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Abstract  

This study examines the impacts of enhancing technology 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 synfuels, biofuels, and heat pumps. 
Two policy scenarios are considered: a 2°C scenario with stringent carbon policies and a Reference scenario 
driven primarily by market forces. 
The study examines the technology adoption patterns within each technology group for the two scenarios, 
highlighting the differences in the evolution of costs, capacities and production. Moreover, the study analyses 
the overall impacts in terms of CO2 reduction, investment needs and energy supply costs of enhanced learning 
within each technology group, as well as for 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 costs. Moreover, enhanced learning results in favourable in socio-
economic outcomes (e.g., economy-wide 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 
CO2 emissions. 
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Foreword on the Clean Energy Technology Observatory  

The European Commission set up the Clean Energy Technology Observatory (CETO) in 2022 to help address the 
complexity and multi-faceted character of the transition to a climate-neutral sô d`ot di @pmjk`) Oc` @P½n 
ambitious energy and climate policies create the necessity to tackle the related challenges in a comprehensive 
manner, recognising the important role for advanced technologies and innovation in the process.  
CETO is a joint initiative of the European Commission Joint Research Centre (JRC), which runs the observatory, 
and Directorate Generals of Research and Innovation (R&I) and Energy (ENER) on the policy side. Its overall 
objectives are to: 
- monitor the EU research and innovation activities 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 information & knowledge in Commission services and 
agencies, and the Low Carbon Energy Observatory (2015-2020) 

- publish reports on the Strategic Energy Technology Plan (SET-Plan) SETIS online platform  

CETO provides a repository of techno- and socio-economic data on the most relevant technologies and their 
integration in the energy system. It targets in particular the status and outlook for innovative solutions as well 
as the sustainable market uptake of both mature and inventive technologies. The project serves as primary 
njpm^` ja _\o\ ajm oc` >jhhdnndji½n \iip\g progress reports on competitiveness of clean energy technologies. 
It also supports the implementation and development of EU research and innovation policy.  
The observatory produces a series of annual reports addressing the following themes:  
­  Clean Energy Technology Status, 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 storage, novel electricity and heat storage 
technologies, ocean energy, photovoltaics, renewable fuels of non-biological origin (other), renewable 
hydrogen, solar fuels (direct) and wind (offshore and onshore). 

­  Clean Energy Technology System Integration: building-related 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 Technologies using Weak Signal Analysis 

­  Clean Energy Outlooks: Analysis and Critical Review 

­  System Modelling for Clean Energy Technology Scenarios 

­  Overall Strategic Analysis of Clean Energy Technology Sector 

More details are available on the CETO web 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
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Executive Summary  

This study analyses impacts of enhancing technology progress of clean energy technologies. The impacts are 
analysed from a global and long-term perspective (until 2100) using the global energy system model POLES-
JRC and the global economic model JRC-GEM-E3.  
The analysis relies on two base case scenarios, which are described in detail in Chapter 1: 

¶ The Reference scenario describes a world without ambitious long-term carbon policies and where 
the evolution of the energy system is mainly driven by market forces. 

¶ The 2°C scenario describes a world with stringent climate policies, which lead to a 2°C temperature 
increase by 2100 above the pre-industrial era. The stringent climate policies are simulated by a 
single global carbon value trajectory. In the 2°C scenario the carbon value triggers the need for 
decarbonisation and the deployment of low-carbon technologies. 

Both scenarios are calculated based on the same model setting of POLES-JRC. The only difference between 
both scenarios is the applied single global carbon value trajectory. 
 
The 2°C base case scenario of this study is identical with the ºGlobal CETO 2°C scenario 2024º used in the CETO 
technology reports of the series ºClean Energy Technology Status, Value Chains and Marketsº published within 
the CETO 2024 exercise. 
 
 
Methodology  

In POLES-JRC, global technology progress is modelled by endogenous learning. According to this approach the 
evolution of costs and efficiencies is driven by cumulative technology capacities (i.e., a measure of experience) 
and a learning rate describing the progress per cumulative capacity. For each of its technologies POLES-JRC 
applies a default learning rate that corresponds to the observed dynamics of the respective technology. 
Enhanced technology progress is modelled by increasing learning rates above their default levels. Increasing 
learning rates aims to simulate the enhanced technology progress induced by additional research and 
innovation (R&I) expenditures. This study considers two levels of augmenting the learning rates above their 
default levels: a moderately enhanced level (+25%) and a highly enhanced level (+50%).  
 
Enhancing the technology progress within this study is limited to the period 2025 to 2050, which aims to 
simulate additional R&D expenditures during this period. Nevertheless, the impacts of boosting technology 
progress are analysed until 2100.  
 
 
Thematic technology groups  
The POLES-JRC model considers a comprehensive range of technologies in its energy scenarios [1], but only a 
subset of these are examined in detail in this analysis. To this end, this study takes into account eight thematic 
technology groups of clean energy technologies. 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 power (on- and off-shore); 

o S: Solar power (utility-scale, residential photovoltaics (PV) and concentrated solar power (CSP); 

o BA: (i) Stationary batteries for energy storage. (ii) Batteries for various transport modes; 

o H2FC: Hydrogen production (13 technologies) and fuel cell technologies (electrical power and 

transport); 
o CC: Carbon capture from electricity generation (3 technologies) and hydrogen production 

(3 technologies); 
o DACSY: Direct air capture and synfuels (gaseous and liquids) from hydrogen and captured CO2; 

o BE: Biofuels (1st and 2nd generation, biomethane), biomass power (3 technologies) and biomass 

hydrogen production (3 technologies); 
o HP: Heat pump technologies for heating and cooling. 
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Technology adoption patterns in the base case scenarios  

Although clean energy technologies exhibit significantly more growth under the 2°C scenario than the Reference 
scenario, both base case scenarios share common patterns in the development of several technologies, as 
highlighted in Chapter 2: 

­  Wind and solar technologies dominate power generation in the second half of the century. 

­  PV technologies are the dominating solar technologies throughout the century.  

­  On-shore wind capacities outpace off-shore wind capacities more than 10-fold throughout the 
entire century. 

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

­  Biofuel technologies substantially increase deployment throughout the century. 

­  It is not until the second half of the century that a meaningful role becomes apparent for (i) carbon 
capture technologies in electricity generation and hydrogen production, as well as (ii) DAC and 
synfuels. 

­  Heat pumps are used for two purposes: heating and cooling. The heat pumps used for heating 
increase primarily in the first half of the century as fossil boilers are substituted. Whereas the heat 
pumps used for cooling are increasingly deployed throughout the entire century. 

Main differences in technology adoption between both scenarios are the following:  

­  Electrolysis becomes the prevailing hydrogen production technology under both scenarios. 
However, under the Reference scenario hydrogen production still relies heavily on fossil fuels 
throughout the whole century, while under the 2°C scenario hydrogen production is virtually 
decarbonised by 2050. 

­  Carbon capture technologies for electricity generation and hydrogen production require significant 
climate policies support to develop. Consequently, carbon capture technologies are deployed 
substantially less in the Reference scenario compared to the 2°C scenario.  

­  Similarly, DAC and synfuels require stringent climate policies for their development. 
 
The electrification rate is projected to increase substantially amjh oj_\t½n 21% in the 2°C scenario to about 
58% in 2050 and 68% in 2100. In contrast, under the Reference scenario, the electrification rate increases 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 (Chapter 2 and Section 3.2) results in:  

­  significantly decreasing costs for all technologies;  

­  substantial expansion of capacities and production for several relevant technologies (e.g., PV, wind, 
electrolysers, heat pump technologies, DAC and synfuels); 

Certain highly dynamic technologies are projected to reach their minimum cost (or ºfloor cost») as early as 
2055-2080 under base case scenarios, assuming default learning rates. However, with highly enhanced 
learning, floor cost levels can be reached about 20 to 35 years earlier. As a result, the beneficial impacts of 
these technologies occur about two decades earlier. For instance, with highly enhanced learning the floor cost 
level of batteries for electric vehicles (42$/kWh) is reached in 2035 instead of 2055 under the default learning 
rate. For PV modules, the minimum investment cost (40$/kW) is already reached by 2045 for highly enhanced 
learning instead of by 2080 for the default learning rate.  

 
 
Learning synergies of enhanced learning  

In the next step of this study, impacts are analysed by combining enhanced learning across multiple technology 
groups (Section 3.3). The aim is to identify favourable combinations that can create learning synergies across 
technology groups, whereby learning in each individual technology benefits the learning and cost reductions 
experienced by the other technologies. 
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In this context, renewable electrification stands out as a learning strategy for reducing emissions and costs for 
the economy by creating synergies from accelerating progress in wind and solar power generation (W and S 

groups) as well as in heat pump technologies (HP group) and batteries in transport (BA group). 

Another successful learning strategy is related to carbon capture. Such a strategy is very effective in reducing 
CO2 emissions, but less effective in reducing the costs for the economy. A carbon-capture-related learning 
strategy combines enhanced learning from several capture-related technology groups, such as carbon capture 
for electricity and hydrogen production (CC group), direct air capture and synfuels (DACSY group), bioenergy 

technologies (BE group), and hydrogen and fuel cell group (H2FC group). 

A third and more comprehensive strategy builds synergies across fuel-related technologies, combining learning 
from clean fuel-related technologies such as biofuels (BE group), hydrogen-based fuels (H2FC group) and 

synfuels (DACSY group). Synergies with these fuel-related technologies increase further when enhanced 

learning for wind (W group) and solar (S group) is added as they further reduce hydrogen production costs by 
electrolysis. 
 
 
Sensitivity analysis  
The analysis of learning impacts culminates in a sensitivity analysis (Section 3), taking into account all possible 
learning combinations from the eight thematic technology groups. A total of 1020 scenario variants are 
analysed, comprising four complete ensembles of combinations. These ensembles are based on the two base 
case scenarios (2°C scenario, Reference scenario) and the two learning levels (+ and ++). Each ensemble consists 
of combinations that uniformly apply either moderately enhanced learning (+) or highly enhanced learning (++). 
The systematic analysis of learning combinations allows the identification of favourable technology 
combinations and the assessment of the overall impacts. 
 
 
Technology composition  
Reducing CO2 emissions 
The most effective learning strategies for reducing energy-related CO2 emissions aim to boost learning across 
a broad range of clean energy technologies. This approach leverages additive effects from progress in multiple 
technologies and creates synergies between them, leading to significantly greater overall impact.  
Under the 2°C scenario, the top-performing combinations for reducing CO2 emissions by 2100 require highly 
enhanced learning in at least five technologies. 
However, in a scenario without stringent climate policies (Reference scenario), concentrating additional learning 
efforts on merely three or four technologies can be a very effective strategy for reducing CO2 emissions by 
2100. Focusing highly enhanced learning efforts on wind, solar, and hydrogen and fuel cells brings superior 
results under the Reference scenario. 
 
Lower investment needs and energy supply costs 
In order to mitigate the higher investment needs of stringent climate policies (2°C scenario), concentrating 
additional learning efforts on three to four technologies is a very effective strategy. In this context, boosting 
learning efforts for technologies such as wind, solar, batteries, and hydrogen and fuel cells is a very promising 
strategy. 
With a view to mitigate energy supply costs, a slightly broader set of technologies is required to achieve best- 
results. Boosting learning efforts for batteries, wind, and solar has a profound impact on reducing energy supply 
costs throughout the century. Furthermore, under the 2°C scenario, particularly in the first half of the century, 
boosting learning for heat pumps, and hydrogen and fuel cells substantially impacts energy supply costs. 
 
 
Overall impacts based on the energy scenario analysis (POLES -JRC) 
CO2 emissions 
Under the 2°C base case scenario, cumulative net CO2 emissions for 2020-2100 (i.e. global carbon budget) 
amount to 1170 GtCO2. By applying enhanced learning to the technologies featured in this study, cumulative 
emissions can be reduced by up to 6% within this scenario. However, for mitigation pathways that limit global 
warming to 1.5°C, the carbon budget is significantly lower, about 200-400 GtCO2 [2], [3]. While enhanced 
learning can substantially reduce CO2 emissions, the resulting reductions are insufficient to bridge the gap to 
the carbon budget required for 1.5°C pathways. 
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Under, the Reference scenario, which assumes no stringent climate policies, cumulative CO2 emissions at the 
end of the century amount to approximately 2700 GtCO2 in the base case. Enhanced learning within the scope 
of this study can reduce these cumulative CO2 emissions by up to 7%, which falls short of the carbon budget 
required to 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. 
 
Energy-related investment needs 
Notably, boosting learning for clean energy technologies is a very viable strategy to overcome the economic 
disadvantage of higher energy-related investment needs under the 2°C scenario compared to the Reference 
scenario. This study suggests that with the best-performing highly enhanced learning combinations, 
investments required under the 2°C scenario could be reduced by up to 3% below the investment needs of the 
base case Reference scenario. 
 
This finding has significant implications for the green transition. By combining highly enhanced learning in key 
technologies such as wind, solar, batteries, and hydrogen and fuel cells, it is possible to reduce the substantial 
investment associated with this transition. 
 
Energy supply costs 
Energy supply cost - as defined in this study - measures the overall costs of energy supply including the costs 
of the carbon value. Energy supply costs under the 2°C scenario are higher than in Reference scenario, mainly 
due to the carbon value. The difference in energy supply costs between both scenarios ranges between 7-20% 
over the projection period.  
 
A significant benefit of boosting learning for clean energy technologies is its potential to mitigate higher energy 
supply costs associated with a scenario containing stringent carbon policies (2°C scenario). This study finds that 
the best-performing combinations of enhanced learning, more than halve the cost difference between the 2°C 
scenario and the Reference scenario. 
 
 
Socio-economic impacts based on the macroeconomic an alysis (JRC-GEM-E3) 
The global socio-economic impacts of the energy scenarios provided by the POLES-JRC model are analysed 
with the JRC-GEM-E3 model. For this purpose, the JRC-GEM-E3 is well suited as it is a multi-regional, multi-
sectoral, recursive dynamic computable general equilibrium (CGE) model.  
The socio-economic implications of three energy scenarios were examined: the two base cases of the Reference 
scenario and 2°C scenario, and an enhanced learning variant of the 2°C scenario, which applies highly enhanced 
learning for wind and solar (W++_S++). 
 
Macroeconomic impacts 
The results of the macroeconomic analysis reveal that, by 2050, the base case 2°C scenario is associated with 
a 0.9% lower global GDP compared to the Reference scenario. However, the enhanced learning variant of the 
2°C scenario (W++_S++) reduces this loss to 0.7%. This more favourable development of GDP can be attributed 
to a lower loss in private consumption under the enhanced learning 2°C scenario variant. 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). 
 
Employment impacts 
Regarding employment, the overall impact of the three scenarios is relatively neutral in the coming decades. 
However, the 2°C scenarios are characterised by job losses in the fossil energy industry, which are compensated 
by job opportunities in non-fossil power generation and the general electricity sector. This aligns well with the 
transition towards electrification of demand and renewable power supply. Notably, the enhanced learning 
variant of the 2°C scenario results in slightly fewer job opportunities in these sectors, as the enhanced learning 
implies improvements in labour 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 policymake rs 

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

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

­  However, boosting technology progress of clean energy technologies is a very effective strategy 
to improve the economic outcomes of decarbonisation policies. 

­  In particular, boosting technology progress results in substantially lower investment needs and 
energy supply costs, reducing both the financing burden of the transition and the impact on energy 
users. Moreover, accelerating technology progress pays off from a macroeconomic perspective as 
it results in more favourable outcomes in terms of GDP, economy-wide investments, consumption 
and energy prices.  
Therefore, boosting technology progress presents for policymakers an opportunity to balance 
environmental goals with economic concerns and to mitigate the economic risks of the green 
transition. 

­  The most effective learning strategies for reducing energy-related CO2 emissions by the end of 
the century is to boost progress for a very broad range of relevant clean energy technologies. 

­  Focusing on a few key technologies with high synergies (batteries, wind, solar, and hydrogen and 
fuel cells) is an effective strategy to decrease investment needs associated to the green transition. 
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Introduction  

 
This study examines the long-term impacts of enhancing clean energy technology progress on the global energy 
system and economy. 
The analysis follows a two-step approach. First, the long-term development and adoption patterns of clean 
energy technologies are projected to 2100 for two scenarios with distinct policy settings: a 2°C scenario and a 
Reference scenario. Furthermore, the impacts of both scenarios on the global energy system (until 2100) and 
the economy (until 2050) are assessed. 
In the second step, the impacts of accelerated technology progress for clean energy technologies are analysed. 
This includes two complementary perspectives: (i) an in-depth analysis of the effects of accelerating progress 
for a specific group of technologies, and (ii) an examination of the impacts and synergies that arise when 
accelerating progress across a broad range of technologies. 
 
This study uses well-established models for its analysis: the POLES-JRC long-term energy scenario model [1]  
for energy-related projections and analysis, and the JRC-GEM E3 model [4] for socio-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 the full detailed regional resolution of the POLES-JRC model (Annex 1) and the 
JRC-GEM E3 model (Annex 2). Moreover, all monetary numbers refer to constant US dollars ($) of 2022. 
 
 
Analytical framework and methodology  

 
Scenarios 
The framework of this study comprises two base cases, consisting of two long-term energy scenarios with 
distinct policy settings: 

¶ In the Reference scenario oj_\t½n g`bdng\o`_ kjgd^d`n \m` ^jind_`m`d, and no future climate policy 
pledges and targets are considered. The energy and emissions projections in the Reference scenario 
are driven by market forces and technology learning. The global mean temperature at the end of the 
century in the Reference scenario limits temperature rise to 3°C. 

¶ The 2°C scenario aims to limit global temperature increase to 2°C at the end of the century. To this 
end, a single global carbon value trajectory for all regions is used in this scenario. Introducing a global 
carbon value leads to decarbonisation and the deployment of low-carbon technologies. 

Both base case scenarios are long-term scenarios (until 2100) produced with the POLES-JRC model. Both 
scenarios' settings are similar to those of the Global Energy and Climate Outlook 2023 [5].  
 
Eight thematic clean energy technology groups 
A comprehensive range of technologies form part of the POLES-JRC model [1], but this study focuses only on a 
subset. Within the scope of this study, eight thematic technology groups of 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 power (on- and off-shore); 

o S: Solar power (utility-scale, residential and concentrated solar power (CSP); 

o BA: (i) Batteries for energy storage. (ii) Batteries for various transport modes; 

o H2FC: Hydrogen production (13 technologies) and fuel cell technologies (power and transport); 

o CC: Carbon capture for electricity generation (3 technologies) and hydrogen production (3 

technologies); 
o DACSY: Direct air capture and synfuels (gaseous and liquids) from hydrogen and captured CO2; 

o BE: Biofuels (1st and 2nd generation, biomethane), biomass power (3 technologies) and biomass 

hydrogen production (3 technologies); 
o HP: Heat pump technologies for heating and cooling. 
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Boosting technology progress 
The technology progress in POLES-JRC is modelled by endogenous learning. This approach considers that the 
evolution of costs and efficiencies is driven by cumulative technology capacities (i.e., a measure of experience) 
and a learning rate describing the progress per cumulative capacity. For each of its technologies POLES-JRC 
applies a default learning rate that corresponds to the observed dynamics of the respective technology.  
 
Boosting the technology progress is modelled by increasing learning rates above the default levels. Increasing 
the learning rates aims to simulate the enhanced technology progress induced by additional research and 
innovation (R&I) expenditures. This study considers two levels of enhanced technology progress: a moderately 
`ic\i^`_ g`q`g #¼&½$ \i_ \ cdbcgt `ic\i^`_ g`q`g #¼&&½$, increasing the default learning rates by 25% and 50%, 
respectively. Accelerating the 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 
technology progress within this limited period are analysed until 2100.  
 
The enhanced learning is applied to the clean energy technologies within the aforedescribed eight thematic 
technology groups. The study first analyses the impacts of enhanced learning rates limited to individual 
thematic technology groups. After that, the impacts and synergies of combining enhanced learning across the 
eight thematic technology groups are examined. All technologies not subject to enhanced learning are modelled 
with their default learning rates. 
 
 
Structure of the report  
 
Chapter м ΨQacl_pgmq _lb KcrfmbmjmewɃ introduces both base case scenarios and presents results at the global 
level. The evolution of greenhouse gas emissions, primary energy supply and final energy demand are 
presented. The evolution of investments by technology provides a view of technology adoption patterns and 
their importance in monetary terms. Moreover, the endogenous learning approach used in POLES-JRC is 
described. Finally, a methodology is presented to estimate the prospective R&I expenditures corresponding to 
the enhanced learning.  
 
Chapter 2 ɂ?l_jwqgq `w rcaflmjmew epmsnɃ investigates the eight thematic technology groups in separate sections. 
For each thematic group, the technology modelling approach used in POLES-JRC is described. Subsequently, the 
technology adoption patterns of the base case scenarios (2°C scenario, Reference scenario) are discussed. 
Finally, the impacts of enhanced learning rates within the respective technology group are analysed. 
Additionally, for wind and solar technologies, the R&I expenditures associated with enhanced learning are 
estimated. 
 
Chapter 3 ɂMtcp_jj gkn_arq md clf_lacb rcaflmjmew jc_plgleɃ analyses the impacts of enhanced learning rates 
along three main dimensions: (i) CO2 emissions, (ii) energy-related investment needs and (iii) energy supply 
costs (Section 3.1). The subsequent Section 3.2 analyses the overall impacts of unpaired technology learning, 
which considers enhanced learning within each of the eight thematic technology groups in isolation. Section 3.3 
examines the overall impacts and synergies of combining enhanced learning across the various technology 
groups. The aim of this section is to identify favourable learning strategies that allow the creation of synergies 
across various technology groups. Section 3.4 presents a comprehensive sensitivity analysis, examining the 
overall impacts of all possible combinations of enhanced learning across the eight 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 learning to support effective climate policy. The findings are presented and discussed for two distinct 
scenarios, the 2°C scenario with stringent carbon policies and the Reference scenario driven primarily by market 
forces. 
 
Finally, Chapter 4 ɂQmagm-camlmkga _l_jwqgqɃ provides results of the analysis with the global economy model 
JRC-GEM-E3. The socio-economic analysis examines the impacts on GDP, economy-wide investment and 
consumption, consumer prices, and employment. The macroeconomic outcomes are analysed for the base case 
of the 2°C scenario and the Reference scenario, and a variant of the 2°C scenario that applies highly enhanced 
learning for wind and solar technologies. 
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Relation to the CETO project 
 
Role within the CETO project 
Ocdn nop_t r\n ^ji_p^o`_ \n k\mo ja oc` o\nf ¼Energy System Modelling for Clean Energy Technology Scenarios½ 
within the Clean Energy Technology Observatory (CETO) project. A comprehensive overview of the CETO project 
is given in the Foreword. Within the aforementioned CETO task, a complementary report, ¼The POTEnCIA CETO 
2024 Scenario½ presents a deep decarbonisation scenario with a focus on the European Union [6].  
 
Connection to the CETO 2024 technology reports 
CETO publishes an annual series of reports on specific clean energy technologies, titled ¼Clean Energy 
Technology Status, Value Chains and MarketsɃ. The 2024 series of CETO technology reports utilise global 
technology projections (e.g., capacity, production, costs) that are drawn from this study. Notably, the ¼Global 
CETO 2°C scenario 2024Ƀ used in the CETO technology reports is identical to the 2°C base case scenario 
presented in this study. 
 
 
 
 
 
 
 
 
 
 
 

https://setis.ec.europa.eu/publications-and-documents/clean-energy-technology-observatory/ceto-reports-2024_en
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1 Scenarios and Methodology  

1.1 POLES-JRC model 

The global energy and emission scenarios presented in this study are produced using the POLES-JRC model 
(Prospective Outlook for the Long-term Energy System). POLES-JRC is a world energy-economy partial 
equilibrium simulation model of the energy sector, with complete modelling from primary supply (fossil fuels, 
renewables, etc.) to transformation (power, biofuels, hydrogen) and final user demand. The model provides full 
energy and emission balances for 66 countries or regions worldwide (including an explicit representation of 
OECD and G20 countries). Moreover, international energy markets and prices of energy fuels are simulated 
endogenously. Its high level of regional detail and sectoral description allows for assessing a wide range of 
energy and climate policies in all regions within a consistent global frame. POLES-JRC follows year-by-year 
recursive modelling, with endogenous international energy prices and lagged supply and demand adjustments 
by region, which allows for describing full development pathways to 2100.  
 
A short description of the POLES-JRC model used in this report can be found in Annex 1; more comprehensive 
documentation of POLES-JRC is provided in [1]. POLES-JRC scenario results are published within the series of 
yearly ¼Global Climate and Energy Outlook½ (GECO) publications. Previous GECO reports, along with detailed 
regional energy and greenhouse gas (GHG) balances and an online visualisation interface, can be found at [7], 
[8].  

1.2 Base Case Scenarios 

The framework of this study consists of two base case (BC) scenarios, referred to as Reference scenario and 
2°C Scenario, with fundamentally different policies. Within this study, these base cases serve two purposes. 
Firstly, they are used to illustrate technology adoption patterns of clean energy technologies in the coming 
decades. Secondly, the base cases serve as benchmarks in the sensitivity analysis of enhanced learning. 
 
Reference scenario : corresponds to a world where no new policies are implemented. These existing and 
enacted policies include energy supply and demand policies and targets, as well as legislated GHG policies and 
targets that are backed by concrete supporting energy-sector policies. For a list of policies considered in the 
Reference scenario see Table 9 and 10  in the Annex 4 of the GECO 2023 report of [5]. Some of these policies 
are simulated by low carbon value trajectories for some countries. Climate policy pledges and targets, such as 
^jpiomd`n½ I\odji\gly Determined Contributions (NDCs) and long-term strategies, are not considered.  
 
Notably, the Reference scenario does not aim for a deep decarbonisation. Energy and emissions projections in 
the Reference scenario are mainly driven by market forces and technology learning and, to a minor extent, by 
the aforementioned already legislated GHG policies and targets. The Reference scenario results in an end-of-
century temperature rise of below 3.0°C with a more than 66% probability. 
   
 
2°C scenario: this scenario is designed to limit global temperature increase to 2°C at the end of the century. 

In this scenario, the cumulative net CO2 emissions from 2020 until 2100 reach approximately 1170 GtCO2, which 
is below the carbon budget levels required for a 2°C scenario provided by [2]. To verify temperature projections 
liveMAGICC [9] was applied using the net CO2 emissions complemented with emission projections of non-CO2 
and air pollutants. This scenario results in a likely below 2°C temperature increase with a more than 66% 
probability in 2100. 
 
In the 2°C scenario a single global carbon value for all regions is used on top of the aforementioned already 
legislated GHG policies and targets of the Reference scenario. The carbon value under the 2°C scenario increases 
immediately, starting in 2024, with a steep rise until 2030, followed by a gradual and modest increase until 
2100. The 2°C scenario is, therefore, a stylised representation of an economically efficient pathway to the 
temperature targets, as the uniform global carbon value ensures that emissions are reduced where abatement 
costs are lowest. This scenario does not consider financial transfers between countries to implement mitigation 
measures. This scenario is a simplified representation of an ideal case where strong international cooperation 
results in a concerted effort to reduce emissions globally; it is not meant to replicate the result of announced 
targets and pledges, which differ greatly in ambition across countries. 
 

https://live.magicc.org/
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The 2°C scenario base case is identical to the ºGlobal CETO 2°C scenario 2024Ɇ used in the 2024 series of CETO 
technology reports ºClean Energy Technology Status, Value Chains and K_picrɆ½. 
 

1.2.1 Specifications and limitations  

 
The POLES-JRC model version used for this study is based on the version employed for the GECO 2023 report  
[5]. The used POLES-JRC version has been modified and enhanced to address the specific issues relevant to this 
task of the CETO project. Mayor changes since the publication of the GECO 2023 report refer to the modelling 
of direct air capture (DAC) and the transport sector. Moreover, the techno-economic parameters (overnight 
investment cost, operation and maintenance cost, efficiencies, learning rates) for all technologies have been 
revised thoroughly. Techno-economic parameters used in the POLES-JRC version of this report are detailed in 
Annex 5.   
 
The POLES-JRC model is developed and enhanced continuously. Consequently, POLES-JRC scenarios published 
in other reports may differ from the scenarios presented in this report. The scenarios of this report may vary 
from energy and emissions projections from official national sources or international organisations. 
 
The Reference scenario and 2°C scenario of this study use an identical configuration of the POLES-JRC model, 
except that the 2°C scenario applies a global carbon value 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 POLES-JRC model.  
 
All data shown in this report refer to global figures - unless stated otherwise. This report does not intend to 
show regional data related to energy supply and demand, energy prices or investment. Nonetheless, the global 
projections shown are the result of modelling the entire energy system of each of the 66 countries and regions 
in POLES-JRC, which includes the regional modelling of energy prices. The cost figures for energy technologies 
are global unitary figures reflecting a representative average. 
 
 

Figure 1. Global GHG emissions by sector under the Reference and 2°C scenario base cases. 

 

Source: POLES-JRC model 

 

https://setis.ec.europa.eu/publications-and-documents/clean-energy-technology-observatory/ceto-reports-2024_en
https://setis.ec.europa.eu/publications-and-documents/clean-energy-technology-observatory/ceto-reports-2024_en
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1.2.2 Global Emissions 

In both scenarios, emissions are projected to peak in the middle of this decade (Figure 1). In the Reference 
scenario, emissions fall subsequently, mainly driven by the continued deployment of renewables, electric 
vehicles (EVs), and other low-emission technologies. By the middle of the century a plateau of about 47 GtCO2eq 
is reached, as continued fossil fuel use and non-CO2 emissions growth offset growth in renewables.  
 

Decarbonisation in the 2°C Scenario 

The 2°C Scenario sees substantial further emission reductions, reaching about 14 GtCO2eq in 2100 for all 
greenhouse gases (i.e., ºTotal CO2eq» in Figure 1). Drastic emission reductions occur in power generation, 
transport, buildings, and industry until 2050. In the second half of the century, emissions continue to decrease, 
but at a lower speed. Although power generation expands substantially in the second half of the century, 
emissions of power generation decrease amjh oj_\t¼n ,, GtCO2 to about 5 GtCO2 by 2050 and stagnate at this 
level in the second half of the century.  
 
Negative emissions technologies and options, such as bioenergy with carbon capture and storage (BECCS), direct 
air capture (DAC) and LULUCF (Land use, land-use change, and forestry), are crucial components for the 
decarbonisation of the 2°C Scenario. As an entire sector, LULUCF turns from a source to a substantial emission 
sink from 2030 onwards. Reducing deforestation, increasing afforestation, and improving land management 
practices are key to converting the LULUCF sector into a global carbon sink. Moreover, bioenergy with carbon 
capture and storage (BECCS) is an important technology for achieving negative emissions in the power sector 
(Sections 2.5.1 and 0) as well as for producing hydrogen (Section 2.5.2). Finally, direct air capture (DAC) is a 
crucial negative emission technology in the second half of the century (Section 2.6.1). 
 
As a result, in 2100, the actual 14 GtCO2eq of net emissions in the 2°C Scenario consist of 22 GtCO2eq of gross 
emissions, which are offset by about 8 GtCO2 of negative emissions. Of these roughly 5 GtCO2 refer to LULUCF 
(Figure 1), and approximately 3 GtCO2 originate from BECCS \i_ ?<> #^jhkmdn`_ di ¼Joc`m½ di Figure 1). 
 
On the demand side (2°C Scenario), energy efficiency combined with electrification (see Figure 4) offsets fossil 
fuel consumption at different speeds depending on the technology substitution mechanisms and the 
characteristics of the energy-using processes within each sector:  

­  The transport sector sees rapid decarbonisation from 2025 to 2050 as electric vehicles (EVs), and 
to a lesser extent fuel cell vehicles, reduce fossil fuel demand.  

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

­  The industrial sector sees a significant fuel switch in the 2°C Scenario towards electrification which, 
combined with modest deployment of CCS, results in reducing its emissions from 11 GtCO2eq today 
to about 4 GtCO2eq in 2100. 

In the 2°C Scenario, substantial residual emissions remain in the latter half of the century, particularly in the 
agriculture, industry and transportation sectors. 
 
Comparison to pathways compatible with 1.5°C target  
The global carbon budget for 2020-2100 (cumulative net CO2 emissions) in the 2°C Scenario amounts to 
1170 GtCO2. In contrast, mitigation pathways that limit global warming to 1.5°C have a significantly lower 
carbon budget of approximately 200-400  GtCO2 and require reaching net-zero CO2 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 reductions than 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 decarbonisation in the 2°C scenario compared to the Reference scenario is characterised by a significant 
transition of the primary energy supply towards renewables and the combination of several factors as presented 
in Figure 2: 

­  Stagnation of primary energy supply until 2050, which is a result of decreasing final energy 
demand in the buildings and transport sector mainly from electrification and the use of more 
efficient technologies.  

­  In both scenarios, surging renewables play an important role. However, substantially more wind is 
deployed in the 2°C scenario. 

­  Fossil energy supply in 2100 declines for coal to half of its current level, and oil declines to even 
a quarter of its current supply. 

­  Gas supply grows steadily throughout the century in both scenarios, but less in the 2°C scenario. 
This development occurs largely as gas power plants are required to balance the intermittency of 
surging solar and wind power. 

Figure 2. Primary energy supply under the Reference and 2°C scenario base cases. 

 
Source: POLES-JRC model 

1.2.3.2 Power generation  

In 2100, power generation is projected to increase almost five times to about 134 PWh compared to the current 
demand of roughly 27 PWh, as can be seen in Figure 3. Both scenarios show an impressive surge in wind and 
solar generation driven by ever-cheaper renewable power. Solar and wind generation increases drastically from  
approximately 2.4 PWh in 2020 to about 47 PWh by 2050 and grow further to about 88 PWh by 2100 (2°C 
scenario). In 2050, solar and wind account for 63% of total generation in the 2°C scenario and 50% in the 
Reference scenario. All renewables combined (including biomass, ocean and geothermal) grow to about 80% of 
total power generation in 2050 and remain at this level for the latter half of the century.  
Intermittent renewables require short-term and seasonal balancing power capacities. For balancing the power 
system POLES-JRC considers large-scale storage (pumped-hydro storage, batteries) and fast ramping gas 
power plants. With surging intermittent renewables, the need to balance power capacities increases. Therefore, 
gas-based power increases drastically in the power mix from approximately 6.5 PWh (2020) to 16 PWh (2100) 
in the 2°C scenario. Whereas pumped-hydro storage and batteries do not appear in the power mix as they are 
charged by other sources of energy. 
 
In the 2°C scenario, coal-based power (without CCS) declines from 2030 to about c\ga ja oj_\t½n g`q`g. The 
resultant lack in providing baseload is, to some extent, substituted by increasing fossil CCS power generation 
from coal and gas. Moreover, nuclear power plays a more prominent role compared to the Reference scenario. 
Concurrently, biomass plays a limited role in both scenarios due to its relatively high cost (Section 2.7). 
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Figure 3. Power generation under the Reference and 2°C scenario base cases. 

 
Source: POLES-JRC model 

 
Power system modelling in POLES-JRC 

For producing electricity, POLES-JRC comprises a comprehensive set of more than thirty power-generating 
technologies. The model considers nine fossil power technologies without CCS and three fossil power 
technologies with CCS. Moreover, three biomass technologies with and without CCS, and hydrogen and gas fuel 
cells are considered. 

 
Furthermore, two nuclear technologies are considered. Renewable technologies encompass three solar 
technologies, two wind technologies, three hydro power technologies as well as ocean and geothermal power. 
Finally, a range of storage technologies are considered: battery energy storage (BES), compressed air energy 
storage (CAE), and pumped hydro storage (PHS). Moreover, the model considers vehicle-to-grid (V2G) and 
demand side management. The latter technologies and the storage technologies play a crucial role in balancing 
the increasing intermittent renewable power sources. 
 
Each technology is characterised by its cost parameters (overnight investment cost, variable & fixed operation 
and maintenance cost), efficiencies in case of thermal power and various other techno-economic parameters. 
Endogenous learning is taken into account for cost parameters and efficiencies (see 1.3.1). The main techno-
economic parameters for all POLES-JRC power technologies are documented in Annex 5 (see Section AN 5.1). 
 
For renewable technologies, maximum resource potentials are taken into account. Similarly, the deployment of 
carbon capture and storage (CCS) technologies is linked to region-specific geological storage potential. In 
addition to these technical and economic characteristics, non-cost factors are applied to capture the historical 
relative attractiveness of each technology, in terms of investments and of operational dispatch. 
 
For modelling hourly temporal variations, POLES-JRC uses a set six representative days with an hourly time-
step. This allows to capture electricity 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 demand in POLES-JRC is computed by summing electricity demand for end-uses (e.g., heating, steel 
making, etc.) over all sectors (e.g., residential & service sector, industry). Time variations of end uses are taken 
into account by hourly profiles of representative days. The annual evolution of end-use electricity demand is 
driven by the activity of each sector and price competition between electricity and fuels. 
 
The modelling of the power system in POLES-JRC comprises operation and capacity planning. The operation of 
the power system models how the existing capacities of power generating and storage technologies are 
employed in order to meet the overall demand, including grid imports and exports from adjacent regions. While 
capacity planning models the deployment of new power capacities. It considers the existing structure of the 
power mix (vintage technology), the expected evolution of the electricity demand, load and flexibility 
characteristics of the technologies and the production cost of technologies. 
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1.2.3.3 Final energy demand 

In both scenarios, electricity rapidly evolves into the largest final energy demand component (Figure 4). The 
increasing dominance of electricity results from declining technological costs and changes in end-use 
equipment. Additionally, the increasing global carbon value in the 2°C scenario further promotes electrification. 
Electricity accounted for 21% of final global energy demand in 2020 and is projected to increase steeply to 
reach 58% in 2050 and 68% in 2100 in the 2°C scenario. While the Reference scenario also exhibits substantial 
electrification but at a slightly slower pace, reaching 51% by 2050 and 62% by 2100. Moreover, hydrogen and 
synfuels increasingly play a role in the energy mix. Each of them will contribute to about 5% of the energy mix 
of 2100 in the 2°C scenario.  
 
With a view to the clean energy demand technologies treated in this report, the remainder of this section looks 
into the demand of the (i) transport sector and the (ii) residential and service sector. 

Figure 4. Final energy demand under the Reference and 2°C scenario base cases. 

 

Source: POLES-JRC model 

1.2.3.3.1 Transport sector 

The transport sector in POLES-JRC comprises various transportation modes such as road transport (passenger 
cars, light commercial vehicles (LCV) and heavy-duty trucks (HDV)), international maritime transport and 
domestic navigation, and international and domestic air transportation of passengers and freight. 
 
In the transport sector, global final energy demand is expected to remain relatively 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 combustion engines. From 2040 
onwards, the efficiency gains are surpassed by the general demand increase in all transport modes. In 2100, 
total energy demand reaches about 4 Gtoe, which is about 85% higher than today. 
 
Although the global energy demand grows, the energy mix changes by progressive electrification and 
decarbonisation of transport modes. This is reflected in increasing electricity consumption and increasing shares 
of synfuels and hydrogen. This profound transformation results in a drastic reduction of oil consumed at the 
end of the century. 
 
Transport energy demand evolves similarly in both scenarios, showing that electric vehicles are also cost-
competitive also in the Reference scenario. A slight difference is the higher demand for synfuels in the 2°C 
scenario. 
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Figure 5. Transport n`^ojm½n final energy demand under the Reference and 2°C scenario base cases. 

 

Source: POLES-JRC model 

 
 

1.2.3.3.2 Residential and services sector  

The energy demand in the residential and services sector encompasses heating and cooling of buildings, 
cooking, hot water demand, electric appliances and lighting. Oc` n`^ojm½n bgj]\g energy demand is projected to 
increase steadily from currently about 3 Gtoe (2020) to 4.4 Gtoe by 2100 under the 2°C scenario (Figure 6). 
Heating and cooling of buildings account for a significant proportion (37% in 2022) of the residential and service 
sector's energy demand. 

Figure 65 =pdg_dib n`^ojm½n adi\g `i`mbt _`h\i_ under the Reference and 2°C scenario base cases. 

 

Source: POLES-JRC model 
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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. 
 
Heating of buildings experiences a series of transitions. First, heat pumps are increasingly replacing oil and gas 
boilers due to the rising global carbon value and lower acquisition costs, along with lower acquisition cost and 
improving efficiencies induced by technology learning (Section 2.8). Second, better thermal insulation of 
buildings leads to increased efficiency, resulting in lower useful energy needs despite economic growth. 
 
Cooling needs are expected to surge in the coming decades. 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 demand for cooling buildings 
grows, although this trend is somewhat mitigated by improving the efficiencies of cooling appliances (Section 
2.8). 

Moreover, electrical heating technologies and electrical cooking is projected to replace traditional biomass and 
liquefied petroleum gas (LPG) in developing countries. These electrification processes also contribute to 
overall energy efficiency gains in the global building sector. 

 

1.2.4 Investments  in clean energy technologies  

The energy transition described in the Reference and 2°C scenarios requires significant investments in energy 
technologies. Figure 7 provides an overview of the corresponding annual investments by its main elements. 
The investments contain fossil-related and clean-energy investments. Fossil-related investments comprise: 

­  Coal-, oil- and gas-related investments (upstream, downstream, transformation); 

­  Fossil power; 

­  Fossil hydrogen. 

The investment needs for clean energy technologies are illustrated in more detail in this section. To this end, 
clean energy technologies investment needs are categorised into three groups: 

­  Clean power generation (for details, see Figure 8); 

­  Supply of clean fuels and direct air capture (DAC): (a) Clean hydrogen, (b biofuels and biomethane, 
and (c) DAC & synfuels (for details, see Figure 9);  

­  Demand side investments in (a) transport for batteries and fuel cells used in vehicles and 
(b) buildings for heat pumps used for heating and cooling (for details, see Figure 10). 

Moreover, investments in the power transmission and distribution (T&D) infrastructure are shown in Figure 7. 

T&D investments increase with the substantial expansion of solar and wind capacities driven 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 the 2°C scenario, T&D investments are projected to roughly double from current 

levels to approximately $0.8 trillion by 2050. In contrast, the Reference scenario shows a similar investment 

pattern until 2050 but with a notable deviation in the second half of the century, where T&D investments are 

around 20% lower than in the 2°C scenario, reflecting the slower expansion of wind and solar capacities.  

 

 
Other energy infrastructure costs like pipelines, new fuel infrastructure in harbours, or infrastructure to liquefy 
hydrogen are reflected by factors related to the cost of fuels but are not considered in the overall investment 
figures. Investments required for other energy-related technologies, such as for renovation of buildings or for 
energy efficiency measures, are considered in POLES-JRC but 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 the Reference and 2°C scenario base cases. 

 
 
 
 

1.2.4.1 Clean power generation  

In the power sector, total annual investments in clean power technologies increase from nearly 0.5 T$ (2020) to 
1.4 T$ in 2050 under the 2°C scenario Figure 8. In comparison, the Reference scenario involves significantly less 
investment in clean power technologies. 
 
The technology evolution of clean technologies in the power mix (Figure 3) is reflected in the annual 

investments made: 

­  Solar and wind technologies dominate the investment landscape in clean power technologies in 
both scenarios. In the 2°C scenario, the combined investments in solar and wind increase from 
around 0.35 T$ in 2020 to 0.9 T$ by 2050. 

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

­  Investment needs in battery energy storage correlate with the growth of solar and wind 
investments, as battery storage is essential for balancing the power system. A minor role plays 
investments in other storage technologies (i.e., pumped hydro storage, compressed air energy 
storage) and demand side management (DMS). 

Figure 8. Annual clean energy investments in clean power generation and battery storage under the 

Reference and 2°C scenario base cases. 

 

Source: POLES-JRC model 
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1.2.4.2 Clean fuels and direct air capture (DAC)  

Annual investments in various clean energy fuels production technologies and direct air capture (DAC) are shown 
in Figure 9:  

­  The Clean Hydrogen category comprises several production technologies (see Section 2.4.2), with 
solar and wind-powered electrolysis and methane stream reforming with carbon capture and 
storage (CCS) being the most significant. The investments in clean hydrogen also include 
investments in dedicated solar and wind capacities, which are not accounted as part of the power 
system. The dip in hydrogen investments by 2070 results from investment cycles induced by 
equipment lifetime. 

­  Related to the hydrogen economy are Ammonia & LH2 (i.e., liquid hydrogen), which serve as energy 
carriers for hydrogen trade. The investments for ammonia and liquid hydrogen refer to facilities 
of (re)conversion of hydrogen. 

­  Biofuel & Biomethane category encompass investments for the production of first and second 
generation biofuels, as well as biomethane installations. 

­  The Synfuels category involves investments in facilities that produce gaseous and liquid synfuels 
from hydrogen and captured CO2. The shown investment figures also encompass the cost for DAC 
installations capturing the required CO2. 

­  The DAC storage category covers investments for DAC installations and CO2 storage.  

­  The Wind & Solar ȿ DAC category accounts for the renewable investments required to power the 
DAC installations as are necessary for synfuel production and DAC storage. 

Overall, clean fuel investments are dominated by the emerging hydrogen economy. Total clean fuel investments 
are substantial, amounting to about a third of the investments in power generation for the 2°C scenario 
(Figure 8). Differences between the scenarios highlight significantly higher hydrogen investments in the 2°C 
scenario, particularly in synfuels and DAC-related technologies from 2040 onwards. 

Figure 9. Annual investments in clean energy hydrogen-based fuels (H2, NH3, LH2, synfuels), biofuels & 
biomethane and DAC under the Reference and 2°C scenario base cases.  

 

Source: POLES-JRC model 

1.2.4.3 Transport and bu ildings  

On the demand side, this study encompasses clean energy technologies in transport and buildings.  
 
In the transport sector, clean energy technologies refer to batteries and fuel cells that power vehicles, trucks, 
ships and even aircrafts.  

­  Batteries and fuel cells are regarded as emerging technologies and play a crucial role in 
decarbonising the transport sector (Figure 5). Consequently, annual investments in batteries and 

fuel cells are projected to surge in the coming decades (Figure 10). 



 

26 

­  Investments in batteries and fuel cells in transport are significant compared to all other clean 
energy technologies. For instance, in 2050, batteries and fuel cells investment amount to about 
170% of the investments in power generation under the 2°C scenario (Figure 8). 

­  The shown investments refer to the battery and fuel cell cost part of total transport equipment 
purchases, not the cost of the entirety of the transport equipment. The technology adoption pattern 
of batteries and fuel cells within the different transportation modes is analysed in the Sections 
2.3.1 and 2.4.3.1.  

In the context of buildings, this report concentrates on heat pumps for heating and cooling as clean energy 
technology (see Section 2.8). Heat pump technologies are regarded as a key technology for the electrification 
of the energy demand of buildings for space heating and cooling, which accounts for a major share of the 
energy demand in the residential and service sector (see Section 1.2.3.3.2). 

­  While heat pumps for cooling (i.e., air conditioning) are well-established today, heat pumps for 
heating are less widespread today but hold tremendous potential.  

­  Annual investments 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 the energy 
consumption of buildings decreases due to better insulation.  

­  Investments in heat pumps for cooling (i.e., A/C) grow steadily until the end of the century, 
reflecting the increasing global cooling needs.  

Figure 10. Annual investments in clean energy technologies in transport and the residential and service 
sector under the Reference and 2°C scenario base cases. 

 

Source: POLES-JRC model 
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1.3 Methodological approach  

1.3.1 Endogenous technology l earning  

Component-based learning -by-doing 
The POLES-JRC model uses a one-factor learning-by-doing (LBD) approach to endogenise the evolution of 
technology costs [1]. The LBD approach posits that doubling cumulative installed capacities leads to a reduction 
in investment costs by the learning rate (LR) [10]̧ [13]. In its most commonly used approach, the LBD describes 
the evolution of investment costs of a technology as a function of its cumulative capacities [11]̧ [13]. 
 
In the POLES-JRC model, total investment cost is broken down into various cost components, which are 
associated to functional units of the technology. Consequently, POLES-JRC applies the LBD approach to the 
components of a technology: 

(Eq. 1) ÌÏÇ ὅ ὥ ὦÌÏÇ ὢ  
 

(Eq. 2) ὒὙ ρ ς  , 
 

where ὅ  is the cost of component i, ὢ the cumulative capacity of component i, ὥ  and ὦ are the 

LBD parameters (axis intercept and slope on a loģ log scale) and ὒὙ  is the actual LBD learning rate of 
component i. 
 

For the energy technology, its actual investment cost ὅ is the sum of all its individual components ὅ : 
 

(Eq. 3) # ὅ  

 
This approach allows for the modelling of spillover effects, as functional components are shared by several 
technologies [11], [14], [15]. For instance, a gasifier unit is a component used for several power generation 
technologies (e.g., integrated gasification combined cycle, IGCC) as well as for several hydrogen production 
technologies (e.g., gasification of coal and biomass, see 2.4.2.1). Therefore, the component-based LBD approach 
allows the modelling of spillover effects not only across technologies but also across sectors. Also, it allows to 
estimate the cost for emerging technologies for which historical experience does not yet exist [11]. Furthermore, 
while certain components may rapidly improve through technological advancements, others may already be 
highly developed. The component approach addresses this by assigning specific learning rates to each 
component, reflecting their individual maturity and dynamics. The interaction between components with 
different maturity is illustrated in Section 2.5.1.2 for a power technology with and without carbon capture. 
 
Floor cost  

Moreover, for each component exists a floor cost, which marks the minimum for the component's investment 
cost and serves as a limitation for the cost reduction by endogenous learning. Moreover, POLES-JRC considers 
that cost reductions by learning to slow down once investment costs fall below a certain threshold (i.e., 133% 
of floor cost level). Below this threshold, learning rates converge to zero when approaching the floor cost level. 
The floor costs used by each technology are listed in the tables of Annex 5. These floor cost values are estimates 
based on long-term projections of investment costs (e.g., until 2050) [23] to which an additional 40% cost 
reduction is applied to account for potential technological advancements. Estimating minimum cost limitations 
by the end of the century poses a fundamental challenge. The approach used aims to strike a balance, on the 
one side, between informed estimates of achievable minimum costs and on the other side allows for substantial 
room for cost decreases driven by endogenous learning. 
 
 
Operation and maintenance costs  
Operation and maintenance (OM) costs also go down as technologies improve. In the model, OM costs diminish 
in proportion to the decrease of total investment cost of the technology. According to this approach, the cost 
evolution of fixed OM and variable non-energy-related OM is modelled based on their default values in 2022 
(see Annex 5). 
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Efficiencies  

Efficiencies play a crucial role in energy system modelling. POLES-JRC accounts for endogenous efficiency 

learning in a range of technologies. These technologies encompass 11 power technologies (thermal technologies 

and fuel cells), fuel production and transformation processes (including biofuels, biogas, synfuels, NH3 and 

liquid hydrogen), residential heat pumps and direct air capture.  

 

Endogenous efficiency learning models the evolution of technology efficiency (ʂ) by a modified one-factor LBD 

approach applying the efficiency learning rate ὒὙʂ  for modelling decreasing technology losses ὒ: 
 

(Eq. 4) ʂ ρ ὒ 

 

(Eq. 5) ÌÏÇὒ ὥʂ ὦʂÌÏÇὢ ὥὲὨ ὒὙʂ ρ ς ʂ , 
  

where ὢ  refers to cumulative capacities of the technology, and ὥʂand ὦʂ LBD parameters. This approach 

uses as a starting point current efficiencies and applies learning rates, which are listed in the tables of Annex 5 

#n`` ^jgphi ¼@aad^d`i^t' г½ \i_ ajm oc` g`\midib m\o`n ^jgphi ½GM`aa' г½$) Hjm`jq`m' ohe efficiency improvements 

are limited by a maximum achievable efficiency. 

 
In contrast, efficiencies for certain technologies are determined exogenously. These technologies include 

batteries (power and transport), fuel cells in transport, and industrial processes.  

Moreover, conversion efficiencies for non-thermal renewable power generation technologies are not explicitly 

modelled. However, their efficiency improvements are implicitly captured through the investment cost decrease 

by endogenous learning and increases in capacity factors.  

 
 
Techno-economic parameters  of POLES-JRC 
For all technologies implemented in POLES-JRC, the aforementioned technology parameters (investment cost 
by component, OM costs, efficiencies and learning rates) are documented in Annex 5. 
 
 
Two-factor learning  approach 

The above-described endogenous LBD approach could be expanded by considering the effect of cumulative 
research and innovation (R&I) expenditures on learning. This "two-factor learning" could be schematically 
described as [11]̧ [13] for the total overnight investment cost of a technology: 
 

(Eq. 5) ÌÏÇὅ ὥ ὦ ÌÏÇὢ ὦ ÌÏÇὙ , 
 

where ὦ  is the learning-by-doing (LBD) parameter and ὦ  is the learning-by-research (LBR) for "two-

factor" approach. Moreover, Ὑ  refers to cumulative R&I expenditures, and ὅ  is the overnight investment 
cost. 
 
In principle, the "two-factor learning" approach appears suitable for analysing the impacts of R&I expenditures 
on the energy system. However, there are major drawbacks to applying the "two-factor learning" to an energy 
system scenario model:  

­  Firstly, parameter sets (ὦ , ὦ ) for the "two-factor learning" approach are only available for 
a few technologies [11]. 

­  Moreover, from a methodological point, a major limitation is the interdependence of LBD and LBR, 
which does not allow for clearly separating cause-effect relations [11], [16].  

­  Furthermore, statistics on R&I expenditures are available by an entire technology class (e.g., 
batteries) but may lack detail on sub-technologies within the technology class (batteries for 
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transport or energy storage). The latter is a major difficulty in applying the "two-factor learning" 
approach to the multitude of technologies used in POLES-JRC.  
Also, the availability of detailed statistics on R&I expenditures is often fragmented. A specific 
challenge is that public and private R&I data may not be aligned in scope or time. In the absence 
of actual statistics, R&I expenditures can be estimated using suitable proxies [17], [18]. 

Enhanced learning simulating R&I expenditures  
Due to the reasons above, the two-factor learning approach, which would allow the modelling of the impacts 
of R&I expenditures, is not considered in the POLES-JRC model. Instead, in this study, the impact of additional 
R&I expenditures is simulated by enhancing technology learning within the one-factor learning-by-doing 
approach. To this end, enhanced technology learning is modelled as augmenting component learning rates 
above its default levels of the base case scenarios. 
 
 

1.3.1 Estimating R&I expenditures  

This study attempts to estimate R&I expenditures, which correspond to enhanced learning of augmenting 
learning rates. Although R&I expenditures are not modelled with POLES-JRC, the amount of R&I expenditures 
could be estimated based on the results of the enhanced learning scenarios. To this end, a one-factor learning-
by-research (LBR) approach attributes technology progress to cumulative R&I expenditures. Analogously to LBD, 
the learning-by-research approach postulates a logarithmic relation between the cumulative R&I expenditures 

Ὑ and the total investment cost ὅ  by applying an LBR learning rate ὒὙ : 
 

(Eq. 6) ÌÏÇὅ ὥ ὦ ÌÏÇ Ὑ ὥὲὨ ὒὙ ρ ς  

  
This approach allows to estimate the required R&I expenditures for a certain LBD learning 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 of the LBR approach is in practise limited as it requires an adequate time series of 
historic R&I expenditures. In practise, the available R&I data only allowed to estimate future R&I expenditures 
for photovoltaics and wind technologies (Sections 2.1.4 and 2.2.4). 
 

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 
clean energies (see Table 1). The thematic groups are abbreviated using capital letter acronyms throughout 
the study (e.g., W for wind power). 
 
Enhanced group learning  
Enhanced learning within each thematic group is applied only to components related to the group's learning 
theme. The components addressed by enhanced learning within each thematic group are listed in the Tables in 
Annex 5 #n`` ^jgphi ¼Oc`h\od^ bmjpk½).  
 
Enhanced technology learning is modelled 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 `ic\i^`_ g`q`g #¼+½$, which increases default learning rates by 25% 

2. Highly `ic\i^`_ g`q`g #¼++½$, which increases default learning rates by 50% 

The moderately and highly enhanced level of the components corresponding to the thematic learning groups 
are shown in Tables in Annex 5 in the columns ¼LR +, %½ \i_ ¼GM &&' г½). The thematic learning variations are 
referred to as the name of the thematic group combined with the enhanced learning level. For instance, 
¼H2FC++½ m`a`mn oj highly enhanced learning for clean energy components of hydrogen and fuel cell 
technologies. 
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Table 1. Thematic learning groups. 

Acronym Thematic 

group 

Technologies Clean energy 

components  

Spillover 

components 

Learning 

vari ation  

W Wind power On-shore and off-
shore wind 

All wind power 
components 
 

none W+, W++ 

S Solar Power Utility-scale PV, 
rooftop PV, CSP 

All solar power 
components 
 

none S+, S++ 

BA Battery 
technologies 

a) Power generation; 
b) Demand: 

batteries in 
transport 
(vehicles, 
aeroplanes). 

All battery 
components 
 

none BA+, 
BA++ 

H2FC Hydrogen and  
fuel cell 
technologies 

a) Supply: 13 
hydrogen 
production 
technologies 

b) Demand: fuel 
cells in vehicles 
and power 
generation 

a) Clean hydrogen 
components; 

b) Fuel cell 
components 

Gasifier components of  
a) biomass power 

generation; 
b) Biomass hydrogen 

production 
 

H2FC+, 
H2FC++ 

CC Carbon capture a) 3 Carbon capture 
power generation 
technologies; 

b) 3 Carbon capture 
hydrogen 
production 
technologies. 

Carbon capture 
components 
 

Carbon capture 
components of 
a) power generation; 
b) hydrogen 

production; 
c) DAC. 

CC+, CC++ 

DACSY Direct air 
capture (DAC) 
and synfuels 

a) Direct air capture 
(DAC). 

b) Liquid and 
gaseous synfuels. 

DAC and synfuel 
components 

¼>J2 ^jhkm`nndji½ 
component of 

a) power 
generation; 

b) hydrogen 
production;  

c) DAC. 

DACSY+, 
DACSY++ 

BE Bioenergy 
technologies 

a) 1st and 2nd 
generation of 
biofuels (4 
technologies); 

b) 3 Biomass power 
generation 
technologies; 

c) 3 Biomass 
hydrogen 
production 
technologies. 

Bioenergy 
components 

a) Gasifier 
components of  

- biomass power 
generation; 

- Biomass 
hydrogen 
production; 

b) Hydrogen 
components of 
biomass hydrogen 
production. 

 
 

BE+, BE++ 

HP Heat pump 
technologies 

Demand: heat pumps 
for heating and 
cooling in residential 
and service sector 

All heat pump  
components 

none HP+, 
HP++ 
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The base case learning rates of the components aims to reflect the expected technology progress based on a 
]mj\_ gdo`m\opm` m`qd`r #n`` ^jgphi ¼M`a`m`i^`n g`\midib½ di O\]g`n di di Annex 5). The chosen variation of 
g`\midib m\o`n #¼+½5 &-0г \i_ ¼++½5 +50%) aim to strike a balance between covering a wide 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 ranges[11], [15], the highly enhanced 
learning lev̀ g #¼++½$ \dhn oj m`km`n`io \i `som`h` ]po epnodad\]g` g`\midib m\o`) 
 
 
Spillover across technologies  
Some components are shared across several technologies, allowing for the modelling of spillover effects 
spreading across technologies through two effects: (i) 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 Eq. 2). For example, tc` ^jhkji`io ¼CO2 
compression½ dn nc\m`_ ]t ^\m]ji ^\kopm` o`^cijgjbd`n ajm #d$ kjr`m b`i`m\odji' #dd$ ct_mjb`i kmj_p^odji' \i_ 
(iii) direct air capture (DAC), as revealed in the Tables in in Annex 5. This enables 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\od^ o`^cijgjbt bmjpkn \__m`nn ^jhkji`ion #n`` ^jgphi ¼Spillover components½ ja Table 1) 
that are also subject to technologies within other groups. However, for four 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 bmjpkn #h\mf`_ \n ¼iji`½ di ^jgphi ¼Spillover components½ ja  Table 1. 

 
 
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 technology progress 
within this limited period are analysed until 2100. 
 
Chapter 2 is dedicated to an analysis by technology groups, illustrating the technology adoption patterns of the 
technologies in the respective technology groups within the base cases of the 2°C and Reference scenarios. 
Additionally, the impacts of enhanced learning rates variations within the limits of thematic groups are analysed 
in terms of capacities, production, and investments. Additionally, the impacts of enhanced learning rates 
variations within the limits of thematic groups are analysed in terms of capacities, production, and investments. 
 
Chapter 3 analyses the overall impacts of enhanced learning rates variations in terms of (i) CO2 emissions, 
(ii) investment needs and (iii) energy supply costs. Section 3.2 examines the overall impacts of enhanced 
learning rates limited to learning within the thematic groups. Synergies across the thematic learning groups are 
analysed in Section 3.3 by examining the overall impacts of combinations of enhanced learning (i.e., learning 
strategies). The analysis culminates in a sensitivity analysis considering all possible learning combinations from 
the eight thematic groups (Section 3.4). 
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2 Analysis by technology group  

2.1 Wind power technolog ies 

2.1.1 Wind power generation  

The wind power technology group encompasses on-shore and off-shore wind power generation technologies. 
In POLES-JRC, the deployment of wind technologies is determined by costs and resource potentials. The main 
cost factor for wind power generation is investment cost, whereas operation and maintenance costs are of 
minor importance. 
 
Resource potentials for on-shore and off-shore wind power are derived from a detailed technological 
assessment, which include meteorological potential, exclusion factors (representing geographical, social and 
environmental considerations) and technology characteristics. This assessment distinguishes three wind classes 
for each wind technology (i.e., on-shore and off-shore wind). For on-shore wind, these classes are only based 
on the average wind speed, whereas for off-shore wind, the distance to the coast is additionally considered 
[19], [20]. 
 
Oc` \hjpio ja i`r rdi_ ^\k\^dod`n oj ]` _`kgjt`_ dn ^\g^pg\o`_ ]t oc` hj_`g½n ^\k\^dot kganning and distributed 
across the three wind classes according to resource use efficiency. Wind power generation in POLES-JRC is 
determined by hourly production profiles of six representative days. These profiles are calculated based on wind 
speed data from satellite measurements [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 resource availability) [23].  
 
Furthermore, wind overproduction can occur when electricity storage capacities (Sections 1.2.3.2 and 2.3.2.1) 
are insufficient to absorb high levels of wind power generation. In POLES-JRC, excess wind energy can be either 
curtailed or utilised as a feedstock for hydrogen production (Section 2.4.2). 

2.1.2 Technology adoption pattern  

Wind power expands massively in the coming decades in the 2°C base case (BC) and Reference BC scenario. In 
both scenarios, on-shore wind is the dominating technology. Its installed capacities increase rapidly in the 
coming decades from 0.8 TW in 2022 to about 11 TW in 2050 for the 2°C BC scenario (Figure 11.a). In the 

second half of the century, capacities grow slightly slower to reach 20 TW in 2100. Meanwhile, off -shore 
capacities increase substantially, meeting 0.7 TW in 2050 and 2 TW in 2100, but remain about a factor ten 
smaller compared to on-shore wind capacities (Figure 11.b). 
 
Cumulated capacity (Figure 11.c and d) is the driver for the cost decline in the learning-by-doing approach 
(see 1.3.1). Cumulative capacities for on-shore and off-shore wind increase from 2020 to 2050 18-fold and 
23-fold, respectively. As a result, overnight investment cost decreases for on-shore wind by 54% to about 
690 $/kW (2050) and for off-shore wind by 52% to about 2020 $/kW (2050), as can be seen in 
Figure 11.e and f . 
 
In the second half of the century, cost decline slows down and decreases merely by an additional 28% for both 
technologies (2050 compared to 2100) as cumulative capacities for on-shore and off -shore wind increase from 
2050 to 2100 merely about 4-fold and 5-fold, respectively. These results refer to a learning rate of 14% for 
on-shore wind components and 13% for off-shore wind components. For both wind technologies, the investment 
cost is split into a turbine component and a balance of system (BOS) component (including e.g., foundation, 
transmission, cable). The techno-economic parameters including cost data (overnight investment costs, 
operation and maintenance costs) and learning rates used for the wind technologies are available in the Annex 
(see Table 10  in AN 5.1). 
 
In the Reference BC scenario, wind power also expands, but at lower levels. On-shore installed capacities reach 
merely 7 TW in 2050 and 15 TW in 2100 (Figure 12.a). Meanwhile, off-shore wind in the Reference BC scenario 
meets merely half of the levels in the 2°C BC scenario. The share of wind power in the global power mix 
increases steeply from 7% in 2022 to 37% in 2050 and 45% in 2100 (Figure 12.c) in the 2°C BC scenario. In 

the Reference BC scenario, the share of wind power reaches merely 25% in 2050 and 37% in 2100. 
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Figure 11. Evolution of on-shore and off-shore (a & b) wind capacity, (c & d) cumulative capacity and (e & f) 
overnight investment cost for learning variations (BC, W+, W++) under the 2°C scenario. 

 

Source: POLES-JRC model 
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Figure 12. Impacts of learning variations (BC, W+, W++) under the Reference and 2°C scenario for wind 

power technologies. 

 
Source: POLES-JRC model 

Figure 13. Power generation cost for wind on-shore wind and off-shore compared to global average 

electricity cost for learning variations (BC, W+, W++) of the 2°C scenario. 

 
Source: POLES-JRC model 
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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 share of renewables increases from 29% in 2022 to about 77% in 2050 in 2°C BC scenario 

and remains at this level in the second half of the century (Figure 12.d). 
 
In POLES-JRC, wind power is also used for hydrogen production by electrolysis (section 2.4.2) and direct air 
capture (DAC, section 2.6.1). These capacities come on top of the wind capacities of the actual power system, 
as reported in Figure 11  and Figure 12 . Their deployment is an additional factor driving down investment 

costs. Under the 2°C BC scenario, wind capacities dedicated to electrolysis are projected to reach about 1 TW 
by 2050 and 3.5 TW by 2100 (Figure 31.d in section 2.4.2.4). Whereas substantially lower wind capacities are 

used for DAC, amounting to 0.1 TW by 2050 and almost 0.4 TW by 2100 (Figure 43.d in section 2.6.1.1) in the 

2°C BC scenario. Notably, the Reference BC scenario projects significantly lower wind capacities, which are 
roughly a half lower for electrolysis and several times lower for DAC than those in the 2°C BC scenario. 
 
Power generation costs for wind decline substantially due to technology learning (Figure 13). In the 

2°C BC scenario, on-shore wind power generation costs decrease from about 8 ¢/kWh in 2022 to about 
3.6 ¢/kWh in 2050, while off-shore wind power generation costs decrease from about 16 ¢/kWh in 2020 to 
about 8.5 ¢/kWh in 2050. 

2.1.3 Impacts of enhanced learning  rates  

Enhanced learning leads to faster decreases in overnight investment costs, as illustrated in Figures 10.e and 

10.f . In the 2°C scenario by 2050, enhanced learning (W+) results in a 17% cost reduction for onshore wind 
and a 13% reduction for offshore wind compared to the 2°C BC scenario. Highly enhanced learning (W++) yields 
a 30% cost decrease for onshore wind and a 26% reduction for offshore wind. Notably, the floor cost level for 
onshore wind is reached by 2055 with highly enhanced learning. As a result of enhanced learning, substantially 
more wind capacities are installed (Figure 12.a and b). In the 2°C scenario by 2050, on-shore wind capacities 
increase with enhanced (W+) and highly enhanced learning (W++) by 9% and 17%, respectively.  
 
The wind share in the power mix in 2050 increases by 8 and 15 percentage points compared to the 
2°C BC scenario for enhanced (W+) and highly enhanced learning (W++), respectively (Figure 12.c). While the 
overall share of renewables in the power mix increases merely by two percentage points even for highly 
enhanced learning (W++) as other renewables (e.g., PV) are crowded out due to the additional cost decrease of 
wind power (Figure 12.d). 

 
In the Reference scenario, enhanced learning has even more impact in relative terms on installed capacities and 
wind share in the power mix (Figure 12.a and c). 
 
Notably, in the enhanced learning cases, the amount of funding required for expanding capacities in the 
2°C scenario is lower than in the base case due to enhanced learning (Figure 12.b). For highly enhanced 
learning (W++), by 2050, about 7% less cumulative investments are required, and by 2100, 13% less compared 
to the 2°C base case scenario. This outcome stems from investment costs decreasing more rapidly as capacities 
grow. On the other hand, in the Reference scenario, the impact of enhanced learning 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 enhanced learning on the power generation costs of new installations are considerable 
(Figure 13). By 2050, the highly enhanced learning case (W++) leads to cost reductions of about 30% for 

onshore wind and 21% for offshore wind compared to the 2°C BC scenario. In the second half of the century, 
on-shore wind power generation costs converge towards their minimum, while off-shore generation costs 
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 technologies, both private and public investments, 
oscillated around 4 billion USD. Since 2013, R&I expenditures show a strong upward trend (Figure 14.a). The 
vast majority of these expenditures originate from private sources, with public R&I investments accounting for 
a minor part ranging between 9% and 18% over the years (Figure 14.b).  
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Notably, there has been a shift in public R&I investments towards off-shore wind, which has experienced 
continuous and significant growth in recent years. In contrast, public R&I investments for on-shore wind 
(Figure 14.b) have continuously decreased since 2009, reflecting the increasing competitiveness of on-shore 

wind electricity generation (Figure 13). 
 

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

 

Source: JRC analysis. The public R&I data is based on IEA [24], and private R&I data is based on estimates using patents as a proxy [25].  

Estimating R&I expenditures  
In the scenarios, the decrease in cost due to endogenous learning is attributed to the increasing deployment of 
capacities (Figure 11). Based on the projected cost decrease from the scenario results, the associated R&I 
expenditures are recalculated using the one-factor learning-by-research (LBR) approach described in Section 
1.3.1. The applied LBR approach relates cost progress to the sum of private and public R&I expenditures. 
 
Reconstruction of historic R&I expenditures  
To properly apply the LBR approach, R&I expenditure time series are required, which 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&I expenditures as a percentage of revenues. 

 

Source: JRC 

Empirical evidence shows that the share of R&I in revenues decreases with increasing volumes of manufactured 
equipment for the respective technology. Figure 15  depicts data on private R&I shares and wind installation 

revenues (i.e., investment cost multiplied by new annual capacities) between 2010 and 2020.  Figure 15  reveals 
that the R&I share in revenues fell from about 5% in 2010 to less than 2% in 2020, as R&I expenditures 
stagnated (Figure 14.a), while capacities grew substantially during this period. 
 
Fitting the historical relationship allows to extrapolate this trend for lower revenues and, thus, to the past. Based 
on this fitted curve (capped by a maximum of 15%), historic R&I expenditures are reconstructed. In the next 
step, cumulative R&I expenditures (private and public) are calculated (Figure 16) by using the reconstructed 
R&I expenditures in the period 1990 to  2010 (grey dots) and actual data for R&I expenditures after 2010 
(black dots). 
 
Estimati ng of future R&I expenditures  

Cumulative R&I expenditures for wind technologies (private and public) amount to approximately 85 billion USD 
in 2020 (Figure 16). Applying the LBR approach to the 2°C BC scenario projects a steady increase in cumulative 
R&I expenditures to about 213 billion USD by 2050. This increase in R&I investments is associated with the 
progress in expanding wind power in the 2°C BC scenario. 
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Figure 16. Cumulative R&I expenditures for wind power technologies ̧ Estimations for 2°C BC scenario. 

 

Source: JRC 

For the additional progress made under the enhanced (W+) and highly enhanced learning (W++) variants of the 
2°C scenario, cumulative R&I expenditures are projected to increase by 2050 to 273 billion USD and to 
335 billion USD, respectively. Consequently, according to the applied methodology, an additional 122 billion 
USD in R&I expenditures are required to achieve the additional progress in the highly enhanced learning variant 
(W++ compared to the BC scenario). In annual terms, these additional R&I expenditures amount to roughly 
4 billion per year, which is equivalent to approximately doubling the current global R&I expenditures 
(Figure 14.a). 
 
From a monetary perspective, these additional 122 billion USD in R&I expenditures are required to reduce 
cumulative investments until 2050 by approximately 1 trillion USD (Figure 12.b, difference between 

2°C scenario base case and W++ for 2050). Until 2100, these R&I expenditures presumably result in savings of 
4 trillion USD. Furthermore, with highly enhanced learning (W++), electricity generation costs are projected to 
decrease by an additional 1.2 ¢/kWh compared to the 2°C BC scenario, which compares to expenditures of 0.065 
¢/kWh when relating the additional R&I expenditures (i.e., difference W++ to BC) to the amount of electricity 
generated in this period. 
 
In conclusion, additional R&I expenditures in wind technologies to trigger enhanced learning is a beneficial 
strategy to boost the green transition and to gain significant global economic advantages. 
 
 
 
 
 
 
 
 
 
 
 
 
 
  



 

39 

2.2 Solar power technologies 

2.2.1 Solar power generation  

The solar power technology group encompasses utility-scale 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 relatively more minor role. Solar power generation in POLES-JRC is 
determined by hourly production profiles of six representative days. These profiles are calculated based on 
irradiance data from satellite measurements [22], [26]. Moreover, resource potentials for solar power 
technologies are taken into account in POLES-JRC. Resource potentials are implemented as a functional relation 
of (i) available surfaces for deploying solar power and (ii) solar irradiation. Both factors consider geographical 
and environmental factors as well as competition between different surface uses. The deployment of utility-
scale PV and CSP is dedicated to the availability of large surface areas (i.e., grasslands, deserts). In contrast, 
the availability of roof surfaces is exclusively relevant for installing rooftop PV. 

2.2.2 Technology adoption pattern  

In the 2°C base case (BC) scenario, installed capacities of utility-scale PV surge in the coming decades to a 
maximum of about 12 TW in 2070, but slightly decrease in the last decades of the century (Figure 17.a). The 
slight decrease in utility-scale PV is in part a result of increasing concentrated solar power (CSP) capacities 
(Figure 18.a) as this alternative solar technology becomes more competitive in the latter half of the century 

(Figure 17.c). Moreover, investment costs of utility-scale PV reach floor cost in the second half of the century 

(Figure 17.b), while rooftop PV and also wind technologies (Figure 11.e and Figure 11.f ) still reduce their 

investment cost in the second half of the century. Hence, new installations in renewables experience a shift 
towards CSP, rooftop PV and wind technologies in the latter half of the century. 
 

Figure 17. Evolution of (a) installed capacity, (b & c) overnight investment cost for solar power technologies 
and (d) overnight investment cost for PV modules for learning variations (BC, S+, S++) under the 2°C scenario. 

 
Source: POLES-JRC model 
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Figure 18. Impacts of learning variations (BC, S+, S++) under the Reference and 2°C scenario for solar power 

technologies.  

 

Source: POLES-JRC model 

Figure 19. Evolution of global average electricity generation cost for new PV installations (utility-scale PV, 

rooftop PV) for learning variations (BC, S+, S++) of the 2°C scenario.  

 

Source: POLES-JRC model 
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Moreover, utility-scale PV is one of the technologies generating electricity dedicated for electrolysers (section 
2.4.2) and direct air capture (DAC, Section 2.6.1). Although these capacities are not reported in the power system 
(i.e., not appearing in Figure 17  and Figure 18), their deployment is an additional factor driving down 
investment costs. Under the 2°C BC scenario, utility-scale PV capacities dedicated to electrolysis are projected 
to reach 1.5 TW by 2050 and 5 TW by 2100 (Figure 31.d in section 2.4.2.4). Whereas utility-scale PV capacities 
used for DAC are substantially lower, amounting to almost 0.2 TW by 2050 and 0.6 TW by 2100 (Figure 43.d in 
Section 2.6.1.1) in the 2°C BC scenario. Notably, the Reference BC scenario projects significantly less 
PV capacities used for electrolysis (roughly 50% lower) and used for DAC (several times lower) than those in 
the 2°C BC scenario. 
 
The investment cost of PV technologies is broken down in a PV module component and a balance of system 
(BOS) component (see Table 11  in AN 5.1). The BOS component encompasses all other cost factors such as 
hardware (e.g., inverters, mounting, cabling), installation and soft cost (except financing) [27], [28]. For the CSP 
technology, the investment cost consists of merely one component. 
 
For the PV module a high learning rate of 30% is applied reflecting the fast technology improvements of the 
core PV component. For the BOS components lower learning rates are used (LR of 18% for utility-scale PV and 
12% for rooftop PV) as the BOS is characterised by slower cost decrease [27], [29], [30].  As a result, investment 
costs of utility-scale PV reach floor cost earlier than rooftop PV. In the 2°C BC scenario, the solar share in the 
power mix reaches 25% in 2050 and a maximum of 30% by around 2075 (Figure 18.c). However, over the 

same period, the share of all renewables in the power mix stagnates (Figure 18.d) as the share of wind power 

increases substantially in the second half of the century in the 2°C BC scenario  (Figure 12.c). 
 
In the Reference BC scenario, the expansion of solar power technologies is comparable to the 2°C BC scenario 
up until 2050 but reaches slightly lower levels. However, by around 2075, solar power in the Reference BC 
scenario slightly surpasses the 2°C BC scenario in terms of capacities and solar share in the power mix, as 
depicted in Figure 18.a and c. This phenomenon can be attributed to the global carbon value in the 2°C BC 
scenario, which promotes the expansion of various other renewable energy sources (e.g., wind power 
Figure 12.c), whereas in the Reference BC scenario, solar power dominates due to its high learning rates. 

2.2.3 Impacts of enhanced learning  rates  

For utility-scale PV, investment cost reaches a level close to the floor cost in 2090 in the 2° BC scenario 
(Figure 17 .b). Similarly, the global average power generation cost of utility-scale PV would converge to a limit 

of about 2 cents/kWh at the end of the century (Figure 19). With enhanced learning (S+), these cost limits are 
reached by 2080 and even earlier by 2050 with highly enhanced learning (S++). 
 
The additional cost decline due to enhanced learning results in substantially faster growing utility-scale PV 
capacities between 2040 and 2070 compared to the 2° BC scenario (Figure 17.a). For the last decades of the 
century, enhanced learning results in higher capacities compared to the base case. 
 
For rooftop PV, costs also decrease faster in the coming decades with enhanced learning, but less pronounced 
compared to utility-scale PV. The floor cost level can only be reached before the end of the century with highly 
enhanced learning. However, the effect on capacities is mainly limited as the deployment of rooftop PV is limited 
to the demand in the building sector (Figure 17.a). 
 
The cost for PV modules (Figure 17.d) decreases with enhanced learning even more rapidly and reach the floor 

cost level already by 2045 for highly enhanced learning instead of about 2080 in the 2° BC scenario.  
 
Overall, total solar capacities increase with enhanced learning in both scenarios until the end of the century.  
Remarkably, less money needs to be spent to install the higher capacities with enhanced learning Figure 18.b). 
This effect is because investment cost decreases faster than capacity increases. Solar shares in the global 
power mix increase with enhanced learning in both scenarios until about 2075 (Figure 18.c), while in the last 

quarter of the century, the effect is much less pronounced. 
 
To conclude, the impacts of accelerating learning in solar technologies are considerable in the coming decades, 
but rather limited in the second half of the century as cost approaches floor cost levels.  
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2.2.4 Research and innovation expenditures  

 
Research and innovation (R&I) expenditure data  

Global R&I expenditures for photovoltaic technologies (private & public) accounted for roughly 7 billion USD in 
2020 (Figure 20.a). Global R&I expenditures have declined from their peak in 2011 and were relatively 
stagnant in recent years, according to available data. Private R&I expenditures dominate the global R&I 
expenditures. Public R&I expenditures (Figure 20.b) also show a declining trend since 2013. The share of public 

R&I of 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 in Section 2.1.4 for wind technologies, based on the relationship between the share 
of R&I in revenues, following a fitted curve (Figure 15). The reconstructed data for global R&I expenditures 

(private & public) is shown in Figure 20.a; the reconstructed evolution of cumulative R&I expenditures (private 

and public) is depicted in Figure 21 . 
 
In 2020, cumulative R&I expenditures for PV technologies (private and public) amounted to approximately $164 
billion USD. 
 
Estimating future R&I expenditures  
Cumulative  R&I expenditures until 2050 are calculated based on the trajectories of investment costs by 
applying the one-factor learning-by-research (LBR) approach described in Section 1.3.1. Under the 2°C BC 
scenario, cumulative R&I expenditures continue to increase in the coming decades but with a smaller growth 
rate from 2025 onwards as PV becomes increasingly mature. In 2050, cumulative R&I expenditures are 
projected to reach 270 billion USD under the 2°C BC scenario. 
 
For the additional progress made in the variants of enhanced (S+) and highly enhanced learning (S++), the LBR 
approach shows that cumulative  R&I expenditures are required to increase to $296 billion USD and $305 billion 
USD, respectively, by 2050. In the highly enhanced learning scenario, R&I expenditures stagnate from 2040 
onwards, reflecting that overnight costs reach floor cost levels from 2040 onwards (Figure 16.b and c). 
 
The S++ variation requires an additional $92 billion USD in R&I expenditures compared to the BC scenario to 
achieve the additional progress. This additional learning effort is expected to increase the solar share in power 
generation from 25% to 30% by 2050 (Figure 17.c). 
 
From a monetary perspective, these additional R&I expenditures are required to reduce cumulative investments 
until 2050 by approximately $0.7 trillion USD (Figure 17.b) difference between BC and S++ in the 2°C scenario). 
Moreover, with highly enhanced learning (S++), electricity generation costs are projected to decrease by an 
additional 0.4 ¢/kWh compared to the BC scenario, which compares to additional expenditures of 0.06 ¢/kWh 
when relating the additional R&I expenditures (i.e., difference S++ to BC) to the amount of electricity generated 
in this period. 
 
To conclude, spending additional R&I expenditures in PV technologies in order to promote additional learning, 
results in significant beneficial economic impacts, but also boost the green transition. 
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Figure 20. R&I expenditures for PV technologies: Total private & public expenditures (top) and public 
expenditures (bottom). 

 

Source: JRC analysis. The public R&I data is based on IEA [24], and private R&I data is based on estimates using patents as a proxy [25].  

 

Figure 21. Cumulative R&I expenditures for photovoltaic technologies  ̧Estimations for 2°C BC scenario. 

 
Source: JRC 
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2.3 Battery t echnologies 

Electrification is an important way of decarbonising the economy as it allows the substitution of fossil fuels 
with electricity produced from low-emitting sources. Batteries play a crucial role in electrification due to their 
dual role in enabling the electrification of the transport sectors and revolutionising energy storage in the power 
sector, allowing for a better integration of variable renewables and changing patterns in the load curve. 
 
Battery characteristics  
In recent years, research and innovation have emphasised the search for cheaper and more powerful 
operational characteristics. Principally, a battery is a pack of one or more cells, each of which has a positive 
electrode, a negative electrode, a separator and an electrolyte. The properties of a battery are affected by the 
chemicals and materials used within the battery. Research and innovation focussed very much on these 
chemicals and materials as they are highly relevant to the costs and properties of the batteries. Apart from the 
costs, the energy density, battery degradation, recyclability, the security of supply, charging speed and the 
number of loading cycles are also important parameters for a battery [31]. 
 
Battery types  
Early applications in transport entered the market with lead-acid, followed by nickel-based batteries. Currently, 
the lithium-ion battery is the most used battery type in electric vehicles (EV). The lithium-ion battery type is a 
very advanced technology which allows for a high energy density and has advantages related to high numbers 
of charging and discharging cycles. Lithium-ion batteries are produced in several different chemical 
formulations, defining their properties and applications. Lithium-sulphur batteries use sulphur as the positive 
electrode and lithium as the negative electrode. They enable a much higher theoretical energy density. This 
characteristic would make them more apt to be used in the aviation sector, in which energy density is a key 
factor. However they are not yet widely commercialised.  
 
Further battery types, which might play a role for the transport sector, are sodium batteries ̧  having 
substantially higher life-cycles -, metal air batteries ̧  allowing for faster charges and higher recyclability  ̧and 
flow batteries - helping to reduce substantially costs by replacing costly lithium with cheaper zinc [32]. 
Batteries not only differ regarding key materials, but also by the implemented technology e.g., liquid or solid 
electrolyte like in the solid-state battery. The latter battery technology might enhance substantially the lifetime 
of batteries. The list of battery chemistry types is not exhaustive, as ongoing research is exploring further 
alternatives that may lead to the development of new types in the future. 
 
Battery technologies  in POLES-JRC 
Within the POLES-JRC model, the complexity of current and future battery technologies is reduced by treating 
batteries as a generic technology, as it is hardly foreseeable which ones will prevail in the long term. The model, 
however, accounts for batteries in various uses with differing costs based on their specific requirements (e.g., 
charging cycles, energy capacity, weight, etc.).  
 
In POLES-JRC, batteries are used for transportation and for battery energy storage (BES). For both uses, generic 
battery technologies with specific characteristics are applied. 
 
For transportation three generic battery technologies are considered: 

­  Battery for electric cars 

­  Battery for electric trucks 

­  Battery for electric aircrafts 

The techno-economic parameters used for these generic transport battery technologies are provided in 
Table 21  in Section AN 5.4.1. 
 
Battery energy storage in POLES-JRC is considered in the (i) power system and (ii) for direct air capture (DAC) 
to balance its intermittent wind and solar power supply (Section 2.6.1.1). For battery energy storage, only a 
single generic battery technology is used. Its techno-economic parameters are provided in Table 15  in Section 
AN 5.1. 
 



 

45 

 
Endogenous technology learning  
In POLES-JRC, batteries are modelled as an emerging technology characterised by high learning rates, with 13% 
for batteries used in transportation and 12% for battery energy storage (BES). Moreover, battery learning in 
POLES-JRC 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 (DAC) (Section 2.6.1.1). Consequently, the model's endogenous learning approach leads to 
a rapid decline in battery costs across all applications, driven by substantial demand growth and high learning 
rates. However, the model also considers a floor cost constraint, which ensures that battery costs cannot fall 
below a minimum long-term 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 long-term minimum cost. However, what can be 
determined is the minimum required amount of material per kWh according to the laws of physics [33]. For 
lithium-based- batteries, the required amount of lithium is about 85 g/kWh [33]. Assuming a current lithium 
price of about $10,000 per ton of lithium carbonate [34], the minimum cost for electrolyte material in lithium-
type batteries is approximately 9.1 $/kWh. However, lithium prices have been much higher in recent years, 
reaching over $80,000 per ton of lithium carbonate [34]. Moreover, additional material costs need to be 
considered (e.g., electrode materials, packaging) to calculate the minimum cost for a battery. 
In the POLES-JRC model, a floor cost of $42/kWh is assumed for batteries used in electric cars. This implicitly 
presumes that material cost will not be a limiting factor in the long term due to the use of cheaper electrolyte 
materials (e.g., sodium instead of lithium), more resource-efficient battery materials, and the expansion of 
recycling and mining capacities. 
 

2.3.1 Transport sector  

The POLES-JRC model encompasses various modes of transport in the road sector, including: 

­  Passenger cars; 

­  2-wheelers; 

­  Light commercial vehicles (LCV,); 

­  Heavy-duty vehicles (HDVs), including buses. 

For simplification purposes, this report presents battery-related results for two aggregates: (i) electric cars 
(encompassing electric 2-wheelers) and (ii) electric trucks (comprising LCVs and HDVs). 
 
For all road vehicles, battery applications are separated into pure battery-electric vehicles (BEVs) and plug-in 
hybrid vehicles (PHEVs). They compete with the internal combustion engine (ICE) using liquid fuels (gasoline, 
diesel) or gas (LPG, CNG) and fuel cell vehicles (FCVs).  
 
Regarding the aviation sector, POLES-JRC considers various technologies for its aircraft fleet. Electric aircrafts 
compete with conventional aircrafts using kerosene or jet fuel, and with hydrogen-based aircrafts.  
Under the 2°C scenario, electric aircrafts emerge from 2030 onwards, eventually reaching a fleet share of 8% 
by the second half of the century. However, 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 
The projected evolution of overnight investment costs of batteries for electric cars reveals a fast and significant 
decrease driven by tremendously increasing battery capacities. The floor cost level of batteries used in cars 
(42 $/kWh) is already reached around 2055 in the 2°C scenario base case (BC) (Figure 22.a).  
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Batteries for electric trucks are more costly per kWh due to the higher complexity of the battery management 
system. For electric trucks the overnight investment costs of 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 increase in the share of electric cars in the fleet occurs until 2050 (Figure 22.d). After reaching a peak 
by about 2050, the share of electric cars decreases in the second half of the century due to changing 
competitiveness compared to other technologies (Figure 23.a). For electric trucks, the diffusion occurs even 

earlier and reaches its peak almost a decade earlier (Figure 22.d). In contrast to electric cars, the share of 
electric trucks remains at a plateau level until the end of the century.  

Figure 22. Evolution of (a & b) overnight investment cost, (c) installed capacities and (d) shares in vehicle 
fleet for battery uses in transport (cars, trucks) for learning variations (BC, BA+, BA++) under the 2°C scenario. 

 

Source: POLES-JRC model 

Different timing patterns of the diffusion can also be observed currently. Electric car sales neared 14 million in 

2023, equal to 18% of all cars sold in 2023, while electric truck sales reached 54,000, 70% of which were sold 

in China (market share less than 3%). Despite decreasing purchase prices for EVs in recent years, supportive 

policies heavily influence their sales.. For instance, the phasing out of purchase subsidies has slowed EV sales 

growth in countries such as Germany, highlighting the ongoing impact of government incentives on the market. 

Overall, electric cars and plug-in hybrid cars reach about 80% in 2050 for the base cases of the Reference and 

2°C scenario, followed by 10% of fuel cell vehicles (Figure 23 .a). In the second half of the century, the share 
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of fuel cell vehicles increases further. Moreover, after 2050, the share of cars with internal combustion engines 

(ICE) increases slightly, while their fuel use shifts from fossil to non-fossil fuels. For LCVs, the technological 

trajectory evolves remarkably similarly to cars. However, for HDV, the technological trajectory is significantly 

different. By 2050, the shares for ICE HDV remain for the Reference and the 2°C scenario at 60% and 50%, 

respectively. After 2050, battery and fuel cell HDV increase their market share. However, a substantial market 

share remains for ICE HDV fuelled by synfuels. 

Figure 23. Shares of traction type by transport modes: a. cars, b. light commercial vehicles (LCV) and c. 

heavy-duty vehicles (HDV) for learning variants (BC, BA+, BA++) of the Reference scenario and 2°C scenario. 

 

Source: POLES-JRC model 

Battery capacit y 
The battery capacities in transportation increase tremendously in the coming decades as illustrated in 

Figure 22 .c. The battery capacities reflect the evolution of the fleets of electric cars and trucks (Figure 22 .d) 

and are calculated based on assuming an average battery size for electric cars of 71 kWh, and for LCV and HDV 

battery sizes of 105 kWh and 350 kWh, respectively. The average battery size remains constant over time. 

 

The battery capacities (Figure 22 .c.) increase steeply until about 2050 which corresponds to the peak of electric 

cars in the vehicle fleet (Figure 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 peak values.  
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The tremendous increase in battery capacity in transportation requires an enormous production of new battery 

capacity each year: About 3 TWh/y by 2030, 10.6 TWh/y by 2040 and still 7.9 TWh/y by 2050 (2°C scenario 

base case). By 2050 in the 2°C scenario base case, the overall battery capacity of the vehicle fleet amounts to 

174 TWh  (Figure 24.a). Electric cars are the dominating use for batteries in transportation. The battery capacity 

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

 

The regional split in battery demand shows strong dominance of China, while their global market share 

decreases from more than 50% to 31% in 2030. At the same time the EU and the 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 learning (BA++) for batteries used in electric cars leads to a faster cost reduction, with the 
floor cost level of $42/kWh being reached a decade earlier (2045) compared to the 2°C scenario base case 
(2055) as illustrated in Figure 22.a. For batteries used in electric trucks, highly enhanced learning (BA++) could 
lead to floor cost levels being reached almost half a century earlier (2050) compared to 2100 under the 
2°C scenario base case(Figure 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 decades. As a result, additional cost decreases have a minimal effect on the total 
price of a car, which is a key factor in the decision to purchase an electric vehicle. 
 
A comparison of the 2°C scenario and the Reference scenario base cases shows that the development towards 
electrification in transport proceeds similarly  (Figure 5 in Section 1.2.3.3)., with only minor differences in overall 

battery capacities (Figure 24.a). This is due to the rapid cost advantages electric cars offer, including 
decreasing costs and lower energy costs (electricity vs. gasoline/diesel). Moreover, enhanced learning (BA+ and 
BA++) minimally impacts overall battery capacities (Figure 24.a), as the cost advantages of electric cars are 
already driving electrification in transport. 

Figure 24. Impacts of learning variations (BC, BA+, BA++) under the Reference and 2°C scenario for battery 
uses in transport (cars, trucks). 

 
Source: POLES-JRC model 
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The cumulative battery investments for transportation uses are illustrated in Figure 24.b. By 2050, the 

cumulative battery investments amount to approximately $20 trillion and are projected to increase five-fold 
over the following five decades until 2100 under both scenarios. While enhanced learning has almost no impact 
on the total amount of battery capacity and the speed of diffusion, it has significant impacts on costs. 
Consequently, enhanced learning (BA+ and BA++) substantially reduces investment needs, particularly in the 
first half of the century. With highly enhanced learning (BA++), 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 when demand arises. With more volatile and fluctuating power production technologies in the energy 

system, the need for energy storage options increases. Several technologies compete to store energy and 

balance the energy system. 

2.3.2.1 Technology adoption pattern s 

Within the POLES-JRC model, the primary energy storage options are battery energy storage (BES), compressed 

air energy storage (CAE), and pumped hydro storage (PHS). These options are supplemented by measures to 

balance energy supply and demand, including vehicle-to-grid (V2G) and demand side management. 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 abundant or cheaper 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 decrease rapidly in the coming decades, from approximately 

330 $/kWh in 2023 to around 130 $/kWh by 2050 (Figure 25.a). This rapid cost decline is driven by the 

interplay of high learning rates and increasing battery capacities for transportation and power system 

\kkgd^\odjin #n`` ¼Endogenous technology learning½ di ocdn N`^odji$. 

 

As the share of volatile and fluctuating energy technologies, such as wind and solar, grows, the need for energy 

storage increases. Under the 2°C scenario, the share of wind and solar in global power generation is expected 

to rise from around 11% today to more than 60% by 2050, and slightly increase thereafter (Figure 3 in Section 

1.2.3.2). 

 

Currently, PHS is the dominant energy storage option (Figure 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 it to overtake 

PHS before 2040. The electricity costs in Figure 25.d show that the costs for PHS (16 cents/kWh, 2023) are 

substantially higher than BES and CAE (ca. 2 cents/kWh, 2023). Despite the high electricity costs for PHS, POLES-

JRC projects relatively small deployment of BES in the coming decade, as existing PHS capacities appear 

sufficient to balance the increasing renewable power production. PHS is not only more expensive compared to 

BES, but site-specific constraints and limited scalability 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 to become the dominant energy storage technology in the 

power system (Figure 25.c). This development is reflected in the surge of BES capacities, reaching under the 

2°C scenario approximately 7 TWh by 2050 and plateauing at around 137 TWh from 2070 onwards. 

 

Figure 26 .a illustrates that BES capacities are significantly elevated under the 2°C scenario compared to the 

Reference scenario until about 2075. The reasons for higher BES capacities under the 2°C scenario relate to the 

higher wind and solar power generation (Figure 3 in Section 1.2.3.2) and the higher shares of electric vehicles 

(Figure 23). 
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Figure 25. Evolution of (a) overnight investment cost, (b) installed capacities, (c) stored electric energy and (d) 

electricity storage cost for battery energy storage (BES) for learning variations (BC, BA+, BA++) under the 
2°C scenario. 

 

Source: POLES-JRC model 

Additionally, to the capacities of battery energy storage (BES) in the power system (Figure 25  and Figure 26), 

POLES-JRC considers BES for balancing intermittent renewables powering direct air capture (DAC, Section 2.6.1). 

Under the 2°C scenario, the BES capacities used for DAC are projected to be approximately 0.6 TWh by 2050 

and 2.1 TWh by 2100 (Figure 43  in section 2.6.1). Whereas under the Reference scenario, BES capacities are 

significantly lower (0.04 TWh by 2050 and 0.6 TWh by 2100) as DAC plays a less prominent role compared to 

the 2°C scenario. 

 

Notably, the scale of BES capacities is significantly smaller than that of battery capacities in transportation, with 

a factor of around 20 by 2050 and 2100 (Figure 24.a compared to Figure 26 .a). Furthermore, the declining cost 

of BES in the coming decade (Figure 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 2030s.(Figure 25.b). 

 

The cumulative investments in BES are 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 the 2°C scenario, by 2050, cumulative investments in BES total approximately 1.2 T$ (Figure 26.b), a 

significantly lower amount compared to the cumulative investments in batteries for transport, which reach 

around 20 T$ (Figure 24.b).  
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2.3.2.2 Impacts of enhanced learning  rates  

Enhanced battery learning (BA+, BA++) substantially impacts the overnight investment costs for battery BES as 

illustrated in Figure 25.a. With highly enhanced battery learning (BA++) floor costs are already reached by 

2050, while in the base case floor costs are not reached until the end of the century (2°C scenario). 

 

BES capacities increase substantially with enhanced battery learning (BA+, BA++) as illustrated for the 

2°C scenario in Figure 25.b and for both scenarios in  Figure 26.a. Notably, under the 2°C scenario enhanced 

learning (BA+ and BA++) has reinforcing impacts on the deployment of BES capacities. 

 

From a cumulative investment perspective (Figure 26 .b), enhanced battery learning (BA+, BA++) has a twofold 

impact. On one hand, it drives a substantial increase in capacities (Figure 26.a), which is offset by a rapid 

decline in costs (Figure 25.b). As a result, the effect on cumulative investments (Figure 26.b), is substantially 

alleviated by 2050, and in the second half of the century, the cost savings outweigh the capacity increases, 

leading to a substantial reduction in cumulative investments. 

Figure 26. Impacts of learning variations (BC, BA+, BA++) under the Reference and 2°C scenario for battery 
uses for Battery energy storage (BES). 

 
Source: POLES-JRC model 
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2.4 Hydrogen and fuel cell t echnologies 

Hydrogen has the potential to play a key role in a clean, secure and cost-effective long-term energy strategy 
[35]. Analysing the role of hydrogen in the energy system of the 21st century is a complex and demanding task. 
POLES-JRC is particularly well-suited for this task due to its long-term perspective and 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 h ydrogen 
On the supply side, POLES-JRC considers various routes to produce hydrogen using thermo-chemical or 
electrolysis processes (see Section 2.4.2). 
 
Demand for hydrogen  
Hydrogen can be used as fuel in the transport sector, as feedstock in the steel sector, as an intermediate product 

(e.g., nitrogen-based fertilisers) in the chemical industry and refineries, and as an input for heat and power 

generation. In the present energy system, hydrogen demand stems almost exclusively from the chemical 

industry and refineries.  

 

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 sectors. Consequently, demand for hydrogen is expected to 
rise sharply in various industries (e.g., steelmaking), including transportation, industrial processes, power 
generation by hydrogen fuel cells, and the production of synfuels. Moreover, with shifting to a green economy, 
hydrogen and its derivatives (i.e., synfuels or e-fuels) become increasingly traded in global markets. In the 
transport sector, POLES-JRC considers hydrogen-powered fuel cells as they offer a clean energy solution in 
multiple transportation modes (Figure 23  in Section 2.3.1.1). For power generation, fuel cells provide an 
opportunity to generate electricity clean and very efficiently. In the power system module of POLES-JRC, 
hydrogen fuel cells directly compete with grid electricity and other forms of distributed power generation 
(Section 2.4.3.2). Synfuels (gaseous or liquid) in POLES-JRC are produced from hydrogen and CO2 captured by 
direct air capture (DAC) (see Section 2.6). The model considers liquid synfuels as substitute for oil products in 
transportation (i.e., road, aviation and maritime transport). Moreover, gaseous synfuels are taken into account 
as an alternative to natural gas in various sectors including the building sector, industry and transport. 
 
Transport and distribution  
International trade of hydrogen-based fuels in POLES-JRC is modelled for ammonia (NH3), liquid hydrogen (LH2), 
and liquid synfuels (see techno-economic parameters of Figure 19  in AN 5.3). These fuels are transported by 
maritime transport or pipelines. For trading of ammonia and liquid hydrogen, substantial losses occur in the 
converting hydrogen to NH3 and LH2, and the reconversion to hydrogen.  
Domestic hydrogen transport and delivery is modelled by several transport chains using pipelines and trucks. 
Pipelines (large or small) provide hydrogen to the sites of consumption in industry or buildings, or to refuelling 
stations for supplying transport demand; whereas trucks deliver hydrogen to small production sites or refuelling 
stations. Transportation and delivery costs vary according to the transport chain chosen. Factors such as 
population density and the distance between production and consumption sites are considered. A loss factor on 
transport and distribution is added for each demand sector. Transport costs are a significant cost element of 
oc` ct_mjb`i q\gp` ^c\di _p` oj ct_mjb`i½n m`g\odq`gt gjr qjgph`omd^ `i`mbt _`indot) 
 
Sensitivity analysis  
Regarding the sensitivity analysis, enhanced learning within the hydrogen and fuel cell technology group (H2FC+, 
H2FC++) is considered for the following technologies: 

¶ Clean hydrogen production routes (electrolysis and pyrolysis technologies) 

¶ Fuel cells in transport and power generation 

¶ Transport of ammonia as hydrogen carrier including conversion and reconversion. 
Synfuels are analysed within the DAC and synfuels technology group (see Section 2.6). 
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2.4.2 Hydrogen production  

2.4.2.1 Technologies 

Hydrogen in POLES-JRC is produced by thermo-chemical or electrolysis routes with 13 distinctive technologies 
(see Table 2).  

 
Thermo-chemical route s 

­  Steam methane reforming using natural gas is currently the prevalent hydrogen production 
process. Steam methane reforming involves the catalytic breakdown of light hydrocarbons when 
reacting with superheated steam, resulting in a hydrogen-rich gas mixture containing impurities. 
The hydrogen content is subsequently maximised through a water-gas shift reaction, followed by 
the final steps of separating and purifying the hydrogen. 

­  Gasification, utilising coal or biomass as feedstock is an alternative thermo-chemical route for 
hydrogen production. In this process, solid fuels react with steam, oxygen, or air to produce syngas, 
a mixture of carbon monoxide (CO) and hydrogen. Coal gasification is currently predominant in 
China. 

­  A third route is the pyrolysis process, which decomposes natural gas or biomass in the absence of 
oxygen, generating hydrogen and solid carbon as a by-product. 

The carbon intensity for steam methane reforming is high, and for gasification of coal, it is even higher. 
However, low carbon variants of both technologies can be equipped with CO2 capture, enabling the capture of 
up to 90% of implied CO2 emissions. Pyrolysis using natural gas as feedstock is considered low carbon, as 
carbon is fixed as a solid by-product. Both gasification of biomass with CO2 capture (CC) and storage and 
pyrolysis of biomass permanently removes CO2 from the atmosphere and are considered as negative emission 
technologies. 
More detail on the modelling of carbon capture technologies in POLES-JRC is provided in Section 2.5.2. 
 

Table 2. Hydrogen production technologies in POLES-JRC. 

 

 

 

 

 

Thermo-chemical routes  

Technology Carbon Capture option s 

Steam methane reforming (SMR) with and without CC 

Gasification of coal with and without CC 

Gasification of biomass with and without CC 

Pyrolysis of coal fixed as solid carbon 

Pyrolysis of biomass fixed as solid carbon 

 

 

 

Electrolysis  routes  

Technology Electricity source  

 
 

Low temperature (LT) electrolysis 

Wind1 (on-shore and off-shore) 

PV1  (utility-scale) 

Nuclear1  ̧Gen. III  

Grid electricity 

High temperature (HT) electrolysis Nuclear1  ̧Gen. IV (from 2060) 

Source: POLES-JRC model 

 

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

­  Low temperature (LT) electrolysis is very prominently presented in POLES-JRC. Power sources for 
the LT electrolysis are low-carbon: solar, wind and nuclear with dedicated power plants and grid 
electricity (at times of wind and solar over-supply). The techno-economic parametrisation of LT 
electrolysis in the model represents a generic mix of alkaline and PEM electrolysis.  

­  Moreover, high temperature (HT) electrolysis using power and heat provided by advanced nuclear 
plants (Gen IV) is considered from 2060 onwards. 

Further combinations of electricity source and electrolysers do exist, e.g., grid electricity could be potentially 

used in combination with HT electrolysis. At the current stage of development of this sector in POLES-JRC, the 

number of combinations is limited to the ones listed above to reduce the complexity of the modelling. 

2.4.2.2 Production cost and learning  

In POLES-JRC, the production cost determines the deployment of new capacities and, eventually, the production 
of hydrogen. The production cost consists of investment cost, fixed and variable operation & maintenance cost 
(OM) and variable cost for fuel and the CO2 price in the 2°C scenario. 
 
For most technologies, the total investment cost comprises several cost components (see AN 5.2). For the 
thermal-chemical technologies, several components are shared across these technologies (e.g., reformer, water 
shift unit). Some are also shared by power generating technologies (e.g., gasifier, CO2 compression unit, 
pollution control, cooling). For the electrolysis technologies, the investment cost of the actual electrolyser and 
the power supplying technology are considered, e.g., investment cost for solar and wind power (see Sections 2.1 
and 2.2). Cost improvements by component learning led to a decreasing total investment cost. Moreover, 
learning drives down the fixed and variable non-energy OM costs. Furthermore, efficiency learning reduces 
energy consumption per unit of hydrogen produced. 
 
For the sensitivity analysis within the hydrogen group (H2FC+, H2FC++) merely the clean hydrogen related 
components are varied (see assignment to H2FC technology group in AN 5.2 of Figure 16). The CC-related 

components (e.g., CO2 compression unit) and the solar, wind and nuclear technologies are not subject to the 
enhanced learning of the hydrogen group. Therefore, its full potential of cost reduction with enhanced learning 
is achieved in combination with learning accelerations in other technology groups such as the CC group (CC+ 
and CC++ see 2.5.2), solar (S+ and S++ see 2.2) and wind (W+ and W++ see 2.1). 

2.4.2.3 Technology adoption patterns  

Capacities 

Steam methane reforming (SMR) is the currently prevalent hydrogen production technology (see Figure 27.a). 
Steam methane reforming is mainly employed 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 increasing global carbon value in the 2°C BC scenario results in substitution by steam methane reforming 
with CC which becomes the prevailing technology among the thermo-chemical routes on a global level from 
2050 onwards. Moreover, pyrolysis using natural gas plays also a significant role (Figure 27.a) due to its low 
carbon intensity and relatively low investment cost. 
 
The other thermo-chemical hydrogen technologies play merely a minor role (Figure 27.b).: Coal gasification 

becomes soon too costly due to the CO2 price within the 2°C BC scenario. However, coal gasification capacities 
with CC are deployed from 2030 onwards, but reaching only about a fifth of the capacities of steam reforming 
with CC due to the substantial difference in overnight investment costs (see Table 18  in Section AN 5.2). The 

deployment of biomass technologies is impeded by relatively high investment costs (compare Figure 96  in 

Section AN 3.1) and increasing biomass costs. 
 
Remarkably, the electrolysis routes and, among them the LT electrolysis become the dominating hydrogen 
production technology from 2035 onwards in terms of capacity in the 2°C BC scenario (Figure 27.c) and 
outperforms the sum of all capacities of the thermo-chemical routes. The LT electrolysis capacities grow 
steadily in the coming decades and exceed even steam reforming with CC by about a factor of 10 in 2100.  
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Hydrogen production  

In the 2°C BC scenario, total hydrogen production more than quadruples by 2050 and reaches about 250 Mt of 
hydrogen (Figure 28). Until the end of the century, hydrogen production increases further to about 900 Mt of 
hydrogen. The production 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 technology (2°C scenario base case). 

 

 

Source: POLES-JRC model 

 
Competing technologies  
For the competing thermo-chemical and nuclear hydrogen production routes, the evolution of investment costs 
and cumulative capacities are shown in Figure 96  (Section AN 3.1). Compared to renewables-based electrolysis, 
these technologies exhibit higher investment costs and their costs decline substantially less. However, their 
advantage lies in substantially higher load factors, which compensate for the investment cost disadvantage. 
The investment cost for the thermo-chemical routes with CC is substantially higher than the respective 
technologies without CC. In particular, this difference is pronounced for steam reforming. However, in the 2°C 
BC scenario this cost advantage is overturned by the increasing global carbon value. As a result, more capacities 
with CC are deployed (Figure 96  in Section AN 3.1). In particular, steam reforming with CC produces  substantial 

hydrogen (Figure 28) due to a combination of low investment cost and high load factors. 
Nuclear-based hydrogen production plays a minor role in both scenarios. Although investment costs for nuclear 
technologies decrease (see Figure 97  in AN 3.1) and the load factor for nuclear plants is substantially higher 
compared to solar and wind generation, nuclear-powered electrolysis cannot compete with renewable-powered 
electrolysis.  
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Figure 28. Hydrogen production by technology for learning variations (BC, H2FC+, H2FC++) under the 

Reference and 2°C scenario. 

 

Source: POLES-JRC model 

Figure 29. Evolution of (a) overnight investment cost of electrolyser unit, (b) efficiency of electrolyser unit, (c) 
overnight investment cost of total technology and (c) hydrogen production capacity for learning variations (BC, 
H2FC+, H2FC++)  under the 2°C scenario.  

 
Source: POLES-JRC model 
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Reference scenario  

In the Reference scenario base case, total hydrogen production evolves very similarly to the 2°C BC scenario 
during the century. However, in the Reference BC scenario the major share is still produced by conventional 
steam reforming. Capture technologies and electrolysis are employed at a substantially smaller scale than the 
2°C scenario. In particular, grid electrolysis becomes relevant much later in the Reference scenario as ample 
surpluses from renewables will become available decades later compared to the 2°C BC scenario. 

2.4.2.4 Impacts of enhanced learning  rates  

Electrolyser  

The effects of learning are illustrated in Figure 29  for renewable electricity-powered electrolysis (renewable 
hydrogen). Within these technologies, the electrolyser unit is a major cost component. The investment cost of 
the electrolyser unit decreases in the 2°C BC scenario from an estimated value of about 1200 $/kW today to 
about 400 $/kW in 2050 (Figure 29.a). Until the end of the century, the investment cost become close to the 

floor cost for the electolyser unit (230 $/kW). Enhanced learning (H2FC+, H2FC++) results in even faster-
declining cost for electrolyser; floor cost level are reached already by 2050 for the H2FC++ variation.  
 
Learning rates  
As electrolysis is an emerging technology, its associated learning rates are relatively high. The cost evolution in 
the BC refers to a learning rate for the electrolyser component of 15%, 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 highly enhanced learning (H2FC++) seems 
still plausible, given that electrolysis is a fast-emerging technology. 
 
For the competing thermo-chemical technologies, most of its components are technologically emerging, too. 

Therefore, relatively high learning rates in the range of 11% to 14% are used for these components. However, 

some components are considered mature (e.g., cooling, CO2 compression) and therefore, low learning rates in 

the 3% to 5% range are applied. As a result, the thermo-chemical technologies exhibit substantially lower cost 

dynamics compared to electrolysis. 

Also, the efficiencies of the hydrogen production technologies increase over time. For example, Figure 29.b 
shows the efficiency of the LT electrolyser unit. In the BC, efficiency increases from 65% today to about 75% 
in 2050. With highly enhanced learning (H2FC++) an efficiency of almost 80% could be achieved. 
 

Figure 30. Evolution of hydrogen production cost for new installations for learning variations (BC, H2FC++) 

under the 2°C scenario. 

 

Source: POLES-JRC model 
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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 
plants in addition to the cost of the electrolyser unit. Therefore, the decreasing overall investment cost for solar 
and wind electrolysis (Figure 29.c) is a combined effect of decreasing cost of the electrolyser unit and declining 
cost for solar and wind (Sections 2.1 and 2.2). For solar electrolysis, the overall investment cost near the floor 
cost level is already achieved by 2060 in the BC due to the rapidly dropping PV cost (Figure 17 .b). The effect 
of enhanced learning is less pronounced as the cost for the solar and wind generation is the dominating factor 
in the total hydrogen production cost. In terms of overall investment cost, solar electrolysis is substantially 
cheaper compared to wind electrolysis. However, this difference is more than compensated by higher load 
factors associated with wind generation in most geographies. Consequently, the cost of wind-based hydrogen 
is lower than hydrogen from solar (Figure 31) and more hydrogen is produced through wind electrolysis than 

solar across all scenario variations (Figure 28), Nevertheless, more solar electrolysis capacities are required to 

be built (Figure 29 .d).  
 
Crowding out effects  

The competing clean hydrogen production technologies, such as the three CC technologies and the two nuclear 
electrolysis technologies, are crowded out in the enhanced learning scenarios (Figure 96  and Figure 97  in 
Section AN 3.1). Although their learning rates are increased by the same factor, they cannot compete with the 
faster developing electrolysis routes.  

Figure 31. Impacts of learning variations (BC, H2FC+, H2FC++) under the Reference and 2°C scenario for 
hydrogen production technologies. 

 
Source: POLES-JRC model 
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Production cost and investments  

The global production cost of wind and PV-based hydrogen declines to about 2.6 $/kg of hydrogen in 2050 
(2°C BC scenario) due to technology learning (Figure 30 .a and b). With highly enhanced learning (H2FC++), 

renewable production cost falls further to about 2.1 $/kg by 2050. Moreover, enhanced learning leads to 
increased capacities for hydrogen production and electrolysis power. This effect is illustrated in Figure 31 .a 
and b in terms of cumulative capacities.  
 
In terms of investment needs, the enhanced learning scenarios (H2FC+, H2FC++) show that less funding is 
required to build more hydrogen production capacities (Figure 31.a), produce more hydrogen (Figure 28) and 

achieve lower production costs for renewable hydrogen (Figure 30.a and b). However, the impact on the 

investment needs for building the required power capacities for electrolysis is ambiguous (Figure 31.c). Further 

cost reduction for building these power capacities may be achieved by additionally considering enhanced 
learning for wind (W+, W++) and solar (S+, S++) as described in Sections 2.1 and 2.2. 

2.4.3 Hydrogen demand 

Currently, almost all hydrogen demand is concentrated in the industrial sector,, mainly in refineries and chemical 
industry (Figure 32). Within the chemical industry, hydrogen primarily serves as a non-energy feedstock for 
ammonia production, which is mainly utilised in fertiliser manufacturing. 
 
With the shift towards a green economy, global hydrogen demand is expected to surge, driven by expanding 
applications in transport, power generation, synfuel production and steel production (industry). As a result, 
worldwide hydrogen demand is expected to rise from the current 75 MtH2 to about 220 MtH2 by 2050 and 
760 MtH2 by 2100 in the 2°C scenario BC (Figure 32). 
 
In the second half of the century, in 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 in Figure 5 in Section 1.2.3.3. In the industrial sector, hydrogen demand for combustion processes 
increases in the coming decades before stabilising. Simultaneously, demand for feedstock experiences a slight 
decline until 2050. Hydrogen usage in buildings is also set to grow, but overall plays a minor role (Figure 6 in 
Section 1.2.3.3.2). 

Figure 32. Global hydrogen demand by sectors for learning variations (BC, H2FC+, H2FC++) under the 

Reference and 2°C scenario. 

 

Source: POLES-JRC model 
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The global hydrogen demand in the Reference scenario BC follows a similar trend to the 2°C scenario BC, but 
the distribution across sectors varies. In the Reference scenario, the transport sector starts consuming hydrogen 
around 2050, when decreasing costs of hydrogen production and electrolysers improve the competitiveness of 
hydrogen cars and trucks (Figure 23.c). Hydrogen demand in buildings and synfuels appear slightly later and 
remain at a low level until 2100. This picture differs significantly in the 2°C scenario, as the introduction of 
higher global carbon value 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 decarbonising the transport sector, electrification is the prevalent strategy. According to the 
scenarios analysed in this study, electrification dominates cars and LCVs in the latter half of the century 
(Figure 23). However, for specific transport modes such as aviation and freight transport with HDV, hydrogen-

based fuels or synfuels produced with hydrogen may provide an alternative. Assuming that the required 
hydrogen is produced with low carbon intensity, these options can significantly contribute to 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 Section 1.2.3.3). 
 

While electrification is prevalent, fuel cells in transport serve as a viable alternative amidst the overall 

electrification trend in main transport modes. Hydrogen fuel cells powering cars and LCVs are expected to be 

more widely used than the internal combustion engine (ICE) in the latter half of the century (Figure 23.a and b). 

In the final energy demand of the transport sector, significantly more hydrogen than synfuels are consumed in 

both BC scenarios during this period (Figure 5). In the 2°C BC scenario, hydrogen consumption even surpasses 

that of oil. 

 

Overall, most of the hydrogen in the second half of the century is utilised in transport, either directly in fuel cell 

vehicles or indirectly to produce synfuels exclusively used in the transport sector. By 2050 (2°C scenario BC), 

fuel cells in transport account for approximately 44% (97 MtH2) of the total hydrogen demand, while synfuel 

production corresponds to about 18% of the hydrogen demand (40 MtH2). In 2100, hydrogen demand for fuel 

cells in transport and for synfuel production increases to 450 MtH2 and 140 MtH2, respectively. 

 

Fuel cell capacities  

The share of fuel-cells-powered cars and LCV in the vehicle stock surges from a few percent increases today 

to about 14% in the 2°C scenario by 2050 (Figure 23). Due to this rapid expansion and high learning rates for 

fuel cells in cars (15%), the overnight investment cost for fuel cells in vehicles decreases drastically in the 

coming decades (Figure 33 .b). In particular, the f loor cost level is already reached by 2050.  

 

Total fuel cell capacity in transport grows to about 45 TW in 2050 and continues to expand in the latter half of 
the century, reaching approximately 148 TW in 2100 in the 2°C BC scenario (Figure 34.a). Fuel-cells-powered 

cars account for roughly 31 TW which corresponds to approximately 70% of the total fuel cell capacity in the 
2°C BC scenario (Figure 33.a and Figure 34.a). Trucks powered by fuel cells account for about 20% of total 

capacity (2050, 2°C BC scenario). 
 
Moreover, POLES-JRC considers ships and aircraft powered by fuel cells as options for decarbonising the 
transport sector. The number of ships and aircrafts is comparatively low relative to cars and trucks.  
 
Investment and cumulative  investments  
The difference among categories become less pronounced when examining investments. Due to the complexity 
of the installation of a fuel cell system, the specific fuel cell system costs (see Table 22  in AN 5.4.1) for ships 
and aircrafts are more than 20 and 30 times higher than for cars, respectively. Consequently, in terms of 
required investments, 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 investment needs, measured as cumulative investments (see indicator definition in 0) for fuel cells, 
amount to around 7 T$ by 2050 and 47 T$ by 2100. Until 2100, 44% of cumulative investments for fuel cells 
in transport account for cars, followed by 26% for ships, 18% for trucks and still 13% for aircraft (Figure 34.c).  

Figure 33. Fuel cells in transport: evolution of (a) overnight investment cost and (b) capacities for learning 
variations (BC, H2FC+, H2FC++) under the 2°C scenario. 

 

Source: POLES-JRC model 

2.4.3.1.2 Impacts of enhanced learning rates 

Enhanced learning (H2FC+, H2FC++) significantly reduces the cost of fuel cells (Figure 33 .a). In the scenario 
with highly enhanced learning (H2FC), the floor cost level is reached much earlier by 2035 instead of by 2050 
as in the 2°C scenario BC. However, the impact on capacities is less pronounced. The underlying reason for this 
behaviour is that 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 scenarios. However, although the effect on capacities due to enhanced learning might 
be small, hydrogen demand does increase with enhanced learning on production technologies (Figure 32), as 
hydrogen becomes more competitive as production costs decrease. 
 
The impact on investment needs (i.e., cumulative investments) for all enhanced learning scenarios (H2FC+, 
H2FC++) is substantial. About 20% less investments are required for highly enhanced learning (H2FC++) 
variations of the 2°C and Reference scenarios. 
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Figure 34. Impacts of learning variations (BC, H2FC+, H2FC++) under the Reference and 2°C scenario for fuel 

cells in transport. 

 

Source: POLES-JRC model 

2.4.3.2 Power sector  

2.4.3.2.1 Technology adoption pattern 

Hydrogen used for power generation increases from its virtually negligible level today to approximately 2% of 
global hydrogen demand by 2050 and to about 12% in 2100 in the 2°C BC scenario (Figure 32). Consequently, 

the capacities for hydrogen fuel cells surge over the same period (Figure 35.a). Global power generation with 

fuel cells using hydrogen also increases in the coming decades (Figure 36 .a). However, power generation with 

fuel cells accounts for less than 2% of the global power mix of the 2°C scenario BC by 2100 (Figure 3 in Section 
1.2.3.2). 
 
In the power system, merely a minor part of hydrogen is used to generate power by hydrogen fuel cells. 
Hydrogen-fuelled gas turbines and combined cycle plants are not considered in the current configuration of the 
POLES-JRC model. These technologies could likely play a significant role in the power mix, particularly for peak 
demand and to compensate for the variable nature of solar and wind, which could increase the role of hydrogen 
in the power mix by substituting a few percentage points of gas in the power mix (Figure 3 in Section 1.2.3.2). 

 
As fuel cell types, POLES-JRC considers two generic fuel cell types using hydrogen or natural gas. Investment 
cost for both types is assumed to be the same. Overnight investment cost is projected to decrease steeply from 
today½s 3045 $/kW by about 63% by 2050 (Figure 35 .a). This steep decline in cost for 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%). Secondly, the initial capacities are relatively small (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 production of both fuel cell types reaches about 5 PWh by 2100, which equals about 4% of global 
power production 2°C BC scenario (Figure 3). In particular, the role of hydrogen fuel cells is projected to play a 
minor role with about 1.6% (2.2 PWh) of global power production by 2100 in the 2°C BC scenario. Power 
generation and capacities for gas-powered fuel cells are considerably higher in all scenarios compared to 
hydrogen fuel cells, as natural gas prices remain more competitive than hydrogen prices. Furthermore, in the 
Reference scenario, the significantly higher power generation and capacities for gas-powered fuel cells result 
from the lower gas price, as gas becomes expensive due to the global carbon value in the 2°C BC scenario. 

Figure 35. Hydrogen fuel cells in the power sector: evolution of (a) overnight investment cost and (b) 
capacities for learning variants (BC, H2FC+, H2FC++) under the 2°C scenario.    

 

Source: POLES-JRC model 

 
 
 

2.4.3.2.2 Impacts of enhanced learning rates 

The effects of enhanced learning (H2FC+, H2FC++) are very prominent in terms of declining investment cost as 
well as increasing capacities and power generation (Figure 35.a and b, Figure 36.a and b). In terms of 

cumulative investments, the impacts of enhanced learning rates are less pronounced (Figure 36.c). The reason 

is that in the second half of the century towards 2100, the effects of enhanced learning tend to compensate 
each other as the cost decline approaches the floor cost, while capacities continue to increase.  
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Figure 36. Impacts of learning variations (BC, H2FC+, H2FC++) under the Reference and 2°C scenario for fuel 

cells in the power sector. 

 

Source: POLES-JRC model 
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2.5 Carbon capture  in power and hydrogen production  

Carbon capture and storage (CCS) technologies play a vital role in decarbonising the energy system by capturing 
CO2 emissions from various sources and sequestering them in long-term storage. These technologies aim to 
capture CO2 from point sources, such as fuel combustion, and from the air using techniques like direct air 
capture (DAC). Additionally, negative emissions can be achieved when combining bioenergy sources with CCS 
technologies (BECCS) or direct air capture. 
 
The POLES-JRC model accounts for carbon capture (CC) in various sectors and processes: 

­  Power generation from fossil fuels and biomass (Section 2.5.1) 

­  Hydrogen production from fossil fuels and biomass (Section 2.4.2.1); 

­  Steel and cement production in the industrial sector; 

­  Second generation biofuels production (Section 2.7.1.1.5); 

­  Direct air capture with storage and synfuels production (Section 2.6). 

For the sensitivity analysis, CCS technologies are divided into two groups. The technology group carbon capture 
in power and hydrogen production and its associated learning rate variations (CC+, CC++) are addressed in this 
section. While the technology group direct air capture and synfuels (DACSY) is analysed in Section 2.6. 
Endogenous technology learning for CCS in biofuel production and industrial processes is modelled in POLES-
JRC but is not subject to the sensitivity analysis of this study. 
 
Regarding CO2 storage, the model considers (i) geological sequestration, where CO2 is injected into deep 
underground formations, and (ii) ocean sequestration, which involves injecting CO2 into the deep ocean [20]. 
The potential for geological and ocean storage is considered in POLES-JRC. Saturation effects are anticipated 
by taking into account increasing costs with the exploitation of the storage. Additionally, the costs for 
transporting CO2 to the storage sites are taken into account. While endogenous learning for CO2 storage 
technologies is applied in the model, it is not considered in the sensitivity analysis of this study. 
 
Figure 37.a illustrates the annually captured CO2 resulting from all carbon capture technologies for both base 
case scenarios. Under the 2°C scenario, CO2 capture increases significantly and is pivotal in curbing overall GHG 
emissions during the second half of the century (compare with Figure 1, Section 1.2.1). By 2100, the cumulative 

captured CO2 (Figure 37.b) amounts to approximately 570 GtCO2 in the 2°C scenario, whereas only around 

100 GtCO2 in the Reference scenario. 

Figure 37. Evolution of annual captured CO2 and cumulative CO2 under the base cases of the 2°C scenario 
and Reference scenario. 

 
Source: POLES-JRC model 
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2.5.1 Power generation  with CO2 capture  

2.5.1.1 Power technologies 

POLES-JRC considers four power-generating technologies with CO2 capture based on post-combustion or pre-
combustion processes. 
 
Post-combustion  
In post-combustion processes, CO2 is removed from the exhaust gases after the combustion of coal or natural 
gas. Two power-generating technologies with post-combustion are considered: 
(1) Advanced pulverised coal with CO 2 capture (Adv. PC & CC) represents a conventional super-critical 
pulverised coal power plant coal with post-combustion CO2 capture. The components of the capture system 
consist of the CO2 absorption system, the CO2 compression unit, and a generic balance of system (BOS) capture 
part (Table 16  in AN 5.1). 

(2) NGCC with CO2 capture (NGCC & CC) consists of a conventional combined cycle gas turbine (CC) plant 
fuelled with natural gas (NG) and a dedicated CO2 capture system with analogous components, as in the case 
above. 
 
Pre-combustion  

Pre-combustion technologies are based on conventional integrated gasification combined cycle (IGCC) plants. 
In a conventional IGCC plant, electricity is generated by using the hydrogen of the syngas to generate power in 
a combined cycle process employing a gas turbine and a steam turbine. In an IGCC with CO2 capture, the CO of 
the syngas is converted into CO2 and subsequently separated and removed. As the CO2 is removed before 
burning the fuel, this capture process is referred to as pre-combustion process. 
 
The two pre-combustion power technologies in POLES-JRC are based on IGCC plants fuelled by coal or biomass: 
(3) Integrated coal gasification with CO 2 capture  (ICG & CC) uses a CO2 capture system, which consists 

of units for the water-shift reaction, CO2 removal and CO2 compression (see Table 16  in AN 5.1). 

(4) Integrated b iomass gasification with CO 2 capture ( IBG & CC) allows to achieve negative CO2 

emissions. Apart from using biomass, this technology functions analogously to the aforedescribed IGCC & CCS, 
but requires more complex processing for the biomass. Therefore, the cost of the components are substantial 
higher and the efficiency is lower (see Table 12  in AN 5.1).  
 
Oxy-fuel  
In the POLES-JRC model, the oxy-fuel process is not explicitly considered as a CO2 capture mechanism for power 
technologies, as the aforementioned generic power technologies allow to model the evolution of CO2 capture 
in the power sector concerning cost, fuel type, and efficiency adequately.. 
 
Retrofitting  

Apart from installing new capacities with CO2 capture, retrofitting existing plants is an effective strategy for 
swiftly  reducing the emissions of the power sector.  
Retrofitting is a particularly attractive option for countries 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 system [42]. POLES-JRC considers the option to retrofit coal and biomass power 
technologies with CO2 capture. A retrofit with a CO2 post-combustion capture unit may be considered for sub-
critical lignite and coal plants and advanced pulverised coal (super/ultra-super critical). NGCC plants may also 
retrofitted with a CO2 post-combustion capture unit. Existing IGCC and biomass gasification plants may be 
retrofitted with a pre-combustion CO2 capture unit. 

2.5.1.2 Learning for CO2 capture technologies  

The investment cost of these technologies is broken down into several components, which are shared by several 
thermal power generation technologies (Table 12  and Table 16  in AN 5.1) and hydrogen production 

technologies (Table 18  in AN 5.2). Additionally, the CO2 compression component is shared with the direct air 

capture (DAC) technology (Table 24  in AN 5.5).  
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The cost decrease of a shared component is driven by its cumulative capacities across all its shared technologies 
according to the component-based learning-by-doing approach (compare Section 1.3.1). Therefore, all 
technologies sharing a certain component benefit from the technology progress made by this component. 
 
Figure 38  illustrates the technology progress of conventional power technology and its corresponding CO2 

capture technology, exemplarily for advanced pulverised coal with CO2 capture (Adv. PC & CC) and without 
CO2 capture (Adv. PC). The investment cost for Adv. PC & CC decreases substantially from 2030 onwards 
(Figure 38.a) as CCS capacities increase steadily (Figure 38.b). This cost decrease in the early years is very 
pronounced as it increases from zero, and cumulative capacities multiply various times in the early years so 
that endogenous learning has a substantial effect on reducing cost (see Section 1.3.1). In contrast, the cost 
decreases merely slowly for the conventional technology (Adv. PC). One reason is that the capacities of its 
components increase much more slowly in contrast to the CO2 capture capacities (Figure 38.b). Moreover, 
conventional components are regarded as mature technologies characterised by rather low learning rates in 
contrast to the components of CO2 capture, which are considered as emerging technologies with rather high 
learning rates (Table 12  and Table 16  in AN 5.1). As a result, the total cost decrease for the CO2 capture 

technology (Adv. PC & CC) relates mainly to its CO2 capture components, whereas its conventional components 
contribute rather little. 
 
Analogously, the efficiency of the the CO2 capture technology (Adv. PC & CC) increases substantially in the 
coming decades, while the efficiency of the mature conventional power technology (Adv. PC) improves merely 
slowly (Figure 38.c).  
 

Figure 38. Evolution of (a) overnight investment cost, (b) cumulative capacity and (c) efficiencies for 

advanced pulverised coal power with CO2 capture (Adv. PC & CC) and without CO2 capture (Adv. PC) for 
learning variations (BC, CC+, CC++) under the 2°C scenario. 

 

Source: POLES-JRC model 
































































































































































































































































































































