y. These four parameters directly define the Kaya identity factors. Figures 1 and 2
show the historical changes in the electric power system and socioeconomic parameters. It
should be noted here that the values for Ea,t are taken from the annual reports of PE EPS or
estimated based on the values of the specific energy consumption from the annual reports
and other documentation of PE EPS. In addition, G/P is the Serbian GDP per capita in
thousands of current USD per year, Cel/G is the electricity intensity of Serbian GDP in TWh
per billion of current USD, and Ea,t/Cel is the CO2 intensity of the electricity supply in Mt
CO2/TWh. These three ratios together with the population P represent the Kaya identity
factors. Figure 3 shows the historical changes in the Kaya identity factors.
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As usual, in papers of this kind, projections of CO2 emission reduction scenarios are
considered as emission inventories for a future period of time in which historical data
are replaced by a number of logical expectations and assumptions [49,50]. According to
the historical data from Figures 1–3, all the parameters and factors have been affected by
the national, regional, and global crises, such as the disintegration of the former Socialist
Federal Republic of Yugoslavia (in 1991); the civil wars in Croatia (1991–1995) and Bosnia
and Herzegovina (1992–1995) and the associated large waves of refugees; the economic
sanctions imposed on the Federal Republic of Yugoslavia by the UN Security Council
(between May 1992 and November 1995 and between October 1996 and October 2000);
the NATO bombing campaign against the Federal Republic of Yugoslavia (March-June
1999); the Great Recession of 2008, referring to the economic downturn between 2008 and
2013, which coincided with the outbreak of the influenza A (H1N1) pandemic in 2009;
and the global recession caused by the COVID-19 pandemic in 2019, 2020, and 2021. On
the other hand, compared to EU countries that had already started activities to improve
the operation of their power plants based on the relevant EU directives in the early 1990s,
Serbia started the same activities after 2000. Thus, for example, due to the consequences
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caused by the COVID-19 pandemic, the completion and commissioning of NGPP Pančevo
were postponed for more than one year compared to the original plans. This finally resulted
in a substantial prolongation of the implementation period of the NGPP Pančevo project by
approximately two years. In particular, it took four instead of the planned two years.
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In addition, the total population of Serbia increased between 1990 and 1994 due to
a high level of immigration while it decreased continuously since 1994 [65,66]. The GDP
per capita in constant 2010 USD grew in Serbia from 1999 to 2020 but with some minor
deviations: it significantly declined in 2019, and has not yet reached the level of 1990.
Moreover, the Serbian gross electricity consumption grew from 1990 to 1998, had a decline
of about 10% in 1999, also grew from 2000 to 2006, and has been approximately constant (at
an average level of 33.481 TWh/y) since 2006. For the Serbian GDP in current USD (from
Figure 2), Serbian GDP per capita (from Figure 3), and electricity intensity of Serbian GDP
(from Figure 3), 2000 can be regarded as a ground-breaking year. This ground-breaking year
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coincides with the fact that the European integration process of Serbia started practically
after the suspension of economic sanctions in 2000; that is, with the beginning of political
and economic reforms in Serbia. During the whole period under consideration, there were
several phases during which the annual CO2 emissions were increasing, and several phases
during which they were decreasing. CO2 emissions were, between 1991 and 2005, below
those of 1990, and since 2006, excluding 2014, they were above that level. Moreover, CO2
emissions showed a declining trend from 2011 to 2019 (Figure 2). This trend has coincided
with a clear rising trend in the electricity generation from RESs (Figure 1), which is in
accordance with the national strategy [67]. However, this reduction was 12.65%, and CO2
emissions did not reach the 1990 level, which certainly requires much more serious action
in the direction of raising the share of RESs in the total generation of electricity. Table 1
shows how the amounts of renewable energy used for the generation of electricity and heat
in Serbia relate to the national RES potential.

Table 1. Structure of the exploitable RES potential in Serbia [68,69].

Renewable Energy
Source

Exploitable RES
Potential [68,69]

Amounts Used for Electricity
Generation in 2020

Amounts Usually Used for
Electricity and Heat Generation

GWh/y % GWh/y % GWh/y %

Biomass (including biogas) 38,379 53 189.905 0.26 11,630 16.06
Hydro 19,526.77 26.96 9701.386 13.4 10,571.67 14.6
Solar 6978 9.64 13.262 0.02 13.262 0.02
Wind 2326 3.21 966.579 1.33 966.579 1.33

Geothermal 2326 3.21 0 0 0 0
Biodegradable waste 2884.24 3.98 0 0 0 0

Total 72,420.01 100 10,871.132 15.01 23,181.51 32.01

Furthermore, the changes in the electric power system and socioeconomic parameters,
and the effects of the crises were directly reflected in the changes in the Kaya identity
factors from Figure 3. The most important details that can be seen from this figure are that
there are some trends in the changes in these factors since 2007, and that these trends can be
further used to specify key assumptions and develop possible scenarios for reducing CO2
emissions in Serbia by 2050. In addition to this, multiplying the four factors from Figure 3
by each other produces the resultant curve (1) that is identical to curve representing the
annual CO2 emissions from the Serbian electricity generation sector in Figure 2.

According to the historical changes in the Kaya identity factors in Figure 3, the follow-
ing conclusions can be drawn: (i) Compared to 6.964 million in 2019, the total population
of Serbia will decrease by an average of 0.54% annually during the period up to the end of
2050 and it will probably be about 5.8 million at this time. (ii) Compared to 6338.4 USD
in 2019, the Serbian GDP per capita (in constant 2010 USD) will grow by an average of
1.93% annually by the end of 2030; in 2030, it will reach that of 1990 and it will continue to
grow by 2% annually up to the end of 2050. (iii) By the end of 2050, the electricity intensity
of Serbian GDP and CO2 intensity of the electricity supply will decrease or remain at the
levels of the associated averages for the period 2007–2019.

2.2. Data on Existing and Planned CPPs and NGPPs

In order to develop possible scenarios for reducing CO2 emissions from the Serbian
electricity generation sector by generating electricity from NG, it is necessary to have
insight into the current and future state of CPPs and NGPPs. In particular, it is necessary
to determine the average and potential values of performance indicators, annual CO2
emissions, and annual CO2 emission intensities for all the existing and planned CPPs and
NGPPs, using the calculation method proposed in Appendix A [6,49,57,70–72].

For each CPP built before 2000, the average values of annual electricity generation
(Qel) and hourly lignite consumption (mL) are determined based on five records (actual
values) of Qel and mL for the years (t) from 2015 to 2019, respectively. In addition to this,
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the average values of hourly mazut consumption (mM), hourly naphtha consumption (mN),
and annual number of operation hours (top) are determined based on the five estimates of
mM, mN, and top for the years (t) from 2015 to 2019, respectively. Then, the average values
of Qel, mL, mM, mN, and top are used for the determination of the average values of the
electrical efficiency (ηel), annual CO2 emissions (Ea,t), and annual CO2 emission intensity
(IEa). The same approach is also applied to each NGPP built before 2000, of course, bearing
in mind that there is no NGPP that uses secondary fuels together with NG. For any NGPP
built after 2000, a value of 7500 h/y is assumed for top while all other average performance
indicators are taken directly from the manufacturers and from [73].

Table A1 lists the actual performance indicators, estimated annual CO2 emissions,
and estimated annual CO2 emission intensities for Serbian CPPs and NGPPs built before
2000, for the period from 2015 to 2020. The average values of the performance indicators,
annual CO2 emissions, and annual CO2 emission intensities for the existing Serbian CPPs
and NGPPs are outlined in Tables A2 and A3, respectively. Table A2 is entirely based on
Table A1 while Table A3 is partly formed on the basis of Table A1. Tables A1–A3 can be
found in Appendix B [6,30,73–75].

The development of possible scenarios also requires overviews of CPPs and NGPPs,
which should be constructed in Serbia during the next few decades. There are many
different scenarios dealing with the estimation of the total demand for new CPPs, CPPs
that need to be modernized, and CPPs that will be shut down during the period 2018–2024.
All the scenarios are based on the EU directives 2001/80/EC [76] and 2010/75/EU [77],
and the Energy Sector Development Strategy of the Republic of Serbia for the Period by
2025 with Projections by 2030 [67], which relies predominantly on the electricity generation
in CPPs. Accordingly, this paper will not focus on these scenarios, but it will be based on
the mentioned EU directives and strategy. In the case of planned CPPs and NGPPs, the
calculation method from Appendix A is used again to determine the potential values of
their performance indicators, annual CO2 emissions, and annual CO2 emission intensity.
Specifically, the potential value of Qel for each planned CPP is determined using the actual
lower heating values for lignite (LHVL) and mazut (LHVM), together with the assumed
values for mL, mM, top, and ηel; that is, Equations (A6) and (A10). Similarly, in the case
of each planned NGPP, the potential value for Qel is determined using the actual lower
heating value for NG (LHVNG), and the assumed values for hourly NG consumption (mNG),
top, and ηel. The potential values of the performance indicators, annual CO2 emissions, and
annual CO2 emission intensities for planned CPPs and NGPPs are outlined in Tables 2
and 3, respectively.

2.3. Necessary Assumptions

The three conclusions derived from the historical changes in the Kaya identity factors
and data presented in Tables 2, 3, A2 and A3, are further used as a basis for assumptions
necessary for the development of possible scenarios for reducing CO2 emissions. The
mentioned assumptions are:

• Serbia will continue to base its electricity supply independence on electricity gener-
ation from lignite (in CPPs)—Scenario 1; or Serbia will redefine its electricity sup-
ply independence policy and base it on electricity generation in HPPs and RESs
(i.e., Serbia will continue with the implementation of the so-called EU’s “20-20-20”
targets)—Scenario 2.
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Table 2. An overview of the potential values of the performance indicators, annual CO2 emissions,
and annual CO2 emission intensity for the planned CPPs in Serbia [78].

No. CPP *

Planned
Electricity

Genera-
tion Units
and Their

Powers

Potential
Electrical
Efficiency

**

Potential Fuel Consumption
Potential
Annual

Number of
Operation
Hours ****

Potential
Annual

CO2
Emissions

Potential
Annual CO2

Emission
Intensity

Basic Secondary

Lignite Mazut ***

LHVL mL mM

MW % GJ/t t/h t/h h/y Mt CO2/y g CO2/kWh

1 Kolubara B 1 × 354.2
or 2 × 375 40 6.28 399 or 844 0.399 or

0.844 7340 1.867 or
3.949 907.6 or 907.6

2 Kostolac B3 1 ×350 40 7.8 317 0.317 7340 1.84 907.9
3 Nikola Tesla B3 1 × 750 40 6.7 791 0.791 7340 3.947 907.7
4 Novi Kovin 2 × 350 40 7.8 634 0.634 7340 3.681 907.9
5 Štavalj 1 × 300 40 18.148 117 0 or 0.117 7340 1.5 864.5

Sum 2454.2 or
2850 - - 2258 or

2703
2.258 or

2.703 - 12.835 or
14.917 -

* According to [78], the planned construction period for each planned CPP is between four and six years. In
addition to this, the CPP Kolubara B and CPP Nikola Tesla B3 should use lignite from the Kolubara basin, the
CPP Kostolac B3 and CPP Novi Kovin should use lignite from the Kostolac basin, and the CPP Štavalj should use
coal from the Štavalj coal mine. All CPPs listed in this table should belong to the PE EPS. ** For each planned CPP,
it is assumed that the electrical efficiency should be equal to 40%. *** It is assumed that the mazut consumption
per hour is 0.1% of the lignite or coal consumption per hour. **** For each planned CPP, it is assumed that the
annual number of operation hours for any future year should be equal to the one estimated in [71].

Table 3. An overview of the potential values of the performance indicators, annual CO2 emissions,
and annual CO2 emission intensity for the planned NGPPs in Serbia [78,79].

No.

NGPP * and
Planned Year
of Commence-

ment of
Operation

Planned
Electricity

Generation
Capacity

Potential
Electrical
Efficiency

Potential
Amount

of
Thermal
Energy

Potential
Fuel Con-
sumption

Potential
Annual

Number of
Operation

Hours

Potential
Annual

CO2
Emissions

Potential
Annual CO2

Emission
IntensityNG

mNG

MW % MWth Sm3/h h/y Mt CO2/y g CO2/kWh

1 Pančevo, 2021 3 × 64 = 192 43.11 ** 141 43,000 7500 0.619 468.5

2
Jug (in the City
of Novi Sad),

2020
4 44 4 ~1020 7500 0.015 459

3

Voždovac
(heating plant
in the City of

Belgrade), 2021

3 × 3.328 = 9.984 44 10.035 2541.3 7500 0.037 459

4, 5, 6
and 7

Kragujevac,
Novi Sad,

Belgrade, Niš,
etc., 2031

1000 43.11 ** >700 ~224,000 7500 3.223 468.5

Sum 1205.984 - >855.035 ~270,561.3 - 3.894 -

* NGPP 1 belongs to the petroleum industry of Serbia (NIS), NGPP 2 belongs to the Public Utility Company
Novosadska Toplana Novi Sad (PUC Novosadska Toplana Novi Sad), NGPP 3 belongs to the PUC Beogradske
Elektrane, and NGPPs 4–7 should belong to NIS. ** For combined hot water and steam generation [79].

• Electricity supply independence under Scenario 1 implies that a significant portion of
the average annual gross electricity consumption of Serbia by the end of 2050 should
be covered by CPPs.

• Newly built CPPs will be used only as a replacement for the old ones, and electricity
generation from lignite, by the end of 2050, will not exceed the level of the average
generation for the period 2015–2019.

• Serbia will continue with construction activities and investments in the area of RESs,
and various development sub-scenarios in this area will also be possible.

• The construction of larger NGPPs will slow down or stop the construction of small
NGPPs, and the generation of electricity in NGPPs built after 2000 will be constant up
to the end of 2050.
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• NGPPs Pančevo, Jug, and Voždovac have been completed in the period 2020–2021 and
have started generating electricity at the beginning of 2022 while the construction of
each of the four remaining NGPPs from Table 3 will take three years. They will be built
in phases according to the one-by-one principle and will start generating electricity in
2025, 2028, 2031, and 2034.

• NGPP Novi Sad, built before 2000, will stop generating electricity at the end of 2026,
i.e., when the new NGPP Novi Sad is built.

• Differences that may occur between the generated and consumed electricity amounts
under Scenarios 1 and 2 will be exported.

2.4. Emission Factor Method

For the purpose of the application of the emission factor method, the annual CO2
emissions from the Serbian electricity generation sector are expressed as a function of time
in the following manner [49,50]:

Ea,t =
5

∑
s = 1

Ea,s(t) =
5

∑
s = 1

qS,s(t)·Qel,s(t)·F′E,s(t) (2)

where qS,s(t) is the specific energy consumption (in GJ/GWh) for the sub-sector s in the
year t, Qel,s(t) is the electricity generation (in GWh/y) for sub-sector s in the year t, and
F′E,s(t) is the aggregated CO2 emission factor (in t CO2/GJ) for the sub-sector s in the year t.

The values of the specific energy consumption used for the existing CPPs (sub-sector
s = 1), NGPPs built before 2000 (sub-sector s = 2), NGPPs built after 2000 (sub-sector
s = 3), planned CPPs (sub-sector s = 4), and planned NGPPs (sub-sector s = 5) are 10,729.6,
14,004.1, 8541.4, 10,729.6, and 8348.5 GJ/GWh, respectively. Hence, it is assumed that the
Serbian electricity generation sector consists of three sub-sectors in terms of historical CO2
emissions or five sub-sectors in terms of future CO2 emissions. The values used for Qel,s(t)
are presented in Figure 1.

Since details on the fuels and processes are available for the three/five sub-sectors,
the aggregated CO2 emission factor for the sub-sector s in the year t is estimated from the
weighted CO2 emission factors for the associated fuel types as [50]:

F′E,s(t) = ∑
k

ps,k(t)·FE,s,k(t) (3)

where ps,k(t) is the share of a given fuel type within a given sub-sector (1, 2, 3, 4, or 5), FE,s,k(t)
is the default CO2 emission factor for a given fuel type (in t CO2/GJ), and k is the type of
fuel (k = L stands for lignite or coal, k = M for mazut, k = N for naphtha, and k = NG for
natural gas). According to Tables A1 and A2, for existing CPPs during the 2015–2019 period,
the average shares of lignite, mazut, and naphtha were p1,L(t) = 0.9933, p1,M(t) = 0.006, and
p1,N(t) = 0.0007, respectively. The same is applied to sub-sector s = 4 (that is, to planned
CPPs from Table 2). For sub-sector 2, it is assumed that older NGPPs, in accordance with
Tables A1 and A3, have used only NG as fuel. This assumption is justified by the fact
that in the last decade, older NGPPs have used only NG to generate electricity [6,55,57].
Previously, these NGPPs mainly used liquid fuels such as mazut, naphtha, or gasoline. For
instance, until 2003, CHP Novi Beograd generated heat and electricity only from gasoline
while today, it generates only heat from NG and mazut. This power plant had three units,
where each of them consisted of a 32 MW turbine and a 40 MVA turbo generator. The
amounts of electricity generated by CHP Novi Beograd during the 1990–2003 period are
included in the corresponding annual electricity generations represented by pink curve
with square markers and turquoise curve with x markers in Figure 1. In addition, newer
NGPPs belonging to sub-sector 3 actually use only NG (Table A3). Accordingly, the shares
relating to the fuel type used in existing NGPPs are p2,NG(t) = 1 for s = 2 and p3,NG(t) = 1 for
s = 3. The same is applied to sub-sector s = 5 (that is, to planned NGPPs from Table 3). All
the default CO2 emission factors are based on the 2006 IPCC Guidelines [49]. Therefore, the
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associated aggregated CO2 emission factors are F’E,1(t) = 0.100839 t CO2/GJ, F’E,2(t) = 0.0561
t CO2/GJ, F’E,3(t) = 0.0561 t CO2/GJ, F’E,4(t) = 0.100839 t CO2/GJ, and F’E,5(t) = 0.0561 t
CO2/GJ.

2.5. Historical CO2 Emissions in Serbia

Insight into the applicability of the emission factor method can best be gained by using
it for the determination of historical CO2 emissions that are known or can be estimated
from other available and relevant data. Figure 4 shows a comparison between the available
(official) and estimated values of historical CO2 emissions for the Serbian electricity genera-
tion sector in the period 1990–2020. For the period 2008–2020, according to this comparison,
differences between, on one side, the official values and, on the other, the values estimated
based on the country-specific and default CO2 emission factors are from−3.25 up to +1.56%
and from +3.35 up to +7.94%, respectively. In addition, differences between the two curves
representing the estimated values in Figure 4 amount to 6.06–6.85% for the entire period.
The main reason for such differences in the period 1990–2020 is the use of country-specific
CO2 emission factors to estimate CO2 emissions that are missing. Moreover, reports on the
state of the environment in the PE EPS have been published regularly since 2002, and only
official CO2 emissions for 2008 and the period 2010–2020 were available when writing this
paper. Therefore, it is evident that the official data are underestimated by less than 10%,
which represents a good starting point for estimating CO2 emissions by 2050, of course, if
reliable assumptions can be made. Furthermore, it is interesting to note here that the share
of power plants firing liquid fossil fuels and NG in the total CO2 emissions was the highest
in 1990 and amounted to 3.72%.
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2.6. Sensitivity Analysis

Sensitivity analysis and determination of the uncertainty limits within which CO2
emissions can be expected by the end of 2050 are performed on the basis of known data
on historical annual CO2 emissions Ea,t(t) and electricity generation Qel,s(t) in CPPs and
NGPPs for the period 1990–2019. In particular, values are determined of the coefficients
linking CO2 emissions to electricity generation in CPPs and NGPPs for each year within the
period 1990–2019. Each of these coefficients is calculated as a product of the corresponding
values for the specific energy consumption qS,s(t) and the aggregated CO2 emission factor
F’E,s(t) from Equation (2). In addition, these coefficients differ according to the power plant
types.
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Historical annual CO2 emissions Ea,t(t) and the expected values of qS,s(t) and F′E,s(t)
for the existing CPPs (s = 1), NGPPs built before 2000 (s = 2), and NGPPs built after 2000
(s = 3) are used for the calculation of CO2 emissions from the sub-sectors s = 1, 2, and 3 for
each year t within the period 1990–2019, using the following three expressions:

Ea,s(t) = Ea,t(t)·
qS,s·Qel,s(t)·F′E,s

3
∑

s = 1
qS,s·Qel,s(t)·F′E,s

, s = 1, 2 and 3, (4)

where qS,1 = 10,729.6 GJ/GWh, qS,2 = 14,004.1 GJ/GWh, and qS,3 = 8541.4 GJ/GWh are
the specific energy consumptions for the sub-sectors s = 1, 2, and 3, respectively; and
F′E,1 = 0.100839 t CO2/GJ, F′E,2 = 0.0561 t CO2/GJ, and F′E,3 = 0.0561 t CO2/GJ are the
aggregated CO2 emission factors for the sub-sectors s = 1, 2, and 3, respectively.

Accordingly, coefficients showing the sensitivity of CO2 emissions to electricity gener-
ation, for each of the three sub-sectors (s = 1, 2, and 3) and for each year t within the period
1990–2019, are obtained as:

ps(t) =
Ea,s(t)
Qel,s(t)

, s = 1, 2 and 3, (5)

Then, the mean values:

ps,av(t) =

j
∑

i = 1
ps,i

j
, s = 1, 2 and 3, (6)

and the standard deviations:

σp,s(t) =

√√√√√√
j

∑
i = 1

[ps,i − ps,av(t)]
2

j
, s = 1, 2 and 3, (7)

for the sensitivity coefficients ps(t) are determined. In the previous equations for ps,av(t) and
σp,s(t), the coefficient j represents the number of historical data used.

Specifically, it is assumed that the number of historical data used equals the number
of years for which a forecast is made. Thus, for instance, for 2025, the coefficient j amounts
to 2025–2019 = 6, which means that data from the recent past are used first as the most
relevant for forecasting in the near future. Annual CO2 emissions for any sub-sector (s = 1,
2 or 3) can be determined as:

Ea,s(t) = ps,av(t)·Qel,s(t), s = 1, 2 and 3, (8)

which is further used to develop the equation for the standard deviation of annual CO2
emissions:

σ(Ea,s) = σ(ps,av·Qel,s) = Qel,s·σ(ps,av), (9)

that is,
σE,s(t) = Qel,s(t)·σp,s(t) (10)

which is valid for the year t of forecasting.
The previous equation can also be written in the following form:

σE,s%(t) =
Qel,s(t)·σp,s(t)
Qel,s(t)·ps,av(t)

·100 = σp,s%(t) (11)

where σE,s%(t) and σp,s%(t) are the corresponding percentage standard deviations.



Energies 2022, 15, 4792 12 of 33

Since annual CO2 emissions in the future, according to the emission factor method
and the associated Equation (2), will come partly from the existing CPPs (s = 1), partly
from NGPPs built before 2000 (s = 2), partly from NGPPs built after 2000 (s = 3), partly
from planned CPPs (s = 4), and partly from planned NGPPs (s = 5), then an equivalent
standard deviation that takes into account all types of electricity-generating plants must
be determined. The equivalent standard deviation is determined based on the calculated
values of the percentage standard deviations for the existing CPPs (s = 1), NGPPs built
before 2000 (s = 2) and NGPPs built after 2000 (s = 3), and the amounts of electricity
generated from the corresponding power plants in the considered scenarios Qel,s, where
s = 1, 2, and 3, i.e.,

σE,s%(t) =

3
∑

s = 1
Qel,s·ps,av(t)·σp,s%(t)

3
∑

s = 1
Qel,s·ps,av(t)

(12)

In the previous expression, CPPs and NGPPs that were planned to be built after
2019 are included in the first and third terms of the numerator, respectively. Based on
this, Ea,max(t) = Ea,av(t)·[1 + 2·σE,s%(t)] and Ea,min(t) = Ea,av(t)·[1 − 2·σE,s%(t)] are identified
as the upper and lower uncertainty limits for the projection of CO2 emissions in the
year t, respectively; while ±2·σE,s%(t) is identified as a confidence interval with respect
to the corresponding mean value Ea,av(t). In connection with this, the mean (expected)
value of CO2 emissions for the year t of forecasting Ea,av(t) represents the value of CO2
emissions on the basis of which the corresponding projections are drawn in Section 4. The
confidence interval of ±2·σE,s%(t) is adopted because this is the interval most commonly
used in engineering to ensure that some projections belong to a particular interval with a
probability of 95.45%.

3. Effects of the Balkan Stream and Natural Gas Sustainability
3.1. Potential Effects of the Balkan Stream on CO2 Emissions

In 2019, according to Table A3, the total annual consumption of NG for the needs
of electricity generation in 20 Serbian NGPPs was approximately 133.4 million Sm3/y,
whereas 35.8 million Sm3/y (or 26.82%) of this amount was obtained from Serbian NG
fields while the remaining amount (73.18%) was imported from other countries. NGPPs
from Table A3 labeled with the numbers 6–19 use NG from domestic sources, and are
located in their vicinity and belong to NIS while the remaining six NGPPs use imported
NG. According to Table 3, the amount of about 2.0292 billion Sm3 of NG per year will be
required for the planned NGPPs. This amount is almost equal to the capacity of the Balkan
Stream pipeline that is projected for Serbia, and which amounts to between 1.8 and 2 billion
Sm3 of NG per year [8,80–82]. Accordingly, it can be concluded that after the construction
(i.e., commissioning) of all the NGPPs from Table 3, the entire projected capacity of 1.8–2
billion Sm3/y will be used for the generation of electricity. However, the maximum amount
of NG that could be delivered to Serbia by the Balkan Stream pipeline equals to 4.5 billion
Sm3/y, which means that the difference between this maximum amount and the associated
capacity projected for Serbia would be available to other consumers.

Based on Tables A2 and A3, the average annual CO2 emission intensity for CPPs
equals 1080.7 g CO2/kWh and is about twice as high as in the case of NGPPs. Accordingly,
assuming the same annual number of operation hours for both old and new units, the
replacement of each old CPP unit by a new NGPP unit of the same capacity would result in
a reduction in the annual amount of CO2 emissions by more than 50%; namely, by 56.05%
in the case of units A1 and A2 of the CPP Nikola Tesla A, 63.06% in the case of the CPP
Kolubara A, 60.35% in the case of the CPP Morava, and 66.24% in the case of the CPP
Kostolac A. In particular, the replacement of all old CPP units (having a total installed
capacity of 1126 MW) will decrease the annual amount of CO2 emissions from Ea,t = 5.946
Mt CO2/y to Ea,t = 2.305 Mt CO2/y.



Energies 2022, 15, 4792 13 of 33

The planned NGPPs from Table 3 will be built in the vicinity of Serbian cities with the
highest degree of industrialization, high traffic intensity, outdated district heating systems,
and the like, and thus with the highest level of air pollution in the period from 2001 to 2019.
These were, according to [83–86], the cities of Belgrade, Novi Sad, Niš, Subotica, Kragujevac,
Pančevo, Obrenovac, Lazarevac, Valjevo, Kostolac, etc. Moreover, some of these cities are
located very close to the existing and planned CPPs (from Tables 2 and A2, respectively)
while Belgrade was the most polluted city in the world for a few times during 2019 [87,88].
For instance, the cities of Obrenovac, Lazarevac, Valjevo, and Belgrade are located near
the Kolubara basin, that is, the largest existing Serbian CPPs, and so on. Figure 5 shows
the layout of existing and planned CPPs and NGPPs with respect to the part of the Balkan
Stream pipeline running across Serbia and with respect to two local NG pipeline systems.
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Therefore, it is obvious that the Balkan Stream pipeline, together with NGPPs that will
be supplied by it, will significantly reduce the annual amounts of CO2 emissions from the
Serbian electricity generation sector, and the levels of air pollution in the largest Serbian
cities.

According to Figure 5, for all old CPPs, and for most of the planned ones, it can be
said that they are or will be built in the Kolubara and Kostolac basins, that is, near the city
of Belgrade. As for the existing 20 NGPPs, 15 of them are located north of Belgrade, i.e.,
in Vojvodina, where domestic NG fields are located and where the NG infrastructure is
almost completely developed; while four of them are located in the Kostolac basin (east
of Belgrade), and one in Belgrade. Accordingly, it is clear that the Balkan Stream pipeline
has intensified planning in order to build new NGPPs in the Belgrade area and in the
southern parts of the country; namely: two in Belgrade, where there is a well-developed
NG infrastructure, and one each in Kragujevac and Niš, whose local NG distribution
networks are not yet developed.

3.2. Natural Gas Sustainability

Serbia is a developing country that produces, stores, and imports NG. The total an-
nual production of NG, which was delivered to the Serbian transmission and distribution
system, was 293 million Sm3 in 2019, which is 12.5% less than the production in 2018 [54].
In 2019, a total of 2.609 billion Sm3 was available for domestic consumption from: domestic
production, underground storage (in Banatski Dvor), and imports, and 2.325 billion Sm3

of NG was consumed [54]. Most of NG is imported from Russia under a long-term agree-
ment [89]. Imports of NG from Russia under long-term and other agreements amounted to
2.197 billion Sm3 in 2019, and all required quantities were imported over the Hungarian
transmission system [54]. In 2019, 8% less NG was consumed than in 2018. Consumption
of NG in residential buildings increased by about 5% while in heating power plants, it
decreased by slightly less than 9%, and in industry, it decreased by more than 9% [54]. In
particular, the scope of NG in Serbia, in terms of CO2 emission reduction, mainly lies in the
energy (heat generation) and industry sectors. Accordingly, the concept of sustainability
with regard to NG is very important for Serbia.

In order to establish whether NG can be used as transition fuel in the achievement
of the sustainable energy solutions, together with reducing CO2 emissions, an STEEP
analysis is carried out in accordance with the procedure proposed in [90]. The sustainability
parameters/dimensions considered in the STEEP analysis are the following [90]: social (S),
technological (T), economic (E), environmental (E), and political (P). These five parameters
form the so-called STEEP framework. The STEEP framework has one parameter less than
the most commonly used PESTEL framework [90], and that is the legal parameter (L).
The STEEP framework is applied to the case of Serbia with the aim of identifying the key
drivers and potential barriers for each existing issue. All key drivers and potential barriers
identified are outlined in Table 4. The STEEP analysis carried out in [90] covered the
following countries: India, Norway, Iran, and the UK, which gives readers the opportunity
to contrast the case of Serbia with these countries.
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Table 4. STEEP parameters in the case of Serbia.

Sustainability Parameter Key Drivers Potential Barriers

Social
(S)

• Growing pressure for reducing GHGs
from the EU and its own citizens

• Largest growth in NG usage comes
from energy and industry sectors

• Limited availability of hydropower
• Population decline since 1994

• Availability of significant lignite and coal
resources

• Underdeveloped culture for optimized
energy management and consumption

• Increasing demand for safe and fully clean
energy production and distribution

Technological
(T)

• Availability of well-known and proven
technologies, such as CHP, CCHP,
underground NG storage, etc.

• Switching from CPPs to NGPPs
• Construction of interconnecting NG

pipelines between Serbia and its
neighboring countries

• Physical distance from exporting countries
• Currently underdeveloped infrastructure to

distribute NG in many Serbian regions
• A continuous decline in domestic NG

production since 2013
• Lack of strategic NG interconnections

Economic
(E)

• Improvement of energy intensity and
energy efficiency indicators

• Growth in NG revenues
• Creation of good opportunities for local

and foreign investors
• Domestic NG production important for

job creation and economic growth

• Level of investment required for
infrastructure development

• Lack of regional competitiveness in the NG
market

• Low electricity prices
• Expected introduction of a new EU tax on

energy-related CO2 emissions in Serbia

Environmental
(E)

• Reduction of GHG emissions in line
with the EU’s “20-20-20” targets

• Overall reduction of pollution
• Switching from coal to NG
• The use of NG for heating will decrease

in the future due to expected mild
winters

• Overreliance on lignite and coal resources
leads to environmental issues

• Fugitive methane emissions from NG
industry operations

• Methane emissions from coal mines
• Increased use of NG in buildings will

increase national GHG emissions

Political
(P)

• Compliance with the Paris Agreement
and commitment to reduce CO2
emissions by 9.8% by 2030 compared to
those in 1990

• Intergovernmental agreements between
Serbia and exporting countries

• National strategy for the development
of energy sector

• Periodic problems in the construction of the
Balkan Stream pipeline

• Unstable global geopolitical situation
• Sanctions on the Russian energy industry

imposed by the USA, the EU, and their
allies

• Acting in accordance with the EU’s
geopolitical interests

4. Results and Discussion

Scenario 1 or Scenario 2 can further be divided into a number of possible sub-scenarios.
Figure 6 shows the region of possible sub-scenarios within Scenario 1.
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• Overreliance on lignite and coal resources leads to
environmental issues 

• Fugitive methane emissions from NG industry operations 
• Methane emissions from coal mines 
• Increased use of NG in buildings will increase national GHG

emissions 

Political  
(P) 

• Compliance with the Paris Agreement and commitment to
reduce CO2 emissions by 9.8% by 2030 compared to those in
1990  

• Intergovernmental agreements between Serbia and exporting
countries 

• National strategy for the development of energy sector 

• Periodic problems in the construction of the Balkan Stream
pipeline 

• Unstable global geopolitical situation  
• Sanctions on the Russian energy industry imposed by the USA,

the EU, and their allies 
• Acting in accordance with the EU’s geopolitical interests 
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Appendix C gives an overview of six of the many possible sub-scenarios within
Scenario 1. These sub-scenarios are shown together with their upper and lower limits of
uncertainty in Figure A1. According to Figure A1, Sub-scenario 1-1 surrounds the region of
possible sub-scenarios from the upper side while the Sub-scenario 1-6 surrounds the region
from the lower side. Sub-scenario 1-1 assumes that, by the end of 2040, the generation of
electricity from lignite should be at the level of the average generation of electricity from
lignite for the period 2015–2019, and then it should start to decrease by 3% annually until it
reaches 70% of the given average. According to Sub-scenario 1-6, by the end of 2030, the
generation of electricity from lignite should be reduced by 3% annually until it reaches
70% of the average electricity generation from lignite for the period 2015–2019, and then it
should remain unchanged until the end of 2050.

Regarding Scenario 1 and Figure 6, the following should be observed: (i) Each of the
possible sub-scenarios predicts that CO2 emissions from the Serbian electricity generation
sector should finally be equal to 22.248 Mt CO2/y, which means that under each of these
sub-scenarios, CO2 emissions could be reduced by 10.94% compared to the corresponding
estimated value of 1990. (ii) Sub-scenarios similar to Sub-scenario 1-1 would at first have
rising trends and then declining trends while sub-scenarios similar to Sub-scenario 1-6
would have non-rising trends during the entire period under consideration. (iii) The
wavy parts of these sub-scenarios illustrate the potential effects of the phased construction
and commissioning of the planned NGPPs on CO2 emissions from the Serbian electricity
generation sector by 2034. (iv) According to these sub-scenarios, there is a possibility that
annual CO2 emissions from the Serbian electricity generation sector should significantly
exceed that of 1990, specifically reaching 30.063 Mt CO2/y. (v) If Serbia, for some reason,
gives up or alters its position on the accession to the EU, then it can be said with some
confidence that the actual scenario of reducing CO2 emissions from the Serbian electricity
generation sector by 2050 could be between Sub-scenarios 1-1 and 1-6.

In addition, six of all possible sub-scenarios within Scenario 2 are overviewed in
Appendix C and shown in Figure A2. At the same time, Figure A2 shows the corresponding
upper and lower uncertainty limits. According to Figure A2, Sub-scenarios 2-1 and 2-5
surround the region of possible sub-scenarios from the upper and lower sides, respectively.
Sub-scenario 2-1 assumes that, in 2020, the generation of electricity from lignite should be
at the level of the average generation of electricity from lignite for the period 2015–2019,
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and then it should be decreased annually by the amount of electricity generated in planned
NGPPs. In accordance with Sub-scenario 2-5, the annual gross electricity consumption
should be reduced by 20% by 2050, the generation of electricity from lignite should be
reduced annually by the amounts of electricity generated in planned NGPPs and RESs, and
by the amount of the decline in the annual gross electricity consumption, and everything
else should be the same as in Sub-scenarios 2-3 and 2-4 (which are defined in Appendix C).
The region of possible sub-scenarios within Scenario 2 is presented in Figure 7.

Regarding Scenario 2 and Figure 7, the following should be noted: (i) Each of the possi-
ble sub-scenarios shows that annual CO2 emissions from the Serbian electricity generation
sector can finally be significantly lower than that of 1990. (ii) Each of these sub-scenarios
is in line with the EU’s “20-20-20” targets. (iii) It seems that zero CO2 emissions from the
Serbian electricity generation sector cannot be reached at the end of 2050. (iv) Sub-scenario
2-5 appears to be the best possible scenario for the Serbian electricity generation sector. (v)
If Serbia decides to achieve the EU’s “20-20-20” targets and accelerate the EU accession
process, then it is evident that the actual scenario of reducing CO2 emissions from the
Serbian electricity generation sector by 2050 could be one of the sub-scenarios from Figure 7.

In connection with these projections, the application of the proposed methodology
also resulted in an underestimation of CO2 emissions for 2020. This can best be seen
from the comparison between, on one side, the yellow curve with triangle markers or
official CO2 emissions from Figure 4 and, on the other, the results presented in Figure 6
or Figure 7. CO2 emissions in 2020 amounted to 26.525 Mt CO2/y in accordance with
yellow curve with triangle markers from Figure 4, and 28.381 Mt CO2/y in accordance
with the official data. Based on Figures 6 and 7, CO2 emissions in 2020, according to
Sub-scenario 1-1 or Sub-scenario 2-1, amounted to 26.311 Mt CO2/y. This value is lower
by 0.81% and 7.29% if compared to the CO2 emissions of 26.525 and 28.381 Mt CO2/y,
respectively. From the point of view of engineering, these differences are reasonable for
the proposed estimation procedure. Therefore, it is obvious that CO2 emissions from the
Serbian electricity generation sector in 2020 correspond to Scenario 1; that is, Sub-scenario
1-1.
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It is interesting to see what the shares of certain technologies were in the total electricity
generation in Serbia in 2020 and what they might be after the construction of all the NGPPs
from Table 3. The actual shares of electricity generation for 2020 and projected shares
of electricity generation according to Sub-scenario 2-4 (defined in Appendix C) for 2034
are represented by bars (a) and (b) in Figure 8, respectively. The projected shares (b) in
Figure 8 are obtained assuming that the annual electricity generation and the amount of
electricity generated in HPPs in 2034 should be the same as the ones for 2019, that the
annual gross electricity consumption in 2034 should be the same as the average one for the
period 2006–2019, and that electricity generation in CPPs in 2034 should be reduced by the
amounts of electricity generated in all NGPPs built after 2000 and RESs, and, at the same
time, increased by the amount of electricity generated in NGPPs built before 2000.

Figure 8 clearly shows that there is a possibility that Serbia can remain independent in
terms of the electricity supply even if electricity generation from lignite falls slightly below
30%. However, in the case of Serbia, the RESs construction campaign must be continued,
and the construction of planned HPPs with higher capacities must begin as soon as possible.
Moreover, it is evident that new players will appear in the Serbian electricity generation
sector. The companies that are building NGPPs in Serbia and which are most interested in
the success of the Balkan Stream project could certainly be these new players, namely: NIS
and Gazprom Energoholding Serbia. As for electricity generation, NIS has been generating
electricity since 2012 and has been selling a portion of that electricity amount to the PE EPS.
Figure 9 shows the annual amounts of electricity generated and sold by NIS during the
period 2012–2020, and the appropriate projections for 2022. The projections are obtained
assuming that the amount of electricity consumed (internally) by NIS in 2022 could be the
same as in 2020 (i.e., 405.74 GWh/y). According to Figures 8 and 9, assuming that the total
amount of electricity generated in Serbia in 2022 could be the same as the one in 2020, the
share of electricity generation of NIS in the total electricity generation for 2022 could be
3.6%. Under the same assumptions, after the commissioning of NGPPs 4-7 with a total
installed capacity of 1000 MW, the share of electricity generated by NIS could reach the
order of 24% (bar (b) in Figure 8).
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Based on all the considerations, a set of applicable measures to ensure that Serbia
will remain independent in terms of the electricity supply and at the same time maximally
reduce CO2 emissions from its electricity generation sector is as follows:

• The share of CPPs in the total annual amount of electricity consumed in Serbia should
be 28%. It should also be ensured that this share can be additionally increased by up
to the share of NGPPs (i.e., by up to 24%), if necessary.

• The construction of planned HPPs with lager generation capacities must be carried
out simultaneously with the construction of RESs and completed as soon as possible.
This measure has no alternative.

• The construction of RESs should be continued according to the trend from 2020 or
intensified even more. If possible, the share of RESs in the total annual amount of
electricity consumed in Serbia should be increased up to 27% (of course, without
taking into account the share of larger HPPs).

• The annual gross electricity consumption of Serbia should be reduced by up to 20% by
means of the implementation of projects in the areas of smart cities, smart infrastruc-
ture, and energy-efficient industries.

5. Conclusions

Compared to CO2 emissions from the Serbian electricity generation sector for 1990,
CO2 emissions obtained under Scenarios 1 and 2 could be reduced by 10.94% and by up
to 74.44%, respectively. In addition, for the same annual number of operation hours, the
replacement of each old CPP by a new NGPP of the same generation capacity can reduce
the corresponding annual CO2 emissions by at least 50%. Moreover, new large players
have been appearing in the Serbian electricity generation sector, which represents the next
logical step in the deregulation of the local electricity market. In connection with this, it was
found that, by 2034, the share of NGPPs owned by these players in the total annual amount
of electricity consumed in Serbia can reach 24%. Furthermore, if Serbia relies unreservedly
on the generation of electricity in NGPPs, giving up the technology of conventional CPPs,
then its electricity generation sector could, for the first time, be dependent on the import of
NG. Accordingly, Serbia can remain independent in terms of the electricity supply only if
the share of CPPs in the total annual amount of electricity consumption amounts between
28% and 52%.

The proposed methodology combining the Kaya identity with the emission factor
method was developed and successfully applied in order to estimate the potential annual



Energies 2022, 15, 4792 20 of 33

CO2 emissions from the Serbian electricity generation sector by the end of 2050. According
to the proposed methodology, the future CO2 emissions were probably underestimated
by less than 10%, which is reasonable because such differences result from the use of
the default CO2 emission factors (taken from the 2006 IPCC Guidelines) instead of the
country-specific ones. In addition to this, the EU’s “20-20-20” targets are achievable in the
case of the Serbian electricity generation sector by 2050 while zero CO2 emissions are not.
The proposed methodology was successfully verified based on historical data for 2020, and
it was pointed out that the CO2 emissions for 2020 correspond to Sub-scenario 1-1.

It was also found that the annual CO2 emissions from the Serbian electricity generation
sector were reduced by 12.65% in the period 2011–2019 and that they did not reach the 1990
level. Moreover, it was established that the share of RESs in the annual amount of electricity
generated in Serbia reached 4.21% for the first time in 2020. Undoubtedly, the reduction in
CO2 emissions coincided with the increase in electricity generation from RESs. However, it
is possible that the unusually mild winters in the period 2011–2020 also contributed to this
outcome. Finally, having in mind the need to ensure that Serbia should remain independent
in terms of the electricity supply, a set of measures necessary for the reduction of CO2
emissions from the Serbian electricity generation sector was also identified.

Future research directions are a direct comparison of the proposed methodology to
that used by the PE EPS, a study of the country-specific CO2 emission factors including the
generation of electricity and heat, and overviews of possible scenarios for reducing other
energy-related GHG emissions in Serbia.
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Nomenclature

CCHP Combined cooling, heating, and power
CHP Combined heating and power
CPP Coal-fired power plant
EU The European Union
GDP Gross domestic product
GHG Greenhouse gas
HPP Hydro power plant
IEA The International Energy Agency
IPAT The impact by population, affluence, and technological development
IPCC The Intergovernmental Panel on Climate Change
KC Clinical Center (or Klinički Centar, in Serbian)
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LMDI Logarithmic Mean Divisia Index
NATO North Atlantic Treaty Organization
NIS The Petroleum Industry of Serbia
NG Natural gas
NGPP Natural gas-fired power plant
PE EPS The Public Enterprise Electric Power Industry of Serbia
PESTEL P–political, E–economic, S–social, T–technological, E–environmental, and L–legal
PUC Public Utility Company
PV Photovoltaic
RES Renewable energy source
STEEP S–social, T–technological, E–economic, E–environmental, and P–political
UK The United Kingdom
UN The United Nations
USA The United States of America
USD United States Dollar
BUSD Billion of current USD
GJ/GWh Gigajoule per gigawatt-hour
GJ/Sm3 Gigajoule per standard cubic meter
GJ/t Gigajoule per ton
Gt CO2 Gigaton of CO2
GWh/y Gigawatt-hour per year
g CO2/kWh Gramme of CO2 per kilowatt-hour
h/y Hour per year
kt CO2/y Kiloton of CO2 per year
kUSD/y Thousand of current USD per year
k 2010 USD Thousand of constant 2010 USD
Mt CO2 Megaton of CO2
Mt CO2/TWh Megaton of CO2 per terawatt-hour
Mt CO2/y Megaton of CO2 per year
MW Megawatt
MWth Thermal megawatt
Sm3 Standard cubic meter
Sm3/h Standard cubic meter per hour
Sm3/y Standard cubic meter per year
TJ Terajoule
TWh Terawatt-hour
TWh/BUSD Terawatt-hour per billion of current USD
TWh/y Terawatt-hour per year
t CO2/GJ Ton of CO2 per gigajoule
t CO2/y Ton of CO2 per year
t/h Ton per hour
t/y Ton per year

Appendix A. Calculation of CO2 Emissions

For the calculation of the annual direct CO2 emissions from stationary combustion of
fuels, and associated annual CO2 emission intensities, the following performance indicators
of CPPs and NGPPs were used: Qel—the annual electricity generation in GWh/y, LHVi—
the lower heating value of a specific fuel type in GJ/t or GJ/Sm3, Mi—the annual fuel
consumption in t/y or Sm3/y, FE,i—the default value of direct CO2 emission factor for
stationary combustion of a specific fuel type in the electricity generation sector in t CO2/GJ,
and mi—the hourly fuel consumption in t/h or Sm3/h. In addition, the subscript i = L, M,
N, or NG represents a specific fuel type, namely: the subscripts L, M, N, and NG stand for
lignite (or coal), mazut (i.e., residual fuel oil), naphtha, and NG, respectively. The actual
values for Qel, LHVi, Mi, FE,i, mL, and mNG are taken from [6,49,57,70,71] and from the
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official web page of the PE EPS while the values for mM and mN are estimated based on the
known actual values in the following manner:

mi =
Mi
top

for i = M and i = N, (A1)

where:
top =

Mi
mi

for i = L and i = NG (A2)

represents the estimated annual number of operation hours for a specific CPP or NGPP in
h/y.

For Serbian CPPs, lignite is the basic fuel while mazut and naphtha are secondary.
In order to accelerate combustion processes, the secondary fuels are added to the basic
fuel, before being fed to the combustion system. Although Serbian NGPPs do not need
any secondary fuel for electricity generation, two of them can use mazut instead of NG
(as an alternative fuel), and one simultaneously uses biomass for the generation of heat.
The lower heating values for mazut, naphtha, and NG are LHVM = 40.86, LHVN = 42.1,
and LHVNG = 0.0342 GJ/Sm3, respectively. The lower heating values for different types
of lignite used in Serbian CPPs are given in Table A1, Appendix B. The default values
of direct CO2 emission factors for stationary combustion of lignite, mazut, naphtha, and
NG are based on the 2006 IPCC Guidelines for National Greenhouse Gas Inventories [49].
According to [49], the direct CO2 emission factors for lignite, mazut, naphtha, and NG are
FE,L = 0.101, FE,M = 0.0774, FE,N = 0.0733, and FE,NG = 0.0561 t CO2/GJ, respectively. The
required values for the hourly consumptions of lignite/coal, mazut, naphtha, and NG are
given in Tables 1, 2 and A1–A3; that is, in Section 2 and Appendix B.

The annual direct CO2 emissions from stationary combustion of a combination of fuels
(lignite and mazut; lignite and naphtha; lignite, mazut and naphtha; NG only; or coal and
mazut) for a specific CPP or NGPP in t CO2/y are calculated by means of [49]:

Ea,t = ∑
i

Ea,i = ∑
i

LHVi·Mi·FE,i (A3)

or:
Ea,t = ∑

i
Ea,i = ∑

i
LHVi·mi·top·FE,i, (A4)

where Ea,i represents the annual direct CO2 emissions from stationary combustion of a
specific fuel type in t CO2/y, Mi is the annual consumption of a specific fuel type in t/y or
Sm3/y, mi is the hourly consumption of a specific fuel type in t/h or Sm3/h, and top is the
estimated annual number of operation hours for the CPP or NGPP under consideration in
h/y.

The annual amount of heat released from stationary combustion of a combination of
fuels in GWh/y is:

Q f = ∑
i

Q f ,i =
1

3600
·∑

i
LHVi·Mi (A5)

or:
Q f = ∑

i
Q f ,i =

1
3600

·∑
i

LHVi·mi·top, (A6)

where Qf,i is the annual amount of heat released from stationary combustion of a specific
fuel type in GWh/y.

In Equations (A3)–(A6), the estimated, average, or potential values for Ea,t, Ea,i, Qf,
and Qf,i are required to be calculated using the corresponding values of Mi, mi, and top.
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Moreover, the average values for mi and top are obtained based on the five corresponding
estimates relating to the years (t) from 2015 to 2019, i.e.,

mi =
1
5
·

2019

∑
t = 2015

mi(t) for i = M and i = N (A7)

and:

top =
1
5
·

2019

∑
t = 2015

top(t), (A8)

respectively, while the average value for Mi is estimated as:

Mi = mi·top for i = M and i = N. (A9)

Furthermore, the actual and average values of mL for a specific CPP, or of mNG for a
specific NGPP, are assumed to be constant and mutually equal.

Accordingly, the electrical efficiency for a specific CPP or NGPP in percent is:

ηel =
Qel
Q f
·100, (A10)

where Qel is the annual electricity generation in GWh/y, and Qf is the annual amount of
heat released from stationary combustion of a combination of fuels in GWh/y. In this case,
the values for ηel, Qel, and Qf may be the actual, average, or potential. The average value
for Qel is obtained based on five appropriate actual values relating to the years (t) from
2015 to 2019, i.e.,

Qel =
1
5
·

2019

∑
t = 2015

Qel(t). (A11)

Finally, for a CPP or NGPP in the case when heat generation is not taken into account,
an annual CO2 emission intensity IEa in g CO2/kWh (estimated, average, or potential) is
calculated as the ratio of the corresponding annual direct CO2 emissions from stationary
combustion of a combination of fuels Ea,t in t CO2/y, and the corresponding annual
electricity generation Qel in GWh/y [72], i.e.,

IEa =
Ea,t

Qel
. (A12)

If a CPP or NGPP uses only one type of fuel, Equation (A12) reduces to the following
form:

IEa =
36·104·FE,i

ηel
, (A13)

where FE,i is in t CO2/GJ, and ηel in percent. In particular, this equation can be obtained by
substituting Equations (A3), (A5) and (A10) into (A12), or by substituting Equations (A4),
(A6) and (A10) into (A12).

Appendix B. CO2 Emissions from the Existing CPPs and NGPPs

Overviews of the actual, estimated, and average values for the performance indicators,
annual CO2 emissions, and annual CO2 emission intensity of existing CPPs and NGPPs in
Serbia are given in this appendix. Table A1 shows a periodic overview of the actual and
estimated data on the CPPs and NGPPs built before 2000 while Tables A2 and A3 show
overviews of the average data on all existing CPPs and all existing NGPPs, respectively.
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Table A1. A periodic overview of the actual performance indicators, estimated annual CO2 emissions,
and estimated annual CO2 emission intensities for Serbian CPPs and NGPPs built before 2000 [6] *.

CPP or NGPP and LHVi ** Parameter Unit 2015 2016 2017 2018 2019 2020

Nikola Tesla A
which uses the lignite having

LHVL = 6.7 GJ/t

Qel GWh/y 9693.3 10,844 8357.098 7878 8571.08 9075.7

Fuel
mL t/h 2510 2510 2510 2510 2510 2510
mM t/h 2.552 1.312 1.511 3.614 3.01 3.119

top h/y 5831.4 6635.1 5732.4 5529.7 5862.4 6243.8
ηel % 35.36 34.87 31.09 30.28 31.03 30.88

Ea,t
Mt

CO2/y 9.952 11.297 9.764 9.445 10.024 10.667

IEa
g

CO2/kWh 1026.7 1041.8 1168.3 1198.9 1169.6 1175.3

Nikola Tesla B
which uses the lignite having

LHVL = 6.7 GJ/t

Qel GWh/y 8196.2 6418 7750.348 7733.1 7937.29 7960.86

Fuel
mL t/h 1770 1770 1770 1770 1770 1770
mM t/h 1.747 3.979 3.058 1.585 2.486 1.634

top h/y 6709.9 5403.1 6843.8 7115.2 7223.3 7225
ηel % 36.86 35.57 34.02 32.71 32.95 33.26

Ea,t
Mt

CO2/y 8.074 6.54 8.263 8.578 8.688 8.691

IEa
g

CO2/kWh 985.1 1019 1066.2 1109.3 1094.6 1091.7

Kolubara A
which uses the lignite having

LHVL = 6.28 GJ/t

Qel GWh/y 803.1 706 780.746 560.1 560.15 560.24

Fuel
mL t/h 493.5 493.5 493.5 493.5 493.5 493.5
mN t/h 1.26 0.499 0.45 0.725 0.741 0.88

top h/y 2999.5 2742.2 2960.1 2230.5 2242.2 2093.4
ηel % 30.58 29.7 30.45 28.88 28.74 30.72

Ea,t
Mt

CO2/y 0.951 0.863 0.931 0.703 0.707 0.661

IEa
g

CO2/kWh 1183.6 1221.8 1192 1255.6 1261.9 1179.8

Morava
which uses the lignite having

LHVL = 7.78 GJ/t

Qel GWh/y 335.4 294 390.184 443.5 453.86 491.93

Fuel
mL t/h 170 170 170 170 170 170
mM t/h 0.578 0.571 0.567 0.208 0.37 0.162
mN t/h 0.218 0.195 0.103 0.096 0.084 0.063

top h/y 2441.1 2238.1 2941.6 3478.6 3712.9 3749
ηel % 36.49 34.92 35.37 34.22 32.96 35.47

Ea,t
Mt

CO2/y 0.332 0.304 0.399 0.47 0.5 0.503

IEa
g

CO2/kWh 990.4 1035.3 1023 1059 1100.6 1023.4

Kostolac A
which uses the lignite having

LHVL = 7.8 GJ/t

Qel GWh/y 1742.9 2042 2063.031 2010.4 2070.76 1671.07

Fuel
mL t/h 410 410 410 410 410 410
mN t/h 0.192 0.181 0.188 0.242 0.35 0.443

top h/y 6544.2 7103.5 7513.1 6979.5 7145.4 5933.6
ηel % 29.9 32.28 30.83 32.32 32.47 31.52

Ea,t
Mt

CO2/y 2.118 2.298 2.431 2.26 2.316 1.925

IEa
g

CO2/kWh 1215 1125.5 1178.4 1124 1118.3 1151.8

Kostolac B
which uses the lignite having

LHVL = 7.8 GJ/t

Qel GWh/y 4245.9 4711 4798.8 4329.3 3575.74 4571.73

Fuel
mL t/h 800 800 800 800 800 800
mM t/h 1.053 0.65 0.56 0.751 0.868 0.692

top h/y 6958.8 7496.6 7738.7 6862.4 5546.7 6941.5
ηel % 34.96 36.1 35.64 36.22 36.98 37.83

Ea,t
Mt

CO2/y 4.409 4.74 4.891 4.341 3.511 4.39

IEa
g

CO2/kWh 1038.4 1006.2 1019.2 1002.8 981.9 960.3
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Table A1. Cont.

CPP or NGPP and LHVi ** Parameter Unit 2015 2016 2017 2018 2019 2020

Sum Ea,t Mt CO2/y 25.835 26.052 26.679 25.797 25.745 26.837

Novi Sad

Qel GWh/y 44.9 90 185.359 238.3 336.65 192.19
Fuel mNG Sm3/h 53047.7 53047.7 53047.7 53047.7 53047.7 53047.7

top h/y 360.6 700.3 1425 1837.9 2485.7 1406.1
ηel % 24.71 25.5 25.81 25.73 26.87 27.12

Ea,t
Mt

CO2/y 0.0367 0.0713 0.145 0.1871 0.253 0.143

IEa
g

CO2/kWh 817.3 791.9 782.4 785 751.5 744.6

* The NGPPs Zrenjanin and Sremska Mitrovica are excluded from this table because they did not generate
electricity during the period from the beginning of 2015 to the end of 2019. ** LHVL stands for the lower heating
value of lignite.

Table A2. An overview of the average performance indicators, average annual CO2 emissions,
average annual CO2 emission intensities, and some other related information for the existing Serbian
CPPs [6].

No.

CPP * and
Commence-

ment of
Operation

Installed
Electricity

Generation Units
and Their Powers

Average
Electrical
Efficiency

Thermal
Energy

Average Fuel Consumption Average
Annual
Number

of
Operation

Hours

Average
Annual

CO2
Emis-
sions

**

Average
Annual

CO2
Emission

Intensity **

Basic Secondary

Lignite Mazut Naphtha

mL mM mN

MW % MWth t/h t/h t/h h/y Mt CO2/y g CO2/kWh

1
Nikola Tesla

A,
1970–1979

2 × 210 + 1 × 329
+

1 × 308.5 + 1 ×
340

+ 1 × 347.5 = 1745

32.61 197.6 2510 2.4 0 5918.2 10.097 1113.4

2
Nikola Tesla

B,
1983–1985

2 × 650 = 1300 34.37 0 1770 2.571 0 6659.1 8.03 1055.6

3 Kolubara A,
1956–1979

3 × 32 + 1 × 65+
1 × 110 = 271 29.77 120 493.5 0 0.735 2634.9 0.831 1218.1

4 Morava,
1969 1 × 125 = 125 34.58 0 170 0.459 0.139 2962.5 0.401 1046.7

5 Kostolac A,
1967–1980

1 × 100+1 × 210 =
310 31.58 130 410 0 0.231 7057.1 2.284 1150.4

6 Kostolac B,
1987–1991 2 × 348.5 = 697 35.93 0 800 0.776 0 6920.6 4.379 1010.7

Sum 4448 – 447 6153.5 6.206 1.105 – 26.022 –

* All CPPs listed in this table belong to the PE EPS. ** For each CPP, it is assumed that the average annual
CO2 emissions and average annual CO2 emission intensity for any future year shall correspond to the averages
obtained for the period from the beginning of 2015 to the end of 2019, using the proposed calculation method.

According to Table A2, the average values of IEa for the existing Serbian CPPs range
between 1010.7 (in the case of CPP Kostolac B) and 1218.1 g CO2/kWh (in the case of CPP
Kolubara A). In addition, according to Table A3, the average values of IEa for the existing
Serbian NGPPs range between 459 (in the case of NGPP Zapad) and 774.2 g CO2/kWh (in
the case of NGPP Novi Sad). It is also evident that these increases in IEa coincided with
a reduction in the electrical efficiency ηel of the CPPs in Table A2 and of the NGPPs in
Table A3, regardless of the commencement date of operation. When definition (A12) takes
into account heat generation, it becomes apparent that IEa can have a significantly lower
value when compared to the corresponding value from Table A2 or Table A3. This applies
to each CPP or NGPP that generates both electricity and heat. This could certainly be the
topic of a future study.
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Table A3. An overview of the average performance indicators, average annual CO2 emissions,
average annual CO2 emission intensities, and some other related information for the existing Serbian
NGPPs [6,73].

No.
NGPP * and

Commencement
of Operation

Installed
Electricity

Generation
Units and Their

Powers

Average
Electrical
Efficiency

Thermal
Energy

Average
Fuel Con-
sumption

Average
Annual

Number of
Operation

Hours

Average
Annual

CO2
Emissions

Average
Annual CO2

Emission
IntensityNG

mNG

MW % MWth Sm3/h h/y kt CO2/y g CO2/kWh

1 Sremska Mitrovica,
1977 1 × 32 = 32 30 33 9453 ** 0 **** 0 **** 673.2

2 Novi Sad,
1981–1984

1 × 135 + 1 ×
110 = 245 26.09 355 53047.7 *** 1361.9 138.612 ***** 774.2 *****

3 Zrenjanin, 1989 1 × 120 = 120 32 140 19693.8 *** 0 **** 0 **** 631.1

4

Toplana KC (heating
plant in the City of

Belgrade),
2008 ******

1 × 1.819 = 1.819 43.3 1.807 466.3 7500 6.7099 466.4

5
Imlek (dairy

company in Padinska
Skela), 2011

1 × 1.415 = 1.415 41.9 1.492 374.5 7500 5.3889 482

6 Sirakovo, Aug 2013 1 × 0.85 = 0.85 39.9 0.904 181.4 7500 2.6103 506.2

7 Kikinda, Nov 2013 1 × 0.995 = 0.995 41.3 1.1 254.2 7500 3.6578 489

8 Velebit 1, Dec 2013 1 × 0.995 = 0.995 42.6 1.04 270.1 7500 3.8866 474.1

9 Velebit 2, Dec 2013 1 × 0.995 = 0.995 42.6 1.04 270.1 7500 3.8866 474.1

10 Srbobran 1, Aug 2014 1 × 0.995 = 0.995 41.5 1.1 474.7 7500 6.8308 486.7

11 Srbobran 2, Aug 2014 1 × 0.995 = 0.995 41.5 1.1 474.7 7500 6.8308 486.7

12 Boka, Sep 2014 1 × 0.329 = 0.329 41.4 0.37 81.2 7500 1.1684 487.8

13 Turija, Dec 2014 1 × 0.995 = 0.995 40.6 1.118 206.8 7500 2.9758 497.4

14 Bradarac, Dec 2014 1 × 0.3 = 0.3 40.9 0.345 60.1 7500 0.8648 493.8

15 Velebit 3, Jan 2015 1 × 1 = 1 41.2 – 415.6 7500 5.9803 490.2

16 Velebit 4, Jan 2015 1 × 1 = 1 41.2 – 415.6 7500 5.9803 490.2

17 Sirakovo 2-1, Jun
2015 1 × 1 = 1 43.1 – 207.8 7500 2.9902 468.6

18 Sirakovo 2-2, Jun
2015 1 × 1 = 1 43.1 – 207.8 7500 2.9902 468.6

19 Majdan, Aug 2016 1 × 2.41 = 2.41 39.5 – 1250.1 7500 17.9885 511.3

20
Zapad (heating plant

in the City of Novi
Sad), Oct 2016

3 × 3.328 = 9.984 44 10.035 2541.3 7500 36.5684 459

Sum 424.077 – 549.451 90,346.8 – 255.9206 –

* NGPPs 1-3 belong to the PE EPS, NGPP 4 belongs to the Clinical Center of Serbia (Srb. Klinički Centar Srbije), NGPP
5 belongs to the dairy company Imlek, NGPPs 6-19 belong to NIS, and NGPP 20 belongs to the PUC Novosadska
Toplana Novi Sad. NGPPs 1-3 are equipped with typical steam turbines while the other NGPPs use internal
combustion engines that operate at fixed rotational speeds. ** The NGPP Sremska Mitrovica simultaneously uses
NG for the generation of electricity and biomass for the generation of heat. *** The NGPP Novi Sad and NGPP
Zrenjanin can use mazut as fuel instead of the typically used NG. **** During the period from 2015 to 2019, only
heat was generated in the NGPP Zrenjanin and NGPP Sremska Mitrovica. ***** For the NGPP Novi Sad, it is
assumed that the average annual CO2 emissions and average annual CO2 emission intensity for any future year
shall correspond to the averages obtained for the period from the beginning of 2015 to the end of 2019, using the
proposed calculation method. ****** The NGPP Toplana KC can use mazut as fuel instead of the typically used
NG. Since 2011, the Clinical Center of Serbia has been selling electricity generated from this NGPP to the PE EPS.

In addition, there are CO2 emission intensities, whose values are usually obtained by
conducting experiments for different CPPs. In the EU member countries, a CPP with an
assumed 40% efficiency generates electricity with an average annual CO2 emission intensity
of about 850 g CO2/kWh [74]. This is unfortunately not the case with the existing CPPs
in Serbia, whose average annual CO2 emission intensity, according to [30,74,75], ranges
between 880 and 1340 g CO2/kWh. The lower and upper bounds of this range correspond
to the lignite types from the Kostolac and Kolubara basins, respectively. The CPP Kostolac
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A and CPP Kostolac B use lignite from the Kostolac basin while the others use lignite from
the Kolubara basin. Accordingly, an average annual CO2 emission intensity that can be
used for a Serbian CPP is 1150 g CO2/kWh [30]. This certainly agrees with the results
obtained using the proposed calculation method.

Appendix C. An Overview of Some Possible Sub-Scenarios

Scenario 1 or Scenario 2 from Section 2.3, for example, are divided into six possible
sub-scenarios. Accordingly, six possible sub-scenarios within Scenario 1 are as follows:

Sub-scenario 1-1: From 2019 to the end of 2040, electricity generation in CPPs should
be at the level of the average electricity generation in CPPs for the period 2015–2019, and
after 2040, it should start to decrease by 3% annually until it reaches 70% of the given
average.

Sub-scenario 1-2: From 2019 to the end of 2030, electricity generation in CPPs should
be at the level of the average electricity generation in CPPs for the period 2015–2019, and
after 2030, it should start to decrease by 2% annually until it reaches 70% of the given
average, and then it should not change by the end of 2050.

Sub-scenario 1-3: From 2019 to the end of 2030, electricity generation in CPPs should
be at the level of the average electricity generation in CPPs for the period 2015–2019, and
after 2030, it should start to decrease by 3% annually until it reaches 70% of the given
average, and then it should not change by the end of 2050.

Sub-scenario 1-4: From 2019 to the end of 2050, electricity generation in CPPs should
be reduced by 1% annually until it reaches 70% of the average electricity generation in
CPPs for the period 2015–2019.

Sub-scenario 1-5: From 2019 to the end of 2035, electricity generation in CPPs should
be reduced by 2% annually until it reaches 70% of the average electricity generation in
CPPs for the period 2015-2019, and then it should not change by the end of 2050.

Sub-scenario 1-6: From 2019 to the end of 2030, electricity generation in CPPs should
be reduced by 3% annually until it reaches 70% of the average electricity generation in
CPPs for the period 2015-2019, and then it should not change by the end of 2050.

In addition, six possible sub-scenarios within Scenario 2 are:
Sub-scenario 2-1: In 2020, electricity generation in CPPs should be at the level of

the average electricity generation in CPPs for the period 2015-2019, and then it should be
reduced annually by the amount of electricity generated in the planned NGPPs (Table 3).

Sub-scenario 2-2: In the period 2020-2050, electricity generation from RESs should be
at the corresponding level of 2019 and should amount to 3.79% of the average annual gross
electricity consumption of Serbia for the period 2006-2019 (i.e., 3.79% of 33.481 TWh/y). In
the same period, electricity generation in CPPs should be reduced annually by the amounts
of electricity generated in the planned NGPPs and RESs.

Sub-scenario 2-3: In the period 2020-2050, in regard to the corresponding level of 2019,
electricity generation from RESs should be additionally increased, on an annual basis, by
0.2% of the average annual gross electricity consumption of Serbia for the period 2006-2019.
This should be an RES share of 10% in the average annual gross electricity consumption. In
the same period, electricity generation in CPPs should be reduced annually by the amounts
of electricity generated in the planned NGPPs and RESs.

Sub-scenario 2-4: According to this sub-scenario, the share of RESs in the average
annual gross electricity consumption of Serbia should be 20% by the end of 2050, and
everything else is the same as in the case of Sub-scenario 2-3.

Sub-scenario 2-5: According to this sub-scenario, the annual gross electricity consump-
tion of Serbia should be reduced by 20% (or 0.645% annually) by the end of 2050 (in the
period from 2020 until the end of 2050). In addition, electricity generation in CPPs should
be reduced annually by the amounts of the electricity generated in the planned NGPPs
and RESs, and by the amount of the decline in the annual gross electricity consumption of
Serbia. Everything else remains the same as in the case of Sub-scenario 2-4.
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Sub-scenario 2-6: According to this sub-scenario, the annual gross electricity con-
sumption of Serbia should be increased by 20% (or 0.645% annually) by the end of 2050
(in the period from 2020 until the end of 2050). In addition, electricity generation in CPPs
should be reduced annually by the amounts of the electricity generated in the planned
NGPPs and RESs and increased by the amount of the rise in the annual gross electricity
consumption of Serbia. Everything else remains the same as in the case of Sub-scenario 2-4.

These sub-scenarios, that is, the projections of the annual CO2 emissions from the
Serbian electricity generation sector corresponding to Scenarios 1 and 2, are illustrated in
Figures A1 and A2, respectively. The appropriate upper and lower limits of uncertainty
for each of the projections are also shown in Figures A1 and A2. Each uncertainty region
between two corresponding limits is colored light grey.
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