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Abstract 

This work is a feasibility study on the possible outputs of hydrogen generated from renewable 

energy in wind parks or other renewable plants. It delves into the study of all possible 

application outputs by conducting analysis on the necessary infrastructure and the analysis on 

the estimation of the derived costs in order to understand the direction that will lead the future 

development and integration of this technology in Spain.  

All the possible analyzed applications can be classified on: electricity generation, heat 

generation, industrial use and transportation. The hydrogen distribution and transportation 

network are also analyzed in depth, without which none of the analyzed applications could 

have a place. 
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Resum 

Aquest treball és un estudi de viabilitat sobre les possibles sortides que pugui tenir l’hidrogen 

generat a partir d’energia renovable. Es profunditza en l’estudi de totes les possibles sortides 

duent  a terme anàlisis sobre les infraestructures necessàries i anàlisis sobre la estimació dels 

costos derivats per tal d’entendre la direcció que portarà el futur desenvolupament i la 

integració d’aquesta tecnologia a Espanya.  

Totes les possibles aplicacions analitzades es concentren en la generació elèctrica, la 

generació de calor i el  seu ús en la industria i en el transport. També s'analitza en profunditat 

l'abast de la xarxa de distribució i del transport de l'hidrogen sense la qual cap de les 

aplicacions analitzades podria tenir cabuda. 
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Resumen 

Este trabajo es un estudio de viabilidad sobre las posibles salidas que pueda tener el 

hidrógeno generado a partir de energía renovable. Se profundiza en el estudio de todas las 

posibles salidas llevando a cabo análisis sobre las infraestructuras necesarias y análisis sobre 

la estimación de los costes derivados para entender la dirección que llevará el fututo desarrollo 

e integración de esta tecnología en nuestro país.  

Todas las posibles aplicaciones analizadas se concentran en la generación eléctrica, la 

generación de calor, el uso en industria y en el transporte. También se analiza en profundidad 

el alcance de la red de distribución y transporte del hidrogeno sin la cual ninguna de las 

aplicaciones analizadas podría tener cabida. 
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1. Glossary 

Below are listed in order of appearance the acronyms and symbols used along this project. 

Acronyms:   

AFC   Alkaline Fuel Cell 

APU   Auxiliary Power Unit 

BEB  Battery Electric Bus 

BEV  Battery Electric Vehicle 

CAPEX Capital Expenditure 

CC  Carbon Capture 

CCAA  Autonomous Communities 

CCS  Carbon Capture and Storage 

CHG2  Compressed Hydrogen Gas 

CHP  Combined Heat and Power 

CNG  Compressed Natural Gas 

DC  Direct Current 

DMFC  Direct Methanol Fuel Cell 

DRI  Direct Reduced Iron 

FC  Fuel Cell 

FCEV  Fuel Cell Electric Vehicle 

FCB  Fuel Cell Bus 

GSE  Ground Support Equipment 

HDT  Heavy Duty Truck 
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HRS  Hydrogen Refueling Station 

ICE  Internal Combustion Engine 

IEA   International Energy Agency 

IMO  International Maritime Organization 

LCV  Light Commercial Vehicle 

LH2  Liquified Hydrogen 

LNG  Liquified Natural Gas 

LPG  Liquified Petroleum Gas 

MCFC  Molten Carbonate Fuel Cell 

MCH  Methylcyclohexane 

MDT  Medium Duty Truck 

NGTS  Normas de Gestión Técnica del Sistema 

OCH  Organic Chemical Hydride 

PAFC  Phosphoric Acid Fuel Cell 

PEMFC Polymer Exchange Membrane Fuel Cell 

PHEV  Plug-in Hybrid Electric Vehicle 

PVPC  Precio Voluntario para el Pequeño Consumidor 

SAFC  Solid Acid Fuel Cell 

SMR  Steam Methane Reforming 

SOC  State Of Charge 

SOFC  Solid Oxide Fuel Cell 

SUV  Sport Utility Vehicle 
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TCO  Total Cost of Ownership 

TSO  Transmission System Operator 

USD  United States Dollar 

VTOL  Vertical Take-off and Landing 
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2. Preface 

2.1. Project Origin 

This project bases its origin on a fact: the fact that the future of the humanity must go through 

green energy production and sustainability in order to minimize the global warming effects 

caused since the 1900s with the industrial revolutions and the use of carbon derived fuels. 

Starting from this fact, reinforced with the Paris agreement, the first thought that comes in mind 

is the extremely difficulty to stabilize and control the production of energy from renewable 

sources; precisely because the unpredictability of this natural sources. 

Following this thinking line, it is easy to imagine that if a minimum energy production is needed 

in all the societies, the production system must be sized in accordance to ensure the energy 

supply. For this reason, in an energy production system with a high percentage of renewable 

sources, unpredictability reigns, having as only solution the oversizing of the renewable energy 

production plants as a measure of security of supply. Oversizing the system insures the energy 

supply. However, there will be problems of surplus energy at low demand periods with energy 

losses due to curtailment of the plants. These situations are already being carried out 

nowadays. 

The solution lies in the hydrogen production from the dissociation of the water molecule in the 

electrolysis process by using this renewable energy surplus. It will be a reality in a closer future 

when the technology matures. 

In this final part of the contextualization is where this project takes form and becomes 

important. Before to reach the mature technology point is required to analyse the wide range 

of possible applications for this hydrogen produced, know the real viability of integration and 

understand its repercussions in the society.  

 

2.2. Motivation 

After having the basic knowledge of hydrogen production methods and its applications, I felt 

necessary to analyse in depth the currently situation of this technology. In fact, this analysis is 

basic to understand the real possibilities of using the hydrogen as energy vector, and its 

repercussions at several levels. This is known as economy of hydrogen. 
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The reason why I selected this master’s thesis is the ambition of promote the hydrogen as 

energy vector in my future labour and try to find the suitable location or applications at 

particular, private and public levels as much as I am allowed. This task is impossible to front 

without facing the self-knowledge acquired and the self-investigation in publications to develop 

the thesis. 

 

2.3. Prerequisites 

In this project, a comparison between the different hydrogen applications is done to select 

which one of them fits better with the green hydrogen production.  

Considering the contextualization of the thesis and the technology studied, the most important 

knowledge prerequisites are: 

• Advanced knowledge about the different methods of energy production, the energy 

production system, as well as the demand supply mechanisms in order to adapt and 

find the suitable hydrogen-based application. 

• Basic economical knowledge. Economic analysis is carried in simplest way to compare 

the different solutions presented. 

• Basic knowledge on the hydrogen production methods and its possible applications. 
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3. Introduction 

Today the word decarbonization is on everyone's lips, it means the reduction of CO2 emissions 

with the final goal of zero emissions whose theoretical date has been set in 2050. This raises 

a simple question, but whose answer is enormously complex: is it possible? 

The main problem against this goal is the exponential evolution of the economy and society 

around the energy sector. In the last century, all the technological advances are directly linked 

to the need for energy consumption. Meaning that without energy there is no progress. This 

fact suggests that, to carry out this “change” it is necessary to have at least the same current 

energy production capacity, and even greater, in order to continue growing. The second 

problem, in connection with the mentioned yet, is the great importance of the hydrocarbon 

sector at all levels: from the regular driver who uses the car to go to work, to the powers of the 

upper echelons that control the geopolitics and world economy. 

The solution to the problems described above is not achieved theoretically, but rather by 

demonstrating a real alternative to what exists through a process of infrastructure adaptation, 

re-education in ideals and reinvestment in a new energy sector: the renewable energy sector. 

This whole process is known as the energy transition and we are already in this period, but no 

one really knows if it will end reaching the goal on time.  

The renewable power sector is in continue growing, while several thermal plants and obsolete 

systems are closured. This means that the power generation system is almost stable by the 

moment, not requiring high investments in the transport and distribution grid systems.  

The most widespread renewable energy production technologies are electricity production 

through photovoltaic panels, wind turbines or hydroelectric plants; and heat production by solar 

thermal power plants, although the latter are less common. The renewable sector has other 

branches such as geothermal, tidal, marine energy, or the production of biofuels (biomass, 

biogas, biodiesel, etc.) at lesser scale. 

The biggest challenge is to adapt each energy-intensive activity to the technology described 

above, as well as the electricity sector. It is said that this is the greatest challenge because 

renewable energy is extracted directly from nature. Facing to realities: 

- Limitation in management: Nature volatility, cannot be controlled. 

- Technical limitation: It is not possible to store electrical energy in large 

quantities and electric networks has power limits. 
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In the 100% renewable future, due to the essence of the two previous statements, the energy 

production system must be oversized to be able to face the demand curve with guarantees as 

measure of security of supply. 

Even nowadays, with low percentage of renewable penetration in the energetic grid in Spain, 

energy from renewable sources is curtailed especially in wind production parks due to adapt 

the energy production to the instant real demand curve. The real demand is represented in 

Figure 1 by the yellow line. This energy is lost because in a technological and a physical point 

of view, it is extremely difficult to store MW or GW of power. Sometimes, part of the surplus 

energy is derived to hydraulic power plants, where reverse pumps are able to store this energy 

as potential energy in the upper part of the dam by pumping water from a lower reservoir, or 

another option is export that surplus to other energy markets, as it is shown in Figure 2. None 

of these two options are not a real solution for the future amount of energy surplus. 

 

Fig. 1. Real demand and energy production in peninsular Spain on 11/08/2020. Source: [1] 
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Fig. 2. Real production in peninsular Spain on 11/08/2020. Source: [1] 

Notice how production must be adapted to the instant demand curve and energy surplus, 

represented in beige colour, is exceeding the lower limit of the Figure 2. In that case the energy 

surplus is exported because hydraulic plants were almost producing energy thanks to the fact 

that the reservoirs were at a high capacity level. This fact shows the relevance of looking for 

other outlets to the surplus energy production, and to contemplate periods where this energy 

should be necessary due to low percentage of generation vs. demand. 

At this point a new challenge is generated: to manage the excess of energy. There are many 

publications and studies that suggest that the key interconnection factor in the energy sector 

of the future will be the use of hydrogen obtained from this energy surplus. 

The European commission works in that direction, considering the hydrogen as an energy 

vector, focusing on the sustainability of the life cycle process. 

It should be noted that natural gas is formed by 4 hydrogen atoms (CH4) and petrol or diesel 

has ratio of carbon-hydrogen 1:2 while coal is 1:1. The higher the hydrogen content in the 

conventional fuels, the higher the energy density and it’s potential to do work. So, hydrogen 

has the highest energy density of all fuels. However, at ambient temperature, its low density 

makes it present a low energy per unit volume if it is stored in the gaseous state. To reach an 

adequate energy density requires storage at high pressure. 
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Currently exist three hydrogen production methods: 

- Via electrolysis (water and electricity) 

- Via biochemical process 

- Via thermochemical cycles (syngas) 

Fig. 3. Hydrogen production process methods. Source: [2]  

Depending on the origin and production method, the final hydrogen product can be classified: 

- Grey hydrogen: obtained from steam methane reformation (SMR), nowadays 

the 95% of hydrogen produced is grey hydrogen being the cheapest but also 

the more pollutant. 

- Blue hydrogen: obtained from natural gas reformation but with CCS, CO2 

capture. 

- Green Hydrogen: obtained from electrolysis with renewable source as 

electricity supply. 

Table 1 will show the advantages and drawbacks of hydrogen as energy vector. 
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Table. 1. Hydrogen technology advantages and disadvantages. Source: Own 

The most worrying drawback is the flammability of the hydrogen and the security management 

of this product. Flammability concentration range of hydrogen is large. In a normalized ambient 

conditions, the lower limit is a concentration of 4 vol% and the upper limit at 77 vol% [2]. It 

means that in contact with the air oxygen, hydrogen is an extremely flammable substance. 

However, hydrogen’s high diffusivity plays in favor in outdoor accidentally discharge, where 

the minimum concentration would never exist and, at burning cases, the flames rise rapidly 

causing less damage than hydrocarbon fires. Also has a high autoignition temperature 585 ºC 

and very highly flammable velocity causing fatal deflagrations at closed spaces but low burning 

times if controlled by security valves systems. 

Exist a vast range of applications where hydrogen could be used as energy source. All this 

application can be classified in different blocks further analyzed in the following sections. 

- Transport: It consist of the conversion of the hydrogen in electrical energy by 

FC being capable to feed an electric motor. 

- Power to gas to power: It consists of the conversion of electrical energy into 

hydrogen for later use when there is demand, generating electric energy.  

- Power to gas to heat for buildings and industry: It consists of the conversion of 

electrical energy into hydrogen for later use when there is demand, producing 

heat. 

- As Feedstock for industry: hydrogen is used in many industrial processes as 

feedstock. 

 

 

 

Advantages Disadvantages

Efficient process (H) Does not exist in natural form 

Clean High diffusivity

Abundant element Low energy density in gas form

Storable Flammable

Transportable in liquid or gas form

High energy density

High difussivity
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3.1. Objectives of the project 

The main objective of the project is to elaborate a guide/overview of the green hydrogen 

application technologies, analyzing the possible market and its integration in Spain; 

researching about the current situation in hydrogen supply pathways, its infrastructure, and the 

hydrogen application technologies.  

To visualize clearly and precisely the development status of each possible application, as well 

as provide ideas about the best business model options for future green hydrogen generation 

projects are also important purposes of this project. 

 

3.2. Area of application 

The area of application of this project is limited by the technical and general economic analysis, 

to assess the green hydrogen integration in studied sectors. Emission saving comparisons as 

ambient analysis is carried out across the project but not a specific environmental impact 

analysis. Any complementary information as technical schemes of the current commercialized 

products or plans, are not necessary in this research project. Some links and brief explanations 

about the current application projects of each type will be provided, if exist. 

The specific economic analysis of the possible real business model implementation is out of 

the scope of this project (no self-elaborated budget included). The specific business analysis 

will only be possible having the production data of a real renewable generation plant and its 

specific location as well as economical information about the newest product applications. For 

this reason, this project aims to serve as a guide for the development of these possible 

business model projects that will vary in each case. 

Some strategic considerations will be exposed although, without analysing in depth the 

regulatory frameworks requirements for the integration of each application. 
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4. Applications in transport  

The transport is a sector in which the use of hydrogen as an energy vector could be feasible 

and completely aligned with global targets about the reduction of pollutant emissions. 

Some statistical data will be introduced due to understand the current environmental problem 

that is arising. The IEA has predicted that CO2 emissions will have increased about 35% in 

2050 if we follow the current trend in policies adopted and the assumed idea of perpetual 

growth in energy consumption. In other words, to meet the Paris agreement in the transport 

sector, average emissions per kilometer need to be reduced by 70% in 2050, referring to the 

set of vehicles used both privately and commercially [3]. 

In Spain, the transport sector represents, with more than 92 MT of CO2 emissions in 2017, 

more than the third of the total emissions. It represents by itself the most polluting sector above 

the energy and industrial one. 

The integration of less pollutant technologies as alternative fuels should be part of the 

aforementioned energy transition. In addition, Spain transport sector with 31,720 ktoe in 2017 

represents 38% of final energy consumption [4]. It means that this sector is completely 

dependent on crude oil imports, allocating almost 70% of the oil imports for this purpose [5]. In 

other words, the transport sector is the major contributor in the high external energy 

dependence of the country. 

Much progress has been made in the use of alternative fuels in transport sector. This 

alternatives fuel are LPG, LNG, CNG, electricity, biofuels and hydrogen. Table 2 represents 

the feasibility of each alternative fuel in every transport type and range. The hydrogen optimal 

ranges and its feasibility will be treated in depth in the following sections. 

 

Table. 2. Coverage of transport modes and the autonomy of the main alternative fuels. Source: [6] 

 

 

MODE

RANGE SHORT MEDIUM LONG SHORT MEDIUM LONG INLAND SHORT SEA MARITIM

LNG

CNG

HYDROGEN

FUEL AIR RAIL
WATERROAD PASSENGERS ROAD-FREIGHT

NATURAL GAS

LPG

ELECTRICITY

BIOFUELS
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About the hydrogen: 

Hydrogen-powered transport vehicles obtain the power of one or more electric motors powered 

by electricity generated in situ in a fuel cell. This is the main difference from the battery vehicles 

or vehicles that must obtain the energy with an external source of power. 

This system of supply and generation is easily scalable which favors the application in any 

type of transport vehicle. It has already been tasted in cars, buses, railways, and small pleasure 

or tourist boats using hydrogen as a fuel. It has already been tasted in trucks, planes, ships, 

or submarines but only in the APU with methanol as fuel. 

 

- Fuel cell passengers’ vehicles 
- Fuel cell trucks 
- Fuel cell Buses 
- Fuel cell trains 
- Fuel cell forklifts 
- Aviation 
- Aircraft ground support vehicles 
- Ships 

At European level, a series of projects have been developed to support the development of 

fuel cell technology and the refueling infrastructure, projects mentioned in the following 

sections. 

To introduce from a technical point the operation of this technology, applicated in transport 

sector, is necessary to know the main components, shown in figure 4, which are:  

 

Electric motor (1): Transforms electrical energy into mechanical energy and torque. 

Electronic control unit (2): Governs the electronic systems. 

FC boost converter (3): Allows to extract the energy from the fuel cell. 

Fuel cell (4): Transforms hydrogen into electricity. 

Hydrogen tank (5): High pressure hydrogen storage tank. 

Battery (6): Used as a system starter, it is sized according to the power of the fuel cell. 

Water tank and evacuation (7): Water vapor evacuation system. 
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Fig. 4. FCEV’s main technical components. Source: [7] 

To turn on the system, the battery is used as a “starter”, providing the peak power required to 

switch on the fuel cell. Then, through the process called “reverse electrolysis”, within the fuel 

cell, hydrogen is injected and combined with the oxygen of the air, previously extracted, and 

filtered. The product of this process are electricity and heat; and the waste is water which is 

stored and expelled through the exhaust pipe as water vapor. It means a significant reduction 

in CO2 emission meaning the nullity of local emissions. 

Generally, but depending on the specific electrical demand of the moment, the electricity 

generated in the fuel cell can be directly sent to the electric motor or to the battery. As well, 

this battery can provide electricity to the motor at low speeds. All hydrogen vehicle models 

include a regenerative braking system allowing that, part of the energy generated during 

braking, can be returned to the battery or to the electrical engine, by converting the kinetic 

energy. It represents that hydrogen consumption savings in the fuel cell. [8] 

Even being easily scalable and with a wide range of applications, the vehicles powered by 

hydrogen are very little used. The main reason is the high acquisition cost. In the next sections 

a more detailed analysis of the costs across the value chain of each mode of transport. In 

addition, the improvement key points will be further discussed. 

Regarding the cost analysis, a very deep study about the evolution of the cost of all the already 

transport existing modes are developed in the hydrogen Council report [9], “Path to hydrogen 

competitiveness. A cost perspective” published on January of 2020. In next sections these 

analyses will be commented. The hydrogen Council report based they analysis on the 

(1) 

(7) 

(6) 

(5) 

(4) 

(3) 

(2) 
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historical data of the car market and global policies and trends. The study also takes in to 

account the stability of the car fuel costs following a logical trend adding some carbon taxes. 

The hydrogen council makes a comparison of costs between the electric battery vehicle, and 

the conventional one for the major mode of transports, using a comparison parameter called 

TCO. TCO takes in to account the life cycle costs as can be fuel costs, maintenance, the power 

train parts and replacements costs, and other specific considerations for each mode. 

In the present report this data is commented only to complete the global analysis and as 

complementary understanding of the future of hydrogen technology viability conclusions. It is 

important to remark that real-life projects viability will differ depending on regional 

circumstances and the usage conditions. 

  



Pàg. 16  Report 

 

4.1. Fuel cell passenger vehicle 

The first mode of transport analyzed is the Fuel Cell electric vehicle for passengers. In this 

type, the demonstration and feasibility stage has been overcome, giving way to the commercial 

stage. 

The FCEV’s must be charged by hydrogen at 99,99% of purity at 700 - 350 bar of pressure in 

the storage tank specially designed for this purpose. Due to that required pressure, the 

hydrogen stored aboard a vehicle is higher energy density per weight than batteries (currently 

around 2,3 MJ per 12 kg [3]). This means that FCEV can travel longer distance. This higher 

density is at the same time the reason why this technology is easily scalable to all modes of 

transport, not as the BEVs, where the weight of batteries become a barrier impossible to beat 

for heavier vehicles. In the economic analysis these considerations will be further discussed. 

In Spain, currently, the only commercialized models are the ones shown in table 3. Existing a 

great variety of prototypes of other car manufacturers, and other models that have not been 

added to the vehicle fleet yet. 

 

Table. 3. Commercialized FCEV’s in Spain. Source: [10] 

Talking about the autonomy, all the commercialized models are over the range of 600 km, it 

means that in average, with 1 kg of H2 the FCEV are able to travel more than 100 km, in other 

words the energy consumption of a FCEV is around 0,8-0,9 kg/100 km [11]. 

In Spain, only one FCEV had been sold: the model “Hyunday Nexo”, matriculated at the final 

of 2019 [7]. It is a crude reality because the estimations said that today Spain should have a 

fleet of around 2772 FCEV, estimation calculated using a penetration algorithm of about 0,1% 

of the total car fleet [5]. 

Regarding the emissions, figure 5 compares at rough numbers the emissions emitted by 

different technologies in terms of gCO2 per km driven. The technology compared are BEV, 

FCEV, ICE, PHEV.  

MANUFACTURER MODEL VEHICLE AUTONOMY (WLTP) STORAGE (KG H2) FUEL FUEL CELL P. (kW) MOTOR P. (kW)

HYUNDAY NEXO FCEV 666 6,33 CGH2-700 95 120

HYUNDAY iX35 FCEV 594 5,64 CGH2-700 100 100

TOYOTA Mirai FCEV 650 5 CGH2-700 114 113

HONDA CLARITY FCEV 650 5 CGH2-700 103 130

350 1,78 CGH2-350 5 44

390 2,09 CGH2-700 5 44
RENAULT KANGOO ZE H2 Range Extender



Hydrogen Applications  Pàg. 17 

 

 

Fig. 5. Well-to wheel emissions vs vehicle range for several technology options. Source: [12] 

In the BEV, the emissions are directly linked with the regional electricity generation mix, being 

zero for the case where all energy generated is full renewable.  Regarding the FCEV it happens 

something similar, the emissions emitted depends on the origin of the hydrogen production, 

being zero when it is produced by electrolysis using renewable electricity. 

The lower emission range of ICV accounts a penetration of 30% of biofuel consumption, 

consideration also done in the PHEV, where the lower range of emissions is linked to 65% of 

electric driving using 100% renewable electricity. 

Following it is listed the advantages and disadvantages of using FCEV’s 

 

Table. 4. Advantages and disadvantages of using FCEV’s. Source: Own 

Nevertheless, Europe is pushing in terms of subsidized projects to develop and penetration to 

the society understanding, (H2mobility in Germany, UKH2Mobility in UK, Swiss H2mobility, H2 

Mobilité in France, Scandinavian Hydrogen Highway Partnership in Norway, Denmark and 

Sweden or the CARS2020 initiative, etc.). 

Advantages Disadvantages

No pollutant High CAPEX

High authonomy Not enough refueling infrastucture

Short refuelling time (3min) High fuel cost 

Current ranges 500-600 km

Silent drive

No idling required
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4.1.1. FCEV’s TCO Analysis  

The cost analysis of a FCEV is very related in its use as could be for work, for travel or a mix 

use. It means that the cost analysis is related in the km done and the typology of these 

journeys. Other considerations are done to calculate the TCO as can be range, refueling time 

and fuel efficiency. 

In the analysis are compared three different cases: 

- Small vehicle with a range of 200 km. 
- SUV with a range of 600 km. 
- Large familiar vehicle with range of 650 km. 

 

 

Fig. 6. TCO for passenger vehicles. Source: [9] 

The high density of the hydrogen stored makes more competitive this technology for long range 

and heavy vehicles as could be a SUV.  

The analysis done in the hydrogen Council report represented in the previous figure shows 

how, following the current scenario of production volume, FCEV will became a realistic 

economically alternative around 2025 for large vehicle for commercial usage as can be taxi 
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fleet or other carsharing business models. It also shows that cars with lesser range 

requirements but higher than urban transportation will became competitive a bit later with a lag 

of about 5 years approximately. At long term analysis FCEV will be completely integrated in 

the automobilist fleet being a clear alternative for BEV in terms of TCO. 

 

4.2. Fuel cell trucks 

This mode of transport is an interest sector for both: authorities, and private companies. The 

reduction of emissions and its derived costs is the main objective year by year, especially for 

duty trucks and long road transport routes. Nevertheless, the emissions are increasing due to 

a lack of additional measures to the current sector. 

In the last years, a lot of prototypes have been developed. Nowadays, the first fuel cell truck 

models are commercially available. One of them is the “Hyundai XCIENT Fuel Cell” [13]. In 

China, Nation Synergy has recently signed contracts for the delivery of more than 3,000 

captive fuel cell trucks in the next five years, so it is expected that more manufacturers put up 

for sale other models e.g., by Toyota, Nikola Motor, and VDL. [3]. 

Table 5 will reveal the total advantages and drawbacks that face this technology. 

 

Table. 5. Advantages and disadvantages of using FC trucks. Source: Own 

Advantages Disadvantages

No pollutant High CAPEX

High payload Not enough refueling infrastucture

Lesser mantainance frequency Not enough mantainance centers

Lesser mantainance cost Not enough safety standards

Flexible technology High fuel cost

Recovery energy when braking

Short refuelling time
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Fig. 7. Wheel to wheel emissions benchmarking segment >12t (typ. Up to 24-26 t). Source: [14] 

Figure 7 reveals the importance of green hydrogen production and its emission savings front 

the current emissions. It would be possible to save more than 0.6 CO2 kg/ km in a long-range 

routes sector. It means more than 360 CO2 kg of saving per 600km single route. 

4.2.1. FC trucks TCO analysis 

In the cost analysis are compared three different cases taking in to account the upfront cost 

and the lifetime fuel costs. 

 

- 7.5-ton light commercial vehicles with a 300-km range requirement (LCVs), 
- 13-ton medium-duty trucks with a 500-km range requirement (MDTs) 
- 22.5-ton heavy-duty trucks with a 600 km range requirement (HDTs). 

To calculate the TCO also contemplate the final users, the refueling time costs and the 

available payload after contemplating the weight of the drive system itself, operation under 

different climate conditions and local regulations. 
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Fig. 8. TCO for FC trucks. Source: [9] 

The analysis done suggests that the Fuel cell trucks will be the lowest cost way to decarbonize 

the sub-sector in certain uses, even earlier than FCEV’s. Due to the higher mileage routes, 

heavier energy demand, and the limited refueling infrastructure needed in concordance of its 

usual highway routes. Key points can be estimated and enabled for hydrogen supply. The BEV 

for trucks is not a realistic alternative due to the battery size and its weight. This fact affects 

directly to the payload available, also needing longer charging time meaning economical loses 

per journey.  

In the other hand, small trucks with a shorter-range requirement and size, and correspondingly, 

smaller batteries, of around 130 kWh remain competitive. 

The analysis reveals another reality: the fuel cell trucks will became a clear economical 

alternative in all the segments analyzed, but only in regions where the kg of hydrogen can go 

down to 4-5 USD, the ICE diesel trucks are the direct compared cost alternatives [9]. 
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4.3. Fuel cell buses  

Regarding the bus sector in Spain, in cities like Madrid and Barcelona, where the passenger 

load is higher, were carried out pilot tests driven by the CUTE European project in 2005 [15]. 

The operation of this technology was too expensive to consider it as a realistic alternative but 

nowadays is changing.  

The bus sector is pushing hard to decarbonization transition investing in fuel cell buses, 

technology almost ready for commercial uses. In Europe, the H2Bus consortium has proposed 

to deploy a fleet of 1000 bus units in the main European cities, including the refueling network 

to its operation [16]. There are different European documents to promote it by the regional 

authorities as could be the declaration of intent on promoting clean buses deployment [17]. 

Table 6 list the total advantages and drawbacks that face this technology. 

 

Table. 6. Advantages and disadvantages of using FC buses. Source: Own 

The next scheme shows the reality of the emission savings in this sector 

 

Fig. 9. Wheel to wheel bus emissions .Source: [18] 

 

Advantages Disadvantages

No pollutant High CAPEX

Lesser noise Not enough refueling infrastucture

Lesser mantainance frequency Not enough safety standards

Lesser mantainance cost High fuel cost

Flexible technology

Short refuelling time

High range
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It reveals the importance of green hydrogen, apart from CO2 savings FCB can save almost 

100 NOx kg per bus per year. 

4.3.1. FC Bus TCO analysis 

In the cost analysis are compared three different cases taking in to account the upfront cost 

and the lifetime fuel costs. 

 

- Short-distance urban buses with a 150-km range per refueling. 
- Long-distance urban transportation with a 450-km range. 
- Coaches for long-distance travel with a range of 500 km. 

The TCO is calculated considering the refueling time, the comfort and space available, the 

operation under different climate conditions, the flexibility across the different possible lines, 

the topography, and its refueling infrastructure. 

 

Fig. 10. TCO for FC buses. Source: [9] 

The analysis suggest that fuel cell buses surpass full battery buses availability for long-range 

requirements due to the BEB’s large, heavy battery and long charging times. For this specific 

usage, the full battery bus is similar than heavy trucks, the size and weigh required for the 

batteries makes this technology less economically competitive than Fuel cell.  

For buses with shorter ranges like urban buses or airport passenger transport buses, the 

battery electric technology remains more competitive, as the battery required is much smaller 

and less expensive. 
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In any case, both technologies will be cheaper at long term than ICE buses due to carbon tax 

and fuel estimation increase. 

 

4.4. Fuel cell trains 

Fuel cell trains are being introduced in testing mode in China and Germany, but it is not 

developed at all. 

In the train sector takes specially interest the fuel cell Technology basically in the non-electric 

railways where nowadays diesel trains are used. In Spain, 284 locomotives are transiting about 

5.617 km of rails [19]. The railway Spanish map can be found in Annex I. [20] 

Table 7 list the total advantages and drawbacks that face this technology. 

 

Table. 7. Advantages and disadvantages of using FC trains. Source: Own 

4.4.1. FC train TCO analysis 

To calculate the TCO, are considered four different technology trains travelling a distance of 

100 km and conducting a total of 24 return trips per day.  

- Fuel cell train with catenary line. 
- Electric catenary train with catenary line. 
- Electric catenary train without catenary line. 
- Conventional diesel train. 

 

Advantages Disadvantages

No pollutant High CAPEX

Lesser noise Not enough refueling infrastucture

Lesser mantainance frequency Not enough mantainance centers

Lesser mantainance cost Not enough safety standards

Flexible technology High fuel cost

Not electrification infrastucture needed Need to extend to 1000 km range

Short refuelling time
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Fig. 11. TCO for FC trains. Source: [9] 

The hydrogen fuel cell train is best suited for long and relatively low-frequency routes, with 

short downtimes and limited time for battery charging, and routes not already electrified. It 

means that a pre evaluation of the existing infrastructure is required to find the real suitable 

routes. 

However, this is influenced by several factors, including the existing rail country network and 

infrastructure, topography, distance, usage frequency, environmental targets, and operating 

mode, which considers the duration of the trips and the amount of downtime. 

In the simulation realized, by increasing frequency to 48 round trips per day and reducing the 

travel distance to 50 km, electric catenary solutions would be cheaper than the hydrogen 

alternative [9]. For this reason, the goal for manufacturers is to increase the range up to 1000 

km to equate the usage to conventional diesel trains becoming a real alternative. 
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4.5. Fuel cell forklifts 

This application is not for passenger transportation, but in the industrial sector are very 

important with a highly usage per day. This technology is already commercially available and 

in operation. Nevertheless, it has strong competitive technologies as could be battery electric 

forklifts or diesel-backed systems. 

Table 8 list the total advantages and drawbacks that face this technology. 

 

Table. 8. Advantages and disadvantages of using FC forklifts. Source: Own 

4.5.1. FC Forklifts TCO analysis 

To calculate the TCO, it is assumed that a forklift operating in a warehouse on two eight-hour 

shifts per day, with one refueling to cover both shifts. The analysis is made by comparing three 

different forklift technologies: 

 

- Fuel cell Forklifts 
- Battery electric forklift 
- Conventional diesel forklift 

Advantages Disadvantages

No pollutant High CAPEX

Lesser noise Not enough refueling infrastucture

Lesser mantainance frequency Not enough mantainance centers

Lesser mantainance cost Not enough safety standards

Refuelling interval of 8h High fuel cost

short refuelling time

Lesser refuelling space compared to 

battery charging facilities 
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Fig. 12. TCO for FC forklifts. Source: [9] 

The analysis done reveals that today, hydrogen technology is, in general, a competitive option 

compared with the conventional one and around in 2023 will be economically better compared 

to the full battery version. The cost perspective is encouraging in this sub sector due to the 

high operation time. The most the refueling infrastructure is used, the cheaper will became 

over its lifetime. Although, it depends on the size of the fleet, the refueling station required and 

forklift fleet operational scheduling. 

 

4.6. Aviation 

The technology of fuel cells applicated to the aviation is currently in study and development, 

no commercial full fuel cell aircraft is currently available. The research is firstly focusing its 

efforts at small-scale airplanes, less than five passengers, and the APU’s for conventional 

aircrafts. Also, VTOLs and smaller drones are under development and investigation. 

Nowadays, a major part of aircrafts uses Kerosene as fuel because is at the same time light 

and dense which means a less volume to store that energy. Nevertheless, it emits in average 

3,15 kg of CO2 per kg of fuel. Of course, the lighter and more energy density material is the 

hydrogen but result extremely difficult electrify the airplanes motors. Also injecting the 

hydrogen directly as fuel in the turbines is extremely expensive due to the high temperature 
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obtained and the dangerous combustion process by itself, in any case it is being studied and 

is under development. 

For the previous reasons, to decarbonize this sub-sector is extremely complicated. The 

realistic evolution is to replace the conventional kerosene with fuels that do not bring new 

carbon dioxide to the atmosphere. It means bio-kerosene or synthetic kerosene obtained with 

hydrogen. 

Synthetic kerosene is made by combining hydrogen and carbon monoxide which can be 

captured directly from the atmosphere or from Industry in CCS systems. In terms of cost of the 

fuel, synthetic kerosene or bio-kerosene is 2,5 to 4,5 times more expensive per kg than 

conventional kerosene; so the carbon tax would play a key role in the sector and its energy 

transition and decarbonization velocity [9]. 

4.6.1. Aircraft TCO analysis 

In the cost analysis done, three main cost drivers are considered. The main one is the cost of 

the hydrogen feedstock, the second one driver is the carbon feedstock cost, both linked to the 

obtaining of synthetic fuels. The fuel synthesis plant costs are the third driver considered, 

estimating its reduction costs in parallel of the capacity plant increase. To calculate the TCO 

are considered four different fuel typologies as energy vector in the sector. 

- Synthetic fuel with air CC (hydrogen synfuel) 
- Synthetic fuel with industrial CC (hydrogen synfuel) 
- Biofuel (bio-kerosene) 
- Jet fuel (kerosene) 



Hydrogen Applications  Pàg. 29 

 

 

Fig. 13. TCO for aircraft alternative fuel technologies. Source: [9] 

The analysis reveals that nowadays the transition is far away in cost effective terms, but at 

long term, the fuel transition cannot be ignored.  

Although it is not the main option, the fuel cell planes will acquire advantages over the aviation 

concept as is known today, listed in Table 9. 

 

Table. 9. Advantages and disadvantages of using FC aircrafts. Source: Own 

Conventional APU’s consists on a gas turbine combined with an electrical generator, electrify 

this essential function has its own attractiveness having higher efficiencies and of course less 

pollution., up to 10% of airport emissions can be traced to APU systems [21]. This specific 

usage has not TCO analysis yet. 

 

Advantages Disadvantages

No pollutant High CAPEX

No heat production Not enough refueling infrastucture

Lesser mantainance frequency Not enough mantainance centers

Lesser mantainance cost Not enough safety standards

No vibrations High fuel cost
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4.7. Aircraft ground support vehicles 

Aircrafts ground support vehicles encompasses a large variety of specific powered vehicles 

and its evolution to FCEV needs to contemplate its very greatly technical characteristics and 

its functionality. 

 

- Refuelers 
- Tugs and tractors 
- Ground power units 
- Buses 
- Container loader 
- Transporters 
- Air start units 
- Potable water trucks 
- Lavatory service vehicles 
- Catering vehicles 
- Belt loaders 
- Passenger boarding belt stairs 
- Pushback tugs and tractors 
- Anti-icing vehicles 
- Aircraft rescue and firefighting 

Some push back tractors prototypes have been developed meeting halfway to 

commercialization .The reduced size of GSE vehicles and it’s continue usage requires short 

refueling times which can be easily done, 3-4 min, by hydrogen refuellers that can be in the 

airport area, in comparison of conventional electric chargers. Also, the low velocity 

requirements in the airport ground helps to reduce the fuel consumption arriving easily to 8 

hours autonomy [22].  

The fuel cell GSE will acquire advantages over the conventional, listed in table 10. 
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Table. 10. Advantages and disadvantages of using FC GSE. Source: Own 

This specific usage has not TCO analysis yet, but one essential consideration when calculating 

it is to consider the replacement of the whole ecosystem of vehicles mentioned since hydrogen 

refueling stations can be used by different equipment fleets. 

  

Advantages Disadvantages

No pollutant High CAPEX

Lesser noise Not enough refueling infrastucture

Lesser mantainance frequency Not enough mantainance centers

Lesser mantainance cost Not enough safety standards

Flexible technology High fuel cost

Reduction of overall environmental 

airport footprint

More efficient than diesel engines

No investment to electric infrastructure 

needed compared to battery electric 

alternative

Reduction of dependency to fossil fuels 

of the airport

Refueling infrastructure less expensive 

than other applications due to high 

operation and number of vehicles 

catered
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4.8. Ships and boats 

The technology of fuel cells applicated to ships or boats is currently in study and under 

development, but no commercial full fuel cell boats are available. The research is firstly 

focusing its efforts at small boats such as river boats, ferries or pleasure boats and the auxiliary 

power units (APU’s) of them. 

Nowadays, the boat sector use fossil fuels like diesel in injection engines as propulsion 

method. For these reasons to decarbonize the maximum this sub-sector is essential. The 

preferred firs step evolution is the conversion to LNG until other technologies emerge to 

replace the conventional fuels, with fuels that do not bring new carbon dioxide to the 

atmosphere. It means biofuels or synthetic fuels obtained with hydrogen in combination of zero 

emission technologies as are battery electric boats or fuel cell boats propelled by electric 

motors. In the electrification possibilities the fuel cell technology also offers a shorter refueling 

time than battery charging. 

Some prototypes of fuel cell boats are already in operation, for example “MS Innogy” in 

Germany or the “Energy Observer” under the French flag. In Norway, Viking Cruises is 

planning to build the world’s first cruise ships powered by liquid hydrogen and fuel cells [3]. 

The fuel cell ships will acquire advantages over the conventional ones, listed in table 11. 

 

Table. 11. Advantages and disadvantages of using FC boats. Source: Own 

4.8.1. Boat TCO analysis 

In the cost analysis are compared three different cases, taking in to account the upfront cost 

and the lifetime fuel costs for two different boat transport uses, regional ferries and sport 

passenger ships. 

 

Advantages Disadvantages

No pollutant High CAPEX

Not possibility of fuel spill to water Not enough refueling infrastucture

Lesser mantainance frequency Not enough mantainance centers

Lesser mantainance cost Not enough safety standards

More efficient than injection engines High fuel cost

Lack in manufacturing standards
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- Fuel cell boat/ferry. 
- Battery electric ferry. 
- Diesel boat/ ferry. 

To calculate the TCO it was also contemplated the sailing distance, refueling time, operation 

under different climate conditions, flexibility and its refueling infrastructure. 

 

Fig. 14. TCO for boat alternative fuel technologies and transport uses. Source: [9] 

The analysis shows that fuel cell passenger ferries is a very competitive option in operational 

uses when short refueling time is needed or where the electricity grid is weak. 

For large ferries, with motor power up to 4 MW, the battery electric alternative can be removed 

due to heavy, expensive, and big size of battery requirements. The direct alternative in these 

cases should be the use of biodiesel as first transition step. 

For longer sailing range the ammonia (NH3) fuel based on hydrogen would be the better option. 

Will be necessary modification engines but very similar to actual ones. Hydrogen is not a 

current option because at liquid state it require very low temperatures to remain liquid 

(−252.87°C versus −33.6°C for ammonia) and high pressures meaning more possibilities to 

boil-off loosing part of it for long routes . 
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4.9. Hydrogen as fuel 

Nowadays in Spain, 1 kg of green hydrogen have approximately a cost of 7,5-8,5 € on average, 

even higher depending the source consulted [7].  

The higher hourly instant cost of a kWh for BEV this year 2020, rise to 0,14333 € shown in 

figure, registered at 18:00h the 24th of January. Meaning that electricity costs are much lower 

in average. In the day chosen it was about 0,1185€/kWh but yearly average is even lower. Of 

course, other surcharges must be included in the final cost per kWh like access tolls, so taking 

as reference this data the assumption is closer to reality. 

 

Fig. 15. PVPC active energy billing term on 14/01/2020 TC. Source: [23] 

Using the hydrogen cost founded and this maximum hourly kWh price peak registered this 

year 2020 a fuel comparison can be done shown in table 12. 

 

Table. 12. Cost comparison by fuel per 100 km travelled. Source: Own 

Even in this exaggerated situation, exists a big fuel cost difference in favor of BEV, for this 

reason is very important to reduce the hydrogen production cost much lower than diesel, 

considering the infrastructure initial investment required. 

100 km cost €/Ut total cost € 

Hydrogen 0,9 [10] kg 7,5 [7] 6,75

Electricity 13 [11] kWh 0,14333 [23] 1,86

Diesel 5 [24] l 1,061 [26] 5,31
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4.10. Refuelling infrastructure 

Hydrogen refueling stations are an essential element in the development of the infrastructure 

that will support FCEV's both private and public. Some studies and publications are available 

[26]. 

A first classification can be done based on whether they are, independent stations or part of a 

conventional refueling station. The size of the refueling stations are linked to the daily demand 

of hydrogen they supply. 

HRS can have two different options of hydrogen supply, delivered by truck due to externally 

production or production on-site. On-site production is the lower option chosen by investors 

due to high inversion needed in compress the hydrogen produced at 50 bar and compress it 

up to the supply pressures of about 350 -700 bar. In the other hand centrally, production can 

distribute the hydrogen in gas or liquid form, predominating the gas form. 

The basic elements of a refueling station are a high-pressure storage system whose main 

element is the compressor, the pre-cooling system, and the dispensers. If hydrogen is 

generated in situ or delivered in a liquid state, it requires an additional storage and compression 

system. 

Low pressure tanks (20-200bar) are used to store the hydrogen produced in-situ or to store 

the hydrogen delivered by a compressed hydrogen gas trailer. 

Medium-high pressure tanks (200-450 or 800-1000) are used as the last stage to refuel 

vehicles at the proper pressure. 

 

Fig. 16. Refuelling station main elements. Source: [27] 

In order to comply with the regulations regarding hydrogen refueling, regulation set forth in the 

next section, it is necessary to pre-cool the compressed hydrogen using a compression 

refrigerating machine and a heat exchanger with the ambient temperature. In the variant of the 

service stations with cryogenic hydrogen (LH2), the hydrogen is at liquid state while the vehicle 

tank is prepared for storage in compressed gaseous form. In this case, the liquid hydrogen is 

pumped by means of a liquid pump to an evaporator in which pre-cooling is no longer 

necessary due to its low temperature and can be injected directly into the vehicle. 
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The dispenser is almost identical to the conventional fuel fill dispenser. It seals the tank during 

the entire filling process to avoid accidents. It works with final refueling pressures of 350 bar or 

700 bar. 

Spain refuelling stations are classified in Table 13, all of them where developed within pilot 

projects partially financed by the EU, however, none are open to the public since there are no 

private or public FCEVs in use in Spain 

Table. 13. Spain hydrogen refuelling Stations. Source: [28] 

Even so, there is a project in Barcelona by TMB, still in the bidding phase, on the construction 

of a public hydrogen refuelling station whose main load will be the not yet acquired fleet of 8 

units of buses that intend to enter in service in 2022 [29]. 

Work is being done at the European level to create a website that shows the status of HRS 

although even today it is in a very early stage. The website application works to offer live 

information on the exact location of the station, and the available hydrogen load as well as the 

status of the stations in the area [30]. The status of this first stage of development can be check 

on the web [31]. 

4.10.1. Hydrogen Refuelling stations TCO analysis 

To understand the cost in terms of investment in the hydrogen refuelling infrastructure, the 

hydrogen Council has carried out a comparison with the costs of the implementation of the 

electric vehicle infrastructure. The results are shown in Figure 17 

PROVINCE CITY MANAGER DIRECTION

MADRID MADRID TOYOTA/ENAGAS/URBASER Av. de Manoteras, 34, 28050 Madrid, España

CATALUNYA BARCELONA CNH2 Calle  A 1413,Barcelona

CASTILLA LA MANCHA PUERTOLLANO CNH2 Calle Fernando el Santo, 104, 13500 Puertollano, Cdad. Real, España

CASTILLA LA MANCHA ALBACETE CNH2 CM-332, 2, 02005 Albacete, España

ARAGON ZARAGOZA CNH2 Calle Centauros del desierto, 50019, Zaragoza

ARAGON HUESCA CNH2 Avenida  Walqa, 4, 22197 Huesca, España

ARAGON HUESCA VIÑAS DEL VERO Diseminado Partidas, 4, 22315, Barbastro,Huesca, España

ANDALUCIA SEVILLA ABENGOA Carretera San Lucar a Gerena, San Lucar la Mayor

ANDALUCIA SEVILLA ABENGOA C/ esclusa 1A, 21C, Sevilla
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Fig. 17. TCO for hydrogen refuelling stations vs BE. Source: [9] 

The infrastructure investment calculations per vehicle are made based on the estimated 

distance traveled throughout the useful life of the vehicles, since infrastructure costs are 

assumed in the price of charging or refueling. 

It basically reveals that the today cost of the hydrogen refueling infrastructure is between 3 or 

4 times the cost of the recharge points. Especially considering the particular low-cost 

recharging points, an unfeasible charging type mode in hydrogen refueling technology. 

Even so, it is estimated that in a long term, with a penetration in the vehicle fleet of 20%, in 

comparison, the infrastructure in FCEV would be more profitable because at long term it will 

be necessary to invest in improvements in the electrical network to cover the increase of 

demand in both, power and energy, given due to the increase in fast chargers.  

 

4.11. Normative 

Not only green hydrogen but hydrogen in general applied as a transversal energy vector does 

not have yet a specific legal framework for the production, storage, or exploitation of hydrogen 

itself. Causing to avail themselves of normative that may vary between CCAA within the 

country. 

A very important part of the development of this technology is the analysis of the regulations 

and legislation that regulate it both at European and state level. 
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At European level, regarding the homologation of hydrogen-powered vehicles, Regulation CE 

No. 79/2009 of the European Parliament and of the Council, of January 14th, 2009, is in force 

[32].  

There is also a European directive on promoting the use of alternative fuels for transport: 

Directive 2014/94/EU, of October 22nd, 2014. 

Regarding the Legislation or national regulations that regulate the hydrogen infrastructure, is 

found the Real Decreto 639/2016, which includes what is specified in the European directive 

2014/94/EU, but without delving into the hydrogen technology as much as it does with other 

alternative fuels such as CNG or LPG that already have their own legal framework developed 

in Spain. 

In the point 2 of the Annex II of the aforementioned Real Decreto 639/2016, there is introduced 

the current essential technical specifications for a hydrogen refueling station in Spain. Being 

the only national benchmark for the development of the infrastructure: 

 

- ISO/TS 20100 relative to the supply of hydrogen gas at open-air refueling points. 

- ISO 14687–2 relative to the purity of hydrogen that supplies vehicles with Fuel Cell. 

- ISO/TS 20100 relative to the algorithms and equipment for supplying hydrogen gas. 

- ISO 17268 relative to connection devices for the supply of hydrogen gas to motor 

vehicles. 

To comply with the ISO 14687-2 Standard, the certification of the purity of hydrogen is carried 

out by means of a sampling of part of the product. Several tests are carried out to detail the 

set of impurities that it may have, it can only be carry out in highly specialized laboratories. In 

Spain there is no specialized laboratory in this field. 
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Table. 14. Maximum allowed hydrogen impurities according to the standard. Source: ISO 14687–2 

Another normative aspect arises with the Real Decreto 235/2018, is the process to analyze 

the equivalent CO2 emissions of vehicles according to the alternative fuel they use. Hydrogen 

has its associated emissions depending on its source of production. In Table 15 it can be seen 

that hydrogen obtained from renewable sources is the fuel with the least associated emissions 

of all those analyzed, 9,1 (g CO2 eq / MJ). 

 

Table. 15. Default values of the average intensity of greenhouse gas emissions during the life cycle of 

fuels, biofuels, and electricity. Source: Real Decreto 235/2018. 

 

IMPURITY ISO 14687 [µmol/mol]

water 5

hydrocarbons 2

oxygenb 5

helium 300

Argon                          

Nitrogen 100

Carbon Dioxide 2

Carbon Monoxide 0,2

Sulphur compounds 0,004

Formaldehyde 0,01

Formic Acid 0,2

Ammonia 0,1

Halogenated compounds 0,05
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At this point, the production of hydrogen from renewable energy sources becomes vitally 

important compared to its production using as source fossil fuels or biofuels. In addition, the 

imposition of the ISO 14687-2 standard, it is found that the impurity levels are negligible and 

less expensive to analyze where electrolysis is used. 

Derived from the foregoing, it is understood the need to obtain a certificate of origin and quality 

that does not yet exist in Spain. It is identified that the production of hydrogen comes from non-

biological sources and offers a guarantee of Origin. At European level is found the project 

“CertifHy” undertaken by a consortium headed by HINICIO, composed of ECN, GREXEL, 

Ludwing Bölkow System Technik and TÜV SÜD and financed by FCH 2 JU. The project, still 

in pilot state, aims to create a platform for producers that can offer legitimacy to the certificate 

of origin. It also offers information on the hydrogen manufacturing process and processes 

throughout the entire useful life and through audits in the plants certify the green or low carbon 

hydrogen production plants [33]. 

As there is no legislation of its own, or certification of origin, the root of hydrogen is not currently 

taken into account in the environmental impact assessments of the projects presented, 

causing excessive environmental studies that are not adapted to the specific production or 

exploitation activity of hydrogen. 

In Catalonia, the law that identifies hydrogen production as an industrial activity is the Law No. 

20/2009, of December 4th, on prevention and environmental control of activities. In the Annex 

I of the document, in the point No. 5.2, section A, it is identified that it is a chemical industry 

regardless of the source of the hydrogen and its end use.  

Analyzing the specific case of HRS in Spain, HRS with on-site production are directly 

considered as a chemical industry for the production of inorganic gas, regardless of the 

production method, the daily quantity, and the storage capacity. This consideration restricts 

this type of infrastructure to be built on land classified as industrial, thus limiting its 

implementation in other locations such as existing service stations. As it is identified as a 

chemical industry, it requires passing some very elaborate environmental impact studies that 

stagnate investment in small or medium-sized HRS plants. 

Furthermore, hydrogen, from a legal and administrative point of view, is considered an 

extremely flammable and dangerous chemical in almost the entire European Union. For this 

reason, according to the existing regulations on industrial safety in the storage of Chemicals 

(APQ), the storage places must be under strict security conditions in relation to the storage 

tanks and the respective safety distance. This regulation makes the installation of HRS 

incompatible in existing gas stations. 
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“SAE international (Society of Automotiv Enginieers) SAE J2601 establishes a protocol and 

process limits for hydrogen fueling of vehicles with total volume capacities greater than or equal 

to 49.7 L. These process limits (including the fuel delivery temperature, the maximum fuel flow 

rate, the rate of pressure increase, and the ending pressure) are affected by factors such as 

ambient temperature, fuel delivery temperature, and initial pressure in the vehicle’s 

compressed hydrogen storage System  

An important factor in the performance of hydrogen fueling is the station’s dispensing 

equipment cooling capability and the resultant fuel delivery temperature. There are three fuel 

delivery temperature categories denoted by a “T” rating: T40, T30, and T20, where T40 is the 

coldest. Under reference conditions, SAE J2601 has a performance target of a fueling time of 

3 minutes and a SOC of 95 to 100% (with communications), which can be achieved with a 

T40-rated dispenser. However, with higher fuel delivery temperature dispenser ratings (T30 or 

T20) and/or at high ambient temperatures, fueling times may be longer. 

Includes protocols which are applicable for two pressure classes (35 MPa and 70 MPa), three 

fuel delivery temperatures categories (-40°C, -30°C, -20°C) and compressed hydrogen 

storage system sizes (total volume classification) from 49.7 to 248.6 L (35 MPa ➔ H35, and 

70 MPa ➔ H70), and from 248.6 L and above (H70 only)” [34]. 

The environmental protection obligations associated with the storage (and possible leakage) 

of chemical products automatically apply to hydrogen, despite the minimal risk of 

environmental damage because of its possible leakage or spillage. In any case, due to its high 

flammability, the IEC 60079-29 standard gives guidance and recommended practices for the 

selection, installation, safe use and maintenance of electrically operated group II apparatus 

intended for use in industrial and commercial safety applications for the detection and 

measurement of flammable gases [35]. 

All these standards must be transposed to all transport modes with specific regulations for all 

of them. As a curiosity, regarding the homologation of this technology on boats, it is currently 

based on an alternative design homologation process. 

The international society in charge of carrying out and develop this regulation is the IMO 

(International maritime organizations). IMO are currently working on the development of 

standards for the type approval of ships powered by fuel cells, these only contemplate natural 

gas as fuel and not hydrogen. 
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4.12. Transport conclusions  

After the in-depth analysis of the state of development of this technology for each type of 

transport, as well as its evolution in terms of costs and the state of the infrastructure in Spain, 

can be reached several interesting conclusions that mark the direction to go. 

In general, it is important to note that hydrogen production from renewable sources aims to 

give immediate output to the instantaneous surpluses of energy, reusing it by the 

transformation of the hydrogen according to the final application chosen. 

Regarding the transport sector, it has been spoken the electrification of the car fleet through 

BEV, it may be interesting in the short term. However, it is based on an opposite concept that 

provided by the FCEV since BEV, implies an increase in instant electricity consumption from 

the network. It causes in the medium or long term the intrinsic need to adapt the entire 

transmission and distribution network to be able to withstand the power loads required, 

especially in high-speed chargers. It is true that regulatory formulas can be found to postpone 

this fact as much as possible, by promoting the charging of vehicles in time slots that are called 

valley. This would mean a stabilization of the demand curve throughout the day without the 

need to overload the distribution network. Another management option is what is known as 

vehicle-to-grid system where BEV or PHEV communicate with the power grid to sell demand 

response services by either returning electricity to the grid or by throttling their charging rate 

[36]. 

In any case, and precisely thanks to their differences, the technology of the FCEV and the BEV 

are absolutely compatible and I would even dare to say that they are essential for a sustainable 

development in the energy transition of the future transport sector. 

Throughout the section, the advantages that accompany the use of hydrogen technology in 

transportation have been discussed, but it is highly affected by the high initial investment costs, 

the current high cost of hydrogen as fuel and, above all, the lack of infrastructure for supply 

and regulation. 

The reduction of the aforementioned costs initially involves promoting the production of 

hydrogen by means of renewable energy sources that, in addition to the environmental 

benefits, represent a significant reduction in the cost of the hydrogen itself. In parallel, is 

essential to develop the national HRS infrastructure, it must be consolidated. Specially for the 

4 types of transport with the greatest potential application, such as FCEV's, FC trucks, FC 

Buses and FC forklifts, being able to centralize refueling stations in strategic nodes, especially 
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in the long-range routes of trucks, bus stations or in the companies themselves that use FC 

forklifts. In fact, unlike BEVs, the centralization of the HRS infrastructure means greater cost 

reduction thanks to higher usage rates. In addition, work is currently underway to reduce 

technological costs, especially for the production of storage tanks and the fuel cells 

themselves. 

Until economy of scale is achieved, the greatest cost cuts will not occur, mainly due to suppliers 

investment to deliver larger quantities of key components meaning reductions of procurement 

cost. Minimum production rates of about 200.000 FCEV have been estimated, in the council 

report, to appreciate a reduction in costs of 45% or a rate of 10.000 FC trucks to achieve a 

reduction of 60% in production costs in this sub-sector. Its difference lies in the greater amount 

of Fuel Cell and storage capacity required in trucks, which means greater production of key 

components for fewer vehicles. 

Possible subsidies and financing also play an important role in the integration of this technology 

as is happening with BEVs. European and national policies hold the key to promoting a faster 

implementation. 

As has been commented, the determining factor to take the final decision choosing between 

the alternative non fossil fuels options is not the purchase price, even though the initial cost of 

the vehicle is a clear indication. The determining factors will be the conditions of the area, the 

available infrastructure in each case and above all, the cost of the fuel used, which can greatly 

alter the TCO. In general, it has been estimated that the costs of hydrogen as fuel should drop 

to  4 $/kg in order to be completely competitive with the rest of the alternatives except for 

forklifts, which, going down to  6 $/kg, would already equalize costs. On the other hand, for 

airplanes it should drop to 2 $/kg to match the cost of biofuels being the aircraft sector the lees 

interesting mode of transport to invest in this technology[9]. 

The aforementioned reduction in the costs of hydrogen as feedstock goes through the large-

scale production using the surplus energy of the system, in particular from renewable 

producers. As more generation plants becomes available, the hydrogen production capacity 

will be expanded thanks to the energy surpluses. Making more important the origin certificate 

development. 

On the other hand, there is the possibility of using hydrogen as a raw material for the synthetic 

production of another fuel, with carbon monoxide to complete the molecular structure being 

equally essential. The most profitable way of obtaining it is the carbon capture in the industrial 

sector. 

In this sub sector it will be essential to invest by any of the interested parties in the hydrogen 

refueling stations required in the final location or locations. The distribution of the green 
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hydrogen is the other essential point and it must be currently carried out by trucks due to a lack 

in the other modes of distribution, see section 8.  
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5. Application in power to gas to power 

Hydrogen is the perfect combination to the future power system empowering the large-scale 

renewable integration through cost-effective long-term hydrogen storage arriving where 

batteries cannot arrive neither in storage time nor in storage capacity, see Figure 18. 

As mentioned in the introduction renewables are unpredictable and volatile with the export or 

hydroelectric reverse plants as only surplus energy output exploitation. Added to the nature of 

renewables is found the strongly diary and seasonal variations in demand, which makes more 

difficult for TSO its labor managing the decoupling between energy offers and demand. Future 

energy systems look for more flexible generation technologies. Currently this flexibility comes 

from fossil fuel plants mainly natural gas ones. 

The key lies in hydrogen production and storage at renewable generation plant land when the 

energy generation is higher than demand to being used when opposite moments. The long-

term storage is possible due to the very high resistance to degradation of the hydrogen and its 

capacity to be stored, as long as the storage conditions remain controlled and stable. With this 

method energy market operator, it would be capable to control the energy price by redirecting 

the renewable energy, avoiding negative energy price paradox. 

 

 

Fig. 18. Overview of storage capacity and storage times for different technologies. Source: [37] 
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Furthermore, exist some studies suggesting the imperative necessity of hydrogen production 

and storage as grows the renewable generation share in the energetic mix. Apart from the 

previous reasons, reached certain percentage of the energetic share, the importance of 

hydrogen production and storage increase exponentially because would became the feasible 

determination factor to build new generation plants making them work at higher load factors, 

meaning more efficient installations.  

 

Fig. 19. Overview of study results about the need for hydrogen storage vs renewable energy share 

Source: [3]. 

The power to hydrogen to power systems has some key components: 

 

- Power electronics and transformer systems that adapt the electrical input power to the 
equipment. 

- Installation of water supply and pretreatment system to the equipment 
- Electrolyze where hydrogen is produced from the renewable electricity and water. 
- Hydrogen storage tanks system and its compression and security system units. 
- Hydrogen to power transformation system:  

o Fuel cell where energy is produced from the hydrogen stored and pretreated 
air.  

o Hydrogen turbine where hydrogen is injected and burned in a very similar 
process to natural gas turbines. 

- Power electronics and transformer systems that adapt the electrical output power to 
the grid. 
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It is important to remark that electrolyze and the hydrogen to power conversion system do not 

need to be of the same power capacity. In fact, what is required is as higher load factor as 

possible in the electrolyze having lesser power production capacity but acting more time. It 

means that storage tanks system can be flexible having different filling and emptying times. 

 

5.1. Storage systems  

The storage system is a key factor in every hydrogen project planification whether production 

is carried out on site or if it is wanted to have storage ready to be used at any time. There are 

different storage possibilities being capable to adapt its capacity to the final use requirements 

technology. 

The mass-based energy density of hydrogen is thus almost three times higher than that of 

liquid hydrocarbons, however, the volumetric energy density of hydrogen is lower. For that 

reason, high pressures are required to increase the density.  

5.1.1. Compressed hydrogen storage 

The simplest way to store hydrogen is its compression in specific built tanks classified 

according its constructive characteristics and pressure limits in types I, II, III or IV. Compressed 

hydrogen tanks can have different size but are required large quantities at large storage scale. 

This storing process has an energy consumption of 10 to 15% of the energy stored. 

5.1.2. Liquid hydrogen storage 

The liquid storage systems require higher energy consumption, around 30% , due to lower the 

temperature down to -253 ºC at ambient pressure in cryogenic storage tanks, having also 1-

2% of diary energy consumption in order to maintain its temperature stable for the liquid 

hydrogen (LH2). This type of storage systems needs the insulation of all the facility. It is mainly 

used at relatively small-scale installations, such as chip industry or space applications.  

Cold and cryo-compressed hydrogen storage systems are a variant where the cooled 

hydrogen can be compressed, this technology is being used in filling stations for transportation. 

The advantage of cold or cryogenic compression is a higher energy density in comparison to 

compressed hydrogen. However, compress hydrogen from 1 to 350 or 700 bar requires an 

additional energy input of around 9-12% of the final energy available [37]. 



Pàg. 48  Report 

 

The special conditions and the energy consumption requirements make this storage option the 

most expensive one. Work is currently in progress to find more economic methods with a 

significantly lower energy input [38]. 

5.1.3. Material based Hydrogen storage 

Exist another variation of storage the hydrogen at gaseous state: in solids, liquids, or surfaces.  

The hydrogen is diffused in these specially designed materials where adsorption and 

absorption processes are used increasing the material volume and weight while hydrogen is 

diffused. Most of these storage methods are still under development but can be classified in 

three classes, surface storage systems, hydride storage systems and liquid hydrogen systems. 

However, general results are not hopeful due to high charging and discharging times apart 

from its high cost. 

5.1.4. Underground hydrogen storage 

All the mentioned methodologies of storage require very big installations at large scale 

hydrogen storage level. There is the possibility of underground storage in natural salt caverns 

or prestressed concrete but requiring a proximity to the hydrogen electricize producers to avoid 

large pipelines. Some science studies suggest that salt caverns should be a feasible solution 

due to the sealing capacity of salts in the rocks. This storage large-scale technology is at any 

case dependent on geology and topography of the zone but it is estimated that storage in 

caverns would have a cost of 50$ to 150$ per MWh [3], being very competitive in front of other 

electricity storage systems and very similar to natural gas exploitations with technological 

variations in: the manholes, cave heads, and transmission infrastructure. 

The geology of the subsoil must have very specific conditions to be able to exploit them as 

hydrogen storage. Part of the common permeable layers that prevent the hydrocarbon 

deposits from escaping must have a high salt content that prevents diffusion through the rock 

of hydrogen molecules, the smallest in nature. In England there is already an exploitation of 

three caverns located 370 m deep and which can store 70,000m3 of hydrogen each at about 

45 bar. 

There is a study developed by the Jülich Institute for Energy and Climate Research in Germany 

(IEK-5), published in the International Journal developing the technical potential of salt caverns 

for hydrogen storage in Europe [39]. 

In Spain, there are several studies on the topography and geological areas of interest for 

industrial exploitation, but at the moment there is no saline cavity exploited as storage for 
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natural gas or hydrogen, a study that has not been developed. There is a precedent of an 

attempt to exploit saline cavities in the municipality of Balsareny in Barcelona by Natural Gas 

Fenosa, as a storage of natural gas in saline structures at a depth of 900 m, but the project is 

currently stopped due to lack of operating permits. At any case figure 20 represents the 

available zones where studies should be carried out at European level.  

 

Fig. 20. Salt formations with salt caverns throughout Europe Source: [40]. 
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5.2. Gas to power technologies 

5.2.1. Hydrogen turbines 

A power to power transformation option in the energy transition is the retrofitting to burn 

hydrogen of existing natural gas power plants, both simple cycle peak power plants and 

combined cycle gas turbine plants (CHP); technology still under development. The main 

drawback is the overall efficiency of power-to gas-to power cycle of around 45% [3] that could 

rise to 90% if heat recovery and reuse. In any case is estimated that CAPEX of hydrogen 

turbines should rival that of natural gas turbines by 2030, adding changes in fuel supply 

accessories, bottoming cycle components, and safety control systems, needing low hydrogen 

feedstock prices to be completely competitive projects. 

The first European project in that direction is getting by Vattenfall and Nuon, who has signed 

a memorandum in collaboration with Gasunie and Satoil to convert to hydrogen one of the 

three units of the Magnum gas power plant in Groningen, Netherlands. In that case the 

hydrogen will be used as fuel to generate electricity by its combustion [41]. 

5.2.2. Hydrogen injected in Natural gas turbines 

As a temporary solution until the maturity of the previous technology, hydrogen can be injected 

as additive to the natural gas in existing turbines but limiting the hydrogen volume added 

because has a very high laminar burning velocity. Injected as additive to hydrocarbon fuels 

hydrogen enlarge the flammability limits of the mixture and enhance flame propagation 

resulting in more efficient combustion process. It is estimated that 10% of CO2 emissions can 

be saved by blending hydrogen with natural gas in existing turbines for 30% hydrogen volume 

injected. 

Exist a lot of hopeful pressure combustion tests of the behavior of natural gas turbines with 

X% hydrogen content, for example the case of Siemens full pressure combustion tests at the 

clean energy Center in Berlin where was already able to operate the burner of the turbine SGT-

600 at 100% hydrogen being stably at 60% volume content [42]. 

HYFLEXPOWER  is another project driven in the same direction of onsite hydrogen production 

but will also upgrade the existing SGT-400 industrial gas turbine at the CHP plant to burn a 

variety of natural gas and hydrogen mixes for power generation, working to gradually step up 

hydrogen’s volume of the fuel to at least 80%, and eventually, to 100% [43]. 
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In Spain, Enagas is developing a project combining the production of hydrogen in situ from 

solar energy that will be injected into the internal network of the Cartagena gasification plant, 

mixing it with natural gas, maximizing the energy efficiency of the plant [44]. 

5.2.3. Grid support fuel cell generation 

A fuel cell is an energy conversion device that converts chemical energy into electrical energy. 

There are different types classified by its maid materials in the anode, cathode, chemical 

composition of electrolyte, and fuel used. Polymer exchange membrane is also a key 

component of the fuel cell. 

It generates DC electricity after the chemical reaction, is a transformation device, cant’s store 

energy but can generate electricity as long as fuel and oxidant, are inserted to the fuel cell. 

See Table 21. 

Each different electrolyte used vary its efficiency in transport of ions as a function of 

temperature, so each fuel cell type operates in a different temperature range. For that reason, 

high temperature operation fuel cells heat can be recovered and reused increasing its 

efficiency factor. See Table 16. 

 

Fig. 21. Overview of different type fuel cells operation and chemical reactions. Source: H2FC_1 ( fell 

cell and applications)  
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Table. 16. Comparison of fuel cell types. Source:[45]. 

Each type of fuel cell has it is specific applications because not all of them are equal scalable 

and cost-effective at large scale [46]. 

- PEMFC: It has a fast start up time and favorable power-to-weight ratio, using hydrogen 

as fuel. They are used primarily for transportation applications and some stationary 

applications as back up or distributed generation. It has an expensive catalyst and is 

very sensitive to fuel impurities. 

 

- DMFC: They are powered by methanol and are used mainly for portable fuel cell 

applications such as cell phones or laptop computers. 

 

- AFC: They are used in military, space as back up or transportation applications. This 

type of fuel cell also has a quick start up and are cheaper but very sensitive to carbon 

dioxide and has problems with electrolyte conductivity and management. 

 

- PAFC: This type of fuel cell is typically used for stationary power generation, but some 

PAFCs have been used to power large vehicles such as city buses, also powered by 

hydrogen. This fuel cells are large and heavy with very tolerance for hydrogen 

impurities which means a suitable technology for CHP plants fed by SMR. Some 

drawbacks are large time start up process, sulfur sensitivity and expensive catalyst. 

 

- MCFC: They are currently being developed for natural gas and coal-based power 

plants for electrical utility, industrial, and military applications. MCFC’s are powered 

directly by hydrocarbon as can be natural gas or biogas because at the operation 

temperature ranges internal reforming process is carried out. A drawback is the large 

time required to reach the operation temperature needing large time to start up and 

stop generation also high temperature corrosion and breakdown of cell components. 

 

Electrical Adding heat exploitation

PAFC Phosphoric acid 150-200 5-400 kW 40-50 80

SAFC solid acids 200-300 - 40-45 -

AFC Aqueous alkaline solution 90-120 1-100 kW 60 -

PEMFC Polymer membrane (ionomer) 20-120 < 1 kW - MW 30-55 -

MCFC Molten alkaline carbonate 600-700 300 kW -3 MW 45-55 85

SOFC YSZ 700-1000 1 kW- 2 MW 60 85

DMFC - 50-120 25W-5 kW 30-40 -

Efficiency (%)
Type Electrolyte Work Temp. (ºC) Current stack size
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- SOFC: They are also the most sulfur-resistant fuel cell type and due to its high 

temperature operation range, internal reforming is carried out being allowed to use 

natural gas, biogas, or coal-based gases as fuel. A drawback is the large time required 

to reach the operation temperature needing large time to start up and stop generation. 

The suitable operation is for stationary applications mainly in industry or cogeneration 

plants where heat could be reused. Other drawbacks are the temperature corrosion of 

cell components and the limited number of shutdowns that can bear.  

 

- Reverse Fuel cell: In contrary to the definition of fuel cell given, it exists what is known 

as reverse fuel cells, or regenerative fuel cell. They are devices that can be used as 

electrolyze to produce hydrogen in a reverse process. In general, a fuel cell is 

optimized for operating in one mode and it is usually not possible to operate it in reverse 

mode, but some advances have been done for PEMFC and SOFC technology to 

operate in both modes. 

As power-to-gas-to-power technology application with hydrogen as fuel the only fuel cell 

technology available are PEMFC and PAFC. As briefly stated, PEMFC has very quick start up 

so the integration of this technology is moving to grid supporting systems with the requirement 

of  increase the stack size  and the installation of an inverter and transformer to adapt its output 

power and frequency to grid ones at both electrolyze and generation modes.  

In that direction goes the project H2future, a 6 MW siemens PEM electrolysis system will be 

installed in Voestalpine a steel plant in Austria. The world’s largest today. The Austrian 

transmission system operator (TSO) Austrian Power Grid will support the prequalification of 

the electrolyzed system for the provision of ancillary services. The hydrogen produced can 

also be stored and reused in the manufacture industry processes [47]. 

In the other hand, PAFC is a technology adaptable for CHP plants where heat can also be 

recovered and reused.  

At any case, for grid support hydrogen Fuel cell systems large quantities of hydrogen must be 

stored near the facility that can have in situ generation or only storage system. 

5.2.4. Back up fuel cell generators 

Fuel cell technology can also be used as buck-up system to safeguard security of supply in 

the grid and at smaller scale ensuring the quality of supply for critical infrastructures during 

power failures as can be hospitals, data centers, etc.  Nowadays, this generator is based on 

diesel or natural gas emitting around 700 kg of CO2 per MWh [9]. 

For remote location powered systems, the where renewable generation is possible with low 

demand, battery solution with on-site generation are the suitable cost solution.  
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The shown modularity of fuel cell technology ensures the adaptation of power output 

depending on demand also providing grid independence. Depending on the specific use case 

the power back up system needs to be in operation for hours or day. Some advantages are 

the low maintenance and lesser fuel replacement as conventional diesel generators. In that 

sense cost saving potentials are important. Other advantages are the non-emission 

technology, lesser noise operation system and act without the risk of diesel spillage [48]. 

The drawback of the massive integration of this technology is the lack of standardization for 

fuel cell industry on stationary applications as well as Europe lack on standards in hydrogen 

transport and storage systems. This standard will allow to reduce cost and advance toward 

economies of scale where costs will be further reduced. 

 

5.3. Powe to gas to power conclusions. 

After the analysis carried out on the various power to gas to power technologies, several 

conclusions can be drawn about the output of green hydrogen towards these applications. 

As immediate business model, the only option currently used is the injection of hydrogen in 

gas turbines to improve their performance. The hydrogen injected is grey or blue hydrogen 

sometimes elaborated in-situ by SMR. It means that the opportunity to sell a fully green option 

is there with storage space as only pre-requisite. Although on a large scale it will not be 

implemented until the conversion to full hydrogen turbines begins. 

The current trend suggests that in this near future, hydrogen would be generated on-site by 

the CHP plant itself. Since currently due to the lack of centralized producers, it is more worth 

consuming the energy of the network for the generation of hydrogen. Nevertheless, it is clear 

that al long term an important supply and storage outside the plant will be necessary to ensure 

the supply of fully hydrogen turbines. Taking special relevance, the mentioned study of the salt 

caverns storage option. 

It is worth mentioning that the reconversion of the combined cycle plants in our country would 

be the key transition factor to the 100% renewable future. In Spain there are more than 30GW 

of CHP installed power capacity consuming natural gas. This installed power capacity is 

currently almost enough to supply instant national demand by itself, only with the CHP plants. 
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In addition to the CHP, is found the Fuel cell technology, mainly for stationary use. In industry 

SOFC or MCFC are optimal but using natural gas as fuel. Green hydrogen could only be used 

in those facilities or projects that opt for the installation of PAFC or PEMFC, the latter being the 

ones that could also be used to support the network thanks to its rapid startup. 

In any case, it is a sector with great potential looking to the future, but where the maturity of 

the technology still does not make it applicable on a commercial scale, being the currently 

pioneering development projects mentioned, who are paving the way. 
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6. Applications in heat for buildings and industry 
 

Space cooling and heating require almost as much energy as industry sector. The main energy 

carriers in this sector are electric energy due to the electrification of machines and the use of 

natural gas as most used heating raw material. While energetic demand remains similar in all 

the developed countries, heating demand varies depending the location and its weather 

conditions. 

In that case, decarbonization is more difficult to assess. It is true that derived emissions from 

building power will decrease while the energetic generation mix is transformed into renewable 

plants. To achieve the reduction emission goals in 2050, should be reduced by 50%. The effort 

to reduce the emissions are not only dependent on the technology and fuel used to produce 

power or heat, also energy efficiency will carry an important role in terms of better building 

insulation or more efficient equipment in the households and industry. 

At urban level, both cities/villages and industrial states has different valuable options in the 

heat energy transition, these options are: 

 

- Use of District heating networks (waste heat recovery) 

- Electrification of some equipment if possible 

- Transition from natural gas to green hydrogen 

 

Is in this third stage where the following sections analysis will take place. To reach the goal  

100% transition from natural gas to hydrogen, the location hydrogen production and 

distribution network must be developed at all, and for that reason some intermediate stages 

should take place as can be hydrogen blended with natural gas, or the methanation of green 

hydrogen injected as well in the natural gas network (process with 20% less efficiency 

compared to direct blending and creating additional costs) [3]. As mentioned before, the main 

drawback to full hydrogen transition is the old cast-iron based network that cannot support the 

mechanical stress derived from hydrogen pumping and its porosity, should provoke hydrogen 

leakages, don’t forget that it is the smallest molecule element. 

At industrial level heat is classified into three temperature ranges: low-grade heat up to 100°C, 

medium-grade heat of 100 to 400°C, and high-grade heat that exceeds 400°C [9]. Nowadays 
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almost all of them are supply by fossil fuels or electric power by resistances. Current 

decarbonization options are direct electrification, biomass boilers or fossil fuels with CCS. 

 

6.1. Direct hydrogen for Building heat 

If pure hydrogen is direct distributed to households’ appliances, including ovens and stoves, 

boilers, and hot water tanks, would need to be converted or replaced to support the hydrogen 

content. In Leeds, a study developed estimates that it should represent 4,160 $ [3] per 

household. It seems an exorbitant amount for each household to assume, but if the alternative 

of electrification with heat pumps will take place at high rates, the following modification in the 

electrical distribution and transport network would entail a greater investment. Nevertheless, 

appliances costs will be drastically reduced with production scale meaning lesser initial 

disbursement. 

In the Figure 22 are estimated the cost of the different alternatives of household heating in 

2030. It is assumed in the optimistic stage an 80% of utilization of current natural gas network 

knowing that in most places may be necessary the completely replacement or important 

retrofitting investments being more realistic the 20% of utilization estimated.  

 

 
Fig. 22. Comparison of alternatives of the cost components for residential heating. USD/year per 

household in 2030. Source:[9]. 
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The most important pilot project driven in Europe is the “h21 Leeds City Gate” in the UK. In 

that project will be carried out a progressively conversion of the 750,000 inhabitants’ 

households to 100% hydrogen between 2026 and 2029. In that case the natural gas will be 

substituted by blue hydrogen. 

The “H21 Leeds City Gate” project in the UK is a substantially larger initiative to decarbonize 

the heating system within a long-term vision. The city of 750,000 inhabitants is assessing the 

technical feasibility and preparing the regulatory and financial framework to progressively 

convert all households to 100% hydrogen between 2026 and 2029. The project will replace 

natural gas with hydrogen from four steam methane reformers with a capacity of 1 GW, or 

about 150,000 tons of hydrogen per year, equipped with 90% carbon capture. The produced 

hydrogen, about 70 GWh will be stored in salt caverns and fed into the existing gas distribution 

network through a hydrogen transmission system. [3] 

 

6.2. Hydrogen CHP plants 

CHP plants are currently used at large scale power generation or at lesser size in format of 

district heating network. As mentioned in the previous section by using CHP hydrogen turbine 

plants, efficiency could rice up to 90% if heat recovery in district heating networks.  

In Spain are few district heating networks currently under operation but none of them using 

pure hydrogen or natural gas blended with hydrogen as fuel, the biggest ones use urban waste 

incineration plants as direct heat supply. 

CHP plants are commonly used by energy intensive industries so its retrofitting to hydrogen 

as energy vector will play an important role in decarbonize the sector.  

As an alternative biomass boiler are the current mid step alternative in the transition to 

decarbonize medium and high-grade heat in places where have security of supply. CO2 

emitted emissions are considered neutral considering the life cycle. 

The last option to integrate household heating with hydrogen is still under investigation but 

consist on small size CHP hydrogen powered units. This equipment could be developed to 

supply family homes in residential or commercial buildings. 
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6.3. Fuel cell with heat recovery 

Following the line of the previous point, at small scale, Fuel cell technology can be integrated 

in household power and heat demand requirements. The operation of that system should be 

the use of small-scale hydrogen fuel cells as electricity generators recovering the heat 

produced for: heat water, space heating, or cooling in residential and commercial buildings. 

At industry level, as stationary application, another option managed is the integration of SOFC 

or MCFC in order to produce electricity and reuse the heat generated covering part of the 

heating demand. Remember that this fuel cells are fed directly by natural gas or even with 

biogas. 

 

6.4. Hydrogen to heat Conclusions 

After analysed all the hydrogen possible applications in the utilisation of hydrogen as vector in 

heat generation for building and industry, some conclusions can be synthesized. 

Considering that heating demand is highly seasonal, find the better form to supply part of the 

demand with hydrogen storage seems very important. Obviously, the better cost effective low-

carbon heating solution will depend on the heat profile, the weather location, the location 

energy costs and prices of each equipment.  

All the hydrogen-based solutions described, suppose higher initial investment than the 

alternatives, having worse results compared to current natural gas equipment. It can be 

reached the conclusion that hydrogen technology for household heating will only be integrated 

with authorities’ aids, in countries where natural gas grid could be modified in a cost-effective 

way. 

As business model the options with both electric and heat productions seem ideal for coldest 

countries due to the highest energetic autonomy and efficiency of the devices. Global warming 

is extremely affecting this historical behaviour, increasing the unpredictability of heat demand 

profiles so, is important to consider only heat production applications or the alternatives in 

which at least you can choose when to turn them on or off. In that sense, it seems more 

appropriate to invest in small autonomous hydrogen stoves or stoves connected to the building 

network, if adapted to hydrogen supply. In any case none of both options have a security 

framework or regulation to be commercialized, besides needing the hydrogen household 

supply network in the second one. 
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In any case there are alternatives such as biofuels that will surely take the lead in this sector, 

even the methanation of green hydrogen may make more sense in places where the 

modification of the natural gas network may not be feasible. 

At industrial level, the key will reside in their own CHP hydrogen-based plants while at 

residential level it is more complicated, as mentioned.  Industrial heat production process 

represents a more stable seasonal profile where heat and electricity are always required 

together in the factory. 

 To consider this option, the hydrogen feedstock cost should fall. It will only take place if, 

increase factories and refuelling station connection to the pipeline network. Only possible with 

a distribution network. See section 8 to understand the situation in this field. 

For the aforementioned reasons these applications currently are not a potential consumer 

sector. 
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7. Applications as feedstock in Industry  

Industry sector is another important sector where hydrogen would play a key role in 

decarbonization transition, especially in some energy intensive activities. Industry has a 

century of improvement of each process, making more difficult to apply any change 

because all these processes are developed around fossil fuels.  

Nowadays 55 million tons of hydrogen are used as feedstock for industry being almost 

entirely supplied by grey hydrogen, meaning more or less 7,7 EJ, broken down in figure 

23.   

Grey hydrogen from steam methane reforming SMR has an emission factor of around 285 

g of CO₂ per kWh (9.5 kg of CO2 per kg of H2), and coal gasification has an emission factor 

of around 675 g of CO₂ per kW of H2 [49]. For that reason by promoting green hydrogen 

production and blue hydrogen with CCS could be saved 440 million tons of CO2 per year 

[3].  

 

Fig. 23. Hydrogen EJ consumption Distribution by activity. Source: [3] 

Hydrogen is currently consumed as feedstock mainly, in the chemical industry in the ammonia 

and methanol production and in refining process with an increment trend year by year, see fig 

24.  Adding the improvements in this sector an exponential consumption increase appear even 

in the steel processing industry, further analysed in the following sections. 
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Fig. 24. Global annually demand hydrogen use trends since 1980 t0 2018. Source: [49] 

 

7.1. Chemical Industry 

The chemical industry is the sector with the highest hydrogen consumption as feedstock in 

huge variety of processes. At European level Dechema has elaborate a roadmap document 

where the decarbonization requirements of the sector processes are analyzed in depth [50]. 

Ammonia and methanol production industries are the main hydrogen consumers due to its 

specific chemical production processes. 

7.1.1. Ammonia 

Ammonia is a chemical product with one of the highest tonnage productions worldwide, over 

80% of the ammonia produced is currently utilized in fertilizers (urea and ammonium salts), for 

food production and 5% is used for nitric acid production. 
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Ammonia is produced by a reaction of hydrogen and nitrogen on a Fe-based catalyst at high 

temperatures (450-550ºC) and high pressures (150-350 bar) [50]. The chemical reaction is the 

following: 

�� + 3�� = 2��	 

The most used form to obtain the initial gaseous components is the natural gas reforming by 

a partial combustion of natural gas in presence of water vapor. Part of CO2 emitted is captured 

and used to produce urea. Is estimated that 2.5 tons of CO2 are emitted per ton of ammonia 

produced [9]. 

Decarbonize this energy intensive activity is essential. Green ammonia production aims to 

avoid CO2 and other pollutant particles obtained in the conventional production process. The 

key of this process is the substitution of the natural gas as fuel supply instead of use directly 

the injection of pure hydrogen obtained by renewable electrolysis processes. It is estimated 

that 178 kg hydrogen are needed per ton of ammonia produced. The main mechanical 

difference is the need for an air separation unit where pure nitrogen is extracted and injected 

as can be seen in figure 25. High pressure is also required, 100-250 bar, to ensure the 

chemical interaction.  

 

Fig. 25. Green ammonia production process scheme. Source: [50] 
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Fig. 26. Energy comparison process between conventional and green ammonia production. 

Source: [50] 

The Integration of green ammonia production is extremely related to the hydrogen feedstock 

price and the addition of carbon taxes as penalties for non-sustainability process. Duo to the 

previous reason and the initial CAPEX this technology is not yet at commercial level. 

Once the development process has been analyzed, become aware of the integration potential 

of this manufacturing method in the Spanish market. In the final document prepared by the 

Center for European Policy Studies of the study on composition and drivers of energy prices 

and cost in energy intensive industries: the case of the chemical industry-ammonia, it is 

indicated that in Spain in 2013 there were 3 production plants [51]. 

The location of these plants has been found and are indicated in table 17, there is the possibility 

that nowadays could be a greater number of producers. In any case the industry Outlook in 

Spain to 2019 about market size, company share, price trends, capacity forecasts of all active 

and planned plants can be consulted in the following prepaid document [52]. 

 

Table. 17. Location of the Ammonia producers in Spain. Source:[53] [54]. 

7.1.2. Methanol 

Methanol is an organic compound used as raw material in the industry in huge variety 

production processes. Some of them can be the production of: formaldehyde, acetic acid, 

methyl tert-butylether, olefins or biodiesel, as well as, direct used as a fuel or fuel additive. It is 

PROVINCE CITY MANAGER DIRECTION

Huelva Palos de la Frontera Fertiberia, S.A. Polígono Industrial Nuevo Puerto, 21810.

Ciudad real Puertollano Fertiberia, S.A. Complejo Industrial, 13500, puertollano.

Huesca Sabiñanigo Ercros S.A C/ Serrablo, 102, 22600 Sabiñánigo 
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also used in other chemical products such as polymer fibers for the textile industry, plastics for 

packaging, glues, adsorbents/diapers, paints, adhesives, solvents, etc. [55]. 

Methanol is obtained by a synthetic catalytic process where carbon monoxide and hydrogen 

are combined at high temperatures (300-400°C) and pressures (200-300 bar) using as 

catalyzers ZnO o Cr2O3.[56]. The chemical reaction process is the following one: 


� + 
�� +�� = 
�	�� 

The most used form to obtain the initial gaseous components is the natural gas reforming  by 

the partial combustion of natural gas in presence of water vapor; to a lesser extent by coal 

gasification in the partial combustion of coal or liquid hydrocarbons in presence of water vapor. 

To produce methanol in more sustainable process is needed the injection of CO2 to pure green 

hydrogen in order to have the initial gaseous components of the chemical reaction. This CO2 

can come from CCS in the industry sector or from biogas or other fermentation plants. In any 

case this option is estimated to reduce by 95% CO2 emissions and 80% NOx emissions with a 

virtually elimination of SOx and particle matter [57]. 

In 2019 Thyssenkrupp and Swiss Liquid Fuels has developed small scale plants (10-200 tons 

per day) of green methanol production with their own electrolysis. The scheme of the 

production process is shown in figure 27. 

 

 

Fig. 27. Green methanol production process. Source: [58] 

The economic viability of this technology will be over the conventional processes until 

hydrogen and CO2 feedstock cost would not decrease. At long term it will be a real competitive 

solution besides having a more mature technology. 
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Once the development process has been analyzed, become aware of the integration potential 

of this manufacturing method in the Spanish market. 

The industry Outlook in Spain to 2019 about market size, price trends and trade balance can 

be consulted in the following prepaid document. [59]. Since it has not been possible to find a 

reliable list of current national producers. 

 

7.2. Refineries 

Talking about decarbonization, every action count, even in the production process of fossil 

fuels. The energetic transition is a matter of decades of small changes in which carbon fuels 

will continue be consumed until the end goal of 100% renewable energetic mix. 

Hydrogen is used nowadays in refineries basically to obtain better quality products and comply 

with environmental legislation; it is obtained to a greater extent by SMR. 

Some processes are: 

- Hydrotreating processes: The hydrogen is used to lower the sulfur content of fuels in a 

desulfurization process. Some intermediate steps are: hydrodesulphuration, 

hydroisomerisation and dearomatisation. 

- Hydrocracking process: The hydrogen is used as fuel additive to convert the crude fuel 

in lighter molecules obtaining for example naphtha, kerosene, or diesel as final 

products. 
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Fig. 28. Schema of the hydrogen usage in refinery industry processes. Source:[60] 

The increase of green hydrogen consumption will be linked to selling prices and production 

capacity, in this sector only storage, compressor and connection ducts are required as 

improvements to adapt this product consumption. At same time, the introduction of hydrogen 

in this sector will ensure the economy of scale in hydrogen production level. Furthermore, the 

refinery can also use naphtha reforming to cover part of its hydrogen demand, potentially 

reducing the need for the storage of hydrogen that is produced from renewables.  

Once the development process has been analyzed, become aware of the integration potential 

of the green hydrogen in the refinery Spanish market. 

 

Table. 18. Spanish refineries. Source: [61] 

PROVINCE CITY MANAGER DIRECTION

Santa Cruz de Tenerife Santa Cruz de Tenerife CEPSA Polígono industrial, Santa Cruz de Tenerife

Huelva Palos de la frontera CEPSA Calle Transversal A, 48, 21810 Palos de la Frontera

Cádiz San Roque CEPSA 11369 San Roque

Murcia Cartagena REPSOL Ctra. Alumbres, 30350 Cartagena

Ciudad Real Puertollano REPSOL Carretera Calzada, s/n, 13597 Puertollano

Tarragona Tarragona REPSOL Coplejo petroquimico de tarragona

La Coruña A Coruña REPSOL 15008 A Coruña

Vizcaya Bilbao PETRONOR San Martin 5, Edificio Muñatones, 48550 Muskiz, BI

Castellon El grao BP Polígono Industrial El Serrallo, s/n, 12100
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7.3. Steal processing 

Steal production is one of the world’s most energy intensive activity with large quantities of 

CO2 associated emissions. At rough numbers, the regular blast furnaces emit 1,8 tons of 

carbon per ton of steel and the main decarbonization alternative is the regular blast furnace 

but with CCS.[3]. In this process hydrogen is not currently used but it could change at midterm. 

Hydrogen can be used as reducing agent in the iron-making process by replacing carbon in a 

process called DRI. Nowadays is not economically competitive and is estimated that until 2030 

this situation will not be reverted. In any case 4% of global crude steel is made through DRI 

process, shown in figure 29. [3] 

Other hydrogen-based alternatives are under development such as direct injection of hydrogen 

in the blast furnace or other pilot projects that are forcing to demonstrate the hydrogen 

integration viability in this energy intensive activity, can be found in reference [62]. Some other 

projects are: 

SALCOS project: Forcing to the reduction of iron ore, using natural gas and a higher volume 

of hydrogen in a direct reduction reactor at 950º [63]. 

Hybrit project: HYBRIT is a pilot project trying to develop a DRI production process where CO2 

emissions are replaced by water as residue [64]. 

 

Fig. 29. Crude steel is produced through the DRI process. Source [3] 
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Once the development process has been analyzed, become aware of the integration potential 

of this manufacturing method in the Spanish markets. None of this pilot projects are being 

accomplished by Spanish manufacturers, but at midterm it could change. 

Spain steel production market has decrease since its monthly maximum production rate in 

2008, with 1980 thousand tons. The current year maximum only rises to 1170 thousand tons 

in May having later hardly affectation due to COVID-19 pandemic scenario [65]. Some Steel 

manufacturers can be found in the directory develop buy UNESID [66].  

 

7.4. Feedstock conclusions 

After analysed all the hydrogen possible applications in the utilisation of hydrogen as 

feedstock, some conclusions can be synthesized. 

Due to the utilisation of grey hydrogen the current feedstock price is very low. For this reason, 

consider the industrial sector as business model seem initially an inconvenience. Any 

conversion to green hydrogen, even without having to carry out technical modifications in most 

of the processes, will extremely be dependent on its price, see figure 30. In this field reigns the 

feedstock cost, being also easy to sell the green corporative image by using grey hydrogen. 

 

Fig. 30. Comparison of cost between production with hydrogen and conventional production for the 

different products. Source [49] 

When the green hydrogen price equates to grey one, the industry sector will represent the 

consolidation of this methodology of production. It will become the base demand regardless of 

the season of the year although depending on the production schedule estimations for each 

industry activity. By the moment is not possible. 
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8. Distribution and transport hydrogen pathways 

Today the most appropriate logistics are under discussion, considering various alternatives 

depending on the final use of hydrogen. Energetically, it is possible to inject hydrogen into the 

natural gas network, as well as its own distribution network, or the use of trucks with 

pressurized or liquid hydrogen a business distribution model. 

Hydrogen can be produced in large-scale renewable energy generation plants and then 

transported to final use centrals or can be produced in-situ by smaller generation plants, but 

near demand centers if exists the possibility. In some cases, it could be even possible the 

transportation of the electricity bringing energy down to the demand location to generate the 

hydrogen in-situ in a variant of this modality. Is possible that in the near future all the options 

will coexist.  

As previously mentioned, hydrogen has a very low density, so to transport a certain amount of 

pure hydrogen is necessary its pressurization or liquefaction. 

 

8.1. Transport in gaseous state 

In the production of green hydrogen, it is generated at gaseous state like in the major final use 

applications implying that the easiest and more economically distribution system should be the 

distribution at gaseous state. 

8.1.1. Pressurized 

The distribution of hydrogen as pressurized gas is the most interesting form of distribution, 

especially for transport applications. The hydrogen refueling stations can be supplied directly 

from a truck or from smaller pressurized tanks already prepared, as those specified in section 

5.1.1. 

For transporting larger volumes, several pressurized gas cylinders or tubes are bundled 

together on so-called CGH2 tube trailers. The large tubes are bundled together inside a 

protective frame. If hydrogen is compressed to 200 bar, the density under standard conditions 

increases to 15.6 kg H2 /m3, and at 500 bar it would reach 33 kg H2 /m3. 
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Single tube trailers carry approximately 500 kg of hydrogen, depending on the pressure and 

container material. The largest tank volumes for gaseous hydrogen transport are currently 26 

m3. Taking account of the low hydrogen density factor at 500 bar, this results in a load of 

around 1,100 kg hydrogen per trailer [67]. 

8.1.2. Injected to natural gas pipelines  

Pipelines carrying pure hydrogen gas are technically feasible. At low shares, hydrogen can be 

blended into natural gas without significant technical challenges. The infrastructure should be 

assessed. A share in volume of 10-20% seems to be achievable without major investments 

for most of the components [49]. Nowadays each country stablish its own volume injection rate 

limits in the natural gas pipelines, in Spain it is about 5% following the “Protocolo de Detalle 

PD01” of the NGTS natural gas quality specifications.[68]. 

In order to reduce the necessary investments, the possibility of using the natural gas pipeline 

network in parallel to the supply of natural gas itself is being evaluated. It is technically possible 

to mix up to 10% [37], percentage varies depending the source, of hydrogen with natural gas 

without technical necessary modifications in the gas pipelines and other distribution 

components. If it happens, should be essential the need for a separation system at the point 

of demand. 

In fact, in the early of 1900, natural gas rich in hydrogen with a content of up to 50% in hydrogen 

was distributed in homes in Germany, the USA and England but at short distances. At that 

time, the gas pipelines were adapted to such hydrogen content. It wasn’t until later that the 

entire network was adapted to the distribution of natural gas as is known nowadays. 

In France, for example, a project called “Network Management by Injecting Hydrogen to 

Reduce Energy Carbon Content” (GRHYD is the French acronym) is preparing to blend up to 

20% hydrogen into the local natural gas grid [3]. 

In Spain, the gas System had 11,369 km of primary transportation gas pipelines at the end of 

2019, and a total of 13,361 km, including secondary pipelines, see Annex II [69]. Enagás, a 

gas industry in Spain, participates in Green Crane, still in the pre-project phase, with the aim 

of promoting a green hydrogen network that connects Europe [70]. 

8.1.3. Hydrogen pipelines  

In this section two option are described, the natural gas pipelines adaption and the building 

newer pure hydrogen pipelines. 

About the first option, a recent study in Netherlands concludes that its transmission pipelines 

can be quickly converted to hydrogen gas with the replacement of key components as can be 
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compressors and gaskets. Furthermore, Gasunie, a European gas infrastructure company, 

has started to realise a hydrogen backbone pipeline infrastructure in the Netherlands, by 

converting natural gas network [71]. However, pipelines will lead with more fatigue due to 

strongly variations in pressure, parameter that must be controlled to manage the network 

safely and reliably. 

Polyethylene or fiber-reinforced polymers pipelines are better for hydrogen gas due to its 

permeability and noncorrosive approach, in opposite, old cast-iron pipelines, basically found 

in city distribution network, are not due its porosity. Leakage control needs to be improved. In 

addition, building “new” gas infrastructure is 10-20 times cheaper than building the same 

energy transport capacity with a “new” electricity infrastructure. 

Nowadays exist a pure hydrogen distribution network but at very small size compared to 

natural gas network. In 2016 worldwide there were more than 4,500 km of hydrogen pipelines 

in total, see figure 31. 

 

Fig. 31. Hydrogen pipeline network in km by country. Source:[67] 

Typical operating pressures range from 1 to 3 MPa, with flow rates from 310 to 8,900 kg/h. 

The longest hydrogen supply pipeline in the world is owned by Air Liquide, with a length of 400 

km, and connecting northern France with Belgium. 

Enagas in Spain is also immersed in the green spider project, development of a green 

hydrogen network to connect Europe [71]. 
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8.2. Transport in liquid state 

Hydrogen can also be transported at liquid form in lorries, when required volumes are low, or 

other types of transport. 

In the case of road transport, hydrogen liquid is transported by lorries using tanks of double 

wall in order to avoid flash evaporation after the liquefaction process mentioned in section 

5.1.2. In comparison to pressure gas vessels, more hydrogen can be carried with an LH2 

trailer, as the density of liquid hydrogen is higher than that of gaseous hydrogen. At a density 

of 70.8 kg/m3, around 3,500 kg of liquid hydrogen or almost 40,000 Nm3 can be carried at a 

loading volume of 50 m3. For the purposes of liquid transport, the hydrogen is loaded into 

insulated cryogenic tanks. LH2 trailers have a range of approximately 4,000 km. Over the 

journey time the cryogenic hydrogen heats up with an estimated evaporation flash rate of about 

0,3-0,6 %/day, causing the pressure in the container to rise [67]. 

LH2 can also be transported by ship or by rail, provided that suitable waterways, railway lines 

and loading terminals are available. In train case transportation capacity is higher than road 

modality, of around 2900-9100 kg of hydrogen with similar flash evaporation rates. In ships the 

flash evaporation rate is estimated between 0,2 and 0,4 %/day. In that direction Canada is 

trying to build a transatlantic ship still under development. 

The last way of LH2 in experimental phase is the use of insulated gas pipeline that would also 

include a superconducting cable. The liquid hydrogen would act as a refrigerant for the 

superconductor and would allow the transport of electricity over long distances without the 

current high losses of current power lines. The main problems to asses with the transport of 

liquid hydrogen would be the specialization in the needs of isolation and the losses of pumping 

and re-cooling of liquid hydrogen during the journey. 

 

8.3. Chemical Transformation 

In some cases, the option of chemical transformation to ammonia or methane can be 

evaluated since there is already an international supply chain for these products. In the case 

of ammonia apart from being used in chemical industry can also be directly used for power 

combustion in power generation. Conversion to ammonia and its separation if necessary, in 

the final demand point , consume large quantity of energy. 

Exist another chemical process develop to transport hydrogen, it is based on Toluene 

hydrogenation, see figure 32. 
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Fig. 32. Hydrogen transformation with toluene chemical process. Source:[72] 

Hydrogen is reacted with toluene in Hydrogenation process obtaining MCH as final product. 

MCH is commonly used as a solvent with low degree risk as a chemical substance. MCH and 

toluene can be stored and transported safely and economically maintained in liquid state at 

ambient temperature and pressures.  By using OCH process hydrogen can be transported at 

ambient conditions at a compressed ratio of 500 times as hydrogen at ambient temperature.  

In the demand site hydrogen must be catalytically extracted from MCH trough the 

dehydrogenation process. As a result, Toluene is recycled to repeat the chemical 

transformation process [73]. 

 

8.4. Hydrogen transport and distribution conclusions 

After analysed all the possibilities for the hydrogen transport and distribution some conclusions 

can be carried out to synthesize the information done with a little cost analysis. 

First, the transport and distribution network will be affected by the technology use in the 

hydrogen production process and vice versa. It’s equally important to develop the production 

system in parallel to the transport and distribution network. Basically, to generate the offer for 

the virtual demand. 
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At any case the decision of which distribution option is the most suitable will differ from case 

to case, due to the demand profile of the final service and the distance to the production 

system.  

Without network investment, in short distances the best option is the compressed air 

distribution in trailers. For long distances above 300 to 400 km the appropriate distribution 

system should be the liquefaction and distribution by trailers, trains, or ships. In some cases 

could be feasible the transformation in to ammonia or toluene technology, since the latter one 

is too expensive by the moment in comparison of the other options analysed.  

As example,Table 19 shows the challenges by the three options of shipping transportation 

pathway. 

 

Table. 19. Challenges and characteristics faced by each storage/transport pathway. Source: [49] 

Hydrogen blending in natural gas network is currently in Spain impossible due to the low 

percentage admitted. For this reason, consider the natural gas network as pillar of the business 

model, is not an option. 

For sure, in the future technological maturity will be seen developed the three options: 

hydrogen blending with natural gas at X percentages, natural gas pipelines upgraded to pure 

hydrogen, and newer infrastructure of pure hydrogen pipelines. The integration of each 

Characteristics Liquid Toluene- MCH Ammonia 

Require very low temperatures ( -253 ºC)
Requires high temperature heat source for 

dehydrogenation

Lower reactivity compared to 

hydrocarbons

High energy requirements for cooling 

liquefaction

The heat required to dehydrogenation is 

about 30% of the hydrogen brought by MCH

Requires treatment and management 

due to toxicity and pungent smell

Demands cost reduction for liquefaction

As MCH with molecular weight of 98.19 gram 

per mol-1 only carries three molecules from 

toluene hydrogenation, the handling 

infrastucture tends to be large

Treatment and management by certified 

engineers 

Liquefaction consumes 30% of energy 

brought by Hydrogen
Durability

Consumes very high energy input in case 

of dehidrogenation, about 13% of 

hydrogen energy, and purification.

Difficult to stabilize long term storage

Require boil-off control

Risk of leakage

High purity
Can be stored in liquid conditions without 

cooling
Possible for direct use

Requires no  dehydrogenation and 

purification
Existing storing infrastucture

Potentially be the cheapest energy 

carrier

Existing regulations
Existing ammonia infrastucture and 

regulations

No loss

Small scale: application stage Demonstration stage Research and development stage

Large scale: Infrastucture development 

is being carried out.
Partly has entered demonstration stage

Regulation for transport loading/ 

unloading system

Catalysts for both hydrogenation and 

dehydrogenation
High energy efficiency in synthesis

Development in hydrogen engines Energy-efficient dehydrogenation Fuel dell with direct ammonia use

Improvement of energy efficiency in 

liquefaction

Challenges

Advantages

Development 

stage

Required 

development/ 

actions
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modality will be dependent on the specific technical and cost analysis of the location done. In 

any case, regarding the injection of hydrogen into the natural gas network, it would be 

important to standardize at European Level the injection limits that each country currently 

regulates. 

As example of distribution to a specific business model, Figure 33 is analysed. This figure 

compares the hydrogen supply chain evolution costs for each transport type, since its 

preparation, in the case of refuelling systems as final demand option. 

 

Fig. 33. Hydrogen transformation with toluene chemical process. Source:[9] 

The analysis suggest that all the pathways costs will decrease in the next ten years by about 

60% including production process. It means that it will be able to reduce the hydrogen cost to 

less than 5 USD per kg of hydrogen. 

The analysis develop by the hydrogen council, shows that nowadays refuelling stations are 

the highest cost element accounting for about 70% of total hydrogen cost for this purpose. 

Nevertheless, this cost is roughly dependant on the scale-up of demand and the utilization 

ratio of the refuelling stations. When having high utilisation factors the refuelers costs falls a 

80%, being capable to sell, at long term, hydrogen at 1,5 USD per kg. 
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If refuelling stations are ignored from the analysis, thinking in other business models, the 

hydrogen costs should be competitive against carbon-based fuels only considering the 

application of higher account carbon taxes.  
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General Conclusions 

In this section, the final conclusions extracted from the project analysis are exposed. Is 

essential to consider the partial section conclusions of each Application in order to understand 

this final and general conclusion. 

First, can be treated as a fact, that hydrogen is a viable decarbonization solution in many 

sectors. Becoming extremely important in seasonal energy storage, industry, and transport 

decarbonization. Hydrogen would play a competitive role as alternative with other low-carbon 

technologies complementing the energy efficiency reconversion pathway with the circular 

economy as goal. For that reason, is very important the development of strong international 

policies and regulatory framework, starting with the certificate of origin and ending with the 

hydrogen economy interconnection systems. It is important to understand that without the 

hardening of carbon taxes, large-scale integration of the hydrogen technologies will have no 

take place.  

Secondly, is another fact that, there are many potential ways of integrating hydrogen into the 

current economy and society. This Integration will generate a paradigm shift and can help to 

reduce national energy dependence while new jobs and specialized labors can be created. 

In general, it has been shown that the integration potential of hydrogen production, from 

renewable sources such as wind farms or photovoltaic generation plants, is very high at 

national level. It is said that Spain have a high potential since there are all the industrial 

production factories analyzed as well as a high CHP power capacity with high adaptable 

potential. Also, at lesser but important level a high public transport network where hydrogen 

as alternative will play a key role. 

Thinking in green hydrogen production at large-scale business, this potential integration 

mentioned, will be only a reality if hydrogen should be produced and distributed at an 

appropriate cost. It becomes a paradox.  

The reduction in production costs is directly proportional to the load factor of the facilities 

specifically developed for this purpose, such are: 

- Electrolysis production plants (centralized or distributed). 

- Transportation and distribution network. 

- Refueling station in transport case. 

- Conversion facilities in case of maritime transport. 
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The result of this paradox is the need for strong initial investments supported by European 

and/or state subsidies through which to develop the basic network of facilities already 

mentioned at GW scale. By the moment, this infrastructure is non-existent at all levels. At same 

time, initial commercial agreements must be made with the industrial sector and transport 

fleets in order to guarantee the base consumption of green hydrogen. In that case, it will be 

possible to offer the hydrogen at low price.  

In parallel, pilot projects could continue be developed in the rest of the aforementioned 

applications. In any case, until the consumption base is secured, it will not be possible to 

optimally carry out the large-scale integration through the reduction of costs, not only in 

production, also in the entire value chain.  

At national level, the support of the authorities and the development of adequate regulations, 

will become extremely important for producers.  

Particularly in Spain will be essential to simplify the documentation necessary for the 

construction of these facilities, above all, due to past experience with photovoltaic installations. 

Investors should have security and strong regulatory framework behind. 

In any case, as a business model, it can also be considered that hydrogen production should 

not necessarily be consumed at a national level. It can be exported in an international market 

to countries with higher demand, already adapted to this technology. Everything would depend 

on the costs associated with its transport. 

At worldwide level, is true that with the current pandemic scenario the economy will be greatly 

affected. Not only planned investments although studies on possible investments, may 

experience delays of several years due to the ensuring crisis. 

To finish, some European projects funded by FCH can be found in reference [73] , this projects 

work on all existing fronts in the development of hydrogen technology as well as pioneering 

pilot projects in the integration of electrolysis and fuel cell technology in both industry and 

residence as well as network system. 
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