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This study investigates the potential for power-to-X in Denmark and 
the EU.

The energy sector is responsible for 75% of all CO2 emissions. Meeting 
the objectives of the Paris Agreement will require fundamental 
changes to our current energy system: Rapid expansion in renewable 
electricity capacity and reduced dependency on fossil fuels in 
transportation, heating of buildings and industry sectors.

One possible part of the solution is power-to-X. Power-to-X is the term 
for technologies where renewable electricity through electrolysis is 
converted into hydrogen and then to synthetic gas and liquid fuels.

Power-to-X has the potential to decarbonise many sectors, but today 
it is virtually non-existent. Building a power-to-X energy system means 
stimulating demand, establishing production facilities and building 
transportation infrastructure.

Stimulating demand
⦁ Currently, hydrogen is not competitive with fossil fuels and the 

demand for hydrogen as an energy source is therefore 
negligible.

⦁ Demand could either be created by taxation of CO2 emissions 
or by subsidising hydrogen consumption.

⦁ A simple first step could be to require blending hydrogen into 
existing natural gas consumption.

EXECUTIVE 
SUMMARY (1)
__
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Building production facilities
⦁ Today, electrolysis capacity for producing hydrogen is negligible. 

Further research and development of large scale units are 
necessary to bring costs down. 

⦁ To accelerate the supply of hydrogen, establishment of blue 
hydrogen facilities could be considered. In these facilities, natural 
gas is converted to hydrogen and associated CO2 is captured and 
stored.

Establishing transportation infrastructure
⦁ Hydrogen is most effectively transported by pipeline. Converting 

part of the existing natural gas infrastructure could be a cost-
effective path.

⦁ In addition to connecting hydrogen production and demand, 
hydrogen infrastructure can provide seasonal storage and 
transmission infrastructure necessary for expanding the 
electrification of the energy system. 

EXECUTIVE 
SUMMARY (2)
__
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INTRODUCTION
__
Power-to-X is the term for technologies where 
renewable electricity is converted to hydrogen 
through electrolysis and thereafter to synthetic gas 
and liquid fuels.

Today, the idea that power-to-X can be part of the 
future energy system is gaining momentum.

The purpose of this study is to explain power-to-X and 
to highlight some of the steps that are necessary to 
make power-to-X part of the green transition. 

Report structure

1
The green transition of the energy section 
In this section, we briefly introduce what changes to the 
energy system are necessary to meet the objectives of the 
Paris Agreement.

2
What is power-To-X?
In this section, we introduce power-to-X and its potential as 
an energy source in different sectors. 

3
Building a power-to-X future
In this section, we investigate how Europe may build a 
power-to-X-based energy sector.

4
Current power-to-X projects
In this section, we present some of the power-to-X projects 
that are currently underway or being proposed.
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In this section, we outline the radical changes to the energy system 
that are required to meet the Paris Agreement.

The main findings are the following:
⦁ Decarbonisation of the EU energy system requires more than 

decarbonising the electricity generation with more renewable 
electricity.

⦁ Electricity only makes up 24% of energy consumption, and fossil 
fuels dominate transport, heating of buildings and industrial energy 
use.

⦁ The electricity generation has a long way to go before running 
entirely on renewables. In the IEA’s Sustainable Development 
Scenario, the renewable generation capacity needs to increase 
by 300%.

THE GREEN 
TRANSITION OF THE 
ENERGY SYSTEM
__
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Meeting the objectives of the Paris Agreement requires 
fundamental changes to the energy system

Total energy-related greenhouse gas 
emissions equalled 33 billion tons of 
CO2 in 2019. Emissions from 
developed countries have been 
relatively stable, but economic 
growth in developing countries 
means that total emissions have 
increased 62% since 1990. 

The aim of the Paris Agreement is to 
keep the increase in the global 
average temperature well below 2 
°C above pre-industrial levels and to 
pursue efforts to limit the 
temperature increase to 1.5 °C 
above pre-industrial levels.

The IEA’s World Energy Outlook 2019 
shows a Sustainable Development 
Scenario which illustrates the 
dramatic changes to energy-related 
CO2 emissions that are necessary to 
achieve the objectives of the Paris 
Agreement. 

Economic growth in developing countries are driving global energy-related CO2 emissions

1: The Paris Agreement, signed in 2016 by all 196 members of the United Nations Framework Convention on Climate Change (UNFCCC).

IEA: Dramatic emission-reduction is required to meet the targets of the Paris Agreement
SDS: Illustrative trajectory of energy-related CO2 emissions

Source: IEA (2020).
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Today, the majority of EU energy consumption is based on fossil 
fuels …

In recent years, the growth in 
renewable electricity generation 
from wind, solar and biomass has 
attracted significant attention. 
However, electricity only accounts 
for around 24% of all energy 
consumption.

European energy consumption 
continues to be heavily dominated 
by fossil fuels. Reducing energy-
related CO2 emissions is therefore a 
challenge across both consumption 
sectors and fuel types.

Decarbonising energy consumption 
is a challenge in all sectors. Some 
uses are probably simpler than 
others. For example:
• electric passenger cars
• domestic heating with electric 

heat pumps
And some uses are very hard to 
decarbonise. Including:
• aviation
• international maritime industries

1: ‘Other sector’ (1.721 TWh) excluded since it is not split on fuel types. Coal/oil/gas does not include use in power generation.

Today, European energy consumption is dominated by fossil fuels
European energy demand, TWh (2018)1
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… and the EU electricity sector is still a long way from running 
entirely on renewables

EU electricity generation mainly uses 
nuclear energy, coal and natural 
gas as fuels.

The focus on offshore wind, onshore 
wind and solar PV* in the past two 
decades has resulted in solar PV and 
wind generating 13% of the total 
electricity volume in 2018.

In 2019, the IEA released a study 
showing that the EU has a very large 
potential for offshore wind 
generation. Provided that the EU 
finds ways to secure balancing 
consumption and demand, there is a 
large potential for solar and wind to 
replace coal and natural gas at the 
power stations.

The IEA also highlights that the 
quickest way to reduce CO2
emissions from electricity generation 
is to use capacity on existing gas-
fired powerplants to phase out coal-
fired powerplants.

Coal and natural gas remain main sources of electricity generation today
EU electricity generation, TWh

Source: IEA (2019b).
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A sustainable energy system 2050: The IEA’s SDS outlines a major 
shift in energy consumption patterns …

The IEA’s Sustainable Development 
Scenario (SDS) outlines a 
transformation of the energy system 
aligned with the Paris Agreement:

1. Transportation is converting from 
oil to bioenergy and electricity on 
a large scale.

2. Natural gas consumption for 
heating buildings declines from 
improved energy efficiency.

3. Electricity consumption increases 
from electrification of transport 
and heating of buildings.

4. Bioenergy/biofuels increase but 
are limited by availability of 
renewable resources.

5. Hydrogen and power-to-X only 
play a minor role with some 
penetration in transportation.

A major element in the SDS is 
improved energy efficiency. The total 
European energy consumption 
decreases by 26%, mainly from 
improved energy efficiency in 
buildings and more energy-efficient 
vehicles. 

IEA’s SDS: Changes in consumption pattern reduce fossil fuel use1

Changes in energy consumption in the IEA’s Sustainable Development Scenario

Source: IEA (2019b), IEA (2019c) and Incentive.

Example: Transforming aviation energy use
• Emissions from aviation totalled 918 million tons 

in 2018 or around 2.5% of global energy-
related CO2. 

• Total emissions have grown 32% from 2013 to 
2018. Passenger transport constitutes 81% 
hereof.

• ICAO2 has committed to reducing CO2 
emissions by 50% from the 2005 level by 2050.

• This is reflected in the SDS by anticipating that 
biofuels reach 10% of aviation fuel demand by 
2030 and ~20% by 2040.

1: The IEA does not split gas consumption, natural gas and low-carbon gasses for Europe. They note that ‘over 15% of total gas supply in China and the European Union is low-carbon gas in 
2040’. 
2: International Civil Aviation Organization.
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… and a very large change in electricity generation

The IEA’s SDS includes a very large 
change to the electricity generation 
system:

1. Coal is almost completely 
phased out.

2. Wind generation grows by more 
than 300% and becomes the 
main source of electricity.

3. Solar PV also grows 300% but 
comes from a lower starting 
point.

4. Natural gas consumption 
declines. This reflects that in the 
IEA’s SDS scenario, gas-fired 
power plants mainly serve as 
peak load and reserve load 
capacity.

Overall, the SDS entails that the 
renewable share of electricity 
generation increases to 73%.

It is worth noting that the SDS does 
not incorporate power-to-X. A 
successful establishment of a green 
hydrogen energy sector could 
therefore increase the share of 
renewables even further.

IEA’s SDS: Fundamental changes in electricity generation
Changes in electricity generation in the IEA’s Sustainable Development Scenario
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In this section, we explain power-to-X and how hydrogen and 
hydrogen-based fuels could replace existing fossil fuels.

The main points are the following:
⦁ Power-to-X are technologies where renewable electricity is 

converted to hydrogen through electrolysis and either used directly 
as hydrogen or converted to synthetic gas and liquid fuels.

⦁ Hydrogen and hydrogen-based fuels such as ammonia, synthetic 
methane, synthetic methanol and synthetic jet fuel are all power-
to-X products.

⦁ The key advantage of power-to-X is that that the zero carbon 
electricity can in theory be produced abundantly from wind 
turbines and solar PV.

⦁ Power-to-X can be integrated with biogas to increase the 
biomethane production output.

WHAT IS 
POWER-TO-X?
__
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Power-to-X: From electricity to hydrogen, synthetic gas and liquid fuels

Power-to-X is the conversion of electricity to hydrogen, synthetic 
gasses and liquid fuels

Methane

Methanol

Ammonia

Hydrogen

…

Power-to-X is a term for conversion of 
electricity to hydrogen through 
electrolysis and thereafter to 
synthetic gasses and liquid fuels.

The first step is to transform electricity 
to hydrogen through electrolysis, 
which can then either be used 
directly or be converted to a range 
of zero carbon gaseous or liquid 
fuels.

By power-to-X technologies, in 
effect, the share of electricity in the 
energy system can increase beyond 
what is possible through direct 
electrification. 

The key advantage of power-to-X is 
that the zero carbon electricity in 
theory can be produced abundantly 
from wind turbines and solar PV.

In the IEA’s SDS, only 73% of 
electricity is produced from 
renewable sources, and so solar PV 
and wind will have to expand more 
than the SDS’s predicted 300% to 
provide renewable electricity for 
power-to-X.

Electrolysis

C
onversion
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Hydrogen and synthetic fuels can supplement electricity in hard-
to-electrify sectors

The IEA (2019) finds that most of 
today’s energy use can in principle 
be covered with either electricity, 
hydrogen or hydrogen-based energy 
forms.

In particular, some of the hard-to-
electrify sectors can use hydrogen or 
synthetic fuels, including:

⦁ Ammonia – could be used for 
maritime transportation.

⦁ Synthetic jet fuels – for aviation.
⦁ Hydrogen gas – could be used 

instead of natural gas in high-
temperature industrial processes.

Sector Electricity Hydrogen Synthetic fuels

Transportation

• Battery in electric 
vehicles for 
mobility with short 
range or low 
utilisation

• Fuel cell electric 
vehicles for high-
duty cycle 
segments

• Ammonia for sea 
transport

• Synthetic jet fuel 
for aviation

Heating
• Heat pumps in 

well-insulated 
buildings

• Hydrogen boilers
• Hydrogen-fuelled 

heat pumps

• Synthetic methane 
in existing gas 
infrastructure

Industry
• High-temperature 

heat with direct 
electricity use

• High-temperature 
process heat

• Industrial 
feedstock

• Synthetic methane 
as source for 
organic basic 
chemicals

• Ammonia as 
industrial feedstock

• High-temperature 
process heat

Power • Batteries provide 
short-term storage

• Long-term and 
seasonal storage 
of hydrogen for 
reconversion to 
electricity

• Load balancing

• Long-term and 
seasonal storage 
for reconversion to 
electricity

Source: Agora (2018), Hydrogen Council (2020) and Navigant (2019).
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Transportation: Hydrogen and synthetic fuels could replace fossil 
fuels in many situations

For a long time, transportation has 
been a promising area for hydrogen.

An important and promising 
combination is using the fuel cell as 
an energy converter and hydrogen 
as an energy source. 

Source: OIES (2020) and Shell (2017).

Using hydrogen and synthetic fuels to replace fossil fuels in transportation

⦁ Today, batteries in electric vehicles are seen as the most promising 
technology for decarbonising light duty vehicles. This is due to a lower 
purchase price and the rapid decrease in battery costs. Their main 
drawbacks are a relatively short range and a long charging time.

⦁ Fuel Cell Electric Vehicles are an alternative for long distances in the 
heavy-duty vehicle sector, where range and charging time are more 
significant issues.

⦁ For short range shipping (such as short ferry crossings), battery electric 
propulsion is likely to be viable, and several examples are already in 
operation. 

⦁ Pure hydrogen is difficult to store in large quantities so ammonia could 
be a better option for international marine traffic.

⦁ Aviation is probably the hardest form of transport to decarbonise due to 
the very high energy density required.

⦁ Current focus on decarbonisation of aviation is synthetic jet fuels made 
from hydrogen in combination with biomethane.
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Industry: Many industries today use hydrogen or hydrogen-based 
products

The low-hanging fruit for large-scale 
use of hydrogen in decarbonisation is 
probably to convert existing industrial 
hydrogen uses to lower carbon 
sources of hydrogen.

Production of low or zero carbon 
hydrogen will, with the current 
technology, entail higher costs than 
current high-carbon hydrogen so the 
main challenges to conversion will 
be economic and regulatory. It will 
require clear policy-driven actions.

Source: OIES (2020).

Renewable hydrogen could be an early win in some industrial sectors 

⦁ Refining is the largest industrial application of hydrogen and accounts 
for nearly 40 million tons of annual hydrogen demand. 

⦁ The second largest use of hydrogen is the production of ammonia with 
over 31 million tons used annually. Ammonia is primarily used in the 
production of nitrogen fertilisers.

⦁ 90% of primary steel production today is by the blast furnace/basic 
oxygen furnace route, using coal as a feedstock. 7% is by the direct 
reduction of iron-electric arc furnace (DRI-EAF), using hydrogen and 
carbon monoxide as reducing agents.

⦁ Low hydrogen prices could drive a switch to hydrogen-based 
technologies.

⦁ Another ‘hard to abate’ industrial sector where hydrogen could play a 
role is the cement industry. CO2 emissions from global cement 
manufacture are estimated at 3.8 Gt/year.

⦁ While direct process emissions can only be mitigated by carbon 
capture and storage, hydrogen could provide heat to the production 
process.
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Heating and power: Hydrogen fuel cells in combination with power-to-
X can provide storage and flexibility to the electricity system

Fuel cells are increasingly being used 
as an alternative to generators and 
rechargeable batteries as a backup 
power supply.

The biggest advantage of fuel cells 
over thermal power processes is the 
higher electrical efficiency from 
direct electrochemical conversion 
during electricity and heat 
generation. 

One disadvantage is that because 
of higher purchase costs, fuel cell 
heating systems are not yet 
economically viable compared with 
condensing boilers.

Source: OIES (2020) and Shell (2017).

Hydrogen fuels may provide domestic heating and provide storage to the power 
system

⦁ Various studies have assessed the potential for decarbonising the 
heating sector by large scale conversion to electricity. They conclude 
that an ‘all electric’ solution will be more expensive since this would 
require expensive improvements to building energy efficiency and very 
substantial reinforcements to electricity transmission and distribution of 
infrastructure.

⦁ An alternative or supplement to electrification of domestic heating 
could be – if technically possible - to convert part of the existing natural 
gas network to carrying hydrogen and replace end consumer boilers 
with hydrogen boilers or fuel cells.  

⦁ Hydrogen may play a key role in expanding electrification of the 
energy system.

⦁ Hydrogen and hydrogen infrastructure may provide seasonal storage 
and long distance transport for the power system. Where technically 
feasible, the concept is to reuse the existing natural gas storage and 
transmission infrastructure to store and transport hydrogen produced 
from electrolysis. Hydrogen is then converted  back to electricity 
through fuel cells of hydrogen-fired power plants.

⦁ For short-term storage, batteries currently have a much higher round trip 
efficiency than hydrogen storage.

17



The main advantage of power-to-X is that availability is in theory unlimited

Combining power-to-X and biogas is a potential synergy for a low-
carbon energy system

Hydrogen, electricity and biogas can be combined to offer new ways of producing 
low-carbon energy formsBiogas represents an alternative 

route to reducing emissions. In a 
number of countries, including 
Denmark, biogas is developing 
positively. In addition to producing 
low-carbon biomethane, biogas 
solves an important waste-handling 
problem. 

Combining biogas and hydrogen 
offers a potential synergy where 
biogas facilities can use hydrogen for 
methanation to increase output of 
low-carbon biomethane. 

A key restriction in the roll-out of 
biogas is the dependence on 
local/regional material for input. This 
in practice makes biogas insufficient 
as a definite answer to global 
climate change.

Source: IEA (2019b).

Power-to-X

Biogas

Advantages Main challenge

Biogas
The most developed among green technologies.
Re-use waste, solving other problems.

Limited global potential due 
to dependency on 
local/regional availability of 
organic material for input.

Power-
to-X

Can in theory be produced in unlimited amounts 
and is 100% emission free.
Hydrogen can be converted into a range of 
synthetic energy forms.
Future lower electricity prices will lower production 
costs.

Requires very substantial 
expansion of the solar PV, 
onshore wind and offshore 
wind generation capacity.
Could potentially require 
substantial water resources.

Source: Incentive.
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In this section, we investigate what it would take to build a power-to-X 
industry. 

The main findings are the following:
• Hydrogen has been used industrially for many years but not as an 

energy carrier.
• Power-to-X has the potential to decarbonise many sectors, but 

today it is virtually non-existent. Building a power-to-X energy 
system means stimulating demand, building production facilities 
and establishing transportation infrastructure. 

Stimulating demand
• Currently, hydrogen from power-to-X cannot compete with fossil 

alternatives. Regulatory initiatives and very significant cost 
reductions are necessary to build demand for hydrogen.

• In the near future, a simple way of creating demand is to require 
blending of hydrogen into the natural gas consumption.

Building production facilities
• Existing electrolysers are very small and far from the required multi 

GW size facilities.
• Research and development will play a key role in the development 

of a hydrogen power-to-X sector. Public sector support and 
openness to different technologies may prove critical to drive the 
development.

• Hydrogen production may be accelerated by blue hydrogen 
made from natural gas combined with carbon capture.

Establishing transport infrastructure
• The existing gas infrastructure may provide an opportunity for 

reusing it as hydrogen infrastructure.
• Hydrogen infrastructure can provide seasonal storage and 

transmission infrastructure needed for the electricity system.

BUILDING A POWER-
TO-X FUTURE
__
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Hydrogen has been used for many years in refinery and the 
chemical industry – but almost no use as energy form

Hydrogen has been used widely in 
industrial applications for many 
years, primarily in refining and for 
ammonia production.

There is virtually no use of hydrogen 
as an energy form.
⦁ Only around 15,000 fuel cell driven 

cars globally (out of around 1 
billion cars)

⦁ Few speciality uses, e.g. forklifts.

Demand for industrial hydrogen has grown steadily since 1975
Development in global annual demand for hydrogen (1975-2018)

1: Hydrogen LHV:  33.3 kWh / kg. 2: EU’s Emissions Database for Global Atmospheric Research.

The prevalent technology for 
producing hydrogen is steam 
methane reforming (SMR) using 
natural gas as input. 
This is responsible for approx. 830 tons 
of CO2 yearly, which can be 
considered the low-hanging fruit for 
large-scale use of hydrogen in 
decarbonisation.
Hydrogen is in most cases produced 
at the site of consumption or 
distributed by truck.

Source: IEA (2019a).
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Hydrogen is produced almost exclusively from fossil fuels today
Hydrogen production, 2018 (TWh)
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Power-to-X: Building an industry from scratch

The interest in power-to-X is driven by 
two factors:
1. the virtually unlimited potential 

for producing low-cost, 
renewable electricity

2. the need for energy in other 
forms than electricity

The major challenge for power-to-X is 
that it requires building an industry 
from scratch. There is no electrolysis 
industry, no demand for hydrogen as 
energy and no hydrogen energy 
infrastructure.

The obstacles may seem daunting, 
but building a new hydrogen-based 
system is rather similar to the 
challenges faced when building the 
natural gas systems in Denmark and 
Europe (see box on next page).

Building a hydrogen-based energy system means establishing production, 
consumption and infrastructure

Investments in electrolysis 
facilities to convert renewable 

electricity to hydrogen and 
investments in facilities to 

convert hydrogen into 
hydrogen-based fuels: 

Ammonia, synthetic methane, 
synthetic methanol and 

synthetic jet fuels.

Creating demand for 
hydrogen and hydrogen-

based fuels for use in 
transport, industry and 

buildings.

Transmission and distribution 
infrastructure. Includes pipelines, 

storage and possibly charging stations.

Demand Production
Storage and 

transport 
distribution
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A case of transition: Denmark’s transition from oil to natural gas in 
the 1980s required major changes to the energy system 

Denmark has previously 
implemented a politically driven 
conversion of the energy system. 
Building the natural gas system in 
Denmark was a response to the oil 
price hikes of the ‘70s.

The transformation from oil to gas 
was the result of political 
determination and a long-term 
perspective.

The decision to build the Danish gas 
system included three main 
investments:
⦁ developing the offshore gas 

resources
⦁ building a gas transmission and 

distribution network
⦁ requiring consumers to switch to 

gas-fired heating

The Danish switch from oil to natural gas provides learnings for a hydrogen roll-out
• In the 1970s, Denmark was an oil-country: 95% of total energy consumption was imported oil. 
• After the oil-crisis in 1973, a new energy plan was constructed and presented in 1976 (DE-76). 
• A key ambition was to convert a significant share of Danish households from oil-based 

heating to natural gas. This was supported by several initiatives:

• Production: Investments in offshore natural gas production.
• Infrastructure: Investments in a comprehensive nationwide gas grid to connect production 

with consumers.
• Consumption: Mandatory obligation for households to switch from oil-based heating to gas, if 

possible.

Oil price per barrel Gross energy consumption 1975-2000
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DE-76 short-term goals:
⦁ reducing national dependency on imported energy sources, especially oil
⦁ limiting the growth of energy consumption
⦁ consolidating and focusing research and development efforts
DE-76 long-term goals:
⦁ reducing exhaustion of non-renewable energy
⦁ supporting and developing stable long-term solutions
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Creating demand for power-to-X: Sharply declining production 
costs necessary for hydrogen to become cost competitive…

In the long term, the strongest 
impetus for creating demand for  
power-to-X hydrogen is cost 
competitiveness.
However, the IEA (2019) 
demonstrates that today electrolysis-
based hydrogen is not competitive 
compared to fossil alternatives.

A Hydrogen Council study (2019) 
finds that lower costs have the 
potential to convert a significant 
share of global energy demand to 
hydrogen.

Prices below USD 2 per kg hydrogen 
could make it attractive for 
transportation while heat for industry 
purposes requires costs below USD 2 
per kg hydrogen (prices excluding 
distribution costs).

Today, electrolysis-based hydrogen is up to 5 times more expensive than natural gas
Comparable costs of renewable hydrogen and natural gas, EUR per MWh1

82

17

Renewable hydrogen Natural gas

Approx. 
2.7 EUR 

per kg H2

A price of 1.80 USD/kg could unlock up to 15% of energy demand for hydrogen by 2030 
Breakeven costs for hydrogen competitiveness against low-carbon alternative, 2030 (USD/kg)

2030 energy demand (EJ)

US
D 

/ 
kg

 h
2

1: Source of renewable hydrogen is the IEA (a). They estimate the production cost of 1 kg renewable hydrogen in China to be approx. USD 3, which equals USD 90.1 per MWh at a low 
heating volume (1 kg H2 = 33.3 kWh). The price of natural gas is from Intercontinental Exchange (2019).

Notes: CAPEX in 2018: SMT without CCUS = USD 500-900 per kWH2. SMR with CCUS = 900-1.600 per kWH2. Gas price = USD 3-11 
per MBtu. Ranges reflect regional differences. Includes four regions: China, US, EU & Japan/Korea. 
Source: Hydrogen Council (2020).
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… but in the short run, regulatory initiatives could help building 
demand …

EU regulators have a number of 
options available to facilitate 
demand for power-to-X-based 
hydrogen, including:

Increasing taxation of fossil fuels and 
CO2 emissions
The EU emission allowance system is 
a mechanism for taxation of CO2
emissions. In principle, very high CO2
quota prices will make hydrogen 
more competitive, but it entails a risk 
of carbon leakage and energy-
intensive industry leaving the EU.

Creating subsidies of power-to-X 
hydrogen production
Today, wind and solar PV has the 
lowest cost generating electricity 
and can, in many parts of Europe, be 
established without any subsidies. 
However, before becoming 
competitive, the wind and solar PV 
industries benefitted from production 
being subsidised by electricity 
consumers for many years . 
Subsidising hydrogen consumption 
may be an accelerator of power-to-
X demand.

The EU emission allowance mechanism provides an incentive to move towards 
energy forms with no or lower CO2 emissions
EU CO2 emission allowance price, 2012-2020 
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… and a simple way could be to require blending of power-to-X 
hydrogen into natural gas

Requiring blending hydrogen into 
natural gas
One possible way to build a demand 
in the short term is to blend hydrogen 
into natural gas delivered through 
the existing gas infrastructure.

Blending hydrogen into natural gas 
would increase the energy price to 
end-users – just like early solar PV and 
wind – but the advantage of 
blending could be that it may be 
done without installing new 
compressors and storage facilities 
and replacing meters and 
monitoring equipment. 

The interest in blending hydrogen 
into natural gas grids has risen sharply 
in recent years. This has lead to 
several major demonstration 
projects. There are currently 30 such 
projects around the world at both 
the transmission and distribution 
levels.

Blending hydrogen into natural gas could be a simple way to build demand for 
power-to-X-based hydrogen
Current limits on hydrogen blending in natural gas networks and gas demand per 
capita

Note: The conditional limits shown reflect the parameters: In Germany, if there are no compressed natural gas filing 
stations connected to the network; In Lithuania when pipeline pressure is greater than 16 bar; In the Netherlands for high-
calorific gas.
Source: IEA (2019).

Blend limit Blend limit under certain conditions

Per capita gas demand (right axis)
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Building production capacity: Substantial investments and cost 
improvements are necessary…

The long-term competitiveness of 
green hydrogen requires substantial 
improvements in all elements of 
hydrogen production: Capital costs, 
transformation efficiency and 
electricity.

Today, existing electrolysers are small 
scale. The first 20 MWe projects are 
being developed so it is difficult to 
estimate costs for facilities in the GW 
scale. Furthermore, the IEA analysis 
(2919) indicates that longer term 
electricity costs are around 75% of 
total costs of hydrogen. If renewable 
electricity prices continue to fall, this 
will be a significant element in 
making hydrogen cost competitive 
long-term.

Research and development will play 
a key role in the development of a 
hydrogen power-to-X sector. Public 
sector support and openness to 
different technologies may prove 
critical to driving the development.

Falling electricity costs, increased scale of facilities and technological improvements 
combined may lead to very substantial fall in prices of hydrogen from electrolysis
Cost reduction levers for hydrogen electrolysis connected to dedicated offshore wind in Europe

IEA: Electrolysis from renewables could fall to below USD 3/kg in 2030 depending on the 
costs of electricity (baseline renewable USD 40/MWh)
Hydrogen production costs for different technology options (2030)

US
D
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g 

H
2

Note: 4,000 Nm3/h (~20 MW) PEM electrolysers with offshore wind, excluding compression and storage. 
Source: Hydrogen Council (2020).

Source: IEA 2019.
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…and in the interim period blue hydrogen could be a stepping-
stone and accelerator towards a hydrogen-based future

The challenge of transitioning to 
power-to-X hydrogen is that existing 
capacity is virtually zero. 
Furthermore, power-to-X-based 
hydrogen requires substantial 
amounts of renewable electricity in a 
situation where the electricity system 
is still not fully decarbonised.

Blue hydrogen is the term used for 
hydrogen produced industrially from 
natural gas in combination with 
capture of the carbon produced 
(CCUS). 

Blue hydrogen may be used as a 
stepping-stone to supply hydrogen 
until both power-to-X-based 
hydrogen capacity and renewable 
electricity generation capacity 
becomes available.

Blue hydrogen: Combining traditional hydrogen production technology with modern 
carbon capture
Production process of hydrogen from gas with CCUS
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Hydrogen transmission and distribution infrastructure: Reusing existing 
EU gas infrastructure might be an opportunity to reduce investments

Hydrogen is best transported by 
pipeline. The IEA (2019) recommends 
to reuse existing gas infrastructure to 
transport hydrogen where possible.

Today, the EU gas transmission grid 
spans more than 270,000 km and the 
distribution grid more than 1.4 million 
km. It is possible that a hydrogen 
transmission and distribution network 
could be built on Europe’s 
comprehensive natural gas 
infrastructure and thereby reduce 
the costs of establishing hydrogen 
infrastructure.

In addition to connecting hydrogen 
production and demand, hydrogen 
infrastructure can provide seasonal 
storage and transmission 
infrastructure need for expanding 
the electrification of the energy 
system. 

Gasunie: A hydrogen backbone grid could be established using mostly existing 
infrastructure

28



In this section, we present a sample of current power-to-X projects.

The projects:
• The Dutch NortH2 green hydrogen project was launched in 

February 2020 by Gasunie, Shell and Groningen Seaports. Dubbed 
'Europe's largest green hydrogen project’, the consortium hopes to 
develop a 'European Hydrogen Valley' cluster.

• The Murchison Renewable Hydrogen Project in Western Australia. 
The plan is to develop a large scale (up to 5,000 MW) combined 
wind and solar farm and combine this with a PEM electrolyser from 
Siemens.

• Ørsted plans to turn the Danish island Bornholm into an energy hub. 
The main initiative is a major off-shore wind park at 1 GW with initial 
connections to Poland. This would increase current Danish off-shore 
wind capacity by approx. 50%.

CURRENT POWER-
TO-X PROJECTS
__
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While power-to-X projects are not 
new, the amount and size of the 
projects have increased dramatically 
in recent years. Recent pilot and 
early-commercial projects show a 
clear trend towards larger 
electrolysers and technological 
improvements.

In terms of usage, the emphasis has 
shifted. 15 years ago, transport was 
at the centre of all developments, 
but the field of applications has 
recently broadened with more 
emphasis on stationary applications 
in industry, buildings and feedstocks 
for chemical products.

Emphasis is put on larger scale and 
more power system friendly 
electrolysis. Projects have moved into 
the megawatt scale; however, 
further R&D, mass production and 
learning-by-doing are needed to 
achieve significant cost reductions.

The number of power-to-X projects is increasing and the average 
size of projects is growing 

Both the amount and size of new electrolyser projects have taken off in the last 2-3 years
Timeline of power-to-hydrogen sample projects by electrolysis technology and project scale
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Massive investments are funnelled into green hydrogen production
Overview of major electrolysis projects in Europe 2020 and forward

Germany currently plays a 
pioneering role in the testing and 
further development of power-to-gas 
technologies. To support the 
development of green technology, 
Germany has set up a state-fund 
with EUR 100 million per year for 
practical research on renewable 
energy. As a result, there are already 
more than 30 pilot projects in 
Germany.

Power-to-X attracts both start-ups 
and larger, established companies to 
test new processes, components and 
operating concepts and establish 
innovative areas of application.

Projects involving green hydrogen are taking form across Europe

Source: IRENA (2019a).

Where: Leuna and Bad Lauchstädt, 
Germany

Who:

What: GreenHydroChem project. Two 
major electrolysis plants at 100 MW 
and 40 MW, including 50 billion cubic 
metres storage and a dedicated 
hydrogen pipeline. Potential 
expansion to 200 MW by 2030.

Where: Linz, Austria 

Who:

What: 6 MW PEM electrolyser.

Where: Emsland, Germany

Who:

What: 100 MW electrolyser with 
dedicated hydrogen pipeline that 
could come online in 2023. 
Price estimated at EUR150 million.

Where: Cologne, Germany

Who:

What: A 10 MW polymer electrolyte 
membrane (PEM) electrolyser in 
2020.

Where: Groningen, the Netherlands

Who:

What: 20 MW electrolyser with 
possible expansion to 60 MW. 
Plant to supply hydrogen for 
methanol and synthetic aviation fuel.

Where: Port Jérôme, Dunkirk & other

Who:

What: Les Hauts de France project 
aimed at building five hydrogen 
electrolyser production units of 100 
MW each over a five-year period.

Where: Heroya, Norway

Who

What: Mass production of synthetic crude oil 
substitute Blue Crude from 2020. Electric capacity of 
20 MW, producing 8,000 tons of Blue Crude per year.

Where: UK

Who:

What: Gigastack feasibility project 
aimed at demonstrating bulk, low-
cost and zero carbon hydrogen 
through gigawatt scale PEM 
electrolysis. 100MW+ electrolyser 
systems using multiple 5MW units.

Where: Lower Saxony, Germany

Who:

What: Element Eins project. 100 MW 
power-to-gas-installation. Planned 
operation in different phases from 
2022.

Where: Bornholm, Denmark

Who:

What: 5GW offshore wind hub 
connecting Denmark, Poland, Sweden 
and Germany, supporting large-scale 
production of green hydrogen.

Where: Stade, Germany

Who:

What: Green methanol MeOH project. 
Production of 200,000 tons methanol a 
year from exhaust gases of a gas 
power plant by adding hydrogen.
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NortH2 green hydrogen project

⦁ NortH2 is an ambitious green hydrogen project launched in February 2020 by 
Gasunie, Shell and Groningen Seaports. Dubbed 'Europe's largest green 
hydrogen project’, the consortium hopes to develop a ‘European Hydrogen 
Valley’ cluster.

⦁ The project revolves around the construction of large wind farms in the North 
Sea, which can gradually grow to a capacity of about 10 GW. The first of many 
wind turbines could be ready in 2027 and will be used for green hydrogen 
production. 

⦁ By 2040, NortH2 could be producing 800,000 tons (or 26 TWh) of green hydrogen. 
Gasunie proposes to use its natural gas infrastructure, which is currently mainly 
used for natural gas and green gas, for storage and transportation of the green 
hydrogen.

⦁ The Netherlands has an offshore wind target of 11.5 GW by 2030. If the NortH2 
plan comes to fruition, more than a third of that capacity would have to be 
contracted exclusively for green hydrogen production.

A massive wind farm to support Europe’s ‘Hydrogen Valley’

Key facts

Location: Eemshaven, Netherlands

Project description: The project aims at 
making Groningen a European centre of 
green hydrogen production. 
Specific initiatives include new off-shore wind 
farms in the North Sea and a mega-
hydrogen facility in Eemshaven, possibly 
complemented with offshore hydrogen 
production.

Timeline: 3,000 to 4,000 MW wind energy for 
hydrogen production before 2030, possibly 
10 GW around 2040.

Netherland’s wind capacity
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Murchison Renewable Hydrogen Project

⦁ In December 2018, the Australian government put forward a vision to make 
Australia a market leader in the green hydrogen industry by 2030. The vision is led 
by the state company Hydrogen Renewable Australia (HRA).

⦁ A key element of Australia’s approach is to create hydrogen hubs, one of which 
is the Murchison Renewable Hydrogen Project in Western Australia. The plan is to 
develop a large scale (up to 5,000 MW) combined wind and solar farm and 
combine this with a PEM electrolyser from Siemens. The project also investigates 
the opportunity to blend hydrogen into the nearby Dampier to Bunbury pipeline. 

⦁ HRA has six years to scale up the project to enable exports to Japan and South 
Korea, ramping up to full capacity by 2028. 

⦁ The project will be developed in stages. The first is a demonstration phase 
providing hydrogen for transport fuels. The second will involve blending with 
natural gas in the nearby Dampier-to-Bunbury pipeline. The third will be an 
expansion to produce hydrogen for Asian markets.

With their new hydrogen strategy, Australia is determined to be a 
global market leader in a billion-dollar hydrogen industry by 2030

Key facts

Location: Kalbarri, Australia

Project description: Several large-scale 
hydrogen projects across all states in 
Australia. One of these is a 5,000 MW 
combined solar and wind farm in Western 
Australia to produce renewable hydrogen 
for export to Asia. 

Timeline: Full capacity by 2028

Price: AUD10 billion (EUR 5.5 billion)

Growth of Australian wind and solar capacity
Heat map over Australia's best combined wind and solar resource locations

Source: Hydrogen Renewables Australia.
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Energy island project

⦁ Denmark has been one of the early leaders in developing wind energy 
production. Today the country has 14 offshore wind farms with a total capacity 
of 1.7 GW and another 13 offshore wind projects in the pipeline. 

⦁ In 2018, Danish onshore and offshore wind farms produced 13.9 TWh wind 
energy. This equals 40% of domestic electricity supply.

⦁ In November 2019, Danish Ørsted announced their vision for a Baltic Sea energy 
island: Connecting Denmark with two or three neighbouring countries, using the 
island of Bornholm as a hub, and connecting up to 5 GW of offshore wind 
capacity to the island. 

⦁ An option in the project is to integrate electrolysis capacity at one of the ends of 
the connections.

A Danish ‘energy island’ as a regional hub for green energy

Key facts

Location: Bornholm, Denmark

Project description: Turning the Danish island 
Bornholm into an energy hub. Main initiative 
is a major off-shore wind park at 1 GW with 
initial connections to Poland. This would 
increase current Danish off-shore wind 
capacity by approx. 50%.

Danish wind power capacityØrsted’s illustration of wind farms and interconnectors

Source: Energy Statistics 2018 (Danish Energy Agency).
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