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Appendix 2.1. 100% RES studies reviewed by [228] and consideration for chapter 2 

Author 

Original 

Reference from 

[228] 

Included in 

chapter 2 Justification 

Mason [9,104] N Simulation, no cost consideration, only PHS as storage 

Australian Energy Market Operator  [8] Y  

Australian Energy Market Operator  [8] Y  

Jacobson [112] N 

Limited technology portfolio. Relies on very large 

deployment of a technology not used in the present 

Wright and Hearps  [60] N 
No mention to storage other than PHS and CSP thermal 
storage. Focus only on power 

Fthenakis [133] N 

Based on feasibility, potential and input from other studies 

rather than cost optimization 

Allen [27] Y  

Connolly [19] Y  

Fernandes and Ferreira  [119] N 

Simulation, no clear criterion for selection of storage size of 

3000 MW 

Krajacic [20] N Simulation 

Esteban [17] Y 

Not cost optimization, but storage optimized based on 

wind/solar ratio 

Budischak [118] N 

Only for interaction with other variables, but not for 

optimized sizes 

Elliston [22] N 

Cost optimization, but no mention to storage other than CSP 

with 2.5 and 15 h 

Lund and Mathiesen  [16] N Simulation, no mention to storage 

Cosic [11] N Simulation, no mention to storage 

Elliston [75] N  

Jacobson [18] N 

Limited technology portfolio. Relies on very large 

deployment of a technology not used in the present 

Price Waterhouse Coopers  [10] N  

European Renewable Energy Council  [26] N 

No specific sizes and energy delivered by storage and only 

reference to thermal storage as part of CSP 

ClimateWorks [116] N 
No specific sizes and energy delivered by storage and only 
reference to PHS 

World Wildlife Fund  [108] N 

No specific sizes and energy delivered by storage and only 

reference to thermal storage as part of CSP 

Jacobson and Delucchi  [24,25] N 
Limited technology portfolio. Relies on very large 
deployment of a technology not used in the present 

Jacobson [113] N 

Limited technology portfolio. Relies on very large 

deployment of a technology not used in the present 

Greenpeace [15] N 
Storage is minimized as it is expected that costs will not 
decrease enough in the study time frame 



A review at the role of storage in energy systems with a focus on Power to Gas and long-term storage 
 

249 

Appendix 2.2. Potential of different alternatives to satisfy the storage needs 

Natural gas underground gas storage facilities 

 

There are a total of 688 natural gas storage facilities worldwide as of January 2013, with a combined working gas 

capacity of 377 billion m3 (bcm)124, which represents ~10% of the world consumption [782]. This quantity is expected 

to increase to 580-630 bcm by 2030, leading to a similar fraction of gas demand and needing ~120 bln€ investment, 

with most (60%) of the growth in Asia [230]. Around three quarters of these facilities are depleted fields and only 

14% are salt caverns. 

 

The 600 TWh of storage needed would represent around 15% of the working capacity for the existing underground 

natural gas storage around the world. However, this would be comparing existing facilities vs. future energy demand 

(i.e. assuming no facilities are constructed or de-commissioned). This would decrease to ~10% of the storage capacity 

with the extensions considered in the future. Comparing the storage need with the natural gas production (rather than 

storage only), it represents almost 2% of the entire natural gas production in a year (being smaller in the future with 

larger NG production). 

 

Heating demand 

 

A common business case proposed for P2G is to store the power surplus in summer and use it in winter for heating, 

which is applicable for most countries in Europe. Heating represents almost 50% of the final energy demand in EU. 

This heating demand is in turn split in ~45% for the residential sector, ~40% industry and 15% tertiary sector125. The 

end use varies from 94% of the residential demand being for space and water heating to 82% being used for process 

heating in industry. However, natural gas only represents ~45% of the energy mix for this sector. Hence, the entire 

energy demand for EU (12800 TWh) is reduced to 6400 TWh for heating specifically and further to 2850 TWh for the 

gas fraction in the heating demand [486]. However, the natural gas fraction can greatly vary per country, providing up 

to 50% in UK and as little as 5% in Sweden [783]. Therefore, even with the seasonal component of heating demand 

(where the ratio between minimum and maximum over a year can be 1:10 [783]), there will always be a fraction of 

heating that needs to be satisfied. Since the heating sector is larger than power for the largest energy consumers in 

Europe. A surplus in the power sector represents roughly half of the relative contribution in the heating sector (i.e. 

heating demand for EU28 is ~6250 TWh [783], while the power demand is ~3000 TWh [Eurostat] with the breakdown 

per country in). The other variable to consider is the occurrence in time for these events. There has to be a coincident 

surplus of power with a heat demand. Otherwise, these could be partially shifted in time with (thermal) storage. This 

has been considered in [784] for Germany. 

 

Looking at the longer term and global scale, heating demand in the residential sector is expected to decrease by 34% 

in 2100 and actually is the cooling component acquiring more relevance by increasing by 72% (mostly in Asia) [232]. 

The higher temperatures due to climate change can even increase further this cooling demand by 50% [765]. Hence, 

the higher cooling demand in current developing countries due to higher electricity penetration and GDP growth 

combined with the decrease in heating demand could change the relation between both from 95/5 (heating/cooling) 

today to 30/70 in 2100 [232]. Furthermore, it is expected that the natural gas and coal fraction used in heating will 

decrease, with a larger role for electricity [765] and the use of heat pumps. Nevertheless, it has to be noted that these 

numbers carry high uncertainty associated to fuel prices, GDP, population growth, energy efficiency measures and 

actual feedback from changes in temperature due to climate change, but it puts in perspective both the storage need 

compared to the demand, but also the use of the produced gas through P2G for heating (which seems more applicable 

to an European framework). 

 

Other large-scale storage alternative - PHS 

 

This is the first logical choice due to its maturity, relative high efficiency, low energy-based cost, long lifetime, large 

power capacity and dominant role in power storage (130 GW of installed capacity, being ~99% of the total installed 

capacity). 

 

 

124 Number corresponds to working gas capacity which already discounts the cushion gas volume 
125 The specific split per country can vary depending on its specific energy mix 
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Its realizable potential in Europe, from an initial assessment [785], was identified as 29 TWh if the reservoirs are 

within 20 km from each other, reduced to only 0.2 TWh if 5 km are considered. These values correspond to reservoirs 

that are already existing within those distances and applying constraints of population, natural areas, infrastructure. If 

the conditions are relaxed to only one existing reservoir, the potentials increase to 80 and 10 TWh respectively. 

Additional restrictions might be required (e.g. drinking water, supply water, might be too expensive to build) to have 

the actual potential. 

 

Another reference for Europe126 is the eStorage project, which was a follow-up of [785] and where more conservative 

estimates were obtained [84]. The potential was 2.3 TWh, distributed in 117 sites, with 54% of such capacity being in 

Norway and 13% in the Alps. This number was identified as the total realizable potential vs. a theoretical maximum of 

6.9 TWh (and 714 sites). A difference with [785] is that due to the varying restriction for granting permissions and 

different legislations in each country, national experts were involved to make a judgment on the results obtained 

during a first phase of GIS. The other major difference is the distribution of the potential, while [785] allocated two 

thirds of the potential to Turkey, the eStorage project estimated that over 60% is in Norway. 

 

As reference the power demand for Europe is around 3400 TWh. The problem with this alternative is the geographical 

location for these sites is not flexible, the number of plants to be constructed would be more than 1000, which would 

be material intensive and could have an effect on the local environment, besides the fact that currently PHS is only 

used up to 12 h with few applications for a longer period than a couple of days. Hence, not solving the problem of 

seasonal storage. A final problem with PHS is that due to climate change effects, higher average temperatures and 

river flow patterns, the potential for PHS will be reduced (in Europe) and the lower availability of water for power 

production might lead to higher electricity prices of up to 30% in some countries [786] and the water consumption is 

much higher than other technologies because of higher evaporation rates due to the exposed surface area. Increasing 

pressure on water availability in the years to come, higher water footprint is not desirable. 

 

Looking at other regions in the world, in US, PHS development slowed down in the late 1980s, and there has not been 

recent estimates of the maximum potential that it can achieve [531]. The best estimate is [787], where almost 1000 

GW of capacity were identified across the US. Assuming a 24-hour storage capacity (as an optimistic assumption), 

this would lead to 24 TWh compared to a power demand for US of 4200 TWh and of ~25000 TWh for 2040 as total 

primary energy supply [79]. 

 

No single report was found assessing the global potential for PHS. IEA estimates the expected range of capacities for 

2050 to be between 412 and 700 GW [788]. Assuming a 24-hour energy rating, this would be equivalent to 10-16.8 

TWh of storage capacity. Around one quarter of this capacity is expected in China, another quarter in Europe and 

~20% in US. For this case, it seems the realizable potential (at least in Europe and US) is not being exploited to its 

maximum. Such capacity does not seem to be enough to satisfy the needs of high RES penetration, although it does 

seem to satisfy the expected storage needs expected by then (190 – 310 GW as highlighted before) by IEA estimates 

as well [124]. 

 

Other large-scale storage alternative - CAES 

 

CAES would have the advantage of being able to store more energy per m3, being ~4x the PHS value (~2.9 kWh/m3 

vs. 0.7 kWh/m3)127. The other main advantage is that even though there is dependence from geological characteristics 

of the ground, there are many more suitable locations for underground CAES than PHS. Some disadvantages for the 

technology are the maturity level, depending on the variation used, some additional gas input might be needed for 

heating the air before expansion and that the storage needs to stay within a specified pressure range limiting its 

operation and introducing a dead volume that cannot be used (i.e. cushion gas). 

 

Salt caverns represent only 14% of the current (gas) storage facilities, but are the best option for CAES (and H2) given 

their flexibility (having higher withdrawal and injection rates), lower share of cushion gas required and ability to 

handle more frequent cycles, which is desired in case these facilities want to be used for short-term balancing as well. 

The other main reason to target salt caverns is their non-porous nature. This prevents the oxygen (or the hydrogen) 

 

126 EU-15 plus Norway and Switzerland 
127 2 MPa pressure for CAES and 300 m differential head for PHS 
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from migrating through the pores and reacting with minerals and microorganisms, which can cause losses and 

undesired by-products. 

 

There are two further limitations for CAES. One is that sufficient fresh water has to be available in the vicinity of the 

facility for the solution mining process. Furthermore, it has to be close to the sea to dispose the brine produced or 

close to an industrial site that can use it as raw material. The other one is that the depth window for these caverns is 

between 500 and 1300 m, because the operating pressure is directly dependent on the depth, and the power plant 

components using current state of the art technology operate at pressures between 50 to 100 bar. This is less flexible 

that hydrogen caverns that can be anywhere between 400 and 2400 m [789]. 

 

The global geological data for salt deposits has been assessed before [233] with figures for Europe and the world in 

Appendix 2.3. Unfortunately, access to the full report with volume and potential figures is not available. Instead some 

specific information for Germany is available that shows the energy potential that can be stored. In Lower Saxony, 

568 salt caverns were identified with a volume of ~170 mln m3, equivalent to 0.37 TWh (adiabatic) [790]. On a 

national level, there is the InSpEE project128 funded by the energy storage initiative of the German Federal Ministries 

of Economy and Energy (BMWi) to look specifically at the potential of salt caverns for energy storage and was 

completed in 2015. 269 salt structures were classified as having potential and 2D/3D visualizations were developed 

for these structures. Using geological structural considerations and GIS-based modeling, a more detailed assessment 

than previous studies was done. As outcome, the potential in Northern Germany was identified as 4.5 TWh for CAES 

[791]. Status of the technology, outlook, upcoming projects, development and targets for research have been left out of 

this review to keep it focused on the energy comparison with the other technologies. For such topics, the reader is 

referred to [792,793]. 

 

Other large-scale storage alternative – Underground H2 

 

A parallel result of these two studies in Germany was the potential for H2 storage since they also use salt caverns as 

potential sites. In Lower Saxony, 2320 suitable salt caverns were identified with a total volume of 1160 m3 equivalent 

to ~390 TWh [790], while for (Northern) Germany, such potential was 1614 TWh [791]. To put these numbers in 

perspective, the electricity demand for Lower Saxony is ~45 TWh (pro-rated based on population), while for the entire 

Germany is ~510 TWh. The heating sector is ~1000 TWh and the entire total energy consumption is ~2520 TWh. 

Therefore, the numbers for CAES are < 1% of the power demand, while the figures for H2 capacity are significant, 

being even 3x larger (only Northern Germany) than the entire current power demand in a year. 

 

For the quantification of the global capacities for salt caverns, [233] does make such global assessment. However, the 

report is part of the SMRI library only accessible to members. Staff were contacted, but the key value of salt caverns 

volume was unfortunately not given. An alternative calculation method to estimate this value is to use the potential for 

CCS since saline formations are one of the potential options (along with depleted oil and gas fields). [794] estimates 

the global capacity at 1000-10000 GtCO2. For US, the Department of Energy has estimated the capacity to be 2400-

21600 GtCO2 (medium estimate of 8300 GtCO2). For Europe, an estimate is ~250 GtCO2
 [387], where around 10% is 

located in Germany. Therefore, assuming that the saline aquifer potential in Northern Germany is the one available for 

the entire country (i.e. conservative), the potential storage in Europe could be in the order of 16000 TWh of hydrogen 

and a global capacity 4-40x higher at 64000-640000 TWh of capacity. Even the conservative estimate (only 4x) would 

translate into a storage capacity much larger than the expected future total electricity demand. Consequently, if saline 

formations are used for underground hydrogen storage, the global capacity should be more than enough to satisfy the 

system needs. A remaining disadvantage is that all this potential is split in many small caverns. To avoid constructing 

a very large number of facilities, a minimum size would have to be defined, limiting the specific sites that can be used. 

 

The above numbers highlight one of the main advantages for hydrogen, which is the energy is stored in the chemical 

bonds of the compounds rather than as mechanical energy. This increases by almost two orders of magnitude the 

energy that can be stored per m3. If an ideal hydrogen storage is considered, the energy that can be stored is ~310 

kWh/m3. Since it is not ideal, less energy is delivered out of the storage with respect to the energy input. Considering 

an efficiency of 60%, the energy density for hydrogen decreases to ~190 kWh/m3. Still much higher than the 

equivalent for the mechanical counterparts (0.7 – 2.9 kWh/m3). A common size for a cavern is 500000 m3, which has a 

net storage capacity of ~4 kton of H2 or ~0.15 TWh [795]. 

 

128 http://forschung-energiespeicher.info/projektschau/gesamtliste/projekt-einzelansicht//Potenzial_von_Kavernen_vorhersagen 
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Nevertheless, a disadvantage for H2 is the low volumetric energy density (12.75 MJ/m3 vs. ~35-40 MJ/m3 for methane 

for example) in spite of having a high mass density (120 MJ/kg vs. 50 MJ/kg for methane). Another one is that the 

compressibility factor of hydrogen is > 1 (1.05 at 10 MPa and 365 K), which introduces further difference with 

methane (Z = 0.94 at same conditions). These two factors reduce the amount of energy that can be stored as hydrogen 

in case facilities for natural gas are being used. Therefore, if all the natural gas storage facilities were used for 

hydrogen, the energy would be ~1200 TWh instead of 4100 TWh equivalent of NG. However, this would assume 

100% H2 content in the underground storage which might not be feasible in the short-term and also includes porous 

formations that have higher uncertainty than salt caverns due to its gas tightness. For H2, salt caverns are the preferred 

option, followed by depleted gas fields and aquifers, while rock caverns and depleted oil fields have higher 

uncertainties associated [796]. There might be locations (e.g. Texas, France, Denmark), where no suitable salt deposits 

are available and porous rock can be considered [789]. That would expand even further the potential for both CAES 

and H2. There are already a few examples where hydrogen has been stored underground at large scale. One example is 

in Clemens Terminal in Texas, operated by ConocoPhillips, with a storage capacity of 2520 metric tons [797] (only 

~0.1 TWh). Another one in Teesside, England, where the British ICI company has stored 1 mln Nm3 (3.5 GWh) in 3 

salt caverns of around 400 m. Another one in France, where the gas company Gaz, has stored 50-60% hydrogen in an 

aquifer of 330 mln Nm3 for over 20 years [798]. 

 

In general, it can be safely assumed that in case this is the selected alternative for large scale storage, most of the 

facilities would need to be constructed. Nevertheless, the storage component is usually relatively small (< 5%) fraction 

of the hydrogen production cost, compared to the CAPEX for the electrolyzer and the OPEX for the electricity input 

[795]. A typical specific price for the cavern is 60 €/m3 [795], with the typical size of 0.5 mln m3 would result in 30 

M€ (excluding the cushion gas volume). This is equivalent to 0.2 €/kWh (0.15 TWh of energy rating), which is on the 

low side of energy cost for the technology compared to [799], but more conservative than the 0.02 €/kWh suggested in 

[800], but still an order of magnitude lower than CAES or PHS (10-120 and 60-150 €/kWh respectively) [799]. For 

further cost comparison among the alternatives for storage and hydrogen, the reader is referred to [103,801,802]. 

 

Other large-scale storage alternative – H2
 injection to the grid 

 

Alternatively, the hydrogen could be injected to the existing grid and not use a 100% H2 system. This would require a 

balance between de-risking of the existing infrastructure to increase the regulatory H2 content and satisfying the need 

for storage. The worst case (for H2 content) is that hydrogen would be generated during summer, when gas demand is 

low. The hydrogen fraction depends on the specific characteristics of the network like: ratio between heat and power 

demand, fluctuations (min/max) for each one and amount of instantaneous surplus. This can be calculated with a 

generic approach as expressed in equation below and the H2 content for different assumptions can be seen in Figure SI 

1. 
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Where: 

a = Max/min ratio over a year for power (typical value = 3) 

b = Max/min ratio over a year for heat (typical value = 10) 

c = Average power/average heat ratio (value for EU ~0.5, see Appendix 2.4) 

d = Power surplus/Max power demand (dependent on VRE fraction, must-run fraction, but usually large fractions will 

only be a few hours of the year) 

LHV1 = 12.75 MJ/m3 (Hydrogen) 

LHV2 = 40 MJ/m3 (Natural Gas, with a typical range of 35-42 MJ/m3) 
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Figure SI 1. Average H2 content in the NG grid for different system characteristics. 

 

The curves on Figure SI 1 represent the H2 concentration when the heat demand is the lowest and the power surplus is 

the highest. A disadvantage of hydrogen is the low volumetric heating value, its ratio of almost 1:3 to methane will 

increase the corresponding fraction for the same amount of energy. The other one is that the large fluctuations in heat 

demand (extrapolated to gas demand) makes the hydrogen amount more significant since there are larger fluctuations 

in the gas flow. Even for the case, where the heat (gas) demand is relatively stable (a ratio of 2 between maximum and 

minimum) and the power surplus is only 0.2 of the maximum capacity, it creates a concentration of 25% H2 in the 

grid. A further correction to this number is that this would represent the average of the entire network. In places where 

the power production is higher or where the gas demand is lower, the concentration will be higher than the average 

value. Therefore, the de-risking required and the amount of hydrogen in the grid might be too high and represents a 

large departure from current practices. 

 

Power to Liquid 

 

Continuing the comparison in terms of energy density, as highlighted before one option with a higher energy content 

than hydrogen is methane (ratio of 3:10 in H2:CH4). This places methane in the order of ~1000 kWh/m3 depending on 

the pressure assumed and if the energy considered is the energy stored or the energy provided back to the grid 

(through CCGT). Nevertheless, an even higher density option are liquid fuels, diesel based on purely LHV can be 

~9000 kWh/m3 [441]. 

 

This solution could provide a lower CO2 solution and would also use the existing infrastructure, value chains and 

devices in the more difficult to replace sectors of maritime and aviation transport. The transformation could be with 

Reverse Water Gas Shift (RWGS) to produce Syngas and then either Methanol or Fischer Tropsch. Alternatively, CO2 

and H2 could be used directly for methanol synthesis and then to jet fuel [803] or gasoline (through the MTG process 

with DME as intermediate). The efficiency for this process is between 40-60% depending on the CO2 source, heat 

integration and scheme used. The intention in this section is not to discuss the details of the technology, future 

improvements and techno-economic evaluation of the different business cases. For these, the reader is referred to 

[804,805]. The objective instead is to compare the storage capability of this option compared to the others in case the 

power surplus from VRE is diversified to the transport sector through the use of the same fuels being used today rather 

than with new routes (i.e. electric, CNG or FCEV). 

 

As shown before in Figure 10, the transport sector is ~30000 TWh, which is larger than the entire electricity sector. 

For the total oil storage capacity, there is a distinction between strategic reserves usually held by public entities 

(government) and commercial inventories. IEA countries are actually required to maintain a storage inventory of at 

least 90 days of average import capacity. In reality, the average is ~200 days 129  since both private and public 

inventories are considered and both primary and refined products. This amounts to 4.2 bln barrels (1.6 bln in the form 

of public stocks exclusively for emergency purposes and 2.6 bln that includes commercial stocks and fraction imposed 

 

129 http://www.iea.org/netimports/ 
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by the government to meet the energy security requirement) [IEA 2014]. This is already equivalent to ~7000 TWh 

(assuming an average LHV of 145.7 MJ/barrel). Considering that IEA countries represent around 50% of the global 

oil demand130, that other countries do not have such strict requirement for strategic reserve (if at all) and that these 

numbers are actually inventory (and not maximum storage capacity), it can be assumed that the global storage capacity 

can easily surpass ~12000 TWh. Even without accounting for its possible growth in the coming years, it shows that it 

is much higher than the possible requirements for storage of the power surplus and that not a big change is required to 

accommodate such surplus in this sector. 

 

130 http://www.iea.org/Sankey/#?c=World&s=Balance 
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Appendix 2.3. Underground salt deposits and cavern fields 

 
Figure SI 2. Underground salt deposits and cavern fields in Europe [806] 
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Figure SI 3. Underground salt deposits in the world [807] 

 

 
Figure SI 4. Geologic maps of the United States displaying the location of major formations for (1) salt deposits, (2) 

sedimentary basins, (3) major oil and gas fields, and (4) hard rock outcrops [808] 



A review at the role of storage in energy systems with a focus on Power to Gas and long-term storage 
 

257 

Appendix 2.4. Power (2015) and Heat demand (2012) for EU28 

 Power (TWh) Heat (TWh) 

European Union (28 countries) 3063 6020 

Euro area (19 countries) 2185  

Belgium 71 200 

Bulgaria 44 25 

Czech Republic 81 140 

Denmark 31 45 

Germany (until 1990 former territory of the FRG) 598 1320 

Estonia 11 10 

Ireland 26 30 

Greece 47 60 

Spain 272 390 

France 545 760 

Croatia 13 10 

Italy 271 730 

Cyprus 4  

Latvia 5 10 

Lithuania 5 10 

Luxembourg 4 5 

Hungary 27 95 

Malta 2  

Netherlands 99 280 

Austria 66 170 

Poland 146 380 

Portugal 52 40 

Romania 61 110 

Slovenia 17 10 

Slovakia 25 80 

Finland 65 160 

Sweden 150 180 

United Kingdom 325 700 

Iceland 18  

Norway 142 70 
*Power from Eurostat – nrg_105a_1 and heat from [783] 
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Appendix 2.5. P2G pathways and degrees of freedom for selecting configuration 

P2G Pathways 

 

There are different degrees of freedom along the value chain for P2G that give rise to different pathways. 

 

Similar to Power to Hydrogen, there could be different sources for the input electricity and the final energy carrier can 

be used in all the sectors. A key difference for Power to Gas is CO2 as a raw material and participating in the reaction, 

which can partially be seen as a constraint since CO2 has to be readily available in the vicinity of the P2G plant. 

Nevertheless, it is also seen as reducing the overall CO2 footprint since it further utilizes CO2 that otherwise could 

have been released to the atmosphere. Another degree of freedom is the production of hydrogen instead of methane. 

This could be done depending on the price spread, local demand, operational issues. Once a P2G plant is constructed, 

the more possibilities for revenue streams it has, the better the operational and economical performance will be. A 

possible scheme for the P2G plant is that the methanation step is sized smaller than the electrolyzer with an 

intermediate storage. This allows the electrolyzer, which has a better dynamic response, to adjust to the changes in 

electricity input, while allowing for a more stable operation of the methanation reactor that might need more stable 

operation depending on the type of reactor and its design. Furthermore, it allows decoupling both steps and increasing 

the flexibility of the plant. The different possibilities for P2G, along with degrees of freedom in the value chain are 

shown in Figure SI 5. 

 

 
Figure SI 5. Possible degrees of freedom in the value chain for P2G. 

 

The first degree of freedom is the source for the electricity, where a trade-off between operating hours in a year, 

overall LCA footprint and economics should be done, taking into account the RES penetration and footprint of the 

grid. In a region with a high CO2 footprint for the grid electricity (e.g. China), it is not environmentally attractive to 

convert part of that power to gas for further use in either back to power or another sector. For this case, the low 

efficiency of the process does not favor the competition with other sources and will make the footprint of the produced 

gas even larger than the electricity input footprint. On the other extreme, to tackle this issue, the plant could operate 

only with renewable energy or when there is a surplus that cannot be absorbed by the rest of the system. Furthermore, 

in this case, it can be assumed that since the energy was supposed to be curtailed, its cost will be zero or at least much 

lower than average. This is the ideal situation since the LCA footprint for the process would the smallest (with wind) 

[260], but the number of operating hours might be too low to justify the investment [251], where at least 2000-2500 

hours in a year are required to achieve the largest decrease in LCOE cost and ideally 5000 hours to have around 90% 
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of the possible cost reduction and reach similar prices as natural gas131 [255]. This number of hours with surplus could 

be reached depending on the variables highlighted in Section 2.3, but for example in [122], 2000 hours are reached 

with 20% of the generation being must-run and 40% VRE or in [265], where wind provides ~35% of the energy (with 

50% of installed capacity) leading to curtailment of 11.8% of the energy in around 3600 hours. However, adding P2G 

(50 MW unit vs a power system of ~14 GW of installed capacity) had little effect over curtailment (11.4% after P2G) 

and the P2G operated with an average electricity price of 58€/MWh to be able to operate 4100 hours. Finally, a factor 

to consider is dynamics and time availability of power surplus. A case might be that peaks are too spread in time and 

would require shutting down and starting back up the electrolyzer or that the transmission of surplus from the source 

to the P2G plant is not possible due to line congestion at that time. 

 

The capability of independent sizing of power and energy capacity is specially relevant for high levels of VRE. The 

power capacity can influence the minimum level of curtailment that can be achieved (i.e. if power capacity is too 

small, it does not matter if the storage has the equivalent energy capacity of two months of demand, it will not reduce 

curtailment). On the other hand, a high energy capacity allows reducing further the wasted energy once a power 

capacity big enough is available. This was seen for the German system with 100% VRE [809]. 

 

Another degree of freedom is the choice of final energy carrier. It could be gas, when the production rate is too high 

and might reach the established H2 limit in the natural gas grid, when the intended use is for heating (that are usually 

not adapted to operate with H2). In contrast, if there is a chemical facility nearby that needs hydrogen [810], it might 

be more beneficial (and efficient) to satisfy that demand and produce hydrogen instead of methane. This will depend 

on the specific conditions for the site. 

 

For the CO2, the degrees of freedom are: source, technology used to capture it and means of transport to the P2G plant. 

Additional variables are allocation of capture cost and CO2 footprint among unit providing it and P2G plant. For more 

on these, refer to [86,251]. 

 

In the power sector, there is a range of possible applications for storage. For US, the most complete list of services has 

been defined in [811] and [190]. However, the list of services is different from the European system, but that has been 

harmonized by [90]. A total of 7 studies (including the previously mentioned) were reviewed to make an inventory of 

the possible applications by [180], where 12 main categories were identified. Research publications reviewing the 

storage technologies, usually discuss its possible applications at the same time [91,96,812]. From these, a list with the 

possible applications and typical ranges for size and time frame has been extracted and shown in Table SI 1, where the 

objective is to identify the range of applications where P2G might be attractive. 

 

 

131 Depending on the electricity, consideration of oxygen, heat, water 



Chapter 2  
 

 

260 

Table SI 1. Storage applications in the power system by increasing size and response time. 

 
*Definitions for these applications is given in Appendix 2.6 
 

For the short-term applications, efficiency is key since it will directly impact the LCOE and cost of electricity 

provided back to the grid [813]. Even with the high electricity prices in the balancing market, P2G is not attractive for 

this purpose [248]. The revenue is directly proportional to the storage efficiency, where reducing the efficiency from 

ideal (100%) to 60% can reduce the revenue by 75% [101]. This effect would be even more pronounced considering 

P2G (power-to-power) efficiency can be around 25%132. 

 

The ideal applications are the ones that require relatively large power capacity and longer discharge durations that 

result in large energy capacities (exploiting the advantage of P2G). These are highlighted in Table SI 1, with a 

disadvantage being that usually these applications are the ones with the lowest revenue to capture [190,814]. 

 

The range of intermediate power and discharge applications will depend on the specific arrangement of the system 

being evaluated and the degree of flexibility that P2G proves to have. Given that the electrolyzer and the re-injection 

to the grid can be individually sized, the positive and negative compensations that can be provided to the grid can 

capture different value. 

 

For the heating sector, most of the appliances in EU are tested with a G222 gas that is a mix of 23% H2 and balance of 

methane [187]. Even though, it depends on the specific Wobbe Index of the original gas and long-term tests are 

required, it gives an indication that final appliances could adequately function with some H2 in it. Nevertheless, to be 

used in the heating sector, methane would have preference. 

 

In terms of replacing gasoline and diesel with lower well-to-wheel footprints, CNG cars are currently in the lead with 

1.3% of the car fleet (~890 million cars [815]), followed by electric cars with 1.26 million units [816] and only 550 

units (cars+buses) with fuel cells in 2015 [285]. For the future, a great growth in electric cars is expected, reaching 

100-140 million vehicles in 2030, while a more modest growth is expected in FCEV, which are not expected to 

become significant in the market before 2025. Therefore, considering other sectors of transportation and the 

possibilities for methane (or hydrogen), it will be more difficult to have a share in those. Hence, these end sectors are 

discarded for the methane produced. 

 

Besides market demand, H2 tolerance and technology suitability, the other variable to take into account is the levelized 

cost for the competing alternative that relates to the affordable production cost for the gas (either hydrogen or 

 

132 Electrolysis: 75%, Methanation: 80%, Compression: 80%, Transport: 90%, CCGT: 60% 
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methane). The sector with the highest price is mobility [263,796], where either a very low electricity price (< 15 

€/MWh) [251,447] for the input needs to be used or a high CO2 price (~100 €/ton) [263] that increases the reference 

(i.e. gasoline) price should be considered for P2G to be attractive. The price for the conventional alternatives is 30-50 

€/MWh for natural gas, while biomethane can be 60-100 €/MWh [447]. On the other hand, gasoline has a base cost of 

~80 €/MWh [251], which could increase to ~160 €/MWh [447]with the introduction of a 100 €/ton tax on CO2. 

Compared to a production cost with P2G of 90-130 €/MWh [255,447] only for the electricity component. Hence, it is 

not only the CAPEX component of the electrolyzer, but the efficiency that need to improve. 

 

Depending on the specific pathway chosen and the specific elements used, the overall efficiency of the process will be 

different. Even with fixed elements, variables like cell degradation, ramping rates, operating voltage, catalyst 

deactivation, operating pressures, among others will affect the efficiency. The efficiency range for the common P2G 

value chain components is shown in Table SI 2. 

 

Table SI 2. Efficiencies for individual components of a common P2G value chain. 

Step Technology Efficiency range (%) Typical value (%) 

Electrolysis 

Alkaline (AEL) 62-82 [250], 47.2-

82.3 [817] 

70 

Polymer Electrolyte Membrane (PEM) 67-82 [250], 48.5-

65.5 [817], 0.7-0.86 

[285] 

75 

Solid Oxide Electrolysis Cells (SOEC) 89 - 

Methanation 
Biological >95 [250] 95 

Catalytic 70-85 [250] 80 

Compression Reciprocating compressor 85-95 90 

Underground 

Storage 

- 95-98 98 

Re-conversion 

to power 

Open Cycle Gas Turbine 30-40 35 

Combined Cycle 55-65 60 
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Appendix 2.6. Applications of storage in the power network (from [91]) 

• Integration of renewable power generation: The inherent intermittent renewable generation can be backed up, 

stabilized or smoothed through integration with EES facilities. 

• Emergency and telecommunications back-up power: In the case of power failure, EES systems can be 

operated as an emergency power supply to provide adequate power to important users including 

telecommunication systems until the main supply is restored, or to ensure the system enabling orderly 

shutdown. For emergency back-up power, instant-to-medium response time and relatively long duration of 

discharge time are required. For example, one of the world’s first utility (hybrid) CAES back-up systems was 

recently installed at a Co-op Bank data center to provide an emergency supply of electricity. For 

telecommunications back-up, the instant response time is essential. 

• Ramping and load following: EES facilities can provide support in following load changes to electricity 

demand. One EES trial project, named Irvine Smart Grid Demonstration, using advanced batteries (25 kW) in 

California offers services in load following and voltage support. 

• Time shifting: Time shifting can be achieved by storing electrical energy when it is less expensive and then 

using or selling the stored energy during peak demand periods. EES technologies are required to provide 

power ratings in the range of around 1-100 MW. PHS, CAES and conventional batteries have experience in 

this service; flow batteries, solar fuels and TES have demonstration plants or are potentially available for this 

application. 

• Peak shaving and load levelling: Peak shaving means using energy stored at off-peak periods to compensate 

electrical power generation during periods of maximum power demand. This function of EES can provide 

economic benefits by mitigating the need to use expensive peak electricity generation. 

• Load levelling is a method of balancing the large fluctuations associated with electricity demand. 

Conventional batteries and flow batteries in peak shaving applications, as well as in load following and time 

shifting, need a reduction in overall cost and an increase in the cycling times to enhance their 

competitiveness. 

• Seasonal energy storage: Storing energy in the time frame of months, for community seasonal space heating 

and the energy networks with large seasonal variation in power generation and consumption. EES 

technologies which have a very large energy capacity and almost zero self-discharge are required. At present, 

there are no commercialized EES technologies for this application and storing fossil fuels is still a practical 

solution. PHS, hydrogen-based fuel cells, CAES, TES and solar fuels have potential to serve this application. 

• Low voltage ride-through: It is crucial to some electrical devices, especially to renewable generation systems. 

It is a capability associated with voltage control operating through the periods of external grid voltage dips. 

High power ability and instant response are essential for this application. 

• Transmission and distribution stabilization: EES systems can be used to support the synchronous operation of 

components on a power transmission line or a distribution unit to regulate power quality, to reduce 

congestion and/or to ensure the system operating under normal working conditions. Instant response and 

relatively large power capacity with grid demand are essential for such applications. 

• Black-start: EES can provide capability to a system for its startup from a shutdown condition without taking 

power from the grid. 

• Voltage regulation and control: Electric power systems react dynamically to changes in active and reactive 

power, thus influencing the magnitude and profile of the voltage in networks. With the functions of EES 

facilities, the control of voltage dynamic behaviors can be improved. Several EES technologies can be used 

or potentially used for voltage control solutions. 

• Grid/network fluctuation suppression: Some power electronic, information and communication systems in the 

grid/network are highly sensitive to power related fluctuation. EES facilities can provide the function to 

protect these systems, which requires the capabilities of high ramp power rates and high cycling times with 

fast response time.. 
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• Spinning reserve: In the case of a fast increase in generation (or a decrease in load) to result in a contingency, 

EES systems can feature the function of spinning reserve. The EES units must respond immediately and have 

the ability of maintaining the outputs for up to a few hours. 

• Transportation applications: Providing power to transportation, such as HEVs and EVs. High energy density, 

small dimension, light weight and fast response are necessary for implemented EES units. For instance, a 

hybrid powertrain using fuel cell, battery, and supercapacitor technologies for the tramway was simulated 

based on commercially available devices, and a predicative control strategy was implemented for 

performance requirements. 

• Uninterruptible Power Supply (UPS): EES systems can feature the function of UPS to maintain electrical 

load power in the event of the power interruption or to provide protection from a power surge. A typical UPS 

device offers instantaneous (or near to instantaneous) reaction, by supplying energy mostly stored in 

batteries, flywheels or supercapacitors. 

• Standing reserve: In order to balance the supply and demand of electricity on a certain timescale, EES 

facilities/plants can provide service as temporary extra generating units to the middle-to-large scale grid. 

Standing reserve can be used to deal with actual demand being greater than forecast demand and/or plant 

breakdowns. 
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Appendix 2.7. Overview of P2G studies and area of focus 

 End product Type of study 

 Methane Hydrogen LCOE 

Process 

design 

Time 

series Potential 

Business 

model 

Technology 

review 

Cost 

optimization LCA 

Projects 

Survey 

Buchholz 2014 [238] x   x        

Gotz 2016 [86] x x      x    

Connolly 2014 [234] x x x         

Jentsch 2014 [151] x        x   

DNV 2013 [250] x x      x    

GRTGaz 2014 [252] x x x   x  x    

Saint Jean 2014 [240] x   x        

Saint Jean 2015 [818] x  x         

Vartiainen 2016 [259] x x         x 

Klumpp 2015 [235] x x x         

Clegg 2015 [254] x x       x   

Varone 2015 [241] x    x       

Estermann 2016 [242] x    x       

Dickinson 2010 [237] x   x        

Schiebahn 2015 [251] x x x     x    

Schaaf 2014 [819] x       x    

SGC 2013 [253] x x x     x    

Bailera 2016 [820] x  x x        

Vandewalle 2015 [267] x  x      x   
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Schneider 2015 [264] x     x      

Giglio 2015a [239] x   x        

Giglio 2015b [821] x  x         

Plessmann 2014 [266] x  x      x   

Kotter 2015 [150] x  x      x   

Moeller 2014 [181] x        x   

Breyer 2015 [236] x  x    x     

Zoss 2016a [243] x    x       

Zoss 2016b [457] x     x      

Ronsch 2016 [450] x       x    

Ahern 2015 [265] x  x  x       

Belderbos 2015 [178] x        x   

Henning 2015 [268] x x       x   

DVGW 2013 [262] x x x      x   

Jurgensen 2014 [459] x     x      

Dzene 2015 [458] x     x      

Reiter 2015a [256] x     x      

Meylan 2016 [822] x         x  

EIL 2014 [245] x x x   x  x  x x 

ENEA 2016 [447] x x x     x   x 

Parra 2016 [261] x x x      x   

Budny 2015 [248] x x     x     

de Boer 2014 [173] x x   x       

Palzer 2014 [198] x x       x   
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ECN 2013 [263] x x x   x   x   

Schaber 2013 [119] x x x      x   

DENA 2016 [244] x     x     x 

Fraunhofer 2015 [246] x x    x   x   

Schmied 2014 [247] x     x      

Sternberg 2015 [257] x         x  

Sternberg 2016 [258] x         x  

Heinisch 2015 [823] x        x   

Baumann 2013 [824]  x     x      

Julch 2016 [802] x x x         

Gahleitner 2013a [825] x x        x  

Reiter 2015b [260] x x        x  

Zhang 2017 [449] x         x  

Meylan 2017 [448] x         x  

Vo 2017 [826] x  x   x      

Collet 2017 [465] x   x     x   

Ye 2017 [348] x        x   

Zeng 2016 [827] x        x   

Bailera 2017a [828] x   x     x   

Spazzafumo 2016 

[829] x   x        

Iskov 2013 [830] x          x 

Bailera 2017b [451] x          x 
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Parra 2017 [680] x x  x      x  

Rivaloro 2014 [831] x   x        
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Appendix 3.1. Macro-economic and techno-economic data and assumptions 

Aviation and navigation demand in time 

 

The demands for these services is depicted in Figure SI 6, which are derived from the EU Reference scenario 2016 

[50]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure SI 6. Change of aviation and navigation demand in time. 

 

Hydrogen Network 

 

Total costs for each of the pathways results from cost aggregation of the individual steps. The specific cost for each of 

the steps is shown in Table SI 3, while its combination in the selected pathways for transport and resulting hydrogen 

production cost is shown in Figure SI 7 for 2025 (same values assumed for 2050). Note that for the other sectors, the 

pathways mostly constitute of compression, transmission, distribution and underground storage, with the cheapest 

option (at 1.1 €/kg) being the blending in the natural gas network (as expected), since it eliminates an expensive step 

(i.e. distribution). 

 
Table SI 3. Contribution of individual conversion steps to final hydrogen production cost for 2025 [383,389]. 

Step Cost (€/kg) 

Compression 0.09 

Transmission pipeline 0.28 

Liquefaction 1.05 

On site liquefaction 7.47 

Road Transportation Short 0.05 

Distribution pipeline 1.80 

Refueling Liquid to Liquid 1.15 

Refueling Liquid to Gas 3.13 

Refueling Gas to Gas (large) 1.01 

Refueling Gas to Gas (small) 3.74 

Underground Storage 0.25 

Gas Storage Bulk 0.73 

Local Gas Storage Bulk 1.42 

Liquid Storage Bulk 0.18 
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Figure SI 7. CAPEX contribution to hydrogen production cost for transport pathways [383,389]. 

 

The model does not capture the spatial distribution of supply and demand. Therefore, the steps assume a specific 

configuration for each step. For example, a transmission pipeline is 1 m in diameter and 500 km of length, while a 

distribution pipeline assumes an 8-cm pipeline. For more critical items like refueling stations a range of scales (300 – 

2500 kg/d) was considered, as well as different delivery modes (gas or liquid). For more detail, refer to 

[334,383,389,832]. 

 

In the hydrogen system, two additional production technologies were added, namely PEM (Proton Exchange 

Membrane) and SOEC (Solid Oxide Electrolysis) [86,250,276,292]. Advantages of the former include faster response, 

high voltage efficiency, higher current densities at the expense of (current) higher cost and shorter lifetime than AEL 

(Alkaline). SOEC enables a step increase efficiency. It operates at high temperature (800-1000 ºC). This allows 

reducing the free Gibbs energy and in turn the cell voltage (0.9-1.3 v for SOEC vs. 1.8-2.4 v for AEL), which 

decreases the electricity consumption of the cell. It also has the potential for co-electrolysis of water and CO2 directly 

to syngas. Both of these complement AEL (Alkaline) in electrolysis, while expanding the list of possible hydrogen 

production processes to 24. The data for PEM was found to vary significantly due to the high uncertainty associated to 

learning curve and possible deployment in the future. Therefore, the minimum and maximum values found were 

chosen with the objective to understand the impact of extreme expected techno-economic parameters. These are 

shown in Table SI 4. For SOEC, values from DoE were used [833] (Table SI 5), which reflects a performance better 

than the “Optimistic” scenario for PEM. 

 
Table SI 4. Base and extreme techno-economic parameters for hydrogen production with PEM. 

 Year CAPEX 

[26,250,478] 

Fixed 

OPEX133 

Variable 

OPEX134 

Efficiency135,136 Availability 

Factor 

Lifetime 

  €/kW €/kW €/kWh   Hours 

Reference 

2015 1500 45 - 0.65 [29] 0.95 25000 

2020 1200 36  0.70 0.95 50000 

2030 950 [285] 28.5  0.75 0.95 60000 

2050 750 22.5  0.80 0.95 80000 

 

133 Range is from 1.5 to 7%, as a fraction of the CAPEX from [6][12][13] (excluding electricity) 
134 Main variable cost is based on electricity price, which is endogenous for the model 
135 Efficiency expressed as energy in the product vs. energy in the feed (MWout vs. MWin in HHV terms) 
136 Efficiency refers to stack efficiency with small loses (e.g. dryer, control and auxiliary equipment) not included 
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Optimistic 

2020 900 13.5  0.75 [285] 0.97 [834]  60000 

[285] 

2030 650 9.75  0.8 0.97 80000 

2050 400 

[447,834] 

6  0.86 [285] 0.97 105 [252] 

Conservative 

2020 1800 [26] 90  0.65 [26] 0.91 [835] 35000 

2030 1400 70  0.7 [26,834] 0.91 40000 

2050 1000 [250] 50  0.75 [836] 0.91 50000 

[252] 

 
Table SI 5. Techno-economic parameters for hydrogen production with SOEC. 

Year CAPEX 

[26,250,478] 

Fixed 

OPEX137 

Variable 

OPEX138 

Efficiency139,140 Availability 

Factor 

Lifetime141 

 €/kW €/kW €/kWh   Years 

2020 785 66  0.905 0.95 2 

2030 450 13.5  0.949 0.95 10 

2050 300 9   0.95 20 

 

Sectorial use of hydrogen 

 

Hydrogen can be used to satisfy heat and power demand in the residential and commercial sectors. This can be done 

directly with hydrogen or through a blend with methane and use of existing infrastructure, using CHP as end use 

technology. Techno-economic parameters of these technologies in 2050 are shown in Table SI 6. 

 
Table SI 6. Techno-economic parameters for CHP using hydrogen in residential and commercial sectors [837]. 

Sector Feed Technology Investment Variable 

OPEX 

Efficiency Heat to 

power ratio 

Lifetime 

   €/kW €/GJ   years 

Residential NG blend PEM 9000 5.0 0.39 1.46 20 

NG blend Solid Oxide 3964 4.8 0.50 0.88 20 

Pure H2 PEM 9000 6.7 0.50 0.96 20 

Pure H2 Solid Oxide 3000 4.5 0.55 0.78 20 

Commercial NG blend PEM 4000 12.5 0.39 1.33 20 

NG blend Solid Oxide 1850 2.2 0.60 0.57 20 

Pure H2 Solid Oxide 350 5.6 0.50 0.9 20 

 

A major difference between both sectors is the economies of scale. Deployment in the residential sector is usually 

linked to a size of 0.3-1 kW, while commercial deployment can be up to 1 MW. To put these numbers in perspective, 

currently, the order of magnitude for investment is 7500 €/kW for commercial applications [838,839] and 15000 €/kW 

for residential [285,838]. The largest deployment has been in Japan as part of the EneFarm project, where 120000 

devices have been deployed since 2009 with subsidies up to 15000 $/unit [285]. During this period, there was an 

observed cost reduction from 50-70 k$/kW (with the higher price being associated to lower production volumes) to 20 

k$/kW. Based on the latest estimate [840], the learning rate for this technology is around 16%, where the fuel cell 

stack has a higher learning rate (20.5%) than the balance of the plant (12%).Considering a base price of 32 k$/kW and 

an initial capacity of 10000 units, reaching a deployment of 1 million units would drive the cost down to 10 k$/kW 

and to reach a relatively low (3500 $/kW) cost target, a relatively high penetration is required (70 million units, which 

would represent around 10% penetration in Europe, US and Japan).  

 

137 Taken as 3% of the Capex 
138 Main variable cost is based on electricity price, which is endogenous for the model 
139 Efficiency expressed as energy in the product vs. energy in the feed (MWout vs. MWin in LHV terms) 
140 Efficiency refers to stack efficiency with small loses (e.g. dryer, control and auxiliary equipment) not included 
141 Current limitation is the stack lifetime, due to the high degradation rate and lower efficiency after only 4000-5000 operating hours 
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Steel sector and H2 use 

 

Hydrogen use in steel covers the entire transformation process from the iron ore to the production of the crude steel 

that goes to the finishing process. The representation is equivalent to the primary conversion step (sintering/pellets), 

first oxidation step (e.g. blast furnace), production of crude steel (e.g. electric arc furnace) and finishing. Therefore, 

the cost reflects such scope. Most of the costs for the steel industry were taken from [392], which in turn were taken 

from the ETSAP (Energy Technology Systems Analysis) technology brief and [841] with additional input from 

industry experts. The values for hydrogen conversion are shown in Table SI 7, while the rest of the technologies can 

be found in Appendix B of [392]. It is assumed to be available for large scale from 2030 onwards, even though there 

are already demo plants in Sweden that produce around 0.5 mtpa of steel [842]. 

 
Table SI 7. Techno-economic parameters for steel reduction with hydrogen [392]. 

Variable Value Units 

Input142 – Electricity 0.7 PJ 

Input – Iron Ore 1.5 Mton 

Input – Hydrogen 17 PJ 

Output – Slag for cement 0.25 Mton 

CAPEX 400 €/Mton 

Fixed OPEX 10 €/Mtpa 

Variable OPEX 2 €/Mtpa 

 

 

Figure SI 8. Technology coverage of steel industry in JRC-EU-TIMES. 

 

Processes where CCS can be applied are COREX and the conventional blast furnace. Finishing processes (e.g. hot 

strip, mills, annealing and coating) are clustered in a single process common for all routes except for hydrogen (which 

cost already includes this step). The source for the hydrogen in steel can be through a centralized tank (see Figure 11), 

it can also be provided by a byproduct stream of the chlorine process. However, in terms of order of magnitude, that 

flow is not nearly enough to satisfy the hydrogen demand needed in case steel shifts to hydrogen. As can be seen from 

Figure SI 8, the hydrogen process makes the direct link between the iron ore and steel demand. This does not mean 

that the complexity of the process is lower than conventional, but instead that the parameters (efficiency and cost) 

chosen to represent the process cover the entire value chain from oxidation, to crude steel production and finishing. 

 

 

142 Input and Output are expressed per Mton of steel demand 
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CO2 use 

 

There are two main uses for CO2, either for liquids (co-electrolysis and hydrogenation) or to methane. Techno-

economic parameters for methanation are in Section 4.3.7 of the main body of the thesis. Therefore, this section covers 

PtL parameters. Reference values are shown in Table SI 8. Table SI 9 shows values from other references as 

benchmark. Table SI 10 shows the values used for the sensitivities on cost and efficiency including the “PtL 

performance” scenarios which assumes future performance is lower than expected. 

 
Table SI 8. Reference techno-economic parameters for Power-to-Liquid technologies in 2030 [843]. 

CO2 

source 

Process Product CAPEX Fixed 

OPEX 

Variable 

OPEX 

Efficiency Lifetime 

   €/kW €/GJ €/GJ  Years 

System+ Hydrogenation Diesel/Kero 392.1 10.4 0.06 0.780 20 

System+ Hydrogenation Gasoline143 849.6* 54.3* 0.10* 0.818 20 

System+ Co-electrolysis Diesel/Kero 889.8 20.8 0.12 0.546 20 

System+ Co-electrolysis Gasoline 1873.9* 103.0* 0.22* 0.573 20 

Atm Co-electrolysis Diesel/Kero 3559.2 83.1 0.46 0.333 20 

Atm Co-electrolysis Gasoline 7495.4* 411.8* 0.87* 0.333 20 
*Values are for 2025 rather than 2030, but no change is introduced thereafter 
+ “System” means that the CO2 can be provided by any source meaning industry, electricity, biogas, H2 production or BtL 

 
Table SI 9. Benchmark values for techno-economic parameters of PtL (Fischer-Tropsch route). 

Electrolysis CO2 

source 

Liquid route DVGW144 LBST 1 [844] LBST 2 [420] VDA [845] 

Low 

temperature 

System CAPEX 

(€/kW145) 

1226.1 993.5 1795.9 - 

  Efficiency146 (%) 46 53 - - 

 Air CAPEX (€/kW) 2127.8 2006.5 3040.8 3198 

  Efficiency (%) 36 42 39 42 

High 

temperature 

System CAPEX (€/kW) 707.9 819.3 888.9 - 

  Efficiency (%) 63 64 - - 

 Air CAPEX (€/kW) 1786.3 1786.3 2317.5 2561 

  Efficiency (%) 47 47 45 48 
+ “System” means that the CO2 can be provided by any source meaning industry, electricity, biogas, H2 production, BtL or air 

 
Table SI 10. Techno-economic parameters used as sensitivities for PtL for target setting. 

Scenario CO2 source Process Product CAPEX Fixed 

OPEX 

Variable 

OPEX147 

Efficiency 

    €/kW €/GJ €/GJ  

Alternative 

reference 

System+ Hydrogenation Diesel/Kero 600 12 0.06 0.575 

 System+ Hydrogenation Gasoline 650 13 0.10* 0.700 

 System+ Co-electrolysis Gasoline 1300 26 0.22* 0.480 

 Atm Co-electrolysis Diesel/Kero 3000 60 0.46 0.360 

 Atm Co-electrolysis Gasoline 2500 50 0.87* 0.360 

Optimistic System+ Hydrogenation Diesel/Kero 300 6 0.06 0.830 

 System+ Hydrogenation Gasoline 750 15 0.10* 0.870 

 

143 Product is actually methanol that is blended with gasoline 
144 DVGW = Deutscher Verein des Gas- und Wasserfaches = German association for gas and water. Values are the collection from various projects 

where DVGW is involved, but are not part of any publication yet 
145 Specific cost per kW of liquid product 
146 Electricity input (MW) vs. energy in fuel product 
147 Variable OPEX was not modified 
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 System+ Co-electrolysis Diesel/Kero 750 15 0.22* 0.600 

 System+ Co-electrolysis Gasoline 1500 30 0.22* 0.650 

 Atm Co-electrolysis Diesel/Kero 1500 30 0.46 0.500 

 Atm Co-electrolysis Gasoline 1500 30 0.87* 0.500 

Conservative System+ Hydrogenation Diesel/Kero 500 10 0.06 0.700 

 System+ Hydrogenation Gasoline 1000 20 0.10* 0.700 

 System+ Co-electrolysis Diesel/Kero 1040 21 0.22* 0.460 

 System+ Co-electrolysis Gasoline 2000 40 0.22* 0.500 

 Atm Co-electrolysis Diesel/Kero 2500 50 0.46 0.250 

 Atm Co-electrolysis Gasoline 2500 50 0.87* 0.250 
+ “System” means that the CO2 can be provided by any source meaning industry, electricity, biogas, H2 production, BtL or air 

 

The main objective of values in Table SI 9 and Table SI 10 is to assess the impact of performance since there is an 

uncertainty on how these parameters will evolve in time. This will allow defining targets for research projects and 

weigh better the investment against the possible benefit given by the improved performance. Lower CAPEX values 

for high temperature electrolysis are mainly the result of a higher efficiency of the process, rather than a lower net 

investment. Changes to CAPEX and efficiency were done individual to identify the most dominant parameter. This 

resulted in 4 scenarios.  

 

To put the CAPEX numbers in perspective, two references can be used. One is a competitor for liquid production 

(XTL), where GtL is around 800 €/kW, CtL 1200 €/kW and BtL 1800 €/kW [846]. The other one is another reference 

for a similar technology (methanol with CO2 from air through electrodialysis) [420], where the assumed CAPEX was 

2430 €/kW for 2050. This shows that the assumed values are conservative and it would require a high CO2 price to 

select these options. 

 

Direct Air Capture 

 

See Appendix 4.1 for more explanation on data. 

 
Table SI 11. Techno-economic parameters used for Direct Air Capture (DAC) [256,847,848]. 

Parameter Units 2015 2020 2030 2050 

Electricity input GJ/ton CO2 2.5 2 1.6 1.28 

Heat input GJ/ton CO2 11.5 9.2 7.36 5.89 

CAPEX €/ton CO2 600 480 384 307.2 

 

Transport fuels 

 

Some considerations for this module are: 

• Fatty acids produced through trans-esterification can only be blend with diesel (not with jet fuel). 

• Heavy fuel oil can only be produced in refineries (or imported). 

• There are other uses for the commodities (e.g. heavy fuel oil for residential) and only the value chains related 

to transport are shown. 

• Aviation can only be satisfied with jet fuel, which can be fossil, synthetic (XtL) or electrofuel (PtL). 

• Gasoline demand can only be satisfied with PtL, refineries or ethanol blending. 

• Private transport can also be satisfied with hybrid vehicles. 

• Demand for the end use sectors is an exogenous input and there is no endogenous shift in transportation mode 

to satisfy the same end user (i.e. people could change from private cars to buses and still satisfy their 

transport needs, but this is not considered). 

• Rail can only be satisfied with diesel or electricity and it is turn divided in passenger and freight. 

• Shifts within a specific category are done based on cost (both technology and fuel) and efficiency. It does not 

include consumer behavioral components like range anxiety, early adoption of technologies, inconvenience 

cost (to refuel due to limited infrastructure). 

• Cars are divided in 4 classes (small, lower medium, upper medium and executive) and each class in turn has 9 

categories with different efficiency and cost figures. This gives the model more choices and avoids drastic 

changes in the fleet when one technology becomes cost optimal. This means the model is not divided 
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anymore in short and long range as mentioned in [368], but instead the other main way of representing the 

sector was chosen [542]. 

 

Some specific figures for the fuels are: 

• There are maximum shares of HVO and FAME (fatty acid methyl ester) that diesel can have, which increase 

from 7 and 48% respectively in 2020 to 90% for both in 2050. 

• For bunkers and satisfying international navigation demand, a minimum of 11% of heavy fuel oil has to be 

used as process feed for the base year (2010), this fraction is reduced to 9% for 2030 and there is no fuel mix 

constraint for 2050 (assuming engines are flexible enough to operate with fuels having different properties 

that can be produced through synthetic routes). 

• TRACCS database from the European Environment Agency [565] was used for fuel consumption, efficiency, 

occupancy and demands in road transport (private transport, public buses, freight). 

• Techno-economic parameters for powertrain technologies come mainly from [367,491]. 

• Targets for the road transport sector are 95 gCO2/km for 2020 and 70 gCO2/km for 2030. 

 

Buses and heavy-duty transport – Techno-economic parameters 

 

With data in Table SI 12 and Table SI 13, electric alternatives became dominant across scenarios (> 90% share) for 

trucks and buses. To avoid overreliance on their development, the electric choice was deactivated and only done as 

sensitivity. 

 
Table SI 12. Investment and efficiency for heavy-duty transport for 2010 – 2050 [412]. 

  2010 2020 2030 2040 2050 

Investment (€) Diesel 72857 74113 88075 85376 82945 

 Electricity 122204 111195 107677 104680 101955 

 LMG 100786 100518 111169 107339 103785 

 Hydrogen 497866 418256 179534 149590 137097 

Efficiency 

(MJ/km) 

Diesel 10.82 9 7.58 7.55 7.52 

 Electricity 10.07 8.47 7.67 7.61 7.54 

 LMG 11.9 10.09 8.99 8.95 8.92 

 Hydrogen 9.17 7.67 7.11 6.62 6.15 

 
Table SI 13. Investment and efficiency for buses  for 2010 – 2050 [412]. 

  2010 2020 2030 2040 2050 

Investment (€) Diesel 178571 180038 186906 185121 186964 

 Electricity 382955 280369 253934 233361 213774 

 LMG 206176 206051 211633 208615 205797 

 Hydrogen 403390 357314 235833 219930 212881 

Efficiency 

(MJ/km) 

Diesel 14.69 12.58 9.97 9.31 8.71 

 Electricity 5.83 5.32 4.97 4.91 4.86 

 LMG 16.16 14.19 11.24 10.5 10.46 

 Hydrogen 10.6 9.61 9.3 8.67 8.05 

 

Biomass potential 

 
Table SI 14. Annual activity limits for biomass sources in 2050 (in PJ/year) [416]. 

Potential High Reference Low Price (€/GJ) 

Sugar crop production 1094.6 995.1 995.1 4.1 

Rape seed production 1136.8 1033.4 1033.4 32.7 

Starch crop production 313.3 284.8 284.8 20.1 

Grassy crop production 2527.8 1524.9 952.9 4.6 

Willow and poplar 600.3 363.8 388.6 8.4 

Biogas Production 1874.1 1251.3 624.9 5.4 

Agricultural waste potential 2136.4 1025.5 606.6 3.1 
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Wood products 3211.2 741.5 741.5 3.0 

Forestry residues potential 6753.3 283.1 283.1 3.1 

Wood processing residues 1220.7 265.7 265.7 2.0 

Municipal Waste Production 921.4 736.2 441.9 0 

Industrial Waste-Sludge 

Production 
69.4 52.6 29.8 5.4 

Sub-total 21859.2 8557.9 6648.3  

Imports to EU     

Import of bioethanol 1982.9 572 165 29.4 

Import of biodiesel 814.7 469 270 12.3 

Import Wood Products 944 517 283 7.0 

Total (EJ/yr) 25.6 10.0 7.4  

 

 

 
Figure SI 9. (a) Biomass potential distribution by type of source. (b) Supply cost curve for biomass 

 

Figure SI 9a shows the contribution of the main categories to biomass potential. It is evenly distributed across several 

categories. A factor that plays a role in the use of biomass is the price at which it can be obtained. This is shown in 

Figure SI 9b. Almost 86% of the biomass has a cost below 5 €/GJ. However, the two most expensive categories are 

the ones that could be used for 1st generation biofuel and have no competition for other use (starch and rapeseed). 
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Appendix 3.2. List of changes done to the model as part of this research 

 

• New technology for hydrogen production: Proton Exchange Membrane (Table SI 4) 

• New technology for hydrogen production: Solid Oxide Electrolysis (Table SI 5) 

• µ-CHP using hydrogen for residential and commercial sectors (Table SI 6) 

• µ-CHP using methane with Otto cycles (competing technologies to satisfy space heating in residential sector) 

• New CO2 source with direct air capture (Table SI 11) 

• Hydrogen production for refineries was split from the rest of operations to give the possibility to produce it 

by electrolysis instead of methane reforming. 

• New process for direct ammonia production with hydrogen from electrolysis and nitrogen from an air 

separation unit (Section 3.3.3) as potential substitute for the natural gas-based process (using reforming) 

• Benchmarking of PtL technologies (Table SI 9 and Table SI 10) 

• Electric options for heavy-duty trucks and buses (Table SI 12 and Table SI 13) 

• LNG as fuel for heavy-duty trucks and buses (Table SI 12 and Table SI 13) 

• Limited (~300 TWh) geothermal potential in agreement with international studies 

 

Changes done as part of Chapter 4 also have an influence on the results from this research since they act as competing 

alternatives for either satisfying the service or the input commodity. The most changes relevant are: 

• Methanation step added to provide the link between hydrogen and methane and avoid limitations in grid 

injection (due to maximum hydrogen concentration) 

• Liquefied methane as commodity for marine transport (competition with PtL) 

• Liquefaction of methane at both large scale (i.e. centralized) and small scale (e.g. couple to Power-to-

Methane), which gives more flexibility to the gas system 

• CO2 capture on biogas to upgrade it to methane and be able to use it in any part of the network (competition 

with hydrogen in most sectors) 

 

The following parts of the model were also reviewed to ensure data is consistent with other studies: 

• Hydrogen distribution and delivery (Table SI 3) 

• Hydrogen consumption in steel industry when direct reduction is used (Section 3.3.3) 

• Wind, solar and biomass potentials 

 

The above changes complement the application dimension of the model, where the main strengths of the approach are: 

(1) deep decarbonization; (2) range of sensitivities and parameters analyzed which draws insight into their interaction 

and effects; (3) identification of drivers and barriers for hydrogen and PtL use. 
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Appendix 3.3. Delivery pathways for hydrogen considered in JRC-EU-TIMES 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure SI 10. Hydrogen delivery architecture in JRC-EU-TIMES (taken from [389]). 

 

For each of the steps various reference points were collected considering capacity (size), energy consumption, cost 

(CAPEX, OPEX), lifetime and technical characteristics (e.g. operating pressure). For items that present a strong 

economy of scale (e.g. refueling stations), different sizes were selected (small/large), which are linked to the 

corresponding (decentralized and centralized) production processes. This last step allows making the trade-off 

between decentralized production and more limited distribution infrastructure and centralized with economies of scale, 

but higher cost for distribution. Numbers are normalized to units of output. This collection and selection exercise were 

not part of this research and it is therefore out of scope. Refer to [334,383,389,832] for more detail. 
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Appendix 3.4. Full list of parameters and scenarios 

Table SI 15. Further parameters varied across scenarios to identify trends in the system (complements Table 9). 

Variable Explanation Rationale Scenarios 

No PtL CO2 use for liquid 

eliminated as 

choice to satisfy 

demand 

PtL represents one of the alternatives 

to satisfy transport demand in low 

carbon scenarios. In case the 

technology fails, alternatives have to 

be identified 

• Use of PtL* 

• No PtL 

PtL 

sensitivity 

Decompose impact 

of PtL performance 

by changing 

individually 

CAPEX and 

efficiency in both 

directions (increase 

/ decrease) 

Some technologies (e.g. nuclear) are 

capital intensive and will benefit from 

cost reduction, while for others an 

efficiency gain affects capacity the 

largest. This sensitivity aims to 

quantify this for PtL 

• Reference (Table SI 8) 

• Higher CAPEX 148  (“Conservative” 

from Table SI 10) 

• Lower CAPEX (“Optimistic” from 

Table SI 10) 

• Higher efficiency (“Optimistic” 

from Table SI 10) 

• Lower efficiency (“Conservative” 

from Table SI 10) 

FCEV Lower cost for fuel 

cell vehicles 

Costs for different powertrain 

technologies in 2050 are close. A 

small change in cost might lead to a 

large difference in deployment 

• Reference CAPEX* 

• 10% lower CAPEX 

• 30% lower CAPEX 

Electricity 

network 

Cost associated to 

the expansion of 

the electricity grid 

Transmission represents a flexibility 

option. In case of becoming more 

expensive, reliance on other options 

might be necessary 

• Reference cost* (see Chapter 4 for 

methodology) 

• 200% higher cost 

Solid Oxide 

Electrolysis 

Cell (SOEC) 

SOEC not 

available in the 

future with the 

expected 

performance 

Current state for the technology is 

TRL 5-6 and its future outlook is 

highly dependent on research. 

Technology might not be fully 

deployed by 2050 

• No SOEC available* 

• SOEC available by 2050 (data from 

Table SI 5) 

DAC 

performance 

DAC cost and 

efficiency for 2050 

DAC can play a large role for low 

carbon scenarios, but technology is 

yet to be deployed at large scale 

• Limited improvement compared to 

2015 situation (see Table SI 11) 

• Improved performance (see Table 

SI 11) 

Coal policy Ban any new 

investment in 

assets using coal 

(power, steel, heat) 

Fossil fuel with the largest carbon 

content and emitting other pollutants 

that promote health risks. This 

measure could be driven by political 

targets 

• Coal is allowed and it will be 

phased-out based on economics 

• No new investment in facilities 

using coal 

Geothermal 

potential 

Maximum 

allowable energy 

to be produced by 

geothermal 

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 

• Reference (3000 TWh for EU, see 

[405] for breakdown)* 

• 10% of reference (300 TWh) 

Nuclear Nuclear faces 

political and social 

resistance in some 

countries 

Limited choices for electricity 

generation will either shift energy 

carriers away from electricity or 

result in higher prices and worse 

outlook for electrolysis 

• Nuclear phase-out in countries that 

have announced it and possible life 

extension149 

• No new investment in nuclear 

*Assumption for the reference scenario 

 

148 These scenarios use the “Reference” performance from Table SI 8 and consider single changes from Table SI 10 
149 BE, DE and, to a degree, CH or that explicitly state the end of a license (NL) 
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Table SI 16. Rationale for scenario selection. 

Nº Scenario name Reasoning 

1 80NoCoal Effect of higher geothermal potential, but still no investment in coal allowed 

2 80wCoal 

Effect of allowing new investments in coal and assess how competitive is coal 

considering low CO2 targets (although the model does not cover pollutants, 

which can be another driver to phase-out coal) 

3 80 
Reference scenario - No new investment in coal allowed. This considers a 

geothermal potential limited to around 300 TWh for EU28+ 

4 80NoCCS150 Influence of CCS with a relatively low CO2 target 

5 80CCSNoPtL 
Quantify cost increase for not having the technology in a scenario where it is not 

yet 100% essential 

6 80CCSVRECostGeo Higher VRE with more potential surplus for PtX and larger need for flexibility 

7 95wCoal 

Effect of allowing new investments in coal and assess how competitive is coal 

considering low CO2 targets (although the model does not cover pollutants, 

which can be another driver to phase-out coal) 

8 95NoCoal Influence of CO2 target 

9 95 
Understand effects of geothermal potential limited to around 300 TWh for 

EU28+ and understand how it differs from the lower CO2 target 

10 95Dem 
Be able to identify changes caused by the higher transport demand by making a 

single change (and compare it with "95" scenario) 

11 95HBio Scenario for biomass economy where there is the possibility of CCS 

12 95HBioDem 

Double of navigation demand (vs. 30% increase in base scenario) and triple (vs. 

2x) in aviation with high biomass potential to test new biomass allocation and 

increase in CO2 price considering this scenario has CCS as alternative 

13 95HBioHDem 
Same as before, but triple of navigation demand (vs. 30% increase in base 

scenario) and 5x (vs. 2x) in aviation 

14 95HBioPEM 
Combination of better PEM performance and higher biomass potential to 

evaluate impact on PtM/PtL (more CO2 available and cheaper hydrogen) 

15 95HBioVREPEMHD Likely scenario where drivers do not favor CCU 

16 95BioPtL 
Reference scenario with low biomass potential and PtL performance to be able 

to identify the changes caused by a higher demand in transport 

17 95BioPtLDem 

Double of navigation demand (vs. 30% increase in base scenario) and triple (vs. 

2x) in aviation in case where biomass is limited and PtL performance is the 

worse. CCS is left to leave some flexibility 

18 95BioPtLHDem 
Same as before, but triple of navigation demand (vs. 30% increase in base 

scenario) and 5x (vs. 2x) in aviation 

19 95VREPEMSOE 
Understand if better performance technology is dominant over CCS and how 

much does this shift production from technologies with CCS to electrolysis 

20 95VRECostPEMSOEGeo 
Effect of lower geothermal potential in main scenario and evaluate impact on 

electricity prices and hydrogen production 

21 95VRETrCostPEMPtL 
Impact on PtG due to higher CO2 target, while still having favorable drivers 

except for CCS 

22 95NoCCS 
Combination of no CCS with a high CO2 target to understand major differences 

with respect to "95" and "80NoCCS" without further changes 

23 95CCSGeo 
Understand technology that arise when geothermal potential is limited combined 

with no CO2 storage 

24 95CCSBio Effect of biomass potential in a scenario favorable for CCU (including PtL) 

25 95CCSHBio Effect of biomass potential in a scenario favorable for CCU (including PtL) 

26 95CCSNoPtL 
Quantify cost increase for not having the technology in a scenario where it is not 

yet 100% essential 

27 95CCSVRE Effect of VRE potential in a scenario favorable for CCU 

 

150 “No CCS” and “CCS” represent the same (absence of CO2 storage). “No CCS” was left for the “Main” scenarios to avoid confusion in the main 

text, while “CCS” was used for the scenarios in the Appendix to save two characters (long names due to various parameters being varied at the same 
time) 
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28 95CCSVREBio 
Effect of biomass potential in a relatively realistic scenario to complement the 

one where VRE potential is lower 

29 95CCSVRECostNoPtL 
Effect of not having PtL available in a less restricted scenario (where there is 

cheaper electricity) 

30 95CCSVREGeo 
Combined effect of higher VRE potential with lower geothermal to test effect on 

electricity mix, hydrogen flow and PtX use 

31 95CCSVRENuc Higher electricity prices 

32 95CCSVRENucPEM 
Higher electricity prices combined with better PEM performance can lead to 

similar hydrogen prices 

33 95CCSVREPEM Effect of cheaper hydrogen (for both PtL and PtG) 

34 95CCSVREPtL Effect of lower PtL performance 

35 95CCSVRESOE Alternative for cheaper hydrogen 

36 95CCSVRETr Higher transmission costs, reducing electrification and favoring CCU 

37 95CCSVREFCEV10 
Higher FCEV deployment for a 10% in CAPEX reduction with a similar 

hydrogen price 

38 95CCSVREFCEV30 
Higher FCEV deployment for a 30% in CAPEX reduction with a similar 

hydrogen price 

39 95CCSVREH2PtLDem 

Double of navigation demand (vs. 30% increase in base scenario) and triple (vs. 

2x) in aviation in case with cheap hydrogen and better PtL performance to 

evaluate shifts in the system 

40 95CCSVREHBio 
Effect of biomass potential in a relatively realistic scenario to complement the 

one where VRE potential is lower 

41 95CCSVREHBioGeo 
Effect of lower geothermal potential in main scenario and assess if more 

biomass is used for power production 

42 95CCSVREPEMSOE 

Favorable case for hydrogen with both PEM and SOEC available and able to 

produce hydrogen at low cost. FCEV performance could have been changed as 

well, but this will be done as sensitivity 

43 95CCSVREPEMSOEDem 
Double of navigation demand (vs. 30% increase in base scenario) and triple (vs. 

2x) in aviation in case with cheap hydrogen to evaluate shifts in the system 

44 95CCSVREPEMSOEHDem 
Same as previous scenario, but triple of navigation demand (vs. 30% increase in 

base scenario) and 5x (vs. 2x) in aviation 

45 95CCSVREPEMSOEFCV 
Same as above, but with lower FCEV (30%) cost to test combined effect of 

cheaper hydrogen and vehicle on deployment 

46 95CCSVREPtLH 
100-150 Euro/kW higher CAPEX for PtL technologies to test effect on 

deployment and contribute to target setting 

47 95CCSVREPtLLeff 
5-8% points lower efficiency for PtL technologies to test effect on deployment 

and contribute to target setting 

48 95CCSVREPtLHeff 
5-8% points higher efficiency for PtL technologies to test effect on deployment 

and contribute to target setting 

49 95CCSVREPtLL 
100-150 Euro/kW lower CAPEX for PtL technologies to test effect on 

deployment and contribute to target setting 

50 95CCSVREPtLLHeff 
Combined lower PtL cost with higher performance to establish upper bound for 

deployment 

51 95CCSVREPtLLHeffGeo 
Effect of lower geothermal potential in main scenario to evaluate impact on 

electricity prices, hydrogen prices and potential effect on PtL contribution 

52 BAU Effect of lower CO2 reduction target (around 47%) 
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Table SI 17. Combination of variables used for scenarios. 
 

Nº Scenario151,152,153 
CO2 

target 
CCS 

Biomass 

potential 
VRE154 

Geothermal 

potential 

Coal 

allowed 

PEM 

performance 

PtL 

performance 

Direct Air 

Capture 
Scenario155 

1 80NoCoal 80 Yes Ref Ref Ref No Ref Ref Ref Sens 
2 80wCoal 80 Yes Ref Ref Ref Yes Ref Ref Ref Sens 
3 80 80 Yes Ref Ref Low No Ref Ref Ref Main 
4 80DAC 80 Yes Ref Ref Low No Ref Ref Optimistic Sens 

5 80NoCCS156 80 No Ref Ref Low Yes Ref Ref Ref Main 
6 80CCSNoPtL 80 No Ref Ref Ref Yes Ref No PtL Ref Sens 
7 80CCSDAC 80 No Ref Ref Ref Yes Ref Ref Optimistic Sens 

8 80CCSVRECostGeo 80 No Ref High Low Yes Ref Ref Ref Sens 
9 95wCoal 95 Yes Ref Ref Ref Yes Ref Ref Ref Sens 
10 95NoCoal 95 Yes Ref Ref Ref No Ref Ref Ref Sens 
11 95 95 Yes Ref Ref Low No Ref Ref Ref Main 
12 95DAC 95 Yes Ref Ref Ref Yes Ref Ref Optimistic Sens 
13 95HBio 95 Yes High Ref Ref Yes Ref Ref Ref Sens 
14 95HBioDAC 95 Yes High Ref Ref Yes Ref Ref Optimistic Sens 
15 95HBioPEM 95 Yes High Ref Ref Yes High Ref Ref Sens 
16 95HBioVREPEMHD 95 Yes High High Ref Yes High Ref Ref Sens 
17 95BioPtL 95 Yes Low Ref Ref Yes Ref Low Ref Sens 
18 95BioPtLDAC 95 Yes Low Ref Ref Yes Ref Low Optimistic Sens 
19 95VREPEMSOE 95 Yes Ref High Ref Yes High Ref Ref Sens 
20 95VREGeoDAC 95 Yes Ref High Low Yes Ref Ref Optimistic Sens 

21 95VRECostPEMSOEGeo 95 Yes Ref High Low Yes High Ref Ref Sens 
22 95VRETrCostPEMPtL 95 Yes Ref High Ref Yes High Low Ref Sens 
23 95NoCCS 95 No Ref Ref Ref Yes Ref Ref Ref Sens 
24 95CCSDAC 95 No Ref Ref Ref Yes Ref Ref Optimistic Sens 

 

151 Color code is used to identify more easily the pattern for variables combination (Green refers to the base scenario and red means the variable has been changed) 
152 Every variable has a characteristic addition to the scenario name to identify variables changed in the scenario without the need to constantly refer to this table 
153 Some parameters were omitted to keep scenario representation in a single table. These are: “Nuclear” (in the scenario name) refers to no new investment in nuclear allowed and no extension of license; “Tr” higher 

cost for the transmission network (see Table SI 33); “FCEVXX” is for lower FCEV CAPEX compared to the reference by 10 or 30% 
154 VRE refers to a higher PV and wind potential to evaluate effect on electricity prices and surplus 
155 “Main” refers to the scenarios chosen for representation in the results and discussion section since they are distinct enough, while “Sens” refers to sensitivities where the changes were not significant and these are 

discussed, but not presented as part of the trends across sectors 
156 “No CCS” and “CCS” represent the same (absence of CO2 storage). “No CCS” was left for the “Main” scenarios to avoid confusion in the main text, while “CCS” was used for the scenarios in the Appendix to save 

two characters (long names due to various parameters being varied at the same time) 
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25 95CCSGeo 95 No Ref Ref Low Yes Ref Ref Ref Main  

26 95CCSBio 95 No Low Ref Ref Yes Ref Ref Ref Sens 
27 95CCSHBio 95 No High Ref Ref Yes Ref Ref Ref Sens 
28 95CCSHBioDAC 95 No High Ref Ref Yes Ref Ref Optimistic 

Optimistic 

Sens 
29 95CCSNoPtL 95 No Ref Ref Ref Yes Ref No PtL Ref Sens 
30 95CCSVRE 95 No Ref High Ref Yes Ref Ref Ref Sens 
31 95CCSVREBio 95 No Low High Ref Yes Ref Ref Ref Sens 
32 95CCSVRENoPtL 95 No Ref High Ref Yes Ref No PtL Ref Sens 
33 95CCSVREGeo 95 No Ref High Low Yes Ref Ref Ref Sens 
34 95CCSVRENuc 95 No Ref High Ref Yes Ref Ref Ref Sens 
35 95CCSVRENucPEM 95 No Ref High Ref Yes High Ref Ref Sens 
36 95CCSVREPEM 95 No Ref High Ref Yes High Ref Ref Sens 
37 95CCSVREPtL 95 No Ref High Ref Yes Ref Low Ref Sens 
38 95CCSVRESOE 95 No Ref High Ref Yes Ref Ref Ref Sens 
39 95CCSVRETr 95 No Ref High Ref Yes Ref Ref Ref Sens 
40 95CCSVREFCEV10 95 No Ref High Ref Yes Ref Ref Ref Sens 
41 95CCSVREFCEV30 95 No Ref High Ref Yes Ref Ref Ref Sens 
42 95CCSVREHBio 95 No High High Ref Yes Ref Ref Ref Sens 
43 95CCSVREHBioGeo 95 No High High Low Yes Ref Ref Ref Main 
44 95CCSVREPEMSOEGeo 95 No Ref High Low Yes High Ref Ref Main 
45 95CCSVREPEMSOEFCV 95 No Ref High Ref Yes High Ref Ref Sens 
46 95CCSVREPtLH 95 No Ref High Ref Yes Ref Low Ref Sens 
47 95CCSVREPtLLeff 95 No Ref High Ref Yes Ref Low Ref Sens 
48 95CCSVREPtLHeff 95 No Ref High Ref Yes Ref High Ref Sens 
49 95CCSVREPtLL 95 No Ref High Ref Yes Ref High Ref Sens 
50 95CCSVREPtLLHeff 95 No Ref High Ref Yes Ref High Ref Sens 
51 95CCSVREPtLLHeffGeo 95 No Ref High Low Yes Ref High Ref Main 
52 BAU BAU Yes Ref Ref Ref Yes Ref Ref Ref Main 
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Appendix 3.5. Additional results – Hydrogen demand and distribution, PtL capacity and fuels balance 

 

 
Figure SI 11. Hydrogen demand for transport. 

 

 
Figure SI 12. Hydrogen penetration in steel industry. 
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Figure SI 13. Delivery pathways for hydrogen across all scenarios. 

 

 
Figure SI 14. Sources of jet fuel across scenarios. 
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Figure SI 15. Fleet composition for heavy-duty trucks. 

 

 
Figure SI 16. PtL capacity across EU28+ for all scenarios157. 

 

 

157 “Atmospheric” produces Diesel/Kero (even though it has the flexibility to produce methanol as well)  
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Appendix 3.6. Results for variable hydrogen supply price (for scenario with 95% CO2 reduction, no CO2 

storage and high VRE potential) 

 

 
Figure SI 17. Sectorial hydrogen demand with increasing hydrogen supply price. 

 

 
Figure SI 18. Hydrogen demand in transport sector as a function of hydrogen supply price. 
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Figure SI 19. Gas demand as a function of hydrogen supply price. 

 

 
Figure SI 20. Changes in electricity production due to variation of hydrogen supply price. 
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Note that Figure SI 20 does not represent the entire electricity production. Instead, only the technologies with the 

largest changes due to variable hydrogen price were chosen for the representation. 

 

 
Figure SI 21. CO2 price for variable hydrogen supply price. 
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Appendix 3.7. Sensitivity in PtL performance 

 

 
Figure SI 22. Variations of CO2 use due to changes in PtL performance. 
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Appendix 3.8. CO2 emissions breakdown for main scenarios 

 

 
Figure SI 23. Contributors to CO2 emissions and reduction target across main scenarios. 

 

Figure SI 23 already uses net emissions for each sector (i.e. net electricity is negative for 80% CO2 reduction scenario, 

but this is the result of positive emissions by gas and coal compensated by the negative emissions of BECCS). 
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Appendix 3.9. Electricity generation portfolio and primary energy supply for main scenarios 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure SI 24. Technology mix for electricity production across main scenarios. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure SI 25. Primary energy supply mix across main scenarios. 
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Appendix 3.10. Cost breakdown for H2 and PtL across scenarios 

 

 
Figure SI 26. Cost contribution of individual elements of hydrogen value chain across main scenarios. 

 

 
Figure SI 27. Cost components of PtL across main scenarios158. 

 

158 It excludes CO2 supply (that cannot be easily segregated from the activities that produce it) and end use processes (e.g. cost for cars, ships, 

planes). 
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Appendix 4.1. Macro-economic and techno-economic data and assumptions 

Macroeconomic input 

 

In terms of costs, the indigenous production is reflected in Figure SI 28, while the pipeline import has the 

corresponding cost shown in Table SI 18 and the LNG import considers a 10% premium with respect to the regular 

gas cost and exports are considered to be 99% of the import. 

 

Table SI 18. Fuel prices used in JRC-EU-TIMES from POLES and the EU Roadmap 2050 [182]. 

 oil gas coal 

 ($/boe) ($/MBTU) ($/ton)  

2000 27.9 2.8 34.9 

2001 23.4 3.6 37.4 

2005 47.3 4.6 53.1 

2010 55.3 6 68.1 

2015 59.9 6.6 62.5 

2020 64.5 7.2 57 

2025 73.7 7.9 70.2 

2030 82.8 8.7 83.4 

2035 87.2 9.1 87.9 

2040 91.5 9.6 92.3 

2045 93.7 9.7 95.3 

2050 95.8 9.9 98.3 

 

Gas Network 

 

In terms of quantities, Figure SI 28 shows the reserves available in the countries in EU28+ along with the production 

costs for the gas, as well as the distribution for pipeline and LNG re-gasification capacities for the base year. For 

subsequent years, additional investment in LNG re-gasification terminals can be chosen at a cost of 20.7 €/(GJ/y). 

 

 

Figure SI 28. Distribution by country for (a) natural gas reserves and installed capacity of (b) LNG re-gasification, (c) 

import pipelines and (d) underground storage. 
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The model also includes shale gas reserves which could potentially be developed in EU28+. Nevertheless, due to the 

different technologies used for production (i.e. fracking and horizontal drilling), the production costs allocated to such 

reserves is much higher than conventional gas (on average 15.4 €/GJ with the composition shown in Figure SI 29). In 

total, these reserves represent almost as much as conventional gas with the largest potential in Poland and France with 

the contribution from other countries shown in Figure SI 29b. 

 

 
Figure SI 29. (a) Breakdown of shale gas reserves by production cost and (b) Distribution by country. 

 

CO2 Network 

 

In terms of data, the two most important components are the storage capacity that the model can choose from (i.e. if it 

reaches the limit in one country, it has to look for alternative options) and the data introduced for the methanation 

component. In relation to the CO2 storage, most (~87%) of it (in total for EU28+) is in the form of saline aquifers, 

followed by depleted gas fields (~9%). In terms of regional distribution, Ireland has ~37% of the storage capacity, 

followed by Norway and Germany (each one with 11%) [849]. For specific values, refer to Table 33 of [368]. 

 

Electricity Network 

 

For new interconnection between countries in the model, the costs are 57.5 €/MW (installed capacity) for HVAC lines 

and 414 €/MW. For both cases, the fixed operating cost is taken as 5% of the CAPEX. The assumption for cost has 

been taken from RealiseGrid project [850]. 

 

As limit for the expansion of interconnection capacity between countries, a reference for investment in the 10-year 

development plan of the ENTSO-E has been taken [851]. It is expected that the investment up to 2030 reaches 150 

bln€, but this includes 50 bln€ of subsea cables. Therefore, the amount of 100 bln€ has been annualized (assuming 50 

years lifetime) and the annual investment cannot be higher than this. 

 

The transmission losses including transformation (both close to power plants and voltage changing transformers) and 

transport were taken from Eurostat [852], resulting in losses of 12.5%. 

 

Electricity and heat storage 

 

Technological parameters for storage technologies beyond 2015 and the underlying sources can be found in [12] and 

values used in JRC-EU-TIMES shown in Table SI 19. 
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Table SI 19. Techno-economic parameters for storage technologies in 2050. 

Type Technology Efficiency CAPEX159,160 OPEX161 Energy/power Lifetime 

  % (€/kWh)/(€/kW) €/kW hours years 

Bulk Diabatic 

CAES 

56 23/395 6.8 4 30 

 Adiabatic 

CAES 

70 45/489 7.4 4 30 

 PHS 80 98/1316 19.7 6 60 

 Lead acid 

batteries 

80 135/175 4.2 4 8 

 Li-ion 

batteries 

90 216/175 4.2 1 10 

 NaS batteries 85 259/175 4.2  10 

Residential / 

Commercial 

Lead acid 80 135 4.2 4 8 

 Li-ion 90 216 4.2 1 10 

 NaNiCl Zebra 90 68 10.1 4 10 

Thermal Low water 

temperature 

70 128 15.4 - 30 

 Underground 

TES 

70 2562 51.2 - 20 

 

Residential sector 

 

The residential building stock is split in 3 types of dwelling (detached, semi-detached, flat), 6 different vintages (e.g. 

dwellings constructed in pre-1945, 1945-1969, 1970-1979, 1980-1989, 1990-1999, 2000-2009) and per country (31 

countries in this research, 37 countries in total for the model), leading to almost 700 individual categories. For each of 

these, the model can choose among 7 energy efficiency measures (insulation for walls, ceiling and windows) leading 

to almost 4700 possibilities for individual insulation. 

 

The input parameters for this section are shown in Table SI 20, while some detailed numbers are in Table SI 21 and 

Table SI 22. An overview of the elements involved in the residential is depicted in Figure SI 30. 

 

Table SI 20. Representation of the residential sector and alternatives for insulation. 

Parameter Description Categories162 Source 

Dwelling stock Number of houses in each 

category 

Split by: type of 

dwelling, vintage, 

region 

Entranze [463] 

Area per dwelling Average area for each type 

of dwelling 

Split by: type of 

dwelling, region 

Entranze [463] 

Dwellings/building Number of houses per type 

of building to estimate 

surface to be insulated as 

well as cost 

Split by: type of 

dwelling 

Entranze [463] 

Thermal coefficients for 

insulation measures 

There are 4 surfaces that can 

be insulated: walls, floor, 

ceiling and windows 

2 options for ceilings, 

wall and 3 for windows 

(see Table SI 22 for 

values) 

Entranze [463] 

Cost for insulation Cost per square meter of 2 options for ceilings, Entranze [463] 

 

159 First value represents the energy component cost, while the second one represents the charger/discharger cost 
160 Units for thermal storage are €/GJ 
161 Units for thermal storage are €/(GJ*y) 
162 This refers to the level of segregation for the parameters and categories used for the split 
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measures163 surface to reduce thermal 

demand 

wall and 3 for windows 

(see Table SI 22 for 

values) 

Heating degree days Used to correct heat demand 

by country (average 1980-

2014) 

Split by region Eurostat164 

Demolition rate Fraction of buildings 

demolished a year 

0.2% assumed for most 

countries 

Buildings Performance 

Institute Europe (BPIE) 

[853] 

Renovation rate Annual share of buildings 

undergoing  major 

renovation 

Split by region ZEBRA2020165 

Stock growth Expected change in number 

of dwellings due to 

population growth 

Split by country and 

period 

PRIMES – Reference 

scenario [50] 

Space heating demand Expected change in space to 

be heated due to population 

growth 

Split by country and 

period 

PRIMES – Reference 

scenario [50] 

 

 
Figure SI 30. Residential sector demand breakdown for energy efficiency calculation. 

 
Table SI 21 has the assumptions that allow estimating the individual surface area for the area to be insulated from the 

area per type of dwelling obtained from Entranze [463]. Table SI 22 has the relation between cost and additional 

thermal coefficient that are used to correct the space heating demand. 

 

Table SI 21. Dimensions assumed per type of dwelling for insulated surface calculation. 

 Nº of floors Floor height Nº of windows Windows area 

Units  m  m2 

Detached 2 3 10 3 

 

163 Cost for retrofit measures includes material, labor, business profit, general expenditures and professional fees [463] 
164 Heating Degree Days - Monthly [http://ec.europa.eu/eurostat/web/energy/data] 
165 http://www.zebra-monitoring.enerdata.eu/overall-building-activities/share-of-new-dwellings-in-residential-

stock.html#equivalent-major-renovation-rate.html 
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Semi-detached 2 3 Dwellings* 5 1.2*1.5 

Flat 8 3 Dwellings* 4 1.2*1.5 

 

Table SI 22. Thermal coefficient and cost for retrofit measures in residential space heating. 

Type of surface Insulation measure Cost Additional thermal resistance 

  €/m2 of surface m2*K/W 

Ceiling MR2 15-55166 3.75 

 MR3 MR2*2/3 MR2*35/55 

Wall MW2 30-75 2.5 

 MW3 MW2*6/7 MW2*0.5 

Window MG1 150-450 1/2.7 

 MG2 200-510 1/1.7 

 MG3 330-580 1/0.65 

 
Biogas upgrading 

There are two main options: producing biomethane for grid injection from raw biogas by scrubbing CO2 and the other 
one is passing the raw biogas stream through a CO2-methanation reactor with hydrogen admixture to improve the 
methane yield (further referred to as direct methanation). 

Direct methanation 

 

Efficiency figures are taken from [465,854] and reflected in Table SI 23. For CAPEX, low cost estimates are in the 

order of 75 €/kW [250] for biological methanation, while [465] has a specific cost of ~480 €/kW for the entire system. 

An estimate of 250 €/kW is taken for the model considering that either biogas or the produced methane needs to be 

further compressed to be injected in the network. Fixed OPEX is taken as 2.5% of CAPEX. 

 

Table SI 23. Input and output streams for direct methanation of biogas [465,854]. 

In/Out Stream Amount167 Unit 

In Power for compression 0.014 MJ 

In Electricity for methanation 0.014 MJ 

In Hydrogen 0.409 MJ 

In Biogas 0.641 MJ 

Out Methane 1 MJ 

Out Heat 0.077 MJ 

 

CO2 capture 

 

Efficiency is taken from [465] and shown in Table SI 24. It is assumed that capture is done with amines. [465] uses a 

cost of 4570 €/(m3/h), which translates to around 750 €/kW. This value is the one used and it is not changed in time 

considering that it is a mature technology. 

 

Table SI 24. Input and output streams for CO2 capture from biogas with amines [465,854]. 

In/Out Stream Amount168 Unit 

In Biogas 1.02 MJ 

In Heat 0.11 MJ 

In Electricity 0.03 MJ 

Out Methane 1 MJ 

Out CO2 38.97 kton 

 
Gas liquefaction 

 

166 It varies per country within this range 
167 Numbers are normalized per unit of methane output 
168 Numbers are normalized per unit of methane output 
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There are two variations: one used for relatively small scale, assuming that the liquefaction unit is sized to treat the 

output of a single PtM unit (i.e. “on-site”), while the other one assumes a centralized option with a larger scale. These 

differ in efficiency and cost (economies of scale). A typical range for a small scale (0.05 – 1 mtpa) plants is 350 – 

1500 $/ton depending on project scope and location [855,856]. A cost of 600 $/ton translates to ~400 €/kW, ~1.2 

$/MMBtu, which is still on the optimistic side, especially for a location in Europe with high labor costs during 

installation. LMG at small scale can still further benefit from learning at the large scale. Similarly, LMG at large scale 

can have further technological improvement that decrease the cost in time, although at a much lower pace than small 

scale since the technology is more mature. Based on this, the cost and efficiency curves considered for LMG at both 

scales is shown in Table SI 25. 

 

Table SI 25. Techno-economic parameters for gas liquefaction. 
Scale Parameter Units 2015 2020 2030 2050 
Small Efficiency % 88 89 90 92 
 CAPEX €/kW 600 550 500 400 
 OPEX €/kWh 12 11 10 8 
Large Efficiency % 92 - - 94 
 CAPEX €/kW 500 450 400 350 
 OPEX €/kWh 10 9 8 7 
 
For both biogas upgrading and gas liquefaction, values on the optimistic side were chosen not too favor the 

appearance of PtM in the system, but instead to show that even with optimistic values these process chains are not 

attractive when considered in the entire energy system. Then they will be less so when higher CAPEX and lower 

efficiency figures are used. 

 
Proton Exchange Membrane (PEM) Electrolysis [292] 

More detail on this technology and its possible impacts on the system in Chapter 3. 

 
Table SI 26. Base and extreme techno-economic parameters for hydrogen production with PEM. 

 Year CAPEX 

[26,250,478] 

Fixed 

OPEX169 

Variable 

OPEX170 

Efficiency171,172 Availability 

Factor 

Lifetime 

  €/kW €/kW €/kWh   Hours 

Reference 

2015 1500 45 - 0.65 [29] 0.95 25000 

2020 1200 36  0.70 0.95 50000 

2030 950 [285] 28.5  0.75 0.95 60000 

2050 750 22.5  0.80 0.95 80000 

Optimistic 

2020 900 13.5  0.75 [285] 0.97 [834]  60000 

[285] 

2030 650 9.75  0.8 0.97 80000 

2050 400 

[447,834] 

6  0.86 [285] 0.97 105 [252] 

Conservative 

2020 1800 [26] 90  0.65 [26] 0.91 [835] 35000 

2030 1400 70  0.7 [26,834] 0.91 40000 

2050 1000 [250] 50  0.75 [836] 0.91 50000 

[252] 

 

Direct Air Capture 

This technology is yet to be proven on a large scale. There is a wide range of cost estimates from 200 $/ton of CO2 

[857] to even 1000 $/ton [858] and even ambitious targets of 30-60 $/ton with large scale deployment [857,859]. 

Various technologies are available including absorption in a sodium hydroxide solution or adsorption (Temperature 

swing adsorption (TSA), temperature-vacuum swing (TVS), pressure swing adsorption (PSA), vacuum swing 

 

169 Range is from 1.5 to 7%, as a fraction of the Capex from [6][12][13] (excluding electricity) 
170 Main variable cost is based on electricity price, which is endogenous for the model 
171 Efficiency expressed as energy in the product vs. energy in the feed (MWout vs. MWin in HHV terms) 
172 Efficiency refers to stack efficiency with small loses (e.g. dryer, control and auxiliary equipment) not included 
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adsorption (VSA), and electrical swing adsorption (ESA)) [848]. There are already various efforts of demonstration on 

large scale by companies like Climeworks (Switzerland), Carbon Engineering (Canada) and Global Thermostat (US). 

The deployment of a 900 ton per year plant was already achieved in 2017173, but significant learning is needed to de-

risk the technology. A fundamental problem is the large increase in energy requirement associated to the lower CO2 

concentration in air (497 kJ/kg CO2 for air vs. 172 kJ/kgCO2 for flue gas from a power plant [847]), which leads to an 

equal steep escalation of the capture cost [860]. Energy consumption and CAPEX are mostly taken from 

[256,847,848] and steady improvements to the target value of 300 €/ton is assumed. Data used is shown in Table SI 

27. 

 
Table SI 27. Techno-economic parameters used for Direct Air Capture (DAC). 

Parameter Units 2015 2020 2030 2050 

Electricity input GJ/ton CO2 2.5 2 1.6 1.28 

Heat input GJ/ton CO2 11.5 9.2 7.36 5.89 

CAPEX €/ton CO2 600 480 384 307.2 

 

Biomass potential 

 
Table SI 28. Annual activity limits for biomass sources in 2050 (in PJ/year) [416]. 

Potential High Reference Low 

Sugar crop production 1094.6 995.1 995.1 

Rape seed production 1136.8 1033.4 1033.4 

Starch crop production 313.3 284.8 284.8 

Grassy crop production 2527.8 1524.9 952.9 

Willow and poplar 600.3 363.8 388.6 

Biogas Production 1874.1 1251.3 624.9 

Agricultural waste potential 2136.4 1025.5 606.6 

Wood products 3211.2 741.5 741.5 

Forestry residues potential 6753.3 283.1 283.1 

Wood processing residues 1220.7 265.7 265.7 

Municipal Waste Production 921.4 736.2 441.9 

Industrial Waste-Sludge 

Production 

69.4 52.6 29.8 

Sub-total 21859.2 8557.9 6648.3 

Imports to EU    

Import of bioethanol 1982.9 572 165 

Import of biodiesel 814.7 469 270 

Import Wood Products 944 517 283 

 

 

173 http://www.sciencemag.org/news/2017/06/switzerland-giant-new-machine-sucking-carbon-directly-air 
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Appendix 4.2. Wind and PV potentials in JRC-EU-TIMES and benchmarking 

 
Figure SI 31. Suitable rooftop area per country and per sector for EU28+ (based on [215]). 

 

 
Figure SI 32. Comparison of area available for PV between JRC-EU-TIMES and LBST study [420]. 

 

As an example, Germany has one of the largest potentials and even there, the estimates for PV potential range from 

130 to 569 GW [63]. 
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Figure SI 33. Onshore wind potential in JRC-EU-TIMES in comparison to reference studies [215,420]. 

 

Values from JRC-EU-TIMES are dashed purple line (see online version for colors) and bars represent the capacity 

ratio of the two reference studies in comparison to original assumption in JRC-EU-TIMES. 
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Appendix 4.3. Gas trading capacities between countries covered in JRC-EU-TIMES model 

Table SI 29. Maximum gas trading capacities between regions in JRC-EU-TIMES for 2020 in PJ. 
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Appendix 4.4. Gas transmission and distribution network costs 

Sources and procedure for obtaining the infrastructure cost is reflected in Figure SI 34. 

. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure SI 34. Sources and steps followed to convert gas prices to infrastructure cost. 

 

The sectorial energy demand is part of the base year calibration which was done mainly with Eurostat. To satisfy such 

demand and considering the temporal allocation throughout the time slices, the capacity installed can be calculated. 

This is part of the base year calculation and was obtained from the model itself. Gas prices for each country were 

available for two band prices (small and large consumers) [861]. Given the relative size of the consumers, it was 

assumed that electricity and industry users are connected to the transmission level, while the rest have to pay for the 

distribution costs. Using these prices and the energy demand, the total annuity corresponding to investment can be 

estimated for the base year, which in turn can be translated to specific capacity cost, using the capacity installed 

previously calculated. For subsequent years (after the base year), this specific cost is used to evaluate the installation 

of new facilities, while at the same time ensuring that if the investment takes place, the annuity has to be paid 

regardless of the annual consumption. Gas prices for each country (depending on the band) [861] and resulting 

investment cost are shown in Figure SI 35 and Figure SI 36 respectively. 

 

 
Figure SI 35. Gas prices for base year for large and small scale consumers. 
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Figure SI 36. Annual investment for different sectors based on installed capacity. 
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Appendix 4.5. Electricity network representation in JRC-EU-TIMES 

The network is divided in 4 main components: 

• Interconnectors between countries included in the model 

• Interconnectors with countries outside the scope of the model 

• Transmission 

• Distribution 

 

For the interconnectors between countries, there are 3 main elements to consider: installed capacity in the base year, 

CAPEX for new facilities and maximum investment allowed. 

• The current interconnection capacity and the expansion up to 2025 are done based on the ENTSO-E 

development plan and reflected in Table SI 31 for convenience. 

• After 2025, the model can invest in new interconnections between neighboring countries. 

• To avoid excessive grid expansion in a short period of time an additional constraint of annual 

investment is introduced. This will ensure that the grid is at most, gradually expanded. Furthermore, 

there is a constraint to ensure that the electricity traded is not more than 40% of the amount produced 

for every country.  

 

Different voltage levels and the users associated to each one are represented in Figure SI 37. Similar to the gas 

network, the capacity (GW) for the base year is calculated based on the power demand for each of the users. In 

parallel, electricity prices and energy consumed are multiplied to calculate the total cost associated to the network. 

When these two elements (capacity and cost associated to the network) are combined, the result is the specific cost 

(€/GW) for the network. This cost includes cables, transformers, substations and associated equipment since it is based 

on the final price the consumers pay. This ensures that the cost is associated to the installed capacity and not the 

energy delivered (if prices would be used). This is less relevant for electricity compared to gas, where it is expected 

that higher electrification rates will lead to expansion rather than sunk costs. For the procedure, see Figure SI 34 since 

it is an analogous process to gas. 

 

For the interconnection with countries outside the EU28+, the model has the possibility of importing (exporting) 

according to the matrix shown in Table SI 30. 

 

Table SI 30. Trading matrix for EU28+ with neighboring countries.  
BG EE ES FI EL HU IT LT LV NO PL RO SK 

Russia 
 

x 
 

x 
   

x x x x 
  

Belarus 
       

x 
  

x 
  

Ukraine 
     

x 
    

x x 
 

Moldova 
           

x 
 

Turkey x 
   

x 
      

x 
 

Tunisia 
      

x 
      

Algeria 
  

x 
          

Morocco 
  

x 
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Figure SI 37. Electricity network covering production, delivery and end use included in JRC-EU-TIMES. 

 

This network representation was chosen to assign the electricity consumers to different levels and be able to 

differentiate the electricity prices each consumer has to pay. One of the main differences being the fee for the network. 

The calibration was done using Eurostat174 which has two bands: (1) domestic (2500 – 5000 kWh) and (2) industrial 

users (20 – 70 GWh). It is assumed the network costs for the industrial users is the cost for the transmission, while the 

difference with the domestic prices is the distribution network. Further segregation (e.g. primary [> 100 kV] and 

secondary [< 30 kV] distribution) was not done due to lack of data on: demand (by country and time slice) for each 

level and difference in (network) costs or electricity prices (by country). 

 

 

174 Indicator [nrg_pc_204_c] for domestic users and [nrg_pc_205_c] for industrial, data from year 2017 
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Table SI 31. Maximum electricity trading capacities between regions in JRC-EU-TIMES for 2025 in GW. 
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Appendix 4.6. VRE representation and power surplus estimation in JRC-EU-TIMES 

TIMES conventional approach (without additional equations) assumes the values are constant within every time slice. 

This translates in for example, a constant production from solar panels for the duration of the time slice (e.g. 1111 

hours using the time slice of summer day). In reality, there are periods where the contribution from solar (the same 

being applicable for wind) will be much higher than the average capacity factor and periods where its contribution is 

close to zero. To solve these issues, the below additional equations are introduced. 

 

Capacity adequacy. To ensure reliability of the system and satisfy the demand even when there is no contribution from 

VRE175, the total installed (power) capacity of the other technologies has to be greater or equal than the maximum 

demand at any point of the year. 

 

• The reserve capacity has limited ramping up flexibility and a minimum share has to be constantly operating to 

make sure it can compensate any fluctuations in VRE production. Therefore, it is assumed that at least 20% of the 

demand has to be satisfied by technologies other than VRE. 

• A single time slice can cover up to almost 1400 hours, in which some of the hours have zero output and some 

of the hours up to 85% of the installed capacity (refer to see Figure SI 39). The fraction with maximum output will 

only start representing a problem (i.e. surplus) when the VRE capacity is large enough (compared to the demand). 

Consequently, the surplus can be related to the VRE installed capacity. This has been done through the equation: 

 

DVRES *4.0*85.0 −=  

 

Where all the terms are expressed in energy terms (e.g. PJ) and the equation is satisfied for each time slice and each 

region. S is the energy surplus, VRE is the production from VRE and D represents the demand. 

• The amount of surplus has to be dealt with. Alternatives for this are: storage, Power to X (power to liquids 

being diesel, kerosene and methanol through co-electrolysis and hydrogenation of CO2 and methanation), 

DSM or curtailment. 

 

The representation of these equations and assumptions is shown in Figure SI 38 to complement the understanding. 

 
Figure SI 38. VRE representation and surplus estimation in JRC-EU-TIMES. 

 

175 Contribution from CHP and PHS also discounted. 90% of hydro and 50% of batteries capacity used  
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Figure SI 39. Hourly PV production during summer day and winter day time slices (taken from [368]). 

 

This linear correlation has been validated for a EU28 scope using historical hourly data for 30 years from EMHIRES 

database [862] that covers wind, solar and load data with hourly resolution (the latter in development). This data is 

publicly available for NUTS1, NUTS2, country level and bidding zone176. 

 

 

176 https://setis.ec.europa.eu/EMHIRES-datasets 



Chapter 4 
 

 

310 

Appendix 4.7. Storage representation in JRC-EU-TIMES 

Storage represents one of the options to deal with the electricity surplus. Thus, its energy and power capacity need to 

be calculated based on such surplus. The graphical representation of these equations is shown in Figure SI 40. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure SI 40. Storage sizing based on VRE surplus. 

The electricity storage technologies characteristics are presented in Table SI 32. 

Table SI 32. Processes and commodities present for the storage technologies in JRC-EU-TIMES. 

 

Residential / 

Commercial 

Lead acid Electricity x  

 Li-ion Electricity x  

 NaNiCl Zebra Electricity x  

Thermal Low water 

temperature 

Heat / Cooling 

duty 

 x 

 Underground 

TES 

Heat / Cooling 

duty 

 x 

 

 

 

 

177 Storage split refers to having two separate processes for the technology 

Type Technology Commodity Storage split177 Seasonal 

Bulk Diabatic CAES Electricity x x 

 Adiabatic CAES Electricity x x 

 PHS Electricity x x 

 Lead acid 

batteries 

Electricity x  

 Li-ion batteries Electricity x  

 NaS batteries Electricity x  
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Appendix 4.8. Full list of parameters and scenarios 

Table SI 33. Further parameters varied across scenarios to identify trends in the system (completes Table 9). 

Parameter Explanation Rationale Scenarios 

Electricity 

network 

Cost associated to the 

expansion of the electricity 

grid 

Transmission represents a flexibility 

option. In case of becoming more 

expensive, reliance on other options 

might be necessary 

• Reference cost* (see 

Appendix 4.5 for 

methodology) 

• 200% higher cost 

Gas price Affect the gas supply curve 

by assuming higher import 

prices 

Transition to low carbon depends on cost 

for conventional fossil choices 
• Reference* 

• High (100%) gas price 

Gas tax 2.5, 5 and 7.5 €/GJ as tax 

for natural gas for 2025, 

2040 and 2050 

respectively178 

Promote shift to PtM replacing fossil 

natural gas through tax since it could be 

a measure introduced by national 

governments  

• No tax* 

• Increasing tax 

PEM 

performance 

Better technology 

performance due to more 

research or higher 

deployment and learning by 

doing 

It can be expected that with lower 

production cost for hydrogen, its use for 

PtM becomes more attractive 

• Reference* 

• Optimistic performance 

(refer to Appendix 3.1) 

PtL 

performance 

Lower technology 

performance to account for 

factors like heat integration, 

location and scale 

There is still a wide range of cost 

estimates for the technology, so this 

parameter evaluates what is the impact 

on deployment 

• Reference* 

• Low performance (refer 

to Appendix 3.1) 

No PtL CO2 use for liquid 

eliminated as choice to 

satisfy demand 

PtL represents one of the alternatives to 

satisfy transport demand in low carbon 

scenarios. In case the technology fails, 

alternatives have to be identified. 

Furthermore, PtL is the only other 

alternative for CO2 use 

• Use of PtL* 

• No PtL 

DAC 

performance 

DAC cost and efficiency for 

2050 

DAC can play a large role for low carbon 

scenarios, but technology is yet to be 

deployed at large scale. This sensitivity 

explores the possibility of the technology 

achieving a promising performance 

• Limited improvement 

compared to 2015 

situation (see Table SI 

27) 

• Improved performance 

(see Table SI 27) 

PtM 

Capacity 

Ensuring a minimum 

capacity in the system 

Technology targets and regulations could 

lead to deployment even in areas where it 

is not cost optimal 

• No minimum capacity* 

• 15% of gas demand 

satisfied with PtM 

DSM Use of demand side 

management as flexibility 

option 

DSM provides flexibility to the system. 

Its absence might make other options 

more attractive 

• Use of DSM* 

• No DSM 

Solid Oxide 

Electrolysis 

Cell (SOEC) 

SOEC not available in the 

future with the expected 

performance 

Current state for the technology is TRL 

5-6 and its future outlook is highly 

dependent on research. Technology 

might not be fully deployed by 2050 

• No SOEC available* 

• SOEC available by 

2050  

Electricity 

for buses and 

heavy-duty 

trucks 

Absence of electric options 

for these processes 

These technologies still need to be de-

risked making necessary the 

identification of fallback options and 

consequence on cost 

• Electricity as option for 

buses, while not 

available for heavy 

duty* 

• No electric buses 

• Electric trucks 

 

178 This tests an extreme case since gas prices for 2050 are in the range of 10-20 €/GJ 
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Geothermal 

potential 

Maximum allowable energy 

to be produced by 

geothermal 

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 

• Reference (3000 TWh 

for EU, see [405] for 

breakdown)* 

• 10% of reference (300 

TWh) 

Nuclear Nuclear faces political and 

social resistance in some 

countries, which might 

spread to other countries in 

EU in the future 

Limited choices for electricity generation 

will either shift energy carriers away 

from electricity or result in higher prices 

and worse outlook for electrolysis 

• Nuclear phase-out in 

countries that have 

announced it and 

possible life 

extension179* 

• No new investment in 

nuclear 

Coal policy Ban any new investment in 

assets using coal (power, 

steel, heat) 

Fossil fuel with the largest carbon 

content and emitting other pollutants that 

promote health risks. This measure could 

be driven by political targets 

• Coal is allowed and it 

will be phased-out 

based on economics* 

• No new investment in 

facilities using coal 

Primary 

Energy 

Consumption 

Evaluate if PtM role is 

higher with a less strict 

target for PEC reduction 

PtM is a low efficiency technology that 

will lead to PEC increase and might be 

restricted if PEC constraint is dominating 

• 30% PEC reduction by 

2030 (vs. 1990) [440]* 

• 27% PEC reduction by 

2030 (denoted as “27” 

in scenario definition) 

PtM discount 

rate 

Lower discount rate for the 

technology 

Base value is 12%, which is a standard 

value for most of the technologies. Risk 

and technology uncertainty might be 

better than fossil in the future making it 

more attractive (lower discount rate) 

• 12% rate* 

• 9% rate 

*Assumption for the base scenario 
 

 

179 BE, DE and, to a degree, CH or that explicitly state the end of a license (NL) 
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Table SI 34. Combination of variables used for scenarios. 

Nº Scenario180,181 
CO2 

target CCS 

Biomass 

potential 

VRE 

potential182 

Geothermal 

potential Nuclear 

Coal 

allowed 

Electricity 

network 

PtM 

cost Scenario183 

1 80NoCoal 184 80 Yes Ref Ref Ref Yes No Ref Ref Main 

2 80 80 Yes Ref Ref Ref Yes Yes Ref Ref Sens 

3 80NoCoalGeo 80 Yes Ref Ref Low Yes No Ref Ref Sens 

4 80NoCoalCostGeo 80 Yes Ref Ref Low Yes No Ref Low Sens 

5 80VRECostGeo 80 Yes Ref High Low Yes Yes Ref Low Sens 

6 95 95 Yes Ref Ref Ref Yes Yes Ref Ref Sens 

7 95NoCoal 95 Yes Ref Ref Ref Yes No Ref Ref Main 

8 95NoCoalGeo 95 Yes Ref Ref Low Yes No Ref Ref Sens 

9 95NoCoalCostGeo 95 Yes Ref Ref Low Yes No Ref Low Sens 

10 80NoCCS185 80 No Ref Ref Ref Yes Yes Ref Ref Main 

11 80CCSCostGeo 80 No Ref Ref Low Yes Yes Ref Low Sens 

12 80CCSVRECostGeo 80 No Ref High Low Yes Yes Ref Low Sens 

13 95NoCCS 95 No Ref Ref Ref Yes Yes Ref Ref Main 

14 95CCSGeo 95 No Ref Ref Low Yes Yes Ref Ref Sens 

15 95CCSCostGeo 95 No Ref Ref Low Yes Yes Ref Low Sens 

16 95CCSBio 95 No Low Ref Ref Yes Yes Ref Ref Sens 

17 95CCSHBio 95 No High Ref Ref Yes Yes Ref Ref Sens 

18 95CCSVRE 95 No Ref High Ref Yes Yes Ref Ref Sens 

19 95CCSCost 95 No Ref Ref Ref Yes Yes Ref Low Sens 

20 95CCSVRECost 95 No Ref High Ref Yes Yes Ref Low Sens 

21 95CCSVRECostGeo 95 No Ref High Low Yes Yes Ref Low Sens 

22 95CCSVRECostEff 95 No Ref High Ref Yes Yes Ref Low Sens 

23 80Cost 80 Yes Ref Ref Ref Yes Yes Ref Low Sens 

24 80CostEff 80 Yes Ref Ref Ref Yes Yes Ref Low Sens 

25 95CCSVRECostGP 95 No Ref High Ref Yes Yes Ref Low Sens 

 

180 Color code is used to identify more easily the pattern for variables combination (Green refers to the base scenario and red means the variable has been changed) 
181 Every variable has a characteristic addition to the scenario name to identify variables changed in the scenario without the need to constantly refer to this table 
182 VRE refers to a higher PV and wind potential to evaluate effect on electricity prices and surplus 
183 “Main” means the changes in the scenario were significant to be compared with the others, while “Sens” refers to sensitivities where the changes were not significant and these are discussed, but not presented as 

part of the trends across sectors 
184 Overall reference scenario with all the flexibility options and no technology restrictions 
185 “No CCS” and “CCS” represent the same (absence of CO2 storage). “No CCS” was left for the “Main” scenarios to avoid confusion in the main text, while “CCS” was used for the scenarios in the Appendix to save 

two characters (long names due to various parameters being varied at the same time) 
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26 95CCSVRECostPEM 95 No Ref High Ref Yes Yes Ref Low Sens 

27 95CCSVRECostPtL 95 No Ref High Ref Yes Yes Ref Low Sens 

28 95CCSVRECostNoPtL186 95 No Ref High Ref Yes Yes Ref Low Sens 

29 95CCSVRECostSOE 95 No Ref High Ref Yes Yes Ref Low Sens 

30 95CCSVRECostDSM 95 No Ref High Ref Yes Yes Ref Low Sens 

31 95CCSVRECostNuc 95 No Ref High Ref No Yes Ref Low Sens 

32 95CCSVRECostNucPEM 95 No Ref High Ref No Yes Ref Low Sens 

33 95CCSVRECostHD 95 No Ref High Ref Yes Yes Ref Low Sens 

34 95CCSVRECostTr 95 No Ref High Ref Yes Yes High Low Sens 

35 95CCSVRECostTra 95 No Ref High Ref Yes Yes Ref Low Realistic 

36 95CCSVRECostTraGeo 95 No Ref High Low Yes Yes Ref Low Sens 

37 95CCSVRECostHDTra 95 No Ref High Ref Yes Yes Ref Low Sens 

38 95CCSOptimistic187 95 No Low High Ref Yes Yes High Low Optimistic 

39 95CCSOptimisticGeo 95 No Low High Low Yes Yes High Low Sens 

40 80VRETrCostPEMPtL 80 Yes Ref High Ref Yes Yes High Low Sens 

41 95VRETrCostPEMPtL 95 Yes Ref High Ref Yes Yes High Low Sens 

42 95CCSVRECostFx 95 No Ref High Ref Yes Yes Ref Low Sens 

43 95CCSVRECostTax 95 No Ref High Ref Yes Yes Ref Low Sens 

44 95HBioVREDSMPEMHD 95 Yes High High Ref Yes Yes Ref Ref Alternative 

45 95HBioVREDSMPEMHDGeo 95 Yes High High Low Yes Yes Ref Ref Sens 

46 95CCSVRECostDrate188 95 No Ref High Ref Yes Yes Ref Low Sens 

47 95CCSVRECostPEC 95 No Ref High Ref Yes Yes Ref Low Sens 

48 95CCSBioTra 95 No Low Ref Ref Yes Yes Ref Ref Sens 

49 BAU BAU Yes Ref Ref Ref Yes Yes Ref Base Main 

50 95CCSVRECostEffTra 95 No Ref High Ref Yes Yes Ref Low Sens 

51 95CCSVRECostPEMTra 95 No Ref High Ref Yes Yes Ref Low Sens 

52 95CCSVRECostFxTra 95 No Ref High Ref Yes Yes Ref Low Sens 

53 95_Forced189 95 Yes Ref Ref Ref Yes Yes Ref Ref Sens 

54 95VRECost 95 Yes Ref High Ref Yes Yes Ref Low Sens 

55 95VRECostFx 95 Yes Ref High Ref Yes Yes Ref Low Sens 

 

 

186 In this scenario there are no other options for the CO2 molecule, no underground storage and no possible use in PtL 
187 Most favorable set of conditions for PtM 
188 “Drate” refers to using a different discount rate (9 % instead of 12 %) for the technology to evaluate impact on deployment 
189 “Forced” refers to forcing PtM in the system which could be the consequence of setting capacity targets for the technology 
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Table SI 34 (continuation) 

Nº Scenario190,191 PtM 

efficiency 

PEM 

performance 

PtL 

performance SOEC 

LMG 

efficiency 

for ships 

Electric 

trucks 

PtM 

subsidy Gas tax 

Discount 

rate PEC 

1 80NoCoal 192 Ref Ref Ref No High No No No 0.12 30 

2 80 Ref Ref Ref No High No No No 0.12 30 

3 80NoCoalGeo Ref Ref Ref No High No No No 0.12 30 

4 80NoCoalCostGeo Ref Ref Ref No High No No No 0.12 30 

5 80VRECostGeo Ref Ref Ref No High No No No 0.12 30 

6 95 Ref Ref Ref No High No No No 0.12 30 

7 95NoCoal Ref Ref Ref No High No No No 0.12 30 

8 95NoCoalGeo Ref Ref Ref No High No No No 0.12 30 

9 95NoCoalCostGeo Ref Ref Ref No High No No No 0.12 30 

10 80NoCCS Ref Ref Ref No High No No No 0.12 30 

11 80CCSCostGeo Ref Ref Ref No High No No No 0.12 30 

12 80CCSVRECostGeo Ref Ref Ref No High No No No 0.12 30 

13 95NoCCS Ref Ref Ref No High No No No 0.12 30 

14 95CCSGeo Ref Ref Ref No High No No No 0.12 30 

15 95CCSCostGeo Ref Ref Ref No High No No No 0.12 30 

16 95CCSBio Ref Ref Ref No High No No No 0.12 30 

17 95CCSHBio Ref Ref Ref No High No No No 0.12 30 

18 95CCSVRE Ref Ref Ref No High No No No 0.12 30 

19 95CCSCost Ref Ref Ref No High No No No 0.12 30 

20 95CCSVRECost Ref Ref Ref No High No No No 0.12 30 

21 95CCSVRECostGeo Ref Ref Ref No High No No No 0.12 30 

22 95CCSVRECostEff High Ref Ref No High No No No 0.12 30 

23 80Cost Ref Ref Ref No High No No No 0.12 30 

24 80CostEff High Ref Ref No High No No No 0.12 30 

25 95CCSVRECostGP Ref Ref Ref No High No No No 0.12 30 

 

190 Color code is used to identify more easily the pattern for variables combination (Green refers to the base scenario and red means the variable has been changed) 
191 Every variable has a characteristic addition to the scenario name to identify variables changed in the scenario without the need to constantly refer to this table 
192 Overall reference scenario with all the flexibility options and no technology restrictions 
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26 95CCSVRECostPEM Ref High Ref No High No No No 0.12 30 

27 95CCSVRECostPtL Ref Ref Low No High No No No 0.12 30 

28 95CCSVRECostNoPtL193 Ref Ref Ref No High No No No 0.12 30 

29 95CCSVRECostSOE Ref Ref Ref Yes High No No No 0.12 30 

30 95CCSVRECostDSM Ref Ref Ref No High No No No 0.12 30 

31 95CCSVRECostNuc Ref Ref Ref No High No No No 0.12 30 

32 95CCSVRECostNucPEM Ref High Ref No High No No No 0.12 30 

33 95CCSVRECostHD Ref Ref Ref No High Yes No No 0.12 30 

34 95CCSVRECostTr Ref Ref Ref No High No No No 0.12 30 

35 95CCSVRECostTra Ref Ref Ref No Ref No No No 0.12 30 

36 95CCSVRECostTraGeo Ref Ref Ref No Ref No No No 0.12 30 

37 95CCSVRECostHDTra Ref Ref Ref No Ref Yes No No 0.12 30 

38 95CCSOptimistic194 High High Low Yes High No No No 0.12 30 

39 95CCSOptimisticGeo High High Low Yes High No No No 0.12 30 

40 80VRETrCostPEMPtL Ref High Low No High No No No 0.12 30 

41 95VRETrCostPEMPtL Ref High Low No High No No No 0.12 30 

42 95CCSVRECostFx Ref Ref Ref No High No Yes No 0.12 30 

43 95CCSVRECostTax Ref Ref Ref No High No No Yes 0.12 30 

44 95HBioVREDSMPEMHD Ref High Ref Yes High Yes No No 0.12 30 

45 95HBioVREDSMPEMHDGeo Ref High Ref Yes High Yes No No 0.12 30 

46 95CCSVRECostDrate195 Ref Ref Ref No High No No No 0.09 30 

47 95CCSVRECostPEC Ref Ref Ref No High No No No 0.12 27 

48 95CCSBioTra Ref Ref Ref No Ref No No No 0.12 30 

49 BAU Ref Ref Ref No Ref No No No 0.12 30 

50 95CCSVRECostEffTra High Ref Ref No Ref No No No 0.12 30 

51 95CCSVRECostPEMTra Ref High Ref No Ref No No No 0.12 30 

52 95CCSVRECostFxTra Ref Ref Ref No Ref No Yes No 0.12 30 

53 95_Forced196 Ref Ref Ref No High No No No 0.12 30 

54 95VRECost Ref Ref Ref No High No No No 0.12 30 

55 95VRECostFx Ref Ref Ref No High No Yes No 0.12 30 

8 additional scenarios are identical to the “Main” scenarios except that DAC with the performance in Table SI 27 is used. 

 

193 In this scenario there are no other options for the CO2 molecule, no underground storage and no possible use in PtL 
194 Most favorable set of conditions for PtM 
195 “Drate” refers to using a different discount rate (9% instead of 12%) for the technology to evaluate impact on deployment 
196 “Forced” refers to forcing PtM in the system which could be the consequence of setting capacity targets for the technology 
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Appendix 4.9. Complementary figures and tables for results 

Table SI 35. CO2 price for constraint on total CO2 emissions (values represent marginal prices). 

Nº Scenario CO2 price (€/ton) 

1 80NoCoal 348.3 

2 80 306.4 

3 80NoCoalGeo 356.4 

4 80NoCoalCostGeo 356.4 

5 80VRECostGeo 357.3 

6 95 761.1 

7 95NoCoal 741.8 

8 95NoCoalGeo 838.5 

9 95NoCoalCostGeo 838.5 

10 80NoCCS 579.5 

11 80CCSCostGeo 685.0 

12 80CCSVRECostGeo 549.3 

13 95NoCCS 1295.6 

14 95CCSGeo 1678.2 

15 95CCSCostGeo 1683.4 

16 95CCSBio 1616.0 

17 95CCSHBio 933.5 

18 95CCSVRE 1181.8 

19 95CCSCost 1296.4 

20 95CCSVRECost 1176.5 

21 95CCSVRECostGeo 1331.8 

22 95CCSVRECostEff 1066.1 

23 80Cost 306.4 

24 80CostEff 306.4 

25 95CCSVRECostGP 1150.4 

26 95CCSVRECostPEM 1085.4 

27 95CCSVRECostPtL 1111.3 

28 95CCSVRECostNoPtL 1110.3 

29 95CCSVRECostSOE 1161.6 

30 95CCSVRECostDSM 1164.8 

31 95CCSVRECostNuc 1203.6 

32 95CCSVRECostNucPEM 1129.6 

33 95CCSVRECostHD 1008.6 

34 95CCSVRECostTr 1236.3 

35 95CCSVRECostTra 1139.1 

36 95CCSVRECostTraGeo 1360.1 

37 95CCSVRECostHDTra 1006.7 

38 95CCSOptimistic 1073.0 

39 95CCSOptimisticGeo 1180.2 

40 80VRETrCostPEMPtL 321.7 

41 95VRETrCostPEMPtL 801.7 

42 95CCSVRECostFx 1155.8 

43 95CCSVRECostTax 1105.1 

44 95HBioVREDSMPEMHD 135.6 

45 95HBioVREDSMPEMHDGeo 173.6 

46 95CCSVRECostDrate 1175.5 

47 95CCSVRECostPEC 1176.0 

48 95CCSBioTra 1616.8 

49 BAU 124.6 

50 95CCSVRECostEffTra 1071.5 
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51 95CCSVRECostPEMTra 1082.2 

52 95CCSVRECostFxTra 1132.2 

53 95_Forced 773.7 

54 95VRECost 745.0 

55 95VRECostFx 745.1 

 

 
Figure SI 41. Sectorial split of final energy demand in main scenarios. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure SI 42. Technology contribution to electricity production in main scenarios. 
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 Figure SI 43. RES and VRE penetration across scenarios. 

RES does not include nuclear, which can be 10-12% of the mix. Penetration is based on electricity produced (not on 

capacity). 

 

 
Figure SI 44. RES and VRE penetration for “Realistic scenario”. 
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 Figure SI 45. Electricity demand split by users with no grid (hydrogen), transmission (industry) and distribution. 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 Figure SI 46. PtM capacity across EU28+ for all scenarios. 
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Figure SI 47. Fraction of PtM production stored in each season across all scenarios. 

 

 

 

 

 

 

 

 

 

 

 

Figure SI 48. CO2 sources for “Alternative” scenario (detail of Figure 29). 
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Appendix 4.10. CO2 footprint of electricity grid across scenarios in comparison to current values 

 
Figure SI 49. Specific CO2 emissions for electricity production across Main scenarios. 

 

 
Figure SI 50. Change in specific CO2 emissions for electricity generation in EU28197. 

 

 

197 Data for CO2 from Eurostat [env_air_gge], Category: “Fuel combustion in public electricity and heat production” and data for electricity 

production from “Supply, transformation and consumption of electricity - annual data” [nrg_105a], Indicator: Total net production 
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Appendix 4.11. Price differential between PtM and natural gas for Realistic scenario. 

 

 

 

 

 

 

 

 

 

 

 

 
Figure SI 51. Price differential between PtM and natural gas for Realistic scenario. 
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Appendix 4.12. Electricity and hydrogen balance for Cyprus during day and night in Realistic scenario 

 
*Contribution from PV at night is due to time slice definition covering 12 hours for the night, during which a small fraction of energy is produced 
from PV 

Figure SI 52. Electricity and hydrogen balance for Cyprus during representative day (left) and night (right). 



Potential of Power-to-Methane in the EU energy transition to a low-carbon system using cost optimization 
 

325 

 

Appendix 4.13. Supply technologies composition for heat demand 

 
Figure SI 53. Technology mix to satisfy heat demand in main scenarios. 

 
Fraction of gas in heating correlates with CO2 price. The higher the price is, the lower the gas fraction. The other key 
parameter is biomass potential. When the potential is the highest, gas can be used in various sectors (including 
heating) since biomass is used for transport and more expensive technology shifts are prevented. 
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Appendix 4.14. Fuel mix for different transport modes across main scenarios 
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Figure SI 54. Fuel mix for different transport modes across main scenarios (a) Buses (b) Heavy Duty (c) Cars (d) 

Marine transport 

 

CMG refers to Compressed Methane Gas analogous to Liquefied Methane Gas (LMG) introduced in Section 4.3.2 to 

consider that natural gas used in these vehicles can be PtG, biogas or natural gas. Therefore, the term CNG 

(Compressed Natural Gas) is not applicable anymore. 
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Appendix 4.15. Electricity mix per country and time slice for 95% CO2 reduction, no CO2 storage and higher 

PV and wind potentials (“Realistic” scenario) 

 
Figure SI 55. Normalized electricity mix by (a) Time slice (b) Country. 
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Appendix 5.1. Review of FCEV penetration with integrated assessment models 

Table SI 36. IAM models used for hydrogen potential assessment (ordered chronologically) 

Model Region Notes Reference 

6 models198 Global H2 peak in 2080. Dominant technology is biomass 

gasification, complemented by coal and gas (limited 

electrolysis). 50% of transport and residential demand 

satisfied with H2 by 2100 

[360] 

MiniCAM199 Global Stochastic function to determine hydrogen cost. Consumer 

choice based on income for vehicle selection. H2 

constituted around 40% of the energy demand for scenarios 

with 550 ppm with limited electrolysis 

[361] 

TIMER India/Western 

Europe 

H2 used for both transport and residential in WE, while 

only for transport in India. In both, allowing for energy 

independence. Sources of hydrogen are mainly fossil fuels 

(with CCS) 

[863] 

GET 7.0 Global Focus was on transport carriers for a 400-ppm CO2 

scenario. Hydrogen was the preferred choice when CCS 

was allowed, otherwise hybrid plug-in with synthetic fuel 

was dominant 

[363] 

GCAM Global Focus on the transport sector. H2 and electric vehicles have 

potential to reduce CO2 by 25 ppmv (with lower overall 

emissions for electric cars). Main hydrogen source are 

fossil fuels 

[364] 

TIMER 2.0 Global Focus was on pollutants, air quality and atmospheric H2 

concentrations. Production from coal is to be minimized if 

pollutants are to be controlled, as well as H2 leakage 

[365] 

REDGEM70 Global H2 becomes an important carrier in the 2nd half of the 

century, being used for bus and aviation, with electricity 

dominating all other sectors. CCS is used to decarbonize 

hydrogen, justifying preference for central production. 

[366] 

5 models200 Global/China 4 scenarios based on carbon tax are used to benchmark 

models: no tax, 10, 30 and 50 $/ton of CO2 in 2020, which 

are equivalent to 0, 43, 130 and 216 $/ton by 2050. 

Hydrogen is limited with all the models below 3% in final 

energy demand by 2050, but up to 25-30% in 2100 (with a 

tax of 1500-2500 $/ton). Hydrogen is produced from 

nuclear and BECCS. 

[492] 

5 models201 Global Travel demand almost quadruples by 2050 (vs. 2005). All 

transport modes are included. 2 scenarios are evaluated: 

baseline, where all models have more than 70% of transport 

based on fossil fuels (POLES being the most optimistic, but 

with the balance being biofuels) and a mitigation scenario 

with 200 $/ton of CO2. Hydrogen plays a very limited role 

in both scenarios. 

[549] 

GRAPE Japan H2 could be used in power plants, combustion, CHP, FCEV 

and ICE, where the preferred use was transport (90% 

between trucks and FCEV), but still representing a limited 

fraction of the transport demand 

[359] 

 

198 Based on IPCC Special report on emissions scenarios [876] 
199 Currently GCAM 
200 China-TIMES (based on MARKAL), PECE, GCAM, ReMIND and WITCH-T 
201 IEA, GCAM, TIMER, POLES, GET  
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Appendix 5.2. Gaps, parameters and variables in soft-linking JRC-EU-TIMES and PTTMAM 

Table SI 37 shows the range of transport-related policies that can be analyzed with each model. In Table SI 37 policies 

promoting modal shift (e.g. public transport, electrification of rail) or reduction in demand (e.g. teleworking, urban 

planning) have been left out since they are out of the scope of the current study. However, it should be noted that 

policies for road transport are not designed in isolation, but instead as part of an integrated transport policy covering 

all transport modes [864]. Table SI 38 shows the main areas where each model has a better representation and that 

represent the benefit of soft-linking. 

 
Table SI 37. Policies affecting road transport available for each modeling tool 

Policy Description JRC-EU-TIMES PTTMAM 

Car subsidy Subsidy to offset higher CAPEX in early stages 

of deployment 

x x 

Car tax CAPEX penalty added to fossil-based cars to 

discourage their use 

x x 

Fuel subsidy Subsidy to reduce higher prices or to promote 

renewable fuels 

x x 

Fuel tax Tax added to fossil-based fuels to discourage 

their use 

x x 

Renewable target Share of energy provided by low-CO2 fuels (e.g. 

synthetic or biofuels) 

x - 

CO2 target for 

fleet 

Currently used for energy efficiency (gCO2/km) 

with tailpipe emissions, but could be expanded 

to life cycle and include non-CO2 based fuels 

(i.e. electricity and hydrogen) 

x x 

HRS 

development 

Investment in minimum number of re-fueling 

stations to increase powertrain attractiveness 

(applicable for BEV and FCEV) 

x - 

Infrastructure 

development 

Investment in minimum hydrogen distribution 

network to provide certainty for investors and 

reduce risk 

x - 

R&D targets for 

new powertrains 

Minimum investment by manufacturers in R&D 

for new powertrains, needed to achieve 

significant cost reductions 

- x 

Banning of fossil-

based cars 

Introduce a year (or profile) when new sales of 

cars using fossil-derived diesel or gasoline are 

not allowed 

x x 

Car sharing Increase the occupancy rate of cars to decrease 

the number of vehicles needed to satisfy the 

same demand 

- - 

Information and 

education [864] 

Inform people about the economic and 

environmental impact of their actions as means 

to promoting a behavioral change 

- - 

 
Table SI 38. Main gaps covered in each model with soft-linking methodology  

Parameter Description JRC-EU-TIMES PTTMAM 

Macroeconomic effect Demand price elasticity202 x - 

Hydrogen value chains Preferred technologies for production and 

routes for delivery. Hydrogen competition 

among sectors 

x - 

Learning curve for 

electrolyzer 

Effect of cost development for electrolyzer 

on hydrogen price (even though this is an 

exogenous assumption, it can be changed 

x - 

 

202 Although this has not been used as part of this study to avoid changing the demand with each iteration 
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to relate hydrogen price to CAPEX) 

CO2 footprint for fuels 

production 

Upstream emissions related to production 

of energy carriers, including electricity 

footprint (for electrofuels) 

x - 

CO2 price It indirectly affects fuel prices and it is a 

function of the CO2 target and cost of 

technologies needed to achieve the target 

x - 

Electricity grid 

representation 

Simplified cost for expanding network as 

result of electrification and impacting 

prices paid by BEV 

x - 

Biomass potential Competition among sectors (even within 

transport meaning aviation and navigation) 

considering uncertainty in potential 

x - 

Wind and solar potential Relation between level of VRE potential 

exploited and electricity price 
x - 

Car manufacturer 

behavior 

How manufacturers alter the business 

decisions in reaction to EU regulation 
- x 

Consumer behavior 

beyond cost 

How users respond to powertrain non-

financial attributes 
- x 
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Appendix 5.3. Additional data and assumptions 

 

 

 

 

 

 

 

 

 

 

 

 
Figure SI 56203. Distance traveled per year for medium sized vehicles for base year. Data from (a) JRC-EU-TIMES; (b) 

PTTMAM. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure SI 57. Comparison of car stock by powertrain size in JRC-EU-TIMES and PTTMAM. 

 

 

 

203 Luxembourg has an average of more than 65000 km/year in JRC-EU-TIMES due to small sample of data and has been excluded from figure. 
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Figure SI 58. Car stock for base year calibration. Original data from (a) JRC-EU-TIMES; (b) PTTMAM. 
 

The average distance in JRC-EU-TIMES (Figure SI 56) is much lower than diesel for some countries, since it is done 

based on the average for the car stock. This means that countries have limited diesel vehicles and the average is 

defined mostly by gasoline vehicles. 
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Figure SI 59. Differences in traveled distance growth until 2050 between JRC-EU-TIMES and PTTMAM. 

 

 
Figure SI 60. Range of FCEV efficiencies in JRC-EU-TIMES by vehicle size. 

FCEV efficiency is expressed as a ratio with respect to ICE. Therefore, variability in Figure SI 60 is mostly a 

reflection of the different efficiencies for gasoline vehicles by country. 
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Figure SI 61. Cost and efficiency ratio for ICE vehicles (based on [367]) 

 

 
Figure SI 62. ICE efficiency comparison between JRC-EU-TIMES and PTTMAM. 

 

Figure SI 62 assumes that the most efficient cars are selected by the end of the period analyzed. However, this is 

endogenous in JRC-EU-TIMES, where efficiency will be driven by lower CO2 emissions, which require more efficient 

vehicles, making necessary the extra investment. Curves in Figure SI 62 would be much flatter for scenarios with less 

ambitious CO2 targets. 

 

The effect of performing sensitivity analysis for the BEV battery cost (see Figure 32a in main text) on the market 

share (i.e. new sales) and stock evolution of FCEVs in the EU28 under the No CCS scenario is shown in Figure SI 63. 

Whereas the dashed curves (low) reflect a learning rate of 5%, the dotted curves (high) entail 20%. 
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Figure SI 63. Effect of sensitivity analysis for the BEV battery cost on EU28 FCEV sales and stock in PTTMAM 

under the No CCS scenario 
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Appendix 5.4. Effect of R&D investment on component cost in PTTMAM 

The variables involved in estimating the relation between R&D expenditure and component cost is shown in Table SI 

39. The R&D budget is assumed to be 5.6% of the total revenues for the manufacturer (including EU and rest of the 

world), out of which 75% goes to powertrains. The allocation by powertrain mainly depends on the expectation for 

future profits, which in turn is affected by the CO2 target. The cost decrease by component is influenced by the initial 

cost and the relative maturity of the component itself, but also of the powertrain. For more detail, refer to [556]. 

 
Table SI 39. Variables involved in relating the R&D investment to reduction in component cost. 

Variable Units Equation / value 

manufacturer R&D intensity dimensionless 5.6% 

EU manufacturer R&D 

expenditure  

bln€/yr total EU revenue * manufacturer R&D intensity 

total EU revenue  bln€/yr SUM(EU revenue[j!,k!]) 

RoW manufacturer R&D 

expenditure 

bln€/yr total RoW revenue * manufacturer R&D intensity 

manufacturer powertrain R&D 

spending  

€/yr (EU manufacturer R&D expenditure + RoW manufacturer 

R&D expenditure) * Manufacturer Industry powertrain 

R&D share * epbe 

manufacturer industry 

powertrain R&D share 

dimensionless 75% 

epbe €/bln€ 1e+009 

powertrain R&D spendj €/yr Total R&D Funds * powertrain relative future profitsj 

powertrain relative future 

profitsj  

dimensionless ZIDZ((manufacturer long-term expected profit for 

powertrainj + powertrain R&D stimulus for manufacturers 

to reduce CO2 emissionsj)* (1-powertrain 

maturityj),SUM((manufacturer long-term expected profit 

for powertrain[j!] + powertrain R&D stimulus for 

manufacturers to reduce CO2 emissions[j!]) * (1-

powertrain maturity[j!]))) 

component R&D investmentk   €/yr MIN(SUM(powertrain R&D spend[j!] * component 

relative share of powertrain R&D[j!,k]),maximum 

component spend ratek * epbe) 

total component R&D 

investmentk  

€/yr component R&D investmentk +other R&D spendk + 

authorities R&D subsidyk 

authorities R&D subsidyk €/yr Scenario dependent (to be defined by the model user) 

other R&D spendk  €/yr (((estimated R&D investment to full improvementk)-

cumulative component spendk)*epbe*other R&D effortk) 

other R&D effort dimensionless 0.5% 

estimated R&D investment to 

full improvementk  

bln€ See Table SI 6 on p. 51 in [556] 

cumulative component spendk bln€ 
 

component maturityk dimensionless component spend / maturity(ZIDZ(cumulative component 

spendk,(estimated R&D investment to full 

improvementk))) 

powertrain maturityj  dimensionless SUM(component maturity[k!] * component to powertrain 

mapping[k!,j]) / # powertrain componentsj 

initial component costi,k  

 

€/component See section 3.2.1.2 on p. 44 in [556] 

component costi,k €/component base component costi,k * effect of learning on costk 

effect of learning on costk dimensionless See Equation 42 on p. 46 in [556] 
where: i = vehicle size, j = powertrain, k = component, t = time 

For the meaning of the MIN, SUM and ZIDZ functions, refer to [865] 
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Appendix 5.5. Complementary results – Soft-linking 

Stand-alone (baseline) scenarios 

 

 

 

 

 

 

 

 

 

 

 

Figure SI 64. EU28 powertrain mix from (a) JRC-EU-TIMES; (b) PTTMAM for Baseline scenarios. 

 

Figure SI 64 shows the car stock for the baseline scenarios of each model. This is a fully flexible (with CCS) system 

achieving 80% CO2 reduction for JRC-EU-TIMES (see 3.4 of Chapter 3) and a version of the model described in 

[556]. The powertrain mix is completely different mainly given the difference in CO2 target. JRC-EU-TIMES reaches 

a CO2 reduction of 80% (vs. 1990) for the entire energy system, which translates into average tailpipe emissions of 6.4 

gCO2/km in 2050 for the passenger transport sector (see Figure SI 65). This requires a large fraction of ZEV to 

balance the emissions of the remaining ICEV by 2050. In contrast, the baseline scenario from PTTMAM only reaches 

about 84 gCO2/km for the new vehicles in 2050 and therefore results in a much larger share of ICEV (two thirds of the 

fleet, while this is less than a quarter for JRC-EU-TIMES). The other major difference is in EV, where JRC-EU-

TIMES invests directly in BEV since these are more attractive in terms of energy consumption and fuel costs. In 

contrast, PTTMAM has very limited BEV (~7%) and instead a much larger fraction (~29%) of hybrid vehicles 

(mostly PHEV). This category includes both conventional hybrid electric vehicles (HEVs) and PHEVs because they 

can be considered low-emission vehicles, as opposed to ZEVs. Within this last category, BEVs and FCEVs are clearly 

differentiated in the charts. 

 

The car stock is similar by 2050 with 288.6 million vehicles for JRC-EU-TIMES, while it is 294 million for 

PTTMAM. FCEV are only 0.1% of the car stock in PTTMAM (limited incentive since the CO2 emissions are high) 

equal to almost 410000 vehicles, while it is 14% of the car stock in JRC-EU-TIMES (almost 40 million) given the low 

CO2 target and maximum growth imposed on BEV. 

 

 
Figure SI 65. Average CO2 tailpipe emissions for the entire car fleet in all scenarios from JRC-EU-TIMES and 

PTTMAM 
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Differences in prices from Figure SI 66 can be explained based on: 1. The technology mix for hydrogen production; 2. 

Distribution route for hydrogen and 3. Magnitude of hydrogen demand for FCEV compared to the total demand. 

Prices represent the production cost from the marginal technology and when the shares are fixed it increases the 

demand and can lead to a change of the marginal technology. For example, in Latvia, additional hydrogen demand 

results in more biomass use for hydrogen taking away biomass from other sectors and resulting in higher prices. 

Countries that experience a large growth in FCEV share without a corresponding increase in hydrogen price is because 

either FCEV represent a small part of the total hydrogen demand (e.g. Belgium with 6%) or because the main 

hydrogen source is gas reforming (with CCS) that will have similar production cost for higher flows (e.g. UK). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure SI 66. Differences in hydrogen price for taking shares at EU level vs. country specific ones (for 2050 in the 

Low Carbon scenario). 

 

The target set by JRC-EU-TIMES is between 4.2 (No CCS) and 6.4 (Low Carbon) gCO2/km by 2050, whereas 

PTTMAM reaches 15.8 and 16.7 gCO2/km in the No CCS and Low Carbon scenarios respectively. Even with the 

Ambitious H2 scenario and pro-FCEV policies, these emissions only reduce to 14.6 gCO2/km. 

 

 
Figure SI 67. CO2 average emissions (for fleet) by country for the Low Carbon scenario in 2040. 
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Table SI 40. Annual costs for passenger transport in the Low Carbon scenario. 

Scenario Year OPEX CAPEX Fuel costs Total 

  M€/yr M€/yr M€/yr  

Country shares 2016 69084 289181 111148  

 2030 156929 573225 188272  

 2040 162326 526253 212981  

 2050 168106 565119 183385 3206009 

EU shares 2016 69890 285848 109557  

 2030 157485 571394 197541  

 2040 163179 524486 220204  

 2050 162286 542105 201306 3205281 

 

 
Figure SI 68. Soft-linking effect over annual costs for passenger vehicles in 2050 and allocation by fuel (LC = Low 

Carbon scenario). 

 

Note in Figure SI 68 “BAU” means “Business-as-Usual”, which has a lower CO2 target of 47% reduction by 2050. 

This scenario was introduced for comparison to show that even with a low CO2 target, a similar investment is made 

since cars will still be needed and the difference in CAPEX by 2050 (between ZEV and ICEV) becomes smaller 

considering the higher ICEV CAPEX for efficiency improvements and the learning effects for ZEV. For more detail 

on BAU scenario (refer to 3.4 in Chapter 3). 

 

 
Figure SI 69. Diesel sources for the Low Carbon scenario with (a) 10 EJ/yr and (b) 25.5 EJ/yr of biomass potential. 
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Figure SI 70. Country specific powertrain shares for the No CCS scenario (a) Shares from PTTMAM (b) Optimized 

shares when using shares at EU level. 

 

 
Figure SI 71. Average hydrogen price for the Low Carbon and No CCS scenarios. 
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Figure SI 72. Soft-linking effect over hydrogen price for the Low Carbon scenario. 

 

The largest difference in hydrogen price due to soft-linking is when the powertrain shares from PTTMAM are used. 

By 2030, there are only 90000 FCEV in the Low Carbon scenario before soft-linking, while using the shares from 

PTTMAM implies almost 1.8 million FCEV by the same year. This represents around 0.4 mtpa of additional hydrogen 

demand (to put this in perspective, the total EU demand in 2015 was around 7 mtpa [282]). However, the largest 

difference is from the supply curve (rather than demand) where the increase in hydrogen demand is satisfied with 

biomass gasification (for some countries) when shares are specified. In contrast, the smaller demand (before soft-

linking) is satisfied mainly with gas reforming with CCS. This translates into the higher hydrogen production cost and 

corresponding price reflected in Figure SI 72. In the long term (after 2040), the marginal production unit becomes gas 

reforming with CCS for this Low Carbon scenario. Therefore, the hydrogen price is defined mainly by the gas and 

CO2 price (for the remaining emissions) and given the lower gas price sensitivity to amount produced (different than 

biomass), the hydrogen production cost is very similar for the various scenarios. 

 

 
Figure SI 73. Country specific powertrain shares from PTTMAM for the Ambitious H2 scenario. 
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Figure SI 74. CAPEX evolution in PTTMAM for Low Carbon scenario 

 

Although medium-sized ZEV and PHEV are more expensive than the rest of the powertrains at the beginning of the 

simulation, their CAPEX diminish fast until 2030 under this scenario. Whereas EV become cost competitive 

compared to conventional cars in 2021, FCEV do so in 2024. This results from the drastic increase in CAPEX the 

most polluting cars face due to CO2 emission penalties. In 2026, FCEV become the powertrain with the lowest 

CAPEX. 
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Appendix 5.6. Complementary results – Transport in the context of the energy system 

 
Figure SI 75. Electricity consumption by sector for the Low Carbon scenario 

 

Note that electricity consumption is lower than the production shown in Figure 34 in the main text since there are 

transmission and distribution losses (7-8%). 

 

 
Figure SI 76. Annualized costs for the passenger transport sector in the Baseline scenario in JRC-EU-TIMES. 

 

Note that the large cost increase during the initial years is because a large part of the demand is satisfied with the 

existing stock in the base year. The investment for these cars is not accounted for since they are assumed to be sunk 

costs. As the existing cars are phased out, new investment is made in new vehicles and therefore increasing the annual 

costs. 
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Appendix 6.1. Detailed assumptions for LCA integration to ESM 

• For electricity trading between countries, electricity that is imported to a country has the average footprint of 

the grid for the specific time slice when import occurs. 

• Regional differentiation is done based on model output (different energy balance per country), but none is 

done based on the LCA data. The priority for extracting data from Ecoinvent has been: UCTE204, Europe 

without Switzerland, Germany and Global. 

• The original assumption in TIMES is that potential for forestry and crops have been defined to meet the 

sustainability criteria [866] and it is assumed that if consumption stays within these limits there will be no 

emissions associated to land use change. The only emissions considered are the ones corresponding to 

processing and transformation of the biomass. 

• Value chains (upstream processes) for Ecoinvent entries are not modified and this will not reflect reality. For 

example, some CHP units in a country might be produced locally with lower labor efficiency in resources 

extraction and manufacturing compared to the database. 

• NEEDS has three different scenarios and two target years (2025 and 2050) for the calculation of the LCI. 

Realistic-optimistic / 440ppm scenario for 2050 was used. 

• NEEDS has different options for CO2 storage, 200 km and 2500 m depleted gas field was chosen. 

• Impact for CO2 storage is considered only in terms of climate change and negative emissions. Impact in other 

categories for storage and transport are not included.  

• Pressurized reactors were assumed for nuclear power generation. 

• For some processes, there was no exact match between the technology description in JRC-EU-TIMES and 

the entry from Ecoinvent. For these, the closest match based on process function was done. 

• Wind categories in JRC-EU-TIMES are split in four for each onshore and offshore. In the future, offshore 

turbines of up to 15 MW are expected, while onshore can be up to 6 MW. Ecoinvent only has 2 MW for 

offshore and up to 4.5 MW for onshore. Because of data limitations, these largest sizes were the ones used. If 

more data was available, the fleet composition in time could be assessed based on the period when turbines 

are installed from TIMES output. 

• For biomass used in combined heat and power units (CHP), an organic ranking cycle was used as reference, 

eliminating the organic cycle contribution. 

• A single entry for CSP was used, where it is assumed that the contribution for thermal storage is negligible. 

• For geothermal heat, a 1.5km depth well is assumed, which generates 20 MWth. The thermal power is 

calculated considering that a 6.75 MWel geothermal power plant requires a 5000m depth well when the 

electric efficiency of the plant is 10% (source: Ecoinvent, deep well drilling, for deep geothermal power, 

DE). 

• For biogas and biodiesel boilers, the Ecoinvent entries for fossil gas and diesel are adapted by removing the 

fossil CO2 emissions and discounting the impact from production/distribution of the consumed fossil fuel. 

The impact for the production/distribution of the biofuel will be accounted by a specific entry for each biofuel 

production/distribution. 

• Losses for transmission and distribution electricity grid are already accounted for in TIMES and taken from 

Eurostat205 with losses of 6.5-7% due to transport and almost 5% of energy lost in transformers. Previous 

studies [Harrison 2010] show that grid contribution is relatively small (11 gCO2/kWh) and that most (> 95%) 

of its contribution is due to transmission losses. 

 

204 Union for the Coordination of the Transmission of Electricity, which is an association of Transmission System Operators (TSO) across Europe 
205 Supply, transformation, consumption - electricity - annual data [nrg_105a] 
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Table SI 41. Representative technologies used for life cycle inventory collection classified by sector. 

Power Heating Industry206 Transport Supply 

Wind 750kW On 

(ImpPerTurb) 

Solar collector 

(unit) 

Aluminum Large car petrol 

(km) 

Electrolyzer (kg) 

Wind 2MW On 

(ImpPerTurb) 

Geo deep well 

drilling (MJ) 

Ammonia Medium car petrol 

(km) 

NG SMR (kg) 

Wind 4.5MW On 

(ImpPerTurb) 

PEM FC NG (MJ) Other Chemicals Small car petrol 

(km) 

NG SMR CCS (kg) 

Wind 2MW Off 

(ImpPerTurb) 

PEM FC heat (CH) Chlorine Large car diesel 

(km) 

Biomass H2 (kg) 

Wind 2MW Off 

(kWh_e) 

PEM FC elec (CH) Cement Medium car diesel 

(km) 

Biomass H2 CCS (kg) 

3 kW PV roof 

(unit) 

Absorber chiller 

100kW (unit) 

Copper (mining) Small car diesel 

(km) 

Electrolyzer (kg) 

PV open space 

(kW) 

Absorber chiller 

100kW_cool (MJ) 

Glass Flat FCEV car (km) NG SMR (kg) 

Solar tower 180 

MW (kWh_e) 

Ref R134a 4kW_el 

(unit) 

Glass Hollow Small EV 15kWh 

car (km) 

Natural gas, high 

pressure//[SK] 

Hydro Lake 

medium (unit) 

Ref CO2 4kW_el 

(unit) 

Steel Medium EV 

30kWh car (km) 

Natural gas, high 

pressure//[Europe 

without CH] 

Hydro Lake large 

(unit) 

Oil boiler 

100kW_th (MJ) 

Lime Large EV 60kWh 

car (km) 

Natural gas, high 

pressure//[NL] 

Hydro River (unit) Oil boiler 10kW_th 

(MJ) 

Other Non-Ferrous 

Metals 

Bus diesel (pkm) Natural gas, 

liquefied//[RoW] 

Geothermal (kW) Propane boiler 

(MJ) 

Other Non-

Metallic Minerals 

Bus FC (pkm) Methanation//[GLO] 

Waves 7 MW 

(kWh_e) 

NG boiler 

>100kW_th (MJ) 

Other Industries  Biogas//[GLO] 

Tidal (kWh) NG boiler 

<100kW_th (MJ) 

  Vegetable oil methyl 

ester//[GLO] 

Nuclear PR 

(kWh_e) 

HP 10kW_th (unit)   Power to Liquid// PtL 

OCGT 2030 (kW) HP 30kW_th (unit)   Gas to Liquid// GtL 

CCGT 2030 (kW) Elec heater 5 kW 

(unit) 

  Biomass to Liquid// 

BtL 

CCGT CCS 2030 

(kW) 

Bio-oil boiler (MJ)   Diesel, low-

sulfur//[Europe 

without CH] 

Steam turbine coal 

(kWh_e) 

Pellet furnace 

300kW_th (MJ) 

  Kerosene//[Europe 

without CH] market 

for kerosene 

Steam turbine 

lignite (kWh_e) 

Pellet boiler 

9kW_th (MJ) 

  Petrol, low-

sulfur//[Europe 

without CH] 

IGCC coal 

(kWh_e) 

Wood fireplace 

6kW_th (MJ) 

   

IGCC lignite 

(kWh_e) 

    

Coal CCS oxy 

(kWh_e) 

    

Coal CCS post 

(kWh_e) 

    

 

206 These are the industries covered, for a specific technology breakdown refer to [368] 
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IGCC coal CCS 

(kWh_e) 

    

Lignite CCS post 

(kWh_e) 

    

IGCC Lignite CCS 

(kWh_e) 

    

ICE NG (MJ)     

Rankine Bio (kWh)     

BIGCC (kWh)     

Rankine Bio CCS 

(MJ) 

    

CHP Rankine Bio 

(MJ) 

    

CHP BIGCC (MJ)     

CHP ORC Wood 

(MJ) 

    

CHP ICE Biogas 

(MJ) 

    

Oil Rankine 

(kWh_e) 

    

Diesel ICE 

(kWh_e) 

    

Biogas ICE 

(kWh_e) 

    

38 21 13 12 20 

 

Notes 

• Code in parenthesis indicates if the impact is expressed in capacity (e.g. kW), energy (e.g. kWh) or total 

(unit) terms. 

• “Unit” refers to impact being expressed for the total installed capacity and not specific by kW. Last row 

represents the total number of entries for each sector. 

• Power. “On” refers to onshore (wind), while “Off” refers to offshore; OCGT = Open cycle gas turbine; 

CCGT = Combined Cycle Gas Turbine; IGCC = Integrated Gas Combined Cycle; CHP = Combined Heat 

and Power; ICE = Internal Combustion Engine. 

• Heating. PEM = Proton Exchange Membrane; FC = Fuel cell; Ref = Refrigerant; Elec = Electric; HP = Heat 

pump. 

• Transport. FCEV = Fuel Cell Electric Vehicle. Impact expressed per passenger kilometer (pkm). 

• Supply. SMR = Steam Methane Reforming. Gas and liquid entries come from Ecoinvent except for 

methanation [685], Power-to-Liquid, Gas-to-Liquid, Biomass-to-Liquid (RENEW project [687,688]). 

• Supply. Emissions associated to imported oil and gas, taken from “Europe without Switzerland” entry and 

“natural gas, high pressure//[SK] market for natural gas, high pressure”. In reality, methane emissions are 

different for each country and can make a difference in the LCA emissions. However, these entries were 

deemed as representative of gas import from outside Europe (e.g. Russia or Algeria where higher methane 

leakages could be expected) and Norway. 
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Example of preventing double counting with an electrolyzer 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure SI 77. Emissions contribution from elements in a value chain to avoid double counting. 

 

The general structure (in Figure SI 77) is to use primary energy (e.g. fossil, renewable, imports) to satisfy final 

demand by alternative conversion processes. The transformation can be split in a primary or production step (e.g. 

refineries, power, hydrogen, biomass, CHP plants) and a secondary or end use step (e.g. boilers, furnaces, cars). As an 

example, if the isolated LCA for a single electrolyzer would be done, it has been shown [20,272,694,867] that the 

environmental impact of the hydrogen produced is highly determined by the environmental impact of the electricity 

input when electrolysis is used. However, power generation and its associated emissions are also included in the 

model. If the emissions are accounted both in power generation and in the electrolyzer, double counting would occur. 

Thus, the electrolyzer only has the impact for construction, while its corresponding operational component is part of 

the power sector. Similarly, if there is Power-to-X downstream, that facility will only have the construction impact 

(and any impact associated to the CO2 source), but not the impact for hydrogen production. 
 

Open issues remaining 

• The temporal aspect of the emissions is not yet tackled. Radiative forcing varies over time for different 

greenhouse gases, with a larger contribution close to the emission time. Depending on the time horizon of the 

model, it can occur that not all the global warming impact falls within the timeframe chosen [868,869]. 

• Learning curve for technologies is covered for the operational phase. Efficiency improvements will lead to 

lower energy loss or larger energy production with the same capacity. However, possible improvements in 

the manufacturing process and lower material consumption in that step is not included. 

• An advantage of the model is that it covers the entire EU28+ and can capture dynamics and identify trade-

offs among them. This also becomes a limitation where there might be regions within a country that will 

experience a larger impact for certain technologies or categories. 

• LCA for supply, conversion and end-use technologies has been included. However, a large part of the lower 

environmental impact comes from energy efficiency. LCA for insulation and upgrade in buildings has not 

been included. 

 

There are also issues related to the methodologies chosen and for which limited progress can be done unless the choice 

is fundamentally changed. This refers to other aspects that should be included if the broader concept of sustainability 

is used like including the social, cultural and political dimensions, risk assessment or implementation of specific 

strategies (as in Strategic Environmental Assessment [870]). Feedback from climate change in the coming years that 

will affect emissions dispersion and concentration is not considered either. 



Life Cycle Assessment integration into Energy System Models: An application for Power-to-Methane in the EU 
 

349 

 

Appendix 6.2. Material contribution to climate change for key technologies 

Offshore wind 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure SI 78. Breakdown of main contributors to climate change impact in a 4.5-MW offshore wind turbine. 
 
Table SI 42. Electricity contribution by midpoint category for offshore wind and PV (from Ecoinvent). 

 Units Offshore wind 

turbine (4.5 MW) 

PV open space 

Agricultural land occupation m2a 7.90% 7.58% 

Climate change kg CO2Eq 7.74% 13.10% 

Fossil depletion kg oilEq 8.14% 12.09% 

Freshwater ecotoxicity kg 1,4-DC. 5.23% 8.18% 

Freshwater eutrophication kg P-Eq 0.95% 2.94% 

Human toxicity kg 1,4-DC. 0.64% 1.67% 

Ionizing radiation kg U235Eq 14.17% 17.12% 

Marine ecotoxicity kg 1,4-DC. 0.49% 0.69% 

Marine eutrophication kg NEq 2.66% 4.25% 

Metal depletion kg FeEq 0.11% 0.49% 

Natural land transformation m2 7.23% 8.10% 

Ozone depletion kg CFC-11. 2.70% 2.76% 

Particulate matter formation kg PM10Eq 6.05% 13.55% 

Photochemical oxidant formation kg NMVOC 4.25% 8.49% 

Terrestrial acidification kg SO2Eq 4.57% 9.94% 

Terrestrial ecotoxicity kg 1,4-DC. 1.05% 0.22% 

Urban land occupation m2a 1.35% 7.17% 

Water depletion m3 8.35% 10.32% 
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Vehicle manufacturing 

 

 

 
Figure SI 79. Materials contributing to climate change of various vehicles (a) without correction for future reduction in 

material footprint (b) with lower future footprint. 
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Appendix 6.3. Supplementary results – Overview of LCA impact by sector 

 
Figure SI 80. Electricity mix for the main scenarios. 

 

 
Figure SI 81. Breakdown by LCA category for the power sector without coal in the 80 scenario. 

 
Table SI 43. CO2 footprint reduction in industry by scenario by 2050 with respect to 2010. 

Scenario 80 80 - No 

CCS 

95 95 - No 

CCS 

Optimistic Optimistic 

- No PtM 

Aluminum 0.49 0.47 0.45 0.44 0.43 0.42 

Ammonia 0.07 0.07 0.07 0.06 0.06 0.06 

Other Chemicals 0.63 0.34 0.18 0.15 0.16 0.16 

Cement 0.18 0.70 0.18 0.51 0.32 0.34 

Copper (mining) 1.16 1.11 1.05 0.98 1.00 0.98 
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Glass Flat 1.48 1.41 1.41 1.28 1.33 1.35 

Glass Hollow 0.83 0.46 0.07 0.08 0.05 0.02 

Steel207 0.36 0.52 0.69 0.77 0.78 0.82 

Lime 0.04 0.04 0.03 0.03 0.03 0.03 

Other Non-

Ferrous Metals 

0.16 0.04 0.00 0.00 0.00 0.00 

Other Non-

Metallic Minerals 

0.30 0.13 0.12 0.10 0.10 0.10 

Other Industries 0.74 0.44 0.27 0.25 0.27 0.26 

Low Quality 

Paper 

0.41 0.39 0.32 0.39 0.47 0.43 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure SI 82. LCA for the heating sector by impact category and technology in the 80 Scenario. 

 

Note that the entire contribution of the heating sector for the entire system is relatively small (< 1%) for most impact 

categories. The impact for equipment using biomass is the highest since it includes the impact for upstream 

production, while this part of the value chain is considered outside the heating sector for the other fuels. 

 

 

207 The value reflects the fraction of the demand that is satisfied with direct reduction with hydrogen  
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Figure SI 83. Car stock by fuel for the different scenarios in 2050. 

 

 

 
Figure SI 84. LCA for the industry sector by impact category and type of industry in the 80 Scenario. 
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Figure SI 85. Sectorial contribution by impact category in the 80 scenario. 
 
Table SI 44. Impact ratio by category and sectors across scenarios (with numerical values). 
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P
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w
er

 

0.56 1.00 0.31 1.00 0.79 0.96 0.67 0.74 0.71 0.42 0.75 0.27 0.47 0.16 0.29 1.00 0.93 0.50 

0.65 0.30 0.71 0.84 1.00 0.95 0.78 0.76 0.74 0.65 0.75 0.76 0.74 0.79 0.75 0.31 0.79 0.65 

0.60 0.76 0.47 0.95 0.81 0.96 0.70 0.77 0.73 0.48 0.75 0.49 0.59 0.45 0.49 0.77 0.90 0.56 

0.87 0.41 1.00 0.92 0.91 1.00 1.00 1.00 1.00 0.95 1.00 1.00 1.00 1.00 1.00 0.41 1.00 0.92 

0.82 0.38 0.92 0.89 0.87 0.99 0.96 0.94 0.94 0.96 0.97 0.90 0.94 0.86 0.91 0.38 0.99 0.90 

1.00 0.38 0.89 0.88 0.88 0.97 0.94 0.91 0.92 1.00 0.95 0.84 0.91 0.80 0.90 0.36 0.96 1.00 

H
ea

ti
n
g
 

0.46 0.42 0.42 0.48 0.60 0.52 0.54 0.53 0.45 0.61 0.61 0.56 0.30 0.54 0.71 0.64 0.68 0.67 

1.00 1.00 1.00 1.00 0.87 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.89 

0.56 0.48 0.41 0.58 0.88 0.65 0.70 0.71 0.52 0.75 0.82 0.67 0.26 0.69 0.99 0.90 0.99 1.00 

0.61 0.53 0.47 0.60 0.94 0.66 0.70 0.71 0.56 0.75 0.79 0.69 0.36 0.69 0.92 0.85 0.92 0.91 

0.63 0.57 0.68 0.60 0.79 0.55 0.60 0.58 0.61 0.80 0.60 0.74 0.50 0.61 0.67 0.58 0.58 0.51 

0.66 0.57 0.67 0.61 1.00 0.59 0.63 0.60 0.62 0.84 0.65 0.77 0.49 0.64 0.74 0.64 0.65 0.59 

In
d
u

st
ry

 

1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.84 1.00 0.64 0.57 1.00 1.00 1.00 

0.99 0.53 0.75 0.82 0.84 0.54 0.80 0.84 0.85 0.89 0.90 0.88 0.90 0.76 0.72 0.83 0.93 0.87 

0.59 0.30 0.52 0.70 0.72 0.31 0.57 0.58 0.61 0.77 0.69 0.94 0.91 0.89 0.89 0.66 0.78 0.75 

0.59 0.25 0.39 0.67 0.64 0.26 0.46 0.50 0.54 0.71 0.62 0.93 0.89 0.92 0.91 0.57 0.75 0.72 
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0.52 0.26 0.38 0.67 0.63 0.27 0.45 0.48 0.52 0.72 0.61 0.94 0.91 0.93 0.93 0.57 0.73 0.72 

0.50 0.26 0.35 0.69 0.63 0.27 0.42 0.46 0.51 0.73 0.60 1.00 0.96 1.00 1.00 0.56 0.75 0.75 

T
ra

n
sp

o
rt

 

1.00 1.00 1.00 1.00 0.81 1.00 0.97 0.95 0.96 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

0.97 0.98 0.95 0.98 0.87 0.99 1.00 1.00 1.00 0.96 1.00 0.96 0.99 0.98 0.95 0.98 0.98 0.97 

0.98 0.98 0.93 0.98 0.90 1.00 0.91 0.92 0.90 0.95 0.91 0.95 0.99 0.95 0.94 0.98 0.98 0.97 

0.94 0.95 0.83 0.93 0.97 0.94 0.97 1.00 0.97 0.85 0.88 0.88 0.97 0.92 0.86 0.96 0.95 0.93 

0.96 0.97 0.86 0.94 1.00 0.94 0.88 0.91 0.86 0.89 0.83 0.89 0.98 0.91 0.89 0.97 0.96 0.95 

0.97 0.98 0.88 0.98 0.99 1.00 0.89 0.92 0.87 0.92 0.85 0.91 0.99 0.93 0.91 0.98 0.97 0.97 

S
u

p
p

ly
 

1.00 1.00 0.20 0.69 1.00 1.00 1.00 1.00 1.00 0.77 1.00 1.00 1.00 0.58 1.00 1.00 0.94 0.73 

0.94 0.65 0.19 0.76 0.60 0.41 0.73 0.65 0.78 0.70 0.79 0.82 0.82 0.49 0.84 0.57 0.54 0.50 

0.42 0.68 0.13 0.77 0.65 0.67 0.73 0.74 0.70 0.60 0.91 0.72 0.72 0.51 0.79 0.69 1.00 0.86 

0.40 0.24 0.37 1.00 0.21 0.18 0.44 0.38 0.41 0.77 0.83 0.47 0.25 0.74 0.70 0.21 0.56 0.81 

0.31 0.18 1.00 0.85 0.15 0.23 0.53 0.39 0.43 1.00 0.77 0.65 0.20 1.00 0.73 0.19 0.68 1.00 

0.31 0.20 0.17 0.65 0.18 0.15 0.32 0.30 0.31 0.54 0.61 0.33 0.17 0.79 0.44 0.18 0.52 0.81 

T
o

ta
l 

1.00 1.00 0.89 0.92 1.00 1.00 1.00 1.00 1.00 0.91 1.00 0.86 1.00 0.45 0.74 1.00 1.00 0.73 

0.97 0.62 0.91 0.88 0.82 0.84 0.87 0.90 0.87 0.91 0.95 1.00 0.86 0.81 0.89 0.57 0.86 0.51 

0.52 0.71 0.74 0.91 0.81 0.89 0.78 0.85 0.77 0.84 0.89 0.86 0.76 0.61 0.88 0.72 0.99 0.87 

0.54 0.30 0.87 1.00 0.59 0.80 0.70 0.79 0.66 0.92 0.89 0.96 0.39 1.00 1.00 0.29 0.86 0.82 

0.46 0.25 1.00 0.92 0.55 0.80 0.70 0.74 0.63 1.00 0.84 0.99 0.34 0.99 0.99 0.27 0.90 1.00 

0.47 0.27 0.80 0.82 0.56 0.78 0.62 0.71 0.56 0.91 0.81 0.88 0.32 0.90 0.96 0.26 0.86 0.82 

Rows for each sector are: 80, 80 No CCS, 95, 95 No CCS, Optimistic, Optimistic – No PtG scenarios. 
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Appendix 6.4. Supplementary results – Indirect emissions 
 
Table SI 45. Breakdown of global warming impact indicator by main process activity and comparison among 
scenarios. 

All units in MtCO2/yr Scenario 

Category 
80 80 - CCS 95 95 - CCS Optimistic Optimistic 

- No PtG 

Combustion 1470 960 990 270 260 285 

CO2 storage -550 0 -770 0 0 0 

Direct emissions 920 960 220 270 260 285 

       

Upstream biomass 65 65 75 105 85 75 

Upstream production 

gas and liquid 

475 315 290 205 95 80 

Construction power 135 155 145 210 200 240 

Construction of 

vehicles 

130 135 135 125 125 130 

Industry 245 240 145 145 130 125 

Construction - Others 20 15 40 15 20 15 

Total 1990 1885 1050 1075 915 950 

 

 
Figure SI 86. Activity contribution to global warming potential for upstream biomass, gas and liquid production across 

main scenarios. 
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Figure SI 87. CO2 sources and relation with gas balance for the 95 No CCS scenario. 

 

Values for CO2 sources in Figure SI 87 are in MtCO2, while values for gas balance need to be multiplied by 10 to 

obtain PJ (done for visualization purposes). This leads to around 25% (101.8 / 415.4 MtCO2) of the CO2 that comes 

from gas combustion for electricity generation, while only around 20% (1250 / 6340 PJ) comes from PtM. The rest of 

the gas supply is not renewable and therefore results in positive emissions when ultimately burned in electrofuels 

(PtL). 
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Appendix 6.5. Supplementary results – Consequential LCA of PtM 

The main parameter changing across time slices and regions is the electricity mix. For illustration purposes, the 

electricity mix across time slices for Germany in the 95 No CCS scenario is shown in Figure SI 88, as well as the 

corresponding CO2 footprint considering the life cycle for the power generation units. However, this has been 

generated for all countries and main scenarios and other examples are Figure SI 89 and Figure SI 90. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure SI 88. Electricity mix by time slice and average CO2 footprint for Germany in 95 No CCS scenario (F = Fall, R 

= Spring, S = Summer, W = Winter, D = Day, N = Night, P = Peak, see [368] for time slice definition). 

 

For this particular case, wind and solar account for almost 80% of the electricity generated over the entire year. Solar 

is partially replaced by wind, biomass gasification and storage during the night. During the winter peak, which 

assumes no contribution from wind and solar, most of the demand is met with gas turbines. This results in the highest 

impact in terms of CO2 emissions, but since the winter peak is relatively short (120 hours), it has a small impact over 

the average for the entire year. In case this gas for the turbines is produced by methanation using biogenic CO2, the 

CO2 footprint for the winter peak could be reduced from 144 gCO2/kWh to 65 gCO2/kWh, where the remaining 

emissions are mainly due to the construction component allocated to all time slices. Considering the low CO2 footprint 

of the other time slices, the average for Germany in this scenario is 25 gCO2/kWh. This is much lower than in 2016, 

where the electricity had a footprint of almost 490 gCO2/kWh208. 

 

After the electricity footprint is calculated, the footprint for the hydrogen produced through electrolysis can be 

estimated by adding the contribution from its construction (using the inventory from [686]). The relative impact by 

category and time slice for hydrogen, as well as the comparison with the average hydrogen footprint for the 95 No 

CCS scenario and gas steam reforming [694] can be found in Figure SI 91. The footprint for hydrogen follows a 

similar pattern than electricity, meaning the highest value is the winter peak and nights are slightly higher due to 

biomass contribution. This results in an average hydrogen footprint of 1.26 kgCO2 per kg of hydrogen, which is much 

lower than the 8.9 - 12.95 [20,272,274,694,775] kgCO2/kgH2 of the fossil based option (gas reforming without CCS). 

This is also in line with hydrogen produced with electrolysis using renewable energy, which is 0.16-7.54 (average of 

1.83) kgCO2/kgH2 [775]. Looking at other impact categories, the average (for all countries) from electrolysis in this 95 

No CCS scenario performs at least 20 times better than steam reforming in fossil depletion, freshwater ecotoxicity and 

photochemical oxidant formation. On the other hand, electrolysis has around three times the impact of gas reforming 

 

208 Data for CO2 from Eurostat [env_air_gge], Category: “Fuel combustion in public electricity and heat production” and data for electricity 

production from “Supply, transformation and consumption of electricity - annual data” [nrg_105a], Indicator: Total net production 
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for land occupation and terrestrial ecotoxicity (where the largest contributor to both is the construction step of the 

upstream power production). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure SI 89. Electricity mix by time slice and average CO2 footprint for France in 95 scenario (F = Fall, R = Spring, S 

= Summer, W = Winter, D = Day, N = Night, P = Peak, see [368] for time slice definition). 
 

 
Figure SI 90. Electricity mix by time slice and average CO2 footprint for Austria in 80 No CCS scenario. 

 

France was chosen for Figure SI 89for being a country with a large contribution from Nuclear, while Austria was 

chosen for Figure SI 90 representative of a country with a large contribution from hydropower. 
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Figure SI 91. Relative impact for hydrogen in Germany in the 95 No CCS scenario in comparison to average footprint 

for all countries in the same scenario and steam methane reforming [694]. 

 

All the impacts are normalized with the highest impact across time slices (which is winter peak for all categories). 

This same time slice value is used to normalize the values for the average footprint for electrolysis (Figure SI 91 only 

shows the relative impact for Germany, while “95 No CCS” represents the average for all the countries in the 95 No 

CCS scenario) and steam methane reforming without CCS [694]. “Average” in Figure SI 91 is the average for all the 

time slices considering their respective duration. 

 

 
Figure SI 92. Range of electricity footprint by country for main scenarios. 

 

Minimum and maximum in Figure SI 92 refer to the allowed electricity footprint for synthetic methane from PtM to 

be more attractive than natural gas. Range of uncertainty is mainly due to the region and upstream methane leakage 

[490]. 
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Figure SI 93. Relative impact for methane in Germany in the 95 No CCS scenario in comparison to natural gas (Entry 

“SK, market for natural gas, high pressure” from Ecoinvent). 

 

Ozone depletion of natural gas in Figure SI 93 is 7.8 (omitted for visualization purposes). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure SI 94. LCA impact by category for electricity in Germany in 95 No CCS scenario relative to highest impact 

among time slices (winter peak) and compared to average for all countries and time slices in the same scenario 
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Appendix 6.6. PtM impact compared to the total impact of the energy system 

 
Figure SI 95. Share of PtM impact by category compared to the total impact for the system. 

 

Figure SI 95 shows the PtM contribution to the total impact for the 95 No CCS and Optimistic scenarios given that 

these two are the ones with considerable PtM contribution. It also has the breakdown by component in the value chain 

and it only has 11 (out of 18) impact categories since for the rest of categories PtM contribution was less than 4% even 

in the Optimistic scenario. 

 

The “non-biogenic CO2” contribution in Figure SI 95 is because a fraction (around 25%) of the CO2 that ends up as 

synthetic methane is sourced from fossil fuels (mainly from power plants) in the Optimistic scenario. This means that 

emissions when the synthetic methane is used are positive. 
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Appendix 6.7. Supplementary results – Impact of PtM absence 

 
Figure SI 96. Sectorial contribution by impact category in the Optimistic No PtG scenario. 
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Appendix 7.1. Renewable potentials 

 
Figure SI 97. Installed solar power capacity in T95_2050 vs theoretical potential 

 

 
Figure SI 98. Installed onshore wind power capacity in T95_2050 vs theoretical potential 
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Appendix 7.2. Interconnection capacities 

Table SI 46. Interconnection capacities between EU countries until 2050 

Interconnection 2020 2030 2050 

Relative 

increase % 

Increase 

(GW) 

ES-FR 3.81 4.0 14 267% 10.19 

DE-NO 1.43 1.5 9 529% 7.57 

DE-SE 0.57 0.6 8 1304% 7.43 

AT-DE 2.1 7.3 7.5 257% 5.4 

GR-IT 0.5 1.0 6 1200% 5.5 

NL-NO 2 2.1 7 250% 5 

BG-RO 0.57 4.2 4.7 725% 4.13 

GB-NO 1.33 1.4 5 276% 3.67 

AT-IT 0.43 1.5 4 830% 3.57 

DE-FR 3.14 3.3 6.6 110% 3.46 

CH-DE 3.81 7.2 7.2 89% 3.39 

BE-GB 0.95 1.0 4 321% 3.05 

DE-DK 2.38 3.5 5.15 116% 2.77 

BE-NL 2.29 2.4 4.9 114% 2.61 

HR-SI 0.95 2.7 3.5 268% 2.55 

DK-NL 0.67 0.7 3 348% 2.33 

FR-GB 3.62 3.8 5.9 63% 2.28 

ES-PT 2.86 4.0 5 75% 2.14 

DE-PL 1.14 3.2 3.24 184% 2.1 

DE-LU 0.93 1.9 3 223% 2.07 

BG-GR 0.76 0.8 2.8 268% 2.04 

CY-GR   2 inf 2 

HR-HU 0.57 2.55 2.55 347% 1.98 

CH-IT 4.04 4.24 6 49% 1.96 

AT-SI 0.86 1.51 2.7 214% 1.84 

FR-IT 3.57 3.75 5.35 50% 1.78 

HU-RO 1.05 1.1 2.8 167% 1.75 

IT-SI 0.41 1.32 2.15 424% 1.74 

NO-SE 3.43 4.97 4.97 45% 1.54 

BE-FR 3.52 3.7 4.97 41% 1.45 

FR-IE   1.4 inf 1.4 

LT-SE 0.67 0.7 2 199% 1.33 

CZ-DE 3.05 3.2 4.26 40% 1.21 

FI-SE 3 3.15 4.1 37% 1.1 

DK-NO 1.62 1.7 2.64 63% 1.02 

DK-SE 1.97 2.86 2.98 51% 1.01 

FI-NO 0.1 0.1 1.1 1000% 1 

GB-IE 0.86 1.4 1.85 115% 0.99 
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GB-NL 1.23 1.29 2 63% 0.77 

CH-FR 3.05 3.7 3.8 25% 0.75 

LT-LV 1.43 2.15 2.15 50% 0.72 

DK-GB   0.7 inf 0.7 

PL-SE 0.57 0.6 1.2 111% 0.63 

AT-HU 0.86 1.46 1.46 70% 0.6 

EE-LV 0.76 1.34 1.34 76% 0.58 

AT-CH 1.14 1.93 1.7 49% 0.56 

EE-FI 0.95 1 1.5 58% 0.55 

HU-SI 0.76 0.8 1.2 58% 0.44 

AT-CZ 1.71 1.8 2.11 23% 0.4 

DE-NL 4.62 4.85 5 8% 0.38 

PL-SK 0.76 0.88 0.99 30% 0.23 

CZ-SK 2.38 2.5 2.5 5% 0.12 

CZ-PL 1.9 2 2 5% 0.1 

HU-SK 1.95 2.05 2.05 5% 0.1 

LT-PL 1.64 1.72 1.72 5% 0.08 

BE-LU 0.95 1 1 5% 0.05 

IT-MT 0.19 0.2 0.2 5% 0.01 

HR-IT 0 0 0 inf 0 
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