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Chapter 8 

Conclusions and further work 

8.1. Main insights from each chapter 

The insights in this section are meant to complement the conclusions from each chapter (to avoid duplication) and put 

the research in perspective, while overlap with such section could not be fully avoided. 

 

Chapter 2 – Long-term storage and Power-to-Methane 

 

Storage need. A robust portfolio of power generation technologies including hydropower, concentrated solar plants 

with storage, nuclear, biomass, fossil fuels with CCS, geothermal and even import from neighboring countries can 

drastically reduce the need for long-term storage since those technologies can bridge the periods of low renewable 

generation. Thermal storage is also an option if the electricity demand was meant for heat production (e.g. heat 

pumps). Furthermore, a small storage size (< 2% of the energy demand) can already have a large impact on system 

operation and electricity prices. Most of the storage capacity need is in the form of short-term that batteries can cover. 

Storage in the 4 to 8 hours range has the largest benefit to compensate wind and solar fluctuations. Such short-term 

storage can also exploit the applications with the largest value (e.g. reserves). 

 

Long-term storage. The case for long-term storage is difficult to justify since the marginal value of additional hours 

of storage has diminishing returns. It is only suitable when the system is approaching 100% renewable energy and 

when low-cost storage (in energy terms) such as underground storage of hydrogen or methane are available. Existing 

underground gas storage facilities have enough capacity to provide the long-term storage needs of a low-carbon 

system. These can be adapted for hydrogen storage (storing only around a third of the energy) making use of salt 

caverns as preferential reservoir since porous rock can lead to reactions with microorganisms and hydrogen losses. 

 

Modeling features. The storage need decreases as the number of flexibility options increases. Grid expansion and 

demand response usually go first in the merit-order. An ideal model to estimate the storage needs should have hourly 

resolution, include capacity expansion, all the flexibility options, include other sectors and PtX. The consideration of 

all these features usually leads to more calculation time. Therefore, most of the studies omit some, which can result in 

overestimating the role of storage. 

 

Chapter 3 – Power-to-Hydrogen and -Liquid in a low-carbon energy system 

 

Hydrogen use. The model should include all the hydrogen pathways. This should be done not to increase the 

hydrogen potential in a future system, but instead because giving more choices to satisfy energy demand translates 

into lower costs, investment and therefore energy prices. An example is fuel cell trucks. Originally, they were not 

included as potential hydrogen use and more expensive synthetic fuels were being used. During the literature review, a 

similar effect was observed where hydrogen was used only for cars and naturally not coming out as use in other 

sectors. The most attractive uses for hydrogen were found to be for buses, trucks, direct reduction of steel, as a means 

of storage and to increase biofuels production through BtL/PtL integration. Total hydrogen demand increased by 

nearly 5 times from current production level even in the least ambitious scenario, while the increase was over 15 times 

for the most ambitious scenarios. PtL can become the largest hydrogen consumer for scenarios without CCS, while 

use for trucks, buses and some cars can provide the equivalent of 2-5 times current production. However, if electric 

vehicles become competitive in these applications, part of this transport demand might be eroded. 

 

CO2 sources and sinks. CO2 use for fuels, such as PtL, only arises when CO2 underground storage is limited. 

Otherwise, it results cheaper to combine biomass and CCS to achieve negative emissions compensating positive 

emissions in transport where PtL would be used. Given that PtL implies investment in additional electricity generation 

capacity, investment in CO2 capture only to release it downstream and investment in the PtL facility itself, it is only 

left for cases where there are very limited choices to mitigate those CO2 emissions. This also explains why PtX 

options only arise for strict CO2 reduction targets. Given that CO2 use is relatively inefficient, there could be a 

scenario where direct air capture (DAC) is used in combination with CCS achieving negative emissions to compensate 
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for the use of fossil fuels in ships, planes and even some trucks. This can occur if the biomass potential is not high 

enough (~ 10 EJ/yr) and with DAC costs as high as 300 €/ton given that this level is still below the marginal CO2 price 

for most of the 95% CO2 reduction scenarios. 

 

Hydrogen prices. Transport and PtL have the highest willingness to pay, having a substantial demand even for 

hydrogen prices as high as 7 €/kg. In contrast, use in the commercial and residential sector required prices of 2-3 €/kg 

to start becoming attractive. Industry (steel) is relatively insensitive to hydrogen price and other parameters (such as 

biomass or coal availability) have more influence. 

 

Hydrogen and PtL drivers. The system drivers (such as CO2 storage, CO2 target or biomass potential) have larger 

weight in the role hydrogen and PtL can play than the technology drivers (e.g. electrolyzer performance). If the system 

requires hydrogen (e.g. because of an ambitious CO2 target and no other energy carrier choice), then a parameter like 

electrolyzer CAPEX has a more limited influence on hydrogen use. Not having CO2 storage can almost double 

hydrogen flows and at the same time eliminates the option of using gas. This increases the need for electrolysis and 

implies a growth of 24% a year to reach the targeted capacity by 2050. Relying on such a high growth for such a long 

period can raise some doubt regarding the feasibility of such scenario. In scenarios where hydrogen and PtL 

deployment was the highest, the fraction of imported fuels was the lowest leading to the highest energy security. The 

largest deployment was in scenarios with limited CO2 storage that prevents reducing the CO2 emissions from imported 

fuels. This causes a shift from imports to domestic hydrogen and PtX products (at a higher total and marginal cost). 

 

Heavy-duty transport as a swing sector. One of the sectors with the largest changes in fuel mix is heavy-duty 

transport. For low CO2 reduction targets, it stays based on fossil fuels. For intermediate CO2 reduction targets, 

liquefied methane can become attractive and dominant. However, when more ambitious targets (95%) are used, the 

fleet shifts mostly to hydrogen. If electric trucks are an option then these are preferred for ambitious CO2 scenarios. 

Introducing a high biomass potential can lead the fleet back to liquid hydrocarbons (biofuels satisfy aviation and there 

is enough potential to satisfy heavy-duty as well). 

 

Biomass interaction with hydrogen. When there is CO2 storage available, part of the biomass will be used for 

hydrogen production (and negative emissions), but the overall hydrogen flow stays low. For a high biomass potential 

or absence of CO2 storage, part of the biomass will be used for BtL and given the low process efficiency, part of the 

unconverted CO2 will be further treated with PtL to increase the process yield. If biomass is provided in a carbon-

neutral manner, it will be used to its maximum potential. Given that biomass is versatile and can be used across 

sectors, it can satisfy energy demand without CO2 emissions (assuming the potential is sustainable). Waste is mainly 

used for the residential and commercial sector, biogas for heat and power production and wood and forestry are either 

combined with CCS or used for biofuels. 

 

Chapter 4 – Power-to-Methane in a low-carbon energy system 

 

PtM drivers and limitations. Given the above, there is a very specific set of conditions that promote PtM. The basic 

ones are an ambitious CO2 reduction target (95%) and no possibility of CO2 storage (7 GW of PtM119). High wind and 

solar potential (increasing the need for flexibility), low CAPEX for methanation improve its outlook (40 GW). The 

consideration of a high efficiency for ships resulting in satisfying most of that demand increases it further (122 GW). 

The maximum potential would require low biomass potential, high gas price, high cost for the electricity network, 

high PtM efficiency, high electrolyzer performance, low PtL performance, SOEC possible on top (546 GW) to satisfy 

almost 75% of the gas demand (that has shrunk from 18 EJ/yr in 2016 to 6 EJ/yr by 2050). In such scenario, PtM does 

contribute significantly to energy security. In most of the uses, methane can either be replaced or does not represent a 

suitable long-term solution. In heating by electricity, in heavy-duty trucks by hydrogen or even electricity, in ships by 

hydrogen for short routes and ammonia for international shipping, in industry by electricity and by hydrogen for low 

and high temperature heat. In power, the case for seasonal storage is bleak (see Chapter 2) and the periods of low wind 

and solar can be bridged with other technologies. The potential use for trucks and ships (as liquefied methane) carries 

the risk of developing new fueling infrastructure that would either prolong fossil fuels use or imply a large electricity 

production upstream that requires wind and solar construction rates not seen before. 

 

 

119 This is just used to show the relative impact of measures and does not need an anchor value 



Conclusions and further work 
 

187 

PtM for heating. The model used does have a segregation of the building stock by types of dwelling (3), vintage (6) 

and country (31), leading to almost 560 individual categories. In each of these, the trade-off between energy efficiency 

and technology choice is made, resulting in heat pumps used in most cases. However, there might be historical 

buildings or simply old building difficult to renovate or where the technology switch is not so applicable, where gas-

based heating will remain attractive. In this space, hydrogen could be a competitor for methane in the case that the 

distribution network is converted to transport it or given that the fraction of demand is small, biogas could also be an 

option. PtM however, would have the limitation that it will certainly have higher commodity price than hydrogen 

(since hydrogen is used as input). 

 

CO2 and seasonal aspect of PtM. For scenarios where PtM was used, the CO2 was mainly sourced from biomass. 

The main process, supplying at least 80% of the CO2, was BtL. Other sources like cement and ammonia supplied the 

balance of CO2 for the most ambitious PtM scenarios. DAC in combination with PtM did not occur in any scenario. 

There was a seasonal component observed in its use. PtM stored during summer could be almost double of the PtM 

produced in fall or spring. The amount of PtM routed through storage (although still could be used at another time 

during the same season) was 70-90%. Its role covering the periods of low wind and solar production was more 

pronounced in countries that had limitations in the other generation technologies (e.g. biomass, hydropower, nuclear, 

geothermal). 

 

PtM cost and economics. The investment needed for PtM was relatively small in comparison to the total gas supply 

cost (2.5-10 bln€/yr for PtM vs. 200-300 bln€/yr for the gas supply). PtM also had a marginal effect on CO2 price (for 

95% CO2 reduction) of 0.5% change. PtM price did become lower as more favorable drivers were added in the 

scenario, but at the same time natural gas also became cheaper since with more restrictions, methane is not the 

preferred molecule, demand decreases and therefore price decreases. PtM CAPEX had a relatively small impact on 

PtM deployment. Similar to hydrogen and PtL, system drivers had more influence than technology performance. A 

key factor affecting price differential (between PtM and natural gas) was the hydrogen price used as input for PtM. As 

the system approaches zero emissions, hydrogen is more used across sectors, this increases its price. At the same time, 

natural gas demand throughout the system decreases, which decreases its price and makes the gap between hydrogen 

and methane (justifying PtM) wider. 

 

Chapter 5 – Fuel cell electric vehicles penetration including cost and behavior 

 

Soft-linking – Is it worth it? Going through the trouble of soft-linking a behavioral model with cost optimization is 

worthwhile since the results are significantly different and they have complementary features. For the passenger car 

sector, it is recommended to consider attributes beyond cost. These additional attributes can also make FCEV more 

attractive. The process does not have to be cumbersome, only exchanging commodity prices and powertrain shares 

(besides ensuring data consistency) for a few iterations already captures most of the benefit. Pure cost optimization 

assumes consumers are fully rational and, in most cases, disregard groups with different preferences. This results in 

drastic changes of the fleet composition, as soon as a powertrain becomes economically attractive. To prevent this, 

additional constraints are introduced. However, this indirectly forces the results and a wide range of results can be 

obtained depending on the formulation of the constraints used and is therefore not the recommended approach when 

analyzing the passenger car sector. 

 

Policy and FCEV deployment. The most effective policy in terms of best value for money (i.e. highest FCEV 

deployment for every € spent) is R&D producing an increase of 2.1 million FCEV for every bln€ spent (around 500€ 

per car). This R&D budget is better in the fuel cell than the hydrogen tank. However, the most effective policy in 

terms of total net deployment is purchase subsidy that can lead to almost five times as much additional deployment 

than R&D. The best timing for the policies is 2020-2024 for R&D and 2030-2034 for the purchase subsidy. During 

early stages of FCEV deployment, when fuel cells are still expensive, it is critical to ensure a low hydrogen price to 

have a low cost of ownership. This can be achieved by using hydrogen from gas reforming (with CCS). This early 

stage capacity is low (~1%) when compared to the capacity needed for a full-scale FCEV deployment and there is no 

risk of a lock-in effect. 

 

Chapter 6 – Integration of life cycle assessment and cost optimization 

 

Integration – Is it worth it? Expanding the analysis beyond cost and to cover impacts other than climate change is 

worthwhile to make sure technology choices do not result in lower cost at the expense of lower environmental 

performance. Similarly, a life cycle perspective avoids burden shifting between life cycle stages of impact categories. 
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At the same time, it expands the boundaries of the LCA beyond a single process to cover the entire system making it 

truly consequential. The integration of these two methods would benefit from a standardized approach (like the ISO 

for LCA), a common database with all the relevant technologies, an interface to easily modify the LCA data (to ensure 

consistency with the energy model). The methodology followed in this research can be applied to any energy model. 

However, it would require significant work to have all the data. LCA data for industry in particular was not found at 

the same level of technological detail that the energy model had, making it more difficult to estimate the potential 

impact evolution. 

 

Environmental impact of PtM. Most of the impact for PtM comes from the electricity and CO2 sources. The 

variability of the electricity mix provided by the energy model was useful to understand how the PtX impact changed 

in time and identify the periods of time where the impact is the highest. This allowed, in combination with electricity 

prices, to identify the most attractive periods for operating PtX. PtM should use biogenic CO2 or CO2 from air. If this 

is the case, the CO2 emissions from the electricity can be 122.6-180.9 gCO2eq/kWh to have lower emissions than 

natural gas. All EU countries achieved this value in a low-carbon scenario, but this will not be the case during the 

transition period. Therefore, when trying to increase the number of operating hours by using electricity from the grid, 

it should be ensured that the average emissions stay below the threshold. 

 

Environmental impact of the system. The sectors with the largest impact in a low-carbon scenario are the supply of 

fuels (e.g. if synthetic routes are used for gas and liquids and how are those produced) and indirectly industry, since it 

affects the impact of all the materials used downstream to construct wind turbines, solar panels (in a low-carbon power 

system, its emissions are reduced to the construction step), cars and alike. Ensuring a low impact for these will enable 

the achievement of a low-carbon system. 

 

Chapter 7 – Feasibility of a power system with a high share of electrolyzers 

 

Soft-linking – Is it worth it? Using the power model did provide additional useful insights such as the trade-off of 

operational hours with electricity price curves and corresponding hydrogen production cost and insights into the 

optimal ratios between variable renewable capacity and the electrolyzers. It also provided an unforeseen insight of the 

electrolyzers providing access to another market (hydrogen users) that have a higher willingness to pay, increasing the 

average electricity prices and paying for the CAPEX of zero marginal production cost technologies such as wind and 

solar. The most valuable soft-linking would be to establish a bi-directional link between the power and the energy 

model. However, in this chapter, the information flow was only from the energy to the power model and that was 

already insightful to understand the operation of the future power system in more detail than the energy model could 

analyze. This reduces the complexity (e.g. iterations) without compromising the results. 

 

Inverted roles in the power system. In a system where the power sector supplies the hydrogen and other carriers to 

other sectors, the demand side can be the follower of the production profile. This is the opposite of the current 

situation where generation has to be continuously adjusted to demand changes or unexpected events. Instead, given 

their fast response, electrolyzers can be the degree of freedom that keeps the supply-demand balance. This would need 

in combination intermediate storage, where underground caverns would provide a low-cost alternative or alternatively 

flexible processes downstream (i.e. hydrogen users) that can partially adjust their load. Electrolyzers can also allow to 

restore some of the stability of electricity prices. They increase the prices in periods of high wind and solar production 

by increasing demand and decrease the peak prices by reducing their load. Since they represent almost half of the 

demand for the system analyzed these changes in load make a large difference for the system. The inversion of roles 

between generation and demand extends beyond flexible and follower. The price taker today is demand depending on 

the generation mix and marginal unit. In the future high-electrolyzer scenario, the price taker is generation depending 

on the electrolyzer willingness to pay and load. Reserves are also provided today by generation, while in the future, 

they could be provided by the electrolyzers. Today, when demand is curtailed the electricity price is fixed (to the so-

called value of loss load). In the future, when demand from the electrolyzers is not present, the price would also be 

fixed (to zero since there are no takers). 

 

Conditions for high utilization of electrolyzers. There were three conditions for electrolyzers to achieve at least 

4500 operating hours (and reduce the CAPEX contribution to production cost). First, the hydrogen demand had to be 

large enough for the electrolyzers to be at least 60% of the total electricity demand. Second, wind had to be the 

dominant production technology (at least 2.5 times the solar generation). Lastly, the electrolyzer had to be between 16 

to 24% of the wind and solar capacity (otherwise they are oversized resulting in fewer operating hours at full load). 
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Willingness-to-pay of the electrolyzer. There are two ways of determining the WtP for the electricity, by the market 

where the hydrogen is used and to stay competitive with the alternative production technology (gas with CCS). Even 

though the scenario in chapter 7 assumed that CCS was not possible (e.g. due to social acceptance issues), hydrogen 

could still be produced without CCS (taking a cost penalty due to carbon tax). There was a big gap between the 

willingness to pay from the electrolyzer and the actual average electricity price paid. For a WtP of 60 €/MWh, the 

average price paid in most countries was 27-35 €/MWh, which is equivalent to just above 2 €/kg for the hydrogen 

produced. This opportunity arises because in spite of the relatively large electrolyzers, there are still hours where the 

generation is lower than the electrolyzers demand leading to prices lower than the WtP. This increase in average 

electricity prices also allowed increasing the income that generators received to recover their CAPEX at a discount 

rate of 5%. More countries recovered the wind investment (70-90%), compared to the ones that recovered their PV 

investment (around 50%). 

8.2. Research questions 

Question 1 on the contribution to an improved modeling framework for hydrogen is fully answered in the next section. 

 

Question 2 – What are the cost implications of hydrogen and PtX in the system and what factors determine their 

economic performance? 

 

Costs for decarbonization. The additional annual cost for achieving 95% CO2 reduction (compared to a system that 

achieves ~50% CO2 reduction) is between 6 and 25%. The lower bound (6%) is achieved when the system is fully 

flexible, including possibility to store CO2, high biomass and renewable potential, high electrolyzer performance as the 

most relevant parameters. The upper bound (25%) represents the opposite set of conditions for these major drivers. 

The cost structure of the future system also changes towards more CAPEX (e.g. renewables) than OPEX. CAPEX can 

represent up to 80% for some scenarios, which would mean roughly doubling the annual investment from 200 bln€/yr 

today to 400 bln€/yr in the future with the benefit of reducing largely the cost for imported fossil fuels that are 

displaced by domestic renewable energy. The higher annual costs translate into higher CO2 prices since the CO2 target 

remains the same. CO2 price can go from 125 €/ton for a 50% CO2 reduction to 175-1600 €/ton for a 95% CO2 

reduction, which can in turn translate into higher commodity prices for the end users. This highlights the importance of 

having a fully flexible system and as many pathways as possible, which will become more important as the system 

approaches net zero emissions. 

 

PtX investment. Hydrogen cost can be as low as 0.3% of the total system cost in a low-ambition (~50% CO2 

reduction) scenario. This nearly triples to 1% for an 80% CO2 reduction scenario, increases by another 50% to 1.5% 

for a 95% CO2 reduction scenario and all the way to 3-3.5% for a No CCS scenario with favorable technology 

performance for the electrolyzer. These percentages translate to 40 to 140 bln€/yr (1 to 3.5%). PtL cost is in the order 

of 0-50 bln€/yr and PtM cost is in the range of 2.5-10 bln€/yr. To put this in perspective, global investment in 

exploration of oil and gas is in the order of ~540 bln€/yr and the import bill for fossil fuels in EU was around 325 

bln€/yr in 2018. The largest cost contributor for hydrogen is the production step, while distribution cost can become 

dominant for highly decentralized uses (e.g. cars). In turn, production is dominated by the electricity price and the 

electrolyzer efficiency since the operating hours were close to 50% of the year in most scenarios. Similarly, production 

from gas reforming is determined by the OPEX as well (i.e. gas price). PtL instead has the opposite trend and the 

CAPEX contribution can be 50-80% of the total production cost. The cost structure for PtM and PtL is also defined by 

the allocation of the CO2 benefit along the CO2 use value chain and the fraction of the CO2 price that these facilities 

would need to pay (or receive) with respect to the CO2 supplier and the emitter downstream. 

 

Hydrogen prices. Prices stay relatively low in a low-ambition scenario and even in scenarios with 80-95% CO2 

reduction, as long as they have CO2 storage as possibility. In these scenarios, hydrogen is produced with gas reforming 

and CCS with a resulting price of 2.5-3.5 €/kg including transmission and distribution to the users. Prices increase to 

the 4.2-5.5 €/kg range as soon as the only route available is electrolytic hydrogen. Efficiency improvements, CAPEX 

reduction (to 400 €/kWel) and optimizing the electrolyzer operation to make use of the periods with the lowest 

electricity costs, can result in production costs for electrolytic hydrogen in the 2-3 €/kg range. The uncertainties that 

will affect these prices, and competition between both technologies, are the gas and CO2 prices, technology 

improvements and availability, development and national strategies for CO2 storage. 
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PtX effect. PtM deployment can decrease the marginal CO2 price by 0.5% when initially deployed and up to 10% for 

highly favorable conditions. The absence of PtM from the system has the smallest consequences. Methane can be 

replaced as a carrier for most of its applications and use for balancing power can be substituted by other technologies 

and flexibility options (e.g. network expansion, hydrogen, storage, hydropower or biomass). The absence of PtL 

instead leads to using more expensive alternatives, liquefied methane for heavy-duty transport and satisfying 30% of 

aviation demand with imports, which together lead to 30-80 bln€/yr higher annual cost (0.1 – 0.3% of the total system 

cost). PtL absence for aviation would mean either constraining the use of the biomass potential in other sectors or 

instead a lower demand (through price elasticity) that can be satisfied with the reference biomass potential. Cheaper 

hydrogen (from 6 to 2 €/kg) can decrease the marginal CO2 price by almost a third in a scenario with 95% CO2 

reduction and no CO2 storage, which translates into an effect of 50-150 €/ton for every €/kg change in hydrogen price. 

Failure to develop hydrogen itself leads to not achieving the CO2 reduction goals (i.e. in the modeling framework used 

it was not feasible to achieve 95% CO2 reduction without hydrogen). Some of the no-regret options regardless of the 

scenario were on the production side electrolysis which allows to provide flexibility to the power system (regardless of 

the final variable renewable energy), while coupling the power sector with the rest of the system and on the use side, 

the use for industry (specifically steel) and heavy-duty trucks were observed (to a different extent) in most scenarios. 

 

PtX drivers. The most important drivers are the system-wide parameters. The most important is the CO2 reduction 

target. For low targets, the lowest cost options such as renewable electricity and energy efficiency are used, 

intermediate targets would need to decarbonize heating and some industry where hydrogen can be attractive beyond its 

current application, while the most ambitious ones will require transport as well, where hydrogen-based products can 

become especially attractive. The second most important is the possibility of CO2 underground storage. If CCS is not 

possible, the system will rely more on the remaining options, such as hydrogen, to achieve the climate change goals. 

Furthermore, with the most attractive sink (i.e. storage) not being an option anymore, it increases the potential for CO2 

use in synthetic fuels and feedstocks. On the other hand, CCS does enable low-carbon production from natural gas, 

which can be cheaper than electrolytic hydrogen during early stages of deployment. Biomass potential is the third most 

important. Biomass can be used across the energy system while resulting in net-zero greenhouse gas emissions if 

produced in a sustainable manner. It can satisfy the demand of hard-to-abate sectors. Given the high uncertainty in its 

sustainable potential, any decrease in its potential will increase the use of hydrogen and its derived products. The 

availability of biogenic CO2 or the realization of a low-cost direct air capture will lead to an improved business case 

for Power-to-Methane and Liquid. This will improve their overall environmental benefit when compared to incumbent 

fossil-based alternatives, favoring their deployment. 

 

Technology drivers. Once the system drivers are favorable, the technology drivers can further increase the hydrogen 

role. For electrolysis, efficiency, CAPEX and operating hours are all key to facilitating hydrogen deployment. 

Efficiency can decrease the amount of electricity needed upstream. This will help making less ambitious the required 

annual capacity additions of renewable energy. At the same time, higher efficiency will translate into lower operating 

cost given the lower electricity input per unit of hydrogen. At least 2500 operating hours are needed to reduce the 

CAPEX contribution to hydrogen production cost. Above 5000 hours, CAPEX changes will only marginally change 

the production cost. For low-carbon hydrogen from gas, the key parameters are gas price, CO2 capture rate and CO2 

tax. The most influential one, but also the one with the highest uncertainty is the gas price. CO2 tax will only have a 

limited impact since most of the emissions are captured and not released, while the capture cost will have an 

exponential growth as it approaches 100%. 

 

Additional drivers for electrolysis. One is the availability of low-cost electricity. This does not necessarily mean 

hours with zero-cost electricity (surplus), but it is linked to the continuous CAPEX decrease that wind and solar have 

experienced in the last couple of years. It is also linked to exploiting resources with higher number of operating hours 

for wind and solar mixes and potentially transporting hydrogen or hydrogen-based fuels from those locations to 

demand centers. An additional driver is the fraction of variable renewable energy, electrolyzers can provide the 

flexibility needed for the power system and for systems with a hydrogen demand large enough provide an outlet for the 

potential electricity surplus. In the long-term, where the power system provides hydrogen to other sectors the need for 

reconverting the hydrogen back to electricity might be smaller given that for periods of low wind and solar production 

translate into ramping down the production of electrolytic hydrogen instead of having to supply additional electricity 

production through other technologies. 
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Enabling end use. Equally important is to focus on the downstream use of hydrogen. A low cost and a high efficiency 

of fuel cells are key to improve the outlook of hydrogen in cars, trucks and buses. These improvements can also be 

useful for stationary applications and make power generation and applications in the commercial sector more 

attractive. Research and demonstration that goes towards decreasing the energy consumption for steel production or 

combustion dynamics for high temperature heat generation (e.g. furnaces) will improve the outlook for hydrogen. 

Lower energy losses during hydrogen compression, liquefaction, transport and conversion to hydrocarbons or 

ammonia will lead to lower hydrogen consumption improving the economics. Locations with availability of suitable 

underground reservoirs suitable to store hydrogen will have an advantage. Underground storage has lower cost (per 

unit of energy) than hydrogen tanks. This lower cost can provide a large volume for flexibility with limited 

contribution to the overall cost and reduce the load changes needed downstream the electrolyzer while ensuring high 

number of operating hours. However, these reservoirs are not uniformly distributed across the globe. 

 

Question 3 – What are the wider implications beyond cost that the deployment of hydrogen and PtX have? 

 

Cost-environmental trade-off. Climate change is the first category beyond cost to be evaluated. For hydrogen to 

contribute to CO2 emissions reduction, it should be low-carbon, which means from gas with CCS or renewable 

electricity. For PtX, the CO2 use should be biogenic, from air or non-avoidable (e.g. cement). The trade-off between 

climate change mitigation and the potential higher energy prices will depend on the implicit CO2 price. From a pure 

cost perspective, it could make sense to use electricity from the grid to run the electrolyzer, increasing its operating 

hours and decreasing the CAPEX contribution to the cost. However, if the average CO2 emissions for the grid 

electricity are higher than 150-200 gCO2/kWh, it could actually be leading to a net increase in CO2 emissions (when 

compared to fossil-based production). This threshold could be lower (~120 gCO2/kWh or even 4-60 gCO2/kWh if the 

CO2 is not biogenic or from air) for CO2 use technologies (PtM). From a cost perspective, PtM contribution was 

relatively small compared to the total system. From an environmental perspective, however, it was shown that the 

impact was higher than 10% for 7 categories in the most optimistic scenario. Similarly, PtM absence from the system 

had limited impact from the cost perspective, while the environmental perspective confirmed this trend with most of 

the categories staying within 4% of their values when the technology was used. 

 

Beyond climate change. Looking at the life cycle assessment, hydrogen and PtX contribution to the overall impact 

was in the order of less than 0.5% of the total for most categories. Two categories where its impact was the largest 

were water depletion and terrestrial acidification. In both cases due to the large water consumption from the 

electrolyzer. In a follow-up cost benefit analysis, where the impact across categories is translated to a common 

measurement unit of money, these two categories proved to be relatively small when compared to climate change or 

resources depletion. Therefore, it is not expected that such impact will make a difference in hydrogen or PtX 

deployment given its potential for climate change mitigation. Categories other than climate change should be 

consistently included in subsequent research as a means to keep them in check and detect deviations from this small 

contribution. There were some processes (e.g. biomass conversion) with much larger impact in particular categories 

(e.g. land occupation) with respect to their contribution to the energy balance or CO2 emissions. Including these 

additional categories will prevent improving climate change at the expense of deterioration of one of the other impact 

categories, which is a key benefit of life cycle assessment. 

 

Behavioral dimension. Considering the behavioral aspects (convenience to effective refueling and recharging 

infrastructure, performance, reliability and safety) in the decision-making for powertrains in cars led to a different 

FCEV adoption than dictated by a pure cost optimization (14% higher cost in particular for the scenario analyzed). The 

feedback between ambitious CO2 targets for the car fleet overall and more drastic reductions in fuel cell cost were not 

originally captured in the cost optimization framework (exogenous assumption). In contrast, this was triggered in the 

behavioral model as a response from the car manufacturers that had FCEV as one of the few options left to achieve the 

stringent fleet targets (along with hybrids and BEV). At the same time, just taking this more ambitious fuel cell cost 

curve in the cost optimization model would not be enough on its own, still requiring the behavioral model to have 

more realistic (less drastic) shifts in the powertrain mix. 

 

Future power market design. In a future scenario where the electrolyzers represent a large share of the electricity 

demand, electrolyzers could satisfy the balancing needs and reserves. The electrolyzers would represent the marginal 

unit, fixing the electricity price for a large part of the year with their willingness-to-pay, but also upon its absence 
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(price would go to zero). This is in contrast to the current market configuration where the marginal production unit sets 

the electricity price with a flexible generation side and electrolyzers aiming to reduce curtailment. The use of 

electrolyzers could also introduce an additional flow of money towards the power sector from the hydrogen market 

that increases the overall electricity prices during periods of otherwise near-zero cost electricity, which allows VRE to 

recover their CAPEX while still resulting in competitive hydrogen prices in the 2-3 €/kg range. 

 

Energy security in a low-carbon future. EU currently imports most of the oil and gas consumed domestically. 

Setting ambitious CO2 goals by itself leads to an improved energy independence since the imported oil and gas 

produce CO2 emissions. This shifts the system towards domestically produced hydrogen (and electricity) displacing 

fossil fuel imports. CO2 storage is a parameter that can indirectly contribute to higher imports and lower energy 

independence. For gas, CO2 storage can translate into the continuation of natural gas import (using the same 

infrastructure), while storing the CO2 locally to produce low-carbon hydrogen. For liquid, it could mean the use of 

fossil (and imported) liquids, where the resulting CO2 emissions are just compensated by negative emissions from 

biomass combined with CCS elsewhere in the system. However, this does not lead to an improvement in energy 

independence, raises the questions of domestic social acceptance issues of CO2 storage and sustainable (i.e. long term) 

character of the solution and potentially higher costs of energy unless there is a high CO2 implicit tax.  

 

Energy security does not necessarily have to come with energy independence. There could still be a large share of 

imports in a low-carbon world, but from places with high operating hours for wind and solar resources (e.g. 

Patagonia), with vast gas reserves and with potential CO2 storage possibilities (e.g. Norway) that can be more 

politically stable than Russia or Middle East today. Energy security can be further improved by increasing the diversity 

of sources that a flexible international trading would provide. Multiple ports and a spot market, similar to the one 

developing for LNG, would increase competition and avoid reliance on a single supplier for a region, different from 

the limited flexibility an interconnection pipeline carries. Evaluating the possibility of this international trading of 

hydrogen and its derivatives involves consideration of the trade-off between cost (lower production cost with a higher 

transport contribution), environmental impact and energy security. 

 

PtX contribution to energy security. In a scenario with 95% CO2 reduction and limited CO2 underground storage, 

PtM satisfied around 8% of the gas demand. This increased to 19% when methane was attractive for the use in ships 

(when the LNG ships were efficient enough). In the most optimistic scenario, when 11 different drivers were favoring 

PtM, it satisfied almost 75% of the gas demand, consequently decreasing significantly the need for imports. On the 

downside, the total gas demand itself does decrease by around two thirds in this scenario since methane is replaced by 

other carriers in its different applications. Furthermore, supplying all that PtM requires almost 2000 TWh of electricity 

input, which is almost 60% of current generation. PtM can further contribute to energy security by making use of the 

existing underground gas storage facilities. Currently, the total gas storage capacity is around one sixth of the total 

annual gas demand. In a low-carbon future, methane demand could be largely reduced, even by two thirds, meaning 

the same storage would represent half of the annual demand. Furthermore, 70-90% of the PtM production was already 

routed through storage. PtL played an even more important role in displacing fossil fuels. Jet fuel used for air transport 

can only be produced in the form of biofuels or electrofuels from PtL. Hydrogen can boost the biofuels production and 

make the most use of the biogenic carbon. PtL satisfied 60-90% of the jet fuel demand in the scenarios where it was 

used (mostly with limited CO2 storage). Diesel can still represent a fraction of uses like heavy-duty trucks or even 

some legacy cars. PtL satisfied 50-60% of the diesel demand (that in turn decreased by almost 75% compared to 

today) complementing BtL. In both of these commodities, the combination of PtL/BtL satisfied the bulk of transport 

demand displacing imports. 

8.3. Methodological advancements 

Assessing the potential consequences of scaling up hydrogen as a system-wide energy carrier, requires adopting 

multiple perspectives of the problem, covering from technology, supply chain and cost competitiveness to financing, 

risk assessment and macro-economic impact, among others. Instead of aiming to cover all these with a single model, 

which would make it cumbersome, not fit-for-purpose and more difficult to calibrate and interpret, it is better to use a 

modeling framework that has adaptable modules that can be either used as stand-alone models or coupled with others 

and that allows scaling the framework to suit the targeted questions. Figure 69 starts from the hydrogen system at its 
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core, expanding it to the elements that it can cover, different dimensions of the problem, all the way to looking beyond 

hydrogen to the broader macroeconomic issues and relation with earth systems. 

 

 
Figure 69. Multiple dimensions of evaluating hydrogen role and relation with rest of the system. 

 

Models in Figure 69 are represented at two levels: one are the blue boxes that represent models focusing on a specific 

part of the problem with a high detailed representation of a specific dimension, but missing the influence of other 

components; the other are models that a broad coverage and enable a more holistic view (on the left), but that can miss 

the detailed representation for some of the aspects and instead usually use a simplified version (trade-off coverage vs. 

complexity). At the core is the energy system (delineated by the green line) with the most overarching models 

(Integrated Assessment Models – used for IPCC assessments) having the widest envelope (red line).  

 

The methodological novelty in this thesis is the use of multiple modeling approaches (blocks with black borders) 

aiming to tackle different dimensions of the problem while keeping consistency in all the data and scenarios used since 

a central modeling tool was used (cost optimization for the energy system) and the additional analyses took one step 

further in a specific direction without going so far from the core. With this approach, cost optimization provides the 

overall direction and the main changes driving hydrogen deployment, while the additional models allow 

complementing the core tool with a more detailed representation in specialized models with high granularity. Given 

the limited time, not all the aspects could be covered, instead the ones having the largest influence were included. The 

main use of the power model is to analyze the operational feasibility of the power system by increasing the temporal 

resolution and including technical constraints of the generators. The behavioral model considers aspects beyond cost 

that are relevant for not fully rational decision-making for powertrain choices in cars. Life cycle assessment includes 

the environmental aspect to look beyond cost and energy. 

 

There are two other aspects that make this framework groundbreaking state-of-the-art. First, the scope of EU28 which 

allows evaluating the region as a whole rather than focusing on particular specificities of each country. This scope was 

kept for all the tools used (energy, power, behavioral and life cycle). This allows making the direct link with the EU 

energy strategy instead of hypothesizing what the actions of neighboring countries could have on national strategies 

(when performing this exercise from the point of view of a single country). At the same time, covering the EU allows 

taking into account the interactions between countries, trading, allocation of resources and emissions. Second, the first 

generation of hydrogen pathways was mostly focused on transport (specifically cars – see Table 13 in Chapter 5), the 

second generation aims to consider hydrogen for other applications including trucks, ships, buildings, heat production 
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and stationary fuel cells, the third generation (this thesis) adds the potential conversion to other carriers which allows 

exploiting the existing infrastructure (gas and liquid), providing a building molecule for the chemical industry 

(methanol) and even making the link with population growth and food supply (ammonia, although it can be used as 

well for ships and power generation). Some of these pathways (e.g. methane) will only be attractive in a particular set 

of conditions (see Chapter 4), but even those provide additional flexibility to the system and therefore lead to a lower 

overall cost (see Overall conclusions). 

 

Previous examples of a modeling framework missed one or more of these aspects. METIS (models for energy 

transformation and integration systems) [63] focuses on the electricity and transport sectors. It includes an hourly 

electricity load model with the electricity grid and renewable potentials, an electrolyzer module for the optimal 

utilization (trade-off of operating hours and hydrogen cost), a demand model and a pipeline (infrastructure model). 

Some of its limitations are the focus on a single country (Germany), the lack of hydrogen uses beyond transport (first 

generation) and no consideration of behavioral or environmental aspects. Similar, the Department of Energy (US) has 

a range of tools120 for modeling hydrogen ranging from powertrains, supply pathways, infrastructure and refueling to 

scenarios, job generation and national modeling. This range of tools already interact to some extent and there are 

factsheets capturing the main input-output for each model and how it interacts with others and each tool can also be 

run stand-alone. The main limitation is the focus on first generation use (it does include heat and power) and the lack 

of hydrogen use for example for industry and high temperature heat, direct reduction of steel, use in ships and the 

conversion to other carriers. The REEEM project 121  (Horizon 2020 project in EU) aimed to have an integrated 

framework to analyze system-wide implications of energy strategies and uses over 10 different models analyzing 

different dimensions of the energy system. It has factsheets for each model and templates for data exchange, as well as 

case studies of soft-linking for particular problems. However, its application has been for the entire EU energy strategy 

(under the framework of the Strategic Energy Technology Plan) and it is unclear if the full hydrogen benefits have 

been taken into account. Integrated Assessment Models cover many of these aspects, but have so far not shown 

hydrogen as a key output and would benefit from the additional flexibility (see further work). 

8.4. Policy implications 

PtM policy. As part of this work, three policies to promote PtM were tested, namely PtM direct subsidy (up to 3 

€/GJ), taxing natural gas (the option to be replaced) and establishing a minimum PtM share (similar to biofuels). The 

most effective measure to increase PtM deployment was the direct subsidy. Taxing natural gas led to a more expensive 

gas, decreasing its demand across sectors, but having only a small impact in promoting a substitute. Setting a 

minimum share does not consider that there will be countries with more expensive hydrogen, resulting in a more 

expensive synthetic methane and unnecessarily increasing the prices for the end consumer. Direct subsidy of PtM 

resulted in the highest net PtM capacity addition, but can have the negative effect of producing synthetic methane that 

is used downstream with carbon capture to use that CO2 back into methane at some point. That is an energy and 

economic inefficiency that did not occur in any of the scenarios without subsidy. 

 

PtX policy toolbox. For both PtM and PtL (and electrolytic hydrogen) there is a large gap in production cost with 

respect to fossil fuels, especially during the early stages of deployment. Some of the incentives in the short term 

include: 

• Exemption from grid tariffs and levies for the electricity used in the electrolyzer. 

• Participation of the electrolyzers in the reserve and balancing market. 

• Funds for dedicated financing to hydrogen and related technologies. 

• Measures to lower risk for investment and attract private capital like long-term certainty. 

• Tax exemptions or refunds for the investment in hydrogen and PtX facilities. 

• Implementation of a life cycle perspective for the emissions from both hydrogen and PtX to take into account 

upstream emissions and CO2 source. 

• Introduce an accounting, monitoring and certification system that ensures the sustainability of the hydrogen 

and PtX products. 

• Green certificates adding an extra revenue stream (based on life cycle emissions above). 

 

120 https://www.energy.gov/eere/fuelcells/downloads/analysis-models-and-tools-systems-analysis-hydrogen-and-fuel-cells 
121 http://www.reeem.org/ 

https://www.energy.gov/eere/fuelcells/downloads/analysis-models-and-tools-systems-analysis-hydrogen-and-fuel-cells
http://www.reeem.org/
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• Direct subsidy of the gas and liquid produced, for a limited period of time, until there is learning from 

deployment leading to cost decrease. 

• Fuel tax exemption for hydrogen in transport (which currently represents around 50% of the fuel cost). 

• Feebates (taxing the worst performing vehicles in terms of CO2 emissions or pollutants to subsidize the best-

performing ones) for cars and trucks, which can be technology neutral and allow for a progressive 

improvement of the fleet. 

• Zero emission vehicles mandates (as in California for example). 

• Similar policies than for renewable electricity such as tariff per unit of energy or contract for difference with 

a targeted product price. 

• Fuel quotas (similar to the 14% for transport from the Renewable Energy Directive which already includes 

PtX). 

• Targets for refueling stations (similar, but more ambitious, to the Alternative Fuels Infrastructure directive). 

• R&D in fuel cells and electrolyzer aiming for cost reduction and efficiency improvement. 

• CO2 targets for the car and truck fleet with more aggressive credits for FCEV as zero-emissions vehicles. 

• Low carbon fuel standard with a credit system (similar to the one in California). 

• Consideration of domestic PtM production in the security of gas supply strategy. 

• Incentives that promote the use of CO2 (especially biogenic) for fuels. 

 

The above incentives should be considered in the context of not favoring specific technologies that could lead to path 

dependency or higher costs or leading to market distortions that affect the most efficient allocation of resources. The 

full potential implications are beyond what was covered in this study. However, Chapter 5 did cover some of the 

policies around FCEV finding that the most effective policy mix to promote FCEV in passenger cars was R&D 

targeting cost reductions for the fuel cell in 2020 and purchase subsidy in 2030 (where it is used by the most vehicles 

and hence the largest impact in overall sales). 

 

Hydrogen in the climate strategy. Hydrogen and PtX prospects are the highest in applications with limited choices 

for alternative carriers (e.g. industry, chemical feedstock and aviation). Policies promoting deep defossilization of 

these sectors will indirectly promote hydrogen and its derived products. These policies need to be in place soon given 

the long lead times for development. An example is in industry, in particular the steel sector. Investment in the coming 

years in a specific technology will lead to certain path dependency since those facilities would be operating at least 

until mid-century. Direct iron reduction with hydrogen on the other hand is not ready for large-scale deployment, but 

represents one alternative for zero-carbon in this sector and can be continuously upscaled to accelerate its path towards 

commercial use. Similarly, policies promoting energy efficiency would also have the largest impact on marginal CO2 

prices and energy prices and therefore indirectly impacting hydrogen and its derivatives. This is especially important 

for aviation and maritime transport where activity is expected to double or triple until mid-century and energy 

efficiency (including operational practices, vessel design and routing) can limit the corresponding energy demand 

increase making more feasible to satisfy such demand with PtX. Beyond fiscal, financial and economic incentives, 

hydrogen and PtX, would greatly benefit from policies on information sharing and adoption, international 

collaboration, institutional strengthening and harmonize standards for design and safety of the facilities. Some of the 

longer-term measures that could be used to promote hydrogen and PtX are: 

• High levels of CO2 pricing (or equivalent). 

• An emissions trading system that covers the entire energy system or at least that prevents the leakage from 

one system to the other. 

• A policy package that allows taking credit of the multiple benefits hydrogen has (energy storage, transport, 

sectoral coupling, conversion to other carriers). 

 

This research confirmed that enabling CCS causes some of the largest changes across the system compared to a 

scenario where it is not used. For hydrogen, CCS would mean access to a low-cost production pathway for low-carbon 

(i.e. gas reforming). CO2 underground storage could also lead to negative emissions compensating the most difficult 

positive emissions to mitigate. More importantly, for the overall system, it translates into lower (6-9%) annual costs 

and commodity prices. Therefore, policies promoting the scale up of CCS would lead to these benefits. These can 

include projects across Member States (e.g. Projects of Common Interest) with funding from the Connecting Europe 

Facility, CCS deployment targets and programs, CCS specific legal and regulatory regimes that consider the life cycle 

emissions and institutions to enforce them. 
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Avoiding policy loopholes. PtX facilities should run on renewable electricity to contribute to climate change 

mitigation (see question 3). This could be ensured by a direct connection between the renewable electricity production 

and the PtX facility, but could also be achieved with an effective guarantees of origin system in place. That electricity 

is currently accounted for as final energy demand contributing to the renewable targets while not really representing 

an end user. At the same time, the PtX product could end up in transport and contribute to the renewable share for that 

sector. Therefore, under a flawed policy, the same PtX facility could contribute to both the renewable targets in 

electricity with its electricity consumed and transport with the product. This double counting of the PtX benefit should 

be avoided. At the same time, promoting PtX coupled with renewable electricity could lead to deploying renewable 

electricity just for these facilities and therefore limiting the use for other applications under the assumption that there 

is a limited pace of capacity expansion that can be achieved. Therefore, it is also important to ensure that the 

renewable electricity for PtX facilities is additional to what would, in the absence of PtX, be deployed to maximize its 

benefit.  

8.5. Overall conclusions 

• The potential for hydrogen has to start by recognizing the variety of production and use pathways. This 

should be considered in the modeling as well as in evaluation of business cases. During this research, it was 

noted both in literature and the models used, that providing limited alternatives to use hydrogen (usually 

limited to transport), naturally limited the role that hydrogen had in the output. As soon as new applications 

were considered (e.g. for steel or trucks), these not only made the overall system cheaper due to the higher 

flexibility, but also increased the role that hydrogen and its products had. 

• The more flexibility options a system has the lower the cost it will be, translating into lower marginal CO2 

prices, lower energy prices and lower annual costs. This will also translate into a better resilience from the 

system to deal with changes in technology, commodity prices or market design. More flexibility means not 

only having more options in the power system such as variety of generation technologies, storage, grid 

expansion and demand side measures, but also introducing the entire range of PtX options (gas, liquid, 

chemicals and industry), which will also benefit those sectors. From the modeling work, it was observed that 

not having some of these increased considerably the total and marginal cost of the system. While the most 

restricted scenario explored was 95% CO2 reduction, this cost increase will become more pronounced as the 

system reaches zero emissions, is expanded from CO2 to greenhouse gases and expanded to cover non-energy 

emissions. 

• No single model can cover all the aspects. A modeling framework with a core module for overall direction, 

specialized modules and with a consistent basis for information exchange is one of the best options. This 

allows keeping calculation time in check, while still having both a detailed representation and a means to 

answer overarching questions (see Section 8.3). 

• Electricity is the preferred energy carrier overall. It has higher pathway efficiency given fewer conversion 

steps and coupled with renewable resources it is one of the lowest cost ways to decarbonize an application. In 

the applications where electricity is not possible or has a very high cost penalty (e.g. trucks with a high-cost 

assumption for the battery), hydrogen results more attractive given its higher energy density with limited 

conversion steps. PtX results attractive only when neither of these two carriers can be used (e.g. in aviation).  

• Power-to-Liquid is attractive to boost biofuels production and satisfy aviation demand where it will be more 

difficult to replace liquid fuels and where traveling demand will almost triple by 2050. Power-to-Hydrogen 

produces a versatile carrier that can be used across the entire system, complements electricity and provides 

the molecules for processes that need them (e.g. industry). Power-to-Methane suffers from low pathway 

efficiency, need for CO2 and no particular niches where electricity or hydrogen cannot be used, therefore it is 

the least attractive option. 

• Methane is a molecule for the transition stage. Natural sources would carry CO2 emissions upon combustion. 

Even if coupled with CO2 underground storage, it leads to resource depletion, potential energy security issues 

and restrictions imposed by storage availability. Biomass is better used for liquid fuels than for biogas and 

cannot replace the entire current gas consumption (given its limited potential and need for other sectors). 

Power-to-Methane would imply high electricity consumption upstream and additional CAPEX (compared to 

hydrogen). Sooner or later, the gas grid will have to be repurposed or decommissioned and its sunk cost is not 

a reason to justify the use of PtM. 

• To achieve significant FCEV deployment, three parameters need to stay in check: 

o High utilization of refueling stations (80-90%). This can be achieved by using captive fleets such as 

trucks at ports and industrial sites, bus or taxi fleets. These stations can eventually be opened to 
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general public decreasing the fuel cost for early adopters. Alternatively, there could be a credit 

system (as in California) to close the gap between actual and targeted utilization rate. 

o Low fuel cell cost (30-40 €/kW). This can be promoted by having manufacturing plants large 

enough to exploit the economies of scale, continue research to either reduce or eliminate platinum 

(one of the most expensive components) from the fuel cell, enough manufacturers to promote 

competition and pursue of low cost and minimum fuel cell size to reduce the specific cost. 

o Low hydrogen price (4-5 €/kg for delivered cost). Linked to either fossil-based hydrogen with CCS 

or low electricity price with high utilization for electrolyzers. 

• A platform like FCH JU (public private partnership) has been crucial in facilitating hydrogen deployment in 

the EU. It brings public financial support in contact with private equity, it provides a centralized tracking of 

the progress of the various projects, it allows knowledge exchange and best practices among projects and 

facilitates coordination of efforts and identification of gaps. This is far better than each country pursuing their 

agenda without much cross learning. Applying this to an international landscape, the equivalent function is 

needed to ensure maximum benefit. An option today is the International Partnership for Hydrogen and Fuel 

Cells in the Economy (IPHE). An option for the future is the hydrogen initiative launched by the Clean 

Energy Ministerial and coordinated by the International Energy Agency. 

• The most attractive sink for the CO2 molecule is underground storage. With a cost of 50-80 €/ton for capture 

and less than 10-20 €/ton for storage, it is still cheaper than all the investment required for CO2 use in fuels 

(CAPEX for additional electricity, electrolyzer and conversion). For the scenarios where CO2 use is indeed 

attractive, PtL is the preferred option due to its ability to satisfy, the more difficult to decarbonize, transport 

demand. 

• CO2 storage proved to be one of the most influential parameters for the entire system. Specifically for 

hydrogen, CCS allows producing a lower cost hydrogen. For the system, it gives more flexibility and 

reducing emissions from industry, power and heat. In contrast, current CO2 storage deployment remains 

limited and far behind the one needed to achieve the “well-below” 1.5 ºC. Furthermore, it prolongs the use of 

fossil fuels in the energy system. This has a negative aspect, which is the resource depletion and its 

unsustainable nature along with the energy security for import-dependent countries. The positive aspect is 

that it provides a means for countries with vast oil and gas resources (e.g. Middle East) to make use of their 

resources while still contributing to a system with lower CO2 emissions. 

 
Table 24. Energy carriers available in the different demand sectors. 

Sector Sub-sector Electricity Hydrogen Power-to-Methane Power-to-Liquid122
 

Residential 
Heating x x x x 

Cooking x  x  

Industry 

Steel  x x  

Ammonia  x x  

Heat and power x x x  

Transport 

Bus x x x x 

Light Duty x x x x 

Heavy Duty x x x x 

Car x x x x 

Aviation    x 

Navigation   x x 

 

Table 24 shows the combination of PtX energy carriers and end uses that was included in this thesis (this complements 

Table 8 in Chapter 3). At the same time, Figure 70 shows how these four pathways to produce different energy carriers 

compare in satisfying the final demand in the residential and transport sector. Combining the information in Table 24 

and Figure 70 explains why the merit order for energy carriers is electricity, hydrogen, PtL and PtM. All the pathways 

using electricity directly are just more efficient, which translates into lower electricity input upstream, lower capacity 

installed and lower CAPEX invested. Alternatively, if the electricity input is fixed (as in Figure 70), higher pathway 

efficiencies translate into lower specific cost (expressed as € per unit of final demand). As more conversion steps are 

added, it is detrimental to this specific cost since it both increases the numerator (i.e. total cost for the value chain 

which includes the CAPEX for the added equipment) and decreases the numerator (since energy is lost upon 

 

122 Wherever PtL is used, biofuels can also be used, see also Table 8 
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conversion). The pathway efficiency is only one component to be weighted against the CAPEX differential, but it does 

mean that the CAPEX for the electricity-based pathway can be twice as high as the PtX route and still be attractive. 

 

 
Figure 70. Pathway efficiency comparison for PtX routes in the residential and transport sectors. 

 

This efficiency criterion tends to reduce the preference for PtM and PtL which have further conversion losses. 

However, PtL is the only (PtX) route that can satisfy the aviation demand and the feedstock for the chemical industry. 

The efficiencies for the synthesis steps in PtM and PtL are relatively close (80-85%, see Table 10 and Table SI 8), but 

PtM would require an additional liquefaction step that results in an additional ~10% of energy loss (Table SI 25), 

which makes the PtL pathway more attractive for the maritime sector. However, the most attractive energy carriers for 

the maritime sector are ammonia and hydrogen, which were not included for this end use in this study (see section 

8.7). All these sectors can represent as much as 15% of the final energy demand in 2050 and drive the need for PtL. In 

contrast, PtM does not have end uses where it is the sole energy carrier that can satisfy the final demand. Instead for 

example in the residential sector, electricity (through heat pump) prevails and where its use is not possible (e.g. 

buildings with lack of space), hydrogen can result more attractive (which can still exploit the existing gas distribution 

network) and even for the fraction of buildings that still require methane, biogas (which has limited potential and 

cannot replace the entire gas demand) can be used. A similar effect takes place in the power sector, where gas can be 

displaced by renewables and the balancing can be done through a complement of electricity grid expansion, biomass, 

nuclear, electricity storage, demand response and gas turbines or fuel cells with hydrogen (see Section 2.4). Therefore, 

methane can be replaced by other energy carriers, while liquid fuels cannot (in the short term). PtL can exploit the 

synergy with biofuels and increase the biofuels production yield by two to three times and make better use of the finite 

biomass available. This PtL over PtM preference is seen economically (Figure SI 17), where PtL was present123 for 

hydrogen prices of 7 €/kg and beyond, while PtM was only attractive for hydrogen prices below 4 €/kg. The 

preference is also observed in terms of CO2 use, where the use for PtL can be 10 to 100 times larger than PtM (Figure 

21). Lastly, it explains why PtM requires the co-occurrence of 11 parameters to have its most optimistic scenario 

(Table SI 34) and why it is limited to niche applications with specific conditions. These overall drivers are more 

important than technology performance and the reason why in some cases the synthesis step for PtM could be as low 

as 75 €/kW and still not be part of the solution. 

 

123 In a scenario with 95% CO2 reduction, no CO2 underground storage and high VRE potential 
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8.6. Key modeling uncertainties 

This section aims to address the parameters having the largest influence in the results and that could take a range of 

possibilities depending on how the system evolves. Regarding the hydrogen system, this applies at the technology 

level to the electrolyzer, fuel cells and direct air capture, which are still in its early stages of deployment and at the 

systemic level to the hydrogen transmission and distribution network. Regarding the wider system, the main 

uncertainties (in relation to the work in this thesis) are the CO2 underground storage and biomass potential that will 

have a direct influence on the technology mix. 

 

Hydrogen production technologies. Actual CAPEX developments for the electrolyzer can affect its business case. 

With operating hours higher than 3000, the largest cost contributor is the electricity input, but as this electricity 

becomes cheaper, it will be important to drive down the CAPEX as well. Furthermore, if really low CAPEX figures 

are achieved (e.g. < 300 €/kW), the business case of operating the electrolyzer with hours of otherwise curtailed 

electricity could become attractive. Regarding the gas-based route (reforming), the main uncertainty is the actual CCS 

development and if the gap with needed capacities for a low-carbon system is closed. Other aspects like developing 

the transport infrastructure, match between sources and reservoirs, reservoir suitability and social acceptance, among 

others will prove key into unlocking CCS. This route however, still has some CO2 emissions left and relies on the 

finite character of storage. Other uncertainties are associated to technologies that currently have low technology 

maturity, but that could lead to cost step changes if developed like methane splitting, thermochemical splitting or 

photolysis. 

 

Fuel cell cost. This is a key parameter for hydrogen use in cars, trucks, stationary applications and ships. There is a 

trade-off between cost and durability (based on catalyst activity) that should be done at the interface of the 

manufacturing process with the application since not all of them will have the same usage pattern and requirements. 

Another uncertainty lies in the relation between the scale of manufacturing plants (and economies of scale during 

production) and the corresponding overall market size needed for such scale. This would define the cost decrease 

curve for the fuel cell and correspondingly the point in time where it becomes attractive in comparison to other 

technologies. 

 

Behavioral aspects. Simulation models are very data intensive to ensure that all the dynamics, interactions and 

relevant aspects are considered when aiming to reproduce the behavior of agents or stakeholders. The longer the time 

horizon is and the further the conditions are from the calibration data used, the higher the chance that the system 

responds in a different way than expected from the model. Therefore, in a future where (hopefully) there will be 

drastic systematic changes and even changes societal perspective and attitude towards energy use, it is difficult to 

foresee how these will affect the choices the users make and how the different criteria will be weighted. 

 

Life cycle data. There is uncertainty associated to what inventories from the LCA database are allocated to each of the 

relevant processes from the energy model. Those inventories themselves could be for a particular location that is 

different from the region of interest and inventories need to either be adapted or a difference has to be accepted. There 

is a time lag between collecting and registering inventories in databases, which means they could be relatively 

outdated and not characteristic of the latest development, which introduces an error when projecting forward. Some of 

the technologies can be far from standardized and highly dependent on local conditions and the specific project 

(balance of plant and outside battery limits items) that makes it harder to generalize from a single (or few) data set(s). 

Some of the technologies can be in its early stages of development which introduces high uncertainties into how the 

inventories can change when manufactured at large scale. 

 

Financing infrastructure and risks. Models do not properly capture the uncertainty associated to investing in large 

new projects with potentially long payback periods. For example, if there is a large hydrogen demand that justifies 

installing a large transmission pipeline, models usually do not capture that such pipeline makes the overall investment 

larger (increasing the capital commitment), that the owners of the pipeline and the demand might be different 

companies (with different interests), that the owner of the pipeline probably aims for a shorter payback than 30 years 

(unless it is the government) or potential project delays (and corresponding increases in cost) that can occur with such 

large projects. Models can be good at identifying the most attractive delivery pathways for a static set of conditions 

(supply cost and demand volumes), but it is more difficult to obtain answers that capture the evolutionary aspect of the 

delivery infrastructure with feedback loops with the supply and demand prices and levels. 

 



Chapter 8 
 

 

200 

Biomass. Biomass can be used across all sectors and applications and can satisfy demand with net zero emissions. The 

range of potentials for the EU is wide from 6 to 30 EJ/yr, while the final energy demand could be as low as 40 EJ/yr 

for some scenarios, therefore potentially representing a large share of the energy mix. Given its range of potential 

sources (including outside the EU), ensuring the sustainability of its supply and limiting the negative impacts that its 

production can have are among the most important factors. Depending on the actual potential, the solutions across the 

energy system will be different since it has to rely more on the remaining technologies available (including hydrogen 

and PtX) or it could also produce more hydrogen even in the case of a higher biomass potential (see insights from 

Chapter 3). Given the uncertainty around it and the fact that it is more difficult to ensure its sustainability when 

imported, some countries (e.g. Germany) limit its use in future scenarios, finding alternative options to reach the 

climate targets (e.g. PtM). 

 

Direct air capture. This technology is its early stages of development with the largest plant at 900 tons a year. 

Depending on how its cost and energy consumption develops, it could provide a relatively cheap source of sustainable 

CO2 with no constraints on location, materials and limited land and water use (different than biomass). Combined with 

CCS, it could also provide negative emissions and compensate positive emissions in industry or transport. Combined 

with renewable heat and electricity for its demand (e.g. heat pumps), it could provide a cap on the CO2 price needed to 

achieve stringent CO2 targets at the cost of relying of ultimately finite CO2 storage capacity. 

 

NETs. The use of negative emissions technologies (NETs) mostly in the second half of the century would enable less 

drastic changes in the first half with potential overshooting that is compensated later on. There are various risks to 

consider including the reliance on CO2 storage for some of them (and its finite nature), counting on negative emissions 

in the future while continuing closer to a business-as-usual trend in the near-term introduces the risk that society will 

do the first part (higher emissions), but not the last (NETs), temporary effects that the overshoot can have on the 

climate, slower technological development since society can always count on the negative emissions, among others. In 

terms of modeling, this has a direct impact since it affects the marginal CO2 price to reach a specified target, the rate 

of change for the system and the range of technologies used (including CO2 use, hydrogen and PtX). 

8.7. Further work 

This section focuses on overall lines of research for future work that complements the specific tasks for future work of 

each chapter (last paragraph of conclusions) to avoid repetition. 

 

Other PtX routes. This thesis focused mainly on three Power-to-X options (namely hydrogen, methane and Fischer 

Tropsch). Two other important products are ammonia and syngas. Ammonia can be used for power generation and 

combustion engines for ships or other mobility modes. It is already used as refrigerant, chemical feedstock and for 

explosives. Its storage is cheaper and the liquid form has higher density than hydrogen. The production of syngas, 

from H2 and CO2, has more value for the chemical industry. Syngas is the building block to produce a range of 

chemicals (paraffins, olefins, alcohols, ethers, aldehydes, carboxylic acids, among others). To get the most value out 

of this route, it would need to be coupled with a higher segregation of the chemical industry, to be able to compare this 

route to incumbent technologies and best available technologies. 

 

FCEV. Evaluation for the transport sector should also include modal shift (cars, buses, cycling, trains), higher 

consumer heterogeneity (differentiated by income, distance traveled, type of household, risk aversion), usage patterns 

and cost of traveling time, while still capturing the other attributes besides cost and the interaction with the rest of the 

energy system. Part of this has been done for Integrated Assessment Models and the same practices could be adopted 

for energy models. 

 

LCA + energy model. When using LCA there is an interdependence between industry, power and transport. An 

energy model is an ideal tool to deal with this once the LCA aspect is made endogenous. This will allow making trade-

offs across sectors both in cost and environmental impact as well as impact categories. The next barrier in this line of 

research is to understand how an endogenous LCA can change the technological choices. 

 

Hard-to-abate sectors. Similar to buildings, where specific efficiency measures can be weighed against changes in 

fuels or technologies, choices in the aviation and maritime should cover similar trade-offs. Currently, when these 
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sectors are included in energy models, only the conversion efficiency is used with the overall demand coming from a 

macro-economic model. However, such demand can in turn be lower through operational or design changes, which 

could be more attractive than alternative fuels for relatively low targets. Similarly, the infrastructure (i.e. bunkering 

and storage) is usually disregarded, while this will become relevant for these alternative fuels. 

 

Hydrogen imports. Further work should analyze the possibility of importing hydrogen and PtX from regions with 

lower cost renewable resources. This does not necessarily have to compromise energy security, since the imported 

amounts would probably remain small in comparison to the oil and gas imported to the EU today. However, as with 

any good in the economy, global trading ensures optimal resource allocation, ensuring an efficient market and 

achieving low prices. 

 

Modeling framework. This research attempted to use various tools tackling various dimensions of the problem. The 

pieces put together were on an ad-hoc basis and depending on opportunities. If there would be a consistent modeling 

framework that could be adapted (i.e. modules) depending on the problem and region (i.e. data), that would provide a 

consistent method for problem-solving. Tools like TIMES or OSeMOSYS that are already widely used could provide 

the starting points for this framework. OSeMOSYS is already participating in an EU project called REEEM where 

different of these modules are coming together. 

 

Time slice selection. Many studies [TS slices ref] have looked into the best time slice selection method and aiming to 

strike the balance between few time slices (to keep calculation time manageable) and still be able to capture variability 

from wind and solar. Some of these alternatives could be implemented in a European model, such as JRC-EU-TIMES 

aiming to prevent the use of a power model since the energy model would have some of these features incorporated. 

 

Spatial resolution. This research covered the entire EU to capture interactions between countries. However, the 

compromise in doing this is that local factors are not taken into account. A finer spatial resolution would allow 

identifying sites with electricity grid congestion, nearby CO2 sources, with renewable generation and close to demand 

centers. This develops better understanding of the infrastructure needs, both for new ones like hydrogen, but also 

potential expansion of the electricity grid. 

 

IAM. Integrated Assessment Models are broader than energy models usually covering some aspects of the 

macroeconomy (hybrid models), non-energy (land use related to afforestation and agriculture) and relation with 

climate (for temperature increase based on greenhouse gas emissions). However, it seems that so far they have not 

exploited the full hydrogen potential across the (non-)energy system. Even in the latest 1.5 °C report [4] the focus is 

on other carriers (electricity, coal, liquid and biomass) and hydrogen is mentioned in the context of an option for 

scenarios with limited NETs (Negative Emissions Technologies) or biomass. Hydrogen for power does seem to be 

covered with 15 out of 21 models having the option of stationary fuel cells (Table 2.SM.6) and 14 out of 21 the option 

for electrolysis (although combined with production from biomass in the reporting table), but only 6 have some form 

of Power-to-Gas, methanation or synthetic fuels. In spite of this (partial) representation, hydrogen hardly comes out in 

most of the scenarios with less than 15 EJ/yr for almost 80% of the scenarios (as a reference current hydrogen 

production is ~ 9 EJ/yr) and mostly used for scenarios with high (> 500 €/ton) CO2 prices. IAMs, that are used for 

IPCC assessments, would also benefit from including hydrogen in their scope and downstream conversion to other 

carriers. 

 

Technology roadmaps. Drivers and conditions for PtX deployment are now identified. This needs to be translated 

into research, financing and deployment targets with milestones, indicators to track progress and timelines. This 

should consider not only the fit with the wider national energy strategies for decarbonization, but also the contribution 

each country can have and the cross-country collaboration needed. 

 

Sustainable Development Goals. The contribution to climate change mitigation from this work should be 

complemented by looking at some of the other SDGs. Some of these aspects can be sustainable water withdrawal and 

supply (target 6.4), international cooperation for clean technologies (target 7.a), infrastructure in developing countries 

(target 7.b), link this work to the city level and urban planning to reduce their environmental impact (target 11.6) and 

capacity building in developing countries. 
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