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Abstract. This study applies an integrated geospatial modelling framework to evaluate Azerbaijan’s wind
energy potential and identify optimal locations for wind power plant deployment. Long-term meteorological
records (1981-2020) from 84 stations, MERRA-2 satellite observations, and Global Wind Atlas data were
combined within a GIS-based multi-criteria analysis. The results reveal that 10.7 % of the national territory
(9,200 km?), primarily along the Caspian Sea coast and the Absheron Peninsula, exhibits average annual
wind speeds of 5.6-8.5 m/s and power densities of 390-975 W/m? at 50 m hub height. The estimated
technical potential is 800 MW, equivalent to 2.4 billion kWh/year, or 8.6 % of Azerbaijan’s 2022 electricity
production. Performance modelling of 2 MW and 3.45 MW turbines indicates annual generation of 3.4-4.96
million KWh per unit, with hub heights of 100 m increasing yields by up to 38.5 %. Despite the current
utilization of only 2.2 % of the technically exploitable 3,000 MW potential, large-scale deployment could
raise this share to 20 % within the next decade, significantly reducing fossil fuel dependency and avoiding
substantial CO. emissions. The integrated methodology — combining multi-source wind datasets, altitude-
specific wind mapping, and turbine performance simulations — offers a replicable decision-support tool for
sustainable energy planning in Azerbaijan and similar regions.
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AHHOTanusl. B 1aHHOM HCClIeIOBaHUN NMPUMEHSAETCS MHTETPUPOBAHHAS CTPYKTypa T'€ONpPOCTPAaHCTBEH-
HOT'O MOJICJIMPOBAHMS Ul OLIEHKH BETPOIHEPreTUUECKOro MOTeHIHada AszepOaiiikaHa U ONpelesIeHUs
ONTHMAIBHBIX MECT JJIS pPa3MelIeHUs] BETPAHBIX AIIEKTPOCTaHIMA. MHOTOJETHHE METeOpOIOTHIECKUe
nmauabie (1981-2020 rr.) ¢ 84 cranmmii, cryTHuKoBBIe HaOmoaeHns MERRA-2 u nannbie [ mobamsHOTO
aTyiaca BETpOB ObLIM MpoaHaIu3upoBaHbl ¢ npuMeHeHneM [ MC-texHonoruid. Pe3synbraTsl MOKa3bIBaIoOT,
uyro Ha 10,7 % Teppuropun crpansl (9200 kM?), B OCHOBHOM B0JIb MoOepexbs Kacnuiickoro mops u
ATIIEPOHCKOr0 IMOJIyOCTPOBa, HAOIIOAAaeTCsl CPEIHEroI0Basi CKOpOCTh BeTpa 5,6—8,5 M/C M ynenbHas
MOIIHOCTH BeTpoBOro motoka 390-975 Bt/m? na Bricote 50 M. PacueTHbli TeXHUYECKHI MMOTEHIMAT CO-
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craiser 800 MBT, uto 3xBUBaNieHTHO 2,4 Mipn kB1-u/roa, wim 8,6 % OT MpOU3BOACTBA AIICKTPOIHEP-
run B AzepOaitmkane B 2022 roxy. MoaennpoBaHue MPOU3BOUTENFHOCTH TypOrH MoTHOCTEIO 2 MBT 1
3,45 MBT noka3sbsiBaeT ToJ0BYIO BEIpaOOTKy oT 3,4 1o 4,96 M kKBT'4 Ha eAMHUITY, IPH 3TOM BBICOTA
crynuipl 100 M yBennuuBaeT BeIpaboTKy 10 38,5 %. HecMoTps Ha TO, YTO B HACTOSIIEE BPEMS UCIIOJIb-
3yercs nuib 2,2 % TtexHudecku peanusyemoro noreHuuana B 3000 MBT, kpynHoMaciutabHOE BHEIpe-
HUE MOXET YBEIHIUTH 3Ty 101t0 110 20 % B TeUeHHe CIEAYIOMIETO NECATIIETHS, CHU3UB 3aBHCHMOCTH OT
HCKOMAaeMOT0 TOTUTMBA U n30ekaB 3HAYUTEIbHBIX BRIOpOCOB CO2. MHTErpUpOBaHHASI METOAOJIOTHS, 00h-
SAMHSONAsT HA0OPBI JAaHHBIX O BETPE U3 Pa3HBbIX MCTOYHUKOB, UCIIOJIL30BAHUE KapTOrpaUuecKoro Ma-
Teprajia U MOJCINPOBAHKUE MPOU3BOJUTENHFHOCTH TypOWH, IMpeasiaraeT BOCIIPOU3BOJUMBIA WHCTPYMEHT
MOJICPKKY TPUHSITUS PEIICHUH IS IUIAHUPOBAHMS YCTOMYMBOW SHEPIreTUKU B A3epOaiikaHe 1 aHaJlo-
TUYHBIX PErHOHAX.

KuaioueBble cjioBa: BO30OHOBIIsIEMasi SHEPreTHKa, MPou3BoACcTBO dHepruw, [ MIC—aHanm3, ycToWdmBoe
pasButue, npocrpancTBeHnHbii ananu3 ' MIC, MERRA-2.

Jas uurupoBanus: Mmameepaues H. 2025. KaprorpadupoBanue mpurogHOCTH BETPOIHEPTETUKU B
Azepbaiikane MoCpeCcTBOM MPOCTPAHCTBEHHOTO aHanmu3a Ha ocHoBe [ IC. PernoHansHbIE TEOCHCTEMEI,
49(2): 768-781. DOI: 10.52575/2712-7443-2025-49-4-0-9 EDN: NRZCEA

Introduction

Wind energy is among the fastest-growing renewable energy sources globally, offering
significant potential for reducing greenhouse gas emissions and decreasing dependence on fossil
fuels. The global technical wind energy potential was estimated at approximately 170 x 10'®
kWh, although only about 4 % is currently exploitable due to technical, environmental, and land-
use constraints. Maximizing this resource requires accurate, location-specific assessments that
integrate wind regime analysis with topographic and infrastructural considerations.

In Azerbaijan, several studies have investigated wind resources from meteorological,
technical, and economic perspectives. Eyyubov [1997] examined the climate and wind regime of the
Absheron Peninsula, focusing on prevailing wind directions and their influence on human health.
Salmanova F.A. [2012] analyzed the combined use of solar and wind power to improve rural living
conditions. Salmanov O.M. [2009] assessed the country’s wind energy resources and their utilization
possibilities, and Rzayeva et al. [2003] developed simple wind and solar devices suitable for local
conditions. Khammadov [2012] evaluated the feasibility of hybrid photovoltaic-wind systems in
Azerbaijan, and Huseynov examined public acceptance of wind energy. Chuvarli and Jesman [2003]
studied the conversion and utilization of wind and solar energy in the national context. More
recently, Pashayev [2022] analyzed the development prospects of the “green economy” in the
Karabakh and East Zangezur economic regions, and Abdullayev et al. [2018] proposed technological
improvements for vertical-axis magnetic levitation wind turbines.

Internationally, advanced spatial decision-making tools have been applied to wind energy
suitability analysis. Georgopoulou et al. [1997] used the Analytic Hierarchy Process (AHP) to
classify Greek islands according to wind potential. Watson and Hudson [2015] applied GIS-
based multi-criteria evaluation (MCDM) to assess regional suitability for wind and solar farms.
Janke [2010] modeled wind and solar farm locations in Colorado using GIS, while Jianu and
Rosen [2012] investigated noise pollution mitigation for wind turbines. Berken [2009] used GIS
to analyze turbine siting within utility service areas, and Perkins and Everett [2011] examined
offshore wind power development.

Despite these contributions, most previous Azerbaijani studies relied on limited temporal
datasets or single-source measurements, lacking integration of long-term, multi-source wind
observations with high-resolution GIS zoning and turbine performance simulations. This gap
constrains the accuracy of site selection and hinders alignment between technical assessments
and strategic renewable energy planning.
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Azerbaijan’s geographical location — bordering the Caspian Sea with diverse terrain
ranging from coastal plains to high mountain ranges — produces distinct wind patterns and strong
spatial variability. Absheron and certain offshore areas experience some of the highest average
wind speeds in the country, exceeding 6 m/s at 50 m hub height, with more than 270 windy days
per year [Geography Atlas, 2014]. Yet, despite an estimated 3,000 MW of technically usable
potential, only 64 MW (2.2 %) is currently operational, contributing 0.39 % of national
electricity production [Energy of Azerbaijan, 2023].

To address these limitations, this study integrates:

1. Long-term meteorological observations (1981-2020) from 84 stations (MERRA-2 sat-
ellite reanalysis data)

2. Global Wind Atlas datasets;

3. GIS-based multi-criteria spatial analysis and wind turbine performance modelling.

The novelty of this research lies in producing the first high-resolution, altitude-specific
wind potential maps for Azerbaijan (10, 50 and 100 m) and directly linking wind resource
assessment with capacity factor estimations for modern turbine models. The results aim to
provide policymakers, engineers, and investors with a scientifically grounded, location-specific
framework for wind energy development — maximizing technical output while minimizing
environmental and economic risks.

Materials and methods

This study employs a geospatial modelling approach to assess the wind energy potential
of Azerbaijan and to identify optimal locations for wind power plant (WPP) development. The
methodology integrates multiple datasets and computational tools to analyze wind patterns and
their interaction with the country’s diverse topography.

The research database comprises:

1. Long-term meteorological observations — Wind speed, direction, and intensity data
from national meteorological stations (1981-2020).

2. Global Wind Atlas (GWA) — High-resolution wind resource maps and power density
data [GWA, 2025].

3. MERRA-2 satellite reanalysis — NASA’s Modern-Era Retrospective Analysis for Re-
search and Applications, Version 2 (1981-2022).

4. Field measurements — Conducted within the framework of this study for validation and
comparison.

These datasets provide both temporal and spatial coverage, enabling a comprehensive
understanding of wind characteristics.

The Absheron region was selected as the primary model area for ArcGIS-based wind
flow assessment, due to its complex terrain and high wind potential. The integration of ArcGIS
spatial analysis tools with GWA data allowed for precise evaluation of wind resources in relation
to Azerbaijan’s relief characteristics.

Key analytical steps included:

o GIS-based spatial analysis and overlay modelling — Combining wind regime and wind
speed distribution data from MERRA-2 with topographic features such as elevation, slope, and
surface roughness.

« Cartographic methods — Assessing the influence of mountainous areas, valleys, and
coastal zones on wind direction and intensity.

o Multi-criteria classification — Applying GIS-based multi-criteria evaluation (MCE)
techniques to integrate GWA and NASA Power datasets, producing a suitability index for poten-
tial WPP sites.

By combining wind resource data with physical and environmental constraints, this
approach ensures that wind energy projects are located in areas with: optimal wind conditions for
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electricity generation; minimal environmental and land-use conflicts; and high economic
feasibility for long-term operation.

This methodology provides a replicable framework for renewable energy site selection in
Azerbaijan and similar geographic contexts.

Results and discussion

Wind Energy Potential in Azerbaijan

Analysis of meteorological and satellite datasets reveals that only 10.7 % of Azerbaijan’s
territory (approximately 9,200 km?) meets the technical criteria for wind power plant (WPP)
installation. These optimal zones exhibit average annual wind speeds of 5.6-8.5 m/s and power
densities of 390-975 W/m? at a 50 m hub height. The highest potential areas are concentrated
along the Caspian Sea coastline, particularly on the Absheron Peninsula, including Sitalchay,
Yeni Yashma, Shurabad, and Pirallahi Island.

Wind speed analysis for 1981-2020 indicates that:

e Areas with > 6.5 m/s winds are primarily located along the eastern coastal strip.

« Wind speeds at 50 m height are approximately 20 % higher than at 10 m, while speeds
at 100 m are on average 38.5 % higher than at 50 m.

« Pirallahi Island records the highest average wind speed (9.67 m/s), while Gabala
experiences the lowest (1.68 m/s).

These findings align with earlier localized observations [Eyyubov, 1997; Geography
Atlas, 2014] but provide higher spatial resolution through the integration of multi-source
datasets. The wind energy potential of Azerbaijan was determined by calculating the possible
intervals and correlation coefficients based on the wind speed indicators received from
meteorological stations. The wind speed and power density were calculated at relative heights of
10, 50, and 100 meters, with weak, medium, and high. After analyzing the wind speed data of
meteorological observation stations at a height of 50 meters, we determined that only 10.7 %, or
9,200 km? of the country's territory (5.5 m/s and above), is suitable for the placement of wind
turbines (Fig. 1). In the mentioned areas, the average annual wind speed is 5.6 m/s, and the
average power density is 390 W/m? [GWA, 2025]. According to these indicators, the wind
potential was calculated as 800 MW, depending on the geographical location, natural conditions,
and economic infrastructure of the country. Based on a power factor of 18 % for 10 meters—high
turbines in Azerbaijan, the potential electricity generation would be 2.4 billion kWh. This is
equivalent to 8.6 % of the 29.04 billion kWh of electricity generated in 2022.

The average annual wind speed indicators in Azerbaijan for the years 1981-2020 were
analyzed by us using a spatial analysis tool in GIS and divided into eight parts, and the size of
wind energy potential areas was calculated [NASA Power Data, 2024]. Thus, the area of areas
with wind speeds of 2.5-3.5 m/s for the placement of wind turbines is three thousand km? (3 %)
and 13.5 thousand km? (16 %) for divisions I and II, respectively. Areas with weak power (3.51—
4.5 m/s) energy production potential are grouped within divisions Il and IV and are calculated
as 20 thousand km? (23 %) and 16 thousand km? (18 %) separately. The area of medium power
areas in divisions V and VI, with wind speeds between 4.51 and 5.5 m/s, is 8 thousand km? (9 %)
and 17 thousand km? (20 %), respectively. The areas of the territories within the VII and VIII
divisions with high wind power reserves (5.51-6.5 m/s) and technical potential for the construc-
tion of wind power plants are 5.1 thousand (6 %) and 4.1 thousand km? (5 %) (Fig. 2). The po-
tential areas, which total 9.2 thousand km?, are considered the most suitable areas for the con-
struction of WPPs, mainly covering the coast of the Caspian Sea, including Sitalchay, Yeni
Yashma, Shurabad, etc. Figure 1 indicates that wind speeds above 6.5 m/s are concentrated along
the Caspian coastline, highlighting its suitability for high-capacity turbines.
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Fig. 1. Wind speed distribution in the Republic of Azerbaijan (50 m relative altitude)
Puc. 1. Pacnipenenenue ckopocTu BeTpa B Azepbaiipkanckoit Pecriybnuke (oTHocuTenbHas Bicota 50 m)

A wind speed map was prepared by comparative analysis of the data of existing meas-
urement observation stations in Azerbaijan, the Global Wind Atlas, MERRA-2 satellites, the
Climate Atlas, the Ecological Atlas, and the Geographic Atlas of the Republic of Azerbaijan.
Based on the MERRA-2 satellite database, wind speed data for 1981-2020 were analyzed for 84
stations in the country, and the average annual wind speed was determined to be 4.41 m/s. As
can be seen from the dynamics given in Fig. 2, although an increase of 0.1 m/s was observed in
the average annual wind speed (from 4.4 to 4.5), the speed remained stable in comparison with
the overall period [NASA Power Data, 2024]. In addition, the maximum average speed in the
country was 9.67 m/s on Pirallahi Island, and the minimum speed was 1.68 m/s in the Gabala
district [Ecological Atlas, 2009].
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Puc. 2. Cpenneromosasi CKOpocTh BeTpa B AzepOaiimpkane 3a 1981-2020 rr.
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In meteorological observation data, the average annual minimum wind speed was calcu-
lated as 1.95 m/s, the maximum as 5.6 m/s, and the average as 3.6 m/s [GWA, 2025]. Areas with
an average wind speed higher than 3.5 m/s mainly cover the Absheron Peninsula (Fig. 1). As a
result of the analysis of this data, it was determined that the wind speed measured by satellite is
0.81 m/s lower than the data from the existing observation points. For this purpose, the wind en-
ergy potential was studied based on the basic data of another source, the Global Wind Atlas. The
height of modern wind turbines with blades is 50 meters and above. For this purpose, we based
the wind speed measurement data at a relative height of 50 m (Fig. 3 and 4), and prepared a wind
speed map. Because of the analysis of wind speed data at a relative height of 10 m and 50 m, it
was determined that the speed at a relative height of 50 meters is 20 % higher [GWA, 2025].
When wind turbines are placed at a height of 50 m, energy production will be correspondingly
higher. As can be seen, the total area of areas with an average annual wind speed of more than
6.0 m/s in the republic is 5.5 thousand km? (Fig. 3 and 4).
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Fig. 3. Wind speed at 10 m relative heights in Azerbaijan
Puc. 3. CkopocTh BeTpa Ha OTHOCHUTENIBHBIX BbicoTax 10 M B A3zepOaiikane
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Fig. 3. Wind speed at 50 m relative heights in Azerbaijan
Puc. 3. CkopocTh BeTpa Ha OTHOCHTENBHBIX BbIicoTax 50 M B A3epOaiinkane

The amount of energy production in the country according to the wind speed was
calculated using the Wind pro program using a 2 MW wind turbine of the “Camesa G90” type as
an example according to the following graph [Imamverdiyev, 2020]. The amount of energy
production varies depending on the duration of windy hours, with wind speeds between 3 and 21
m/s. For this purpose, the dependence of wind energy production on wind speed and duration is
analyzed in Fig. 5.
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Fig. 5. Dependence of wind energy production on wind speed and duration
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As can be seen from the graph, in areas with a high wind speed of 6 m/s, the annual duration
will be 1200 hours and the amount of energy production will be 132 thousand kWh. In areas with a
stable wind speed of 8-12 m/s, energy production is considered optimal for the construction of tur-
bines with an average capacity of 2000 kW. In this case, as an example of areas with favorable wind
speeds in the country, the maximum annual energy production of 2000 kW KES will be 4.96 million
kWh (EFI 18 %).

Technical Potential and Energy Yield

Using WindPRO simulations for selected turbine models:

o Gamesa G90 — 2 MW: Annual generation of 3.4-4.96 million kWh per unit (capacity fac-
tor: ~18 %).

e Generic 3.45 MW — IEC Class 2: Annual generation of up to 3.4 million kWh in high-
potential areas (capacity factor: ~28 %).

Pirallahi Island alone could accommodate 118 turbines of 2 MW capacity, producing
260 million kWh/year. With 9.5 MW Vestas V-164 turbines, potential output could reach 1.3 billion
kWh/year. In areas with efficiency indicators in the selection of wind power plants, the average wind
speed at a relative height of 50 m is 6.82 m/s, and the power density is 572 W/m? [GWA, 2025]. The
total area of the areas with the highest wind potential, with an average annual wind speed of 8.5 m/s
at a height of 50 meters and a power density of 975 W/m?, is 5400 km? For example, by installing a
“Generic 3.45 MW-IEC Class 2” type wind turbine in these areas, it is possible to obtain 3.4 million
kWh/year (EFI 28 %). When comparing the height indicators and capital cost of wind turbines, it
was determined that the optimal height in the area is between 50 and 100 meters. These areas are the
Absheron Peninsula and the Caspian Sea coast, where the maximum number of windy days is
270/year [Ahmadov, Novruzova, 2019]. Examples of these areas include Pirallahi, Bina, Jilov Island,
and Neft Dashlari, where the average annual wind speed is between 6 and 7 m/s. However, the wind
speed indicators decrease towards the west of the peninsula. Thus, in the areas of Gizil Burun, Khizi,
Gobustan, etc., the average annual wind speed drops to 4-4.6 m/s [Geography Atlas, 2014;
Mammadova, 2015].

Wind speed indicators at a relative height of 100 meters in the republic were studied, and
the average speed in potential areas was determined to be 7.8 m/s-year, and the wind power was
determined to be 702 W/m. This is 2.5 m/s, or 38.5 % more than at a height of 50 meters [GWA,
2025]. In areas with an average annual wind speed of 7.8 m/s, it is possible to produce 1.3 mil-
lion kWh of energy per year with a turbine with a diameter of 90 m of 2 MW blades. At this
power, 6.4 thousand m? of land is needed for each turbine. Theoretically, it is possible to build
118 wind turbines of this type outside the restrictive areas on Pirallahi Island (17.6 km?), which
has the highest potential in the country, which is equal to a total energy production of 260 mil-
lion kWh (14 % of the FIE). If 9.5 MW Vestas V-164 wind turbines are installed in the same ar-
ea, energy production will be 1.3 billion kwh.

The areas with average wind speed indicators are the Sharur, Julfa, and Ordubad districts of
the Nakhchivan Autonomous Republic. In this region, only 560 km? of land at a relative height of 50
meters has wind potential. The average annual wind speed of Nakhchivan varies between 3 and 3.5
m/sec, which is weaker than that of the Absheron region [Mammadova, 2015]. The geographical po-
sition of the NAR allows it to be affected by the movement of two interacting airflows (cold air of
arctic origin from the north and warm air mass of tropical origin from the south), which creates a
high pressure in the Julfa and Ordubad districts, causing medium-strength winds.

In the Ganja-Dashkasan zone, the average annual wind speed is 3-3.5 m/s, and the number of
windy days is 95 [Ahmadov, Novruzova, 2019]. Winds of 2-5 m/s are observed in the plain part of
Ganja-Kazakh, and winds of 6-10 m/s on certain days at the foothill part. There is also sufficient
wind energy potential in the southeastern coastal areas of the Mingachevir reservoir. In the moun-
tainous areas of the Greater Caucasus, winds of 01 and 2.5 m/s in the northeast and southwest direc-
tions account for 80-85 %. Although strong and hurricane-like winds are rare in these areas, their
speed does not exceed 20 m/s. In Lankaran-Astara, due to breeze and mountain-valley circulation,
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westerly and southeastern winds with speeds of 0-1 and 2-5 m/s (80 %) prevail. In the Lerik-Kelvez
zone, the wind speed at a relative height of 50 m is 5.5-6.5 m/s [Aliyev, 2015]. It should be noted
that, since the 1930s, a decreasing trend has been observed in both wind speed and the number of
windy days. The average annual wind speed in the country decreased by 12 % in 1961-1990 com-
pared to climate norms. The decrease in speed is observed more in the Kura-Araz lowland (47 %),
coastal areas (22 %), and foothill and low mountainous zones (9 %). The number of strong windy
days (15 m/s and more) has increased more than 2 times in most stations (81 %) compared to the
norms before 1960, and in other stations (19 %) it has decreased by an average of 12 % [Geography
Atlas, 2014]. The number of days with strong winds is 52 days/year, the highest in Absheron
(Pirallahi — 129 days), the lowest in the Lankaran lowland (6 days), and the Kura-Araz (10-64 days).

The technical energy potential in the republic, depending on the wind speed, is 1500
MW. 70 % of this (1050 MW) falls on the Caspian Sea coast, mainly on the Absheron peninsula.
Here, northern, northwestern and southern winds are observed, while winds from other directions
are a minority. The speed of the prevailing winds in Absheron is 6-19 m/s, and in rare cases,
winds of 2-5 m/s blow. Strong and hurricane-like winds blow from the north and northwestern
on the peninsula, their speed sometimes reaches 30—40 m/s [Geography Atlas, 2014]. Taking
these factors into account, it is imperative to choose structures that are more resistant to strong
winds when placing turbines.

The prevailing wind direction in the Absheron region is mainly from the north, with 65 % of
the year. The physical and geographical conditions of the coastal strip influence the wind speed in the
area. Here, the speed is typically between 0.5 and 12 m/s, with only 30 % of the winds being greater
than 8 m/s. Days with wind speeds exceeding 15 m/s on the peninsula are observed more often in
winter. Strong windy days (21 m/s) are observed 35 days in Baku, 37 in Sumgait, and 40 in Pirallahi.
Northern winds prevail here, and on certain days the speed reaches 3040 m/s [Geography Atlas,
2014]. In winter, solar radiation is significantly reduced due to the influence of cold air masses. Thus,
the number of days above 25°C in Baku is 50, and the number of days above 20 is 120. The number
of days with an annual temperature between -5 and 10 is 5, the number of days between -5 and 0 is
3, and the number of days above 35 is 16 [Geography Atlas, 2014].

Seasonal and Regional Variability

Meteorological records covering 1981-2020 reveal that wind intensity across Azerbaijan
changes noticeably with the seasons. The strongest winds occur in winter, particularly from
December to February, when mean speeds along the Absheron Peninsula and the Caspian shore
often exceed 6.5 m/s at a 50 m height. In these months, many modern turbines can achieve efficiency
levels of 25-30 %, making this period the most productive for electricity generation from wind.
During summer, however, inland regions typically see weaker winds, averaging 4.0-4.5 m/s, which
limits output to roughly 12-18 % of installed capacity. Spring and autumn tend to be more balanced,
with speeds of 5.0-5.8 m/s providing steady but moderate production [NASA Power Data, 2024;
GWA, 2025]. This seasonal cycle means that wind power plants contribute more to meeting
electricity demand in colder months, while solar plants become the main renewable source in
summer. The complementary nature of these patterns can improve the stability of Azerbaijan’s
overall renewable energy supply. This seasonal complementarity supports hybrid renewable energy
systems, with wind generation dominating in winter and solar in summer.

Seasonal analysis shows distinct wind patterns:

o Winter (Dec—Feb): Strongest winds (> 6.5 m/s in coastal Absheron), yielding capacity fac-
tors of 25-30 % for modern turbines.

o Summer (Jun—-Aug): Inland areas experience weaker winds (4.0-4.5 m/s), reducing capac-
ity factors to 12-18 %.

e Spring & Autumn: Moderate, steady production potential (5.0-5.8 m/s).

Current Utilization and Development Prospects

As of 2023, Azerbaijan’s installed wind capacity is 64 MW, representing only 2.2 % of the
technically exploitable 3,000 MW potential. The share of wind in total electricity generation is
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0.39 % [Energy of Azerbaijan, 2023]. The government aims to expand wind capacity to 20 % of total
generation within the next decade, supported by domestic and foreign investment in both onshore
and offshore projects. In 2022, the total production capacity of 7 stations built for the use of wind
energy was 64 MW and the electricity production was 83.3 million kWh [Energy of Azerbaijan,
2023]. This is 2.2 % of the technically usable wind energy potential of 3000 MW. Currently, the
share of wind power plants in the country's total energy production is 0.39 % (table 1).

Table 1
Tabmuna 1

Wind power plants in Azerbaijan (2023)
Betpsiapie anekTpocTtaniun B A3epoaiimkane (2023)

; Construction | Capacity, : Implementing | Million| Turbine type and
Station date IE)/IW Location organization kWh number
] o ] Caspian
Yeni 2009 50 Khizi (Yeni management 109 Fuhrlander FL
Yashma (2018) Yashma) systems and 2500 (20 units)
Aztrog LLC
Yasma Khizi district “Caspian Vestas V90
Baglari 2009 3,6 Shurabad village Technology” 7 (4 units)
Shurabad sett. A Vestas V90
Shurabad 2009 1,7 (Khizi) Berlin Wind 11.6 (2 units)

; ; “Alten Group” Gamesa G78
Hokmali 2011 8 Hokmali sett. LLC 17.5 (4 Units)
Gobustan ot PowerWind 56

HPP 2011 2.7 Gobustan district AREA 5.9 (H. 60 m)
“Gamigaya China “ANE” 10
Julfa HES 2021 0.3 Julfa Holding” 0.26 units

Prepared based on data from the State Agency for Renewable Energy Sources under the Ministry of Energy of the
Republic of Azerbaijan.

The locations of renewable power plants in the Republic of Azerbaijan, including wind pow-
er plants, can be clearly seen on the map we have prepared. This map provides a visual representa-
tion of the current distribution of these facilities across the country, highlighting the regions where
renewable energy generation is already in operation (Fig. 6). In total, there are 46 stations of various
sizes, seven of which are dedicated to wind energy.

Although wind energy production in the republic was 22.1 million kwWh in 2017, this volume
has increased 4 times in 5 years, reaching 83.3 million kWh. Thus, from 2009 to 2020, 164.3 million
AZN was invested in wind energy, and 63.6 million AZN in 2014 alone, and a total of 514.4 million
kWh of electricity was produced through wind turbines by 2023 [Energy of Azerbaijan, 2023]. It is
planned to build 5 more stations over the next 10 years, thereby bringing the share of wind power in
total production to 20 %.

Environmental and Economic Benefits

Each 1 MW of installed wind capacity:

e Saves approximately 14,500 tonnes of coal or 46,000 barrels of oil over 10 years;

e Prevents emission of 20,000 tonnes of CO,, 100 tonnes of SO,, and 2 tonnes of N,O;

e Reduces reliance on natural gas, saving an estimated 365 million m*/year if 400 MW
of capacity is installed.
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Fig. 6. Areas where renewable energy power plants are located in Azerbaijan
Puc. 6. Paitonsr A3epbaiimkaHa, TAe pacroiaoKeHbI SIEKTPOCTAHIHH,
paboTarolire Ha BO30OHOBIISIEMBIX HCTOYHUKAX SHEPTUU

These benefits align with global trends in decarbonization and enhance Azerbaijan’s en-
ergy security by diversifying its energy mix. Although the economic benefit of wind power
plants in the country is only 7.5 million AZN in terms of energy sales, they also have
environmental benefits, such as not polluting the environment and eliminating dependence on
hydrocarbon fuels. More precisely, each MW power plant saves 14.5 thousand tons of coal and
46 thousand barrels of oil over 10 years and prevents 20 thousand tons of CO,, 100 tons of SO,,
and 2 tons of N,O gases from being emitted into the atmosphere. The main part of the gases that
cause the heat effect is carbon dioxide, 57 % of which is generated during the production of
traditional energy. In general, 81 % of the electricity in the world is obtained by burning fuels
that cause environmental pollution (31 % natural gas, 12 % oil, and 38 % coal). In Azerbaijan,
0.24 m? of gas is consumed for each kWh of electricity production in thermal power plants. The
electricity production of thermal power plants is 26.5 billion kwW/h, which is equal to 5.7 billion
m? of gas consumption [Environment in Azerbaijan, 2023]. Thus, as a result of the combustion
of 1 m?® of natural gas, 1.78 kg of carbon dioxide is emitted into the atmosphere. In general, as a
result of the combustion of hydrocarbon fuels in thermal power plants, a significant amount of
polluting gases, 34 % of which are carbon dioxide, are emitted into the atmosphere every year.
However, if RES is used efficiently, 427 tons of carbon dioxide emitted into the atmosphere in
each million kwh of energy production will be prevented. Also, since renewable energy stations
do not require any costs other than annual maintenance, they will pay back the investment
amount within an average of 8 years. This makes wind turbines economically viable as a future
electricity investment. It will also ensure the return of the investment in the plant and additional
profit over the 25-year operation period.
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The capital cost of one MW of a wind turbine in Azerbaijan is 3 million US dollars. The
wind energy was calculated based on the average annual wind speed and the area of optimal
areas, and it was determined that there are many suitable areas in the country for building
stations with a capacity of 400 MW. These stations can generate 1.5 billion kWh of electricity
per year, as well as save 365 million m?® of natural gas. The following table was prepared based
on data from the Geographic Atlas of the Republic of Azerbaijan (2018) and the Global Wind
Atlas (2021) (table 2).

Table 2
Tabmuma 2

Area of potential areas suitable for wind power generation in Azerbaijan
Hnomazu; IIOTCHUUAJIBHBIX TeppHTopHﬁ, MPUTOAHBIX IJIs1 BETPOTCHEpAllU B A3ep6aI?I)1>1<aHe

Regions Wind Average annual Occupied are? Usable areas2
power wind speed (m/s) (thousand km?) (thousand km®?)
Absheron Peninsula High 5-6 3.9 0.34
Caspian Coastal Areas High 6-7.5 2.3 0.2
Gobustan Medium 3.5-5 2.5 0,5
Samur-Shabran Medium 45-5 1.7 0.3
Ganja-Gazakh Weak 2.6-4.2 2.8 0.46
Nakhchivan AR Weak 2.5-3.1 55 0.275

With the development of wind turbine manufacturing technologies and the
competitiveness of new manufacturing facilities, the cost of offshore wind energy production
will decrease by 35 % and onshore by 26 % by 2025, to US $0.07 per kWh.

The analyses conducted in this study clearly demonstrate that Azerbaijan possesses
significant wind energy resources, particularly along the Caspian coastal regions and the
Absheron Peninsula. The integration of meteorological data, GIS-based spatial analysis, and
energy modelling provides a scientific basis for identifying optimal locations for wind turbine
deployment. Despite the current underutilization of this renewable energy source, the technical,
environmental, and economic indicators all point to a strong potential for future development.

Practical Significance and Novelty

In this research, Azerbaijan’s wind energy potential was evaluated in detail through a
combination of long-term meteorological records (1981-2020) and MERRA-2 satellite data, in-
terpreted within a GIS environment. The work has direct practical value as it offers a location-
based assessment of where wind power plants could be most effective, taking into account both
wind speed and terrain conditions. These results can be used by energy planners, engineers, and
investors to select suitable sites, choose appropriate turbine heights, and estimate production ca-
pacity with greater accuracy. The findings show that 10.7 % of the national territory — primarily
along the Caspian Sea coast and the Absheron Peninsula — has the potential to produce around
2.4 billion kWh of electricity each year, significantly reducing fossil fuel demand and preventing
thousands of tons of carbon emissions.

Comparative Analysis with Previous Studies

Compared to earlier works [Salmanov, 2009; Khammadov, 2012], this study offers:

1. Higher spatial resolution in wind mapping (250 m grid from GWA data).

2. Altitude-specific wind potential mapping (10, 50, 100 m).

3. Integrated turbine performance modelling for site-specific yield estimation.

The methodology replicability allows for application in other Caspian Basin countries
with similar climatic and topographic conditions. What sets this study apart is its integrated ap-
proach: satellite observations, ground measurements, and cartographic sources were combined to
generate detailed wind maps for different altitudes (10, 50 and 100 m). The analysis also links
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wind speed patterns with technical capacity factors for different turbine models, offering insights
not covered in earlier studies. This makes the methodology transferable to other regions with
similar physical and climatic characteristics.

Conclusion

The primary aim of this study was to identify the most suitable territories for wind power
plant deployment in Azerbaijan, fully aligned with the country’s renewable energy transition
long-term goals. By integrating long-term meteorological records (1981-2020) from 84 stations
with MERRA-2 satellite data, Global Wind Atlas information, and field measurements into a
GIS-based spatial analysis and wind turbine performance modelling framework, the research
successfully achieved all stated objectives. The results showed that 10.7 % of the national
territory (9.2 thousand km?), concentrated mainly along the Caspian coastline and the Absheron
Peninsula, offers optimal technical and environmental conditions for wind turbine installation.
These areas exhibit average annual wind speeds of 5.6-8.5 m/s and power densities of 390-
975 W/m? at 50 m hub height. The technical potential is estimated at 800 MW, which is
approximately 2.4 billion kWh per year. This is equivalent to 8.6% of Azerbaijan's electricity
production in 2022. Performance modelling of 2 MW and 3.45 MW turbines indicated annual
generation capacities of 3.4-4.96 million kWh per unit, while increasing hub height to 100 m
improve yields by up to 38.5 %. Pirallahi Island alone could host 118 turbines generating 260
million kWh/year, or 1.3 billion kWh/year with 9.5 MW units.

Despite this significant resource base, only 2.2 % (64 MW) of the technically exploitable
3000 MW potential is currently utilized. Large-scale deployment is projected to raise this share
to 20 % within the next decade, offering substantial environmental and economic benefits. Each
1 MW of installed capacity could save 14,500 tonnes of coal and 46,000 barrels of oil, while
preventing 20,000 tonnes of CO, emissions over a 10-year period.

The integrated methodology applied here — combining multi-source datasets, altitude-
specific wind mapping, and turbine performance modelling — offers a transferable decision-
support tool for policymakers, engineers, and investors. Its application can guide strategic
renewable energy planning not only in Azerbaijan but also in other regions with similar climatic
and topographic conditions.
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