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ARTICLE INFO ABSTRACT
Keywords: Turkey (Tiirkiye) aims to achieve net-zero emissions by 2053, yet remains heavily reliant on fossil fuel imports,
Renewable energy transition accounting for more than 70% of its total energy use. The energy sector is also the largest contributor
Net-zero emissions to national greenhouse gas emissions, responsible for 71.8% of the total in 2022. Renewables comprised
Turkey (Tiirkiye)

59.4% of installed capacity by energy source in 2024 and generated 45.5% of the electricity consumed.
This research presents an original synthesis of energy data in Turkey through a meta-analysis of renewable
energy potential, complemented by a comprehensive assessment of national demand-supply dynamics and
literature. The analysis identifies critical gaps between theoretical potential and actual implementation,
revealing underutilisation of available resources. Solar potential is estimated at 380 TWh/year, yet only 25 TWh
is currently produced. Similarly, only 13GW of a 48 GW wind potential is installed. Geothermal installed
capacity stands at 4.5GW,, utilising 38.4% of the potential. Reservoir levels in several basins critical to
hydropower have declined since 2010, with Gediz experiencing a reduction of 45.5%. These trends, driven
by climate variability and overuse, have adversely affected hydropower generation in regions where water
availability has become increasingly unreliable. Geographical mismatches in demand and supply exist—
demand centres are located in the industrial northwest, whereas optimal generation sites are in remote
areas, necessitating significant infrastructure investment. Barriers to scaling renewables deployment include
grid and storage limitations, regulatory constraints, and inadequate infrastructure. Meeting the projected
2035 electricity demand of 511 TWh sustainably requires the prioritisation of resource optimisation alongside
capacity expansion. The net-zero energy transition requires modernising existing facilities, integrating storage
solutions, enhancing grid infrastructure, and developing comprehensive policy frameworks for large-scale and
distributed renewable energy.
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Renewable energy potential
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of transmission infrastructure (Brown et al., 2018). Economic factors,
Introduction such as high initial investment costs and limited financial support

The global energy sector is responsible for more than 75% of
total greenhouse gas emissions (IEA, 2024b), releasing 37.8 GtCOqe in
2024 (IEA, 2025). Decarbonising national energy systems is, there-
fore, critical for mitigating climate change impacts, enhancing energy
security and meeting sustainable development goals (IRENA, 2024c).
Renewable energy resources offer a crucial pathway to achieving these
objectives because of their abundance and low environmental im-
pact (Edenhofer et al., 2011). Their adoption has accelerated due to de-
clining technology costs, policy incentives, and advances in energy stor-
age and grid integration technologies (IEA, 2024a). However, the tran-
sition remains uneven across regions, influenced by resource availabil-
ity, policy frameworks, and infrastructure readiness (IRENA, 2024a).

Turkey (Tiirkiye) exemplifies the complex interplay of opportu-
nities and challenges associated with the global net zero transition.
Strategically positioned at the crossroads of Europe and Asia, Turkey’s
energy demand is rising due to urbanisation, industrial expansion, and
population growth (Yildiz, 2010). This demand has outpaced domestic
energy production, leaving the country heavily reliant on imported fos-
sil fuels to meet its needs (MENR, 2023b). This dependence has exposed
Turkey to price volatility in global energy markets, increased energy
security risks, and a growing economic burden (World Bank, 2022). The
energy sector is also the country’s largest contributor to GHG emissions,
responsible for 71.8% of the national total in 2022 (TURKSTAT, 2023).
Consequently, increasing the share of renewable energy has emerged as
a strategic priority in Turkey’s energy policy, offering a means to reduce
the dependency on imports while supporting the country’s climate
commitments and economic aspirations (Kaya, 2006). The country
ratified the Paris Agreement in 2021 (Government of Tiirkiye, 2021)
and aims to achieve net-zero emissions by 2053 (MEUCC, 2023), yet
significant barriers remain, including dependence on fossil fuel imports,
high energy costs, and policy and regulatory challenges.

Turkey’s renewable energy potential is shaped by its diverse ge-
ographical and climatic conditions, enabling access to an array of
resources, including solar, wind, hydropower, geothermal, and biomass
energy. Each resource presents distinct opportunities and challenges,
with variation in technical potential, regional distribution, and cost-
effectiveness. Solar energy stands out with its significant theoretical
potential, particularly in Turkey’s southern and central regions, where
high solar irradiance levels are observed year-round (Dincer, 2011).
The country’s wind energy potential is also significant, especially in
western and coastal areas, while hydropower continues to play a dom-
inant role in electricity generation. Geothermal energy benefits from
Turkey’s location along tectonic fault lines, presenting one of the
world’s largest reserves for both power generation and direct heat
applications (Kaygusuz & Kaygusuz, 2004). Biomass energy offers ad-
ditional opportunities, particularly in rural areas where agricultural
residues and waste are readily available (Toklu, 2017).

Despite its rich resource base, Turkey faces numerous challenges in
fully utilising its renewable energy potential. Infrastructure and grid
integration barriers, economic and financial constraints, and regulatory
and policy hurdles are among the primary obstacles (IEA, 2021a).
The intermittency of solar and wind energy, for instance, requires
substantial investments in grid modernisation, energy storage, and
demand-side management to ensure a stable power supply (IRENA,
2018). Similarly, the geographical mismatch between resource-rich
regions and major demand centres necessitates significant development

mechanisms, further inhibit renewable energy deployment, particularly
for emerging technologies like offshore wind and advanced bioenergy
systems (Esteban et al., 2011; Festel et al., 2014). Policy and regulatory
frameworks, while improved in recent years, still fall short of fostering
a comprehensive and inclusive renewable energy transition, partic-
ularly for smaller stakeholders, such as residential and community
projects (Walker, 2008).

This research critically examines Turkey’s renewable energy land-
scape, focusing on energy demand trends, resource potential, and de-
ployment challenges. It synthesises existing literature, policy frame-
works, and statistical data to assess the interplay between energy
supply and demand. A meta-analysis of renewable energy potential,
coupled with an evaluation of infrastructure development, offers a
comprehensive understanding of the factors shaping Turkey’s energy
transition. Additionally, a comparative analysis of global best prac-
tices informs strategic recommendations for overcoming implementa-
tion barriers. The findings provide a systems-level perspective on the
challenges and opportunities for accelerating Turkey’s net-zero energy
transition while offering lessons applicable to other nations facing
similar challenges.

The rest of the article is structured as follows. Section ‘Energy
demand and supply’ examines the factors driving Turkey’s growing
energy demand, including its reliance on energy imports and the role
of renewables in mitigating these challenges. Section ‘Renewable en-
ergy potential’ assesses Turkey’s renewable energy potential, detailing
key resources, their capacities, and estimation methodologies. Section
‘Renewable energy implementation challenges’ explores challenges in
renewable energy deployment, focusing on technical, economic, and
regulatory barriers and their implications for Turkey’s energy security
and climate goals. By synthesising these themes, Section ‘Conclusion’
highlights the need of integrated strategies that optimise resource
complementarity, address implementation barriers, and enhance policy
frameworks.

Energy demand and supply

The energy mix for electricity generation in Turkey is diverse, com-
prising fossil fuels, hydropower, wind, solar, geothermal, and biomass.
As the country stands at a pivotal crossroads, balancing the demands of
its booming economy and growing population poses a significant chal-
lenge, particularly in the context of global climate change imperatives.
Turkey achieved universal access to electricity in 2010, a milestone
demonstrating its notable progress in extending this essential service
across both rural and urban areas (World Bank, 2023). However, this
advancement also brings to the forefront the substantial challenges in
meeting the rising energy demand, especially in the context of rapid
economic and industrial growth. The country’s electricity generation
capacity stands at 115.4 GW by the end of 2024 (TEIAS, 2024). Looking
ahead, the Turkish National Energy Plan study projects that by 2035 the
electricity consumption will increase by 50% to 510.5 TWh, a significant
increase from the 340.8 TWh' in 2024 (MENR, 2022a; TEIAS, 2024).
This projection highlights the significant challenge Turkey faces in
scaling up its energy supply to meet future demands. Fig. 1 illus-
trates the trajectory of Turkey’s electricity generation, consumption

1 Net amount supplied to the grid after accounting for imports and exports



O. Gulaydin and M. Mourshed

—— Gross generation 307
300 — Net consumption
. Total losses
< 250
=
~— 200
=
£ 150
[8]
@
o 100
50 -
0 -
T T T T T
1980 1990 2000 2010 2020
Year

Fig. 1. Gross electricity generation in Turkey between 1975 and 2024, along with net
consumption and losses from 1993 to 2023.
Data source: TEiAS (2024), TURKSTAT (2025).
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Fig. 2. Sector-wise electricity consumption between 1995 and 2022.
Data source: TURKSTAT (2025).

and losses. Between 1990 and 2024, gross generation expanded nearly
sixfold—from 58 TWh to 342 TWh. This growth occurred in distinct
phases: increasing from 58 TWh to 125 TWh between 1990 and 2000 (a
117% increase), growing further to 211 TWh by 2010 (a 69% increase),
followed by a more moderate growth to 307 TWh by 2020 (a 45%
increase). This gradual deceleration in the growth rate across decades
suggests a maturing electricity sector and a decoupling of energy con-
sumption from economic growth (Riistemoglu, 2024). The persistent
gap between gross generation and net consumption, represented by
total losses, has remained relatively stable in percentage terms despite
the sector’s significant expansion.

Fig. 2 further illustrates this growth pattern through sectoral con-
sumption trends, with industry consistently being the dominant con-
sumer, followed by the commercial and public services sector and
then the residential sector. The industrial sector’s consumption has
shown particularly strong growth, especially after 2010, reflecting the
country’s continued industrial development and economic growth.

Fig. 3 illustrates the significant increase in installed capacity, from
16.3 GW in 1990 to 115.4 GW in 2024, reflecting Turkey’s efforts to meet
growing demand. The capacity expansion showed steady growth from
16.3 to 27.3 GW between 1990 and 2000, followed by a more rapid
increase to 49.5 GW by 2010. The most dramatic growth occurred in the
following decade, with capacity nearly doubling to 95.9 GW by 2020.
The expansion continued, reaching 115.4 GW by the end of 2024.

Fig. 4 reveals the underlying transformation in Turkey’s power sec-
tor composition: while fossil fuel-based capacity showed steady growth
until 2017, reaching approximately 46 GW, it has since plateaued.
In contrast, renewable energy capacity grew significantly, particu-
larly after 2016, accelerating from about 40 GW to nearly 70GW by
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Fig. 3. Installed capacity of power plants in Turkey between 1975 and 2024.
Data source: TEiAS (2024), TURKSTAT (2025).
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Fig. 4. Capacity by energy source between 2006 and 2024.

2024. This fundamental shift in capacity addition patterns indicates a
clear transition in Turkey’s electricity infrastructure development strat-
egy, moving away from fossil fuel-based expansion towards renewable
energy technologies.

Fig. 5 illustrates the long-term transformation in generation shares—
fossil fuel-based generation shows a consistent downward trend, declin-
ing from around 80% in 2006 to 54.5% in 2024, albeit with year-to-
year fluctuations. Simultaneously, renewable generation demonstrates
a steady upward trajectory, increasing from approximately 20% to
45.5% during the same period. This convergence of shares represents
not only a fundamental shift in Turkey’s electricity generation pro-
file but also signals an accelerating renewable energy transition. By
2024, renewable sources accounted for 59.4% of Turkey’s installed
electricity generation capacity and 45.5% of total electricity generation.
This difference reflects the nature of generation profiles across energy
sources and does not necessarily indicate underperformance, as it is
largely driven by the intermittent nature of renewables, which are
dependent on weather conditions—including hydrological variability
for hydropower.

While there are no active nuclear power plants, ongoing projects,
such as the one in Akkuyu, Mersin, initiated through a cooperation
agreement with Russia, signal the country’s efforts to diversify its
energy sources further (MENR, 2022c).

Power supply from fossil fuels
In Turkey, thermal power plants constitute a major part of the

nation’s electricity supply. By the end of 2024, the country operated
339 natural gas-fuelled thermal power plants with a combined installed
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Fig. 5. The share of energy sources in electricity generation between 2006 and 2024.
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capacity of 24.7 GW. In addition, 81 thermal power plants using various
types of coal and petroleum products contributed a collective capacity
of 22.1 GW. Furthermore, 460 thermal plants utilising industrial waste
heat and biomass added a capacity of 2.4 GW. Although these waste
heat and biomass plants operate thermally, their figures are classified
under the renewable biomass category in this paper, as they do not rely
on fossil fuel-based sources.

Turkey’s dependency on imported energy sources is noteworthy.
While the country does possess coal mines, its oil resources are ex-
tremely limited. According to the country’s 2023 energy balance, nearly
all (98%) of its natural gas supply is imported (MENR, 2023b). This
heavy reliance on imports poses both economic and security challenges
for Turkey’s energy landscape, as Fig. 6 illustrates the difference be-
tween local production and energy imports. The figure reveals that
imported energy sources accounted for 71.9% of Turkey’s total energy
supply in 2023, with natural gas representing the largest share at 33.1%
of imports, followed by crude oil (26.2%), coal (19.7%), and petroleum
products (20.6%). Domestic production, comprising both fossil fuels
(19.3%) and renewable sources (8.8%), contributed only 28.1% to the
total energy mix, highlighting the country’s significant external energy
dependence.

The temporal evolution shown in Fig. 6a demonstrates a steady
increase in total energy consumption from approximately 100Mtoe
in 2006 to over 175Mtoe by 2023. While imports have historically
dominated the supply mix, a notable trend emerges after 2017. Despite
continuing growth in total energy demand, import levels have relatively
stabilised. This stabilisation coincides with accelerated growth in do-
mestic renewable energy production, suggesting that the incremental
energy demand in recent years has been increasingly met through
domestic renewable sources rather than additional imports. This trend
indicates that renewable energy expansion is beginning to influence
Turkey’s energy trade balance, though the country’s fundamental de-
pendence on fossil fuel imports, particularly natural gas (33.1%) and
crude oil (26.2%), remains significant. This persistent import depen-
dency exposes Turkey’s energy sector to international market volatility
and geopolitical risks, reinforcing the strategic rationale for continued
renewable energy expansion.

Power supply from renewables

Turkey benefits from diverse and regionally distributed renewable
energy resources. By the end of 2024, the hydropower sector is partic-
ularly robust, with 764 plants and a total power capacity of 32.2GW,
inclusive of both river- and dam-based facilities. The country has 369
wind power plants with a combined installed capacity of 12.6 GW, and
solar energy is also on the rise with 31,224 power plants and a total ca-
pacity of 19.6 GW. Other renewable sources include 76 industrial waste
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heat facilities (0.32 GW), 384 biogas, biomass, and other biological
plants (2.16 GW), and 66 geothermal plants (1.73 GW).

The temporal evolution of Turkey’s renewable electricity generation
portfolio exhibits distinct patterns of growth and diversification across
different technologies, as illustrated in Fig. 7. Hydropower maintains
a dominant position in the renewable generation mix, demonstrating
both its established role and characteristic inter-annual variability.
In 2024, hydropower generation reached 73.1 TWh, representing the
largest share among renewable sources. However, the trajectory of
hydropower generation shows notable fluctuations, with significant
peaks in 2019 (~90TWh) and troughs in 2014 (~40TWh), reflecting
its sensitivity to hydrological conditions. Wind power has emerged
as the second-largest renewable source, exhibiting consistent year-on-
year growth from negligible generation in 2006 to 36.7 TWh in 2024.
This growth pattern demonstrates a more stable and predictable expan-
sion compared to hydropower’s variable output. Solar power entered
Turkey’s renewable energy portfolio in 2014 and has demonstrated
remarkable growth, reaching 24.9TWh by 2024. This extraordinary
decade of growth — practically from zero to becoming the third-
largest renewable source — exemplifies the transformative potential of
supportive policy frameworks combined with rapidly declining technol-
ogy costs. Geothermal and biomass have followed more moderate but
steady growth trajectories, reaching 11.1 TWh and 9.8 TWh respectively
in 2024. Notably, geothermal power showed early adoption compared
to solar, with significant generation beginning around 2010, while
biomass development gained momentum post-2014. The concurrent
growth of these technologies suggests a favourable policy framework
supporting technological diversification in Turkey’s renewable energy
sector. The overall trends reveal a strategic transition from heavy
dependence on hydropower to a more balanced renewable generation
portfolio, with wind and solar emerging as significant contributors in
the latter half of the observed period. This diversification not only
enhances energy security through reduced dependence on hydrolog-
ical conditions but also reflects Turkey’s adaptation to technological
advances and cost reductions in various renewable technologies.

Fig. 8 presents a comprehensive view of Turkey’s power sector trans-
formation through three complementary visualisations of installed gen-
eration capacity: temporal evolution (Fig. 8a), distribution by source
in 2024 (Fig. 8b), and fossil fuel subcategories (Fig. 8c). The installed
capacity development from 2006 to 2024 reveals a sustained expansion
of the power sector, with total capacity more than doubling from
approximately 40 to 115GW. While fossil fuels maintained a rela-
tively stable installed capacity of around 45 GW throughout this period
(40.6% of total capacity in 2024), renewable technologies have driven
the majority of capacity additions. Hydropower remains the leading
renewable technology with 27.9% of total installed capacity in 2024,
followed by solar and wind with 17% and 10.9% respectively. Biomass
and geothermal contribute smaller but notable shares at 2.1% and 1.5%
respectively. This capacity distribution reflects Turkey’s concurrent
commitment to sustaining its conventional thermal power fleet while
significantly scaling up renewable energy capacity, particularly in solar
and wind. The simultaneous expansion across multiple renewable tech-
nologies indicates a strategic effort to diversify the national electricity
generation mix.

The country continues to demonstrate its commitment to energy
transition through increasingly ambitious renewable energy targets.
While the previous strategic plan for 2019-2023 set relatively modest
goals, the new National Energy Plan 2022 (MENR, 2022a) focuses
on substantial wind and solar power installations by 2035. According
to the plan, Turkey aims to more than quadruple its solar energy
capacity to 52.9 GW by 2035, representing one of the most ambitious
solar deployment targets in the region. For wind energy, the target of
29.6 GW (including 24.6 GW onshore and 5 GW offshore) demonstrates
a significant scaling up from previous goals. The hydropower sector,
which has historically been the backbone of Turkey’s renewable energy
portfolio, is projected to reach 35.1 GW, showing a more measured
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Fig. 7. Electricity generation from renewable sources from 2006 to 2024.
Data source: MENR (2023b), TEiAS (2024).

expansion given the economic, technical and environmental challenges.
The combined target for geothermal and biomass power of 5.1 GW
indicates continued interest in diversifying the renewable energy mix,
though the aggregated presentation of these technologies in the plan
makes it difficult to assess specific goals for each source. Notably, the
plan also introduces substantial flexibility measures, including 7.5 GW
of battery storage and 5.0 GW of electrolyser capacity, acknowledging
the integration challenges posed by high renewable penetration. These
targets, while ambitious, raise important questions about implemen-
tation pathways, grid integration strategies, and the required policy
frameworks to support such rapid deployment. The plan’s projection
that renewable sources will constitute 64.7% of installed capacity
by 2035 represents a significant transformation of Turkey’s energy
system, requiring careful consideration of technical, economic, and
social factors. Moreover, Turkey’s significant dependence on energy
imports adds another layer of complexity, as geopolitical instabilities
could impact the nation’s ability to secure the necessary technology
and components for renewable energy infrastructure. The feasibility
of achieving such rapid growth rates must be evaluated within the
context of both technological readiness and market dynamics. The
plan’s success will ultimately depend on comprehensive strategy imple-
mentation, cross-sectoral coordination, and the development of robust
policy mechanisms to support this ambitious energy transition.

Renewable energy potential
Hydro energy

Hydropower has been a cornerstone of Turkey’s energy landscape
since before the republic’s establishment in 1923. Turkey’s hydropower

potential figures have been consistently reported across multiple stud-
ies, primarily based on assessments by the State Hydraulic Works
(Devlet Su i§leri— hereafter DSI). The theoretical maximum hydropower
potential is estimated at 433 TWh/year (Bakis & Demirbas, 2004), rep-
resenting approximately 1.1% of global theoretical potential. The tech-
nically feasible potential, accounting for construction and operational
limitations, is 216 TWh/year (Kucukali, 2010). However, estimates of
economically viable potential show variations, generally ranging be-
tween 125-140 TWh/year (Capik et al., 2012; Erdogdu, 2011; Ozturk
et al.,, 2009; Yiiksel, 2010; Yuksel, 2012), with 130 TWh/year being
the most frequently cited figure (Akpinar et al., 2011; Dursun & Gok-
col, 2011). DSI’s economic potential calculations expanded over time
to include small hydropower installations, contributing an additional
38 TWh/year from smaller water bodies and upper elevations of larger
basins (Kaygusuz, 2009). These variations in economic potential as-
sessments reflect both evolving energy market conditions and the in-
clusion of previously undervalued benefits in hydropower develop-
ment (Komiircii & Akpinar, 2010).

However, these historical potential estimates require critical exam-
ination in light of climate change impacts. Data from the Turkish State
Meteorological Service demonstrates concerning trends: mean annual
precipitation has decreased by 8% between 2002 and 2023 (TSMS,
2023b), while average temperatures have risen by 1.2°C in the last
three decades (TSMS, 2023a). The vulnerability of hydropower to
climate variability is evident in recent production figures, with hy-
droelectric generation dropping significantly from 78.1 TWh in 2020 to
55.9 TWh in 2021 despite increased installed capacity (MENR, 2023b).
As shown in Fig. 7, while other renewable sources demonstrate steady
upward trends in generation, hydropower exhibits notable fluctuations,
highlighting its sensitivity to climate variations.

Climate projections suggest challenging conditions ahead, with
Turkey potentially facing temperature increases of 0.5-3°C by 2040,
with more pronounced warming of 2-3 °C expected in summer months,
while precipitation patterns during this period show significant re-
gional variability, ranging from —-40% to +40% depending on the
region and season (Demircan et al., 2017). These changes could re-
duce annual river discharge by 19%-58% in affected regions, partic-
ularly in the southeastern region where major hydroelectric facilities
on the Euphrates-Tigris system were designed using historical flow
assumptions that may no longer be valid under changing climate
conditions (Bozkurt et al., 2015).

The economic viability of hydropower in Turkey warrants critical
reassessment given mounting evidence of water availability challenges
and evolving market conditions. While global levelised cost of electric-
ity for newly-commissioned hydropower projects remains competitive
at $0.057/kWh in 2023 (IRENA, 2024b), this figure assumes optimal
capacity factors that may be increasingly difficult to achieve in Turkey.

Historical reservoir levels across major basins show concerning
trends, as visualised in Fig. 9. The Euphrates-Tigris basin, home to
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Fig. 8. Installed electricity generation capacity by energy source between 2006 and 2024. (a) Development of installed capacity. (b) Share of installed capacity by source in 2024.

(c) Breakdown of installed fossil-fuel capacity by source in 2024.
Data source: TEIAS (2022, 2024).
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Fig. 9. Reservoir levels in Turkish basins 2010-2022.

Data source: DSI (2023).

major hydroelectric facilities, shows a consistent pattern of declining
water availability with a 2% average annual reduction (DSI, 2023). This
spatial pattern becomes particularly evident when examining basins
regionally, with southwestern regions showing consistently lower reser-
voir levels in recent years. The data reveals a concerning cluster of
severe depletion in southwestern basins, including Gediz with an av-
erage annual decrease of —3.8%, followed by Great Menderes (—2.1%),
Burdur (-2.1%), West Mediterranean (—2.1%) and Akarcay (—1.9%).
Most notably, Gediz and Konya basins experienced the most declines,
with —45.5% and —-43.2% changes respectively compared to 2010
levels. This contrasts sharply with positive trends in some basins,
particularly the East Mediterranean (+44.6%) and Coruh (+35.9%),
highlighting significant regional disparities in water resource trends.
This pattern of decreasing reservoir levels extends across multiple
basins, exhibiting even more severe declines. The figure reveals not
only declining trends but also increasing variability in reservoir levels,
suggesting less reliable water availability for power generation. The
variability in reservoir levels, measured by standard deviation, shows
marked regional differences. While northern basins like Meri¢-Ergene
and Marmara show relatively stable patterns (standard deviations of
6.6% and 7.6% respectively), southeastern regions demonstrate much
higher volatility, with the East Mediterranean basin showing the high-
est variability (+£24.7%). This north-south disparity in stability adds

another layer of complexity to hydropower planning, as facilities in
more volatile regions may face greater operational challenges.

Despite these warning signs, Turkey ranked first in European ca-
pacity additions with 513 MW of newly installed hydropower capacity
in 2021 (IHA, 2022), raising questions about potential stranded asset
risks. This aggressive expansion appears to conflict with observed water
availability trends and may lead to facilities operating well below
designed capacity factors, undermining their economic rationale. While
the rising social cost of carbon — from $9 to $40 per tCO, (high
discount rate) over the past decade (Tol, 2023) — seemingly justifies
shifting investment away from thermal alternatives, the diminishing
water availability may erode hydropower’s traditional cost advantages,
creating a complex risk-reward scenario for energy planners.

While Turkey has focused heavily on large-scale hydropower devel-
opment, examination of its small hydropower (SHP) sector reveals a
different development pattern. Turkey’s SHP development, defined as
installations less than 10 MW capacity (Punys & Pelikan, 2007), reflects
a notable underutilisation compared to its large-scale hydropower. De-
spite constituting only 1.5% of exploited hydropower potential through
run-off river and channel installations (Bakis & Demirbas, 2004), SHP
represents a significant untapped opportunity. The economic viability
of SHP is particularly compelling when utilising existing infrastructure
and natural head drops in Turkey’s mountainous regions, requiring
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Table 1

Wind power potential at different wind speeds in Turkey.
Annual average Offshore wind Total Source
wind speed (m/s) potential (GW) potential (GW)
7 to 8 40.70
-8 34.50 WBG (2019)
6.5-7.0 6.93 83.91 ilkili
7.0-7.5 5.13 29.26 (2013)
7.5-8.0 3.44 12.99 MENR
8.0-9.0 1.74 5.40 (2022¢)
>9.0 0.14 0.20

simpler infrastructure and lower investment compared to large hy-
dropower installations (Kucukali, 2010). This pattern of development
contrasts with many European countries where SHP has played a more
substantial role in renewable energy portfolios (Capik et al., 2012).
Turkey’s current utilisation rate of less than 50% of identified
economic potential appears favourable at first glance, suggesting room
for growth. However, this figure deserves careful scrutiny due to several
critical factors. Historical potential estimates likely overstate actual
generation capacity under changing climate conditions, as evidenced
by the declining reservoir levels. Moreover, the widening gap be-
tween installed capacity and actual generation (MENR, 2023b) suggests
diminishing returns on new investments. European countries which
achieved high utilisation rates of their economic potential, such as
Austria (79%) and Germany (92%) (IEA, 2021b), operated under dif-
ferent climate and economic conditions, making direct comparisons
potentially misleading. Given the clear trends of declining reservoir
levels due to climate change (DSI, 2023), the modernisation of existing
facilities through solutions such as pump-storage hydropower (Barbaros
et al., 2021) and floating solar-hydro hybrid systems (Ates, 2022;
Kulat et al., 2023) might be a more valuable investment strategy than
new construction (Spencer et al., 2019). Overall, Turkey’s hydropower
sector requires a strategic reset, with a particular focus on updating
economic potential assessments to reflect long-term climate projections.

Wind energy

The first commercial wind power installation in Turkey was estab-
lished in Cesme in 1998 with an 8.7 MW capacity (TSMS, 2022). The
Aegean and Mediterranean coastal regions have since become primary
locations for wind energy development, driven by their favourable wind
conditions. Multiple assessments have produced varying estimates of
Turkey’s wind energy potential. The Turkish National Committee of
World Energy Council’s initial evaluation indicated an overall potential
of 88 GW, with 10GW deemed economically viable (Giiler, 2009). Ac-
cording to Sahin (2008), Turkey’s wind atlas indicated a total potential
of 58 GW, comprising 47 GW onshore and 11 GW offshore capacity. The
World Bank Group estimates Turkey’s offshore wind potential at 75 GW,
comprising 12GW fixed and 63 GW floating platforms (WBG, 2019).
The Ministry of Energy and Natural Resources of Turkey (MENR),
through the Wind Energy Potential Atlas of Turkey, identifies a viable
onshore wind potential of 57.8 GW, based on installing 5.3 MW wind
turbines per square kilometre in areas with annual average wind speeds
exceeding 6.5m/s at 100m above ground level, at elevations between
0 and 3000 m. Additionally, they estimate an offshore wind potential of
20.8 GW, achievable through 8.0 MW turbines in areas with wind speeds
exceeding 7.5m/s at 100 m above sea level, where water depths range
from 0 to 200m (MENR, 2022e).

Table 1 summarises wind power potential estimates at various
speed, while Fig. 10 offers a visual representation of Turkey’s wind
energy potential. While wind energy is abundant in both offshore and
inland regions, the potential for offshore energy is distinctly higher.

Based on 2022 data, regional distribution reveals that three provinces
in the western region — Izmir, Balikesir, and Canakkale — account for
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Table 2
Solar radiation and sunlight duration in different regions of Turkey.
Data source: MENR (2023a)

Region Solar radiation Sunlight duration
(kWh/m>day) (hour/day)
Southeast Anatolia 4.0 8.2
Mediterranean 3.8 8.1
East Anatolia 3.7 7.3
Central Anatolia 3.6 7.2
Aegean 3.6 7.5
Marmara 3.2 6.6
Black Sea 3.1 5.4
Countrywide average 4.18 7.5

36.5% of the country’s total installed wind capacity (TUREB, 2022).
While this concentration in western regions reflects favourable wind
conditions, it also indicates potential underutilisation in other areas.
Central Anatolian provinces show limited development—for instance,
within these 2022 statistics, Kayseri contributes only 2.4% despite
having substantial wind resources (Genc & Gokecek, 2009). Recent
studies have identified several regions with significant untapped po-
tential, including the Agacoren district in Aksaray province which
showed considerable wind potential despite being marked as zero-
potential in earlier assessments, and the Tatvan region in Eastern
Anatolia (Sahin & Tiirkes, 2020). The stark contrast between coastal
and inland installations, with western coastal provinces accounting for
over 70% of the total capacity (TUREB, 2022), suggests that factors
beyond wind resource availability, such as grid infrastructure, land
accessibility, and investment patterns, significantly influence develop-
ment patterns (Demir et al., 2024). While wind power installations have
concentrated in Turkey’s western regions due to favourable wind con-
ditions (Ilkilic & Aydin, 2015), recent assessments suggest additional
viable wind resources exist across different geographical zones that
warrant more comprehensive evaluation for optimal utilisation (Sahin
& Tiirkes, 2020). This geographical imbalance presents challenges for
achieving balanced regional development of wind energy resources and
highlights the need for the reassessment of wind potential in inland
regions.

Solar energy

Turkey’s journey with solar energy utilisation spans decades, ini-
tially focusing on basic applications such as water heating and crop
drying, before evolving towards electricity generation. The country’s
first significant step into solar power generation occurred relatively
recently, with an initial capacity of 40MW in 2014 (TEIAS, 2022),
marking a delayed entry into large-scale solar electricity production
compared to other Mediterranean nations.

Turkey’s geographical positioning between 36° and 42° North lati-
tude provides exceptional solar energy resources. Several cite regional
solar potential figures from MENR, with daily solar irradiation and
sunshine duration data presented in Table 2 (MENR, 2023a). At the na-
tional level, the country receives approximately 2767 annual sunshine
hours and maintains an average solar irradiation of 1527 kWh/(m?year).
This geographical advantage manifests differently across regions, cre-
ating a diverse landscape of solar potential. The Southeastern Anatolia
region leads with the highest potential, receiving 1460 kWh/(m2year)
of solar irradiation and approximately 2993 annual sunshine hours.
The Mediterranean, Eastern Anatolia, Central Anatolia, and Aegean
regions demonstrate strong potential, receiving 1390, 1365, 1314,
and 1304kWh/(m?year) of solar irradiation respectively. In contrast,
Marmara and the Black Sea region show notably lower potential, with
solar irradiation levels of 1168 and 1120kWh/(m?year) respectively.

Recent assessments of urban solar potential reveal significant oppor-
tunities for distributed generation, particularly in metropolitan areas.
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Fig. 10. Electricity generation potential from wind power in Turkey.
Data source: Davis et al. (2023), DTU (2022).

A comprehensive analysis of Ankara demonstrates a technical PV po-
tential of 1.15TWh/year for residential buildings, complemented by
additional capacity of 55GWh/year and 26.8 GWh/year for public and
commercial buildings respectively (Kutlu et al., 2022). Urban rooftop
installations offer particular advantages such as reduced transmission
losses and improved grid stability (Or et al., 2024). This approach has
proven successful in other Mediterranean countries, where rooftop solar
has contributed significantly to meeting urban energy demands (Celik &
Ozgiir, 2020). Integration opportunities between solar and hydropower
present another promising avenue for development. Turkey’s exten-
sive hydroelectric infrastructure could potentially complement solar
generation, with hydro resources providing balancing services during
nighttime and low solar radiation (Ates, 2022; Kulat et al., 2023).
Given Turkey’s advantageous geographical positioning for solar energy
and the high solar radiation potential of its Eastern Mediterranean
region (Yildirim et al., 2018), this synergy between hydropower and
floating solar becomes particularly relevant for maximising renewable
energy generation.

Turkey’s total technical potential suggests the ability to generate
380 TWh/year, of which 305 TWh/year is considered economically vi-
able (Benli, 2016). This technical potential, equivalent to 56 GW of
gas-powered station capacity (Topkaya, 2012), represents almost half
of Turkey’s 2024 total installed capacity of 115.4 GW (TEIAS, 2024). No-
tably, this economic potential nearly matches Turkey’s 2024 electricity
demand of 340.8 TWh (TEIAS, 2024), suggesting that solar energy alone
could theoretically meet almost all of the country’s electricity needs.
Despite this considerable potential, Turkey’s utilisation of solar energy
remains relatively modest, as evidenced by countries such as Slovenia
which achieves significant solar deployment despite receiving lower
solar irradiation (only 1241 kWh/(m?year) even in its sunniest location
compared to Turkey’s average of 1527kWh/(m?year)) (Stritih et al.,
2013). This disparity becomes particularly striking when compared
to Germany, which has emerged as a global leader in solar energy
deployment despite receiving only 1000 to 1200kWh/(m2year) of solar
irradiation (DWD, 2025)—levels comparable to Turkey’s least sunny
Black Sea region. Germany’s success in harnessing its modest solar re-
sources highlights the untapped potential in Turkey’s more favourable
conditions.

The geographical distribution of solar resources, as illustrated in Fig.
11, highlights both the opportunity and the challenge facing Turkey.
The regions receiving solar irradiation of 1800-2200kWh/(m2year)
demonstrate the country’s exceptional solar potential, suggesting the
need for region-specific approaches that consider local conditions and

infrastructure requirements (Wolsink, 2007). The underutilisation be-
comes especially evident when examining regional disparities. The
Southeast Anatolia region, despite having the highest solar potential
in the country, has not fully capitalised on this resource (Benli, 2016).
The contrast between potential and actual implementation raises ques-
tions about Turkey’s approach to solar energy development. While
technological advancements suggest that even individual households
in sun-drenched southern regions could potentially meet their daily
electrical needs, achieving this potential requires comprehensive fea-
sibility studies addressing land use, environmental impact, and grid
infrastructure challenges (Wolsink, 2007). This multi-faceted approach
to development becomes crucial for bridging the gap between Turkey’s
substantial solar potential and its current utilisation levels.

Bioenergy

Turkey’s bioenergy landscape reflects the country’s extensive agri-
cultural and animal husbandry sectors, generating substantial bio-waste
from diverse sources including vegetal biomass, forest products, animal
manure, and organic waste from domestic and industrial sources. His-
torical assessments of Turkey’s biomass potential demonstrate notable
variations in national estimates. Demirbas (2002) reported Turkey’s to-
tal annual biomass potential of 32 Mtoe (372.2 TWh), with major contri-
butions from annual crops at 14.9 Mtoe (173.3 TWh) and forest residues
at 5.4 Mtoe (62.8 TWh). Additional sources included perennial crops at
4.1 Mtoe (47.7 TWh), agro-industry residues at 3.0 Mtoe (34.9 TWh),
wood industry residues at 1.8 Mtoe (20.9 TWh), animal wastes at 1.5
Mtoe (17.4 TWh), and other sources at 1.3 Mtoe (15.1 TWh) (Demirbas,
2002).Yelmen and Cakir (2016) reported biomass potential estimates
for Turkey, suggesting a theoretical potential of 135-150Mtoe/year
(1570.1-1744.5TWh/year), a technical potential of 40Mtoe/year
(465.2TWh/year), and an economic potential of 25Mtoe/year
(290.8 TWh/year). This substantial gap between theoretical and eco-
nomically viable potential underscores the complexity of resource
utilisation in the bioenergy sector (Hoogwijk et al., 2003).

The geographical distribution of these biomass resources reveals
significant regional differences across Turkey. The Central Anatolia
region, serving as Turkey’s primary agricultural hub, demonstrates
considerable potential from agricultural residues with an estimated
annual biomass energy potential of 8 TWh (Ayan & Senturk, 2023).
The Mediterranean region has a total biomass potential of 8.3 PJ/year
(2.3TWh/year), with Mersin and Adana provinces showing particu-
larly significant plant and animal biomass potential (Bilgili, 2022).
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Fig. 11. Solar direct normal irradiation around Turkey.

Data source: Solargis (2025).

The Marmara Region alone demonstrates substantial potential with
agricultural and animal wastes offering 4.65Mtoe/year (54.1 TWh) of
theoretical energy equivalent, which could theoretically meet 58% of
the region’s electricity consumption (Ocak & Acar, 2021). In contrast,
the Eastern Anatolia, East Black Sea, and Southeast Anatolia regions
demonstrate lower potential due to topographical characteristics and
lower population density (Ayan & Senturk, 2023).

The municipal solid waste (MSW) sector presents another significant
avenue for energy generation. Melikoglu (2013) projected potential
electricity generation of 8.5 TWh in 2012 through direct MSW combus-
tion, rising to 9.7 TWh by 2023, with an additional 2.9 TWh possible
from captured landfill methane. In terms of biofuel production, Ery-
ilmaz et al. (2016) identified potential for producing 1.12 million
tons of biodiesel annually from approximately 3.31 million tons of
oil seed crops, based on current agricultural land use. The study also
noted significant expansion potential, as Turkey has about 4.15 mil-
lion hectares of fallow land that could be utilised for energy crops.
However, transportation costs and feedstock collection logistics remain
key factors affecting the economic feasibility of biodiesel production
across different regions (Gold & Seuring, 2011). Environmental con-
siderations present another crucial dimension in resource utilisation
planning. Though biomass is often considered carbon-neutral, lifecy-
cle assessments reveal varying environmental impacts depending on
feedstock source and conversion technology. Agricultural residue col-
lection must be balanced against soil quality maintenance, while forest
residue utilisation requires careful management to prevent ecosystem
degradation (Lattimore et al., 2009).

MENR’s bio-energy potential atlas provides a current perspective,
as shown in Table 3, a theoretical biomass potential of approximately
34 Mtoe/year (395.4TWh), while the economic energy equivalent is
around 3.89Mtoe/year (45.2TWh) from all kinds of waste (MENR,
2022d). As of 2024, biomass electricity generation of 8.9 TWh repre-
sents only one fifth of its economic potential. However, rising fossil
fuel prices and Turkey’s energy import dependence may improve the
economic viability of biomass projects over time. Recent technological
advancements, particularly in waste-to-energy and advanced biofuel
production, suggest that biomass could play an increasingly important
role in Turkey’s energy transition, especially at local and regional levels
where resource availability and infrastructure support align favourably.

Geothermal energy

Turkey possesses diverse geothermal resources, including hot springs
and geothermal fields, with its first geothermal electricity generation
facility commencing operations in 1975 at 0.5 MW, (MENR, 2022b).
The country’s strategic location on an active tectonic belt has endowed
it with substantial geothermal potential. As of 2023, Turkey ranked

Table 3
Biomass potential in Turkey.
Data source: MENR (2022d)

Biomass (Mtoe/year) Theoretical Economic
Animal waste 4.39 1.08
Crop residues 25.38 1.46
Municipal waste 3.37 0.49
Forest waste 0.86 0.86
Total 34.0 3.89

fourth globally in geothermal power capacity with 1.69GW,, after
the United States, Indonesia, and the Philippines (Cariaga, 2024).
Total electricity generation from geothermal resources in 2024 reached
11 TWh with an installed capacity of 1.73 GW, (TEIAS, 2024). In terms
of direct use applications, geothermal energy provided heating for
170,481 residential dwellings across the country in 2022 (GDMRE,
2025).

The assessment of Turkey’s geothermal potential has evolved sig-
nificantly over time, with many studies drawing upon data from the
General Directorate of Mineral Research and Exploration (GDMRE).
Initial evaluations by Tasdemiroglu (1988), based on data collected
by GDMRE since 1962, indicated potential for 4.5GW, of electricity
generation in high-temperature geothermal areas, alongside a direct
use potential of 31.1 GW,. A more recent and comprehensive statistical
analysis by Korkmaz et al. (2014) examined 135 geothermal fields,
estimating power generation potential between 1.67 GW,, and 3.14 GW,,
with thermal potential ranging from 38.2 to 68.4 GW,. This approach
provided more reliable estimates by incorporating resource assessment
uncertainties.

The potential for enhanced geothermal systems (EGS) adds another
dimension to Turkey’s geothermal prospects. Chamorro et al. (2014) es-
timated technical potential of 135 GW,, 510 GW,, and 1320 GW,, for EGS
at depths of 5, 7, and 10 km respectively, with 6.0 GW, identified as sus-
tainable between 3 and 10km. The large variation between theoretical
and sustainable potential estimates highlights the need for conducting
more comprehensive technical and economic feasibility studies before
incorporating EGS resources into Turkey’s realistic geothermal devel-
opment targets, particularly in regions where conventional geothermal
resources are limited.

Current official estimates from MENR place Turkey’s probable geother-
mal heat potential at 35.5GW,, with electricity generation potential
of 45GW, (MENR, 2022b). As shown in Table 4, several studies
estimated Turkey’s geothermal potential ranging from 1.7 to 4.5GW,
for electricity generation and from 31.1 to 68.4GW, for direct use
applications. While official estimates provide a baseline, the variation
in potential assessments across different studies suggests that actual
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Table 4
Geothermal potential estimates for Turkey from different studies and governmental
assessments.

Direct use Electricity Source

(GW) generation (GW,,)

31.1 4.5 Tasdemiroglu (1988)

- 6 Chamorro et al. (2014)
35.5 4.5 MENR (2022b)
38.2-68.4 1.673-3.140 Korkmaz et al. (2014)

geothermal potential might be higher, highlighting how methodolog-
ical approaches and assessment techniques can substantially influence
potential estimations. With the current installed capacity of 1.73 GW,
representing approximately 38.4% of MENR’s estimated potential of
4.5 GW,, Turkey has made significant progress in harnessing its geother-
mal resources for electricity generation, though substantial untapped
potential remains. According to detailed mapping by GDMRE, sig-
nificant geothermal potential exists across various regions, with no-
tably limited potential in the Central Black Sea and Mediterranean
regions (GDMRE, 2025). The western regions, particularly the Gediz
and Great Menderes grabens, demonstrate exceptional potential with
temperatures exceeding 260-287 °C (Aksoy, 2014).

While geothermal energy is often considered environmentally be-
nign, recent studies from Turkey reveal CO, emissions from geothermal
power plants ranging between 900-1150 g/kWh (Aksoy, 2014), primar-
ily due to thermal decomposition of carbonate-rich rock formations.
These emissions can exceed those from fossil fuel sources like natural
gas and coal. Although geothermal emissions lack particulate pollutants
and harmful by-products, given Turkey’s carbonate-rich geology (Okay,
2008), their high CO, output highlights the need for comprehensive
environmental impact assessments geothermal projects.

By the end of 2023, geothermal energy in Turkey generated 12.4 TWh
total, with electricity generation accounting for 7.7% and heat gen-
eration comprising the remaining 92.3% (MENR, 2023b). This sub-
stantial heat generation capacity serves various sectors including res-
idential, commercial, and agricultural applications, demonstrating the
significant role of geothermal energy in Turkey’s heating sector.

Overall potential

An assessment of Turkey’s renewable energy potential reveals signif-
icant opportunities across various resources, though estimation method-
ologies and reported figures vary considerably across studies (Table 5).
These variations reflect not only different assessment approaches but
also the evolving understanding of resource availability and technolog-
ical capabilities.

Hydropower potential estimates demonstrate relatively consistent
ranges, with economic potential between 125-140 TWh/year based on
assessments from DSI. This represents a substantial portion of Turkey’s
current electricity demand of 340.8 TWh, though current utilisation
stands at 73.1 TWh. Wind energy potential shows the widest variation
in estimates, ranging from 10 to 88 GW, reflecting different geograph-
ical scope and technical assumptions in various studies. With current
installed capacity at 12.6 GW generating 36.7 TWh annually, significant
potential remains untapped, particularly in offshore locations. Solar
energy demonstrates substantial economic potential of 305 TWh/year,
nearly equivalent to Turkey’s current annual electricity demand. The
current installed capacity of 19.6 GW, generating 24.9 TWh annually,
suggests considerable room for expansion. Biomass resources have an
estimated economic potential of 45.4 TWh/year according to official
estimates, while other sources suggest potential up to 290.8 TWh/year,
with current generation at 9.8 TWh from 2.16 GW of installed capacity.
Geothermal potential estimates range from 4.5 to 6 GW, compared to
current installed capacity of 1.73GW generating 11.1 TWh annually.
The diversity of these renewable resources presents both opportu-
nities and challenges for system integration. While hydropower and
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Table 5
Overview of Turkey’s economically viable renewable energy potential estimates.
Energy Lowest Highest Source
Source estimate estimate
Hydro 125 140 Bakis and Demirbas (2004)
(TWh) Ozturk et al. (2009)
Kaygusuz (2009)
Yiiksel (2010)
Akpinar et al. (2011)
Dursun and Gokcol (2011)
Erdogdu (2011)
Kucukali (2010)
Yuksel (2012)
Capik et al. (2012)
Wind 10 88 Sahin (2008)
(GW) Giiler (2009)
WBG (2019)
MENR (2022¢)
Solar 305 Benli (2016)
(TWh)
Biomass 45.2 290.8 Yelmen and Cakir (2016)
(TWh) MENR (2022d)
Geothermal 4.5 6 Tasdemiroglu (1988)
(GW) Chamorro et al. (2014)

MENR (2022b)

geothermal resources can provide relatively stable baseload power,
solar and wind resources exhibit natural variability in their generation
patterns. Biomass resources offer flexible generation potential, though
at a smaller scale. This complementarity among different renewable
sources becomes particularly relevant when considering Turkey’s pro-
jected electricity demand of 510.5 TWh by 2035. Notably, the method-
ology for potential estimation varies significantly across resources,
making direct comparisons challenging. Hydropower estimates derive
from long-term hydrological data and established assessment method-
ologies. Wind potential estimates vary based on geographical scope
and different technical assumptions. Solar potential calculations de-
pend heavily on assumptions about land availability and system ef-
ficiency, while biomass potential estimates reflect various resource
types and collection efficiencies. Geothermal potential estimates vary
with technological capabilities and depth considerations. The aggregate
economic potential across all renewable sources suggests substantial
capability to meet Turkey’s current and near-term electricity demand,
though practical utilisation requires careful consideration of resource
characteristics and system integration requirements. This is particularly
relevant given Turkey’s current renewable energy deployment, where
installed capacity of 68.6 GW contributes 45.5% of annual electric-
ity generation, demonstrating the practical implications of resource
variability in actual system operation.

Renewable energy implementation challenges

In Turkey, energy-related challenges are multifaceted, including
heavy reliance on imports, finite fossil fuel reserves, rapidly rising
energy prices, and significant environmental concerns (Erdem, 2010).
A key issue is energy security, worsened by increasing energy demand
and growing dependence on foreign energy imports without a corre-
sponding rise in local energy production (Esen, 2016). Turkey’s energy
dependence is significant, with 76% of its energy needs met through
imports, including 90% of oil and 98% of natural gas (MENR, 2023b).
While these challenges affect the broader energy sector, this section
focuses on the implementation of renewable energy sources.

Source-specific challenges

Hydro energy faces significant operational challenges due to the
changing climate. The documented decreasing trends in precipitation
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Fig. 12. Electricity consumption by province in 2023.
Data source: EMRA (2023).

and temperature rise (TSMS, 2023a, 2023b) directly impact facility
operations, requiring adaptations in reservoir management and gener-
ation planning (Mukheibir, 2013). These climate-driven changes affect
hydroelectric facilities’ operations, as projected changes in river flow
variations and discharge patterns can significantly impact generation
capabilities, though the effects vary considerably by region (Berga,
2016). The operational challenges are evident in the increasing vari-
ability of generation output (MENR, 2023b), which leads to changes
in seasonal generation patterns and affects the ability to maintain
consistent power output throughout the year (Koch et al., 2016).

While Turkey has traditionally focused on large-scale hydropower
development, its small hydropower sector presents distinct implemen-
tation challenges. Despite advantages including simpler infrastructure
requirements and lower investment costs compared to large instal-
lations (Paish, 2002), small hydropower development faces obsta-
cles including requirements for detailed site assessments and lengthy
administrative procedures with licensing periods of 20-40 years in
Turkey (Punys & Pelikan, 2007). The underutilisation of small hy-
dropower in Turkey’s energy mix contrasts with many European coun-
tries where targeted policies and support mechanisms have enabled
small hydropower to play a more substantial role in renewable energy
portfolios (Capik et al., 2012).

Solar energy implementation often faces geographical mismatches
between optimal generation locations and major demand centres, a
challenge observed in various countries (Zhang et al., 2015). In Turkey’s
case, analysis of solar resource distribution and electricity consumption
patterns reveals a clear spatial disconnect. While the highest solar
potential exists in the southeastern regions (MENR, 2023a), the largest
electricity consumption is concentrated in industrial provinces such as
Istanbul (42.5 TWh), Izmir (16.4 TWh), and Ankara (14.9 TWh), creating
transmission infrastructure challenges, as illustrated in Fig. 12. The
implementation of urban solar installations faces additional challenges
including grid integration complexities, initial investment barriers,
and limited incentive structures for residential installations (Kili¢ &
Kekezoglu, 2022), particularly in high-density urban areas where roof
space optimisation becomes critical (Byrne et al., 2015).

Wind energy development presents distinct regional implementa-
tion challenges. Three western coastal provinces, Izmir, Balikesir, and
Canakkale, account for 36.5% of total installed wind capacity (TUREB,
2022), while other regions with significant wind potential remain un-
derutilised (Sahin & Tiirkes, 2020). Offshore wind development, despite
its 75GW potential (WBG, 2019), faces additional barriers including
higher installation and maintenance costs, complex grid connection
requirements, and the need for specialised infrastructure and exper-
tise (Esteban et al., 2011). The geographical imbalance in development
patterns suggests the need for more comprehensive regional planning
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approaches that consider both resource availability and infrastructure
requirements.

Geothermal energy faces economic, geographical and technical con-
straints, with resources suitable for electricity generation confined to
specific regions (GDMRE, 2025). While widespread potential exists for
residential heating applications across the majority of the country (bar-
ring the Mediterranean and Central Black Sea regions (GDMRE, 2025)),
developing geothermal resources generally requires significant initial
investment and is subject to inherent geological uncertainties (Tester
et al., 2007).

Bioenergy implementation challenges centre around resource collec-
tion and logistics. Despite biomass waste being generated throughout
Turkey, the dispersed nature of these resources complicates efficient
collection and transportation (Ozturk et al., 2017). The Central Anatolia
region demonstrates considerable potential from agricultural residues
with an estimated annual biomass energy potential of 8 TWh (Ayan &
Senturk, 2023), yet developing efficient biomass collection networks
requires careful consideration of geographic constraints and biomass
availability patterns (Morato et al., 2019). The economic viability of
bioenergy projects often depends on optimising transportation costs
and feedstock collection logistics (Gold & Seuring, 2011).

Infrastructure and grid integration

The integration of renewable energy sources into Turkey’s existing
grid infrastructure presents significant technical and operational chal-
lenges. The intermittent nature of renewable energy, particularly wind
and solar, necessitates substantial grid modernisation to maintain sta-
bility and reliability. This challenge is particularly relevant for Turkey
given its geographically distributed wind resources, with significant
offshore wind potential along its coastal regions (Celik et al., 2022).
The implementation of smart grids is essential for effectively managing
the integration of renewable energy sources . Traditional grid infras-
tructure, designed for one-way power flow from centralised generation
facilities, requires significant upgrades to accommodate the bidirec-
tional flow characteristics of distributed renewable generation (Ipakchi
& Albuyeh, 2009). The transition to smart grids necessitates substantial
investment in advanced metering infrastructure, control systems, and
communication networks (Gungor et al.,, 2011). These requirements
are particularly critical in regions with high renewable energy po-
tential but limited grid infrastructure. Energy storage solutions play
a vital role in addressing intermittency challenges. While Turkey has
significant hydropower capacity, it currently lacks operational pumped
storage facilities (Haktanir et al.,, 2021), despite having the high-
est potential for pumped storage in Europe (Barbaros et al., 2021),
leaving its energy storage infrastructure limited relative to its renew-
able energy growth. Integration opportunities between floating solar
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and hydropower present promising solutions, with hydro resources
potentially providing balancing services during periods of low solar
radiation (Ates, 2022; Kulat et al., 2023). However, the development
of large-scale storage solutions requires significant investment and faces
both technical and economic barriers.

Economic and market challenges

The cost of capital plays a crucial role in renewable energy de-
ployment (Debnath & Mourshed, 2024), accounting for 12%-37% of
the levelised cost of electricity (LCOE) in developed countries and up
to 50% in developing countries (Steffen, 2020). In Turkey’s industrial
sector, companies primarily view energy investments through the lens
of cost savings rather than environmental benefits, with 93% allocat-
ing less than 10% of their budget to energy efficiency and environ-
mental initiatives (Biresselioglu et al., 2017). Government incentives
play a crucial role in fostering renewable energy adoption. Recent
amendments highlight Turkey’s progressive approach to promoting
renewable investments, especially in solar and wind sectors (Govern-
ment of Tiirkiye, 2023). However, these incentives primarily target
corporations, with limited provisions for domestic customers or indi-
viduals. This contrasts sharply with approaches in countries such as the
UK, where comprehensive domestic renewable energy incentives have
driven adoption. The UK’s domestic renewable heat incentive program,
which offered a 7-year payment plan for residential installations of
biomass boilers, solar water heating, and heat pumps, exemplifies
how targeted incentives can accelerate residential renewable energy
adoption (BEIS, 2020; Snape et al., 2015). Turkey’s missed opportunity
in not providing similar incentives for domestic renewable energy use
is particularly striking given its favourable solar conditions.

Regulatory and policy framework

Despite significant legal reforms in 2001 (Government of Tiirkiye,
2023), regulatory challenges continue to impact renewable energy im-
plementation. Bureaucratic processes, particularly for permit approvals,
can extend up to a year and pose a significant deterrent to foreign
investors (Toklu, 2013). While administrative processes have seen some
improvements, the pace of these processes remains a concern for opera-
tors. Public approval processes present additional challenges, especially
for projects requiring large land areas, particularly when agricultural
land conversion is involved (Ozgiil et al., 2020). Research indicates that
public awareness and acceptance of renewable technologies in Turkey
shows significant regional disparities, with areas of high renewable
potential sometimes experiencing lower technology adoption due to
limited public recognition and understanding (Benli, 2016). Beyond
awareness issues, local opposition often arises from multiple factors
including landscape impacts, procedural justice concerns, and eco-
nomic considerations regarding property values and tourism (Delicado,
2018). While renewable energy is not entirely free from environmental
impacts such as habitat disruption, the government’s role primarily
focuses on monitoring and ensuring compliance. The environmental
benefits of renewable energy, including improvements to public health,
often justify these impacts (Gibon et al., 2017), suggesting that ef-
fective communication and responsible action by private companies
can address public perception issues. The successful implementation
of renewable energy in Turkey requires a coordinated approach to
addressing these multifaceted challenges. While some barriers require
technological solutions or infrastructure investment, others demand
policy innovations and improved stakeholder engagement. Expanding
incentive programs to include residential installations, streamlining
administrative processes, and developing comprehensive grid moderni-
sation strategies are crucial steps towards achieving Turkey’s renewable
energy potential and meeting its climate commitments.
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Conclusion

This comprehensive assessment of Turkey’s renewable energy land-
scape reveals a complex interplay between substantial theoretical po-
tential and practical implementation challenges. The temporal evolu-
tion of Turkey’s renewable energy sector shows distinct patterns of
growth and transformation, with fossil fuel-based generation steadily
declining from 80% to 54.5% between 2006 and 2024, while renewable
generation rose from 20% to 45.5%. This illustrates an accelerating en-
ergy transition. Renewable sources account for 59.4% of Turkey’s total
installed capacity while contributing 45.5% to electricity generation.
Although the variable nature of renewable resources largely explains
this difference, the upward trend suggests promising progress towards
a more diversified and resilient energy mix.

The analysis reveals several important findings. First, climate change
poses an direct risk to hydropower generation, with southwestern
basins showing alarming depletion trends—notably Gediz experiencing
a 45.5% decline and Konya a 43.2% decline since 2010. These find-
ings, coupled with decreasing precipitation and rising temperatures,
necessitate a reassessment of Turkey’s long-term hydropower strategy.

Second, the geographical mismatch between renewable resources
and demand centres presents a fundamental structural challenge. While
the optimal solar potential exists in southeastern regions and sub-
stantial wind resources are available along the coastal areas, major
electricity demand is concentrated in northwestern industrial zones—
Istanbul (42.5TWh), Izmir (16.4 TWh), and Ankara (14.9 TWh). This
spatial highlights the need for significant transmission infrastructure
investments and coordinated planning for decentralised generation.

Third, Turkey’s renewable energy potential remains notably un-
derutilised. Wind energy exhibits substantial untapped capacity, with
only 12.6 GW installed of 48 GW potential. Solar energy presents an
even greater opportunity, with an estimated technical potential of
380 TWh/year—theoretically sufficient to meet Turkey’s current elec-
tricity demand of 340.8 TWh/year. Similarly, geothermal resources, de-
spite Turkey’s position as the world’s fourth-largest producer, operate
at only 38.4% of its estimated potential of 4.5GW,.

Looking forward, three strategic priorities emerge. First, modernising
and climate-proofing existing facilities, particularly hydropower infras-
tructure, may offer greater resilience benefits than new construction.
Second, developing integrated storage solutions and expanding grid
infrastructure and flexibility are essential to managing variability and
better align generation with consumption. Third, policy frameworks
must evolve to address regulatory, technical, and financial barriers to
renewable energy deployment, particularly in supporting distributed
generation and smaller-scale installations.

This study provides an original synthesis through meta-analysis of
renewable energy potential and national supply—-demand dynamics,
offering an evidence base for future energy planning. It concludes that
while Turkey possesses renewable energy resources more than suffi-
cient to meet its projected energy demands, forecast to reach 510.5 TWh
by 2035. However, realising this potential requires a more nuanced and
strategic approach. Success will depend not only on increasing installed
capacity but also on addressing systemic challenges, adapting to climate
change risks, and integrating enabling technologies. As Turkey contin-
ues its energy transition, the focus should shift from merely expanding
capacity to optimising resource utilisation, ensuring system resilience,
and developing integrated solutions that can effectively harness the
country’s diverse renewable energy potential.

The findings have significant implications for policy and practice.
They suggest the need for a comprehensive approach that considers
resource distribution, climate resilience, and infrastructure integration.
Future research should focus on developing adaptive strategies for
hydropower under climate change, innovative solutions for energy
storage and grid integration, and policy mechanisms to accelerate
the deployment of both large-scale and distributed renewable energy
deployment.
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