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4. Direct electrification is a no-regret option in various domains and comes with immediate 

benefits; 

5. Decarbonised molecules will play a limited but crucial role in hard-to abate sectors; 

6. The hydrogen economy needs to be established now, and Penta is particularly well placed to 

initiate and drive forward this process; 

7. Power grid capacities need to increase substantially, through more efficient operation and 

grid reinforcement, at all grid levels: distribution, transmission and cross-border; 

8. A coordinated approach to energy system planning is key to achieve a timely and cost-

efficient system transformation avoiding stranded assets; 

9. Flexibility is a key element of the energy transition and flexibility needs for power system 

stability will significantly increase in the future on all time scales; 

10. Additional power demand can and must be flexible (i.e., operated in an electricity price 

sensitive way) in particular for electric vehicles, heat pumps and electrolysers; 

11. Energy storage facilitates RES integration, yet storage potentials (e.g., for hydro and hydrogen) 

are not equally distributed and require regional cooperation for a coordinated exploitation; 

12. The transition requires a future-proof market design, to trigger the investments into the 

beforementioned technologies and to efficiently ensure resource and transmission adequacy. 

These building blocks may be used by the Pentalateral Energy Forum for the building of a joint 2050 

vision. 
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2 Context and objectives 

Context 

The Pentalateral Energy Forum (short Penta) is a framework for regional cooperation between Austria, 

Belgium, France, Germany, Luxembourg, Switzerland and the Netherlands. The participating countries 

have been working since 2005 on a voluntary basis towards more closely integrating their domestic 

electricity markets and are thereby taking the lead in Europe.  

In 2020, a first comparison of existing long-term scenarios on the electricity sector development up to 

2050 by the Penta countries and the European Commission was conducted by a consultant, identifying 

similarities and differences in perspectives. However, the consultants also noted that the studies 

analysed partly differ quite significantly regarding basic assumptions and underlying methodologies, 

which might be one possible explanation for some of the differences observed. Furthermore, the 

underlying studies are of different age and were therefore developed based on different states of play 

with respect to political, technological and economic circumstances. Feedback by Penta members 

demonstrated the need for further work and discussions in Penta, especially in order to: 

• broaden the basis of studies to be considered, as more updated long-term scenarios are 

expected to come (e.g. by ENTSO-E) reflecting more recent climate and energy targets, and 

some specific aspects might be better covered by dedicated studies and not so much by the 

long-term scenarios itself; 

• dive deeper into specific topics so as to gain a more detailed understanding of future 

developments which could bridge the gap between the rather general statements (see ‘earlier 

research’) and the need for concrete action and intermediate steps towards 2050; 

• create the basis for a common understanding of the expectations and challenges for building 

a future decarbonized electricity system in the Penta region. 

Objectives 

Ministers of the Pentalateral Energy Forum’s countries agreed in February 2021 that coming to a joint 

2050 vision will keep Penta at the forefront.  The present study shall help to create a common vision 

for a decarbonised electricity system (facilitating energy system decarbonisation by 2050 at the latest), 

as part of the Pentalateral Energy Forum’s endeavour for regional integration towards a European and 

reliable electricity market. 

The present study builds on previous work and broadens and deepens the analysis to work towards a 

common understanding and vision on a decarbonized electricity and energy system by 2050, with 

intermediate steps in 2030 and 2040. 

The study aims to analyse existing scenarios and technical analyses regarding the likely developments, 

identified certainties and remaining uncertainties regarding the energy system 2050 in the Penta 

region. The authors of this report establish building blocks facilitating the creation of a shared vision 
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on a climate neutral electricity system in the Penta region, discussing the main elements and concrete 

steps, including intermediate steps for 2030 and 2040, with the focus on the specific topics. 
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Finally, a non-exhaustive list of exemplary, indicative actions illustrates how the convictions could be 

put into effect. However, these actions should not be understood as proper recommendations as they 

would require a more in-depth impact assessment. They are available in the Annex, cf. Section 7. 
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4 Observations derived from the scenario and literature 
review 

The identification of likely developments (entitled observations in the following) relied on an 

exhaustive review of existing scenario assessments and technical reports. The identified observations 

are clustered along the four major research dimensions: power demand (Section 4.1), electricity supply 

(Section 4.2), power system stability (Section 4.3) and the methodologies underlying to the scenario 

assessments (Section 4.4). 

The focus is set on the power sector, with some observations addressing also connected domains of 

the energy system, notably hydrogen. 

The identified remaining uncertainties in existing transition pathways are listed for each of the 

individual convictions derived from the observations (cf. Section 5). 

4.1 Evolution of power demand 

4.1.1 Power demand is expected to increase by 35% to 100% by 2050 

Power demand in the Penta region is expected to increase by a minimum of 35% by 2050, and may 

more than double in some scenarios, driven by both direct and indirect electrification 

Opposing trends are expected to impact the evolution of power demand. Energy efficiency 

improvements and behavioural changes may delay or dampen the increase in power demand. Figure 

3 illustrates that the expected increase of 60% in power demand due to direct and indirect 

electrification of end-uses (disregarding the rise in power demand related to increased macro-

economic drivers like population and economic activity) may be reduced by nearly two thirds to 24% 

thanks to energy efficiency efforts. 
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Figure 3 - Evolution of French power demand between 2019 and 2050. Source: (RTE, 2022). 

Direct and indirect electrification are shifting the demand upwards. The impact of indirect 

electrification depends on the magnitude of deployment of electrolysis. As described in section 4.1.3, 

hydrogen imports are a lever to reduce domestic power demand for hydrogen production. The 

economic development and the relocation of the industry can strengthen one or the other direction. 

The increase of the power demand (direct or indirect) varies significantly across countries and 

scenarios. Figure 4 illustrates the relative evolution of total power demand until 2050 compared to 

current levels for the different national and international scenarios. The orange-shaded area covers all 

scenarios with distinct information about the evolution of domestic power demand, whereas the 

scenarios MOL and ELEC from the Elia study (Elia Group, 2021) are not included in this range as they 

also include power demand required for the generation of e-fuels which may be met abroad (i.e., the 

generation of the e-fuels may take place outside Belgium, Germany or Europe, respectively).  
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hydrogen derivatives), is commonly applied in particular in sectors where direct electrification is 

technically infeasible or comes with significant additional costs.4  

For cost-efficient decarbonisation of heat supply in buildings and industry, a massive heat pump roll-

out is considered in literally all scenarios. Small-scale heat pumps are more than five times more 

energy-efficient than boilers running on green hydrogen (cf. Figure 7). In the industry, heat pumps are 

expected to meet low- to medium-temperature (90+°C) heat demand.  

 

Figure 7 – Heat supply efficiencies. Source: (Hydrogen science coalition, 2023). 

There is likewise a large consensus on the necessary ramp-up of electric mobility towards 2050 in 

passenger road transport. Battery electric vehicles are expected to outcompete fuel cell electric 

vehicles or conventional cars with internal combustion engine, running on synthetic fuels, due to a 

three to six times higher overall conversion efficiency (Transport & Environment, 2022).  

Consequently, power demand for transport will strongly increase by a factor of four to eight in the 

Penta region (cf. Figure 8), reaching a significant part of the domestic power demand in 2050 Penta 

countries. This growth in decentralised power demand affects not only the need for generation 

 

 

4 Ultimately, the cost-optimal solution should prevail, considering operational costs, notably for energy 
generation (i.e., generation costs for electricity, hydrogen or synthetic fuels), as well as capital costs, in particular 
for energy conversion assets (e.g., electrolysers), grid infrastructure, or end-user equipment (e.g., boilers, heat 
pumps). 
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Figure 9 - Evolution of power demand by sector. Source: (Stiftung Klimaneutralität, Agora Energiewende, Agora 
Verkehrswende, 2021). 

The constraints of battery electric vehicles - notably their time of charging and the weight of battery - 

makes hydrogen more relevant for specific mobility applications. For long-distance trucks and 

coaches, decarbonised hydrogen or synthetic fuels appear as competitors to direct electrification. 

Long-haul shipping and aviation tend to be no-regret solutions for hydrogen (using ammonia or e-

fuels). In addition, renewable hydrogen is expected to replace conventional hydrogen in existing 

hydrogen end uses (notably chemical and steel industry, refineries).5 

4.1.3 Hydrogen demand drives needs for substantial electrolyser investments, 
with hydrogen imports reducing additional pressure on power systems 

As outlined in Section 4.1.1, the increase in future power demand is partially driven by the need to 

produce renewable (or in some cases low-carbon) hydrogen, which is ensured by electrolysers running 

on renewable or low-carbon electricity. Across the scenarios investigated, the Penta region is expected 

to host a range of 75 GW to 135 GW of electrolysers in 2050, with 13 GW in 2030 according to national 

studies. It is to be noted that policy developments are progressing rapidly, and that the latest 

announcements from France, Germany, the Netherlands and Austria already sum up to a minimum of 

 

 

5 A revision of the Renewable Energy Directive 2018/2001will define targets for the substitution of fossil 
hydrogen by renewable hydrogen. 
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the case of Belgium, according to the study published by Elia (Elia Group, 2021), the hydrogen demand 

cannot be met by domestic hydrogen production due to insufficient RES potentials (cf. Figure 12). 

 

Figure 12 – Belgium projected power balance in 2050, according to two demand scenarios, and three different supply 
scenarios. Source: (Elia Group, 2021). 

4.1.4 Thermal renovation is a precondition to building stock decarbonisation, 
which cannot rely on heat pumps roll-out only  

All the scenarios analysed identify building renovation and heat pumps deployment as a necessary 

precondition for the decarbonisation of the buildings sector. Heat pumps are indeed the most 

economical solution for decentralised heat supply in buildings. They operate particularly efficiently at 

low flow temperature. Building renovation (and ambitious standards for new buildings) facilitate heat 

pump deployment and avoid over-dimensioning of heat pumps as well as additional pressure on the 

power system.  

According to the Climate Neutral 2045 scenario published by Agora Energiewende for Germany 

(Stiftung Klimaneutralität, Agora Energiewende, Agora Verkehrswende, 2021), building renovation 

rates need to increase from 1.5% to 1.75% between 2020 to 2045 (Figure 13). The study of the French 

TSO (RTE, 2022) even assumes the building renovation to more than double from 1.2%/year in 2020 

to 2.0%/year by 2030 and 2.5%/year from 2040 onwards. 

 

Figure 13 – Heat supply technologies and building renovation rates by year. Source: (Stiftung Klimaneutralität, Agora 
Energiewende, Agora Verkehrswende, 2021). 



 

Building blocks for a common vision for a decarbonised 
electricity system in the Penta region   

 

 

03/03/2023  23/95 

 

The study published by (Elia Group, 2021) considers two distinct scenarios for the decarbonisation of 

the EU economy, one relying primarily on direct electrification (tagged ELEC) and the other on indirect 

electrification (i.e., decarbonised molecules, tagged MOL).  The assumptions for the share of heat 

pumps vary in both scenarios: 30% vs 75% for residential buildings, and 45% vs 80% for tertiary 

buildings, in the MOL vs the ELEC scenario, cf. Figure 14.9 However, in both scenarios heat demand is 

expected to drop significantly (60% and 45%, respectively in the two sectors), that is buildings 

renovation appears to be an imperative necessity.  

 

Figure 14 - Evolution of heat demand and supply in EU buildings by 2050 (green bar: MOL scenario, orange bar: ELEC 
scenario. Source: (Elia Group, 2021). 

4.1.5 Demand-side flexibility is key to facilitate system-friendly electrification 

The large majority of analysed scenario assessments build upon the assumption that the electricity 

consumption of selected existing end-uses and notably new end uses is going to be flexible in the 

mid- to long-term future.  For instance, in France, half of the additional electricity demand in 2050 is 

borne by flexible usages, cf. Figure 15 (RTE, 2022). 10 The flexibility potentials related to demand-side 

flexibility (DSF) represent a major element to meet the increasing flexibility needs that result from 

rising amounts of renewables in the power system (cf. Section 4.2.3). At the same time, power demand 

from new electricity consumers being flexible is a prerequisite to minimize the impacts on power 

supply and network infrastructure. The most relevant end uses considered suitable for demand-side 

flexibility include: 

• Heat pumps contribute to an increase in power demand (in particular in winter time, when 

power systems are typically already under stress), but can provide short-term flexibility (in 

the range of 24 hours) at times of scarce power supply; their load shifting potential varies 

throughout the year and tends towards zero in summer time (except for reverse heat pumps, 

generating heat and cooling). Heat storage may increase the flexibility in the operation of 

 

 

9 Heat pumps may be complemented by district heating and biomass. 
10 In the (Agora Energiewende, 2022) study, 64% of the total 2035 power demand consists of conventional, i.e. 
final power demand. 36% of the total power demand (320 TWh out of the 894 TWh) relate to end-uses with 
flexible consumption (electrolysis, flexible electric boilers, heat pumps, electromobility and consumption of 
pumped storage and batteries). 
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However, studies and individual scenarios differ significantly when it comes to the level of DSF 

deployment (in terms of “smart” end uses, the consideration of V2G for electric vehicles, and static or 

dynamic DSF considering static or dynamic time-varying tariffs15), as illustrated for instance in Figure 

16 for the analysis realised by (Elia Group, 2021). 

 

Figure 16 - Flexibility scenario assumptions. Source: (Elia Group, 2021). 

The flexibility potential resulting from DSF depends on the actual share of “smart” end users, yet the 

technical potential is considered to be very important. Figure 17 illustrates the DSF potential in terms 

of capacity and reservoir size, highlighting that the flexibility contribution from heat pumps and EVs 

(two upper parts of the stacked chart) can exceed the capacities of existing pumped hydro storage by 

a factor of ten. 

 

Figure 17 – 2050 EU flexibility potentials in two distinct scenarios. Source: (Elia Group, 2021). 

 

 

15 Static time-varying tariffs correspond to time-of-use tariffs  
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Sub -hourly flexibility needs will rise due to higher amounts of variable power generation from solar 

PV and wind, being subject to forecast errors (even though forecasting quality continuously improves). 

Flexibility needs at the daily timescale are triggered by increasing PV shares, given the concentration 

of power production to midday-hours, ultimately implying a drop in the daily residual load.  (cf. Figure 

23). But also new power consumers, such as electric vehicles, raise flexibility needs as they increase 

the evening load peak if not charged in a system-friendly manner. 

 

Figure 23 - Illustration of the impact of solar capacity deployment on the residual load in 2030 France (for illustrative 
purpose). Source: (Artelys, 2017). 

The increase in weekly flexibility needs is primarily driven by higher wind penetration levels (with wind 

regimes featuring rather daily than hourly patterns). The increase in seasonal flexibility needs is linked 

to an increase in thermo-sensitive power demand (due to heat pump roll-out), while seasonal 

generation patterns of PV and wind tend to level-out each other (depending on the respective 

volumes), cf. Figure 24. 
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Figure 24 - Seasonal pattern of electricity generation and demand. Source: (Elia Group, 2021). 

4.2.4 Regional cooperation as key lever for a least-cost energy system 
transformation 

Across all scenarios, cross-border electricity exchanges play a significant role. In most Penta countries, 

power demand is met to a significant extent by electricity imports. Figure 25 illustrates the share of 

imports in national power supply. Imports may come from other Penta countries, as well as other EU 

and non-EU countries. The level of imports (and exports in the case of France in particular) strongly 

varies across the different scenarios, but typically exceeds current levels of cross-border exchange 

(requiring additional cross-border capacities, cf. Section 4.3.4).  
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total domestic demand. International potentials are expected to be sufficient to meet these import 

needs.27 

(Artelys, 2021) determined the cost of hydrogen, if EU countries were supposed to meet 2030/35 

hydrogen demand domestically or by relying on neighbouring countries. Hydrogen generation costs 

decrease by more than 25%, and national supply cost divergence across countries tends to decrease, 

as electrolyser investments drop by 20% and make use of cheaper electricity (as they are sited in 

countries with high-performance RES). 

4.3 Power system stability: the role of storage and grids 
Section 4.2.3 highlighted the rising flexibility needs of future power systems. Demand-side flexibility 

and regional cooperation may help to lower the increase in flexibility needs (cf. Sections 4.1.5 and 

4.2.4). Low-carbon power generation technologies, referred to in Section 4.2.2, may contribute to 

meet the remaining needs, next to storage and power grids. The following observations refer notably 

to the role of storage and grids and their role in the future power system. 

4.3.1 Energy storage development is key to ensure adequacy in the Penta 
region  

The development of infrastructures for energy storage is crucial in the Penta region. These 

developments will help to ensure adequacy in Penta power systems, on various time scales, and should 

be made in coordination with other flexibility sources. 

First, power storage is key to ensure adequacy from short to long term horizons, thanks to battery 

storage, and pumped hydro storage capacities. The extensive deployment of hydro resources reduces 

system costs. Up to 9 GW of additional reservoirs, run of river and pumped hydro storage capacities, 

are expected in the Penta region by 2040. This equals an 8% increase compared to the current 

capacities, according to the Distributed Energy scenario of the TYNDP 2022 (ENTSO-E, ENTSOG, 2022). 

It is important to note, though, that pumped hydro storage potentials are unevenly distributed across 

Penta countries, with major capacity extensions materialising in Austria, Switzerland, France and 

Germany (cf. Figure 29). 

 

 

 

27 The renewable energy potentials of EU Member States are estimated to be sufficient to meet the future 
hydrogen demand in the EU (towards 2050). However, this implies significant investments in RES capacities which 
may raise acceptance issues and implies that several countries (e.g., Germany and Belgium) aim to establish 
trans-continental hydrogen cooperations already today. 
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Figure 35 - Projected renewal expenditures for the French transport grid (M€). Source: (RTE, 2022). 

Available figures for France and Germany foresee grid reinforcements of 2-14%  in the installed length 

(in grid km) of the transmission network by 2030 compared to the length in 2020 and 9-57% by 205030. 

4.3.4 Cross-border exchange capacities and flows increase to facilitate 
regional cooperation. 

All scenarios come to the conclusion that cross-border power exchange will increase, assuming that 

the expansion of cross-border exchange capacities will equally go along.  By 2050, import capacities 

are expected to increase by at least 70% (e.g., in the case of Germany or Switzerland, cf. Figure 36) and 

may more than triple (e.g., for Belgium and France). 

Cross-border power exchanges will facilitate an efficient utilisation of the most favourable wind and 

solar sites, facilitate RES integration and enable regional cooperation on flexibility provision. 

 

 

 

30 The figures are based on the BMWi study over the 3 scenarios for Germany for the transmission grid (BMWi, 
2021), and on the RTE Study over all scenarios for grid deployment within French regions (RTE, 2022). The length 
of the German transmission grid will rise from 36 000 km in 2020 to around 41 000 km by 2030 and 50 000 to 55 
000 km by 2050. French regional transmission grids (excluding 30 000 km of very high voltage lines, featuring 
400 kV and partially 225 kV voltage levels) rise from 70 000 km in 2020 to around 75 000 km by 2030 and 77 000 
to nearly 100 000 km by 2050, depending on the scenario. 
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Figure 36 – Increase in electricity import capacities (NTC) by 2050 compared to 202031. Source: Own illustration 

It is important to note that the expansion of cross-border exchange capacities needs to be aligned with 

the expansion of internal transmission grids in order to facilitate transit flows across the entire Penta 

region and even beyond (cf. Section 4.3.3). 

4.3.5 Integrated infrastructure planning as prerequisite of a cost-efficient and 
timely transition 

As required by Penta, a distinct focus was set on infrastructure planning procedures across Penta 

member countries, even though most of the scenario assessments analysed do not focus on network 

planning. Instead, network development plans (NDPs) of the different Penta countries32 were analysed 

and compared, complemented by the 2021 ACER Opinion on the Electricity National Development 

Plans (ACER, 2021), cf. Table 2. The comparison reveals that the publication of electricity NDPs differs 

in terms of time and frequency across Penta countries, with most NDPs being published every two 

years, as recommended by ACER. ACER finds that study horizons up to the year n+15 were used in 

most of the NDPs. But given the strong expansion needs in the next decades and the long time horizons 

 

 

31 The following scenarios were compared: CLI from the PSI study for Switzerland (Paul Scherrer Institute, 2021), 
TN-H2 from the BMWi study for Germany (BMWi, 2021), RTE study for France (RTE, 2022), Elia study for Belgium 
(Elia Group, 2021), Netbeheer study for the Netherlands (Netbeheer, 2021), NECP scenario for Luxembourg 
(Luxembourg Ministry of the Environment, Climate and Sustainable Development, and Luxembourg Ministry of 
Energy and Spatial Planning, 2018), and TYNDP 2022 for Austria (ENTSO-E, ENTSOG, 2022). Long term values for 
Luxembourg and Austria are 2040 projections resp. from the Luxembourg’s NECP and the TYNDP 2022. 

32 In the case of Austria, two TSOs issue their own separate NDPs whereas in the 4 German TSOs prepare a single 
and joint NDP. 
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In none of the countries, the electricity NDP is prepared jointly in order to develop multiple energy 

sectors (e.g. electricity-gas). However, there is scientific evidence that a joint modelling approach for 

power and gas infrastructures may identify synergies between the two systems and ultimately lead to 

lower investments needs and a more efficient utilisation of existing infrastructure, cf. Figure 37. 

 

Figure 37 - Change in CAPEX and operational costs for the EU gas system up to 2050 between a pure gas-based approach 
and a joint power-gas approach. Source: (Artelys, 2016). 

The ADEME report for France (ADEME, 2021) illustrates that a joint optimisation of grid investments 

and RES siting (plus potentially electrolyser siting) may lead to lower overall costs. That is, RES 

capacities should not per se be installed at sites featuring highest capacity factors, but the economic 

decision should also integrate the costs related to connect additional RES capacities and how to 

integrate them most cost-effectively.34 

4.4 Methodologies underlying the scenario assessments 
A closer look at the modelling approaches underlying the different scenario assessments reveals that 

for most countries recent model-based techno-economic assessments of transition pathways are 

available. Yet, a multitude of models are applied, cf. Table 3, but only two models were applied for two 

different studies (among those short-listed for the present analysis), namely RTE’s Antares and 

Prognos’ Energy Systems Model. The model owner often differs from the entity authoring or publishing 

the actual scenario assessment. The extent of publicly available data accompanying the scenario 

assessments is quite heterogenous across the sample of analysed studies, yet, in most cases access to 

quantitative information (in particular at hourly granularity) is very restricted. 

 

 

34 This holds true for countries where RES potentials significant exceed the actual need for installation. In 
countries where the full RES potentials need to be exploited, such constraints are of temporal validity. 
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5 Convictions and link to the underlying observations 

This section introduces twelve convictions which were derived from the observations listed in the 

previous section. Each conviction is shortly described (incl. a reference to the underpinning 

observations), followed by an indication of remaining uncertainties (in italic). 

A non-exhaustive list of indicative actions that illustrate how to put the convictions into action is 

available in the Annex of this report, cf. Section 7. Table 5 in Section 7.1 indicates the relationship 

between all observations, convictions and actions. 

5.1 Power sector decarbonisation by 2035 
The power sector needs to be decarbonized as early as possible, ideally by 2035. Across the national 

studies analysed the power sector will be predominantly or fully decarbonised by 2035, with carbon 

intensities below 50 g/kWh (see Observation 4.2.1). Low carbon technologies are available to achieve 

this target. The decarbonisation of numerous hard-to-abate sectors (such as industry, transport, 

buildings) depends on power sector decarbonisation (via direct electrification, i.e. the direct use of 

electricity, and indirect electrification, that is converting electricity into hydrogen and other synthetic 

derivatives). This implies a large expansion of the power sector. The increase in domestic power 

demand (which doubles in some Penta countries by 2050) is illustrated in Observation 4.1.1. 

The IEA confirmed that 2035 is a relevant key date for the decarbonisation of the power sector, in 

order to ensure an economy wide decarbonisation by 2050, cf. Figure 38.35 

 

 

35 This objective was also endorsed by the G7 at their summer summit 2022. 
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6 Conclusions and recommendations 

It is common to all scenarios analysed for the present study, that an economy-wide decarbonisation 

requires a quick and full decarbonisation of the power sector, ideally towards 2035. Mature and cost-

competitive technologies are available to decarbonise power generation, and power may be used 

directly or indirectly (via the production of synthetic energy carriers, such as hydrogen or hydrogen 

derivatives) to decarbonise other, hard-to-abate sectors. 

Also, most studies accord in the conclusion that achieving power sector decarbonisation requires 

rapid action in various domains: deployment of renewable and low-carbon power supply 

technologies, sector-coupling and the enhanced use of electricity in final energy demand (via direct 

and indirect electrification), enhanced flexibility supply to ensure power system stability, more 

efficient use and extension of power/energy system infrastructure (networks, storage), and an 

appropriate market design to trigger the required investments and allow for an efficient system 

operation. The convictions listed in Section 5 detail the different fields of required action in more 

detail. 

Putting this into a larger context, the present assessment leads  us to the conclusion that the countries 

of the Pentalateral Energy Forum are particularly well placed to initiate or accelerate the required 

changes for different reasons: the geographical location of Penta countries at the heart of Europe, the 

high RES potentials (wind on-shore, wind off-shore in the North Sea, hydro potentials in the Alps), the 

existing electricity and gas network infrastructure (with gas networks being subject to repurposing), a 

high level of industrialisation accompanied with a relevant existing level of hydrogen demand, the 

integration of most Penta countries in existing European market platforms. Making use of these 

favourable assets may make the Penta countries being the front-runners of the European energy 

transition, triggering reforms, launch technology roll-out (e.g. when it comes to a European hydrogen 

economy), speeding up ongoing transformation processes (for in terms of accelerated RES 

deployment) and being the critical mass to convince other European countries to go along. Ultimately, 

the Penta countries, counting among the wealthiest but also the most polluting countries of the world 

(cf. Figure 40), were responsible for only 4% of global emissions in 2017. However, they may showcase 

that a rapid and full power sector and economy-wide decarbonisation is achievable, while ensuring 

economic prosperity and a secure, affordable energy supply. 
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Figure 40 - CO2 emissions per capita vs GDP per capita, 2018. Source: (Our world in data, 2023). 

At the same time, the review of scenarios and technical reports also reveals that diverse elements of 

transformation pathways are still subject to high uncertainty. This includes: 

• The potential need for negative emissions from the power sector to compensate for remaining 

emissions in other sectors (e.g. agriculture or unavoidable process emissions in industry); 

• The long-term need and role for rather immature low-carbon power generation technologies, 

such as small modular nuclear reactors, tidal, wave, ultra-deep geothermal, nuclear fusion); 

• The import ratio between green electricity and green molecules from outside Penta and 

outside the EU; 

• The feasibility and cost-effectiveness of direct electrification in short/medium-haul aviation, 

heavy road transport, high temperature industrial heat, in comparison to the use hydrogen 

(derivatives) or sustainable biomass/biogas; 

• The dimension and configuration of a pan-European hydrogen network, which depends on 

the geographical siting of future RES and electrolyser capacities and the trade-off between 

power lines and hydrogen pipelines; 

• The magnitude, origin and form of hydrogen imports (e.g., gaseous vs liquid hydrogen, 

ammonia, methanol); 

• The ability of (continuously) developing an appropriate electricity market design that 

facilitates the energy system transition but that simultaneously allows countries and market 

players to stay up-to-date with. 
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These topics of uncertainty merit to be further analysed via dedicated assessments, or more 

comprehensive R&D activities. 

In addition, it is important to note the limitations of the present study. First, the various scenario 

assessments analysed for this study feature varying scopes (in terms of energy carriers/markets 

covered, geographical zones covered, technologies considered), apply different methodologies, and 

were prepared for purposes (strategic studies, network development plans, technology evaluations, 

market design studies). It is thus difficult to compare the results and condense these into very specific 

conclusions. Secondly, the assessments and technical reports analysed were published one to three 

years ago. They thus do not integrate the most recent evolutions, which were triggered by the Covid 

and the subsequent energy crisis, such as for instance most recent national announcements or the 

increased level of ambition incorporated in the RePowerEU program. The observations outlined in 

Section 4 may thus already be outdated. This also illustrates the limitations of a review of existing 

scenarios that aims to contribute to a vision building process which is expected to go beyond the 

current state-of-the-art. 

It may prove efficient to follow-up on the present study with a joint scenario building and energy 

system modelling exercise on behalf of the Pentalateral Energy Forum, which is jointly coordinated by 

all Penta countries (cf. Conviction 5.8). Such a modelling exercise would ideally cover the entire EU, 

determine the transition pathways until 2050 (i.e., explicitly representing the years 2030 and 2040, at 

least), make use of an endogenous multi-energy capacity expansion and dispatch optimisation 

approach (i.e., integrating the power, methane and hydrogen system), apply a year-long, hourly 

granularity (to capture the increasing volatile power system dynamics), consider all most-likely low-

carbon technologies, and assess a number of scenarios and sensitivities that align with national and 

European decarbonisation objectives. 

The joint modelling exercise could potentially be integrated into a more overarching approach, e.g. in 

the context of the preparation of the updated NECPs or network development plans (cf. the indicative 

Actions 7.2.13, 0, and 7.2.9, respectively, in the Annex, Section 7.2). 
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