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FOREWORD

The global energy system continues to undergo a profound transformadtn,

with renewables as its driving force. Global renewhle power capacity

additions continue to set new records, and renewable energy overtook coa
to become the world's largest source of installed power capacity in 2025.

Cost competitiveness remains the defining characteristic of renewalel power.
In 2025, more than 90% of newly commissioned utility-scale renewable
projects delivered electricity at a lower cost than the cheapest new fossil-
fuel-fired alternative. Onshore wind remained the most affedable new power
Francesco La Camera source, with a global weighted-average levelised cost of electricity (LC®)
of USD 33 per megawatt hour (MWh), followed by solar PV at USD 44/MWh
International Renewable  &Nd offshore wind at USD 78/MWh. Meanwhile, gas-fired generation becae
Energy Agency  more expensive, reinforcing the advantage of renewables over fossil Rls.

Director-General

After more than a decade of steep declines, the costs of solar PV and onshore vdiinave begun to stabilise,
reflecting the maturity of these technologies, and while IRENA's outlok suggests costs will keep falling to
2035, these declines will be less dramatic than in previous years. Enaldjitechnologies, however, continue
to experience rapid cost reductions. The installed cost of a four-hour utily-scale battery storage fell by
close to 30% year-on-year in 2025 to around USD 140 per kilowatt hour (kwh) — some 9%below its 2010
level. Around one-quarter of new utility-scale solar was paired with sbrage, and the best hybrid sites now
deliver ‘firm’ around-the-clock power at below USD 85/MWh.

The strategic value of this shift extends well beyond generation costs. In 2(&, renewables helped to
avoid an estimated USD 480 billion in fossil fuel costs and around 8.4 gigatonrseof carbon dioxide
emissions. When the Strait of Hormuz closed in early 2026, the existing reneuée fleet provided a vital
buffer — renewables have become a genuine geopolitical shockbaorber for consumers, businesses and
economies as a whole.

Nevertheless, short-term risks remain. Clean-techdogy manufacturing investment has roughly halved
since its 2023 peak, and rising commaodity prices and a shifting trade landscagpare likely to lift installed
costs in the near term. In many markets, the binding constraint is now the cost of cafal rather than
technology.

Recent events have reiterated the fact that the value of renewables is not cdimed to their benefits for our

climate — a growing share of renewable energy represents a vital strategic wiestment in resilience, security
and competitiveness. This only adds to the urgency of concerted action to naidly expand grids, storage
capacity and system flexibility while expediting the electrification o end-uses, thereby overcoming the
remaining barriers to an accelerated global energyransition.
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HIGHLIGHTS

After more than a decade of steep declines, in 2025, the levelised cost of eleqtity (LCOE) from
renewables began stabilising. Solar photovoltaic (PV) remained at its 20Rlevel of USD 44 per megawatt
hour (MWh). Wind, however, continued to improve, with onshore wind fallig to USD 33/MWh and offshore
wind to USD 78/MWh. In contrast, most dispatchable renewable technologiésecorded higher costs,
with hydropower, geothermal and concentrated solar power rising to USD62/MWh, USD 89/MWh and
USD 115/MWh, respectively. Bioenergy was the excémt in this group, with its cost declining to USD &MWh.

Since 2010, the cost of solar PV has fallen by 89%, onshore wind by 71%, and offsheind by 63%. This
highlights how renewables are now the cheapest source of new electricitynimost markets. In 2025, more
than 90% of newly commissioned, utility-scale capacity delivered powr at a lower cost than the cheapest,
newly-installed fossil-fuel-based alternative.

Between 2024 and 2025, new, natural gas-fired generation increased inost. A turbine shortage roughly
doubled the capital expenditure required for a new, combined-cycle plant to @out USD 2400 per kilowatt
in the United States. This also pushed the levelised cost of electricity (LCQEom gas-fired generation
towards USD 100/MWh in higher-gas-cost markets, such as Italy, Germg and Japan. In markets where
gas is cheaper, the LCOE remained in the USD 580/MWh range. Renewed conflict in the Middle East in
early 2026 also suggested higher gas and power prices could persist throughouht year.

China remains the global, low-cost benchmark for wind. In 2025, the LCOE ohehore wind in China stood
at USD 27/MWh and offshore wind at USD 49/MWh. This compared with USD 14M#h for offshore wind
in the United States. China is also among the lowest-cost solar markets, at DS86/MWh, a figure close to
that of India, at USD 35/MWh and Brazil, at USD 37/MWh.

IRENA's new cost comparisons for high-reliability hybrid systems show it the firm LCOE of solar-plus-
battery systems with a 95% reliability fell from more than USDLO0/MWh in 2020 to below USD 85/MWh
in 2025 at high-quality sites. Further reductions of around 30% by 2030 and 8% by 2035 are projected.

The installed cost of four-hour utility-scale batteries fell by close to 8% in 2025, to around
USD 140 per kilowatt hour (kwh) —around 95% lower than its 2010 level. Costs alsd telbelow USD 70/kWh
in China. These cost reductions are transforming the economics dfiybrid renewable systems and
strengthening their role in meeting demand reliably.

Falling battery costs are driving the rapid growth of hybrid solar-plus-dorage systems. In 2025, around
one quarter of all newly commissioned utility-scale solar capacity was aired with battery storage, with
the firm LCOE of such systems at high-quality sites falling below USD 85/MW

‘Dispatchable’ renewables include those technologies that can be adgted to meet demand when required namely bioenergy
geothermal hydropower and concentrated solar power

11
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RENEWABLE POWER GENERATION COSTS IN 2025

Costs of hybrid systems should keep falling over the next five gars, but more slowly and unevenly. The
costs of mature technologies, such as solar PV and onshore wind, are plateaginwhile batteries and
long-duration storage are expected to see further cost reductions as delpyment increases. At the same
time, the rebound in battery metal prices in early 2026 is a remider that input cost volatility can slow the
downward cost trend.

Emerging technologies are advancing rapidly. Sodium-ion batteries are gaingncommercial traction, with

rising lithium prices strengthening their business case. The rapid displaogent of nickel manganese cobalt
chemistry by lithium iron phosphate in recent years suggests that markets @n shift quickly once a new
technology demonstrates a clear cost and performane advantage.

Next-generation perovskite solar cells are approacimng commercial deployment, while long-duration
energy storage —including compressed air and flow batteries — is expected to gsubstantial cost reductions
as deployment scales. Ocean energy technologies, such as wave and tidalesdm, are nearing industrial
deployment. At 2 GW of cumulative deployment, these have projected LCOEs of aund USD 120/MWh
and USD 140/MWh, respectively.

Cost trajectories will depend on manufacturing dynamics. Clean-technogy manufacturing investment

has fallen by around half since its 2023 peak. This decline has been driven by @&’ efforts to curb solar

overcapacity and the rollback of the Inflation Reduction Act in the Unitel States. These shifts could affect
future supply chains, prices and the pace of deployment.

In addition to technology costs, financing remains a key drigr of generation costs. Increasingly, where
a project is built matters more than what is built: national macroeconomic conditbns explain around

2.3 times as much variation in financing costs as technology, underlimg the importance of country risk,

policy stability and access to affordable capital.

In 2025, renewables helped avoid an estimated USD 480 billion in fossil fuebsts and about 8.4 gigatonnes
of carbon dioxide emissions. This confirms the role of renewables not only as éhcheapest new power, but
also as a pillar of energy security, economic stability and resilience.

Renewables proved their ability to act as an energy cost shock absorber in 202%Across three import-
exposed Southeast Asian economies — Indonesia, Thailand and the Philipes — the existing renewable
fleet avoided around USD 5.7 billion of coal and gas purchases in 2025. Valliat the higher fuel prices
seen during the March—May 2026 crisis in the Middle East, those same avoided voleswould have been
worth USD 6.5 billion. Had renewable generation been doubled, the avoat fuel cost would have reached
USD 12.9 billion — more than twice the baseline saving.




EXECUTIVE SUMMARY

Renewable energy capacity additions reached a new high in 2025. Global renewable power
capacity additions exceeded 690 gigawatts (GW) in 2025 — around one-fifth more than in 2024. Solar
photovoltaics (PV) contributed more than 500 GW of this total, while wind added around 160 GW. Asia —
and above all, China — remained the centre of deployment, with China accoung for close to two-thirds
of new solar and three-quarters of new wind capacity. In 2025, renewable eargy also overtook coal in
terms of total, global installed capacity (IRENA, 2026a) to become the wdd'’s largest source of electricity.

Variable renewable costs fell as most dispatchable renewable energy costs rose. In 2025, the global,
weighted-average levelised cost of electricity (LCOE) for solar PV remaed unchanged compared to
2024, at USD 44 per megawatt hour (MWh)3 Over the same period, the LCOE of onshore wind decreased
to USD 33/MWh and offshore wind to USD 78/MWh. Driving these ltanges were two opposing factors
that largely offset each other: on the one hand, cheaper equipment and lowenstalled costs; on the other,
a higher cost of capital combined with slightly lower capacity factors.

The increases in the costs of most dispatchable renewables was driven by loweutput, rather than changes
in technology costs. Hydropower rose to USD 62/MWh, geothermal to USD®3MWh and concentrated
solar power (CSP) to USD 115/MWh. Bioenergy was the exception, with LCO&clihing to USD 86/MWh
due to increased output.

Allvaluesin  USD
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RENEWABLE POWER GENERATION COSTS IN 2025

Figure S LCOE total installed cost and capacity factor trends by renewable techmlogy - *
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EXECUTIVE SUMMARY

Renewables retained their cost advantage over fossil fuels. Despite the plateau, renewables remained
the most cost-competitive source of new electricity in most markets in 20%. Their advantage over fossil
fuels also continued to widen. Since 2010, the LCOE of solar PV has fallen89%, CSP by 72%, onshore
wind by 71%, offshore wind by 63% and bioenergy by 3%. In contrast, the LCOEs of hygoaver and
geothermal increased by 41% and 53%, respectively.

The cost of new fossil fuel-fired generation contin ued to rise. A gas-turbine shortage, driven in part by
surging data-centre demand, roughly doubled the capital expenditure asociated with a new, combined-
cycle plant. In the United States, this level rose to around U32400/kW, while the LCOE from these plants
in high gas price markets, such as Italy, Germany and Japan, rose towards USID/MWh. As in 2024, more
than 90% of utility-scale renewable projects commissioned in 2025 were abaper than the lowest-cost,
new fossil-fuel alternative.

Figure S LCOE of renewable power technologies - (USD MWh)

Notes CSP concentrated solar power MWh megawatt hour PV photovoltaic USD Un ited States dollar
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RENEWABLE POWER GENERATION COSTS IN 2025

Cost trends diverged across technologies and regions. Stable global, cost-weighted averages in 2025
masked substantial differences across markets. China recorded the lest onshore wind LCOE, at
USD 27/MWh, and among the lowest solar PV LCOEs, at USD 36/MWh. Across miajarkets, the LCOE of
solar PV ranged from USD 35/MWh in India to USD 65/MWh in Germany. LCOE valueshe tJnited States

and Germany were also close to double those in China. This was due to permitting ldgs, interconnection

bottlenecks and higher balance-of-system costs. For onshore windhie LCOE ranged from USD 27/MWh
in China to USD 52/MWh in Germany.

Figure S Solar PV and onshore wind LCOEs across major markets (USD MWh)

Notes MWh megawatt hour PV photovoltaic USD United States dollar

Rapid declines in battery costs are transforming the economics of renewable power. In 2025, battery

costs fell faster than those of any other energy technology. IRENA estintes the installed cost of a

four-hour utility-scale battery at USD 140/kWh, a decrease bclose to 30% in a single year and around
95% since 2010. As storage has become more affordable, solar and wind projscre increasingly being
paired with battery energy storage systems. This is improving the utiliation of grid connections, shifting

generation to periods of higher demand and reducing exposure to low or voléle electricity prices.

 biletskiyevgeniy.com © Shutterstock.conf® ™




EXECUTIVE SUMMARY

Cost reductions are expected to continue, but at a slower pace. After more than a decade of rapid,
learning-driven cost reductions, solar PV and onshore wind have ented a phase of maturity. When
permitting, grid connection, engineering and finanéng costs are included, between 2010 and around
2021, the costs of these two technologies fell, as experience accumulated anisk perceptions adjusted.
The remarkable price decreases that followed — with solar module prices drgpng by roughly two-thirds
between 2022 and 2024 — were primarily driven by a substantial expasion of manufacturing capacity in
China. This build-up resulted in a highly competitive landscape charactised by thin margins and prices
approaching the cost of production.

This phase of intense competition may now be shifting. Clean-iehnology manufacturing investment more
than halved between 2023 and the end of 2025. At the same time, China is actively ogolidating its
renewable energy manufacturing sector, while in April 2026tialso removed the value-added tax rebate
on exports of certain solar PV products.

In parallel, commodity and component prices have been rising, pushing up Wésrn onshore wind turbine
prices, for example. Looking ahead, these developments are likely to exeupward pressure on TICs
throughout 2026.

Over the longer term, costs will continue to decline out to 2035, though far mor e slowly than before.
Over the coming decade, TICs are projected to fall by around 40% for solar PV and 20for onshore wind.
These factors are roughly one-half and one-third, respectively, of th reductions recorded since 2010.

Figure S Cumulative reduction in global weighted-average total installed costs for solar PV and onshore wind
- and - ()

885
50

Note PV photovoltaic
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Cost reductions are expected to remain uneven across regions.China is set to remain the lowest-cost
producer of both solar PV and onshore wind technologies, while theJnited States and Europe retain a
persistent, though narrowing, cost premium. A comparable picture holds foenergy storage, both short
duration and long duration, with costs projected to continue to decline.

The figures given here are, however, model-based and indicative rather thanredictive. Over a ten-year
period, substantial uncertainty remains, as global geopolitical deslopments, industrial policy and supply-
chain changes could result in costs being either higher or lower than these pjections.

Cost of capital remains the decisive divide between markets. TICs have fallen in price worldwide, yet
LCOE:s still differ widely between markets; financing now explains much ohtat gap. IRENA data make the
point directly: solar PV installed costs fell by around 6% in 2025, yet the LCOE diit technology remained
unchanged. This was because a higher cost of capital offset the cheaper equigmt and systems. The
biggest cost differences have become driven more by where a project is built than by Wat is built.

IRENA’s cost-of-capital model suggests that country-level macroeonomic conditions, such as sovereign
risk, interest rates and inflation, explain about 56% of the variation in fiancing costs. At 24%, this is
roughly 2.3 times the share attributable to technology. The same technogy can therefore cost far more
to finance in a high-risk economy than in a mature one. This impact is most signifioa for emerging and

developing economies, where most new demand will arise. In these markets, eércost of capital — not the

cost of technology — is the binding constraint, with targeted de-risking the citical lever.

Globally, the use of renewables avoided 8.4 gigatonnes of carbon dioxide (CO ) emissions and saved
USD 480 billion in fossil-fuel costs in 2025. Because renewable energy facilities require no fuel once
operational, this saving is counter-cyclical: their value increases th rising global fossil-fuel prices — and
they do so without any new investment, since the capacity is already in place.

Renewable energy is proving itself as a geopolitical shock absorber.In 2025, the renewable generation
of three, import-exposed Southeast Asian economies — Indonesia, Thaind and the Philippines — displaced
an estimated USD 5.7 billion of coal and gas that would otherwise have been bght, much of it imported.
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LATEST COST TRENDS

11 INTRODUCTION

Renewable power deployment reached a record high

Global renewable power capacity grew by more than 690 gigawatts (GW) in 203, the largest
annual increase on record and around 19% more than the 582 GW added in 2024. &and wind
power accounted for around 97% of net additions.

In 2025, deployment also remained heavily concentrated in Asi, which accounted for around
three-quarters of global new capacity additions. Most of this was in China, hich alone added
440 GW. This was close to two-thirds of all new solar and three-quarters of all ng wind.

Figure 1.1 shows how increased deployment is translating into generatichare — both globally
and across the three markets that account for most new capacity (Ember, 2026)Yet, the data
also reveal a growing regional divergence. Europe’s energy tragition is advanced, while in the
United States, renewables have only recently surpassed chaAt the global level, this milestone
has also only just been reached, while in China — the world’s largest energy maitk— renewable
generation still lags behind coal.

The data sources, cost metrics and assumptions underpinning this reponcluding the IRENA
renewable cost database and the methodology used to calculate the levelis cost of electricity
(LCOE), are set out in full in thénnex.
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Figure Evolution of the share of renewables in electricity generation
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The global weighted-average levelised cost of electricity (LCOE) from dar photovoltaic (PV) was
unchanged in 2025 compared to 2024, at USD 44 per megawatt hour (MWh). The LCOHE onshore
wind fell, however, to USD 33/MWh, while that of offshore winl fell to USD 78/MWh. For these variable
technologies, two opposing forces broadly offset each other: cheaper eqpiment and lower installed costs
on the one hand, and a higher cost of capital combined with slightly lower capaty factors on the other.

Among dispatchable renewables, costs generally increased, witthis trend driven by lower output, rather
than changes in technology costs. Hydropower rose to USD 62/MWh, geo#trmal to USD 89/MWh, and
concentrating solar power (CSP) to USD 115/MWh. The latter increase svanainly due to a shift in new
Chinese plants towards storage-oriented hybrid operation with low cacity factors. Bioenergy was the
exception among dispatchable renewables, with the cost of this technolog declining to USD 86/MWh,
due to increased output.

These global averages were significantly influenced by China, kich accounted for most new renewable
capacity in 2025. That country also benefits from a structural cost advantge. If China is excluded,
the global weighted-average LCOE was higher, year-on-year, at USD S8MWh for solar PV (up 23%,

USD 51/MWh for onshore wind (up 55%), and USD 70/MWh for hydropower (up 13%). Hi@a is included,
however, these figures become USD 44/MWh, USD 33/MWh and USD 62/MWlespectively, for solar PV,
onshore wind and hydropower (see Figure 1.2).

Figure Global weighted-average LCOEs including and excluding China by tdmology

Notes excl excluding incl including MWh megawatt hour PV photovoltai ¢ USD United States dollar

These percentages show the increase in the global average when China is duded and are calculated on unrounded values
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Although renewable costs were broadly stable between 2024 and 2025, the cst position of fossil-fuel
generation worsened. A global gas-turbine shortage, driven in pe by surging data-centre demand, roughly
doubled the capital cost of new combinedcycle plant. This reached around USD 200 per kilowatt (kW)

in the United States, while in markets with higher gas costs, such as JapaGermany and Italy, the LCOE
from gas turbine plants headed towards USD 100/MWh. It remained far lowethough, where gas is cheap
— in the United States, for example the LCOE was around USD 53/MWh. Nonethss, BloombergNEF
reported a record global average of around USD 102/MWh for the period (BNEF026b).

Against this rising fossil fuel benchmark, more than 90% of utility-scaleeanewable projects commissioned
in 2025 delivered power below the cost of the cheapest new fossil-fuel plant bilt in the same market.
The advantage was widest for variable technologies — about 96%fanshore wind and 91% of solar PV
projects undercut the cheapest local fossil-fuel option. It vas, however, notably narrower for dispatchable
renewables. This reflects the same output-driven cst pressures described above. Independent analysis
points the same way, finding wind or solar to be the cheapest source of new utiliyscale electricity across
key global electricity markets (BNEF, 2026a).

Renewables also have an advantage that is not fully reflected in LCOE estimatesiaz built, their costs are
largely fixed, whereas fossil generation remains exposed to fugbrice volatility — a vulnerability examined
in section 1.7.

A recent IRENA study assessed the cost of round-the-clock powesupply through co-located battery
storage, overbuild and complementary generation (IRENA, 2026b). At lgh-quality sites, it found that
the firm, levelised cost of solar-plus-storage at 95% reliability fell fom above USD 100/MWh in 2020 to
USD 54-82/MWh by 2025. The study also projects further reductions of about@% by 2030 and 40%
by 2035. This would bring the best sites to a cost level below USD 50/MWh. Firm winglus-storage is
generally more expensive, reflecting multi-day low-wind periods — ahough combining solar and wind
lowers the cost of both. Large projects already demonstrate this approacha complex at Al Dhafra in the
United Arab Emirates is set to pair 5.2 GW of solar with 19 gigawatt hours (GWh) ofarage to deliver a firm
1 GW (an amount equivalent to a medium-sized thermal plant) at around USD 70/MWHRENA, 2026b).

Independent analysis shows a similar result. A large and fast-growing voine of co-located solar and
storage was commissioned worldwide in 2025, at an average cost below that ofew gas-fired generation.
Such systems are already cheaper than new gas for most hours of the year acrosany markets, and for
almost all demand in the most favourable cases, such as Spain (BNEF, 2026c).

Indeed, co-located solar and storage has moved intdhe mainstream, accounting for around one-quarter
of the utility-scale solar capacity commissioned globally in 2025 (BNER025f). This trend reflects growing
pressure on standalone solar projects in some markets, where decliningagitime prices and increasing
curtailment have reduced the value of generation during peak productin periods.
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The advantage is also beginning to reach the existing fleet, with co-located with-plus-storage now costing
less than the operating costs of existing coal and gas plants in several majoicenomies including China,
Germany and the United Kingdom (BNEF, 2026c).

Beyond generation costs, speed of deployment is becoming a désive advantage. Electricity demand is
rising rapidly, driven by data centres, artificial intelligence (Al) workoads and advanced manufacturing.
These require not only large volumes of power, but a continuous, high-quay supply with almost no

tolerance for disruption.

The pace at which new capacity can be brought online increasingly matters as uch as its cost. Hybrid
solar, wind and storage systems offer a modular, sdable response. Once grid connection and permittig
are secured, these systems can typically be developed and commissioned with 1-2 years, bringing
firm capacity online quickly and expanding it progressively as demand grow. Conversely, new gas-fired
generation is experiencing extended deployment timelines. Strong wddwide demand for gas turbines
has stretched delivery lead times to as long as 57 years for many modke (Anderson, 2025), while
the capital cost of new combined-cycle plants has roughly douked, now exceeding USD D00/kW in
some markets. This limits the ability of gas generation to meet near-term cagcity needs, particularly in
fast-growing power systems.

1.2 TECHNOLOGY SPOTLIGHTS

Global wind energy additions reached a record of around 159 GW in 2025, of whichnshore projects
made up about 93%. China alone contributed almost 120 GW of the total. The glah weighted-average
total installed cost (TIC) for onshore wind fell to USD 976/kW, leading to a glbal LCOE of USD 33/MWh.
However, these costs varied significantly by region: the LCOE was USD 27/MiMn China, against
USD 52/MWh in Germany and USD 40/MWh in the United States. China maintai this cost advantage
through both economies of scale and technological advances, while its turbgs sold abroad remain
cheaper than Western alternatives.

Solar PV remained the largest source of new power capacity in 2025, adding a recd 511 GW globally and
reaching a cumulative capacity of 2392 GW. China drove this expansion, with 315 GW of additions, followed
by India (37 GW) and the United States (34 GW). The global, weighted-avage TIC decreased to USD 667/
kW, yet the LCOE remained stable at USD 44/MWh for a second consecutive yeahi$ was because rising
capital costs and slightly lower capacity factors offset thereductions in capital expenditure. However, this
rapid expansion is increasingly constrained by grid-integration chlkenges, curtailment and falling capture
rates. In response, developers are increasingly pairing new solar cagpity with battery storage — a structural
shift towards hybridisation examined in Section 1.3.
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The global weighted-average TIC for offshore wind remained broadly stile at USD 2031/kW in 2025,
resulting in an LCOE of USD 78/MWh. This value does not reflect large differees between regions: the
LCOE in China fell to USD 49/MWh, while the United States had a commissiogiyear LCOE of USD 141/
MWh. In response to structural pressures, Western developers cut ingament budgets, while governments
revised revenue frameworks. For example, the United Kingdom exteted support contracts from 15 to 20
years, a change expected to increase project revenues by more than 20%.

CSP added 900 megawatts (MW) in 2025, exclusively in China, raising globalapacity to 8.4 GW.

While the global weighted-average TIC of CSP reached a record low of USD428/kW, the LCOE rose to
USD 115/MWh. This increase reflects a shift towards smaller solar field$is reduced the capacity factor
to 22%, as plants moved from baseload generation to flexible, grid-regating roles within hybrid systems.

Although China is aiming for 15 GW of CSP by 2030, current project pipelines reimamodest, with only

7 GW under construction or approved. Nevertheless, the 37% technologitlearning rate enjoyed by CSP
and its long-duration thermal storage capability sustain its stategic role as a complement to variable
renewable energy.

Hydropower additions rose 150% year-on-year to 18.4 GW in 2025, follomg two years of relatively
low additions. China accounted for most of the expansion, withEthiopia — where the Grand Ethiopian
Renaissance Dam was commissioned — and India among the other contuitors. The global weighted-
average TIC for hydropower fell 10%, to USD@79/kW, but the LCOE rose 9%, to USD 62/MWh, as less
favourable hydrological conditions and higher financing costs offset lhe decline in capital expenditure.
Hydropower’s role as a provider of flexibility, storage and water-mangement services is becoming
increasingly strategic, as variable renewables expal.

Hybrid_Production Ethiopi © Shutterstock.com
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Geothermal energy meets less than 1% of global energy demand and remainsncentrated in a small
number of countries. In 2025, the global weighted-average TIC rose to USD9®7/kW and the LCOE
increased to USD 89/MWh, driven largely by the financing conditions faag new, capital-intensive projects
in higher-risk environments. These near-term cost pressures contsa with rapid technological progress.
Enhanced geothermal systems (EGS) are delivering substantial reduohs in drilling costs, with well
costs at some projects in the United States falling by more than half. The ternational Energy Agency
(IEA) projects that next-generation costs could fall by up to 80% by 2035 (IEA, 2@4). The sector is also
evolving in ways that extend beyond cost reductions, as major technolog companies sign long-term
offtake agreements for firm clean power, and lithium co-production fran geothermal brines emerges as
a potential new revenue stream.

Bioenergy added 3.4 GW in 2025, with deployment concentrated in Japan, Gha and Brazil. Together, these
countries accounted for 71% of additions. The global weighted-averagel@ rose by 9%, to USD 806/kW,
reflecting a change in the geographical location and feedstock mix, ratér than an intrinsic cost increase.
The capacity factor reached 78%, contributing to a decline in the LCOE to US8/MWh. Bioenergy’s
dispatchable character and its role in waste management continue to suppt its strategic relevance in
many electricity systems.

1.3 ENABLING SYSTEMS: STORAGE, HYBRIDISATION AND DIGITALISATION

Battery storage recorded the largest cost decline of any utility-scaé technology in 2025, with fully installed
costs for utility-scale systems falling around 30% to USD 140 per kilowwahour (kwWh). This was a figure
roughly 95% below the 2010 level. Global deployment reached 16812 GW, a 40-48% rise, year-on-yeatr,
that exceeded the historical peak for annual gas-fired capacity additios. China and the United States
accounted for around 70% of new capacity, though egpansion grew across a wider range of markets.
Australia, for example, added nearly 8 GW — nine times its 2024 total. The miet also continued to shift
from short-duration ancillary services towards energy shifting, wih average discharge durations increasing
towards three hours and beyond, supported by lithium iron phosphate (LFP) bemistries, which accounted
for around 94% of new installations.

Co-location has moved from a niche option to the default configuration for new utlity-scale solar. Indeed,
around a quarter of all utility-scale solar commissioned globally in 208 was paired with battery storage
— a roughly sixfold rise in the co-located share since 2020.
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Two forces have been driving this shift:

» Lower project costs: Sharing the grid connection, land and balance-of-plant reduces capstl costs by
around one-fifth relative to building the two assets separately.

+ Changing market conditions: A rising number of hours of zero or negative wholesale prices in high-
penetration markets such as Europe and Australia has erodedé revenues of standalone solar, while
adding storage shifts output to higher-value hours. The technology is alsomering mainstream capacity
planning. Brazil's 2035 expansion plan, for instares now includes battery storage as a standard
portfolio option with defined cost parameters (Empresa de Pesquisa Energtica and Ministério de
Minas e Energia, 2025).

Operations and maintenance (O&M) expenditures are dcoming an increasingly important component
of total costs, as fleets age and labour costs rise. The global solar O&M marketdps growing with the
installed base, even after a recent downward revision due to policy changesmal tariffs, while its costs have
diverged sharply by region. In high-wage markets, such as the United Stas costs are now several times
higher than in the lowest-cost markets. Inverter replacement is now the sigle largest cost component
worldwide (Wood Mackenzie, 2025a). That cost pressure is increasing thealue of digital optimisation.
The clearest example is in dispatch: in saturated European markets, battetrading has become a distinct
revenue stream, with optimised, two-hour hybrid storage assets in Spain reported to earn several times
the prevailing solar capture price (BNEF, 2026d). As variable renewables dnstorage scale into more
complex systems, the ability to optimise operation and market participaion is becoming an increasingly
important factor in project performance and profitability.

1.4 EMERGING TECHNOLOGIES

Tidal stream and wave energy remain at the piloto-pre-commercial stage, with 71 MW deployed worldwide
since 2010 and more than half of that in Europe. A European pipeline of 198W across 16 farms is set to
come online by 2030, while China has formulated a 400 MW target for the same time érizon. Aggregated
learning trajectories suggest that the LCOE could fall to around USD 140/MkMor tidal stream and USD 120/
MWh for wave at 2 GW of cumulative deployment (IRENA and OEE, 2023).

Scaling ocean energy beyond current pilot deployments will depend on the plicy and regulatory
conditions in place. Experience with other renewable technologies suggds that long-term revenue
support mechanisms, such as contracts for difference (CfDs), can lowernfincing costs and improve
investor confidence. Clear permitting frameworks and dedicated gridritegration procedures have also
been identified as important enablers of faster prgect development.
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Long-duration energy storage (LDES) reached record deployment in 2025with new-build capacity of
2.0 GW/9.6 GWh — 97% of it in China — bringing cumulative capacity to 5.1 GW/Z5GWh. In addition,
the project pipeline now contains about 97 GW/422 GWh across 26 markets. Saaf, two technologies
dominate deployment — flow batteries (43% of the total) and compressed air engyy storage (38%).

Most LDES remains more expensive than lithium-ion, but compressed air dthermal storage are already
cheaper for durations beyond eight hours in markets outside China, wherlithium-ion costs more. Adiabatic
compressed air energy storage (A-CAES) in China can already compete \Witopen-cycle gas peaking
plants at moderate capacity factors — an advantage expected to increase duo 2030.

1.5 STRUCTURAL COST DRIVERS AND MARKET DYNAMICS

China’s manufacturing abundance continued to serve as the printg driver of global cost reductions in
2025. Vertical integration, economies of scale and intense domestic congtition maintained Chinese
equipment costs significantly below those in other markets, withturnkey prices for four-hour battery
systems averaging approximately 40% below the global benchmark (BNEF025b).

This geographical concentration also introduces risk, however, as supptonstraints can lead to significant
price volatility. This vulnerability was demonstrated by the 2025 gas-tubine shortage, when demand
exceeded Western manufacturing capacity. This resulted in substantiancreases in both the capital costs
and delivery times of new combined-cycle plants (see Section 1.1). Tradétions and concerns over supply
chain concentration have led several governments to support domestic mnufacturing, typically at a
cost premium.

Renewable projects are capital-intensive. With no fuel to buyalmost all of their lifetime cost is incurred

upfront. This makes their economics unusually sensitive to tcost of capital. The weighted average cost-
of-capital (WACC) model produced by IRENA shows that this cost varies far moreaoss countries than

across technologies. For a standardised, fully contracted project, the real WCC ranges from around 3%
in mature, deep capital markets such as the United States and Australia to alve 10% in the highest-risk
economies. In addition, within any single market, this figure differs only mdestly between technologies

— typically by well under a percentage point between solar and onshore wind, forx@ample.
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Figure LCOE by cost component technology and region

i - . :

Notes CAPEX capital expenditure LCOE levelised cost of electricity MENA Middle East and North Africa MWh megawatt hour
O&M operation and maintenance PV photovoltaic USD United States doll ar

Figure 1.3 makes this visible: across regions, the capital and operating cooents of cost are broadly
comparable, while the financing component widens sharply in higer-risk markets. A formal decomposition
confirms this: country-level macroeconomic conditions, such as sovergn risk, interest rates and inflation,
explain about 56% of the variation in financing costs. This is some 2.3 times thd% share attributable to
technology. Where a project is built therefore matters more than what is built (se Figure 1.4).

Figure Drivers of financing cost variation across markets and technologies
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The same technology can therefore cost far more to finance in a high-risk ecarmy than in a mature one.
This impact is most significant for emerging and developing economies, wére most new demand will
arise. In these markets, the cost of capital — not the cost of technology s the binding constraint, with
targeted de-risking the critical lever.

Figure WACC and LCOE financing share ()

@ oo o o S Eee e @ [ oo

Notes These figures are model-derived country- and technology-specifc estimates They incorporate macroeconomic risk
an inherent technology-risk component a market-maturity premium and risk-adjusted gearing They do not reflect observed
financing terms from individual projects It is assumed that financing conditions for projects commissioned in  reflect
the macroeconomic and market conditions prevailingin  (investmen tcommitments are typically made one year prior
to construction) LCOE levelised cost of electricity WACC weighted ave rage cost of capital

dongfang © Shutterstock.com
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Beyond these national-level conditions, two further factors shape fiancing costs within any single
market: the risk profile of the technology and the degree of revenue certaity. The technology effect is
the smaller of the two; solar PV and onshore wind face broadly similar finaneg costs, while offshore
wind and geothermal carry a technology premium. Revenue certainty is the me significant variable: the
difference in financing costs is greatest when future revenue is least certa, with the WACC for merchant
projects roughly double that of projects backed by long-term contracts (BNEF, 2026c¢). Revenue certainty is
primarily determined by contract structure. Long-term instruments, such as feed-in tariffs, CfDs andqwer
purchase agreements, stabilise cash flows by reducing exposure to whdaeale price volatility, improving
debt capacity and lowering financing costs. Projects operatig on a merchant basis face substantially higher
cash-flow risk, which lenders price into borrowing costs and leverage ratis. Recent empirical analysis finds
that well-designed long-term contracts can reduce the LCOE by 30—-40% dueotbetter financing conditions
alone (Sanchez Canales and Hirth, 2026).

Stable revenue mechanisms, such as auctions, CfDs, and lotegm power purchase agreements (PPAS) —
lower risk premiums and reduce the cost of capital, directly influencing gloll investment flows.

In this regard, three policy developments were particularly significant in 225:

* In the United States, the One Big Beautiful Bill Act restricted eligibility dteria for clean energy tax
incentives and accelerated the timeline for phasingput wind and solar projects.

- In China, the transition from guaranteed feed-in tariffs (FiTs) to markebased pricing structures
subjected projects to market price determination — although provincial @Ds offered a partial risk-
mitigation mechanism (BNEF, 2026e). China also revoked provincial stoga co-location mandates,
replacing them with a strategic plan to deploy 180 GW of energy storage by 2027 (BNE, 2026d).

+ In the European Union (EU), regulatory initiatives aimed at expediting penitting procedures began to
reduce project lead times, though structural bottlenecks persisted.

1.6 THE COST OUTLOOK: FURTHER DECLINES, BUT AT A SLOWER PACE

This section outlines potential short-term pathways for theTICs of solar PV and onshore wind technologies
up to 2035, based on the two-stage approach described in Box 2. This method levages the detailed,
project-level IRENA Renewable Cost Database to develop possible cost jegctories specific to each
technology and region. These modelled results are then complemented by ésrnal evidence that helps
explain why costs vary across regions and why their decline is expected to slaw his section then extends
to energy storage, covering possible future cost trajectories for both sheot-duration battery storage and
long-duration energy storage, informed by recent published assessmds.
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A two-stage approach to projecting TIC trajectories

Cost trajectories for the period 2025-2035 were developed in two distint stages.
STAGE 1:Learning-curve modelling

In the first stage, a learning-curve model was estimated from historical pject data. The unit cost of each technology
declined as cumulative installed capacity grew, while annual deployent responded to falling costs through a
price elasticity of demand, creating a reinforcing feedback loop betwea cost reductions and capacity growth.
The learning rate (the cost reduction for each doubling of cumiative capacity) and the elasticity were estimated
separately for each region and technology. Solar PV had the higher global leaing rate, at about 34%, compared
to roughly 25% for onshore wind.

Figure B Solar PV and onshore wind learning curves per region

Notes * Epsilon is the price elasticity of demand reflecting how responsive deployment is to cost reductions GW gigawatt
kW kilowatt USD United States dollar

STAGE 2Structural adjustments for market maturity

In the second stage, these learning curve-based estimates were adjusteo reflect persistent regional cost drivers.
These included labour costs, permitting regimes, grid-connectin complexity and localisation requirements. The
adjustment established China as the global cost floor. This level is pejted to decline at a more moderate pace
over time as manufacturing capacity and market demad rebalance.

The resulting trajectories are indicative, rather than predictive. Ty assume stable macroeconomic and deployment
conditions, constant learning rates and elasticities, and do not accat for unanticipated shifts in international trade
or industrial policy.
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IRENA analysis suggests that the global weighted-average TIC of solar Pystems could decline from
USD 667/kW in 2025 to USD 407/kW by 2030, before reaching USD 351/kW by 2035. This regsents a
decline of about 39% over the next five years, but only a further 14% between 203and 2035, illustrating
the slower pace of cost reduction now expected.

Figure Weighted-average TICs of solar PV systems by selected country and region  —

/
./.
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Notes kW kilowatt USD United States dollar

China continues to establish the global cost floor, with its regional baseie decreasing from USD 533/kW
in 2025 to USD 298/kW by 2035. This position is supported by an established manuféiering sector

that holds more than 90% of global solar PV manufacturing capacity — as opp@sl to around 2% in
the United States and 1% in the EU (Bjerkan-Wadet al, 2026). Intense competition between Chinese
manufacturers cut solar module prices by around two thirds between 2022 and @4, so that emerging

markets importing this equipment at near-frontier prices remained close ¢ the floor (Bjerkan-Wade et al.,

2026). Saudi Arabia, for instance, recently recorded one of the world’s lwest solar PV tender prices, at
USD 12.9/MWh (IEA PVPS, 2026).

In contrast, Western markets face a persistent cost premium that has been r&sed upwards from earlier

estimates. The simulations demonstrate that the United Stas remains the most expensive market
throughout the forecast period, with TICs dropping from USD 180/kW in 2025 to USD 483/kW by 2035.

Europe also faces higher structural costs, with its 2035 figure adjusted upwads from previous outlooks

to USD 371/kW.
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IRENA modelling suggests that global weighted-average TICs for onsime wind could fall from
USD 976/kW in 2025 to USD 869/kW by 2030, and to USD 792/kW by 2035. This represents a decase
of around 19% over the decade — a figure well below the roughly 47% decline projed for solar PV over
the same period.

This gradual decline is heavily influenced by China, where large deploymentolumes pull the global
average down. China accounted for approximately 113 GW of the 150 GW of tbtanshore wind capacity
added globally in 2025, or nearly three quarters of the global total IRENA2026a).

Figure Weighted-average TICs of onshore wind systems by selected country and regin =~ —
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Notes kW kilowatt USD United States dollar

The ranking of regions differs from that shown by solar PV, as indicated in Figure5L.Europe, rather than
the United States, is the most expensive region, at about USD725/kW in 2025. This is roughly 2.2 times
China’s level, with Europe remaining the most costly market throughouthe forecast period, reaching

around USD P46/kW by 2035. European financiers and insurers remain cautious about Qese turbines,
citing limited familiarity with manufacturers’ track records and the need for independent certification and

technical performance data. As a result, the low-cost import route availbele to other markets remains
restricted in Europe.
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In the onshore wind market, the global average cost sits below the individuacosts of emerging markets

that import this technology, such as India and Brazil. This divergence occurselsause Chinese turbines
sold abroad cost roughly double their domestic price, although even so, thye remain markedly cheaper
than Western turbines. This is why importing markets such as India and Brazil sibave China’s floor, but

well below Europe and the United States (BNEF, 2025a). In 2025, TICs are estited at USD 1L.72/kW for

India and USD 282/kW for Brazil, compared to USD 789/kW for China. Because China domines global

deployment, its low domestic prices pull the global average firmly downward

Large regional disparities in TICs do not automatically result in equally largeaps in the LCOE. The final
cost of energy depends not only on upfront capital expenditure and operatimal costs, but also on financing
conditions and local wind resources. For instanceyhen combined with lower maintenance expenses and
favourable financing conditions, higher capacity fators — achieved through larger rotors, taller towes and

turbines optimised for low wind speeds — can significantly improve the busiass case in high-cost regions.

The cost outlook for short-duration battery storage indicates a continled downward trend. Relative to
2025 turnkey levels, four-hour battery storage costs are projected to decease by 2035. This decline will
be substantial in China, where such costs will fall to approximately onehird of the current global average.
However, the decline will be only moderate in Europe and the United Stateswvhich remain significantly
above the Chinese cost floor (BNEF, 2025b).

Overall, these cost reductions are being driven not only by declining [itium-ion cell prices, but also by
longer battery lifetimes, higher round-trip efficiencies and lower firencing costs. This downward trajectory
faces near-term constraints, however, as Chinese battery prices — whicletsthe global benchmark — are
expected to remain elevated throughout the first half of 2026 at least. This is da to higher metal costs and
the phasing out of export tax rebates (BNEF, 2026f).

LDES systems are projected to experience gradual cost declines at low, silegdigit annual rates through
to 2035. Benchmarking against current levels, however, highlights sigficant reductions by 2030. For
instance, intraday electrochemical systems are expected to reach USP44-358/kWh by 2030, while
100-hour multi-day systems are projected to decline to USD 26-38/kWh by the sae date. Substantial
uncertainty bands remain, however (LDES Council, 2026).

As capital costs decrease, LDES is expected to become increasingly comfate with gas-fired peaking
plants. In China, for example, adiabatic compressed-air energy storagin natural caverns is expected to
become more cost-effective than unabated, open-cycle gas turbines, ith significantly lower operating
thresholds evident by 2030 (BNEF, 2026q).
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1.7 BEYOND COST: AVOIDED FUEL USE, EMISSIONS AND ENERGY SECURITY

The value of renewable power extends well beyond its generation cost. Bexise renewables produce
electricity without fuel, they displace the coal and gas that would otherwise hae been burned. This avoids
both the cost of that fuel and the emissions it releases. To quantify these beffies, IRENA compared actual
renewable generation in 2025 with a counterfactual in which each country raets the same demand by
scaling up its existing coal and gas-fired fleet, according to its current ppportions.?

Across the 20 major economies assessed, renewable power avoided an estited USD 377 billion
(2025 USD) in fossil-fuel purchases and around 6.6 gigatonnes (Gt) of cadm dioxide (CO ) emissions
in 2025. The 20 economies assessed account for about fodifths of world renewable generation; scaling
the same method to all countries gives an estimated global tothof approximately USD 480 billion and
8.4 Gtof CO.

Figure Avoided fossil fuel costsin ~ across major economies

Notes () Mexico ()Indonesia () Malaysia () Argentina () Phi lippines () South Africa

Generation and power-sector emissions data are sourced from Ember Eney&s Global Electricity Data with country-specific fuel prices
and emissions factors derived from nationally reported figures Avoidel fuel is valued at average annual price levels rather than
short-term market spikes
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The geographical distribution of these economic and environmetal benefits closely mirrors the
concentration of global renewable power generation. China alone aaunted for about USD 177 billion

— or around 47% — of the total avoided cost and roughly 3.4 gigatonnes (Gt) — or arouh52% — of the
avoided carbon dioxide (CO ). These numbers reflect both the scale of Chirmrenewable fleet and the
predominantly coal-based generation it displaces. Avoided csets and emissions in the United States
were next, standing at around USD 35 billion and 761 million tonnes (Mt) of CO glfowed by Brazil, with
USD 32 billion and 432 Mg India, with USD 18 billion and 451 Mt, Germany, with USD 18 billion and 215 Mt
and Japan, with USD 15 billion and 166 Mt.

These figures represent gross estimates: they do not deduct the capital ctés of the renewable capacity
itself, nor do they monetise avoided local air pollutants, such as sulphur digste (SO ), nitrogen oxides
(NO,) and fine particulate matter. Reducing these delivers further, well-doamented public health benefits
beyond the scope of this calculation.

In 2025, the renewable generation of three, import-exposed SouthedsAsian economies — Indonesia,
Thailand and the Philippines — displaced an estimated USD 5.7 billiofiaoal and gas that would otherwise
have been bought, much of it imported. Because renewable energy facilés require no fuel once
operational, this saving is counter-cyclical: their value increases ¥ rising global fossil-fuel prices — and
they do so without any new investment, since the capacity is already in place.

Figure Avoided fossil fuel costs for Indonesia Thailand and the Philippines

The high placement of Brazil reflects the counterfactual rather than a lage fossil fleet The country’s substantial hydropower output is
valued against the gas and coal that would otherwise have run even though lite fossil generation remains on its system today



LATEST COST TRENDS

Akhmad Dody Firmansyah © Shutterstock:.com

When the Strait of Hormuz closed in early 2026, causing oil and gas import prices tg#ke across Asia and
Europe, existing renewable electricity generation provided acrucial financial buffer. The three Southeast
Asian economies looked at here are amongst the most exposed in the gion: the Philippines sources
over 95% of its crude oil imports from the Persian Gulf, while Thailand relies on naal gas for around

two-thirds of its power output — a significant share of which arrives as liqueied natural gas through Middle

East shipping routes. Meanwhile, Indonesia, now a net oil ingpter, imports roughly 60% of its fuel supply.

Re-pricing the same 2025 renewable generation at March—May 2026 crisis ldgeincreases the annual
savings from USD 5.7 billion to USD 6.5 billion.

For countries that still rely heavily on fossil fuels, adding renewable capaty further strengthens economic
protection. As shown in Figure 1.9, doubling renewable generation indtonesia, Thailand and the Philippines
would have raised avoided fuel costs to USD 12.9 billion — more than twice the basedisaving?

The price shock has also accelerated near-term policy responses in the region The Philippines fast-tracked grid connection for
megawatts (MW) of approved renewable power projects Indonesia ac celerated its GW electrification programme while
Thailand restarted coal capacity whilst exploring expanded hydropaer output
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2.1 INTRODUCTION

Now an integral component of modern electricity systems, new annual ingtllations of onshore wind
surpassed 100 GW for the third year running in 2025, with 150 GW of onshore wdnnstalled worldwide,
bringing total global capacity to 1200 GW — 6.7 times the installed capacity in 2010 — and represging
year-on-year capacity addition growth of 41% (IRENA, 2026a).

China accounted for threequarters of the global onshore wind capacity additions in 2025, with 113 GW.
India and the United States followed as the second and third largest markst each adding capacity at
similar levels — 6.3 GW and 6.2 GW respectively.

Onshore wind deployment is influenced by a range of enabling conditions. Ttee include cost
competitiveness, clear and stable policy frameworks, predi@ble project pipelines, efficient permitting
processes, grid access certainty, strong domestic supply chains, andergy security considerations. The
extent to which these factors are present varies across markets.

Sustaining onshore wind momentum requires reinforcing the foundatns that have driven deployment to
date, while addressing emerging challenges and stregthening business cases. Permitting remains one
of the most significant constraints and grid infrastructure has not kept @ce with deployment ambitions.
Supportive policy instruments are also essential in providing revenue ggainty and attracting investment,
as the continued growth of industrial capacity and domestic supply chais facilitates deployment and
broadens local economic benefits. In addition, the repowering of existig sites is projected to increase
and become an important source of new capacity, with advances in turbine teamology enabling output to
triple or quadruple relative to the turbines being repowered (WWEA, 2026)

2.2 TECHNOLOGICAL TRENDS

Onshore wind has been undergoing a transformation supported by a wave of irpvation aimed at
improving performance, reducing costs, and enhancig system integration. These developments reflect
a broader shift towards optimising how capacity interacts within an inceasingly complex energy system.

Technological advanceshave long been key drivers in the expansion of the onshore wind sector. Large
rotor diameters, taller towers and higher turbine nameplate capacities ave all been improving project
economics, increasing capacity factors and expandingiable deployment areas. Differences in turbine
design have also reflected trends in technology, as well as optimisation folocal wind regimes, terrain
characteristics, and grid infrastructure.

One metric that can provide insight into the turbine design choices and deploymset conditions is known

as “specific power”. A lower specific power generally indicates larger roto areas relative to generator
capacity. This enables greater energy capture at lwer wind speeds and increasing capacity factors.
Conversely, higher specific power values are often associated with sisecharacterised by stronger wind
resources, where smaller rotor areas can achieve similar energy yields.
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Figure 2.1 presents the weighted-average nameplate capacity, rotodiameter and specific power of
turbines installed in 2025 for selected countries.

China stands out with the highest weighted-average nameplate capaty and rotor diameter, reaching
7 MW and 200 metres, respectively. Lithuania follows, with a weighteeaverage nameplate capacity of
6.6 MW and a rotor diameter of 161 metres. Two broader clusters are then vigblone groups countries in
the 5-6 MW range and another in the 3.54.5 MW range. India and France are at the lower end of weighted-
average nameplate capacity, at 3.6 MW, with France also recording the sntast weighted-average rotor
diameter, at 129 metre<. Across the countries represented, specific power ranged fnm around 200 watts
per square metre (W/m) in India to approximately 340 W/m in Ireland.

Figure Weighted-average onshore wind rotor diameter nameplate capacity ard specific power

Notes m metre MW megawatt W watt

In recent years, the industry’s strategic focus has shifted towards impnang operational efficiency and
strengthening profitability. European manufacturers have shiféd their emphasis from further turbine
model upsizing to shortening project execution times, and supporting a reilient and sustainable supply
chain (Vestas, 2023). Chinese manufacturers are pursuing similar prities, focusing on improving
reliability, competing in increasingly liberalised power markets ad integrating Al into operations
(BNEF, 2025c; Wood Mackenzie, 2025b).

These characteristics should not be interpreted as indicators of technologal advances rather they reflect turbine design choices
optimised for local wind resource conditions and project requirements
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Indeed, digitalisation is reshaping operations across the wind power sectdsee Figure 2.2). Al applications
are increasingly improving project development processes and easgydownward pressure on costs. In
power trading, for example, Goldwind is introducing market-responsie turbines capable of adjusting
output based on real-time electricity prices (BNEF, 2025c). More broadly, Adiriven strategies are helping
streamline processes, optimise revenues and reduce operational risk

Figure Al applications in onshore wind development and operation
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In addition, materials innovation is supporting the next phase of wind tebnology development. Lighter

and more durable composite materials can reduce manufacturing and tragportation costs, while advances
in components and testing methods are improving turbine durabiliy, blade design and maintenance
performance (Firooziet al., 2024).

At the system level, hybrid configurations combining wind, sdar, and storage are emerging as a powerful
model to smooth variability, maximise grid connections, and optimise how apacity interacts within an

increasingly complex energy system. In several major economies, codated wind-plus-storage has
already crossed a further threshold, with costs below coal and gas plantdRENA, 2026b).

Vladimka production © Shutterstock.com




ONSHORE WIND

2.3 TOTAL INSTALLED COST

For onshore wind projects commissioned in 2025, the global weighted-avege TIC was USD 976/kW. This
represented a 59% decline on 2010 (see Figure 2.3). Between 2024 and 2025ethlobal weighted-average
TIC fell by 8%, largely driven by the high share of installations in China, wheTICs continue to decline
and remain the lowest globally (see Table 2.1). In 2025, onshore wind TICsiged from USD 632/kW to
USD 2208/kW, between the 5" and 95" percentiles.

Figure TICs of onshore wind projects and global weighted-average  —

Notes kW kilowatt MW megawatt USD United States dollar
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Table 2.1 presents the weighted-average TICs for onshore wind projects$ gegional and country levels.
Between 2015 and 2025, all regions and countries included in the table recoed declines in weighted-
average TICs for newly commissioned projects. In 2025, regional costs raaed from USD B10/kW in Other
North America to USD B14/kW in Other South America, with Oceania, Europe, Other Asidfrica and
Eurasia falling inbetween.

Table TIC ranges and weighted-averages for onshore wind projects by country region and

g Weighted (g g Weighted (g
percentile average percentile percentile average percentile

Africa

Eurasia

Europe

Oceania

Other Asia

Other North America
Other South America
Brazil

China

India

Unitad States

Notes “Other Asia” includes all Asian countries except China and India “Other Mrth America” includes Canada and Mexico and
“Other South America” includes all South American countries except Brail kW kilowatt USD United States dollar

Figure 2.4 presents the weighted-average TICs in 2024 and 2025 for the top 36ountries by onshore wind
capacity additions, highlighting diverging market trends. In 2025, Chia recorded the lowest weighted-
average TIC, at USD 789/kW. This was down 10% on 2024 and was ungiened by a uniquely enabling
market structure (see Box 2.1). Brazil was the only other tofiive market to record a decline, with costs
falling 4%. In contrast, India, the United States and Germany saw cost imases of between 3% and 7%,
reflecting differing supply chain pressures and market conditions.

In 2025, market-specific factors continued to shape the economics of ongire wind deployment.
In Germany, higher TICs reflected structural pressures across the peat development value chain. In
particular, these included rising investment costs related to planninggrid connection and other project-
related expenses (Deutsche WindGuard, 2025). In the United States, [y volatility, trade measures
and permitting constraints continued to weigh on investment confidence and project development
(Wood Mackenzie, 2026b).
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Figure Onshore wind weighted-average TICs in selected markets  —

Notes The data file available for download includes the historical data for al markets from  to kW kilowatt
Lao PDR Lao People’s Democratic Republic USD United States dollar

China's onshore wind market: An enabling model unde transition

China’s onshore wind deployment reflects an enabling market enviranent characterised by a ceordinated
industrial policy, long-term planning, large-scale infrastruture investment and regulatory certainty. These
conditions have supported predictable project pipelines, acceleated deployment and facilitated the expansion of
domestic manufacturing capacity and grid infrastrudure.

In 2025, three ultra-high-voltage (UHV) transmission lines entere operation, strengthening the delivery of electricity

from resource-rich northern regions to major demand centres (Vod Mackenzie, 2025b). The competitiveness
of China’s onshore wind sector also benefits from the industry itself, icluding large-scale manufacturing, low
commodity costs, automation and integrated supply chains.

China’s integrated approach has translated into sting deployment, industrial leadership and continuectost reductions.
Wind power now supplies 10.7% of China’s electrigit up from 3.2% in 2015 (Ember, 2026a). In terms &fl\Ws of wind
turbine order intake, in 2025, manufacturers from @ina occupied the top five positions worldwide, acounting for 63%
of total global orders (Wood Mackenzie, 2026c¢). Atthe same time, installed costs declined by 10% beten 2024 and
2025, reaching a record low of USD 789/kW and furtler strengthening the competitiveness of onshore wirdl.

The policy framework that has enabled the rapid expansion of China’s onshe wind sector is now undergoing
a transition, however. As the technology and the industry has matured, fesin tariffs have been removed and
guaranteed on-grid tariffs are to be phased out by 2030, moving the sector tavard full market participation.
As subsidies decline, investment is shifting towards load-oriergd strategies, with energy-intensive industries
moving west to access lower-cost renewable power, while developers foas on higher-quality wind resources to
offset falling capture prices (Wood Mackenzie, 2025b).
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Wind turbines are the largest cost component of onshore wind projects, typicdy accounting for around
half of TICs — although the share varies across markets and project configuians. In the United States,
for example, turbines represent 55% of total project costs, compared to 30% fobalance-of-system
expenditures and 15% for soft costs (NREL, 2024). In Germany, turbine costscaant for 47% of the TIC
(Deutsche WindGuard, 2025). Differences in project scale, turbine sizaite conditions, financing costs,

grid connection requirements and local supply chain maturig can all significantly influence overall
project economics.

Indeed, the overall cost of a wind turbine reflects the contribution of multple components (see Figure 2.5)
with the costs of these structural, mechanical and electrical. Togethethese components highlight the
complexity of wind turbine manufacturing and the wide range of material, engineering and supply chain
inputs that shape overall turbine costs. Among wind turbine components, dwers and blades represent
halt of the cost. Other parts, such as the nacelle, gearbox, generator and hwand pitch system, contribute
smaller — though still notable — portions.

Figure Indicative cost breakdown of a wind turbine

Based on Global Wind Energy Council (GWEC) inputs and (Wood Mackenzie )

Thomas Roell © Shutterstock.com
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As wind turbines account for the largest share of TICs in onshore wind projectgurbine pricing remains
a key indicator of cost dynamics across global markets. Figure 2.6 presents winturbine price indices
(WTPI) and pricing trends for the period 2010-2025.

Figure Wind turbine price indices and price trends  —

Source (BNEF a Vestas Wiser etal )
Notes kW kilowatt USD United States dollar WTPI Wind Turbine Price Index

Prices for onshore wind turbines installed outside mainland China incased during the first half of 2025,
as manufacturers looked to recover from slim or negative margins through igher-priced contracts
(BNEF, 2025d). This trend is reflected in the BNEF WTPI, which rose 14% between 2024 é2025.
Meanwhile, price differentials between turbine classes narrowed corgérably. Class I, Il, IIl and S turbines
converged around an average price of USD1I04/kW in the first half of 2026.5

The classifications given here are International Electrical Commissi (IEC) wind turbine classifications Class | wind turbines are
designed for the best wind speed sites and typically have shorter rotors whig Class Il wind turbines are designed for medium wind
speed conditions and Class Il turbines for poorer wind conditions with leger rotor diameters and lower specific power Class S wind
turbines are designed to meet specific site conditions and requirements tht fall outside the standard classification
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From 2021 onwards, pricing trends in Chinadiverged from those observed in other markets. Globally,
rapid market growth and supply chain disruptions associated with the COVIEL9 pandemic placed
upward pressure on wind turbine prices. In China, however, average turbineriges fall, reflecting excess
manufacturing capacity and intensifying competition following the phase-out of support schemes
(IRENA, 2022a). This downward trend began to moderate in 2025, when turbinerjres stabilised and
showed signs of rising. Indeed, they increased by 2% between 2024 and 2025, duby 3% between the
fourth quarter (Q4) of 2024 and Q4 2025, reaching USD 199/kW by the latter dateThis shift partly reflected
changes in procurement practices, with an industry agreement signed in Qober 2024 by 12 leading
Chinese turbine manufacturers discouraging unfair pricing practices (BNE 2025d).

The price gap between China and other regions hasreouraged Chinese manufacturers to expand
international sales in pursuit of higher margins. Overseas turbine orderfrom Chinese original equipment
manufacturers (OEMs) grew by 64% year-on-year in 2025 (Wood Mackenzie,026d), with India,
Saudi Arabia and Kazakhstan accounting for the three largest export magts (Wood Mackenzie, 2026¢).
Although export prices for Chinese turbines are roughly double domestic Ieels, due to market dynamics
and competitive conditions within China, they remain below those offeed by most European and US
manufacturers (BNEF, 2025a).

Among leading Western suppliers, pricing trends diverged in 2025. Vesis, for example, recorded lower
average prices, due in part to orders excluding installation services. Theompany has, however, indicated

that it does not intend to pursue further price reductions in order to presere investment capacity for

future technologies (BNEF, 2025a). Meanwhile, in 2025, pricing trends divged between Siemens Gamesa
and Nordex. Average turbine prices from the latter manufacturer increasd by 4% year-on-year, to

USD 993/kW, while prices at Siemens Gamesa declined by 4% to USD 889/kW (Wisetral., 2025).

In China turbine contracts often exclude delivery installation and tovers making comparisons with international markets difficult



ONSHORE WIND

2.4 CAPACITY FACTOR
Between 2010 and 2025, the global weighted-average capacity factor fonewly-commissioned onshore
wind projects increased 9 percentage points, from 27% to 36% (see Figure 2.7In 2025, the global

weighted-average capacity factor increased by 2 percentage pointsyear-on-year, while between the 3
and 95" percentiles, capacity factors ranged from 28% to 50%.

Figure Capacity factors of onshore wind projects and global weighted-average —

Note MW megawatt

Table 2.2 presents weighted-average capacity factors for onshore wid projects at the regional level.
Between 2015 and 2025, all regions recorded increases in the weighted-erage capacity factors for
newly-commissioned projects. In 2025, Africa achieved the highest regical weighted-average capacity
factor, at 43%, while Europe and Oceania recorded the lowest values, with Hoat 34%. This variation likely
reflects differences in wind resources, as well as the characteristics of gjects commissioned within each
region. For example, Africa’s high regional average is influemd by the commissioning of projects in areas
with exceptionally strong wind resources, such as Egypt's Gulf of Suez, Wa regional averages in Europe
reflect a broader mix of projects across sites with varying resource condions.
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Table Capacity factor ranges and weighted-averages for onshore wind projecs by region and

i Weighted U @ Weighted i
percentile average percentile percentile average percentile

Capacity factor ()

Africa

Eurasia

Europe

Oceania

Other Asia

Other North America
Other South America
Brazil

China

India

United States

Notes “Other Asia” includes all Asian countries except China and India “Other Mrth America” includes Canada and Mexico and
“Other South America” includes all South American countries except Brail

harhar38 © Shutterstock.com
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Figure 2.8 presents weighted-average capacity factors in 2024 and 202 for the top 30 countries by

onshore wind capacity additions. Compared to 2024, most leading markets i@rded increases. This growth
was supported by continued advances in turbine technology, as well as diffences in the characteristics
and siting of newly commissioned projects. Brazil and the United States we the only exceptions to

the broader upward trend, although they nevertheles maintained high average capacity factors of
50% and 42%, respectively.

Capacity factor differences can also reflect infrastructure and deplpment dynamics. In China, for
example, the commissioning of three ultra-high-voltage transmis®n lines in 2025 strengthened the
delivery ofelectricity from high wind-resource areas (Wood Mackenie, 2025b). Meanwhile, the decrease
in the United States’ capacity factor reflects a deployment trend in which pojects are becoming more
geographically distributed (Wood Mackenzie, 2026b).

Figure Onshore wind weighted-average capacity factors in selected markets —

Notes The data file available for download includes the historical data for al markets from  to percentage values reported
in the chart represent the percentage change between  and LaoPDR L ao People’s Democratic Republic
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2.5 OPERATION AND MAINTENANCE COSTS

Operation and maintenance (O&M) costs represent one of the largest lifene expenditures for onshore
wind assets. They also remain a critical lever in optimising project economic#\ standard O&M package
typically covers inspections, consumables, laboutransportation and insurance, while major component
repairs and technical upgrades are contracted separately (BNEF, 2026h)

For onshore wind, the O&M market has evolved into a mature landscape condisg of turbine manufacturers,
independent service providers, speciality service pviders, and asset owners with in-house servicing
capabilities. While turbine manufacturers have traditionally dominéed the market through warranty-linked
service agreements, owners often reassess their strategy @e these contracts expire, opting to extend
agreements, internalise operations, or switch to idependent providers (BNEF, 2026h).

Figure 2.9 presents country-level O&M costs alongside BNEF's O&M priceléxes. Over the 2010-2025
period, there was an observable downward trend in O&M costs, reflecting tnmaturity and competitiveness
of the market. Initial full-service contracts fell 76% between 2010 and 2025At the country level, O&M
costs for onshore wind in 2025 ranged from USD 15/kW/year in India to USD 91/kW/y& in Japan.

Figure Initial full-service O&M pricing indices and average O&M costs in seleetl countries  —

Source (BNEF e IEAWind Wood Mackenzie  €)
Notes kW kilowatt USD United States dollar

Annualised lifetime average O&M costs per kW are expected to remain relatly stable over the next few
years. Variations across markets, turbine platforms and turbine age wipersist, with gradual reliability
improvements preventing rapid cost increases (WoodMackenzie, 2026e).
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2.6 LEVELISED COST OF ELECTRICITY

For onshore wind projects commissioned in 2025, the global weighted-avage LCOE was USD 33/MWh.
This represented a 71% decline on 2010 (see Figure 2.10). Between 2024 and20Re global weighted-
average LCOE fell by 4%. Over the past four years, the weighted average LCOEsh@mained relatively
stable, however, fluctuating within a narrow range of USD 33/MWh to USD&MWh. In 2025, LCOE values
between the 5" and 95" percentiles ranged from USD 21/MWh to USD 80/MWh. The large share of new
capacity additions in China, combined with continued cost reductions, mderated the impact of higher
costs observed in other regions. Excluding China, the global weighted-arage LCOE was higher, at
USD 51/MWh, marking a 55% increase.

Figure LCOEs of onshore wind projects and global weighted-average  —

Notes MW megawatt MWh megawatt hour USD United States dollar

The percentage shows the increase in the global weighted-average when Gma is excluded
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Table 2.3 presents weighted-average LCOEs for onshore wind projects aggional and country levels.
Between 2015 and 2025, all regions and countries included in the table recced declines in the weighted-
average LCOE for newly commissioned projects. In 2025, regional LCOEs rauyfrom USD 83/MWh in
Other Asia to USD 46/MWh in Other North America.

Table LCOE ranges and weighted-averages for onshore wind by country region and

o Weighted i o Weighted i
percentile average percentile percentile average percentile
(  USD MWh)

Africa

Eurasia

Europe

Oceania

Other Asia

Other North America
Other South America
Brazil

China

India

United States

Notes “Other Asia” includes all Asian countries except China and India “Other rth America” includes Canada and Mexico and
“Other South America” includes all South American countries except Brail MWh megawatt hour USD United States dollar

Fahroni © Shutterstock.com

56



ONSHORE WIND

Figure 2.11 presents the weighted-average LCOEs for 2024 and 2025 for thapt30 countries by onshore
wind capacity additions. In 2025, China recorded the lowest weightd-average LCOE, at USD 27/MWh.
This represented a 7% decline from 2024. India was the only other top-five maek to register a decrease,
with costs falling by 11% to USD 43/MWh. By contrast, the United States, @®&ny and Brazil experienced
cost increases that ranged from 3% to 9%. Despite this increase, Brazil remaéhthe world’s second most
competitive market for onshore wind, with a weighted-average LCOE of UB 31/MWh.

Figure Onshore wind weighted-average LCOE in selected markets  —

Notes The data file available for download includes historical data for the seéected markets from  to
Lao PDR Lao People’s Democratic Republic MWh megawatt hour USD United Sates dollar

The LCOE of an onshore wind project is determined by a combination of factors, ihaing TICs, capacity
factors, O&M costs, project lifetime and the cost of capital. The relate contribution of these factors varies
across markets, but their interaction ultimately determines project @onomics.

LCOE trends in China and Germany illustrate the different drivers. In Clinthe decline in LCOE has been
supported historically by reductions in TICs and improvements in capaty factors. In Germany, by contrast,
the LCOE has increased as higher installed costs — particularly plaing, grid connection and other project
development expenditures — have offset higher capacity factors.

While reductions in TICs have been a key driver of lower LCOEs, their importee varies by market. In
markets with higher financing costs, the cost of capital can fay an equally important — or even dominant
—role in determining project economics. In such instances, finairgg conditions become a more significant
driver of LCOE than technology costs alone.
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3.1 INTRODUCTION

In 2025, of all renewable energy technologies, solar PV saw the greatest tdteapacity additions, worldwide.
Breaking installation records year after year, by the end of 2025 over 393 GW of solar PV systems
had been installed, with around 511 GW of newly-installed stems being commissioned in 2025 alone
(IRENA, 2025a). The capacity added was 4% more than in 2024edpite predictions that the year might
see a decline due to Chinese policy changes.

Also in 2025, 295 GW, or 58% of total new capacity installed, was in the form of utiy-scale projects®The
top three markets for all new additions were China, India and the United State China led in new additions,
accounting for approximately 62% of global utility-scale installdions.

Meanwhile, along with an increase in grid constrains, curtailment andatinibalisation, the co-location of
solar with battery energy storage systems (BESS) is also becoming a mieat trend. Indeed, new utility-

scale solar PV installations paired with battery storage represent 25% of the capacity additions in 2025,
globally (BNEF, 2025f). This growing synergy reflects a broader move towal hybrid energy systems.

These are especially relevant in optimising the use of constrained grid cmections, shifting electricity

production to higher-value hours and reducing exposure to price volatity. A 2026 study of 24/7 renewables

by IRENA shows that the firm LCOEof solar—plus—BESS at 95% reliabilityhas now reached values below
USD 85/MWh at high quality sites (IRENA, 2026b).

3.2 TECHNOLOGICAL TRENDS

In 2025, rolling-average module efficiency was 24.14% for bifacial heterajation (HJT) modules. For
bifacial tunnel oxide passivated contact (TOPCon) it was 24.43% and for biféadl extended back contact
(XBC), 24.80% (CRU, 2026a). Passivated emitter and rear cell (PERC) teology continued to be phased
out, with TOPCon now dominant, accounting for 88% of the market (CRU, 2026b).

Tandem technologies incorporating perovskite are also a majofocus of solar PV industry research and
development (R&D) for all major Chinese and non-Chinese manufacturerWhen combined with silicon,
perovskite cells have efficiency rates of up to 34.85% (LONGI, 2025). Crysitaé silicon (c-Si)/perovskite

tandems show promising market potential, supported by proven high effieency in small-scale modules,
while the performance of large-scale modules is currently undergoing teting. Ongoing research and
development efforts have focused on enhancing stability and durabilig — alongside increasing investment
in pilot and small-scale production facilities — as the industry moves towat full commercial deployment

within the next two years. At the same time, outdoor field testing is underway to ealuate real-world

performance, stability and long-term durability.

The capacity tracked by IRENA is in alternating current (AC)

This chapter covers only cost data for utility-scale solar PV additions Utily scale solar PV projects are grid connected power plants
with a capacity above MW

The “firm” LCOE is a project-level benchmark for assessing the economicd @lat firm round-the-clock renewable power Unlike the
conventional LCOE — which captures only plant-level generation costs — therin LCOE accounts for the additional capital required to
achieve a specified reliability target via storage generation overbuid and complementary renewables

The reliability metric used here describes the delivery certainty of tke hybrid configuration
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Automation in the solar industry has evolved from an enabler in panel manaicturing into a core component
of on-site construction and operations. In module production, robotics and pocess automation have long
been used for wafer and cell handling, stringing, layup, framing and enaf-line testing. This has driven
higher throughput, lower labour intensity and more consisten quality (Cerexio, 2025). That same logic
has now migrated to construction and installation, where utility-s@le projects are deploying Al-driven
robotics to enhance installation efficiency. The 350 MW Culcairn Solar Farm iAustralia, for example,
used module-mounting robots to install 20000 modules in under 10 weeks, achieving a 25% reduction in
installation time and a 30% reduction in installation costs (pv magazine Astralia, 2025).

3.3 TOTAL INSTALLED COST

The global weighted-average TIC? of utility-scale solar PV projects has decreased for 15 straight years.
For projects commissioned in 2025, the TIC fell 6%, year-on-year, to USD 68W. This value was also 88%
lower than in 2010. During 2025, the B and 95" percentile for all newly-commissioned projects fell within
a range of USD 383/kW to USD 211/kW. The 98 percentile value was 27% lower than in 2024, while the
5 percentile value declined by 24%. The gap between the'5and 95" percentiles was the smallest in 2025.
This long-term reduction in the cost range points towards continued cost reluctions and a competitive
supply chain in an increasing number of markets. Compared to 2010, thé&'mnd 95" percentile values were
90% and 87% lower, respectively (see Figure 3.1).

Figure TICs of utility-scale solar PV projects and global weighted-average —

Notes MW megawatt kW kilowatt USD United States dollar

TIC data in this report are expressed as per kW of direct current (DC) for solar PVry
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In 2025, the lowest weighted-average TIC for commissioned projects by regn occurred in Europe and
was USD 823/kW (see Table 3.1). Eurasia, meanwhile, registered the high€kC, at USD 998/kW. Between
2015 and 2025, Africa had the highest regional TIC reduction at 76%hd continent saw TICs fall from
USD 3520/kW to USD 837/kW, registering a 25% year-on-year decrease.

Table TIC ranges and weighted-averages for utility-scale solar PV projects § country region

Weighted Weighted
percentile average percentile percentile average percentile

USD kW)

Africa

Central America and
the Caribbean

Eurasia

Europe

Oceania

Other Asia

Other North America
Other South America
Brazil

China

India

United States

Notes “Other Asia” includes all Asian countries except China and India “Other rth America” includes Canada and Mexico and
“Other South America” includes all South American countries except Brail kW kilowatt USD United States dollar

At the country level, projects commissioned in China and India saw the lowest vighted-average TICs, at
USD 533/kW and USD 545/kW, respectively. China registered a 12% year-oaay decrease, which was
driven primarily by low module prices. Manufacturirg overcapacity, weak external demand and intense
market competition pushed Chinese companies to sell solar modules at priseoften close to, or even
below, manufacturing cost. Among the top four country markets, the Uniéd States had the highest TIC in
2025, at USD 180/kW — an increase of 9% compared to 2024. This was explained by higher importriffs
and supply chain pressures.
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Between 2015 and 2025, at the country level, Brazil registered the highestTlreduction, with a fall of 74%,
from USD 2558/kW to USD 672/kW. China, India and the United States saw reductions of 68%6%0 and
62%, respectively, over the same period.

Figure 3.2 shows the top 15 countries for solar added-capacity recordea i2025. Between 2024 and 2025,
TICs fell in 6 out of the top 15 markets surveyed. The reduction ranged from a 48%agp in Uzbekistan to
10% in Brazil. The market in Uzbekistan saw deployment growth of more than 50% dig 2025, along with
a broader range of project sizes and increasing participation by internabnal developers. These factors
likely intensified competition, improved economies of scale and incrased market maturity.

Figure Year-on-year changes in the top markets in utility-scale solar PV TICs  —

€

Notes The data file available for download includes the historical data for al markets from  to kW  kilowatt
USD United States dollar

The highest year-on-year increase was in Germany, where costs ®310% to USD 850/kW. This was,
however, still close to the European average, which was USD 823/kW. Despithd decline in module prices
across the continent, higher balance-of-system (BoS) costs in Germarled to an increase in overall TICs.
Other European countries, such as Poland and Italy, had cost increases of928&nd 23%, respectively. In
contrast, however, France and Spain saw decreases of 24% and 18%, respety, with costs in France
reaching USD 860/kW and in Spain, USD 690/kW.
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Solar PV supply chain cost components

Figure B Average yearly polysilicon wafer and cell prices between and Q

Based on (Bernreuter Wood Mackenzie  a)
Notes Wp watt-peak kg kilogramme Q first quarter USD United States dollar

Polysilicon prices decreased during 2025, reaching an annual avera@f USD 4.87/kg. This represented a decline of
11% on the average price of polysilicon in 2024, which had been USD 5.44/kg.

Preliminary data show prices rising in January 2026 to USD 6.13/kg. Thislped push up the average for Q1 2026
overall by 8%, compared to the 2025 average, to USD 5.27/kg. By April 2026, @ver, prices were already falling
again, reaching a monthly average of USD 4.08/kg (Bernreuter, 2026).

The polysilicon industry’s spot price is primarily driven by supply and dmand, resulting in fluctuations caused by
periods of oversupply and subsequent production adjistments.

Wafer prices have also been following an upwards trend since 2024. In 2025, thevarage annual price was
USD 0.026/Wp, with this value 2% higher than in 2024.

Preliminary data from Q1 2026 confirm the trend, with an average price of USD.033/Wp recorded. This was 29%
higher compared to the 2025 average.

In contrast, cell prices fell in 2025, reaching their lowest annual avegge since 2020, at USD 0.043/Wp. Q1 2026
ended, however, with the price at USD 0.058/Wp — a higher level than the 2025 anml average. This increase
reflected a rise in silver prices, with silver one of the main material compaoents in cell manufacturing.
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Figure B Average yearly solar PV module prices by technology sold in Europe  to Q average
(left) and percentage increase decrease (right)
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Notes Wp watt-peak USD United States dollar

Module prices sold in Europe reached their loweselels ever in 2025 — yet, year-on-year the decreaseas lower and
less significant compared to 2024. The “high effictncy” category experienced the greatest year-on-yea decline,
falling 24% to reach a value of USD 0.15/Wp. Thisaviety was followed by “low cost” modules. The smdkest decrease
was for bifacial modules, which registered a priceof USD 0.27/Wp. This value was 3.8% lower than in024.

In Q1 2026, cost varied widely between the different types of module technlegy, ranging from as low as
USD 0.07/Wp for the “low cost” category to as high as USD 0.25/Wp for bifacial modiles — the market
leaders. Bifacial modules have also registered continuous growth irheir market share, rising from 50% in 2023
(ITRPV, 2024) to 68% in 2025 (ITRPV, 2026).

The decline in prices during 2025 was driven by continued ovesupply, excess inventory and ongoing price
competition across the solar supply chain. By the end of 2025, module pricehad reached a floor with little room for
further cost reduction. Although manufacturers reduced producton volumes, accumulated inventories continued
to weigh heavily on prices, forcing companies to prioritise cost-cutthg measures that often-limited product quality
improvements (Schachinger, 2025). There was also a reduction in outpdrom the Chinese solar manufacturing
industry as a result of government intervention. This was aimed at preveimng a price race to the bottom and at
curbing disorderly production after years of aggressive capacity exansion (Wood Mackenzie, 2026g).
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At the same time, findings from recent manufacturing audits and quality mspections indicate that ongoing cost
pressures and rapid production expansion are contributing to reducd quality across the solar PV industry.

Kiwa’s 2025 manufacturing quality report highlights higher rates of mapr non-conformities in newer manufacturing
hubs compared with more established regions. This was mainldue to weaker process controls and lower
operational maturity. Factory audits, pre-shipment inspections ad defect analysis also revealed recurring issues
in critical production stages, including lamination defects, jundbn box failures, and compliance violations. These
faults demonstrated that aggressive cost optimisation and scaling effois can increase risks to reliability and safety
(Kiwa, 2026). These findings reinforce the importance of quality assurgce and compliance in supporting technology
performance and long-term reliability in the solar PV industry:*

Meanwhile, global demand for solar and energy storage strertened during Q1 2026, driven by energy security
concerns and growing interest in energy independence. Preliminary ata for Q1 2026 show that module market
prices shifted toward a gradual increase, with rises ranging from 5% to 14%rass all categories. In that quarter,
made-to-order supply models and lower inventories contributed to lomger lead times and exerted stronger
upwards pricing pressure across the industry. In China, mode supply was tighter amid production cuts and lower
operating rates.

While solar PV has become a mature technology, regional cost variations p&st. Understanding the
contribution of each cost component to TIC costs is crucial for identifyig cost drivers across individual

markets.

On average, in the markets assessed in Figure 3.3, 2025 saw BoS costs (exahgdinverters) make up
around 64% of TICs. This percentage ranged from a low of 49% in Saudi Aiia to a high of 75% in Ireland.
Overall, soft cost®categories for the countries evaluated made up an average of 18% of TICs during25,
ranging from 10% in Saudi Arabia to 26% in Hungary. Modules and inverters togeth@on-BoS costs)
ranged from USD 176/kW to USD 368/kW, a share that ranged from 25% to 51% around areeage share
of 35%. BoS hardware components made up between 18% and 44% of TICs during 2028hwan average
share of 27% (equivalent to USD 196/kW). Installation costs ranged betvea 10% and 34% of TICs, giving
an average of 18%, or USD 145/kW.

See the IRENA reportSolar PV supply chain cost tool Methodology results and analysisThis provides an understanding of how
policy cost factors and technological progress propagate across the vale chain and influence manufacturing competitiveness

(IRENA b)
Soft costs are the non-hardware expenses associated with installingifiancing and operating a project
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3.4 CAPACITY FACTOR

The global weighted-average capacity factot® for new, utility-scale solar PV increased from 15% in 2010
to 16.5% in 2025. In comparison to 2024, however, the 2025 figure was almost 1 pentage point less
(see Figure 3.4). In 2024, the global weighted-average capacity factowas 17.4%. Over the whole 2010-2025
period, the highest value recorded was 17.9%, which was achieved in 2018.

Figure Capacity factors of utility-scale solar PV projects and global weighted-averages  —

Over the period 2010-2025, capacity factors increasd because of several concurrent drivers. These
included: greater adoption of tracking systems; improved project locéions in regions with stronger
solar resources; the growing market share taken by bifacial modules; and chges in inverter loading
ratios. Since 2013, however, this upward trend has stagnated, with globaVarage capacity factors now at
around 16-17% as continued technological improvements are increagiynoffset by project expansion into
less sunny regions.

At the same time, while capacity factors are falling at the global level, thisrend is not uniform across
markets. Between 2024 and 2025, Brazil saw capacity factors rise from 19@to 21.5%, while Germany
saw them increase from 10.6% to 13.0%. At the same time, however, China saw theralohe, from 17.3% to
15.6%. These changes are large enough to materially affect LCOE. Theataon likely reflects differences
in siting quality, technology mix and weather conditions each year.

In 2025, the 8" and 95" percentiles for all projects were 11.9% and 20.1%, respectively. Th& pBrcentile
value was 2.5 percentage points lower than in 2024, while the '5 percentile value was 0.4 percentage
point higher.

The capacity factor for solar PV in this chapter is reported as an AC-DC value givethat installed cost data in this report are
expressed as per kW DC for solar PV only This reflects the capacity of the solarodules For other technologies in this report the
capacity factors are expressed in AC-to-AC terms A more detailed explanatio of this can be found in (Bolinger and Weaver
Bolinger et al )
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3.5 OPERATION AND MAINTENANCE COSTS

For 2025, data from projects in the IRENA renewable costs database registellea weighted-average

utility-scale O&M cost of USD 12.2/kW per year, at the global level. This was adliee of 55% compared
to 2010, when the figure was USD 27/kW/year. The LCOE calculations for 2025 msidered O&M values of
USD 21.26/kWl/year for Organisation for Economic Gmperation and Development (OECD) countries and
USD 11.23/kWl/year for non-OECD countries. These estimated figuregresent total, all-in O&M costs,
which include items such as insurance and asset management — costsathare sometimes not reported in

O&M surveys.

It is important to note that the scope of O&M contracts varies according to regulatry frameworks and
market conditions. These influence system reliability, operationafficiency, risk mitigation and compliance
requirements across different countries. As a result, O&M contributes to #overall competitiveness of solar
PV beyond the absolute cost figures, as effective O&M can enhance project &ttctiveness to investors and
strengthen long-term profitability.

Average total O&M costs show a wide divergence across markets. In 2025, IRENissessed a sample
of 141 surveyed projects, adding up to a total capacity of 29 GW (see Figure 3.5The lowest value
O&M was in China, at USD 3.59/kW/year, despite this being a 7% increase on 2024 .eThighest O&M
average was in Japan, at USD 13.73/kW/year. Aggregating all oatries, the average for the sample was
USD 7.54/kWlyear, a value 5% higher than in 2024.

Looking at the individual cost categories, three of these — technical oper&in, insurance and preventive
maintenance — made up about 80% of total O&M costs. Between 2024 and 2025, casincreased slightly
— by 3% — for technical operations, while commercial operatiorand security registered a significant,
69% increase. Commercial operations have become increasingly congpl, as many projects must now
actively market their electricity, rather than relying on feed-in-tariffs. Higher security costs are primarily
driven by more stringent IT security requirements, particularly for larg-scale projects.

Figure Survey results for the average all-in O&M costs for utility-scale solar K by cost category  —

Notes kW kilowatt USD United States dollar
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3.6 LEVELISED COST OF ELECTRICITY

The global weighted-average LCOF of utility-scale solar PV remained flat in 2025, registering a value
of USD 44/MWh for projects commissioned that year (see Figure &). This value was 1% higher than in
2024 and 89% lower than in 2010. This trend reflects the impact of higher finanag costs in China due to

market reforms — a pattern not observed globally, as financing costs decied across other major markets.

Global figures are, however, influenced by China, which accounted for ¢hlargest share of deployments.

Excluding China, the global weighted-average LCOE was USD 3@Wh, or 23% higher than the level when
China was included.

Figure LCOE of utility-scale solar PV projects and global weighted-averages —

Notes MW megawatt MWh megawatt hour USD United States dollar

During 2025, the 3" and 95" percentiles for all the projects surveyed were USD 28/MWh and
USD 97/MWh, respectively. The 98 percentile value was 22% lower than in 2024, while the'Spercentile
was 13% lower. Compared to 2010, thé"sand 95" percentile values were 88% and 83% lower, respectively.

The LCOE value is for stand-alone utility-scale solar PV plants
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In 2025, the highest weighted-average LCOE for commissioned projects byegion was USD 95/MWh,
which was recorded in Central America and the Caribbean (see Table 3.2). Océapmeanwhile, registered
the lowest regional LCOE, at USD 41/MWh. Between 2015 and 2025, Africa reded the largest regional
reduction, at 77%, with the LCOE falling from USD 222/MWh to USD 52/MWh. islwas followed by Eurasia,
where a 74% reduction gave an LCOE of USD 91/MWh.

Table LCOE ranges and weighted-averages for utility-scalesolar PV projects by countryregion

Weighted Weighted
percentile average percentile percentile average percentile

UsSD MWh

Africa

Central America and
the Caribbean

Eurasia

Europe

Oceania

Other Asia

Other North America
Other South America
Brazil

China

India

United States

Notes “Other Asia” includes all Asian countries except China and India “Other NMrth America” includes Canada and Mexico and
“Other South America” includes all South American countries except Brail MWh megawatt hour USD United States dollar
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Figure 3.7 shows cost trends in the LCOEs of utility-scale sold&®V in the largest 15 markets, worldwide.
Between 2024 and 2025, the weighted-average LCOE decreased in 10 out of th® tharkets shown. These
declines ranged from 1% in Turkiye to 36% in the Republic of Korea. A significaetuction in LCOE in the
latter reflects lower TICs and lower WACCs, with both falling between 202 and 2025.

Looking at the top-country markets, projects commissioned in India in 2025 aw the lowest weighted-
average LCOE, at USD 35/MWh. This was an 8% year-on-year decrease. China tegésl the second lowest
weighted-average LCOE, at USD 36/MWh, although in contrast, this figa represented a 7% increase,
driven by higher financing costs. In Brazil, the LCOE fell 25%ear-on-year, reaching USD 37/kWh. This was
driven by lower TICs and a reduced WACC. The United States had the highest wbted-average LCOE in
2025, at USD 62/MWh. This represented a decrease of 11% on 2024. However, tlaslide was achieved
despite higher TICs, as these were offset by lower financing costs recordan 2025.

Figure Year-on-year changes in the top markets in utility-scale solar PV LCOEs -

toee f
300885 a0g

Notes The data file available for download includes the historical data for al markets from  to MWh megawatt hour
USD United States dollar

Costs were up 24% in Poland — the highest year-onear increase among the markets surveyed due to higér
TIC. Reaching USD 107/MWHh, the Polish figure wasalhigher than the European average of USD 59/MWh.
Other European countries, such as Germany, had ancrease of 8% with a weighted-average LCOE of
USD 63/MWh, explained by higher financing costs. nce and Spain registered decreases of 22% and 19%,
with their LCOE values at USD 57/MWh and USD 44/MWhespectively. This was mainly due to lower TICs.



SOLAR PHOTOVOLTAIC

Floating photovoltaics

Floating photovoltaics (FPV) are solar PV systems installed o floating structures anchored to the bottom of a

body of water. This helps avoid land-use constraints while enabling the @ansion of solar generation. With a strong
global potential across reservoirs and hydropower sites, the integation of FPV systems also demonstrates the
potential that there is for increasing renewable energy generation by utiing existing hydropower infrastructure

(Ramanan andet al., 2024). Estimates suggest that installing FPV on just 10% of the world’s imld reservoirs could

yield up to 22 terawatts (TW) of capacity (Rodriguez-Gallegos anckt al., 2024).

FPV is thus a niche segment of solar and an emerging renewable energy techiogly. Indeed, by 2023, installed
capacity for FPV had already reached 7.7 GW globally, with most of this depy@d in Asia (Seljet al., 2025). IRENA
estimates that in 2025, total installed capacity of FPV surpassed 10 GW, widwide. Further capacity additions are
also expected, with Thailand planning to deploy more than 2.7 GW of FPV by 203 This will be deployed across
reservoirs operated by the Electricity Generation Authorityof Thailand (EGAT) and supported by the launch of
dedicated tenders for project development (Jacobo, 2025).

Currently, there are no clear, updated country-level FPV-specific t@ets or structured deployment programmes
for the technology, however. Instead, most countries promoé¢ FPV indirectly through broader renewable energy
targets, reservoir hybridisation strategies and project-level aution schemes.

FPV can be attractive where land is constrained or expensive. Yet it remainsare expensive than ground-mounted
PV because of the extra floats, anchoring, mooring and water-resistant dggns it requires. Project economics
can improve, however, when it is paired with hydropower reservoirs, or whn projects benefit from supportive
policy frameworks and scale (Ramanaret al., 2024). An IRENA analysis of FPV projects commissioned in 2025
— a total of 728 MW — shows a global weighted-average TIC of USD 748/kW. For the s@nsample, the LCOE was
USD 53/MWh — a figure within the range of solar PV LCOEs from 2021.

While the FPV sector is therefore gaining momentum, deployment remainsrhited due to policy and technical
barriers.

A key limitation is the lack of policy frameworks, incentives and subsidy mehanisms specifically designed to support
FPV deployment. A further challenge is the lack of standardised guideles for system design, installation and
operation, which can hinder large-scale adoption. Safety considations also play a significant role, as combining
electrical infrastructure with water introduces risks that require caeful management, particularly for transmission
systems nearby. In addition, the growth potential of FPV is partly restdted by the limited availability of suitable
bodies of water that meet technical and regulatory requirements. The longerm durability of systems exposed to
such diverse environmental conditions, including risks of @rrosion, material degradation and mechanical stress,
also present technical uncertainties.

The industry could move forward, however, by improving policy support, ptlishing more performance data and
standardising technical requirements. It could also advance by buildg projects in lower-risk settings, such as
sheltered reservoirs and ponds, before scaling to more complex sites (Raananet al., 2024).
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4.1 INTRODUCTION

Globally, the installed capacity of offshore wind expanded by almost 30imes between 2010 and 2025,
rising from 3.1 GW to 91.4 GW. Between 2024 and 2025, annual new installatforose 3.6%, from 8.3 GW
to 8.6 GW (IRENA, 2026a).

Due to its long deployment history and established regulatory and industriaframework, Europe remains
the world’s most mature offshore wind market. Meanwhile, China has rapiglemerged as the global leader
in annual installations, developing substantial industriatapabilities and deployment expertise. Indeed,
in 2022, China surpassed Europe in total installed offshore wind capdygj with this reaching 47.4 GW by
2025. This was approximately 23% higher than Europe’s 38.6 GW (IRENA, 2026l 2025, China alone
accounted for 78% of newly-installed offshore wind capacity (IRENA,@26a).

Within Europe, the United Kingdom and Germany continue to lead deploymet, while France and Poland
are emerging as major future markets. In other regions, markstsuch as Colombia, Brazil and countries
across the Asia-Pacific region have been incorporating offshore wind to their energy planning. In the
United States, however, investor confidence has been affected by pigly risks following a Presidential
Memorandum in 2025 that withdrew offshore wind leasing areasGCC, 2026). After preliminary injunctions,
offshore wind projects in the United States that had already reached the fial investment decision (FID)
stage and entered the construction phase were allowed to continue, altbugh legal and regulatory
uncertainty remains (Beaubouef, 2026).

Worldwide, offshore wind expansion has been closelyinked to competitive auctions and market-based

support mechanisms. In 2025, several countries continued to support ashore wind deployment using

these instruments. In Europe, 5.8 GW were awarded through tersided Contracts for Difference (CfDs) in

Poland, France and Ireland, and via a negative-bidding model in Germany (WiEurope, 2026). In addition,

the United Kingdom awarded 8.4 GW through its Allocation Road 7 in January 2026 (GOV UK, 2026a).
In Asia, the Republic of Korea has targeted-B GW of offshore wind awards, of which 2.6 GW had already
been awarded by 2025 (BNEF, 2025g).

Despite deployment support and capacity awards in some market, rising costs, supply-chain constraints,
faulty action design and financing challenges have led to several unsuessful auction rounds in several
European countries — among them, Denmark, Germanynd France. These trends highlight a broader shift
in offshore wind policy. This has seen movement beyond merchant tenders witconcession payments and
a focus on minimising bid prices towards frameworks that provide greater maket stability, investment
certainty and stronger industrial development.
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4.2 TECHNOLOGICAL TRENDS

Offshore wind energy faces structural constraints that are slowing dployment despite strong global
growth ambitions. Projects remain highly capital-intensive and depend o stable regulatory frameworks,
predictable auction systems, and bankable long-termrevenue mechanisms. Financing conditions have
become one of the main challenges for new offshore wind investments.

Grid infrastructure has emerged as one of the sector’s mostriical bottlenecks, with this challenge

currently evolving. Offshore deployment is expanding toward intercainected regional systems. Examples
of this include the agreement announced between Demark and Germany on Energy Island Bornholm
(Danish Energy Agency, 2024) and the Hamburg Investment Pact, which outles 100 GW of regional
projects (BMWE, 2026). Major investments in transmission networks, subaecables and cross-border
coordination are therefore increasingly required. At the same time complexity in permitting continues

to delay projects, as offshore wind developments often involve lengthy avironmental assessments and
multi-level regulatory approvals (WindEurope, 2026).

Supply chains remain a major challenge for the offshore wind sector. Thetited availability of installation

vessels, port infrastructure and critical components has increased &l times and project costs. The
supply chain ramp-up requires improved margins for suppliers, which strais already challenged project
economics (Wood Mackenzie, 2025c).

Geopolitical and security concerns have been adding further complexjt to offshore wind deployment.
Offshore infrastructure is increasingly viewed as critical strategic imastructure, raising concerns related
to cybersecurity, supply-chain dependencies and the protedbn of subsea assets. Together, these factors
have been increasing pressure on governments and industrytbalance rapid deployment with long-term
system reliability and industrial competitiveness.

Innovation has also been opening new pathways for offshore wid deployment and performance
improvements. Floating offshore wind (FLOW), for example, has been expaling access to deeper-water
resources and new markets (see Box 4.1). At the same time, digitalisation hasdrereshaping operations
through Al-driven predictive maintenance, autonomots inspection systems and digital twins that improve
performance and reduce downtime.
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Floating offshore wind outlook

Floating offshore wind (FLOW) technology expands offshore wind deplgment into deep waters. Around 70% of
the world’s technically available offshore wind resources are in water better suited to floating technology than to
fixed-bottom foundations, with capacity factors in the former exceeding 60%. FLOW is therefore key to expanding
offshore wind deployment, particularly in countries with steep contnental shelves, limited land availability and
growing electricity demand (Carbon Trust and GOWA, 2026).

In 2025, around 278 MW of FLOW capacity was operational, globally, acrossare than 15 projects (Carbon Trust
and GOWA, 2026). Yet, notably, 2025 was the first year since 2015 when tleewas no newly-commissioned floating
capacity (GWEC, 2026). Deployment did resume in the first months of 2026,dwever, with 16.8 MW commissioned
in Japan (TODA Corporation, 2026), 16 MW in China (Buljan, 2026), and 60 MW inaRce (Ocean Winds, 2026;
TGS, 2026).

FLOW deployment faces a broad structural challenge due to the lack of a suffiently large and visible project
pipeline to mobilise investment and drive learning effects. Allocattn Round 7 in the United Kingdom highlights
this gap: under the round, two, early-stage 100 MW floating projects were leared at USD 285/MWh — a figure
substantially higher than the USD 120/MWh achieved by fixed-bottom dEhore wind (GOV UK, 2026b).

Larger project pipelines are essential to achieve economies of scalen lthis, the delivery of projects such
as the 560 MW GreenVolt project in the United Kingdom will be piotal in keeping FLOW’S momentum
(Carbon Trust and GOWA, 2026).

Recent setbacks, however, underline the importance of improved auan design and permitting frameworks
(GWEC, 2026). Such setbacks include Equinor’'s withdrawal from the 75PIW Firefly project in the Republic of
Korea (Equinor, 2026). Meanwhile, in June 2026, France launched a new a pess to award development rights
for offshore wind projects totalling 10GW, including 4.9 GW floating wind The projects will be located across
Normandy and Brittany, in the South Atlantic and in the Mediterranean See&U, 2026)

In a recent white paper, the Carbon Trust and the Global Offshore Wind Allie (GOWA) argued that FLOW costs
remained high because projects were still small, dispersed and infregent. These factors limited economies of
scale and slowed learning effects, while policy uncertainty, supphghain immaturity and limited experience with

standardised project execution had further increased risks for develpers and suppliers.

To accelerate cost reductions, the white paper highlighted the importace of scaling deployment, fostering learning-
by-doing and promoting greater standardisation and industrialised irstallation approaches. The report suggested
that governments could support this process through clear deployment argets, predictable auction schedules and
tailored revenue mechanisms that reflected FLOW'’s maturity stage and st higher costs relative to fixed-bottom
offshore wind (Carbon Trust and GOWA, 2026).

Between 2010 and 2025, average offshore wind project sizes increased sijicantly, rising from 136 MW
to 312 MW (see Figure 4.1). Between 2022 and 2025, average project size also sigtently exceeded
300 MW, with several projects surpassing 1 GW in capacity. In 2025, Europecorded the largest average
project size, at 394 MW, compared to 284 MW in China.

The weighted-average turbine capacity for offshore wind inceased from 3.1 MW to 10.3 MW (see Figure 4.1),
reflecting the continued deployment of larger turbines. In China, rapid inovation led to the deployment of
offshore turbines of up to 16 MW, although turbines in the 8-10 MW range also cantied to be installed.
This resulted in a weighted-average turbine capacity of 10 MW in 2025. In Eurepthe weighted-average
turbine rating reached 10.9 MW, with the United Kingdom commissioning 13 MWirtbines for the Dogger
Bank project (Dogger Bank, 2026).
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China uses larger rotor diameters primarily to enable cost-effective \md development in its central and

eastern load centres, where wind speeds are lower than in itaorthern, resource-rich regions. In 2025,
the weighted-average rotor diameter in China reached 225 mees, compared to 198 metres in Europe
(see Figure 4.1). Chinese turbine exports have generally used smalletapdiameters than those deployed

domestically; however, markets with lower wind speeds, such as India, ledesia and Saudi Arabia, could
provide opportunities for larger-rotor Chinese turbines to gain marke share (BNEF, 2026i).

Figure Average wind farm capacity project turbine size global weighted-average turbine size and rotor
diameter for offshore wind  —

Source (Wood Mackenzie  h)
Note m metre MW megawatt

The scaling-up trend requires systemic upgrades across the supply chailmcreases in the size of components
and wind farm capacity require new generations of mstallation vessels, larger foundations and enhanak
port infrastructure. In 2025, the focus shifted from size tovard reliability, operational performance and
digital intelligence (BNEF, 2025c).
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Offshore wind project costs are strongly influenced by water depth and distace from shore. Projects
located farther offshore require longer installaticn and maintenance transit times, while deeper wates
often require more complex foundation designs. Site selection is also sha&pl by seabed conditions,
environmental restrictions, maritime boundaries and competibn for marine space from activities such as
shipping and fisheries.

Figure 4.2 shows the trends in distance from shore and water depth for offshore imd projects in Europe,

China and the rest of the world for the 20102025 period. The shift towards deeper waters and sites farther
from shore was most evident in Europe, the most mature offshore wind mart. In 2025, Europe recorded
a weighted-average water depth of 39 metres and a distance from shore of 27 kiloretres.

Figure Distance from shore and water depth for offshore wind in Europe China and the est of the world

20

Source (Wood Mackenzie  h)
Notes km kilometre m metre MW megawatt

Projects in China and the rest of the world generally remained closer to shie and in waters shallower than
40 metres over the period. In 2025, China recorded the lowest weighteehverage water depth, at 21 metres,
while projects in the rest of the world had the shortest average distance from shie, at 18 kilometres. China
is seeking to expand offshore wind deployment into deeper waters and sites fidher from shore through
the “Single 30” regulation, introduced in 2023. This requires projects to be loated at least 30 kilometres
offshore and in waters deeper than 30 metres (Liu and Dong, 2026). While this is exp¢ed to increase
costs, development is likely to focus first on areas with stronger wind resorces (BNEF, 2026¢).
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4.3 TOTAL INSTALLED COST

For offshore wind projects commissioned in 2025, the global weighted-agrage TIC was USD 231/kW.
This represented a 48% decline on 2010 (see Figure 4.3). Between 2024 and 202Be global weighted-
average TIC fell by 0.3%. In 2025, between the'5and 95" percentiles, TICs ranged from USD3R1/kW
to USD 5800/kW. Over the last three years, the weighted-average TIC of offshore wid has remained
relatively stable, without significant variability.

Figure TICs of offshore wind projects and global weighted-average  —

Notes kW kilowatt MW megawatt USD United States dollar

Offshore wind projects face additional technical and logistical challenge that arise from the marine
environment, which contributes to higher costs for this technology than ér onshore wind. Site assessments
must consider seabed conditions and weather patterns; in addition, great distances from shore, deeper

waters and specialised installation requirements increase the comekity of construction, grid connection,
commissioning and ongoing O&M.
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Figure 4.4 presents weighted-average TICs for offshore wind projectstaboth the regional and country
levels. In 2025, North America recorded the highest weighted-aveage TIC, at USD 525/kW, remaining
broadly stable, when compared to 2024. Europe followed, at USD 479/kW, continuing an upward trend
observed since 2023. Asia had the lowest regional average, at USCB26/kW, reflecting a recent continued
decline in costs.

At the country level, TICs in 2025 varied considerably, althagh most countries clustered within a narrower
range than the regional averages suggest. China recorded the lowest weliged-average TIC by far, at
USD B42/kW. At the other end of the range, France had the highest weighted-averge TIC among the
countries presented, at USD 521/kW. The United States had a weighted-average TIC of USD635/kW

in 2025 a level broadly unchanged from the previous year. Other countries psented recorded weighted-
average TICs within an intermediate range.

Figure Weighted-average TICs for offshore wind by countryregion - a nd -

oo £eoo o o - oo o

Notes kW kilowatt USD United States dollar only countries with commissioned of fshore wind capacity in  are presented at
the country level however regional weighted-averages for earlier years include additional markets




OFFSHORE WIND

Regional differences reflect variations in market maturity, supplyehain development and project
characteristics. Asia’s comparatively low costs are largely driven by l@na’s extensive and competitive
offshore wind sector, where large project pipelines, strong domestic manfacturing capacity and
economies of scale have reduced equipment and installation costs. Eurefs higher costs reflect newer
project characteristics and markets, alongside rising turbine, finanog and grid connection costs. In North
America, particularly the United States, offshore wind costs remain theighest due to the sector’s earlier
stage of development, more limited supply-chain and installation ifrastructure, its permitting complexity
and reliance on specialised vessels and imported components (BNEF, 2026j)

Figure 4.5 presents an averag® breakdown of offshore wind TICs based on selected market studies.

Offshore wind turbines, including towers, account for the largest share ©TICs, at 38%, while development
costs represent the smallest share, at 5%. Foundations, electricateénconnection, installation, contingency
and other costs also make significant contributions to overall project expnse.

Figure Indicative TIC breakdown for offshore wind from selected market studies

”
G

() () () () ([ ) ()
Source (Alsubal et al BVG Associates IRENA Lacal-Arantegui etal MAKE Consulting Musial
Smartet al Stehly Noonan etal Stehly Beiter etal )

TIC structures also vary depending on who is responsible for the transmissiorssets between the wind
farm and the shore. In some countries, these assets are developed and owned biet transmission
network operator, while in others they are the responsibiliy of the project developer. For example, in the
Netherlands, transmission assets are typically owned by the networkperator, whereas in China they may
be developed either by project owners or the transmission network operato. As a result, cost comparisons
should be considered on a country-by-country basis.

The figure presents the average percentage shares of TICs A broader rap@f offshore wind cost breakdowns is available in
IRENA Renewable power generation costsin  report (IRENA  b)
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4.4 CAPACITY FACTOR

Between 2010 and 2025, the global weighted-average capagjt factor of newly commissioned offshore
wind farms increased by 3 percentage points, from 38% to 41% (see Figure 4.Gn 2025, the global
weighted-average capacity factor fell 1 percentage point, year-ongear, while the capacity factor ranged
between 35% and 49% (8 to 95" percentiles). Over the past four years, the global weighted-average
capacity factor has remained relatively stable, around 41-42%.

Figure Capacity factors of offshore wind projects and global weighted-average  —

Note MW megawatt

Changes in the global weighted-average capacity factor reflect shtk in the regional composition of offshore
wind deployment. Chinese projects, shown in red, generally exhibit lowerapacity factors than those in
Europe due to differences in wind resource conditions and project charactéstics. Nevertheless, capacity
factors in China have improved in recent years, supported byarger turbines and ongoing technological
advances. European projects, shown in blue, continue to achieve pgparatively higher capacity factors,
with several projects at around 50%. This level is supported by strong offsherwind resources, larger
turbine deployments and projects located farther offshore.
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Figure 4.7 presents regional and country weighted-average cpacity factors for newly commissioned
offshore wind projects. In 2025, North America and Europe recorded the higist regional weighted-
average capacity factors, at 45% and 43%, respectively. Asia remainednter, at 40%, although the region
did show a gradual increase over the period. Since 2020, Europe has consisténtachieved the highest
regional averages, peaking at almost 50% in 2023 before declining in 2024 a@025. In North America, a
relatively high and stable capacity factor, at 45%, reflects favourale wind conditions.

At the country level, weighted-average capacity factors in 2025 rangel from 31% in the Republic of
Korea to 46% in Germany. China recorded a weighted-average capacity far of 39% in 2025, up from
37% in 2024. Germany remained among the highest-performing marketst&6%, while France and the
United States both recorded stable averages of 4445%. The United Kingdom also achieved a relatively
high capacity factor in 2025, at 42%.

Figure Weighted-average capacity factors for offshore wind by countryregion - and -

Notes Only countries with commissioned offshore wind capacity in  are prese nted at the country level however regional
weighted-averages for earlier years include additional markets pecentage values reported in the chart represent the
percentage change between and
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4.5 OPERATION AND MAINTENANCE COSTS

O&M in offshore wind is inherently complex, driven by the combined demands of adrsh marine
environment, restricted site accessibility and the need for pecialised vessels, equipment, and personnel.
Weather windows constrain both routine servicing and unplamed interventions, while subsea cabling and
the remoteness of offshore wind projects increase logistical and technical fficulty.

Figure 4.8 presents the average fixed O&M cost for selected cmtries between 2010 and 2025, weighted
by cumulative installed capacity. Over the period, the weighted averag declined from USD 111/kW/year in
2010 to USD 100/kW/year in 2025. Although this reduction was relatively mdest, decreases in both the
5" and 95" percentiles reflected broader improvements in opeational experience and efficiency across the
sector. In 2025, costs ranged from USD 76/kW/year at the B percentile to USD 122/kW/year at the 99,
illustrating the considerable variation that persists across markis at different stages of deployment.

Figure Average fixed O&M costs for offshore wind in selected countries  —

o€

Source (Wood Mackenzie )
Notes kW kilowatt USD United States dollar

Offshore wind O&M costs comprise several categories of expenditure. Turi@ maintenance represents
the largest share, accounting for around 60% of total O&M costsOperational support is the second-
largest component, at 19%, followed by insurance costs, at 11%. Balantglant maintenance — which
includes marine operations, labour, spare parts, asumables, proactive and reactive maintenance, and
offshore substation O&M — accounts for around 7%, while the remaining 3% rida to other operational
and contingency costs (Wood Mackenzie, 2024).
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4.6 LEVELISED COST OF ELECTRICITY

For offshore wind projects commissioned in 2025, the global weighted-agrage LCOE was USD 78/MWh.
This represented a 63% decline on 2010 (see Figure 4.9). Between 2024 and 202Betglobal weighted-
average LCOE fell by 3%. In 2025, LCOE values ranged between USD 46/MWh and UBI@/MWh
(5™ to 95" percentiles).

Regional market dynamics continue to play an important role in shaping the gloal weighted-average
LCOE. However, although significant changes did occur across markets g the 2020-2025 period, the
weighted-average LCOE was relatively stable. This was because dedtig costs in China were partly offset
by rising costs in Europe and North America.

Figure LCOE of offshore wind projects and global weighted-average  —

Notes MWh megawatt hour MW megawatt USD United States dollar
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Figure 4.10 presents the weighted-average LCOE for offshore wind prop¢s at both the regional
and country levels. Between 2024 and 2025, Asia’s weighted-average L&Odeclined by 19%, from
USD 80/MWh to USD 65/MWh, driven primarily by further cost redwtions in China. There, the LCOE fell by
13%, year-on-year, to USD 49/MWh. In contrast, Europe’s weighted-asage LCOE increased by 24%, from
USD 80/MWh to USD 99/MWh, reflecting higher project and financing cost. In North America, offshore
wind projects commissioned in 2025 recorded an LCOE of USD 141/MWh.

Financing conditions are a key driver of offshore wind LCOE, given the capil-intensive nature of the
technology. Even where TICs and capacity factors raain relatively stable, financing costs can signiéiantly
affect project economics. This highlights the importance of stable invenent conditions and access to
affordable capital in sustaining offshore wind cost reductions.

Figure Weighted-average LCOE for offshore wind by countryregion - a nd -

Notes MWh megawatt hour USD United States dollar only countries with commissio ned offshore wind capacity in  are
presented at the country level however regional weighted-averages for earlier years include additional markets
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5.1 INTRODUCTION

The global installed capacity of CSP reached 8.4 GW in 2025, mang the highest annual deployment of
this technology since 2013. Added capacity almost tripled, year-on-yar, driven by nine, newly-deployed
projects — all in China — which added a total of 900 MW and comprised eight solar towe(ST) plants and
one linear Fresnel plant.

In recent years, global deployment has remained limited, but more new projs are expected to be
deployed in the near future. China currently has 1.7 GW of operational capity, making it the leading

market. The country also has ambitious plans for further CSP project developent, with an additional

2.75 GW currently under construction across 22 projects. Meanwhil&3 projects totalling 4.2 GW remain in
the planning or pre-construction stage, further expanding the develpment pipeline. For China to achieve
its target of 15 GW of installed capacity by 2030, however, a further 6.3 GW of 8P capacity must still be
developed and brought online (CNSTE, 2026).

Deployed in China in 2024, the world’s first, supercritical carbon dioxid (SCO ) solar power system went
into operation for a total of 3 174 minutes in 2025. This demonstrated the performance of the system’s
power generation unit — the outcome of multiple development stages, inalding fundamental research,
advanced equipment engineering and full system integration (CNSTE, 2026)

5.2 TECHNOLOGICAL TRENDS

Currently, in China’'s CSP R&D portfolio there are 13 key national prograramfocused on larger-scale,
lower-cost, more grid-supportive technologies. These inclde long-duration thermal energy storage, high-
parameter CSP systems and CSP-wind-PV hybrid opetiah. Technological improvements have focused
on higher-efficiency CSP systems, new thermal energy storage thnologies, smarter resource evaluation
and dispatch/control, and multi-scenario applications, such as combing heat and power and industrial
heat use (CNSTE, 2026).

In addition, regulatory changes in China have shifted CSP development to hyid wind—solar projects, in
which CSP serves as an add-on to meet renewable targets without central govement subsidies.

CSP plants in China are being integrated into large-scale wind and solar sets in order to comply with

capacity and storage mandates. Their configurations are being optimsed to cut initial costs, despite
having a higher LCOE compared to standalone PV or wind. This reflects the sé& push to position CSP
as a supporting, rather than primary technology. The CSP market is thus expding through co-located

projects and long-duration storage use-cases (CNSTE, 2026).
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Globally, R&D is also advancing, with different countries focusing on compbeentary areas. The
United States, China and Germany are leading research in thermahergy storage, solar fuels, grid
integration and sCO power cycles, while Spain, the United Arab Emitas, Morocco, South Africa and
India have focused on utility-scale CSP deployment and moltesalt thermal storage. Countries such as
Australia, Switzerland, Israel and Germany are maky advances in solar thermochemistry, solar fuelsrad
industrial decarbonisation. France, Austria, Italy, the Republic of dfea and Brazil have been exploring
hybrid solar thermal systems and industrial process heat, while Chile isd&ing at applications for CSP in
the mining sector.

Worldwide, CSP operations are now increasingly Al-driven, with pedrmance optimised by predictive
maintenance and smart heliostat tracking. Al-enhaned operation systems show strong potential for
improving CSP reliability and increasing thermal output. At the same tira, equipment constraints are
being honoured through Al-based forecasting and dual-parameter opimisation of mirror angles and fluid
flow rates (Gul et al, 2025). New modular and hybrid designs (especially CSP+PV) impre reliability
and expand CSP beyond large utilities. Linear-Fresnel technology hadsa advanced, with projects
demonstrating fully-automated mirror production, 550 degree centigrade (°C) molten-salt operation and
CSP+PV hybrid control with sub-second frequency regulation (SolarRas, 2025).

5.3 TOTAL INSTALLED COST

CSP facilities now commonly include low-cost and long-duration therral energy storage, typically using
molten salts. This gives CSP greater flexibility in dispatch andchus the ability to target output to periods
of high cost in the electricity market.

Figure TICs for CSP by project size collector type and amount of storage  —

Oe e +

Notes kW kilowatt MW megawatt USD United States dollar
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Figure 5.1 shows year-on-year fluctuation in the TICs for CSP between 20dnd 2025. Over that period,
the weighted-average TIC for CSP plants in the IRENA renewable costs datse fell by 78%, reaching a
low for the period in 2025, of USD 2418/kW. That cost also represented the TIC in China alone, since that
was the only market with deployment that year.

Historically, fluctuations in CSP costs have mainly been due to small markeleployment and cost
differences across markets. The years 2022, 2024 and 2025 saw the lowest ¢essince deployment was
mainly in China, where the cost structure was lower. This was different from 2L, when there was also a
project in Latin America, and 2023, when there was a project in the United Arab Enites.

Comparing costs in China in recent years, there was a decrease of 48% between220and 2025. This was
largely driven by the hybridisation of CSP with solar PV and windwhich helped reduce overall system
costs (see Figure 5.2).

In terms of cost breakdown, the main change in 2025 was the lower share of contyency and owner’s
costs. Balance of plant was slightly higher, however, reflecting the treased complexity of grid integration
and additional BoS requirements.

Figure TIC breakdown for ST projects in China  and

Notes kW kilowatt USD United States dollar
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5.4 CAPACITY FACTORS

For CSP, the quality of the solar resource and the technologit¢@onfiguration are the determinants of the
achievable capacity factor for a given location and technology. CSP is distitige in that the potential to
incorporate low-cost thermal energy storage can increase the capaty factor and reduce the LCOE.

The highest global average capacity factor ever attained by CSP vgain 2021, when it reached 80%. This
was due to the excellent solar resource provided by the Atacama Desert in Aki— the location of the Cerro
Dominador CSP project. In 2023, the global capacity factor decreased to 55% his was due to the Noor
1/DEWA IV CSP project — an ST and parabolic trough deployed in the United Arab Egaigs.

CSP can generate electricity in a stable and continuous manngehowever, declining capacity factors have
been observed in China. This is largely due to the structure of the Chinese markethere CSP plants are
primarily operated as storage-oriented assets, rater than as standalone generators, meaning they are

not dispatched at full capacity continuously. In hybrid configurations CSP with moltensalt storage is
treated as a dispatchable resource used for peak shaving and grid balanan The technology can charge
thermal storage with solar heat and then generate electricity during evaing peaks or lowsun periods,
improving reliability. CSP acts as the flexible regulator, wich inherently lowers its own annual output share
(Hu andet al., 2024).

In 2022, the weighted average capacity factor in China was 36%, while in 2025 +iden by a mix of hybrid
plants — this figure declined to around 22%. This was based on the announced geaton output reflecting

a shift towards smaller solar fields. This decrease should be interpreted thi care, however, since CSP
plants in operation in China have demonstrated improved performance wer time. An analysis of five
projects that have been operating for more than five years shows current cagacity factors ranging from
28% to 34%, with several plants reaching their highest levels to date. Inddecompared to their first year of
operation, these projects have experienced a noticeable increase — almiodoubling their capacity factors
overall, while in some projects, they more than doubled.

Table Electricity generation and capacity factors of CSP plants in China Compiason between the first year of
operation and

Plant MW MWh in the fII’SF full Capacity - MWh Capacity
year of operation factor in factor
CGN MW trough-type

CSP plant in Delingha

Shouhang High-Tech MW

ST-type CSP plant in Dunhuang

Qinghai Zhongkong Delingha
MW ST-type CSP

CSN New Energy MW
trough-type CSP plant

Lunan Golmud Multi-Energy
Complementary Project

Source Based on (CNSTE )
Notes MW megawatt MWh megawatt hour
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The average thermal storage capacity for solar thermal plants in the IRENrenewable costs database
increased from 3.5 hours to 10.3 hours between 2010 and 2025. The storagerdtion of CSP projects
deployed in 2025 ranged between 8 hours and 12 hours.

Figure Average project size and average storage hours of CSP projects —

Note MW megawatt

5.5 OPERATION AND MAINTENANCE COSTS

Advanced CSP designs reduce long-term O&M costs through single-axis tking systems, fewer
components and more durable receiver technologies. Innovations suchsamolten salt, which is used for
both heat transfer and storage, eliminate costly equipment. At the same the, enclosed receivers and
optimised aiming strategies extend component lifetimes. Digital twls — including robotics automation,

drone inspections, and data analytics — enable predictive maintenance dnearly error detection (Khan
and et al., 2024).

Industry trends indicate further cost reductions through standardisaion, improved materials and
automation. Enhanced durability, increased redundacy and digitalisation are extending maintenance
intervals and lifetimes. While ongoing technological advances and best prdices are expected to reduce
O&M costs for future CSP plants, O&M will likely continue to represent a réleely large share of LCOE
compared to other renewable power technologies (Kharet al., 2024). For projects in the IRENA renewable
costs database, O&M accounts for 23% of the LCOE, on average.
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5.6 LEVELISED COST OF ELECTRICITY

Between 2010 and 2025, the global weighted-average LCOE of newly-comissioned CSP plants fell by
72%, from USD 412/MWh to USD 115/MWh (see Figure 5.4).

Between 2020 and 2023, the LCOE for CSP ranged between USD 121/MWh and USEDIMWh. These
values were based on a very thin market, however, as there was only one project aomissioned each
year during the period that had a capacity between 50 MW and 2@ MW. In 2024, the low capital costs of
projects occurring in China pushed down the weighted-average LCOE to USD&/MWh.

In 2025, global deployment reached 900 MW — the highest level since 2013. Hower, the LCOE registered
an increase of 9%, year-on-year, mainly driven by lower capacity factarin China.

Figure LCOE for CSP projects by technology and storage duration —

Notes MWh megawatt hour MW megawatt USD United States dollar
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Despite the historical decrease, however, financing costs continued toéa significant factor contributing

to LCOE and project viability. For projects commissioned in 2025, financingosts represented on average
34% of the LCOE. This was largely due to the conservative assumptions made bytkers and investors — a
factor requiring further attention from policy makers. For CSP projects, lgher perceived risks and elevated
debt interest rates make financing more challenging. This contributesa delays in project development,
thus slowing commercial project deployment.

Although there has been significant success in reducing costs since 201the CSP market remains small,
with a limited number of new projects in the pipeline. As of the end of 2025, China remined the leading
market, with 12 tenders completed for the selection of contractors for SP and molten-salt thermal storage
projects that are expected to come online in the near term (Kraemer, 2026).

A key advantage of CSP is its ability to provide dispatchable and mewable power to the grid. In many
countries, however, current regulations and market structures do not aequately reward the value of
dispatchable generation. To enable CSP to compete on a levelayfing field, electricity markets must evolve
to recognise and incentivise this technology’s unique capabilities (Schiiger et al.,, 2021).

Policy makers should implement protective measures, such as electrigitpricing mechanisms, ancillary
service rules and electricity market participation guidelines for new enagy sources. This should be done
alongside case-by-case sustainable price settlements and a dedicatedpacity compensation mechanism
to ensure operational stability amid competition. Subsidy support shald target R&D and engineering
applications in high-parameter, large-capacity CSPlants, gradually enhancing the technology, system
regulation capabilities, safety and reliability of this renewable energy slution (CNSTE, 2026).
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RENEWABLE POWER GENERATION COSTS IN 2025

6.1 INTRODUCTION

After two years of low deployment, annual capacity additions of renewable fdropower®increased sharply
in 2025, jumping 150% year-on-year to reach 18.4 GW. This was a return to levels qmarable to those seen
before 2023 (IRENA, 2026a) and helped total global capacity reach296 GW.

Mostly concentrated in China, Ethiopia and India, hydropower@ounted for 2.6% of total global renewable

capacity additions in 2025 (IRENA, 2026a). Each of these three countries camissioned more than 1.5 GW
of new capacity that year, together accounting for 56% of global hydropover additions. China remained
the global leader, commissioning 4.8 GW. In India, policy support strenbened, particularly for small

hydropower projects and pumped storage (Forum of Regulators, 2025; PIB, 20296In Ethiopia, hydropower

remained central to the national energy strategy and to the ountry’s ambitions of becoming a regional

electricity export hub by 2030 (IHA, 2025a).

In the global energy transition, hydropower occupies a unique position da to its scale, flexibility and
technological maturity. As countries increase the share of variable remweable energy sources in their
power systems, hydropower is also playing an increasingly strategic role in niataining grid stability and
reliability. Beyond electricity generation, hydropower can also deirer broader socio-economic benefits,
including water management services, employment opprtunities and affordable, reliable renewable

energy supply.

6.2 TECHNOLOGICAL TRENDS

As a mature, dispatchablé® and generally low-carbon technology, hydropower bidges the gap between
conventional power systems and increasing shares ofariable renewable energy. Hydropower offers
ancillary services, such as frequency regulation, spinning resers and black-start capability, helping to
maintain grid stability and reduce electricity price volatility. Suppative policies and regulatory frameworks
that recognise the full range of services provided by hydropower can help unlok further investment in
the sector.

Modernisation efforts are becoming increasingly important acrosske hydropower sector. Upgrades, such
as digitalisation, turbine modernisation and hybridisation with solar, wind ad battery storage systems,
can improve operational efficiency and increase system flexibility (14, 2025a). At the same time,
Al-driven water management systems, digital twins and ecological restation measures are being
integrated to optimise performance, strengthen assé management and reduce environmental impacts
(Ember, 2025; IRENA, 2023; Vattenfall, 2026).

This chapter focuses on reservoir and run-of-river systems excludingygmped storage
This is especially so when the plant includes reservoir storage
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6.3 TOTAL INSTALLED COST

Hydropower project construction is influenced by factors such as project e, location and technical
specifications. These determine turbine selection, plant dggn and overall cost structure. Reservoir and
run-of-river projects, as well as large and small installations, have digict technical and cost characteristics.

Figure 6.1 presents the hydropower projects covered in this chapter and puides an overview of the
estimated shares of civil, mechanical and electrical cost comgnents for a sample of projects. Projects in
this chapter are categorised by size, with small hydropower referring to istallations of 10 MW or less and
large hydropower to those above 10 MW.

Figure Hydropower plant type and TIC breakdown by component and weighted-averages for a sample of
hydropower projects in Europe

Source International Hydropower Association (IHA)

Hydropower is a capital-intensive technology with long lead times and high pfront investment
requirements. Civil works, such as dams, tunnels and powerhouséstypically account for 50-70% of
TICs — the largest share. This is followed by the cost of mechanical and electricaji@pment. Projects that
expand or use existing infrastructure, however, can reduceieil construction costs and increase the share
of electro-mechanical components.

Additional costs may arise from feasibility studies, stakeholder engageent, environmental measures and
land acquisition. For large-scale projects, long development timelies can also make owner and financing
costs a significant share of total project expenditures.

Structures that house turbines generators and other electromechaical equipment
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For hydropower projects commissioned in 2025, the global weighted-aveage TIC reached its lowest level
since 2018, at USD @79/kW, representing a 36% increase on 2010 (see Figure 6.2Between 2024 and
2025, the global weighted-average TIC fell by 10%. In 2025, the weightedverage TIC ranged between
USD 1153/kW and USD B46/kW (5™ to 95™ percentiles).

Figure TICs of hydropower projects and global weighted-average  —

Notes kW kilowatt MW megawatt USD United States dollar

Figure 6.3 shows the weighted-average TICs of hydropower projects comissioned between 2010 and
2025 by project capacity range. Capacities are divided at 200 MW-intersls, with a final category for
projects larger than 2000 MW.

Overall, the data does not indicate strong economies of scale for hydropower @jects below 1000 MW,
as weighted-average installed costs remained relatively similar@oss most capacity ranges. While some
categories show lower average costs — projects between 600 MW and 800 MW, forxample, averaged
USD B64/kW — the differences across capacity ranges are generally limited.

The weighted average total installed costs observed between 2010 and 2@ suggest the presence
of economies of scale for projects above 1 GW (see Figure 6.3), with costs enaging USD 2306/kW
for 0-1 GW capacity projects compared to USD @09/kW for 1-2 GW capacity projects. For projects
exceeding 2 GW, the weighted-average TIC declined further, to USDO87/kW. Overall, these lower costs
were influenced by several lower-cost projects commissioned before 209.
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At the same time, the number of projects differs considerably aross capacity ranges, while project designs,
geographical conditions and the range of services provided vary significatly between developments.
These factors make it difficult to draw definitive global conclusions regading the extent of economies of
scale in hydropower development.

Figure TICs for hydropower projects by weighted-average and capacity range  —

Notes kW kilowatt MW megawatt USD United States dollar
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Figure 6.4 shows the distribution of TICs by capacity for small and lage hydropower projects in the IRENA
renewable costs database. In 2025, for large hydropower, the weightedverage TIC decreased 11% year-
on-year, reaching USD ®77/kW. In contrast, small hydropower projects — which tend to exhibit signifcant
variability, due to the limited number of projects commissioned annually —ecorded a 40% increase over
2024, reaching USD 547/kW. This increase was not driven by a specific country or region, but rather
reflected the diverse mix of projects commissioned across South America,fAca and Asia. As such, the
long-term trend for small hydro remains to be confirmed.

Figure TICs for small and large hydropower projects and global weighted-average -

Notes kW kilowatt MW megawatt USD United States dollar

Between 2010 and 2025, hydropower saw two periods of increasing glodaweighted-average TICs
(see Figure 6.2). The first occurred between 2010 and 2017 and was followeg b notable decline in 2018.
A second period of rising costs then began after 2019 and continued through 222, before costs declined
again in 2023 and 2024. Given these shifts, the following analysis focusesidhe 2018-202%? period in
order to better understand recent cost dynamics at the global and regional leels.

Figure 6.5 presents the TIC and weighted-average TIC of large hydropoweprojects by region and
selected countries between 2018 and 2025. During this period, the weightkaverage TIC ranged from
USD #63/kW in Brazil to USD 3133/kW in Central America and the Caribbean. Most regions, however,
remained within a relatively similar cost range.

Between 2024 and 2025, weighted-average TICs declined across most selted regions and countries.
This was despite considerable annual variability, driven by the limited naber and diverse characteristics
of projects commissioned each year. Brazil and Other South America were ndtée exceptions, with both
showing an upward cost trend over this period.

Aregional analysis for the period - canbe found in the IRENA Renewable Power Generation Cost in report IRENA  b)
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In 2025, Africa recorded the lowest weighted-average TIC, at USD414/kW. This was influenced by the
commissioning of the Grand Ethiopian Renaissance Dam — Africa’s largest hgetectric project and one
of the continent’s largest sources of renewable electricity generatin (IHA, 2025a; The Guardian, 2025).
In contrast, Other South America recorded the highest weighted-averge installed cost, at USD 829/kW.

Figure TICs by project and weighted-averages for large hydropower projects by sdected country region

%0 Sce o(Eoe

/
f

Notes “Other Asia” includes all Asian countries except China and India “Other 8uth America” includes all South American countries
except Brazil kW kilowatt MW megawatt USD United States dollar trend | ines are shown only for regions and countries
with sufficient annual project data over the period analysed
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Figure 6.6 presents the TICs and weighted-average TICs of small hydroper projects by region and
selected countries between 2018 and 2025. During this period, weightedverage TICs ranged from
USD B18/kW in China to USD B23/kW in North America.

For the 2018-2025 period, the number of newly-commissioned small hydpower projects in the database
for Other South America, and Central America and the Caribbean, was limited sAa result, the weighted-
average TICs for these regions are not considerecepresentative.

On a regional level, small hydropower exhibits significantly greater casvariability and no clear year-on-
year cost trend. This reflects the smaller number of projects commissionedramually and the wide diversity
of characteristics. Project capacities also vary considerably, ranging fro small installations to projects
approaching the upper threshold of small hydropower clasdication. Together, these factors contribute to
the variability observed across the dataset.

Figure TICs by project and weighted-averages for small hydropower projects by cauntryregion  —

oo

é
/

fof ... T Foe

Notes “Other Asia” includes all Asian countries except China and India kW kilonatt MW megawatt USD United States dollar
trend lines are shown only for regions and countries with sufficient annud project data over the period analysed
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6.4 CAPACITY FACTOR

Between 2010 and 2025, the global weighted-averageapacity factor of commissioned hydropower projects
of all sizes declined from 44% to 43% (see Figure.B). This relative stability was despite a peak 053% in
2023. Over the period, the 3 and 95" percentiles ranged between 24% and 80%, reflectinghe diversity in
hydropower project design, site characteristics andperating conditions. In 2025, there was a 5 percetage
point decrease in the global weighted-average capaity factor, year-on-year, from 48% to 43%.

Figure Capacity factors of hydropower projects and global weighted-average  —

Notes MW megawatt
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Figure 6.8 presents the weighted-average capacity factors blarge and small hydropower projects.
Between 2010 and 2025, the annual global weighted-average capacity &or of newly commissioned
large hydropower projects declined slightly, from 44% to 43%, largely shaing the overall global trend.
In contrast, over the same period, the weighted-average capacity faar of newly-commissioned small
hydropower projects increased from 48% to 53%.

Small hydropower projects in the IRENA renewable cost database genefglexhibit higher weighted-
average capacity factors than large hydropower progcts. However, differences in capacity factors ofte
reflect project design and operational objectives, rather than technial performance alone. Some projects
are designed to operate more continuously, resulting in higher averageapacity factors, while others are
built with larger installed capacity to provide peak-load genemtion, system flexibility or ancillary grid
services — a design that can result in lower average utilisation rates.

Figure Global weighted-average capacity factor ™ and " percentiles for small and large hydropower
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Figure 6.9 shows the regional differences in weighted-average capagjtfactors for both large and small
hydropower projects for the 2018—2025 period. During this period, a limé&d number of newly-commissioned
small hydropower projects appeared in the database for two regions — Other Sath America and Central
America and the Caribbean. As a result, the weighted-average capagifactors for these regions are not
considered representative.

Regional comparisons showed differences between large and small hydrapver projects. In China, India,
North America and Other South America, large hydropower projects generdl recorded higher weighted-

average capacity factors than small hydropower projects. In contrastsmall hydropower projects exhibited

higher weighted-average capacity factors in Africa, Brazil, Euraaiand Other Asia.

For large hydropower projects, weighted-average capacity factors anged from around 38% in Europe to
62% in North America. For small hydropower projects, weighteéaverage capacity factors ranged from
38% in India to 59% in Other Asia. These regional differences reflect variati® in hydrological conditions,
reservoir storage capacity, plant design and operational strategies aoss hydropower systems.

Differences in operational strategies are also an important driver ofeggional variation in capacity factors.
In Europe, hydropower is increasingly operated as a flexible resource todvance growing shares of wind
and solar generation, resulting in lower capacity factors. In contrastin some other regions, such as Other
South America, hydropower plants operate closer to their technical capeity to meet baseload demand,
leading to higher capacity factors (IHA, 2025a).

Figure Capacity factors and weighted-averages for large and small hydropower pojects by country region

oo

e —

Notes “Other Asia” includes all Asian countries except China and India “Other Suth America” includes all South American countries
except Brazil MW megawatt
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6.5 OPERATION AND MAINTENANCE COSTS

Annual O&M costs for hydropower are commonly expressed as a percentage ofds per year, with typical
values ranging between 1% and 4%. For the hydropower projects in the IRENA Rerable Cost Database,
a value of 2% is used for large hydropower projects and 3% for small hydropower prajés. This range is
broadly consistent with the values reported in other studies (Greenpeacet al, 2015; IPCC, 2011).

O&M costs are distributed across a range of activities. Previously, IRENA chaollected O&M data on
25 projects commissioned between 2010 and 2016 (IRENA, 2018). Tablé @resents the cost distribution
of individual O&M items in that sample. On average, operations accounteaif 46% of hydropower O&M
expenditure, salaries for 35%, other expenses for 15% and materials for 4%.

Table Hydropower O&M costs by category from a sample of projects

Share of total O&M costs ()

Project component

Operational costs

Salary
Other

Material

These costs typically include routine maintenance and periodic refurbishnré of mechanical and electrical
equipment — such as turbine overhauls, generator rewinding and upgrades to comunication and control
systems. These costs, however, generally exclude major refurbishmewor replacement of long-lived
infrastructure components. These components includelectro-mechanical equipment, penstocks, tailraces
and civil works, which often have design lives ranging from several decade®tmore than a century.
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6.6 LEVELISED COST OF ELECTRICITY

For hydropower projects commissioned in 2025, the global weijted-average LCOE2 was USD 62/MWh,

representing a 41% increase on 2010 (see Figure 6.10). Exithg China, the global weighted-average LCOE
was USD 70/MWh, or 13% higher than the level when China was included. Between220and 2025, the

global weighted-average LCOE rose by 9%. In 2025, LCOE values ranged beem USD 35/MWh and
USD 227/MWh.

Figure LCOE of hydropower projects and global weighted-average  —

Notes MWh megawatt hour USD United States dollar

The LCOE assessment presented in this chapter assumes a conservative econolife of years The original investment is fully
amortised by the time any significant re-investment is needed Consequetly re-investment cost is not considered Nevertheless
hydropower plants usually have longer lifetimes which depending on he components are intherange to years
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Figure 6.11 presents regional differences in weigii-average LCOE values for both large and small
hydropower projects over the 2018-2025 period. Dung this period, the number of newly-commissioned
small hydropower projects in the database for OtheiSouth America, and Central America and the Cariblamn,
was limited. As a result, the weighted-average LCO&for these regions are not considered representatie.

Large and small hydropower projects showed differences across regions.akge hydropower projects
generally recorded lower weighted-average LCOE values thasmall hydropower projects in Africa, Brazil,
China, Europe, India and North America. In contrast, small hydropower pects exhibited lower weighted-
average LCOE values in Eurasia and Other Asia.

For large hydropower projects, weighted-average LCOE values rangeddm around USD 41/MWh in Brazil
to USD 161/MWh in North America. For small hydropower projects, weitgd-average LCOE values ranged
from USD 50/MWh in Eurasia to USD 193/MWh in North America. The latter valueaw influenced by

projects in Canada that experienced very large cost overruns. These regiahdifferences also reflected

variations in hydrological conditions, project scale, finaneig structures, construction costs and operational
strategies across hydropower systems.

Figure LCOE and weighted-averages for large and small hydropower projects by county region  —

Notes “Other Asia” includes all Asian countries except China and India “Other Suth America” includes all South American countries
except Brazil MWh megawatt hour MW megawatt USD United States dollar

Beyond electricity generation, hydropower is a multi-purposeasset that provides additional services not
captured in LCOE metrics, including system flexibility, energy storagerad water management functions.
Although the costs associated with these services are often included in @rall project expenditure, their
economic value is not reflected in the LCOE calculations presented in this chigp.
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7.1 INTRODUCTION

Cumulative installed capacity at the end of 2025 reached around 15.7 GW,ishwas 13% higher than in 2020
(IRENA, 2026a). In 2025, 273 MW of geothermal power generation have been wonissioned, 20% less
additions compared to 2024.

New projects were mainly deployed in Indonesia (a total of 105 MW) — the market&der in cumulative
capacity — and in the Philippines (a total of 106 MW). In the same year, a strategic gaership between
institutions from both countries was established to develop geothermé projects with an estimated
440 MW capacity across multiple sites in Indonesia. The coung holds around 40% of the world’s
geothermal reserves (Nasruddiret al., 2016) but only a small portion has been developed. This partnership
reflects growing regional investment aimed at expanding clean, reliale power generation and supporting
long-term energy security (FirstGen, 2025).

The United States is the second largest market by cumulative stalled capacity, representing 17% of
the global total. The country has 54 projects under developmentand over 1640 MW of new capacity
to be deployed based on signed PPAs, of which 60% are for next-generation gebermal plants
(Akindipe et al, 2026). The recent growth in the geothermal industry is being drive in large part by
rising demand for reliable electricity from data centres. Major technalgy companies are already investing
in geothermal energy to secure constant, reliable electricity for thai operations. In 2025, XGS Energy
and Meta announced an agreement for up to 150 MW of next-generation geothimal power to support
the operation of a data centre in New Mexico, with deployment planned by 208 (GeoEnergy and
Cariaga, 2025).

In Europe, the geothermal project pipeline currently includes around 50 gothermal power plants at
various stages of development, ranging from early exploration and driing activities to grid connection
readiness (EGEC, 2025).

Historically, geothermal power generation dependedon hydrothermal resources where underground
rock formations were both naturally hot and permeable, allowing water o circulate through fractures
and transport heat to the surface. These geological conditions exist in only anfiited number of locations,
rendering geothermal energy a niche source of electricity globally, degite offering reliable, low-emission
baseload power.

However, advances in next-generation geothermal technologies have gnificantly expanded the potential
for geothermal development. New approaches can now create or enhae subsurface flow pathways
artificially, removing the need for naturally occurring permeability. Combined with improvements in deep
drilling techniques and more efficient power-conversion sysems capable of generating electricity from
lower-temperature resources, these innovations are opening a muchrbader range of geological settings
for geothermal deployment (EMBER, 2026b). While these technologies are #tin pilot or early commercial
stages, developers are increasingly moving beyond traditional hydithermal systems and exploring
enhanced geothermal, super rock and closed-loop gethermal systems aimed at unlocking geothermal
resources at much larger scale.
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7.2 TECHNOLOGICAL TRENDS

Recent innovation in the geothermal sector is focused on improving expl@ation accuracy, reducing
drilling costs, and expanding deployment beyond conventional hydrohermal resources. Advances in
drilling technologies include hybrid high-pressure water jet and percusion systems for faster penetration
through hard rock; new well designs, such as deep multilateral closed loops;nd autonomous robotic
drilling systems like Switzerland’s “Grabowski” robot for shallow gothermal projects. Artificial intelligence
and digitalization are also playing an increasingly important role acros the geothermal value chain, with
Al-enabled tools being used to analyse seismic and subsurface data in real timienprove drilling success
rates; optimise reservoir modelling; and support operational decisio-making through digital twins.
Exploration campaigns are also becoming more sophisticated,maploying 3D seismic surveys, fibre optic
sensing, airborne geophysical surveys and advanced forward modellintechniques to better identify
viable geothermal reservoirs and reduce development risk (EGEC, 2025).

Together, these innovations are accelerating the cmmercialisation of next-generation geothermal systens
and creating new opportunities for geothermal deployment across a much vder range of geological
settings. With the resurgence of global interest in reliable, low-caoon baseload power, the growth of
next-generation geothermal will depend on attracting new investment, scaling emerging technologies,
and overcoming regulatory and permitting barriers. Government suppet is also playing an important
role, particularly in the United States, where a growing number of statdevel incentive and regulatory
frameworks are helping to encourage geothermal development. Contined technological innovation and
supportive policies will be critical to unlocking the sector’s full potental.
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7.3 TOTAL INSTALLED COST

For projects deployed in 2025, TIC ranged from a high of USD B41/kW to a low of USD Z41/kW
(see Figure 7.1). TICs reflect the specific costs of the gealmal generation plant, which includes factors
such as the cost of exploration, plant equipment and construction, as well sa balance-of-system and
financial costs.

Figure TICs of geothermal power projects by technology and project size  —

Notes kW kilowatt MW megawatt USD United States dollar

In 2025, the global weighted-average TIC was USD #7/kW. Since 2010, this has fluctuated annually —
owing to the limited number of new geothermal plants — with cost trends largdy influenced by the specific
locations where projects are commissioned.

Project development, field preparation, production and reinjection wdls, the power plant and associated
civil engineering works entail significant upfront costs for geothernal projects. These are also subject
to variations in drilling costs, which have a direct impact on the costs of enginering, procurement and

construction (EPC) and are in turn often influenced by the business cycle irhe oil and gas industry.

In particular, geothermal power project costs are heavily inflenced by reservoir quality,i.e. temperature,
flow rates and permeability. This is because reservoir quality influencesdth the type of power plant and
the number of wells required to achieve a given capacity. The nature and extent of threservoir, its thermal
properties and its fluids (and at what depths they lie) all have an impact on project osts.
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In addition, the quality of the geothermal resource and its geographical digibution will determine the
power plant type. This can be a flash, direct steam, binary, enhanced or a hybrid appach to providing
the steam that drives the turbine to create electricity. Typically, costs for biary plants designed to exploit
lower temperature resources tend to be higher than those for direct steam ad flash plants. This is because
extracting the electricity from lower temperature resources is more capial intensive.

The TIC of geothermal power plants also include the cost of exploration and emurce assessment, such as
for seismic surveys and test wells. This cost category also appli¢s solar and wind resources, but resource
assessment with weather stations costs much less than that for geotherai power plants.

Considering the cost breakdown for binary and flash type technologies (see Fige 7.2), aside from
engineering and plant construction that represent from 58% to 6% of the plant cost, drilling is one of the
major drivers, typically accounting for between 29% and 34% of the total. Inded, drilling costs can be
even higher, reaching up to 57% of the TICs for deep EGS binary technology (Akipe et al., 2026).

As a result, improving drilling efficiency is critical. Recently, major gamhave been achieved in this area by
developers, cutting drilling times by over 60% across horizontal devlpment wells in high temperature
and deep granite contexts (Fervo Energy, 2024). This has occurred in both pitcand commercial-scale
projects (Adie, 2025).

Furthermore, if a large geothermal field needs to be exploited, the costs fofield infrastructure, geothermal
fluid collection, disposal systems and other surface installations canlgo be significant.

Figure Cost breakdown of geothermal power plants by technology

00

Source (Akindipe etal )
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7.4 CAPACITY FACTOR

By accessing steam or heated water near the Earth’s surfacgeothermal plants have a continuous source
of energy and tend to operate during most times of the year. For projects commisened between 2010
and 2025, geothermal power plants typically have capacity faabrs that range from 60% to 96%, albeit
with some exceptions. There were, however, significant variations bympject and — to a lesser extent — by
country.

For the 2010-2025 period, Figure 7.3 presents the capacity facte of geothermal power projects in the
IRENA renewable costs database by year, project szand technology. Where available, the capacity
factors used here were taken from project data, while national averages we used if no specific project
information was available.

Figure Capacity factors of geothermal power projects by technology and project size  —

e (= H @) 8 0 58T ¢

Notes MW megawatt

In 2025, the global weighted-average capacity factor for newly-comnissioned geothermal projects was
85%. Looking at the different technologies, flash type plants had a capacityattor of 86%, while the
weighted-average for binary plants was 90%.
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7.5 OPERATION AND MAINTENANCE COSTS

Geothermal power projects require continuous optimisation throghout their lifetime. The sophisticated
reservoir and production well-management required to ensure output meés expectations also lead to
higher O&M costs.

Once geothermal plants are commissioned, the management of the plant andsi reservoir becomes a
dynamic and evolving process. Geothermal operations require ongoing adjasent as reservoir fluid is
extracted and reinjected throughout the life of the project. To maintain praduction at the designed
capacity factor, the reservoir and production profile of the geothermd power plant therefore require agile
management. Over time the reservoir pressure around the produadin well can decline, leading to poorer
flow rates. The performance of individual production wells is influenced ¥ the natural change in fluid
migration patterns, and productivity deteriorates over time. Typicaly, additional complementary wells will

be required over the lifetime of the plant as productivity at existing wells dedines. As a result, lifetime O&M
costs are, on average, higher in fixed terms than for other renewable teclologies. Yet, with higher capacity
factors, they can be similar on a per kWh basis.

As operational experience grows, however, operators’ understandmof a reservoir’'s behaviour improves,
enabling more effective management of the plant ove time.

The O&M cost applied for all projects deployed in 2025 was USD 128/kWéar, a value that includes

two sets of wells for makeup and reinjection — necessary to maintain performase over the 25-year life of
the project.
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7.6 LEVELISED COST OF ELECTRICITY

The LCOE of geothermal power projects tends to follow the trend in TICs, with typally little variation
in capacity factor, considering the diversity of geothermal technolagies. Geothermal power plants have
higher TIC, O&M costs and capacity factors than ot renewable energy technologies. The higher capati
factors help to offset the higher capital and operating costs, and plants ra during most hours of the day.
Financial costs continue to remain a significant factor in relation to LCB. For projects commissioned in
2025, the average share of WACC in total LCOE was 45%, followed by TIC at 33% and O&M2862

Figure 7.4 presents the LCOE of geothermal power projects by technology ahsize for the period
2010—-2025. During 2025, the LCOE varied from as low as USD 45/MWh to as high as USIBM\Vh.

Figure LCOE of geothermal power projects by technology and project size  —

Notes MW megawatt MWh megawatt hour USD United States dollar

In 2025, the global weighted-average LCOE was USD 89/MWh. Year-on-ge variations should be

interpreted with caution, however, owing to the lower deployment levels d geothermal power compared

with other technologies, as well as the fact that project pipelines vary signi€antly from year to year.

The cost trend in 2025 reflects the deployment of projects in ldonesia (+105 MW) and the Philippines
(+106 MW), while in 2024, deployment was mainly in New Zealand (+225 MW) (IRB\2026a).
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8.1 INTRODUCTION

Bioenergy is the fourth-largest renewable technology in terms of cumuléive installed capacity, having
expanded by 3.4 GW in 2025 to reach 154 GW. Bioenergy capacity additions fddy 14% compared with
2024 and accounted for 0.5% of total annual renewable capacity additions in@5 (IRENA, 2026a).

Bioenergy encompasses solid, liquid and gaseous bioels, as well as renewable municipal and industria
waste. In 2025, solid biofuels, such as woodchips, pellets and bagasse, reimed dominant, representing
around 70% of total installed capacity. Renewable municipal waste fallved, accounting for 28% of
capacity additions (IRENA, 2026a). Feedstock composition varies acss regions, depending on resource
availability, infrastructure and policy frameworks.

In 2025, Japan, China and Brazil accounted for 71% of global additions. In d&p growth has been driven
by feed-in tariff (FIT) and feed-in premium (FIP) schemes, highlighting tle importance of stable and
predictable revenue frameworks (METI, 2025). China benefits from aburaht feedstock availability
combined with supportive policies, and is building infrastructure and feedtock supply chains for future
acceleration (IEA, 2024b; SCIO, 2025). In Brazil, strong policy, comtad with abundant agricultural residues,
expanding regulation and growing demand driven by bé&nding mandates, has supported bioenergy
expansion (Navarro, 2025). These trends reflect the role of policy framearks, resource availability and
industrial capacity in shaping bioenergy deployment

8.2 TECHNOLOGICAL TRENDS

Bioenergy is becoming smarter, more flexible and mee integrated into modern energy systems. Innovatios

in the sector are expanding its role in decarbonisation and optimising plant prformance. Bioenergy with

carbon capture and storage (BECCS) can deliver net-negative emissionsid represents a strategic option

for achieving long-term climate goals (IRENA, 2022b). Digital twins for bienergy plant management allow
operators to simulate different scenarios and optimise energy productin in real time — advancements
that enhance economic viability and make bioenergysystems smarter, more adaptable and efficient
(IRENA, 2025c). At the same time, bioenergy’s dispatchable generation pports grid stability alongside

variable renewables.

8.3 TOTAL INSTALLED COST

Electricity generation from bioenergy is shaped by three fundamental fators: the type and availability
of feedstock; the conversion and transportation processes; and the poar generation technologies
employed (see Figure 8.1). These elements collectively determinedtperformance, cost-effectiveness and
sustainability of bioenergy systems.
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Equipment typically represents the largest share of TICs, while inframicture and logistics become
increasingly significant in remote or off-grid locations. Although ®mbined heat and power
biomass systems involve higher upfront investment, their high efficieay (80-85%) and ability to
supply heat and steam for industrial processes or district heating can substdially improve overall
project viability.

Figure Factors shaping TIC from bioenergy

For bioenergy projects commissioned in 2025, the global weighted-averge TIC was USD 806/kW,
representing a 14% increase since 2010 (see Figure 8.2). TICs have flat#d considerably since 2010,

reflecting differences in technology maturity, project characteristics and deployment patterns across

markets. In 2025, TICs ranged between USDB26/kW and USD 1@73/kW (5™ to 95" percentiles), and
rose by 9% compared to 2024.

Figure TICs of bioenergy projects and global weighted-average  —

Notes kW kilowatt USD United States dollar
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Bioenergy TIC is sensitive to changes in the geographic and technological mixwew projects commissioned
each year. Regional costs have remained stable. As illustrated in Figure33 the rise in TIC in 2025 is
not a result of technology becoming intrinsically more expensive, but rater a shift in the geographic
composition of new capacity toward higher-cost contexts. Over the pasfive years, weighted-average TICs
across regions have remained within a broadly similar range, with China anddia consistently recording
the lowest values.

Figure Bioenergy capacity additions share and weighted-average TIC  —

Notes kW kilowatt USD United States dollar

Figure 8.4 presents weighted-average TICs by region/country and feestock type in the 2010-2025
period. TICs tend to be higher in North America and Europe acresall feedstock categories, with values
reaching USD 2945/kW in North America and USD 4011/kW in Europe. In contrast, China and India record
significantly lower TICs, with India showing the lowest weighted-aveasge TIC at USD &87/kW, reflecting
the concentration of lower-cost project types and the availability of lower-cost feedstocks. Regarding
feedstock type, bagasse, landfill gas, other vegetal and agridtural waste, and rice husk projects form
a lower-cost cluster, with weighted-average TIC of around USD 200/kW. By contrast, projects using
renewable municipal waste and wood waste generally exhibit higher TICsxeeeding USD 3H00/kW.
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Figure Weighted-average TICs of bioenergy projects by country region and selected feedstocks

Notes kW kilowatt USD United States dollar

More detailed country and feedstock-level analyses (see Figure 8.5)ighlight this variation. The highest
weighted-average TIC is observed for renewable municipal waste projectsiiEurope, at USD @74/kW,

while the lowest is for rice husk projects in India, at USD2I75/kW.%

Figure TICs of bioenergy projects by selected feedstocks and country region -

- - €,f".o

T 1 %o S 8 - <

Notes kW kilowatt MW megawatt USD United States dollar

These figures exclude the TICs for wood waste which are not representativeigen the small sample available
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8.4 CAPACITY FACTOR

For bioenergy, the availability of feedstock over time influences geneation potential. Plants with stable
year-round feedstock availability can achieve capacity factors of 8595%, while those reliant on seasonal
agricultural cycles often operate at lower capacity factors. Climate chnge may increasingly affect biomass
feedstock availability, as changing precipitation @tterns, droughts and seasonal variability can inflence
both biomass supply and plant capacity factors. This highlights the impdance of climate-resilient supply
chains and long-term resource planning (IRENA, 2025d).

Figure 8.6 presents the weighted-average annual capacity dctor for bioenergy power projects
commissioned between 2010 and 2025. Over this period, values have remaithén the range of 67-86%.
In 2025, the global weighted-average capacity factor stood at 78%, an irrease of five percentage points
compared to 2024, and ranged between 71% and 90% {50 95" percentiles).

Figure Capacity factor of bioenergy projects and global weighted-average -

The global weighted-average capacity factor is also influenced byhe geographic distribution of newly
commissioned projects. The five-percentage point increase observed in(25 reflects a growing share of
capacity in Other Asia, where in some markets biomass plants tend to use impi@d feedstocks such as
wood pellets and palm kernel shells (USDA, 2023). The use of long-term procement contracts reduces
reliance on seasonal agricultural residues, enabling more stable andtinuous operation. Reinforcing this,
policy frameworks such as feed-in tariff schemes, create strong finanal incentives to maximise output
and operate continuously, further driving capacityfactors upward.
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Capacity factors also vary considerably across regions and feedstockéccording to the IRENA renewable
cost database, North America recorded the highest weighted-average apacity factor over the 20102025
period at 85%, followed closely by Europe at 81% (see Figure 8.7). In conttaBrazil and the rest of the
world recorded the lowest weighted-average capacity factors, both d 63%.

Feedstock type is an equally significant driver of variation. Betweer2010 and 2025, bioenergy plants
relying on bagasse operated at lower weighted-average capacity fadairs (62%), reflecting the seasonal
nature of sugarcane harvests, which limits fuel availability to certain mnths of the year. In contrast,
plants using renewable municipal solid waste achieved higher weightedverage capacity factors (82%),
benefiting from more consistent and year-round feedtock availability.

Figure Weighted-average capacity factors of bioenergy projects by countryr egion and selected feedstocks

8.5 OPERATION AND MAINTENANCE COSTS

Fixed O&M costs encompass labour, insurance, schdéd maintenance and the routine replacement of key
plant components — including boilers, gasifiers and feedstock handling agpment. Across the bioenergy
power sector, these costs typically represent between 2% and 6% of TICs annlyalwith larger plants

generally achieving lower per-kW fixed O&M costs because of economies of slea

Variable O&M costs tend to be lower than their fixd counterparts, averaging approximately
USD 0.004/kWh. These costs are primarily driven by replacemerparts, incremental servicing requirements
and non-biomass operational expenses such as ash disposal. Given the prdjspecific nature of these
cost components and the limited availability of disaggregated data, this r@ort presents fixed and variable
O&M costs on a combined basis.
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8.6 LEVELISED COST OF ELECTRICITY

The LCOE of bioenergy reflects the diversity of the sector. Variations in T capacity factors, feedstocks
and technology pathways give rise to a wide range of observed LCOEs, making bioergy one of the most
context-dependent of all renewable energy sources.

For bioenergy projects commissioned in 2025, the global weighted-averge LCOE was USD 86/MWh,
representing a 3% decrease since 2010 (see Figure 8.8). Between 2024 and BQ2COE fell by 2%. In 2025,
LCOE values ranged between USD 49/MWh and USD 206/MWh (5o 95" percentiles).

Figure LCOE of bioenergy projects and global weighted-average —

Notes MWh megawatt hour USD United States dollar
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Figure 8.9 presents the LCOE for bioenergy projects by country, region and felstock, based on data from
the IRENA renewable cost database, and where sufficient data exists to praleé meaningful insights.

Over the 2010-2025 period, weighted-average LCOEs ranged from USD/®&8Wh in India to USD 104/MWh
in North America. As discussed above, the low values recorded in India and Chindlext a combination of
lower capital costs and the widespread availability of low-cost feedsteks in these markets.

Across feedstock types, rice husk-based projects recorded the lowest wghted-average LCOE at
USD 68/MWh, consistent with their comparatively low TICs and the abundae of this residue in key
producing markets. In contrast, wood waste projects recordedthe highest weighted-average LCOE at
USD 91/MWh. While wood waste benefits from relatively stable capagitfactors, its comparatively elevated
TICs result in a higher LCOE than other feedstock categories.

Figure Weighted-average LCOE of bioenergy projects by country region and seleded feedstocks —
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9.1 INTRODUCTION

With a growing share of variable renewable power generationworldwide, energy storage plays a crucial
role in ensuring the successful delivery of reliable electricity system Energy storage technologies, such as
chemical batteries or pumped storage, have fast-response capabilitiesral can stabilise frequency, bolster
resilience during outages and provide backup powerthereby ensuring grid security.

Today, there are a wide variety of energy storage solutions available, iheding: electrochemical storage
(notably lithium-ion batteries, but also flow batteries and those using other chemistries); thermal energy
storage (which employs rocks, bricks or molten salts to store heat); mechdoal technologies (using
compressed air, liquid air or gravitational potential such as in pumped strage hydropower); and chemical
storage (storing energy in chemical bonds, such as hydrogen or its derivates).

By capturing surplus electricity and releasing it vihen needed, battery energy storage systems (BESS)an
enhance system flexibility — with the appropriate narket framework and strategic deployment — as wellas
cut transmission losses and relieve grid congestiorBESS also deliver significant economic value todth grid
operators and end users by deferring costly transnssion and distribution upgrades, and enabling marke
arbitrage opportunities in power systems with high shares of variable renewables. It is important to ate,
however, that power system flexibility is requiredover time scales that range from seconds to entireseasons.
BESS serve electricity storage needs at daily timscales and cannot solve, for example, the mismatchetween
PV production in summer and maximum energy demandiwinter for space heating in many northern countres.

Unlike short-duration batteries, long-duration energy storage (LIES) can support a broader range of
grid services — from supplying short-term reserves to addressing extetied energy shortfalls, whilst more
generally underpinning the clean energy transitionby reducing dependence on fossil-fuels and lowering
overall emissions.

Storage can be coupled directly with solar PV or wind, or function as a standat® asset, optimising
distribution and transmission systems. Other hybrid system configurabns also exist, with a growing
number of solar PV (ground-mounted and floating) and wind pojects being co-located with pumped

storage and hydropower facilities. Hybrid systems deliver more predicthle, dispatchable power profiles,
helping to mitigate the impacts of grid connection delays, curtailment isks and network congestion by
absorbing excess generation and smoothing demand paks. As grid modernisation efforts advance, co-
locating storage with renewables is proving to be a key enabler for acceletting renewable deployment.

9.2 TECHNOLOGICAL TRENDS

Battery innovation over the past decade has been driven by advances in lithia-ion materials and the large-

scale manufacturing of battery cells, enabling rapid growthm the energy storage sector. Improvements
in cathode chemistries, particularly higher-nickel and higher-voltag designs, have played a major role in
boosting performance and reducing costs, while future gains are expded from innovations in anodes and

solid-state electrolytes (BNEF, 2025h).
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Battery providers for stationary storage continue to pursue lower coss, improved performance, and

reduced dependence on materials that are expensive or difficult to source. Stum-ion batteries — which

replace lithium — are under consideration as a promising alteative for lowering raw material costs.

Battery recycling is also becoming increasingly important in addressig raw material supply constraints

and supporting a more sustainable battery value chain. In parallel, maracturers are increasing cell sizes
to improve energy density and lower per-unit costs, moving leyond standard 280-320 Ah prismatic cells
toward larger formats that enable higher-capacity storage systems although these new designs also
require changes in pack and rack integration (BNEF, 2025i).

9.3 UTILITY-SCALE BESS DEPLOYMENT COST TRENDS

BESS are scaling up rapidly; new annual capacity additions increas&om 2 GWh of gross capacity in 2015
to 307 GWh in 2025 (see Figure 9.1), and representing a 67% increase over the 184/IGin 2024.

Figure Global gross BESS capacity additions by year and deployment share by couryiregion —

Based on (BNEF k)
Notes GWh gigawatt hour
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China and United States are leading the global expansion. China installdhe most capacity in 2025,
at 173 GWh (61 GW) — representing an increase of 74% compared over the annudtliéion in 2024 and
accounting for 56% of total global additions in 2025. The United States was tsecond largest market,
adding 55 GWh (18 GW), representing 18% of total new added capacity worldwide

In China, the utility-scale energy storage market was driven by a target to éploy more than 180 GW of
new energy storage by 2027. The country is focusing on making storage a core piof the power system,

especially to support renewable integration and grid stability. Chim’s National Energy Administration
identified key priorities for the sector, including planning, market metanisms, core technology R&D,
power-system functionality, and strengthening storage industy (CNESA, 2025).

In the United States, deployment growth was supported by expanding statdevel commitments to

renewable energy and energy storage, with 13 states now having establisteenergy storage targets,

alongside favourable market conditions that created opportunities © compete in balancing markets. At
the federal level, the passage of the One Big Beautiful Bill Act preserved keyarage tax credits, providing

continued policy support for the sector. Utility-scale projects domirated deployments in 2025, accounting
for 86% of new additions, with developers foreseeing continued growth in apacity markets, energy
arbitrage and long-term contracts. By project configuration, standdone systems represented 47% of
deployments (26 GWh), while 52% were co-located with solar (29 GWh) and 1% weco-located with wind

(1 GWh) (SEIA and Benchmark Minerals Intelligence, 2026).

Europe registered 32 GWh of new additions, representing 11% of tbideployment, supported by stronger
policy frameworks, renewable energy expansion, and pwing opportunities in energy arbitrage and
ancillary services. This was the first year that utility-sca& storage led deployment. Co-located solar
and storage increased, reaching 15% of new grid-scale BESS instatia8 compared to less than 10% in
2024 (SolarPower Europe, 2026). The United Kingdom, Germany and Italydethe annual utility-scale
storage deployment on the continent, collectively accounting for 5% of total capacity additions in
2025. The United Kingdom continued to play a leading role through strong gogrnment support, and
ambitious renewable and storage targets. In Germany, growth was drivenybrising flexibility needs from
renewable generation, favourable power market conditions and regulery reforms recognising storage
as critical energy infrastructure. In Italy, rapid renewable deploymen a 50 GWh storage target by 2030
and strong participation in the MACSE auction further accelerated magt growth and investor interest
(SolarPower Europe, 2026).

Meanwhile, in the Middle East and North Africa, countries suchsaSaudi Arabia and the United Arab
Emirates are leading investments in giga-scale energy storage project§Saudi Arabia has a target to deploy
48 GWh of BESS by 2030, according to announcements from the Saudi Power Pro@ment company
(Maisch, 2026). In Abu Dhabi, United Arab Emirates, the Al Dhafra complex will péb.2 gigawatts (GW) of
solar PV capacity with 19 gigawatt hours (GWh) of BESS to deliver a steady 1 GW ofinterrupted output
(Masdar, 2025).
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Globally, TICs of BESS declined by 95% between 2010 and 2025, from US682/kWh to USD 140/kWh
(BNEF, 2025b). This was almost a 30% year-on-year decrease. In recent yeatisis cost reduction has
been driven by technological developments that have improved materialsfficiency and manufacturing
processes, leading to economies of scale and the transition toward highesnergy-density LFP battery
design (see Figure 9.2).

China is the largest BESS market, with a mature and robust manufacturing sply chain driven by strong
domestic demand, while the industry also remains strongly export orientd. During Q1 2026, exports
totalled 27.3 GWh of battery storage, representing 32.4% of all Chinesealttery exports (Xiao, 2026).

The energy storage supply chain is diversifying, while the United States cdinues to expand its
manufacturing capacity and strengthen its ability to meet domestic demand (SEIAet al, 2026). Similar
industry trends have been observed in 2025, with cost declines driven by owsupply and intensified
competition among manufacturers.

Figure TICs of battery energy storage project —

Source (BNEF b Schmidtand Staffell )

Notes Costdatafrom to was calculated based on the capacity price and exp erience curve regression data for electrical
energy storage technologies model developed by Oliver Schmidt and lain Staffell kwh kilowatt hour USD United States dollar

While battery technology is increasingly standardised, driven larggl by the dominance of LFP chemistry,
BESS total installed costs are not yet fully convergent. Significant regital disparities persist, reflecting
differences in project configuration, operational requirements, spply chains, regulatory environments
and market dynamics.
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Figure 9.3 shows the cost breakdown of TICs BESS projects in selected margetn the markets assessed,
2025 saw — on average — the share of battery modules accounted for around 56% of @t a value of
USD 240/kWh, ranging from a low of 51% in both Germany and South Korea to a high of 73% iniG
Power conversion systems accounted for 13% of TICs during 202&n average, ranging from 8% in Canada
to 17% in Germany.

Soft costs and system integration play a more significant role in determiimg TICs than is often assumed.
The global average share for installation and soft costs, and electricald®s, was 7% for each, with only small
variations across markets. While battery modules dminate the cost structure, non-hardware components
(including installation, permitting and overheads) represent a substantial and often under-optimised
share. Balance of system costs accounted for between 4% and 14% of TICsh@tcategories — such as land
acquisition and permitting, developer overheads andprofit, and contingency and miscellaneous — each
accounted for 3% of TICs, on average. Land acquisition costs represent a rélaly higher share of TICs in
Belgium, accounting for approximately 8%. India records the lghest proportion of developer overhead
and profit, at around 7% of TICs.

Figure Cost breakdown of BESS total installed costs
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The economics of BESS are primarily influenced by battery modules, projectale, storage duration and
region-specific factors such as labour expenses, regulatory requirenmés and permitting procedures.
Looking ahead, further cost reductions are expected to result not only fron continued declines in
battery prices but also from improvements in system integration, streanfined permitting processes and
standardisation across project development. As the BESS market becomesature, opportunities for cost
competitiveness will shift from hardware improvements toward reducing soft costs and enhancing project
execution. Consequently, competitive advantage will depend less on aess to technology and more on the
ability to efficiently design, construct and integrate BESS within the brader energy infrastructure.

Figure 9.4 presents turnkey® BESS prices by market and duration between 2021 and 2025.
turnkey BESS prices continue to fall, reaching USD 117/kWh in 2025 — 31% lowantin 2024. Further price
reductions are expected in the future, driven by technological and perfomance improvements, including
higher energy-density cells and more efficient rack designs. Addional reductions are likely to come from
better system integration and continued improvements in manufactuing efficiency (BNEF, 2025b).

Turnkey BESS prices are available for major markets, with these providing @rsse of the price variation

between regions. These prices include the price of battery providersaind system integrators but exclude

EPC, grid connection and development costs. In 2025, globaleighted-average turnkey BESS price ranged
between USD 125/kWh for 2-hour projects and USD 111/kWh for 4-hour projecthe 4-hour turnkey BESS
projects were, on average, 11% cheaper than 2-hour projects. Turnkey BE$i8gs decreased by 26% for a
2-hour system and 27% for a 4-hour system, compared to 2024.

Battery cell prices, which are closely linked to the cost of key raw materials sdrcas lithium, nickel and
cobalt, remained stable in 2025. Raw materials are concentrateth the cathode and anode components
of the battery cell (Schmidt et al, 2023), which together account for about 50% of the total cost
(McKinsey, 2024).

However, preliminary data from Q1 2026 registered an increase in battery met prices, which pushed
up energy storage cell prices. The future evolution of battery cell costs nmains uncertain, as it will be
dominated by these material costs, the volatility of which is increasing vih demand in the renewables
sector but also from Al and data centres (BNEF, 2026f).

Turnkey BESS costs include project equipment based on usable capacigyxcluding EPC and grid connection costs
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Figure Turnkey BESS prices by market and duration  —

A\\/\\

coe £f, 0

Source (BNEF c¢)
Notes In the lower half of the chart the reference line represents the cost ratio compared to the global average showing whether
costs are higher or lower than the global benchmark kWh kilowatt hour USD Un ited States dollar

China saw turnkey BESS prices below USD 100/kWh, averaging 41% less than thebgl benchmark. In
2025, electricity storage in China saw price decreases ranginffom 26% (for a 2-hour system) to 28%
(for a 4-hour system). Lower prices in China are mainly due to its well-establised supply chain and
large manufacturing capacity, which creates strong domestic market copetition, therefore maintaining

downward pricing pressure.
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Europe saw the highest percentage price decrease between 2024 and 2025, oebween 35% (for a 4-hour
system) and 37% (for a 2-hour system). Having been higher in 2024, the price dige in 2025 pushed
European turnkey BESS prices below US levels. The cost ratio compared to ghibprices was 1.45 for
2-hour and 1.55 for 4-hour battery systems.

The United States saw the lowest percentage price decrease between 2024nd 2025, ranging from 10%
(for a 2-hour system) to 11% (for a 4-hour system). The cost ratio compared toajpal prices of was 1.83 for
2-hour and 1.93 for 4-hour turnkey BESS. While suppconditions and manufacturing capacity improved
during 2025, structural factors continue to keep prices elevated in the Umed States compared to other
regions. These include tariff-related input costs and uncertainty arund eligibility for incentives such as the
45X tax credit,2® which together prevent costs from converging toward lower international benchmarks
(SElAet al, 2026).

9.4 UTILITY-SCALE BESS TECHNOLOGY MARKET SHARE

A wide range of battery technologies has emerged to meet various performane, cost and sustainability
requirements. Key chemistries include: lithium iron phosphate (LFP), nickenanganese cobalt (NMC),
nickel cobalt aluminium (NCA) and sodium-ion (Na-ion) batteries, among othes.

Figure 9.5 illustrates the evolving market share of utility-scale BES technologies from 2021 to 2025.
A clear trend toward the increasing dominance of LFP batteries is seen globgll The market share of
LFP batteries grew from 49% in 2021 to an estimated 91% by 2025, thanks to their rialy lower cost

and higher cycle life. In the United States, for example, lithium ion battées accounted for 98% of the
deployment of BESS (SElAet al,, 2026).

NMC batteries declined from 36% to 6% over the same period and NCA batteries camied to be phased

out as LFP batteries reached competitive energy densities while maintaing lower costs. A small but

growing share of other batteries’” emerged in 2025 at 2%, reflecting the early stages of market entry for
these alternative chemistries. The sodium-ion category remained miniai throughout the year, at less than

1% in 2025.

Advances in alternative battery technologies are progressing rapidly. &ium-ion and flow batteries

are alternative technologies enabling large-scale stationary stage. The future success of sodium-ion
batteries is also tied to ongoing research and development efforts to improve tleir performance and

address their limitations. Innovations are expected to significarly improve energy density, alongside
ongoing development of hybrid battery configurations that combine different technologies to enhance
overall performance of sodium-ion batteries (IRENA, 2025f).

Section X Advanced Manufacturing Production Credit under the Inflation Reduction Act provides direct financial support for
domestic manufacturing of eligible clean energy components

‘Other’ refers to technologies for LDES the commercialisation of which reains uncertain
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Figure Global market share trends of utility-scale BESS technologies -

Based on (BNEF a)

146



ENERGY STORAGE

9.5 UTILITY-SCALE BESS DURATION

Discharge duration of the LFP battery varies, based on a sample of BESS projects inayption across
20 markets. For those deployed in the markets shown in Figure 9.6, the dischaegduration ranges from as
high as 4.3 hours in South Africa and Chile to 1.4 hours in Germany.

For projects with a discharge duration of around four hours, applications var across markets. In South
Africa, BESS deployments are predominantly focused on improving grid lience and reducing peak
demand. In Chile, BESS projects enable renewable energy integration droad shifting, whereas in
Germany they are mainly utilised for frequency regulation. BESS projectsith discharge durations of two

to three hours support a wider range of use casesncluding backup power, capacity replacement and tke

integration of renewable energy resources.

Figure Discharge duration of LFP batteries across different markets

9.6 UTILITY-SCALE ENERGY STORAGE APPLICATIONS

Currently, the primary use of electricity storage is for energy shifting (ee Figure 9.7), which accounts for
74% of the total additions of energy storage capacity in 2025. Energy shiftig balances the power system
by storing renewable energy production at times of low marketprices (leading to low/null revenue or even
negative prices) or low demand (leading to curtailments). These circumsinces encourage energy storage
for later use at times of peak electricity demand or prices, resulting in improgd project economics.
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The increase in the use of BESS for energy shifting shows thatlfing electricity storage costs have led to
economic opportunities for time shifting, especially as solar PV peneation has risen in certain markets.
Additionally, as grid constraints and curtailment increase, storag is becoming an important solution for
developers because it can reduce project risk and improve revenue predictality. By pairing storage with

intermittent energy, developers can better manage network congesion and capture more value from their
assets (DNV, 2025).

BESS capacity for energy shifting added in 2025 was almost 83 GW/241 GWHi$ value was 63% higher
than the added capacity in 2024 and accounted for almost 74% of the total new BES capacity additions

in 2025. In the residential segment, the capacity added reached 13 GWitits share of the energy storage
application mix fell from 13% in 2024 to 12% in 2025, as deployment in the utility-ale sector accelerated.
Ancillary services also saw their share of the application mix decrease to 4% ofl nergy storage projects

deployed annually in 2025, with an added capacity of 4.3 GW/5.3 GWh compad to 3.5 GW in 2024. Energy
shifting for long duration reached 2% of the application mix, with an added cpacity of 2 GW/9.9 MWh in

2025 compared to 1.5 GW in 2024. Transmission and distribution were marginapplications, despite the

increase in year-on-year added capacity.

Figure Energy storage deployment by application in GW

Based on (BNEF k)
Note GW gigawatt
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9.7 LONG-DURATION ENERGY STORAGE

As the energy transition accelerates to 2030, the system will need LDES, asell as a combination of
other flexibility measures (bioenergy for power, geothermal, reservai storage hydropower, demand-
side management, interconnectors,etc). LDES technologies are well adapted to ensure the resilience
of the electricity system thanks to their capacity to discharge over long perods of time, especially in a
system relying on more variable renewable sources. LDES offers duratis of at least eight hours and can
complement short duration applications, such as lithium-ion batteris.

The LDES landscape is dominated by pumped storage hydropower (PSH), with a mwlative capacity of
around 160 GW in 2025 (IRENA, 2026a). This is a 7% increase in total capacity cormgzato 2024. In 2025,
market leaders were China (with 7 GW of new installed capacity) followed ¥ India (4 GW), totalling more
than 200 GWh in new storage capacity combined. Continued additios are expected in both countries in
the future. In China, 136 GW of pumped storage capacity is expected to be depleg by 2035 (IHA, 2025)
while India set a target to deploy 100 GW of pumped storage by 2036 (CEA, 2026).

Retrofitting existing hydropower plants with reversible pump-turbine systems offers significant potential

to expand PSH capacity by utilising existing reservoirs and civil infrasticture. Such conversions can be
technically feasible for both single and cascade hydropower stemes, enabling them to operate as storage
assets that shift between generation and pumping modes depending on systa needs and provide

flexibility to the power system (Dagsvik and Storli, 2021; Toufaret al., 2022).

Apartfrom PSH, a variety of LDES technologies are emerging, including chemicgalectro-chemical, thermal
and mechanical. New added capacity in 2025 was 2 GW/9.6 GWh. The global tdtanstalled capacity for
emerging LDES reached 5.1 GW in 2025, representing a cumulative energy eagly of 25.6 GWh. China
and the United States are the market leaders. China represents 73% of total em@ting capacity, while
United States accounts for 12% (BNEF, 2026I).

The technology landscape for operating novel LDES technologies incled compressed-air energy storage
(CAES), liquid-air energy storage (LAES) and flow batteries. As the deplagyent evolves in the coming
years, the technology focus is expected to vary across major markets. In Gtd, efforts are focused on
scaling commercial CAES solutions, while the United States has the mostvdise technology pipeline,
including LAES, gravity, and thermal storage, alongside advared battery chemistries such as flow
batteries (vanadium, zinc-bromine), metal-air systems and sodium-sulpbr batteries.

Figure 9.8 illustrates the storage duration across different LDE$echnologies. Each technology is at a
different stage of maturity, which influences both its cost structure and aeployment potential. Storage

duration varies significantly across technologies, with typical discharge dwations reaching up to 10 hours
for lithium-ion batteries, while most other LDES technologies — including P, thermal storage, CAES,
hydrogen-based systems, flow batteries and gravitybased solutions — operate at approximately 20 hours
or more.
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Figure LDES discharge duration
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Notes CAES compressed-air energy storage LAES liquid—air energy storage LDES long-duration energy storage
Na-ion lithium-ion TES thermal energy storage
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Pumped storage hydropower is a well-established and mature technology, hile thermal energy storage
(TES) is commercially deployed in industrial processes and CSP plant€£$ is a cost-competitive option
in certain heat-sector applications, particularly where low-cost reewable electricity can be utilised for
industrial heat or district energy systems. In contrast, flow batteries, CES, LAES, gravity-based systems
and chemical storage technologies are at different stages of technological ahcommercial maturity. For
such emerging LDES technologies, the sector is facing growing challenges dtio declining investment and
increasing competition from lithium-ion batteries (Wood Mackenzie, 226i), which makes policy support
and R&D funding critical to bridge the cost gap and enable LDES to reach commeativiability.

Major markets are implementing policies, market mechanisms and finaradiincentives to promote LDES
deployment. Targets for LDES have been established in Australia, Cangdahina and the United States.
Revenue certainty is strongest in the United Kingdom, which introdoed a cap-and-floor mechanism
that stabilises returns for long-duration storage (CEPA and ESP Consulgn 2025). LDES auctions and
procurement are also emerging in Europe. Germany has launchetedicated LDES tenders (200 MW in
2025, 300 MW in 2026) requiring 72-hour discharge and CAPEX support (Colthorpe2024).
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Using the available cost data for LDES from 211 projects with storage dumatis above eight hours —
combined secondary data sources — the average price per technology can be seen Figure 9.9 below.
Despite presenting the global weighted-average, costs depend on the tehnology, project size, storage
duration and location.

Pumped storage hydropower is still the most competitive tecnology, with a global average TIC of
USD 153/kWh; thermal storage, such as molten salt and solid state, has a gédbaverage TIC of
USD 245/kWh. For emerging technologies, TICs range from USD 381/kWh for CAESWSD 803/kWh
for gravity energy storage (see Figure 9.9). The viability and performane of LDES for extended storage
needs are expected to improve as technology advances and practical expeniee grows. Early adoption
and faster commercialisation may also depend heavily on favourable regatory and policy frameworks.

Figure LDES global average TICs per technology in USD kWh

o ® 000 0= £ toF Eooe f e
Eooe

Source (AURORA BNEF ¢ DESNZz LDES Council and EPRI )

Notes Typical discharge duration is above eight hours for lithium-ion batteries and around hours for pumped storage thermal
CAES GGES flow batteries and gravity CAES compressed air energy stoge CGES compressed gas energy storage
kWh kilowatt hour USD United States dollar
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This chapter covers technologies that are not yet deployed at sale, the costs of which are still
derived mainly from developer surveys and engineering models rather tha large samples of
commissioned projects. For this reason, they sit outside the main technolfy chapters. The data
provided below are best read as indicative ranges, as opposedtthe project-based weighted-
averages reported in the previous sections of the report.

10.1 OCEAN ENERGY

Ocean energy - mainly wave energy and tidal stream - currently sits betweenhie pilot and pre-

commercial stages of development. This section reviews the source and its system value; the
present state of deployment; current and likely cost trajectories; the driers behind expected cost
reductions; and the market and policy conditions that shape competitiveess.

Resource potential and system value

The global resource is substantial. Wave and tidal stream together have an #sated generation
potential of around 3910 TWh per year — equivalent to roughly 13% of present-day electricity
demand and close to the amount generated by hydropever today (Ocean Energy Europe,
Forthcoming). Beyond its scale, the resource has characteristics thatn add system value. Tides
are governed by the moon and the sun, so tidal output is highly predictable; tidalurbines can
generate for at least 20 hours per day and, when combined with short-duratia battery storage,
can provide round-the-clock renewable generation. WVAve energy, although primarily driven by
wind, can also generate power for several hours after the wind has dropped. Bse attributes
matter to any economic assessment, since the value of generiain depends not only on its cost
but also on its timing and predictability.
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Deployment to date

Wave and tidal stream are innovative technologies and have not yet been depied at large scale. Since
2010, 43 MW of tidal stream and 27 MW of wave capacity have been deployed wonldde (Ocean Energy
Europe, 2025). More than half of this capacity — 32 MW of tidal and 14 MW of wave — waspeyed in
Europe, where the market is most advanced. The remaining capacity has been pleyed mostly in the
United States, China, Canada, Japan and Australia. Deploymsrare set to increase rapidly, as the sector
passes from single devices or small arrays to larger farm developments. InuEbpe, there is now a pipeline
of 16 tidal and wave farms supported by grant funding and the fist revenue-support schemes. This means
196 MW of new capacity and 200 devices are set to be deployed by @30, kick-starting the industrial
rollout of the technology. Beyond this pipeline, national targets and maket mechanisms in Europe foresee
650 MW of capacity being awarded by 2030. China, the United States and Canadaealso increasing their
ocean energy ambitions with targets and funding schemes, with China in 2025e¢ting a 400 MW ocean
energy target by 2030.

Cost levels and trajectory

The LCOE of current wave and tidal stream projects is higher than that of mate technologies such as wind
and solar, which have benefited from decades of scale and experience. The ¢a¥ capital is also higher,
reflecting the risk premium that investors attach to an early-stage techmlogy with a limited operating

track record. Compared at an equivalent stage of development, however, t present costs of wave and
tidal are reported to be lower than those of other renewable technologies reorded at the same early
point in their own development and deployment. LCOEs are reported to have f&n sharply since the
first prototypes and are currently estimated at approximately USD 358MWh (2025) for tidal stream and
USD 454/MWh (2025) for wave. They are projected to decline further,d about USD 140/MWh for tidal
stream and USD 120/MWh for wave at 2 GW of deployment — an estimate based on aggyated learning
across several technologies, with reductions for any singleechnology potentially greater at the same
installed capacity (IRENA and OEE, 20237

This estimate presents a forecast for Europe and is based on European data
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Figure Levelised cost of electricity against cumulative deploymentin ~ US D MWh
(]
) o
— — () ()

Notes MW megawatt MWh megawatt hour USD United States dollar

These cost figures reflect a full project system boundary +e.they include the device; its support structure
and moorings; subsea and onshore electrical infrastructure; and grid caorection, installation, consenting,
insurance, contingency and decommissioning (Table011).

Drivers of cost reduction

The business model and cost drivers of wave and tidal are similar to those of affiore wind: they rely on
similar supply chains, materials, power electronics, offshore opeti@ns and staff. As a result, wave and
tidal are set to follow a similar cost-reduction pathway through learning, innovation and scale. The most
important drivers are:

+ Improved operations: more efficient installation; retrieval and mainénance; and decommissioning.
+ Farm-level economies of scale due to larger machines and projects:

- exponentially higher yield of larger devices;

- lower CAPEX/unit — shared grid connection, licensing and maintenanceadilities; and

+ lower OPEX/unit — shared resources and operationsifaintenance teams/admin).

+ Industry-level economies of scale: mass production, standdisation, dedicated supply chains, higher
competition among suppliers, specialised services.

 Lower capital costs: cheaper equity and debt driven by proven operations, agification, insurance and
warranties.
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Table Project system boundary associated with tidal stream and wave

The wave energy system boundary includes the wave
energy converter (primary structure or hull prime
mover and power take-off with control systems) the
station-keeping system (moorings and anchors for
floating devices or foundations and civil works for fixed
and shoreline devices) subsea inter-array and export
cables offshore and onshore electrical infrastructure
and grid connection marine transportation installa-
tion and commissioning construction insurance prg-
ect development consenting and environmental com
pliance EPC and developer margins contingency and
decommissioning provisions

The tidal stream system boundary includes the tur-
bine device (rotor drivetrain or direct-drive genera-
tor power take-off nacelle and control systems) the
support structure (fixed-bottom foundations or float-
ing hull with moorings and anchors) subsea inter-ar-
ray and export cables offshore and onshore electrical
infrastructure and grid connection marine transporta-
tion installation and commissioning construction in-
surance project development consenting and envi
ronmental compliance EPC and developer margins
contingency and decommissioning provisions

Outlook and policy considerations

As highlighted in the previous section, ocean energy is at an early but advanaj stage, with a credible
route to lower costs if deployment is scaled. Two policy levers can significaiht speed up the roll-out of
ocean energy worldwide. The first is revenue support: experience with withand solar suggests that ring-
fenced mechanisms such as contracts for difference (CfDs) or feed-in tdfs can provide the predictable
returns and market visibility that attract private investment. The Unied Kingdom has auctioned CfDs for
tidal stream since 2022, building the largest project pipeline. Early public @nt support can also lower
capital costs and help unlock the first farms in a country. The second policy lev is regulatory: most
countries still lack dedicated frameworks — standardised permitting, gd-connection procedures and
designated deployment zones — and the uncertainty this creates can slow pjects and raise capital costs.
Whether ocean energy follows the cost trajectory seen across other reneables will depend substantially
on whether such market and regulatory conditions are put in place?

For further details on how to scale up ocean energy deploymentwithin a given jurisdiction please consult the joint OEE IRENA report
Scaling up Investment in Ocean Energy IRENA www irena org Publications ~ Mar Scaling-up-inve  stments-in-ocean-
energy-technologies
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10.2 LONG-DURATION ENERGY STORAGE

As variable renewables grow, the power system needs storage thacan discharge for longer periods.
BloombergNEF projects that the average discharge duration of grid batteies will rise from around four
hours today to over six hours by 2030, reaching close to ten hours by 2050, as sotand wind increase
their share in global generation. LDES - defined here as sy@mhs able to discharge for at least eight
hours at rated power - is the response to this shift. Pumped storage hydropoweremains the deployed
long-duration incumbent (discussed in the energy storage chapter); this sction focuses on the emerging
alternatives that are not yet built at scale.

Compressed air leads on cost, but the geology matters

Compressed-air energy storage (CAES) emerges as the most cost-compgte long-duration option
currently available. The LDES Council survey estimates the TIC for intl@y compressed gas systems
(100 MW, ten-hour design) in 2025 in the range of USD 160 —47RWh (the lowest entry point of any
intraday category), falling to USD 120-445/kWh by 2030 (LDES Council, 2096° BloombergNEF's parallel
analysis finds that adiabatic CAES (A-CAES) paired with a natural cavern in Dk achieves a levelised cost
of storage (LCOS) below USD 30/MWh at mid-cost estimates (BNEF, 2024).

The economics depend heavily on geology. Energy-related capital cost®f natural-cavern A-CAES in China
are roughly one-ninth those of lithium-ion at 2024 prices — a striking gap, but @e that closes substantially
when purpose-built caverns are required. Purpose-built capital costs & more than eight times those of
natural-cavern, and broadly comparable to lithium-ion. Suitable natual caverns are scarce and may face
competing demand from large-scale hydrogen and CO storage. Fomulti-day storage of 36 hours or
more outside China, BloombergNEF identifies CAES as the clear cost wirmand concludes it is the only
technology in its survey on track to meet the US Department of Energy’s LDES 8htarget — a 90% cost
reduction and an LCOS at or below USD 50/MWh by 2030 (US DOE, 2024).

Flow batteries and thermal storage are closing the gap

The LDES Council’s intraday electrochemical category, which encompses flow batteries alongside other
emerging chemistries, shows 2025 TICs of roughly USD 220-570/kWh for a 100 MWén-hour design,
falling to USD 245-360/kWh by 2030 — an average reduction of around one-thid, with the range narrowing
as technologies converge.

TIC is reported as total plant cost (TPC) by LDES Council
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Vanadium redox flow batteries (VRBS), classified separately in BloombgNEF's survey as a flow chemistry,
are improving but remain more expensive than lithium-ion across most dwations. Energy-related capital
expenditure stands roughly one-fifth above lithium-ion today, with BbombergNEF projecting declines
of around 6% to 7% a year through 2030. Even so, the lowest-cosfRB in China is forecast only to rival
the most expensive lithium-ion equivalent at durations of 14 hours or more by @30. Zinc-bromine flow

batteries record the highest LCOS of any LDES technology in the Bloomberd®F survey, and are projected
to remain at more than twice the cost of oversized lithium-ion for 120-hour stoage in 2030 (BNEF, 2026).

The LDES Council’s thermal energy storage category — covering primaribower-to-heat applications —
shows 2025 TICs of USD 24-132/kWhfalling to USD 20-82/kWHh, by 2030, with reductions ranging from
roughly one-sixth to just under half across the category. Round-trip efitiencies (measured as thermal
energy out per electrical energy in) are reported in the range of 95-97%, altbugh these costs exclude any
new power cycle required for grid discharge. Molten salt thermal storage oagpies a middle position in the
power-to-power comparison, with capital costs in China projeted to fall by about 3% a year through 2030,
at which point the lowest-cost Chinese systems may undercut the most experge lithium-ion equivalents
at around 18 hours of storage. Round-trip efficiency for these power-to-pwer systems is more modest
(40-80%), and operational challenges — high temperatures, corroge salts, leaks and material degradation
— are well documented.

The LDES Council also reports a multi-day storage category, wit2030 TICs of USD 26—-38/kWh for a
100-hour design — far lower on a per-kWh basis than other categories, and refléng the longer duration

over which fixed costs are spread. Overall, projected cost declines for mosion-CAES technologies
close the gap with lithium-ion equivalents; but the marginal cost of adding duréion is expected to be

substantially lower for LDES than for lithium-ion, where doubling or triping duration nearly doubles or
triples capital costs.

10.3 LOOKING FORWARD

The technologies in this chapter share a common feature: their costs are shagdess by incremental
learning than by the conditions for first deployment at scale. FOILDES, the evidence supports a measured
version of the industry’s narrative — CAES with natural caverns is already ¢hmost cost-competitive option
and the only one on track to meet the US LDES Shot, but its scalability is constraiddyy geology, and the
cost declines projected for other technologies mostly close the gap with lihium-ion. Crucially, much of
the remaining gap is in financing rather than equipment, so instruments thialower the cost of capital for
unproven assets will matter as much as manufacturig scale.

For ocean energy, the picture is one of a pre-commercial sector on the cusp of indtrgal rollout, with a
visible European pipeline to 2030 and growing ambition in Asia and North Ameria. Here, too, policy is
the key variable: revenue-support schemes and dedicated regulatory frmeworks are the instruments that
can convert resource potential into deployed capacity and falling coss. In both cases, the years to 2027
will be less about technology breakthroughs than about whether policy ad finance respond to match the
engineering.
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