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1. INTRODUCTION 

1.1 GENERAL BACKGROUND 

In the recent years, most of the countries in the world have stablished targets and actions 

for reducing greenhouse gas (GHG) emissions in order to stop climate change. Under this 

motivation, the Paris Agreement —a new global agreement to combat climate change—

was adopted under the United Nations Framework Convention on Climate Change 

(UNFCCC) in December 2015 [1,2].  

The overall goal of the Agreement is a reduction of the emissions of carbon dioxide in a 

way that the global average temperature remains 2 ºC below preindustrial levels. This 

prevent dangerous interference with the climate system, while ensuring sustainable food 

production and economic development [1]. 

To do that, it is necessary to move from a fossil fuel economy to a zero-emission 

economy. In fact, nearly two-thirds of all industrial carbon dioxide and methane 

emissions can be traced to major industrial carbon producers; coal, oil and natural gas 

and cement manufacturers and one-third of this emissions is directly related to major 

fossil fuel producers [3,4]. Figure 1 reflects the contribution of these companies to the 

total emissions. 

 

Figure 1. Historical carbon dioxide emissions [5]. 

An adequate solution to the problem, among different alternatives, is the use of hydrogen 

as energetic vector. It is considered the next generation fuel due to its high conversion 

efficiency (2.75 more energy than hydrocarbons) and non-polluting nature as it produces 

just water vapour and energy during its combustion. Another interesting fact is that 

hydrogen can be obtained from different low-carbon energy sources (renewable 
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electricity, biomass). The possibility of obtaining hydrogen from hydrocarbons combined 

with carbon capture and storage is also under study [6–9].  

According to the Hydrogen Council ([10]) hydrogen can play 7 different roles in the 

energy transition (Figure 2). 

 

Figure 2. Hydrogen roles in energy transition [10]. 

Current hydrogen production involves several different well-developed and R&D 

technologies. The world already produces and consumes more than 55 Mt of hydrogen 

annually in a wide range of industrial processes. Though, the only zero-emission 

processes are those in which the main source of power is renewable or nuclear energy 

[10,11]. Figure 3 presents the main methods to obtain hydrogen. 

 

 

Figure 3. Hydrogen production methods [11]. 

1.2 HYDROGEN PRODUCTION ROUTES ACCORDING TO RAW 

MATERIAL. 

A short review of the techno-economical aspects of the methods can be found in Table 1. 

Even though the fossil fuel methods present the lowest production costs (mainly due to 

its implantation and full development) some of the renewable energy methods show a 

good competitiveness, such as water electrolysis. Photo-electrolysis, though still at R&D 
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development, has a strong potential because of its advantageous operational conditions 

(low temperature and sunlight as power source). 

Fossil fuels. 

Fossil fuels are the main source of the total hydrogen produced nowadays. These process 

have a long industrial implementation. Steam methane reforming is the most cost-

effective process. It consists on the reaction of carbon-based liquid or gaseous fuels with 

steam at high temperature to produce carbon dioxide and hydrogen [7,12] 

Partial oxidation (POX) involves the oxidation of hydrocarbons in lack of oxygen. 

Catalytic process occurs at 950 ºC while non-catalytic occurs at 1150-1315 ºC. 

Autothermal reforming is a combination of steam reforming and POX. Hydrocarbon 

reacts both with steam and oxygen, as shown in Equation 1. 

𝐶𝐻4 + 𝑥𝐻2𝑂 + 𝑦𝑂2 ↔ 𝑎𝐶𝑂 + 𝑏𝐶𝑂2 + 𝑐𝐶𝐻4 + 𝑑𝐻2𝑂 + 𝑒𝐻2 + 𝑓𝐶(𝑠) (1) 

The last method is pyrolysis, also known as thermo-cracking. Pyrolysis is a well-known 

process in which the only source of hydrogen is the hydrocarbon itself, which undergoes 

thermal decomposition through the general reaction displayed on Equation 2. 

𝐶𝑛𝐻𝑚 ↔ 𝑛𝐶 +
1

2
𝑚𝐻2 (2) 

To achieve a zero-emission production using fossil fuels, it is necessary to couple it with 

carbon capture and sequestration. 

Biomass. 

Another primary source is biomass. Biomass can be transformed into hydrogen by 

thermochemical processes. These reactions are shown in Equations 3-5. 

𝐵𝑖𝑜𝑚𝑎𝑠𝑠
𝑝𝑦𝑟𝑜𝑙𝑖𝑠𝑖𝑠
→      𝐻2 + 𝐶𝑂 + 𝐶𝑂2 + 𝐻𝐶′𝑠 + 𝑡𝑎𝑟 + 𝑐ℎ𝑎𝑟 (3) 

𝐵𝑖𝑜𝑚𝑎𝑠𝑠 + 𝑎𝑖𝑟
𝑝𝑦𝑟𝑜𝑙𝑖𝑠𝑖𝑠
→      𝐻2 + 𝐶𝑂 + 𝐶𝑂2 + 𝑁2 + 𝐶𝐻4 + 𝐻2𝑂 + 𝐻𝐶′𝑠 + 𝑡𝑎𝑟 + 𝑐ℎ𝑎𝑟 (4) 

𝐵𝑖𝑜𝑚𝑎𝑠𝑠 + 𝑠𝑡𝑒𝑎𝑚
𝑝𝑦𝑟𝑜𝑙𝑖𝑠𝑖𝑠
→      𝐻2 + 𝐶𝑂 + 𝐶𝑂2 + 𝐶𝐻4 + 𝐻𝐶′𝑠 + 𝑡𝑎𝑟 + 𝑐ℎ𝑎𝑟 (5) 

The other way involves biological processes like direct and indirect bio-photolysis, photo 

and dark fermentations, and multi-stage dark and photo-fermentation [12]. 

Water. 

Water electrolysis is becoming one of the most common methods for hydrogen 

production due to its good operational conditions (Table 1) and its improvements 

compared to fossil fuel technologies, like a smaller, cleaner process with high purity H2 

[8,13]. 

Thermolysis or thermochemical water splitting is the process at which water is heated to 

a high temperature until decomposed to hydrogen and oxygen. Although simple, the 

decomposition is only feasible at 2500 ºC, becoming the most energy extensive operation 

of all mentioned (Table 1). [12].  
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Table 1. Hydrogen production methods [7,8,11,12,14,15]  

Method 
Raw 

material 
Energy source Temperature (ºC) 

H2 purity 

(%) 

Efficiency 

(%) 

Production cost 

($2018/kg) 

Water electrolysis 

Water 

Electrical 

Alkaline electrolysis: 

40-90 

PEM electrolysis: 20-

100 

SOEC: 700-1000 

99.999% 20-40 3.82-26 

Thermolysis Thermal 1900-2500 - 50 R&D 

Photo-electrolysis Photonic Low temperature >99% 8-12 R&D 

Thermochemical 

processes 
Biomass 

Thermal 

600 - 30-50 2.44-3.5 

Biological processes 
Photonic, 

biochemical 

Steam reforming 

Fossil fuels 

Thermal 700-1000 70-75 60-85 2.4-6.15 

Partial oxidation (POX) Thermal 1200-1500 - 71-88 - 

Autothermal reforming Thermal 

1600 Pure 45 3.29-4.35 
Thermo-cracking 

(pyrolysis) 
Thermal 
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2. OBJECTIVES 

• Compare hydrogen economy development in Japan and Europe based on three 

pillars: Policies and initiatives, R&D status regarding production and H2 transport 

and utilization.  

• Clarify the potential of artificial photosynthesis and the role of hydrogen 

membranes in the system. 

• Address the main issues of carbon molecular sieve membranes: low flux, 

reproducibility and scale-up. 

• Study the effects of pyrolysis temperature in carbon molecular sieve membranes 

for hydrogen separation. 
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3. HYDROGEN STRATEGIC ROADMAPS: A 

COMPREHENSIVE COMPARISON BETWEEN JAPAN AND 

EUROPE 

3.1 GENERAL BACKGROUND 

Hydrogen is acknowledged as one of the most promising renewable and zero emission 

fuels and, because of that, many countries have defined several ambitious initiatives to 

integrate it into the energetic system. Nevertheless, this implantation is not homogeneous 

worldwide due to the great variability in the heretofore shown H2 production and posterior 

storage and uses. 

The aim of this chapter is studying the different approaches of Japan, Germany, Norway 

and Spain in hydrogen economy integration through the comparison of its main pillars: 

policies and H2 production, transport and usage. All these countries have a deep 

commitment to the integration. 

Japan is, according to the United Nations Development Programme (UNDP) one of the 

most developed countries in Asia and amongst the 20 most developed countries of the 

world [16]. Besides, it’s also one of the most innovative countries and fully committed to 

technological development, as stated by the World Intellectual Property Organization 

(WIPO) on its Global Innovation Index of 2019 [17].  

Germany is the fifth country with the highest human development index in the world. It’s 

also the best European country for quality of innovation and the second in the world, just 

before Japan [16,17]. Furthermore, Germany’s energy production is expected to be 40-

45% renewable energy-based in 2020, according to the German Federal Ministry for 

Economic Affairs and Energy [18]. It is also a reference within the European Union in 

matters of innovation. 

Norway is the highest ranked country in the Human Development Index and is also the 

first in Environmental Sustainability [16]. It is the highest hydropower energy producer 

of all Europe [19] and 98% of the total energy production of the country comes from 

renewable sources [20]. Though Norway is not a member of the European Union, it has 

a close cooperation with the EU on energy issues and is part of the internal energy market 

through the EEA (European Economic Area) agreement. The Ministry of Petroleum and 

Energy has regular contact with the Commission. The Norwegian Minister and the EU 

Commissioner meet on a regular basis through the EU-Norway Energy Dialogue [21,22] 

Spain has got a tremendous renewable energy potential, since it is one of the sunniest 

countries of Europe. Besides, the wind energy potential is also relevant, as well as other 

renewables such as hydropower. In fact, the potential of renewable energies is foreseen 

much higher than the global demand and it is well distributed in the territory [23]. In Spain, 

the installed capacity exceeds 90 GWh, while the maximum demand is below 50 GWh. In 

Germany, the amount of excess electricity was 1581 GWh, and this amount is expected to 

increase as the renewable system increases [24] Despite these facts, and expecting the 

installed capacity to grow (up to a 30% in Spain in the near future) these territories are suitable 

for a clean hydrogen production [25]. Spain is also dependant on foreign electricity 

generation and fossil fuels, so hydrogen would be useful to enhance system security [9]. 
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3.2 POLICIES AND INITIATIVES 

The world’s first national strategy was developed in Japan in 2014. The “Strategic 

Roadmap for Hydrogen and Fuel Cells” (SRHFC) then led to a succession of different 

initiatives such as the “Basic Hydrogen Strategy” to ensure the implementation of the 

Roadmap, the Fifth Strategic Plan or the Tokyo Statement in 2018. Finally, these 

additional materials made the authority to reconsider the Strategic Roadmap and 

formulate a new one in 2019. Toward the achievement of goals set forth in this revised 

Strategic Roadmap for Hydrogen and Fuel Cells, industry, academia, and government are 

mutually making an effort [26,27]. 

The Basic Hydrogen Strategy considers the already stated advantages of hydrogen, but 

has also ambitious motivations, such as developing and exporting technologies, creating 

a new growth industry or leading hydrogen initiatives all over the world. Since Japan’s 

energy dependence is too high (94% of primary energy supply is based on overseas fossil 

fuels) and wants to reduce GHG emissions up to by 80% before 2050, the Strategy 

stablishes 10 key points to make a hydrogen-based society [27]: 

1. Producing low-cost hydrogen use: The main approach is combining 

overseas cheap hydrogen from fossil fuels with carbon capture and 

sequestration (CCS). Renewable energy as the main source of power is also 

considered. The ongoing initiatives will be discussed later. 

2. International hydrogen supply chain development: by developing safe and 

efficient hydrogen transport and storage. 

3. Renewable energy expansion and regional revitalization: ensuring regular 

power supply and efficient storage of surplus power. The main initiative 

involves power-to-gas implementation (later discussed) Regional 

revitalization is closely related to renewable energy implementation in 

potential zones. 

4. Hydrogen use in power generation: by making it competitive compared to 

liquefied natural gas (LNG) 

5. Hydrogen use in mobility: by increasing and improving fuel cell vehicles 

(FCV) and hydrogen refuelling stations (HRS) 

6. Potential hydrogen usage in industry: using hydrogen as fuel, replacing 

fossil fuels. 

7. Fuel cell technologies: lowing the price of fuel cells (FC) and 

commercializing it in other regions of the world. 

8. Innovative technologies. 

9. International expansion. 

10. Regional cooperation and promotion to society. 
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Figure 4 reflects the goals and targets stablished in the Strategic Roadmap according to 

the Basic Strategy key points. 

Norway is currently working on a broad hydrogen strategy. The strategy will encompass 

research, development, commercialization and use of hydrogen, and is due to be 

presented by the end of 2019 [28]. Besides, Norway’s national strategy for research, 

development, demonstration and commercialisation of new energy technology 

(Energi21) highlights the importance of hydrogen and the need of robust knowledge and 

technology on the area [29]. 

Nevertheless, the strongest political initiatives for hydrogen implementation are focused 

on transport. The National Transport plan (2018-2029) climate strategy is determined to 

achieve a zero-emission technology in the sector. Some of the targets are [28]: 

• New private cars, and light vans are to be zero-emission vehicles. New city buses 

are to be zero-emission vehicles or to be run on biogas (2025). 

• New heavy vans, 75 % of new long-distance buses, and 50 % of new lorries are 

to be zero-emission vehicles. Goods distribution be zero-emission (2030). 

Research and development policies from the Mobility Zero Emission Energy Systems 

(MOZEES) focuses on battery and hydrogen value chains, systems, and applications 

where Norway can take a leading position in the future [30]. 

Figure 4. 2030 goals stablished in the Strategic Roadmap for Hydrogen and Fuel Cells. 
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Finally, the country has taken some decisions in which the side effects could benefit 

hydrogen integration, like the ban to all ships with harmful emission to preserve the 

fjords.  

The European Union has been actively encouraging the innovation in the hydrogen field 

since the late 80s. At the end of November 2018, the European Commission adopted 

the strategy for long-term EU greenhouse emissions reduction in accordance with the 

Paris Agreement. The strategy presents 8 different pathways for the EU that achieve 

greenhouse gas emissions reductions between minus 80% by 2050 (compared to 1990). 

Hydrogen is a key technology in this strategy. One of the major steps was the creation of 

the Fuel Cell and Hydrogen Joint Undertaking (FCH JU) in 2008. FCH JU is a unique 

public private partnership supporting research, technological development and 

demonstration (R&D) activities in fuel cell and hydrogen energy technologies in Europe. 

It is a joint between the European Commission, fuel cell and hydrogen industries 

represented by Hydrogen Europe and the research community represented by Hydrogen 

Europe Research [2,6,31,32].  

EU funding mechanisms also support hydrogen development. The European Territorial 

Cooperation (ETC), also known as Interreg, is a framework for the implementation of 

joint actions and policy exchanges between national, regional and local actors from the 

28 EU Member States and 24 different countries, with Norway among them. It aims to 

promote R&D, competitiveness and low-carbon economy. Funding opportunities can be 

found under Horizon 2020 framework. These are set out in multiannual work 

programmes, which cover most of the support available. The work programmes are 

prepared by the European Commission within the framework provided by the Horizon 

2020 legislation and through a strategic programming process integrating EU policy 

objectives in the priority setting [33,34]. Under these policies criteria, there are great 

opportunities for regions to deploy fuel cell and hydrogen technologies. Even more, these 

programmes provide funding to non-EU countries like Norway to tighten up the 

collaboration. 

For example, Norway is involved with Germany in the North Sea programme, aimed to 

support fuel cell technologies in transport (Figure 5). 

 

Figure 5. Regions belonging to the North Sea Interreg Programme [33].   

https://ec.europa.eu/clima/policies/strategies/2050
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Within the EU strategy, hydrogen is a key technology in energy storage too. Power-to-

Gas and Power-to-Heat are relevant solutions [35].  

However, EU initiatives cannot be considered as regulations. In this topic, legislative 

measures should be implemented by each country individually, when considered. 

In Germany, the leading programme in promotion of R&D in energy technologies is the 

7th Energy Research Programme. Focused on large-scale demonstration, encourages 

water electrolysis systems for different sectors. Furthermore, Germany will cooperate 

with France to accelerate energy transition and hydrogen deployment under FCH JU 

framework [36]. The country also has public subsidies to foment the access of the citizens 

to fuel cell vehicles and micro cogeneration purchases. Germany also endorsed the first 

hydrogen-powered train in the world (Figure 6). 

 

Figure 6. Alstom Coradia iLint, the first hydrogen-powered train in the world [37]. 

On the other hand, Spain has a tremendous lack of legislation regarding hydrogen and 

energy transition, even though it has a remarkable renewable energy deployment. 

However, is a relevant contributor to R&D projects and publications. In fact, it counts 

with important institutions which promote hydrogen implementation on the country, like 

the National Hydrogen Centre (CNH2) This National Centre is oriented to power 

scientific and technological investigations involving hydrogen and fuel cell technologies 

[38] 

To sum up, Table 2 summarizes the relevant aspects of the policies of the different 

countries. It clearly states Spain’s need of a roadmap and strong policies compared to the 

other countries. Besides, Japan’s relevance in the topic is highlighted. German policies 

are close to Japanese’s initiatives to hydrogen economy implantation. 

Table 2. Relevant aspects of the policies. 

 Japan Norway Germany Spain 

Strategic roadmap Yes No Yes No 

International cooperation Yes Yes Yes Yes 

Cooperation with industries Yes Yes Yes - 

Public subsidies Yes No Yes - 
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3.3 R&D STATUS IN HYDROGEN PRODUCTION. 

As shown before, hydrogen production is really diversified. Industrial production is 

carried out using fossil fuels, but all the strategies agreed in improving this towards a 

zero-emission economy. To do that, however, each country has chosen a different way, 

highly influenced by renewable energy and natural resources availability. 

Figure 7 compares the renewable energy share of European countries, Japan and China. 

Norway is not considered because almost the whole production comes from renewable 

sources. 

 

Figure 7. Comparison of the share of renewable energy to the power generation of 
European countries and China with Japan [39]. 

Even though Japan has got the best well-defined policies regarding energy transition and 

zero-emission economy, it has got one of the lowest renewable energy shares of the 

developed world (Figure 7). Due to that, hydrogen production is not considered in a short 

term, but hydrogen import from other countries is currently the most suitable option.  

One potential pathway is the one powered by Kawasaki Heavy Industries or Chiyoda 

Corporation. The plan is producing hydrogen by gasification of coal combined with CCS. 

The whole process would be carried out in Australia since brown coal (bad quality coal) 

is abundant and it has geological reservoirs to store CO2. The resultant power generation 

cost is lower than wind and solar feed or coal with CCS. Australia has got high quality 

RE resources and, because of that, RE hydrogen production projects are under 

consideration too [40–42]. 

Japan is trying hard to harness solar light energy in new innovative ways. Thus, there 

solar-driven water electrolysis is being improved. Specially, the photoelectrochemical 

(PEC) water splitting.  In photocatalytic water splitting, the hydrogen and oxygen 

evolution reactions take place on individual photocatalyst particles that are in close 

proximity to one another. Figure 8 represents a possible configuration for a PEC water 

splitting reactor. The references have shown the fact that with only a 1 mm water layer, 

solar-to-hydrogen (STH) energy conversions above 10% are achieved [43–45].  
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Figure 8. Photocatalytic water splitting reactor [43]. 

Compared to photovoltaic (PV) cells combined with electrolysis, it shows remarkable 

advantages. For example, it is not necessary to couple the cell with an electrolyzer, 

thereby reducing costs. Even more, grid electricity contributions would not be necessary 

in a theoretical PEC system. Additionally, PV panels also need DC power conditioning 

to match electrolyzer’s energy requirements [45]. 

However, PV cells are a mature, state-of-the-art, industrial-scale technology currently 

available in the market alongside with electrolyzers, which makes technically feasible 

hydrogen production through this method. 

Nevertheless, there are several drawbacks and challenges to face to extend this 

technology: 

• Common catalysts (as TiO2) show low efficiencies and are unable to use visible 

light irradiation [46]. 

• The backward reaction is fast, reducing the conversion. Because of that, an 

effective gas separation is required [45]. This topic will be addressed later. 

• High surface area reactors could lead to mass transport resistance phenomena 

occurs in the liquid phase due to long ion transport distances [43]. 

Once all these problems are faced and solved, the main idea is to build artificial 

photosynthesis plants in which PEC water splitting plays the main role. Artificial 

photosynthesis intends to take carbon dioxide emissions from power plants to make fossil 

fuels by hydrogenation. In these facilities, acres of land will be filled with PEC panels 

arrayed similarly to PV plants. Hydrogen separation is a crucial step in the process. The 

concept is reflected on Figure 9 [44,47]. 
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Figure 9. Artificial photocatalysis plant [48]. 

Europe’s path to hydrogen economy differs from Japan’s. Since renewable energy 

availability in the continent is high, the alternatives do not contemplate any import routes 

for the gas. The initiatives and efforts are mainly focused on Power-to-gas (P2G). Power-

to-gas refers to electrolytic production of hydrogen itself or synthetic methane from 

electrolytic hydrogen and CO2.  

P2G opens enormous storage or absorption capacities for excess energy with high 

electricity generation from renewable energies in excess of demand. Once integrated into 

the electricity network, P2G systems provide flexibility and supports the integration of 

fluctuating renewables [6,49–51]. Conceptual Power-to-gas scheme is shown in Figure 

10. 

 

Figure 10. Power-to-Gas conceptual scheme. 

Overall, more than 120 projects involving P2X (concept that groups Power-to-Gas, 

Power-to-Chemicals and Power-to-Power) have been, are or will be running in Europe. 

So far, 16 countries have demonstration projects in the continent. The leading country is 

Germany, with 56 projects currently (43.75% of the total share). Spain has a good number 

of projects in this field but with a clear down trend over the last years. Thus, there are no 

new projects expected and the last one was over in 2018. Figure 11 makes a spatial 
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distribution of the technologies regarding field of application [52]. Blending hydrogen 

and/or methane in the natural gas grid has the highest share.  

 

Figure 11. Spatial distribution of Power-to-X technologies regarding field of application 
(n.s. – not specified) (CHP- combined heat and power) [52] 

As it is shown, Spain is mainly focused on combined heat and power along with re-

electrification, while Germany fosters projects in all the fields. 

Norway had an early project back in 2004 but now is planning one of the largest installed 

capacity Power-to-gas projects in the continent. Haeolus will install a 2 MW electrolyser 

in the remote region of Varanger, Norway, inside the Raggovidda wind farm, whose 

growth is limited by grid bottlenecks. This project aims to emulate as many different 

operation modes and grid conditions as use cases to overcome Power-to-Gas challenges 

worldwide [53,54]. 

In addition, there is an ambitious and innovative project involving Norway, Germany and 

other countries in the North Sea region (UK, Netherlands and Denmark) consisting of 

wind power hubs in the North Sea. This approach targets to build offshore wind farms to 

produce, transport and transform energy through Power-to-Gas. The relevant wind power 

of the area could lead to facilities with power capacities over 100 GW in 2040. Figure 12 

shows a potential map for 3 hubs interconnecting the quoted countries [55]. 
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Figure 12. Potential wind power hub for the North Sea region [55]. 

Germany has got the world’s largest P2G plant in operation. Audi e-gas plant’s capacity 

is 6 MW. The plant in Werlte (Emsland) is able to respond to even slight load changes in 

the electricity grid to balance them out. The plant produces methane from CO2 and 

hydrogen coming from wind power electrolysis. This methane is available for customers 

since is injected in natural gas network [56]. 

There most important facility in Spain is Sotavento. It has a rated capacity of 17.56 MW, 

with 24 wind turbines. Hydrogen production is above 60 Nm3/h. The plant, located in 

Galicia, exploits wind power and, at the same time, deepens R&D activities such as 

hydrogen production within Power-to-Gas framework. [52,57,58]. 

3.4 HYDROGEN TRANSPORT AND UTILIZATION 

Transport strategies are highly influenced by production methods. Due to that fact, 

Japan’s approach is boat transport while Europe is more focused on using the existing 

natural gas grid. 

Current hydrogen storage is either in compressed gas or in liquid form because most of it 

is transport and consumed on-site (85%) The rest is transported through trucks or 

pipelines as mentioned. However, new and competitive alternatives for long distance 

transport are needed to enable low-cost green hydrogen export to high-cost regions like 

Japan [6]. 

Under that scope, Japan is aiming to develop a hydrogen value chain with an inexpensive, 

stable supply system consisting on five steps: H2 production and conversion into 

hydrogen carrier, seaborne transport of carriers, storage, hydrogen extraction and use. All 

the steps are shown in Figure 13 [59]. 
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Figure 13. Hydrogen supply chain concept  [59]. 

Liquid organic hydrogen carriers (LOHC) are defined as liquids or low-melting solids 

that can be hydrogenated/dehydrogenated at high temperatures in the presence of a 

catalyst [60]. LOHC’s are much easier to transport than liquid hydrogen since they are 

compatible with existing fuel infrastructure and hydrogen can be storage without losses. 

However, separation of pure hydrogen from the carrier is one of the key steps to obtain 

pure, usable gas. Some of the molecules to act as carriers are toluene, methanol or formic 

acid [6,60]. 

In Europe, since there’s no need for import, the attempts are more oriented to natural gas 

grid. Technical committees and research groups are examining standards for hydrogen 

blending while the European Commission is revising the role of renewable gases in the 

natural gas network. Blending natural gas with hydrogen could lead to a higher H2 

distribution whilst capital costs of developing an independent network are avoided. It 

could be the fastest and cheapest way of creating a hydrogen supply infrastructure. 

Nevertheless, blending would be considerably easier to implement if steps were taken to 

clarify existing national regulations on hydrogen in natural gas and to harmonise 

regulations across borders [6,61]. 

Regarding the use, a comparison between refuelling stations in the different countries 

mentioned before is available in Figure 14. It is remarkable that the only places in which 

it would be possible to use a FC car are Germany and Japan, with a well stablished 

network of refuelling stations and with an elaborated plan to improve it. 
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Figure 14. Global hydrogen refuelling stations (HRSs) in 2019 [62]. 

To conclude, a compilation of the number of FCV vehicles of each country in 2019 is 

shown in Table 3. Japan and Germany have the highest number of vehicles. Even more, 

Japan’s got an ambitious plan to increase the number of vehicles in the middle-term. 

Table 3. Number of fuel cell vehicles in the countries of interest [26,28,36,61] . 

 FC Cars FC Bus FC truck FC forklift 

Japan 3026 18 - 160 

Germany 500 21 2 100 

Norway 159 5 - 10 

Spain - - - - 
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4. PHOTOCATALYTIC WATER SPLITTING ASSESSMENT 

AND FUTURE ROLE IN HYDROGEN ECONOMY. 

As said before, photocatalytic water splitting (PWS) is likely to become an effective way 

of clean hydrogen production. Japanese Government’s greatest efforts are focused on 

improving it. 

Photocatalytic water splitting is strongly related to photovoltaic electricity-water 

electrolysis system. However, a fully developed artificial photosynthesis system could 

enhance sunlight harness and improve land occupation. Figure 15 shows both systems.  

 

Figure 15. Artificial photosynthesis plant (a) vs. PV cell-electrolysis plant (b) [63] . 

To assess PWS potential, it will be compared with PV cell-electrolysis system by 

determining the minimum total panel area needed to produce 100 Nm3 of hydrogen per 

hour.  

Information about industrial water electrolysis was retrieved from the industrial facility 

of EnergiePark Mainz, the worldwide largest Power-to-Gas plant with PEM electrolysis. 

This plant operates using electricity from the grid. Table 4 shows the energy requirements 

and hydrogen production (Sept. 2015) [64].  

Table 4. Technical data of EnergiePark Mainz  [64]. 

Energy requirements (MWh) Hydrogen production (Nm3/h) Working hours 

432.5 533.22 146 

Thus, to produce 100 Nm3/h of hydrogen, the energy required would be: 

100𝑁𝑚
3

ℎ⁄  𝑜𝑓 𝐻2 ∗
432.5 𝑀𝑊ℎ

533.22𝑁𝑚
3

ℎ⁄
∗

1

146 𝑤𝑜𝑟𝑘𝑖𝑛𝑔 ℎ𝑜𝑢𝑟𝑠
= 0.55 𝑀𝑊 = 555.5 𝑘𝑊 

State-of-the-art solar panels with a total panel area of 1.656 m2 can produce 250 W [65]. 

Figure 16 displays the drawings and dimensions of the panel. 

a) b) 
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Figure 16. Drawings and dimensions of common solar panel [65]. 

Then, the minimum total area required is: 

555.5 𝑘𝑊 ∗
1000 𝑊

1 𝑘𝑊
∗
1 𝑝𝑎𝑛𝑒𝑙

250 𝑊
∗
1.656 𝑚2

1 𝑝𝑎𝑛𝑒𝑙
= 3679.6 ≈ 3680 𝑚2 

PWS is still at bench scale. However, it has showed promising results. Table 5 shows 

hydrogen production under different sunlight conditions, according to a research 

conducted in Japan. 

Table 5. PWS hydrogen production [43]. 

Hydrogen production (
𝒎𝟑

𝒎𝟐·𝒉
) Light conditions 

1.016·10-3 Sunlight (Intensity: 65 mW·cm2) 

3.73·10-2 UV (Wavelength: 365 nm) 

To obtain the desired amount of hydrogen with sunlight, total panel area would be: 

100𝑁𝑚
3

ℎ⁄  𝑜𝑓 𝐻2 ∗
1 ℎ · 𝑚2

1.016 · 10−3 𝑁𝑚3
= 98425.2 ≈ 98426 𝑚2 

Nevertheless, it is necessary to take into consideration the separation stage. Recovery 

rates are usually around 90%. Thus, the minimum panel area would be: 

100
𝑁𝑚3

ℎ
𝑜𝑓 𝐻2𝑎𝑓𝑡𝑒𝑟 𝑠𝑒𝑝𝑎𝑟𝑎𝑡𝑖𝑜𝑛 ∗

100
𝑁𝑚3

ℎ
𝑏𝑒𝑓𝑜𝑟𝑒 𝑠𝑒𝑝.

90
𝑁𝑚3

ℎ
𝑎𝑓𝑡𝑒𝑟 𝑠𝑒𝑝.

∗
98426 𝑚2 𝑜𝑓 𝑝𝑎𝑛𝑒𝑙 𝑎𝑟𝑒𝑎

100
𝑁𝑚3

ℎ
𝑏𝑒𝑓𝑜𝑟𝑒 𝑠𝑒𝑝.

= 109362 𝑚2 
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PWS would need 29 times more area than PV-electrolysis for the same hydrogen 

production. 

In the best-case scenario, considering H2 production under UV light, the panel area would 

be considerably reduced: 

 

100𝑁𝑚
3

ℎ⁄  𝑜𝑓 𝐻2 ∗
1 ℎ · 𝑚2

3.73 · 10−2 𝑁𝑚3
= 2678.6 ≈ 2679 𝑚2 

Including separation step: 

100
𝑁𝑚3

ℎ
𝑜𝑓 𝐻2𝑎𝑓𝑡𝑒𝑟 𝑠𝑒𝑝𝑎𝑟𝑎𝑡𝑖𝑜𝑛 ∗

100
𝑁𝑚3

ℎ
𝑏𝑒𝑓𝑜𝑟𝑒 𝑠𝑒𝑝.

90
𝑁𝑚3

ℎ
𝑎𝑓𝑡𝑒𝑟 𝑠𝑒𝑝.

∗
2679 𝑚2 𝑜𝑓 𝑝𝑎𝑛𝑒𝑙 𝑎𝑟𝑒𝑎

100
𝑁𝑚3

ℎ
𝑏𝑒𝑓𝑜𝑟𝑒 𝑠𝑒𝑝.

= 2977𝑚2 

This represents an improvement of 19%, since the panel area of PV system would be 1.24 

times bigger than photocatalysis. 

Given this positive results, PWS has proven to be competitive if the catalyst is improved 

to production levels similar to those under UV light conditions. Besides, the report sets 

the basis the basis for a self-running large-scale solar hydrogen plant in the future by 

providing a prototype for light harvesting and water splitting [43].  

Another clear conclusion is the fact that separation step at room temperature is crucial to 

the viability of PWS. Any changes in recovery would significantly affect the needs of 

panel area. 
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5. THE RELEVANCE OF HYDROGEN SEPARATION. CARBON 

MOLECULAR SIEVE MEMBRANES. 

Hydrogen carrier system and artificial photosynthesis are regarded as the most promising 

technologies for hydrogen economy implementation in Japan. Even more, both 

technologies have one need in common: hydrogen separation from a gas mixture.  

Membrane technology stands out among various separation methods due to simplicity of 

operation and low energy consumption, cost-effectiveness, environmental friendly 

features, and because it can be easily coupled with other processes [66–68].  

Carbon molecular sieve membranes (CMSM) exhibit significant advantages due to its 

outstanding characteristics. They have a sharp and excellent selectivity for the adsorption 

of planar molecules. This is due to their slit shape pores with high hydrophobicity. They 

also have good thermal and chemical stability, controllable pore size distribution and high 

permeability and selectivity towards several different gases (H2, N2, O2) Besides, 

separation can be performed at room temperature [7,66,67,69] .  

CMSM pore size distribution is in the range of micropores (0.3-0.8 nm) Because of that, 

H2 can be separated by molecular sieving. Hydrogen molecular size (0.289 nm) is smaller 

than toluene (0.585 nm) or oxygen (0.364 nm). H2 can be separated by molecular sieving, 

since typical pore size distribution of  lignin-based CMSMs are . [66–69]. 

Therefore, CMSM’s can easily exceed Robeson upper bound (2008) which is a trade-off 

between permeability and selectivity for a gas pair. Figure 17 shows the performance of 

some carbon sieve membranes, proving that high flux-selectivity region is reachable [66].  

 

Figure 17. Separation performance of different CMSMs for H2/N2 pairs, illustrated by the 
Robeson trade-off curves and permeability [66]. 

CMS membranes are prepared by pyrolyzing polymeric membranes under inert 

conditions. Carbon membranes can be unsupported or supported. In the latter case, porous 

supports are coated with polymeric films by e.g. dip-coating followed by pyrolysis. Given 

the mechanical strength of the support, carbon membranes can be thinner, improving the 
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flux. The coating is prepared using various known techniques such as ultrasonic 

deposition, dip-coating, vapor deposition, spin-coating, and spray coating [7,66,71]. 

However, the final properties of the membrane will be influence by several factors like 

pyrolysis conditions, pre-treatment of the precursor and post-treatment of the carbonized 

membranes [67]. 

Ideally, CMSM’s thickness should be lower than 1 μm to provide significantly higher 

permeances reducing required membrane area and system footprint [72]. 

5.1 PREPARATION OF CMS MEMBRANE OVER CERAMIC SUPPORT 

WITH LIGNIN PRECURSOR. 

This study addresses two of the main problems of carbon molecular sieve membranes: 

scale-up and reproducibility.  

Carbon sieve membranes are still at laboratory scale, so it is necessary to find adequate 

conditions for the scale-up. To do that, pyrolysis cycles were performed in an electric 

furnace, while previous studies were performed in an induction furnace (faster pyrolysis) 

The support was also changed, from 3 to 10 mm. α-Al2O3 tube, a more common and 

widely available tube, to enhance reproducibility issues. 

A lignin-based material was chosen as a precursor. Precursor was dissolved in acetone. 

The concentration of a precursor solution affected the CMSM formation: too low 

precursor concentration resulted in the formation of noncontinuous carbon layer, while 

too high concentration resulted in the formation of thick coating layer that tended to peel 

off from the support. After trial and error, the concentration was adjusted in a range of 

26.8 to 30 weight % for this study. Tubes were washed in acetone and dried out before 

coating. 

The method selected to prepare CMSM was dip-coating, due to its simplicity. Alumina 

tubes of 2 mm of length were dip into lignin solution for 1 minute and then dried out at 

room temperature. After one day, they were dried in a vacuum oven at room temperature 

for another day. Dip-coating was performed once. 

Different pyrolysis programmes were tested to see the influence of the temperature cycle 

over membrane thickness and surface. Figure 18 sums up the four temperature 

programmes tested. 4 of the 6 samples were burned once, one of them was burned twice 

and the last one was used to see precursor coating over the support. Burning was 

performed under a nitrogen atmosphere after 3 vacuum-nitrogen injection cycles. Cooling 

down was natural.  
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Figure 18. Pyrolysis temperature programmes. 

Table 6 summarizes lignin concentration and weight of each sample as well as pyrolysis 

programme. 773 K b programme is preceded by 773 K programme. 

Table 6. Lignin concentration, weight and pyrolysis programme of the different samples. 

Sample 
Initial weight 

(g) 

Final weight 

(g) 

Lignin concentration 

(wt. %) 

Pyrolysis 

programme (K) 

I 3.6408 2.8316 26.8 - 

II/IIb 2.8361/1.356 2.7878/1.3542 29.5 773/773 b 

III 2.9062 2.8587 28.3 773 

IV 3.057 3.0006 26.8 873 

V 2.892 2.8316 29.5 973 

VI 2.9644 2.9051 28.3 973 

 

Membrane surface and cross-section were characterized by scanning electron microscopy 

(FE-SEM, JEOL JSM6335F). 

Thermogravimetric Analysis (TGA) of lignin powder was performed using TGA analyser 

(RIGAKU, Japan). The heating rate was 5 K/min from room temperature to1173 K in a 

nitrogen atmosphere. 
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6. RESULTS 

Table 7 reflects the weight changes occurred to membrane samples during dip coating 

and pyrolysis cycles. 

Table 7. Weight changes during dip coating and pyrolysis cycles. 

Sample Support weight 

(S, g) 

Weight after 

dip coating 

(Wdc, g) 

Weight after 

burning (Wb, g) 

Coating 

remaining 

weight* (%) 

CMSM 

weight 

(g) 

II/IIb 2.7299 2.8361/1.356 2.7878/1.3542 45.48 0.0579 

III 2.7985 2.9062 2.8587 44.10 0.0602 

IV 2.9507 3.0570 3.0006 53.06 0.0499 

V 2.7817 2.892 2.8316 54.76 0.0499 

VI 2.8566 2.9644 2.9051 55.01 0.0485 

 

*Coating remaining weight: (1 −
𝑊𝑑𝑐−𝑊𝑏

𝑊𝑑𝑐−𝑆
) ∗ 100. 

6.1 TGA ANALYSIS 

TGA was carried out to know mass loss as a function of the temperature (Figure 19). 

 

Figure 19. TGA curve for lignin precursor. 

The main loss occurs between 573 and 773 with almost 50% of mass reduction. Because 

of that, slight to none differences in membrane composition are expected due to burning 

since all the changes happens before reaching pyrolysis temperature.   
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Figure 19 also shows that 43% of the initial mass is still remaining after the burning up 

to 1173 K. This matches the TGA performed to a similar lignin in a previous study 

(Kumakiri et al., 2018 [71]). 

In comparison with coating weight loss (Table 7) TGA results are like pyrolysis results. 

6.2 EFFECTS OF PYROLYSIS TEMPERATURE IN MEMBRANE 

MORPHOLOGY. 

Figure 20 reflects the effects of pyrolysis temperature in CMSM surface. The temperature 

increases from left to right. The pictures are arranged in ascendant order of pyrolysis 

temperature, being the first one the correspondent to the precursor. 

     

    

 

Figure 20. SEM view of CMSM surface of samples I (a), II (b), IIb (c), IV (d) and V (e). 

The surface of sample I shows a few cracks and gaps, added to some dirtiness all along 

the surface. This could be related with aging of the sample, since it was analysed a few 

(a) (b) 

(c) (d) 

(e) 
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days after dip-coating. Also, an excessive drying could result in a bad coating and peel 

off. 

Sample II shows high rugosity. Nevertheless, it is a homogeneous, non-porous coating, 

fulfilling initial requirements and possibly suitable for operation. 

Although sample V exhibits a more continuous surface in comparison with sample VI 

(Figure 20 (d) and (e)), the coating is cracked, revealing the porous support. Cracks tend 

to appear when organic coating shrinks in the heating stage. This membrane is also not 

suitable for the separation process. 

Sample VI although smooth, shows severe damage and cracks. The space between the 

cracked coating reveals the support. Because of that, this membrane is not suitable for 

since there is no active layer to conduct an effective separation. 

 With these results, it was necessary to find a condition to create a non-cracked smooth 

surface. Because of that, sample II was burned again at the same temperature but for a 

longer time, up to a total of 1 h burning at 7773 K. Figure 20 (c) shows that the cycle 

caused notorious effects on the surface, smoothing it but also did not created any cracks. 

The second cycle removed all the protuberant surfaces showed in sample II and probably 

related to some rests of the lignin. Thus, 1 h is a cycle long enough to achieve a smooth 

surface avoiding the formation of cracks and gaps. 

Figure 21 is a cross-sectional view of all the samples, in the same order as the previous 

picture (Figure 20). 
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Figure 21. SEM view of CMSM cross-section of samples I (a), II (b), IIb (c), IV (d) and V (e). 

The active layer of the sample II is within the required values of thickness, with an 

ultrathin layer of approximately 1.1 µm. Regarding sample II b, there were not remarkable 

changes on the thickness or the structure, since the membrane was still dense and without 

pores. Sample IV is too thick (over 3 µm). Thus, it could cause resistance to the mass 

transport across the membrane. Sample V, however, is within thickness parameters. 

In general, all the membranes are dense. The gaps of samples IV and V are due to the 

cracks and not related to pore formation. Nevertheless, this makes the membranes not 

suitable for operation. 

To sum up, Table 8 gathers the thickness of each sample and the morphology 

characteristics. 

Table 8. Summary of the morphology and characteristics of the samples. 

Sample Pyrolysis 
temperature (K) 

Thickness 
(µm) 

Presence of 
cracks 

Suitable for 
operation 

I - 1.781 Yes - 

II 
773 ≈1.2 No 

Further studies 
required 

IIb 
773 1.163 No 

Further studies 
required 

IV 873 2.907 Yes No 

V 973 ≈1.1 Yes No 

Samples IV and V are not suitable for operation since the active layer is broken. 

Regarding samples II and IIb, it is necessary to perform other studies and experiments to 

determine if the coatings perform an effective separation. 

Sample IV is thicker than sample II even though it was burned at higher temperature.  

This thickness is probably related to an excessive shrinking and accumulation of the 

carbon coating. The significant increasing of the thickness is not related to an increase on 
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the total mass of coating because, as Table 7 shows, the total amount of lignin is similar 

or even lower than the samples with a lower thickness.  
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7. CONCLUSIONS 

The review of hydrogen economy status in European countries and Japan revealed that 

Japan is ahead on terms of implantation and relevance in electricity system. This could 

be caused by the limited energy production and renewable energy sources. 

Nevertheless, the Asian country is closely followed by Germany, which counts on a high 

number of demonstration projects, the biggest renewable hydrogen production plant in 

the world and a good amount of fuel cell vehicles and hydrogen refuelling stations. 

Norway is, on terms of implantation, a developing country. Though, Norway’s great 

amount of natural resources together with almost all its energy produced by renewables 

makes hydrogen economy not as relevant as other dependant countries like Japan. 

On the contrary, the work showed that Spain has no relevant infrastructure for hydrogen 

economy depletion or any plans from the Government to develop one, and it’s only 

relying on European Union policies. On the other hand, it has put so many efforts in terms 

of research. 

Regarding technologies to enhance the presence of hydrogen, artificial photosynthesis 

has shown a high potential. Nonetheless, it is still on its early steps and it’s immature 

enough to expect it to be deployed in the short term. 

The success of artificial photosynthesis will rely on the efficiency of the separation step. 

Carbon molecular sieve membranes are proven to drive a high selectivity process with 

high fluxes, even higher than other type of membranes like polymeric. 

Pyrolysis temperature has a strong effect on CMSMs morphology. The higher the 

temperature, the thinner the coating. Besides, above 773 K the heating causes the 

membrane to shrink, cracking it and making it useless. At that temperature, the coating is 

homogenous but rough, and it’s difficult to assure without further experiments if it’s 

suitable for separation purposes. A second pyrolysis cycle softens the surface. 

To conclude, crack-free carbon membrane was obtained in a tubular support with slower 

heating rate compared to previous reports. This is a promising result towards CMSM 

scale-up and reproducibility. 
  



30 

 

8. LIST OF ABBREVIATIONS 

º C Celsius degree 

¥ Japan Yen 

CCS Carbon Capture and Sequestration 

CHP Combined heat and power 

CMSM Carbon Molecular Sieve Membrane 

CNH2 Centro Nacional del Hidrógeno (Spain) 

DC Direct current 

EEA European Economic Area 

ETC European Territorial Cooperation 

EU European Union 

FC Fuel Cell 

FCH JU Fuel Cell and Hydrogen Joint Undertaking 

FCV Fuel Cell Vehicle 

GHG Greenhouse gas 

Gwh Gigawatts per hour 

HRS Hydrogen Refuelling Station 

K Kelvin 

kW Kilowatt 

kWh Kilowatt per hour 

LNG Liquefied Natural Gas 

LOHC Liquid organic hydrogen carrier 

MOZEES Mobility Zero Emission Energy Systems  

Mt Megaton 

MW Megawatt 

P2G Power-to-gas 

P2X Power-to-X 

PEC Photelectrochemical 
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PEM Proton Exchange Membrane 

POX Parial oxidation 

PV Photovoltaic 

PWS Photocatalityc water splitting 

R&D Research and Development 

RE Renewable Energy 

S Support weight (g) 

SEM Scanning Electron Microscope 

SRHFC Strategic Roadmap for Hydrogen and Fuel Cells 

STH Solar-to-hydrogen 

TGA Thermogravimetric analysis 

UK United Kingdom 

UNDP United Nations Development Programme 

UNFCCC United Nations Framework Convention on Climate Change 

UV Ultraviolet 

W Watt 

Wb Weight of membrane sample after burning (g) 

Wdc Weight of membrane sample after dip coating (g) 

WIPO World Intellectual Property Organization 
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