O IRENA

irfamationol Renswoble Enangy Agency

24/7
RENEWABLES

THE ECONOMICS OF
FIRM SOLAR AND WIND




@ IRENA

nfemahonal RenEewabie Enamgy Agency

£ IRENA 2026

Unloss ciherwise stated, matenal in this ponlication may be froely wsed, shared, copied, reprodiesed, primted ard;or stored, provided
that appropriate acknosdedgement = given of IRERA a3 the saurce and copymaht haldar Matenal inthis publication that s attibuted toe
third parties miay ke stiect to saparate termsof vse and reshictions, and aporeanate permissians fram Hhese thice partles mey naed te
b secured belora any uee of slcn matarial

EBM: OFE-52-0260-136-4

Citation: IREMNA (2028), M7 reviewatdes: The economics of firm sofsr and wind, Intermnational Renewable Energy Agency,
A Dhabs

About IRENA

The Intermaticnal Renewable Energy Agency [IREMA) ks an intergovernmental organisation
that supports countries in their transition to a sustainabde energy future and serves as the
principal platform for intermational co-operation, a centre of exceflence, and a repository of
policy, technotogy, resource and financial knowledoge on renewable energy. IRENA promotes the
widespread adoption and sustainable use of all forms of renewable energy, including bicenergy,
ogeathermal, hydropower, ocean, solar and wind energy, in the pursuit of sustainable development,
BEREfgyY 30Cess, energy security and low-carbon economic growth and prosperity. www.irena.org

Acknowledgements

This raport was authared by Saked Dardour, Daborah Ayras and Lourdes Zamora, under the guidance af Marala Constantingscy.

The authors ara grateful for tha valuable contributions of IREMA colleagues Frandsco Gafare, Adrian Gonzalez, Bé#al Hussain,
Gayathri Mar, Damal Saleem. Himalawa Bir Shrasthia: Binu Parthon and Yasuheeo Sakema in the preparaton of this stady,

Tho et Banefited from pesr review and comments by A, Andide Diectorda-Gonare Tor Enorgy and Gealogy,
Portugaty M0, Ben Tichaand Y. LE dntirnatidnal Atamie Encegy Aoy B Bhattachssyyva {RARCE M, Blanclette and A ElsL
{ Intarnational Hydropowor Astotiatian); T, Bjandal (Qrsted ) 5 Cathalau Consultanty Y. Chan (consultant); K. Daly (EnargyTagk
A Das (eoneiltanty; K. Das { Tachnlcal University of Denmarky; M. de I'Epine and D Mugiies (85 Photevallake Pawer Syaband
Programmel, P Gompdles, F, Laverdn Simanvilla and | Neaclares Gulidrmes (Iberdrofad; A, Jeeger-Waldau and T, Kirchstelger
{ Eurggeian Cammissinn Jaink Retaarch Contray G, Kaur {International Solar Aliancay: MO, Kigtansen ond © Waltar (Darish
Enargy Agencydc | Lo T-Singhand F Thao (Ghekal Windg Eneegy Counci G Masson (Boacgquans| netifute); 5. Pelland and
Y, Paidsant {Natural Resodrces Cansdn), F Pescly {French ARarnative Energies and Afomic Energy Commistion) B Pesar
(otate University of Now Yorkl FB. Guansah iconsultaniy M, Quern (Sunnticsy; K. Rangelova (Embery; J, Seel (Lawronce
Berkpiy Mational Caboratery) 1 Soudar (Long Duraton Eneegy Storsoe Council), | Suator {TeansilionZen); M, Taylar
feonsultant); K. Turton (King Abduliah Petroleum Studies and Research Centrd; 5. Utguibart (degir Intsahts); and ¥, e and
X, Zhou (Chna Renewable Enargy Enginesrmg Instituta), Tachnical roview was provided by Paul Komor (IREMA].

Editing and productien were managed by Francis Feald with the support of Staphaaie Clarke. The report was edited by
Jdenathan Goreett and Lisa: Mastny, with graphic design by Sacho Sang. Communicstions and additional support were
prawided by Darfa Garzola, Kicole Bodkstaller and Ling Ling Federhan.

Far fusthar infarmation of Lo provide feedback: publicationsmirena.org
This rapart & avadnbde lor download! wwwirena.org/publications

Disclaimar

Thiy Pl S [Pl MUreriil Mo See e s 05" AT iSO, feris (R0 DeNS Tkl BEEn Cian b!.l B ROl [P s BBy OF [Fe e (g os
ez publicabion, Howa e, nsites IZENA ror any of its ofTicialy, agenis dafa or other Bhrd-party cormory rovilor prowiges 2 sarary of any Kind, atther
expressed or immiel, and (hey accepl o responsissi by or gy for any corseauence gf dse of the gublicalion or matenal heen

The inloreistjon conbainnd hermn dooi ok neces=an iy reonesot e vieas of ajl Meriors of SEMA. Tha swnbg oF Specilic Cesoaniey of COnsEs frojdcts
or products doss ot imply Fal oy o andorsed armoommanded b REMA, v prelenoece oo othes of 4 imilar naium: that-ang ot menbioned. The
tlasignakicre @ ik and Tha grassrmation of mataral harain denot ey the ssprasslan e any 8 pition on Be ot of IREMS, doedarning thiv lgal stats
ol any ragion, coumkry, Torriney, oty or arn of of ke suthanbes, o cancerning the delmibabion of frorties o boomdares



CONTENTS

Flgures, 10 DIas Qe DIOMBE: & ..oy vae b s ais 0 o p e w0 e e e )
IREEPENIERIONE oo i vt walh e i b o B m e b LA L e e 5
EXECUTIVE SUMMARY. .. . ....... i A A T g A b
THE RISE OF ROUND-THE-CLOCK RENEWABLE POWER .. .............. 18

1.1 Beyand LCOE: Why asystem perspectivemalters ... oo 20
1.2 From system models to project-leve benchmarks. . .. .. 2R

THE ECONOMICS OF FIRM RENEWABLEPOWER. .. ..... ..o v 24

2.1 Measuring the cost of firm renewable powercthe irm LCOE. ... ..., 24
2.2 How firm ranewable costs compare acrass markets L. e 2T
2.3 Competitivenass with fossil-fuel generation ... ..o L i i o iiies i B3
2.4 'What drives the cost of firm renewabe electricity?. . .. ... ..o ol Lol 35

FROM COST COMPETITIVENESS TO DEPLOYMENT AT SCALE. ... .. ... .. 44

3.1 Technology learning: a self-reinforcing cost reductiondynamic . ... .. .. ... .. ... .44
3.2 Matching technology to conbext. | O R it Hek e bt S et i e S (=

3.3 Enabling deployment; l'I"re-:jeqm'.re rﬂlepfgallcy R e i e s T L el e
Tl OO APIEME v o v s e e e P L R e e S e e

PIEEE TR IR S 6.0 0, 55 00, 0 0 o s R 0 0 o B 8 B S 0 0 i 9 49

MNMNERES o oo a i i a s o L e T e R e a1l

A Methodological framewaork for estimating firm LCOE. . ... ... ... ........51
B Capital expenditure assumiphions . ... .. . .. i 05
€ Chperating expendibure assUmiBtions ..o, or i i nncrnrion i rma st smnssinsssannss B
D Prodect timeline and financing assumplions . .o .0 oo ool o iiasiiias oo B9




FIGURES

Figure 1

Figure 2

Flgure §

Figure 4

Flgure 5

Figure &

Figure 7

Flgure 8

Figure 9

Figure 10

Flgura 11

Figure 12

Figure 153

ConCaptuaiframaeansraimie mi COE

FirmLCDE R apec taryfarsadarPy
and BESS at 25% reliability,
2020-2035, ...

ShargalsolarPYoraieclsinChina
with firm LCOE badow USD 100/ MWh
R CREHIEE Y s o (1w o e s T T

LOOEandfirmLCCEat9SErellakility
for sefected solar PV sites,
S AR DS | e

Impactofmybridizations=irategies
oo the firm LCOE of anshore wind
WRNHIEES s s e sna e o R

Resource-relateddriversafihe

feming premium Tor sodar PY L.,

Impactafdecliningtechnodogyoosts
o the firm LCCE of zalar PY
and BESS. ., ..

LCCECapluresplan|-lavelcosts-
Bk mob the Tull syshem pecturg

FirmLCOEversuzreliabilitytargetion
a solar PV project with BESS
tLas Vegas, United States), . c.cocv oo

ProjecteddeclimeinfirmLUCOEGr
solar Py and BESS {Las Yegas,
=i ] o e s

FirmLCOELrafec toryforselsd ted
solar PY sites, 20202085, .0 vaciana

FirmLCOErajectoryfarseled ted
afshore wikd sites, 2020-2035 ., .. ...,

SharealsclarPYpralects
delivering firm electrcity below
LISD 00/ MWh — ChINg. . o wee i

oo

10

11

o

T

15

i b

1

25

26

28

24

20

Figure 14

Figure 15

Figure 16

Figure 17

Figure 18

Figura 19

Figura 20

Figure 21

Figura 22

sharegfonsnarew ndproyects
dabvarimg fiem alecinicity balow
LS5 100.M0Wh - Ching, ., L. . AR 1

LCOEanfirmLCDEMarselected
solar FW sites, 2025 and 2050 i

LEQEandfirmLCOENorselectod
onshore wind sites, 2025 and 2030, . .. 32

ImpactofdesiningCAPEXcnthe
firm LOOE of onshore wind

TABLES

Tabie 1

Tabla 2

Table §

Ly T e S A A R = R R .
Resaurce-relaleddrmmessofthe

firming premdum —solar PV, ... ..., 490
Resource-relaleddrmmersofthe

firmming presnium — onshora wind .. .. 41
Impactothybridisaticnstralegies

ofn the firm LCOE of onshare wing
o e e e
Buildingblocksanddatafiows

ol the profect-lewe firming

optimlsation modet ..o i ieie i a3l
Fustrativescampleathourly

dispatch calculations. .. ... ......... B2
FirmLCOEbreakdownlora

salar PY project with BESS

(Las Vegas, United Seades), . ... ..., 28
Technalogytrends, costirendsand

cost drivers—solar PY .. oo i, 30
Technalogytrends costirend=and

cost drivers - anshom wind, ........., 36



Table 4

Tabda 5

Table B

Table 7

Table B

Tabla 9

Table 10

Techralogy irends, Costtrendsand
coskdrlvers —BESS. i v i v o8

Renewables.ninfafPlinputs ... .. ... 54

fssumadsalarPy totalnstalied
ok, |1 A7 ] ) 2Ry e R RS e e e

Assumedonshorew indtotalinstalbed

T I o e R e e e e s Wt

Systemboundarsestorsalary? vand

CHE P I - e S e e

Eevassumphionsunderlyingcost
trajectaries for variable renswable
4y e | L e AR G

Assumead BESS totsl installed costs
1 R e e S R

BOXES

Box 1

Box 3

Profect=leveffirmingisalreadytasing

shape i practice - i or s R ig

Thecapacityrace:speedandreliabsdity
as the mew differentiators ..o 0oL 10

Aecountingreformmesismarket
AT R e e e T e e e

ABBREVIATIONS

AL alternating current

Al artificial intelliganee

BESS balliery eneray storage system
BHEF EioomberghlEF

BOS balance-af-system

CAPEX capital sapendilure

oC dirde! curreed

ELCC etfective load carrying capability
EMS ENErgy management system
EPC engEinping, procuremant and construction
EU Europaan Uman

F-LCOE  firm levelisad cost af alactrioty
GHG greenholse pas

W gigawali

G'Wh gigawall hour

HIT hetersjunction technodogy

IEA Intarnationad Energy Agency
IREMA Intarmations Renevwabls Engray Agenty
kW kdowath

kKwh K owath Per

LCOE levelised cost of elecincity

LCOS levelised cost of storaga

LDES lang-curation anergy staorage
LFP lithiurm irga phosphate

LG lquafied natural gas

MWh magawakt hour

MW miggawat

WA nickel cobalt alurminium axlde

Met COME net cost of new antry
NHC nickel manganese cobatt oxde

QECD Drgamiation fof Ecoiunic Ca-opsration
and Devalopimeni

&M operation and maéntanance
PCS pOAET Canwarsion systam

Py photowottaecs

TOPCan Lurfel ouids pasevaled contacl
TWh terawatt hou

sD United States dollar

VPR virbual power plant

YRE variabla renawakxa #nangy

WACC weighted average cost of capital



EXECUTIVE SUMMARY

Solar and wind have become the cheapast sources of new akectricity generation worldwide, reliably
delivering large volumes of clean energy over ime. As renewable penetration rises, however, the central
challenge of the energy transition is increasinaly one of adequacy and flexibiity: ensurnng that clean
electricity is available whenaver and wherever it is needed, not only when conditions are favourable.
Because solar and wind output vanes with weather and time of day, defivering power arcund the clock
requires additional investments in storage, generation overbuild and system flexibility. Understanding the
cost of this "firming” - Le. transforming variable renewable output into a continuous, dependable supply
- is therefore critical for assassing the full econamics of renewables in current and future electricity systems.

This report approaches that guestion fram the "boltom Up”, assessing firming costs al the assat level
rather than tirough system-wide moadels of fexibility neads and their cost implications. It indicates that co-
lcated solar photovoltaics (PV) and enshore wind systems with battery energy storage systems (BESS)
can reliably and cost-effectively provide round-the-clock electricity in favourable resource condibons.
in high-guality solar and wind zones, optimally configured systems can already deliver round-the-clack
electricity al costs below typical fossil Tuel benchmarks - and al prices that, once the plant is buill, are
targely insulated from the fuel cost volatility and supply disruptions, such as the most recent shocks to
ghebal fossi Tuel markels caused Dy disruptions to shippind in the Strait of Hormiwe,

The interpretation of these results is subject to two impartart caveats. First, thas report dees not advocate
firm, continuous supply as a universal objective. Relability s achleved throwgh diverse resources -
storage, dispatchable generation, transmission and demand-side flexiility - and no power system needs
evary generator to be fierm. Sacond, the flal output profile underpinning this cost metric i 2 modedling
assumption chosen for comparability and transparency - not a prescription for how renewable projects
should be designed of how povwer systems should be gperated,
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EXECUTIVE SUMMARY

HYBRID SOLAR, WIND AND BESS AS AN EMERGING ASSET CLASS

Solar and wind are increasingly paired with BESS in co-located hybrid configurations.” These systems
optimise the use of constrained grid connections, shift electricity production to higher-value hours and
reduce exposure ta price volatility. Co-located solar PV, wind and BESS are atso well positicned o serve the
most demanding electricity users - including data centres, artificial intelligence workloads and advanced
manufacturing - that reguire unintermupted, high-guality power and for which a continuous, firm supply &s
often the relevant commercial benchmark.

Large projects are already demonstrating the technical and commercial feasibiity of this aporoach.
The United Arab Emirates’ Al Dhafra comples, for example, will combine 5.2 gigawatts (GW) of solar PV
with 19 gigawatt hours (GWh) of batlery storage to deliver a firm 1 GW of claan electricity - equivakant
to a large thermal power plant - at an estimated firm cost of USD T0/megawatt hour (MWh)® Across the
United States. co-located solar-plus-storage has shifted from an exceptiaon to an increasingly standard
project configuration, with the paired share of new ubility-scale solar growing rapidly and projected to
represent the majornty of additicns within this decade, according to industry analysts. Projects of this kind
Hlustrate how hybrid renewable systems are now able to provide services once associated exclusively with
comventional generation.

This deployment momentum s being reinforced by a parallel transformation in how clean electncity
i measdred and valued. Anncal maltching - long the standard for corporate clean anergy claims - is
increasingly recognised as inadeguate. as it allows campanies to report near-zers eleckncity ermassions
regarclless of when or where generation occurred. The ongaing revision of the GHG Protocol
Scope 7 Guidance proposes hourly and locatiyn-matched certificates as the basis for market-based
emissions claims, a shift already reflected in the European Union's renewable hydrogen certification
Fules and Carbon Border Adjustment Mechanism, as well as Granular Certificate frameworks emerging
across other markeis® These developments are creating price signals that seward reliability and
flexibifity, strengthening the investment case for storage, hybrid portfolios and round-the-clock dean
electricilty supply.

Thrargrantimeropo, ok refernoufith-sraissalari® technalogy “Won efrrsfownity-realcaneharewand. “Storage®
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24/7 RENEWABLES: THE ECONOMICS OF FIRM SOLAR AND WIND

A PROJECT-LEVEL METRIC FOR FIRM RENEWABLE ELECTRICITY: FIRM LCOE

This report introduces the firm levelised cost of electricity (F-LCOE) as a praject-level benchmark for
assessing the economics of flat, firm round-the-cock renewable power. Unlike the comventional LCOE
= which capltures only plant=level generation costs = the firm LCOE accounts for the additional cagital
required to achieve a specified reliability target {Figure 1) wvia storage, generation overbuild and
complementary renewables.

Figure 1 Conceptual framework of firm LCOE
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in this study, reliability is defined at the asset level in simplified, energy-based terms as the share of
annual glectncity demand that can be met by renewable generation and storage within the modelled
configuration. This definition differs from standard concepts of power system raliability. In power system
engineering, refiability typically covers adequacy = the ability to meet peak demand - and security, which
refers to resilience against sudden disturbances such as generator outages or transmission failures,




The reliability metric used here therefore describes the delivery certainty of an individual renewable asset
or hiybrid confriguration, rather than the adequacy or security of the power system. In the context of hourly
clean enargy accounting, this metric is closely related to “clean matching score” or “hourly matching rate”
- the share of demand met by clean sources in each hour - although applied here to project economics
rather than to emissions accounting.

The modelling framework assumes a fiat hourly output profile over the year. This assumption should be
understood as a praxy for round-the-clock supply commitments - such as those used by dala centres or
round-the-clock industrial of f-takers - where a constant and continuous supply is the relevant commercial
benchrark. It does not represent an optimal dispatch pattern for real-world electricity systems, which
typically rely ona combination of flexible generation, transmission, storage and demand respanse 1o
balance supply and demard. Firm LCOE should therafors be interpreted as & consedvative, project-level
backstop cost far delivenng refiable renewable electrcity in grid-constrained or slanded contexts.

Because system-level integration - through aggregation across multiple resounces, transmission networks
and flexibility measures - typically reduces the cost of achieving comparable reliability, the firm LCOE
should be viewed as an upper bound on the profile costs associated with variable renewables. Used in this
way, L complements system-wide power sector models by offering investors and developers atransparent,
replicable benchmark for assessing the economics of hybrid renewable assets at the project leval.

Whike this analysis focuses an solar PV, anshore wind, and lithium=-ion battery storage, the findings do
nol imply that these are the only - or necessarily the optimal - pathways to firm renewable power in all
contexts. Long-duration energy storage, concentrated solar power, gecthermal energy and Cross-border
imterconnection are all viable contributors to systam reliabdlity, although they fall outside the scopa of the
current modelling framewaork, Further deplovyment of these options is expected to put additional downwsard
pressure on the cost of firm rénewable electricity through learning curve effects and economies of scale.

COST COMPETITIVENESS OF ROUND-THE-CLOCK RENEWABLE ELECTRICITY

IRENA modelling shows that the cost of delivering firm renewable electricity has declined rapidly,
driven by falling costs for solar PY, wind power and BESS.F Between 2010 and 2024, total installed cosis
declined by B7% tor solar PV - reaching USD 708/ lalowatt (kW)* - and by 55% tor onshore wind, reaching
UsD 10686/kwW. BESS. costs fall even more sharply, declining by 93% from USD 2 634 par kilowatt hour
CkWhY in 2010 to USD 197%Wh in 2024, Recent industry surveys indicate that this decline accelerated
further in 2025, with urnkey system prices falling by around 20% i a single year, reaching heir lowest
recorded level. Continued technology learning, manufacturing scale and supply chain maturation are
expacted to drive further cost reductions across all three technalogies aver the next Tive {o ten years.
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24/7 RENEWABLES: THE ECONOMICS OF FIRM SOLAR AND WIND

The impact on firrming costs has been substantial. Analysis by IRENA of solar-plus-battery configurations
acrass multipfe countries shows that firrn LCOES have fallen from above USD 100/MWh in 2020 to around
UED 54-82/MWh by 2025 in high-irradiance solar regions and strong wind corridors,” Further cost
reductions of roughby 30% by 2030 and around 40% by 2035 are projected under currant technology and
cost assumptions, bringing firm LOOEs below USD 50/MWh at the best-performing sites by 2035, Figure 2
ilustrates this trend. The simulations assumed a reliability target of 95%.

Figure 2 Firm LCOE trajeckary for sodar PV and BESS at 95% reliability, 2020-2035
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EXECUTIVE SUMMARY

China currently defines the global cost Becer for firm solar-plus-storage. Simulations appled ta 252 utility-
scale solar PV projects commissionad in 2024 show that a significant majority can doliver firm alectricity
below USD 100/MWh (Figure 3). The minimum firm LCOEs observed in the project sample are as low as
USD 30/MWh at a 90% reliability level, rizsing only modestly to around USD 46/MWh at 99% reliability, with
mora than half of the sample remaining balow the USD 100/MWh benchimark evan at the highest reliability
tier considered.

Figure 3 Share of sofar PV projects in China with firm LOOE bedow USE 1000 MW (modelied)
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Globally, firm LOOES for solar-plus-storage remain higher than in China but are declining rapidly. Across a
range ot gh-guality sites - from Bahia State in Brazil and the Thar Desert in India to Southern Quesnsiand
in Australia and the Northwest Provinge in South Africa = firm LCOEs in 2025 ranged from around
LZD 65 to UsSD 82/MWh, with unfirmed LCOEs as low as USD 29 to USD 39/MWh. By 2030, firm costs
are projected to fall to betwean USD 44 and USD 58,/MWh at most of these sites, reflecting continued
declines in both solar PV and BESS total installed costs (Figure 4). The Umited States is an exception: higher
financing costs, interconnection charges and permitling complexity have kept costs elevated, and firm
solar-plus-storage LCOES remain higher than in other regions. Across all lecations, the firming premium
is narrowing, highlighting the growing competitiveness of round-the-clock solar power in high-resource
regiens worldwide: The majpority of the woerd's population lives within these high-irradiance and strong
wind zones, making the declining cost of firm renewable power a development opportunity of global
significance.




24/7 RENEWABLES: THE ECONOMICS OF FIRM SOLAR AND WIND

Figure & LCOE and firm LCOE at 95% refiabifity for selected solar PY sites, 2025 and 2030
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Firrm LCOES for wind-plus-storage are generally higher than for solar-plus-storage at equivalent reliability
targets, despite onshore wind being Eypically cheaper than solar PV an an unfirmed LCOE basis.
The difference is due to variable generation profiles. Solar PY follows a predictable diurmal cycle, and
firming primarily reguires intra-day storage to shift daytime cutput to evening demand. Wind ocutput,
by contrast, can be affected by multi-dey low-generation events even in high-resource regions,
requiring larger storage or back-up capacily, which drives up the firm LCOE. IRENA estimates for
2025 show that firm wind-plus-storage LOOEs ranged from around USD 59/MWh in China to around
USD B8 to USD 94/MWh across Brazil, Germany, and Australia, with costs projected to fall to roughly
UsD 49 to USD 75/MWh across these markets by 2030 (USD 46 to USD 67/MWh in 2035).

AL the system level, however, this distinction largely disappears the complementary nature of solar
and wind generation profiles reduces the duraticn and depth of energy shortfalls, lowering the overall
firming requiremneant and reducing costs substantially compared with eithar technelogy firmed in isolation
(Figure 5). In practice, the mast cost-effective firm renawable systems combine solar and wind, leveraging
their natural complementarity.




EXECUTIVE SUMMARY

Figure 5 Impact of hybridisation =trategies on tha firm LCOE of onshaore wind with BESS
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These cost trajectonias point to & fundamental shittin the competitive landscape for electricity generation,
In China, firm solar-plus-storage aiready falls well below the cost of new coal-fired generation - which
typically ranges between USD 70 and USD B5/MWh - and well below new gas-fired plants, which generally
excead USD 100/MWHF In the United States, new combined-cycle gas turbines have reached a record
LED 102/MWh - broadly in line with firm solar and wind costs at 90-95% reliability in high-resource regions.
In Sawdi Arabia, salar-plus-storage systems can aporoach nesr-conbinuous sepply at a fiem LCOE of around
USD 70/MWh, competitive with combined-cycle gas generation even where fossil fuels are domestically
cheap,

! T fgurerniiac tlfdechivnatodl COED b e =Nt dcanaciyin Clirasmasholichio e Tafed i heeddrdgoiosiof
erichig operalions’ pianty. The senchmare LO0E for coal parevation:or Shina i Fpamady m e ranpo of G50 50 fo LSO S5 41w,
lpveis af which planty asih highor costs wowld strvgele fo remain prafibshde, The now-benid heachmark b5 gsen throogheel s repont
far noesFency WIth CRass-cuminy compansons. wiwne fhe refmeaal poley e oveshimend arevhon comosrny e coeh af copnoty dhat
Pk it 01 Cal Dt




24/7 RENEWABLES: THE ECONOMICS OF FIRM SOLAR AND WIND

in several major economies, co-located wind-plus-storage has already crossed a further threshold: its
cost now falls balow the operating costs of existing coal and gas plants - meaning that the economics of
already-built fossil assets are being challenged, not cnly by new renewable capacity, but by the marginal
cost of keeping the existing fleet running. Globally, the dramatic decline in generation and storage costs
abserved in recent years has broughl Tiem renewables o a point where they maintain a cost advantage
refative to new fossil generation across prime solar and wind resaurce regions - an advantage whaose
implications extend well bevond the power sector itself,

Electricity is the dominant cost driver in green hydrogen and other power-to-X processes, typically
accounting for two-thirds or more of the levelised cost of praduction. These procasses are sansitive not only
to the price of electricity but alse to the capacity factor at which electrolysers operate: higher utifisation
Fates spread construction costs aved more output, lwering the cast per unit of hydrogen oF syathetic
fusl praduced. Firm renewabie electricity - delivered continuously at stable, declinimg cost - directly
addresses both parameters. As a resull, the econamics of green hydrogen and derivative dean fuals are
seb o improve, reinforcing the strategic value of round-the-clock clean power well beyond electmcity
markeis. The sama logic applies to energy-intensive industries more broadly, for which access to firm,
low-cost electricity 5 a structural competitiveness advantage.

KEY DRIVERS OF FIRM RENEWABLE ELECTRICITY COSTS

The cost of delivaring firm rerewable electrigby varies across technologees, locations and raliability targets.
Understanding these drvers 15 essential to identifyeng where round-the-clock renewable power is already
competitive and where further prograss i5 requirad.

The starting point is geography. Resource quality and local weather patberns are the primary determinants
of whether a site can support cost-competitive firm renavable power at all.? High-irradiznce solar reglons
and wind corridors with persistent, stable generation profiles experience fewer and shallower supply
shortfalls, reducing the storage capacity and generation overbulld required to maintain a reliable supply.
in areas with weaker or more variable resources, the cost of firm power is structurally higher across all
refiability leveds, and project-level firming alone may not be the most econamic route to reliabte supply.
Without favourable resource conditions, no combination of storage, overbuild or system design can fully
compensate - although in such contexts, other options such as geothermal energy, long-duration energy
storage and regionat interconnection become particularly relevant.
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EXECUTIVE SUMMARY

Al well-resourced sites, however, prolonged low-generation events - periods of simultaneously weak solar
irradiance and kow wind speeds lasting several consecubive days, known as “dark doldrums” or, in the
energy literature, as DunkelNawte - can still ocour, with a negative impact on Tk LCDE. IREMA™S analysis
shows that the depth and duraticn of such events exert a far stronger influence than average capacity
factors or short-term output variabifity (Figure ).
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Lithium-ian batteries handle daily fhuctuations etfectively, but bridging multi-day or seasonal gaps requires
moving beyond short-duration storage. The most powerful tool is portfolio diversification: where resource
conditions are favourable, combining solar PY and wind generation can reduce the supply shortfalls. In
the United Kingdaom, for instance, Ember suggests that days with simultaneously low wind and low solar
generation occur only 2% of the time (Mavao, 20251 Where gaps remain, the systern's ability to bridge
multi-clay shorttalls can be extended thraugh long-duration storage technologies - including purmped
storage hwdropower, flow batteries, compressed-air systemns and tharmal starage - as well as dispabchabie
renewable sources such as ydropawer, bicenengy and geathermal power,




24/7 RENEWABLES: THE ECONOMICS OF FIRM SOLAR AND WIND

Onee a site and its hybrid configuration are defined, technology costs and the chasen reliability target
together determine the final cost. As salar PV, wind and BESS become cheaper, the system moves from
higher-cost Lo lower-cost territory - independent of the reliability level targeted - although the trajectory
shaped by the site’s resource guality and financing conditions (Figure 7).

Figure 7 Impact of deciining techmology costs on the firm LCOE of solar PY and BESS
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A fimal cost driver is the chosen reliability target - Figure 5 illustrates itz impact on the firmn LCOE of
a wind-plus-storage configuration. At moderate levals - BO% to 30% in high-guality resouree ragions
= hybrid renewable systems can meel dermand cost-effectively wsing manageabde volumes of storage
and generation owerouild, Beyvond this threshedd, costs rise non-linearly. each additionzl percentage point
af relkability requires disproporticnately more storage or overbudld. For most commercial and industrial
applications, the B0-90% range theretore represents the mast cost-effective balance between atfordability
and delivery certainty. Users with the most demanding supply requirernents - including data centres,
hospitals and precision manufacturing facilities - typically require higher availability standards and will
need cedicated back-up strategies, such as renewable dispatchable generateon or explicit grid redundancy.




EXECLUTIVE SUMMARY

BEYOND COST: RELIABILITY, RESILIENCE AND DEPLOYMENT SPEED

In high-gquality resource reglons, co-lacated selar PY, onshore wind and BESS can already deliver reliable,
round-the-clock electricity at costs competitive with - and inmany cases below - those of new fossil fuel
genarabion. This represants a fundamental shift in what renewable electricity can deliver and the price at
which it can be delivered.

Firm solar and wind represent, however, only ong of several pathways Bo reliable power systems. Hugh
shares of variable renewables can be integrated without requiring every generator to be firm, provided that
sufficlent flexibiflty exists across ransmssion networks, storage, demand responss and complementary
dispatchable capacity. Project-leve! firming is most relevant where grid access is constrained, where
customears reguire & continuous, Tirm supply, or where naw capacity i£ needed rapidly and conventional
alternatives Face extended lead times.

Az electricity dernand from data centres, artificial intelligence and energy-intensive industnes accelerates,
deployment speed - not just cost - 15 emenging as a competitive advantage of hybnd renewatle systems.
Co-located solar PV, wind and BESS can bypically be built and commissioned within one to bwa years, once
permitting and grid connection have been secured - considerably faster than new gas-fired generation in
mary markets!® Furthermare, the addiben of battery storage enabbes mofe variable renewable capacity
to connect behind existing grid connection points, reducing deployment timelines and deferring costly
fransmission upgrades.”

The strategic value of these advantages extends well Beyond project ecanamics, Electndity demand is rising
fast - driven by electrification across ranspoet, industry, and the digital sconormy, and by the broader shift
away from fossil fuels. At the same Bme, recent geopolitical shocks have highlighted that deperdence on
imported fossd fuels exposes sconomies bo prce volatility and supply disruptions bevend theair contral. in
this evolving context, renewabde electricity - and round-the-clock hybrid systems in parbicular - offars a
structurally differant propositan: the resource is local, the marginal cost of generation is low, [ong-run prices
are [argely decoupled from global commodity markets, and firm, flexible supely can be delivered at pradictable,
cechining cost - olfering a natural hedge againsl Tossil fuel price valatility for any large electricity consumer,

As technologies mature and costs continue to fall, realising their patential is increasingly a question of
enabling policies and strategias. In mary countres, electricity markets, grid infrastructure and procuramaant
frameworks do not yet adequately reward the value that hybrid renewable systems can provide. Closing
thesa gaps - through market design refarms that explicitly value Raxibility and firmaess - will determine
the pace at which the cost reductions documented in this report translate into deployed firm renewabie
capacity and reduced reliance on fossil fuels.
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THE RISE OF
ROUND-THE-CLOCK
RENEWABLE POWER

Owver the past decade, the cost of renewable electricity has fallen sharply - solar photovoltaics (PV) and
arshore wind have become the most cosi=competitive sources of new electricity generation globatly, as
tracked by the Renewable Cost Database of IRENA (IREMA, 2025]). This cost decline has driven record
deployment: renswable cagacity additions have cansistently ocutpaced those of any othar tachnabogy in
recent years.

Howewer, a5 the share of variable renewables Increases, twio challenges emerge. The first & physical:
ensuring that power 15 avaitable whern and where it & needed. While systern cperators have become
increasingly adept at managing real-tirme balancing, grid connection consirainls are amerging as a binding
limitation. The second challenge is econamic: high renewabie shares depress whaolesale prices during
periods of peak generation, ercding the revenues - and the Business case = [ar project developers.,

N respanse, & new generatian of hybrid assets combining solar PY, wind and battery ensrgy storage
systems (BESS) is taking shape (Box 130 These syslems enable more generation capacily @ connecl
throwgh exsting grid mfrastructure, shift cutput to higher-value hours, improve capture rates” and deliver
relable, round-the-clock rereywabbe alactrcity




FROJECT-LEVEL FIRMING |5 ALREADY TAKING SHAPE IN PRACTICE

*  |nAbu Dhabl, United Arab Ennrates. the Al Dhafra comples will pair 5.2 gipasatts (3W ) of solar BY capacity with
19 gigawatt hours (5Wh) of BESES to deliver & steady 1 GW of unintermuptad output {Masdar, 20355,

* |ndizs round-the-clock renewabla tendars require developers to guarantes minimum whillsation thrasholds
acrass hybrd solar wind and storage portfolios = anabling firm <lean power 1o be profured competitively
thraugh standard commercial machanisms (Andreae af af,, 20221, Recent auctions damonstrate that such
configurations can deliver near-continuous clean power at high availability (around 95%) and at costs below
USE &0-65/MWh (Chogkiewicz ef al, B025).

*  Acrpss the Wnited States, co-located solar-plus-siorage has shifted from an exception to an increasangly
gtandard project configuratson, with about a quartarof utllity-scale solar addtions v 2025 paired with storage
- @ share projected to exceed haff of all new capacity within this dacade (BNEF, 2025},

Ly In hibgn=rradiance markeis such as Saudl Arabla, solar-plus-starage conflgurations are approacning near-
continueus avaliability at coste compatitive with combined-cycle gas generation - braadly 6 line with the
UsD 70-a0 MWh estimatad for the Al Dhafra projact in the United Arab Emirates - aven where fossil fuels are
domestically produced {BNEE, 202ba)

* |n Australia and Portegal developers are @imilary coupling solar with BESS and complementary wind

generation ta makimise output within fixed grid limis (Ember, 20255

L ,.—*

This daplayment rmomentum s beirng reinforced - and accelorated = by two additional drivers: a surge in
electricity demand from data centres, artificial intelligence workloads and advanced manufactunng that is
stretching lead timas and driving up the capital expenditure (CAPEX ) Tor comventianal gansration (Bax 27,
and a fundarmental shift in how renawable electricity is measured and valued, driven by palicy reform and
evolving accounting standards (Box 3).

THE CAPACITY RACE: 5SPEED AND RELIABILITY AS THE NEW DIFFERENTIATORS

Co-hocpbed solar and storage assets are bacaning Increasingly crikicat s ebectricty demand reses rapldly, delven by
data centres,-artilical intetligence workloads and advaenced manufsciuring, These secltors reguine ol anly large
volumeas of power but also a continuous, high-guality supply with slmost Zeo lolerance for disruption. As demand
accelerates, the speed at which new capacity can be deploved is becoming a declsive fackar. I this context, hybrid
renewable systems - combaning solar, wind and storage - offer a modular and scalsble solution, They can byplcally
be developed and commesssoned within one to two years, once permitting and grd connection have been secured,
allowing firm capacity tobe brought online guickly and expanded prograssively as needs grow.

In contrast, conventional gas-lired generstion faces growing canstrains due to supody: chan batilenscks and rigng
costs. According to S&F Global, strong workdwide demand for gas urbines has axtended lead times to betvween free
and seven years for many modes (dndersen, 20253 St anecichy the CAPEX of new combined-cwcle gas plants has
dramatscally Increased, excesding LS 2 0004 In some markets - more than double the cost of Comparable prosects
oullt just & lesy wears ago. These delays and cost ascalations imit the ability of gas generation toorespond to near-term
capacity neads, particularly in power systems expenencing rapid growth
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24/7 RENEWABLES: THE ECONOMICS OF FIRM SOLAR AND WIND

ACCOUNTING REFORM MEETS MARKET REALITY

The regidatory and market emvirenment 15 comverging on a comman principle; slean elesincity shoulkd be measurad
and vafued not just by volume, but by when and where it is delnarad,

In thie Eliropaan Linien, binding rules for the cerfifsation af rengwabes Mydrogan reguire goographical conrsSation
and phaga in houly matching from 2030, encouraging the development of rmore granular cartificate infradtrucium
I i United States. fadaral tax lgsiation has established b dfforantiated cradit struciune for co-locatad proascts,
with ¢rgdits for the starage companant axtendeng bayand those for slandalone solar - elfectively shilling project
ecanomics in favowr of co-located and firm designs: In Ching, provincial mandates reguiring babtery co-focation as
a condition of grid connection agproval drove @ rapid scale-up of co-located capacity between 2023 and 2025 -
establishing a domestic industry that continuad to grow even after the mandates weare rernovad in earhy 2025, At
the corporate kewal farge buyers are increasinaly pairing variable renswablas with co-locatad solar-plus-storage,
Fnpdirapawar and afber w-Carbon powar saurces - including nuckear = sigaalling & maasuratale shilt fegen valurma
raximisatlion owards relability aptimisation 0 Closn snangy procurament

These policy signals are meeting a commercial reality thet reinforces the casa for firm hybrid renewnble systems.
Ew Europe, the rapid increase in Zero- and negative-priced hours in sclar-zaturated markets has exposed the limits
af anmeal matching in practice. Standalore sclar projects face growmg revenuz erosion durmg periods of peak
generation, while hybrid solarplus-storage assets can shift output to highervalue howurs, commandng a price
premidm that the market is incfaasingly recognising, Progact landers and investors arg respanding accandingly,
with hybrigised portfalios and storage integration bacoming condetions Mar revenes stability, rather than optcnal
enfancarments (Radoia ef &, 20263

The accounting framework is cotching wp with this market reality. Houry Grarantees of Origin - now
mandated in the Eurdgean Union - and egevalent Granular Cartificate framewarks amerging n
ather markets are designed to ik clean energy claams to the specific hour and location of dalivery,
craating price signales thal rawsed reliability and fleikiity. The ongoeing revision of tha GHG Prolocol
Sedape 2 Guidince propases Lo extand this koalc giobally, sequiing houry and locatian-matchad certificates & tha
basis for market-based emissions daims;: this prospact is afready influencing procuremeant strategy, with buars
exploring firm and dispatchable clean eneray options i anficipation of Bohter Scope 2 obligations

\. =y

1.1 BEYOND LCOE: WHY A SYSTEM PERSPECTIVE MATTERS

In 2024, new ubility-scale anshore wind projects had the lowest global weighted average fevelised
cost ol electricity (LCOE) at USD 25/MWh, followed by solar PV (USD A4/MWh) and hydropower
(UED 58/MWh). Motably, 91% of newly commizsioned utility-scale renewable capacity delivered power
at & lower LCOE than the cheapest fossil fuzl-Nired afternative (IREMA, 2025) By 2025, cosls had
comverged further, with fixed-axis solar and onshore wind both averaging arcund USD 40/MWh globally
(BMEF, 2026h). Renawables are now the least-cost opticn - on an LODE basis - 1aF new power genaration
Capacity in most regions.




The LCOE metric, however, captures only project-leve! costs - eszentially the construction and ocperation
expenditures incurred within the boundaries of the plant (Figure 8). In particular, it does not account
for the wider costs of integrating the generation assel into the pawer system.” These include balancing
supply and demand inreal time, providing grid flexibility and reinforcing transmdssion networks to connect
rew capacity. As the share of variable renewable generation grows, these system costs are expected
Ioincrease.

Figure 8 LCOE captures plant-level costs = but not the full system picture
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With a record 670 GW of solar and wind capacity added glabally in 2025 alone (IRENA, 20266), a further
consideration emerges: the value asscciated with each unit of energy, not just the generation cost, which
depends critically on whan it it produced. When salar of wind ganeration 1 high, and the demand is
bow, variable generation tends to depress whalesale market prices, reducing per-MWh revenues. This
effect on the captura rate becomas mare pronouncad as penatration rises, In Germany,” the average
per-MWh wholesale revenue of solar assets had fallen to roughly half the annual average market prica,
while the capture rate for onshore wind had-declined to around 0.8 (Hirth, 2026), This “cannibalisation
effect” reduces the ability of renewable generators to recover their costs and can contribute o increased
curtaifment,” ultimately hindering the development and deployment of renewable energy projects. LCOE,
by definition, does not account for when generation occurs = and therefore cannot reflect the value
of a MWwhe
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24/7 RENEWABLES: THE ECONOMICS OF FIRM SOLAR AND WIND

Moving bevond plant-level costs reguires a system-level perspective - one that captures not only the cost
of generating electricity, but also the measures neaded to maintain reliable, secure and affordable supply.
As the share of variable renewable erergy (VRE) - solar PV and wind - increases, power system operators
midst ensure that demand can be met during periods of low renewable availabifity - when solar irradiance
and wind speads simultaneawsly fall = and that electricity grids can accommcdate new capacity.

AL low shares of VRE, these needs can generally be met within existing system capabilities without inducing
significant costs. As the share of VRE increazes, kowever, addiional myvestment and operationat changes
are required to maintain reliable, secure and affordable system cperation. These can be provided through
a portfelio of “clean flaxibility™ toals (Rangeiova ef &, 2024}, including short- and leng-duration energy
storage, demand-side flexibility, grid expansion and interconnection, and more fexible cperaticn of both
renewable and lossil generation.

Earlier studies, including (Hirth et af, 2015), provided a useful conceptual framework to classily system
integration costs, distinguishing three main categories:

= Profile costs - arising from the mismatch bebween variable renewable generation and elecincity
demand over Bimae,

= Balancing costs - linked to short-term output variability and forecast erross.

» Grid-related costs - assoctated with expanding and reinforcing ransmission to connact renewables
located far from consumption oentras.

Over the past decade, the magnitude and compositen of these effects have evolved significantly,
reflecting increased deployment, declining storage costs, improved system operation, and the growing
role of demand-side flexibility and interconnactions:

Recent analyses emphasise that integrating higher shares of renewables is not govemed by a single cost
componant, but by the optimisation of a portfolic of flexibdity solutions tailored to different time scales
CRENA, 2026a) In many systems, these oplions are already delivering multiple syslam-wide Denefits
lowering overall system costs, reducing exposure to price volatility, improving reliability and resilience,
and unlocking wider economic impacts, including growth, job creation and enhanced energy security
CArup, 20263,

Plant-level metrics such as LOOE must therelore be complamanted by system-lavel analyses - accounting
for the costs of flexibility and reliabiity and the valee of resource diversity - and by macroeconamic
impact aszessments that quantily the broader benelits Lo saciety al large,




1.2 FROM SYSTEM MODELS TO PROJECT-LEVEL BENCHMARKS

A system-wide approach remains essential for planning reliable, low-carbon power systems and assessing
the flexibility needed for higher shares of renewables. Howevar, the complexity and data intensity of
targe-scale models oftan make them practically inaccessipla to investors, developers and policy makars as
they seek clear, replicable benchmarks.

Complementing the system view, a growing body of work 5 adopting simpler, praject-level approaches to
quantify the economics of hybrid renewable assets. The 2025 adition of Lazard's Levelised Cost of Energy
Pius introduced an estimate of the “cost of firming intermittency”, based on the Effective Load Carrying
Capability {ELCCY of variable renewables and the Net Cost of New Entry (Met CONE} of firm resources
(Lazard, 2025). Ember developed a project-level framewaork for firm solar, showing that high rellability can
be achieved through selar overbuild combired with short-duration storage, while providing a transparent
and replicairle benchmark for investors and poly makers (Ember, 2025). BloombergMEF has similarly
expanded its analytical framework to include co-located renewable and storage assets, applying project-
level cost medelling to assess the economics of hybnd configurations (BMEF, 2026b). The two perspectives
are increasigly converging as markels mature,

Bunlding ary these develogrments, this raport introduces a transparant and replicable framawork 1o assess
the economics of firm renewabie electricity at the project level. IREMA has tracked renewable energy
cosls glabally for ovar a decade, assambling ane of the mast caomprahansive datasets on obility-scale
solar PY, onzhore wind and BESS across markets and regians. This report leverages that foundation -
combining groject-leval cost data with lecation-spacific resourge profites, characlerised by local wind

speeds, solar irradiance and generation patterns - o assess what it actually costs to deliver firm, round-
the-clock electricity from a hybrnd renewable system at a given site. under realistic technology and
financing assuimptions: Tha rasult is a consistant, glabally comparable benchrmark: the Tirm ievalised cost
of electricity. Chapter 2 presents the framework, its findings across a wide range of markets and resource
conditions, and the key drivers that determine where and wihen Tirm renawable elactricity bacomes

cost compelitnve.
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THE ECONOMICS OF
FIRM RENEWABLE POWER

2.1 MEASURING THE COST OF FIRM RENEWABLE POWER: THE FIRM LCOE

As established i chapter 1, the levelised cost of electricity (LCOE} does not capture the additional
investment needed o make renewable oulput continuous and dependable. Transforming variable
generabion intooa firm supply reguires battery energy storage systems {BESS) to shift generation acrass
hours and, inmany cases, acditional genaration cagacity [o cover periods when the resource is insulflicient
- costs that conventional LCOE does mot reflect.

To address this gap, this report introduces the firm levelsed cost of electricity (F-LCDE) as a project-level
benchmark loF assassing the economics of continuous renewable power, The fiem LCOE represents Lhe
total cost per MWh of electrcity supplied reliably by a combdnation of renewable generation-and battery
storage, providing a censistent basis for comparing the cost of firm solar and wind not only with other
dispatchable renewable technologhes such as ydropowar, bloerergy, geotharmal power, and concentrated
sodar power, but alsa with conventional generation, incleding coal- and gas-fired plants.

The proposed approach is conceptually related to the Levelised Cost of Load Coverage (LCOLC) framework
proposed by Grimm ef 5/, which shifts the focus from generation costs 1o the cost of maeting a specitied
electricity demand with an optimised mix of generation and storage technolagies (Grimm el al, 2024).
LOOLC typically assumes full load coverage as a deterministic constraint. The methodology adopted here
redaxes this assumption by introducing an expicit raliability parameater, alliowing the model o fHd the
least-cost configuration for any given delivery certainty level rather than requiring complete demand
coverage at all times.

The framework rests on bwa important conventions, First, the firm LCOE |5 caleulated against a flat,
constant hourly dermand profile throughout the year - a moedelling choica that ensures consistent, apphes-
to-apples comparsan of trm renewabie costs acrass technologies, locations, and time, rather than a claim
about how power systems operate in practice. Second, the apgroach seeks Lo achieve a spacified reliability
farget = defired as the share of that tlat annual demand that the modelled contiguration can cover = which
should not be confused with the broader concept of power systam reliability.




The methodology - including the modelling framework, data sources and cost allocation agproach - s
described in full in the technical annexes of this report. The remainder of this section ilfustrates how the
framework operates in practice through a reference case.

o 'OF FIRM RENI

liustrative case: solar PV and BESS in Las Vegas, United States

To demonstrate how the firm LO2E framework operates, a reference simulation was conducted for a
hypothetical 100 MW solar PV plant i Las Vegas - one of the mast favourable locations in the United

States for solar-plus-storage.

The stancalcne LCOE for this plant, based on 2025 cost assumplions {as describad in the technical
annaexes), is around USD 43/MWh. The firm LCOE depends both on the firming option and the relability

target, as ilfustrated in Figure 9.

..II-I-..'. :. I F

Figure & Firm LCOE wersus reliakility target for a solar PY project with BESS (Las Vegas, United States)

220

200

180

160

140

Famn LCDE (LS0/ Mlh)

120

140

Al

POWFR

Relatilily tanger (&)

== QESF == BESS pverbudd

The “Battery wall™:
m . .m mEt ................
of 865, adding batteries > Y
alone becomes
prohibilively expensive
. Allowing salar cverbiuibd
substantinlly reduces the
liem LOOE, confironimg [ ry
e efficiency of mived
rerewiable portfolos
e sbarage-only appranches
-8 reliability } {-BE% reliability |
USD 100,/ MWh
USD &0 MW
L] L] L] L] L] L) L L3
TA% B By B bELY a5y 98 L00%

At an 80% reliability target, a four-hour BESS alone is sufficient to deliver firm electricity at below
USD 80,/ MWh (blue curve it Figure 93 Bayond B5%, howeves, the cost of ralying on battery storage alane
rises sharpdy, Each additional percentage point of reliabality requires disproportionately more storage
capacity to cover increasingly rare but demanding low-genaralion events.
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Allowirg solar overbuild sigrnificantly reduces the oosts induced by firming (Brown in Figure 93 The
calculations associated with this option (BESS plus solar overbuild} suggest that a 95% reliability
target can be achieved at arcund USD TI3/MWh with 592 MWh of BESS and 62 MW of additional
selar capacity (Table 1). In this configuration, the firming prermicm relative to the base LCOE i around
UsSD 70/MWh, with roughly 40 USD/MWh allocated to BESS™ and the remainder 1o solar averbuild.

Table 1 Firm LCOE breakdowm for a solar PY project with BESS (Las Vegas, United States)

BESS E41.8 Mwh
Sofar owverbuild B3 MW
Firm LCOE 1152 USDy MWH
LCOE 43,5 USD/MWh
Flrming premism 69.7 USD/MWh
Firming premim attributed to BESS 404 BSD/MYWh
Firming premssm attributed to solar ovarbudd 2T SO MWh

Loaking ahead, declining technology costs - for both solar and batleres - are projected to reduce the
firm LCOE substantially over time. Under the cost trajectories descnbed in the technical annexes, the firm
LCOE for this configuration is projectad to fall below USD 8O/MWhH by 2030 and below USD 60/MWh
by 2035 (Figure 100

Figure 10 Projected decline in firm LEOE for sclar PAY and BESS (Las Vegas, United Stabas)
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2.2 HOW FIRM RENEWARBLE COSTS COMPARE ACROSS MARKETS

Usirgg IRENAS Fenewalile Cost Database, firrm LOOES were estimated for a large sampka of utiliby-scate
sedar PV and onshore wind prajects commissioned in 2024 in China, the United States and other selected
sites across the world, The analysis combines project-level cost data with location-specific hourly generaticn
profiles bo assess how technology costs, resource conditions and rekability reguirements interact across
differant market anvironments.

In these simulations, solar and wind projects are treated consistently. For each project, additional capacity
i cirad as naedad to deliver round-tha-clock power supply at a cpaciliad reliability target. Solar projects
are canfigured with both BESS and additional solar capacity, and wind projects are configured with BESS
and additiopal wind capacity. Mo cross-tachnology complemeantanly batwean solar and wind 15 included
at this stage - an assumplion that makes these estimates conservative ralative Lo hybrd confliguralions, as
explainad in section 2.4,

The evidence iz presented in three parts. Global cost trajectones for solar PY and onshore wind are
described Hest, fallowed by a detalted aralysis of China = where firm renawablas have already crossad the
fossil fuel cost threshold - and a discussion of the structural factors that explain why costs in the United
States and ¢ther markels remain hghear,

Global trajectories

aolar PY

Across the high-guality selar PV sites assessed in this study, firmn LCOES at a 95% reliability target have
fallen sharply since 2020 and are projected o continueé declining through 2035, In 2020, Tirm Solar
LCOEs ranged from just above USD 100/MWH at the lowest-cost sites to mone than USD 160/ MWh at the
highest, By 2025, costs had declined substantially across all lacations, with reductions of around 30% at
represpntative sites. The downward trand is projected to continue, with tirm solar LODES conveadging inta
a narrower band by 2035 = ranging from arcund USD 23/MWh at the lowest-cost sites in China o around
USD 59/MWH In the United States (Figure 11




24/7 RENEWABLES: THE ECONOMICS OF FIRM SOLAR AND WIND

Figure 11 Firm LCOE trajectory for selected salar PY sites, 2020-2035
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Twe structural obsarvations emearge from these trajectories. First, the firming premium | narrowing aver
timme across all lacations, as declining BESS oosts reduce the incremantal investment required to achieve a
givern reliability target. Second, geographic divergence persists even as absolute costs fall: the advantage
af high-quality resource locabions is durable, and sites with strong, stable resources continue o achieve
firm LCOEs well below hose of less favaurable locations as the global cost Trontier maves downward,

=

<= Onshore wind
For onshore wind, the overall trend is similar in direction but reflects the distinct firming characteristics of
wind generation. In 2025, firm wind LCOES at a 95% ralability target range from around USD S9/MWhH i
inner Mongolia (China to USE T0/MWhH in Oliver County {United States) (Figure 12) - a wider spread than
tor solar PV, reflecting greater geograghic variation in both reseurce guality and firming regquirements,
By 2030, this range narrows signaficantly, with firm LCOEs falling to batwean roughly USD 49/ MWh
Inner Mongolia and USD 85/MWh in Oliver County. By 2035, costs decline further ko USD 46-73/MWh
acfoss the sites assessed (Figure 12
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Figure 12 Firm LCOE tragectory for salected onshore wand sites, 2020-2035
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The country profiles that follow examine these trajectories indetail, using a consistent analytical framework
applied to representative high-quality sites across nine countries.

China: firm renewables now below fossil fuel costs

China currently defines the global cost feor for firm renewable electricity, and by a substantial margin. &
combination of vertically integrated manufacturing, low financing costs and co-ordinated infrastructure
develapment has compressed firm LODES to levels thal are compatitive with new fossil fual generation.

i Solar PV

IRENA analyzis of 252 ulility-scale solar PV projects commissiened in China in 2024 reveals that a large
maporily can deliver finm electricity below the USD 100/MWh fossil benchrark across 8 wide range of
refigbility targets (Figure 13 At a 90% reliability level, almost the entire sample remains competitive, with
mirirnuam firm LCOES as low as USD 30/MWh. As reliability reguiraments increase, the share of competitive
projects declines gradually but remains substantial = more than half of the sample delivers hom elecincity
belaw the fozsil benchmark even at & 99% raliability target, with minimum ficm LCOES rising only modastly
Lo around USD 46/MWh al the highest reliability level considered.
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Figure 13 Share of sclar PY projects delivering firm electricity befow USD 100/MWh - China
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The mast competitive sites are distributed across Hebel, Mingxia, Qinghai, Xinjang, Gansd, Inner Mongalia
and Yunnan, where strong irradiance and stable sutput profiles reduce storage reduirements.

gf Dnshore wind

The same analytical framework was applied to 201 onshore wind projects commissioned in China in
2024 Inland wind resources are also moving towards firm power competitiveness, although across a
more selective sel of projects than for solar PY. AL a 90% refiability target, close to hall of the sample
delivers firm electricity below the USD 100/MWh fassil benchmark, with mirimum firm LCOEs of around
USD 38/MWH. As reliability reguarements inorease, the share of compeabitive projects declines more rapidly
than for solar PY. Mevertheless, a meaningful subzet remains cost competitive even at high reliability
bevels, with minimum firm LCOES rising to arpund USD 66/MWh at a 99% reliability target (Figure 14).
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Figure 14 Share of onshore wind projects delvering firm electricity below USD 100/MWh - China
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The most competitive projects are concentrated in Infer Mongodia, Jdilin, Gansu and Shaanxi - reglans
characterised by strong, steady inland winds and comparatively low development costs.

Geography, finance and infrastructure: what shapes costs across markets
Firm renawable costs outside China are declining rapidly, but remadn higher acress most markets, reflecting

a combination of resource canditions, financing envirgnments and infrastructure constraints rather than
any fundamental technological lmitation.

Across high-guality sotar sites in Brazil, Indla, Oman; South Africa, and Australia, fiern LOOES in 2025 range
from around USDES to USD B2/MWh - competitive with or appreaching new fossil fuel benchmarks in most
af these markets, and o a trajactory towards USD 37 to USD SB/MWh by 2035 (Figure 15). These markets
benefit from strong solar resources and access o internationally traded equipment at closa ta global cost
evels, even where financing conditions and balance-of-system costs remain above Chinese lévals.
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Figure 15 LCOE and firm LCOE for selected solar PY sites, 2025 and 2030
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Figure 16 LCOE and firm LOODE for sebected anshore wind sites, 2025 and 2030
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Onshore wind follows a sirmilar pattern. AL high-guality sites in Brazil, Germarry, Namibia, Australia, and the
United States, firm LCOEs decline from USD B8-110/MWh in 2025 to USD 49-85/MWh by 2030 (Figure 16).
Inner Mongokia stands apart, with flerm costs already balow USD 60/MWh - closer to the Chinese solar floor
than to international wind benchmarks.

in the United States, abundant sclar and wind resources place many sites within reach of fossil fuel cost
panty at 90-95% reliabiity, with minimum firm LCOES as low as USD 83/MWh for solar PV at the best-
resourced locations. However, these figures reflect technical cost potential at long-run cost assumptions
rather than typical mear-term project outcomes. Solar PV total installed costs have largely stalled since
2020, and LCOES have risen in recent years due to higher financing costs. In many Unitad States electrcity
markets, interconnection charges are borne directly by project developers rather than seoalised acrass
the broader systam - a cost not captured in the madelled estimates presented hare. Permitting and total
develaprment timelines also extend considerably beyond construction perods alone. Resiuits for the United
States should therefore be interpreted as indicative of what is achievabla al well-resourced sites under
favourable conditions, rather than as a characterization of bypical markel outcames.

Across all markets, four structural factors consistently explain the gap with China. First, financing cosis
exceed China's by three ko five percentage paints in real terms, reflecting higher perceived investment
rick ard more limited access to long-term, low-cost capital. Sacond, balance-of-system and infrastructure
costs remain above Chinese levels even where hardware 15 sourced infernationally, due to higher labour
cosls, more compley parmitting regimes, and grid-connection requirements: Third, the pace of grid
expansion and interconnection in many markets constrains deployment and adds project-fevel cost n
ways that system-wide planning in China largely avoids, Fourth, palicy uncertainty in some markets
elevates risk pramiums beyond what financing cost figuras alene capture. As industrial scale-up proceeds,
grid investment accelerates, and poficy frameworks stabilise, these structural gags will narrow - and the
cost trajectory that China demonstrates taday will bacome progressively more accessible across a wider
range of markats.

2.3 COMPETITIVENESS WITH FOSSIL-FUEL GENERATION

The cosl trajectories presentad in this chapter reflect a broader and accelerating shift in the competitive
landscape for electricity generation. Over the past decade, the economics of new power capacity have
been transformed: solar PV and onshore wind have become [he cheapest sources of new generation in
most markets (IREMA, 2025), while the cost of new Fossil fuel generation has risen sharply.

in 2025, utility-scale solar PV and onshore wind both cost around USD 40/MWh globally - less than half the
benchmark cast of new combingd-cycle gas turbines, which exceadad USD 100/MWHh, driven by a surge in
turbine demand that caused orders to outpace manufacturing capacity (BMEF, 2026b). Gas prices, which
account for a large share of the cast of gas-fired generation, have added further upward pressure foliowing
supply disruptions that recently affected global liquefied natural gas (LNG) trade and sent Europesn
gas benchmarks to multi-vear highs, The competitive advantage of renewables over fossil generation
has therefore widened in both directions simultanegausly = through falling renewabla costs and rising
fossil costs.
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Hybrid solar-plus-storage systems follow the same trajectory. Close to 90 GW of co-located solar and
storage was commissioned worldwide in 2025 at average combined costs of under USD 60/MWh - below
the benchmark for new gas-fired generation and, in high-quality rescurce regions, below the cost of new
coal (BMEF, 2026b). In China, firm LCOEs across the solar project sample analysed here fall well below
bath fossil-fuel benchmarks = mew coal=fired generation, which typically costs around USD 280/MWh; and
well below new gas-fired plants, which generally exceed USD 100/MWh (IEA, 2025a). Beyond China, firm
solar LOOEs of USD 65-80/MWh in Brazil and South Africa are at or approaching fossil fuel benchmarks,
with trajectories pointing ta USD 38-44/MWh by 2035 In Oman and the wider Guif regwen. firm solar at
around UsD 69-80/MWh is competitive with combined-cycie gas even where fossil fuels are domestically
produced - & finding corrcborated by indepencent industry analysis showing that solar-plus-storage
configurations in: Saudi Arabia can approach near-continucus availability at broadly comparable costs
(BMEF, 2026a).

Wind-pius-storage firmn LCOEs are highar than solar eguivalents = ranging from arcund UsSD 58/MWh
in China o USD BEB-54/MWh across Brazil, Germary and Australia in 2025 - vet fall-at, or below, the
cost of mew gas-fired generation across most markets analysed. This advantage extends to the existing
fleet in China, Egypt, Germany, Spam and the United Kingdom, where co-located wind-plus-storage has
already failen below the operating costs of existing coal and gas plants (BNEF, 2026a), meaning that the
econamics of already-depreciated fossil assets are being challenged not only by new renewable capacity,
but by the marginal cost of keeping them running.

The cost case s reinforced by an energy secunty argument that the current gecpolitical enviranmaent
makes impossible to ighore. |n liberalised slectricity markets where gas sets the marginal price, fugl price
shocks transkate directly into edectricity price spikes regardiess of the generation source - a vulnerability
that has been repeatedly exposed, most recently with severity, Countries with higher shares of renewable
gensration have damonstrably experienced simaller price impacts durlng sech episodes, while thosa maost
dependent on fossil Fuel imports face simultaneous pressure on inflation, fiscal balances and economic
sLabifity. Firm renewable electrcity s priced at the cost of capital and technology rathar than the cost of
fuel: once built, it s structurally insulated from the commodity price volatility and supply disruptions that
have repeatedly driven fossil costs sharply upward. In 8 growing numbear of markets, it is not only the maost
econamic option for new firm generation capacity - It is also the most secure.

i




2.4 WHAT DRIVES THE COST OF FIRM RENEWABLE ELECTRICITY?

The Las Vegas case shows that delivery certainty has a price - the firming premium - and that this cost
increases non-linearly as higher reliability targets are pursued (Figure 93, It also reveals that the most cost-
effective conlegurations combine storage with generation owverbuild, rather than relying cn storage alone.
More broadly, the cost of firm renewable electricity s shaped by three interacting Factors: the performance
and cost of the underlying technologies; the quality and variability of the renewable resource; and the
extent of diversification across generation sources and storage assets.

Technology parformance and costs

Over the past decade, sustained reductions in the technolagy cost of solar PV, onshore wind and BESS
have transformed the economics of renewable pawer. As both generation and storage costs decline, the
additional investment required to achieve a given level of reliability falls accordingly. These trends provide
the essential foundation for understanding how firm renewable electricity s becoming mcreasengly cost
compaetitive across a growing range of markets and resource environments.

Solar PY

Solar PV remains the fastest-advancing renewable power technology. Between 2080 and 2024, giobal
weighted average total installed costs felf by B7%, reaching USD 08/ kW, while the global weighted
average LCOE declined by 90% to USD 44/MwWh. These gains were driven by advances across the full
value chain: higher-gHiciency module designs, lower-cost imverters, improved mounting structures, and
maora afllcient enginaering, procurement and construction (EPC) processes (Table 2).

Table 2 Technodogy trends, cost trends and cost drivers - solar PW
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smoother generation,

= Crystalline silicon module Balance-of-system components
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-,-.5’ Onshore wind

Between 2010 and 2024, global weighted average tokal installed costs for onshore wind fell by 55% to
around UsD 1066/kW, while the global weighted average LCOE declined by 70% to USD 35/MWh. These
reductions have bean driven primarily by scaling in turbine design, with larger rators capluring more
energy at lower wind speeds and raising global weighted-average capacity factors, as well as by the
maturity of supply chains in leading markets and advances in predictive maintenance and data analytics
(Table 3).

—

Table 3 Technology trends, cost trencs and cost doivers - anshore wing

Technology trends Caost trends Cosl drivers

¢ Awerage glabal turbine rating
reached 4.7 MW in 2024, with
leading markets deploying units
above & MW,

* Rotor diametérs ayeraged
160 medres, and hub helghts
ranged from 120 to 140 matras,
bﬂ'ﬂﬂﬂg energy capture and
site parformance.

+ Modulas nacelles, advanced
blade materials and smart control

systems enhanced rallability and
reduced downtima.

Global capacity fachars rose
from 27% In 2010 to 34% = 2004,
suFpassing 40% n bop-perfanming
reigions such as South America
and Morthern Europe.

« Total Installed costs dechned 55%
betwesn 2000 and 2024, reaching
USD 1 Q66 kv,

* ‘Walghted avesage LOOE droppad

105, trom USD 116/MWh in 2010
o USD 25/ MWh in 2024

China and Brazd recorded
the lowest ghobal LEOES

at LISD 30/MWH and

S0 %1 /Muh, supported by
mature supply chalns and
favourable finanting.

* Larges rabars, higher hub helghts
and optimised turkine design

improved snergy yield and
et edd per-MWh costs,

Standardised turbine platforms,
larger project scales and
cormpetitive auctions lowenad
manytacturing and linancing
cosks.

Matura local supply chairs In
China, India and Brazil redeced

capital ard Q&M Costs by up
to 2,

Pradictive maintenance and data
analytics cut Q&M costs by
13-15% aver the past

decade, further enhancing
competitivaness.

(¥] Battery energy storage systems (BESS)

BESS has become a central source of flexibility in modern power systems, By 2025, BloombergMEF reparts
that global volumsa-weighted average turmkey energy storage system prices had fallen below USD 120/
kiloweatt hour (kW) (BNEF, 20250), the lowest level recorded in its annual survey, driven: by persistent cost
declines in lithivm-ion batleries, manufacturing cvarsupply, intensiflied competition, and a shifl towards
targer, higher-energy-density lithium ron phosphate cells and containerised system designs (Table 43
China continues to el the gtobal cost Noor throwgh scale and vertically integrated supply chains, while
cosls in Europe and the United States remain higher due to localisation requirernents and trade policies.
Congaing improvements in system integration, cell size and manutactunng efficiency arg expected to
further reduce costs and enhance the performance and reliability of utility-scale storage systems,




Table 4 Technology trends, cost trends and cost drivers

= Lithiwm-son batteries dominate
utifity-scale storage, with lithium
iron phosphate {LFF) accounting
for arcund 84% of surveved
syctems i 2025, reflecting its
cost advantage and longsr cycla
lifa,

* Michal-bazad chemistries
(MMC/NEA) have largely
ratreated from stationary
storage due to higher costs
and lower durability, rather
than being displaced by
alternative chemistries,

+ Larger-format LFP celis
(=300 amp-howes, inCreasing by
=500 amp-hours) are becoming
standard, materially reducing
systesm costs throwgh higher
energy density and simplified
system architecture,

+ Hmher-capacity containers
iz Mwh, mowing towards
5-8 MWh] ara increasingly
deployed

+ System mtegration is increasing.
incheding more integrated direct
current (D€ ) blacks, albernating
current (AC) blocks and Squid-
cocled designs, reducing
balance-of-system complexity,

BESS

Cost trends

= Global votume-weighted average
turnkay enargy storage system
prices fall to below USD 120/ WWh
in-2025, a 31% yearon-year
decling and the lpwest level in
BMNEF's cost survey (BMEF, 2025h0),

* ‘China remained the lowest-cost
markak by & substantial margin,
with average prices approsching
LISD 75/kWh and the most
competitive configurations falling
bialow LSO 85, kW h,

* Costs i Eurppe-and the Unitad
Statas were roughly two and a
haff to three times higher than
in China, reflecting localisabsn
requirernents, tanff exposure; and
sepply-chain constraints.

Larger battery cells and higher-
density container designs
materially reduced costs: sysiams
using larger-format cells were
around half the price of smalker
configurations on a DC-side basis;
and higher-capacity containers
deliverad cost reductions of
roughly ana thied compared wath
smaller unigs,

-

-

Persistent oversupply and
indense competition in litham-
fom manufaciuring, particelarly in
China, remapdn the primary drivers
of cost declines.

Scale, vertical infegration and
mamrfacturing efficiency in China
continue to undergin the lowest
alobal system costs.

Call and systam design
smprovemeants, including largar
cells, denser racks and higher-
capacity contamars, daliver
structural reductions in CAPEX.

futomation,; standardisation and
mmpeoved vields are reducing
manufacturing scrap rates and
it casis across the vatue chain

Falling battery prices outweigh
rising lithium prices. with masgin
compressien absorbed by
manufacturers rather than passed
through bo system costs

Le=atstics, EPC and non-hardware
costs are declining, aidad by
standardisad designs and simpler
system integrabion,

Policy and trade measures
increasingly shape regional
cost divergence, with tarifis,
focalisation rules and domastic
content Incentlvas ralsing costs
i thie Uinited Skates and Eurcpe
relative to China. even as glohal
benchmarks fall.

The integration of renewable generation with BESS 15 increasingly reshaping power system aperations,
particulzrly through the rapid growth of co-located solar-plus-storage projects. By pairing BESS with
renewables, developers can improve utifisation of grid connections, shift generation to higher-value hours
and provide greater operational flexibility to the power systerm® Digita) control platforms and anergy
managemant systems support these assets by co-ordinating charging and dispatch and managing
degradation, although ther rele remains pnmarily operational rather than transtormational,
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@ Impact of declining technology costs on the firm LCOE

Falfing costs for solar, wind and BESS are driving a rapid decling in the cost of firm renewable power across
all major markets.

Figure 17 illustrates this dynamiéc for a representative onshore wind sife in Ric Grande do Norte State,
Brazil, characterised by strong and persistent easterly winds with typical wind speoeds of B-10 metres per
second at huby height. The firm LCOE falls fram USD 142/MWh under 2020 cost conditions ta USD 88/MWh
by 2025, before declining further to USD 73/M\Wh by 2030 and USD 66/MWh by 2035.

The contour plet maps firm LCOE levels as a function of BESS total installed costs (vertical axis) and
genaration technology total installed costs (harizontal axig), revaaling where round-the-clock clean power
i5 already competitive and whers further cost reductions are still required. The colour gradient - shapad by
ecal resource quality and country-specific financing conditions - traces a clear pattern: as technotogy and
financing costs decline, countries progressively maove from higher-cost red zones towards the lower-cost
green zones of competithvenass.

Figure 17 Impact of declining CAPEX on the firm LCOE of onshore wind and BESS
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Resource guality and variability

Even when technology costs, financing conditions and reliability targets are held constant, firrm LCOES
vary widely across projects. This vanation (s driven primarily by gecgraphy: the metecrological conditions
that determine how solar and wind output evolves over time.

To isolate the effect of resource characteristics on firming costs, IREMA conducted a large-scale numerical
experiment across solar PV and onshore wind projects in China and the United States, applving identical
techno-economic assumptions toall projects and varying only the hourly generation profile derived from
local weather conditions. Differences in firm LODES across projecis in this experiment can therefore be
attributed directly to resource characteristics.

Toimterpret thase differences, generation profiles are characterized alang two complementary dimensions:
shart-tarm vanability and long-duration enesgy scarcity.
= Yariabdlity indicators - they describe the magnitude and spead of short-term flectuations in generation;
= Average annual capacity factor.

« Coafficent of varation: standard deviation of hourly cutput divided by the maan, meaasuring averall
dispersian.

* Flatness index: degreea to which generation approaches a constant profile at the same mean output.

* Ramp rate: average absolute hour-to-hodr change in output, normalised by the Installed capacity.

= Dunkelflaute indicators - they capbure the persistence and severity of sustamed low-generation events:

« Minirmurm rolling 1-day and T-day capacity factors: bowest sustained output over 24-hour and
miulti-cay windows, filtering out short-term naise,

« Maximum {ull duration: lengest continuous peried dunng which generation remains bekow 10% of
installed capacity,

= Worst-event energy gap: total energy deficit accumulated during the most severe low-generabion
event, exprassed per KW instalied,

Tagether, these indicators reflect the minimum enargy volumes that storage or back-up resources must
supply o maintain a given reliability level.




24/7 RENEWABLES: THE ECONOMICS OF FIRM SOLAR AND WIND

[ Solar PY

Figure 18 summarises the relative influence of different resource charackaristics on the solar PV firming
premium, based on Pearson correlation coefficients between praject-level firming cost and different types
of indicators. The coefficiants are ranked by absolute magnitude and presented as a tornado diagram,
highlighting the dominant rescurce-delven determinants of firming cost acrass sites,

Figure 18 Rescurce-related drivers of the firming premium = solar PY
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For salar PY, firming costs are driven mainly by the severily of sustained low-irragiance periods. The
strongest correlations with the firming premium are observed for the waorst-event engrgy gap - the total
energy defict accamutated during tha most severe Iow-irradiance apiscde of the year = and tha maximum
lull duration. Sites experencing deep, multi-day depressions in solar output require substantially larger
storage volumes and generation overbuild to maintain g given reliability level. Short-term variability plays
a secondary role, while mean annual capacity factor has limited explanatory power once fong-duration
sCarcity is accounted for,




= Onshore wind

For arshore wind, the correlation structure is even mare concentrated. Firm LCOES are dominatad by the
worst-event energy gap and maximum Jull duration, confirming that rare but prolenged wind drought
events are the primary cost driver {Figure 190, Thesa are the events for which systems must be sizad, and
they represent the defining challenge for wind firming irrespective of average resource gquality.

Figure 1% Rescurce-related drivers of the firming premium = onshore wind
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The key implication is that average annual capacity factor is an insufficient indicator of firm renewabie
competitivenass. Firming costs are determined instead by the depth and persistence of low-generation
evants, Strengthening resource assessment tools o capture these dynamics = including high-resolution
meteorslogical data, Dunkelfaule-aware metrics and multi-year datasets - can unlock cost reductions that
excesd those achievable throwgh intremantal technalogy improvement s alana. in this sensa, impraved site
characterisation is as critical as continued technological learning.
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System configuration and diversification

Lithium-ian batteries hawve become indispensable for managing daily variability in solar and wind
generation. Four-hour systemis can smooth fluctuations, shift solar output into evening demand periods
and bridge shart intra-day shortfalls at rapidly declining cost. However, as the anaiysis of the previous
paragraph demonstrates, the most demanding reliability challenges anse from events that extend well
bevond the duration that short-term storage can address. Achieving cost-effective firm renewable power
at high reliability fevels therefore reguires a broader approach, combinmng short- and fong-duration energy
storage, diversified portfolics and digital flexibility.

@- Beyond lithium: the rise of long-duration energy storage

Gichal irvestment and innavation are expanding the role of energy storage beyond short-duration
applicatons. According to BloombergMNEF, costs for long-duration energy storage (LDES) technologies
are expected to decline significantly by 2030 as commercialisation accelerates, with several technologies
- Including compressed-air energy storage, flow batteries and thermal storage - projected to approach
ar sutperform lithium-ion battery costs for longer discharge durations (Zhou ef al, 2025). A paralbel cost
benchmarking study by the Blectric Power Research Institute (EPRI} and the LDES Council, drawing on
survey data from technology developers, confirms that substantial cost reductions are expected across all
major LDES categories between 2025 and 2030, driven by improved performance, economiees of scake and
axpanded manufacturing capacity (EPRI, 2026).

LDES complements Hithium-ion systems by providing fexibility over longer time horizons, helping 1o meel
demand during extended perods of low renewable output. While costs pamain higher tham lithism-ion
today across most technologies and markets, this gap i5 narrewing - and for some technofogies and
applicatons, cost parlty s within reach by 2030.

For short=duration energy storage, the cost outtook is alse improving, The US National Labaratory of
the Rockies projects that utility-scale faur-hour ithium-ion battery costs will decline by 16-56% by 2035
refative to 2024 levels under its mid and low scenarios, reaching USD 147-245/kWh - continuing the
downward frajectary that has already compressed firming premiums significantly {Cole of af, 2025). These
parzllel cast reduchions acrass bath short- and long-duration storage are reinforging the economics of firm
renewable glectricity across an expanding range of reliability targets and markel contexts.

F% The value of diversified portfalios

IRENA madeliing shows that intreducing a modest share of complementary solar generation significantly
reduces firming costs at the same reliability level, demonstrating the efficiency gains from portlolio
diversfication (Figure 200 At a 95% reliability targel, a wind-plus-storage configuration achieves a firm
LCOE of USD 95/MWh. Adding a complemeantary solar component raduces this ta USD 60,/MWh - a firming
cost saving of USD 35/MWh, or roughly one-third, attributable entirely to the natural offset between wind
and salar gereration profiles.
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Figure 20 Impact of hybridisation strategies on the firm LCOE of onshore wind with BESS
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Combining complementary renewable resources reduces the frequency and depth of supply shortfalls,
as mixed portlolios produce mare consistent cutpul than individual technologies cparating alone. In the
Umited Kingdom, for instance, days with simultanegusly low wind and low solar generation oocur only
£% of the time (Maya, 2025), ilustrating the strong natural complementanty between these resources,
Where shortfalls persist, LDES and demand-side flexibility can bridge them at declining cost. As these
options mature and scale, diversified hybrid systems will play an increasingly central role in delivering
reliable, round-the-clock renewable power.

%Ii- From storage to systems: Virtual power plants and digital flexibility

Reliability is not only about hardware; it alse depends on co-ordination. Virlual power plants (VPPs) -
networks of digitally connected distributed rescurces such as reofiop PV, small batteries, electric vehicle

chargers and demand response assets - are emerging as powerful anablers of system flexibility.

in leadirg markets such as the United States, Germany, and Australia, VPPs already aggregate thousands
of distributed devices to provide frequency regulation, peak shaving and local balancing services. By
unlocking flexible capacity on the demand side, they reduce the need for costly centralised back-up and
enable higher renewable integration at lower gverall system cast,

Digitalisation, artificial intellicence and advanced ferecasting are tuming VPPs into virbual refiability assets
capable of providing services once delivered only by conventional power plants. Thelr rise signals a broader
shift from expanding physical capacity to using existing assets more intelligently = transforming tlexibility
inte the new frontier of reliable, affordable clean power.
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FROM COST
COMPETITIVENESS TO
DEPLOYMENT AT SCALE

Tha amalysis in Chapter 2 establishes that, in high-quality resource regons, firm renewable electricity has
crossed the threshold of cost competitiveness with new fossil fuel generation. The central guestion s no
longer whether firm renewables can compete on cost, but how guickly the structural conditions needed
o realse their potential can be put I place adross the diversity of markets and institutional conbexts
prevailing globally.

3.1 TECHNOLOGY LEARNING: A SELF-REINFORCING COST REDUCTION DYNAMIC

The cost redustions documented in chapter 2 reflect technology leaming - a structural dynamic in which
urik costs decling systematically as cumulative deployment grows, driven by manufactuerng scale and
accumulated enginearing and operational experiance.

Solar PY, cnshore wind and BESS ara all an this tragpctory, with learming rates af around 34%, 25% and
18% per doubling of cumulative installed capacity, respectively™ For firm renewable slectricity, these
effects compound: as generation casts fall, the baseline LCOE declines, as storage costs fall, the firming
pramium narrows; and the two effects together drive down the firm LCOE faster than either technology
alona waould suggest.

This dymamic creates a seff-reinforcing cycle in which falling costs and growing deployment mutually
reinfarce ong another, progressivaly narroedng the firming premiom and widanirg the range of locations
where firm renewable electricity is competitive. Industrial scale compounds the effect as deployment
valUMmes grow, supgly chams devalop while impraving their orocesses, and projedct Costs - permitting,
grid connection, angineering and financing - fall as experience accurmulates and rsk perceptions adjust.
countries and regions that move @arly to build domestic industrial capacity will further comprass this
cycle, capturing both the cost and the energy security banefits that firm rerawable deployment dealivers.




3.2 MATCHING TECHNOLOGY TO CONTEXT

While technology learning defires the cost trajectory, geography determines how that trajectory transtates
into deployment. Three broad system archetypes emerge from the evidence presented in this report, each
with its own resource logic. cost structure and strategic implications.

In sun-rich regions - across the Arabian Peninsula, sub-5aharan Afnca, north-easterm Brazil, the Thar Desert
in India and infand Australia - [arge-scale solar PV comikned with battery storage is the natural backbane
of continwous clean power. High annual irradiance, low cloud cover and stable seasonal cutput profiles
minimise the depth and duration of low-generation events, reducing storage requirements and generation
averbuild, In the most favourable locations, firm solar LOCES are projected to fall below USD 60/MWhH by
2030, decreasing 1o less than USD 50/MWh by 2035. Where land is available and not subject to competing
agricuftural, conservation, or other uses, this cost potential is realisable at scale. Solar-plus-storage in
these environments 1S not a transitional technology swaiting a better alternative: it is the most econamic
Foute bo firm, conbinuous clean pover available today, and its competitive position will strengthen further
a5 costs decline.

In wind-rich temperate and continental regions - across the Great Plains of North America, northern
Eurape, Patagonla and the wind corridors of East Africa = the most cost-effective strategy is resource
complementarity. Combining wind with sclar PY and short-duration storage extracts the full benefit of the
partial offset betwean the twa generation profiles, reducing the frequency and depth of supply shortfalls
without requirmg large valurmes of storage or excessive generation overbuild. Because thiscomplementarity
aperates at the portfelia level rather than the plant level, procurement framawiorks that reward portfolio-
fevel reliabiity - rather than requiricg individual assets to be fully firm - will generally deliver lower
overall costs,

For markets with limited domestic renewable resources - small island economies, land-constrained or
densely populated regions, and countries where rascurce quality is insufficient 1o achieve competitive firm
LTOEs at the project level - regional interconnection is potentially the primary pathway to reliable dlean
electricity at competitive cost, Interconnection substitutes geographic diversity for storage depth: linking
power systems across diverse weather zones smooths variability, reduces the depth of simultanecus supply
shartfalls, and lowers system-wide firming costs without requiring additional investment at individual
project sites.

Singapores context highlights why this approach is necaessary: clean solar imports via a planned 1 GW
interconnection with Indonesia’s Batam [sland raise the grid's baseline carbon-free electricity score
from 2.7% Lo 10%, displace & lerawall hours (TWh) of gas-tired generation annually, save around
UsD 440 million in fuel costs, and avord 2.8 million tonnes of carbon dioxide (MUCO;) emissions -
demonstrating the system-wide value of clean interconnection for respurce-constrained economies
(Puspitaring and Suarez, 2025). The European expedance demonstrates this dynamic at continental scale.
Emerging regional power pools in South-East Asia, sub-Saharan Africa, the Middle East and Latin America
affer similar opportunities for rapidly growing electricity systems in these regions.
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Across all three archetypes, the guiding principle is the same: align technobogy choices with local resource
conditions, grid archibectune and demand characteristics. Land availability, cost and compating uses ans a
further structural factor shaping deployment chiolces inall three contexts: where land s scarce, expensive,
or subject to competing demands, technology configurations, sing strategies and cwnership models
will nead Lo adapt acoordingly = for instance, through agrivoltaic. designs, offshore deployment or the
prioritisation of resftop and buildings and urbar infrastruchure.

3.3 ENABLING DEPLOYMENT: THE DECISIVE ROLE OF POLICY

Cost competitiversass alona doss not guarantes deplayment. In many markets, slectricity markets and
regulatory frameworks were designed around corventional generation and do not yet adeguately reward
the reliability and fexibility that hybnd rerswable systams provide. Four policy levers = administrative
mandates, fiscal incentives, auction and procurement design, and demand-side reguiation - are praving
decisive in closing this gap.

Administrative mandates accelerate early deployment Dy requiring storage or firm supply as a conditicn
af grid connection ar market participation. China's provincial starage attachiment requirermnents - which
made. co-located battery storage a condition of grid connection approval for new renewable prosects -
triggered the growth of a domestic manulacturing and project development industry that now accounts
for most of the global co-located capacity. Once the domestic industry had reached the scale needed
Lo sustain deployment withoul regulatory compulsion, thete mandates were completely rermoved at the
rmational level in March 2025 This experience suggests that well-designed mandates are mast effective
when the objective i5 1o create an industrial ecosystem that does not yet exist, and that thay should evoive
towards market-based machanisms as that ecosystem matures:

Fiscal incentives can stear investment towards hybrid and firm cenfigurations by making co-located
projects more financially attractive than standalone ones. [n the United States, federal legislation has
estabiished tax credits that treat the solar and storage componants of co-located projects differently: the
splar component gualifies for investrment tax credits through 2030, while the storage component retains
eligibliity through 2035 - provided that components are not sourced from Foraign Entities of Concearn, This
difference in breatment effectively makes co-located configurations more attractive than standalone solar,
since developers can benefit from storage credits far langer, The One Big Beautiful Act further strengthens
incentives for paired solar PV and storage within this framewark.

The impact on investment is already visibie: around 20% of utility-scale solar additions in the United States
in the first half of 2025 were paired with-storage, a-share BloombergMEF projects to excead 50% by 2031
Mear-term momentum has nonetheless been slowed by uncertainty over taritfs and restrictions on Chingse-
manulactured components, which has stalled carporate procurement. The underfying logic axtends
bevond the United States; tax credit structures that make co-located and hybrid configurations maore
firancially attractive than standalone varable genaration can encourage investment in firm renewables,
without policy makers having bo require it exphicitly,




Auction and procurement design can converl refiability From am abstract system need into a cormpelitively
priced market product, allowing markets - rathar than policy makers - to discovar the laast-cost route to
firm renewabie supply. Indlas round-the-clock renewable tenders reguire developers to meet minimium
ubilisation thresholds across hyvbnd solar, wind, and storage portfolios, leaving developers free to find
tha most cost-effective combination of technologies while ensuring that firm supply is the contractual
outcome. Germany’s Renewable Energy Sources Act Innovation Auctions provide a dedicated market
channel for co-located and hybrid remewable assets, and have attracted strong developer interast, with
clearng prices declining materially in recent years - demonstrating the cost-reducing effect of competitive
procurement. In Germany, hybrid solar PY and battery storage power purchase agreements now command
& 30-40% price premism aver standalane solar PY contracts, as buyers increasingly price in the value of
refiable, shifted generation (Radoia ef al, 2026) The key design principle is the same: specify the output
- a reliability target or a minimwm dtilisation threshold - and allow competiticn to find the least-cost
configuration.

Demand-side regulation creates structural demand for firm rengwable electricty by requiring Consumers
to source power from verified, time-matched clean generation. The European Union's framework for
renewable hwdrogen certification - reguiring additianality, locational deliverability and hourly temporal
maktching as conditions for regulatory eligibility - effectively mandates firm renewable electricity as the
power source of the emerging clean hydrogen economy. The ongoing revison of the GHG Protocal Scope
2 Guidance proposes to extend this logic globally, requiring hourly and lecabien-matched certificates as
the basis Tor corporate market-bated emissions claims. Wihen adapted, this shift will transform dermand
for firm renewable electnicity from a valuntary commibment by leading buyers nbo & manstream feature
of corporate energy procurament worldwide,

Realising the full potential of these policy levers also depends on three physical and institutional enablers,
Diversafiod and resilient supply chaine are essential ta ensdre that cost redections translate inte sacure,
affordable deplayment across a wide range of markets. Grid infrastructure linking resource-rch regions
demand centres - and regional interconnaction pooling diverss weather zones - determinas whather firm
renewable capacity can be efficiently integrated and its cutput reliably delivered. And digital technologies,
inciuding artificial intelligenca, are increasingly transtorming hybrid renewable assefs from passive
genarators into intelligent grid resources capable of providing the full range of services that modern power
systems reguire,
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3.4 LOOKING AHEAD

Four developments, already taking shape across leading markets, will extend the reach of firm renewable
electricity further in the decade ahead.

Long-duration energy storage technologies - including flow batieries, compressed-air systemns, pumped
heat energy storage and thermal storage - are maturing and declining in cost, progressively addressing
the multi-day and seasanal supply gaps that short-duration lithivm-ion battery storage cannob bridige
cost-effectively. Across all technology categories surveyed, developers expect substantially fower costs
by 2030, driven by rezearch and development progress and manufacturing scale-up, afthough rmwti-day
storage technologies remain at an earlier stage of commercial readiness (EPRI, 2026). These technclogies
are nob interchangeable: each has distinct cost stroctures, geographic reguirements and operational
characteristics suited to different time scales. The most cost-effective firm renewable systems of the next
decade will draw on a portiolio of sterage durations rather than a single solution.

Advanced digitalisation - including artificial intelligence-driven forecasting, predictive maintenance
and grid-forming imverter techrology - s helping hybrid renewable systems provide an expanding set
of grid-support services, including veltage and frequency regulation, inartia-like response and, in some
cates, Back start and rastoration capabilities. while these capabilitias do not Tully replace all functions of
synchroncus generation, they are increasingly narrowing the gap.

Expanding interconnection iz reshaping the gecgraphy of competitive firm renewables, enabling land- and
resource-constrained markets to access reliable clean electricity from neighbouring regions and reducing
the storage and averbuild reguired to maintain reliabidity across wider system footprints. Emerging regional
power pooks - in South East &sia, sub-5aharan Africa, the Middle East and Latin America - are at-an early
but accateratig stage of this pracess, with the potential to replicate at regienal scale the diversity and cost
bensfits that continental interconnection has delivered in Europe.

Finally, the maturation of time-matched energy accounting - through Hourly Guarantees of Onigin and
Granular Certificate frameaworks now being rolled out across mulliple markets = is making relability
visible, verifiable and commercially valuable al a global scale. Extending this logic to corporate emissions
accounting - shifting from annual to haurly and location-matched reporting - would, if adopted, broaden
this demand signalfurther = from pioneering corporate buyers to the full population of electricity consumers,
reinfarcing the investment case for storage, hybrid portfolios and round-the-clock clean supply across
all markets.

The technologies are maturing, the costs are falling, the policy frameworks are developing and the
commarcial demand & growing. The projects, markets and exampbes described in thds reporl are not
isolated experiments: they sianal a structural transtormation m how eleckricity is gererated, deliversd and
valued. The pace at which that transformation preceads will detarmine the outcorme of tha global anergy
fransition in the decade ahead,
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ANNEXES

A METHODOLOGICAL FRAMEWORK FOR ESTIMATING FIRM LCOE

This annex outlines the modelling archatecture, data flows and cost accounting principles ab the basis
of the firm levelised cost of electricity (F-LCOE) framewosrk introduced in section 2.1. It documents the
components of the linear cptimisation model, the treatrment of solar and wind resource data, and the
post-pracessing methods used to derive firm LCOE estimates and the levelised cost of storage (LCODS).

A.1 Overview of the modelling framewaork

The firm LCOE framework iz implemented using the open-source Integrated Energy Systems Oplimiser
LIESD) {Gréeowx Research, 2024) basad on the Google OR-Tools linear optimisation framewaork (Google,
2024). For this study, IESD is configured as a project-level firming foal rather than as a power system
model, Figure 21 describes building blecks and data flows of the project-level firming optimisation model,

Figure 21 Building bizcks and data flows of the project-level firming optimisation model
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For any given project - characterised by location, technology (eg. solar PV and installed capacity -
the modal identifies the least-cost combination of co-located renewable overbuild and storage capacity
required to deliver a flat hourly electricity output over a full year, subject to a specified reliability target.
The cost metrics - Firm LOOE and LCOS - are calculated post-optimisation based on the capacity of the
firrming assets determined by the optimiser.

In this study, reliability is defined at the asset level in simplified, energy-based terms as the ratio of annual
energy defivered (by rerewable generation and storage) to total annual demand (Figure 223 This defimbion
differs from standard power system reliability concepts, which typically focus onadeguacy (the continuous
ability to meest peak demand) and security (rezilience against sudden disturbances) - properties that are
inherantly shaped by the broader grid and generation mix, not by individual assets in isolation.

Figure 22 llustrative example of howrly dispatch caloulations
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A.2 Demand and generation logic

The houry electricity demand - assumed constant across the 8760 hours of the yvear - is calculated to
conserve the annual energy volume of the original reference project.

For example, a 100 MW sofar PV plant with a 20% capacity factor vields an annual energy volume of
175200 MWh (20% = 100 MW = 8 780 hours) and a constant howrly demand of 20 MWh

The flat cutput profile serves as a prowy for continuous delivery obligations - such as those serving data
centres or irdustrial off-takers - where a constant, reliable suppdy 5 the relevant commercial standard. It
should be read as a conservative and transparent benchmark for the economics of firm renewable power,
mot as aclaim about real-workd system aperstion or a system oplimisation outcome.

This canstant foad is mel by three sugply comooanents:

1. Existing renewable asset. The origingl solar PV or wind capacity {le. the standalone power
generation system).

2. Firming assel {overbuildy An additional azset of the zame technology, with an identical hourly
generation prafike and cost structure. IEs capacity 5 endogenously determined by the optimiser..

3. Relability-setting generator: A ficbtious dispatchable unit with zero fixed costs, used as a modelling
construct to enforce the desired reliability target (2. 5%,

A.3 Storage modelling

Energy storage s modelled as a flexibility asset ? The optimiser determines the required storage capacity
(in MwWh) accounting for the asset’s key techno-economic characteristics: fined costs, round-trip efficiency
rassumed at 0% for a four-hour battery energy storage system [BESS]) and discharge duration
Cfour hours),?

A.4 Data inputs and resource assumptions

Exagenous inputs - including project characteristics from the IRENA Renewable Cost Database
OREMA, 2025), battery storage cost data from BloombergNEF (BHEF, 2025h) and hourly generation
profiles from Renewables. ninja (Plenninger and Staffell, 2016) - ara channelled into the madel to populate
the endogenous oplimsation variables, as illlustrated in Figure 21.
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Hourly generation profiles are generated via the application programiming interface (AP} of Renewables,
ninja, applying the assumptions summarsed in Table 5 to reflect modern utility-scale projects. In this
analysls, generation profiles are derived from 2019 weather data from the MERRA-2 dataset. The use of a
single weather year provides a consistent basis for comparing locations and technclogies.™

Table 5 Renewables.ninja AP inputs

+ Genenc modern utility-scale solar 2V with single-axis = Modemn utility-scale onshore wind using 2
tracking {horizontal, north-south alignad). low-spacific-power turbene {Yestas W162-7.F MW,
* Profiles are normalzed to 1 €W and use MERR -2 * Profies are normalised o L kW and assume a hob
weather data with explicit system losses of &5, height of 120 metres, reflacting recent ufility-scale
deployments.

A5 Cost calculation and allacation

The firm LCOE is estimated as:

= The sum of the annualsed CAPEX and fixed O&M costs or all assets contributing to firm supply
(baseline generation, fieming averbuild and storage).

= Divided by the total annual electricity delivered.

This caleulation fully accounts for the energy kossas within the BESS.

The difference between the resulting firrm LCOE and the LCOE of the standalone renewable project is
refarred to as tha firming premium: The term draws on an established analegy in finanoz - the price paid
for a guarantee - and clearly signals an incramental cost above a basefine. It also pairs naturally with the
concepts of firm LODE and firm electricity used throughout this shudy.

To derive the levelised cost of starage (LCOS), the total firming premium is allacated to indivedual firming
componemnts (renewable overbuild and battery storage) in proportion to their share of the firming
infrastructure's annualised fixed costs,

Unlike conventional LCOS calculations, which typically reguire an exadenous assumplion regarding
the purchase price of charging electricity, the approach applied here endogenously captures charging
costs within the system optimisation, This approach ensures internal consisbency between the LCOS
and Firm LCOE mebrics and avoids distortions asising from externally assumed prices. s a resull, the
LCOS figures reported in this study should be interpreted cnly as the cost of storage within a co-located
renewable firming system, rathor tham the standalone cost of aperating a battery imisolation.
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B CAPITAL EXPENDITURE ASSUMPTIONS

EBloombergMEF suggests thal the turnkey CAPEX of a co-located salar and BESS can be estimated by
applying standalene turnkey CAPEX to the solar component, while assuming co-located BESS CAPEX of
around T0% of standalone b reflect the benefits of co-=location® (BMEF, 2025¢).

in line with this approach, the co-located system CAPEX is calculated as follows:

{:'E"FE'“' [l el 2 ':A'PE:H: wehar, Sanclna s, ke T {:I'? X I;:"'!"FIE:.:' BESS. sfandalome, ninmey

whaere:

* CAPEX crisr stnasione nemey 15 ERe full standalone turnkey solar CAPEX,
which is Typically not affected by co-location.

* CAPEX pres sisnmisne amisy 18 the standalone turnkey BESS CAPEX,

* The 0.7 factor reflects avoided engineering, procuremant, canstruction,
permitting and grd-connection costs due to co-location.®

This calculation scheme s applied consistently acrass solar and wind projects, assuming an AC-coupled
co-lacation conliguration in which the renewable assal and BESS share grid conneclion and balance-of-
plant infrastructure but retam separate imerters.

B.1 Solar PV and onshore wind costs

The primary source of historical cost data for variable renewable technologies is IRENAS Renewable Power
Generation Costs database, which includes country- and region-specific information on total installed
costs.

Cost trajectories for the period 20252055 are devedoped Using a two-stage approach, First, & leaming
curve model is apphied to historical data to derive shart-term cost projections (RENA, 2025). Second, these
projections are adjusted using explicit structural assumptions to reflect persistent regional cost drivers,
including labour costs, permitting regimes, grd-cannaction complexity and locaksation reguiremants.
Histoncal and projected costs are reported in Table & {for solar PV and Table 7 (for onshore wind).
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Table & A=sumed sclar PV total installed costs curves

SOLAR AND WIND

2020 T84 1340

10448 1064
2025 530 GER ASE SR
2030 Ll 424 412 7N
2035 = 33 359 489

Table ¥ Assumed onshore wind fotal installed costs curves

TR TR TR TR TN
2020 1 X

1 522 1 83a4 IBFs
2025 B4 1616 1034 1552
2030 T 1561 grz 13534
2035 Fi kel LL7? HOE 116E

All costs are expressed in real USD {2025) and represent turnkey, overnight constructon and Commissoning
costs, reported per kW of installed capacity. System boundaries tor solar PY and onshore wind are

surmmarised in Tabie B,

Table B System boundaries for solar PY and cnshore wind

= Thea solar PV system boundary includes PY modules
and inwerters, mounting structures (fixed-tilt or
fracking, reflecting pravailing market practice),
balance-of-system rardware, elactrical works,
grid connection, installation, project development,
parmitbng, commissioning, and EPC and developar
margins.

= The onshore wind system boundary includes turbines
{macalbe, rotor, blades and tower), foundations
and civil works, electrical infrastructure and sub-
stations, transport, installation, commissioning,
project development, permitting and anvironrmantal
compliance, and EPC and devalopar margins




The key assumplions used bo develop regional cost trajectories are presented in Table 9:

Table 8 Key aszumptions underyng cost trajectories for variable renewsble technologies

« China is treated as the global cost floor due toits
abundant manufacturing capacity and structurally
low balance-of-system costs.

zlobal markets converge asymptoticalky towards
Chinesa cost leveks, reflecting access to low-cost
hardware cormbined with relativaly low non-hardware
costs, while remaining ahowa China.

Europe convarges. gradually but remains structuralhy
abowva China, reflecting full pass-through of global
module price decknes and competitive EPC markets,
oifset by higher labour, permitting and grid-connaction
CiEts,

Tha United States remaens the highest-cost
regicn, with partial convergence constrained by
domestic content raguiraments, néghar labour and
construchtion costs, and more compla: parmitting
and interconnechion processes.

B.2 Battery costs

= Chira is treated as the global cost Ao, eflectng
wvary kow turbine prices, strong domestic competition
and highly standardised large-scale projects

Global markets convarga asymptotically towards
Chiness cost levels, benafiting from acoess to
low-cost turbines and favourabde local cost
conditeons, whila rernaming above China due

to residual non-hardware cost componants

Europe is considared the highest-cost region, due to
ragh labour costs, constramed siting cpportunities,
persistant grid-conmection bottlenecks and langthy
permitting orocesses,

Ceost lavels in the United States ~ lower than in Eurcps
bt highar than in China and the glokal average -
reflect domestic manufaciuring reguirements, Ebour
costs, logistics and permitting complexity.

Battery costs refer 1o the cvarnight CAPEX expenditure associated with a utility-scale four-howr lithium-
ion BESS delivered as a turnkey project. The feur-hour configuration is applied consistently across regians
Lo ensure comparability. The cost figures, compiled in Table 10, are expressad in real USD(20257 per kWh
of installed energy storage capacity, They assume lithiuom iron phosphate (LFP) chemistry, reflecting
prevailing utility-scale deployvment trends.

Table 10 Assumed BESS tatal installed costs curves

I N N T T
2020 300 00

ipp* oo
2025 62 172 171 192
2030 &8 125 132 132
2035 41 101 114 108
Mobedl © "Values ifarked with an ssterisc ale IRENA assumpiom Far o fro omdiergh y 201
Bi I 1¢ Sysiein Cosk Sairany =F a2 THe Bic al i i el Globs| -
C=tabal -1 rafic 1o diffarenca mpaort Lkt o g Lo ful ) {fi i insirct abou oS
nd balang tem and EPE nig ety T [ th go ol *Giobal - hagt i
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The BESS scope includes battery racks, balance-of-system, energy management system (EMS), power
convarsion systam (FCS), transformer, and assoCiated installation and commissioning expenses. =

The cost figures in Table 10 are IREMA estimates derived from analysis of market data, including
EloombergMEFs 2025 Energy Storadge Systerm Cost Survey (BMNEF, 2023b). The underlying market data
confirm Ehat four-hour energy storage costs have dechined ragidly in recent vears, driven by falling lithium-
ion battery prices and abundant supply from China, which remains the lowest-cost market due to economies
of scale, vertical integratsan and rapid adoption of higher-energy-density cell and container designs.
Costs in Europe and the United States remain matenally higher, reflecting localisation reguirements, tasiff
exposure, and hgher balance-of-system and EPC costs. Looking ahead, BloombergNEF expects further
cost declines through 2035, supported by larger call formats, more energy-dense containers, and improved
system integration, with China continuing to set the global cost floor.

B.3 Regional coverage

Total instalbed cost curves are defined for four regions:

China

= Europe

United States

Glebal frest of world) - applied 1o all countries outsice the United States, Europe and Chind,

For countries not explicitly represented by a dedicated regional cost curve, the Global trajectory 15 used
a5 the default proxy, reflecting access o internationally traded equipment combined with country-spacific
balance-of-system and construction costs,

C OPERATING EXPENDITURE ASSUMPTIONS

To maintain simplicity while reflecting technology-specific cost differences, annual operating and
maintenance costs are assumed as a fixed percentage of the total installed costs (TIC). Solar PV systems
are assumed at 2% of TIC per year, refiecting ralatively low and predictable O&M costs, while wind-based
systems are assumed at 3% of TIC per year, due o the presence of mechanical components and a higher
exposure 10 correclive maintenance. For batteries, D&M cocts are systematically set ba 2.5% of CAPEX per

year.
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D PROJECT TIMELINE AND FINANCING ASSUMPTIONS

This anrex summarisas the assumpbions regarding project timing. the cost of capital and the time value of
money used in the analysis of co-located projects.

0.1 Project timeline

Co-located sotar-plus-storage and wind-plus-storage projects are assumed to have a construction pernoad
of one year, consistent with typical utility-scale project delivery timelines.?® Battery systems are installed
in parailel and do not extend the critical path.

The aconormic Efetime of such systems is assumed to be 20 years (Rangehova and Jones, 2025), reflecting
the design life of modern lithium iron phosphate batbery systems, which represent the limiting comporent
in firm generation configurations. Mo expéicit repowering, battery raplacement or residual value is modelled.

D.2 Cost of capital (WACC)

The cost of capital for renewable energy projects is highly project- and context-specific, reflecting the percaeived
Fisk of future revenue streams and the broader macrosconomic enviranment in which imvestrments take place.

Compared with standalene solar or wind, co-located assets are more flexible, anabling load shifling, poak
shaving, and reduced curtailment, which improve capture prices and stabifize revenues: This improved
revenue certainty can supporl lower linancing costs where storage revenues are embedded in cantracted
ar auction-based structures, aithouwgh the cost of capital remains highly project- and context-depandent.

In this study, the waighted sverage cost of capital OWACC) (s treated as a seenario assumption rather than
a5 a forecast and is held constant in real terms over the 2071-2035 period, reffecting long-run financing
conditions rather than short-term macrosconomic Nuctuabions. A high-level classification of countries that
are members of the Organisation for Economic Co-cperation and Development (OECD) versus non-0ECD
countries is applied, with a real WACC of 5.0% for OECD countries and 7.5% for non-0ECD countrigs. For
China, the real WACL applied is 5.0%.

Thase values should therefare be interpreted as simplified financing assumplons used to enable cross-
country comparability, rather than as regresentations of prevailing financing conditions or projections of
future financing costs.

D.3 Time value of money

apital expenditures are incurred during construction and annualised over the assumed economic lifefime
usig the agplicable real WACC. Operating expendilures are treated as annual eosts. All values are

expressed in real terms.
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