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Chapter 7 

The potential role of hydrogen production in a sustainable future 

power system 

Konstantinos Kanellopoulos, Herib Blanco 

Technical report (2019) Joint Research Center (JRC), JRC115958, ISBN 978-92-76-00820-0, doi:10.2760/540707 

 

Abstract 

As the energy system decarbonizes, wind and solar are expected to increase their share in the energy mix. Electrolyzers 

can support renewable integration while at the same time providing a carrier that can be used beyond the power sector. 

This study combines a cost optimization model that covers the use of hydrogen across the energy system with a power 

model that increases the temporal resolution to analyze the operability of the power system. A scenario with high 

(~1000 GW) electrolysis capacity and 95% CO2 reduction by 2050 (vs. 1990) is used to understand what is the 

maximum impact that electrolyzers can have in the power system and how it differs from the current operation. With a 

willingness to pay (WtP) of 60 €/MWh for the electricity by the electrolyzer, the average electricity prices are 30-40 

€/MWh combined with a CAPEX of 400 €/kWel, the hydrogen production price is 2-3 €/kg with operating hours 

between 2000 and 6000 hours for the electrolyzers. The additional money flow (from the hydrogen to the power 

market) causes that 70-90% of the countries recover the capital investment for wind and solar. With such a large 

capacity, there is an inversion of roles in the power market and the electrolyzers are the price setters for 2000-6000 

hours a year, are the flexible units to match supply and demand and could satisfy the balancing and reserves needs (as 

opposed to generators today). Further work includes using the capacity expansion capability of the power model, 

optimizing electrolyzer to wind/solar capacities with the hourly model and creating variable WtP curves for each 

country. 
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7.1. Introduction 

The 2030 climate and energy framework for the EU includes a 32% share for renewable energy [713]. Looking at the 

shorter term, the corresponding target for 2020 is 20% [714]. By 2017, this share was already 17.5% [715]108, though 

with an even distribution across sectors. Transport only has around 7.5%, heating almost 20% and the share in 

electricity is over 30% [715]. The share in electricity has been achieved mainly through wind and solar deployment 

with 11.3 GW of wind and 8 GW of solar deployed in 2018 (as a reference the total installed capacity in EU is around 

1000 GW) [716]. The disadvantage these sources have is their variability and that they require higher flexibility from 

the power system to follow their production as its share increases [227] (see Chapter 2). Power-to-X (PtX) can provide 

a double benefit. On one hand, it can be a load-follower (electrolyzer) and adjust its operation depending on electricity 

generation to reduce curtailed electricity and spikes in prices supporting renewable integration. On the other hand, it 

represents a bridge between the electricity sector, which already has the highest renewable share and where low-cost 

options like wind and solar are already available with a sector like transport that is inherently more difficult to 

decarbonize requiring higher CO2 prices [4]. Other advantages PtX has are that it can: (1) Exploit the use of existing 

infrastructure for transporting and storing hydrogen and synthetic fuels; (2) transform electricity into a carrier that it is 

easier to transport and store; (3) supply hydrogen that can be used in combination with CO2 from biogenic sources (or 

even air) to produce synthetic fuels and feedstock for chemical industry [14]. The high cost of electrolyzers (currently 

at 1000-1500 €/kW [26,86,251,304,308]) is a key barrier to overcome [717]. 

 

Since PtX is a sector-coupling technology, two main aspects are needed. First, how PtX product compares with 

competing technologies across different sectors. This applies both to the production side (e.g. how electrolytic 

hydrogen compares with hydrogen from gas reforming) and end use (e.g. how synthetic liquid from Fischer-Tropsch 

compares with biofuels). PtX need will also be different as the energy system moves towards low CO2 emissions and 

how the remaining emissions are allocated among sectors (see Chapters 3 and 4). Second, a key cost for electrolytic 

hydrogen is the electricity input. Therefore, there is a trade-off between making use of the hours with the lowest 

electricity prices and achieving enough operating hours to reduce the CAPEX contribution to the hydrogen production 

cost [22]. To tackle these two angles, two complementary tools are used in this study. One is a cost optimization 

model that covers the entire energy system and that captures all the supply and demand balances and PtX competition 

across sectors and with other technologies (see Chapters 3 and 4). The other is a power model that increases the 

temporal resolution to an hourly step and evaluates the operational feasibility of the power system, as well as the hour-

by-hour optimal system configuration and the role that electrolyzers can have. The combination of these models, 

therefore, has both a system-wide coverage and an hourly resolution for the power system. Furthermore, both models 

have an EU28 coverage, which makes the study relevant for the entire EU rather than being limited by specific 

national constraints that are not applicable to other regions and instead captures the interaction and trading between 

Member States and makes the direct link (without need for hypothesis or adaptation) with the EU energy strategy. 

 

The cost optimization model is JRC-EU-TIMES [369–371]. Its main advantages are: (1) it makes trade-offs among 

flexibility options (where PtG is in direct competition with storage, Power to Liquid (PtL), power to heat and demand 

side management); (2) it calculates prices endogenously based on supply and demand curves; (3) capacity expansion is 

considered, leading to the optimal PtG capacity being an output of the model. The other is a power model (called 

METIS [718]) which is able to determine the optimal operation of the installed capacities defined by JRC-EU-TIMES. 

The main gap from JRC-EU-TIMES that METIS covers is the temporal resolution (hourly for METIS vs. 24 time 

slices for JRC-EU-TIMES), which is important to capture variable renewable energy (VRE) fluctuations and potential 

hours with surplus. The main gap JRC-EU-TIMES covers is the link with the rest of the energy system, potential 

downstream use of hydrogen and effect over its price. A common approach to define the electrolyzer operation in the 

power system is to define an electricity price threshold that the electrolyzer is willing to pay [719–721]. Above such 

threshold, the electrolyzer would shut down (or at least reduce the load to its minimum) since the input is too 

expensive, while for the hours below the threshold it would operate at full load. This resembles the operation of 

generators, where operating when the electricity prices are below the marginal production cost is not attractive. This 

threshold electricity price will be defined based on the electrolyzer income (mainly defined by the hydrogen price, 

which is in turn is defined by the market where hydrogen is sold) and the marginal cost of run (explained in more 

detail in Section 7.2.5). 

 

108 See also indicator [nrg_ind_ren] from Eurostat 
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From the technology (PtG) perspective, most of the studies so far are limited to a specific dimension. Some models 

[254,265,267] focus on the operational component without finding an optimal PtG capacity for a given scenario. Some 

models [150,254,337,454] focus on the power sector and dealing with power surplus rather than using the surplus for 

other sectors (e.g. PtX 109 ). PtG has been analyzed on a local [242,264,337], national [455–457], regional 

[192,197,205] and global [138,454] scale. The multi-model approach used in this study allows overcoming some of 

the limitations previous studies had. From the modeling scope perspective, some previous studies [719,722] disregard 

the rest of the power system, trading between neighboring countries and focus on the PtG system and take historical 

electricity prices or just estimate PtG profitability with a fixed electricity price [723] to avoid making the link with the 

power system operation. Some models do have a more detailed hourly resolution of the power system and even the 

potential congestion of the network, but lack the capability of optimizing the generation capacity [343,724]. The need 

for capacity expansion has been highlighted by [725] that showed that hydrogen production from electrolysis will lead 

to a higher increase in production cost than if the generation side is allowed to adjust to the new demand (since the 

electrolyzers would just represent additional electricity demand). Looking forward, with higher VRE shares, more 

storage, demand response, heat pumps, among others, the supply, demand and prices are expected to look different 

than now. There are also studies [327,574,726] that do use hourly, and a high spatial, resolution modeling the grid and 

potential locations where the electrolyzers could decrease the potential surplus. These, however, lack the integrated 

power and hydrogen optimization where the electrolyzers are sized based both on the hydrogen demand and the effect 

on the power system and as one more component of the demand curve (rather than only dealing with surplus and 

supporting renewable electricity integration). From the electrolyzer perspective, some studies focus on using surplus 

electricity [726–728] or off-peak power [729] rather than having the electrolyzer as part of the demand curve. 

Electrolyzers have also been evaluated to improve the utilization of nuclear energy [344,347,730] and integrate wind 

[349,352,731–733], solar [734] and even wave energy [350], but these usually tend to fall in two categories: either 

focusing on the economic evaluation of the stand-alone case and equipment size ratios considering a single plant 

rather than the interaction with the power system; or based on historical profiles for VRE and demand and residual 

loads rather than a power dispatch model.  

 

Comparing with the above literature, some of the gaps that are covered in this study are: electrolyzers do have an 

effect on electricity price and are not only price-takers; the optimal generation capacity is calculated (by JRC-EU-

TIMES) rather than as an input from an exogenous scenario; consideration of the hydrogen demand across sectors; use 

of future electricity prices (rather than historical) based on future VRE profiles (climatic year); covering the entire 

power generation portfolio (rather than only the stand-alone plant); EU scope (rather than regional); fully renewable 

scenario with large electrolyzer capacity (rather than a transition one). The main added value (and complementary 

aspect of the literature) of this study is that the other extreme of the operation of the power system is analyzed. Most 

of the previous have as starting point the current system and aim to understand how marginal capacities of 

electrolyzers can deal with potential surplus, avoid wasted energy while achieving low hydrogen production cost. This 

study aims to understand the end state and assess if a system, where the power sector provides enough electricity to 

produce hydrogen for all the other sectors, is feasible. For this, a scenario with a high electrolyzer capacity produced 

with JRC-EU-TIMES (see “Hydrogen” scenario from Chapter 3) is used and analyzed in detail with METIS to 

determine: its operational feasibility; the effect that electrolyzers have on the power market including electricity prices 

and surplus; how do the electrolyzers affect the supply and demand balance; in what ways do electrolyzers support 

VRE integration (operational and economic); if this electrolytic hydrogen is attractive considering its downstream 

markets. The large electrolyzer capacity used in this study corresponds to a low-carbon future (95% CO2 reduction by 

2050 vs. 2005), where electricity is supplied mostly with renewables (remaining CO2 emissions are in other sectors). 

 

This study excludes the use of the electrolyzer for reserve [18,249,735,736], which can contribute to their profitability 

by providing an additional source of revenue [724] and can contribute 10-30% to the total revenues, but can make a 

large difference in profitability [574]. However, this would require an even more detailed modeling exercise (e.g. sub-

hourly [737]), which can still be done with METIS, but it would be one more step beyond the core modeling of JRC-

EU-TIMES and a more difficult interpretation of the results. In spite of considering a future climatic year affecting 

VRE profiles, still a deterministic approach is used, while other studies [343] do incorporate a stochastic approach. 

 

Section 7.2 explains the methodology used, 7.3 describes how the future low-carbon system could look like, 7.4 shows 

the main results, 7.5 puts in perspective the results by making the contrast with the current system and the changes 

 

109 PtX = Power to X = Power to Heat, Hydrogen, Methane, Methanol and other liquids 
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needed to achieve the low-carbon system, 7.6 draws additional insights from the study, while 7.7 concludes and 

highlights opportunities for further work. 

7.2. Methodology 

This section aims to explain the methodological aspects of the soft-linking to be able to understand the context of the 

results. JRC-EU-TIMES and its capabilities have already been introduced in previous chapters (see Chapters 3-6), so 

only METIS is covered in Section 7.2.1. This is followed by previous examples of coupling energy and power models 

(Section 7.2.2) to understand better the strengths and weaknesses of the approach followed in this study (Section 

7.2.3). Given the large electrolyzer capacity (almost 1:6 ratio when compared to the total installed capacity for 

generation), it is important to understand what is the operation strategy of the electrolyzer (Section 7.2.4) and how its 

economic profitability is defined based on the electricity price threshold (Section 7.2.5). 

7.2.1. The METIS model 

METIS (Markets and Energy Technologies Integrated Software) is a novel and robust tool that combines multiple 

unique aspects. It covers the energy system (cost and operation) and the energy markets (competition and prices) for 

electricity, gas and heat with an hourly resolution for power and daily for gas [738]. The market module can provide 

insights on the day-ahead, intraday and balancing markets [739]. The power system uses a rolling horizon approach 

and embeds a model for frequency reserves that can be optimized simultaneously with power dispatch [740]. It counts 

with capacity expansion capability (when run in high-performance computers). It uses an approach110 that allows 

reducing calculation time by clustering same types of units without losing the capability of capturing the dynamic 

constraints [740]. It can use a stochastic approach for power plant outages, demand and VRE profiles [739] 

(uncertainties of future weather variations by considering climatic years profiles). For the power market, various 

bidding strategies can be used by each participant (marginal, strategic, oligopoly or fixed operating costs) [739]. The 

geographical scope is flexible and can be adjusted to cover EU and interactions between Member States or at a 

regional level [741]. Each node can represent a country or a region at a NUTS2 level [742]. It was developed by 

Artelys for the European Commission (DG ENER). METIS follows the recent trend of open models for transparency 

and collaboration [512] and publishes all the data of scenarios and studies [743]. It uses Python (language) and FICO 

Xpress (solver) [738]. The tool has a modular structure, which makes easy the addition of new modules, modification 

of existing ones and scalability of the model (see Figure 52). The development process ended in 2018 and the source 

code will soon be published. 

 

Some of the issues that METIS can look into are [744]: 

• The impacts of mass Renewable Energy Sources integration to the energy system operation and markets 

functioning (for one or all sectors); 

• Modelling of electricity and gas markets under different market designs; 

• Modelling of electricity and gas flows between zones; 

• Cost-benefit analysis of infrastructure projects, as well as impacts on security of supply; 

• Generation adequacy analysis; 

• Studying the potential synergies between the various energy carriers (electricity, gas, heat); 

• What is the cost / savings of a specific measure for a given year? 

• Impact of new energy usages (e.g. electrical vehicles, demand response) on the network reinforcement and 

generation costs. 

 

 

 

110 Linear programing clustered unit commitment 
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Figure 52. METIS structure and components (from [718]). 

 

In terms of flexibility options, METIS counts with demand response [745] including heat pumps, electric vehicles and 

industrial loads (see Table 20), storage in the form of pumped hydro and batteries (besides gas and heat storage). For 

grid expansion, the model uses one node per country with corresponding net transfer capacities (NTC – maximum 

trading between neighboring countries). Given its modular nature, it can easily integrate linear network models such as 

flow-based or DC load flow [718]. Lately (after this study), it was also expanded to include electrolyzers and 

methanation [746]. This is additional to the inherent flexibility measures of curtailment and flexible operation of the 

power plants. 

 

Table 20. Flexible demand parameters by sector considered in METIS [718]. 

Sector Technologies Parameters 

Residential Heat pumps Load profile (temperature 

dependent) 

Maximum load shifting capacity 

Electric vehicles Arrival / departure time series 

Charging capacity 

Available storage volume 

Boilers for hot water Load profile 

Capacity 

Commercial Short-term load shifting (cooling, ventilation, water 

supply) 

Demand profile 

Maximum load shifting potential 

Industry • Load shedding (aluminum, copper, zinc, chlorine, 

steel) 

• Short-term load shifting (industrial ventilation, water 

supply) 

• Long-term load shifting (paper, cement, production 

processes, industrial cooling) 

• Demand profile 

• Maximum load shifting potential 

• Shedding activation costs 

 

METIS has already been used in several studies, from the conventional analyses in the power system for role of 

storage (in 2030) [747] and RES integration [748] to less conventional ones using its stochastic capability to analyze 

how weather-driven uncertainties could affect the flexibility needs, system adequacy and revenues for firm capacity 

[749] or focusing on alternatives structures for the power market [750]. It has also been used for district heating 
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evaluations [751] and gas security of supply [752]. In the space of sector-coupling, it has been used for decentralized 

Power-to-Heat (heat pumps) [753], the impact of BEV on the power grid [754] and even already for PtX options [755] 

with the difference (respect to the present study) that the demand for PtX is as an assumed fraction (5-15%) of the 

hydrogen and liquid demand from exogenous studies rather than coming from an economic comparison of competing 

supply technologies. For more detailed and updated information on METIS, refer to [743]. 

7.2.2. Soft-linking from previous studies 

Energy models have the fundamental trade-off of covering a wider part of the energy system with a wide-ranging set 

of policies at the expense of simpler representation of some of its aspects to ensure computational tractability [701]. In 

particular the right spatial and temporal boundaries and resolution needs to be set [512]. A lower temporal resolution 

can lead to overestimating the VRE penetration and underestimating the CO2 emissions from the system [756] and this 

has been proved to be more important than introducing the operational constraints of the generators [757]. A solution 

can be to select better time slices111 that capture this variability [475,476,758] or introduce additional equational and 

constraints aiming to capture that variability [759]. The other way is through soft-linking, which can be unidirectional 

to check the flexibility requirements, operational feasibility and potential technical constraints of the power system 

with the overall solution provided by the energy model or can be bidirectional to consider such factors and feedback to 

the energy model through changes in parameters or constraints aiming to be closer to the solution provided by the 

power model [760]. The latter one has the advantage of considering the effect over the generation mix and being 

closer to the global optimum with the disadvantage of identifying what are the best constraints and parameters in the 

energy model to change to be closer to the solution from the power model and the need for various iterations for 

convergence. In this case, since the intention is to check the operational feasibility of the system and potential effects 

that it can have on the power market, the link is only from the energy to the power model. Table 21 has some of the 

key previous studies that have looked into soft-linking an energy and a power model to be able to benchmark the 

methodology used in this study (Section 7.2.3). 

 

Table 21. Previous soft-linking studies between a cost optimization energy model and a power model. 

Tools Scope Type of soft-link Notes Reference 

EM: 288 time slices. 

PM: simulation, no 

capacity expansion 

30% lower CO2 

emissions in 

Portugal by 

2050 (vs. 2005) 

Bidirectional. 

Criterion: < 10% 

diff. in capacity 

factors for VRE 

6% lower VRE and 85% lower 

surplus when using PM for a 

scenario with low storage 

capacity 

[761] 

EM: 12 time slices with 

6 regions. PM: Same 

VRE profiles for all 6 

regions 

Power system 

security for Italy 

in 2030 

Unidirectional, each 

tool assesses a 

different dimension 

of system security 

Distinctive feature is the 

application to various time 

horizons of power system 

security 

[131] 

EM: 12 time slices, 

storage as a single 

process. PM: individual 

plants rather than 

clustered 

16% RES 

penetration in 

power for 

Ireland in 2020 

Unidirectional since 

main added value 

was to test the effect 

of operational 

constraints 

PM was run with increasing 

level of technical constraints 

for generators 

[762] 

EM: 9 time slices, only 

power, no trading, only 

for capacity expansion. 

PM: trading and 

reserves included 

NL in 2030 and 

2050 with up to 

95% CO2 

reduction (vs. 

1990) 

Unidirectional Focus on operation rather than 

reliability of the power system 

[763] 

*EM: Energy Model; PM: Power model 

 

None of the references above does the soft-linking for EU (specified as follow-up work in [131]), but instead focus on 

a single country. The methodology for soft-linking in these studies is relatively consistent and used as input for 

defining the steps to perform the soft-linking in this study. 

 

 

111 Through clustering algorithms such as k-medoids, k-means or fuzzy C-means [475] 
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7.2.3. Soft-linking in this study 

Soft-linking is not new for either model. JRC-EU-TIMES has been coupled with behavioral (see Chapter 5), 

environmental (see Chapter 6) and grid [764] models. TIMES itself is commonly coupled with macroeconomic 

[65,66,665,666] models, but also climate [765] and air pollution and health [766] models. Similarly, METIS was 

developed in the framework of the EC modeling framework and meant as complementary tool of PRIMES112 and 

POTEnCIA [767]. Therefore, it is actually common that it takes large part of its input from PRIMES and this has 

already been done and standardized [768]. Such soft-linking however, is much more extensive including demand, 

installed capacities by technology and country, techno-economic parameters (CAPEX, OPEX, efficiency, availability 

and CO2 emissions but also the operational parameters113) for the generators, NTC, fuel prices, capacity factors for 

wind, solar and run-of-the-river plants. 

7.2.3.1. Steps for soft-linking 

The procedure for soft-linking is similar to previous studies [131,762] since the fundamental nature of the models is 

similar (energy and power models): 

 

• Select the scenario and targeted year from JRC-EU-TIMES. 

Harmonize data between both models. Fuel prices and techno-economic parameters for generators (see  

• Table 22 based on JRC-EU-TIMES and capacity factors for VRE from METIS (since it has hourly profiles). 

• Extract scenario dependent information from JRC-EU-TIMES to METIS (capacities for generators by country 

and technology and hydrogen demand by country, electricity demand – average and peak – by country, CO2 

price). 

• Run METIS in operational mode to quantify curtailment by country, potential congestion of interconnection 

between countries, hours of loss load. 

• Run METIS with capacity expansion to increase gas turbines capacities and solve loss load and adjust the 

capacity of interconnectors as necessary to avoid excessive congestion. 

 

After these steps, some checks can be to identify if there are country or hours with very high electricity prices (use of 

expensive generation and there might be alternative solutions), if there are large differences in electricity prices 

between countries (sign of potential limited interconnection), low operating hours for the electrolyzer (indicating 

oversizing with respect to VRE capacity) or low average electricity price paid by the electrolyzers with respect to their 

WtP (which can indicate either too much generation or similarly, an undersized electrolyzer). 

7.2.3.2. Soft-linking parameters 

Output from JRC-EU-TIMES was used as input for METIS (scenario dependent) and underlying assumptions have 

been aligned between both tools (scenario independent, e.g. fuel prices). An overview of all the parameters involved in 

the process is shown in Figure 53, while  

Table 22 shows more detail on the parameters exchanged for soft-linking. There was limited feedback from METIS to 

JRC-EU-TIMES. 

 

 

112 Modeling framework used for official impact assessment and studies for the European Commission [48,50] 
113 Minimum generation, positive load gradient, negative load gradient, start-up cost, off-state minimal duration, efficiency as a function of load 



Chapter 7 
 

 

168 

 
Figure 53. Key parameters for the individual models and for soft-linking. 

 

Table 22. Parameters taken from TIMES used to modify input to METIS. 

Parameter Level of detail Scenario 

dependent 

Notes 

Installed 

power capacity 

By country, by 

technology 

y Some technologies (e.g. CHP, geothermal, tidal) were not 

available in METIS and aggregated in a similar category 

Load By country, peak and 

average 

y Demand was available by sector, but the version of 

METIS114 used did not include sectoral demand profiles. 

Therefore, total demand time series were used. 

Hydrogen 

demand 

By country y This was in energy terms (considering the electrolyzer 

efficiency) with the degree of freedom for the power model 

to select the number of operating hours 

CO2 price One for the entire 

system 

y This is the marginal and not the average price 

Fuel prices Oil, gas, coal by 

country 

n Aligned with reference scenario 2016 [21] 

Techno-

economic data 

for generators 

By technology n Cost (CAPEX, OPEX), net efficiency and CO2 emission 

factors for different types of generators 

 

The analysis of the power system with METIS was conducted at an hourly resolution, which meant that the following 

additional input not available in JRC-EU-TIMES, was required:  

• Hourly load profile (by country) 

• Hourly capacity factors for wind and solar (by country) 

• Hydrological data for pumped hydro storage 

• Reserves 

 

Time series data from METIS EUCO30 2050 were used since this was identified as the closest scenario to the ones 

modelled. For the specific case of capacity factors, the hourly profiles from METIS were used to update JRC-EU-

 

114 METIS v1.3 
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TIMES and ensure consistency between both tools (since this affects potential electricity surplus and levelized cost of 

electricity). 

7.2.4. Modeling the electrolyzers 

There are two ways of modeling the electrolyzers. One by taking the electrolyzer capacity from JRC-EU-TIMES, 

using a willingness-to-pay (WtP) and having the hydrogen demand and the operational hours as a result. In this 

approach, there is no freedom to increase the electrolyzer capacity in instances where there are still significant hours of 

electricity surplus (this should not be the case since the capacities come from an optimization model, but it might arise 

when the hourly VRE profiles are used). The other approach is to ensure that the annual hydrogen demand, in energy 

terms, is met. This is done to ensure that all the hydrogen demand from the other sectors is fulfilled. Since the WtP is 

fixed, this would imply changing the electrolyzer capacity to match the demand. This option is preferred since it is 

ensured that all the hydrogen demand is satisfied. 

 

The electrolyzer demand load-following ability was modeled as an equivalent generating unit with a variable cost 

equal to the maximum acceptable power or WtP by the electrolyzer operator. The maximum acceptable power price 

was set at 60€/MWh (see next section). Electrolyzer fleets across the EU were modelled with the same WtP price and 

hence identical bidding behavior. It is also assumed that hydrogen production has access to a large-scale storage 

(otherwise the electricity consumption would have to follow the hydrogen demand) which could be in the form of 

underground storage, representing a marginal addition (0.1-0.2 €/kg [15]) to the hydrogen cost. 

7.2.5. Willingness-to-pay (WtP) of the electrolyzers 

Similar to [343], there are three possible situations for the electrolyzer operation based on the electricity price: 

• Electricity price is below threshold. Increase electrolyzer load as long as the price remains below the 

threshold (if the electrolyzer capacity is large enough it could affect the demand curve enough to change the 

price by matching or exceeding supply). 

• Electricity price is above threshold. Reduce electrolyzer load to the minimum or even shut it down (similar 

effect as above where already a reduction of the load could have a positive effect on price and it might not be 

necessary to shut it down). 

• Electricity price matches threshold. This translates into partial load of the electrolyzer, where deviations from 

this point most likely translate into changes in the price. 

 

The WtP can be calculated based on the competing technology for hydrogen production and the electricity price below 

which electrolysis is competitive. The alternative production technology is assumed to be steam methane reforming 

(SMR) with CCS. This technology still has some CO2 emissions (90% capture assumed), but the main cost contributor 

is the gas used as feed. The gas price assumed is 8.7 €/GJ, corresponding to the import price for 2050 in the 2DS (2 

ºC) scenario from IEA ETP [421]. Given the low carbon nature of the future scenario, a CO2 price of 200 €/ton is 

used. This can be seen as high compared the current (February 2019) EU ETS CO2 price, which is close to 20 €/ton. 

However, it is much lower than marginal prices seen with JRC-EU-TIMES, that are 300 €/ton of CO2 for the most 

flexible scenarios and can be as high as 1000 €/ton for the most restricted (Appendix 4.9). This is also in line with 

estimates with PRIMES that range between 230 and 310 €/ton [47] or prices above 1000 €/ton that have been 

observed in studies looking at hydrogen penetration in energy system models at a global level [44]. These assumptions 

give a hydrogen production cost of almost 3.5 €/kgH2. 

 

The hydrogen production cost through electrolysis will directly depend on the operating hours that affect the CAPEX 

contribution to total cost. Since the hours are not known ex-ante, an average of 4000 hours was used (also using as 

indication the output from JRC-EU-TIMES). The future (2050) CAPEX for the electrolyzer is highly uncertain (400 – 

1000 €/kW [304]). A specific CAPEX of 400 €/kW was used, in line with the large (1000 GW) capacity deployed in 

this scenario and corresponding to the Optimistic scenario from Chapter 3 and assessments that estimate that the 

CAPEX for the PEM electrolyzer could be as low as 290 €/kW in high hydrogen deployment scenarios [769]. 

 

The influence of the different parameters on hydrogen production cost is shown in Figure 54. 
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Figure 54115. Hydrogen production cost for steam methane reforming and electrolysis as a function of electricity and 

gas prices. 

 

An alternative approach for the WtP for electricity could be to estimate this value, based on the WtP for the hydrogen 

by the different sectors (see Figure 55), which can be as high as 7-10 €/kg in the case of transport, 6-9 €/kg for 

industry [519,574] and the lowest usually for the heating sector with 1.5-3 €/kg [22]. 

 

 
Figure 55. Hydrogen production cost vs WtP from various sectors (from [25]) 

 

This demand driven approach would probably favor the case for hydrogen, however at present the uncertainty 

regarding the evolution of hydrogen distribution costs and competing technologies to satisfy those same end services 

(both pathway dependent) is considerable. Since the present analysis with METIS focuses on the power sector (see 

 

115 Discount rate: 7%; lifetime: 30 years; efficiency (LHV): 70.9% , hydrogen storage of 8 hours (480 €/kg), 25% installation factor; SMR Capex: 

580 €/kW (including CCS) 
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Figure 56) it was decided to use the competing technology approach, as more conservative and involving less 

exogenous assumptions. 

 

 
Figure 56. Hydrogen pathways in comparison to METIS scope 

 

From the point of view of the electrolyzer, the WtP will be as low as possible in order to have the lowest production 

cost. However, lower WtP also translates into lower average electricity prices, which decreases the average revenues 

of the renewable generators, making them unprofitable. At the same time, given that the average electricity paid by the 

electrolyzer is lower than the maximum WtP, the final electricity costs are lower. 

 

A limitation of the work is the use of a single electricity threshold price. However, higher thresholds would translate 

into higher hydrogen production cost that would limit the competitiveness of the electrolytic hydrogen (compared to 

other production routes) or at least (in the case CCS is not available and electrolytic hydrogen is the only route) 

decrease the hydrogen demand (through elasticity) making the overall system more expensive. Lower threshold prices 

instead would be favorable for the demand use, but could mean that the electrolyzer does not raise the electricity 

prices enough for the VRE facilities to recover their CAPEX, which is already the case (see Figure 67) for a WtP of 60 

€/MWh. 

7.3. Scenario definition 

The approach used for the first modeling step (with JRC-EU-TIMES) was to do a parametric analysis. Parameters 

were varied to determine the ones having the largest impact on the system and on PtG. A total of 22 parameters were 

varied leading to over 120 scenarios. 55 of these were selected for a more detailed analysis and 8 were chosen to 

visualize results (these are analyzed in detail in Chapter 3). For the soft-linking with METIS, only one of those was 

selected since it could be time consuming to even model the 8 scenarios selected. The scenario selected had the 

combination shown in Table 23. 

 
Table 23. Scenario chosen from JRC-EU-TIMES for analysis in METIS. 

Parameter Value Reasoning 

95 % CO2 reduction 228 Mton of CO2/year 

for EU28+ by 2050, 

which represents 95% 

CO2 reduction vs. 1990 

It is expected that PtG will play a larger role as target 

becomes stricter since there is limited budget for 

emissions from gas 

No underground CO2 

storage 

Absence of CO2 

underground storage 

(e.g. due to lack of 

social acceptance) 

This has been identified as key option to decarbonize 

the energy system, specially sectors other than power. 

Not having CCS will make the need for other 

technologies larger 

High wind and solar 

potential 

Higher PV and wind 

potential (see Appendix 

7.1) 

Initial estimates are conservative. If higher potential is 

assumed, more VRE deployment will lead to more 

electricity surplus to deal with and a larger need for 

flexibility where PtG can play a role 
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Best PEM (electrolyzer) 

performance 

Electrolyzer cost of 400 

€/kW and efficiency of 

86% (including heat 

recovery) by 2050 

Technology is its early stages. Learning curve is 

dependent on deployment which is in turn uncertain, as 

well as breakthroughs in research 

Limited geothermal 

potential 

Maximum of 300 TWh 

for EU28+ (see Section 

4.3.1) 

There are optimistic estimates from GEOELEC with 

almost 3000 TWh for EU [405], while geothermal 

contribution to power is at most 2-2.5% of generation 

for most of global studies 

 

This scenario was also chosen because it represents an extreme case for the installed capacity of electrolyzers. As the 

scenario is more restricted, the reliance on electricity and hydrogen is higher. This means for example that the absence 

of CO2 underground storage leaves out some degrees of freedom to achieve low emissions (i.e. no power or hydrogen 

generation with carbon capture and storage), which makes higher the reliance on the remaining options. The 

parameters with the largest influence over the system were the CO2 target (range explored in Chapter 3 and Chapter 4) 

was 80 to 95 % reduction), CO2 storage, biomass potential (7 to 25.5 EJ/yr for EU28+ by 2050) and VRE penetration 

(leading to a larger need for flexibility). When no CO2 storage is possible, hydrogen can no longer be produced with 

gas (reforming) and carbon capture, but has to be produced with electrolysis. At the same time, constraining the 

technology portfolio, increases the reliance on hydrogen. It also results in higher costs given the lower limited 

portfolio and this scenario has only 3% higher annual costs compared to a fully flexible 95% CO2 reduction scenario, 

but it is 17% more costly (annual costs) than a scenario with both high biomass potential (24 EJ/yr) and CCS. 

 

Whereas the 95% scenario has almost 80 GW of electrolyzer capacity, the absence of CO2 storage increases this 

capacity to almost 1000 GW, due to the combined effect of electrolysis having to replace hydrogen in the 

counterfactual case and doubling of the hydrogen flow for the additional PtL demand. To put this in perspective, 

current global capacity of electrolyzers is around 8 GW [285], assuming this is distributed by regions proportional to 

hydrogen demand (EU is 7 out of 50 mtpa globally), EU should have close to 1 GW of installed capacity. To reach 80 

GW of an unrestricted scenario (95% CO2 reduction) implies an annual growth of almost 15 % a year, which implies a 

similar growth to what wind has experienced in the 2007-2017 period (18 % a year [425,426]). On the other hand, a 

capacity of 1000 GW requires a 24 % growth per year, which is still less than the 32 % observed for PV in the 2012-

2017 period [425,426], but it seems optimistic to assume this sustained growth for the entire period until 2050. 

Therefore, limiting the technological choices the system has available could lead to a longer timeline for 

implementation due to the large changes requires in the composition of the system linking the results from this study 

to the CO2 reduction target (and associated constraints) rather than a specific 2050 timeline. 

7.4. The 2050 renewable-based power system 

The 2050 power system specified in the present analysis is essentially a continuation of the current trend where VRE 

dominates the new capacity deployed increasing its share in the energy mix. Three quarters of the annual power 

generation are provided by wind and solar. Enabling this level of VRE penetration into the power system would 

require addressing challenges stemming from the stochastic nature of VRE generation. One further complication stems 

from the fact that the variable production cost is almost zero, which decreases the average electricity price potentially 

leading to longer payback times or even not recovering the CAPEX invested. This effect was already seen in one of the 

previous soft-linking exercises [763] where the electricity prices only covered 84% of the total power system costs per 

MWh. 

7.4.1. Installed capacities 

Figure 57 provides the total installed capacity of generating and consumption assets (electrolyzers) in 2050, compared 

to today and compared with an official EC scenario used for impact assessments (EUCO30116) that targets a 28% RES 

share and 30% energy efficiency by 2030 [770]. More than 1000GW of electrolyzers are required to produce the 

 

116 The EUCO30 scenario has been developed to reach all the 2030 targets agreed by the October 2014 European Council (at least 40% reduction in 

greenhouse gas emissions with respect to 1990, 27% share of RES in final energy consumption and 30% reduction in the primary energy 
consumption) and the 2050 decarbonisation objectives, continuing and intensifying the current policy mix. The 'EUCO' scenario has been 

developed by ICCS-E3MLab with the PRIMES energy system model. 
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volumes of hydrogen needed to supply a decarbonized (primarily steel) industry, heavy-duty trucks and synthetic 

liquids for maritime transport and aviation (see Chapter 3). 

 
Figure 57. Installed capacities for generation and consumption assets in three time horizons (today, 2030, 2050) 

 

The necessary wind and solar generation capacity figures are more than 5 and 10 times higher compared to the central 

policy projections for 2030 (EUCO30). In spite of this large expansion, both are still much lower than the calculated 

wind and solar potential for EU and represent on average around 40% of the 3500 GW of onshore wind and 10000 

GW of solar potential [28] (see Appendix 7.1 for a comparison of the renewable installed capacities with the respective 

potentials and datasets for potentials are available from [771]). 

 

Thermal capacity vs. reversible electrolyzers 

 

It is surprising at first that the installed capacity of thermal power plants is similar to current levels (400 GW). 

Approximately half (190GW) are peaking plants (open cycle gas turbines), 80 GW are coal fired power plants fitted 

with CCUS, while the rest are combined cycle gas turbines. The latter two are based on the JRC-EU-TIMES and open 

cycle turbines are output from METIS and needed in order to reduce the occurrence of any loss of load below 3 

hours/year. The gas-fired power plants in the system would be the legacy power plants installed during the transition 

period. They could eventually be entirely replaced if one third of the installed capacity of the electrolyzers is 

reversible. 

7.4.2. Interconnections 

The interconnection capacity between EU-28 member-states, Switzerland and Norway was based on the output from 

JRC-EU-TIMES combined with a high RES scenario from the e-Highway 2050 project [772] that had a high share 

(55%) of wind and solar. Figure 58 provides the most important interconnection capacity upgrades between 

neighboring member states until 2050. Detailed information on the interconnection capacity values is provided in 

Appendix 7.2. 

 



Chapter 7 
 

 

174 

 
Figure 58. Interconnection capacity increase between EU28 member states (2050 vs. 2020) 

 

7.4.3. Demand 

 
*assuming an average operation of 4000 hours of the electrolyzers for illustration purposes, but this is an output of the 

model (see Figure 63).  

Figure 59. Firm vs potential electrolyzer demand. 

 

Demand time series were generated by scaling of the existing time series from the METIS EUCO30 2050 scenario in 

order to match the annual total demand calculated by JRC-EU-TIMES. 

 

A flat demand profile dimensioned according to the electrolyzer installed capacity was then added to the resulting time 

series. The potential consumption of the electrolyzers impacts significantly the demand. A mid-merit electrolyzer 

operation of 4000 hours would double the electricity demand in most member states (see Figure 59). 

7.5. Modeling results 

The operation of the power system described in the previous section was simulated with METIS, by performing an 

optimal dispatch of the power system at hourly resolution for one year. 

7.5.1. The generation mix 

Figure 60 provides the share of electricity generated by each category of generating technologies. Wind and solar 

dominate, providing around three quarters of the total generation. Nuclear and hydro contribute together a further 

15%, while the role of thermal power plants and storage is limited to providing energy at times of scarcity and 
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reserves. This is in high alignment with the results from JRC-EU-TIMES and it is the product of the pre-calibration of 

all the parameters (see Figure 53) before soft-linking. Comparing with previous studies, [763] also found that the unit 

commitment and dispatch model produced a generation mix very similar to the optimization model. 

 

 
Figure 60. Electricity generation mix in 2050. 

 

7.5.2. Renewables production and curtailment 

Figure 61 provides the annual production for each member state from renewable generation per source, stacked. The 

solid line provides the total demand in each member state, also used in Figure 59. The production surplus is evident, 

but not uniform among the member states. The surplus is higher in countries where the climatic conditions favor the 

development of VRE generation. This surplus is a major part of the energy feeding the electrolyzers. 

 

Norway is one country where the electricity generation is much higher than the firm demand. This is product of low 

electricity prices (due to high capacity factors for wind which reduce the CAPEX) that make the operation of the 

electrolyzer more attractive (i.e. more operating hours). A similar effect occurs in Spain and Italy, but instead led by 

the higher capacity factor for solar. 

  

 
Figure 61. Renewable annual production (stacked) vs firm electricity demand (line) at member state level. 
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A power system based on VRE (75% of the annual generation) would expose these technologies to significant levels 

of curtailment if the necessary infrastructure, capable of absorbing the excess power, were not present. This fraction of 

production above the firm demand is not really surplus or curtailment since the system was designed to have such 

excess to be able to feed the electrolyzers. In the 2050 scenario the installed electrolyzer capacity can provide the 

ramp-down reserve capability to minimize curtailment of variable renewable generation. Electrolyzers are fast enough 

to follow such variable pattern in a matter of seconds [19] and flexible enough to reach a minimum load of 10% [773] 

without affecting significantly the efficiency or purity [345], but it can lead to a faster degradation [774]. 

 

 
Figure 62. Curtailed production as percentage of total generation from variable generation. 

 

In spite of the large electrolyzer capacity, there are still some hours of the year where energy recovery is not attractive. 

This is the result of the trade-off of operating hours and CAPEX for the electrolyzer. The larger the electrolyzer, the 

higher the revenues from hydrogen (since previous curtailment is transformed into hydrogen) at the expense of a 

higher CAPEX for the additional capacity. At some point, the marginal addition of electrolyzer is not justified by the 

additional revenues leading to some unrecovered energy and the curtailment shown in Figure 62 (showing curtailment 

as a percentage of the total available potential). 

 

The observed higher curtailment of generation from wind is partially explained by the fact that generation from wind 

is curtailed before solar and run of river with the default model parameters. Comparing this with previous studies, it 

follows a similar trend than [762], resulting in higher curtailment rates from the power dispatch model when compared 

to the energy model. This is the product of the hourly variations and the few hours of the year with significantly higher 

surplus. 

7.5.3. Electrolyzer operation 

The equivalent full operating hours (EFOH) is one of the key parameters (the other being the average electricity price) 

that defines the hydrogen production cost since a minimum around 3000 hours is needed to reduce the CAPEX 

contribution [22], otherwise it results in too much capacity that stays idle most of the year making it more difficult to 

justify the investment. The EFOH for all the countries are shown in Figure 63. There is a direct correlation between 

the ratio of total generation to firm demand and the EFOH. Thus, Norway had a close to 5:1 ratio of total generation to 

demand (see Figure 61) and has accordingly the highest EFOH, followed by Sweden with a 2:1 ratio. On the lower 

end, Czech republic has the opposite behavior where the total generation is not even enough to satisfy the firm demand 

(relying on imports) and the electrolyzers make little sense given the need to run (less than 2000 hours) the 

electrolyzer with imported electricity (or alternatively use periods of surplus that still lead to higher imports in other 

periods of time making the use of batteries or long-term storage more suitable). 
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Figure 63. Equivalent full operating hours (EFOH) for the electrolyzers across member states. 

 

7.5.4. Marginal electricity prices 

A major challenge posed by increased shares of variable renewable generation is the effect on power day-ahead 

market prices. During hours of expected high injections of power by wind and solar prices tend to drop to zero. In 

markets where rules allow it negative prices are observed. 

 

One of the outcomes of the present analysis is the fact that the electrolyzer as a centrally dispatched variable load unit 

can be the vehicle to not only restore balance to the power system, but also to the day-ahead market. Figure 64 (red 

line) provides the average marginal price for every country during one year plotted against the background of the 

EFOH provided in Figure 63. 

 

The patterns observed in Figure 66 allude to a market-driven operation of the electrolyzers. Their operators bid for 

energy at their highest acceptable cost or Willingness to Pay (WtP), set at 60 €/MWh. Whenever the marginal price is 

higher than 60 €/MWh, the area is facing scarcity and the electrolyzers are not operating. Whenever the marginal price 

is lower than 60 €/MWh, the electrolyzers are operating at full load. When the electrolyzers are operating at part load 

the marginal price is 60€/MWh (The electrolyzers are the marginal technology). 

 

 
Figure 64. Average marginal price 

 

Under the above market arrangement and assumed electrolyzer operator bidding behavior, the cost of electricity 

procured by the electrolyzers is always lower than the average marginal price. Figure 65 illustrates that the difference 

between the two widens in countries with low EFOH of the respective electrolyzer fleet. 
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Figure 65. Average electrolyzer power cost 

 

With the exception of two outliers (LU and MT) and the triad IE, NL and the UK which is marginally above 

40€/MWh, the cost of electricity powering the electrolyzers is below 40€/MWh. By combining the above results and 

the factors presented in Section 7.2.5 (CAPEX and efficiency) we may derive the resulting average production cost of 

H2 in each country. 

 

Comparing with previous studies, one approach has been to use historical electricity price curves and reduce the 

average electricity price by either avoiding the hours with the highest electricity price [722] or producing hydrogen 

during off-peak periods [720,729]. [722] arrived at an optimal threshold price of 56 €/MWh leading to a hydrogen cost 

of 3.27 €/kg. This was using France as reference (2000-2007), a 900 €/kW and a resulting 75% of capacity factor. It 

should be noted however, that the price curve was relatively flat after 50 €/MWh and even with a threshold price of 

200 €/MWh, the hydrogen production cost was ~3.4 €/kg. This analysis was extended to Germany and Spain [729], 

resulting in a similar outcome of average prices of 2.7-3.5 €/kg and 6200 to 8400 operating hours (70-95% capacity 

factors). A similar analysis was done by [720], that a WtP of 48 €/MWh resulted in a 64% load factor and 2.56 €/kg of 

hydrogen production cost. In this case, the optimal operation led to more significant cost benefit (than in [722]) with 

up to 20% lower cost at the optimal point (compared to full operation). This benefit however, varied widely depending 

on the market (France, Scandinavia, Canada and US were included) from almost zero to over 20% with a capacity 

factor variation of 50 to 95%. In the other extreme, [719] determines a negative (up to -100 €/MWh) WtP when using 

historical (2013-2017) electricity prices for Germany, France and Denmark. The main reasons for such a low WtP 

were the use of a relatively high CAPEX (1250 €/kW) and low hydrogen price (1.25 €/kg), which create a penalty if 

the operating hours are too low (CAPEX) and low revenues to justify the electricity use (without even considering 

efficiency or CAPEX, 1.25 €/kg is equivalent to 37.5 €/MWh, representing the absolute maximum WtP). 

 

There are three fundamental differences (stemming from the same fact) of the present study compared to the reviewed 

above. First, the use of historical prices (that bear no relation with future prices, even more so in light of the changes 

ahead including VRE penetration, storage, distributed generation, smart grid, among others) in contrast to the future 

electricity prices (for a hypothetical scenario). With the large VRE penetration in the scenario proposed, the operation 

of the power system is expected to be fundamentally different (see Section 7.6.1), which makes the comparison with 

historical prices more difficult. Second, an operation of the electrolyzer in the range of 50-90% of the year would lead 

to negative climate change impacts in most European countries. For example, [729] includes Germany as part of the 

study using the 2010-2012 period. From Eurostat117, the average CO2 emissions for the electricity generated were 

between 500-520 gCO2/kWh. This would lead to a specific CO2 emissions of above 25 kgCO2/kgH2, while production 

from gas reforming is about 9 kgCO2/kgH2 and the grid emissions need to be below 185 gCO2/kWh to have lower 

emissions than gas without CCUS [22] (this would be even lower with a life cycle approach [694,775], but it gives an 

order of magnitude). Even considering that by not using the peak periods and avoiding emissions from OCGTs, it 

would still lead to higher CO2 emissions. In contrast, the present study considers a high RES system where the average 

grid emissions are below 30 gCO2/kWh (see Chapter 6), but where additionally, the electrolyzers continuously adjust 

their operation to make use of low-cost electricity, which in most cases coincides with high generation from VRE and 

therefore periods of lower average CO2 emissions. Lastly, these studies assume the electrolyzer is a price-taker where 

 

117 Fuel combustion in public electricity and heat production from indicator env_air_gge and total gross production from nrg_105a 
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the capacity is relatively small and will not affect the supply-demand balance. In this study however, the electrolyzer 

are actually price-setters (see Section 7.6.2) and have a large influence on the demand curve. 

 

There are some studies that do look forward, particularly using energy models (see Table 13 in Chapter 5). One in the 

relatively short-term (2017-2025), evaluates business cases for hydrogen in EU (DE, FR, UK, DK, Sardinia) and finds 

attractive cases for the mobility and industry (food) sector with an electricity price between 40 and 50 €/MWh [574]. 

A difference was the consideration of frequency regulation services from the electrolyzer to the grid, which made a 

large difference in profitability (+40-80% net margin). Another one [776] takes historical prices in Denmark to 

estimate what the future prices will be with increasing wind penetration of up to 100% resulting in an average 

electricity price of 50 €/MWh and a resulting hydrogen price of 3.8-4.2 €/kg. The operating hours are close 8000 for 

20 and 50% penetration while these decrease to 4300 with 100% penetration. [721] looks at Ireland in 2030 with 25, 

40 and 60% RES penetration and the use of a relatively small (10 MW) electrolyzer finding an optimal bidding price 

of 50 €/MWh with a relatively flat behavior and a similar product (methane rather than hydrogen) cost at 80 €/MWh. 

7.5.5. Production cost of hydrogen 

 
Figure 66. Average electrolyzer power cost vs alternative technology production costs and EFOH 

 

The average production cost of H2 is, as explained in paragraph 7.2.5, a function of the CAPEX value of the 

electrolyzer infrastructure, the equivalent full load operating hours (Figure 63) and the average electrolyzer power 

cost. Other factors being equal between countries (CAPEX and electrolysis efficiency) this cost will vary depending 

only on the variation of the EFOH and the cost of power. Figure 66 provides this variation between countries. 

 

The results indicate competitiveness of H2 production with electrolysis in countries where the EFOH are above 3500 

hours. Small deviations from this rule are observed were the cost of electricity is close to or above 40 €/MWh (NL, 

DK, MT and IE). 

7.5.6. Generator income vs. electrolyzer cost 

The electrolyzers are setting the price in the power day-ahead market during a considerable number of hours. For most 

countries this number of hours ranges between 2000 and 5000. This restorative effect of electrolyzers on the market 

price directly affects the revenues of generators. For most of the countries, the average electricity price is below 40 

€/MWh, resulting in a hydrogen production cost below 3 €/kg. This effectively shifts the prices up since in many of 

those hours there would be much lower demand in the counterfactual case where electrolyzers are not used, leading to 

surplus and potentially prices of zero. 
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Hydrogen electrolyzer operators receive income from outside the boundaries of the power system (through an 

established hydrogen market and downstream users). Therefore, the hydrogen price sets the willingness to pay for the 

electricity by the operators of the electrolyzers, which in turn increases VRE revenues. 

 

Generator revenues, are calculated based on the hourly production and hourly marginal prices for each country. A 

simplified assessment of the viability of the offshore wind investments can be conducted by comparing the annual 

income of each VRE technology with the respective required annuity calculated for 2 discount rates: a low value at 

5% and a higher value at 9%. The annuity for each technology is based on CAPEX values of 1200 €/kW, 2030 €/kW 

and 400 €/kW for onshore wind, offshore wind and PV respectively [386]. Figure 67 provides the calculated annual 

income of offshore wind (a), onshore wind (b) and PV (c) generators vs the annuity of the technology estimated with 

the two discount rates. 

 

Results from Figure 67 indicate that onshore wind power generation would generate, in almost all countries, income 

above the lower discount value threshold. Lithuania and Norway are two exceptions, suggesting overcapacity in 

onshore wind (which was leading to the high surplus from Figure 61 and the high operating hours from Figure 63). 

Similarly, Romania and Bulgaria are two examples where solar generating capacity is higher than justified by the 

market or system needs. 
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Figure 67. Generator income (blue bars) vs. annualized CAPEX (solid lines) with 5 and 9% discount rates for (a) 

offshore wind, (b) onshore wind, (c) solar 

7.6. Discussion of results 

The power system simulation of the 2050 scenario with METIS revealed some insight in how a future power system 

based on VRE could operate. The power system analyzed in this study is economically feasible. The results indicate 

that in most countries hydrogen production with electrolysis is very likely to produce hydrogen at competitive prices 

(2-3 €/kg) compared to the main alternative technology (SMR with CCUS). At the same time, they indicate that all 

three VRE generation technologies (with a ranking of onshore wind, offshore wind and PV) could in most (70-90%) 

countries, depending on the discount rate applied (5-9% evaluated), recover all or most of their investment 

requirement from the day-ahead power market. This is contrast to previous studies [763] that found a cost recovery as 

low as 50% for a scenario with around one sixth of VRE contribution (from that study it was observed that more 

parameters  than VRE penetration only are needed since another scenario with almost a third of the generation from 

VRE had an electricity price 15% higher than the average generation cost). The reason for this contrast is the 

additional source of income for the power system as a whole that comes from hydrogen sales, resulting in higher 

average electricity prices and contributing to the VRE cost recovery. This can be a solution for the missing money 

problem (when energy prices do not fully reflect the value of investment) [777], but more importantly to ensure a 

reliable system in satisfying electricity demand. For a full solution, however, the reserves market should also be 

included in the analysis [778] and where electrolyzers can also participate [18].  

 

The operation of a power system based primarily on VRE generation was simulated assuming an optimal dispatch of 

all generating technologies bidding at their variable cost. The VRE generation installed capacity is very high (85% of 

the total installed capacity on average for all countries), much higher in fact than the level required for supplying the 

electricity demand (hydrogen demand and firm electricity demand is almost 1:1 ratio). Without the electrolyzers 

participating in the market, a significant proportion of time during the year (more than 2000 hours) a generation 

surplus would be present, forcing VRE generation curtailment. During these hours, market prices, assuming they are 

based on the prevailing marginal price, would be zero. This is expected, since different than today, this power system 

is designed to satisfy both firm electricity demand and supply hydrogen to other sectors. This is a paradigm shift 

compared to the current system, where alternatives are searched to absorb or deal with the electricity surplus and 

instead the system is designed to inherently produce more than the firm demand with the excess used for the variable 

demand (i.e. electrolyzers). The other paradigm shift is that today, most of the demand is fixed and needs to be 

satisfied at all times (demand response and smart grids [144] are only relatively recent), while in the future the demand 

from the electrolyzers would be responsive to electricity prices (assuming there is hydrogen storage to ensure a more 

steady supply to the downstream users). This last concept is not new [720], but it is now closer to realization with the 

potential large scale deployment of electrolyzers. 
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7.6.1. Mirroring the current power system to 2050 

The electrolyzers are present in the simulated 2050 power system with an installed capacity in the order of magnitude 

of the current thermal generation capacity in Europe (i.e. ~1000 GW). Their primary mission is to produce the 

volumes of H2 necessary to supply the industry and to feed the synthetic fuel production processes by absorbing the 

excess production from VRE generation. However, while doing so they can also act as balancing service providers. 

This function can be realized if they have the capability to provide synchronous reserves by adjusting their 

consumption in a way similar to the current practice of thermal power generators. 

 

Besides producing the hydrogen feedstock required by other sectors and providing balancing and regulation services 

there is a third, and perhaps more important role, that of a price-maker. A simple way to explain this is by mirroring 

the current energy system (see Figure 68). VRE generation in 2050 mirrors load in the current power system: It varies 

with time in a way which is not controllable but can be predicted with some error, is inflexible, is a price taker and, 

when curtailed, sets the price, albeit at a minimum instead of a maximum (VOLL) set by load when curtailed today. 

 

Today                                                  2050 
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Figure 68. Generation and demand in 2050 mirroring current market functions for the participants. 

 

Similarly, electrolyzers in 2050 mirror centrally dispatched power generation units in the current power systems. They 

are flexible, cycling and ramping as required to balance the system and while competing for acquiring the cheapest 

electricity, are setting the power market price. 

7.6.2. The electrolyzer fleet as a price-maker 

The electrolyzer can have a potential role as a price-maker in the electricity market. This appears possible in a 

deregulated competitive power market where a sufficiently large number of electrolyzer operators (possibly with small 

differences in plant efficiency) compete to consume the maximum amount of electricity at the lowest possible cost. 

For each electrolyzer operator there is a willingness to pay (WtP) price set by the plant technical and economic 

performance, the downstream contracts and the prevailing hydrogen commodity price (defined by the downstream 

hydrogen market). The WtP price for the electrolyzer operators in one country or region will probably be very close to 

neighboring countries (limited by the capacity of the interconnectors and the trading between the downstream 

hydrogen markets, which is expected to be high), much like the variable cost of generation is for current CCGT 

operators. 
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By extending the logic of mirroring current participants in the power system of 2050, it is possible to understand the 

factors driving the electrolyzer operator participation, in this instance, of a future power system (and market). 

Electrolyzer operators competing in a power market with a uniform market clearing price would be exposed to very 

similar dilemmas and options as current power plant operators. Power plant operators today, so long as competition is 

effective bid at (or close to) their marginal production costs. Similarly, if electrolyzer operators participate in the day-

ahead market with the same rules as power plants they would bid for the energy they will consume at (or close to) 

their WtP. If they opt to bid at a lower price, they risk being displaced by a competitor, not accessing the power they 

need for producing the hydrogen volumes to fuel their downstream operations. 

 

The individual WtP and capacity value pairs, when known would be used to generate an electrolyzer price demand 

curve. The present analysis and power system simulation is considering a flat demand curve bidding the entire 

electrolyzer capacity in each country at the WtP price of 60 €/MWh. This assumption may seem simplistic at first but 

it should not deviate significantly from reality assuming that competition will be fostered between electrolyzer 

operators via proper regulatory oversight and system planning. 

7.6.3. Fostering competition among electrolyzer operators 

Contrary to the power markets today, where the supply side (generation) is setting the price, in the VRE-based 2050 

power market simulated in the present report the electrolyzers will be the price setters for a significant amount of time. 

This means that the primary concern of ensuring competition in the power market will shift from the production side 

to the supply side and in particular to the electrolyzer operators. The enhanced oversight could involve new indicators 

and monitoring. 

 

New indicators for assessing the reliability and, more importantly, the viability of the power system should be devised. 

One such indicator would be the ratio of VRE installed capacity to electrolyzer capacity (V/E). Methodologies may be 

developed for assessing the desired level of the V/E ratio, similar to current adequacy assessments. The thresholds of 

this indicator would indicate whether the power system is in need of investments in VRE generation or electrolyzer 

capacity. 

 

Monitoring electrolyzer operator bids would build upon the current practice of monitoring power plant bids. This task 

could be carried out by Regulators or Competition Authorities with the mandate to intervene and avert collusion. 

7.7. Conclusions and further work 

This study mainly focused on a scenario with a high (~1000 GW) electrolyzer capacity that could arise in a future 

system without CCS or with low biomass potential. The main purpose was to understand if such system would be 

operationally feasible and understand how it differs from the current operation. The analysis showed that such system 

is feasible and it leads to some fundamental changes. The electrolyzers represent almost half of the electricity demand 

in order to satisfy downstream hydrogen markets and would allow making use of low-cost wind and solar to satisfy 

demand from other sectors (e.g. industry and transport). With such large demand, the upstream production is sized 

accordingly and the electrolyzers no longer operate with surplus or excess energy. The electrolyzers raise the 

electricity prices (that would be zero in their absence), increase the revenue for the generators and support in most (70-

90%) countries to pay for the investment in wind and solar. The additional money flow that ultimately supports VRE 

(Variable Renewable Energy) investment comes from outside the power market by selling the hydrogen to 

downstream users. The hydrogen price could be as high as 9-10 €/kg for the transport sector, but the actual income for 

the electrolyzers need to subtract the storage and delivery and compete with other technologies such as gas reforming. 

Using a willingness-to-pay (WtP) of 60 €/MWh, results in average actual electricity prices of 30-40 €/MWh for most 

countries and a real hydrogen price of 2-3 €/kg (with a CAPEX of 400 €/kWel), which would be competitive with gas 

reforming using gas at 8.7 €/GJ (high price) and a CO2 price of 50-100 €/ton. The operating hours of the electrolyzers 

were mostly in the 2000 to 6000 range given that the upstream electricity production is sized to satisfy their demand. 

 

With such a large electrolyzer capacity, there is a paradigm shift compared to the current power system. Currently 

(with low VRE fractions), demand is inflexible, price taker and sets the price when it is curtailed (value of lost load) 

and the balancing function is satisfied by the generators. In this future system, demand (largely composed by 

electrolyzers) is flexible, following a variable generation, it provides the balancing function since it can respond 
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quickly to changes and it sets the price when curtailed (price goes to zero). In such a scenario, effective market 

monitoring is necessary to avert collusion and to monitor adequacy indicators for electrolyzers and VRE generation. 

Another change is the concept that demand needs to be satisfied at all times (or at a very high cost) no longer holds in 

this future system since the electrolyzer can adjust its load. Some parameters that can change this are the variable 

operation of the electrolyzer can lead to faster degradation which translates into shorter lifetime and higher production 

cost, the use of hydrogen storage is needed to ensure a steady supply to downstream users in spite of the variable 

electrolyzer operation. This can lead to a higher production cost if storage tanks are used or limit the locations where 

electrolyzers can be located since they would have to be close to suitable underground facilities. Having CCS  

available, a high (> 20 EJ/yr) biomass potential or in general, more flexibility than foreseen provided by other 

pathways (e.g. Power-to-Heat for industrial facilities) could lead to a much lower (~80 GW) need for electrolysis. At 

the same time, this can also lead to lower (3-17%) annual costs given the broader set of technologies used (besides the 

ones for hydrogen). This would be overall, more beneficial and would not rely on the 24% growth per year needed for 

electrolyzers to reach 1000 GW by 2050. 

 

Until the system reaches this future state, electrolyzers might still need incentives. A close cooperation between 

utilities, generators and regulators could close the gap between WtP of the electrolyzer and actual price paid due to 

taxes and tariffs targeting to be as close as possible to the wholesale price. Exempting electrolyzers from these would 

bring these two values closer and improve the economics for electrolytic hydrogen. Electrolyzers are already exempt 

from taxes (not tariffs) in Norway [779]. Taxes are already exempted on the end-use (fuel cell electric vehicles) side 

for various countries (including Belgium, Norway, Spain, France, the Netherlands and Germany) so exempting the 

supply side can be seen as an extension of the boundaries. This could lead to a large benefit since most of the hydrogen 

production cost is the electricity used as input and grid tariffs and fees can be as high as 20% of the price paid at the 

transmission level118 [780,781] (even higher when considering distribution which can be the case for decentralized 

production). A closer integration between the hydrogen and the power market would also be required so that there is 

an efficient interaction from the hydrogen WtP of the downstream users to the electrolyzers and ultimately to the 

electricity generators. Similarly, a pan European hydrogen market, as it exists today for gas, oil and to an extent 

electricity, would allow taking advantage of places with better renewable resources and would not require installing 

electrolyzers in all countries. 

 

The soft-linking methodology used proved to be useful and it is recommended for subsequent work. The power model 

did give additional insights with regards to differentiation of full load hours of operation for the electrolyzer, relation 

between willingness to pay and average hydrogen production cost and relation between wind, solar and electrolyzer 

capacities to reduce curtailment. Some limitations of the method however, are that the direct link between hydrogen 

production cost (in the power model) and demand (in the energy model) is broken, that the harmonization of data and 

calibration of the scenario was more time consuming than expected leading to being able to analyze a single scenario 

in comparison to almost 100 when a single tool is used (see Chapters 3 and 4) and that additional data is needed for the 

power model that might not be readily available. The barrier on calibration process can be overcome by setting up 

clear templates from the beginning with input (both scenario dependent and independent) and output for each model, 

while the barrier for data was circumvented by using preexisting data in METIS. 

 

Possible further work includes: the use of the capacity expansion module of METIS to assess the potential for 

optimization in 2050 system; deriving WtP price versus volume curves based on input from the energy model and 

literature; assessing the VRE to electrolyzer capacity ratios for every country; identifying the reasons for a lower 

performance in some countries in terms of CAPEX recovery for VRE and optimizing capacities to improve this could 

be an area of further work. 

 

 

 

 

 

118 Ref [780] estimates an average tariff of almost 12 €/MWh, while nrg_pc_205 has electricity prices of 60-80 €/MWh for non-household 

consumers in the first half of 2018 
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