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ABSTRACT:

One prospective solution to manage the instability of renewable energy sources and reduce 
emissions in the energy sector is to produce and utilise clean and low-carbon hydrogen. The 
European Union has announced its target to make hydrogen a main decarbonisation option. 
This study examines the utilisation of green hydrogen in electricity generation, identifies its  
challenges and significant benefits. The aim was to provide comprehensive information and es-
timate the green hydrogen economy and future developments.

 
This thesis was executed as an assignment for Wärtsilä's Growth & Development department. 
The exponentially increased objectives in the green hydrogen economy have raised the con-
cern of whether each sector has a sufficient capacity to utilise hydrogen and what happens if 
green hydrogen cannot be produced as affordable as aimed. These questions point out the  
need for research about the potential of green hydrogen in electricity generation.

 
The thesis focused on reviewing and analysing the European hydrogen economy presented in 
the literature and commercial sources. The aim was to discover a common line between the 
various perspectives and assess the direction where the European hydrogen economy is most 
preferably heading in the long term. In this thesis, the different scenarios for using green hy-
drogen in electricity generation were implemented, based on which each variable's impact was 
assessed. Also, the competitiveness of green hydrogen under different circumstances was eval-
uated.

 
The results showed that green hydrogen has a great potential to become significant long-term 
energy storage and fuel for electricity generation. Still, it will require development in line with 
ambitious targets. The use of hydrogen in electricity generation is limited by technical and eco-
nomic challenges. At current production prices, green hydrogen is not an attractive option to 
the electricity generation needs. The trend is that sectors such as industry, which currently has 
the highest hydrogen consumption, also will be the most significant users of green hydrogen, 
at least in the initial phase.

KEYWORDS: European Union, hydrogen economy, green hydrogen, scenario analysis



4

VAASAN YLIOPISTO
Tekniikan ja innovaatiojohtamisen yksikkö
Tekijä:              Mikael Mäkelä
Tutkielman nimi: Uusiutuvan vedyn markkinoiden ja soveltuvuuden kehitys

Euroopassa sähköntuotannon näkökulmasta
Tutkinto: Diplomi-insinöörin tutkinto
Oppiaine: Energiatekniikka
Valvoja: DI Emma Söderäng
Ohjaaja: DI Ville Rimali & VTM Anette Danielsson
Tarkastaja: Professori Seppo Niemi
Vuosi: 2021 Sivumäärä: 92

TIIVISTELMÄ :

Yhtenä  vaihtoehtona  uusiutuvan  energian  vaihtelevan  tuotannon  tasapainottamiseksi  ja 
energiasektorin päästöjen vähentämiseksi on tuottaa ja hyödyntää puhdasta, vähäpäästöistä 
vetyä  energiasektorilla.  Euroopan  Unioni  on  julkaissut  tavoitteensa  kyseisten 
vetyvaihtoehtojen laajasta hyödyntämisestä tulevaisuudessa. Tässä tutkimuksessa tarkasteltiin 
vedyn hyödyntämistä sähköntuotannossa, sen haasteita ja merkittävimpiä etuja. Työn tavoite 
oli  tarjota  tietoa  ja  arvioita  uusiutuvan  vedyn  markkinoista  ja  tulevaisuuden  kehityksestä 
Euroopassa.

Työ toteutettiin Wärtsilän energialiiketoiminnan Euroopan Growth & Development osastolle. 
Vetytalouden kunnianhimoinen kasvutavoite  synnyttää huolen,  onko vedyn menestymiselle 
edellytykset  sähköntuotannossa.  Millaisia  vaikutuksia  havaitaan,  jos  vetyä  ei  pystytä 
tuottamaan yhtä edullisesti kuin on tavoiteltu? Tällaiset kysymykset osoittivat tarpeen tutkia, 
millaiset hyödyntämismahdollisuudet uusiutuvalla vedyllä on sähköntuotannossa.

Työssä keskityttiin kirjallisuudessa sekä kaupallisissa lähteissä esitettyjen tulosten ja arvioiden 
tarkasteluun  ja  analysointiin.  Tarkoituksena  oli  analysoida,  mihin  suuntaan  Euroopan 
vetymarkkinat  ovat  kehittymässä  tulevaisuudessa.  Tässä  työssä  rakennettiin  myös 
skenaariotutkimus, jonka perusteella analysoitiin eri muuttujien kehityksen vaikutusta vedyn 
kustannuksiin ja sitä kautta sen kilpailukykyyn.

Tulokset  osoittivat,  että  vihreällä  vedyllä  on  suuri  potentiaali  tulla  osaksi  sähköntuotantoa 
tulevina vuosikymmeninä, mutta se vaatii kunnianhimoisten tavoitteiden mukaista kehitystä. 
Vedyn  hyödyntämistä  sähköntuotannossa  rajoittavat  sekä  teknilliset  että  taloudelliset 
haasteet.  Uusiutuva  vety  ei  ole  nykyisillä  tuotantohinnoilla  houkutteleva  vaihtoehto 
sähköntuotannon tarpeisiin.  On nähtävissä  trendi,  että sektorit  kuten teollisuus,  jossa  tällä  
hetkellä  vedyn  kulutus  on  suurinta,  tulevat  olemaan  merkittävimpiä  uusiutuvan  vedyn 
hyödyntäjiä lähivuosina.

AVAINSANAT: Euroopan Unioni, vetytalous, uusiutuva vety, skenaarioanalyysi
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1 Introduction

Five years since the signing of the Paris Agreement, global  climate change is finally 

driving the development of the energy sector. The agreement has set the framework 

for common targets to slow down and finally stop global warming. In addition to these 

global  targets,  European Union (EU) has established its objectives to reduce green-

house gas emissions by at least 55 % by 2030 and make the EU climate-neutral by 

2050. During the Coronavirus pandemic in 2020, European Commission released the 

recovery plan that, alongside other support measures, will also focus on the European 

Green  Deal  and  allocate  the  investments  in  the  growth  of  wind  and  solar  energy 

sources. The European Commission aims to enable a kick-start for clean, renewable hy-

drogen as a main decarbonisation option. In this thesis, the term green hydrogen is the 

most commonly used term for clean hydrogen produced via renewable electricity. The 

European  Commission  has  published  “A  hydrogen  strategy  for  a  climate-neutral 

Europe” in July 2020. This strategy was used as the basis for this master's thesis.

 

For a long time, hydrogen has been produced by using fossil fuels, and it is still the  

most cost-effective way to produce hydrogen. However, due to the rapid decline in the 

costs of renewable energy, green hydrogen has become more competitive, and the EU 

is driving to continue this enhancement. In addition, this development is facilitated by 

the evolution of electrolysis technology as well as the urgency of decarbonisation. The 

EU's extremely ambitious goal is to achieve 2X40 GW hydrogen markets in Europe by 

2030. Since the hydrogen strategy was published by the European Commission, various 

analyses have been released in the previous months. Several actors have strived to 

analyse the consequences of the European Union's strategy and evaluate how likely 

ambitious targets can be reached. Together with scientific research texts, the thesis ex-

amined  various  commercial  analyses  written  on  the  basis  of  the  EU's  hydrogen 

strategy.

 

Ambitious goals are impossible to achieve without the commitment of the EU's mem-

ber states, and actually, 26 member states have already signed the “Hydrogen Initiat-
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ive”. In 2020, European Commission and six member states published their hydrogen 

strategies (Adler 2020). The 2X40 GW green hydrogen initiative means that 40 GW will 

be produced inside the EU and another 40 GW, mainly in Northern Africa and Ukraine, 

where conditions are ideal for renewable energy production. (Hydrogen for Climate 

Action 2020). Currently, the United States has the largest production capacity of low 

carbon hydrogen and electrolysis production. In addition to the US and the EU, other 

countries have shown their interest in the hydrogen economy and some have already 

taken preliminary steps to promote the green option. Some of the reports used in this  

thesis have been published in the UK or US, and different currencies are used. Curren-

cies were converted into euros with the conversion rates of 1 € = 1.12 $ and 1 € = 0.9  

£. 

 

A great amount of discussion and debate has been around green hydrogen recently.  

The potential of green hydrogen as a remarkable decarbonisation option has begun to 

be recognized. However, hydrogen is not a new invention in the energy sector, and it 

has been exploited for decades. Hydrogen has always been associated with challenges 

in terms of production, emissions, supply, safety, and cost-effectiveness. These chal-

lenges have not suddenly disappeared. In particular, the drop in the price of renewable 

energy and the development of key technologies have made green hydrogen a more 

attractive investment object.

The  benefits  of  hydrogen  as  storage  and carrier  of  renewable  energy  over  a  long 

period of time have also been further explored. However, deployment-related con-

cerns of green hydrogen have also emerged. Therefore, this study concentrated on as-

sessing what would be the most likely outcome under unfavourable circumstances, for 

example, if green hydrogen cannot be produced at an affordable price as planned or 

technical challenges cannot be solved in a rapid timeframe. The scope of the thesis 

was limited to approaching the topic mainly from the electricity generation point of 

view.
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The thesis had to clarify the feasibility of green hydrogen in electricity generation and 

estimate the future development progress. The green hydrogen can be utilised in nu-

merous ways in electricity generation. The aim was to find out the most cost-efficient 

way to use hydrogen at the moment and what future developments look like in the 

European market area. The thesis focused on hydrogen transportation by pipeline and 

storage issues of clean hydrogen from an electricity generation perspective. Transport-

ation methods by trucks, ships, and trains were excluded from this thesis's research 

area because the pipeline has been found the most feasible option for transporting hy-

drogen. The objectives set by the European Union for the growth of green hydrogen 

were in the background throughout the thesis to assess their feasibility. 

The first part of the thesis focuses on the European situation and objectives set by the 

European Commission. This section reviewed the latest released hydrogen plans and 

evaluated the estimated costs and energy volumes. Identifying the challenges of the 

European hydrogen strategy that may be faced in the coming years was one of the 

main items in the first section. At an overall  level, the assessment of the hydrogen 

market situation within the EU was also one of the objectives of the initial phase of the 

thesis. The first part also analysed the market potential of green hydrogen from a de-

mand perspective in different sectors. The middle part of the thesis focused on study-

ing green hydrogen from the point of view of electricity generation, for instance, by 

comparing different technologies. This part investigated the research question about 

how feasible hydrogen, in general, is in electricity generation. Comparison of pipeline 

transportation methods, their benefits, and challenges was examined. Capacity and 

main challenges in hydrogen storage were also explored in the middle part  of  the 

thesis. 

Chapter 5 presented the scenarios' results, which assessed the feasibility of green hy-

drogen from a practical point of view. The analyses and theory presented in the thesis 

were used as a basis for the calculations. The impact of each variable on the final price  

was assessed, and the cost competitiveness of green hydrogen in blends was explored. 
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After the scenario analysis, the discussion chapter considers the validity of the results 

and possible market trends of green hydrogen. Further research subjects were also 

identified around the topic. Figure 1 shows the main hydrogen production methods 

and a simplified overview of green hydrogen from production to utilisation in electri-

city generation. The green route in Figure 1 shows the most environmentally friendly 

but also the most expensive way to hydrogen production and utilisation. However, the 

costs of technologies for the production and transportation of green hydrogen are de-

creasing most rapidly.

Figure 1. Simplified route from green hydrogen to electricity generation.
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2 Hydrogen

Hydrogen is the most common and the lightest element in the universe, consisting of  

only  one proton and one neutron per atom.  Hydrogen shows up in  multiple  com-

pounds, the most common of which is water. Low emissions can be achieved through 

the use of hydrogen, and it is one of the main advantages of this chemical element. 

(Gupta 2009). Due to this, hydrogen has tremendous potential to significantly impact 

the ongoing energy transition and become a notable decarbonisation enabler.

 

2.1 Hydrogen categories

Hydrogen can be produced in several ways from different energy sources. The use of 

hydrogen itself does not cause harmful emissions but the method of hydrogen produc-

tion needs to be taken into account when dividing hydrogen into different categories. 

Hydrogen can be named green when produced via water electrolysis, and the process 

is powered by renewable energy. However, currently, the most popular hydrogen pro-

duction methods are not environmentally friendly as they utilise fossil fuels, producing 

grey hydrogen. Blue hydrogen represents hydrogen produced in a similar way as grey 

hydrogen but where carbon is captured and stored. Also, there are also several differ-

ent ways to produce hydrogen. Colour codes are not the same everywhere and can 

sometimes vary by country and source. (Dodgshun 2020).

2.1.1 Grey hydrogen

The most common grey hydrogen production process is called steam reforming of nat-

ural gas (NG). In the Steam Methane Reforming process (SMR), methane reacts with 

water and gives carbon dioxide and hydrogen as reaction products. (Federal Ministry 

for Economic Affairs and Energy 2020: 28). The main disadvantage of grey hydrogen is 

a fossil fuel as a feedstock of the process and consequent carbon formation during the 
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reforming. The most significant advantage of grey hydrogen is its cost-effectiveness. 

According to the IEA, the cost of grey hydrogen is approximately 1.5 €/kg. (Willuhn 

2020). 

2.1.2 Green hydrogen

In the most environmentally friendly option, hydrogen is produced using renewable 

energy as a source. Electricity is fed to an electrolyser which needs water and electri-

city to produce hydrogen and oxygen ecologically. The end product is called green hy-

drogen, which is an object of this study as well. This kind of hydrogen is also called 

clean hydrogen but can be easily confused with other low-emission hydrogen categor-

ies, which are presented in the following chapters. In the deployment of clean hydro-

gen alternatives, the transparency of energy products is essential. For this, a certifica-

tion system CertifHy is being developed to guarantee the origin of a product and its en-

vironmental attributes. (CertifHY 2019). The main challenge for green hydrogen is its 

high production costs compared to grey hydrogen.

2.1.3 Blue hydrogen

While grey and green hydrogen are the two best-known categories of hydrogen, some 

subcategories have been presented to reflect the properties between clean and pol-

luting hydrogen. This category is blue hydrogen which is not as clean as green hydro-

gen but more environmentally friendly than grey. Production of blue hydrogen mostly 

corresponds to the process of grey hydrogen. Fossil fuels are usually raw materials, but 

blue hydrogen production processes use Carbon Capture and Storage (CCS) Techno-

logy. It means that carbon emissions released in the process are recovered and not 

entered into the atmosphere. (Federal Ministry for Economic Affairs and Energy 2020: 

28).
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It is also possible to use Carbon Capture, Utilisation and Storage (CCUS) technology 

which will  utilise the captured carbon,  for  example,  in  the production of  synthetic 

fuels. According to the IEA, the use of CCUS technology will increase costs by 50 – 70 € 

per captured ton of carbon dioxide. Approximately 9.3 kg of carbon dioxide is pro-

duced per 1 kg of hydrogen production in the SMR process (Rapier 2020). If it is as-

sumed that 90 % of produced CO2 can be captured and the price range is the same as 

in the IEA report, CCUS technology will add costs 0.42 – 0.59 €/kgH2. Such a large in-

crease in hydrogen per kilogram price will significantly affect the profitability of hydro-

gen in electricity generation.

2.1.4 Other hydrogen colours

Turquoise hydrogen is one of the most commercially unknown category of hydrogen 

production. This type of hydrogen is produced via methane pyrolysis where heating 

methane produces hydrogen and solid carbon. (Federal Ministry of Economic Affairs 

and Energy 2020: 28). In this case no CO2 emissions are generated but due to use of 

fossil fuel in the process it is not as clean as green hydrogen production. 

 

In addition to the above-mentioned ways to produce hydrogen, other options such as 

pink hydrogen produced using nuclear energy are also defined in the hydrogen eco-

nomy. This thesis focuses on green hydrogen, its market, and feasibility in electricity 

generation.  Investing in green hydrogen research makes sense,  as several  changes, 

such as hydrogen reports from the EU, several member states and technological pro-

gress, which will promote green hydrogen deployment have occurred recently. 

2.2 Hydrogen strategy in the EU

The European Union is aiming to implement emission reduction targets and facilitate 

clean energy transition in Europe. Hydrogen is not the only solution in energy trans-
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ition, but the European Commission's hydrogen strategy calls for a significant increase 

in hydrogen use in various sectors. For hydrogen to be useful in energy transition, it  

needs to be produced using clean energy sources instead of fossil fuels. 

The EU is planning for significant emission reduction in hydrogen production in the 

coming years and even to reach carbon-free production. At present, the EU's hydrogen 

production releases 70-100 million tons of carbon dioxide into the atmosphere annu-

ally. A typical passenger car emits 4.6 tons of CO2 per year (EPA 2018), so hydrogen 

production in the EU is equivalent to annual CO2 emissions of 15-22 million passenger 

cars. In other words, CO2 emissions from hydrogen production correspond to almost 10 

% of  European greenhouse gas  emissions  from transport,  which was equivalent to 

1097 million tonnes of CO2 emissions in 2018 (European Environment Agency 2020). 

2.2.1 Ambitious target

Due to the emissions from current hydrogen production, the European Commission re-

covery plan and hydrogen strategy's main options are green and other low-emissions 

alternatives such as blue hydrogen. Goals are extremely ambitious, and the years 2030 

and 2050 are most commonly used in different scenarios. One of the main targets is to 

reach an electrolyser capacity of 40 GW in the EU by 2030. At the time of writing in 

December 2020, the total electrolyser capacity in Europe is only less than 1 GW, so 

rapid growth of hydrogen production by electrolysers is expected (European Commis-

sion 2020b). One gigawatt of capacity corresponds to the amount of 300 operating 

electrolysers and the production size only four percent of total hydrogen production in 

the EU. The estimates of the green hydrogen impact for the economy and society vary 

a lot between different scenarios. For instance, according to the European hydrogen 

strategy, necessary cumulative investments for scaling up the green hydrogen could 

range from 180 billion euros up to 470 billion euros. To meet a quarter of global energy 

needs by hydrogen, the 2020 Gas report states that over 9.3 trillion euros are required 

by 2050. (Snam, IGU & BloombergNEF 2020).
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The  green  hydrogen  target  (2X40  GW)  is  explained  more  comprehensively  in  the 

“Green Hydrogen Investment and Support Report”. The report also divides the 665 

TWh of hydrogen production target by 2030 (FCH JU 2019) into more specific sections. 

The report shows that the target includes only 173 TWh of new green hydrogen pro-

duction in the EU. The rest of the production consists of imported green hydrogen 118 

TWh, current grey hydrogen upgraded to low carbon Hydrogen 324 TWh, and new 

low-carbon Hydrogen production of 50 TWh (Hydrogen Europe 2020: 4).  Therefore, 

new green hydrogen production is only 26 % of the total green H2 target. It still re-

quires extensive investments in renewable energy sources.

Table  1  is  published by  Trinomics  (2020)  in  their  hydrogen  technologies  report.  It 

shows how the economic and social impacts of green hydrogen development are ex-

pected to distribute between the 28-EU member states. The data in Table 1 is not 

straightforward if the values are scaled to each country's size. For instance, when the 

demand of green hydrogen is related to the population, Finland is the country with the 

highest demand per citizen (0.91 MW). There are several  reasons for that,  but the 

Finnish  steel  industry,  which  has  a  great  hydrogen-demand potential,  can  be  con-

sidered a significant single factor. With the same comparison technique, the Nether-

lands is the country with the second-highest demand/citizen (0.69 MW). Overall, the 

results show that green hydrogen is expected to be an EU-wide solution for the energy 

sector decarbonisation. 
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Table 1. Estimated outcomes according to the EU scenarios by countries (Trinomics 
2020)

Table 1 shows the German leadership in the deployment of a low-carbon hydrogen 

economy in the coming years. Germany's outcomes are in their own order of mag-

nitude than other EU’s member countries. Based on Table 1, it can be interpreted that 

Germany will gain the strongest hydrogen economy in Europe. Germany will have the 
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most  significant  demand,  electrolysis  capacity,  added  value,  jobs  created,  and  the 

largest amount of fossil fuel use avoided. 

One misleading factor is that the place where the required hydrogen will be produced 

does not appear in the table. For example, Germany's hydrogen strategy states that 

the domestic generation would not cover all of the hydrogen demand and favourable 

conditions for renewable energy in other EU countries will be utilised to produce clean 

hydrogen to Germany. However, the same report also indicates that the Federal Gov-

ernment aims to enhance the production sites in other partner countries. The role and 

name of these countries are not further explored in the strategy. The actions made by 

the Federal Government clarify intentions, such as the fact that the German aims to 

finance green hydrogen projects in Morocco, Tunisia, Brazil, Chile, and South Africa in 

total with two billion euros. (Gas to Power Journal 2020). This information was pub-

lished five months after the release of Germany's hydrogen strategy.

2.2.2  Necessary actions

In order to achieve these ambitious goals, extensive actions are needed urgently in the 

EU. Activities can be roughly divided into political and economic sections, as done in 

the hydrogen report published by Fuel Cells and Hydrogen Joint Undertaking (FCH JU 

2019). Towards 2030, eight billion euros investments to scale-up the hydrogen eco-

nomy are expected annually to achieve the EU's target to build a 665 TWh size hydro-

gen economy in Europe. As a comparison, over 20 times more money is invested in the 

energy and automotive assets in Europe annually, which shows that these goals are 

feasible if there will be enough ambition. 

The EU has great potential to expand its hydrogen markets by taking advantage of its 

strengths. The EU is a leading player in the hydrogen and fuel cell value chain, and that  

potential needs to be utilised effectively in the coming years. Besides, robust research 

competence and a strong commitment to climate targets can be seen as a significant 
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benefit of the EU. Moreover, the EU already has an extremely broad gas network that 

can be exploited for hydrogen use. Further information about the gas network in the 

EU and its opportunities and challenges are presented in Chapter 4.

In FCH's hydrogen report, eight individual recommendations on how green hydrogen 

can be a profitable decarbonisation option are explored. The list below summarizes the 

recommendations of the report.

1.    Industrial actors and regulators are required to set long-term decarbonisation op-

tions also taking into account the production and distribution.

2.    The industry in Europe need to allocate the assets to the development of hydrogen 

and fuel cell technologies.

3.    Gas companies together with regulators are required to work towards a low-car-

bon gas network (e.g., feed-in tariffs).

4.    Regulators have to facilitate the use of electrolysers. Access to the renewable en-

ergy markets is a critical condition for profitability.

5.    Investment needs to be allocated to the refuelling stations of hydrogen and give a 

strong signal to car manufacturers to scale up the fuel-cell vehicle production.

6.    Make clean hydrogen production more attractive than grey hydrogen through vari-

ous regulatory measures.

7.    Encouraging low-carbon hydrogen options (Green and Blue). Prove that CCS tech-

nology can be used to achieve very low carbon levels in production.

8. Scaling up the existing hydrogen applications and developing and enabling the new 

applications.
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As the recommendations show, the actions are required from numerous actors and in 

several  different  sectors.  Individual  factors  are  not  enough to allow the growth of 

green hydrogen; instead, all operators need to work together. In addition, all eight re-

commendations interact with each other, and no single point can be the sole focus. If  

all of the functions can not be met, it may cause some ultimate challenges to reach the 

green hydrogen economy objectives as planned. 

2.3 Hydrogen as fuel in electricity generation

Hydrogen is a highly light element with an atomic weight of 1.008 u. The energy dens-

ity per mass of hydrogen is very high, which is why hydrogen has been used, for in-

stance, as a launch fuel for space rockets. However, energy content per volume is ex-

tremely low in hydrogen, which causes problems with space and high flow rates. If  

there is no access to a hydrogen transportation network, large hydrogen tanks are 

needed,  which may cause additional  hurdles to end-users with restricted space for 

storage facilities. However, due to low emissions of hydrogen use, it is considered to 

be an alternative fuel of the future by replacing some major fuels like natural gas, oil  

and coal. (Momirlan & Veziroglu 2005). 

Several different technologies can be utilised to produce electricity via hydrogen. The 

following sections discuss the most relevant and advanced electricity generation tech-

nologies. Three different technologies, gas turbines, fuel cells, and engines, are most 

likely to be the leading solutions for hydrogen utilisation in electricity generation in the  

future. Technologies are practically in the product development and pilot phase. This 

review does not focus on the availability and transport issues of green hydrogen but  

only on the properties of the power production technologies: fuel cells, gas turbines 

and internal combustion engines.
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2.3.1 Fuel cell technology

A fuel cell is an equipment that can convert chemical energy like hydrogen to electri-

city by producing almost no emissions. (Wang & Jiang 2017). Proton exchange mem-

brane (PEM) is a typical application of fuel cell technologies that contains an anode, a  

cathode and electrolyte (membrane) between them. Oxygen is supplied to one side 

and  pure  hydrogen  to  another  side.  The  membrane  passes  through  the  positively 

charged atoms of hydrogen. In order to equalize the system, negatively charged hydro-

gen atoms move to another side via different paths, creating an electric current. In 

turn, the reaction of hydrogen and oxygen produces only pure water as a product. 

Fuel cells have been found to be a reliable option to reduce greenhouse gas emissions 

and one of  the best  features  is  their  high flexibility  in operation.  Proton-exchange 

membrane fuel cell (PEMFC) is one of the most mature fuel cell technologies, espe-

cially in-car use. High power density can be achieved with PEMFC technology, and op-

erating temperature is typically between 20 °C to 100 °C. Another option is solid oxide 

fuel cells (SOFC), which are high-quality devices using ceramic and non-corrosive ma-

terials and have an ability to operate at high temperatures up to 1000 °C. Due to high 

operating temperatures, SOFCs can utilize a wide range of fuels with high efficiency 

and are therefore considered a suitable option for power supply in the kW to MW-size 

range. (Wang & Jiang 2017).

Fuel cell technology has the potential to be a green electricity producer, but costs need 

to be cut. Capital expenditures (Capex) of a fuel-cell technology are too high at the mo-

ment. One of the challenges in fuel cell technology is the inefficiency of the process. 

Figure 2 shows the whole path from renewable energy and electrolysis to electricity 

production by fuel cell technology. As it is visible, the efficiency of the route is not very 

high due to several major losses during the path. 1 TWh of renewable energy produc-

tion has been selected to be an example and only 0.33 TWh of electricity is produced 

from the fuel cell. 
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The  Hydrogen Roadmap  report  released by  FCH is  used to determine the average 

losses in Figure 2. The estimation of electricity and hydrogen transportation losses is 

based on Professor Van Wijk's study (2019). Laban's (2020) master thesis on hydrogen 

storage has been used to estimate losses in storage. Electrolyser efficiency is determ-

ined based on the IRENA report (2020), and fuel cell efficiency is used based on the 

fact sheet released by the U.S. Department of Energy (2015). It is noted that even if a 

fuel cell seems to be a promising option for energy shifting, cost reduction, and a more 

efficient process is required. Figure 2 gives an indicative estimation of losses.

Figure 2. Efficiency of "Power to Gas to Power" shifting process implemented by fuel 
cell

2.3.2 Gas turbines and internal combustion engines

Hydrogen combustion has been practiced in gas turbine plants for decades. In most 

cases, a mixture of hydrogen and natural gas has been the fuel, but 100 % pure hydro-

gen has also been tested. The results have indicated that turbines are valid challengers 
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for fuel cells, especially in terms of reliability and costs. One of the targets in gas tur-

bine development is to operate 100 % hydrogen with low NOx emissions in the coming 

years. A lot of research about hydrogen turbines has been done to solve how to con-

trol NOx emissions, for example, by adjusting the velocity of flame and premixing prop-

erties. (Cappelletti & Martelli 2017). Kawasaki Heavy Industries announced in July 2020 

that they had developed 100 % hydrogen operating gas turbines with dry low-NOx 

technology in cooperation with Obayashi Corporation and New Energy and Industrial 

Technology Development Organization (NEDO). (Global.Kawasaki.com 2020). 

 

Another option for hydrogen combustion is to use an internal combustion engine as a 

power producer. In engines, a wide range of hydrogen flammability provides an oppor-

tunity for a broad power output range by variation of the air/fuel mixture ratio. The 

combustion of pure hydrogen in an internal combustion engine is not yet utilised com-

mercially, but the technologies have been studied occasionally, and the interest has 

again  strongly  increased.  For  instance,  smart  technology  company Wärtsilä  has  re-

searched hydrogen as a fuel for over 20 years and already used 60 % hydrogen blend 

with natural gas. In May 2020, Wärtsilä announced that its gas engines would use 100 

% pure hydrogen in the future. (Wärtsilä 2020). This development brings a new way to 

generate electricity via pure hydrogen to the electricity markets. Suppose the future 

situation is that hydrogen is only used during the consumption peaks instead of base-

load. In that case, the hydrogen engine could be a profitable option due to its good ad-

justability and quick ramp-up time. 

 

The use of hydrogen in gas turbines and internal combustion engines have some com-

mon benefits and disadvantages. For instance, the use of blended or pure hydrogen 

can reduce the CO2 emissions when compared to the use of natural gas, but NOx emis-

sions could rise due to high combustion temperature when nitrogen of air oxidizes to 

NOx. (Verhelst & Wallner 2009). As mentioned, using a blend of NG and H2 does re-

duce the amount of carbon dioxide released during combustion. Still, the reduction is  

smaller than the volume-based mixture ratio because hydrogen has less energy per 
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unit  of  volume than  natural  gas.  That  phenomenon  was  examined  in  more  detail 

through calculations in Chapter 5. 

The use of  hydrogen in internal  combustion engines has several  benefits and chal-

lenges, summarized in Table 2 below. The points have been taken based on the Master 

thesis by Philip Westberg (2020). Based on Table 2, it could be concluded that the di-

vergent properties of hydrogen affect its feasibility in the use of internal combustion 

engines. It is worth noting that the same feature can have both positive and negative 

impacts simultaneously. Most of the negative effects are not related to performance 

but rather to safety issues. Therefore, it is likely that research and development will fo-

cus on promoting combustion control technologies such as shut-off systems like valves. 

The table contains the properties that can be observed in hydrogen use compared to 

the typical gaseous or liquid fuels.
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Table 2. Pros & Cons of hydrogen fuelled ICE (Westberg, Philip 2020).

PROS Positive effect CONS Negative effect

Wide flammabil-
ity 

range

Low exhaust tem-
perature 

and emissions
Low-density

Storage requires a lot of 
energy 

More space in combus-
tion chamber 

Lower power output

Auto-ignition 
temperature

Ignition without 
external 

energy source
Light gas

Penetration into 
combustion chamber

High compres-
sion ratio 

Better efficiency
Low quenching dis-

tance
High chance of 

backfire

High flame speed
Close to the ideal 

engine 
cycle

High flame speed
Higher flame temperat-

ure. 
Higher NOx emissions

Ability to dis-
perse in air 
(Diffusivity)

Uniform mixture 
for Otto-
engines

Ability to disperse 
in air 

(Diffusivity)

Increased risk of safety 
hazard 

In case of leakage 
(Diesel)

Low minimun ig-
nition 
energy

Easy to ignite
Low minimum igni-

tion 
energy

Prone to pre-
ignition
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3 Feasibility of green hydrogen

This section examines, based on various estimates, which industries will most probably 

have the greatest demand for green hydrogen and the profitability prospects in differ-

ent industries. Green hydrogen can be used as such or be converted to other forms. 

3.1 Demand

In order for green hydrogen to be successful and achieve a significant position in the 

energy market, extensive demand in several different industries is required. Hydrogen 

can be exploited in the numerous sectors of which transport, power generation, build-

ing's heating, industry energy, and industrial feedstocks are considered primary con-

sumers. Decarbonisation is exceedingly challenging in specific sectors such as trans-

portation.  Green hydrogen could provide a possible solution to this  challenge as a 

clean fuel option. One of the main advantages of hydrogen is its lightness. One kilo-

gram of hydrogen contains approximately 150 times more energy than the equivalent 

weight of a lithium-ion battery. When a more extended range is desired, electric cars'  

mass needs to be increased due to larger batteries, while the mass of hydrogen fuel 

cell cars remains on the same level. 

 

There is a strong focus on minimizing the weight to achieve the best possible fuel con-

sumption and aircraft performance in aviation. Therefore, hydrogen as a fuel is a desir-

able option from an aviation point of view. (Tsakiris 2019). In addition, hydrogen is also 

considered to become one of the primary fuels for road traffic. Greenhouse gas emis-

sions  in  transportation  have  increased  in  previous  decades  while  overall  emission 

levels have reduced in the EU. In Fuel Cell Electric Vehicles (FCEV), hydrogen is used to 

produce electricity to run an electric motor. According to the European Commission's 

hydrogen strategy, public and commercial options like taxis and local busses can be 

early adopters of hydrogen use. Based on various analyses, a potential bottleneck in 
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the transportation sector could be the hydrogen distribution network, complex fuelling 

stations, pressurized gas tanks, and fuel cell technology inefficiency. 

Battery electric vehicles (BEV) have already gained the strongest market in vehicles 

powered with electric motors. In the use of hydrogen vehicles, building a proper distri -

bution network for hydrogen is slow, expensive and challenging. At the same time, the 

BEVs owner can charge their battery even at home without a significant investment.  

Further technological  developments will  be expected, especially  in heavy-duty road 

vehicles and fuel-cell trains. These parts of transportation are predicted to have the 

greatest potential for the use of hydrogen. The European Commission announced the 

Sustainable and Smart Mobility strategy in December 2020, according to which the EU 

would  have  about  30  million  zero-emission  vehicles  operating  by  2030.  (European 

Commission 2020d). The importance of the development of hydrogen alternatives in 

the transportation sector is highlighted in the report,  but the actual  target for the 

number of hydrogen-powered vehicles is not set in the strategy. 

 

Some hydrogen-based car models are already available in the markets,  but as high 

popularity as in electric vehicles is not yet achieved. Impracticalities such as storing hy-

drogen  in  a  pressurized  tank,  transporting  and  distributing  gas  networks  have  re-

strained the demand. The industry aims to develop new innovative and efficient solu-

tions to the challenges. One of the latest is POWERPASTE, developed by a Fraunhofer 

Institute for Manufacturing Technology and Advanced Materials IFMAN. The basic idea 

is  to  store  hydrogen  in  solid  magnesium,  whereby  a  magnesium hydride  MgH2  is 

formed. When the compound reacts with water, it releases hydrogen, which is used as 

a fuel. Thus, one tank for paste compound and one tank for water is required, but a 

pressurized gas tank and, therefore expensive infrastructure costs can be avoided. Ac-

cording to a press release published by the institute in February 2021, higher energy 

storage density than in batteries and pressurized tanks can be achieved. The paste was 

initially designed for e-scooters, but the pilot plant is planned to produce a paste for 

other vehicles as well. (IFAM 2021).
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The European Commission's ambitious target shows that transportation could gain the 

largest share of hydrogen consumption by 2050. Various scenarios are presented in 

Figure 3, published by Fuel Cells and Hydrogen (FCH JU 2019) in cooperation with the 

EU. Business as usual scenario means that developments in the hydrogen economy re-

main at current levels, and no major changes are expected. The ambitious scenario, in 

turn, refers to a situation where various measures are taken to increase the final de-

mand for hydrogen. Clear differences are visible between these two scenarios, espe-

cially in 2050.

Figure 3. Different scenarios of energy demand and share of hydrogen by industries. 
(FCH JU 2019)
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Major sectors for hydrogen utilisation are also building’s heating and feedstock for in-

dustry. The estimated demand for hydrogen (FCH JU 2019) in the building sector could 

be up to 579 TWh in 2050. However, exploiting the great potential on large scale will 

most probably face several challenges, such as a lack of a hydrogen distribution net-

work. In addition, FCH JU mentions the heating equipment that needs to be replaced 

for most of the cases by hydrogen boilers and fuel cells. On the other hand, replacing 

may not cause the most significant challenges due to quite a short lifetime of existing 

equipment (10-15 years). In addition to heating, hydrogen can be utilised as an electri-

city producer for buildings using fuel cells as a combined heat and power unit. The 

feasibility of such kinds of devices needs to be studied further before large-scale util-

isation. Fuel cells and other modern furnaces convert fuel into heat with relatively high 

efficiency. However, air-source heat pumps which use outside air and electricity to pro-

duce heat are also feasible solutions. High coefficient of performance and the capabil-

ity to act as a cooler or heater based on the need have increased the popularity of air-

source pumps in areas where seasonal variations are noticeable.

Some industrial processes consume large amounts of electricity and produce a signific-

ant portion of regional CO2 emissions. The EU member states are no exception in this 

case, and their industrial processes are also large CO2 emitters. However, the use of 

green hydrogen could provide major mitigation in industrial CO2 emissions. One of the 

most polluting processes is steel manufacturing, where hydrogen can be used, for ex-

ample, instead of coke to remove CO2 from the process. The possibilities are enormous 

due to the large steel production capacity in the EU. After China, the EU is the second-

largest steel producer with an annual production of 177 million tons. (European Com-

mission 2020a). Hydrogen demand per tonne of steel is 500 m3 which corresponds to 

1.5 MWh of energy. (Green 2018). In case that all steel production in the EU will use 

green hydrogen as a decarbonisation option in their processes, it would lead to 265 

TWh of green hydrogen demand per year in steel production. 

Hydrogen demand and consumption seem to be found primarily from the transporta-

tion sector,  building’s  heating,  and  decarbonisation  of  the  polluting  industrial  pro-
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cesses. In turn, as indicated in Figure 3, only a small share of green hydrogen demand 

is foreseen to go to the power generation sector (5 %). The following chapters focus on 

the deployment of hydrogen in electricity generation, its benefits and key challenges.

3.2 Use of hydrogen in electricity generation

Utilisation challenges of green hydrogen in electricity generation consist not only of 

technological  issues.  Competitiveness  and costs  are  also  affected  by  other  factors, 

which are discussed in this section. The most significant benefits of green hydrogen in 

electricity generation are also reviewed. The competitiveness and profitability of green 

hydrogen can also improve through the various policy measures, which will be outlined 

in  this  section.  As  explained in  previous  chapters,  there  are  several  potential  con-

sumers existing for green hydrogen. Even if green hydrogen production is increased ac-

cording to the EU’s target to 665 TWh by 2030, there will be significant challenges to 

provide green hydrogen at an affordable price for all. This chapter will study the de-

mand for green hydrogen in the electricity generation sector and analyse the required 

growth in renewable electricity generation.

3.2.1 Demand in electricity generation 

Figure 3 indicates that electricity generation will be the industry with the lowest hydro-

gen demand in business as usual and ambitious scenarios in 2050. For the electricity  

generation, there would be only 112 TWh of demand for hydrogen in 2050 in the am-

bitious scenario, which corresponds to about 1.2 % of total energy demand in the EU.

Comparing the figures, it is visible that the share of hydrogen in electricity generation 

is relatively small.  As further proof of this, required energy in electricity generation 

could be viewed. For instance,  in 2018, electricity generation consumed about  151 

TWh of fuel resources in Finland (Stat 2019). According to Figure 3, the share of hydro-

gen demand in the electricity generation sector would be about 2.7 % of the European 
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Union's hydrogen markets. If it is assumed that the demand for hydrogen in Finland 

would be distributed in the same way as in the EU, there would be demand for only 3  

TWh of hydrogen in electricity generation in Finland. Compared to the Finnish fuel 

used for electricity generation in 2018, the approximated demand for hydrogen would 

match only a 1.9 % share of electricity generation energy needs.

As reported by FCH JU (2019), the power generation and sector of transportation emits 

approximately equal amounts of CO2 emissions annually. However, it is shown in previ-

ously presented Figure 3 that by 2050 hydrogen will  be used six times more in the 

transportation sector than in the power generation. Although the need for emission 

reductions is equal, analysis shows that the transport sector seems to be a more at-

tractive option for clean hydrogen. Such an assessment can be partly explained by the 

matter that the transport sector aims to exploit green hydrogen, especially in heavy 

road vehicles, which cause a significant share of transportation emissions. 

In electricity generation, clean hydrogen cannot be burned in coal-fired plants, which 

are the most emitting power generation options. The utilisation of green hydrogen in 

electricity  generation is  otherwise  challenging,  as  in  several  cases  hydrogen would 

have to be transported to power plants along pipelines. Usually, construction is a slow 

and expensive process, especially for remote power plants. One reason for the poten-

tially low green hydrogen demand in electricity generation in the future can be con-

sidered to be an extremely low experience in the use of hydrogen compared to other 

sectors. For example, current hydrogen consumption within the EU is mainly related to 

the chemical industry (63 %) and refineries (30 %) (Jovan & Dolanc 2020). In the light of 

this information, it may be inevitable that sectors where hydrogen is already utilised 

for several years, will also have the highest green hydrogen consumption. 

In  contrast,  according to the 2020 gas  report  released by International  Gas Union, 

BloombergNEF, and Snam, the power generation sector could gain over 30 % of total 

hydrogen use globally in 2050. Strong policy actions and a large-scale hydrogen net-

work are required in this result. According to the report, power sector would gain a 

much bigger share of hydrogen consumption than estimated in the European Commis-
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sion's hydrogen strategy. This could be partly explained by the fact that the global gas  

report supposes hydrogen's price to be 0.9 € per kilogram to large consumers and 3.6 

€ per kilogram to road vehicles. In that case, demand for green hydrogen is lower in 

the transportation sector due to higher prices. 

In Figure 4, it is visible that the strength of the policy will strongly affect the competit-

iveness and demand for green hydrogen. With a weak policy, the demand will maintain 

a low profile in all sectors except transportation. However, this assessment is from the 

global perspective and needs to be taken into account when observing the magnitude 

of the values. It is not recommended to compare global and European results together 

because in a global scenario, all countries are considered, including those that have no 

access to gas networks and relatively cheap gas.
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Figure 4. Different green hydrogen demand scenarios by 2050. (Snam, IGU & 
BloombergNEF 2020).

3.2.2 Expanded need for renewable hydrogen

In electricity generation, the problem with the use of green hydrogen is also the ineffi-

ciency of energy shifting. This will result in a situation where an enormous amount of 

renewable surplus energy has to be produced. The required amount of renewable en-

ergy depends on how hydrogen is to be used in electricity shifting. Some processes re-

quire a greater amount of renewable energy but may have other benefits. The follow-

ing diagram, Figure 5, shows a review of three different options for hydrogen use in 
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electricity generation. The first option is to utilise hydrogen produced via electrolysis  

for the methanation process and then use the generated methane in power shifting. 

The second option is  to combust pure hydrogen in an internal  combustion engine. 

Since options one and two both are using ICE as a power source, the contribution of 

methanation to the total power shift can be observed. The third option in this compar-

ison is to feed renewable energy produced mainly from wind and solar sources to the 

electrolysis process and then regenerate electricity by using fuel cell technology. The 

efficiency of electrolysers was evaluated based on the previously mentioned IRENA 

(2020) and the fuel cells' efficiency based on the fact sheet released by the U.S. De-

partment of Energy (2015).

.

    

3.8 MWh

Input

Option 1

1 MWhICEWind or Solar Electrolyser Methanation

Hydrogen ICE 1 MWhElectrolyser

Electrolyser Fuel Cell 1 MWh

70 % efficiency

80% efficiency70% efficiency 47% efficiency

3.0 MWh

InputOption 2

Wind or Solar

47 % efficiency70 % efficiency

Option 3

2.4 MWh

InputWind or Solar
60 % efficiency

Figure 5. Three hydrogen utilisation options in electricity shifting. (IRENA 
2020: U.S. Department of Energy 2015).
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An expanding demand for renewable energy may cause problems when growing the 

hydrogen market. For instance, in the first option, 2.8 times more input electricity is re-

quired than the output of the process generating electricity. The most significant de-

velopment in this figure will most probably be the improvement of the electrolysis pro-

cess.  The  development  of  electrolysis  is  driven  by  the  fact  that  this  technology  is 

needed whenever green hydrogen is produced. The EU’s hydrogen strategy estimates 

€24 – 42 billion of investment in electrolyser technology by 2030. International Renew-

able Energy Agency (IRENA) has stated in 2018, that Alkaline (ALK) electrolysers can 

achieve up to 68 % LHV-based efficiency by 2025, and PEM electrolysers, which are 

more flexible and environmentally friendly can achieve the 64 % efficiency by 2025 

(IRENA 2018). 

 

One optimization solution to reduce energy losses is to strive to implement the whole 

energy shifting process as close to the final consumer as possible. The ideal situation 

would be achieved if all parts of the processes could be executed in the same location.  

Renewable  energy production,  electrolysis  process,  hydrogen storage,  power  plant, 

and final consumer close to each other would result in the lowest possible losses in the 

process. If large amounts of renewable energy have to be fed into the electricity grid, it  

can destabilize the grid's balance. If the distance between electrolyser and fuel cell is 

long, a hydrogen pipeline is required, which causes significant additional costs. If elec-

trolysers are connected in an off-grid system, electricity network-related charges and 

taxes can be avoided. Still, at the same time, their utilisation rate will be lower than 

100 % due to the nature of renewable resources. (IRENA 2018).

3.3 Profitability in electricity generation

The technologies listed above strive for the best possible profitability in the use of hy-

drogen. The profitability of green hydrogen in electricity generation is affected, for in-

stance, by the cost development of feedstock and the technology itself. The price of 

electricity  strongly  influences  the  cost  of  green  hydrogen.  The  competitiveness  of 
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green hydrogen is enhanced by an increase in the carbon price, a strong political action 

to control climate change. The purpose of this section is to examine the prospects for 

the profitability of green hydrogen based on various analyses by several research com-

panies and global agencies. The main focus is the profitability from the electricity gen-

eration point of view and the price development of green hydrogen.

3.3.1 Cost of green hydrogen

The costs of green hydrogen in the future are key factor that determine its profitability  

and success. If cost cannot be reduced in line with targets, deployment of green hydro-

gen on a large scale will be remarkably challenging. According to the European Com-

mission’s hydrogen strategy (2020), the cost of green hydrogen is currently between 

2.5 – 5.5 €/kg depending on, for instance, what kind of energy source is used. The IEA 

agrees and estimates that the cost of green hydrogen is 3.5 – 5 €/kg. It corresponds to  

EUR 0.10 - 0.15 per kWh. In turn, the cost of natural gas for non-household consumers 

was EUR 0.03 per kWh in 2018 in the EU. According to the estimates mentioned above, 

the price of natural gas is over four times cheaper than green hydrogen. The highest 

natural  gas prices among the EU member states are in Finland (0.06 per kWh) and 

France (EUR 0.04 per kWh). (Eurostat 2020a). The competitive situation between nat-

ural gas and green hydrogen will be explored further in Chapter 5.

 

There is also a clear difference in production costs between green and grey hydrogen.  

The cost of fossil-based hydrogen is around 1.5 €/kg, so in some cases, green hydrogen 

can cost over 3.5 times more than grey hydrogen at the moment. Different objectives 

of green hydrogen costs reduction have been published in other sources. Research 

company Wood Mackenzie has  stated that  the cost of  green hydrogen production 

could fall by 50 % by the end of this decade. This appraisal does not take into account 

the cost development of transportation and storage. The significant expense of green 

hydrogen is the cost of the electrolysis process. Over the past ten years, electrolyser 
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costs have dropped by 60 %, and a further 50 % reduction is estimated to occur by 

2030. 

 

BloombergNEF stated in the global gas report 2020 that the PEM technology cost has 

decreased even 50 % from 2.5 €/W to 1.25 €/W just in five years. As mentioned in the 

previous chapters, Germany aims to be a leader in the hydrogen economy. However, 

BNEF and IRENA publications indicate that China has clear superiority over other coun-

tries from the cost perspective. For instance, in the best case,  alkaline electrolyser 

Capex cost in China is currently around 0.18 €/W while the Capex of Western-made al-

kaline electrolysers were 1.1 €/W in 2019 (Snam, IGU & BloombergNEF 2020). In addi-

tion, BNEF estimates that the Capex costs could be reduced even lower, around 0.10 

€/W by 2030 in China. In turn, based on the IEA, the lowest Capex for the alkaline elec -

trolysers would be around 0.45 €/W currently. (Deutsch & Graf 2019). Consequently, 

IRENA and BNEF agree on the current level of alkaline electrolyser costs, while IEA con-

siders the costs higher in China. The costs of green hydrogen production need to be re-

duced in the short term. According to the European hydrogen strategy, the price of 

green hydrogen is expected to drop around 1.1 – 2.4 €/kg by 2030, which corresponds 

to  a  56  %  decrease  in  green  hydrogen  production  costs.  (European  Commission 

2020b). 

The profitability of green hydrogen is also affected by the price development of other 

energy sources. The most critical factor is the electricity price used for the electrolysis 

process. In the global gas report, BloombergNEF estimates the cost of green hydrogen 

in 2030 and 2050, and the results are visible in Figure 6. Large-scale production pro-

cesses and optimal Capex costs were used as an assumption. This optimistically con-

structed study shows that green hydrogen could become a competitive option as early 

as 2030. Another observation is that the cost range of green hydrogen will decrease in 

the future. Currently, the production cost of green hydrogen varies significantly, partly 

explained by different production conditions and volumes. It needs to be considered 

that this compares green hydrogen with low-carbon hydrogen. If green hydrogen were 
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compared to grey hydrogen (without CCUS), renewable options become competitive in 

later stages. The left-side Y-axis shows the price per mass unit, and on the right, the 

cost is presented by the price per energy unit.

Figure 6. Estimated levelized cost of green hydrogen (RE) and low-carbon options pro-
duced from Coal and Gas. Research is done by BloombergNEF. (Snam, IGU & 
BloombergNEF 2020). ($/MMBtu can be converted into €/MWh with a con-
version rate of 1 $/MMBtu = 0.29 $/MWh = 0.26 €/MWh)

In turn, Adam Christensen (2020) has assessed the development of green hydrogen 

prices  in  a  completely  different  way  compared  to  the  report  by  the  IEA  and  the 

European Commission. The International Council  of Clean Transportation funds that 

particular research paper, published in June 2020. The publication also criticises the re-

port published by BNEF in that the price of green hydrogen could fall to 1.25 € - 2.6 €/

kg. According to Christensen, BNEF is ignoring many system costs required in hydrogen 

production and focuses only on prices caused by electricity and water. This research 

has addressed the developments for costs of green hydrogen in the US and Europe. 
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 In case that the electrolyser is directly connected to the renewable source and the 

price of onshore wind is approximately between 30 – 50 €/MWh, Christensen estim-

ates that green hydrogen could be produced at the minimum cost of 2.58 €/kg in 2030. 

Considering regional differences in the price of renewable energy, the paper estimates 

that the median price of green hydrogen in 2030 could be 13.14 €/kg. Although these 

results are more conservative and other studies disagree with them, one important 

note is  that  hydrogen prices generally used in the IEA and EU reports can only be 

achieved under ideal conditions. The result from Christensen’s study is presented in 

following Figure 7. Further review for the green hydrogen prices is done in Chapter 5. 

Figure 7. Green hydrogen price in Europe in 2030. (Christensen 2020)

3.3.2 Price of electricity

As mentioned, the development of electricity and carbon price will have crucial impact 

on the profitability of green hydrogen. The ideal situation is achieved when electricity 

prices are low, and carbon prices are high. Low electricity price gives affordable hydro-

gen via electrolysis, and high carbon price would increase the expenditures of compet-

itors and improve hydrogen's cost-competitiveness. The cost of electricity produced in 

the EU via wind turbines can vary a lot. In 2019, the average grid price of wind energy 

was 35 €/MWh in Germany and 64 €/MWh in Italy. (Statista 2020). Momentarily lower  
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prices are already being reached in certain areas and scaling up production will con-

tinue to lower costs. 

 

As reported by Simon Flowers, the economics of green hydrogen would work with the 

electricity  price below 27 €/MWh. Due to extensive  price differences between the 

countries, it would be essential to produce renewable electricity where it is profitable. 

Significant developments are already taking place; for example, the cost of offshore 

wind energy has fallen about 50 % in the last five years. Senior research analyst of 

Wood Mackenzie, Ben Gallagher, has stated that the cost of green hydrogen produc-

tion could fall about 64 % by 2040 and make it cost-competitive with fossil-based hy-

drogen if electricity price remains low and facilitates this transition. In addition to this, 

the load factor of green hydrogen plants with renewable source should reach 50 %, 

while currently, it is around 20 %. (Flowers 2020). Plants are not profitable at utilisa-

tion rates of this level but need to be increased. The lack of components required in 

the production and low demand for green hydrogen diminishes the plant's load factor.  

Reflecting on above mentioned costs, three different scenarios for electricity prices are 

used to evaluate the production costs of green hydrogen in Chapter 5.

3.3.3 Carbon prices

An emissions trading system has been created to control greenhouse gas emissions in 

the  EU.  The  basic  idea  is  that  emissions  produced  must  have  the  corresponding 

amount of emission allowances, the price of which is determined by trading on a mar-

ket as other financial instruments. The most commonly traded emission is carbon cred-

its, which define carbon price in units of €/CO2ton. The magnitude of the carbon prices 

affects the feasibility of green hydrogen. Over the years, carbon prices have fluctuated 

heavily, and in February 2021, the price climbed up to an all-time high of 40.19 €/

CO2ton (Watson 2021). The European Union has recently increased the Linear Reduc-

tion Factor (LRF) from 1.7 % to 2.2 %. In this case, LRF means that the cap on the total  
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number of allowance quantities decreases linearly. (Bruninx, Ovaere & Delarue 2020). 

It is an indicative signal of the future development direction.

Assessing carbon price  developments  is  highly  complex due to  numerous affecting 

factors. Several different parties have assessed of the future carbon prices and how 

high the price needs to go for cleaner energy sources like green hydrogen to become 

competitive. The European Commission published its new climate ambition in Septem-

ber 2020 and set the target to a 55 % cut in greenhouse gas emissions by 2030 com-

pared to the 1990 level. In the report, multiple future scenarios are presented where 

carbon prices range from 32 €/ton to 65 €/ton. (European Commission 2020c). The 

Zero Carbon Commission has called the UK to raise carbon price to 61 € per tonne by  

2025 and 83 € per tonne by 2030. (Edie 2020). Despite the increase in carbon pricing in 

2020, it is estimated by the participants of the carbon market that the coronavirus will 

lower prices for a couple of years. As stated in the study by PwC, the average ETS price 

for the period 2021-2030 is estimated to be 31.71 €/CO2ton while it  was 36.05 €/

CO2ton a year ago. (IETA 2020).

The European hydrogen strategy estimates that 55-90 €/CO2ton is required to make 

blue hydrogen competitive with fossil-based hydrogen. The Financial Times released 

an article in August 2020 where the needed carbon price levels to make green hydro-

gen feasible against grey hydrogen in 2030 were evaluated. It was considered that if 

green hydrogen could be produced via electrolysis in the price range of 2-2.25 € per 

kilogram, a price of approximately 79 € - 102 € per tonne of carbon would be required. 

Also, the report states that a new pricing model for carbon could be in the pipeline. 

From their perspective, the cost of green hydrogen could become the crucial para-

meter of the new pricing model. (Lewis 2020). Also, higher estimates of the required 

carbon price have been presented. The required level depends on the price of gas or 

coal at which the grey hydrogen is produced.

Overall, carbon prices need to be ramped up if green hydrogen desires to be competit-

ive against low-cost fossil fuels. The same issue has been studied and observed in the 

global gas report as well, and Figure 8 shows the key results. The outcomes pointed 
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which sectors cause the most significant CO2 emissions annually and how high carbon 

price is needed to make the green hydrogen feasible in a specific industry. Power gen-

eration via gas solution is one of the largest CO2 producers, and carbon price needs to 

be multiplied by the current level to make green hydrogen competitive.

 

Figure 8. Required sectoral carbon prices to make green hydrogen (0.9 €/kg) competit-
ive against low-cost natural gas. (Snam, IGU & BloombergNEF 2020).

3.3.4 Feasibility of green hydrogen in intense competition

The basic idea behind using green hydrogen in electricity generation is that renewable 

energy is converted to hydrogen via the electrolysis  process and then regenerated 

back to electricity. The main advantage of this process is that surplus energy from re-

newable sources can be fed into the electrolysis process, and hydrogen can be used in 

power production when demand is higher. In this way, a balancing power system is 

possible, and surplus energy can be utilised. In electricity generation, the most sub-

stantial competitor gas to green hydrogen is natural  gas. Additionally,  batteries can 

efficiently convert chemical energy into electrical energy and operate as short-term 

energy storage. However, batteries cannot store a large amount of energy for a long 

period, such as weeks or even seasons. Therefore, long-term energy storage is the po-

tential market for green hydrogen.
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For the electricity producers and all of the closest stakeholders, it is valuable to recog-

nize when green hydrogen becomes competitive with natural gas. One particular study 

done by COAG Energy Council Hydrogen Working Group in Australia in 2019 looks at 

the cost of using hydrogen compared to alternative technologies in 2030. Results can 

be seen in Figure 9. It needs to be recognized that the study was done in Australia, and  

there may be some differences in production capacities and costs. The results, how-

ever, show that the breakeven point in the cost of hydrogen against alternatives can 

be achieved at different times in different sectors. According to this study, the price of 

green hydrogen would be around 1.7 - 2.5 €/kg. 

Green hydrogen would be most competitive in the transport sector when compared to 

the battery electric vehicles, especially in heavy duty solutions. This argument is also 

supported by the 2020 Global Gas Report, which estimates that hydrogen-powered 

fuel cell trucks will become more cost-effective than conventional diesel in 2031. At 

these price levels, green hydrogen would not be cost-competitive in light blue bar sec-

tors. As it is noticeable, the cost of green hydrogen is estimated to be twice as much as  

the cost of natural gas in power generation. Cost reduction should still be able to make 

for  cost-competitiveness.  The  results  would  be  slightly  different  if  the  comparison 

would be done between other energy sources.
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Figure 9. Estimated cost of green hydrogen in 2030 and cost-competitiveness against 
different options. (COAG Energy Council 2019)

It can be seen that green hydrogen will face stiff competition against natural gas for  

the market share. It is not straightforward to assess when green hydrogen competitive-

ness breakeven against natural gas will be achieved. In addition to the price develop-

ment of green hydrogen, natural gas's price is expected to increase in the future. The 

issue that needs to be addressed in the gas conversation in the EU is the dependency 

on  imported  gas.  Based  on  Eurostat  (2020b),  natural  gas  dependency  in  the  EU 

reached its all-time high of 89.5 % in 2019. Russia is the largest single natural gas im -

porter with 40 % of total natural gas imports in the EU. (Eurostat 2019). The volume of 

energy imports in Europe is enormous, and it has increased over the recent years. Bet-

ter energy self-sufficiency is generally believed to improve national security and re-

gional economy. If green hydrogen can be produced locally in Europe and it can par-

tially displace the needed amount of natural gas, it could reduce the energy depend-

ency in Europe.



47

The same form of power generation can produce electricity for several different uses. 

The solution can generate electricity as a baseload or instead as a peaking unit de-

signed to balance fluctuations in the electricity markets. When the number of renew-

ables is increasing, clean, load-following power plants are needed. The peaking units' 

purpose is to generate electricity during consumption peaks, and one of the most im-

portant features is a quick start and ramp-up time. The Hydrogen Council published a 

report in January 2020 on the cost competitiveness of hydrogen. Based on the study, it 

can be seen that only fuel cell  backup generators and combined turbines would be 

competitive in a group of low-carbon applications in electricity generation. However, 

those solutions would not be cost-competitive compared to conventional sources. The 

results are visible in Figure 10.

Figure 10. Hydrogen profitability comparison in different sectors. (Hydrogen Council 
2020).
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4 Pipeline transportation and storage

Hydrogen can be transported in numerous ways, but at the same time, transportation 

is one of the critical challenges of the hydrogen business. Hydrogen can be transported 

via trucks or ships in the form of pure gas or liquid. However, as stated in several re-

search pieces, hydrogen transported in large volumes in the pipeline has been seen as 

the  most  cost-effective  way.  According  to  the  European  Commission  hydrogen 

strategy, to facilitate a well-functioning hydrogen market, potential users need to have 

incontinent hydrogen access. (European Commission 2020b). This chapter will cover 

pipelines as a transportation method of green hydrogen. Hydrogen networks could be 

converted from the existing natural gas pipeline, or completely new infrastructure for 

hydrogen could be built. In addition to these options, hydrogen can be blended with 

natural gas. 

4.1 Existing pipelines

Europe has one of the most comprehensive gas networks globally, with 2.2 million kilo-

metres of the gas pipeline inside the continent. (Hydrogen Europe 2019: 4). In practice, 

all operating networks are built for the use of natural gas. For green hydrogen to be-

come the main decarbonisation option in the EU, it needs to transport in large quant-

ities cost-effectively. Under the current circumstances, the existing natural gas network 

could be utilised to grow the green hydrogen markets in the EU. Minor changes to the 

current natural  gas network would be required if green hydrogen were used in the 

power-to-X process to produce synthetic methane. In the process, electricity is gener-

ated by renewable energy sources, used to separate hydrogen from the water via elec-

trolysis, CO2 is captured from the atmosphere or straight from the industrial processes, 

carbon is combined with hydrogen and various synthetic fuels such as methane (CH4) 

can be created. The most significant feature of synthetic methane, in this case, is that  

it can be fed directly into the existing natural gas network without remarkable changes 
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in infrastructure. A Disadvantage of synthetic methane is that the shifting process's 

efficiency will decrease due to methanation, as observed in Figure 5. 

 

In the second option, clean hydrogen is blended with natural gas in a specific ratio. The 

European Union member states have individual national limits on how much hydrogen 

can be blended with natural gas. For instance, in Finland, the limit is 1 % by volume, 

while in France, the limit is 6 %. (IEA 2020). When hydrogen is blended with natural 

gas, only some latest modifications to the infrastructure are required. 

 

Several different standpoints have been expressed on the benefits of hydrogen blend-

ing utilisation. As stated by the CEO of the Italian energy infrastructure company Snam, 

hydrogen blending is a smart way to extend the production and utilisation of hydro-

gen. They have successfully tested the world's first hydrogen blend, a natural gas net-

work-designed turbine, in July 2020. Globally, Snam is operating over 41,000 km of the 

natural gas network, and they have announced that about 70 % of its Italian network is 

ready for hydrogen blend already today. The tested turbine by Snam is designed to run 

a blend of up to 10 % hydrogen. (Snam 2020). One of the main advantages is that hy-

drogen blended with natural gas can reduce CO2, carbon monoxide (CO), and hydrocar-

bons (HC) emissions. On the other hand, hydrogen use could increase nitrogen oxide 

emissions, and studies have shown that CO2 reduction is relatively low. According to 

the calculations, blending 10 % of hydrogen into the total gas capacity operated by 

Snam would lead to 5 million tons of CO2 reduction per year (Snam 2020). 

 

For internal combustion engines, it has been explored that 20 % of hydrogen in the gas 

mixture is ideal for achieving the best possible engine performance and low emissions 

at the same time. When the portion of hydrogen increases, the temperature of ex-

haust gas rises, creating an ideal condition for the formation of NOx emissions. Due to 

the high flammability of hydrogen, safety concerns also set their limits for the mixture. 

Studies have estimated that blends below 20 % have only a minor risk for ignition. The 

leakage rates of hydrogen could be 3-4 times faster than methane through the sealing 

materials (Melaina, Penev, Steward, Antonia, Bush, Daniel, Heimiller & Melius 2012). 
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The blend can be considered to decreases the value of hydrogen. And it also affects 

the quality of gas used in Europe. 

The load factor is not high level across the existing gas network, and therefore the util-

isation rate of a certain distance of the gas network could be too low. This kind of nat-

ural gas pipeline status offers an opportunity to adapt the existing network to suit 100 

% pure hydrogen. Some European countries have already taken actions towards the 

green hydrogen gas network.

 

Germany announced in March 2020 that it would build the first 130 km of green hy-

drogen pipeline by 2022. (Radowitz 2020a).  Also, Germany is planning to build 1,200 

km by 2030. Up to 1,100 km of the hydrogen network is planned to be converted from 

the existing gas network. Total costs of the new grid are estimated to be around 600 

million euros which mean about 500 k€/km. One of this new grid's main objectives is  

to facilitate a climate-neutral future for steel and chemical industries. Germany's gas 

grid operator's association has already announced the plan for a 5,900 km hydrogen 

network, and this would be implemented by using the existing infrastructure 90 %. 

(Radowitz 2020b). It gives a strong signal that the utilisation of existing gas networks 

will play a vital role in green hydrogen infrastructure.

 

From an electricity generation perspective, transportation is one of the key factors for 

success.  It  is  almost  impossible  for  electricity  producers  to  access  the  necessary 

amount  of  hydrogen  without  connecting  to  the  gas  network.  Based  on  published 

strategies,  existing natural  gas  pipelines with hydrogen conversion are  seen as  the 

most feasible option, at least in the initial phase.

4.2 New pipeline infrastructure

The cost of the new hydrogen pipeline infrastructure is highly challenging to estimate 

due to several price-influencing variables. However, the most significant single factor is 

the size of the installed capacity. The nature of the hydrogen imposes additional re-
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quirements for the used materials. For instance, a commonly used material in natural 

gas networks is carbon steel which is not suitable for the pure hydrogen pipeline be-

cause of the embrittlement of steel material. The effect of hydrogen on materials is 

one of the key research topics for scientists. (Elaoud, Hafsi & Mishra 2018). The fibre-

reinforced polymer (FRP) is presented as one solution for the material of hydrogen 

pipeline. The installation cost of FRP could be about 25 % lower compared to the con-

ventional pipelines (Rawls, Ronevich & Slifka 2017). 

 

Additional welding procedures and testing for gas leaks need to be considered when 

using hydrogen instead of natural gas, and those cause additional costs. There are also 

other research results available on the use of steel materials in hydrogen transport. 

The National Institute of Standards and Technology (NIST) has studied the durability of 

various steel products and ended up with results that high-strength steel models like 

X70 with a thickness of 0.375 inches (9.53 mm) do not have a high risk for fatigue 

crack. (NIST 2015). The European Hydrogen Backbone (2020) report states that only 

minor changes are required to convert the existing network to hydrogen. According to 

the report, pipeline materials are generally the same, and the main modifications are 

nitrogen purging, crack identification equipment, and valve replacement. These modi-

fications are estimated to cost about 10 – 25 % of the new hydrogen pipeline. (Buse-

man, Peters, van der Leun & Wang 2020).

 

Moreover, rights of way (ROW) are needed when a new pipeline is constructed. ROW 

is the right for land use, which will increase the pipeline's total capital costs. Based on 

pipelines built in the past, it could be estimated that the cost of ROW would be around 

6 – 10 % of the total infrastructure cost. (Menon 2015). Researchers from NIST have 

examined in 2015 the potential cost of a hydrogen pipeline and stated that it is more  

expensive than other types of gas pipelines. Depending on the dimension of the pipe 

and other factors, it has been found that the cost of a hydrogen pipeline network could 

be up to 68 % higher than a natural  gas network. As stated by Professor Van Wijk 

(2019), large-scale pipeline projects have shown that the average cost is 1 million € per 

10 Gigawatts per kilometre. However, costs vary a lot by region, and the large-scale  
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construction of hydrogen networks will most probably face some unpredictable chal-

lenges in the future. Also, Professor Van Wijk estimates that approximately losses 2 % 

could be taking place in hydrogen transportation. That value is used in the calculations 

in Chapter 5.

In addition to Germany, the EU has also released its targets to build an extensive hy-

drogen network in Europe. According to the report supported by Guidehouse and pub-

lished in July 2020, construction of the European hydrogen backbone would be com-

pleted by 2040, including 23,000 km of hydrogen pipelines. By 2030, around 6,300 kilo-

metres of hydrogen network in Europe, mainly converted from the existing natural gas 

network. By 2040, it is estimated that 75 % of the European hydrogen network would 

be converted from the natural gas network, and only 25 % would be a new hydrogen 

network. The designed backbone network in Europe for hydrogen is visible in Figure 

11. 

 

The backbone is connected to northern Africa via Italy and Spain. Eleven gas infrastruc-

ture companies have been involved in creating this report. These companies are loc-

ated in ten different countries appearing on this map. Because not all European coun-

tries are involved in this initiative, some possible additional routes are marked with a 

dotted line only. In the case of hydrogen production in Africa, the idea would be to ex-

ploit the significant solar energy capacity in the Sahara Desert. In this way, competitive 

green hydrogen could be produced and imported into Europe. Further research about 

Africa's potential as a producer of green hydrogen is required but considering that op-

portunity is excluded from this thesis. Figure 11 also indicates possible storage loca-

tions for hydrogen, and those are discussed in the following chapters.
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Figure 11. Plan for European hydrogen backbone. (Buseman, Peters, van der Leun & 
Wang 2020).

 

The construction of the new hydrogen network is the most significant single invest-

ment in hydrogen transmission. However, operating costs can rise high because, ac-

cording to the Energy Technology Analysis (2014) by IEA, the energy required to main-

tain sufficient pressure can be as much as 10 – 15 % of transported energy. Compres-

sion costs consist of the price of electricity used for compression and the equipment 

investment itself. Therefore, the total cost, including capital and electricity costs, is es-

timated to be around 0.9 – 1.75 €/kg. (IEA 2014). These costs can be reduced via scal-

ing up the hydrogen economy, and that is exactly what the EU is aiming to do. Also,  

IEA's study is already six years old, and not all factors are the same as they used to be. 

Most likely, the overall prices of compression are already lower when compared to the 
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level  of 2014. However, it  is  also estimated that compression requirements will  in-

crease between 2030 – 2040 due to significant transfer distances of the hydrogen. 

Based on the European Hydrogen Backbone (EHB) initiative (2020), in the 2020s, the 

EU aims to utilise hydrogen blend with natural gas and start adapting the first natural 

gas networks to pure hydrogen. From the beginning of the 2030s, the intention is to 

begin the large-scale conversion of the natural gas network into hydrogen and at the 

same time build new pipelines. The supply chain of hydrogen is planned to be as fol -

lows:

1.    Hydrogen is produced either from renewable energy sources or fossil-based fuels 

with CCS technology (green and blue hydrogen).

2.    Transmission network including compression, metering, and distribution stations 

are constructed.

3.    Storages have been utilised

4.    Large industrial consumers use hydrogen directly from the gas network and other 

consumers through distribution stations.

The cost of this whole new infrastructure system is evaluated in the same EHB report. 

However, the accuracy and coverage of the cost estimation is rather insufficient. The 

transportation system's costs assessment varies on a large scale from 24 billion Euros 

to 64 billion Euros, while operating costs are expected to be 1.6 billion to 3.5 billion  

euros. In these scenarios, the load factor of the pipeline is assumed to be around 5,000 

hours. The main explanations for the large range of cost estimates are several uncer-

tainties such as the required capacity for hydrogen, the load factor of the pipeline and 

regional compression policies. Those factors need to be known for more detailed cost 

estimates. In general, the report states that the transportation costs are a relatively 

small portion of the total cost of hydrogen. Table 3 provides an apparent reason for  

the popularity of retrofitted pipelines. A hydrogen-ready pipeline can be built half of 
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the  price  when  using  the  retrofitted  pipeline.  Values  in  Table  3  are  later  used  in 

Chapter 5 to present hydrogen transportation cost.

Table 3. Cost comparison of levelized cost of the new and converted infrastructure 
(European Hydrogen Backbone 2020).

According to the European plan, the hydrogen backbone would consist of a 75 % retro-

fitted pipeline, while new infrastructure would present the share of 25 %. From Table 

3, it can be concluded that a retrofitted option for hydrogen transportation is the most 

sensible solution in the light of costs. However, this estimate does not consider the 

amount of money spent in the past for the construction of the natural gas pipeline. 

Based on the first hydrogen transportation project, it has been possible to estimate 

that new infrastructure for hydrogen is quite similar to natural gas infrastructure. Ac-

cording to the EHB report, the costs of the new hydrogen network are about 10 – 50 % 

higher than the natural gas network.

4.3   Storage capacity in Europe

It is also desired to utilise green hydrogen due to its ability to store renewable energy. 

If  surplus renewable energy would otherwise be wasted, it can be used to produce 
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green hydrogen that can be utilised, for example, in electricity production at a later 

stage. In order to use hydrogen in electricity production when needed, a storage sys-

tem for hydrogen is also required. Suppose the share of renewable energy production 

is significantly increased in line with international targets, the surplus energy will also 

be generated progressively and cause instability in electricity markets that need to be 

balanced by short- and long-term energy storages. 

 

In the European Hydrogen strategy, the seasonal storage need for hydrogen is also 

identified. The main advantages of hydrogen storage are the rapid availability of hy-

drogen during demand peaks, assurance of hydrogen supply, and flexibility in hydro-

gen production. (European Commission 2020b). Hydrogen can be stored as a pressur-

ized gas in vessels, underground facilities, or in the form of liquid. However, hydrogen 

must be cooled to -253 °C if the liquid form is desired. That would require a lot of en-

ergy, 0.2 % boil-off losses can occur, the process can be expensive; therefore, this op-

tion has not been seen as promising and effective. Continuous operation requires a 

large amount of hydrogen. In tanks and vessels, such quantities cannot store in, turn-

ing attraction into underground facilities. In this category, salt caverns, depleted gas 

fields, and aquifers storages are seen as possible options to store hydrogen. (Laban 

2020).

 

Among different storage alternatives, salt caverns have been seen as the best storage 

option for hydrogen. In certain areas, the soil contains rock salt, which forms salt bed 

deposits. This formation can be exploited by drilling a hole and pumping water into the 

deposits, which will dissolve the salt. After the water is pumped out and an empty cav-

ern is formed where, for instance, oil and gas can be stored. Salt caverns can form 

large storage capacity and are currently the most profitable way to store hydrogen. 

The pressure of hydrogen can be increased, but it will lead to higher risks like gas leaks,  

auto ignition, and hydrogen contamination. Naturally, hydrogen diffusivity is approxim-

ately three times larger than methane, so high-quality materials such as gaskets and 

pipes are required. To detect leaks, an extra substance, usually butanethiol, is added to 

natural gas to reveal the leaks. Challenge is that no light enough substance has been 
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found for the same purpose when using hydrogen. Certain impurities can cause deteri-

oration of hydrogen quality in salt caverns, one of which is the formation of hydrogen 

sulfide (H2S). (Laban 2020).

 

One of the challenges is that rock salt formations are not discovered everywhere. Due 

to significant regional variation, there are no similar conditions for the hydrogen stor-

age geographically. Since storage is considered one of the preconditions for the suc-

cess of hydrogen, a site for hydrogen use needs to be chosen according to regional 

storage resources. The countries may have either onshore or offshore salt cavern capa-

cities. For instance, in Europe, the most outstanding storage potential can be found in 

Germany, as shown in Figure 12 (Caglayan, Heinrichs, Kukla, Linssen, Robinius, Stolten 

& Weber 2020).

Figure 12. Cavern storage capacity per country (Caglayan et al. 2020)

According to Caglayan et al. (2020), the total cavern storage capacity for hydrogen in 

Europe is about 84.8 PWh. In proportion, this means that more than 127 times as 

much hydrogen could be stored in Europe as the EU's annual hydrogen production tar-

get is by 2030. If the European storage capacity is compared to the ambitious scenario 
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for hydrogen production presented in Figure 3 (2251 TWh), the production target will  

represent about 2.6 % of the total storage capacity. 

Costs  of  the salt  caverns may vary due to several  factors but,  for  instance,  Gorre, 

Leeuwen & Ortloff (2018) have used the price of 0.11 €/m3 for the salt cavern in their 

study. According to their research, a maximum of 280 kWh/m3 of hydrogen can be 

stored. It means that the price per unit of energy for hydrogen storage is approxim-

ately 0.036 €/kWh. If this estimated cost is scaled up, hydrogen storage for the EU's 

2030 target (665 TWh) would cost about 24 billion €. Also, Opex costs are estimated to  

be 2 % of Capex, which would mean annual costs of 479 million €. According to the  

master's thesis by Laban (2020), the total energy losses in hydrogen storage is about 3 

%. This amount has also been used in the calculations in Chapter 5.

The energy sector's transition also brings the need for long-term energy storage, and 

salt caverns are the most suitable option to store hydrogen. More practical experience 

in using salt caverns is needed to overcome technological challenges and evaluate ac-

tual costs. Chapter 5 utilises the cost and efficiency estimates discussed in the thesis 

when calculating the total cost of the energy shifting process from renewables to gas 

and back to electricity.
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5 Scenario analysis

The most significant benefit of green hydrogen in the electricity generation sector is 

the possibility of acting as long-term energy storage and therefore generating electri-

city during consumption peaks and improving the security of the electricity supply. The 

lower the price of “power-to-gas-to-power” shifting process can be achieved, the more 

of power plant capacity can be utilised. In this section, different scenario calculations 

were executed to identify and analyse the potential of green hydrogen in electricity 

generation  from  the  perspective  mentioned  above.  The  results  presented  in  this 

chapter are indicative. The complete shifting process is highly complex and includes 

many variables and not all the factors could be estimated in this thesis. However, the 

calculations aimed to take all of the relevant factors into account as thoroughly as pos-

sible.

 

5.1 Values and baseline scenario

This scenario analysis consists of three different configurations of variables to study 

each factor's effectiveness on the price of electricity produced via green hydrogen. In 

these scenarios, hydrogen production via renewables, hydrogen transportation, stor-

age, and end-use in electricity generation are included. The following lists show the 

values that remain the same in all scenarios and changing parameters. Also, due to the 

intention to keep the calculations simple, ignored factors are presented in the third 

list. 

Constant values:

1. Electrolyser Opex = 0.17 €/ kgH2 (Assumed figure)

2. Transportation losses of hydrogen = 2 % (Van Wijk)

3. 1 kg of hydrogen = 33.33 kWh

4. Storage losses = 3 % (Laban)

5. Fuel cell Opex = 0.17 €/ kgH2 (Assumed figure)
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Changing parameters:

1. Price of electricity (€/MWh)

2. Electrolyser efficiency (%)

3. Transportation LCOH (€/kgH2/1000 km)

4. Fuel cell efficiency (%)

5. Storage costs (€/kg)

6. Carbon price (When compared with natural gas) (€/CO2ton)

Ignored factors:

1. Capex of electrolyser and fuel cell

2. Maintenance cost of electrolyser and fuel cell

The transportation loss was assumed to be 2 % which Professor van Wijk (2019) used 

in his study. Transportation losses are affected by the pipe's diameter, distance, and 

several other factors, but a fixed estimate of transportation losses is sufficient to de-

scribe these scenarios' situation. A lower heating value of 33.33 kWh per kilogram of 

hydrogen was used as energy content in these calculations. Hydrogen storage costs 

were estimated to be around 3 % in each scenario, as presented in previous Section 

4.3 based on the master's thesis study by Laban (2020). The electrolyser and fuel cell's  

operating cost (Opex) are estimated to be around 5 €/MWh, which is equal to 0.17 €/

kgH2 when LHV-based energy content of hydrogen, 33 kWh/kg is taken into account.  

Due to the similar operational principle of electrolyser and fuel cell, and the lack of ac-

tual large-scale projects, this same Opex is assumed to be the same for both technolo-

gies and each scenario.

 
The effect of changes in parameters on the final price was observed. The final price 

means the price of electricity generated at the end of the shifting process via fuel cells,  
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and it could also be called an end or final product of the shifting process. In order for 

green  hydrogen  to  become  a  suitable  long-term  energy  storage  option,  this  price 

should be lower than the price of electricity in consumption peaks. The price of the 

end product (electricity) of the shifting process does not compete with the price of a 

base  generation  of  renewable  electricity.  Still,  lower  costs  of  available  renewable 

power support the competitiveness of the shifting process. 

The baseline scenario was firstly created, and its values were determined based on the 

several studies already presented earlier in this thesis. Table 4 introduces the values 

for baseline scenarios and the price of electricity produced via fuel cell technology. The 

price  of  electricity  was  chosen  based  on  earlier  studies.  For  instance,  Christensen 

(2020) uses 30 – 50 €/MWh price for directly connected onshore wind power. In these 

scenarios, directly connected onshore wind was also used, and that is why 35 €/MWh 

was chosen for the baseline scenario. Additionally, Statista (2020) showed that the av-

erage grid price of wind power in the EU was around 30-40 €/MWh in countries where 

wind power is widely utilised. As presented in Section 3.2.2, IRENA has estimated the 

LHV efficiency of electrolysers around 68 % by 2030. Based on that analysis and previ-

ous development, 65 % efficiency was used in the baseline scenario. 

 

The levelized cost of hydrogen in transportation is based directly on the previously 

presented hydrogen backbone strategy where LCOH in transportation was 0.13 €/kg/

1000 km in the medium scenario. Transportation costs estimates are divided into three 

categories in the backbone strategy. A medium-cost forecast in the baseline scenario 

made sense as it gets a place between ideal and conservative conditions. To simplify 

the calculations, it was assumed that 1000 km transportation of hydrogen to fuel cell 

power plant is required on average. 

 

BNEFs estimated costs about storing hydrogen in salt caverns were used for these cal-

culations as well. Based on the analysis, the price of storage varies from 0.1 €/kg to  

0.21 €/kg (BloombergNEF 2020). Therefore, the price of 0.15 €/kg was used in the 

baseline scenario. LHV-based fuel cell efficiency of 55 % was used in this scenario (U.S.  
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Department of Energy 2015).  The baseline scenario is presented in following Table 4. 

The price of hydrogen column is indicating the hydrogen price per kilogram in each of  

the points. The price is lower and increases as more stages of the process are taken 

into account.

Table 4. Baseline scenario for the process of hydrogen production and utilisation in the 
fuel cell technology to produce electricity.

The baseline scenario shows that the final price is formed mainly by the cost of renew-

able electricity, fuel cell technology efficiency, and electrolyser efficiency. If the cost of 

renewable electricity cannot be influenced, the most crucial development objects are 

the electrolyser and fuel cell technologies' efficiencies. The price of 134 €/MWh is too 

high to compete with Europe’s current electricity generation. The following section will 

study how the change in each variable affects on the final price.
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5.2 Variable analysis

The analysis was performed by changing the variables one by one. This kind of ap-

proach enables a more efficient way to identify each variable's effect on the final price.  

The impact of the variables is first presented in Table 5 and then explained verbally. 

Table 5 lists the variables according to Scenarios A and B. The parenthesis value repres-

ents how many percentage points change the individual variable change would cause if 

other variables were kept on the same level as in the baseline scenario. The green val-

ues mean that effect will be positive so that the final price will be lower than in the 

baseline, and red values indicate that the impact is negative and the final price in-

creases. The table indicates that the cost of renewable electricity and the efficiency of 

technologies have the most significant impact on the final price in these scenarios.

Table 5. The changing parameters in the scenarios and their individual effect on the fi-
nal price compared to the baseline scenario.
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5.2.1 The effect of renewable electricity price

In these scenarios, wind power's price represents a significant role in the price of the  

end product. The purpose of calculations was to show the potential of green hydrogen 

if the development of costs and efficiencies continue positively. Therefore, the cost of 

renewable electricity drops from 35 €/MWh to 25 €/MWh by 2030 in scenario A. Al-

though the price is low, this kind of development is already visible in Europe. The price 

of electricity in scenario B is chosen according to the conservative evaluation that the 

price will rise to 45 €/MWh. 

In case that all other variables are kept constant as in the baseline scenario, and the 

price of renewable electricity is 25 €/MWh, the final price of hydrogen decreases from 

2.36 €/kg to 1.82 €/kg. Also, the cost of electricity via fuel cell would fall from 134 €/

MWh to 104 €/MWh, which corresponds to a drop of over 20 % in electricity price. 

In turn, if the price of renewable energy increases in line with scenario B to 45 €/MWh,  

the final price of hydrogen would be 2.9 €/kg and the cost of electricity produced by 

the fuel cell 163 €/MWh which is more than 20 % higher compared to the baseline. 

Based on the results, it can be concluded that the cost of green hydrogen is strongly 

dependent on the price of  renewable energy available for  electrolysis.  However,  it 

needs to be noted that the price range of renewable energy is wide in these scenarios. 

5.2.2 Efficiency of electrolyser

As a continuation of the price of electricity, the next consideration is a crucial techno-

logical factor in green hydrogen production, and it is the efficiency development of 

electrolysers. Several pieces of research and commercial articles have tried to assess 

the development, but a common vision has not been found. Also, there are multiple 

views  on  what  kind  of  electrolyser  efficiencies  are  currently  achieved  on  average. 

IRENA’s report at innovation week (2020) was used as a source in this thesis to evalu-

ate electrolysers efficiency, according to which current conversion efficiency is about 
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65 % and could be increased to as high as 75 % by 2050. Therefore 70 % efficiency has  

been used in scenario A, 60 % in scenario B, and 65 % efficiency in the baseline scen-

ario.

While other variables were kept at the same level as in the baseline scenario, and only 

electrolyser efficiency was increased by 5 % points to 70 %, an over six percentage 

points decrease from in the price of electricity from 134 €/MWh to 126 €/MWh was  

achieved. If efficiency decreased to 60 % and no changes in the other factors, the final  

product price would be about six percentage points higher than in the baseline scen-

ario rising to 142 €/MWh. In summary, along with the cost of renewable electricity, im-

provements in electrolyser technology are significant for the feasibility of green hydro-

gen in the electricity generation sector. 

5.2.3 Transportation Levelized Cost of Hydrogen

A comprehensive network for hydrogen transportation is required when hydrogen can-

not be utilised immediately next to the production site. In Chapter 4, it was stated that  

pipeline solution is the most efficient way to transfer hydrogen in large quantities. Hy-

drogen backbone strategy was used as a basis of the present calculations, and in scen-

ario A, LCOH transportation was 0.09 €/kg. This 30 % decrease in transportation costs 

would decrease the final product's price by less than 2 %. In scenario B, the LCOH 

transportation was increased by 30 % from baseline to 0.17 €/kg, and it would only in-

crease the final price by less than 2 %. These figures were estimated based on the case 

where 75 percent of the transportation line is retrofitted, and 25 % is new infrastruc-

ture. An additional uncertainty aspect is that these values represent the cost of trans-

ported hydrogen per 1000 km. 
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5.2.4 Cost of storage

Renewable energy production is highly dependent on weather conditions, making it 

impossible to provide a constant amount of energy to electrolysers. Without the stor-

age capacity of hydrogen in electricity generation, the situation where electricity can 

be generated when additional power is needed cannot be achieved. BloombergNEF 

(2020) has estimated that hydrogen’s levelized cost of storage in salt caverns varies 

between 0.1 €/kg to 0.21 €/kg. If other variables are kept constant, and storage costs 

are dropped from 0.15 €/kg (baseline) to 0.1 €/kg, the final price of converted electri -

city would fall from 134 €/MWh to 131 €/MWh. In turn, if the cost of storage would in-

crease to a value of 0.2 €/kg, the price of electricity would rise by 3 €/MWh to 137 €/

MWh. 

 

Although transportation cost represents a small share of the total costs, improvements 

in hydrogen storage technology can significantly reduce the final price. There are still 

several uncertainties in hydrogen storage technology, and therefore the range of price 

estimates  is  wide.  In  addition,  these  calculations  did  not  take into  account  capital 

costs, which are estimated to be substantially high in hydrogen storage in 2030. 

5.2.5 Efficiency of fuel cells

The fluctuation range of efficiency has been selected based on the fact sheet released 

by the U.S. Department of Energy (2015). The impacts of fuel cell efficiency develop-

ments on the final electricity price of the shifting process are presented with the fol-

lowing bullet points:

1.  If the efficiency of fuel cells were improved by 5 % to 60 %, the final price of 

electricity would decrease by 9 % from 134 €/MWh to 123 €/MWh.
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2. If the fuel cells' efficiency were decreased by 5 % to 50 %, the final price of elec-

tricity would increase by 10 % from 134 €/MWh to 147 €/MWh.

5.3 Scenario comparison and blend with natural gas

Two different scenarios were reviewed in this section, of which B is more conservative 

than the baseline, and A is more ambitious. The end product prices based on the scen-

arios were compared with each other and with the price of electricity produced by a 

blend of natural gas and hydrogen. It was also considered how high the carbon price 

should be in different scenarios for green hydrogen to be a profitable electricity gener-

ation option.

5.3.1 Scenario A vs B

Finally, a situation where all variables are changed according to the scenario A and B is  

presented. Under the ideal conditions, all of the previously given changing parameters 

are set based on scenario A. It would lead to an "ideal" situation. According to calcula-

tion, the Power-to-Gas-to-Power conversion process's output would be the electricity 

production via fuel cell at the price of 87 €/MWh. These results are visible in Table 6.
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Table 6. Power to Gas to Power shifting process and its costs under ideal conditions. 
(Scenario A)

If all variables do not evolve in the best possible way but instead remain on the current 

level, the cost of the conversion process would be significantly more expensive than in 

Scenario A. The results based on that assumption are shown in Table 7. It is noticeable 

that Scenario B's parameters deteriorate hydrogen's competitiveness and lead to a 2.3 

times higher final price of electricity than in A. The final electricity price of the shifting 

process would be 197 €/MWh in this case.
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Table 7. Power to Gas to Power shifting process and its costs in conservative scenario. 
(Scenario B).

5.3.2 Hydrogen blends and natural gas in electricity generation

A cost comparison with other energy sources is needed to identify the magnitude and 

competitiveness of the results. In cost comparison, the role of green hydrogen in elec-

tricity generation needs to be taken into account. The increasing number of renew-

ables in the power system reduces emissions and increases the need for control power 

and energy storage. 

One of hydrogen's key values in the energy sector is operating as long-term energy 

storage, as mentioned in previous chapters. Due to different purposes and reasons in 

the  electricity  sector,  comparison  with  renewable  electricity  prices  does  not  make 

sense.  Instead,  this  section compares the costs of  natural  gas  and green hydrogen 

blends with the cost of purely natural gas used in internal combustion engines. The be-
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nefit of blending is that green hydrogen can be fed into the electricity market, which 

will reduce carbon dioxide emissions and thus decrease costs caused by the emissions 

penalty. As a disadvantage in a blending option, additional charges are caused due to 

green hydrogen production, and supply costs increase. The section aimed to assess 

whether the positive effects are more remarkable than negative ones and whether 

blending would be a cost-effective option. Most of the values used in the calculations 

have been selected based on the estimated future developments presented in the pre-

vious Chapters.

This analysis assumed that 20 vol.-% of hydrogen is blended with natural gas and fed to 

the existing pipeline.  As  presented in Section 4.1,  20 % mixing has  been found to  

achieve the best engine performance and low emissions at the same time. When the 

energy and mass content of hydrogen per MWh is calculated, it is observed that the 

proportion of hydrogen is minor; only 7.6 % of the energy content is hydrogen. Since 

the engine naturally produces about 290 kg/MWh of carbon dioxide emissions when 

fuel injection is 150 degrees before the top dead centre (Çeper 2020), emissions can 

only be reduced approximately by the amount of energy content of hydrogen. In this 

20 % blend, carbon dioxide production would be roughly 270 kg/MWh. 

The modified pipeline's cost has been selected based on the research (Melaina, Anto-

nia & Penev 2013) that estimates the extraction cost of hydrogen to be 4.2 €/kgH2 on 

average and in this configuration would correspond to the cost of 10 €/MWh. How-

ever, the same report states that additional supply chain costs could be as low as 0.8 

€/kgH2 on average if hydrogen can be extracted at a pressure-reduction site and high 

recompressing costs of natural gas can be avoided. In this case, it would be equivalent 

to the cost of 1.6 €/MWh. Worth noting is that the research used as a source is already 

several years old and does not necessarily fully reflect the current costs. Also, in the 

coming years, prices are more likely to continue to reduce than the increase from the 

current  levels.  However,  these  values  are  indicative  and  accurate  enough  for  the 

present calculations.
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The cost of natural gas has been selected according to imported natural gas data in 

Europe.  Ycharts  (2020)  indicates  that  the average price  of  imported natural  gas  in 

Europe from the beginning of 2019 to November 2020 has been approximately 3.9 

€/MMBTU. Converting that average gives a result of 14 €/MWh. A lot of volatility has 

been observed in the prices over years and recent months. During the coronavirus out-

break, the cost of imported natural gas in the EU fell in summer 2020 to as low as 5.4 

€/MWh, while in September 2018, the price was 33 €/MWh. Due to the exceptionally 

low natural gas prices in 2020, previous year was also included in the average review. 

It was assumed that these values represent the price based on HHV, so the LHV basis  

price can be calculated by multiplying 13.5 by a factor of 1.11, which is approximately 

15 €/MWh. After considering possible running cost and total efficiency of about 45 % 

of the gas-fuelled engine-based power plant, it is estimated that electricity is typically  

generated at 45 €/MWh without a carbon price. Following Table 8 shows the price of  

electricity generated by a gas engine when the natural gas is mixed with 20 vol. -% of  

hydrogen and carbon price is 50 €/MWh.
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Table 8. Cost review of 20 vol. -% hydrogen blend with natural gas.

The first observation from Table 8 is that CO2 emission reduction is relatively small with 

a 20 % volume-based blend. Increasing the emission price has minimal effect on the 

cost-competitiveness of hydrogen blend when comparing that option with traditional 

natural gas-fuelled power plants. If green hydrogen could be blended in the cheapest 

possible way with natural gas as presented in Table 8, the emission price of 225 €/ 

CO2ton would be required to make blending feasible in the light of costs. However, no 

direct conclusions that the hydrogen blend is not a reasonable option for decarbonisa-

tion cannot be done based on these results. Further studies and practical tests on the 

use of hydrogen blend need to be done.

Based on the calculations presented above, green hydrogen will  have a challenging 

path to become cost-competitive with natural gas in electricity generation. Neverthe-

less, it is advisable to remember that one of the primary purposes of green hydrogen is 

to be long-term storage for surplus energy of renewables. The value of that property 
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was not taken into account in these calculations. Additionally, methane is tens of times 

more potent greenhouse gas than carbon dioxide (Hamburg 2020). One of the factors 

that distress natural gas use is methane leaks at production sites, pipelines, and final 

consumption sites. Due to the small size of hydrogen molecules, the leaks are common 

and may cause the risk of fire or explosion, especially in an enclosed environment. 

However, hydrogen leakage itself is not hazardous and does not release greenhouse 

gas into the atmosphere like methane. Using hydrogen in a blend, methane leaks can 

be reduced, but that benefit has not been considered in these calculations. 

5.4 Peak prices in the European electricity market

Due to different circumstances, the price of electricity varies across the EU as a func-

tion of time, flexibility, and location. Because of fluctuating demand and lack of electri-

city storage, price of electricity does not remain constant throughout the day. Several 

different  electricity  markets  operating in  the EU determine the price  of  electricity, 

sometimes even in 15 minutes time frames. In terms of keeping electricity supply and 

demand in equilibrium and maintaining frequency on the level of 50 Hz within the EU, 

balancing markets is in place. (Reif & Schittekatte 2020). In this section, the EU's 2020 

day-ahead prices were examined on an hourly basis. Four countries, Finland, Germany 

Poland, and the United Kingdom, were selected for country-specific electricity price 

comparison, as visible in Table 9. Countries were chosen in such a way that their aver-

age day-ahead prices in 2020 were not identical. Table 9 shows the maximum day-

ahead prices at an hourly level in 2020 and the average prices. The most interesting 

part of Table 9 can be found from the line with a grey background, where the number 

of hours when the price of electricity has been over 87 €/MWh are presented. 87 €/

MWh represents the price at which green hydrogen could be used to produce electri-

city via fuel cell under ideal conditions. 
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Table 9. Country-specific comparison of day-ahead electricity prices in 2020 and feas-
ibility of green hydrogen-based plant.

The results in Table 9 were calculated based on the data from European Cooperation 

Organization Entso-E (2021). The average Day-Ahead price of electricity in Finland was 

the lowest within the comparison countries and up to 60 % lower than Poland's price. 

Again, it is worth noting that all electricity markets and actual prices are not included 

in this comparison. Factors such as the coronavirus pandemic that contributed to the 

drop in the electricity demand in 2020 certainly create uncertainty in country-specific 

results comparability. 

Although average hourly prices are fairly moderate, a closer look reveals significant 

variations in prices within a year, and high peak prices are emerging. Based on these 

findings, a review was conducted to determine the number of hours per country, with 

an average peak price of more than 87 €/MWh. Simplified, this means that power 

plants powered by hydrogen are feasible to operate when the plant can generate elec-
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tricity below peak prices. The results show that, for instance, in Finland, it would have  

been profitable to run a hydrogen-based power plant for approximately 83 hours if 

that plant could produce electricity at 87 €/MWh. The amount is not a high percentage 

of all hours per year but based on the figures for green hydrogen-based power plants, 

the potential to become a competitive source of electricity exists. In Section 5.3.1, the 

electricity price under ideal conditions was calculated based on the assumption that 

the  plant  is  operating continuously,  which  means  a  lower  load  will  lead  to  higher 

prices. In following Figure 13, it was simulated how many more feasible hours would 

be added per year in these four different countries if the price of electricity generated 

via a hydrogen-powered power plant could be reduced under 87 €/MWh. 

Figure 13. An increase in the number of feasible hours as a result of cost reduction.

Differences between the countries increase rapidly as a function of price and for ex-

ample, there would be multiple times more feasible hours in Poland than Germany at  
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the price of 60 €/MWh. The number of feasible hours remains low in Germany even 

when going closer to the average, hour-basis, day-ahead price. 

5.5 Discussion

This section evaluates the significance of the study, research findings and the accuracy 

of the results. The purpose of the discussion is to define how the findings are related 

to each other and their limitations. To assess whether hydrogen is a feasible option for 

electricity generation or not, the market potential was examined via several commer-

cial and scientific sources that mainly deal with demand, technical aspects, and costs 

analysis of the hydrogen economy. 

 

The review of the EU’s ambitious hydrogen strategy at the beginning of the thesis re-

vealed  a  real  political  will  towards  the  hydrogen  economy.  However,  ambitious 

strategies and targets do not decarbonise the sectors themselves, so actual projects 

are needed, indicating a true state of mind. The success and cost-effectiveness of the 

green hydrogen economy are currently highly dependent on public subsidies. Achiev-

ing competitiveness in electricity generation will require significant financial support 

for several years. The more countries and companies are involved in developing the 

hydrogen economy at the same time, the faster cost reductions can be expected.

 

The demand for green hydrogen within all different sectors and especially in electricity 

generation, was examined in the second section. According to the findings, industrial 

and transport sectors are gaining the strongest green hydrogen utilisation rate at the 

beginning. Industrial processes seem promising due to high volume demand and easier 

integration into existing systems than in many other sectors. However, the accurate as-

sessment of hydrogen demand in different sectors is challenging and may include sev-

eral uncertainties. It is also visible in commercial sources used in this study as a fluctu-

ating estimate. 
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Continuous  development  and rapidly  changing  circumstances  in  the hydrogen eco-

nomy can be considered as limitations of the assessments presented in this thesis.  

Market potential analyses and calculations in this thesis are highly related to the time 

of writing at the end of 2020 and the beginning of 2021. A comprehensive comparison 

of electricity generation technologies via hydrogen in this study was limited due to the 

awareness  that,  for  example,  100  %  hydrogen-powered  engines  have  not  yet  de-

veloped to  commercial  operation when the actual  advantages  would only  become 

clear. Large-scale hydrogen-based power plant projects will show the feasibility of each 

solution. 

Transportation and storage of hydrogen is a fascinating topic of research, and their  

evolution will strongly contribute to the success of the green hydrogen economy. This 

thesis  focused  on  studying  the  most  recently  released  hydrogen  transportation 

strategies and analysis of storage capabilities. Most costs and efficiency estimates are 

based on the available analysis by organizations and companies and not on actual pro-

jects, which causes uncertainties in the reality of values. A relatively minor amount of 

hydrogen infrastructure has been built,  and hydrogen storage in salt caverns is still 

largely under development. Despite these aspects, the transportation and storage sec-

tion is highly relevant for electricity generation and is also an essential part of this 

thesis and necessary for the calculations in Chapter 5.

 

The most significant outcome of the thesis can be considered the results in Chapter 5, 

which supports the theoretical part through practical calculations. The section utilises 

the estimates of technological and financial development of the green hydrogen eco-

nomy presented in previous sections. Calculations are not based on actual projects and 

it definitely needs to be taken into account when assessing the integrity of the results.  

There is no uniform target year used in the background of the scenarios, but most of 

the calculations' values were expected to be a reality around 2030 – 2040. Also, the 

calculations were simplified to make them feasible to implement within the framework 

of this thesis. For example, Capital expenditures of electrolyser and fuel cell were ig-
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nored in these calculations.  Capex might be significant,  but in this  case, were con-

sidered as a market bidding investment for plants and therefore is not included in the  

price of green hydrogen. 

 

The comparison of green hydrogen competitiveness with natural  gas-fuelled power 

plants did not consider the possible widespread use of CCS technology, which will re-

duce high carbon prices. Despite the possibility of faults and inaccuracies in calcula-

tions, the results indicate the range of values required for green hydrogen to become a 

cost-competitive peaking option in electricity generation.

 

Comparison of the four EU countries' day-ahead electricity prices revealed the number 

of hours with high peak prices. Only the free data source maintained by Entso-E on 

hourly basis day-ahead prices was used in reviews. It was possible to estimate the feas-

ibility of green hydrogen in electricity generation via simplified calculations. However, 

more accurate results were not achieved due to ignoring other actual electricity mar-

ket prices like the balancing market. Day-ahead market price analysis was still  con-

sidered to expand the view of green hydrogen feasibility in electricity generation.
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6 Conclusions and recommendations 

This thesis focused on reviewing the feasibility of green hydrogen in electricity genera-

tion. Analysing the recently published hydrogen objectives and strategies by the EU, 

technological and economic challenges, and creating own scenario calculations were 

the main part of the thesis. The work's main conclusions were collected to the follow-

ing lists, and further research recommendations were made based on the results. By 

comparing  hydrogen  strategies  and  technologies,  the  following  observations  were 

made about the hydrogen economy and its development around Europe:

 

1. The European Union's extremely ambitious strategy to multiply the production 

and use of green and other low carbon hydrogens by 2030 will steer the trans-

ition.

2. Several Member States have published their strategies, according to which Ger-

many is making the largest investments in terms of volume and achieving the 

most robust hydrogen economy in Europe.

3. In light of current information, internal combustion engines, gas turbines, and 

fuel cells are the most promising electricity generation options via hydrogen. 

Future development of technologies will show which technologies and compan-

ies will gain the strongest market share.

 

Recommendations: The EU's Member States' level of commitment to their hydrogen 

strategies could be an exciting area for further studies to assess whether the hydrogen 

economy is developing in the right direction on the desired schedule.

 

Although the European Union is investing heavily in the decarbonisation of hydrogen 

economy and potential technologies, the large-scale use of pure hydrogen in electricity 

generation still  includes  several  challenges.  The following list  summarises  the chal-

lenges that electricity generation may face in the coming years in hydrogen use:
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1. Sectors like industrial, where the deployment of green hydrogen is easier and 

more efficient,  will  gain  the strongest  demand  in  the beginning.  Therefore, 

availability for the needs of electricity generation is lower.

2. To enable power plants to operate on hydrogen and be a competitive peaker 

option, hydrogen distribution network connection and storage potential such 

as salt caverns are required.

 

Recommendations: Examine the commitment of industrial actors to decarbonise their 

processes via green hydrogen and compare this amount with the EU's targets.

 

Based on the findings of the thesis, the following conclusions can be made about the 

transportation and storage of hydrogen, which are essential parts from the electricity 

generation perspective:

 

1. In  early-stage  deployment,  due  to  lower  costs,  mainly  existing  natural  gas 

pipelines with low load factors will be converted to be suitable for hydrogen 

use.

2. Within the EU, the greatest potential to store hydrogen is in salt caverns. The 

amount of storage capacity is not seen as a problem, but technical and financial  

issues still need to be overcome before large-scale introduction.

3. It seems that infrastructure will be built when the production of green hydro-

gen starts  to increase, and investments in power plants will  begin after the 

proper infrastructure is ready. It is one reason why electricity generation is not 

the first sector with a high utilisation level of green hydrogen.

 

Recommendations:  A study of  actual  transportation and storage projects could be 

conducted. That information advantage could help electricity generation actors be well 

prepared for growth in the green hydrogen market.
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The different scenario calculations for the feasibility of green hydrogen in electricity 

generation were presented in this thesis. Conclusions drawn based on the calculations:

 

1. Green hydrogen-fuelled power plants could be competitive under ideal condi-

tions, but the costs and technologies are not yet at that point of development.

2. In the early phase, blending hydrogen with natural gas may be a reasonable op-

tion  due  to  existing  technologies  and  infrastructures  which  can  handle  the 

blend. However, minimal emission reductions indicate that this is not a feasible 

solution in the long run and will be the most probable option for the transition 

phase only.

3. The instability of electricity networks grows when the share of renewable en-

ergy sources increases. A hydrogen-based power plant may be a feasible option 

for seasonal storage if the most ideal conditions used in the calculations could 

be achieved. 

Recommendations: Further examinations of calculations presented in this study could 

provide more accurate data about the feasibility of green hydrogen in electricity gener-

ation. Reviewing the number of feasible hours per country, taking into account all ac-

tual electricity market prices, could provide more useful information.
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7 Summary

As the current energy transition continues, a dramatic drop in the use of fossil fuels 

and exponential growth in the share of renewables will be faced. In addition to redu-

cing emissions, the development will also cause imbalances in the electricity system 

stability. The need for control power is real, and in line with short-term energy storage,  

long-term storage capacity is needed, for which a pure gas such as green hydrogen 

could be a potential alternative. From these starting points, the need and importance 

for this study aroused.

The thesis's purpose was to conduct a study on the green hydrogen feasibility in elec-

tricity generation in Europe. The analysis of the thesis was based on scientific and com-

mercial articles about market potential and technologies. The literature review indic-

ated positive signs of future development, and a very high level of ambition was evid-

ent in recently released hydrogen strategies. The proper infrastructure and the devel-

opment of electricity generation technologies via hydrogen would play a key role in the 

success of green hydrogen in the electricity generation sector. Several technological 

challenges in electricity generation options are related to hydrogen's characteristic be-

haviour,  such  as  lightness  and  sensitive  self-ignition.  According  to  the  hydrogen 

strategies, existing natural gas infrastructure will be converted and utilised for the use 

of hydrogen at the initial phase.

Based on the calculations, green hydrogen may be a feasible option for the electricity  

shifting process and operate as long-term storage under ideal conditions, where hydro-

gen can be produced, transported, stored, and converted back to electricity at an af-

fordable price. Nevertheless, to achieve these targets, significant investments in the 

research and development of hydrogen-related technologies are required.  It  seems 

that  blending hydrogen with natural  gas is  the viable option,  only in the transition 

phase.  Only minor  emission reductions can be achieved by this  solution,  however. 

When the number of renewables increases in the system, clean, load-following power 

plants are increasingly needed. There is potential for green hydrogen here, as well. 
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Green hydrogen has a great potential to become a significant factor and missing piece 

in electricity generation,  but the required cost-effectiveness level  has not yet been 

achieved. 
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