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Abstract

This study examines the impacts of enhangitechnology progress in clean energy technologies on the global
energy system and economy. The analysis focuses on eight thematic technology groups, including wind, solar,
batteries, hydrogen and fuel cells, carbon capture, direct air capture and synfhifuels, and heat pumps.

Two policy scenarios are considered2¥C scenariavith stringent carbon policies and Reference scenario
driven primarily by market forces.

The study examines the technology adoption pattewithin each technology groufor the two scenarios,
highlighting the differences in the evolution of costs, capacities and productoreover the study analyses

the overall impacts in terms of CQeduction, investment needs and energy supply casftenhanced learning
within ead technhology group, as well afor combining enhanced learning across multiple technology groups.
The results show that enhanced learning can lead to significant reductions in greenhouse gas emissions,
investment needs, and energy supply cosldoreover, enhanck learning results in favourable in socio
economic outcomes (e,geconomywide investments, consumption and energy prices). However, the study
suggests that enhancing technology progress is not at all a substitute for stringent climate policies to reduce
CQ emissions.



Foreword on the Clean Energy Technology Observatory

The European Commission set up the Clean Energy Technology Obsel(@EI®N 2022 to help address the

complexity and multifaceted character of the transition to a climat@eutral s& d ~ ot di @p mj k°

ambitious energy and climate policies createe necessity to tackle the related challenges in a comprehensive

manner, recogmsing the important role for advanced technologies and innovation in the process.

CETO is a joint inittave of the European Commission Joint Research Centre (JRE) mihs the observatory,

and Directorate Generalsf Research and Innovation (R&I) and Energy (ENER) on the policytsideerall

objectives are to:

- monitor the EU research and innovationtevities on clean energy technologies needed for the delivery of
the European Green Deal

- assess the competitiveness of the EU clean energy sector and its positioning in the global energy market

- build on existing Commission studies, relevant informat&knowledge in Commission services and
agencies, and the Low Carbon Energy Observatory (22Q20)

- publish reports on the Strategic Energy Technology REETPIan)SETIDnline platform

CETO providea repository of techneand socieeconomic data on the most relevant technologies and their

integration in the energy system. It targets in particular the status and outlook for innovative solutisrvgell

as the sustainable market uptake of both mature and inventive technologies. The project serves as primary

njpm~" ja _\o\ aj mpogress reppris tiwdmpatitiveriess of cléan énerdy gechnologies

It also supports the implementation and development of EU research and innovation policy.

The observatoryproduces a series of annual reports addressing the following themes:

- Qean Energy Technology&us, Value Chains and Market: covering advanced biofuels, batteries,
bioenergy, carbon capture utilisation and storage, concentrated solar power and heat, geothermal heat
and power, heat pumps, hydropower & pumped hydropower gferaovel electricity and heat storage
technologies, ocean energy, photovoltaics, renewable fuels oflmiotogical origin (other), renewable
hydrogen, solar fuels (direct) anslind (offshore and onshore).

- Clean Energyechnology System Integration: buildirelated technologies, digital infrastructure for
smart energy system, industrial and district heat & cold management, standalone systems, transmission
and distribution technologies, smart cities and innovative energy carriers and supply for transport.

- Foresight Analysis for Future Clean Energy Technielogsing Weak Signal Analysis
- Clean Energy Outlook#nalysis and Critical Review

- System Modelling for Cn Energy Technology Scenarios

- Overall Strategic Analysis dflean Energy Technology Sector

More cktails are available on th&€€ ETQveb pages


https://energy.ec.europa.eu/topics/research-and-technology/strategic-energy-technology-plan_en
https://energy.ec.europa.eu/topics/research-and-technology/clean-energy-competitiveness_en
https://setis.ec.europa.eu/publications/clean-energy-technology-observatory-ceto_en

Acknowledgements

This study was prepared by the Economics of Climate Change, Energy and Transport uaiDifgttorate for
Energy, Transport and Climate of the Joint Research Centre (JRC) of the European Commission.

This report was mainly written by Andreas Schmitz, Burkhard Schade and Rafael &araff
Andreas Schmitz and Burkhard Schade are the main autbbthe Chapter 1, 2 and 3 of this report.
Rafael Garaffa ighe main author of he Chapte# of this report

Ana Diaz Vazquez wrote substantial parts of the biofuel description in Section 2.7.

The authors would like to thank

1 Nigel Taylor (CETO projecatier, JRC.C.2) fobordinationsupport, review and comments.
1 Thomas Schleker (DG RDaN review and comments.

1 Aliki Georgakaki (JRC.C.7) and Aikaterini Mountraki (JRC.C.7) for providing globabfiguitac and
private research and innovation expditures.

Javier Aycart (JRC.C.6) for calculating the global temperature change of the scenarids@iAGICC
Nigel TayloJRC.@) and Stefan Petrovic (JRC.C.6) for their detailed reviews of the report.

The reprt benefitted from the comments, contribution and suggestions on various topics received at
various stages of the report from following colleagues:

- Wind power technologies: Lucie Mc Govern (JRC.C.7), Aliki Georgakaki (JRC.C.7), Aikaterini
Mountraki (JRC.©)

- Solar power technologies: Anatoli Chatzipanagi (JRC.C.2), Aliki Georgakaki (JRC.C.7),
Aikaterini Mountraki (JRC.C.7)

- Battery technologies: Marek Bielewski Marek (JRC.C.7)

- Hydrogen and fuel cell technologies: Julien Bolard (JRC.C.1), Francescd®RoI€l.1)

- Carbon capture in power and hydrogen production: Guillermo Martinez Castilla (JRC.C.7)
- Direct air capture and synfuels: Guillermo Martinez Castilla (JRC.C.7)

- Bioenergy technologies: Marco Buffi (JRC.C.2), Vincenzo Motola (JRC.C.2), OliV@Rauaig),
Nicolae Scarlat, (JRC.C.2), Guillermo Martinez Castilla (JRC.C.7)

- Heat pump technologies for heating and cooling: Agne Toleikyte (JRC.C.7)

- Methodological approach, research and innovation expenditures and their estimation:
Aliki Georgakaki (IRC.7), Aikaterini Mountraki (JRC.C.7)

1 The colleagues of the POTENCIA teamtfeeir fruitful collaboration providing EU modelling outputs
for the CETO 2024 technology reportdoritz Wegener, Marc JaxRozen, Raffaele Salvucci, Frederik
Neuwahl, Przemyslaw Sikora, and M&té Rozsai.

Authors:

Andreas Schmitz, Burkhard Schade, Rafael Garaffa, Kimon Keramidas, Paul Dowling, Bks&n F
Ana Diaz Vazquez, Peter Russ, Matthias Weitzel


https://live.magicc.org/
https://setis.ec.europa.eu/publications-and-documents/clean-energy-technology-observatory/ceto-reports-2024_en

Executive Summary

This study analysegmpacts of enhancing technologyrggress of clean energy technologies. The impacts are
analysed from a global and longerm perspective (until 2100) using thglobd energy system model POLES
JRC and thglobal economic model JRGEME3.

The analysis relies on twbase casescenarios, which are described in detailGhapter 1

1 TheReference scenaridescribes a world withouambitiouslong-term carbon policies and/here
the evolution of the energy system imainly driven by market forces.

1 The2°C scenaria@escribes a world with stringent climate polici@ghich lead to a 2°C temperature
increaseby 2100 above the prendustrial era. The stringent climate policieseasimulated by a
single global carbonvalue trajectory.In the 2°C scenarighe carbonvalue triggers the need for
decarbonisation and the deployment of leearbon technologies.

Both scenarios are calculated based on the same model setting of PEIRESTe only difference between
both scenarios is the appliesingle globalcarbonvaluetrajectory.

The2°C base case scenardd this study is identical with th€Global CETO 2°C scenario 2024ed in the CETO
technology reports of the serie¥Clean Energydchnology Status, Value Chains and MarRgtgblished within
the CETO 2024xercise

Methodology

In POLESIRCglobaltechnology progress is modelled by endogendearning According to his approachthe
evolution of costs and efficiencieis driven bycumulativetechnology capacities (i,ea measureof experience)

and alearning ratedescribing the progress parumulative capacity. For each of its technologies POLESC
applies a default learning rat¢hat corresponds to the observed dynamics of thespective technology.

Enhaned technology progress is modelled bgcreasinglearning rates aboveheir default levels.Increasing
learning rates aims to simulate the enhanced technology progress induced by additional research and
innovation (R&I) expendites. This study considers two levels of augmenting the learning rates abthesr
default levels:a moderately enhancetevel (+25%) and ehighly enhancedevel (+50%).

Enhancing the technology progress within this study is limited to the period 222050, which aims to
simulate additional R&D expenditures during this peribbkvertheless, the impacts of boosting technology
progress are analysed until 2100.

Thematic technology groups
The POLESRC model considers a comprehensive range of technaddgiéts energy scenariofl], but only a
subset of these are examined in detail this analysis To this end, this study takes into accowight thematic
technology groupsof clean energy technologies. These thencagroups cover a wide spectrum of clean
technologies for energy supply, energy demand and carbon capture. Each thematic group consists of several
technologies:
o W: Wind power (onand off-shore);
0 S: Solar power (utilityscale,residentialphotovoltaics P\j and concentrated solar power (CSP);
o0 BA: (i)Stationary batteries for energystorage. (ii) Btteriesfor varioustransportmodes
0 H2FC Hydrogen production (13 technologies) and fuel cell technologieecfrical power and
transport);
o0 CC Carbon capture rbm electricity generation (3echnologies) and hydrogen production
(3 technologies);
o DACSY Direct air capture and synfuels (gaseous and liquids) from hydrogencapduredCQ;
o BE Biofuels (1st and 2nd generatiomiomethang, biomass power (8chnologes) and biomass
hydrogen production (3 technologies);
o HP: Heat pump technologies for heating and cooling.



Technology adoption patterns in the base case scenarios

Although clean energy technologies exhibit significantly more growth unde2tescendo than the Reference
scenarig both base case scenarios share common patterns in the development of several technologies, as
highlighted inChapter 2

- Wind and solar technologies dominate power generation in the second half of the century.
- PV technologig are the dominating solar technologies throughout the century.

- Onshore wind capacities outpace effhore wind capacities more than iald throughout the
entire century.

- Electric vehicles are by far the prevailing technology in transport, slightly ehgéd by fuel cells
in the second half of the century.

- Biofuel technologies substantialipcrease deploymenthroughout the century.

- Itis notuntil the second half of the centurthat a meaningfulrole becomes apparerfor (i) carbon
capture technologiesn electricity generation and hydrogen productias well as (ii) DAC and
synfuels.

- Heat pump are used for two purposes: heating and cooling. The heat pumps fisetieating
increase primarily in the first half of the century as fossil boilers are suhged. Whereasthe heat
pumps usedor coolingare increasingly deployethroughout the entire century.

Main differences in technology adoption between battenariosare the following:

- Electrolysis becomes the prevailing hydrogen production technolaggier both scenarias
However, under thdReference scenaribydrogen productiorstill relies heavily on fossil fuels
throughout the whole century, while under th#°C scenario hydrogen production is virtually
decarbonised by 2050.

- Carbon capture technologidor electricity generation and hydrogen production requgignificant
climate policiessupportto develop. Consequently, carbon capture technologies deployed
substantially lessn the Reference scenaricomparedto the 2°Cscenaria

- Similarly, DA@nd synfuels require stringent climate policies for their development.

The electrification ratas projectedto increasesubstantiallya mj h  031% in th&27C scenarioto about
58% in 2050 and 68% in 2100 In contrastunderthe Reference scenarjthe electrification rateincreases at
a slightly slower pace, reaching 51% by 2050 and 62% by 2100.

Impacts of enhanced learning rates
Enhanced learning within the limits of the technology groups (Chagtand Section3.2) results in:

- significantly decreaing costs for all technologies;

- substantial expansion of capacities and production for several relevant technologiesR¥,gvind,
electrolysers, heat pump technologies, DAC and synfuels);

Certain highly dynamic technologies are projected to reachirthheinimum cost (orfloor cost) as early as
2055-2080 under base case scenarios, assuming default learning ratéswever, with highly enhanced
learning, floor cost levels can be reached about 20 to 35 years earlier. As a result, the beneficial imgacts o
these technologie®ccurabout two decades earlieFor instance, with highly enhanced learning the floor cost
level of batteries for electric vehicles (42$/kWh) is reached in 2035 instead of 2068erthe default learning

rate. For PV moduleghe minimum investment cost (40$/kW) is already reached by 2045 for highly enhanced
learning insteadf by 2080 for the default learning rate.

Learning synergies of enhanced learning

In the next step of this studyimpactsare analysed by combiningnhanced leening across multiple technology
groups(Section3.3). The aim is to identify favourable combinations that can create learning synergies across
technology groupswherebylearning in each individual technology benefifse learning and cost reductions
expeaienced by the other technologies.



In this contextrenewable electrificatiostands out asa learning strategy for reducing emissiorend costs for
the economyby creating synergies &ém acceleratingprogressin wind and solar power generatioW{and S
groups) as well as in heat pump technologi¢$R group) and batteries in transporB@A group).

Anothersuccessfullearning strategy is related to carbon capture. Such a strategy is very effective in reducing
CQ emissions, but less effective in reducing tlests for the economyA carborcapturerelated learning
strategy combines enhanced learning from several captuetated technology groupsuch as carbon capture

for electricity and hydrogen productiof€Cgroup), direct air capture and synfuelDACSYgroup), bioenerg
technologieqBE group), and hydrogen and fuel cell grougZFCgroup).

A third and more comprehensive strategy builds synergies acrossfeleitedtechnologiescombining learning
from clean fuelrelated technologies such as biofuel8E group), hydrogetbased fuels H2FC group) and
synfuels DACSY group). Synergies with these fuetlated technologies increase further when enhanced
learning for wind (W group) and solar$ group) is added as thefurther reducehydrogen production costsy
electrolysis.

Sensitivity analysis

The analysis of learning impacts culminates in a sensitivity analysis (Sectigaldhg intoaccountall possible
learning combinations from theeight thematic technology groups. A total df020 scenario variants &
analysed, comprisinfpur complete ensembles of combinations. These ensembles are based otwihdase
case scenariosA°C scenarigReference scenarj@and thetwo learning levels€ and++). Each ensemble consists
of combinations that uniformly applgither moderately enhanced learning)(or highly enhanced learning ).
The systematic analysis of learning combinations allowise identification of favourable technology
combinationsand the assessnent of the overall impacts

Technology composition

Reducing C@emissions

The most effective learning strategies for reducing enengglated CQ emissions aim to boost learning across
a broad range of clean energy technologies. This approach leverages additive effects from progress in multiple
technologiesand creates synergies between them, leading to significantly greater overall impact.

Under the2°C scenaripthe topperforming combinations for reducing @@missions by 2100 require highly
enhanced learning in deast fivetechnologies.

However, in acenario without stringent climate policieRéference scenarjpconcentrating additional learning
efforts on merelythree or four technologiescan be a very effective strategy for reducing €@missions by
2100. Focusing highly enhanced learning efforta wind, solarand hydrogen and fuel cells brisgsuperior
results under theReference scenario

Lowerinvestment needs and energy supply costs

In order to mitigate the higher investment needs of stringecitmate policies 2°C scenari} concentrating
additional learning efforts on three to four technologigs a very effective strategy. In this context, boosting
learning efforts for technologiesuchas wind, solar, batteries, and hydrogen and fuel cells is a very promising
strategy.

With a view to mitigite energy supply costs, slightly broaderset of technologies is required to achieve best
results. Boosting learning efforts for batteries, wirahd solar has a profound impact on reducing energy supply
costs throughout the century. Furthermore, undlee 2°C scenaripparticularly in the first half of the century,
boosting learning for heat pung and hydrogen and fuel cells substantiaimpacts energy supply costs.

Overall impacts based on the energy scenario analysis (POLES -JRC)

Q0, emissions

Unde the 2°C base case scenaticumulative net COemissions for 20202100 (i.e. global carbon budget)
amount to 1170 GtC@ By applying enhanced learning to the technologies featured in this study, cumulative
emissions can be reduced by up to 6% within tisenario. Howewefor mitigation pathways that limit global
warming to 1.5°C, the carbon budget is significantly lowabout 200-400 GtCQ [2], [3] While enhanced
learning can substantially reduce @@missions, the resulting reductions are insufficient to bridge the gap to
the carbon budget required for 1.5°C pathways.
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Under, theReference scenarjavhich assumes no stringent climate policies, cuntivia CQ emissions at the

end of the century amount to approximately 2700 Gt€i@ the base case. Enhanced learning within the scope

of this study can reduce these cumulative £€€missions by up to 7%, which falls short of the carbon budget
requiredto meet the 2°C target.

These results suggest that enhanced learning can reinforce the impacts of carbon policies. However, boosting
the progress of clean energy technologies is by no means a substitute for stringent climate policies.

Energyrelated investmenneeds

Notably, boosting learning for clean energy technologies is a very viable strategy to overcome the economic
disadvantage of higher energyelated investment needs under th2°C scenaricompared to the Reference
scenario. This study suggests that wit the bestperforming highly enhanced learning combinations,
investments required under th2°C scenarie@ouldbe reduced by p to 3% belowthe investment needs of the

base caseReference scenario

This finding has significant implications for the greeratsition. By combining highly enhanced learning in key
technologies such as wind, solar, batteries, and hydrogen and fuel cells, it is possitdduoethe substantial
investment associated with this transition.

Energy supply costs

Energy supply costas defined in this study measures the overall costs of energy supphcluding the costs
of the carbonvalue Energy supply costs under tHi2*C scenariare higher than inReference scenarjonainly
due tothe carbonvalue Thedifference in energy sudp costsbetween both scenariosmanges between #20%
over the projection periad

A significant benefit of boosting learning for clean energy technologies is its potential to mitigate higher energy
supply costs associatedith a scenariocontainingstringent carbon policiesZ°C scenarip This study finds that

the bestperforming combinations of enhanced learning, more thanveghe cost difference between th@°C
scenarioand theRReference scenario

Socio-economic impacts based on the macroeconomic an alysis (JRC-GEME3)

The global soci@conomic impacts of the energy scenaripsovided bythe POLESIRC model are analysed
with the JREGEME3 model. For thipurposethe JREGEMES is well suited as it is a muliegional, multi
sectoral, recursive dynaim computable general equilibrium (CGE) model.

The socieeconomic implications of three energy scenarios were examined: the two base casesR&fleesnce
scenarioand 2°Cscenarig and an enhanced learning variant of t28C scenaripwhich applies hidly enhanced
learning for wind and solat/++_S++.

Macroeconomic impacts

The results of the macroeconomic analysis reveal that, by 2050, the base 2a€escenarids associated with

a 0.9% lowerglobal GDP compared to thReference scenariddowever, theenhanced learning variant of the
2°Cscenario(W++_S+9 reduces this loss to 0.7%. This mdieevourabledevelopment of GDP can be attributed

to a lower loss in private consumption under the enhanced lear@it@scenariovariant. The underlying drivers

of this development are significantly lower electricity generation costs and household energy consumption
prices which result in increased disposable income and eventually more consumption of durable goods (i.e.
household appliances and vehicles).

Employmet impacts

Regardingemployment, the overall impact of the three scenarios is relatively neutral in the coming decades.
However, th€°C scenarioare characteed by job losses in the fossil energy industwhich are compensated

by job opportunitiesin non-fossil power generation and the general electricity sector. This aligns well with the
transition towards electrificatiorof demand andrenewablepower supply Notably, the enhanced learning
variant of the 2°C scenarigesults in slightly fewer jolbppatunitiesin these sectors, as the enhanced learning
implies improvements itabour efficiency. This effect is more pronounced for employment in wind power due
to beneficial economies of scale and less noticeable for solar power.
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Takeaway for policymakers

Key findings of this study for an effective climate policy are:

Boosting the progress of clean energy technologies is by no means a substitutstforgent
climate policies.This analysis suggests that technology progress can reinforce the impacts of
carbon policies as enhancing the progress of clean energy technolagjggsficantly reduces
emissions.

However, boosting technology progress of clean energy technologies is a very effective strategy
to improvethe economic outcomes of decarbonisation jotes.

In paticular, boosting technology progress results in substamyiddwer investment needs and
energy supply cost reducing both the financing burden of the transition and the impact on energy
users Moreover accelerating technology progress pags from a macroeconomic perspective as

it results in more favourable outcomes in terms of GDP, econemige investments consumption

and energy prices.

Therefore, boosting technology progress presents for policymakers an opportunity to balance
environmetal goals with economic concerns and to mitigatiee economic risks of the green
transition.

The most effective learning strategies for reducing enengfated CQ@ emissions by the end of
the century is to boost progress for a very broad range of releveletan energy technologies.

Focusing ona few key technologies with highynergies(batteries, wind, solar, and hydrogen and
fuel cells) is an effective strategyo decrease investment needs associated to the green transition

12



Introduction

This studyexamines the longerm impacts of enhancing clean energy technology progress on the global energy
system and economy.

The analysis follows a twastep approach. First, the loagrm development and adoption patterns of clean
energy technologies are projeate¢o 2100 for two scenarios with distinct policy settings:22C scenari@nd a
Reference scenarid-urthermore, the impacts of both scenarios on the global energy system (until 2100) and
the economy (until 2050) are assessed.

In the second step, the imp&cof acceleratedechnology progress for clean energy technologies are analysed.
This includes two complementary perspectives: (i) adépth analysis of the effects oficceleratingprogress

for a specific group of technologies, and (ii) an examinatidnttte impacts and synergies that arise when
acceleratingprogress across a broad range of technologies.

This study uses weléstablished models for its analysis: the POLEHSC longerm energy scenario modgl]

for energy-related projections and analysis, and the JBEM E3 moddH] for socic-economic evaluation.

All figures and numbers in this study refer to global data; regional data is explicitly not shown. However, all
scenarios are calculated with theuli detailed regional resolution of the POLER®C modelAnnex } and the
JRCGGEM E3 modeAnnex 3. Moreover, # monetary numbers refer to constant US dollars §)2022.

Analytical framework and methodology

Scenarios
The framework of this studycomprisestwo base casesconsisting oftwo longterm energy scenarios with
distinct policy settings:

1 In the Reference scenarioj _\'t 2an g~ bdng\ o d, ant podutlufe cclimate polmy ~j i nd
pledges and targets are considered. The energy and emissions projections Reteeence scenario
are driven by market forces and technology learning. The global mean temperature at the end of the
centuryin the Reference senariolimits temperature rise tai3°C.

I The2°C scenari@aims to limit global temperature increase to 2°C at the end of the century. To this
end, a single global carbovalue trajectoryfor all regions is used in this scenarimtrodudng a global
carbonvalueleads todecarbonisation and the deployment of legarbon technologies.

Both base case scenarios are logrm scenaios (until 2100) produced with the POLERC modelBoth
scenarios' settings are similar to thos# the Global Energy and Climate @uok 2023 [5].

Eight thematic clean energy technology groups
A comprehensive range of technologies form part of the POURE moddl], but this study focuses only on a
subset. Within the scope of this studgight thematic technology groupsf clean energy technologies are
examined. These thematic groups cover a wide spectrum of clean technologies for energy supply, energy
demand and carbon capture. Each thematic group consists of several technologies:
o W: Wind pwer (orr and off-shore);
S: Solar power (utilityscale, residential and concentrated solar power (CSP);
BA: (i) Batteries forenergystorage. (iiBatteries forvarioustransportmodes
H2FC Hydrogen production (13 technologies) and fuel cell technok{@wer and transport);
CC Carbon capture for electricity generation (3 technologies) and hydrogen production (3
technologies);
DACSY Direct air capture and synfuels (gaseous and liquids) from hydrogencapduredCQ;
o BE Biofuels (1st and 2nd generain, biomethang, biomass power (3 technologies) and biomass
hydrogen production (3 technologies);
o HP: Heat pump technologies for heating and cooling.

O O O O

o
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Boostingtechnology progress
The technology progress in POLESC is modelled by endogenolearning.This approach considers that the

evolution of costs and efficiencies is driven lbymulativetechnology capacities (i,&a measureof experience)
and a learning rate describing the progress mamulative capacity. For each of its technologies POLESC
applies a default learning rat¢hat corresponds to the observed dynamics of the respective technology.

Boostingthe technology progress is modelled loycreasinglearning rates abovehe default levels.Increasing

the learning rates aims to simulate thenhanced technology progress induced by additional research and
innovation (R&I) expenditures. This study considers two levels of enhanced technology pragmesderately

Tie\Vi AN g gl g #Y&Y%$ \ | increasinghd defagtleaning ratesiby* 25% and 508, g # Ya& &
respectively Acceleratingthe technology progress within this study is limited to the period 2025 and 2050,

which aims to simulate additional R&D expenditures during this period. Nevertheless, the impacts of boosting
technologyprogress within this limited period are analysed until 2100.

The enhancedlearning is applied to the clean energy technologies within the aforedescriigtt thematic

techndogy groups The studyfirst anayses the impacts ofenhancedlearning rates limited to individual

thematic technology group#fter that, the impacts and synergies of combinieghancedearning across the
eight thematic technology groupare examinedAll technologies not subject tenhancedearning are modelled
with their defaultlearning rates.

Structure of the report

Chaptem Q&c | _pgmqg _ | introduces Hotm basyg case sc@harios and presents resultthatglobal
level. The evolution of greenhouse gas emissions, primary energy supply and final energy dermand
presented The evolution of investments by technologyovidesa view of technology adoption patterns and
their importance in monetary termsMoreover, the endogenous learning approach used in PQEES is
described. Finally, a methodologypsesentedto estimate the prospective R&l expenditures corresponding to
the enhancedearning.

Chapter? ?1 _j wggqgq =~ w imvestghtéstheeighetiematip technol&y groupis separate sections.
For each thematic grouyphe technology modelling approach usén POLESRC is described. Subsequently, the
technology adoption patterns of the base case scenari@8(scenariqg Reference scenarjoare discussed.
Finally, the impacts of enhanced learningtes within the respective technology group are analysed.
Additionally, for wind and solar technologies, the R&l expenditures associated avittancedlearning are
estimated.

Chapter3? Mt cp _j | gkn_ar g md c anélysésahe impactsorthancedearaingrajesc _ p |l gl e
along three main dimensions: (§Q emissions, (ii) energyelated investment needs and (iii) energy supply

costs Section3.1). The subsequenSection3.2 analyses the overall impacts of unpairgdchnology learning

which considergnhancedearning within each of theeight thematic technology grougs isolation Section3.3

examines the overall impacts and synergies of combinamghancedlearning acrgs the various technology

groups. The aim of this section is to identify favourable learning strategiedt allowthe creationof synergies

across various technology groupSection3.4 presents a comprehensiveensitivity analysis, examining the

overall impacts of all possible combinations of enhanced learning acros®tgbt thematic technology groups

The systematic analysis enables the assessment of the maximum overall impacts that can be achieved through
enhanced learning within the scope of this study. The findings provide valuable insights into the role of
technology learningo supporteffective climate policyThe findings argresented andliscussed for two distinct
scenarios, the°C scenariavith stringent carbon policies and thReference scenaridriven primarily by market
forces.

Finally Chapted » Qmaagml mk g a providesjresultggod tBe analysis with the global economy model
JREGEMES. Thesocio-economic analysisexamines the impactsoon GDP, econoride investment and
consumption, consumer grés and employment.The macroeconomic outcomes are analysed for the base case
of the 2°C scenari@nd theReference scenarjand a variant of the2°C scenarighat apples highly enhanced
learning for wind and solar technologies.
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Relation to the CETO project

Role withinthe CET(project

Ocdn nop_t r\n 7~j i _pnergy Systemn Moddélingviar Clgan Energy Technology Scé#arios
within the Clean Energy Technology Observat(@¥TO) project. A comprehensive overview of the CETO project
is given in the ForewordVithin the aforementioned CETO task, a complementary repiine POTEnCIA CETO
2024 Scenariépresens a deep decarbonisation scenario with a focus on the Europeannij6io

Connection to the CETO 2024 technologparts

CETO publishes an annual series of reports on specific clean enerdyndbgies, titled¥%lean Energy
Technology Status, Value Chains and Markethie 2024 series of CETO technology reportgilise global
technology projections (e,gcapacity, production, costthat are drawn from this studyNotably, the'alobal
CETO 2°C scenario 20Bdsed in the CETO technology reports is identical to #3€ base case scenario
presented in this study.
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1 Scenarios and Methodology

1.1 POLESJRC model

The global energy and emissioscenari® presental in this study are producedusingthe POLESRCmodel
(Prospective Outlook for the Loftgrm Energy System)POLESIRC is a world energgconomy partial
equilibrum simulation model of the energy sector, with complete modelling from primary supply (fossil fuels,
renewablesetc.) to transformation (power, biofuels, hydrogen) and final user demaieé. model provides full
energy and emission balances for @®untries or regions worldwide (including an explicit representation of
OECD and G20 countries). Moreoveterinational energy markets and prices of energy fuels are simulated
endogenously. Ithigh level of regional detaibnd sectoral description allowfr assessing a wide range of
energy and climate policies in all regions within a consistent global fraP@LESIRC follows yeaby-year
recursive modelling, with endogenous international energy prices and laggpgly and demanédjustments

by region, which #&ws for describing full development pathways to 2100.

A short description of the POLEIRC model used in this report can be founddinnex 1 more comprehensive
documentation of POLEIRC is provided ifl]. POLESIRCscenarioresults are published within the series of
yearly %lobal Climate and Energy Outl8qiGECP publications PreviousGECO reportalong with detailed
regionalenergy andgreenhouse gasGHG balances and an online vslisation interfacecan be found aff7],

[8].

1.2 Base Case Scenarios

The framewok of this study consists of two base cagBC)scenariosreferred to asReferencescenarioand
2°C Scenaripwith fundamentally different policiesWithin this studythese base cases serve two purposes.
Firstly, they are used to illustratdechnologyadaoption patterns of clean energy technologies in the coming
decadesSecondlythe base cases serve as benchmaiiksthe sensitivity analysis of enhanced learning

Reference scenario: corresponds to a world where noew policies are implemented. The exising and
enacted policiesncludeenergy supply and demand policies and targets, as well as legislated GHG policies and
targets that are backed by concrete supporting enetggctor policies. For a list of policies considered in the
Referencescenariosee Table 9 and 10 in the Annex4 of the GECO 2023 repodf [5]. Some of these policies

are simulated by low carbomaluetrajectories br some countriesdimate policy pledges and targetsuch as
Ajopi omd  IynDBetedmined Contributions (NDCs) and ldegn strategies are not considered.

Notably, theReference scenaridoes not aim for a deep decarbonisation. Energy and emissions projections in
the Reference scenariare mainly driven by market forces and thnology learningand, to a minor extent by

the aforementioned alreadyegislated GHG policies and targefhe Reference scenarimesults in an eneof-
century temperature rise obelow3.0°Cwith a more than66% probability.

2°C scenario: this scenaio is designed to limit global temperature increase to 2°C at the end of the century
In this scenario, theumulativenet CQ emissions from 20D until 2100 reachapproximatelyl170 Gtos which

is below thecarbon budgetevelsrequired for a2°Cscenaro provided by[2]. To verify temperaturerojections
liveMAGIC(@9] was applied using tb net CQ emissions complemented witBmission projections ohonCQ
and air pollutans. Ths scenario results in a likely below 2°C temperature increase witmare than 666
probability in 2100.

In the 2°C scenari@a single global carbonvalue for all regions is usen top of the aforenentionedalready
legislated GHG policies and targetbthe Reference scenaridhe carborvalueunder the2°C scenariincreases
immediately, starting in 2024, with a steep rise until 2030, followed by a gradual and modest increase until
2100. The 2°C scenarids, therefore, a stylised representation of an econdcally efficient pathway to the
temperature targets, as the uniform global carbmalue ensures that emissions are reduced where abatement
costs are lowest. This scenario does not consider financial transfers between countries to implement mitigation
meaaures.Thisscenariois a simplified representation of an ideal case where strong international cooperation
results ina concerted effort to reduce emissions globally; it is not meant to replicate the result of announced
targets and pledges, which differ gatly in ambition across countries.
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The2°C scenaridase casds identicalto the °Global CETO 2°C scenario 2@#edin the 2024 series of CETO
technology report§Clean Energy Technology Status, Value Chainskandp i4c r E

1.2.1 Specifications and limitations

The POLESRC model version used for this study is based on the version employed for the GECO 2023 report
[5]. The used POLESRC version has been modified and enhanced to address the specific issues retietaist

task of the CETO projedtlayor dhanges since the publication of the GECO 2023 report refethes modelling

of direct air capture (DACJnd the transprt sector. Meeover, thetechnoeconomic parametersofernight
investment costpperation and maintenanceost, efficiencies, learning ratesfor all technologieshave teen
revised thoroughlyTechneeconomic pararaters used in the POLESRCversionof this report aredetailedin

Annex 5

The POLESRC model is developed and enhanced continuously. Consequently,-BRCESenarios published
in other reports may differ from the scenarios presented in this report. The sdesaf this report mayvary
from energy and emissions projections from official national sources or international organisations.

TheReference scenariand 2°C scenari®f this study use an identical configuration of the POLEHRC model,

except that the2°C scenarioapplies a global carborvalue trajectory. Both scenario cases use the same
exogenous macroeconomic projections (GDP and population) as a basis, with endogenously calculated energy
prices and technological development specific to the POQUES mdel.

All data shown in this report refer to global figuresunless stated otherwise. This report does not intend to
show regional data related to energy supply and demand, energy prices or investment. Nonetheless, the global
projectionsshownare the esult of modelling the entire energy system of each of the 66 countries and regions

in POLESIRC, which includes the regional modelling of energy pritks.cost figures for energy technologies

are global unitary figureseflecting arepresentative averag.

Figure 1. Global GHG emissions by sectorderthe Referenceand 2°C scenaridase cases.
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1.2.2 Global Emissions

In both scenarios, emissions are projected to peak in the middle of this dechidgire 1). In theReference
scenarig emissions fall subsequently, mainly driven Iye continued deployment of renewables, electric
vehicles (EVs), and other le@mission technologies. By the middle of the century a plateau of about 4%t
is reached, as continued fossil fuel use and rRGM emissions growth offset growth in renewables.

Decarbonisation in the 2°C Scenario

The 2°C Scenaricsees substantial further emission reductionsreachingabout 14 Gicozq in 2100 for all
greenhouse gses (i.e, °Total CO2q» in Figure 1). Drastic emission reductions occur in power generation,
transport, buildingsand industryuntil 2050. In the second half of the century, emissions continue to decrease,
but at a lower speedAlthough power generation expands substantially in thecond half of the centyy,
emissionsof power generation decrease mj h o ] Gijoqftolamout 5 GEooby 2050 and stagnate at this
levelin the second half of the century

Negative emissions tdmologies and optionssuch as bioenergy with carbon capture and storage (BECCS), direct
air capture (DAC) and LULUCF (Land use,-lss&l change, and forestry), are crucial components for the
decarbonisation of the°C ScenaricAsan entire sector, LULUQHrns from a source to a substantial emission
sink from 2030 onwards. Reducing deforestatipimcreasing aforestation and improing land management
practicesare key to conveihg the LULUCF sectortma global carbon sink. Mooger, bioenergy with céron
capture and storage (BECCS) is an important technofogwychievng negative emissions in the power sector
(Sectiors 2.5.1and 0) as well asfor producing hydrogenSection2.5.2). Finally, direct air capture (DAG a
crucial negative emission technology in the second half of the centGegc(ion2.6.1).

As a result, in 2100the actual 14Gicozeq0f Net emissions in the2°C Scenari@onsistof 22 GioozeqOf gross
emissions whichare offset by about 8Gt.o, 0f negative emissionsOf theseroughly 5Gtco.refer to LULUCF

(Figure 1), and approximately Btco0riginate from BECCS i~ ? <> #7~j hknkgarél). di %%Joc "~

On thedemand sidg2°CScenarig, energy efficiency combined with electrificati¢gseeFigure 4) offsets fossil
fuel consumption at differentspeeds depending on the technology substitution mechanisms and the
characteristics of the energysing processes within each sector

- Thetransport sectorsees rapid decarbonisation from 2025 to 2050 adectric vehiclesg\5), and
to a lesser extenfuel cell vehiclesreduce fossil fuel demand.

- The building sectorswitches from fossil fuels (mainly fossil gas) to electricity and decarbonises
based on relatively mature technologies like heat pumps and thermal insulation.

- The hdustiial sectorsees a sigificant fuel switch in the2°C Scenaritowards electrification which,
combined withmodestdeployment of CCS, results in reducing its emissirom 11 Gicozeqtoday
to about4 Gicozeqin 2100.

In the 2°C Scenaripsubstantial residual emissions remain the latter half of the century particularly in the
agriculture, indstry and transportation sectors

Comparison to pathways compatible with 1.5°C target

The global carbon budget for 202@100 (cumulative net C@emissions) in the2°C Scenariamounts to
1170 GtCQ. In contrast, mitigation pathways that limit global warming to 1.5°C have a significantly lower
carbon budget of approximatel200-400 GtCQ and require reaching netero CQ@ emissions by the second
half of the century[2], [3] This highlights that achieving the 1.5°C target would necessitate substantially more
aggressive emission reductiotban the 2°C Scenario presented in this study.
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1.2.3 Energy supply and demand

1.2.3.1 Primary energy supply

The decarbonisatiomithe 2°C scenaricompared to theReference scenariis characterigd by a significant
transitionof the primary energy suppliowards renewablesnd thecombination of several factoras presented
in Figure 2:

- Stagnation of primary energy supply until 2050vhich is a resultof decreasingfinal energy
demand in the buildings and transport sector mairflpm electrificationand the use of more
efficient technologies

- Inboth scenarios, surging renewables play an importaoiée. However, substantiglmore wind is
deployed in the2°C scenario

- Fossil energy supply in 2100 declines for coal to half of its current leagld oil declines to even
a quarter of its curreh supply.

- Gas supply grows steadily throughout the centumyboth scenarios, but less in th2°C scenario
This development occutargelyas gas power plants are required to balance the intermittency of
surging solar and wind power.

Figure 2. Primary energy supplunderthe Referenceand 2°C scenaridase cases.
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1.2.3.2 Power generation

In 2100, power generation is projected to increase almost five times to ab@4 PWh compared tthe current
demand ofroughly27 PWHh as can be seen ifrigure 3. Both scemrios show antinpressive surg in wind and
solar generation driven by evatheaper renewable powesolar and windyeneration increases drastically from
approximately2.4 PWh in 2020 toabout 47 PWh by 2050 and grow further to abo@®8 PWhby 2100 (2°C
scenarig. In 2050, solar and wind account for 63% of total generation in t28C scenariand 50% in the
Reference scenario. All renewables combined (including biomass, ocean and gedjignowato about 80% of
total power generation in 2050 and remain at this level for the latter half of the century.

Intermittent renewablegequire shoriterm and seasonabalancing power capacitiefor balancing the power
system POLESRC considers laegscale storage (pumpethydro storage, batteries) and fast ramping gas
power plantsWith surging intermittent renewables, the neéalbalane power capacities increasesherefore,
gas-based power increasedrasticallyin the power mixfrom approximately6.5 PWh (2020) to @ PWh (2100)
in the 2°C scenarioWhereaspumpedhydro storageand batteriesdo not appear in the power mix as they are
charged by other sources of energy.

In the 2°C scenaripcoatbased power (without CCS) declines from 2030 to abouwt ga j a aThe\ t %n
resultant lack in providing baseload, i some extentsubstituted by increasing fossil CCS power generation
from coal and gas. Moreover, nuclear power plays a more prominentamhepared to theReference scenario
Concurrent}, biomass plays limited role in both scenarioglue toits relatively high cost Section2.7).
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Figure 3. Power generatiominderthe Referenceand 2°C scenaridase cases.
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Power system modelling in POLES-JRC

For producing eledcity, POLEJRC comprises a comprehensive setrmbre than thirty powergenerating
technologies The model considersiine fossil power technologies without CCS arthree fossil power
technologies with C& Moreoverthree biomass technologies with and without CG®dhydrogen and gas fuel
cells areconsidered

Furthermore, two nuclear technologies are considere&enewable technologies encompasisree solar
technologiestwo wind technologiesthree hydro power technologies as well as ocean and geothermal power.
Finally,a range ofstorage technologiesre consideredbattery energy storage (BES), compressed air energy
storage (CAE), and pumped hydro storage (PN®yeover, the model considergehicleto-grid (V2G) and
demand side managementhe latter technologies and the storage technologies play a crucialirobalancing

the increasing intermittent renewable power sources.

Each technology is characterised by its cost parameters (overnight investiowst, variable & fixed operation
and maintenance cost), efficiencies in case of thermal power and various other teelbooomic parameters.
Endogenous learning is taken into account for cost parameters and efficienciesl($#®. The main techno

economic parameters for all POLERC power technologies are documentedimex 5(seeSectionAN 5.1.

For renewable technologies, maximum resource potdatare taken into account. Similarly, the deployment of
carbon capture and storage (CCS) technologies is linked to regpenific geological storage potential. In
addition to these technical and economic characteristics,-gont factors are applied toapture the historical
relative attractiveness of each technology, in terms of investments and of operational dispatch.

For modelling hourly temporal variations, POLESC uses a sefix representative days with an hourly time
step. This allows to capturelectricity load variations as well as to take into account the intermittency of solar
and wind generation. The usage of representative days also allows to capture hourly profiles by sector and end
uses.

Electricity demandn POLESIRC is computed by suning electricity demand for endises (e.g.heating, steel
making, etc.) over all sectors (e.gesidential & service sector, industry). Time variations of end uses are taken
into acount by hourlyprofiles of representative daysThe annual evolution of ed-use electricity demand is
driven by the activity of each sector aratice competition between electricity and fuels.

The nodelling of the power system in POLBERC comprises operation and capacity planning. The operation of
the power system models howhe existing capacities of power generating and storage technologies are
employed in order to meet the overall demand, including grid imports and exfans adjacent regionswhile
capacity planning models the deployment of new power capacities. It densithe existing structure of the
power mix (vintage technology), the expected evolution of the electricity demand, &oatl flexibility
characteristics of the technologies and the production cost of technologies.
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1.2.3.3 Final energy demand

In both scenarioselectricity rapidly evolves into the largest final energy demarambmponent(Figure 4). The
increasing dominance of electricityesults from declining technological costand changes in enduse
equipment Additionally, thencreashg global carbonvaluein the 2°C scenaridurther promotes electrification
Electricity accounted for 2% of final global energy demand in 2020 and is projected itcrease steeply to
reach 8% in 2050 and68% in 2100 in the2°C scenarid/Nhilethe Referece scenari@lso exhibits substantial
electrification but at a slightly slower pace, reaching 51% by 2050 and 62% by 21@0reoverhydrogen and
synfuelsincreasinglyplay a role in the energy mix. Each of them will contribute to about 8%ihe energy nix
of 2100 in the 2°C scenario

With a view to the clean energy demand technologies treated in this report, theaeaer of this section looks
into the demand of the (i) transport sector and the (ii) residential and service sector.

Figure 4. Final energy demandnderthe Referenceand 2°C scenaridase cases.
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1.2.3.3.1 Transport sector

The transport sector in POLEIRC comprises various transportation modes such as road transport (passenger
cars, light commercial véicles (LCVand heavyduty trucks (HDV), international maritime transport and
domestic ravigation, and international and domestic air transportation of passengers and freight.

In thetransportsector, global final energy demand is expected to remainately stable in the coming decades
(Figure 5). This stability is attributed to two offsetting trends: increasing demand for transport services and
improved efficiencies of electric vehicles compared to those with internal coribnsengines.From 2040
onwards,the efficiency gains are surpassed by the general demand increase in all transport modes. In 2100,
total energy demand reacheasbout 4 Gtoe which is about85% higher than today.

Although the global energy demand grows, éhenergy mix changes by progressive electrification and
decarbonisation of transport modes. This is reflected in increasing electricity consungitincreasing shares
of synfuels and hydrogen. Thigrofoundtransformation results in a drastic reductioof oil consumed at the
end of the century.

Transport energy demand evolves similarly in both scenarios, showing that electric vehiclessareost

competitive also in theReference scenaridA slight difference is the higher demand for synfuels in tBeC
scenario
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Figure 5. Transporin = ~ dfipaheyargy demandinderthe Referenceand 2°C scenaridase cases.
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1.2.3.3.2 Residential and servisssector

The energy demand in the residentiahd service sector enmmpassesheating and coolingof buildings
cooking, hot watedemand electric appliances and lightin@c © n = ~ o pnergyrdenamgdjis]projgcted to
increasesteadily from currently about Ztoe (2020)to 4.4 Gtoeby 2100 under the2°C scenaridFigure 6).
Heating and coolingf buildings account for a significant proportion (37% in 2022) of the residential and service
sector's energy demand.

Figure65 =pdg_di b n~ ~ o] mAderthaRefeengpand 2°C scelaridase chses.
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The energy mix in the residential and services sector is expected to undergo a transition driven by two primary
trends: electrification and improving energy efficiency.

Heatingof buildings expriences a series of transitions. First, heat pumps are increasingly replacing oil and gas
boilers due tothe rising global carbonvalue and lower acquisition costs, along with lower acquisition cost and
improving efficiencies induced by technology leamifSection2.8). Second, better thermal insulation of
buildings leads to increased efficiency, resulting in lower useful energy needs despite economic growth.

Coolingneeds are expected to surge in the comingcddes First, growing prosperity will lead to a higher
installation rate of air conditioning equipment, particularly in countries with warmer climates. Second, rising
global temperatures will increase the need for cooling. Consequently, electricity defearabolingbuildings
grows although this trend is somewhat mitigated by improvittte efficiencies of cooling appliances (Section
2.8).

Moreover, elecical heating technologieand electrical cooking is pregted to replace traditional biomass and
liquefied petroleum gas (LPG) in developing countrigeese electrification processes also contribute to
overall energy efficiency gains in the global building sector

1.2.4 Investments in clean energy technologies

Theenergy transition described in thReferenceand 2°C scenariosequires significant investments in energy
technologiesFigure 7 provides an overview of the correspondiagnual investments by its main elements.
The investments aatain fossitrelated and clearenergy investments. Fosgiklated investments comprise:

- Coal, oit and gasrelated investments (upstream, downstream, transformation);
- Fossil power;
- Fossil hydrogen.

The investment needdor clean energy technologieare illustrated in more detail in this section. To this end,
clean energy technologies investment needs aedegorsed into three groups:

- Clean pwer generatior(for details seeFigure 8);

- Supply ofcleanfuels and direct air capturéDAQG: (a) Clean hywgen, (b biofuels and biomethane,
and (c) DAC & synfuels (for detajlsee Figure 9);

- Demand side investments iifa) transport for batteries and fuel cells used in vehiclesnd
(b) buildingsfor heat pumps ued for heating and cooling (for detailseeFigure 10).

Moreoverinvestments in the power transmission and distributibh&D)infrastructureare shown inFigure 7.

T&D investments increase with the suiasitial expansion of solar and wind capacitiesiven by the need for

new or upgraded grid infrastructure to (i) connect these energy sources, (ii) transport electricity, and (iii) manage
their intermittent output. Under th@°C scenaripT&D investmentsia projected to roughly double from current
levels to approximately $0.8 trillion by 2050. In contrast, tReference scenarishows a similar investment
pattern until 2050 but with a notable deviation in the second half of the century, where T&D investsrae
around 20% lower than in th@°C scenaripreflecting the slower expansion of wind and solar capacities

Other energy infrastructure costs like pipelines, new fuel infrastructure in harbaursifrastructure to liquefy
hydrogen are reflected bfactors relatedto the cost of fuels but are not considered in the overall investment
figures. Investments required for other energglated technologies, such as for renovation of buildings or for
energy efficiency measures, are considered in POIES ht are not depicted in the figures of this section as
they are not the focus of this report.
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Figure 7. Overall annual investments by its main elements under fReferenceand 2°C scenaridase cases.
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1.2.4.1 Clean power generation

In the power sector, totahnnual investments in clean power technologies increase frararly0.5 T$(2020 to
1.4 T$ in 205@nderthe 2°C scenarid-igure 8.In comparison, th&eference scenariovolves significantly less
invegment in clean power technologies.

The technology evolution of clean technologies in the power nkilgure 3) is reflected inthe annual
investmentsmade:

- Solar and wind technologies dominatiie investment landscape in clean pewtechnologies in

both scenarios. In th°C scenaripthe combined investments in solar and wind increase from

around0.35 T$in 2020 to 0.9 T$ by 2050.

- Biomass power requires significantly more investmetitan its relatively small share in the power
mix suggests(Figure 3).

- Investment needsin battery energy storagecorrelate with the growth of solar and wind
investments, as battery storage is essential for balancing the power syst&minor role plag

investments in other staage technologies (i.epumped hydro storage, compressed air energy

storage) and demand side managemef@MS)

Figure 8. Annualclean energyinvestmentsin cleanpower generatiorand battery storageunderthe
Referenceand 2°C scendo base cases
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1.2.4.2 Clean fuels and direct air capture (DAC)

Annual investments in various clean energy fu@ioduction technologieand direct air capture (DA@je shown
in Figure 9:

- TheCkanHydrogencategory comprisesseveral production technologies (s&ection2.4.2), with
solar and windpowered electrolysis and methane stream reforming with carbon capture and
storage (CCS) being the most significarithe nvestments in clean hydrogemlso include
investments in dedicated solar and wind capacitiednich are notaccounted agart of the power
system.The dip in hydrogen investments by 2070 results from investment cycles induced by
equipment lifetime.

- Relatedo the hydrogen economy arBmmonia& LH2(i.e, liquid hydrogei, which serve as energy
carriers forhydrogen trade The investments for ammonia and liquid hydrogen refer to facilities
of (re)conversion of hydrogen.

- Biofuel& Biomethanecategory encompas investments for the production of fitsand second
generation biofued, as well asbiomethaneinstallations.

- TheSynfuels categoryinvolves investments in facilities that produce gaseous and liquid synfuels
from hydrogen and captured GOThe shown invement figures also encompass the cost for DAC
installations capturing the required GO

- TheDACstoragecategorycovers investments for DAC installations and Gf@rage.

- The Wind & Solars DACcategory accounts for the renewable investments required twer the
DAC installationgs are necessarjor synfuel production and>ACstorage

Overall, clean fuel investments are dominated by the emerging hydrogen economy. Total clean fuel investments
are substantial, amounting to about a third of the investmenits power generation for the2°C scenario
(Figure 8). Differences between the scenarios highlight significantly higher hydrogen investments i2tGe
scenariq particularly in synfuels and DAf@lated technologiesrom 2040 onwards.

Figure 9. Annual hvestments in clean energy hydrogdrased fuels (b NH, LH2, synfuels), biofuels &
biomethaneand DAQunder theReferenceand 2°C scenaridbase cases.
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1.2.4.3 Transport and bu ildings

On the demand sidehis study encompasses clean energy technologiesansportand buildings

In the transportsector, clean energy technologies refer to batteries and fuel céfiat powervehicles, trucks,
ships andevenaircrafts.

- Batteries and fuel cells are regarded as emerging technologies and play a crucial role in
decarbonising the transport sectdfigure 5). Consequently, annual investments in batteries and
fuel cells are projected to surge in the coming @eles(Figure 10).
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Investmentsin batteries and fuel cells in transport arsignificant compared to all other clean
energy technologies. For instance, in 2050, batteries and fuel cells investment amouathdat
170% of the investnmentsin power generation under th2°C scenaridFigure 8).

The shown investments refer to the battery and fuel cell cost part of total transport equipment
purchasesnot the cost of the entirety of the transport equipmefhetechnology adoption pattern
of batteries and fuel cells withirthe different transportation modes is analyseth the Sections

2.3.1and2.4.3.1

In the context ofbuildings this report concentrateon heat pumps for heating and cooling as clean energy
technology (seesection2.8). Heat pump technologies are regarded as a key technologyterelectrification

of the energy demand of buildingfor space heéing and coolingwhich accourd for a major share of the
energy demand in the residential and servisector(see Sectionl.2.3.3.3.

While heat pumps for cooling (i.eair conditioning) arewell-establishedtoday, heat pumpsfor
heating are less widespread today bhold tremendouspotential.

Annual investmert in heat pumps for heating are projected to surge in the coming decades.
However, from 2060 onwards, less investment in heat pumps for heating is required as thegnerg
consumption of buildings decreases due to better insulation.

Investments inheat pumps forcooling (i.e, A/Q grow steadily until the end of the century
reflecting the increasing global cooling needs.

Figure 10. Annualinvestments in clean energy technologies in transport atine residential and service
sectorunder theReferenceand 2°C scenaridase cases
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1.3 Methodological approach

1.3.1 Endogenous technology | earning

Component-based learning -by-doing

The PFOLESIRCmodel uses a ondactor learningby-doing (LBD)approachto endogenig the evolution of
technology cost$1]. The LBD approach posits thdbublingcumulativeinstalledcapacitiedeads to a reduction

in investment costs by the learning rate R [10], [13]. In its most commonly used approach, the LBD describes
the evolution of investment costof a technology as a function of itsumulativecapacities[11], [13].

In the POLESRC model, total investment cost is broken down into various cost componetish are
associated to functional units of the technology. Consequently, PQIRES applies the LBD approach to the
components of ag¢chnology:

(Eq. 1) [ w wlld
(Eq. 2) 0°Y p ¢

where 6 is the cost of component, & the cumulative capacity of component, & and & are the
LBDparameters @xis intecept and slope on adg, log scal§ and0 'Y is the actualLBD learning rateof
component.

For the energy technologjts actual investment cost is the sum d all its individual component$

(Eq.3) # 0

This gproach allowdor the modelling ofspillover effects as functional components are shared by several
technologieg[11], [14], [15] For instance,a gasifier unitis a componentused for several power generatn
technologies (e.gintegrated gasification combined cycle, IGGEG well as for several hydrogen production
technologies (e.ggasification of coal and biomassee2.4.2.]). Therefore, the componeriased LBD approach
allowsthe modelling ofspillover effects not only across technologies but also across sectis,it allowsto
estimatethe cost for emerging technologies for which histori@{perienceloes not yet exisf11]. Furthermore,

while certain components may rapidly improve through technological advancements, others may already be
highly developed. The componeapproach addresses this by assigning specific learning rates to each
component, refledhg their individual maturity and dynamicsThe interaction between components with
different maturity is illustrated inSection2.5.1.2for a power technology with and without carbon capture.

Floor cost

Moreover, for each coponentexistsa floor cost which marks theminimum for the component'snvestment
costand servesas a limitation for the cost reduction by endogenous learnidgoreover, POLEZRC considers
that cost reductions by learningp slow down once investment sts fall below a certain threshold (i,€133%
of floor cost level). Below this threshold, learning rates converge to zero when approaittafiigpor cost level.
The floor costs used by each technology are listed in the tableAmfiex 5 These floor cost values are estimates
based on longterm projections of investment costs (e,aintil 2050) [23] to which an additional 40% cost
reductionis applied to account for potential technological advancemeamstimatirg minimumcostlimitations
by the end of the centunyposesa fundamental challengeThe approach used aims to strike a balanoa the
one sidebetween informed estimates of achievable minimum costs and on the other side allows for substantial
room for ccst decreases driven by endogenous learning.

Operation and maintenance costs

Operation and maintenance (OMsts also go down as technologies improve the model, OM costs diminish
in proportionto the decrease of total investment cost of the technolgiccording to this approach, the cost
evolution of ixed OM and variable neanergyrelated OMis modelled based on theidefault valuesin 2022
(seeAnnex 5.
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Efficiencies

Efficienciesplay a crucialrole in energy system mdeling. POLESRCaccounts for endogenous efficiency
learning in a range of technologies. These technologies encompass 11 power technotbgiesd] technologies
and fuel cdls), fuel production and transformation processes (including biofuels, bioggstuels, NH3 and
liquid hydrogen)residential heat pumps and direct air captur

Endogenous efficiency learning models teeolution of technologfficiency §) by a modified onefactor LBD
approach applying the effiency learningrate 0 'y for modelling decreasing technology lossés

(Eq. 4) S p O
(Eq. 5) 1Te & alidg ®eEQ 0y p ¢ 8,

where® refers to cumulativecapacities of the technologyand coé and (:}é LBDparameters.This approach

uses asa starting point current efficiencies andpplies learning rates, which are listed in thebles of Annex 5
#n°> " ~jgphi Ya@aad”™"d i )] gphi k%G MWMa i agheelficiencygniptovwmments b m\ o
are limited by a maximum achievable efficiency.

In contrast, efficiencies for certain technologies are determined exogenoudtgse technologies include
batteries (power and transport), fuel cells in transpatd industrial processes.

Moreover, conversion efficiencies for neimermal renewable power generation technologies are egplicitly
modelled. However, their efficiency improvements arglicitly captured through the investment cost decrease
by endogaous learningand increases in capacity factors

Techno-economic parameters of POLESJRC
For all technologies implemented in POLESCthe aforementioned technology parameters (investment cost
by component, OM costs, efficiencies and learning rates)dwrcumented iPAnnex 5

Two-factor learning approach

The abovedescribed endogenous LBD approach could be expandecbhgideringthe effect of cumulative
research and innovationR&) expenditureson learnirg. This "twefactor learning” could be schematically
described ag11], [13] for the total overnight investment cost of a technology

(Eq. 5) lT&€¢ o o 11& w 11,

where is the learningby-doing(LBD)parameterand ) is thelearningby-research(LBRJor "two-
factor" approach. MoreovelY refersto cumulativeR&! expenditure and O is the overnightinvestment
cost

In principle, the "twdactor learning" approach appears suitable for analysing the impacts of R&l expenditures
on the energy systemtowever, there are major drawbacks applying the "twafactor learning" to an energy
system scenario model

- Firsty, parameter sets@) , &) ) for the "twofactor learning" approach arenly available for
a few technologieqd11].

- Moreover from a methodological poina major limitation is theinterdependence of LBD and LBR
which does not allowior clearly separaing causeeffect relations[11],[16].

- Furthermore statistics on R&l expenditures are available by an entire technology class,
batteries) but may lack detail onsub-technologies within thetechnology class(batteries for
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transport or energy storage)he latter is a major difficlty in applying the "two-factor learning”
approach to the multitude of technologies used in POLIRE.

Alsq the availability of detailed statistics on R&I expéhdes is often fragmented. A specific
challenge is that public and private R&I data may rxe aligned inscopeor time. In the absence
of actual statistics, R&l expenditures can be estimated using suitable prd4iés [18]

Enhanced learning simulating R&I expenditures

Due to the reasonsbove the two-factor learning approachwhich would allowthe modeling of the impacts
of R&I expenditures, is not considered in the POURE model. Instead, in this stydlge impact of additional
R&l expenditures is simulatedy enhancingtechnology learning within t onefactor learningby-doing
approach. To this endgnhanced technology learning modelled as augmenting component learning rates
above its default levels of the base case scenarios.

1.3.1 Estimating R&I expenditures

This study atempts to estimate R&I exgnditures which correspond to enhanced learningf augmenting
learning rates Although R&I expenditures are not modelled with POIRS, the amount of R&I expenditures
could be estimated based on the results of the enhanced learning scenarothi§ end a one-factor learning
by-research (LBR) approach attributes technology progresaitaulativeR&l expenditures.malogously to LBD,
the learningby-research approach postulates a logarithmic relation between thenulativeR&I expenditures

'Y and thetotal investment costd by applying an LBR learningate O Y
(Eq. 6) [ ® w I 1¢ GheQoy P C

This approach allows to estimate the required R&I expenditures for a certainle&Ding rate as investment
cost over time vary according to the applied LBD learning rate. Therefore, this approach is suitable to estimate
future R&I expenditures associated to the enhanced learning variations of this study.

However, the application ahe LBR approach is in practise limited as it requires an adequate time series of
historic R&I expenditures. In practise, the available R&l daatly allowed to estimate future R&I expenditures
for photovoltaics and wind technologies (Sectidhd.4and2.2.4).

1.3.2 Enhanced learning variations

Thematic learning groups

This study explores enhanced learning for eight thematic groups, each focused on a learning theme related to
cleanenergies(see Table 1). The thematicgroups are abbreviated using capital letter acronyms throughout
the study(e.g, W for wind powej.

Enhanced group learning

Enhanced learning within each thematic group is applied only to compaenesiited to the group's learning
theme. The components addressed by enhanced learning within each thematic group are listediabiles in
Annex5# n " °  "gcgphhiodys bmj pk¥

Enhanced technology learnirigmodelled as augmenting component learning rates above its default levels of
the base case scenarios. This study considers two levels of enhanced technology learning:

1. Moderately” i ¢\ i " +Y8dichgncrgasegéfault learning rates by 25%

2. Hghly™ i c\ i ~° ++4@hich ingyeasédefault learning rates by 8%

Themoderatelyand highly enhanced level of the components corresponding to the thematic learning groups
are shown in Tables iAnnex 5in the columrs %R +, %% \YiG M & &he thenigtic learning variations are
referred to as the name of the thematic group combined with the enhanced learning I&al.instance,
H2FC+¥2 m~ a highly enlahced learning for clean energy components lofdragen and fuel cell
technologies.
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Table 1. Thematic learning groups.

cooling in residential

and service sector

Acronym | Thematic Technologies Clean energy Spillover Learning
group components components variation

w Wind power On-shore and off All wind power none W+ W++

shore wind componets

S Solar Power  |Utility-scale PV, All solar power none S+, St+

rooftop PV, CSP components

BA Battery a) Power generatioy] All battery none BA,
technologies |b) Demand: components BA++

batteries in
transport
(vehicles,
aeroplanes)

H2FC Hydragen and |a) Supply:13 a) Cleanhydrogen |Gasifier components ¢H2FC+
fuel cell hydrogen components; a) biomass power |H2FC++
technologies production b) Fuel cell generation;

technologies components b) Biomass hydroger
b) Demandfuel production
cells in vehicles
and power
generation
CcC Carbon capture|a) 3 Carbon capture|Carbon capture Carbon capture CC+ CC+H
power generationcomponents componentsof
technologies; a) power generation;
b) 3 Carbon capture b) hydrogen
hydrogen production
production c) DAC.
technologies.

DACSY |Direct ar a) Direct air capture| DAC and synfuel ¥%>%3j hkm” nn|DACS¥,
capture (DAC) (DAQC). components component of DACS¥+
and synfuels |b) Liquid and a) power

gaseous synfuels generation;
b) hydrogen
production;
c) DAC.

BE Bioenergy a) 1stand 2¢ Bioenergy a) Gasifier BE+, BE++
technologies generation of components components of

biofuels (4 - biomass power
technologies) generation;

b) 3 Biomass power| - Biomass
generation hydrogen
technologies; production;

c) 3 Biomass b) Hydrogen
hydrogen components of
production biomass hydroger
technologies. production.

HP Heat pump Demandheat pumps |Al heat pump none HP*,
technologies |for heating and components HP++
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The base case learning rates of the components aims to reflect the expected technplogyess based on a

]mj\_ gdo m\opm> m gd r #n 2 jAnmek ). Th&bhosen varaiion ofn g  \ m
g\ mi di+&5-mD ro hrv2BHYYaim to strike a balance between coveriagvide range of permissible

values of learning rates and a systematic variation for all technologies. As the literature on learning rates shows

that observed learning rates of a certain technology can vary over large rafigds[15] the highly enhanced

learninglev g++4#%4 \ dhn oj m km - n io \i “som h" ]Jpo epnodad\]

Spillover across technologies

Some components are shared across several technologies, allowing for the modelling of spillover effects
spreading across technologies through two effec(y: the enhanced component learning rate applies to all
technologies using the same component and (ii) by relating technology progress to the cumulative capacities

of a certain component used by different technologies (see Eq. 1 and EoRexample,a ™ ~j hkCQi " i o Y
compressio'z dn nc\m> _ ]t ~\m]iji A"Nkopm™ o ”"cijgjbd ' n ajm
(iii) direct air capture (DAC), as revealed in the Tables iArinex 5 This enalds the spillover of technology

progress among clean energy technologies. Furthermore, this approach allows for technology spillover between
clean energy technologies and fossil technologies. For example, the "Gasifier" component is shared by several
gasification technologies with and without carbon capture.

Ajpm ja oc” oc h\lod” o ~cijgj bt Shllavergdmponanté Tadlerlp ~j hkj i
that are also subject to technologies within other groups. However,féar thematic learning groups, the

component learning is effectively limited to the technologies encompassed in this group as the components are

ijo pn’  _ di joc m bmj pkSpillovehconmpbnente Vable¥ai j i ~ % di "~j gphi

Impact analysis of enhanced learning

Enhancing technology learning within this study is limited to the period 2025 and 2050, which aims to simulate
additional R&D expenditures during this period. Nevertheless, the impacts of boosting technologggsrog
within this limited period are analysed until 2100.

Chapter2 is dedicated to an analysis by technology groups, illustrating the technology adoption patterns of the
technologies in the respective technolpgroups within the base cases of the°C and Reference scenarios
Additionally, the impacts of enhanced learnirggesvariations within the limits of thematic groups are analysed

in terms of capacities, production, and investments. Additionally, the otgpaf enhanced learningates
variations within the limits of thematic groups are analysed in terms of capacities, production, and investments.

Chapter3 analyses the overall impacts of enhanced learnirgfes variations in terms of (ilCO2emissions,
(i) investment needs and (iignergy supply costs. SectioB.2 examines the overall impacts of enhanced
learningrateslimited to learning within the thematic groupSynergies across the thematic learning greugre
analysed in Sectiof3.3 by examining the overall impacts of combinations of enhanced learning lgarning
strategies) The analysis culminates in a sensitivity analysis considering all possible leaoumbinations from
the eight thematic groups (Sectia4).
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2 Analysis by technology group

2.1 Wind power technologies

2.1.1 Wind power generation

The windpowertechnology group encompassesrshoreand off-shorewind power generation technologies.

In POLESRCthe deployment of wind technologies is determined by costs and resource potentials. The main
cost factor for wind power generatiois investment cost whereas operation and maiebance costs are of
minor importance

Resource potentials for eshore and offshore wind powerare derived from a detailed technological
assessment which includemeteorological potential, exclusion factofsepresenting geographical, social and
environmental considerations)nd techinology characteristics. This assessment distingasstree wind classes
for each wind technology (i.e., @hore and offshore wind)For orshore windthese classes ar@nly based
on the average wind speedvhereas for offshore wind the distance to he coast isadditionally considered
[19], [20}

Oc” \hjpio ja i r rdi_ "~“\‘Vk\~dod n oj &nningandHigriptted dn *\
across the three wind classes according to resouuse efficiency. Wind power generation in POLESC is

determined by hourly production profiles of six representative days. These prafitesalculated based on wind

speed data fran satellite measurement$21], [22]assuming a typical wind generator production curve and a

mix of current and future expected locations of plants (impacted by today's population density and the areas

with high resourceavailability) [23].

Furthermore, wind overproductiaran occur wherelectricity storage capacitiegSections1.2.3.2and 2.3.2.])
are insufficient to absorb high levels of wind power generation. In POLES, excess wind energgrcbe either
curtailed or utili®d asa feedstock for hydrogen productidiection2.4.2).

2.1.2 Technology adoption pattern

Wind power expands massively in the coming decades in2t@base case (BGInd Reference BC scenario
both scenariospn-shore wind is the dminating technology. Itsnstalled capacities increaseapidly in the
coming decades from 0.8W in 20220 about 11 TW in 2050for the 2°C BC scenari@-igure 11.a). In the
second half of the century, capacitiesaw slightly slower to react20 TW in 2100.Meanwhile, off-shore
capadties increase substantiallymeeting 0.7TW in 2050 and2 TW in 2100, but remairabout a factor ten
smaller compared to orshore wind capacitiesHigure 11.b).

Qumulated capacity FFigure 11.c and d) is the driver for the cost decline in the learnirlgy-doing approach
(seel.3.]). Cumulativecapacities for orshore and offshore wind increase from 2020 to 2050 1&old and

23-fold, respectively. As a result, overnight investment cost decredse on-shore wind by 8% to about
690 $/kW (2050) and for offshore wind by 2% to about 2®0 $/kW (2050) as can be seenin

Figure 11.eandf.

In the second half of the century, cost declisws down and decreases merely by additional28% for both
technologieg2050 compared to 2100) agumulativecapacities for orshore and €f -shore wind increase from
2050 to 2100 merelyabout 4-fold and 5-fold, respectivelyThese results refer to a learning rate of 14% for
onshore wind components and 13% for efhore wind components. For both wind technologies, the investment
costis split into a turbine component and a balance of system (BOS) compofiectuding e.g.foundation,
transmission, cable). The techimwonomic parametersincluding cost data (overnight investment costs,
operation and maintenance costs) and learning rates usedtfie wind technologies are available in the Annex
(seeTable 10 in AN 5.2.

In the Reference BC scenariwind powelalso expands, but at lower levels. &hore installed capacities reach
merely 7TW in 2050 and B TWin 2100 (Figure 12.a). Meanwhile, off-shore wind in theReferencdBCscenario
meets merely half of the levels in the 2°C BC scenaiitie share of wind power in the global power mix
increases steply from 7% in 2022 to 37% in 2050 and 45% in 21005gure 12.c) in the 2°C BC scenaridn
the Reference BC scenarithe share of wind power reaches merely 25% in 2050 and 37% in 2100.
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Figure 11. Evolution ofon-shore and offshore(a & b)wind capaciy, (¢ & d)cumulativecapaciy and (e & f)

overnight investment cosfor learning varigions (BG W+ W++) underthe 2°C scenario
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Figure 12. Impacts of learning variationsBG W+ W++) underthe Referenceand 2°C scenaridor wind
power technologies.
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Figure 13. Powergenerationcost for wind onshore wind and offshore compared to global avage
electricity costfor learning variations BG W+, W++) of the 2°C scenario
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The substantial growth in wind power is reflected in a growing share of all renewables in the power mix
(Figure 12.d). The sharef renewables increases from 2% in 2022 to about 77% in 2050 in 2°C BC scenario
and remains at this level in the second half of the centuBidure 12.d).

In POLESRC, wind power is also uséor hydrogen production by electrolys{section2.4.2 and direct air
capture (DACsection2.6.1). These capacities come on top of the wind capacities of the actual power system
as reported inFigure 11 and Figure 12. Their deployment is an additional factor driving down investment
costs.Under the2°C BC scenarjavind capacitiesdedicated to electrolysisire projected to reaclabout 1 TW

by 2050 and 3.5TW by 2100Kigure 31.d in section2.4.2.4. Whereassubstantially lower wincdcapacitiesare
used forDAC amounting to 0.1TW by 2050 and almost 014N by 200 (Figure 43.d in section2.6.1.]) in the
2°CBCscenard. Notably, theReference BC scenarfojects significantly lowerwind capacities which are
roughlya half lower for electrolysisand several times lowefor DACthan those in the2°C BC scenario

Power generation costfor wind decline substantially due to technology learningigure 13). In the
2°CBCscenario, orshore wind power generation costdecrease from about8 ¢/kWh in 202 to about
3.6 ¢/kWh in 205Q while off-shore wind power generation castlecrease from about 1&/kWh in 2020 to
about 8.5¢/kWh in 2050.

2.1.3 Impacts of enhanced learning rates

Enhancedearningleads to faster decreases in overnight investment costs, as illustrateBigures 10.e and
10.f. In the2°C scenaridy 2050, enhancedearning W4 results in a 17% cost reduction for onshore wind
and a 13% reduction for offshore wind compared to tH#2*CBC scenarioHighlyenhancedearning (V++) yields

a 30% cost decreaséor onshore wind and a 26% reduction for offshore wirldotably,the floor cost level for
onshore wind is reached by 3% with highlyenhancedearning.As a resultof enhancedearning, substantially
more wind capacities are installedrigure 12.a and b). In the 2°C scenaridoy 2050, on-shore windcapacities
increase withenhancedW+) and highlyenhancedearning(W++ by 9% and 7%, respectiely.

The wind share in the power mix in 2050 increases by 8 and 15 percentage points compared to the
2°CBCscenario forenhanced(W+) and highlyenhancedearning(W++), respectively Kigure 12.c). While the
overall share of renewables in the power mix increases merelytiwp percentage points even for highly
enhancedearning(W++) as other renewablege.g, PV)are crowded out due tohe additional cost decrease of
wind power Figure 12.d).

In the Reference scenarienhancedearninghaseven more impact imelativeterms an installed capacities and
wind sharein the power mix Figure 12.a and c).

Notably,in the enhancedleaming casesthe amount of fundingrequired for expandng capacities in the
2°Cscenariois lower than in the base casalue to enhancedlearning (Figure 12.b). For highlyenhanced
learning (W+4), by 2050, about 7% ésscumulativeinvestmens are required, and by 2100, 3% less compared
to the 2°C basecasescenario This outcome stems from investment costs decrgggnore rapidly as capacities
grow.On the other hand, in thReference scenarjthe impact ofenhancedearning on total investment appears
to be less significant, as the increase in capacity does not fully offset the reduction in investment costs.

The effects of enhancedlearning on the power generation costs of new installations are considerable
(Figure 13). By 2050,the highly enhancedlearning case \V+4) leads to cost reductions of about 30%er
onshore wind and 21% for offshore windompared to the2°CBCscenario In the second half of the century,
on-shore wnd power generation costs converge towartteir minimum, while offshore generation cost
continue to fall.

2.1.4 Research and innovation expenditures

Research and innovation (R&I) expenditure data

Between 2010 and 2020, global R&I expenditures for wind teslogies, both private and public investments,
oscilated around 4billion USD. Since 2013, R&l expenditures show a strong upward tiéigdre 14.a). The
vast majority of these expenditures originate from private sources, withlfguR&I investments accounting for
a minor part ranging between 9% and 18% over the yedfégure 14.b).
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Notably, there has been a shift in public R&l investments towardssfbre wind, which has experienced
continuous and sigficant growth in recent years. In contrast, public R&l investments forsbore wind
(Figure 14.b) have continuously decreased since 2009, reflecting the increasing competitiveness-shore
wind electricity generatiofFigure 13).

Figure 14. R&l expenditures for wind power: Total private & public expenditures (top) and public expenditures
(bottom).

Fig. 14.a: Global R&l expenditures (private & public) for wind technologies
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Estimating R&I expenditures

In the scenarios, the decrease in cost due to endogenous learning is attributed to the increasing deployment of
capeities (Figure 11). Based on the projected cost decrease from the scenario results, the associated R&l
expenditures are recalculated using tlome-factor learningby-research BR approach described iection

1.3.1 The applied LBR approach relates cost progress to the sum of private and public R&l expenditures.

Reconstruction of historic R&I expenditures

To properly apply the LBR approach, R&pendituretime seriesare required, with extend back into the past,

at least for periods when significant capacities of the technologies were installed. Consequently, reconstructing
historic R&I data is necessary.
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Figure 15. R&l expenditures aa percentageof revenues.
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Empirical evidence shows that the share of R&I in revenues decreases with increasing volumes of manufactured
equipment for the respective technologligure 15 depicts data o private R&I shars and wird installation
revenues (i.einvestment cost multiplied by new annual capacities) between 2010 and 202@ure 15 reveals

that the R&I share in revenues fell from about 5% in 2010 to less than 2% in 2020, as R&l expenditures
stagnated (Figure 14.a), while capacities grevsubstantially during this period.

Fitting the historial relationship allows to extrapolatthis trend for lower revenues and, thus, to the paBased
on this fitted curve (capped bg maximum of 15%)historic R&l expenditugeare reconstructedin the next
step, cumulative R&I expendituregprivate and public) are calculatedrigure 16) by using the reconstructed
R&I expenditures in the pexdl 1990 to 2010 (grey dot9 and actual data for R&l expenditures after 2010
(black dots).

Estimati ng of future R&I expenditures

CumulativeR&I expenditures for wind technologies (private and public) amount to approximafayiion USD

in 2020 (Figure 16). Applying the LBR approach to tB&C BC scenariprojects a steady increase itumulative

R&I expenditures to about1B billion USD by 2050. This increase in R&l investments is associated with the
progressin expanding wind gwer n the 2°C BC scenario
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Figure 16. CumulativeR&l expenditures for wind powgechnologies, Estimations for2°C BC scenario
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For the additional progress made under teehancedW+) and highlyenhancedearning(W++) variants of the
2°C scenaripcumulative R&I expenditures are projected to increase by 2050 to d¥ion USD and to
335 billion USD, respectivelfConsequentlyaccording to the applied methodologgn additional 122 billion
USD in R&I expenditusare required to achieve the additional progress in the higiijhancedearning variant
(W++ compared to theBCscenario).In annual terms, these additional R&l expenditures amount to roughly
4 billion per year, which is equivalent to approximately dangl the current global R&l expenditures
(Figure 14 .a).

From a monetary perspective, these additional 122 billion USD in R&l expenditures are required to reduce
cumulative investments until 2050 by approximately 1 trillion USDFigure 12.b, difference between
2°Cscenariobase caseand W++ for 2050). Until 2100, these R&I expenditures presumably result in savings of

4 trillion USDFurthermore, with highlgnhancedearning W++), electridy generation costsare projected to
decrease by an additional 1 &kWh compared to th@°CBC scenariovhich compares to expenditures of 0.065
¢/kWh whenrelating the additional R&I expenditures.€, difference W++to BQ to the amount of electricity
generated in this period.

In conclusionadditional R&l expenditures in wind technologies to triggemhancedlearning is a beneficial
strategy toboost the green transition and to gain significant global economic advantages.
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2.2 Solar power technologies

2.2.1 Solar power generation

The solarpowertechnology group encompasses utiliscale photovoltaics PV}, rooftop PV and concentrated
solar power(CSP)In solar power technologies, the primary cost driver is the investment cost, with operational
and maintenance expenses playing a relativatyore minorrole. Solar power generation in POLERC is
determined by hourly productioprofiles of six representative days. These profiles are calculated based on
irradiance data from satellite measurementf2?], [26] Moreover, resource potentials for solar power
technologiesare taken into account in POLEIRC. Resource potentials are implemente@&snctional relation

of (i) available surfaces for deploying solar power and (ii) solar irradiatiBoth factors consider geographical
and environmental factors as well as competition between different surface u3d® deployment of utility
scalePV and CSP is dedicated to the availability of large surface areas grasslands, deserts)n contrast,

the availability of roof surfaces is exclusively relevant for installing rooftop PV.

2.2.2 Technology adoption pattern

In the 2°Cbase case BQ scenario,nstalled capacities of utilityscale PV surge in thecoming decades ta

maximum ofabout 12 TW in 20D, but slightly decreasén the last decades of the centuffigure 17.a). The

slight decrease in utilityscale PV is in part a result of increasing concentrated solar po(@3P)apacities
(Figure 18.a) as this alternative solar technology becomes more competitivehe latter half of the century
(Figure 17 .c). Moreover,nvestmentcosts of utility-scale B/ reachfloor costin the second halfof the century
(Figure 17.b), while rooftopPV andalso wind technologés (Figure 11.e and Figure 11.f) still reduce their
investment costin the second half of the centuryHence, new installatianin renewablesexperience a shift
towards CSProoftop PV and wind technologiés the latter half of the century.

Figure 17. Evoluton of (a) installed capacy, (b & c)overnightinvestment cost for solar power technologies
and (d) overnightnvestment cost forPV moduledor learning varidions (BG S+ S++) underthe 2°C scenario
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Figure 18. Impacts of learning variationsBG S+, S++) underthe Referenceand 2°C scenaridor solar power
technolmies.
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Figure 19. Evolution of globakverageelectricity generation cost for new PV installations (utdiggale PV,
rooftop PV)for learning varidgions (BG S+ S++) of the 2°C scenario
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Moreover, utilityscalePV is one of the technologies generating electricity dedicated for electrolyserstibn
2.4.2) anddirect air capturgDACSection2.6.1). Although these capad#ts are notreportedin the power system
(i.e, not appearing inFigure 17 and Figure 18), their deployment is an additional factor driving down
investment coss. Under the2°C BC scenarjautility-scale PV capacities dedicated to electrolysis are projected
to reach 1.5TW by 2050 and 5TW by 2100 Figure31.d in sectior2.4.2.9. Whereasutility-scale PV capacities
usedfor DACare substantialy lower,amouning to almost 0.2TW by 2050 and 0.8W by 2100 Figure43.d in
Section 2.6.1.0) in the 2°C BC scenarioNotably, the Reference B scenarioprojects significantly less
PVcapacitiesused forelectrolysis(roughly 50% lowe) and usedfor DAC(several times loweythan those in
the 2°C BC scenario

The investment cost of PV technologies is broken down in a PV module component aaldreed of system
(BOS) componer{seeTable 11 in AN 5.1). The BOS component encompasses all other cost factors such as
hardware (e.ginverters, mounting, cabling), installation andfscost (except financing]27], [28] For the CSP
technologythe investment cost consistef merely one component.

For the PV module a high leaing rate of 30% is applied reflecting the fast technology improvements of the
core PV componenkEor the BOS components lower learning rates are used (LR of 18% for utiigfe PV and
12% for rooftop PV) as the BOS is characterised by slower cost @gasaR7], [29], [30] As a resultinvestment
costs of utiity-scale PV reach floor costarlier thanrooftop PV In the 2°C BC scenarjdhe solar share in the
power mix reaches 2% in 2050 anda maximum of 30% by around2075 (Figure 18.c). However, over the
same periodthe share of allrenewables in the power mix stagnateBigure 18.d) as the share of wind power
increases substantially in the second half of the century in % BC scenarigFigure 12.c).

In the Reference BC scenaythe expansion of solar power technologies is comparable to2h@ BC scenario
up until 2050 but reaches slightly lower levels. However, by around 2075, solar power ifR#ierence BC
scenarioslightly surpasses the2°C BCscenarioin terms of capaciies and solar share in the power mix, as
depicted inFigure 18.a and c. This phenomenon can be attributed to tlggobal carbonvalue in the 2°C BC
scenario which promotes the expansion of variousther renewable energy sources (g, wind power
Figure 12.c), whereas in theReference BC scenayisolar power dominates due to its high learning rates.

2.2.3 Impacts of enhanced learning rates

For utility-scale PV, nvestment cost reaches a level close tbe floor costin 2090 in the 2°BCscenario
(Figure 17 b). Similarly,the global average power generation cost of utiliscale PV would converge to a limit
of about 2 cents/kWhat the end of the centuryFigure 19). Withenhancedearning §4), these cost limits are
reachedby 2080 and even earlieby 2050 with highlyenhancedearning S+4).

The additional cost decline due tenhancedlearning results in substantiallyaster growing utility-scale PV
capacitiesbetween 2040 and 20D compared to the2° BCscenario(Figure 17.a). For the last decades of the
century,enhancedearning results in higher capacities compared to the base case.

For rooftop PV, costalso decreasefaster in the coming decades witbnhancedearning but less pronounced
compared to utilityscalePV.The foor cost level can only be reachdxfore the end of the centurwith highly
enhancedearning However, the effect on capacitiesisainlylimited asthe deployment ofooftop PMs limited
to the demand in the building sectdFigure 17 .a).

The cost for PV modulg&igure 17.d) decreaseswith enhancedearningeven more rapidly andeach thefloor
cost level alreadyby 2045 for highly enhancedearninginstead of about 2@0 in the 2° BCscenario

Overall, total solar capacities increase wighhancedearning in both scenarios until the end of the century.
Remarkably, less money needs to beegpto install the higher capacities wittnhancedearningFigure 18.b).
This effect is becauseinvestment cost decreasefaster than capaciy increase. Solar sharesin the global
power mix increase witenhancedearning in boh scenariosuntil about 2075 (Figure 18.c), while in the last
quarter of the centurythe effect is much less pronounced.

To concludethe impacts of accelerating learning solar technologies areonsiderablen the coming decales,
but rather limited in the second half of the century as cost approadfloor cost leves.
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2.2.4 Research and innovation expenditures

Research and innovation (R&I) expenditure data

Global R&l expnditures for photovoltai¢echnologies (private & publi@dccouned for roughly 7billion USD in
2020 (Figure 20.a). Gobal R&l expenditures havdeclined from their peak in 2011 andvere relatively
stagnant in recent yearsaccording to available data. Private R&l expenditures domirthte global R&l
expendituresRublicR&lexpendituregFigure 20.b) alsoshow a declining trend since 2013. The share of public
R&lof global expenditures (private & public) was merely 5% in 2020.

Estimating future R&I expenditur es

For periods without available R&I expenditure data, these expenditures have been reconstructed using the same
methodology as described i8ection2.1.4for wind technologies, based on the relationship betweke share

of R&l in revenues, following a fitted curvéigure 15). The reconstructed data for global R&I expenditures
(private & public) is shown iRigure 20.a; the reconstructed evolution afumulative R&| expenditures (private

and public) is depicted iRigure 21.

In 2020, cumulativeR&I expenditures for PV technologies (private and public) amounted to approximately $164
billion USD.

Estimating future R&I expenditures

Cumudtive R&l expendituresuntil 2050 are calculaéd based on the trajectories of investment costs by
applying the onefactor learningby-research (LBR) approach describedSaction1.3.1 Under the2°C BC
scenarig cumulative R& expenditures continue to increase in the coming decades but with a smaller growth
rate from 2025 onwards as PV becomes increasingly mature.2050, cumulative R&l expenditures are
projected to reach 27Million USDunder the2°C BC scenario

For the adlitional progress made in the variants @nhancedS+) and highlyenhancedearning &++), the LBR
approachshowsthat cumulative R&I expenditureare required tancrease to $36 billion USD and $3B billion
USD, respectively, by 2050. In the higldphancedlearning scenario, R&l expenditures stagnate from 2040
onwards, reflecting that overnight costs reach floor cost levels from 2040 onwdFidgure 16.b and c).

The S++variation requires an additional $92 billion USD in R&dpenditures compared to thBC scenarido
achieve the additional progres$his additional learning effort is expected to increase the solar share in power
generation fom 25% to 30% by 2050 Figure 17.c).

From a monetary persgctive, these additional R&l expenditures are required to redusaulativeinvestments
until 2050 by approximately $0.7 trillion USPBigure 17 .b) difference between BC angt++in the 2°C scenarip
Moreover, with highlyenhancedlearning &+4), electricity generation costs are projected to decrease by an
additional 0.4¢/kWh compared to thd8C scenariowhich compares to additional expenditures of 0.0&Wh
when relating the additional R&I expenditures (idifference S++to BC) to the amount of electricity generated
in this period.

To conclude, spending additional R&l expenditureB\ttechndogies in order topromote additionalearning
results in significant beneficial economic impacts, but also boostd¢heen transition
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Figure 20. R&I expenditures for PV technologies: Total private & public expenditures (top) and public
expenditures (bottom)

Fig. 20.a: Global R&l expenditures (private & public) for photovoltaics
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Figure 21. CumulativeR&I expenditures for photovoltaic technologie&stimations for2°C BC scenario
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2.3 Battery technologies

Electrification is anmportant way of decarbonisinghe economyas it allows the substitution offossil fuels
with electricityproducedfrom low-emitting sourcesBatteries play a crucial role in electrificaticsue to their
dual role in enabling the electrification dhe transportsectorsand revolutionisinggnergy storagen the power
sector, allowing for abetter integraton of variable renewables and changing patterns in the load curve

Battery characteristics

In recent years research andinnovation have emphassed the sarch for cheaper and morgowerful
operationalcharacteristics Principallya battery is a pack of one or moreells each of which has a positive
electrode, anegativeelectrode a separator and an electrolyt@he propeiies of a battery are affected by the
chemicals andmaterials used within the battery. Research andnovation focussed very much orthese
chemicalsand materials as they are highly relevatd the costs and properties of the batteries. Ap&mom the
costs the energy density battery degradation, recyclability the security of supplycharging speed and the
number of loading cycles aralsoimportant parameters for aattery [31].

Battery types

Early applications in transpogntered the market with lea¢hcid, followed by nickelbased batteriesCurrently,
the lithium-ion battery is themost usedbattery type in eledric vehicles(EV) Thelithium-ion batterytypeis a
very advancedechnologywhich dlows for a high energy desity andhasadvantagesrelated tohigh numbers
of charging and discharging cycles. Lithium-ion batteries are produced in several different chemical
formulations defining their properties and applicationkithium-sulphur batteries ug sulphuras the postive
electrodeand lithium as the negative electrode They enable a much higher theoretical energy densitgis
characteristicwould make then more apt to be used in thaviation sector, in which energy densitg a key
factor. However they are not yet wely commerciaed.

Further battery types which might play a role for thetransport sector, aresodium batteries, having
substantiallyhigher life-cycles-, metal air batteries, allowing forfaster chargesand highemrecyclability, and
flow batteries - helping to reduce substantially costsy replacing costly lithiunwith cheaper zing32].

Batteries not only differ regating key materials, but also by the implemented technology ,diguid or solid
electrolyte like in the soliestate battery. The latter battery technology might enhance substantially the lifetime
of batteries. The list of battery chemistry types is not baustive, as ongoing research is exploring further
alternatives that may lead to the development of new types in the future.

Battery technologies in POLESJRC

Within the POLESRC model, the complexity of current and future battery technologies is redbgecdeating
batteries as a generic technologgs it is hardly foreseeable whichneswill prevail in the long term. The model,
however, accounts for batteries in variouses with differing costs based on their spéic requirements (e.g.
charging cycls, energy capacity, weight, etc.).

In POLESRCbatteries areusedfor transportationand for battery energy storag€BES). For both &s, generic
battery technologies with specific characteristics applied
Fortransportationthree generic batteryechnologies are considered:

- Battery for electric cars

- Battery for electric trucks

- Battery for electric aircrafts
The techneeconomic parameters used for these geneti@nsport battery technologies are provided in
Table 21 in Se¢ion AN 5.4.1

Battery energy storagén POLESIRC igonsidered in the (i) power system and (ii) for direct air capt(ID&AC)
to balance its intermittent wind and solar power supply (Secth6.1.]). For battery energy storageonly a
single generic battery technology is used. Its teche@nomic parameters are provided Trable 15 in Section
AN 5.1
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Endogenous technology learning

In POLESIRC, batteries are model as an emerging technology charactsd by high learning rates, with 13%

for batteries used in transportation and 12% for battery energy storage (BES). Moreover, battery learning in
POLESIRC is driven by the cumulative battery capacities of all battery uses in (i) transportation (electric cars,
trucks, and aircrafts), (ii) BES in the power system, and (iii) BES for balancing intermittent wind and solar power
in direct air capture (BC)(Section2.6.1.]). Conseqently, the model's endogenous learning approach leads to

a rapid decline in battery costs across all appliceas, driven by substantial demand growth and high learning
rates. Howeer, the model also considers a floor cost constraint, which ensures that battery costs cannot fall
below a minimum longterm value.

Floor costs

Minimum battery costs are determined by the primary components of batteries, such as electrolytes, electrode
materials, and packaging materials. The cost of these components depends on the quantity of material used
and its market prices. Therefore, it is difficult to estimate the leteym minimum cost. However, whaan be
determinal is the minimum required amoundf material per kWhaccording tothe laws of physics[33]. For
lithium-based batteries, the required amount of lithium iabout 85 g/kWh[33]. Assuming a current lithium
price ofabout $10,000 per ton of lithium carbonatf84], the minimum cost for electrolyte material ilithium-

type batteries is approximately9.1 $/kWh. However, lithium prices have been much higher in recent years
reachingover $80,000 per ton of lithium carbonat§34]. Moreover, additional material asts need to be
considered (e.gelectrode materials, packaging) to calculate the minimum cost for a battery.

In the POLESRC model, a floor cost of $4kWh is assumed fobatteries used in electric car§ his implicitly
presumes that material cost wilhot be a limiting factor in the long term due to the use of cheaper electrolyte
materials (e.g.sodium instead of lithium), more resourafficient battery materials, and the expansion of
recycling and mining capacities.

2.3.1 Transport sector
The POLESRC mdel encompasses various modes of transport in the road sector, including:
- Passenger cars;
- 2-wheelers;
- Light commercial vehicles (LCV,);
- Heavyduty vehicles (HDVs), including buses.
For simplification purposes, this report presents battegfated results dbr two aggregates: (iglectric cars
(encompassing electric-&heelers) and (iiglectric truckgcomprising LCVs and HDVS).

For all road vehiclesbattery applications are separated into pure battegjectric vehicles (BEY and plugin
hybrid vehiclesPHEY). They compete with the internal combustion engine (ICE) using liquid fuels (gasoline,
diesel) or gas (LPG, CNG) and fuel cell vehiclesgFCV

Regarding the aviation sector, POLESCconsidersvarious technologies for itaircraft fleet. Hectric aircrafts
compete with conventional aircrafts using kerosene or jet fuel, and with hydreggsed aircrafts.

Under the2°C scenaripelectric aircraftsemergefrom 2030 onwards eventually reaching a fleet share of 8%

by the second half of the century.dwever, the volume of batteries used in aircraft is negligible compared to
those used in electric vehicles. Consequently, the remainder of this section will focus exclusively on batteries
used for electric vehicles.

2.3.1.1 Technology adoption patterns

Investment costs

Theprojectedevolutionof overnightinvestmentcosts ofbatteries forelectriccarsreveals a fast andsignificant
decrease driven byremendouslyincreasingbattery capacities The foor cost level of batteries used in cars
(42 $/kWH is already reachedaround 25 in the 2°C scenaridase case (BgJigure 22.a).
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Batteries forelectrictrucksare more costly pekWhdue tothe highercomplexity of the batterymanagement
system.Forelectric truckghe overnight investmenhcostsof batteries decrease also fast in the coming decades
but continue to decrease until reaching floor cost level at the end of the century.

Technology diffusion

A steep increasén the share ofelectric cargn the fleet occurs until 205QFigure 22.d). Afterreaching a peak
by about 2050, the share ofelectric carsdecreases in the second half of the centudue to changing
competitiveness compared to other technologi@sgure 23.a). For electrictrucks the diffusion occurs even
earlier and reaches its peak almost a decade earliergUre 22.d). h contrast toelectric cars,the share of

electric truckgemains at aplateau leveluntil the end of the century

Figure 22. Evoluton of (a & b) overnightinvestment cost (c) installed capacities and (d) shares in vehicle
fleet for battery uses in transport (cars, truck&r learning varidgions (BG BA+, BA++) underthe 2°C scenario
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Different timing patterns of thediffusion can also be observed currentliglectric car sales neared 14 million in
2023, equal to 18% of all cars sold in 2023while electric truclsalesreached 54000, 70% of which were sold

in China (market sharéess than 3%)Despite decreasing purchase prices for EVs in recent yeansportive
policies heavily influence their sales:or instance, the phasing out of purchase subsidies has slowed EV sales
growth in countries such as Germany, highlighting the @ing impact of government incentives on the market.
Overal| electriccarsand plug-in hybrid carsreach about 80% in 205Gor the base cases of théeferenceand

2°C scenaripfollowed by 10% of fuel cell vehiek (Figure 23.a).In the second half of the century, the share
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of fuel cellvehicles increasefurther. Moreover, after 2050the share of carswith internalcombustion enging
(ICH increasss slightly, while their fuel useshifts from fossil to non-fossil fuels. For LC\$, the technological
trajectory evolvesremarkably similaly to cars.However, forHDV the technological trajectory isignificantly
different. By 2050, the shares for ICEHHDVremain for the Referenceand the 2°Cscenarioat 60% and 50%,

respectively After 2050, battery and fuel celHDVincrease their market shard-bwever a substantial market
share remains for ICEDVfuelled by synfuels.

Figure 23. Shares of traction type by transport modes. cars,b. light commercial vehicle§LC\j andc.
heavy-duty vehicles DV for learning variants BG BA+ BA+4) of the Referencescenarioand 2°Cscenario

Fig. 23.a: Shares - Cars Fig. 23.b: Shares - Light commercial vehicles (LCV)
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Battery capacity

The battery capacities in transportation increase tremendously in the coming decades afatld in
Figure 22.c. Thebattery capadies reflect the evolution of the fleets of electric cars and trucksSidure 22.d)
and are calculated based on assuming an average battery size for electricafads kwh, and for LCV and HDV
battery sizes of 105kWhand 350kWh, respectively. The average battery size remains constant over time.

The battery capacitiedjgure 22.c.) increase steeply until about 2050 which correspondthpeak of electric

cars in the vehicle fleetRigure 22.c.). In the second half of the century, the battery capacities keep increasing
at a slower pace, although the share of electric cars and vehicles remains below its peaésval
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The tremendous increase in battery capacity in transportation requires an enormous production of new battery
capacity eachyear: About 3T'Wh/y by 2030 10.6 TWh/yby 2040 and still 7.9TWh/yby 2050 (2°C scenario

base case)By 2050 in the2°C scenso base case, the overall battery capacity of the vehicle fleet amounts to
174 TWh Figure 24 .a).Electric cars aretie dominating usédor batteries in transportationThebattery capacity

of trucks reaches about 40Wh in 2050which is about one third of the battery capacity of cars.

The regional split in battery demand shows strong dominance of China, while thebral market share
decreases from more than 50% to 31% in 2030. At the same tithe EU andhe USA follow similar paths and
are expected to reach 24% and 12% in 2030, respectively.

2.3.1.2 Impacts of enhanced learning rates

Highly enhanced learningBA++) for batteries used in electric carkeads to a faster cost reduction, with the
floor cost level of $42/kWh being reaclea decade earlier (2045) compared to tH#*C scenaridase case
(2055) as illustrated inFigure 22 .a. For batteries used in electrioucks highly enhanced learnin@@++) could
lead to floor cost levels being reached almost hal century earlier (2050) compared to 2100 under the
2°Cscenariobase casérigure 22.b).

However, the impact of enhanced learning on battery capacities for electric vehicles (EVs) is limited
(Figure 22.c) as the battery cost component of the total price of a car is already projected to decrease
dramatically in the coming decade#\s a result, additional cost decreases have a minimal effect on the total
price ofa car, which is a key factor in the deaisi to purchase an electric vehicle.

A comparison of the°C scenari@nd the Reference scenaribase cases shows that the development towards
electrification in transport proceeds similarlyi@ure 5 in Sectionl.2.3.3., with only minor differences in overall
battery capacities Figure 24.a). This is due to the rapid cost advantages electric caifer, including
decreasing costs and lower energy costs (electricity vs. gastdiesel)Moreover, enhanced learninB4A+and
BA+# minimaly impacts overall battery capacitiesHigure 24.a), as the cost advantages of electric cars are
already driving electrification in transport.

Figure 24. Impacts of learning variation$BC BA+ BA++) under theReferenceand 2°C scenaridor battery
uses in transport (cars, trucks).
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The cumulative battery investments for transportation uses are illustratedFigure 24.b. By 2050, the
cumulative battery investments amount to approximately $8dlion and are projected to increase fivisld
over the following five decades until 2100 under both scenarios. While enhanced learning has almospactim
on the total amount of battery capacity and the speed of diffusion, it has significant impacts on costs.
Consequently, enhanced learningA+and BA++) substantialy reducesinvestment needs, particularly in the
first half of the century. With highlynhanced learninggA+4), cumulative investment needs decrease by 17%
by 2050 and still by 7% under both scenarios.

2.3.2 Power storage

Investment in energy storage enables the capture and storage of electricity when it is generated, allowing for
its delivery vhen demand arisedlVith more volatile and fluctuatingower productiortechnologies in the energy
system, the need for energy storage optiomscreases Several technologies compete to store energy and
balance the energy system.

2.3.2.1 Technology adoption pattern s

Within the POLESRC mdel, the primary energy storage options dvattery energy storag¢BES)compressed

air energy storaggCAE), angumped hydro storag€¢PHS). These options are supplemented by measures to
balance energy supply and demand, incluglivehicleto-grid (V2G) anddemand side managemen¥v2G and
demand side management help alleviate the need for energy system balancing by storing electricity in vehicle
batteries and shifting energy needs from periods of scarcity to times of more abundantheaper supply.
However, in the scenarios, these measures remain low and appear to be less favourable than the main energy
storage options. As a result, the following analysis focuses on BES, CAE, and PHS.

The overnight cost for BES is projected to dease rapidly in the coming decades, from approximately
330 $/kWh in 2023 to around 13&/kWh by 2050 Figure 25.a). This rapid cost decline is driven by the
interplay of high learning rates and increasing battery capacities foansportation and power system
\ k k gd”™\ cEddogemous#echnologytearnitg di oc.dn N ~odji $

As the share of volatile and fluctuating energy technologies, such as wind and solar, grows, the need for energy
storage inceases. Under th@°C scenaripthe share of wind and solar in global power generation is expected

to rise from around 11% today to more than 60% by 2058nd slightly increas thereafter (Figure 3 in Section
1.2.3.2.

Currently, PHS is the dominant energy storage optkigire 25.c). However, the use of BES as a storage option

is experiencing a steep increase, driven by its growing competitiveness, which is expected to enable itatkheover
PHS before 2040. The electricity costskigure 25.d showthat the costs for PHS (16 cents/kWh, 2023) are
substantially higher than BES and CAE (ca. 2 cents/kWh, 2D23)ite the high electricity costs for PHS, POLES
JRCprojects relatively small deployment of BES in the coming decade, as existing PHS capacities appear
sufficient to balance the increasing renewable power productlPHS is not only more expensive compared to
BES, but sitespecific constraints and limitedcalability also hinder its deployment. Despite having a similar
cost profile to BES, CAE faces even greater challenges, as suitable geological sites for gas storage are scarce
and difficult to find.

In the second half of the century, BES is expected tadyae the dominant energy storage technology in the
power system fFigure 25.c). This development is reflected in the surge of BES capacities, reaching under the
2°C scenari@pproximately 7 TWh by 2050 and plateauing at around 18Wh from 2070 onwards.

Figure 26.a illustrates thatBES capacities are significantly elevated under 8f& scenaricompared to the
Reference scenariantil about 2075. The reasons for high&ES capacities under tHf# C scenab relate to the
higher wind and solar power generatioRigure 3 in Sectionl.2.3.29 and the higher shares of electric vehicles
(Figure 23).
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Figure 25. Evolutbn of (a) overnightinvestment cost (b) installed capacities, (c) stored electric energy and (d)

electricity storage cost for battery energy storagBESYor learning varidions (BG BA+ BA+4) underthe
2°Cscenario
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Additionally, to the capacities of battery energy storaES in the power systemKigure 25 and Figure 26),
POLESIRC considers BES for balancing intermittent renewables powering direxpture (DACection2.6.1).
Under the2°C scenaripthe BES capacities used for DAC are projedtetie approximately 0.6TWhby 2050
and 2.1TWhby 2100 (Figure 43 in section2.6.1). Whereas nder the Referencescenarig BES capacities are

significantly lower (0.04TWhby 2050 and 0.6TWhby 2100) asDACplays a less prominent role compared to
the 2°C scenario

Notably, the scale of BES capacities is significamiéler than that of battery capacities in transportation, with
a factor of around 20 by 2050 and 21G0gure 24.a compared taFigure 26.a). Furthermore, the declining cost
of BES in the coming decafffégure 25.a) is primarily a spillover effect of the rapid growth in battery capacities
for EVs, as the surge in BES is expected to begin in the late 208i@su(e 25.b).

The cumulative investments in BEare illustrated in(Figure 25.b). Similar to the capacity trends, cumulative
investments in BES represent only a fraction of the cumulative investments in batteries for transportation uses.
Under the2°C scenad, by 2050, cumulative investments in BES total approximat&lg T$ (Figure 26.b), a

significantly lower amount compared to the cumulative investments in batteries for transport, which reach
around20 T$ Figure 24.b).
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2.3.2.2 Impacts of enhanced learning rates

Enhanced battery learnind3@+ BA++) substantialy impacts the overnightinvestment costs for battery BE&s
illustrated in Figure 25.a. With hghly enhanced battery learnind3@++) floor costsare already reached by
2050, whilein the base casdloor costs are not reached until the end of the centyBfC scenarip

BES capacitiesincrease substantially with enhanced battery learninBA%; BA+4 as illustrated for the
2°Cscenarioin Figure 25.b and for both scenarios inFigure 26.a. Notably, under the2°C scenari@nhanced
learning BA+and BA++) has reinforcing impacts on the deployment BES capacities.

From a cumulative investment perspectijeigure 26.b),enhanced battery learning (BA+, BA++) has a twofold
impact. On one hand, it drives a substantial increase in capaciftégure 26.a), which is offset by a rapid
decline in costsKigure 25.b). As a result, the effect on cumulative investmer{&gure 26.b),is substantially
alleviated by 2050, and in the second half of the centuthe cost savings outweigh the capacity increases,
leading to a substantial reduction in cumulative investments.

Figure 26. Impacts of learning variationsBG BA+ BA+4) under theReferenceand 2°C scenaridor battery
uses for Bétery energy storage (BES).
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2.4 Hydrogen and fuel cell technologies

Hydrogen haghe potential to play a key role in a clean, secure and ceffective longterm energy strategy

[35]. Analysing the role of hydrogen in the energy system of the 21st century @aplexand demanding task.
POLESIRC is particularly weBuited for this task due to its londerm perspective ad its comprehensive
representation of the entire hydrogen energy chain, encompassing supply and demand as well as transport and
final delivery.

2.4.1 Modelling of h ydrogen and fuel cell t echnologies

Supply of hydrogen
On the supply side POLESIRC considersarious routesto produce hydrogen using thermechemical or
electolysisprocesses (se&ection2.4.2).

Demand for hydrogen

Hydrogen can be used as fuel in the transport sector, as feedstotkarsteel sectoyas an intermediate product
(e.g, nitrogenbased fertilsers) in the chemical industry and refinerieand as an input forheat and power
generation In the present energy systenhydrogen demandstems almost exclusively from the chemical
industry and refireries.

With the shift towards a green economy, hydrogen is poised to become a vital energy vector, leading to a
significant increase in demand across all economic sect@msequently, demand for hydrogen is expected to
rise sharply in various industre (e.g.,steelmaking, including transportation, industrial processes, power
generation by hydrogen fuel cells, and the production of synfuMlereover, with shifting to a green economy,
hydrogen and its derivatives (i,esynfuels or efuels) becomeincreasinglytraded in global marketsin the
transport sector, POLESRC considers hydroggrowered fuel cells as they offer a clean energy solution in
multiple transportation modegFigure 23 in Section2.3.1.]). For power generationfuel cells provide an
opportunity to generate electricity clean and very efficidpt In the power system module of POLEHRC,
hydrogenfuel cells directly compete with grid electricity and other forms of distributed poweneration
(Section2.4.3.2. Synfuels (gaseous or liquid) in POLEIRC are produced from hydrogen and.@@ptured by
direct air capture (DAC) (seection2.6). The modetonsiders liquid synfuelas substitute for oil products in
transportation (i.e.road, aviation and maritime transportMoreovergaseous syfuels are taken into account
as an alternative to natural gas iwarious sectors including thiuilding sectorindustryand transport

Transport and distribution

Internationaltrade of hydrogenbasedfuels in POLESRC is modelled for ammon{&lH), liquid hydrogen (LH2)

and liquidsyrfuels (see techneeconomic parametersf Figure 19 in AN 5.3. Thesefuels aretransportedby
maritime transport or pipelines. For trading of ammonia and liquid hydrogen, substantial losses occur in the
conveting hydrogen to Nkland LH2, and the reconversion lydrogen.

Domestic hydrogen transpognd deliveryis modelled byseveral transport chains using pipelines and trucks.
Pipelines (large or small) provide hydrogenthe sites of consumption in industry dauildings orto refuelling
stations forsupplyingtransport demangwhereastrucks delivethydrogen to small production sites or refuelling
stations. Transportation and delivery costs vary according to the transport chaisecthd~actors such as
populationdensity and the distance between production and consumption sites are considilessfactor on
transport and distribution is addetbr each demand sectofTransport cost are a significant costelementof

oc  ct_mjb’ i g\'gp™ “c\di _p° o] ct_mjb i%¥n m glodg gt

Sensitivity analysis
Regarding the sensitivity amgsis, enhancedearningwithin thehydrogen and fuel cetechnology grougH2FC+,
H2FC+7} is considered fothe following technobgies:
1 deanhydrogen production routeglectrolysis and pyrolysiechnologies)
1 Fuel cells in transport and power generatio
1 Transport of ammoniaas hydrogen carrieincluding conversion and reconversion.
Syrfuels are analysed within théAC and synfueltechnology group (se8ection2.6).
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2.4.2 Hydrogen production

2.4.2.1 Technologies

Hydrogenmn PQESJRC is produceby thermo-chemical or eleablysisroutes with 13 distinctive technologies
(seeTable 2).

Thermo-chemical route s

Steam methane reforming using natural gas iscurrently the prevalent hydrogen production
process Steammethanereforming involves the catalytic breakdown of light hydrocarbons when
reacting with superheated steam, resulting in a hydrogéch gas mixture containing impurities.
The hydrogen content is subsequently maxsed through a watergas dhift reaction, followed by
the final steps of separating and purifying the hydrogen.

Gasification utilising coal or biomassas feedstock is an alternative thermohemical route for
hydrogen production. In this process, solid fuels react with steam, oxyayeair to produce syngas,
a mixture of carbon monoxidéCO)and hydrogenCoal gasification is currently predominant in
China.

A third route is thepyrolysisprocess, which decomposes natural gas or biomass in the absence of
oxygen, generating hydrogemd solid carbon as a byroduct.

The carbon intensity for steam methane reforming is hjgnd for gasification of coalit is even higher.
However, low carbon variants of both technologies can be equipped withc&@ure, enabling the capture of
up to 90% of implied C@ emissions.Pyrolysis using natural gas as feedstock is considered tmasbon,as
carbon is fixed as a solid bproduct.Both gasification of biomass with COcapture (CC)and storageand
pyrolysis of biomass permanentiemovesCQ from the atmosphereand are considered as negative emission
technologies

More detail on the modellingfacarbon capturdgechnologies in POLEBRC is provided iSection2.5.2

Table 2. Hydrogen production témologies in POLESRC.

Technology Carbon Capture option s

Steammethanereforming (SMR) with and without CC

Gasification of coal with and without CC
Thermo-chemical routes Gasification of biomass with and without CC
Pyrolysis of coal fixed assolid carbon
Pyrolysis of biomass fixed as solid carbon
Technology Electricity source

Electrolysis routes Low temperature (LT) electrolysis

Wind (onshore and offshore)

P\t (utility-scale)

Nucleaf , Gen. llI

Grid electricity

High temperature (HT) electrolysis | Nucleat , Gen. IV (from 2060)

Source: POLESRC model

! Dedicated plants  which are not part of the power system.
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Electrolysis routes

- Low tempeature (LT) electrolysis very prominently presented in POLBRC. Power sources for
the LTelectrolysis ardow-carbon:solar, wind and nuclear with dedicated power plaatsd grid
electricity (at times of wind and solar ovesupply) The techneeconomicparametrisation of LT
electrolysis in the model represents a generic mix of alkaline and PEM electrolysis.

- Moreoverhigh temperature (HT) electrolysising power and heat provided by advanced nuclear
plants (GenV) is considered from 2060 onwards.

Futher combinations of electrity source and electrolysers do exist, e.grid electricity could beotentially
usedin combinaton with HT electrolysis. At the current stage of development of this sector in PRILECthe
number of combinations is limitetb the ones listed above to reduce the complexity of the modelling.

2.4.2.2 Production cost and learning

In POLESRCthe production cost determinethe deployment of new capacities andventually the production
of hydrogen.The poduction cost consists of ilstment cost, fixed and variable operation & maintenance cost
(OM)and variable cost for fuel and the C{price in the2°C scenario

For most technologiegthe total investment costcomprisesseveral cost components (se&N 5.9. For the
thermalchemical technologies, several components are shared across these technologieseferguer, water
shift unit). Some are also shared by power generating technologies (@asifier, CO2 compression unit,
pollution control, cooling}-or the electrolysis technologies, the investment cost of the actual electrolyser and
the power supplying technology are consideredy, investment cost for solar and wind power (s&ectiors 2.1

and 2.2). Cost improvements by component learnihgd to a decreasing total investment cost. Moreover,
learning drives down the fixed and variable nemergy OM costs. Furthermore, efficiency learnneguces
energy consumgpon perunit of hydrogenproduced

For the sensitivity analysis within the hydrogen group2¢FC+H2FC+3} merelythe clean hydrogen related
components are varied (see assignment #2FCtechnology group irAN 5.20f Figure 16). The CGrelated
components (e.gCQ compression unit) and the solar, wind and nuclear technologies are not subject to the
enhancedearning of the hydrogen group. Therefore, its full potential of cost reductigth enhancedearning

is achieved in combination with learning accelerations in other technology groups sutiteaCgroup (CC+

and CC++see2.5.2), solar 6+and S++see2.2) and wind (W+and W++see2.1).

2.4.2.3 Technology adoption patterns

Capacities

Steam methane reformingSMR) is the currently prevalent hydrogen production technology Kigpare 27 .a).
Steam methane reforming is mainly empted in the chemical industry and refineries. In the coming years,
additional methane steam reforming capacities will be built to meet the expected hydrogen demand. However,
the increasingglobal carbonvalue in the 2°C BC scenaritesults in substitution i steam methane reforming

with CCwhich becomeghe prevailing technologyamong the thermechemical routeson a global levefrom

2050 onwards. Moreover, pyrolysis using natural gas plays also a significant Fafgife 27.a) dueto its low
carbon intensity and relativg low investment cost

The other thermechemical hydrogen technologies play merely a minor rdtg(re 27.b).: Coal gasification
becomes soon too costly due to the gfrice within the2°C BC scenaridtHowever, coal gasification capacities
with CC are deployed from 2030 onwards, but reaching only about a fifth of the capacitietezfm reforming
with CCdue to the substangal differencein overnightinvestment cost (seeTable 18 in SectionAN 5.3. The
deployment of biomass technologiegs impeded by relativly high investment cost (compareFigure 96 in
SectionAN 3.) and increasing biomass cast

Remarkablythe electrolysis routes andamong them thelLT electrolysis become the dominating hydrogen
production technology from 2035 onwards in terms of capacity in tA&C BC scenari¢Figure 27.c) and
outperforms the sum of all capacities of the therrachemical routes The LT electrolysis capacities grow
steadily in the coming decades and exceed ewteam reforming with C®y about a factorof 10 in 2100.
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Hydrogen production
In the 2°C BC scenarjdotal hydrogen production more than quadrupley 2050 and reaches about 250/t of
hydrogen Figure 28). Until the end of the century, hydrogen production increases further to about 900 Mt of

hydrogen.The produdbn shares for electrolysis (LT and HT) and capture technologies increase substantially
reaching by 2050 about 45% and 35%, respectively.

Figure 27. Hydrogen production capacities by technolog§ scenaridase casg.
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Competing technologies

For the competing therma@hemical and nuclear hydrogen production routes, the evolution of investment costs
and cumulative capacities are shownhigure 96 (SectionAN 3.). Compared to renewabldsased electrolysis,
these technologies exhibit higher investment costs and their costs decline substantially less. However, their
advantage lies in substantially higher load factors, which compensatdlie investment cost disadvantage.

The investment cost for the thermohemical routes with C@s substantially higherthan the respective
technologies without C@n particular, this differencés pronounced for steam reforming. However, in th¥C

BC scaariothis cost advantage is overturned by the increasiigbalcarbonvalue. As a result, more capacities
with CC are deployedr{gure 96 in SectionAN 3.). In particularsteam rebrming with C@roduces substantial
hydrogen Figure 28) due to a combination of low investment cost and high load factors.

Nuclearbased hydrogen production plagsminor rolein bothscenarios. Although investment cggbr nuclear
technologies decrease (sdgigure 97 in AN 3.) and the load factor for nuclear plants is substantially higher

compared to solar and wind generation, nuclgaoweredelectrolysiscannot compete with renewablpowered
electrolysis.
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Figure 28. Hydrogen production by technolodyr learning variations8G H2FC+H2FC+5 under the
Referenceand 2°Cscenario
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Figure 29. Evolution of (a) overnight investment cost of electrolyser unit, (b) efficiency of electrolyser(ahit,

overnight investment cost of total technology and (c) hydrogen production capacity for learning variaB@nhs (

H2FC+H2FC+) under the2°Cscenario
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Reference scenario

In the Reference scenaribase casetotal hydrogen productiorevolves very similarly to the2°CBCscenario
during the century. However, in tHeeference BC scenaribe major share is still producetly conventional
steam reforming. Capture technologies and electrolysis are employed at a substantially smallerthealéhe
2°C scenarioln particular, grid electrolysis becomes relevant much later in Reference scenarias ample
surpluses from rene/ables will become available decades later compared to 23 € BCscenario

2.4.2.4 Impacts of enhanced learning rates

Electrolyser

The effects of learning are illustrated ifigure 29 for renewable electricitypowered electrolysis (reneable
hydrogen. Within these technologiethe electrolyser unit is a major cost component. The investment cost of
the electrolyser unit decreases in tH*C BC scenarifsom an estimated value ofabout 1200 $/kW today to
about 400 $/kW in 2050 Figure 29.a). Until the end of the centurythe investment cost become close to the
floor cost for the electolyser unit (230 $/kWEnhancedearning H2FC+ H2FC+J results in even faster
declining cost for electrolyser; floor cost levale reached already by 2050 for thel2FC++variation.

Learning rates

As electrolysis is an emerging technolqgyg associated learning rates are relatively high. The cost evolution in
the BC refers to a learning rate for the electrolyser component 8P4, which is well in the range of 13% to
19% quoted in literature]36], [41]. Also, the learning rate for the H2FC+ variation (18.8%) is still within the
range of the literature. Moreover, even the learning rate of 22.5% for higiftan@d learning (H2FC++) seems
still plausible given that electrolysis is dast-emergingtechnology.

For the competing therma@hemical technologies, most of its components are technologically emerging, too.
Thereforeyelatively high learning rates in theange of 11% to 14% are usedor these componentsHowever,
some components are considered matuje g, cooling, C&@compressiongand therefore low learning rates in

the 3% to 5%rangeare applied. As a result, the thermzhemical technologies exhibit satantially lower cost
dynamics compared to electrolysis.

Also,the efficiencies of the hydrogen production technologies increase over tioeexample Figure 29.b
shows the efficiencyof the LT electrolyser unit. In the BC, iefency increases from 3% today to about 5%

in 2050. With highlyenhancedearning H2FC+7 an efficiency ofalmost80% could be achieved.

Figure 30. Evolution of lydrogen production codbr new installationsfor learning varigions (BG H2FC+9
underthe 2°Cscenario
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Technology cost for electrolysis

The overall investment cost for the solar and wind electrolysis considers the cost of respective solar and wind
plantsin addition to the cost of the elecolyser unit. Therefore, the decreasing overall investment cost for solar
and wind electrolysisKigure 29.c) is a combined effect of decreasing cost of the electrolyser unit and declining
cost for solar and wind (Sectiora 1 and 2.2). For solar electrolysighe overall investment cost neathe floor

cost level is already achievely 2060 in the BCdue to the rapidly dropping PV cogtigure 17.h). The effect

of enhancedearning is less pronounced as the cost for the solar and wind generation is the dominating factor
in the total hydrogen production casin terms of overall investment cost, solar electrolysis Bubstantially
cheaper compared to wind electrolysis. However, this difference is more than compensated by ldgter
factors associated with wind generation in most geographi@snsequentlythe cost of windbased hydrogen

is lower than hydrogen from sat (Figure 31) andmore hydrogen is produced through wind electrolysis than
solar across all scenario variatiorfgigure 28), Nevertheless, more solar electrolysis capacities are required to
be buit (Figure 29.d).

Crowding out effects

The ompeting clean hydrogeproduction technologiesuch as the three CC technologiasdthe two nuclear
electrolysis technologiesare crowded out in the enhanced learnirsgenaros (Figure 96 and Figure 97 in
SectionAN 3.). Although their learning rates are increased by the same factor, they cannot compete with the
faster developing electrolysiroutes.

Figure 31. Impacts of learning variation$BC H2FC+H2FC+3¥ under theReferenceand 2°C scenaridor
hydrogen productiotechnologies.
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Production cost and investments

The global production cosif wind and PVvbased hydrogen declines to about 28kg of hydrogen in 2050
(2°CBC scenaripdue to technology learning~{gure 30.a and b). With highly enhanced learnind2FC+7,
renewable production cost falls further to abb 2.1$/kg by 2050. Moreover, enhanced learning leads to
increased capacities for hydrogen production and electrolysis power. This effect is illustratéigune 31.a
and b in terms ofcumulativecapacities

In terms of invesment needs, theenhancedlearning scenariosH2FC+, H2FCH+4show that less funding is
required to build more hydrogen production capacitiegg(re 31.a), produce more hydrogerrigure 28) and
achievelower production costs for renewable hydrogeRigure 30.a and b). However, the impact on the
investment needs for building the required power capacities for electrolysis is ambiglegsre 31.c). Further
cost reduction for building these power capacities may be achieved by additionally considenimgnced
learning for wind W+ W++) and solar §+ S++) as described irSectiors 2.1 and 2.2.

2.4.3 Hydrogen demand

Currently, almost all hydrogen demand is concentratethimindustrial sector,, mainly irefineries andchemical
industry Eigure32). Within the chengal industry,hydrogen primarily serves as a neenergy feedstock for
ammonia production, which is mainly usiéid in fertiliser manufacturing.

With the shift towards a green economy, global hydrogen demand is expected to sdrigen by expanding
appliations in transport, power generation, synfuel productiand steel production (industry)As a result,
worldwide hydrogen demand is expected to rise from the currentMith, to about 220Mty, by 2050 and

760 Mty by 2100 in the2°C scenari®dC(Figure 32).

In the second half of the centuryn both scenarios, a large share of hydrogen is used in the transport sector
where it is used for fuel cell vehicles. Moreover, a substantial share of hydrogen is used to produce synfuels of
which a large part is also used in the transport sector. The use of hydrogen and synfuels in the transport sector
is illustrated inFigure 5 in Sectionl.2.3.3 In the industrial sector, hydrogen demd for combustion processes
increases in the coming decades before staddilg. Simultaneously, demand for feedstock experiences a slight
decline until 2050. Hydrogen usage in buildings is also set to grow, but overall plays a minofFiglere 6 in
Sectionl.2.3.3.2.

Figure 32. Global lydrogen demand by sectors fdearning varigions (BG H2FC+H2FC+3} underthe
Referenceand 2°Cscenario
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Theglobal hydrogen demandn the Reference scenariBCfollows a similar trend to the2°C scenaridBG but

the distribution across sectors varies. In tReference scenarjthe transport sector starts consuming hydrogen
around 2050, when decre@sg costsof hydrogen production and electrolysers improve the competitiveness of
hydrogen cars and trucké-igure 23.c). Hydrogen demand in buildings and synfuels appear slightly later and
remain at a low level until 2100. This picture differs gigficantly in the 2°C scenaripas the introduction of
higherglobal carbonvalue favours the use of hydrogen in the power sector and as feedstock in synfuels.

2.4.3.1 Transport sector

2.4.3.1.1 Technology adoption pattern

Hydrogen demand

In the pursuit of decarbosing the transport sector, electrification is the prevalent strategy. According to the
scenarios analysed in this study, electrification dominatesrs and LC\$ in the latter half of the century
(Figure 23). However, for specific transpt modes such as aviation and freigtitansport with HDYhydrogen
based fuels or synfuels produced with hydrogen may provide aternative. Assuming that the required
hydrogen is produced with low carbon intensity, these options can significantly baterio the decarbonisation

of the transport sector. As a result, synfuels play an increasingly vital role in the final energy demand of the
transport sector(Figure 5 in Sectionl.2.3.3.

While eletrification is prevalent, fuel cells in transport serve as a viable alternative amidst the overall
electrification trend in main transport modes. Hydrogen fuel cells powedaig and LC\$ are expected to be
more widely used thathe internal combustion egine (ICE) in the latter half of the centu(iigure 23.a and b).

In the final energy demand of the transport sectaignificantlymore hydrogen than synfuels are consumed in
both BC scenarioduring this periodFigure 5). In the 2°C BC scenarjthydrogen consumption even surpasses
that of oil.

Overallmost of the hydrogen in the second half of the century is wdéd in transport, either directly in fuel cell
vehicles or indirectly to produce synfuels exclusively used intthasport sectorBy 2050 (2°C scenaridQ,
fuel cells in transportaccount for approximately4% (97 Mty,) of the total hydrogendemand,while synfuel
production corresponds to aboii8% of the hydrogen demand40 Mty). In 2100,hydrogendemand for fuel
cellsin transport and for synfuel production increast 450 Mty, and 140 Mtp,, respectively.

Fuel cell capacities

The share of fuelcells-poweredcars and LCVin the vehicle stock surges from a few perceincreasestoday

to about14% in the2°C scenso by 2050 (Figure 23). Due to thisrapid expansion andigh learning rategor
fuel cells incars (15%), the overnight investmentcost for fuel cells in vehicles decreases drastically in the
coming decadegFigure 33 b). In particularthe floor cost levelis alreadyreachedby 2050.

Total fuel cell capacitin transport grove to about45 TW in 2050 andcontinues to expand in the latter half of
the century, reaching approximatehd8 TW in 2100in the 2°C BC scenarif-igure 34.a). Fuel-cells powered
cars account forroughly 31 TWwhich corresponds to approximateR0% of the total fuel cell capacity the
2°C BC scenarifrigure 33.a and Figure 34.a). Trucks powered by fuel cells account for about 20% of total
capacity (20502°C BC scenarjo

Moreover, POLESRC considers ships aaticraft powered by fuel cellsas options for decarbonisingthe
transport sectorThe numbeof ships andaircrafts is comparatively low relative t@arsandtrucks.

Investment and cumulative investments

The difference among categoridsecome less pronounced when examining investmebise to the complexity
of the installation ofa fuel cell system, the specific fuel cell system costs¢e Table 22 in AN 5.4.) for ships
and aircrafts are more than 20 and 30 times higher than for cars, respectiv€lgnsequently, in terms of
required investrants, fuel cells for ships represent a significant portion of total fuel cell investments
(Figure 34 .b).Investments for aircrafts remain at low levels due to the limited number of fuel cell aircrafts in
the fleet.
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Total investmat needs measured ascumulative investmens (see indicator definition ir0) for fuel cells,
amount to around 7 T$ by 2050 and 47 T$ by 2100ntil 2100, 44% ofcumulativeinvestmens for fuel cells
in transportaccount forcars followed by 26% for ships, 18% for trucks and still 13% faircraft (Figure34.c).

Figure 33. Fuel cells in transport: evolution ¢&) overnightinvestment cost andb) capacitiesfor learning
variations (BG H2FC+H2FC+y underthe 2°C scenario
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2.4.3.1.2 Impacts ofenhancedearningrates

Enhancedearning (H2FC+H2FC+7 significantly reducesthe cost of fuel cells (Figure 33 .a). In the scenario

with highly enhancedearning H2FJ, the floor cost level is reached much earlier by 2035 instead of by 2050

as in the2°C scenari®3C However, the impactmcapacities is less pronouncebhe underlying reason for this
behaviour is hat by the time capacity expansion accelerates significantly from 2040 onwards, costs have
already decreased to relatively low levels, leading to negligible differences in capacity additions across the
various enhanced learning scenarié®wever, #houghthe effect on capacities due tenhancedearningmight

be small, hydrogen demandloesincrease withenhancedearningon production technologie§-igure 32), as
hydrogen becomes more competitive as production sa#crease.

The impact oninvestment needs (i.ecumulative investmentg for all enhanced learning scenariggi2FC+

H2FC+7} is substantial. About 20%ess investments are requirefor highly enhancedlearning H2FC+3
variations of the2°Cand Reference scenarios
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Figure 34. Impacts of learning variationBG H2FC+H2FC+3} under theReferenceand 2°C scenaridor fuel
cells in transport.
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2.4.3.2 Power sector

2.4.3.2.1 Technology adoption pattern

Hydrogen used for power generation ieases from its virtually negligible level today to approximately 2% of
global hydrogen demand by 2050 and to about 12% in 2100 in tA¥C BC scenari@-igure 32). Consequently,
the capacities for hydrogen fuel cells surge ovéietsame periodKigure 35.a). Global power generation with
fuel cells using hydrogen also increases in the coming decaégure 36.a). Howeverpower generation with
fuel cellsaccounts for less than 2%f the global power mix of th€°C scenari®Chy 2100 (Figure 3 in Section
1.2.3.2.

In the power system, merely a minor part of hydrogénusedto generate power by hydrogen fuel cells.
Hydrogerfuelled gas turbines and combined cycle plants are not considered in the current configuration of the
POLESIRC modelThese technologies could likghjay a significant role in the power mix, particularly for peak
demand and to comgnsate for thevariablenature of solar and wingwhich could increase the role of hydrogen

in the power mixby substituting a few percentage points of gas in the power ritigure 3 in Section1.2.3.2.

As fuel cell typesPOLESIRC considers two generic fuel cell types using hydrogen or natural gas. Investment
cost for both types is assunetto be the same. Overnightvestment cost is projected to decreasteeplyfrom
today% 3045 $/kW by about 63% by 2050(Figure 35.a). This steep declinén costfor emerging fuel cell
technologies results from fast endogenous learning based on two effects. Firstly, the assumed learning rate is
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relatively high (16%)Secondlythe initial capacities are relativelgmall (Figure 35.b), which means that even
modest increases in capacity can have a pronounced impact on cost reduction through endogenous learning.
However, capacities reach meaningful levels only by 2050.

Global power productioof both fuel cell types reaches about 5 PVisli 2100, which equals about 4% of global
power productior2°C BC scenari@-igure 3). In particular, the role of hydrogen fuel cells is projected to play a
minor role with about 1.6%42.2 PWh) of global power production by 2100 in t28C BC scenarid®ower
generation and capacities for gagowered fuel cells are considerably higher in all scenarios compared to
hydrogen fuel cells, as natural gas prices remain more competitive tharrdgeh pricesFurthermore in the
Reference scenarithe significantly higher power generation and capacities for gpswered fuel cells result
from the lower gas price, as gas becomespensive due to thglobal carbonvaluein the 2°C BC scenario

Figure 35. Hydrogen fuel cells in the power sector: evolution(af overnight investment cost an¢b)
capacities forlearning variant§BG H2FC+H2FC+} underthe 2°C scenario
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2.4.3.2.2 Impacts ofenhancedearning rates

The effects ofenhancedearning(H2FC+H2FC+3are very prominent in terms ofleclininginvestment cost as
well as increasingcapacities and power generatioffrigure 35.a and b, Figure 36.a and b). In terms of
cumulativeinvestmens, the impacts ofenhancedearningratesare less pronounce(Figure 36.c). The reason
is that in the second half of the century towards 210€he effects of enhancedearning tend to comperate

each other as the cost declingpproacheghe floor cost, while capacitiesontinueto increase.
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Figure 36. Impacts of learning variationsBG H2FC+H2FC+3 under theReferenceand 2°C scenaridor fuel

cellsin the power sdor.

Fig. 36.b: Capacities - Fuel cells (Power)

Fig. 36.a: Power generation - Fuel cells (Power)
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2.5 Carbon capture in power and hydrogen production

Carbon capture and storage (CCS) technologies play a vital role in decsirigptiie energy system by capturing
CQ emissions from various sources and sequesteringrthe longterm storage.These technologieaim to
capture C® from point sources, such as fuel combustioand from the air using techniques like direct air
capture (DAC). Additionally, negative emissions can be achieved when combining bioenergy sotlr €S Svi
technologies (BECCS) or direct air capture.

The POLESRC model accounts for carbon captifeC)n various sectors and processes:

- Powergenerationfrom fossil fuels and biomasgSection2.5.1)

- Hydrogemproductionfrom fossil fuels and biomasgSection2.4.2.7);
- Steeland cementproduction in the industrial sectpr

- Second generatiomiofuelsproductian (Section2.7.1.1.5;

- Direct air capturewith storage and synfuels productiofSection2.6).

For the sensitivity analysis, CCS technologies are divided into two groupsediimelogygroupcarbon capture
in power and hydrogen productiand its associateddarning rate variation§CC+CC+¥ are addressed in this
section. While he technology groupdirect air capture and synfuels (DACSi¥)analysed inSection 2.6.
Endogenous technology learning for CCS in biofedduction and industrial processes is moidel in POLES
JRout is not subjectto the sensitivity analysi®f this study.

Regarding CPstorage, the model considers (i) geological sequestration, where, @0njected into deep
underground formations, ah(ii) ocean sequestration, which involves injecting @@ the deep oceaif20].
The potential for geological and ocean storagecisnsidered in POLEBRCSaturation effects are anticipated
by taking into accountincreasing costs withthe exploitation of the storage. Additionally the coss for
transporting CQ to the storage sitesare taken irto account. While endogenousearning for C® storage
technologies is applied ithe model,it is not considered in theensitivity analysisf this study.

Figure 37 .a illustrates the annually captured G@esulting from all carbon capture technologiésr both base
case scenarig. Lhder the2°C scenaripCQ capture increases significantly arid pivotal in curbing overall GHG
emissions during the second half of thewrtury Compare withFigure 1, Sectionl.2.1). By 2100, he cumulative
captured C@ (Figure 37.b) amounts to approximately570 Gico; in the 2°C scenaripwhereas onlyaround
100 Gtcozin the Reference scenario

Figure 37. Evolution of annual captured G@nd cumulativeCQ underthe base cases of th&°C scenario
and Reference scenario
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2.5.1 Power generation with CO, capture

2.5.1.1 Power technologies

POLESIRC consider®our powergenerating technologies with G@apture based orpostcombustionor pre-
combustionprocesses.

Post-combustion

In postcombustionprocesgs,CQ is removedfrom the exhaust gases after the combustion of coal oatural
gas.Twopowergenerating technologies withost combustionare considered:

(1) Advanced pulverised coal with CO , capture (Adv. PC & CC)representsa conventionalsupercritical
pulverised coal power plant coal with pesbmbustion C®capture. Thecomponents of the capture system
consist of the C@absorption system, the G@ompression unjtand a generidalance ofsystem BOJ capture
part (Table 16 in AN 5.1).

(2) NGCC with CQ capture (NGCC & CC)consists of aconventionalcombined cycle gas turbine (CC) plant
fuelled with natural gas(NG)and a dedicated C{capture system with analogous componenés in the case
above

Pre-combustion

Pre-combustiontechnologiesare based onconvention&integrated gasification combined cycle (IGCC) plants.
Ina conventional IGCC plardlectricity is generated by using the hydrogen of the syngas to generate power in
a combined cycle process employing a gas turbine arsteam turbineln anIGCC witltCQ capture,the CO of

the syngas is converted into G@nd subsequentlyseparated and removed. As the £{3 removed before
burning the fuel, this capture process is referred to as{qm@mbustion process.

Thetwo pre-combustion powetechnologies in POLEBRCare based on IGCC plants fuelled ¢iyal or biomass:
(3) Integrated coal gasification with CO , capture (ICG& CC)uses a C@capture systemwhich consists
of units for the water-shift reaction, C@removaland CQ compression (se&able 16 in AN 5.1.

(4) Integrated b iomass gasification with CO , capture (IBG& CC) allows to achieve negativeCQ

emisgons. Aparfrom using biomassthis technology functions analogously to the aforedescribed IQQIS

but requires more complex processing for the biomass. Therefdhe, cost of the componentare substantial
higher andthe efficiency is lower (seeTable 12 in AN 5.1).

Oxy-fuel

In the POLESROmodel, the oxyfuel process is not explicitly considered as af@@pture mechanism fopower
technologies as theaforementioned generipowertechnobgies allow to modekhe evolution of CO2 capture
in the power sector concerning cost, fuel type, and@éncy adequately.

Retrofitting

Apart from installing new capacities wit€@Q capture, retrofitting existing plants is an effective strategy for
swiftly reducing the emissions of the power sector.

Retrofitting is a particularly attractive option foromntries with relatively modern fossil power fleets, as it
enables the recovery of existing investments and helps to mitigate the transition costs associated with shifting
to a decarbonised power systeif@2]. POLESIRC considers the option to retrofibal and biomass pwer
technologies with CQcapture. A retrofit with &CQ postcombustion capture unit mape considered for sub
critical lignite and coal plant&ind advanced pulverised coal (super/uktsaiper critical). NGCC plants may @ls
retrofitted with a CQ postcombustion capture unit. Existing IGCC and biomass igasibn plants may be
retrofitted with a precombustion C@capture unit.

2.5.1.2 Learning for CQ capture technologies

The investment cost of these technologiessroken down ito several componentsvhich are shared by several
thermal power generation technolggs (Table 12 and Table16 in AN 5.3 and hydrogen production
technologie (Table 18 in AN 5.2. Additionally, theCQ compression componeris shared with the direchir
capture (DAC) technolog¥4ble 24 in AN 5.5.
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The cost decrease of a shared component is driven bgitsiulativecapacitiesacross all its sharedechnologies
according to the componerthased learningby-doing approach qompare Section 1.3.1). Therefore, all
technologies sharing a certain component benefit from the technology progress made bgdahiponent.

Figure 38 illustrates the technology progress of conventional power technology and its corresponding CO
capture technologyexemplarilyfor advanced pulverised coakith CQ capture Adv.PC& CQ and without

CQ capture Adv.PQ. The investment cost for Adv.PC& CC decreasessubstantially from 2030 onwards
(Figure 38.a) as CCS capacities increase steadijg(ire 38.b). Ths cost decrease in the early years is very
pronounced ast inaeases from zerg and cumulative capacitiesmultiply various times in the early years so
that endogenous learning has a substantial effect on reducing cost (Seetion1.3.1). In contrastthe cost
decreases meely slowly for the conventional technology (Adv. PQ)e reason ighat the capacities of its
componentsincrease much more slowlin contrast to the C@capture capacitiesKigure 38.b). Moreover,
conventional components aregarded as mature technologies characterised by rather low learning rates in
contrast to the components of G@apture which are considered as emerging technologies with rather high
learning rates Table 12 and Table 16 in AN 5.). As a result, the total cost decrease for the €€apture
technology (AdWC& CC) relates mainly to its G@apture componentsvhereas its conventional components
contributerather little.

Analogously, the efficiencpf the the CQ capture technology (AdP.C& CC) increases substantially in the

coming decades, while the efficiency of the mature conventional power technolady.PQ improves merely
slowly Figure 38.¢).

Figure 38. Evolution of(a) overnight investment cos{b) cumulativecapaciy and (c) efficiencies for
advanced pulverised coal power with S€apture (Adv. PC & CC) and without.€8pture (Adv. PGdr
learnirg varidgions (BG CC+CC+3 underthe 2°C scenario

Source: POLESRC model
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