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Chapter 1 

Introduction 

1.1. The need for hydrogen 

In the last 120 years, global temperature has increased by 0.85 ºC [1]. The cause has been mainly anthropogenic 

emissions [2]. A full 1 ºC has already been locked-in with the CO2 emitted so far. On the other hand, there are multiple 

negative effects of temperature increases beyond 2 ºC including biodiversity loss, population displacement and 

extreme weather events [2], among others and there is clear need and political will to limit this temperature increase 

with the latest milestone being the Paris Agreement in 2015 that aims to keep the average global temperature rise well 

below 2C and pursuing efforts to achieve 1.5C compared to pre-industrial levels [3].  This additional temperature 

increase translates into 420-1170 GtCO2 of cumulative emissions (from 2018) to have a 66% probability of staying 

within 1.5-2 ºC respectively [4]. Allocating these emissions by region, considering that EU has a high income per 

capita, translates into larger efforts and close to carbon neutrality by mid-century [5]. There is a gap between the need 

to keep the cumulative CO2 emissions in check and the need to reach CO2 neutrality by mid-century [6] and the reality 

that leads to continuously record-breaking CO2 emissions [7]. The alternatives to bridge this gap can be clustered in1: 

renewable energy, energy efficiency, CO2 capture and storage (CCS) and energy from biomass. Aiming for the goal of 

keeping the global temperature rise under 1.5 ºC significantly increases the challenges and pace of change needed as 

compared to keeping temperature increases well below 2 ºC. This translates into more stringent system-wide targets, 

lower energy and carbon intensity rates than historically seen, increased climate finance, increased global coordination, 

fiscal and structural reforms, R&D and innovation [4]. Reaching this target (1.5 ºC) would require CO2 prices (or 

equivalent policies) of at least 250 $/ton by 2050, a decrease of about 30% in final energy demand (in spite of the 

population growth) [4], increasing annual global investment from about 1.85 trillion$ in 2018 [8], beyond the 2.3 

trillion$/yr needed in a business-as-usual scenario to almost 3.4 trillion$/yr by 2050 [9]. Given the unprecedent scale 

of the task, all the possible means to achieve it will be necessary, including hydrogen and its various pathways. 

 

In the face of this challenge, there is a need for methodologies that allow exploring development pathways of the 

energy system. Informed policy making relies on far-reaching models that cover the interaction between the multiple 

dimensions of the problem (including Sustainable Development Goals [10]) and provide detailed (i.e. technology-rich 

with high spatial and temporal resolution), yet also holistic (environment, economy and society) answers to the 

problem. This thesis aims to take one step in such direction. 

 

Hydrogen arises as an attractive option as an energy carrier for a low-carbon system [11]. It is equally versatile as 

electricity, and hydrogen can be used across all sectors (see Figure 1) [12]. It can be further converted to other energy 

carriers (such as methane, methanol, diesel, jet fuel and ammonia) and in particular satisfy demand in sectors where 

electrification might be more difficult such as maritime transport, aviation and potentially, some industrial applications 

(e.g. high temperature heat) [13]. Hydrogen would allow for example, to produce synthetic feedstocks for industry at 

the root of the chemical industry, which electricity alone could not achieve [14]. It can be stored at higher energy 

densities than electricity making more suitable for long-term storage, but also for long-distance transport [15]. Similar 

to its versatility in use, it has multiple production routes including from fossil fuels, nuclear and renewable energy 

through electrolysis [16]. This increases the choices for low-cost production depending on regional resources and 

energy mix [17]. It does not carry any CO2 and upon combustion only releases water vapor. 

 

There is a link between the various strategies to achieve a low-carbon system and hydrogen. Hydrogen can provide a 

source of flexibility for the power system and aid the integration of variable renewable energy (VRE) [18]. 

Electrolyzers, which convert electricity to hydrogen, can adjust their production fast enough to follow the production 

from wind and solar [19]. Hydrogen production can be combined with CCS and reduce the CO2 emissions when fossil 

fuels are used as primary energy sources [20]. It can also be combined with biomass to maximize the use of the limited 

 

1 Nuclear energy is another one, but given the national restrictions is not included here as a universal alternative 
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biogenic CO2 for applications where replacement of incumbent technologies is more difficult (e.g. aviation), but that 

are still needed to achieve a zero-emission system [21]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Potential hydrogen pathways in the energy system. 

1.2. Hydrogen in the past and today 

Hydrogen is already used today mainly in industrial applications. Globally, around 70 million tons per annum (mtpa) 

of pure hydrogen are used with another 45 mtpa used as a mix of gases [22]. Both of these forms represent over 3% of 

final energy demand [23]. Around a third of the annual hydrogen production is used in refineries to remove impurities 

and sulfur (hydrotreatment) and to upgrade heavy residual oil into higher value products (hydrocracking). Another 

40% is used for chemicals, specifically ammonia and methanol production. The balance is mainly for onsite heat and 

power production mostly when hydrogen is part of a low-calorific gas. The production has grown fourfold since the 

1970s [22]. Almost 6% and 2% of the global natural gas and coal production is used for hydrogen production [22]. 

This results in almost 830 mtpa of CO2 emissions, which represent 2.5% of the global energy-related emissions [7]. 

 

Globally, around 600 M€2 were invested in 2018 by governments in hydrogen-related R&D [22]. This figure is still 

small compared to the total government energy R&D spending of over 21 bln€/yr or the corporate contribution of over 

78 bln€/yr. Oil and gas alone receives more than 15 bln€/yr in corporate R&D spending [8]. By mid-2019, there were 

around 50 national targets, mandates and policy incentives in place globally to directly support hydrogen in multiple 

countries. Around the world (mostly in G20 countries and the EU), 11 countries have such policies in place and 9 have 

national roadmaps for hydrogen. By far, the most targeted sector is transport (with 40), but recently, policies for the 

other sectors (buildings and industry) have been developed as well [22]. 

 

 

2 Throughout this thesis a conversion factor of 1 € = 1.2 USD is used 
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Interest in hydrogen is not new, there have been several waves in the past where hydrogen was seen as a promising 

option for the energy system, but these did not materialize in investment. In the 1970s, the interest was due to the oil 

crisis and associated price shocks [24]. In the 1990s, led by Japan, concerns about climate change triggered attention to 

hydrogen and led to programs for low-carbon hydrogen production and international trade. In the early 2000s, the 

potential of fuel cell electric vehicles (FCEV) combined with concerns about an oil peak led to the establishment of the 

International Partnership for Hydrogen and Fuel Cells in the Economy (IPHE) meant as a knowledge exchange 

platform to foster collaboration and coordinate global efforts [24]. The recent interest resulting in the current wave is 

different since actions to tackle climate change are more pressing than before; hydrogen represents an alternative to 

reduce emissions in the hard-to-abate sectors; there is experience (in terms of incentives, financing and scale up) from 

other renewable technologies; electricity costs from wind and solar continue to decrease making electrolytic hydrogen 

more cost competitive; hydrogen production and use technologies have been demonstrated and ready to scale up; the 

range of actors showing interest in hydrogen is much wider today including electricity suppliers, industrial gas 

producers, electricity and gas utilities, automakers, oil and gas companies, major engineering firms and governments. 

 

Hydrogen, however, does not come without limitations. Low energy efficiency, lack of infrastructure and high cost are 

among the key ones [25]. When produced through electrolysis, it can lead to 20-35% energy loss in the conversion 

[26]. If there is a need to reconvert it back to electricity, another 40-50% can be lost [27] (using fuel cells or turbines). 

Converting it to other carriers can lead to conversion losses of 10-15% (ammonia) [28], 20% (methane) [29], 25% 

(Fischer Tropsch) [30]. Transforming hydrogen into a more suitable form for transport, such as liquid or bound to 

organic molecules can result in an additional 25-40% energy loss [31]. Even though its (volumetric) energy density is 

higher than electricity, liquid hydrocarbons have at least five times higher energy density than hydrogen [32] and 

almost three times if stored as ammonia [33]. There currently is limited infrastructure for its transport and use. There 

are about 4600 km of hydrogen pipelines around the world [34], while there are more than 3 million km of gas 

transmission pipelines [35]. There are almost 220 000 gasoline and diesel refueling stations only in US and EU [36–

38], while there were only 381 hydrogen refueling stations (HRS) worldwide in 2018 [22]. There are no large 

liquefaction facilities or with organic carriers that can serve as basis for international trade and only around 10% of the 

global ammonia production is traded by sea [39]. This does not necessarily mean that all the infrastructure needs to be 

built from scratch. Part of the gas network could be converted to hydrogen or hydrogen could be as a blend with 

methane (to a limited extent) [40]. 

1.3. Hydrogen in the future 

Energy scenarios constitute an important tool for the development of energy and research policies. They aim to explore 

how different drivers evolve in time and how different actors will interact with each other and translating this into a 

range of possibilities for the future [41]. A range of tools can be used to produce such scenarios and there are multiple 

ways of classifying these based on topology, analytical approach (top-down vs. bottom-up), purpose, mathematical 

approach, spatial and temporal resolution, time horizon, among others [42,43]. Particularly for hydrogen, there are 3 

major reviews that look at its role in future energy scenarios [44,45] and this thesis (Chapter 5). [44] looks at global, 

regional and national models that report hydrogen in the results, determining the drivers for hydrogen use, CO2 price 

needed, pathways used (production and application) and interaction with renewables, CCS and biomass. [45] 

complements this by analyzing global scenarios by prominent institutions (e.g. IEA, Shell, World Energy Council) and 

recommends some of the best practices to consider hydrogen in modeling frameworks. Chapter 5 of this thesis looks at 

regional and national studies that were left out from [44] (where a project looking at deep decarbonization scenarios 

was used) and at scenarios generated using integrated assessment models. Given that hydrogen participates in every 

part of the energy system and that it will become more important as the system decarbonizes [24], there is a need to 

use a modeling framework that has a high technological granularity to cover all the competing technologies and 

alternatives in the supply, infrastructure and end-use. 

 

The role of hydrogen is expected to become more prominent as the system is more restricted in terms of technology 

portfolio [45]. This means deep decarbonization targets, high VRE penetration, low CCS deployment (requiring other 

options such as hydrogen to achieve targets), high CO2 price (to justify investment) and low-cost options for hard-to-

abate sectors will all tend to drive a higher need for hydrogen [44] (see Chapter 3). In these scenarios, there seems to 

be a correlation between level of ambition (for CO2 reduction) and the role that hydrogen has in the energy system. As 

lower CO2 targets are used, the emissions from hard-to-abate sectors should also be mitigated. This translates both into 
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higher marginal abatement costs (i.e. CO2 prices) and it exploits the uses where hydrogen can be the most attractive 

[44]. In most of the past studies, hydrogen has a relatively small role and if any, it is limited to the transport sector (see 

Figure 2). In most cases, this is simply caused by providing limited pathways in the topology of the model (both 

production and use) that lack the full range of applications hydrogen can have. Here lies the importance of including 

all the potential hydrogen pathways (inclusive of conversion to other carriers), not to have more hydrogen on its own, 

but because of the additional flexibility that it represents. Two components where there is both competition and 

synergies with hydrogen are biomass and CCS. A high biomass potential means that biomass could replace hydrogen 

use for many of its potential applications (see Chapter 3). However, a synergistic effect is that hydrogen could also 

increase the yield of biofuels and make better use of the biogenic carbon [30]. CCS could enable low-carbon hydrogen 

production from fossil fuels, increasing the range of possible hydrogen sources and decreasing the production cost. 

Nevertheless, in a future where CCS is possible, the CO2 prices are expected to be lower [6], decreasing the incentives 

for hydrogen. Furthermore, CCS coupled with biomass could lead to negative emissions that could compensate 

positive emissions elsewhere in the systems preventing the abatement of the most difficult sectors [46]. 

 

Figure 2. Qualitative assessment of sectoral hydrogen use in 2050 in global scenarios (based on [45]). 

 

1.4. Hydrogen in the EU context 

A key driver for hydrogen is clarity and ambition in the long-term climate goal, which is the case for the EU. The 

Paris Agreement has been shaping the EU climate ambition. The mid-century strategy has changed from 80 to 95% 

CO2 reduction by 2050 (vs. 1990) [47] to a net zero greenhouse gas emissions [48]. This is in recognition that 

reduction in cumulative emissions from the current Nationally Determined Contributions (NDCs) is not enough to 

meet the “well below 2 ºC” target and that pathways with high emissions early on rely on negative emissions in the 2nd 

half of the century [4]. Therefore, achieving the Paris Agreement target requires more drastic CO2 reductions [49]. The 

ambition has been extended to cover land use, reforestation and non-CO2 emissions related to food production. 

Hydrogen and its derived products have also been included in the scenarios, whereas they were hardly used before 

[50]. Out of 8 main scenarios explored in the impact assessment for the “Clean Planet for all” strategy, one focuses on 

hydrogen and one on Power-to-X (PtX3, although achieving 80% greenhouse gas reduction), promoting respectively 

their use across sectors. Hydrogen and PtX are indirectly promoted in two scenarios that explore an emissions pathway 

consistent with a 1.5 ºC world [48]. Hydrogen provides 2-5% of the electricity storage (instead of PtM), 350-500 GW 

of electrolyzers are needed, FCEV are 4-16% of the car fleet, hydrogen and PtX satisfy up to 50% of the heavy-duty 

 

3 Power-to-X encompasses the range of technologies to convert electricity to another carrier (e.g. heat, ammonia, methane and even hydrogen itself). 

This thesis focuses on methane and liquid hydrocarbons 
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demand and the bulk of the industrial demand, PtL is up to a third (but 0-10% in most scenarios) of the jet fuel supply, 

PtX is up to a third of the maritime fuel supply, the CO2 used for PtX is mostly from biomass and air [48]. 

 

In terms of policy, hydrogen and synthetic fuels are not explicitly mentioned in most of the directives. The Renewable 

Energy Directive [51] establishes a target of 14% of renewable energy in transport by 2030, the advanced biofuels 

target is 7% and PtX could contribute to the other 7%. PtX is classified in two: renewable and from waste steams (e.g. 

flue gases). To count as renewable, only the electricity source is considered, while the CO2 source is not covered (the 

only condition is that the CO2 source is not elastic, meaning that more CO2 will not be produced in response to its use) 

and the greenhouse gas reduction should be at least 70% starting from 2021. The Renewable Energy Directive (RED) 

also suggests the extension of guarantees of origin for renewable gases like hydrogen or biomethane. The Fuel Quality 

Directive (FQD) is based on a mandatory 6% GHG reduction by 2020 compared to a 2010 fossil reference of 94.1 

gCO2/MJ [52] and only mentions hydrogen in the reporting guidelines 2015/652 [53]. The CO2 emissions standard for 

cars focuses on tailpipe emissions and promotes higher efficiency from manufacturers. Furthermore, it promotes the 

deployment of zero-emissions vehicles (battery, fuel cell and hybrids), but does not have a life cycle approach to 

promote the use of electrofuels (which would still have the same tailpipe emissions)4. The target is 95 gCO2/km for 

2021 decreasing by 37.5% in 2030 (59.4 gCO2/km) [54]. Hydrogen falls in the category of electricity storage 

providing flexibility (supply driven) rather than an alternative for sustainable transport (demand driven). For example, 

in the 2017 vision of the Clean Energy for all Europeans Package, it was presented as an alternative to integrate VRE 

and clustered under the Fuel Cell and Hydrogen Joint Undertaking (FCH JU) [55]. In such vision at least, storage was 

not focused anymore only on power, but also extended to promote sectorial integration options (PtX). 

 

Research at the EU level is mainly through the FCH JU, which is a private public partnership [56]. The first phase ran 

from 2008 to 2013 with a budget of 940 M€ and a second phase from 2014 to 2020 with an increased budget of 1330 

M€ [57]. There are also national programs, like the National Innovation Program for Hydrogen and Fuel Cell 

Technology (NIP) in Germany with 250 M€ until 2019 funded by the Federal Ministry of Transport and Digital 

Infrastructure (BMVI) [58]. In France, the Minister of Ecology and Solidary Transition announced the allocation of 

100 M€ for hydrogen development in industry, transport and as storage as part of the national hydrogen strategy [59]. 

There is also some private participation, for example, the H2Mobility is a joint venture with 6 companies targeting a 

nationwide (Germany) coverage of hydrogen refueling stations [60,61]. There is a 2.8 bln€ plan in the Netherlands to 

carry out 33 different projects including electrolysis using offshore wind, power generation and blending in the gas 

grid, among others [62]. 

1.5. Gaps in hydrogen modeling 

Most of the studies around hydrogen and PtX focus on a single dimension of the problem (see literature review from 

Chapter 4). Some of the clusters are: 

• Focus on the technology itself and improvements in performance. 

• Looking at the supply chain, but only for hydrogen. 

• Geo-spatial studies making a match between supply and demand. 

• Economic feasibility. 

• Long-term storage. 

• Integration of VRE production. 

• Energy carrier for the entire system. 

• Roadmaps. 

• Policy making and effect. 

 

The complexity and key to answering more overarching questions lies in combining as many of these dimensions as 

possible to be able to make trade-offs across categories and avoid overestimating the hydrogen role due to disregarding 

some factors. There are various barriers to combining many of these: higher complexity of the problem limits 

formulation but also understanding of the outcome; different tools and methods are used for each one; different 

knowledge and expertise required; different questions to be answered. The range of elements that would ideally be 

included in a modeling framework are shown in Figure 3 that covers not only the energy dimension (upper half), but 

also the macro-economy, government and environment (bottom half). 

 

4 The regulation mentions that by 2023 the EC will evaluate the possibility of using a life cycle approach 
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This does not mean that all the elements should be covered by a single multi-purpose model, but instead there should 

be a structured framework that allows connecting the pieces and ensuring a consistent exchange of information. Such 

framework, as a whole, would be able to answer the overarching questions, while still keeping detail in each of its 

components. An example of such integrated modeling is from the Research Center Julich in Germany [63] that covers 

the power system (and flexibility) with an hourly resolution, the electricity market and grid, the hydrogen production, 

infrastructure and demand. This is still missing many of the elements in Figure 3 (e.g. all the elements in the bottom 

half, trade-offs across the energy system and behavioral aspects), but already uses 7 different models. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Elements interacting with the energy system and having influence on hydrogen deployment. 

 

There are also examples (beyond hydrogen) that some of these boundaries are becoming more diffuse. The link of 

macro-economic models with energy models is relatively common [64–66]. There are various degrees of integration 

between energy and transport models [67]. Energy models have also looked at air pollutants and co-benefits on health 

impacts [68–70]. There is continuous research on the energy-water-food nexus [71,72] also considering land use [73]. 

The broader relation between the energy system evolution and the climate change impact has also been explored 

[74,75]. The need for these overarching answers and need for evaluating trade-offs across the system were behind the 

creation of Integrated Assessment Models [76,77], but also creating the need to simplify many of these aspects leading 

to critics in their value [78]. Therefore, by covering these various dimensions with dedicated models, while still 

ensuring consistency and complementarity adds the most value. The application of such framework is specially 

important for hydrogen given its role across all parts of the energy system. In the aspect of bridging the gap with other 

dimensions beyond cost optimization, this thesis does so for the behavioral aspect in transport (Chapter 5), the 

consideration of the life cycle perspective and other categories beyond climate change (Chapter 6) and the hourly 

resolution for power (Chapter 7). 

 

The minimum set of features that the modeling framework should cover are (see Chapter 3 and [45]): 

• Cover all the energy sectors given the sectoral coupling character hydrogen has. 

• Cover all the flexibility options (see Chapter 2) to make sure PtX role is not overestimated. 

• Introduce all the hydrogen pathways including production and use technologies. 

• Include the conversion to other carriers (ammonia, methane and heavier hydrocarbons). 

• Enough spatial and temporal resolution to capture variability in supply and demand. 

• Consider the complexity of the consumer behavior and deviation from rationality. 
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• Expand beyond climate change and assess the full environmental impact. 

• Differentiate between technology (e.g. efficiency) and system drivers (e.g. CO2 storage). 

• Transparent and open methodology. 

 

No study has covered all of these features and as such, the gaps identified in each chapter of this thesis relate back to 

one or more of these features. A hydrogen modeling framework covering these different aspects should not only show 

consistency between sub-models and information exchanged (inside the model), but also between regional frameworks 

and global coordination (outside the model). At the end, some of the barriers around hydrogen and PtX such as cost, 

infrastructure, standards and safety have a global reach. There are already platforms like the IEA, Clean Energy 

Ministerial, Technology Collaboration Programs and the International Partnership for Hydrogen and Fuel Cells in the 

Economy (IPHE) that provide the means for knowledge transfer, coordination and a common global vision that regions 

can adapt to their specific conditions. Both in the modeling as well as the international aspect, the development should 

go from overall to specific. In modeling, this means starting from an energy model that gives the overall direction of 

drivers and what is needed, followed by a more detailed analysis of each of the components. 

1.6. This thesis – Approach 

Based on the above, this thesis followed such approach: 1. It uses a combination of various tools and methods to cover 

various dimensions of the hydrogen and PtX problem and 2. It goes from general to specific. Figure 4 shows the 

elements covered over the entire research, the sequence and relation between elements. The highest level is to 

understand what the current status is (Chapter 2), then assess the areas with the largest impact (Chapters 3 and 4) and 

then look in more detail into some specific aspects (Chapters 5-7). For some of the main steps, there is a differentiation 

between the method (approach or tool), scope (systems or technologies covered) and the output (main outcome from 

the step). The core of the research is at the center, with the delineation of the scope of each chapter. There are also 

some gray-shaded elements that are complementary and that led to some related work (see Section 1.8), but not 

covered as part of this thesis. 

Figure 4. Boundaries for this thesis and related work. 
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The centerpiece of the research is the cost optimization model used for Chapters 3 and 4 (JRC-EU-TIMES). The model 

has an EU coverage, covers all the energy sectors, was expanded with all the possible pathways and conversion routes 

and was used to systematically analyze technology and system drivers that favor the PtX pathways. Since no tool can 

cover everything, the rest of the chapters cover some of the major gaps this tool has and that are relevant for hydrogen. 

The three major gaps from this centerpiece that were covered were: 

• The behavioral aspects that influence decision-making from consumers in the passenger car sector. Cost is 

only one of the criteria used by consumers along with brand, safety, convenience, performance, reliability, 

environmental aspects, among others. Furthermore, consumers are not fully rational. To cover this gap, the 

cost optimization was soft-linked with a system dynamics model. The analysis focused on cars since decisions 

in other modes of transport (e.g. trucks) have different dynamics and a larger cost weight. 

• Coupling the cost optimization to life cycle assessment (LCA). On one hand, this expands the common 

boundaries that LCA usually covers from a technology to the entire energy system, it introduces the dynamic 

perspective and establishes the link between economy and environment. On the other hand, it expands the 

boundaries of the cost optimization model to cover other life cycle stages beyond operation and include other 

impact categories besides climate change. 

• Soft-linking with a power model. Given that PtX is attractive with high VRE fractions, having a high 

temporal resolution that captures their variability is important. 

 

This thesis focuses mainly on the EU as a whole, this should be put in the context of the international activities and 

coordination (at the right in Figure 4), but also translated into specific national and regional policies that take into 

account local constraints. The contribution of the present research to such effort is twofold: 1. To the international 

landscape, through contributing to the IEA report [22] (see list of outputs in Section 1.8) that provided a global 

overview of hydrogen production, transport, conversion and use, as well as opportunities and policy actions for the 

short-term (next decade); 2. To the national energy strategies, this work sets an overall EU direction that can be 

disaggregated by adapting it to country-specific restrictions, assets and political agenda. Specifically for PtM, this 

thesis contributed to the energy-systems perspective that serve as input for more detailed analyses on macro-economic, 

cost-benefit, power system effects as part of a Horizon 2020 project called “Store&GO” (at the left in Figure 4). 

Lastly, there are some elements that were not covered and can be the scope of follow-up work (at the bottom in Figure 

4) including the macroeconomic aspect (gross domestic product, trading, consumption, jobs), link with climate (effect 

on carbon balance and temperature increase), societal aspects, among others. 

1.7. This thesis – Objective and questions 

The main objective of this thesis is twofold: to assess the potential role that Power-to-X can have in a future low-

carbon scenario for EU and develop an improved modeling framework to assess this potential. To achieve this, the cost 

optimization model is used as a core tool complemented by models with higher granularity in specific dimensions. The 

main questions that can give insight towards this objective are: 

1. How can the modeling framework be improved to provide higher granularity and assess PtX potential in a 

low-carbon future? 

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

performance? 

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

 

Note that these are the overarching questions, while each chapter contains a higher level of segregation for those 

questions. Table 1 has the relation between the chapters in this thesis and the questions above. 

 

Table 1. Match between research questions and chapter in this thesis. 

  Questions 

Chapter Topic 1 2 3 

2 Long-term storage to integrate VRE with focus on Power-to-Gas x   

3 Hydrogen and Power-to-Liquid role in low-carbon scenarios x x x 

4 Power-to-Methane role in low-carbon scenarios x x x 

5 Cost optimization and a behavioral model to establish potential role of fuel cell 

electric vehicles and most effective policies 

x  x 
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6 Cost optimization plus life cycle assessment with focus on Power-to-Methane x  x 

7 Feasibility of a power system with high VRE and electrolyzers x  x 

 

Chapter 2 addresses question 1 by looking at PtX in the context of the power sector and understanding how it 

competes or complements the other flexibility options that the power system has. The flexibility options are wind/solar 

capacities (since they have complementary patterns), storage, flexible generation, grid expansion, demand side 

response, excess of installed capacity, curtailment, PtX and system diversity. Chapter 2 has a thorough literature 

review component at its core that goes through over 60 studies with various objectives: quantify trade-offs among 

flexibility options, quantify the need for storage in systems with low (20-95%) and high (> 95%) renewable 

penetration, compare the storage need with the availability from various storage technologies, evaluate PtM in the 

context of that storage need, analyze trends in the range of studies that had been done on PtM and focus on the ones 

with a systems perspective. This allows understanding how storage, and more broadly PtX, can change its role 

depending on the other flexibility options included in the models. This proves to be valuable input when coming up 

with the best modeling approach for question 1. 

 

Chapter 3 is the first exploratory step to understand the cost implications and drivers for hydrogen and one PtX option 

(Liquid). This gives the overall direction before delving in more detail in some parts of the energy system. Various 

parameters are systematically changed to identify what the conditions to promote these technologies are. This includes 

both technology parameters (e.g. Capex of efficiency) and system constraints (e.g. biomass potential or CO2 

underground storage) resulting in over 50 scenarios establishing some boundary conditions for hydrogen use. Being a 

cost optimization model, the cost impact (question 2) is at the core of Chapter 3. The impact is assessed in terms of 

investment, marginal CO2 price and commodity prices and how these change with different system configurations. 

The model considers all the possible hydrogen pathways, including conversion to other energy carriers and with its 

energy-wide coverage contributes directly to answering question 1. Chapter 3 also covers question 3 by evaluating the 

impact of multiple technological choices beyond hydrogen can have on the overall system. For example, policies for 

underground CO2
 storage, for electricity grid expansion or research for electrolyzers and further conversion steps. It 

also shows the trade-off between local production of hydrogen, potentially at a higher cost, and reduction of fossil fuel 

imports. Therefore, establishing a relation between domestic hydrogen flows and energy security.  

 

Chapter 4 uses the same model and methodology as chapter 3 and thus contributes to answering the same questions. 

The reason for a separate analysis focused on PtM is because as shown in Chapter 2, until now, there was no study 

with a systems perspective with a systematic approach to determine the drivers for PtM, trade-offs with the other 

flexibility options and use across sectors. This created an extensive study on its own, but also a link with the Horizon 

2020 project this research was part of. Some of the key differences PtM has from PtL are the use for heating and large 

seasonal component, the potential reconversion to power, the absence from the aviation sector and the lower 

commodity prices. The range of parameters was similar (as in Chapter 3) with emphasis on technology performance, 

understanding how Capex and efficiency drive PtM deployment, aiming to set R&D targets for the technology. 

Chapter 4 goes one more step in policy analysis since direct PtM subsidy, tax on natural gas and a minimum share of 

PtM gas are tested. 

 

Chapter 5 combines a cost optimization model with a system dynamics model. The cost optimization has the strengths 

of an energy system coverage, evaluates the effect of overall parameters like biomass potential and competition 

between sectors, availability of CO2 underground storage, supply and demand curves affecting prices and the best 

allocation of remaining CO2 emissions as the cap is reduced. On the other hand, the system dynamics model focuses 

only in the light-duty road transport sector, but considers attributes beyond cost such as reliability, environmental, 

safety and convenience for refueling. This combined framework contributes to answering question 1 by understanding 

how different models can benefit from each other, what the alternatives to soft-link them are and what the best 

approach to do so is. By using a behavioral model, it allows understanding how the different drivers that end users 

have change the cost-optimal solution. Chapter 5 also explores what the drivers are for FCEV penetration and how 

FCEV compares with other powertrains (including BEV), how FCEV shares for different scenarios with an ambitious 

(95%) CO2 reduction targets. Chapter 5 also quantifies the effect that various policies have on FCEV sales. 

Specifically, purchase subsidy by authorities or discount by manufacturers, fuel subsidies, refueling station subsidies 

and R&D in three different time periods are evaluated based on effect on cumulative sales. 

 

Chapter 6 takes the cost optimization model and expands it to include all the life cycle stages of fuels and assets and 

other impact categories besides climate change. This is done as an ex-post analysis of the model results for various 

scenarios. This choice was made to combine two dimensions: cost and environmental impact (missing society) and 
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cover the gaps of each model. LCA benefits by covering the entire system (instead of a process), having a time 

component (with the technology parameters changing in time), having a spatial and temporal differentiation (since 

parameters like electricity mix will be different for various countries and time slices). On the other hand, the main 

benefit for the energy model is to expand the analysis from cost to include environment. This is at the heart of question 

1 since it allows understanding not only the complexities of the combination of both methodologies, but the benefits 

that it brings and the challenges ahead when looking at the standardization of this process. Chapter 6 represents a key 

component in answering question 3 since it introduces the environmental and cost trade-off useful to put in 

perspective the pure cost-based results from previous chapters. By using LCA, it also allows understanding how other 

impact categories beyond climate change evolve both for the system and for PtX (PtM) in particular. It also puts the 

PtM impact in perspective by comparing it to the gas and the overall system. 

 

Chapter 7 studies in more detail the interaction between the power system and the electrolyzers regarding energy 

balance (e.g. use of VRE production), effect over electricity prices and market design. To understand how a system 

with a large share of electrolyzers could work, an extreme scenario where a large (roughly half) part of the power 

system is producing hydrogen for the other sectors was used. This allows defining better what the end goal might be 

for the power system. At the same time, it introduces new ideas that require moving away from the current view of 

using electrolyzer for electricity surplus reduction to using it as a main flexibility tool of the power system and as a 

means to feed the other sectors indirectly with renewable resources. The use of an hourly model, focusing on power 

with an extreme scenario, proves to be a valuable input to the features that the hydrogen modeling framework should 

have (question 1). At the same time, the large changes with respect to the current power system also allows drawing 

some insights into a potential future power market design (question 3). 

1.8. This thesis – Reporting 

This section covers the written output produced during this research. Most of this was produced during a 2-year 

visiting period at the Joint Research Center and a 6-month visiting period at the International Energy Agency. 
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