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Readers guide
The bibliography from page 49 shows the literature used in the project. The references
follow the APA citation format, as seen below.

[Author][Title](Institution)(ISBN)[Year](URL)(Date Accessed)

Where square brackets are mandatory and the parentheses are optional. The bibliography
is listed, by author, in alphabetic order.

The following appendices are included in the report:

• Hydrogen state of the art
• Hydrogen in the EnergyPLAN
• EnergyPLAN output
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Problem analysis 1
1.1 International approach to climate change

The Paris agreement is an agreement on international climate. In this treaty 165 countries
legally bound to limit the rise of global temperature to 1.5 Celsius degrees, in comparison
to pre-industrialization. In order to successfully achieve this goal, it is necessary that all
sectors reach zero carbon dioxide emissions. Figure 1.1 shows the carbon emissions that
need to be reduced by each sector and possible action lines.

Figure 1.1. Energy use and emissions from 2010 to 2050. [IRENA, 2020e]

Some of the key aspects include demand reduction and improvement of energy efficiency,
direct use of clean electricity, direct use of renewable heat and biomass, indirect use of
clean electricity via synthetic fuels and feedstock, and finally the use of carbon dioxide
removal measures such as carbon capture, utilisation and storage (CCUS). IRENA [2020e]
mentioned that in hard to decarbonize sectors, like industry and long-haul transportation
the indirect use of electricity could play a crucial role. Other studies state that by 2050
hydrogen could supply 24% of the world’s energy needs [BloombergNEF, 2020b].

The interest in hydrogen has reached a global level. As visible in Figure 1.2, several
countries have already defined concrete goals and policies to implement a national hydrogen
strategy.
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SEPM1 1. Problem analysis

Figure 1.2. Hydrogen strategies around the world. [Albrecht et al., 2020]

This interest in hydrogen is particularly relevant in Europe, mainly colored as dark blue
as a representation of available hydrogen strategies. However, most of the current use of
hydrogen happens in refineries and in the production of chemical feedstocks. The European
total use of hydrogen in 2019 accounted for 340 TWh, out of which 153 TWh were used in
refining processes and 129 were utilized to produced ammonia for fertilizers. Nevertheless,
according to FCH [2019], in 2050 hydrogen could supply 24% of the total European energy
demand, which is equivalent to a 2,250 TWh consumption of hydrogen. It is a considerable
rise of 1,910 TWh when compared to 2019 consumption.

The growing interest in hydrogen is related to the possible key role in the production of
synthetic fuels and as an enhancer of the flexibility of power systems, and consequently
higher integration of variable renewable energy (VRE) [SolarPower Europe and LUT
University, 2020]. Figure 1.3 represents the expected electrolyser installed capacity by
2050 if the European Commission ambition of being carbon neutral by 2050 is achieved a
decade earlier.
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1.2. European Green Deal Aalborg University

Figure 1.3. Electrolyser installed capacity in Europe by 2050. [SolarPower Europe and LUT
University, 2020]

The total electrolyser installed capacity of 2,825 GW represents an enormous effort,
especially in the south of Europe. The southern European countries are expected to
have higher electrolysers capacity due to the possibility to generate lower levelised cost of
electricity (LCOE). The reason behind the possible lower LCOE is related to the abundant
renewable energy resources. An in-depth study has shown that in 2030 southern Europe
will manage to have competing synthetic fuel prices, even with Northern Africa. This
future lower cost of hydrogen production in Europe can ensure security of supply and
create business opportunities in a global market [SolarPower Europe and LUT University,
2020].

In order to harness this potential, the European Union (EU) has formally stated its
intention in the European Green Deal to be at the forefront of hydrogen production.

1.2 European Green Deal

The EU Green Deal targets by 2030 a 55% reduction in greenhouse gas emissions, relative
to the 1990 baseline, and carbon neutrality by 2050. To achieve this goal, the EU aimed to
increase the electrolyzer capacity from the current 60 MW to 500 GW in 2050. This growth
is tremendous. To put this number in context, this would mean that new electrolyser
installations would almost be equal to the biggest electrical peak load ever accounted in
Europe of 545 GW [BloombergNEF, 2020a].

The European Commission (EC) has announced recently the goal of having at least 6 GW
of electrolysers by 2024 and 40 GW by 2030, at a cost between 24 and 42 billion euros.
Only the production of hydrogen from renewable energy sources is considered. In addition
to the domestic production, the EC also aims to have a 40 GW capacity in neighboring
countries that would export to Europe.

Additionally to the electrolysers cost mentioned, the spending of 220 to 340 billion euros
will be required for the installation of 80 to 120 GW new solar and wind capacity.
Extra costs would also include 11 billion euros to retrofit half of existing fossil-based
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hydrogen plants with carbon capture and storage (CCS) and 65 billion euros for hydrogen
infrastructure in transport, distribution, storage, and refueling stations. In sum, the total
investment cost would be 320 billion to 458 billion euros [European Comission, 2020].

Several countries have already translated this European goal into their national policies,
as seen in Figure 1.4. This figure represents the commitments done regarding electrolyser
installed capacity by 2030. As it can be seen, only four countries have translated the
European ambition to their individual national goals.

Figure 1.4. Target electrolysis capacity in Europe. [Albrecht et al., 2020]

However, Figure 1.4 does not take into account the newly commitment done by Portugal
of 2.5 GW and Italy of 5 GW regarding the installation of electrolyser capacity by 2030
[Republica Portuguesa, 2020] [PV magazine International, 2020]. Taking into account these
two new commitments plus the represented in the Figure, it is possible to conclude that 27
GW have been officially translated into national goals from the 40 GW at the European
level. These commitments show that countries are interested and are responding fast since
the European hydrogen strategy was published in July 2020.

Despite the fact that countries like Denmark have not yet published a hydrogen strategy,
the governmental interest is visible as shown by the following quote done by the Danish
Ministry of Climate [2020]:

“In Denmark, we have a really good starting point for the development of
Power-to-X. We have significant wind resources, a well-functioning energy
system and strong business competencies” - Minister of Climate Dan Jørgensen.

The Power to X includes diverse products, as further scrutinized in the Appendix B.
However, for a deeper understanding of this process, only Power to hydrogen will be
considered as the production of hydrogen is the base for other synthetic and chemical
products. In that sense, only the direct use of hydrogen will be analysed.
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1.3. Direct use of hydrogen in Denmark Aalborg University

1.3 Direct use of hydrogen in Denmark

Denmark has a unique advantage in producing green hydrogen as it has high renewable
energy generation potential, a modern district heating network, and gas infrastructure
adaptable for hydrogen [Brintbranchen, 2020].

Gas infrastructure is especially crucial when one considers the transportation of hydrogen.
As visible in Figure 1.5, the most affordable type of transportation for large volumes as
one national hydrogen strategy would require is the transmission pipeline network.

Figure 1.5. Transportation costs for hydrogen (USD/kg). [BloombergNEF, 2020b]

Moreover, McKinsey [2020] has also stated that countries with a gas network have the
highest hydrogen market potential. Thus Denmark has a high potential to use its gas
network in favor of a clean energy transition and achieve its goal to be carbon neutral by
2050. However, some questions arise when considering the transformation of the current
gas network to a hydrogen gas infrastructure.

1.4 Problem formulation

How could Denmark implement a hydrogen gas grid in a technical and economically
feasible way by 2050?

In order to properly answer this problem formulation, three underlining research questions
have been formulated.

1. What is the current considered hydrogen role in the Danish energy system?
2. What would be the economical and technical implications of implementing a

hydrogen gas grid?
3. Which innovations could facilitate a hydrogen gas grid?
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Methodology 2
In this chapter, the research design and methods used in the project are presented, showing the structure

and how the different sections contribute to answering the main research question.

2.1 Research design

Figure 2.1. Research design of the project.

Figure 2.1 shows how the different chapters are connected with the research question and
the respective methods and theories applied.
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2.2 Literature review

In order to find relevant information on the research topic, several resources were used
both characterized as primary and secondary search.

Primary search is described as the information collected directly from the source.
European Commission official documents such as the hydrogen strategy were the main
primary information sources of this report.

Secondary sources include information gather trough second-hand sources such as
websites, online libraries, databases, and online newspapers. In this report, the secondary
literature used consisted of EU reports, scientific reports, expert reports, and official
country statements. The reliability of each piece of information was assessed by comparing
different sources.

2.3 Energy system analysis

To perform the wanted energy analysis the free software EnergyPLAN was used. The
scope of the energy analysis is visible in Figure 2.3, this study encompasses only the direct
use of hydrogen for heating and cooling in buildings, specifically via the gas grid.

Figure 2.2. Scope of the hydrogen, from production to application.

In EnergyPLAN, none of the three option shown in the Appendix B allow the user to
directly include hydrogen in the gas grid. In that sense, a methodology was developed to
evaluate the impact of supplying the heat demand in the district heating at a national
level in Denmark with hydrogen, produced from renewable power.

2.3.1 Methodology to include hydrogen in the gas grid

This section will explain the methods used to find the hydrogen demand, the demand
profiles, and finally how to balance the incorporation of hydrogen with the energy system.

Page 8 of 64



2.3. Energy system analysis Aalborg University

Hydrogen demand

The first step was to understand how much hydrogen would be necessary to be produced
for the district heating. In order to know the amount of fuel used in the CHPs and boilers
connected to the district heating, it was assumed that the coal category would be the only
fuel used in the ’Fuel distribution’ tab. This method allows the disguise of hydrogen in the
coal category. The coal category was chosen because coal was not considered in the 2050
IDA scenario, meaning that all the consumption that would appear in the primary energy
supply would be used in the district heating. Oil category could be also used, obtaining
the same results. The value obtained corresponds to the amount of hydrogen that is
used in boilers and CHP to produce the correct amount of heat for the district heating.
However, this approach has its limitations as it is being assumed that hydrogen would
have the same thermal behavior as other fuels, which is not entirely correct as the different
conversion processes have correspondent efficiencies. Nevertheless, the EnergyPLAN does
not take this factor into account since independently of the four options available on the
fuel distribution being, coal, oil, natural gas, or biomass the primary energy supplied
calculated is always the same.

The value of the hydrogen demand was included in the ’Industry and fuel’ tab, meaning
that in the output sheet the value of hydrogen produced for Industry is in reality the one
used in the district heating. The hydrogen demand was included in the Industry as this
option was not used in previous scenarios, meaning that the outcome would be entirely
correspondent to the gas grid and it also allows the addition of one distribution profile
correspondent to the hydrogen demand. In addition, the carbon emissions for coal were
set to zero as the production of green hydrogen would not emit CO2.

Profile of hydrogen demand

Not only it is necessary to calculate the hydrogen demand (TWh/year) but also define
the hourly demand profile of hydrogen, hence three demand profiles were obtained to test
three different operation modes of the electrolyser. The three hydrogen demand profiles
that represent the operation of the electrolyser are the following:

1. Constant operation
2. Operation accordingly to the availability of renewable sources
3. Operation depended on the heat demand

Figure 2.3. Three hourly hydrogen demand profiles.
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The first demand profile is easy to obtain as the constant distribution file can be created
by repeating the number 1 during the 8784 rows, hence obtaining a constant demand
throughout all hours of the year. However, the remaining 2 demand profiles require further
calculations.

For the second demand profile that assumes that hydrogen will only be produced
accordingly to the renewable power generation, it was necessary to sum all hourly values of
electricity generated, including wind, offshore wind, solar photovoltaic (PV), run-of-river-
hydropower, tidal, and wave power. Afterwards, the values were divided by the maximum
value so that one could obtain a relative distribution. Using a relative distribution instead
of the overall renewable power distribution allows the user to include a profile regardless
of the demand.

For the third option, the operation of electrolysers is done accordingly to the heat produced
in the district heating (DH). The same process was done, now adding the heat production
from the CHP operating as backpressure mode and boilers in the three district heating
groups. In this sense, the profile would match the moment that these technologies need
fuel to produce heat for the district heating.

All hourly values used to create the two distributions were obtained in the scenario where
coal is the only fuel of the district heating, that way both the VRE and DH profile follow
similar behavior as if the gas grid was entirely run by hydrogen.

2.3.2 Sensitivity analysis

To produce the additional green hydrogen demand it is necessary to supply the electrolysers
with electricity. Therefore, the increase in electricity demand was followed by an increase
in renewable power generation capacity. A sensitivity analysis was carried out to find
the best fitting renewable source for the 2050 energy scenario. In this analysis, additional
generation capacity, in an interval of 5 TWh/year, was added to the system. Parameters
such as the critical excess electricity production (CEEP) and the total system cost were
used to compare the generation of onshore wind, offshore wind, and PV.

Another aspect important to scrutinize is the electrolyser and hydrogen storage capacity
accordingly to the three different demand profiles. First, it was assumed for the three
demand profiles that there was no hydrogen storage to see the implications on the
electrolyser installed capacity. It was initially assumed a maximum hydrogen storage and
electrolyser capacity to understand in theoretical conditions what would be the maximum
electrolyser capacity used in the entire year. Knowing the maximum electrolyser capacity
used is crucial because if a higher electrolyser capacity is installed it will not be fully
operated and the system will be considered oversized. Afterwards, to reduce the system
cost the minimum electrolyser capacity was obtained. After some iterations, an ideal
electrolyser installed capacity was obtained that ensures hydrogen production and avoids
CEEP.

With the electrolyser capacity constant throughout the three different demand profiles
tested, it was possible to calculate the minimum hydrogen storage necessary, having the
same primary energy supply. In other words, the minimum hydrogen storage needed to
fully supply the district heating demand was calculated.
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Theoretical framework 3
In this chapter, the theoretical framework of the project is presented. The theoretical approach addresses

the framework of the research and the main line of thinking.

As mentioned in Problem formulation, the inclusion of hydrogen in the energy system is
an emerging possibility, that requires a new political framework. The systemic innovation
approach was chosen as a theoretical framework for this report to assess the necessary
adaptations to successfully include hydrogen on the Danish gas grid.

3.1 Systemic innovation approach

In a recent report, IRENA [2019a] has investigated the necessary landscape of innovations
to foster the VRE integration. It is stated that to increase the share of VRE, synergies
between different dimensions are necessary, such as innovations in enabling technologies,
business models, market design, and system operation. This approach was named Systemic
Innovation and the synergies across the different dimensions of innovation are represented
in Figure 3.1.

Figure 3.1. Systemic innovation synergies. [IRENA, 2019a]

Systemic innovation is vital for a future renewable energy system, as the integration of VRE
involves new enabling technologies. These opportunities created by emerging technologies
require that the way the energy system operates also adapts and includes innovative
operation modes. Similarly, the market design should encompass the requirements and
characteristics of the new operation so that profitable business models are created. That
way, the cycle is completed with the new revenues being invested in new technologies.

In that sense, the systemic innovation approach can be said to exist when the political
process takes into account the four dimensions in innovation. The importance of each
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dimension is further explained.

Enabling technologies and infrastructure ease the integration of renewable energy by
including innovative elements such as electricity storage, electrification of end-use sectors,
digital technologies, and new grids.

Business models are crucial to monetise the new value created by these technologies
and foster their deployment. Innovative business models could empower the consumer
(peer-to-peer trading) and enable ownership of the energy supply.

Market design and regulations impact the economical feasibility of innovative options,
hence they should also adapt and innovate accordingly to the new ambitions. Only then
new business cases can also emerge. These adaptations on the market designed might
include options on the wholesale or retail market

The system operation has to change with the increasing share of distributed systems
since the decentralization transforms the grid system into a bi-directional power flow. The
innovations in operation might occur on the way the uncertainty of VRE is accommodated,
with grid reinforcement, or even in the way the operators cooperate.

From the application of the systemic innovation approach to the power system, IRENA has
published 30 innovation briefs that serve as practical guidelines for policymakers. These
briefs include concrete examples and implementation requirements of the thirty mapped
innovations across the four dimensions [IRENA, 2019a]. This systemic innovation approach
was also used to create four solutions tailored to increase the VRE share on the Swedish
power system [IRENA, 2020c].

3.2 Delimitations

The systemic innovation approach was initially developed to create a landscape of
innovations that can incorporate higher shares of VRE in the entire energy system.
However, this study has been delimited to the application of purely renewable power-
to-hydrogen on the energy system.
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Energy system analysis 4
This chapter analyses the role of hydrogen in a smart energy system and the current hydrogen projections.

Moreover, is evaluated the technical and economic impact of a hydrogen gas grid with the construction of

an energy scenario for 2050.

The transition from a fossil fuel-based energy system to a renewable energy-based system
requires mammoth changes. The conventional system, represented in Figure 4.1, relies on
hydrocarbon fuels to fulfill its demand. The use of oil, natural gas, and coal allows effective
and affordable storage of energy, hence, the system flexibility is based on the storage of
high energy density resources.

Figure 4.1. Fossil fueled based energy system. [Connolly et al., 2015]

Another key characteristic of a fossil fuels based system is that the different demands,
mobility, electricity, cooling and heating are decoupled, in other words, the different energy
sectors are treated independently. However, the replacement of fossil fuels by VRE requires
the use of renewable electricity in the heat and transport sector. Hence, to successfully
transition to a VRE system it is necessary to apply a holistic approach and consider the
interactions between sectors.

Aalborg University has studied and classified the interactions between the sectors as a
Smart Energy System. Represented in green on Figure 4.2 is shown how surplus electricity
from VRE can be transformed into electrofuels and both help to meet the mobility demand,
and be stored.
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Figure 4.2. Hydrogen role in a Smart energy system. [Connolly et al., 2015]

Therefore, hydrogen produced from high intermittent sources can connect the power sector
with fuel storage and mobility, offering more flexibility to the entire energy system.

There are many possible paths to produce hydrogen, as shown in Appendix A.1. However,
only the production of hydrogen through electrolysis will be examined in this study as this
is the only option that allows the direct use of renewable electricity.

4.1 Projections of the hydrogen role in Denmark

This section encompasses two different projections of the inclusion of hydrogen in the
energy system. One made by Brintbranchen and the second by the danish society of
engineers. The scrutiny of each prognostic will be followed by a comparative analysis.

4.1.1 Brintbranchen

Brintbranchen (Hydrogen Denmark) is an association that represents Danish stakeholders
in the hydrogen field. The latest report Brintbranchen [2020] shows the prospects of green
hydrogen in Denmark. The report portraits hydrogen as the key to a green transition and
highlights the global market potential.

Key findings:

• Government should make an investment of at least DKK 5 billion for hydrogen and
Power to X, between the next two years

• For future domestic consumption in 2030, a 2-3 GW installed electrolysis capacity
would be necessary to supply 10-12 TWh for Power to X products

• By 2030, USD 40 billion of investment is expected, accounting for both private and
public
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4.1. Projections of the hydrogen role in Denmark Aalborg University

• New 53,000 jobs could be created in 2030
• Revenues from exportation of green hydrogen could reach 50 to 84 billion DKK
• Danish manufactures represent one-fourth of the world’s hydrogen filling stations

The study defines a national target for Denmark of 1 GW by 2025 and 6 GW by 2030.
If 6 GW of electrolyser capacity is installed, 6 to 12 TWh (depending on the technology)
of surplus heat produced during electrolysis could be used on the district heating. The
report also identifies Germany as one of the potential importers of hydrogen produced in
Denmark since Germany expects a demand of 110 TWh but only production of 14 TWh.

4.1.2 Danish Society of Engineers

The Danish Society of Engineers (IDA) created two energy scenarios for Denmark, one
in 2050 that encompasses a 100% renewable energy system and another for 2035 as a
transition for a carbon-neutral system [Ridjan et al., 2015].

Figure 4.3. Primary energy supply (PES) in 2035 and 2050.

As seen in Figure 4.3, the hydrogen share as primary energy supply is increasing over
the years, from 12% in 2035 to 16% in 2050. However, hydrogen’s role in IDA scenarios
is limited to the production of electrofuels, which are further used in the transportation
sector. In addition, the district heating, both in 2035 and 2050, is supplied by syngas and
biomass. Figure 4.4 represents the fuel distribution of the DH in 2050.

Figure 4.4. Fuel distribution in the district heating of the IDA scenario.
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4.1.3 Comparison between both projections

Brintbranchen assumed a hydrogen consumption of 12 TWh by 2030, which coincides with
the evolution seen in the IDA projected demand of 22.49 TWh in 2035.

To compare the projected capacity of the electrolysers, it has been assumed that Denmark
would represent 15% of the European installed electrolyser capacity. This assumption
follows Brintbranchen’s logic, as the 6 GW predicted in Denmark would represent 15%
of the total European electrolyser capacity by 2030 (40 GW). Figure 4.5 represents the
capacity installed on the IDA scenarios for 2035 and 2040 and compares in light blue what
would be the capacity for the same years, assuming the growth proposed by Brintbranchen.

Figure 4.5. Electrolyser installed capacity on the IDA scenario (orange) versus the rate of growth
proposed by Brintbranchen (light blue).

The 75 GW of installed capacity represent an enormous difference compared to the 8.5 GW
on the IDA scenario, however, this value is just a 15% share of the European ambitious
goal of 500 GW by 2050 [European Comission, 2020]. To put this 75 GW into perspective,
the total VRE generation installed in 2050 is expected to be 24.3 GW, approximately three
times smaller than the electrolyser capacity proposed.

Significant investment would have to be done if the growth of installed capacity follows
the behavior shown in figure 4.5. If one considers an electrolyser cost of 0.4 euros per MW
in the EnergyPLAN, the total investment of just the electrolyser technology would be 30
billion euros. The investment would be spread until 2050, yet 2 billion would have to be
spent annually just for the electrolysers, in comparison with a total of 15 billion spent
annually on the IDA scenario. In other words, the 30 billion euros necessary to install 75
GW of electrolysers are roughly the double amount that is spent in one year on the entire
IDA 2050 scenario, meaning that the total cost of the electrolyser would be equivalent to
two annual year expenses.
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4.2 Hydrogen in the Danish gas grid

This section tests the possibility of a hydrogen gas grid in Denmark, both in a near future
and in the long-term by 2050. To evaluate a hydrogen gas grid by 2050, it was done a
sensitive analysis of the inclusion of hydrogen. Thereafter it was simulated a hydrogen gas
grid scenario.

4.2.1 Present possibility of a hydrogen gas grid

The Danish gas network is operated by one distribution system operator (DSO), Evida,
and Energinet as the only transmission system operator (TSO) [Energinet]. Currently, the
total length of the distribution network is 17,000 km and the biggest international transit
of gas happens between the North Sea and central Europe [Danish Energy Agency].

The recent EUDP [2020] report has shown that the Danish natural gas network could
transport up to 15% of hydrogen without major alterations on the system, and up to 12%
with no changes required. This assumption was obtained in a real test facility, as seen in
Figure 4.6.

Figure 4.6. Hydrogen stand-alone system for tests. [EUDP, 2020]

The technical possibility to include up to 12% of hydrogen into the natural gas grid
without any changes, allows Denmark to create a hydrogen demand, hence promoting
the production of hydrogen. Several countries such as the Netherlands are already using
the bleeding of hydrogen into the gas grid to incentive growth in the hydrogen market
[Government of the Netherlands, 2019]. Establishing medium-term goals such as blending
would ease the long term goal of a 100% renewable hydrogen gas grid.

4.2.2 Sensitivity analysis of hydrogen inclusion

The 2050 scenario will be used as a based scenario and for comparison, the output is in the
Appendix C.2. Previously to the simulation of a hydrogen gas grid scenario is necessary to
evaluate the impact of hydrogen production in the energy system. For that reason, with
the use of EnergyPLAN, a methodology was created for the specific analysis of a hydrogen
gas grid, as explained in detail in Section 2.3.1.
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Moving all fuel supply in the DH to the coal category it was possible to identify the annual
fuel demand for hydrogen. This means enough hydrogen would have to be produced to
fulfill heat demand. Since the production of green hydrogen considered is done through
electrolysis there was an increase in electricity consumption due to the additional hydrogen
produced.

The additional electricity demand raised by the production of hydrogen requires extra
renewable energy generation. Hence, an analysis of the current system was done to evaluate
the most suitable renewable energy source, as shown in Figure 4.7.

Figure 4.7. Cost and energy system impact of additional renewable power generation.

On the horizontal axis, the zero additional production represents the original scenario. The
vertical axis represents the evolution of the system cost on the right side and on the left
is represented the critical excess electricity production (CEEP). Up to the first 20 TWh
generated from any renewable sources, the cost of the system is reduced as the electricity
generated is no longer being used for domestic production but for export.

The offshore wind generation, colored as green, is the option that creates less critical excess
electricity production, yet it is also the one that increases the total cost of the system the
most. On the other hand, onshore wind production is the most affordable option but is
not so compatible with the energy system as offshore wind. Solar PV addition will be
disregarded as in the Danish case, has higher costs than onshore wind and similar CEEP.

Accordingly to the analysis done in Figure 4.7 it was added a 5 TWh/year of additional
wind, as it is the most affordable option, and until that threshold is not created CEEP.
Afterwards, the remaining electricity necessary to supply the electrolysers will come from
offshore wind. The offshore wind ensures better coordination with the energy system and
does not present land space restrictions. The total renewable power capacity installed and
production for the sensitivity analysis is represented in Table 4.1.
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Wind Offshore wind

Capacity (MW) Production (TWh/year) Capacity (MW) Production (TWh/year)
Original 5000 10.9 14000 52.93
New 7300 15.9 19740 74.63

Table 4.1. Renewable power generation in the original 2050 scenario and in the new hydrogen
scenario.

With new power generation able to supply the electrolysis process, three hourly hydrogen
demand profiles were tested using the method described in Section 2.3.1. The three
different hourly hydrogen demand profiles include a constant demand, a demand following
the VRE generation (Figure 4.8), and a hydrogen demand that coincides with the heat
consumption in the district heating (Figure 4.9).

Figure 4.8. Hourly renewable power generation distribution.

Figure 4.9. Hourly district heating distribution.

Theoretically, if extremely large hydrogen storage is considered, the hydrogen demand
profiles according to VRE or district heating (DH) would be irrelevant, as it would be only
required the minimum electrolyser capacity to fulfill the demand. In other words, if it was
possible to have unlimited storage capacity then the production and consumption would
always match and this is the case less electrolyser capacity would be necessary. In that
sense, to analyse the impact of the three different hourly demand profiles, the minimum
electrolyser capacity that would be able to produce hydrogen and avoid critical excess
production was first found. The ideal electrolyser capacity for this energy analysis was
found to be 14 GW, with the distribution visible in Figure 4.10.
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Figure 4.10. Hourly operation of the electrolyser.

The minimum of 4151 MW electrolyser capacity in operation, visible in Figure 4.10, is
explained by the transportation demand already consider in the IDA 2050 scenario. As the
hydrogenation for the production of electrofuels is consider constant a minimum operation
of the electrolyser is necessary.

Assuming the same VRE generation and electrolyser capacity, it was possible to evaluate
the impact of the three different hydrogen strategies. As it can be seen in Table 4.2,
the hourly hydrogen demand profile that follows the VRE generation is the one that
requires less hydrogen storage, as the hydrogen is being produced when renewable power
generation occurs. On the other hand, if a constant hydrogen production is assumed,
one would have to consider an additional 1.5 TWh of hydrogen storage. This considerable
difference can be explained by the intermittency of renewable sources since green hydrogen
production is based on the availability of VRE, bigger storage would be required to ensure
a constant supply of hydrogen. Lastly, the third hourly hydrogen profile assumes that
hydrogen production matches the district heating demand. This case would require even
more storage compared to the VRE, an additional 10 TWh, since not only it would have
to balance the intermittency of renewable sources but also the variable heat demand.

Electrolyser capacity
(MW)

Hydrogen storage
(GWh)

Constant 14,000 20,500
VRE 14,000 19,000
DH 14,000 29,000

Table 4.2. Hydrogen system according to the three different demand profiles.

The hourly hydrogen storage accordingly to the three hydrogen demand profiles is visible
in Figure 4.11. The lowest consumption of heat in the district heating occurs between
May and August, shown in Figure 4.9, which coincides with the hydrogen storage behavior
since it is around May (approximately 3600 hours) that the hydrogen storage starts to be
filled.
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Figure 4.11. Hourly storage accordingly to each hydrogen demand profile.

Another aspect also analysed was how would the system react if no storage was considered,
the results are visible in Table 4.3.

Electrolyser capacity
without storage (MW)

Constant 8,651
VRE 13,846
DH 31,915

Table 4.3. Impact of the 3 demand profiles in the electrolyser capacity, without hydrogen storage.

In this case, the energy system balance is not taken into account, meaning that it would
not make sense at a national level. But for instance, if a private investor wanted to produce
28.57 TWh/year of hydrogen with no storage then a constant supply and production of
hydrogen would be the most suitable option. The second-best option (13,856 MW) would
be to produce hydrogen when renewable power is available and the worst of the three
options would be to only operate the electrolyser when the heat is necessary.

The previous analysis has shown that the hourly hydrogen demand following the VRE
profile is the one that has better integration with the energy system, for that reason, this
approach will be used to develop a hydrogen grid and further compared it with the original
IDA 2050 scenario.

4.2.3 Hydrogen gas grid scenario

The past energy analysis has shown that at a national level the best approach would be
to operate the electrolysers according to the VRE generation, this option would require
less hydrogen storage and consequently less investment. For that reason, this approach
will be used to not only supply the district heating with hydrogen as previously shown but
also to replace all the syngas used in the gas grid. This means replacing all the syngas
and biomass used to supply the DH in the IDA scenario (Figure 4.4) and an additional
8.41 TWh/year of syngas that was used in the industry. This way is simulated a 100%
hydrogen gas grid. Afterward, the obtained results will be compared with the original IDA
scenario.
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In summary, the simulated hydrogen gas grid scenario will replace all fuels used in the DH
and the syngas used in the industry.

The total annual cost of the hydrogen gas grid scenario is 22754 million euros, 112 million
euros more expensive than the original scenario (22642 million euros). The breakdown
between the costs for both scenarios is represented in Figure 4.12.

Figure 4.12. Comparison of annual costs (million euros) and primary energy supply (TWh/year)
in both original and hydrogen grid scenarios.

Each of the costs, being variable, fixed operation and annual will further be explained in
detail.

The primary energy supply in the hydrogen gas grid scenario is higher (192.23 TWh)
than the original since to fulfill the added demand is necessary to generate renewable
power. The role of each source of energy is represented in Figure 4.13.
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Figure 4.13. Primary energy supply (TWh) of the original and hydrogen scenario.

The biomass usage was reduced since its no longer use to supply the DH and syngas was
fully replaced. The biofuels supply is maintained as its utilization is restricted to the
transportation sector, a sector that is outside the scope of this study. The growth in
hydrogen demand and electricity supply for electrolyser has to be followed by an increase
in installed capacity, this evolution is shown in more detail in Table 4.4.

Original Hydrogen grid

Demands

Hydrogen (TWh/year) 43.89 74.98
Electricity (TWh/year) 38.51 89.26

Installed capacities

Hydrogen storage (GWh) 532 135
Wind (MW) 5000 7300
Transmission lines (MW) 7100 9100
Electrolyser (MW) 8510 18000
Offshore Wind (MW) 14000 21870

Table 4.4. Output comparison between the original and the hydrogen grid scenario.

Despite the fact that the hydrogen demand has increased in the hydrogen grid scenario, the
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hydrogen storage considerably is less (135 GWh). Yet in the hydrogen grid scenario, the
hydrogen hourly demand profile follows the VRE generation, hence both the production
and consumption of electricity in the electrolyser match. For that reason, it requires less
hydrogen storage as hydrogen is being produced when renewable power is being generated.

The variable costs represented as green in Figure 4.12, include the marginal operation
costs, the costs with electricity exchange, carbon emission costs and lastly with the costs
with fuels, as seen in Table 4.5.

Original
(Million EUR)

Hydrogen grid
(Million EUR)

Marginal operation 64 74
Electricity exchange -90 -12
Carbon emissions 0 0
Fuels 1487 1071
Total 1461 1133

Table 4.5. Variable costs (million euros) in both scenarios.

Both scenarios have zero costs related to carbon emissions since both are 100% based
on renewable energy. The major contributor to the variable costs are the fuel costs, the
evaluation of each fuel cost is visible in Table 4.6.

Original
(M EUR)

Hydrogen grid
(M EUR)

Coal 0 336
Oil 0 0
Gasoil/Diesel 291 291
Petrol/JP 11 11
Gas handling 38 0
Biomass 1147 433
Waste 0 0
Total 1487 1071

Table 4.6. Fuel costs (million euros) in both scenarios.

In Table 4.7 is shown the costs related to electricity exchange. In the hydrogen grid
scenario, the imports of electricity are higher, this might be explained by the approximation
of the hourly demand for hydrogen following VRE. Meaning that this VRE is not exactly
the same as the one happening, however, in theory, it should decrease the imports.
Nevertheless, a national grid should not be build to profit from exports but to find a
balance between imports and exports, and in that sense, the hydrogen grid scenario is
closer to the optimal balance.
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Original Hydrogen grid

Electricity exchange -90 -12
Import 142 219
Export -232 -231

Table 4.7. Electricity exchange costs (million euros).

As seen in Table 4.8, the hydrogen gas grid scenario has lower fixed operation costs,
also mentioned as operation and maintenance (O&M) costs. The biggest reduction of
O&M costs in the hydrogen gas grid scenario is with the biogas plant. Since hydrogen
has replaced the syngas, the gasification, methanation, and biogas systems are no longer
needed. The total reduction of the system operation costs is 45 million euros.

Total investment
(M EUR)

Annual investment
(M EUR)

O&M
(M EUR)

Wind offshore 14009 715 255
Electrolyser 3796 255 114
Transmission lines 2400 103 24
Wind 1610 82 26
Biogas upgrade -149 -12 -4
Methanation -191 -11 -8
Gas Storage -300 -12 -8
Gasification upgrade -1698 -114 -29
Biogas plant -1861 -125 -260
Hydrogen storage -3017 -173 -75
Gasification plant -3320 -224 -80
Total difference 112 485 -45

Table 4.8. Difference of hydrogen gas grid costs with the IDA original scenario (million euros).

The annual investment cost difference between the two scenarios (485 million euros)
is explained by the necessity to install electrolysers, hydrogen storage, and increase the
renewable energy power generation and transmission line capacities.
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This chapter presents the innovations for green hydrogen inclusion to the natural gas grid, using IRENA’s

systemic innovation approach.

5.1 Enabling technologies

5.1.1 Electrolysers cost reduction

The European hydrogen strategy aims to decrease the current levelised costs of hydrogen
(LCOH) that is around 2.5 to 5.5 EUR/kg, to between 1.1 and 2.4 EUR/kg by 2030
[European Comission, 2020]. The pathway to affordable green hydrogen is shown in Figure
5.1.

Figure 5.1. Cost reduction of green hydrogen production (USD/kg). [IRENA, 2020a]

The first step identified by IRENA [2020a] towards a green hydrogen cost reduction was a
the 80% reduction in the electrolyser cost. The importance of electrolyser cost reduction
was also shared in the European Strategy, which aims to drive electrolyzers costs from
900 EUR/kW to 450 EUR/kW by 2030, and continue decreasing in the following years
[European Comission, 2020]. In that sense, the EU is doing an effort to develop and catch
up with the biggest competitors in the market, focusing on SOEC and PEM electrolysers
[BloombergNEF, 2020a]. The Chinese market and its companies have vast expertise in the
production of electrolyser and are already supplying equipment at 200 USD/kW. However,
the mature electrolysers manufactures have their expertise in alkaline electrolysers, that
are not suitable for variable supply such as VRE.

If Europe does not succeed to produce cost-competitive electrolysers in a global market,
the technology cost reduction could have similar behavior to what happened with the cost
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reduction seen in solar PV. In the PV case, the main manufacturing achievement and
related profits are located in Asia. However, this does not seems to be the European goal
as it is stated in the hydrogen strategy concrete goals for the production of hydrogen and
electrolyser.

The European Comission [2020] published the Hydrogen strategy identifies PEM and
SOEC as prominent technologies, for that reason only these two electrolysers will be
further scrutinized. In both 2035 and 2050 IDA scenarios mentioned in Section 2.3, the
electrolysers considered were the SOECs, with the characteristics shown in Table 5.1.

2035 2050

Efficiency (%) 74 74
Cost system (Euro/MW) 0.6 0.4
O&M (% of total investment) 3 3
Lifetime (years) 15 20

Table 5.1. SOEC characteristics used on IDA scenarios [Ridjan et al., 2015]
Note: O&M = Operation and maintenance.

Usually, IDA scenarios use the Danish Energy Agency (DAE) technology catalogs to collect
technical data. These technology catalogs encompass a myriad of technologies, including
electrolysers. Data from the DEA [2017] technology catalog and Table A.2 (IRENA [2020a]
report) were treated so they could be compared.

First, it was considered a hydrogen heating value between 120 and 143 MJ/kg [World
Nuclear Association]. It has been assumed an average heating value, which is equivalent to
36.39 kWh/kg. This value has been divided by IRENA [2020a] assumption of 40 kWh/kg,
obtaining an efficiency of 0.9. Moreover, it has been assumed a conversion rate of 1 dollar
to 0.82 euros.

The results for the both SOEC and PEM technologies are visible in Table 5.2 and Table
5.3, correspondingly.

IRENA 2020 DEA 2020 IRENA 2050 DEA 2050

Operating temperature (°C) 700-850 750 <600 650
Lifetime (years) 2.3 20 9.1 30
Efficiency (%) <90 76 >90 79
Cost system (EUR/MW) 2.4 2.2 0.4 0.4

Table 5.2. Comparison between SOEC parameters.

As seen in Table 5.2, the predicted costs of the SOEC system in 2050 have the same value
of 0.4 EUR/MW in both projections. However, there is a significant difference in the
efficiency and lifetime foreseen, as IRENA assumes an efficiency bigger than 90%, yet with
only 9 years of lifetime.
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IRENA 2020 DEA 2020 IRENA 2050 DEA 2050

Operating temperature (°C) 50-80 80 80 90
Lifetime (years) 5.7 15 11.4 15
Efficiency (%) 44 - 73 58 81 67
Cost system (EUR/MW) 1.2 1.1 0.2 0.4

Table 5.3. Comparision beteween PEM parameters.

Regarding the PEM, the differences are more visible, as represented in Table 5.3. IRENA
anticipates half of the system cost compared with DEA, with a value equal to 0.2
EUR/MW. The disparity is also present in the efficiency, as IRENA has more optimistic
projections. In relation to the lifetime, DEA continues to assume the system will operate
for more years, however, the difference of years is smaller than in comparison with the
SOEC.

The values for 2050 mentioned in Tables 5.2 and 5.3 were used to update the IDA
scenario. As represented in Figure 5.2, two scenarios have been simulated, one scenario
that only considers SOEC electrolysers (represented in blue) and a second where only PEM
electolysers were contemplated (orange).

Figure 5.2. Socio-economic impact of IRENA cost projection for PEM and SOEC technologies
in the IDA 2050 scenario.

The cost reduction of the electrolyser has a significant impact on the total cost of the
system. If the IRENA electrolyser projections are considered, in the case of the SOEC the
system cost can be reduced by 105 million. In the PEM case, the impact is even higher,
with a cost reduction of 249 million euros. Operation and maintenance of the SOEC have
no difference compared to the original scenario because on the EnergyPLAN the O&M is
given by a percentage of the cost of investment, in this case, this percentage is 3% and the
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cost of investment predicted by IRENA coincides with the original, a cost of 0.4 euros per
kW as seen in Table 5.2.

For the hydrogen gas grid scenario the only electrolyser consider was the PEM since the
hourly hydrogen demand follows VRE is necessary an electrolyser that could be coupled
with variable supply. Moreover, only the cost reduction of the electrolyser to 0.2 EUR/MW
and a lower lifetime of 11.2 years were considered. The increase in the efficiency from 0.74
to 0.81 was disregarded as this would require a new energy system configuration.

Figure 5.3. Socio-economic impact of IRENA cost projection for PEM technologies in hydrogen
gas grid scenario.

Nevertheless, just considering economical improvements in the electrolyser price and
lifetime, the cost of the hydrogen gas grid scenario is reduced by 203 million euros. Meaning
that the new total annual cost would be 22551 million euros, the output of the scenario is
in the Appendix C.1.

Operation hours

The ideal operation of an electrolyser would occur with low electricity prices, low
investment cost and long operating hours, these conditions would obtain the most
affordable green hydrogen. Figure 5.4 illustrates the influence of the investment cost and
electricity price on the production cost of green hydrogen.
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Figure 5.4. Hydrogen production cost (USD/kg) varying the investment, electricity price and
operating hours. [IRENA, 2020a]

The longer the operation hours, the minor is the impact of the CAPEX, as the investment
cost is spread across the time. For example, if the system operates less than 2000 hours,
the electrolyser system cost would have to be lower than 200 USD/kW so that the green
hydrogen produced is competitive with blue hydrogen. That is a significant decrease
considering that today’s electrolyser cost that are around 600 to 1000 USD/kW (see Table
A.1).

In the on-site production of hydrogen coupled merely with VRE, the electrolyser operates
in limited hours, as the intermittence of VRE excludes the possibility of constant electricity
supply. For instance, an electrolyser coupled with only a photovoltaic (PV) power plant
would operate less than 2000 hours per year, hence increasing the significance of the capital
cost.

As a deduction, if a fixed electricity supply is desired in order to increase the electrolyser
capacity factor then, the system should be connected to the grid or to an autonomous
renewable energy system. A profitable partnership could occur between SOECs electrylsers
and Concentrated solar power (CSP) plants since the electrolysis is an endothermic process
and could benefit both the electricity and the heat produced to improve the process
efficiency.

Electricity cost

The cost of electricity has a significant impact on the final hydrogen production cost. As
seen in Figure 5.1, the electricity reduction cost from 53 to 20 USD/MWh would reduce
the hydrogen production cost from 3 USD/kg of hydrogen to less than 2 USD/kg. Hence,
the different forms of electricity supply have a great influence on the hydrogen production
cost.

The electrolyser could be coupled with off-grid VRE generation, thus the electricity cost
would be equal to the LCOE of the renewable generation system. Moreover, it can be
also understood that if the VRE system did not have any type of storage, the capacity
factor of the electrolyser would be the same as the VRE technology coupled. In other
words, the hydrogen would only be produced when renewable resources are available. This
off-grid configuration without storage would limit significantly the operation time of the
electrolyser and consequently its capacity factor.
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Another possible configuration is to couple the electroyser to the power grid, thereupon
the electricity price would be the wholesale price. However, the wholesale electricity price
varies during the day, meaning that the time of consumption is crucial to the reduction
of hydrogen production cost. If only surplus electricity is used, to avoid curtailment, then
the electricity cost could be assumed as zero but that would limit the operation hours of
the electrolyser. On the other hand, if the operation hours of the electrolyser is extended
beyond surplus electricity, the total cost of electricity increases and the electrolyser start
to consume electricity in more costly hours. This means that when taking the wholesale
electricity price into account, one must find a compromise between the optimal operation
hours and the impact of the capital expenditures (CAPEX). Figure 5.5 represents the
different levelised cost of hydrogen (LCOH) in Germany, depending on different operating
hours.

Figure 5.5. Comparison of the hydrogen production cost (euros per kg) considering different
operating hours. [Hydrogen Europe, 2020a]

As it can be seen in Figure 5.5, with 1000 hours of operation the LCOH is higher as the
CAPEX significantly impacts the cost of each kg of hydrogen produced. Inversely, if the
operation hours are extended until 8000 hours the impact of the CAPEX and OPEX is
reduced but the electricity purchased is done in peak hours, hence increasing the LCOH
compared to the 4000 hours cost. Consequently, it can be concluded that the optimal
amount of operating hours is around 4000.

IIn summary, it was mentioned the importance and key aspects of reducing the electrolyser
price and the economic impact of future PEM and SOECs developments on the entire
energy system. Investment in research and development could propel new and current
Danish electrolysers manufacturers. Currently, there are two Danish companies, Green
hydrogen system that produces alkaline electrolysers, and Haldor Topsoe that sells SOEC
technology [Green Hydrogen Systems] [Haldor Topsoe].

5.1.2 Super gas grid

A group of eleven European natural gas companies has presented the Backbone plan,
a plan for the hydrogen transport infrastructure. They foresee a network of 6,800 km of
pipeline by 2030, mainly to connect hydrogen valleys. As represented in Figure 5.6, in 2040
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hydrogen pipelines would have a length of 23,000 km, however is assumed that only 25%
of this value would be new pipeline connections, the reaming would be converted natural
gas pipelines. This network would be able to supply 1130 TWh of hydrogen demand and
has an estimated cost ranging between 27 and 64 billion euros [Gas for Climate, 2020b].

Figure 5.6. European hydrogen grid by 2040. [Gas for Climate, 2020b]

The expansion of the network would include the retrofitting of the eastern route until
Copenhagen and new connections to Sweden and in Jutland.

There is a possibility to use the exiting double-lined system that connects Germany with
Denmark to transport hydrogen since one of the pipes could be retrofitted. However, most
of the current Danish pipeline network consists of single pipelines that do not offer this
possibility.

The current Baltic contract of 15-years ensures the transportation of natural gas from
Norway to Denmark and Poland will only expire in 2038. Excluding the possibility of
short-term investments in an integrated national hydrogen network.

The levelised cost of the network is estimated to be between 0.09 and 0.17 euros per
kilogram of hydrogen, per 1000 km. This estimation encompasses a wide range since this
cost is highly dependent on the location chosen. In that sense, the planning of a hydrogen
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pipeline infrastructure should be done on cooperation, in a transnational environment,
and with long-term well-defined goals so that the cost is reduced. Furthermore, a gas grid
based on hydrogen instead of natural gas would require more entry points as the hydrogen
production would be distributed.

Additionally to the transmission pipelines, key grid infrastructure components also include
compression stations that control pressure, valves that allow safe O&M and metering
stations, that are installed in strategic places, such as exits, entry and cross-border points,
to allow the TSO to control, manage and measure (CMM) the gas grid [Gas for Climate,
2020b].

5.1.3 Storage

Hydrogen storage can provide deep resilience to a highly electrified future and net-zero
economy. The prospects for the levelised cost of storage (LCOS) for hydrogen and options
are shown in Table 5.7.

Figure 5.7. Cost of hydrogen storage (USD/kg). [BloombergNEF, 2020b]
Note: LOHC = liquid organic hydrogen carrier.

The most affordable way of storing hydrogen is in salt caverns, however, this option is
limited to geographical conditions. The second cheapest option is to store hydrogen in
pressurized containers, similar to the way natural gas is currently stored, in this way
unlimited quantities can be stored.

As seen in Figure 5.8, Denmark could store around 9,000 TWh of hydrogen in salt caverns.
However, due to its geographical limitations, further investments would have to be done
since the majority of capacity storage is located offshore, at a higher distance than 50 km
from the coast. To a lesser extend, Denmark also has the possibility to store onshore in
salt caverns within 50 km from the coast.
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Figure 5.8. Salt cavern capacity storage of hydrogen (TWh). [Gas for Climate, 2020a]

Green Hydrogen Hub Denmark is an example of good practices on hydrogen storage as
intends to be the first fully large-scale green hydrogen production, with a compressed-
air energy storage (CAES) solution as storage. In 2030 is aimed to have an installed
electrolyser capacity of 1 GW, 400 GWh hydrogen storage, and a 320 MW CAES plant.
Moreover, this project will use the Northern Jutland’s large salt caverns as suitable storage
of hydrogen [Green Hydrogen Hub Denmark, 2020].

5.1.4 Renewable power generation

To supply the considerable electricity demand necessary to produce green hydrogen it
would be necessary to install new renewable energy generation technologies. Another
characteristic important to note is that if the electrolysers are connected directly to the
grid, then the carbon intensity of the national grid should be lower than the amount of
carbon dioxide acceptable to classify the hydrogen as green. Analysing the carbon intensity
of the Norwegian and European grids, represented in Figure 5.9, it is possible to see that
only seven countries would fulfil the different requirements so that the hydrogen produced
is green. The average pollution of the 27-EU countries, using electricity from the grid to
produce hydrogen would result in an emission of 14.8 kg CO2/kg H2 [Hydrogen Europe,
2020a], meaning that European grids still have a challenging road to produce low carbon
electricity and achieve a 100% renewable energy electricity grid.

Take Denmark as an example and only the EU emissions trading system (ETS) Benchmark
of 8.85 kg CO2/kg H2 would be accomplished. In other other words, if an established
common definition of green hydrogen is more ambitious and requires less CO2 emitted
than the EU ETS, then the electrolysers could not be continuously supplied by the Danish
grid. However, if the consumption from the grid occurs solely when there is CEEP one
could assume that the hydrogen produced would be green.
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Figure 5.9. Carbon intensity of hydrogen produced from grid electricity (kg CO2/kg H2).
[Hydrogen Europe, 2020a]

In order to reduce the content of carbon dioxide on the grid, Denmark could take advantage
of its vast endogenous renewable energy resources and increase VRE penetration. Denmark
has a high potential for offshore wind production and recently strengthened its position
by joining forces with Germany, to build offshore hubs for VRE integration and for future
Power to X products. Future plans include two offshore hubs, each with a capacity of 5
GW [Recharge, 2020].

The theoretical offshore wind potential in Denmark is estimated to be more than 100 GW
of installed capacity, however, more realistic predictions assume values between 40 and 60
GW [Brintbranchen, 2020]. Innovative concepts such as the offshore platform visible in
Figure 5.10 open potentially new incomes for Denmark.

Figure 5.10. Tracatebel platform and offshore wind. [Tracatebel, 2020]
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As an example of innovative systems, the offshore platform shown in Figure 5.10 plans to
use the electricity produced from offshore wind to supply electrolysers and desalination
plans, producing both green hydrogen and potable water [Tracatebel, 2020].

5.1.5 Digital innovation technologies

Power systems are becoming more complex and decentralized, for instance, in a future
smart home we could have solar panels, boiler, smart charging point for the electric vehicle
(EV), smart meter, smart plugs, thermostats, and other electronic devices. Internet of
Things (IoT) can collect a large amount of data of the devices connected and streamline
all the information so that the big data collected can be used for energy system optimisation
[IRENA, 2019b].

Artificial intelligence (AI) supports the decision-making process by building knowledge
without the need for additional programming. The use of AI is being spread by the
collection of big data and it can help faster and intelligent decisions regarding the energy
system, increasing grid flexibility and VRE integration.

AI can help with the integration of higher shares of renewable energy as it can assist in the
generation forecast, demand forecast and therefore, perform a more efficient demand-side
management. It can also be used to improve the energy storage operation and market
design [IRENA, 2019a].

The Danish company Tomorrow [2020] is a concrete example of how AI could have a
meaningful impact. The algorithm developed by Tomorrow analyses the CO2 emissions
from different sources and displays in real-time the emissions related to electricity
consumption, imports, and exports worldwide. This tool could be used to make sure
that electrolysers would only use electricity when the content of CO2 related to generation
is low or null, and therefore, ensure the hydrogen is green.

5.2 Market design

5.2.1 Universal hydrogen classification

Classifying hydrogen purely based on a color code, as shown in Appendix A.3, already
shows signs of immaturity, as this simple subjective classification cannot establish the
necessary clear boundaries.

One concrete example is the production of hydrogen from electrolysers that are connected
to the grid, as most of the electrical systems are not supplied only by VRE, the hydrogen
produced could not be considered green. In other words, only an off-grid renewable energy
system could guarantee that the hydrogen produced is green or 100% renewable power
grid. In that sense, policymakers should develop an objective method to evaluate the life-
cycle emissions from production to consumption. Ideally, this method would be universally
accepted so that the global market for hydrogen is based on the same frameworks [IRENA,
2020b].

As an example, Table 5.4 shows how divergent are the possible European classifications of
green hydrogen according to the carbon emitted. The varied definitions include the EU
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emissions trading system (EU ETS) Benchmark, the CertifHy threshold for low carbon
hydrogen, the EU Taxonomy threshold for sustainable hydrogen, and the RED II threshold
for Renewable Fuels of Non-Biological Origin (RFNBO).

Classification Carbon content per hydrogen
(kg CO2 / kg H2)

RED II 3.38
CertifHy 4.40

EU Taxonomy 5.80
EU ETS Benchmark 8.85

Table 5.4. Green products classifications.

Thus, an achievable first step towards a universal hydrogen classification would be to unify
a European classification. Thereafter a universal definition could be agreed upon, hence
creating an even global playing field in an international hydrogen market.

5.2.2 Regional hydrogen market

Regarding electricity, Denmark is part of the pan-European electricity market, operated
by NordPool, and participates both in the day-ahead and intraday market. IRENA [2019c]
considers that there is a deep market integration, as there are several interconnections (to
Germany, Norway, and Sweden), trading arrangements, and harmonized rules.

Similarly to the regional electricity market, to successfully implement a European
hydrogen market, it would be necessary to have cross-border coordination between TSOs,
regulators, and market operators so that there is a harmonized market design. To achieve
harmonization, the first crucial step would be to have a clear pricing methodology.

5.2.3 Taxation

In a European market, Denmark has the highest hydrogen production cost as shown
in Figure 5.11. It is assumed that the electricity used is from the grid, in that sense,
countries with a high wholesale electricity price such as Cyprus would have a high hydrogen
production cost. However, that is not the reason why Denmark presents a higher hydrogen
production cost, as it has one of the lowest wholesale prices, represented in dark blue. The
reason why the total cost of production is so high is the additional tax added to the
wholesale electricity price colored in light blue.
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Figure 5.11. Hydrogen production costs (EUR/kg) in 2019. [Hydrogen Europe, 2020a]

For the 9.5 EUR/kg of hydrogen produced, the taxation added is calculated to be 6.43
euros. Yet, if Denmark decides to only charge grid fees costs to hydrogen producers, then
the price of hydrogen production could drop to 3.11 EUR/kg, making Denmark the second
most competitive country in Europe [Hydrogen Europe, 2020a]. However, the Danish social
welfare system is supported by the taxes paid, on a bigger scale, paying fewer taxes would
mean having less access to public services.

If we consider the previously assumed hydrogen energy density of 36.39 kWh/kg, then
even without any taxation the 3.11 EUR/kg of hydrogen produced would translate into
0.085 EUR/kWh. This hydrogen price is still higher than the 2020 Danish natural gas
price for household consumers of 0.075 EUR/kWh [Eurostat, 2020]. Meaning that at the
present moment hydrogen is not a cost-efficient option when compared to natural gas. For
hydrogen to be competitive and to consider as the only supply to the gas grid, further
taxation and incentives would have to be implemented to ensure competitiveness. Further
incentives could include an increase in carbon pricing so that the price of natural gas would
reflect a bigger environmental impact.

As mentioned in Section ??, further developments expected by the European Commission
predict a green hydrogen price between 1.1 and 2.4 EUR/kg, by 2030. These values
would translate to a range of 0.030 to 0.066 EUR/kWh of green hydrogen, making in
2030 hydrogen directly competitive with natural gas (0.075 EUR/kWh). Considering that
the production price of natural gas would have a stable behavior from 2020 to 2030, the
market price could only increase since carbon prices are expected to also increase during
the energy transition towards renewables.

5.2.4 Innovative ancillary services

One of the advantages that electrolysers could bring to the energy system balance is their
ability to provide power ancillary services. As shown in Table A.1, the PEM technology
is the most promising in this regard, and studies have proved that PEM can be used to
provide ancillary service such as fast frequency response [Alshehri et al., 2019].
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In Denmark, the power generated from wind is allowed to participate in the existing
ancillary service market, providing balancing services [IRENA, 2019d]. Similarly, the same
could be done so the flexibility that electrolysers can provide is utilized to integrate higher
shares of VRE.

5.3 Business models

Green hydrogen hubs

Hydrogen Hubs join industry, businesses, stakeholders, and authorities at a local level to
deploy hydrogen as a means to supply the local community energy demand. In this way,
the transmission and distribution costs are reduced since the production is located near
the demand [HydrogenHub, 2020].

At Green lab, one of the first largest Power to X facilities, local Danish power from wind
and solar PV is converted into electrofuels, heat, and green products. The excess heat
produced from the 12 MW electrolysis plant is shared on the local grid where all the
industries are connected. This sharing process was named SymbiosisNet and at a bigger
scale allows on-site industries to exchange excess heat, biomass, and electrofuels [GreenLab,
2020].

HyBalance is a project that aims to test the use of hydrogen in the Danish energy
system. The consortium accounts for the participation of several Danish companies and
the Energinet partnership. The excess wind power is used to produce hydrogen, providing
grid balance services. Afterward, the hydrogen is used by the industry and transportation
sector in Hobro. Potential uses already mentioned are hydrogen refueling stations for fuel
cell cars and buses in Hobro and the local industry. Hydrogen could be also stored in salt
caverns in Hvornum and Lille Torup [CORDIS, 2014]

5.4 System operation

5.4.1 Specialized transmission system operation

If hydrogen is injected into the national gas grid it will be required to have a new set of
technical knowledge from all the national gas grid operators, both the TSO (Energinet)
and DSO. The transmission of hydrogen demands higher pressures, hence adds additional
risks.

5.4.2 City gates stations

City gate stations are linked to the distribution system, where the gas pressure is reduced
from the transmission lines to the end-use system, hence the coordination between DSO
and TSO becomes crucial to reduce the costs of infrastructure.

City gate stations are an important concept, as they allow the distribution at lower
pressure, and consequently lower cost of the system, the pipelines can have a smaller
diameter and are required fewer compression stations [Gas for Climate, 2020b].
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5.4.3 Virtual power lines

Virtual power lines consist of utility-scale storage systems connected both on the supply
and demand side. This innovation offers an economically and technically viable alternative
to a reinforcement of the grid, as it provides additional capacity where it is necessary.

Denmark does not have any example of a virtual power-lines system [IRENA, 2020d].
However, hydrogen storage could play a crucial role as a flexibility provider, hence reducing
the need for extra grid reinforcements in specific locations of the grid.
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In this chapter, firstly a review of the issues identified is carried out, connecting problems identified from

both energy sectors. Afterwards, the impact of the methodology and theoretical framework limitations is

assessed, followed by an evaluation of the relevance of the delimitations imposed.

6.1 Discussion of identified issues

6.1.1 Impact of electricity supply configurations

The best electrolyser operation mode highly depends on the user and intention. As shown
in Table 4.2, the most suitable configuration at a national level, aiming to balance the
energy system and reduce the CEEP, is the operation of the electrolyser accordingly
to renewable power availability. This operation mode would ensure that the hydrogen
production is green and it could make sense from a TSO perspective. In this perspective,
it would be also beneficial to consider innovations in the system operation such as
virtual power lines and allow innovative ancillary services to participate in the market.
Furthermore, as seen in Table 6.1 if one uses only surplus electricity the costs with the
electricity supply could be considered null, yet the operating hours would be limit and the
capacity factor reduce.

On the other hand, if a private investor considers the production of hydrogen then a
constant operation would ensure higher capacity factors and less necessary electrolyser
installed capacity for the same demand, as shown in Table 4.3. In this case, the electrolyser
would be connected to a grid or an autonomous renewable energy system to ensure a
constant electricity supply. The connection to the grid would require the payment of taxes
and the cost of hydrogen produced would be depended on the wholesale price. As shown in
the innovation analysis of taxation, if Denmark decides to reduce taxes it can become one
of the European most competitive in hydrogen production. Furthermore, the classification
of the hydrogen would be dependent on the RE penetration in the power grid. As a
deduction, currently is not economical viable the private production of green hydrogen
solely connected to the grid, as the wholesale prices are still considerable and the cases of
a 100% power grid are rare. In the future, green hydrogen hubs and innovative ancillary
services could open new business opportunities.

Grid connection
(constant supply)

Grid connection
(surplus electricity) Off-grid

Electricity cost Wholesale price Null LCOE
Extra costs Taxes and connection fees Connection fees RE generation system

Operation hours Optimal value around 4000 Low and limited Equal to the capacity factor of the RE
Green hydrogen Dependent on the RE penetration Yes Yes

Table 6.1. Impact of different supply configurations.

The third case of off-grid systems would be suitable in locations with abundant VRE
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resources, where the LCOE of the generation system would be cheaper than the grid
electricity cost. Enormous projects are being developed in places like Morocco, Chile, and
Australia.

6.1.2 Different parameters for electrolysers

As seen in Tables 5.2 and 5.3, one of the biggest discrepancies between IDA and IRENA
projections is the lifetime of the electrolyser. Take the SOEC as an example and DEA
assumes a three times higher life expectancy. The reason behind this might be related
to the operation of the electrolyser, as IRENA portraits electrolysers as a key part of the
energy system and with a variable electricity supply. However, as mentioned in Section
A.2 the optimal operation mode for electrolysers is with a constant electricity supply. If
the future role of electrolysers becomes so predominant as IRENA predicts then is also
expected that the deterioration of the components increases and its lifetime is reduced.

6.2 Hydrogen gas grid scenario

Regarding the hydrogen demand, Brintbranchen predicted a 12 TWh hydrogen demand
by 2030, and the IDA scenario estimated a hydrogen demand of 22.49 TWh in 2035, this
growth is equivalent to almost the doubling of the demand in just 5 years. If one considers
such a speedy growth rate, then a hydrogen demand of 89.26 TWh/year by 2050 would
be in accordance. Furthermore, the 18 GW of electrolyser installed capacity are higher
than the IDA scenario (8.5 GW) since the use of hydrogen is higher. Nevertheless, if one
considers a growth similar to what Brintbranchen suggested (Figure 4.5) then in 2050 the
electrolyser installed capacity would be equal to 75 GW, considerably higher than the 18
GW obtained.

It was shown the enormous economic impact of innovations in the electrolyser and
consequent cost reduction. Accordingly to IRENA electrolyser cost projections, the total
cost of the IDA 2050 system could be reduced from 105 million euros considering SOEC
electrolyser, to 249 million euros with PEM electrolysers. Since the hydrogen gas grid
scenario has a higher electrolyser install capacity the difference in the total annual costs
is even higher. If the electrolyser cost is updated from DEA to IRENA projections costs,
the total saving is 5715 million euros. Thus, if one assumes that this electrolyser cost
reduction would only happen in an energy scenario with high interest in hydrogen such
as the Hydrogen gas grid scenario, then the hydrogen gas grid scenario could become not
only technically but also economically feasible compared to the IDA scenario. As the new
cost with IRENA projections would be 22551 million euros compared to the 22642 million
euros of the original IDA scenario. However, since the interest in green hydrogen has grown
globally it is likely that even if Denmark would not consider including more hydrogen than
the IDA scenario, it could still benefit from the cost reduction of the technology seen in
the international market.

The hydrogen storage considered was lower than the IDA scenario as the hydrogen demand
profile following the renewable power generation allows better integration with the system.
In addition, the analysis of driving innovation has shown that the potential for hydrogen
storage in salt cavern is enormous, around 9,000 TWh. Yet, is important to note that this

Page 44 of 64



6.3. Impact of the limitations in methodology Aalborg University

value only evaluates the geographical resources. Further studies regarding the economical
feasibility would have to be carried out.

The offshore wind generation was the most significant economical addition when comparing
the hydrogen gas grid scenario to the original. The offshore wind technology was chosen as
it has shown to be the most suitable for the current system, creating less CEEP. Moreover,
further innovations in offshore technologies and their integration with other systems, as
shown in the Tracatebel platform (Figure 5.10), could reduce the investment cost.

The increase in the transmission line capacity in the hydrogen gas grid scenario is due to
the extra pressure that electrolysers brings to the grid. Nonetheless, innovations such as a
super European gas grid could alleviate the power system and bring even more flexibility to
the overall energy system. This super gas grid proposes a growth from the current 17,000
km of the Danish distribution network to a European hydrogen gas grid of 23,000 km.
Yet, Denmark could only invest in such innovation after 2038, as until there is bounded
to the Baltic contract for natural gas transportation. This super gas grid would have to
be followed by other innovations like a unified hydrogen classification, regional hydrogen
market, city gates stations, and a specialized transmission system operator in hydrogen.
Additionally, it could also benefit from digital innovation technologies.

6.3 Impact of the limitations in methodology

The two methodologies used during the report were literature review and the software
EnergyPLAN. Regarding the literature review, it was found some limitations respecting
the hydrogen literature available, concretely about hydrogen gas grid as is not so common.
The lack of vast bibliography could be related to the innovative characteristic of hydrogen.
Nevertheless, it was possible to use EnergyPLAN to simulate a Danish hydrogen green
and evaluate the implication of such infrastructure in the energy system.

In the EnergyPLAN none of the three configurations mentioned in Appendix B allows
the replacement of natural gas and biomass for the direct use of hydrogen on the
district heating. For future scenarios created in EnergyPlLAN considering the inclusion
of hydrogen, it would be useful to add one extra tab on the ’Fuel distribution’ with a
syngas/hydrogen option. This way the hydrogen could be a replacement for natural gas
in the same way electrofuels (only liquid) are presented as a substitute for oil.

Furthermore, on the tab ’Biogases’ it is possible to use biogas production as a primary
energy supply that substitutes the use of natural gas, however, the same possibility is
not available for syngas. Another possible improvement would be to add the option of
supplying syngas as a primary energy supply on the ’Electrofuels’ tab. Additionally, the
methanol storage should also be connected to the gas grid, so it could provide balancing
services. Currently, only the cost of the storage is taken into account.

Despite the fact that EnergyPLAN would not encompass the possibility to simulate a pure
hydrogen gas grid, it was created a methodology to do so. One of the limitations of the
methodology created is that hydrogen is included in the coal category, hence the thermal
conversion efficiency does not correspond to the reality. However, all fuel categories (coal,
oil, gas, and biomass) were tested and the required primary energy supply obtained was
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the same, thus the software does not take into account the thermal properties of the fuel
categories. Alternatively, one could define the thermal efficiency of the boilers and CHPs
accordingly to hydrogen use. A possible incoherence is that hydrogen is being used in the
CHP, hence hydrogen can be used to create electricity for the production of hydrogen.
This loop technically does not make sense and the primary energy supply was carefully
check to try to avoid it. In the case that the electricity demand is supplied by VRE and
is only necessary to produce heat, it would make sense to use hydrogen.

Another constrain is that two hourly hydrogen demand profiles were created based on
renewable power and heat generation of previous scenarios. The hourly profiles are relative
values and therefore do not depend on the hydrogen demand consider, however, the hourly
values change accordingly to different energy system configurations. In order words,
the VRE hourly demand profile does not match entirely to the VRE generation in the
hydrogen gas grid scenario as the addition of renewable power generation will also impact
the generation profile.

Even though EnergyPLAN does not consider the possibility of a hydrogen gas grid is still
seen as the most suitable option, as it allows an hourly analysis. In 100% renewable energy
systems as the one simulated, is crucial to do an hourly evaluation due to variability of
renewable energy sources. In addition, an energy system analysis should encompass all
sectors, this way a smart energy system can be obtained. Although only the heating and
cooling sector was considered, the demand of the other sectors and the balance obtain in
the overall energy system were taken into account. Moreover, the software permits the
addition of hourly profiles, hence different strategies can be tested.

6.4 Significance of the theoretical framework

Basing the theoretical framework on an approach developed in a non-academic context
might contain some inconsistencies. However, the practical application of the systemic
innovation approach on the concrete Swedish case has proved its efficiency and practicality.
Another aspect that one might raise is that establishing a framework solely on the thirty
innovation briefs published could limit the identified driving innovations. As a result, the
research was extended beyond the thirty innovations proposed, including extended analysis
of the hydrogen implications.

The fact that only Power to hydrogen technologies was considered reduces the scope of
the study. However, due to the delimitation, it was possible to perform a more in-depth
analysis and tailor the proposed solution. Taking into account the mentioned limitations,
the systemic approach is still seen as a suitable option to assess the necessary policy
framework to include such an innovative option as hydrogen.
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7.1 Recommendations

This has study has proven the technical feasibility of a hydrogen gas grid in Denmark.
At the present moment, Denmark could establish a blending share of 12% without any
modifications to the natural gas grid. The establishment of medium-term goals such as
blending would introduce a hydrogen demand that consequently would incentivize growth
in the hydrogen market. Assuming that Denmark would consider a hydrogen gas grid by
2050, the total energy system cost would be 22754 million euros, 112 more expensive than
the original 2050 energy scenario developed by IDA thus proving not to be economically
feasible.

Due to the innovative aspect of hydrogen inclusion in the energy system, one should
consider a systemic innovation approach when creating a political framework. The group
of recommended innovations that would improve the economical and technical feasibility
is represented in Table 7.1.

Enabling technologies

Electrolyser cost reduction
Super gas grid
Storage
Renewable power genaration
Digital innovation

Market design

Universal hydrogen classification
Regional hydrogen market
Taxation
Innovative ancialry services

Business models Hydrogen hubs

System operation
Specialised TSO
City gate stations
Virtual power lines

Table 7.1. Innovation matrix.

The economic impact of investing in the research and development of the electrolyser
technology was assessed. Assuming IRENA’s latest projection of electrolyser cost
reduction, the total cost of the Hydrogen gas grid scenario is lowered to 22551 million. A
significant economic impact that would ensure that the Hydrogen gas grid scenario would
be 91 million less costly than the original IDA scenario, hence verifying the economical
feasibility of a hydrogen gas grid.
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7.2 Further research

Future relevant research could also include a stakeholder analysis of key individuals
involved in the transformation of a natural gas grid to a hydrogen gas grid. Moreover,
the evaluation of hydrogen inclusion could be extended to the reaming sectors, like
transportation, industry, and power sector. The analysis realized in EnergyPLAN could
also encompass the different regulation strategies. Forthcoming research could also be
done to assess the economic impact of the remaining innovations identified.
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Hydrogen state of the art A
A.1 Power to X

As shown in Figure A.1 the concept of Power to X encompass a wide range of products
including hydrogen, synthetic gas (e.g. methane) as well as synthetic liquid fuels and
chemicals such as methanol, ammonia and other Fischer-Tropsch products.

Hydrogen by itself can be a key enabler of system flexibly across the different energy
sectors, however, hydrogen can also be used to create synthetic fuels and chemicals.

Figure A.1. Synthetic fuels and chemicals produced from hydrogen. [SolarPower Europe and
LUT University, 2020]

For other application than direct use of hydrogen, carbon dioxide is necessary to produce
hydrocarbon compounds. The carbon dioxide can be obtained trough direct air capture
(DAC) or coupled with polluting industries such as cement plants.

Methanation transforms carbon dioxide and hydrogen into synthetic methane and with
additional liquefaction, liquid natural gas (LNG) is created.

The Fisher-Tropsch also transforms carbon dioxide and hydrogen into synthetic crude.
This product is then refined into the different liquid hydrocarbons fuels such as diesel,
gasoline and jet fuel. Naphtha can be also created in this process and used as feedstock
for chemical industry.

The methanol synthesis produces methanol that is one of the major chemical feedstocks.

Page 53 of 64



SEPM1 A. Hydrogen state of the art

Another available option is the production of ammonia with hydrogen and nitrogen.
This product is mainly used in agriculture as a fertilizer [SolarPower Europe and LUT
University, 2020].

The Power to X includes diverse products yet, for a deeper understanding of this process,
only Power to hydrogen will be considered, as the production of hydrogen is the base for
other synthetic and chemical products. In that sense, only the direct use of hydrogen will
be analysed.

There are many possible paths to produce hydrogen, as shown in Figure A.2. The myriad of
conversion technologies includes electrolysis, biochemical conversion, and thermochemical
conversion processes such as steam methane reforming (SMR), partial oxidation, and
autothermal reforming (ATR). The primary energy supply can be also both from renewable
energy and fossil sources [Hydrogen Europe, 2020b].

Figure A.2. Possibilities of hydrogen production. [Shell, 2017]

A.2 Electrolysers

This section contains the analysis of four different types of electrolysers, alkaline, polymer
electrolyte membrane (PEM), solid oxide electrolysers (SOEC), and anion exchange
membrane (AEM). The present operational parameters, costs, and possible services are
visible in Table A.1.
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Alkaline PEM AEM SOEC

Operation

Operating temperature (°C) 70-90 50-80 40-60 700-850
Operating pressure (bar) 1-30 <30 <35 <10
Cold start (nom. To load) (min) <50 <20 <20 >600
Lifetime (hours) 60 000 50 000 >5000 <20 000
Electrical efficiency system (kWh/KgH2) 50 -78 50 – 83 N/A >40

Costs

Cost stack (USD/kW) 270 450 N/A >2000
Cost system (USD/kW) 600 1000 N/A N/A

Services

Flexibility Primary reserve services Fast frequency response (FFR) Fast frequency response (FFR) No
Production coupled with VRE No Yes N/A No

Table A.1. Electrolysers parameters in 2020. [IRENA, 2020a]

Alkaline electrolysers are the most developed of the four, hence are more robust and have
higher lifetimes of over 30 years. However, alkaline electrolyser has some limitations since
when the gas permeation is compromised it is not possible to repair and the stack needs
to be replaced. Additionally, the need for a constant supply of electricity makes it difficult
to couple with VRE without considering any kind of storage or connection to the grid.

The polymer electrolyte membrane (PEM) electrolyser has the huge advantage of
being able to be supplied by intermittent sources such as VRE. The variable supply of
electricity will decrease the capacity factor of the electrolyser but is possible to operate a
PEM in an off-grid system coupled with renewable power generation. PEM also generates
pure hydrogen and further research in anion exchange membrane can reduce the technology
cost. Nevertheless, nowadays the cost is still high due to the use of gold, iridium, and
platinum and low scale.

Solid oxide electrolysis cells (SOEC) operate at high temperatures needed in industry
and offer the possibility to operate both as fuel cell and electrolyser (reversibility). There is
also the possibility to use waste heat produced to increase the efficiency of the electrolysis
since the electrolyser operates between 700 to 850 Celsius degrees an shown in Table A.1.
However this electrolyser is at lab-scale today, meaning that larger cells required for big
scale are not yet proven and also has shorter lifetimes. Moreover, it requires storage to be
coupled with VRE since it only works at constant electricity supply.

The anion exchange membrane (AEM) is less developed of the four electrolysers,
hence it has unpredictable lifetimes and stability problems. Despite the low technology
readiness level, it has potential as it operates in a less harsh environment than alkaline
electrolysers, with the simplicity and efficiency of a PEM electrolyser [IRENA, 2020a].

With the increasing interest in the production of hydrogen, the electrolyser cost is expected
to significantly decrease, as shown in Table A.2. The operation pressure is anticipated to
increase, same can be also said for the electrical efficiency of the system.
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Alkaline PEM AEM SOEC

Operation

Operating temperature (°C) >90 80 80 <600
Operating pressure (bar) >70 >70 >70 >20
Cold start (nom. To load) (min) <30 <5 <5 <30
Lifetime (hours) 100 000 100 000 100 000 80 000
Electrical efficiency system (kWh/KgH2) <45 45 <45 <40

Costs

Cost stack (USD/kW) <100 <100 <100 <200
Cost system (USD/kW) <200 <200 <200 <300

Services

Flexibility Primary reserve services Fast frequency response (FFR) Fast frequency response (FFR) Primary reserve services
Production coupled with VRE No Yes N/A No

Table A.2. Electrolysers parameters in 2050. [IRENA, 2020a]

A.3 Hydrogen classification

Hydrogen can be produced using different processes, as previously shown, but also
considering different sources. A color code visible on Figure A.3 was developed to classify
hydrogen depending on both the source and process used.

Figure A.3. Hydrogen color code. [IRENA, 2020b]

Grey hydrogen, sometimes also referred as black or brown, is produced with steam methane
reforming (SMR) and coal gasification. The reliance on fossil fuels and consequent carbon
emissions is inconsistent with the current carbon neutrality goals.

Blue hydrogen, is similar to grey hydrogen but includes CCS. Blue hydrogen could be a
suitable short-term option as it allows the retrofitting of conventional by reducing harmful
carbon emissions. However, the efficiency of CCS technologies is around 90%, which means
that in long-term blue hydrogen is also not compatible with net-zero emissions ambition.

A new emerging type of hydrogen production is turquoise hydrogen trough pyrolsis. This
process would allow carbon and hydrogen to be produced from methane without carbon
emissions. The carbon produced is solid carbon black, that has already an established
market, hence, providing extra revenues in addition to the hydrogen [IRENA, 2020b].

Currently the production of green hydrogen is negligible, with only 4% of the European
production based on renewable electricity, the remaining are still based on fossil fuels
[IRENA, 2019b]. Nonetheless, the decreasing prices of renewable electricity, technology
advances, and compliance with carbon-free aspirations have increased substantially the
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interest in green hydrogen. As shown in Figure A.4, several countries had already
committed to producing green hydrogen. An aspect interesting to note is that some
countries consider blue and grey hydrogen but only as a step to achieve green hydrogen in
a longer perspective.

Figure A.4. Planning of hydrogen production on medium and long-term strategies. [Albrecht
et al., 2020]
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Hydrogen in the
EnergyPLAN B

In EnergyPLAN, hydrogen can be incorporated in several ways to the energy system. It
can be included in the transportation sector directly with the use of fuel cells and indirectly
with electrofuels. In the industry sector its also possible to add a hydrogen demand.

Regarding the heating sector, there is the option to connect electrolysers so that the
excess heat produced could be used in both the district heating group 2 and 3, and to
add hydrogen as a fuel to a micro combined heat and power (CHP) plant. Additionally,
electrofuels can also be used as a replacement of oil in district heating supply.

In summary, there are three electrolysers options covered by the EnergyPLAN:

1. Production of hydrogen for electrofuels, utilized in the transport and as a fuel for
the district heating

2. Production of hydrogen for micro CHP
3. Connection to the district heating group 2 and 3, supplying excess heat and fuel

production

Figure B.1. Electrolysers options in EnergyPLAN.

The three option shown in Figure B.1 will be further scrutinized to understand how
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EnergyPLAN prioritizes each demand and to analysis its limitations.

Option 1

After simulating the electrolysers for micro CHP (Option 2), the software will evaluate the
necessary electrolyser capacity to supply the transportation and hydrogenation demand.
On the transportation, the hourly demand of hydrogen is given by the distribution
uploaded on the transportation tab.

In the case of hydrogen production for industry there is a possibility to add a distribution
file so that the demand is variable, however, if just the demand is added the program will
assume an constant demand.

On the other hand, the biogas and biomass hydrogenation demand is assumed constant.
The hydrogen produced is combined with gasified biomass or biogas and is used to produce
electrofuels, both liquid and gas form. The minimum capacity of the CO2 hydrogenation
plant is calculated similarly to the previous capacities. If the electrolyser capacity installed
in option 1 is higher then the necessary minimum for both, transportation, industry and
hydrogenation the available electrolyser capacity will be use to minimize excess electricity.
Additional to this extra flexibility that electrolysers in option 1 and 2 can add to the
system, the CO2 hydrogenation plant has a unique characteristic as it can be use as a
regulation strategy to balance the system. By choosing regulation strategy number 8 on
the ’Balancing and Storage’, one that increase the CO2 hydrogenation to avoid CEEP.
However, its important to note that this regulation strategy number 8 is only effective
when the CO2 hydrogenation plant capacity is higher than the minimum required, so that
the extra flexibility is used to balance the energy system.

In the ammonia production there is no possibility to increase the capacity of the ammonia
plant, meaning that all flexibility is located on the electrolysers.

Option 2

According to the heat demand inserted for individual micro CHP, the minimum
electrolysers capacity necessary (input on the Hydrogen tab) is calculated. The required
electrolyser capacity is also dependent of the hydrogen storage available. More hydrogen
storage could reduce the necessary electrolyser capacity, as the storage would add flexibility
to the variable heat demand.

Option 3

The problem with option number three is that it is not possible to define a demand as
options 1 and 2 already fulfill the hydrogen demand for micro CHP, transportation and
industry. Option 3 is only used later on in the calculation to avoid critical excess electricity
production (CEEP). If there is CEEP, then the hydrogen produced is used to reduced the
fuel consumption of the CHP and boiler located on the DH group and the excess heat
produced will decrease the heat production of first the boiler, then CHP and heat pump.
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C.1 Hydrogen gas grid scenario
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C.2 Original IDA scenario
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