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Montenegro, as a signatory to international agreements, is committed to reducing CO, emissions
and achieving full decarbonization by 2050. To meet these environmental goals, the country must
permanently shut down the coal-fired thermal power plant in Pljevlja. This study assesses the
potential electricity generation capacity of an offshore wind farm in Montenegro using 15 MW wind
turbines at a location identified in prior research. Two offshore wind farm technical capacity criteria
are applied: one defined by the World Bank (WB), specifying a capacity of 3 MW/km?, and another by
the National Renewable Energy Laboratory (NREL) under the U.S. Department of Energy, specifying
5 MW/km?. The study also examines two operational scenarios of Montenegro’s electricity system.
Results show that a fixed-bottom offshore wind farm in an area of 88,438 km?, with sea depths up
to 60 meters, could generate 55,71% of the electricity produced by the Pljevlja plant based on WB
criteria, or 92,86% based on NREL criteria. For depths over 60 meters, a floating offshore wind farm
in 678,16 km? could generate 4,22 times the electricity output of the Pljevlja plant based on WB
criteria, or 7,04 times its output based on NREL criteria.

1 Introduction

By adopting the Declaration on the Proclamation of
Montenegro as an Ecological State in 1991 and the Con-
stitution in 2006, the Parliament of Montenegro legally
defined the country as an ecological state [1,2]. Despite
this legal designation, a significant portion of Montene-
gro’s energy is still generated through coal combustion,
which accounted for 37,67% of the total electricity pro-
duction in 2023 [3].

Fossil fuels continue to form a significant foundation
of global energy production [4]. Under the framework
of the United Nations, the Paris Agreement was adopted
in 2015 with the aim of limiting global warming to 1,5-
2°C [5]. Achieving this goal primarily requires focusing
future efforts on reducing CO, emissions resulting from
the combustion of fossil fuels [6]. The largest share of
total greenhouse gas (GHG) emissions, including CO,
emissions, in Montenegro comes from the energy sector,

specifically from coal combustion at the Pljevlja thermal
coal-fired power plant [7,8].

Under the EU Energy Law of 2021, the European Un-
ion has set ambitious targets for reducing greenhouse
gas (GHG) emissions in the fight against climate change.
These targets include reducing emissions by at least
55% by 2030 compared to 1990 levels, and achieving
net-zero harmful greenhouse gas emissions by 2050 [9].
Although Montenegro is not yet a member of the Euro-
pean Union, its membership in the Energy Community
obligates the country to reduce harmful exhaust gas
emissions by 55% by 2030 [10]. Upon joining the EU,
Montenegro will be required to achieve carbon neutral-
ity by 2050 [9].

Energy generated through wind turbines has emerged
as a leading renewable energy source due to its reliabili-
ty, safety, and the absence of pollution [11]. Offshore
wind farms are an integral part of the blue-green econo-
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my, as they harness the marine ecosystem to generate
goods essential for humanity, while ensuring sustainable
energy production [12,13]. The production of electricity
from offshore wind farms plays a key role in the transi-
tion to net-zero harmful exhaust emissions [14]. To keep
global temperature rise below 1,5°C by 2050, studies
suggest that achieving 500 GW of offshore wind capacity
by 2030 and 2500 GW by 2050 is essential [15].

In the year when the Parliament of Montenegro de-
clared the country as an ecological state, Denmark built
the first offshore wind farm, named Vindeby [1,16]. This
wind farm, located at a depth of 2 to 5 meters, consisted
of 11 wind turbines, each with a capacity of 450 kW. The
wind farm operated successfully until 2016 [16].

In the part of the Adriatic Sea under Montenegro’s ju-
risdiction, no offshore wind farms have been constructed
yet. However, onshore, two wind farms are operational:
the Krnovo wind farm (72 MW), commissioned in 2016,
and the MoZura wind farm (46 MW), commissioned in
2019 [17-19].

1.1 Case Study - Montenegro’s Power System

The electricity generation system of Montenegro is
based on hydropower plants, wind farms, solar sources,
and its only thermal coal-fired power plant. By the end
of 2023, the Montenegrin energy system comprised 50
power plants with a total installed capacity of 1067,238
MW, of which 21,08% is accounted for by the Pljevlja
thermal coal-fired power plant. In 2023, a total of
4046,71 GWh of electricity was generated within Mon-
tenegro’s energy system, with the thermal coal-fired
power plant contributing 37,64% of the country’s total
electricity production [3]. Commissioned in 1982, the
Pljevlja thermal coal-fired power plant is the only stable
source of electricity in Montenegro and forms the back-
bone of the country’s energy system [20].

As shown in Figure 1, the main source of CO, emis-
sions in Montenegro comes from the energy sector, with
the Pljevlja thermal coal-fired power plant having the
dominant impact on CO, emissions [7].

This study assesses the potential electricity genera-
tion capacity of an offshore wind farm in Montenegro
using 15 MW wind turbines at a location identified in
the authors’ prior research [25]. Two offshore wind
farm technical installed capacity criteria were applied:
one defined by the World Bank (WB), specifying a ca-
pacity of 3 MW/km?, and another by the National Re-
newable Energy Laboratory (NREL) under the U.S.
Department of Energy, specifying 5 MW /km?. The study
also examines two operational scenarios of Montene-
gro’s electricity system. The first scenario analyzes the
construction of a fixed offshore wind farm (bottom-
fixed and jacket-fixed wind farm) up to 60 m, with the
shutdown of the Pljevlja coal-fired thermal power plant.
The second scenario analyzes the construction of an off-
shore wind farm across the entire area deemed suitable
for development, encompassing bottom-fixed, jacket-
fixed, and floating foundations, with the shutdown of
the Pljevlja coal-fired thermal power plant.

This study makes a novel and significant contribution
by solely assessing the viability of offshore wind energy
development in Montenegro and its potential contribu-
tion to the country’s energy transition. While previous
researchers have primarily focused on onshore wind, so-
lar and hydropower resources, this study explores off-
shore wind energy as a viable alternative to coal-based
electricity generation. By applying multiple capacity as-
sessment methodologies and analyzing different offshore
wind farm configurations, this research provides a com-
prehensive framework for decision-making within Mon-
tenegro’s renewable energy strategy.

The primary aim of this study is to evaluate the po-
tential of offshore wind energy as a viable alternative to
replace coal-based electricity generation in Montene-
gro. A key objective is to assess the potential electricity
production from an offshore wind farm along Montene-
gro’s coastline, with calculations based on the identifi-
cation of the wind farm’s capacity factor.

The results offer a more precise evaluation of wind
energy as a renewable source in Montenegro, providing
a scientifically grounded basis for future strategic deci-
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Figure 1 Montenegro CO, Emissions by Sector (1990-2019) [8]
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sions in the context of the country’s energy transition
and efforts to attract investors in the energy sector. A par-
ticularly significant aspect of this research is the analysis
of the offshore wind potential to replace the Pljevlja coal-
fired power plant, Montenegro’s only stable electricity
source. This replacement could play a crucial role in long-
term planning for a sustainable energy system, contribut-
ing to the country’s abandonment of fossil fuels.

This paper is structured into five sections. In Section
2, the research methodology and the data used in the
study are outlined. Section 3 compares the electricity
generation of the Pljevlja coal-fired power plant with
the potential output of offshore wind farms. In Section
4, Montenegro’s electricity system is evaluated through
two scenarios: the first considers the decommissioning
of the Pljevlja coal-fired power plant and the construc-
tion of a fixed-bottom and jacket-fixed wind farm, while
the second examines the shutdown of the Pljevlja plant
with the development of both fixed (bottom-fixed and
jacket fixed) and floating wind farms. Finally, Section 5
presents the conclusions and key insights drawn from
the study.

2 Materials and Methods

The study aims to determine the degree of wind en-
ergy utilization for areas defined in previous research
conducted by the authors of this paper [25]. The deter-
mination of the capacity factors for fixed offshore wind
turbines, jacket-fixed offshore wind turbines, and float-
ing offshore wind turbines has enabled the precise esti-
mation of the amount of electricity these turbines can
generate. The entire study relies heavily on the exten-
sive use of the Global Wind Atlas 3.1 (GWA) and QGIS
software (QGIS).

The research methodology applied in this study is
presented in Figure 2.

The previous research results, along with the power
curve from the NREL IEA 15 MW model, were used as
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input data for the “Energy Yield” analysis, a component
of the GWA software [25]. By processing these data for
areas identified as suitable for the construction of fixed,
jacket-fixed, and floating offshore wind farms, a qualita-
tive map (shapefile layer) of the capacity factor for each
individual offshore wind farm was generated. Addition-
ally, a monthly wind speed index for each specific off-
shore wind farm area was produced.

To define the average capacity factor for each indi-
vidual wind farm (fixed, jacket-fixed, and floating) using
the NREL IEA 15 MW wind turbine model, the shapefile
layer generated by the GWA software was imported into
QGIS software. Using the analytical tools in QGIS, the av-
erage capacity factor for each wind farm was calculated.
The capacity factor represents (C) the ratio between
the total amount of electricity produced during the ob-
served period and the maximum amount of energy that
the wind turbine or wind farm could theoretically pro-
duce during the same period and can be expressed by
the following equation:

Cr =220l x 100 (1)
where E_, | represents the actual amount of electricity
generated during the observed period, while E__ de-
notes the maximum possible amount of electricity that
can be theoretically produced during the observed peri-
od [21].

Based on previous research conducted by relevant
institutions and their recommendations, this paper ex-
amines two specific criteria for the installed capacity of
wind turbines. In accordance with the criteria estab-
lished by the WB, the technical wind potential of an area
is defined as the product of the sea area that has aver-
age annual wind speeds between 7 and 8 m/s and a val-
ue of 3 MW/km? [22]. In contrast, NREL, which is part
of the U.S. Department of Energy’s Office of Energy Effi-
ciency and Renewable Energy, defines the technical po-
tential of offshore areas as the product of the sea area

|
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Figure 2 Conceptual Research Methodology
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with average annual wind speeds greater than 7 m/s
and a value of 5 MW /km? [23]. According to estimates,
in Europe, the average density of installed capacity for
offshore wind farms in 2022 ranged between 5 MW/
km? and 5,4 MW /km? [24].

In accordance with the criteria established by the
WB and NREL, the maximum possible amount of elec-
tricity that can be theoretically produced during one
year (or 8760 hours) can be expressed by the following
equation:

Epax = ¢ A8760 )

where c represents the constant (3 MW per km? when
using the WB criteria or 5 MW per km? when using the
NREL criteria), A represents the offshore area in km?
considered suitable for wind farm construction at sea,
and 8760 is the time period of one year (in hours)
[22,24].

According to equation (1), by multiplying the E__ of
the wind farm (based on both WB and NREL criteria)
with the calculated average capacity factor of the wind
farm, the total yearly amount of electricity (E, ) that
can be generated by the wind farm is estimated.

The relationship between wind speed and energy
production is based on the fundamental principle that
wind power is proportional to the cube of wind speed
[27]. The Wind Speed Index (WSI) is a relative indicator
used to compare wind speed at a specific location over
different time periods (e.g., months or seasons) [27,28].
It represents the ratio between the average wind speed
in a given period and a reference wind speed [27,28].
Since WSI provides a relative measure of wind speed, it
follows that wind power is also proportional to the cube
of WSI. To distribute the total actual energy production
across individual months, the energy allocated to each
month is determined by scaling the total actual energy
production according to the ratio of the cube of the
monthly WSI to the sum of the cubes of WSI for all
months [27,28]. This leads to the following equation:

— (WSImonth)3
Emonth - Eactual CWSImontn)? (3)

where E_,  represents the total annual electricity pro-
duction, wSsI denotes the wind speed index for the
given month, and }WSI represents the sum of wind
speed indices for all 12 months.

Based on the analyses conducted in this study within
the GWA software, the monthly wind speed index was
calculated. By knowing the values of the monthly wind
speed index and the total yearly generated electricity
for each individual wind farm, the monthly distribution
of electricity production was further calculated in the
subsequent analysis.

In the final step of the research, the estimated elec-
tricity production that could be generated by the off-

shore wind farms was compared with the amount of
electricity currently generated by the Pljevlja thermal
coal-fired power plant. The ultimate goal of this study is
to determine the extent to which the construction of off-
shore wind farms in Montenegro could replace the elec-
tricity currently produced by the Pljevlja thermal
coal-fired power plant, which is scheduled to be decom-
missioned in the future, in order to meet the imposed
environmental targets for reducing greenhouse gas
emissions, primarily CO,.

2.1 Bogdanovi¢ and IvoSevi¢: Previous Research on
Offshore Area for Wind Farm Development

The authors’ previous research, published in 2024,
identified an area of 766,598 km? in the southern part
of the Adriatic Sea, with precise geographic coordi-
nates, which is estimated to be suitable for the con-
struction of a wind farm. The study, based on
bathymetric data analysis, determined that 42,253
km? of this area is located at sea depths up to 50 m,
which is the depth range where wind farms can be
constructed using fixed-bottom structures. Further
bathymetric analysis revealed that 46,185 km? of the
identified area lies at depths between 50 and 60 m,
where wind farms can be constructed using jacket
foundations. The largest part of the identified area is
located at depths greater than 60 m, where wind farms
can only be built using modern technological solutions,
such as floating foundations. In their research, the Glo-
bal Wind Atlas software was used, developed by the
Technical University of Denmark, while exploring the
depths with available bathymetric data sets. The entire
study is based on the intensive use of QGIS software,
ensuring that all obtained data is available in real geo-
graphic coordinates [25]. The identified research area
of their research is shown in Figure 3.

una;Riv
Velipof

0-50m

50-60m
over60m

Bottom-Fixed 42,253
Jacket Fixed 46,185
Floating 678,16

Figure 3 Offshore Montenegro suitable area for offshore wind
farm development [25]
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Figure 4 NREL 15 MW wind turbine model [26]

2.2 Offshore Wind Turbine Model - NREL IEA 15
MW

The prevailing trend in offshore wind farm develop-
ment is the use of high-power wind turbines, which re-
duces the investment costs per MW. In 2022, several
wind turbine manufacturers, including Siemens Game-
sa, Vestas, and General Electric, began testing proto-
types of 15 MW wind turbines designed for offshore
use. These turbines are planned to be commercially
available by 2024, with the nacelle installed at a height
of 150 meters above sea level [25].

For the purposes of this research, the NREL IEA 15
MW wind turbine model (National Renewable Energy
Laboratory, International Energy Agency) was selected.
The power curve of the IEA 15 MW wind turbine model
is shown in Figure 4.

2.3 Montenegro Model of Electricity Production &
Consumption

Due to the fluctuating annual share of the Pljevlja
thermal power plant in Montenegro’s total electricity
production, a model of electricity generation and con-
sumption was developed for the purposes of this study.
The share of electricity production from the Pljevlja
thermal coal-fired power plant within the Montenegrin
power system primarily depends on the hydrological
situation, specifically the production from the Piva and
Perucica hydropower plants. The share of electricity
produced by the Pljevlja thermal coal-fired power plant
in the Montenegrin power system was 46% in 2020,
36,51% in 2021, 44,95% in 2022, and 37,67% in 2023.
The model is based on data from energy reports for
2020-2023, published by the Ministry responsible for
the energy sector. This model is shown in Figure 5, it in-
cludes the values of average monthly electricity produc-
tion for the period from 2020 to 2023, as well as the
monthly consumption for 2023 [3,19,29-31].
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Figure 5 Model of average monthly electricity production (2020-2023) & consumption (2023)

3 Results

The research results are presented separately for
three areas identified by authors’ previous research,
which are part of the total surface area of 766,598 km®.
The first area includes locations suitable for offshore
wind farms using fixed support structures (sea depth
up to 50 m). The second area pertains to locations suit-
able for the construction of wind farms with jacket fixed
support structures (sea depth from 50 to 60 m). The
third area encompasses regions where wind farms can
only be built using floating structures (sea depth ex-
ceeding 60 m) [25].

3.1 Results of Bottom-Fixed Wind Farm

The identified area with a sea depth of up to 50 me-
ters, claimed to be suitable for the construction of off-
shore wind farms with fixed-bottom support structures
based on average annual wind speeds, covers 42,253
km? [25]. By loading the shapefile of the 42,253 km?
area, generated by authors’ previous research, into the
GWA Energy Yield function along with the NREL IEA 15
MW turbine model, software analysis produced a shape-
file of the capacity factor for the 42,253 km? area [25].
Further analyses within the GWA software calculated
the monthly wind speed index, which is presented in
Figure 6.

For the designated area, at a height of 150 m, the
GWA software estimated an average annual wind speed
of 7,24 m/s. To calculate the average capacity factor, the
shapefile generated by the GWA software was imported
into QGIS for analysis. . The results of the data process-

ing using the “Zonal Statistic” function indicated that
the area has capacity factor values ranging from 0,3282
to 0,3555, with an average capacity factor of 0,3429.
The results of this analysis are illustrated in Figure 7.

Wind speed Index
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Figure 6 Monthly Wind Speed Index of the Bottom-Fixed

Offshore Wind Farm
( Cap Zonal Statistics — Bottom-Fixed Wind farm - O X
J -l & 5 V& & »
Total Area = _mean min max

1 42,253 | 0,34295562410...| 0,32829999923... 0,35556137561...

"] Show All Features _

Figure 7 Average Capacity Factor of Bottom-Fixed Wind Farm
(Offshore Montenegro)
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Figure 8 Bottom-Fixed Wind Farm vs. Coal-Fired Power Plant Pljevlja

According to the criteria defined by the WB (3 MW/
km?), the technical potential of this area is estimated at
126,759 MW. On the other hand, applying the NREL cri-
terion (5 MW/km?), the technical potential of the area
is defined as 211,265 MW. Based on the known techni-
cal potential, capacity factor, and monthly wind speed
index, the amount of electricity that can be produced
annually on a monthly basis for offshore wind farms
with fixed-bottom structures of capacities 126,759 MW
and 211,265 MW was calculated. These results are pre-
sented in Figure 8.

Based on the data presented in Figure 8, it is esti-
mated that the construction of a bottom-fixed wind
farm on the 42,253 km? area of the Montenegrin sea
could generate 380,76 GWh of electricity according to
the WB criteria, and 634,60 GWh according to NREL cri-
teria. Although significant, these amounts of electricity
are considerably lower than the output of the Pljevlja
coal-fired power plant, indicating that the construction
of just this wind farm would not fully replace the elec-
tricity production of the Pljevlja power plant. However,
according to the NREL criteria, the estimated electricity
generation from a wind farm with jacket fixed struc-
tures would cover approximately 43,6% of the Pljevlja
power plant’s output.

3.2 Results of Jacket Fixed Wind Farm

Based on previous authors’ research, a 46,185 km?
offshore area with depths of 50 to 60 meters has been
identified as potentially suitable for wind farm construc-

-
5]

Wind speed Index

b4
@

Month

Figure 9 Monthly Wind Speed Index of the Jacket Fixed Wind
Farm

tion using jacket-fixed supporting structures [25]. By im-
porting the shapefile layer of 46,185 km?, into the GWA
Energy Yield function, along with the NREL IEA 15 MW
wind turbine model, a shapefile layer containing the ca-
pacity factor data for this area was obtained. Further anal-
ysis within the GWA software was used to calculate the
monthly wind speed index, which is shown in Figure 9.

For the area claimed to be suitable for the construc-
tion of a wind farm using jacket fixed support struc-
tures, at a height of 150 m above sea level, the estimated
average annual wind speed is 7,36 m/s, according to the
GWA software.

To determine the average capacity factor, the shape-
file layer generated by the GWA software was imported
into QGIS. The results of the data processing using the
“Zonal Statistic” function indicated that the area has ca-
pacity factor values ranging from 0,3524 to 0,3601, with
an average capacity factor of 0,3524. The results of this
analysis are shown in Figure 10.
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Figure 10 Average Capacity Factor of Jacket Fixed Wind Farm
(offshore Montenegro)

According to the criteria established by the WB (3
MW /km?), the technical potential of this area is esti-
mated at 138,555 MW. On the other hand, if the NREL
criteria (5 MW/km?) are applied, the technical potential
of the area amounts to 230,925 MW. Based on the
known technical potential of the area, the capacity fac-
tor, and the monthly wind speed index, the amount of
electricity that can be produced over the course of a
year on a monthly basis for a wind farm with jacket
fixed structures of 138,555 MW and 230,925 MW has
been calculated. These results are shown in Figure 11.

Based on the data shown in Figure 11, it is estimated
that the construction of an offshore wind farm with
jacket fixed structures on the area of 46,185 km? of the

sea in Montenegro could generate 427,72 GWh of elec-
tricity according to the WB criterion, or 712,87 GWh ac-
cording to the NREL criterion. Although these electricity
amounts are considerable, they remain lower than the
current output of the Pljevlja thermal coal-fired power
plant, meaning the construction of this wind farm would
not completely replace the power generated by the
Pljevlja plant. However, according to the NREL criterion,
the estimated amount of electricity that could be gener-
ated by the construction of the wind farm with jacket
fixed structures would provide about 49% of the elec-
tricity produced by the Pljevlja thermal coal-fired pow-
er plant.

3.3 Results of Floating Wind Farm

For areas that are estimated to have sufficient aver-
age annual wind speeds and are located in water depths
greater than 60 meters, offshore wind turbines can only
be installed using floating support structures. In the au-
thors’ previous research, they determined that 678,16
km? of the identified offshore areas are considered suit-
able for wind farm development are located in depths
exceeding 60 meters [25]. By loading the shapefile layer
of the 678,16 km? area, into the GWA Energy Yield func-
tion along with the NREL IEA 15 MW turbine model, a
shapefile containing capacity factor data for this area
was obtained through software analysis. Further analy-
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WB Total Production [Gwh] 63, 54,34 22,54 | 1693 | 1693 | 2031 | 26,60 | 2411 37,20 | 3828 | 64,59 | 427,72

Figure 11 Jacket Fixed Wind Farm vs. Coal-Fired Power Plant Pljevlja
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Figure 12 Monthly wind speed index of the floating wind
farm

ses within the GWA software calculated the monthly
wind speed index, which is shown in Figure 12.

For the specified area, at a height of 150 meters, the
GWA software calculated the average annual wind speed
to be 7,45 m/s. To determine the average capacity factor,
the shapefile layer generated by the GWA software was
loaded into the QGIS software. The results of the data
processing using the “Zonal Statistic” function showed
that the area has a capacity factor ranging from 0,3295 to
0,3670, with an average capacity factor of 0,3440. The re-
sults of the analysis are presented in Figure 13.

According to the criterion set by the WB (3 MW /km?),
the technical potential of this area is estimated to be
2034,48 MW. On the other hand, if the NREL criterion (5
MW /km?) is applied, the technical potential of the area is
3390,8 MW. Based on the known technical potential of

( Cap Zonal Statistics Floating Wind Farm — Features Tot.. — O X
4 S = € AT ES D »
Total Area _mean _min _max
1 678,16 0.3“03485804.,,} 0,32955890893... 0.36705458164...
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Figure 13 Average Capacity Factor of Floating Wind Farm
(offshore Montenegro)

the area, the capacity factor, and the monthly wind speed
index, the amount of electricity that can be produced an-
nually on a monthly basis for a floating wind farm with
capacities of 2034,48 MW and 3390,8 MW was calculat-
ed. These results are shown in Figure 14.

Based on the data shown in Figure 14, it is estimated
that the construction of a floating wind farm on an area
of 678,16 km? of Montenegro’s sea could generate
6130,78 GWh of electricity according to the WB criteri-
on, and 10217,97 GWh according to the NREL criterion.
These quantities of electricity are significantly higher
than the annual production of the Pljevlja thermal coal-
fired power Plant, and the construction of this wind
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Figure 14 Floating Wind Farm vs. Coal-Fired Power Plant Pljevlja
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farm could completely replace the production of the
Pljevlja thermal coal-fired power plant. According to the
NREL criterion, the estimated amount of electricity that
could be generated by the construction of the floating
wind farm would provide 8766,94 GWh more electricity
than is currently produced at the Pljevlja thermal coal-
fired power plant, while according to the WB criterion,
the floating wind farm would provide 4679,75 GWh
more electricity than the current production of the
Pljevlja thermal coal-fired power plant.

4 Discussion

This study represents the first scientific assessment
of the potential for offshore wind energy production in
Montenegro, particularly in terms of capacity factor es-
timation. Given the absence of previous studies evaluat-
ing these parameters in the Montenegrin context, the
results presented here establish a foundation for future
research and policy considerations. While international
studies provide insights into offshore wind feasibility,
direct comparisons are limited due to geographical, me-
teorological, and bathymetric differences.

159

The primary objective of this research was to deter-
mine the extent to which the construction of offshore
wind farms in Montenegro could offset the electricity
production currently provided by the Pljevlja coal-fired
power plant. To achieve this goal, the study was struc-
tured around two scenarios.

In the first scenario, it is assumed that fixed offshore
wind farms will be constructed in waters with depths
up to 60 meters (encompassing bottom-fixed and jack-
et-fixed designs), accompanied by the permanent shut-
down of the Pljevlja power plant.

The second scenario considers the development of
wind farms across the entire area identified by previous
author’s research (a combination of bottom-fixed, jack-
et-fixed, and floating wind farms), also involving the
permanent shutdown of the Pljevlja power plant [25].

4.1 Scenario No. 1

Bottom-fixed and jacket-fixed wind farms connected
to the grid, while the Pljevlja coal-fired power plant is
permanently shut down.

Bottom - Fixed & Jacket Fixed Wind Farm vs. Coal Fired Power Plant Pljevlja
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Figure 15 Bottom-Fixed & Jacket Fixed Wind Farms vs. Pljevlja Coal-Fired Power Plant
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Based on the results presented in Section 3, the com-
parison of the annual electricity production of the Pljev-
lja Coal-Fired Power Plant with the expected electricity
generation from the construction of fixed offshore wind
farms (bottom-fixed and jacket-fixed) is illustrated in
Figure 15.

Based on the results shown in Figure 15, it can be
concluded that constructing the aforementioned wind
farms in Montenegrin waters could compensate approx-
imately 55,71% of the electricity production of the
Pljevlja coal-fired power plant under the WB criteria
and 92,86% under the NREL criteria.

Monthly production analysis reveals that, according
to the NREL criteria, the wind farms would generate
more electricity than the Pljevlja coal-fired power plant
during the months of January, February, April, May, and
December.

For Scenario No1, using the model of average month-
ly electricity production for the period 2020-2023 and
annual consumption for 2023 (as shown in Figure 5.),
the model of electricity production and consumption,
assuming the shutdown of the Pljevlja coal-fired power
plant and the construction of the proposed wind farms
under the WB criteria, is illustrated in Figure 16.

Based on the results illustrated in Figure 16, it can
be concluded that the construction of fixed wind farms,
coupled with the permanent shutdown of the Pljevlja
coal-fired power plant, following the WB criteria, would
not entirely enable Montenegro’s power system to meet
the required electricity production, leaving a deficit of
approximately 270 GWh.

For the given scenario, using the average monthly
electricity production model for the period 2020-2023
and the annual consumption for 2023, as presented in
Figure 5, the electricity production and consumption
model with the permanent shutdown of the Pljevlja
coal-fired power plant and the construction of the pro-
posed wind farms following the NREL criteria is depict-
ed in Figure 17.

Based on the results shown in Figure 17, it can be
concluded that the construction of a fixed wind farm un-
der the NREL criteria, combined with the permanent
shutdown of the Pljevlja coal-fired power plant, would
enable Montenegro’s power system to meet the total an-
nual electricity production requirements, with a surplus
of 270 GWh. However, a production deficit would occur
on a monthly basis during June, July, August, and Sep-
tember.

Total Power Production vs. Total Consumption
(Scenario: WB Bottom - Fixed & Jacket Fixed Wind Farm Connected To The Grid + Coal-Fired Power Plant
Pljevlja Permanently Shutted Down)
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Figure 16 WB Bottom-Fixed & Jacket Fixed Wind Farms Connected to the Grid + Coal-Fired Power Plant Permanently Shut Down
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Figure 17 NREL Bottom-Fixed & Jacket Wind Farm Connected to the Grid + Coal-Fired Power Plant Permanently Shut Down



162

4.2 Scenario No. 2

Bottom-fixed, jacket-fixed, and floating wind farms
connected to the grid, while the Pljevlja coal-fired pow-
er plant is permanently shut down

Based on the results presented in Chapter 3, the
comparison of the annual electricity production of the
Pljevlja coal-fired power plant with the expected pro-
duction that could be achieved through the construction
of a fixed wind farm (bottom-fixed, jacket-fixed, and
floating wind farm) is shown in Figure 18.

Based on the data presented in Figure 18, it can be
concluded that the construction of the wind farm, ac-
cording to both criteria (WB and NREL), would fully re-
place the electricity production of the Pljevlja coal-fired
power plant.
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For the specified scenario, based on the model of av-
erage monthly electricity production for the period
2020-2023 and annual consumption for 2023, as
shown in Figure 5, the model for electricity production
and consumption, with the permanent shutdown of the
Pljevlja coal-fired power plant and the construction of
the respective wind farm according to the WB criterion,
is presented in Figure 19.

Based on the results from Figure 19, it can be con-
cluded that the construction of the respective wind
farm according to the WB criteria, with the permanent
shutdown of the Pljevlja coal-fired power plant, could
enable the Montenegrin electricity system to fully
meet the total annual electricity consumption, both on
an annual and monthly basis, with a surplus of 5862,4
GWh.
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Figure 18 Bottom-Fixed & Jacket Fixed & Floating Wind Farm vs. Coal Fired Power Plant Pljevlja
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Total Power Production vs. Total Consumption

(scenario: WB Bottom - Fixed+Jacked Fixed+ Floating Wind Farm Connected To The Grid + Coal-Fired Power Plant Pljevlja
Permanently Shutted Down)
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Figure 19 Scenario No2: WB Bottom - Fixed & Jacket Wind Farm & Floating Wind Farm connected to the grid + Coal Fired Power
Plant Permanently Shut down

For the specified scenario, based on the model of av-
erage monthly electricity production for the period
2020-2023 and the annual consumption for 2023, as
shown in Figure 5, the model for electricity production
and consumption, with the permanent shutdown of the
Pljevlja coal-fired power plant and the construction of
the respective wind farm according to the NREL criteria,
is presented in Figure 20.

Based on the results from Figure 20, it can be con-
cluded that the construction of the respective wind farm
according to the NREL criteria, with the permanent
shutdown of the Pljevlja coal-fired power plant, could
enable the Montenegrin electricity system to fully meet
the total annual electricity consumption, both on an an-
nual and monthly basis, with a surplus of 10488,57
GWh of electricity.
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Total Power Production vs. Total Consumption
(scenario: NREL Bottom - Fixed + Jacket Fixed + Floating Wind Farm Connected To The Grid + Coal-Fired Power Plant Pljevlja
Permanently Shutted Down)
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Figure 20 Scenario No2: NREL Bottom-Fixed & Jacket Wind Farm & Floating Wind Farm connected to the grid + Coal Fired
Power Plant Permanently Shut down

5 Conclusions

This study offers the first scientific evaluation of the
potential for offshore wind energy production in Mon-
tenegro, specifically focusing on capacity factor estima-
tions and the potential for replacing coal-based electricity
generation. The results highlight the significant role that
offshore wind farms could play in Montenegro’s energy
transition, supporting its commitment to decarboniza-
tion and its integration into the European energy market.

The research analyzed two scenarios: the first in-
volved the construction of bottom-fixed and jacket-fixed
offshore wind farms at depths of up to 60 meters, while
the second expanded the development to include float-
ing wind farms. Given the current technology maturity
and construction costs, it is anticipated that the first
fixed offshore wind farm will be established at depths of
up to 60 meters.

The findings suggest that, based on the WB criteria,
fixed offshore wind farms could replace more than half
of the electricity generated by the Pljevlja coal-fired

power plant, using the reference data for electricity pro-
duction in Montenegro from 2023. Under the NREL cri-
teria, this replacement could be nearly complete.
However, a full replacement of Pljevlja’s electricity gen-
eration, along with surplus production on both an an-
nual and monthly basis, would only be achievable with
the adoption of modern floating wind farm technology.
These advancements would result in significant surplus
electricity production, based on the reference data for
electricity production in Montenegro from 2023.

These findings are significant within the context of
Montenegro’s energy strategy. This study confirms that
offshore wind power has the potential to become a cor-
nerstone of the country’s renewable energy mix. It
would help ensure long-term energy security, enable in-
dependence from fossil fuels, and enable electricity ex-
ports. The research strongly emphasizes the importance
of initiating the construction of offshore wind farms in
Montenegro, a crucial step for maintaining energy stabil-
ity, meeting environmental obligations, and positioning
the country as a regional leader in renewable energy.
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The entire research of this paper is based on the
analysis of the Global Wind Atlas database, which, in ad-
dition to historical wind speed data, utilizes mathemati-
cal models to generate output values. The paper also
incorporates the adopted model of the IEA 15 MW wind
turbine. Primarily, future research should focus on
measuring the necessary meteorological parameters us-
ing lidars installed on floating buoys, in order to obtain
in-situ values for wind parameters.
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