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tion and consequent electrolyser cost re-
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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:

e Hydrogen state of the art
e Hydrogen in the EnergyPLAN
e EnergyPLAN output
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Problem analysis

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 e ciency,
direct use of clean electricity, direct use of renewable heat and biomass, indirect use of
clean electricity via synthetic fuels and feedstock, and nally the use of carbon dioxide
removal measures such as carbon capture, utilisation and storage (CCUS). IRENA [2020¢]
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 de ned 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 re neries 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
re ning 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 exibility 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 e ort,
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, 20204].

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 retrot half of existing fossil-based
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SEPM1 1. Problem analysis

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 gure 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 lItaly 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 o cially 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 signi cant wind resources, a well-functioning energy
system and strong business competencies - Minister of Climate Dan Jgrgensen.

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 a ordable 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 20507

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

In this chapter, the research design and methods used in the project are presented, showing the structure
and how the di erent 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 di erent 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 nd 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 o cial 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, scienti c reports, expert reports, and o cial
country statements. The reliability of each piece of information was assessed by comparing
di erent 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, speci cally 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 nd the hydrogen demand, the demand
pro les, and nally 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 rst 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 di erent
conversion processes have correspondent e ciencies. 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 pro le
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 C&

Pro le of hydrogen demand

Not only it is necessary to calculate the hydrogen demand (TWh/year) but also de ne
the hourly demand pro le of hydrogen, hence three demand pro les were obtained to test
three di erent operation modes of the electrolyser. The three hydrogen demand pro les
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 pro les.
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The rst demand pro le is easy to obtain as the constant distribution le 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 pro les require further
calculations.

For the second demand prole 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, o shore 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 pro le 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 pro le 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 pro le 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 nd
the best tting 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, o shore wind, and PV.

Another aspect important to scrutinize is the electrolyser and hydrogen storage capacity
accordingly to the three di erent demand pro les. First, it was assumed for the three
demand pro les 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 di erent demand pro les
tested, it was possible to calculate the minimumhydrogen 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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