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Abstract

The move towards increased wind capacity in the Danish energy system will inevitably
decrease the baseload production units and their economic feasibility. Furthermore, the
security of supply will be compromised with this increase. This paper examines two
options for hydrogen system integration as a power back-up in Jytland and Funen. The
scenarios are built on a framework from the Danish Energy Agencys energy scenarios
towards 2020, 2030 and 2050. Using EnergyPRO simulation tool it was shown that
upgrading biogas was the cheapest solution with a system cost of 128.6 billion DKK. The
cheapest solution used 1.61 PJ of biogas in total where most of the biogas used were to
be upgraded to SNG. The sensitivity analyses showed that the cheapest solution could
have a decrease in offshore wind capacity between 20 and 30 per cent if the capacity of
photovoltaic were increased to the current estimation for 2040.



Contents

(1__Introductionl
1.1 Purpose| . . . . . . .
(1.2 Report Structure| . . . . . . . . ...

2 Frameworkl
2.1 DEA Energy Scenarios| . . . . . . . . . . ...

[3 Methodology]
[3.1 Data Input| . . . . . . . .
[3.2  Power Back-up| . . . ... ... ... oo
[3.2.1  Hydrogen as Power Back-up| . . . . .. ... ... .. ... ... ..
[3.2.2  Synthetic Natural Gas as Power Back-up| . . . . . . ... ... ...
[3.3 EnergyPRO[ . . . . . . .. ..o
[3.3.1 Hydrogen Storage and Back-up| . . . . ... ... ... ... ... .
[3.3.2  Upgraded Biogas Back-up| . . . .. ... ... ... ... ... ...
[3.3.3  Operation strategy| . . . . . . . . . . ...

[4  Socioeconomic Analysis|
4.1 FEmissions . . . . . ..

6_Results|
[>.1  Wind Scenario Development| . . . . . . . ... ... ... ... ...

(5.2  Hydrogen Scenario Development|. . . . . . . . ... ... ... ... ....

[6 Sensitivity Analysis|

T onl

8 Conclusion|
[References]

[C Back-up production|. . . . . . . ... oo
(D EnergyPRO priorities|. . . . . . . ... ... oo
IE I l1§:1 I Il‘g:g:l ------------------------------------
[F" Sankey diagrams| . . . . . ... ... o
(G Total system cost| . . . . . . ...

12
12
13

14
14
15

17

18

22

23



List of Tables

(1 Projected production capacities for 2025, 2030 2035 and 2040. * Biomass |
[ runsin condensationmodel . . . . . .. ..o 5
[2 Damage prices of emissions in DKK per kg of emission| . . . . . . ... .. 13
[3 Capital investment- and O&M cost of used technologies in 2025 . . . . . . 14
{4 SNG requirements of wind scenario development|. . . . . . . . .. . .. .. 15
(5 Electrical production capacitites unit in MW|. . . . . .. .. ... ... .. 26
{6 Technical specifications for HTHeatboost 35/10] . . . . . . ... ... ... 26
[7 SNG requirements of Hydrogen scenario development| . . . . . . . . . . .. 26
(8 Hydrogen requirements of hydrogen scenario development|. . . . . . . . .. 26
[9 Hydrogen requirements of wind scenario development| . . . . . . . . . . .. 27
(10 Fuel prices in 2018 prices| . . . . . . . . . . . .. ... ... .. 27
(1T Amount of NO,, SO,, PM, CH,, NOy; and NoO emissions per kg fuel] . . 28
(12 Hydrogen Scenario development| . . . . . . . .. ... ... ... ... ... 35
(13 Wind Scenario development| . . . . . . . . . . ... L. 36

List of Figures

(1 Flowdiagram of the structure of the paper| . . . . . . ... ... ... ... 2
[2 Projected development of electricity capacity| . . . . . . . . . . .. ... .. 4
(3 Yearly classical electricity consumption 2025 . . . . . . . . ... ... ... 6
{4 Heat load profile of DK1 in 2025. . . . . ... ... ... ... ....... 7
lo System drawing of hydrogen production and storage from excess electricity pro- |
[ ductionl . . . . . . . L 9
[6 System drawing of biogas upgrade using hydrogen through sabatier process| 10
(7 System cost of back-up methods with DEA’s wind scenario development| . 14
(8 System cost of back-up methods with DEA’s hydrogen scenario development| 16
[9 The average auction prices for Onshore wind and Solar PV by commission- |
[ g datel . . . ... 17
(10 A comparison of the recommended scenario and the Sen-scenario with 20 |
| per cent less offshore wind capacity| . . . . . . . . . . ... ... ... .. 18
(11 Production Priority Numbers in EnergyPRO[. . . . . . ... ... ... .. 27
(12 Sankey diagram showing the energy flow of hydrogen back-up method in |
[ hydrogen scenario development for 2025 . . . . . . . . .. ... ... ... 28
[13  Sankey diagram showing the energy flow of hydrogen back-up method in |
| hydrogen scenario development for 2030, . . . . . . . . .. ... ... ... 28
(14  Sankey diagram showing the energy flow of hydrogen back-up method in |
| hydrogen scenario development for 2035 . . . . . . . ... ... 29
[15  Sankey diagram showing the energy flow of hydrogen back-up method in |
| hydrogen scenario development for 2040, . . . . . . . . .. ... ... ... 29
[16  Sankey diagram showing the energy flow of hydrogen back-up method in |
[ wind scenario development for 2025 . . . . . . ..o 29
(17 Sankey diagram showing the energy flow of hydrogen back-up method in |

wind scenario development for 2030] . . . . . . . .. ... 30




[18  Sankey diagram showing the energy flow of hydrogen back-up method in |

wind scenario development for 2035 . . . . . . . ..o 30
(19  Sankey diagram showing the energy flow of hydrogen back-up method in |

wind scenario development for 2040| . . . . . . . . .. ... 30
20  Sankey diagram showing the energy flow ot biogas upgrade back-up method |

in hydrogen scenario development for 2025 . . . . . . . . . ... ... ... 31
21  Sankey diagram showing the energy flow of biogas upgrade back-up method

in hydrogen scenario development for 2030/ . . . . . . . . . ... ... .. 31
[22  Sankey diagram showing the energy flow of biogas upgrade back-up method

in hydrogen scenario development for 2035 . . . . . . . . . ... ... ... 31
23 Sankey diagram showing the energy flow of biogas upgrade back-up method

in hydrogen scenario development for 2040/ . . . . . . . . . ... ... .. 32
[24  Sankey diagram showing the energy flow of biogas upgrade back-up method

in wind scenario development for 2025 . . . . .. .. ..o 32
[25  Sankey diagram showing the energy flow of biogas upgrade back-up method

in wind scenario development for 2030, . . . . . . . .. .. ... ... ... 32
26  Sankey diagram showing the energy flow of biogas upgrade back-up method

in wind scenario development for 2035 . . . . .. .. ..o 33
[27  Sankey diagram showing the energy flow of biogas upgrade back-up method

in wind scenario development for 2040, . . . . . . . . ... ... ...




Acknowledgements

We would like to take this opportunity to thank our supervisors who have guided
and help us throughout this project. Many thanks to Lars Yde, Abid Rabbani and our
colleagues who provided valuable insights and critiques at the cluster meetings. A special
thanks to Leif Holm Tarmbjerg for much needed support with our EnergyPRO model.



1 Introduction

In 2012 the then government and opposition agreed upon the future of the Danish
energy system development. Now the government has proposed a new plan. In the 2012
plan, the amount of wind capacity that should be installed was about 1500 MW by 2020
while the new plan has only 800 MW wind capacity increase by 2030 [1}, 2]. Their goal is
to have 50 per cent of renewable energy in 2030. Moreover, the Danish Energy Agency,
DEA, published in 2014 a report which presented four energy scenarios for the future
Danish energy system, along with a reference scenario. Two of these scenarios has a sig-
nificant increase in wind and solar capacity compared to 2014.

An increased amount of wind in the Danish energy system increases the spikes already
seen in an electricity load profile. This can compromise the high level of supply security
that Denmark has [3].

At the present moment, the excess electricity is sold to our neighbouring countries. By
looking at Denmark as an isolated system the import and export of electricity is not
possible. Therefore if the electricity production surpasses the consumption the electricity
production is restricted and the wind turbines are stalled. The excess electricity produced
at times with lower electricity consumption can be utilised in an electrolyser to produce
hydrogen. Hydrogen, an energy carrier, can store the excess electricity for times with
lower production and higher consumption. Another utilisation of hydrogen is to upgrade
raw biogas by produce pure methane which can be stored on the national gas grid.
Utilising hydrogen, as either a back-up or as an upgrading agent, allows for the use of ex-
cess electricity when running in island mode. Especially with an increased wind capacity,
a storage medium can maintain the security of supply.

1.1 Purpose

The purpose of this paper is to identify the socioeconomic system cost of hydrogen
integration into the Danish energy system. This paper examines two applications of
hydrogen.

1. The use of hydrogen for power back-up

2. The use of hydrogen for Hydrogenation of raw biogas in the Sabatier process

This paper evaluates, through a socioeconomic analysis, the usage of pure hydrogen or
upgraded biogas as a back-up opportunity in an isolated Danish energy system.

1.2 Report Structure

The figure below shows the general work flow of this paper. Initially the problem was
defined so that the data could be gathered.

Afterwards scenarios could be constructed in EnergyPRO which then could be used
for socioeconomic- and sensitivity analyses. The scenarios construction were based on
already made scenarios from the Danish Energy Agency, and simulated by EnergyPRO.
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2 Framework

The scenarios of this project were based on the work of the DEA (Energy scenarios
towards 2020, 2035 and 2050) |4]. Each scenario is briefly described in section As
more wind capacity is installed in the electricity system, the electricity production spikes
from said turbines will increase. This increases the excess electricity produced which can
then be used to produce hydrogen as either a power back-up or to hydrogenate raw biogas
which can then be fed into the gas grid.

2.1 DEA Energy Scenarios

The five scenarios described in Energy scenarios are as followed wind, biomass, bio+,
hydrogen and fossil. The fossil scenario have not been included because of the goals and
incentives the Danish government have made for renewable solutions. As what goes for
the last four scenario’s it is difficult to say exactly where Denmark’s energy system is
headed but all the remaining DEA scenarios are challenged on the security of supply, in
the wind -and hydrogen scenario it is because of the high usages of wind energy which
has a high fluctuation of power productions. In the biomass -and bio+ scenario there is
a much higher usages of biomass than the danish potential of 250 PJ, which means the
rest of the biomass is imported. This makes the biomass and bio+ scenario impossible
because of the simulation criteria. Because of those assessments the Wind -and Hydrogen
scenarios were the focus in this paper. It is impotent to note that it is the development
of the scenarios that were used, not the scenarios themselves [4]. Some production unit
capacities of the wind and hydrogen scenario for 2035 can be seen in Appendix [A]

3 Methodology

A part of the methodology was to isolate Denmark from the neighbouring countries,
island mode, thus removing the electricity price dependency of the aforementioned coun-
tries and evaluate the system cost of a Danish energy system with power back-up.

The methodology used in this paper was conducted as a four step process:

1. Gather data on the energy production system as of 2014
2. Project the energy production for 2025, 2030, 2035 and 2040
3. Model the system in EnergyPRO

4. Perform sensitivity analysis

3.1 Data Input

The data used in this paper has been gathered from the DEA Wind -and Hydrogen
scenarios and from the year the study was published, 2014. The data were then projected
to estimate the capacities in 2025, 2030 and 2040 [4].

Data for photovoltaic cells, on- and offshore wind as well as other production units
were estimated using data from Energinet.dk’s analysis assumptions 2014 and the DEA’s



energy statistics 2014 as well as the capacities from the wind and hydrogen scenarios for
2035 and 2050 [5, |6].

The technologies were projected using Matlabs inbuilt curve fitting tool. Therefore, the
projections were calculated using the following equations:

Exponential regression
Capacity = a - " " MW (1)

Linear regression
Capacity = a - Year +b MW (2)

This allowed for the estimation of wind, solar and other production units in 2025, 2030
and 2040. The offshore wind- and the photovoltaic capacity followed an exponential curve
from 2014 to 2050. The rest followed a linear regression, although those that did not fol-
low a straight linear regression from 2014 to 2050 were spilt up into two parts, 2014 to
2035 and 2035 to 2050. This was done because there were no other trend line with an
acceptable r? value.

Capacity development of wind and hydrogen scenarios
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Figure 2: Projected development of electricity capacity

Figure [2| shows the capacity development of various production untis in the wind sce-
nario from DEA, with the installed capacity of 2014 in DK1 [4].

Since this analysis only focus on the western part of Denmark, Jutland and Funen
also designated DK1, all of the projected technology capacities for 2025, 2030, 2035 and
2040 needed to be approximated for DK1 only. According to analysis assumptions 2014
[5], Onshore and offshore wind capacities are divided approximately 70 and 30 % for DK1



and DK2 respectively. The same is true for photovoltaic panels. This was assumed for all
years throughout all of the analysis. The wind capacity and solar capacity were therefore
multiplied by a factor of 0.7. Using the same analysis assumptions from Energinet.dk, it
was calculated that the total capacity for the other production units were split roughly
50/50 between DK1 and DK2. Therefore, production units such as biomass, natural gas,
and coal were multiplied by a factor of 0.5. The calculated capacities for DK1 can be seen
in Table [1

Wind Hydrogen

Technology | year — | 2025 | 2030 | 2035 | 2040 | 2025 | 2030 | 2035 | 2040
Offshore wind MW 1762 | 2480 | 3500 | 4915 | 2022 | 2879 | 4200 | 5950
Onshore wind MW 2459 | 2455 | 2450 | 2450 | 2459 | 2455 | 2450 | 2450

Photovoltaic MW 424 | 539 | 700 87l | 424 | 539 | 700 871
Gas turbine MW 354 | 400 | 450 | 1084 | 225 | 212 | 200 834
Biomass* MW 426 | 562 | T11 475 | 426 | 562 | T11 475
Coal CHP MW 649 | 329 0 0 649 | 329 0 0

Heat pumps MW e 163 | 237 | 325 166 | 166 | 245 | 325 | 1189
Biomass CHP MW, | 836 | 953 | 1069 | 1760 | 836 | 953 | 1069 | 1760

Biomass CHP MW 669 | 762 | 855 | 1408 | 699 | 762 | 855 | 1408
Gas CHP MW,¢q; 1357 | 902 | 450 300 | 1285 | 790 | 300 200
Gas CHP MW 1086 | 751 | 360 240 | 1028 | 632 | 240 160
Solar heating km? 1.25 | 1.60 | 19.44 | 19.44 | 1.25 | 1.60 | 19.44 | 19.44

Geothermal MWj,q; 60 | 79.8 | 100 100 60 | 79.8 | 100 100

Table 1: Projected production capacities for 2025, 2030 2035 and 2040. * Biomass runs
in condensation mode

The solar collector type was assumed to be HTHeatboost 35/10 [7]. Data for the
solar collector can be seen in appendix [Bl The solar heating system uses relatively small
amounts of electricity which was therefore excluded from this paper.

A heat storage has been used to increase the flexibility of the heating system. Although
not all heat storages in DK1 has been included in this model, most of those in Funen
and one in Jutland has been modelled [8, 9]. The heat storage was modelled as a steel
storage tank with a 95% efficiency even though the heat loss is not modelled due the lack
of information about the various storage tanks.

The electricity consumption of the years were estimated using the electricity consumption
of 2017, gathered from ”Energi Data Service” [10]. Furthermore, the classical electricity
consumption from the wind and hydrogen scenarios from 2035 and 2050 were used. From
the data at ”Energi Data Service” it was deduced that the electricity split between DK1
and DK2 is roughly 65 and 35 percent respectively. Therefore, the classical electricity
consumption from the DEA scenario were multiplied by a factor of 0.65. Figure [3| shows
the load profile of 2025 hour by hour.
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Figure 3: Yearly classical electricity consumption 2025

The classical electricity demand is the same for both the wind and the hydrogen
scenario. Furthermore, the demand has the same shape for 2025, 2030, 2035 and 2040.
Afterwards the electricity consumption of the electrolyser and sabatier process were added
to ensure the correct electricity consumption.

The heat consumption for DK1 was found using the district heating consumption of the
DEA scenarios and the heating consumption data from 2016 gathered from [11]. This
provided the total consumption for the whole year. The whole consumption was the
distributed using a general heat consumption curve for Odense.

HCOdense hour
HC our — THC uture : 3
" Jut THCOdense,year ( )

Here HC},y, is the hourly heat consumption of the future, THC ¢4,y is the total heat
consumption of the future, HCogense hour is the hourly heat consumption of Odense 2014
and THCpgense,year 1 the total heat consumption of Odense in 2014.

As with the electricity consumption data, the heat consumption data were split between
DK1 and DK2. The split was estimated to be 60 and 30 percent for DK1 and DK2 re-
spectively. Figure |4] shows the load profile for heat consumption in 2025.
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Figure 4: Heat load profile of DK1 in 2025

The individual heat production and the process heating are excluded from this paper.
this was done because the heating of the system was not the main focus. It was only
meant as supplementary to electricity production.

The upgraded biogas can be stored in the national gas grid. The cost of injecting the gas
into the grid was estimated for three scenarios whereby the changes in gas production,
pressure and the location from the injection site was varied . The average cost of
gas injection was 0.6 EURgg13 cents per kWh which was calculated to be 0.048 DKK per
kWh.

The cost of storing hydrogen varies by storage method. In this paper the storage method
used was gas tanks. The cost of storing hydrogen in tanks is about 550USD per kg. Mul-
tiplying with the dollar rate of 6.51 DKK per USD, the cost of hydrogen storage is 3,580.5

DKK per kg .

The investment cost and operation and maintenance cost, O&M, were found using the
technology catalogues from DEA [14] [15] [16]. For the investment cost, operation and
maintenance cost and the cost input of emission damages see Section [

It has been estimated that the Danish biogas potential is 48.6 PJ . The amount of
biogas used to produce the upgraded biogas was calculated as shown in equation

(kg SNG produced)-1.6 . 60% . 50@

MWh biogas used = 4 ton 4
& 40% - 3.6-C1_ - 1000 (4)

MWh ton

Here 1.6 is the ratio of hydrogen input to methane output, 4 is the ratio of carbon dioxide
to hydrogen in the input. 60 and 40 are the per centages of methane and carbon dioxide
respectively.

The calculated biogas needed was added with the raw biogas used as fuel for biogas CHP
to find the total amount of biogas used.



3.2 Power Back-up

As stated in the wind and hydrogen scenario from the DEA study are both chal-
lenged on the security of supply. Therefore, investing in power back-up if Denmark were
to move in either of these two directions would be a good idea. In the DEA study the ex-
cess electricity is exported to the neighbouring countries. One big recipient of this excess
electricity would be Norway due to their large amount of water reservoirs.

3.2.1 Hydrogen as Power Back-up

Price of storage of hydrogen has been found using the roadmap from the European
Association for Storage of Energy and European Energy Research Alliance ,EASE and
EERA, |13]. They were given in Dollars pr kg, thus the price was multiplied with the
dollar factor from ens.dk samfundsgkonomiske analyseforudsetninger [1§].

Instead of selling of the excess electricity of wind and solar, as per usual, the utilisation

of electrolysis could be beneficial to produce hydrogen which can be stored and used to
produce electricity when the electricity production is low.
Hydrogen can be used as an energy carrier, which means that electricity is stored as chem-
ical energy [13]. The hydrogen is produced by splitting water in an electrolyte, which will
be further described in Section [3.2.1.1] In this paper the calorific value of hydrogen used
is 120 MJ/kg [19)].

When utilising hydrogen as a power backup, a great amount of storage is needed due
to the low volume density. so in order to store the hydrogen it is often under a lot of
pressure. Some storage options are gas tanks with a pressure of 350 and 700 bars. Other
options include cryogenic storage and storage in solid state materials [13].

Figure 5| shows a system drawing of the utilisation of excess electricity production from
wind turbines. Since the wind turbines are an intermittent production source, storing the
excess produced electricity in an energy carrier, like hydrogen, instead of either stalling
the turbine blades, making the turbines produce less electricity, or simply selling the elec-
tricity to the neighbouring countries whom all have their own electricity production.
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Figure 5: System drawing of hydrogen production and storage from excess electricity production

3.2.1.1 Electrolysis

As mentioned before, hydrogen is produced by splitting water using an electrolyser. By
submerging an anode and a cathode in water thereafter a current is send through, the wa-
ter is split into hydrogen and oxygen. Both partial and the full reaction can be seen below.

Cathode reaction:
2H"

(aq

) + 26_ = HQ(g)

Anode reaction:

— + -
QHQO — OQ(g) -+ 4H(aq) + 4e

Full reaction:
QHQO = 2H, + OQ

The current efficiency for an electrolyser is about 60 to 70 percent [13],20]. Exothermic
electrolysis could be more economically attractive since the heat produced could be fed
into the heating grid. Electrolysis of water can be either a endothermic or exothermic
reaction, it depends on the voltages used for the splitting [21].



3.2.2 Synthetic Natural Gas as Power Back-up

Another usage of hydrogen is to produce pure methane, which is called synthetic nat-
ural gas or substitute natural gas, SNG. This is done by adding the hydrogen to raw
biogas, where the hydrogen reacts with the carbon dioxide in the biogas. This process is
called methanation through hydrogenation. The produced SNG has a purity level of 98
per cent. Figure [6] shows a system drawing of hydrogen production and biogas upgrade
using the produced hydrogen.

Electricity
grid Gas
grid

Electrobyser

h A

e

On- and offshore wind turbines

Upgraded
biogas
1 I Biogas
[ 1 1

L Sabatier process

Y
Y

I
Upgraded biogas CHP plant

CHP plants

Heating
grid

Figure 6: System drawing of biogas upgrade using hydrogen through sabatier process
By upgrading the biogas, it can be conveniently stored on the natural gas grid [22]. The
raw biogas can be stored in the Danish natural gas grid for a few days, whereas upgraded

biogas can be stored for a longer period; a few months [23]. This allows for greater
flexibility for stored electrical energy.

3.2.2.1 The Sabatier process

The reduction of CO, with Hs can be conducted chemically, based on Sabatier reaction.
The Sabatier process combines hydrogen with carbon dioxide to produce methane with
water as a bi-product. The reaction can be seen below [24].

COQ —+ 4H2 — CH4 + 2H20

10



It is a chemical hydrogenation process with various catalysts, where Nickel and Ruthenium
are the most commonly used in industrial applications. Due to a high selectivity, complete
conversions of COy and H, could practically be achieved. One minor drawback is the high
initial heat demand needed for the process which is only needed once because the Sabatier
process is exothermic |25, [26].

3.3 EnergyPRO

To simulate the scenarios and the danish energy system, in island mode for the years

in question, a simulation and modelling software has been used, EnergyPRO. EnergyPRO
is a virtually modelling software for combined techno-economic optimisation and analysis
of heat, CHP, process and cooling related energy projects. as mentioned in Section
the development of the Wind -and Hydrogen scenarios from DEA will be used to generate
the simulations.
In the EnergyPRO scenarios, onshore and offshore wind farms, Photovoltiac cells, Coal -,
Biomass -, and natural gas CHP plants, Biomass and natural gas units in condensation
mode, Geothermal, Flat Plate Solar Collector and Compression Heat Pumps were added
which is the base line of the operation units. This was the same for both back-up scenar-
ios, the difference is how the produced hydrogen were used.

Throughout the scenarios some assumptions were made. The biomass CHP unit is a
combination of all the biomass units of the DEA report to make a more simplified simu-
lation, furthermore, waste incineration were modelled along side the biomass. The wind
speeds of on- and offshore wind were assumed to be from Vejle and Anholt respectively.
These wind speeds were the same for all the simulated years.

3.3.1 Hydrogen Storage and Back-up

The Hydrogen Storage and Back-up scenario used the excess electricity production from
wind and solar to produce hydrogen that is stored in storage tanks, to be used later as
back-up when the wind production is low and the electricity consumption was not met.

3.3.2 Upgraded Biogas Back-up

The Upgraded Biogas Back-up scenario used the excess electricity production from wind
and solar to produce hydrogen that was used to produce methane which were stored in
the gas grid for later use when the wind production is low and the electricity consumption
was not met.

3.3.3 Operation strategy

The operation strategy determines how the simulation should be run, the lower the
priority number the higher the priority the unit had. The on- and offshore wind turbines,
Photovoltaic cells, Compression Heat pumps, geothermal and Flat Plate all have priority
number 0 which makes the simulation run those production units first. The electrolyser
and the Biogas CHP for burning the produced methane had the priority number 1 and

11



2 respectively, all other CHP plants had priority number 3, that goes for Coal, Biomass
and Natural gas. The last priority number used is 9 and was used for Production units in
condensation mode which is Biomass Con and Natural gas engine. A figure of the priority
numbers can be seen in appendix [D]

For units where a consumption is associated with it, a strategy for those units was
made. The electrolysis, has a consumption associated with it which is electricity, that elec-
tricity came from the excess Wind- and solar power. In order to be certain the electricity
used in the electrolysis is from the wind and solar its consumption priority number should
be the same or below the operation priority numbers of wind turbines and photovoltaic
cells, therefore the priority number for the consumption strategy is 0 for the electrolysis,
compression heat pumps and geothermal plants, and 1 for the Biogas. A figure of the
consumption strategy can be seen in appendix [D}

4 Socioeconomic Analysis

The socioeconomic analysis was conducted in accordance with the guidelines provided
by the DEA |27|. Therefore, the investment cost, O&M as well as the negative environ-
mental effects were calculated for each technology using the technology catalogues and
socioeconomic calculation prerequisites [14} |15, 16, 18]. The prices for investment and the
O&M listed in the technology catalogues from the DEA, are listed in euros. Therefore,
a conversion factor of 7.44 DKK/EUR was used. The fuel prices that were used when
calculating the total system cost in EnergyPRO can be seen in Appendix
Furthermore, all prices are calculated in 2018 prices using the assumed inflation rates
from the socioeconomic calculation prerequisites [18].

4.1 Emissions

By burning these fuels, particles in the form of gases are emitted. These gases are damag-
ing to the environment, animals and humans, therefore, the damages has to be rectified by
economic penalties. In order to include the damage cost of said emissions, it is necessary
to know how much is emitted. Equation [5| shows how the emissions of various fuels were
calculated.

GJ
& = emission factor - Calorific value ————  (5)

. g
E 5 5
Hssion kg of fuel GJ of fuel kg of fuel

Most calorific values for the fuels were given in socioeconomic calculation prerequisites
and the heating value of biogas was found in and online database [18 28]. The emissions
from the various sources can be seen in Appendix [E|

Table [2| shows the price of the damage particles emitted in DKK per kg emission.
SO,, NO, and PM, 5 where given in 2017 prices for larger incineration plants. They were
projected to 2018 prices to a factor of 1.02. The COy quota price was divided by 1000 in
order to have the price in DKK per kg emitted CO,. For the N,O price, the price of CO,
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outside the quota system was divided by 1000 and multiplied by 298. Similarly the CHy
was again the price outside the quota system, then divided by 1000 and multiplied by 25
[18]. Both the N,O and the CH, were multiplied by 298 and 25 respectively in order to
make the emissions CO4 equivalent. This is due to NoO and CHy being more potent.

Damage price DKK /kg
SO, 10.2
NO, 7.14

PM, - 23.46

CHy4 1.071
N,O 12.77

CO; (Quota) | 0.042

Table 2: Damage prices of emissions in DKK per kg of emission

The damage prices and the emissions by the various sources were used to calculate
the overall cost of the negative externalities by burning fuels.

4.2 Technologies

The technologies used in this paper represent the aggregated production technologies in
DK1. Among the technologies used are: coal fired CHP, natural gas- and biogas simple
cycle CHP as well as biomass. The calorific value of the biomass fuels is assumed to be
wood chips, because of wood made up the most of the biofuels and the average calorific
values was 11.98 GJ per ton. Here all the biomass fuels were modelled as wood chips.
This was due to wood chip made up the most used biomass fuel the biomass also included
waste incineration as a biomass as well [18].

Equation [6] shows the general method of calculating the investment cost of the production
units used in the EnergyPRO simulations.
K M EUR DKK
=1 ———.744 —— . IR-10°
W nvestment W 7 EUR R-10 (6)

Where IR in the inflation rate.
The O&M, of the technologies were calculated using equation

Investment

O&M figeasrme * 7-44 Bon EUR DKK
yglar + O&Mva”ableM—V\/’h . 744 m) . IR (7)

O&M = (

full load hours

Where IR is the inflation rate, Full load hours are assumed to be about 4000 hours for
most units and 6000 for some units in accordance with [14]. For on- and offshore wind,
the full load hours used were 3150 and 4400 hours respectively. For photovoltaic panels
the full load hours are assumed to be 1080 hours per year [15].

The investment and O&M costs of 2025 are shown in table Bl
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Technology Capital investment DKK/MWh | O&M DKK/MWh
Coal fired power plant 14,622,190 81.8
Natural gas turbine 6,649,985 88.9
Bio gas turibine 6,649,985 391.0
Biomass CHP 17,499,962 133.9
Biomass Condensation 17,499,962 133.9

Table 3: Capital investment- and O&M cost of used technologies in 2025

These investment and O&M costs does not change much over the years simulated.
Therefore, only the costs of 2025 are shown here.

5 Results

5.1 Wind Scenario Development

Through the socioeconomic analysis the following results of the simulated back-up
scenario for the years in question were obtained and can be seen in Figure [7]

Socio economic system cost of wind scenario development

160,000

140,000
120,000
100,000
80,000 W Investment
60,000 OBM
40,000
M Fuel cost
20,000
— — — — — — — — .DamageS

Biogas Biogas Biogas Biogas Hydrogen Hydrogen Hydrogen Hydrogen
upgrade upgrade upgrade upgrade 2025 2030 2035 2040
2025 2030 2035 2040

M DKK

Back-up method and year

Figure 7: System cost of back-up methods with DEA’s wind scenario development

As it can be seen, the system cost of biogas upgrade back-up system ranges from about
110 billion DKK to 140 billion DKK. The hydrogen back-up system is slightly more expen-
sive with a range from almost 120 billion DKK to about 140 billion DKK. Furthermore,
it can be seen that the investments constitute most of the system cost, while O&M-, fuel-
and damage costs constitute only a fraction of the total system cost.

The average total system cost of the biogas upgrade back-up method is 128,656 million
DKK, while the hydrogen back-up method is 131,237 million DKK.
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The average damages of the biogas upgrade back-up was 311 million DKK, while the
hydrogen back-up method had 248 million DKK in damages. The fuel cost of both back-
up methods were roughly equal at 3,442 and 3,456 million DKK for biogas upgrade and
hydrogen respectively. Furthermore, the O&M cost of both back-up methods were 1,883
and 2,032 million DKK for the biogas upgrade and hydrogen respectively. The exact cost
of damages, fuel, O&M and investment can be seen in Appendix [G]

The minimum SNG needed to be produced in the wind scenario development for the
system, to have a full back-up, can be seen in Table

Back-up method and year ton SNG needed ton SNG produced

Biogas upgrade 2025 93,669 99,460
Biogas upgrade 2030 59,961 66,867
Biogas upgrade 2035 36,429 40,665
Biogas upgrade 2040 5,418 6,978

Table 4: SNG requirements of wind scenario development

The biogas used for upgrade and for direct use were on average 1.61 PJ of biogas
ranging from 2.98 to 0.21 PJ in 2025 and 2040 respectively.

The amount of hydrogen needed and produced for the hydrogen back up can be seen
in Appendix [C]

In order to produce the hydrogen needed for the SNG production, from the biogas up-
grade back-up method with the wind scenario development, the electrolysers capacity was
1200, 350, 150 and 20 MW in 2025, 2030, 2035 and 2040 respectively.

5.2 Hydrogen Scenario Development

Figure [8 shows the socioeconomic cost divided into investment-, fuel-, O&M- and
damage cost by back-up method and year.
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Socio economic system cost of hydrogen scenario
development

180,000
160,000
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Figure 8: System cost of back-up methods with DEA’s hydrogen scenario development

For the hydrogen scenario development, the ranges for biogas upgrade back-up is 110
billion DKK to almost 150 billion DKK. The hydrogen back-up ranges from 120 billion
DKK to 150 billion DKK.

The average total system cost of the biogas upgrade back-up method is 131,784 million
DKK, while the hydrogen back-up method is 138,466 million DKK.

The average damages of the hydrogen back-up method was 208 million DKK while
the biogas upgrade back-up method had 206 million DKK in damages. The fuel cost of
both back-up systems were closer than the fuel cost when the wind scenario development,
of 3,014 and 3,018 million DKK of fuel cost. Operation and maintenance cost of 2,064
and 6,162 million DKK average for biogas upgrade and hydrogen respectively. The exact
cost of damages, fuel, O&M and investment can be seen in Appendix [G]

The hydrogen system development with biogas upgrade back-up method used on av-
erage 2.4 PJ of biogas ranging from 3.57 to 1.17 PJ in 2025 and 2040 respectively.

The amount of SNG and hydrogen needed and produced for the two back-up scenarios
for all the years in question can be seen in Appendix [C]

The hydrogen back-up method for both wind and hydrogen system development was
unable to produce enough hydrogen for back-up in 2025, but was able in all other years.
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6 Sensitivity Analysis

There are numerous uncertainties associated with modelling the future energy system,
like the price of production, reimbursements possibilities, fuel- and investment cost. In
the DEA scenario report it is stated that:

“If the Photovoltaic cells becomes 30 per cent cheaper, the capacity of the photovoltaic
cells can be increased, in the scenarioes, without any additional cost associated with it.”

4]
— Danish Energy Agency

As mentioned in section the DEA scenarios were conducted in 2014. In figure [9] can
the average wind and Solar PV auction prices be seen.

Announced wind and solar PV average auction prices by commissioning
date

$180
$150
$120

$90

USD per MWh

$60
$30

$0
2012 2013 2014 2015 2016 2017 2018 2019 2020

Onshore wind average auction price Solar PV average auction price

Figure 9: The average auction prices for Onshore wind and Solar PV by commissioning
date

It can be seen that in 2014, when the scenarios were conducted, the average price per
MW h solar PV is about 160 USD, and in 2020 it is down to 30 USD per MWh that is a
decrease in price of 81,2 per cent which makes DEA’s statement worth investigating and
see how it affects the total system cost.

The sensitivity analysis was conducted by changing the production capacities of PV
and on- and offshore wind. The PV capacity was increased to 6 GW in 2040 which is a
estimate from Energinet.dks report but calculated for DK1 to be 4.2 GW [29]. In the two
sensitivity scenarios, Sen-scenario, the on- and offshore wind capacities where decreased
by 10 per cent to see the change in the total system cost.
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The Sen-scenarios showed that the decrease of 10 per cent in offshore wind capacity
was cheaper than onshore, therefore the offshore capacity was decreased again with 20
per cent. A comparison of the the cheapest scenario and 20 per cent less offshore wind
capacity can be seen in the figure (10}

Comparison between 20% less Offshore capacity and the reference scenario

160.000,00
140.000,00
120.000,00
100.000,00

£0.000,00

M DKK

©50.000,00

40.000,00

20.000,00

20% less Offshore  biogas upgrade back-  20% less Offshore  biogas upgrade back-  20% less Offshore  biogas upgrade back-  20% less Offshore  biogas upgrade back-
Capacity up, Wind Capacity up, Wind Capacity up, Wind Capacity up, Wind
development development development development

2025 2030 2035 2040
Scenarios

m Damages Fuel Cost Q&M Investment

Figure 10: A comparison of the recommended scenario and the Sen-scenario with 20 per
cent less offshore wind capacity

With the increase in PV to 4.2 GW in 2040, the offshore wind capacity can be decreased
to be between 20 and 30 per cent before the SNG production would not be sufficient in
2025.

7 Discussion

It can be seen in section [5[ that the wind scenario development with biogas upgrade
method of power back-up is the cheapest solution while the second cheapest was the pure
hydrogen back-up method for the same system development.

Although the overall damage costs are less with the hydrogen scenario system develop-
ment, this is due to the higher share of offshore wind capacity in the system. As written
in the DEA study the wind scenario has to increase the wind capacity with 400 MW per
year while the hydrogen scenario has to increase that capacity even further.
Furthermore, due to this increase in offshore wind capacity for the hydrogen system de-
velopment, the average fuel cost also decreases. However, both O&M- and investment
cost increases.
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The prices for PV’s used in this paper are from the newest technology catalogue [15].
Therefore, the prices of PV system and the amount of PV installed in the regular scenar-
ios possibly does not align. Hence, in section [6] the photovoltaic capacity was increased.
With the increase in PV capacity, it was possible to decrease the amount of wind capacity
in the system. It was cheaper to keep onshore wind and decrease the offshore wind, as
expected. This is due to the higher investment cost of offshore wind turbines. Section
[6] showed that a system with a decrease in offshore capacity by 20 per cent with the
increased PV capacity was still able to provide power back-up. However, a decrease in
offshore wind capacity by 30 per cent was not.

In section [5|it can be seen that the needed capacity of the electrolysis decrease as more
and more renewable generation capacity is installed in the system. This happens because
the renewable capacity is greater than the electricity consumption for an extended period
of time.

Both hydrogen and upgraded biogas can be used for other technologies than power back-
up. For example, it can be used in the transportation sector, which include cars, trucks,
trains, ships and air planes. Although hydrogen is somewhat limited in the transportation
sector compared to the upgraded biogas. The SNG can be used in forms of liquid natural
gas and compressed natural gas.

It has been stated earlier that the Danish potential for biogas is 48.6 PJ and the biogas
upgrade back-up methods used less than 2 PJ of biogas on average. This means that there
are more than 46,8 PJ of biogas potential for the transport sector to utilise. It is stated by
the Danish Gas Technology centre that the biogas production in Denmark is at 4 PJ per
year in 2011 [30]. This number is for all of Denmark while the calculated biogas usage of
the simulation only are for DK1. The biogas used directly for heat and power production
were less than 0.004 PJ for all of the years calculated. It is doubt full that DK2 uses
almost 4 PJ of biogas and therefore the biogas used in the simulation does not align with
the use of biogas in Denmark. However, due to the small amount of biogas needed to pro-
duce enough for back-up for the system, there should still be plenty of biogas potential left.

Today, the transport sector alone is one fourth of the Danish greenhouse gas emissions
and the Danish government climate goals for 2050 is to become 100 per cent renewable.
But just in 2014 the wvejpersontransporten, which only includes the cars and vans under
2 tonnes, emitted 7.2 M. tonnes of COy which is almost half of the total emission of
the transport sector [31]. If this goal should be met a drastic change needs to befall the
transport sector. In which the implementaion of SNG would help with.

Hydrogen production from water also produces oxygen as a by-product. This poses
a problem, economically, since there is no real market for oxygen [20]. If the hydrogen
is used to upgrade biogas, the oxygen is no longer needed to react with the hydrogen to
release the stored electricity. One obvious solution to the problem could be to let the
oxygen out to the air. This will likely not have much of an effect since it will be such a
small part of the oxygen already in the air.

Due to a lack of data the heat loss, for the storage units, was neglected. It was also
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not possible to include all the storage units in EnergyPRO, the main focus of this paper
was the isolation of the Danish energy system, so we deemed it inconsequential.

As mentioned in Section [3| offshore wind and solar capacities followed an exponential
curve. This was based on numbers from the DEA scenarios in which decommissioned
wind farms have been taken into account. It should be kept in mind that the capacities
of wind and solar in this paper are only estimations.

Biomass combined heat and power was assumed to be the aggregate of all biomass
plants as well as the waste incineration plants which is mentioned in Section [3.3] This
was done because the waste incineration plants uses waste in the form of discarded food
among other waste. Furthermore, waste incineration plants usually receive money for
burning the waste, which was not modelled in this paper.

The EnergyPRO simulations were not without problems. Even though there is enough
back-up stored in the system and enough installed capacity, the simulation leaves out time
periods were there is a shortage of electricity production. Therefore the needed hydrogen
and upgraded biogas was calculated afterwards.

Wind speeds for onshore- and offshore wind production was assumed to be the same
through all the simulated years and in two specific location, this assumption gave a mis-
represented view of wind production in Denmark. When simulating wind productions,
with more locations picked to calculate an average wind speed a lower level on uncertainty
could be achieved and that way the data could achieve a higher level of confidence.

The full load hours for PV was assumed to be 1080 hours pr years as stated in Section
[4.2] This is almost 200 hours more than the utilisation hour from the DEA study. How-
ever, the effects of this assumption is minimal compared to the total investment cost of
the systems. Neither would it change which scenario would be the cheapest, since all the
scenario has the same full load hours and the O&M cost are a DKK per MWh produced.

The capacity in Photovoltaic has increased more than the projected data since 2014 and
Energinet.dk estimates that the installed PV capacity in 2040 will be 6 GW. The cause
of this increase in the estimation is the price for installed MWh. The price is estimated
to decrease by a factor of 2 every third year. If this trend continues, photovoltaic panels
will then be cheaper in 2019 than onshore wind turbines.

Denmark is an electricity price taker which means the neighbouring countries, Norway,
Sweden & Germany, are those that determine the electricity price. Denmark has a com-
mon price with one neighbouring country 90% of the time [32]. Therefore, Denmark is
isolated in order to determine the socio economic aspects of the two back- up solutions
for Denmark.

At the moment the electricity price is mainly effected by whether it is a dry or wet year
as well as the coal price and the COy quota price. It is unknown exactly how a power
back-up system affects the energy system.
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The Tesla mega battery in Australia has reduced the service cost of the electricity
grid by 90%. A electricity storage system can provide stability to the system, decreasing
the likely-hood for blackouts. Though it should be kept in mind that this is a lithium
ion battery and, therefore, does not have the same limited efficiency of hydrogen pro-
duction [33]. Australia had a high amount of renewable energy capacity in the region
which caused instability [34]. It is unknown whether or not the same could or would
occur in Denmark. Denmark has many interconnectors to the neighbouring countries,
with two new interconnectors planned, Viking Link and COBRAcable. Viking Link is
under construction and will connect to Great Britain and COBRAcable will connect with
the Netherlands [35] 36]. These interconnectors perform almost in a similar fashion, e.g.
through the Norwegian water reservoirs, by buying and selling electricity. However, since
our neighbouring countries also move towards more renewable energy systems, their pro-
duction becomes more intermittent as well. Therefore, having a storage solution within
the Danish borders could prevent grid stability losses that could occur in the future.

In order to have a visual representation of the electricity and heat production as well as
the hydrogen and SNG production depending of back-up method, sankey diagrams where
created. These diagrams can be seen in Appendix [F] From the diagrams it can be seen
that it is only a small amount of electricity that is fed into the electrolyser. In the wind
scenario development with a biogas upgrade back-up 4% of the electricity produced goes
to electrolysis.

In this paper the capacities of production units were estimated using figures from
2014, yet the heat consumption data were from 2016 while the electricity consumption
were from 2017. It was assumed that the electricity and heat consumption’s have been
relatively unchanged in their development since 2014.

EnergyPRO has the function to simulate in two different modes of operation strategy.
One simulation mode is to simulate the production units according to the merit order.
This means that the cheapest units are the first to produce. The other simulation mode
is to simulate by a user defined strategy. Due to EnergyPRO’s limitation on merit order
simulation, meaning that fuel production cannot be included in this type of simulation,
the simulations were run as user defined. This could make the production units deviate
from the actual production order.
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8 Conclusion

This paper examined the utilisation of hydrogen as power back-up in the Danish energy
system. The focus was on the use of hydrogen directly or as a way to upgrade biogas.
These uses of hydrogen were evaluated by socioeconomic analyses and sensitivity analyses
on the technology composition.

The socioeconomic analyses were performed on four scenarios in order to determine the
most cost efficient scenario that could be run in island mode.

The most cost efficient scenario were the biogas upgrade back-up method in the wind
scenario development. The total system cost was 128,655.58 M DKK. Furthermore, the
scenario showed that the SNG produced was only a fraction of the bio-SNG that is able
to be produced. In addition, the scenario could provide further benefit to the transport
sector by producing more hydrogen for SNG. The unused biogas potential for this scenario
was 46.8 PJ meaning only 2 PJ were used.

The sensitivity analysis showed that with an increase in photovoltaic capacity and a
decrease in offshore wind capacity by 20% has little effects on the total system cost.

It is therefore recommended that, if the Danish energy system were to utilise hydrogen
as a means of power back-up, the hydrogen is used to upgrade biogas to SNG.
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A DEA scenarios

2035
Wind | Hydrogen
Offshore wind | 5000 6000
Omnshore wind | 3500 3500
Photovoltaic | 1000 1000
Biomass | 1421 1421
Gasturbines | 900 400

Table 5: Electrical production capacitites unit in MW

B Solar collector data

HTHeatboost 35/10
Incline | 7o | al [W/(m?*°C)] | a2 [W/(m*°C)?] | K@
38° 0.77 2.41 0.015 0.92

Table 6: Technical specifications for HTHeatboost 35/10

HTHeatboost specification used in EnergyPRO [7].

C Back-up production

Hydrogen scenario development with biogas upgrade back-up

Back-up method and year ton SNG needed ton SNG produced

Biogas upgrade 2025 114,306 119,014
Biogas upgrade 2030 85,062 86,546
Biogas upgrade 2035 70,429 74,974
Biogas upgrade 2040 33,296 38,877

Table 7: SNG requirements of Hydrogen scenario development

Hydrogen scenario development with hydrogen back-up

Back-up method and year ton hydrogen needed ton hydrogen produced

Hydrogen 2025 47,938 34,170
Hydrogen 2030 35,506 37,445
Hydrogen 2035 28,855 36,638
Hydrogen 2040 13,875 14,847

Table 8: Hydrogen requirements of hydrogen scenario development
Wind scenario development with hydrogen back-up
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Back-up method and year

ton hydrogen needed ton hydrogen produced

Hydrogen 2025 39,845
Hydrogen 2030 25,200
Hydrogen 2035 15,212
Hydrogen 2040 2,257

23,056
27,074
17,154
3,238

Table 9: Hydrogen requirements of wind scenario development

D EnergyPRO priorities

Tarif perioder
Offshore DK1

Onshore DE1_ G128 SMW
Photovoltaic Cells

Coal fired CHP

Biomass CHP

Matural Gas Turbine
Elektrolysis_Sabatier
Upgraded Biogas CHP

LFE IR X R P [ o B s R =

[y

Biomass Caon

Matural Gas engine
Compression Heat Pump
Geothermal

Flate Plate

[ T o R o R Y Y = B 8

Prioritetsfunktioner

Figure 11: Production Priority Numbers in EnergyPRO

E Fuel Price

Fuel prices 2018 [DKK/GJ]
Year | Natural gas | Coal | Wood
2025 55.59 18.36 | 54.57
2030 68.65 19.58 | 56.61
2035 77.01 20.20 | 57.83
2040 80.58 20.50 | 59.06

Table 10: Fuel prices in 2018 prices
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Emission [g/kg] by fuel | NO, | PMgyj; SO, CH; | N,O CO,
Woodchip 0.018 | 0.75 0.045 | 0.029 | 0.0074 0
Coal 0.24 0.70 0.051 | 0.022 | 0.020 | 2277.45
Natural gas 0.021 2.92 0.0053 | 0.053 | 0.053 | 3027.44
Biogas (raw) 0.32 | 3.32 |0.0035| 7.13 | 0.026

o

Table 11: Amount of NO,, SOy, PMs 5 CHy, NOy and N,O emissions per kg fuel

F Sankey diagrams
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Figure 12: Sankey diagram showing the energy flow of hydrogen back-up method in
hydrogen scenario development for 2025
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Figure 13: Sankey diagram showing the energy flow of hydrogen back-up method in
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Hydrogen scenario 2035
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Figure 14: Sankey diagram showing the energy flow of hydrogen back-up method in
hydrogen scenario development for 2035
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Figure 15: Sankey diagram showing the energy flow of hydrogen back-up method in
hydrogen scenario development for 2040
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Figure 16: Sankey diagram showing the energy flow of hydrogen back-up method in wind
scenario development for 2025

29



Wind scenario 2030 hydrogen
power back-up - cicricty

- Heating
= Hydrogen

Legend

Electricty: 21193356 9MWh
Electricity grid } B

Electicity: 377652 2MWh

Hydrogen
cHP
storage  |——)
e Hydrogen \\‘

Hydrogen: 932474,6 MWh

Electricity: 434226 6MWh

Photovoltaic

Electricty: 120113068 MWD

Electricity: 13321067 MWh

Offshore wind production|

Alkaline
electrolyser

Electricity: 2270361,5MWh
—

Hydrogen: 932474 6 MWh

- Heating 4708987 M )
Heating demand
Heating: 8271041.4MWh

(Onshore windproduction

Electicity: 6099809, 6MWh

Own production

Heating grid

Heating:6381590,8 MWh

Figure 17: Sankey diagram showing the energy flow of hydrogen back-up method in wind
scenario development for 2030
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Figure 18: Sankey diagram showing the energy flow of hydrogen back-up method in wind
scenario development for 2035
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Figure 19: Sankey diagram showing the energy flow of hydrogen back-up method in wind
scenario development for 2040
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Figure 20:
in hydrogen scenario development for 2025
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Figure 21: Sankey diagram showing the energy flow of biogas upgrade back-up method

in hydrogen scenario development for 2030
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Figure 22:
in hydrogen scenario development for 2035
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Hydrogen scenario 2040
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Figure 23: Sankey diagram showing the energy flow of biogas upgrade back-up method
in hydrogen scenario development for 2040
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Figure 24: Sankey diagram showing the energy flow of biogas upgrade back-up method
in wind scenario development for 2025

Wind scenario 2030
Methanation power back-up

Electricty: 408867.6MWh

Photovoltaic -

Elecricity: 11874149, 4MWh

Offtshore wind production|

Electricty: 1680947 2MWh

‘Onshore windproduction|

Electricity: 6104537 0MWh

Own production

Heating: 63864612 MWh

Legend
- Electricity
- Heating
Methane gas
= Hydrogen
== Biogas
Electricity: 204446307 MWh
Electricity grid el

aean:m)au TET

Hydrogen: 35662655 MWh

Electricity: 376129 6MAh

Methane gas: 928715.0MWh | o
Methane

Methane gas: 928715, 0MWh

Alkaline

electrolyser Sl

\

Heatng 4550011 )

Biogas. 371486, 0MWh

Heating grid Heating demand

Heating: 8227432 2MWh

Figure 25: Sankey diagram showing the energy flow of biogas upgrade back-up method
in wind scenario development for 2030
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Figure 26: Sankey diagram showing the energy flow of biogas upgrade back-up method
in wind scenario development for 2035
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Figure 27: Sankey diagram showing the energy flow of biogas upgrade back-up method
in wind scenario development for 2040
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G Total system cost
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