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PREFACE

I am truly thankful that Prof. Heidenberger gave me the opportunity to tackle this topic

and to write my thesis about the “Wide-area transfer of green energy.”

Slowly, but surely, the world learned that renewable energy would be the only viable
option as an energy producer. The increased renewable energy installations - not just in
Europe, but worldwide - demonstrate the significance of the cause. Unfortunately,
renewable sources have shown that, for example, wind and solar power are weather-
dependent seasonal fluctuating energies that can peak over the required demand. The
solutions are storage and flexibility options. At present, in the long-term, only Power-to-

Gas is viable. That is why my paper examines Power-to-Gas carefully.

| want to give my utmost gratitude to my mother who enriches my life and made my

journey through university possible.

| also want to offer a special thank you to my brother Christian and my friends Claudia,
Duygu, Mario, and Sgren who motivated me and cheered me on to progress on my

Master’s thesis every day.
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1. INTRODUCTION TO GREEN ENERGY

“There is one forecast of which you can already be sure: someday renewable energy will
be the only way for people to satisfy their energy needs. Because of the physical,
ecological and (therefore) social limits to nuclear and fossil energy use, ultimately

nobody will be able to circumvent renewable energy as the solution, even if it turns out
to be everybody's last remaining choice. The question keeping everyone in suspense,
however, is whether we shall succeed in making this radical change of energy platforms
happen early enough to spare the world irreversible ecological mutilation and political

and economic catastrophe.”

(Herman Scheer,
Energy Autonomy: The Economic, Social and Technological Case for Renewable

Energy)

The identification and implementation of sources other than fossil fuels, which are limited
and depleting, is a future goal for the human species. In the case of nuclear power, it
might be clean energy within certain boundaries, but it comes with health hazards when
human or mechanical failures occur. A nuclear power issue would amount to a massive
catastrophe for human kind, which would cause many human casualties, especially due
to radiation poison. Further, the use of fossil fuels had a significant impact on global
warming. That is why renewable energy sources are the best solution to the problems of
fossil fuels and nuclear energy while having the potential to decrease greenhouse gas
emissions and the dependency on fossil fuels. The technological developments in both
wind and solar energy have caused renewables to become competitive with fossil fuels.
Due to the weather-dependency of renewables and with the increasing share of
renewable energy in many countries, the problem of their fluctuating and seasonal
behavior necessitates methods to control and store energies in order to provide it to
consumers when needed. Through the growing renewable power installations, the
generated power often exceeds the limited demand, which is why renewable power

needs to be balanced more effectively. The excess energy generated by the renewables
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“cannot be used or sold at the time of generation” (Estermann, et al., 2016, p. 13950). In
2014, the excess energy generated by renewables was up to 1.58 TWh in Germany,
which amounted to a number three times higher than in 2013. The challenge to date is,
therefore, to find a solution to the installed renewable energy power to balance supply
and demand at different times and scales through storage possibilities (Ancona, et al.,
2016, p. 855; Estermann, et al., 2016, p. 13950; Pacesila, et al., 2016, p. 156; Sterner,
et al., 2015, pp. 70, 72; Zhang, et al., 2017, p. 327).

Renewable sources could cover the demands of electricity, heating, cooling, and the
transport sector in the world. Additionally, renewable sources can reduce poverty and
offer solutions to remote locations or developing countries. Furthermore, renewables

create jobs that contribute to the economic growth (Pacesila, et al., 2016, p. 158).

1.1. STATISTICS FOR RENEWABLE ENERGY FROM THE EUROPEAN UNION

In 2015, the European Union produced 46 % of its energy from its member nations,
while the other 54% is imported from other countries. The energy mix of the European
Union consists of 34.4 % petroleum products including crude oil, 22 % natural gas, 16.1
% solid fuels, which are various types of coals, 13.6 % nuclear energy and only 13 %
renewable energy. The shares of total energy depend on each member state (Eurostat,
2017d, pp. 5, 27; Eurostat, 2017c, p. 2).

European Union energy production in 2015 contained 29 % nuclear power, followed by
27 % of renewable energy, then 19 % solid fuels, 14 % natural gas and 10 % crude oil.
In 2014, the shares of energy production consisted of 28.8 % nuclear energy, 19.1 %
solid fuels, 24.9 % renewable energy, 10.7 % petroleum products, and 1.6 % wastes
and non-renewables. In comparison to the European Union statistics, the world energy
production in 2014 started off with 31.2 % petroleum products, 28.8 % solid fuels, 21.2
% natural gas, 13. 7 % renewable energy, 4.8 % nuclear energy and some other energy
sources (European Commission, 2016, pp. 11, 36-37; Eurostat, 2017d, p. 7).

In 2015, nuclear energy in the European Union was mostly produced in France with 83

% of total national energy production, followed by Belgium with 65 % and Slovakia with

63 %. In 2015, the renewable sources were produced with over 90 % in Cyprus, Latvia,
2



Lithuania, Malta, and Portugal. Solid fuels were mainly produced in Poland with 80 %,
Estonia with 76 % and Greece with 68 % in 2015. Natural gas was produced in the
Netherlands with 82 %, while the crude oils producers were Denmark with 49 % and the
United Kingdom with 39 % in 2015 (Eurostat, 2017d, p. 7).

The 54 % of imports done by third-party countries in 2015 show that more energy is
imported than generated in the European Union. The main imported products in 2015
were petroleum products including crude oil with around 66,67 %, followed by natural
gas with 23 % and solid fuels with 10 %. Crude oil is mostly imported from Russia with
29 %, then Norway with 12 %, followed by Nigeria, Saudi Arabia, and Iraq all with 8 %.
The European Union also depends on Russia for natural gas and solid fuels, of which it
provided 37% and 29% of the EU’s supply in 2015 respectively. The three top countries
being most dependent on imports are Cyprus, Malta, and Luxembourg (Eurostat, 2017d,
pp. 8, 10).

The gross inland consumption of energy of the European Union in 2015 reached 1627
million tonnes of oil equivalent (Mtoe). The member states with the highest gross inland
consumption of energy in 2015 are Germany with 19.3 %, then France with 15.5 % and
the United Kingdom with 11.7 %. The consumption mix for the European Union in 2015
includes around 40 % petroleum products, 21.8 % natural gas and the same amount of
electricity, around 8 % renewable energy, 4.2% solid fuels and derived heat, and the 0.4
% rest for other energy products. If the consumption mix is analyzed for each sector,
then 33 % of final energy consumption is used up by the transport sector, 26 % by
industry, 25 % of households, 13 % by services and only 2 % by agriculture and forestry
(Eurostat, 2017d, pp. 13-14; Eurostat, 2017c, p. 1).

The renewable energy consumed by the European Union increased from 8.5 % in 2004
to around the double with 16.7 % in 2015, very close to the European Union’s goal to
achieve 20 % by 2020. The highest shares of renewable energy consumption in the
European countries in 2015 is led by Sweden with 53.9 %, then Finland with 39.3 % and
Latvia with 37.6 % (Eurostat, 2017d, p. 22).

European Union’s power consumption amounts to amounts to 3.07 PWh (3.07 million

GWh) of total net electricity generation in 2015. The electricity mix consists of 43 % from
3



power stations that are burning fossil fuels (such as oil, natural gas, or coal), 30 %
derive from renewable energy sources and 27 % from nuclear energy. The renewable
energy mix in 2015 contained 11 % hydropower, 9 % wind power, 6 % biofuels and 3 %
solar power. The gross electricity generated by renewable energy in 2015 of around 30
% contained a decrease of 9 % from hydro power and a 19.3 % increase in wind power.
The highest net electricity generator in the European Union in 2015 was Germany with
around 20%, followed by France with around 18 % and the United Kingdom with around
11 % (Eurostat, 2017d, pp. 15, 24; Eurostat, 2017a, p. 8; Eurostat, 2017b, pp. 1-2).

With the improvements in energy efficiency and the steady rise of renewable energy, the
greenhouse gas emissions generated by the EU have been declining since 2006. In
2014 the greenhouse gas emissions were reduced to 22.9 % which is very close to the
European Union’s target of 20 % in 2020. According to Eurostat, 2017d and other
experts, greenhouse gases are responsible for global warming and climate change
(Eurostat, 2017d, pp. 19, 24).

Furthermore, the European Union made € 153 billion in sector turnover with renewable
energy, which generated an employment level of 1,139 billion jobs. The sector turnover
is led by wind power with € 49.1 billion, whereas solar photovoltaic power only reached
€ 16 billion and biogas € 6.9 billion in the European Union (EurObserv’ER [16th
EurObserv'ER Report], 2016, pp. 98, 102, 120, 134-135).

The public research and development budget of the European Union in 2015 was €
377.5 million, which was far less than the budget of € 781.6 million in 2014. Wind power
also decreased from € 146.1 million in 2014 to € 96.3 million in 2015. Further, the solar
energy budget got reduced from € 258.7 million in 2014 to € 151.8 million in 2015
(EurObservER [16th EurObserv'ER Report], 2016, pp. 208-209, 214).

1.2. RENEWABLE ENERGY

The expansion of renewable power sources is supported by the reduction in the costs of
renewable technologies, support mechanisms and the increased demand for renewable
energy sources. Solar photovoltaic and wind power are currently joining hydro power

and geothermal energy as cost-competitors of fossil fuel. Renewable energy indicators



are wind, solar thermal and photovoltaic energy, hydro power from tide, wave and ocean

energy, geothermal energy, and biomass such as biological waste, biogas and biofuels
(EurObservER [16th EurObserv'ER Report], 2016, p. 3; Eurostat, 2017d, p. 26; REN21,

2017, p. 20).

This paper focuses on the renewable energy sources: wind power, solar power, and

biogas to further progress the topic.

1.2.1. WIND POWER

The decrease in production costs
for both onshore and offshore
wind power technologies, as well
as the continuous research and
development of wind power
technology for increased
efficiency, have been some of the
most important aspects in the
growth of the global wind power
sector. At present, the wind power
market is dealing with problems
due to less demand for electricity
and grid network difficulties. Also,
the steady reduction of electricity

sale prices, the increase of

production of electricity due to
stronger wind turbines, improved

learning curves, reduced

Installed wind power capacity in the European Union at the end of 2016* (MW)
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Figure 1: Installed wind power capacity in the European
Union at the end of 2016 (in MW) (EurObserv’ER, 2017b,
p.12)

operating costs, and the enhancement of wind turbines all lead to major economies of

scale. Additionally, significant major groups have formed especially in the case of the

recent off-shore developments (EurObservER, 2017b, pp. 3, 13).



Nevertheless, there has been an increasing amount of wind power capacities installed in
2016, compared to 2015. For example, for the European Union, the installed wind power
capacity in 2015 was around 142 GW, while in 2016 an estimated 154 GW were
connected (see Figure 1). For the European Union, this is an increase of 8.45 % from
2015 to 2016. The ranking of countries with the highest installed wind power capacity in
the European Union at the end of 2016 starts off with Germany at an estimated 50 GW,
while in second place there is Spain with around 23 GW and third, the United Kingdom
with around 15 GW, followed by France with an estimated 12 GW and Italy with around
9 GW. The total world installed wind power capacity reached around 433 GW in 2015
and an estimated 487 GW in 2016, which shows an increase of 12.47 %. Currently,
China is the leading force with 168.7 GW of installed wind power capacities, which is
more than the European Union with around 154 GW or the USA with 82.2 GW. In the
total wind power capacity, Asia with 41.8 % is surpassing Europe with 33.1 % and North
America with 20.1 % (EurObserv’ER, 2017b, pp. 2-4,6).

Therefore, the European Union added an additional 12068.1 MW of wind turbine
installations in 2016. From this sum, around 5413 MW were contributed by Germany,
which was a slight decrease from the year before with 5477 MW. France added 1346
MW of wind power capacity, which is a small increase from 1149 MW in 2015. The
United Kingdom further decreased their installations from 1254 MW in 2015 to 739 MW
in 2016, while Finland with 570 MW (378 MW in 2015) and the Netherlands with 788.5
MW in 2016 (526 MW in 2015) have steadily increased their wind power capacities
(EurObservER [16th EurObserv'ER Report], 2016, pp. 8,10; EurObservER, 2017b, p.
6).

Wind energy can be separated in two technologies: On-shore and off-shore wind power
sources. The primary technology is still the on-shore wind power technology, while the
off-shore was only at an estimated 14 GW of installed wind power capacity in 2016. The
connected off-shore wind power capacity was 3011.2 MW in 2015, while in 2016 only
1412 MW were installed. In 2015, Northern Europe — namely Germany, the UK and the
Netherlands — established 14 new off-shore wind farms. According to EurObservER,
2017b, 11 new projects in off-shore wind power technology have obtained final

investments of around € 18.2 billion, which will boost the off-shore market significantly.
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Further, the ranking of off-shore wind power capacity connected to the grid in the
European Union in 2016 was still lead by the United Kingdom with 5093.5 MW even
though in comparison to 2015 with 5103.5 MW the power decreased slightly. In second
place is Germany with 4108 MW in 2016 and afterward Denmark with a constant 1271.1
MW from 2015 to 2016. In fourth place is the Netherlands who increased their off-shore
wind power from 357 MW in 2015 to close to 957 MW in 2016 (EurObserv’ER [16th
EurObserv'ER Report], 2016, pp. 10-11; EurObservER, 2017b, pp. 4, 7-8).

The weather conditions of 2016 left the wind power market in a terrible state with only an
estimated 302.7 TWh, which is a very slight increase of 0.3% over the amount of energy
produced in 2015. While Southern Europe had no weather issues, Northern Europe and
the UK were especially troubled, contrasting 2015 where the conditions were favorable
for Northern Europe and the opposite for Southern Europe (EurObserv’'ER [16th
EurObserv'ER Report], 2016, p. 11; EurObservER, 2017b, p. 8).

According to EurObserv’'ER [16th EurObserv'ER Report], 2016, the issues occurring
with the steady increase of wind power installations are commonly overcapacity
problems, decreasing industrial electricity demand, price sensitivity of consumers, the
continued reduction in electricity’s wholesale market price, and the linkage between the
European grid (EurObserv’ER [16th EurObserv'ER Report], 2016, p. 12).



1.2.2. SOLAR POWER

In 2016, the global market growth of "t
solar power reached its highest point.
Asia - especially China and India -
and the USA had an estimated
double of its annual installed capacity
due to the competitiveness of solar
power (EurObservER, 2017a, pp.
3,7).

In China, the installed photovoltaic
capacity increased from 10.56 GW in
2014 and 15.13 GW in 2015 to a
staggering 34.54 GW of additional

installed photovoltaic capacity, which

sums China’s capacity up to 77.42
GW. The United States also

increased their capacity massively

Key

Connected and cumulated ph siccapacity inthe European  [Fo333] Photovoltaic capacity installed and connected in the European
Union countries at the end of 2016% (MWp) Union countries during the year 2016* (MWp)

Figure 2: Photovoltaic capacity connected in the
European Union in 2016 (in MWp) (EurObserv’ER,

almost doubling it from 7.5 GW to 2017ap.12)

14.762 GW with solar power reaching a newly installed electricity capacity share of 39
%, even above wind power at 26 %. The European Union’s market, however, has
plummeted from 7.9 GW in 2015 to only 6.1 GW additional connected photovoltaic
capacities. In 2011 and 2012 the connected photovoltaic capacity was at 21.9 GW and
17.5 GW respectively. This shows that the solar energy installations are dropping
dramatically in the European Union. The linked photovoltaic capacity of Germany was at
39864 MWp in 2015 which increased to 41340 MWp in 2016 (on- and off-grid). This
shows that Germany slightly increased their installations from 1456 MWp on-grid in 2015
to 1476 MWp on-grid in 2016. The changes in the photovoltaic market in the European
Union were caused due to increased installations, a decline in photovoltaic panel costs,
and regulation changes. The second country ranked in connected photovoltaic capacity
was Italy with 18905.1 MWp in 2015 and an increase to 19274.1 MWp in 2016. The

United Kingdom, ranking third, has grown their connected photovoltaic capacity from
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9187.6 MWp in 2015 to 11562.2 MWp in 2016. However, their connected photovoltaic
capacity decreased from a 3763.4 MWp on-grid in 2015 to 2374.6 MWp on-grid in 2016.
France had an even worse year for installations, as while they reached 903.4 MWp on-
grid installations in 2015, they only managed 559.2 MWp in 2016 (EurObserv’ER [16th
EurObserv'ER Report], 2016, p. 14; EurObservER, 2017a, pp. 2, 4-7, 9).

The additional installed photovoltaic energy power of 6.1 GW has pushed the European
Union to a total solar photovoltaic power capacity of around 100.9 GW in 2016. The
weather conditions for the solar power technology were just as terrible as for the wind
turbines in 2016. The electricity production was low in many European countries such as
Germany who went from 38726 GWh in 2015 to 38171 GWh in 2016 or for Spain who
went from 8266 GWh in 2015 to 7948 GWh in 2016. Nevertheless, some European
countries increased their electricity production from solar photovoltaic power like the
United Kingdom who went from 7561 GWh in 2015 to 10292 GWh in 2016 and France
who increased their previous 7748 GWh from 2015 to 8790 GWh in 2016. Solar power is
an estimated 3.2 % of electricity production in the European Union now, while for
example in Germany it amounts to 5.9 % (EurObserv’ER, 2017a, pp. 7-9).

According to EurObservER, 2017a and EurObservER [16th EurObserv'ER Report],
2016, the focus of the European Union countries and the photovoltaic market will be on
self-consumption photovoltaic systems to directly fulfill customers’ needs due to the
developments in support measures for connections in the next few years. Therefore, the
solar market, with the help of the European Commission, will switch to a producer-
consumer (“Prosumer”) market, where the customers want to produce their electricity at
lower costs than when they are connected to the grid. Germany especially, but also
other countries, possesses a market for large shares of roof-mounted installations
(EurObservER [16th EurObserv'ER Report], 2016, p. 19; EurObservER, 2017a, pp. 15-
16).



1.2.3. BIOGAS

In 2015, the European Union
produced 15.6 Mtoe of biogas,
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are responsible for a staggering 77
% of production of biogas in Europe.
The high shares of these countries
outputs were already viewable in

Figure 3 which shows the biogas

production in the European Union in =
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[16th EurObserv'ER Report], 2016, Figure 3: Primary production of biogas in the European
Union in 2012 and 2013 (in ktoe) (EurObserv’ER (Biogas

pp. 42, 45). Barometer), 2014, p. 10)

Biogas can be generated either by anaerobic digesters - which function with feedstock
such as slurry, farming waste, food-converted waste, green waste, household waste,
cultivated farm crops or energy crops - or by biogas that can be generated by
wastewater treatment plants from sewage sludge or by landfills (EurObservV’ER [16th
EurObserv'ER Report], 2016, p. 42).

Anaerobic digesting biogas contributed to 72.7 % of the Europeans output in 2015,
which is a slight increase of 0.6 % compared to 2014. Landfill biogas and sewage plant
biogas are the minority with 18.1 % in 2016, even 0.3 % less than in 2014 for landfill
biogas, and 8.9 % for sewage plant biogas which was also a decrease compared to

2014’s 9.2 %. Synthetic biogas, which results from the process of converting hydrogen
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and carbon monoxide to synthetic biogas, only contributed to 0.3 % of the Europeans
output in 2015 (EurObserv’ER [16th EurObserv'ER Report], 2016, p. 42).

Biogas contributed to the electricity production with 60.9 TWh in 2015, which is an
increase to the 57.9 TWh of 2014. Further, biogas also supplied 6.4 Mtoe in 2015 for
heating production and self-consumed heat at around 2.6 Mtoe in 2015. Biogas can also
be further refined into biomethane which has the same utilization as natural gas
(EurObserv'ER [16th EurObserv'ER Report], 2016, pp. 42-43, 46-47).

Even though Germany is still the first ranked in biogas production in the European
Union, the number of installations made have been plummeting rapidly with 1476 plants
in 2011 to 439 in 2012, 345 in 2013, 163 in 2014 and only 130 more installations of
biogas digesters added in 2015 (EurObserv’ER [16th EurObserv'ER Report], 2016, p.
44).

Predicted by EurObserv’ER [16th EurObserv'ER Report], 2016, synthetic biogas and
fermentation biogas should rise till 2020 due to the need to balance renewable sources.
Biogas is not just flexible; it is possible to be stored, used as fuel, be converted to
biomethane and then injected to the grid (EurObserv’ER [16th EurObserv'ER Report],
2016, p. 48).

2. INFRASTRUCTURES

Renewable energy sources require stable, balancing and functioning infrastructure to
maximize output. Therefore, underground storage facilities to store excess energy over
time and well-expanded grids of gas, electricity, and heat are constantly under
construction (Schenuit, et al., 2016, pp. 28, 46; Sterner, et al., 2015, pp. 16, 33).

There are two types of gas storage possibilities, either the long-term option of storing the
gas in underground storage deposits or the short-term version, which would be the
storing of the gas in pressure tanks. Those pressure tanks are gasometers, spherical
gas storage or pipe storage. They have a small storage capacity of fewer than 1 million
m® and are preferably used in local peaks, while underground storage options better

cover the seasonal fluctuations of energy. Since the underground storage possibilities
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are below ground, the degree of safety is higher than with pressure tanks (Sterner, et
al., 2015, p. 83).

2.1. UNDERGROUND STORAGE

The renewable energy generated can exceed the demand of a country, and that excess
energy can furthermore be collected and stored in storage facilities. The storage
facilities function as a balancing buffer between the supply and demand sides. Their
responsibility is the storage of daily and seasonal peaks, which can be stored for up to
37 days. For the Power-to-Gas purpose, the capacities store the chemical energy
created by the Power-to-Gas technology and inject them into the already existing gas
grid which shifts the attention away from the electrical grid. According to Lewandowska-
Bernat & Desideri, 2017 and Jentsch, et al., 2014, gas functions as a versatile long-term
energy carrier for storage purposes without any losses that can be converted into
electricity and also serve in the heat, chemical, and transport sector. The physical
storage of hydrogen is accomplished through underground caverns. There are short-
term options such as high-pressure gas tanks or metallic hybrid tanks to store hydrogen
and gas, but the underground storage is not just the cheapest choice but also the best
suited for high capacities and in the long-term. In 2015, the International Gas Union
(IGU) report showed a total working gas volume of 393 billion m® of natural gas in the
world (see Figure 4). The largest storage capacities of Europe can be found in Germany
with 23.8 billion m® in 2015, which are typically located close to wind power sites. In
comparison, in 2014 the capacity was 5 % less than in 2015. The full underground
storage capacity of Germany is at 30.6 billion m® with 11 TWh for hydrogen and 337
TWh for methane (Goryl & Lorenc, 2015; Gotz, et al.,, 2016, p. 1374; Jentsch, et al.,
2014, p. 255; Lewandowska-Bernat & Desideri, 2017, p. 4569-4570; Schiebahn, et al.,
2015, p. 4289; Sterner, et al., 2015, p. 16, 33, 36; Tichler & Bauer, 2016, p. 385).
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Figure 4: The total gas volume (Own adaptation of Tichler & Bauer, 2016, p. 385)

Figure 4 shows that most of the underground storage gas capacity is located in North
America with 38%, Europe with 28 % and in the Commonwealth of Independent States
(CIS) with 30 % (Tichler & Bauer, 2016, p. 385).
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According to the
International Gas
Union in 2014, Figure
5 shows the locations
of the underground
storage options that
Europe can use
including all diverse
forms of storage
possible for methane

and hydrogen

storage. The red
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Figure 5. Underground storage distribution in Europe (International
Gas Union, 2014)

circles are gas fields, turquoise for oil fields and dark blue for aquifers, while the light

blue triangle stands for salt caverns, the gray ones abandoned mines and the black

squares are rock caverns (International Gas Union, 2014; Schiebahn, et al., 2015, p.

4289).

The underground storage possibilities cause the appeal of the Power-to-Gas technology

due to the advantages of having a vast long-term amount of storage capacity and the

flexibility to counteract the fluctuations of renewable power (Ancona, et al., 2016, p. 854;
Tichler & Bauer, 2016, p. 386).
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Figure 6: Underground gas storage possibilities (Own creation based on Schiebahn, et al., 2015, p.
4289)
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Figure 7: Underground storage options (Schiebahn, et al., 2015, p. 4289)

Figure 6 and Error! Reference source not found. show the options to store hydrogen
nd methane. Suitable structures for storage are porous rocks protected with resistant
caprock or artificial salt-caverns. Alternatively, rock caverns or mining plants can be
used. The porous rock structures can mostly be depleted oil and gas fields, or aquifers.
The depleted oil and gas fields have a large storage capacity, but they have limited
availability. The problem with porous rock structures is that either they are not eligible for
conversion to gas storages or that they don’t even meet the requirements like porosity or
operating pressure. The aquifers can also store vast amounts of capacities but only
methane. Aquifers also need to be proven to be gas tight. The human-made salt
caverns are more flexible than the porous rock storage and even suitable to store

hydrogen. The flexibility from the salt caverns comes from their ability to react to daily
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peak fluctuations, and additionally, they are more efficient when it comes to storing and
withdrawing energy. The salt caverns are created by drilling a hole into the salt rock,
which is then further dissolved by pumped-in water. The rest is recycled or used as raw
material. Salt caverns are especially advantageous because not only can they store a
significant amount up to 100 million m?, but also, no human resources have to go into
the salt caverns, which saves time and costs. As the salt-caverns are artificial, its
structure of around 750.000 m® costs an estimated € 20-30 million. The salt caverns are
- in comparison to the porous rock structures - more flexible especially regarding
fluctuating excess energy of renewable sources (Schiebahn, et al., 2015, p. 4289;
Sterner, et al., 2015, pp. 33, 83, 83; Zapf, 2017, p. 203).

According to Sterner, et al., 2015, the entire long-term underground capacity sums up to
30.6 billion m*® in Germany. This number is separated in porous rock structures and
aquifers at 10.8 billion m® and salt caverns at 19.8 billion m*. The porous rock structures
can store 119 TWh of methane, but not hydrogen. Salt-caverns can store both 70.3 TWh
of hydrogen and 218 TWh of methane (Sterner, et al., 2015, p. 36).

Hydrogen and synthetic methane can both be saved up in storage options, due to a 2
vol. % restriction of hydrogen, it can only be stored in salt caverns, while synthetic
methane possesses no storage problems as methane is a component of natural gas. In
addition to the limit of hydrogen, hydrogen can only be stored in salt caverns because
former gas storages can’t be fully emptied. Past gas storages would lead to impurities in
the pure hydrogen which further would have to be purified. Due to Power-to-Gas
sectoral interconnection, the quantities stored of hydrogen and synthetic methane can
be used for different purposes such as electricity and heat generation, fuel for the
mobility sector or as raw material in the industry sector (Sterner, et al., 2015, pp. 70-71,
76, 83; Tichler & Bauer, 2016, p. 386).

The expansion potential of the underground storage capacities is suggested to reach an
estimated of 42 billion m*® for hydrogen in salt caverns, and a general extension for
methane at 53 billion m® for Germany till 2050. This is equivalent to 126 TWh of
hydrogen and 530 TWh of methane (Sterner, et al., 2015, p. 37).
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2.2. GASDISTRIBUTION

The distribution network for natural gas is already a well-expanded construction that
connects a vast quantity of customers with their suppliers. The natural gas pipeline for
Germany is estimated to 524.000 km which hooks up about 50% of all homes.
Renewable power hydrogen (RPH) and renewable power methane (RPM) can,
therefore, be injected into an already existing gas network. RPH is controlled due to the
H, concentration by the German Technical and Scientific Association for Gas and Water
(DVGW) to 5 vol. % to guarantee quality. In comparison to Germany, Austria demands a
maximum of 4 vol. % H, concentration in the gas network. Pure hydrogen might be
technically restricted for the gas grid but can, however, be exploited for fuel cell vehicles.
According to Jentsch, et al., 2014 and Sterner, et al., 2015, the future restriction volume
of pure hydrogen could reach an estimated 10 vol. %. The mixture of natural gas and
pure hydrogen of 10 vol. % causes a decrease in the quality of the natural gas by 7 %,
which entails that a lower calorific value must be compensated by a larger quantity of
gas (Jentsch, et al., 2014, p. 255; Schiebahn, et al.,, 2015, pp. 4286, 4289-4290;
Sterner, et al., 2015, p. 16, 37; Zapf, 2017, p. 196).

Synthetic methane is also known as replacement gas because it has the same quality of
that of natural gas, which therefore contains no restrictions when injected into the gas
grid. Synthetic methane is therefore equivalent to fossil natural gas. The utilization of the
synthetic methane can be in transport, electricity, and heat supply. The feed-in of
hydrogen is also known as additive gas as it requires to be mixed with gas to be used in
the gas grid. In the mixture, the fuel properties of the gas changes and the volumetric
calorific values decrease with increasing hydrogen concentration that concludes that a
larger volume of the gas must be provided to reach the same amount of energy
(Schenuit, et al., 2016, pp. 37-38; Zapf, 2017, pp. 200-201).

In the perspective of Power-to-Gas, the gas network is an extensive storage option with
significantly larger capacity and higher stability than the electrical supply system,
especially when balancing fluctuating power. Power-to-Gas technologies can contribute
to the security of supply by connecting the gas and the electricity network. Furthermore,

the renewable gas generated by Power-to-Gas plants would relieve the currently
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strongly import dependent gas market. If the gas demand decreases, Power-to-Gas can
convert the gas to electricity which causes the existing gas infrastructure to be utilized
economically (Schenuit, et al., 2016, p. 36).

—
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Figure 8: The European gas network (BDEW Bundesverband der Energie- und Wasserwirtschaft
e.V,, 2014)

Figure 8 shows the pathway of the gas grid pipelines through Europe. The Germany
natural gas supply is dependent on estimated 88 % imports, where around 40 %
originates from Russia, 20 % from Norway and around 25 % from the Netherlands.
Other countries providing gas to Germany are Denmark and Great Britain, while the
production of gas in Germany was only at 10 % in 2014 (Sterner, et al., 2015, p. 32;
Zapf, 2017, p. 202).

The regulation of the European Association for Streamlining of Energy Exchange Gas
applies to the cross-border trade of natural gas. There are no international or European
standardizations and guidelines about the concentration of hydrogen in the natural gas
network. That is why the national standards of each country have to be followed when

cross-border trade is occurring (Sterner, et al., 2015, p. 38; Zapf, 2017, p. 195).
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Figure 9: Comparison of the market prices of natural gas and renewable gas in 2016 (Own
adaptation of Schenuit, et al., 2016, p. 39)

Figure 9 demonstrates a comparison of the market prices of natural gas and renewable
gas in 2016. The renewable gas generated by Power-to-Gas technologies should be
natural gas substitutes in the range of the natural gas prices. The production costs of
biomethane are far off the potential revenues in the gas sector. The burden of levy and
taxes on electricity can even increase the price up to 0.17 €/kW. If the levy costs and the
taxes on electricity are liberated from the production costs of the renewable gas, then
experts predict a price development at around 0.10 €/kWh, which would cause

renewable gas to be more competitive (Schenuit, et al., 2016, p. 39).

If there is no connection to the gas network or if there is a definite incentive, the injection
point needs to be reached through transport. Hydrogen transport is possible in a
compressed form of gas, or cooled in the liquid state via truck, and transported via
pipeline (Zapf, 2017, p. 207).

19



$4.00,
> $3.004~
4
E,. !
+ $2.00{~CasMaNViaTrokeime
(=]
© 1 ATAZAZR
T $1.001] - :
41 Gas
; via Pipeline
50 s 7300 %
H, Flow 00, 70 80 g0 1007 100 o W™
[tyo/d) 100 0\5‘°“°e

Figure 10: Transport options in costs, flow, and transport distance (Schiebahn, et al., 2015, p.
4290)

Figure 10 shows the different transport options available for RPH and RPM. Since
Figure 10 is a specific case, only the key conclusion can be viewed. The individual
transport options differ regarding their infrastructure, the operating expenses, the
transport capacity, and distance. The transport via truck is especially suitable for short
distances and small quantities. The transport costs, in general, depend on the number of
vehicles required and the fuel costs each kilometer driven. The fluid transport includes
extra costs for liquefaction. For pipelines, the costs increase proportionally to the
distance. Pipeline transport is advisable for large transport volumes (Schiebahn, et al.,
2015, p. 4289; Zapf, 2017, p. 208).

2.3. ELECTRICITY DISTRIBUTION

Currently, the electricity sector requires further expansions but due to delays, the Power-
to-Gas plants can contribute to relieving the network and at the same time can empower
renewable power in other energy consumption sectors. Power-to-Gas (see further in
section 3.3 Power-to-Gas) can utilize electricity, and the generated renewable gas can
further be converted and placed as an electricity product on the market. Therefore,
Power-to-Gas plants act as a consumer and a seller in the marketplace. When a Power-
to-Gas plant purchases electricity from the market it will only do so at times of low
prices. Power-to-Gas systems can also participate on the German electricity balancing

market because of their storage and flexibility with the use of fluctuating renewable
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power. The existing Power-to-Gas plants are currently actively present on the German
electricity balancing market. The provision of balancing power yields an additional
source of income. Furthermore, the electricity grid can be relieved of pressure. Ensuring
that Power-to-Gas plants generate renewable gas, the renewable power needs to have
a proof of origin according to German law of §79 EEG 2014. The EEG (“Erneuerbare-
Energien-Gesetz”; in English: Renewable energy act) supports renewable energy with
Feed-in-Tariffs, distinguished by source and size of the plant, and transmission
operators to supply renewable energy. The EEG levy is the difference between market
price and tariff. It is part of the electricity costs paid by the consumer. Feed-in-tariffs are
specific payments for renewable sources per unit over a pre-decided time
(EurObservER, 2017; Gillessen, et al., 2017, p. 13565; REN21, 2017, p. 216; Schenuit,
et al., 2016, pp. 26-27).

The selection of the location of a Power-to-Gas system needs to be based on
overloaded networks and high amounts of close-by renewable power farms to relieve
the electricity grid. The Power-to-Gas plants should then be operating depending on the
production and load conditions. In the case of excess energy and upcoming electricity
overload, Power-to-Gas systems can store the electricity and even re-convert it into gas
and use the gas grid instead. The conversion process of hydrogen into synthetic
methane for the gas network can also be stored into underground gas storage, and if
necessary, the stored gas can be further converted. The synthetic gas is stored at low
current prices and converted for electricity purposes at high power prices. In particular,
for the years of 2020 and 2030, the potential wind power is based in the northwest and
east of Germany. In 2020, possible bottlenecks in the grid, show potential locations for
Power-to-Gas plants in Schleswig-Holstein, Saxony, and Lower-Saxony (Schenuit, et al.,
2016, pp. 19, 28).
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Figure 11: Electricity and gas price composition in Germany (Own adaptation of Schenuit, et al.,
2016, p. 49)

Figure 11 shows the components of the electricity and gas price in Germany. The gap
between low gas prices and high electricity costs are suboptimal for the electricity-based
renewable gases generated by Power-to-Gas systems. The EEG-Levy and the tax on
electricity at around 0.17 €/kWh at a total efficiency of 50 % for the methanation ensure
that renewable gases from Power-to-Gas plants are currently not compatible to the
wholesale price of natural gas (below 0.02 €/kWh) and biomethane (0.05-0.08 €/kWh)
(Schenuit, et al., 2016, p. 48).

For medium-sized households, electricity prices depend on each European country and
their taxes and levies. The highest costs per kWh in the first semester of 2016 can be
found in Denmark with € 0.31 per kWh, followed by Germany with € 0.30 per kWh and
Belgium with € 0.25 per kWh. The cheapest electricity expenses are viewed in Bulgaria
with € 0.10 per kWh and Hungary with € 0.11 per kWh. In comparison for industrial
consumers, the electricity costs ranged from € 0.15 per kWh in countries like Italy and
Germany to € 0.06 per kwWh for example in Sweden (Eurostat, 2017d, p. 16).

2.4. HEAT DISTRIBUTION

The gas distribution network can supply renewable methane from Power-to-Gas
systems to private and commercial consumers to replace fossil natural gas. The heat
supply is exceptionally efficient through the co-generation plants of Power-to-Gas

systems which can inject renewable gas directly in the energy supply. The heat
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generation can be achieved through the combination of Power-to-Gas plants with
condensing combi-boilers or stationary fuel cells on site (Schenuit, et al., 2016, p. 46).

The market chances of the renewable gases as a regenerative heat source are
problematic as the legal framework of the EEWarmeG in Germany has not yet been
viewed. Additional taxes for the electricity gained to generate the renewable gases for
the heat supply are making this product less competitive in comparison to biomethane.
(Schenuit, et al., 2016, p. 48).

Condensing combi-boilers, cogeneration plants and other heat technologies can use
synthetic methane or hydrogen-infused mixed gases to generate heat. Currently, there
are the first suppliers of Power-to-Gas renewable gas heating products at the heating
market such as E.ON and Greenpeace Energy, who offer wind gas products. Those
wind gas products are hydrogen-infused fossil natural gas admixtures which are sold to
the end-consumer. The customers buying wind gas products have a higher willingness
to pay for the product. In 2017, the proportion of renewable hydrogen from Power-to-
Gas systems amounted to 15 % for E.ON and because of the technical limitation of the
Greenpeace Energy product under 1 %. Both products are offered at around 0.06 €/kWh
which in comparison to the natural gas price of 0.02 €/kW is on competitive terms
(Schenuit, et al., 2016, pp. 46, 48).

3. GENERAL TRANSPORTATION AND STORAGE OF GREEN ENERGY

The increasing share of renewable installations causes the power generated to be
dependent on the seasons. The renewables can either peek over the demand capacity
or can’t fulfill the demand of customers. That is the reason why renewable energy
sources are required to be balanced. The solution is to store excess energy and in
demand-low times release the power into the grid. There are many different storage
options which can either function as short-term or long-term storage. Since renewables
like wind and solar power fluctuate primarily seasonally, the storage will need to be of
the long-term kind. Pumped hydropower plants are limited to their geographical location,
which leaves Power-to-Gas facilities as the only suitable option to balance renewable

energy (Agora Energiewende, 2014, p. 19; Gillessen, et al., 2017, p. 13554; Jentsch, et
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al., 2014, p. 255; Saric, et al., 2017, p. 81, 83; Schiebahn, et al., 2015, p. 4285; Sterner,
et al., 2015, p. 41; Zhang, et al., 2017, p. 326-327).

3.1. FLUCTUATIONS THROUGH SEASONAL BEHAVIORS OF WIND AND SOLAR POWER

The growing technology opportunities for renewable energy through the past years have
had substantial progress especially with wind and solar power. The rise of the
renewables is because resources are limited and renewable energy systems slowly
accomplish the redundancy of fossil fuels. Both wind and solar power generate
fluctuating electrical power through their volatile, weather- and day-influenced nature.
The fluctuation of the renewables causes the base load power to be not stable which is
why an option to store excess energy could be the solution to this problem. In the future,
renewable power will become the major supplier of electricity. The increasing shares of
renewable power in the energy mix have their low-demand and surplus electricity
periods, which need to be converted into energy storages. Additional measures to
decrease excess energies are demand side management, grid expansion, flexible
power plants, and exporting of the surplus energy (Gillessen, et al., 2017, p. 13554,
Jentsch, et al., 2014, p. 255; Sari¢, et al., 2017, p. 81, 83; Schiebahn, et al., 2015, p.
4285; Zhang, et al., 2017, p. 326).

That is where Power-to-Gas systems could provide a remedy. The plants can store
excess energy for a long-term and on a large scale. Additionally, the excess electricity
generated by the renewables over the demand level can be converted into a gas which
connects the electricity network with the gas grid to balance the excess energy.
Furthermore, the utilization of Power-to-Gas plants can reduce the need for fossil fuels
(Gotz, et al., 2016, p. 1371; Sari¢, et al., 2017, p. 81; Zhang, et al., 2017, p. 326).

For example, according to Lewandowska-Bernat & Desideri, 2017, there are different
expenses in the production of hydrogen by Power-to-Gas system regarding solar
photovoltaic power at around 4.92 €/kg to 19.81 €/kg and from wind power sources at
estimated 1.93 €/kg to 5.76 €/kg (Lewandowska-Bernat & Desideri, 2017, p. 4573).

Many other storage options can provide short-term storage. The short-term storage

options can count for minutes up to hours. But long-term and large-scale storage
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possibilities are scarce. Next to Power-to-Gas systems, other options are pumped hydro
and compressed air storage, but due to their geographic dependence and economic
operating circumstances, Power-to-Gas seems to be the only viable long-term option,
which can avoid the problems of the other two choices through their flexibility and
geographically autonomy. In comparison to the short-term storage possibilities, the long-
term options can store excess energy ranging from minutes to months (Zhang, et al.,
2017, p. 327).

3.1.1. EXAMPLE OF EXCESS SOLAR POWER

In Germany, an estimated 70 % of the installed photovoltaic power is connected at the
low voltage level with power capacities of <100 kWp with Bavaria generating the most
solar power. According to Estermann, et al., 2016, a typical summer week in 2015 lasted
for 7 to 9 hours with a solar power surplus of an estimated 1.5 to 2.5 GW. Further, a
small voltage peak of 2012 was at around 2.6 GW. In comparison to the peak, the
installed capacity of the photovoltaic power sources was at 3.6 GW, which entails a 1
GW of excess solar power. With increasing the solar photovoltaic power sources in the
future, the peaks rise significantly, but the durations are still limited to the day length
(Estermann, et al., 2016, pp. 13951, 13953).

The excess solar power generated is in need to be managed through transformer
upgrades for reverse power flows, demand side management and storage possibilities.
The storage options also depend on the voltage level used. At a low voltage level, short-
term storage options such as batteries are being utilized, while higher voltage levels
require long-term solutions like Power-to-Gas systems especially regarding further

installations of photovoltaic sources (Estermann, et al., 2016, p. 13954).

According to Estermann, et al., 2016, the goal to store and utilize all 100% of excess
solar power in Power-to-Gas plants is uneconomic due to need to install a lot of
electrolyzers that would have to operate at full loads of <1% a year. Additionally,
according to Leonzio, 2017, in the future, the excess electrical power by renewables will
reach 90 TWh to 270 TWh in Germany (Estermann, et al., 2016, p. 13954; Leonzio,
2017, p. 4).
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3.2. COMPARISONS OF STORAGE POSSIBILITIES

With increasing shares of renewable power in the energy mix, the demand for storage
could come faster than anticipated, especially if the neighboring countries of Germany
would integrate more renewables into their grid, then the need for more flexibility and

storage facilities would be given (Agora Energiewende, 2014, pp. 14, 23).

The energy storages can be classified in primary energy storages, which can only be
charged up and used once, and secondary energy storages, which can be charged up
and discharged multiple times. The primary energy storages mostly consist of fossil fuels
such as natural gas storage or coal storage. Secondary energy storage devices include
accumulators, compressed air accumulators, flywheel accumulators and Power-to-Gas

(Agora Energiewende, 2014, p. 33).

However, energy storages can also be divided according to their physical principle of
operation (Agora Energiewende, 2014, pp. 35-36, 41):
> Electrical energy storages like capacitors and coils are utilized for short-term
balancing like short-term flickers of voltage in the electrical energy system
> Chemical/electrochemical energy like Power-to-Gas, Power-to-Liquid (Fuels),
Power-to-Chemicals (chemical raw materials), batteries such as redox-flow
> Mechanical/kinetic energy like flywheels, pumped and compressed air storage

> Thermal energy like heat storages or Power-to-Heat

Even though Power-to-Gas is still mostly utilized as electricity storage, it can be used
cross-sectoral as heat storage via Power-to-Heat, as gas storage via Power-to-Gas, as
fuel for Power-to-Liquid or as chemical raw materials for Power-to-Chemicals in the

industrial sector (Agora Energiewende, 2014, p. 40).

Further diversification of energy storage can be through their storage period, which can
either be short-term or long-term. Short-term storages can store energy for seconds,
minutes, hours, or even for up to 24 hours. Long-term storages can save energy for
weeks, months and even seasonally. The competition for short-term storages is higher
than for long-term. In comparison to each other, the short-term storages have greater

efficiencies and low power costs as the duration of storing is limited to 24 hours, while
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the long-term storage has small capacity expenses, but long storage periods which is
especially preferable because it can decrease system costs through time (Agora
Energiewende, 2014, pp. 16, 36, 50).

While in Agora Energiewende, 2014 the only referred viable long-term storage option is
Power-to-Gas, in Schmid, et al., 2016, long-term storages are also pumped hydro
storage, compressed air storage and heat storages (Agora Energiewende, 2014, p. 48;
Schmid, et al., 2016, p. 270).

The excess energy of the renewable energy sources requires different flexible energy
storage options depending on the amount of time the technology should store (Ancona,
et al., 2016, p. 855).
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Figure 12: The storage capacity and discharge time of different storage systems (Tichler & Bauer,
2016, p. 386)

In Figure 12, different storage options and their capacity and discharge times are being
presented. Starting off with the lowest capacity and discharge time are flywheels.
Flywheels energy storage function as rotational energy storage by applying energy to
accelerate a high-mass rotor, also called a flywheel, to increased speed. Flywheels must
compete with other short-term storage possibilities. Flywheels are only cost-effective if
the power needed is in the time durations of seconds up to several minutes. The
applications should then require less than 100 kW to secure the cost-competitiveness of
flywheel energy storage. The second storage possibility is batteries with the second
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lowest discharge time and capacity. According to Agora Energiewende, 2014, the
market for batteries especially in decentralized applications will increase in Germany.
There are different battery technologies such as lithium-ion batteries (LIB), vanadium
redox-flow batteries (VRFB) and zinc-bromine redox-flow batteries (ZRFB) which are
already commercially available. The lithium-ion batteries are at capacity specific costs of
600 €/kWhg in 2015, while in future Gillessen, et al., 2017 predicts a decrease to 300
€/kWhg in 2030. The efficiency level of the lithium-ion batteries is at 90 %. The vanadium
redox-flow batteries costs are separated into power and capacity specific expenses.
While the power specific expenses contain the costs to convert electrochemical power
and for pumps, piping, etc.; the capacity specific expenses include the vanadium
electrolyte and the storage tank. In 2015, the power specific costs were at 1000 €/kWy
and the capacity specific costs reached 400 €/kWh¢. In 2030, Gillessen, et al., 2017
concluded that also for the vanadium redox-flow batteries there will be a decrease in
expenses. The power specific costs will be reduced to 500 1000 €/kWg, while for the
capacity specific expenses the reduction is significantly down to 180 €/kWhe. The
efficiency level of the vanadium redox-flow batteries is at 80%. The recently
commercialized zinc-bromine redox-flow batteries can store capacities from 10 kWh up
to 600 kWh. The capacity specific expenses are at 665 €/kWh¢ in 2015, while in 2030 a
predicted 240 €/kWhg should be accomplished. Just like the vanadium redox-flow
batteries, the efficiency level is at 80 %. The data used describes a zinc-bromine redox-
flow battery at 660 kWh with 240 kW capacities. The key finding in Gillessen, et al., 2017
is that the battery systems are at present more expensive than any Power-to-Gas
system with an alkaline electrolysis cell. Furthermore, a hybrid of Power-to-Gas and
battery system or even with more than one battery type included is the most cost-
efficient proposal (Agora Energiewende, 2014, p. 19; Bender, 2016, p. 189; Gillessen, et
al., 2017, pp. 13557-13558, 13565-13566; REN21, 2017, p. 216).

As third highest discharge time and capacity is the compressed air storage which is a
mature technology that is cost-effective and efficient. In times where energy production
is peaking over the demand, the compressed air storage charges up the energy with a

compressor which inserts air under high pressure in the storage installation. The high-
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pressure air is not allowed to be hot when stored, but is heated up with the use of an
expander when it is discharged (Garvey & Pimm, 2016, pp. 87, 89).

The second highest in the ranking of discharge time and storage capacity is the pumped
hydro storage which is also the most adopted electricity storage technology to date. The
excess energy from renewables is transmitted through the pumped hydro storage to
store the energy as a reserve. The pumped hydro facility is relocating water from the
lower reservoir to the upper reservoir in times of off-peak hours, and at high demand
hours, the water is discharged from the upper reservoir to produce electricity at higher

prices. The efficiency level of a pumped hydro storage is over 80 % (Yang, 2016, p. 25).

For example, Germany can send its excess energy to

be stored in Norway, Sweden, Switzerland, or Austria

(see Figure 13). At present, Germany is building an e ngm
undersea cable to Norway named “NorGer” or {}
“NordLink”, which should help to balance the excess e

energy generated by the increasing share of
renewable sources. The “NordLink” will be a direct
current undersea cable of 623 km with 1400 MW of

potential passing electricity. The investment costs
range from 1.5 to 2 billion €, and the project should be

done until 2020. There are following disadvantages .
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/ ¢

that need to be considered when comparing Power-to-

Gas systems to pumped hydro storages: The storage
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hydropower is only a storage possibility if it is rebuilt to

a pumped storage. If Norway would expand its
pumped hydro storage then it might come to a mixture

Figure 13: Pumped hydro storage
of salt and sea water, which would reduce the life of options for Germany (Sterner, et

al., 2015, p. 43)
the plant and further increases the costs. Further,
Sweden and Norway both have issues expanding their grid infrastructure due to failed
acceptance of the public. The last consideration regarding pumped hydro storage is that
not only Germany wants to use Norway’s storage capacities, but the entire Europe

Union is interested in balancing its excess energy in Norway. These negative aspects
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show that pumped hydro storage is very restricted, which leaves Power-to-Gas systems
as the only long-term storage option possible (dpa/drz (WeltN24 GmbH), 2015; Sterner,
et al., 2015, pp. 41-43).

According to Ancona, et al., 2016, Pumped Hydro Storage (PHS) reaches a maximum
capacity of around 8000 MWh, with power sizes estimated at 5000 MW and with lowest
specific expenses at 0.1 €/kWh. In comparison, the Compressed Air Energy Storage
(CAES) reaches a maximum capacity of an estimated 2000 MWh, with power sizes
around 300 MW and with lowest specific expenses at 0.043 €/kWh. Both long-term
storage possibilities are limited geographically and in capacity, while the Power-to-Gas
system is not bound to a location and the additional advantage of generating synthetic
methane from fluctuating renewable sources (Ancona, et al., 2016, pp. 855, 860).

For example, a comparison of storage possibilities can be viewed in the case of
Germany. Germany has a storage capacity of 0.04 TWh for pumped storage. The
existing or under construction gas storage has a capacity of 337 TWh of gas, which is
202 TWh of electricity. The largest storage options in Germany are the pumped storage
of Goldisthal with a capacity of 8,5 GWh, the battery power plant of Schwerin with 0,005
GWh and the gas storage of Rehden with 29,040 GWh of electricity and 48.400 GWh of
gas with 60 % of electricity. The figures show that the gas storage is the undisputed
largest storage possibility. Furthermore, the costs are also critical, while the pumped
storage is between 10- 50 €/ kWh, the battery power plants range from 400-750 €/kWh,
and Power-to-Gas from wind power is at only 0.3-0.6 €/kWh. The Power-to-Gas option
shows not only the largest storage capacity but also that it is the most cost-efficient of all
three storage methods. The pumped storage is geographically bound, and therefore it 's
hard to expand on the same levels as gas storages. The disadvantage of the batteries is
their costs, which is a lot higher than the other options. Moreover, batteries count to the
short-term options of storage. Those short-term peaks can also be sorted out by load

management (Sterner, et al., 2015, p. 41).
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3.3. PoOwWER-TO-GAS

The first mentioning of Power-to-Gas was in the 1980s-1990s in Japan. One of those
Japanese authors is Hashimoto, et al. who suggested a CO, recycling system and in
2003 even started a pilot project plant which has further influenced interest on this

subject (see Hashimoto, et al., 2014).

Tichler & Bauer, 2016 define Power-to-Gas as “the use of (excess) electrical energy
from renewable energy sources to produce hydrogen in an electrolyzer and optionally
also to use this hydrogen with carbon dioxide to synthesize methane or other
hydrocarbons.” (Tichler & Bauer, 2016, p. 373)

In a more general way, Power-to-Gas is also explained as the “chemical storage of
electrical energy with the energy stored in the form of gaseous substances such as
methane or hydrogen.” (Tichler & Bauer, 2016, p. 373)

The idea behind Power-to-Gas is the use and the storage of excess energy created by
renewable sources. Power-to-Gas facilities optimise power surpluses from generation
plants by storing the excess electricity while in power scarcity the electricity saved can
be added back to the gas grid. In the case of no excess energy, the power for the
Power-to-Gas system should be exclusively covered by renewable sources (Sterner, et
al., 2015, p. 71; Tichler & Bauer, 2016, p. 373).
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Figure 14: Geographic overview of Power-to-Gas plants (Tichler & Bauer, 2016, p. 374)
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In Figure 14, Power-to-Gas plants are shown on an international level with the options of
being in operation, out of operation, planned or the information was not available. The
map indicates that there is a concentration of Power-to-Gas projects in Europe,
especially in Germany, and a slowly rising interest in the United States and Canada.
Until 2015 the installed capacity of Power-to-Gas plants in Germany was estimated
around 23.3 MW counting 30 projects. Additionally, following Figure 14, a tendency of
using Power-to-Gas plants for remote regions as self-sufficient or backup energy supply
structures occurs (Deutsche Energie-Agentur (dena), 2017; Tichler & Bauer, 2016, p.
374; Zapf, 2017, p. 167).

In comparison to other storage possibilities, Power-to-Gas stores enormous amounts of
energy which represents the only present viable long-term option that isn’t
geographically bound including an enhancement in managing fluctuating power
production. Since Power-to-Gas plants can also use the gas grid instead, Power-to-Gas
can stabilize the electricity grid. Another advantage of Power-to-Gas plants is the use of
renewable energy which furthermore boosts environmental sustainability and reduces
socioeconomic challenges when the power is injected into the already existing gas grid.
This shift in energy transfer away from the power grid lowers the need of investing more
into the power grid infrastructure. Also, the process chain of the creation of synthetic
methane binds carbon dioxide resulting in a decrease in greenhouse emissions. The
storage of excess energy improves energy security in countries with Power-to-Gas
plants because the dependence on imports will be reduced. The new technology and
the investments in pilot projects will also generate jobs and improves the research and
development of Power-to-Gas plants. The management of balancing excess power into
the grid functions is also an income source for operators of Power-to-Gas facilities.
Power-to-Gas is also mentioned to be a “no regret’-application as it is used not just for
electricity, but also in the transport, heat, and chemical sector, which shows that Power-
to-Gas energy systems are resource-efficient and flexible across all the mentioned
sectors. Power-to-Gas plays a crucial role in connecting all sectors for synergy. In the
case of the flexibility of the Power-to-Gas system, it refers to its fast responsiveness
varying from seconds to minutes depending on the technology. Additionally, to all those

advantages, Power-to-Gas can stabilize and contribute to the energy security of
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country’s (Greenpeace Energy eG, 2016, pp. 5, 25; Lewandowska-Bernat & Desideri,
2017, p. 4570, 4573; Schiebahn, et al., 2015, p. 4286; Sterner, et al., 2015, p. 16, 71;
Thema, et al., 2016, p. 399; Tichler & Bauer, 2016, pp. 373-375, 380-381, 383; Zapf,
2017, p. 165).

3.3.1. THE POWER-TO-GAS CONCEPT
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Figure 15: The Power-to-Gas concept (Schiebahn, et al., 2015, p. 4286)

The concept of Power-to-Gas has two possible process chains (see Figure 15).
Renewable energy, especially excess energy, produces hydrogen (H,) through
electrolysis, which can further be injected into the grid or be stored. This procedure is
also called water electrolysis. Hydrogen has the additional option to be converted with
the use of carbon dioxide (C0O,) into methane (CH,) which generates synthetic methane
which can also be either saved up or be injected into the gas grid (Schiebahn, et al.,
2015, p. 4286; Tichler & Bauer, 2016, p. 373, 376).

3.3.1.1. WATER ELECTROLYSIS

The essential feature and first starting point of the Power-to-Gas process are the

transformations of electrical into chemical energy by water electrolysis where water is
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separated into hydrogen and oxygen (see Equation 1. Hydrogen). Hydrogen can either
be injected into the gas network at volumetric percentages of 2 vol. % to 15 vol. %
depending on the country’s law or used as fuel or chemical feedstock (Gillessen, et al.,
2017, p. 13555; Schiebahn, et al., 2015, p. 4286; Tichler & Bauer, 2016, p. 376; Zhang,
et al., 2017, p. 327).

The reaction equation for this procedure is:
Equation 1: Hydrogen

2H,0 - 2H, + 0,

lication

lication

Figure 16: The production of hydrogen (Own adaptation of Tichler & Bauer, 2016, p. 374)

The main component of the production of hydrogen is electrolysis (see Figure 16).
Electrolysis is the electrochemical segmentation of hydrogen through electrical power
generated by renewables. Electrolyzers can be identified through different utilized
electrolytes such as alkaline electrolysis cells (AEC), proton exchange membrane
electrolysis cells (PEMEC) or solid oxide electrolysis cells (SOEC) (Gétz, et al., 2016, p.
1372; Schiebahn, et al., 2015, p. 4286; Tichler & Bauer, 2016, p. 376; Zapf, 2017, p.
167, 171).

Next, to the electrolyzer, there is other peripheral equipment necessary for Power-to-
Gas systems. In the case of water electrolysis, the electrolyzer is preceded by power

electronics, water treatment plants, which ensure a consistent quality of water, as well
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as a heat management system. Afterward, the electrolyzer is connected depending on
the particular application to gas scrubbers, cleaning and drying systems and buffer or
compressors, which process the gas for the end-use application (Sterner, et al., 2015, p.
81).

3.3.1.1.1. Alkaline electrolysis cells (AEC)

The most mature technology of all three options is the alkaline electrolysis cells which
use a liquid alkaline electrolyte to produce hydrogen. It is utilized for most of the already
existing large-scale plants. In 2013, the operating pressures were up to 30 bars, and the
alkaline water electrolysis modules could perform up to 2.5 MWg. The performance
ranges from 20 to 100 % of the nominal power and can even reach up to 150 % which
supports the Power-to-Gas systems with Cathode - + Anode
fluctuating excess energy since the operation

window is very substantial. The production and

. % 0
the investment costs are low, and the H, it
technology is viewed as very robust. High- H.O

2
performance units are already obtainable but
i i Cathode Anode
only at the plant cost of a large capacity. Figure = Sadiicine
17 shows that the alkaline electrolysis is
Diaphragm

composed of anodes and cathodes consisting Figure 17: Alkaline electrolysis draft
of perforated steel. The anodes can either be (Schiebahn, et al., 2015, p. 4287)
made of nickel (Ni), cobalt (Co) or iron (Fe), while the cathode is nickel (Ni). The
diaphragm separates both anode and cathode and only the OH~ (hydroxyl anion)
passes from the negatively charged cathode to the positively charged anode. The

reaction equation for the alkaline electrolysis consists of:

Equation 2: Alkaline electrolysis equation
1
20H™ - 502 + H,0 + 2e~ .. Anode

2H,0 + 2e™ - H,+ 20H™ .. Cathode
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1
H,0 - H, + > 0, .. Totalreaction

The total reaction equation of Equation 2 and for the following concept of proton
exchange membrane electrolysis cells with Equation 3 are both consistent with the
previously described reaction equation of hydrogen (see Equation 1: Hydrogen).
However, the AEC has difficulties with dynamic modes, gas pressures and leaks in the
system which leads to an unloading of corrosive electrolytes. Moreover, the high
corrosive electrolytes require high maintenance which increases the costs especially
with an expected lifetime of around 30 years (Gillessen, et al., 2017, p. 13556; Gotz, et
al., 2016, pp. 1372-1373; Schiebahn, et al., 2015, pp. 4286-4287; Tichler & Bauer, 2016,
p. 377).

3.3.1.1.2. Proton exchange membrane electrolysis cells (PEMEC)

The proton exchange membrane electrolysis cells, in short PEMEC, operate with a
polymer electrolyte membrane and are in contrary to the AEC only accessible to a
limited extent. PEMEC excels in dynamic modes, especially regarding quick reactions to
load changes, faster start-up mechanism and

higher purity in the production of hydrogen. Cathode - * Anode
Figure 18 shows that on the anode side, water

(H,0) splits into protons (H*) and electrons (e™). H,
The negatively charged cathode attracts the
protons which move through the membrane.

When the protons and electrons merge, they  cathode —

Pt
become neutral and form hydrogen (H,). The Mambiare

cathode is made out of platinum (Pt) and the Figure 18: Proton exchange membrane
anode out of iridium (Ir), which are the noble leegc;)rmySis draft (Schiebahn, et al., 2015, p.
catalysts used. Furthermore, there is a need for

titanium-based bipolar plates, which summed up with the costs for the noble catalysts
causes investment costs to be around double when compared to AEC of ~2000€/kWq,

The reaction equation for proton exchange membrane electrolysis consists of:
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Equation 3: Proton exchange membrane electrolysis equation
1
H,0 - 2H* + EOZ+ 2e” .. Anode
2H* 4+ 2e~ > H,+ 20H~ .. Cathode

1
H,0 - H, + > 0, .. Totalreaction

Just like the AEC, the PEMEC is also not an impeccable technology, as it has difficulties
with the lifespan of the membrane and the high-investment costs concerning the use of
platinum as a metal catalyst (Gotz, et al.,, 2016, p. 1373; Schiebahn, et al., 2015, p.
4287; Tichler & Bauer, 2016, p. 377).

3.3.1.1.3. Solid oxide electrolysis cells

The solid oxide electrolysis cells, in short SOEC, are still at the stage of basic research
and are therefore in need of the most development of all three technologies. SOEC is
also known as high-temperature water electrolysis, and instead of water, it operates with
steam. In comparison to the PEMEC, the SOEC is not using noble metal catalysts since

the operation is realized through thermal energy Cathode - + Anode

from an external heat source that results in high
temperatures. This process stimulates the
chemical kinetics needed. The high-temperature H,
heat source only requires a part of the electrical H,0
energy that is why the electrical input can reach

over 100%. Figure 19 shows that instead of the Cathode —i [ SI— Anode

use of water as dissolvent, which was utilized in 0?- lon conductor
AEC and PEMEC, through the high-temperature Figure 19: High-temperature water

. o electrolysis draft (Schiebahn, et al.,
water, only steam is produced which isn’t able to 2015, p. 4287)
dissolve anything that is why the SOEC can also
be used for co-electrolysis. There are two different reactants on both anode and cathode
where on cathode side, there is H,0 and on the anode side for example, carbon dioxide.

In the co- electrolysis, the reactions of CO, to CO and H,0 to H, develop at the same
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time which generates synthetic gas. The reaction equation for high-temperature water
electrolysis consists of:

Equation 4: High-temperature water electrolysis equation

1
0% - 202 + 2e” .. Anode
H,0 + 2e~ -» H,+ 0% .. Cathode

1
H,0 - H, + > 0, .. Totalreaction

Just like the AEC, the SOEC is in need of a high capacity as its system is very complex.
Further disadvantages are long-term stability and the rapid diminishing materials due to
the high temperatures. The most significant problem with the SOEC is that it has stability
issues with fluctuating excess energy (Gotz, et al., 2016, p. 1373; Schiebahn, et al.,
2015, pp. 4287- 4288; Tichler & Bauer, 2016, p. 377; Zapf, 2017, p. 173).

Since the SOEC is still being researched, only the AEC and the PEMEC are currently
valid for the water electrolysis. Both have their challenges regarding fluctuating energy
due to the renewable power input, the quality of the produced hydrogen due to partial
loads, lifespans of their electrolyzer and stability issues in dynamic operations (Tichler &
Bauer, 2016, pp. 377-378).

The summed-up characteristics of the three electrolyte technologies can be found in
Table 1. The values used are according to the state-of-the-art of 2015.
Table 1: Characteristics of the three electrolyte technologies (Goétz, et al., 2016, p. 1373; Tichler &

Bauer, 2016, p. 377; Schiebahn, et al., 2015, pp. 4287-4288; Sterner, et al., 2015, p. 81; Zapf, 2017, p.
211)

AEC PEMEC

Potential 2014 Potential

<67%

70% - 82 % <67% 74% - 86 % Over 100%
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efficiency

Operating 60-90C° No data
temperatures

Operating 1-30 bars <60 bars
pressure

Minimum 20-40% 10-20%
part load

Load change <10%ls <25%ls
[%/s]

Investment ~1000€/kW¢  ~500€/kWog
costs

H> 2, 7 MW
production

power (MW)

Degree of 62-82 %
efficiency

Duration ~ 30 years
Space High
requirement

State of Maturity

development

~80 C°

due to the

No data 700-1000 C°
polymeric

material

Up to 100 <100 bars ~ 30 bars

bars

5-10% 0-5%

10-100%/s

10-100%/s

~2000€/k
WeI

~500€/kKWg

1,6 MW

67-82 % 65-82 %
6-15 years

5-10 times smaller than
AEC

Maturity In

development
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3.3.1.2. METHANATION PROCESS

The methanation process is linked to the previously described hydrogen pathway (see
chapter 3.3.1.1 Water electrolysis). It is the second option as a procedural step in the
Power-to-Gas process chain which means that additional production costs will be added.
Instead of only producing hydrogen, hydrogen and carbon dioxide is finalizing synthetic
methane (see Equation 5: Synthetic methane). The synthetic methane has the same
characteristics as fossil natural gas which further has no limitations when it is fed into the
gas grid. The distinct advantage of synthetic methane is, therefore, the limitless injection
possibility into the gas grid for the utilization in the electricity, heat, chemical and mobility
sector. The injections into the gas network are up to 5 bars without being compressed,
while for the mobility sector synthetic methane needs to be dehydrated and compressed
to 200 bars. There are two different methods available in the methanation process,
either the chemical or the biological methanation. The Power-to-Gas plant that
generates methane requires a location with adequate supply of carbon dioxide (Tichler
& Bauer, 2016, p. 378; Schenuit, et al., 2016, pp. 34-35; Sterner, et al., 2015, p. 16, 71;
Zapf, 2017, p. 167, 179; Zhang, et al., 2017, p. 332).

The reaction equation for the procedure is:
Equation 5: Synthetic methane
CO0, + 4H, - CH, + 2H,0

The production of hydrogen mixed with carbon dioxide is generated in a catalytic
hydrogenation which is sent through reactor and Sabatier process. The synthetic
methane can further be directed to the cogeneration system where it provides electrical
and thermal power. The catalyst utilized is mostly based on nickel (Leonzio, 2017, p. 3;
Tichler & Bauer, 2016, p. 379; Zapf, 2017, p. 181).
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Figure 20: Methanation process (Own adaptation of Tichler & Bauer, 2016, p. 374)

Figure 20 illustrates the methanation process way starting with the input of renewable
power through the electrolysis and the production of hydrogen which further is mixed
with carbon dioxide to create synthetic methane which can directly be injected into the
gas distribution grid (Tichler & Bauer, 2016, p. 374).

3.3.1.2.1. CO, generating technologies for the Power-to-Gas methanation process

The main components of the methanation pathway are CO, generating technologies
from different sources (see Figure 21) and the presence of heat sinks to reach
acceptable degrees of efficiencies. The most climate-neutral option for the methanation
is when CO, doesn’t need to be generated especially for this process. Also, renewables
should be utilized in the Power-to-Gas plants to keep its potential as environment-
friendly as possible. In 2016, the reference value for renewables used in the
methanation process should be at least 80 %. The essential requirements of the CO,
sources are a high degree of purity and availability (Schenuit, et al., 2016, p. 35;
Sterner, et al., 2015, p. 77; Zapf, 2017, p. 191).
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Figure 21: CO, separation technologies (Own adaptation of Tichler & Bauer, 2016, p. 379)

Figure 21 demonstrates the four possibilities of the carbon dioxide sources for the
methanation process which are power plants, industrial processes, biogenic sources
and ambient air. CO, can be gained through the combustion process of fossil fuels or
renewables in power plants. The challenge with this method is the decrease of efficiency
in the power plant between 7-10% and the need for more primary energy per generated
kilowatt hour. Moreover, fossil power plants don’t represent a suitable CO, source as in
future, fossil fuels should be substituted by renewables. The production of CO; as a by-
product of industrial processes is generated by biotechnological processes, chemical
industry, and industrial production processes. Only the fermentation option in the
biotechnological processes can produce CO, without any costs involved. The CO, from
the industry of cement, steel, and iron might have the highest CO, production, but this
alternative demands a CO, capture and has further impurities which need to be
separated which increases the costs considerably. The CO, concentration in iron and
steel productions is at 20-27 vol. % and for cement businesses it is estimated at 14 -33
vol. %. Furthermore, they have the same problems as the use of fossil fuels as they are
both not viable choices for renewable power methane in the long-term. An additional
limit is that the industrial locations are usually not close to the wind or solar power
structures. To keep Power-to-Gas plants as environmentally friendly as possible CO;
should be generated from biomass gasification or biogas. Very high capacities of carbon
dioxide exist in raw biogas which means that less energy is required for the separation.

Raw biogas contains 22-55% CO, and 40-75 % methane. The raw biogas can be used
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in its natural form, but it is preferable to purify it first from its impurities to prevent sulfur
compounds. Another biogenic source which can be utilized for the methanation process
is also bioethanol with a potential of 300 million tons of CO, in Germany in the year of
2010 (Gotz, et al., 2016, pp. 1380-1382; Schiebahn, et al., 2015, pp. 4288-4289; Tichler
& Bauer, 2016, p. 379; Zapf, 2017, p. 191-193).

Table 2: The CO, potential of biomethane and biogas in Germany in 2012 (Zapf, 2017, p. 192)

Biomethane Raw Biogas

Plant size 350-700m°/h > 1 MWy
Capacity ~71. 700 m*h CH, 600 MW,

Co2-potential ~ 330 million m*/a ~ 625 million m*/a

Table 2 shows the potential of CO, in biomethane and biogas in Germany which was
based on the plants existing in 2012. As before mentioned, raw biogas contains 22-55%
CO; and 40-75 % methane including trace components like sulfur. Only when the raw
biogas is upgraded without any impurities, it is referred to as biomethane. The
advantages from biogas, as the most suitable CO, source for Power-to-Gas
technologies, are its environmental friendliness and the small gas purification costs.
Additionally, biogas can also be utilized as heat alternative. According to the European
Biogas Association in late 2015, Europe combines 17.376 biogas and 459 bio-methane
plants in total. In comparison to 2014, biogas plants had an increase of 3% from 16.834
to 17.376 especially in the United Kingdom, Belgium, and Netherlands. Additionally, bio-
methane plants had a boost of 25% from 2014 to late 2015 from 367 to 459 plants,
where Germany leads the sector with 185 plants of their own (European Biogas
Association, 2015; Gotz, et al., 2016, pp. 1381-1382).

As an example, in Germany, the hydrogen and synthetic methane generated by Power-
to-Gas systems are only acceptable as biogas if 80% of the carbon dioxide and the
electric power is produced by renewable sources. The percentage is determined by 83
No. 10c En WG in German law (Schenuit, et al., 2016, p. 40).
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The last possibility to gain carbon dioxide for the methanation plant is the separation of
CO; through the atmosphere. Ambient air has only a small concentration of carbon
dioxide (400 ppm) which would need to be transformed into a purer version. That is why
this CO, source is not significant. The only advantage is that ambient air is suitable to be
used at any location site (Schiebahn, et al., 2015, p. 4289; Tichler & Bauer, 2016, p.
379; Zapf, 2017, p. 194).

3.3.1.2.2. Chemical and biological methanation

Methanation can either be done in chemical or biological methanation reactors (see

Table 3). The values used are according to the state-of-the-art of 2015.

Table 3: Methanation process comparison (Gotz, et al., 2016, pp. 1375, 1377; Tichler & Bauer, 2016,
p. 380; Schiebahn, et al., 2015, p. 4288; Zapf, 2017, p. 180)

Chemical methanation Biological methanation

Based on Sabatier reaction (the use Metabolic process of
of carbon dioxide) microorganisms

Developed in 1902 1906
Operation temperature 200-550 C° 40-70 C°
Operation pressure 1-100 bars < 20 bars
System efficiency 83-90% 71,6-93,2%
Investment costs ~ 400 €/kW ~ 600-1200 €/kW

The chemical methanation operates with the Sabatier reaction at temperatures of 200-
550 C° and under pressure from 1 to 100 bars. The system efficiency reaches an
estimated 83-90%. Nickel is used as the most suitable option as a catalyst regarding
chemical methanation even though they require high purity gas. Other possibilities for
catalysts are ruthenium, rhodium or cobalt. The temperatures need to be kept under
control to prevent the catalyst from liquefying (Goétz, et al., 2016, p. 1375; Zapf, 2017, p.
180).
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The biological methanation uses the natural metabolic process of microorganisms at
mild temperatures of around 40-70 C° and operation pressure around 20 bars. The
catalysts used are archaea who can be seen as biocatalysts and which counts among
the oldest creatures on earth. The archaea gain energy by metabolizing hydrogen and
carbon dioxide into methane. In 2015 the biological methanation was still in a
development phase with first pilot projects put into practice (Gotz, et al., 2016, p. 1377,
Leonzio, 2017, p. 4; Sterner, et al., 2015, p. 82; Zapf, 2017, p. 188).

The chemical and the biological methanation have the same reaction equation but are
very different from each other in their characteristics. The chemical methanation works
under much higher process temperatures and therefore, higher response rates than the
biological methanation. The catalyst of the chemical methanation which is mostly nickel-
based is very vulnerable to impurities while the biological methanation has no problems
and can even remove bothersome impurities. In the chemical methanation, the
impurities such as hydrogen sulfide have to be extracted. Moreover, the chemical
methanation uses less power in their process than the biological methanation (Gotz, et
al., 2016, pp. 1379-1381; Leonzio, 2017, p. 5; Zapf, 2017, p. 188).

The reaction of the methanation plants are highly exothermic which means that to
increase efficiency the heat produced should be further utilized. Preferable locations that
require heat would be biogas plants or connected district or local heating networks
(Gotz, et al., 2016, p. 1381; Zapf, 2017, p. 183).

The biological methanation is suitable for small plants due to its low temperatures, high
capacity requirement, and the uncomplicated gas purification. The chemical
methanation is best used in average or large-scale plants. The chemical methanation
also generates more heat due to its higher temperatures. According to Gotz, et al.,
2016, a small biological methanation plant of 5 MW will have slightly higher production
costs than those for chemical methanation plants. Furthermore, if the biological
methanation would be in larger plants at 110 MW, the expenditures would even rise to
2.5 times of those for a chemical methanation plant in that size (Goétz, et al., 2016, pp.
1381, 1384).
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3.3.1.3. COMPARISON OF HYDROGEN AND METHANATION PROCESS CHAINS IN POWER-TO-GAS

To sum up both the hydrogen and the methanation process chains, they should be
compared to their advantages (see Table 4). The first benefit for hydrogen over synthetic
methane is reduced production costs. The production of hydrogen operates better in
dynamic modes than methanation plants. Additionally, the conversion losses are much
lower which causes higher efficiencies. Hydrogen production can be generated location
independent even as standalone systems since it doesn't need any CO, sources.
Synthetic methane, on the other hand, can be injected into the already existing gas grid
without any feed-in problems like pure hydrogen. That is because synthetic methane
has the same calorific values to conventional natural gas. Moreover, there are fewer
restrictions for end-users. Synthetic methane can also always be generated when the
maximum hydrogen has been added to the gas network. Additionally, synthetic methane
is also more cost-efficient than hydrogen production regarding storage (Schiebahn, et
al., 2015, p. 4286; Tichler & Bauer, 2016, p. 384; Zapf, 2017, p. 179).

Table 4. Advantages of both hydrogen and synthetic methane (Schiebahn, et al., 2015, p. 4286;
Tichler & Bauer, 2016, p. 384; Zapf, 2017, p. 179)

Advantages of

Hydrogen over synthetic methane Synthetic Methane over hydrogen

Lower production costs The use and transport can be through an
existing infrastructure while pure hydrogen
can’t use this network

Production operates in a highly dynamic Less problematic feed-in of synthetic

nature to balance fluctuating power methane into the grid

received by renewable energy

Conversion losses are lower which leads Less complex due to it having a similar

to higher efficiency calorific value to conventional natural gas

Location independent as it doesn’t need Fewer restrictions for end-users especially

any CO, separation technology with  technology = compatibility  and
guarantees

Standalone systems are accessible due to Synthetic methane can be used as another
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their freedom of choice when it comes to option when the maximum of hydrogen has

their location been added to the gas grid

No direct emissions Storage of hydrogen is more expensive
than the storage of synthetic methane

3.3.2. DEGREE OF EFFICIENCY

The potential of the system efficiency varies each author in 2014, while Schiebahn, et
al., 2015 consider an efficiency of alkaline electrolysis to be around 70 %, Zapf, 2017
observed a future efficiency of 82 %. Additionally, Zapf, 2017 identifies the proton
exchange membrane electrolysis to reach an estimated of 86 % efficiency in the future,
while Schiebahn, et al., 2015 determined 74 %. Zapf, 2017 higher evaluates the water
electrolysis while the methanation process is considering both values of chemical and

biological methanation is around 70 -93.2 %.

Water Electrolysis

Power-to-Gas
(Transport and

Renewable Energy Transformer (97%) Electrolysis and
(Electric Energy) and attendant
Rectifier (97%) facilities
(Electric Energy) (75% / with heat
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Compressor storage
and methane
transmission line

Transportation
with recompression,

leakage and storage)

permeation
(10 vol. % hydrogen)

94,1% 65,9% 3 Usable heat

Degree of efficiency: 94,1% [l Degree of efficiency: 70,0% [l Degree of efficiency: 98,5% [l Degree of efficiency: 98,9%
Loss: 5,9% Loss: 28,2% Loss: 1,0% Loss: 0,8%

Methanation Process

Power-to-Gas
(Transport and
storage)
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(Electric Energy) and attendant process
Rectifier (97%) facilities Che | En
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Compressor storage
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Degree of efficiency: 94,1% Degree of efficiency: 70,0% Degree of efficiency: 80,0% Degree of efficiency: 98,5% Degree of efficiency: 98,9%
Loss: 5,9% Loss: 28,2% Loss: 13,2% Loss: 0,8% Loss: 0,6%

Figure 22: The efficiencies from the Power-to-Gas technologies from the production till the end-
consumer (Own adaptation of Gotz, et al., 2016, p. 1383; Zapf, 2017, p. 210)
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Following the degrees of efficiency from Zapf, 2017, Figure 22 demonstrates the
production chain till the converted renewable power reaches the end-user. State of the
art is 2014. The renewable energy created by wind or solar power parks are first
transformed and rectified, where the efficiency level can vary between 97 and 99.5 %
depending on their performance. A maximum of 60 % efficiency for electrolyzer results
of a profitability analysis while in the future especially regarding high-temperature
electrolysis, the efficiency can be estimated at around 90 % and more. In this case,
electrolysis and methanation efficiencies are corresponding to their system efficiency of
45-5 KWh/Nm®H, from 2013 with an operating pressure of 30 to 80 bars. The
process chain includes leakages, transport, and permeation losses from storing and
feeding-in of gas. Additionally, heat utilization increases the efficiencies further as it can
also be used as a CO, source. Without any heat extraction, electrolysis and methanation
will only reach an efficiency of 28.2 and 13.2 % (Zapf, 2017, pp. 210-211).

Sterner, et al., 2015 concludes that Power-to-Gas systems can be considered in three
ways: First if the compression is used of 200 bars for gas storage, then the electricity-to-
hydrogen conversion is to a degree of efficiency of 54-79 %. For electricity-to-methane
conversion, the efficiency amounts between 49-78 %. If the compression is at 80 bars
for the long-distance pipeline than the electricity-to-hydrogen conversion is at 57-80 % of
its efficiency and the electricity-to-methane conversion at 50-78 %. If there is no
compression carried out than the degrees of efficiency for electricity-to-hydrogen
conversion is at 64-84 % and for electricity-to-methane ranging from 51-79 % (Sterner,
et al., 2015, p. 75).

3.3.3. CosTs

The investment costs of a Power-to-Gas plant consist of the equipment costs and the
construction and interconnection measures. While the equipment includes the
components needed for the plant such as the electrolysis, the construction and
interconnection consist of connecting and setting up the plant with pipelines,
transformers, rectifiers, a steel construction and more. According to Tichler & Bauer,
2016, the investment costs for an AEC is estimated around 1000 €/kWg, but in the
future, the expenses will be half. The PEMEC investment costs are double of the AEC at
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around 2000 €/kW¢. The potential for the PEMEC could be the same as for the AEC at
500 €/kW¢. Schenuit, et al., 2016, states that AEC is currently for even less than the
1000 €/kW¢ and that by 2030 the costs would be reduced to 700 €/kW. PEMEC is still
twice as expensive as the AEC, but Schenuit, et al.,, 2016 assumes that the cost
reduction by 2030 would also reach 700 €/kW. Zapf, 2017 stated that a chemical
methanation plant has estimated investment costs of 400 €/kW and a biological one
around 600-1200 €/kW. The first significant component contributing to the investment
costs is the electrolysis which ranges from 800-3000 m®kW,,. The feed-in and the link to
the grid are estimated at 100-575 €/kW. The CO2 compression and the treatment of
impurities are around 125-225 €/kW. Another important part is the hydrogen storage.
The storage for a methanation plant depends on the dynamic mode if it is low then the
methanation plant requires a lot of capacity and vice versa. The investment costs for the
hydrogen storage is estimated 200 to 380 €/kW. The expenditures of the construction
and interconnection measures are at 29-35 % of the investment costs, while the
machine is around 900-2860 €/kW. Depending on the Power-to-Gas technology, the
hydrogen plant would range from 1220-3045 €/kW in total while the methanation plant
would have an overall cost at 1815-3860 €/kW. According to Schenuit, et al., 2016 the
current production costs of hydrogen from Power-to-Gas plants range from 0.23 -0.35
€/kWh and therefore 7.69-11.67 €/kg of hydrogen, while the production of synthetic
methane is around 50 % more expensive. The future outlook of investment costs of
Power-to-Gas plants will depend on efficiency gains, scale effects and cost-cutting
developments through research and market development (Go6tz, et al., 2016, pp. 1383-
1384; Tichler & Bauer, 2016, p. 377; Schenuit, et al., 2016, pp. 20, 33; Zapf, 2017, pp.
211-212, 214).
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Figure 23: Cost development of a Power-to-Gas methanation plant of 200 kW, with feed in (Own
adaptation of DVGW, 2014, p. 56)

Figure 23 demonstrates a cost development that a methanation plant could go through
to decrease its expenditures. According to DVGW, 2014, the cost analysis was done in
three technological advances under a conservative and optimistic perspective. The
expenditure components of the Power-to-Gas plant contains installation and
construction, intermediate storage and compressor, a feed-in plant, instrumentation and
control engineering and an electrolysis system. The first technology advance would be
mass production which would decrease costs for the electrolysis through optimization.
The second step would be a technological advance from an atmospheric electrolyzer to
a pressure electrolyzer which would remove the need for a compressor. Furthermore,
the feed-in plant would not require any process gas chromatographs any longer. The
dynamic pressure electrolysis and the more flexible controls reduce the requirement of

in-between storage. At the last technological advance, the pressure electrolyzer is mass
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produced and therefore decreases the expenses even further. The feed- in would be a
part of the electrolysis plant, and there will be no more use of in-between storage. The
technological advances would amount to a cost development progress of 1500 € in 2013
and then dwindling costs of 1300 € at 2020, 750 € at 2030 and 500 € at 2050 at an
electrolysis performance of 10 MW¢ (DVGW, 2014, pp. 55-58).

Next, to the investment costs, there are also operational expenditures such as the
electricity price, heat and oxygen utilization for desulphurization and possible CO, costs.
If the CO; is not freely available through, for example, biogas plants, the costs can be
estimated around 100 m® tonnes of CO, which would increase the price on synthetic
methane by 2ct/kwWh. Additional operational costs are also the service of maintaining,
repairing and insurance expenses. The operational expenditures on the Power-to-Gas
plant are around 2-4% per annum. Depending on the load hours either the electricity
price or the electrolysis will increase the price that is why from an economic view low
electricity costs and annual operational times are significant (Gotz, et al., 2016, p. 1384;
Zapf, 2017, p. 215).

Power-to-Gas plants have further variable costs such as taxes, levies, and
apportionments which raise the expenditures (Zapf, 2017, pp. 216, 219).

From an economic perspective, synthetic methane created in a Power-to-Gas system
are not yet comparable to natural gas or biomethane that is why different sectors could
utilize the synthetic gas to their advantage including heat and mobility. Power-to-Gas
systems also reduce the requirement for more electrical grid expansions and increase
the renewable shares which have the potential to accelerate the energy transition (Gotz,
et al., 2016, p. 1384).

The economic value is reached when the investment costs decrease. That result will be
concluded with scale and expansion of Power-to-Gas plants. The cost development of
the investment costs will depend on different factors such as the learning effect, the
increasing efficiency degree and cost-reductions through the continuous growing
development and research (Thema, et al., 2016, p. 397; Tichler & Bauer, 2016, p. 378).
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Figure 24: Cost development with a learning rate of 13 % for a Power-to-Gas plant (Own adaptation
of Agora Energiewende, 2014, p. 117; Thema, et al., 2016, p. 397)

Figure 24 shows the cost development of a Power-to-Gas plant demonstrated on the
learning curve approach. The assumptions are based on expert opinions, market
analysis and manufacturer’s data gathered by Agora Energiewende, 2014 for Germany.
The foundation of the learning curve approach for a Power-to-Gas plant is when the
amount of installed capacity of Power-to-Gas doubles, the cost reduction will be
accomplished by a fixed percentage. The realistic rate of learning is estimated at 13 %
established on expert opinions and the installed capacity of Power-to-Gas plants (0,03
GW in 2014) in Germany. Since many systems are currently in production, there is a lot
of potential regarding cost reduction in material utilization and optimization of processes.
The learning curve demonstrates the investment costs of hydrogen plants estimated
between 1000-3000 €/kW and methanation plants at around 2000-4000 €/kW. The 13 %
learning rate decreases the investment costs dramatically at an estimated 500 €/kW for
both technologies. Furthermore, the investment costs for 1 GW plants will be around
1000 €/kW. The future outlook is illustrated through the squares for the years 2023,
2033 and 2050 (Agora Energiewende, 2014, pp. 116-117; Thema, et al., 2016, p. 397;
Zapf, 2017, pp. 214-215).
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3.3.4. SWOT ANALYSIS OF POWER-TO-GAS

Leonzio, 2017 offers a SWOT (Strength, Weaknesses, Opportunities, and Threats)
analysis to Power-to-Gas to figure out improvement and optimization of the technology.
The strength of Power-to-Gas implies their competitive advantage over other options.
Those strength aspects are the storage possibility Power-to-Gas offers, the suitability of
replacing fossil energy, low emissions, continuous research of Power-to-Gas
technologies, long-term storage, employment options, the conversion from electrical
energy to gas and the possible use of the electric network and the gas grid (Leonzio,
2017, pp. 16-17).

Some weaknesses that still need to be considered and preferably be changed to
strength points are legislation and political issues, acceptance of the new technology
and the needed high educated human resources for Power-to-Gas plants (Leonzio,
2017, p. 17).

The opportunities are goals for the future of the Power-to-Gas technologies, for
example, that there is currently a trend for renewable power, the reduction of
dependence on countries due to gas, the rise of the gas demand and the funding
programs for Power-to-Gas. The threats that endanger Power-to-Gas are competitors
and a lack of barriers to entry, and the need of renewable energy for full optimization of

the Power-to-Gas process (Leonzio, 2017, pp. 17, 33).

4. CENTRALIZED AND DECENTRALIZED ENERGY SYSTEMS

The locational factor plays a vital role for Power-to-Gas systems due to the operation
and cost-effectiveness. The proximity to feed-in points in the electricity grid for large
fluctuating renewable power is the most named location for Power-to-Gas systems.
Moreover, the utilization path is also influencing the choice of location. When using the
raw materials, the feed-in should be close to the consumer, so there won’t be high
transport costs. In the heat and gas sector, the Power-to-Gas systems need to be close
to the gas grid and the CO, sources, to inject the synthetic methane without any
technical limits (Schenuit, et al., 2016, pp. 61-62).
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Schenuit, et al., 2016 interviewed 91 experts on their view on relevant locational factors
of Power-to-Gas plants (see Figure 25). According to the expert interviews, there were
three very relevant factors to optimize the utilization of Power-to-Gas plants. 84 of 91
experts decided that the Power-to-Gas facility should be close to feed-in in the electricity
grid where big contributions of fluctuating renewable power should be injected. As the
second view, 68 of 91 experts named the proximity to local hydrogen consumers like
hydrogen filling stations or industrial utilization in chemical processes. The last
mentioning by 64 of 91 experts was the proximity to the gas distribution grid with
hydrogen absorption capacity. The direct regional use of hydrogen is prioritized by the
experts over the process step of methanation since methanation produces additional
costs even though the experts also acknowledged that synthetic methane could be fed
into the existing infrastructure without any limitations. According to the experts, hydrogen
can avoid the feed-in restrictions into the gas grid and expensive transports (Schenuit, et
al., 2016, pp. 61-62).
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T T Feed-in point as electricity
Total grid with high capacities
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Electricity sector consumers

| | Close to the natural gas
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Transport sector

Figure 25: Relevant locational factors of Power-to-Gas systems (Own adaptation of Schenuit, et al.,
2016, p. 61)
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Figure 25 showed the results of the expert interview of Schenuit, et al., 2016 about the
relevant locations for Power-to-Gas systems. The most named site was close to the
electricity grid to feed in vast amounts of fluctuating renewable power. This choice
shows that the experts prefer a central use of the Power-to-Gas plants instead of a
decentralized one. The central Power-to-Gas facility will require a grid connection.
Furthermore, to balance the power the Power-to-Gas systems don’t have to be close to
bottlenecks. However, if the electricity generated by renewable power should be used
and before this power is regulated, then a location near regional bottlenecks is required.
A possible market is in the German states of Schleswig-Holstein and Hamburg who

introduced a concept of “regulation on switchable loads” (Schenuit, et al., 2016, p. 62).

Another expert’s advice was the location of the Power-to-Gas system close to the gas
distribution network. Power-to-Gas plants can relieve the electricity grid and use the gas
grid by converting electricity to synthetic gas. The Power-to-Gas conversion process
reduces the requirement of further cost-intensive electricity grid expansions (Schenuit, et
al., 2016, p. 62).

Figure 25 can also be viewed by actor groups and their preferences where the Power-
to-Gas system should be located. In the case of the stakeholder group of the industrial
sector, they favor being close to local users of hydrogen, because this gives them the
sales opportunities for their by-products of heat and oxygen. The stakeholders
concentrate on potential sales in nearby industrial locations for hydrogen and synthetic
methane which increases the efficiency of the whole complex system. If the
infrastructure is built on the industrial site, the maintenance and repair can also be faster
executed. The shareholders from the heat and gas sector prefer the Power-to-Gas plant
location to be close to the CO; sources and the process chain of methanation of Power-
to-Gas. They chose the methanation process because there is no restriction when
synthetic methane is fed into the gas grid. The actors of the heat and gas sector are
therefore not concentrating on local use since the gas grid can be utilized throughout
Germany (Schenuit, et al., 2016, p. 63).

Furthermore, the experts questioned see in the short-term perspective a lot of economic

potential for Power-to-Gas in the transport sector and the utilization of the network. In
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medium-range, the experts expect the economic potential for the heat and the industrial
usage. In the long-term, the experts consider the reconversion of hydrogen or synthetic
methane as economically relevant. The economic potential of Power-to-Gas depends on
legal conditions, investments, subsidies by the state and business initiatives. Some
examples of large projects helping with the funding of Power-to-Gas projects are
Horizon 2020, which is an EU funding program, SINTEG, Copernicus which is
sponsored by the Federal Research Ministry, the National Innovation Program for
Hydrogen and Fuel Cell Technology which promotes products and applications based
on hydrogen and fuel cell technology, and many more (Schenuit, et al., 2016, pp. 68-
69).

The system structure and the location of renewable energy system can either be placed
centralized or decentralized. While centralized systems include large-scale renewables,
conventional power plants, and transmission grids, the decentralized systems consist of
small and medium-scale renewables, demand side, and distribution network. Both
centralized and decentralized systems have one structure in common: storages. There
are daily storage methods or long-term storages that can help the electricity grid to
become more stable and flexible (Schmid, et al., 2016, pp. 266, 270).

4.1. CENTRALIZED STRUCTURE SYSTEMS

The centralized structure of large-scale renewable energy farms is predominantly owned
by companies whose interest is in maximizing shareholder value. That is the reason the
large-scale renewable plants are mostly located where the potential to gain the highest
value is possible. The location sites can therefore also include remote areas far away
from the demand centers and beyond countries borders (Schmid, et al., 2016, pp. 266-
267).

Another centralized structure is conventional power plants which are owned by private
and larger public utility companies. However, such conventional plants also include
nuclear power plants which will be, at least in the case of Germany, completely phased-
out. The other fossil fueled power plants will also have hard times due to their emissions,
which need to be reduced (Schmid, et al., 2016, p. 267).
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The last centralized structure is the transmission grid which is operated by four
corporate transmission system operators in case of Germany. The transmission grid is a
high voltage transmission network, which should help stabilize the electricity market.
New high voltage power lines are currently in planning, using the new direct current (DC)
technology to transfer electricity over a vast distance. In the case of Germany, this would
be the north to south link of renewable power. The new high-voltage lines support
renewable power potential to be supplied to demand centers (Fairley, 2013; Schmid, et
al., 2016, pp. 269-270).

A centralized scenario could be the coupling of renewable energy production with a
Power-to-Gas system on site on a suitable grid connection to balance excess energy.
But this system would only work if in the future of the energy system, the market, and
the competition of other flexibility possibilities would be favorable. However, the
centralized interconnected version would reduce the need for grid extensions. The
Power-to-Gas system would operate in full load during surpluses of renewable
production. If the renewable power output is higher than the input a Power-to-Gas plant,
then there will be additional full load hours of Power-to-Gas systems, and some of the
renewable electricity might be wasted. The solution could be in lowering the average
gas production costs for Power-to-Gas or that the Power-to-Gas system would convert
the electricity into synthetic methane at low demand periods (Brunner, et al., 2015, pp.
283-286, 288).

A centralized high capacity of wind power structures has been installed in Northern
Germany at Schleswig-Holstein, Mecklenburg-Vorpommern, and Lower Saxony where
the use of Power-to-Gas in proximity would be suitable. Additionally, many underground

gas storage facilities are also in the same area (Schenuit, et al., 2016, p. 62).

4.2. DECENTRALIZED STRUCTURE SYSTEMS

The decentralized system focuses on local energy needs and therefore generates
energy close to the demand centers. A decentralized system either functions as a grid
network or as a standalone system in remote locations. In the decentralized approach,
only a heat sink is necessary which means there is no need for gas or electricity network
connection. The renewable electricity generation from local renewable power plants
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such as wind or photovoltaic power is producing hydrogen which then is converted into
synthetic methane. The heat produced by the electrolysis and the methanation
procedure is applied on the local heat supply. In 2004, the global share of decentralized
energy generation was at 7.2 % and in 2006 at 36 %. By 2030, decentralized systems
could provide worldwide savings around 2.3 trillion €. According to Beermann & Tews,
2016, the decentralization option would also reduce the required high-voltage
transmission lines (Beermann & Tews, 2016, p. 6; Kaundinya, et al., 2009, p. 2041-
2042; Schenuit, et al., 2016, p. 65).

The increasing shares of renewable energy installations for decentralized structures can
cause the local demand to be maximized, which leads further to excess energy. The
presence of grid extensions and more capacities could reduce or completely prevent the
decentralized issue. The only other options for excess energy on the local level are
flexibility possibilities such as storage or to balance the supply and demand (Brunner, et
al., 2015, p. 282).

Decentralized structure systems are small and medium-scale renewable plants that are
mostly owned by local actors or individual inhabitants to produce electricity on site.
Another decentralized structure is the demand-side who acts in two different ways:
either as a seller or as a consumer. The demand-side management tries to attempt
manipulating the temporal pattern of the demand. The actors using the demand-side
management are so-called “smart users”, which imply the use of “smart” applications
that can interact with each other and therefore are very energy efficiency (Schmid, et al.,
2016, pp. 265-266, 268).

The last decentralized structure is distribution grids, who are owned by according to
Schmid, et al., 2016, 884 distribution grid operators in 2014. Because of unavailable
data, the electricity distribution is under a lot of pressure due to the peaks in renewable
power energy. That is the reason why there is a need for more distribution grids.
Unfortunately, the distribution network is not used to stabilize the grid. This is the job of
the transmission grid. But, there is a chance to play a role in the securing of the grid, if
the distribution grid also changes into being “smart”, which further inclines the use of

information and communication technology to provide real-time measurements and an
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intelligent working electricity network for energy efficiency (Schmid, et al., 2016, pp. 268-
269).

Decentralized energy supply and their applications use the renewable -electricity
generation and gases generated by Power-to-Gas systems on the site so that the supply
isn’t dependent on supra-regional transport option of the gas network or expensive
trailer transport. An example of a decentralized energy system in Germany would be the
first industrial fuel cell power plant with 1.4 MW that will be going operational in 2016 on
the premises of the plastics, ceramic, and pump manufacturer Friatec AG. The Power-
to-Gas system that is connected to the plant can cover up to 60% of the energy needed
for production. Furthermore, the plant provides 11.2 GWh in-plant electricity output and
6000 MWh heat energy annually. Another example is the Exytron zero-emission
residential home park (see chapter 5.3.6 Exytron Zero-Emission residential park) which
is currently being built in Alzey located in Rhineland-Palatinate which ensures
sustainable and environmentally-friendly energy supply for 37 residential units with
photovoltaic and Power-to-Gas installations. The Power-to-Gas plant secures the
electricity feed-in and even heats the buildings. In general, decentralized systems can
operate as on-grid or stand-alone system (Aliaxis Utilities & Industry, 2016; Kaundinya,
et al., 2009, p. 2042; Schenuit, et al., 2016, p. 47).

4.3. ON-GRID AND OFF-GRID SYSTEMS

On-grid systems are connected to the large or national grid, where Power-to-Gas
technologies are directly supplied with renewable power. Power-to-Gas should balance
energy and function as a storage system for excess energy (Lewandowska-Bernat &
Desideri, 2017, p. 4571).

Off-grid systems are stand-alone systems that provide energy in remote places where
there is no connection to large or national networks. The Power-to-Gas plants are using
renewable power sources to provide clean energy to communities who have no or
limited access to the extensive grid system. The suitable location can improve the
community’s quality of life and provide them with job possibilities (Kaundinya, et al.,
2009, p. 2042; Lewandowska-Bernat & Desideri, 2017, p. 4571).

59



In most off-grid situations batteries are utilized, but according to Lewandowska-Bernat &
Desideri, 2017, a Power-to-Gas system would be better as it is a long-term, flexible
storage system that balances renewable power. Additionally, the synthetic gas that can
be generated from Power-to-Gas plants can be used for heat and transport purposes
(Lewandowska-Bernat & Desideri, 2017, p. 4572).

5. CASE STuDY: GERMANY

The German federal government decided on a phase-out plan on nuclear energy for
Germany done by the end of 2022 due to the catastrophic incident in Fukushima, Japan
in 2011 in Japan. Germany started shutting down eight nuclear power plants with an
estimated 8.8 GW in 2011, while the remaining nine facilities will be closed by 2022.
Before this occurrence, the 17 German nuclear power plants produced 140 TWh in
2010. The immediate nuclear phase-out of Germany would result in a rise in electricity
prices and CO, emissions due to the use of fossil power as well as import costs and
dependency on other countries that is why a long-term plan had to be created. The
electricity prices could still be low on a short-term basis and the nuclear energy still in
utilization preventing the increased use of fossil fuel power plants. Moreover, the 17
nuclear power plants could also be used as a safety net for other European countries
which depend on Germany, and the phase-out would result in energy problems for the
neighbor countries (Bruninx, et al., 2013, pp. 251-252; Die deutsche Bundesregierung,
2017).

The phase-out project of Germany was only the start of their energy transition or as they
call it the “Energiewende” in 2010. They also decided to set goals to ensure the
reduction of greenhouse gas emissions by -40 % in 2020 to only 5- 20% in 2050.
Renewable power generation should contribute 35 % in 2020, 40-45 % in 2025, 55-60 %
in 2035 and at least 80 % in 2050, preferably even 100 % by that time. At present,
renewable energy represents 33 % of the energy mix of Germany. The German
electricity market will need a restructuring if it wants to reach 100 % renewable power.
For now, the German electricity market works as a double-network consisting of
renewable power plants, and coal and gas power plants due to the renewables volatile

behavior due to weather changes. Additional to the installations of all the renewable
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sources, there will also be multi-billion investments for energy storages till 2020
(Bruninx, et al., 2013, p. 251-252; Die deutsche Bundesregierung, 2017; Estermann, et
al., 2016, p. 13951; Leonzio, 2017, p. 2; Thema, et al., 2016, pp. 392-393).

Germany's renewable energy development is mostly driven by local and regional
governments in Germany due to industrial lacking, demographic changes or economic
difficulties. The renewable energy sources benefit those local sites with jobs and trade
tax revenues (Beermann & Tews, 2016, p. 4).

Another objective of the German federal government is the reduction of primary energy
demand by — 50 %. The heat demand should be decreased by — 20 % till 2020 and by —
80 % at 2050. Furthermore, the German federal government supports energy saving
house renovations. Also, power consumption should decrease by 10 % by 2020 and by
25 % by 2050. The German federal government has been working on projects to
accelerate the expansion of the new grid with high-voltage cables to ensure this target.
The current projects construct and reinforce each 3.000 km of voltage lines (Die
deutsche Bundesregierung, 2017; Thema, et al., 2016, p. 393).

All of these already mentioned objectives sum up to a primary goal of energy efficiency.
All sectors including electricity and heat, but also the transport are targeted in the energy
transition. The transport sector should reach around 1 million electric vehicles by 2020
and 6 million by 2030 which gives Germany the possibility to set the tone for electric
vehicles in the future. Energy efficiency also includes the fluctuating power generation
by renewables especially the wind and solar power which is mostly produced in
Germany. For this problem, the German federal government is concentrating on proper
storage methods and smart networks. The research and development expenditures
between 2013 and 2016 total € 3.5 billion (Die deutsche Bundesregierung, 2017;
Thema, et al., 2016, p. 393).

For 2016, the German federal government decided to focus on five major projects
including the changes of the conveying system in the “Erneuerbaren-Energien-Gesetz”,
the reorganization of the German electricity market due to the new electricity mix,
expansions of the grid especially for underground cables and as for last project the

empowerment of energy efficiency. The energy transition will only be achievable if the
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there is an energy connection created between the North and the South of Germany to
ensure 100 % renewable power generation. Additionally, the volatile renewable energy
produced requires to be stored and used when in need (Bruninx, et al., 2013, p. 260; Die

deutsche Bundesregierung, 2017).

In the previous years, there was a lot of research done on Power-to-Gas technologies
and their technical and economic potential as storage possibility in a new renewable-
powered energy system (Schenuit, et al., 2016, p. 13).

5.1. CURRENT STATE OF RESEARCH IN GERMANY

At present, the “Energiewende” of Germany and their increasing shares on renewable
energy sources have improved from a niche market to the entire energy market. The
additional added renewable energy shares need expansions of the grid and a balanced

system to fulfill the demand (Beermann & Tews, 2016, p. 4).

In 2050, the German federal government targets 80% more shares of renewable energy
in the gross electricity consumption which implies that renewable power generation will
continue to rise every year. Since Germany focuses on solar and wind power structure
expansions, the power generated by those plants will be volatile and fluctuating, which
concludes an increasing need for flexibility and storage options. Schenuit, et al., 2016
examined ten different studies of estimated flexibility and storage needs and came to an
concluded average of around 10 TWh in 2030 with a renewable share of 63% and
around 20 TWh with a renewable share of 80-85 %. After 2050 to reach a renewable
share of 100%, they estimated an average need of 80 TWh (Schenuit, et al., 2016, p.
17).

At present, in some regions in Germany, there are grid bottlenecks created due to a high
amount of non-integrable renewable power. Non-integrable power is produced when
electric power can not be transported or consumed due to bottlenecks or the exceeding
of the demand. For now, to guarantee safety and reliability of the electricity supply
network, the grid operators are initiating high-cost feed-in measurements with deficits of
1.581 GWh in 2014 and 2,687 GWh in the first three-quarters of 2015. For their losses,

Germany paid around € 83 million in compensation in 2014 and € 276.3 million in the
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first three-quarters of 2015. These figures show once again the need for storage and
flexibility in the grid. The increasing of renewable power expansion will also result into
surpluses for the grid operators. The use of Power-to-Gas plants can prevent the grid
bottlenecks during network operations and furthermore, can reduce grid expansion
(Schenuit, et al., 2016, pp. 18, 27).

Even though Power-to-Gas systems have a higher storage capacity in the long-term
compared to other alternative storage technologies, the grid expansions have lower
average costs than the production costs of Power-to-Gas. However, the network
expansions can only progress very slowly due to a low level of acceptance from the
public which further shows the importance of Power-to-Gas systems in the near future
(Schenuit, et al., 2016, p. 19).

One of Germany’s goals is to
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As before mentioned, one of the German federal government's objectives is the

reduction of primary energy demand by 50 % and to achieve this goal, the heat demand
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should be decreased by 20 % till 2020 and by 80 % at 2050. In Germany, around 80 %
of the gas provides for the heat sector, while only 15 % of the gas is used for electricity
generation. That is where renewable hydrogen and synthetic methane in Power-to-Gas
plants can provide heat on a large scale. The share of renewable power should rise to
10 % till 2020 in Germany. In 2013, the heating energy consumption of households in
Germany was estimated to 629 TWh, while 283 TWh was generated by natural gas. If
the natural gas aspect in gas boilers is switched to synthetic methane from Power-to-
Gas technologies than 182.000 tonnes of CO, could be saved (see Figure 27).
Additionally, Power-to-Gas technologies can help decarbonize the transport sector and
become a new fuel for vehicles. The greenhouse gas emissions in the transport sector
by Germany in 2014 amounted to around 153 million tonnes of CO, with 84.6 million
tonnes of CO; on private transport. In the industrial sector, one-third of the hydrogen is
produced as a by-product from natural gas in steam reforming. If this one-third of
hydrogen produced by steam reforming was generated by Power-to-Gas systems
instead, the greenhouse gas emissions could be reduced to around 5.6 million of tonnes
of CO, in a year. Further, the environment agency of Germany calculated a high
demand for Power-to-Gas products primarily hydrogen for which a plant output of 55 to
61 GW in the chemical industry and 71 to 78 GW in the mobility sector is needed. Even
though Schenuit, et al., 2016 think that scenario described by the environment agency of
Germany won’t occur in that form, it still shows the amount of Power-to-Gas plants that

are desired as decarbonization options (Schenuit, et al., 2016, pp. 14-16, 37).
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Heating energy comsumption Specific CO,emissions for the heat supply
of households (2013) with gas-fired boilers
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Figure 27: Heating energy consumption of households in Germany in 2013 and the CO, emissions
done by gas-fired boilers (Own adaptation of Schenuit, et al., 2016, p. 17)

5.2. THE EUROPEAN SUPERGRID

The European Union has set many goals to decrease greenhouse gas emissions and to
change to a more sustainable and clean energy way with renewable energy becoming
increasingly significant. The European Union has also announced a target of 10 % for
interconnection capacity between its member states by 2020 and of 15 % by 2030. The
already open borders should support the requirement for a European supergrid, which is
an interconnection of all European countries to share renewable power in high-demand
times. The supergrid consists of an interconnected electrical grid mostly including high
voltage direct current technology since it can carry large amounts of power over long

distances (Seyrling, 2017).
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For example, Germany plans on linking

Offshorewind farms, planned and
operating,withsubsea HVDC cables

their off-shore wind farms in the north

seas to its south side through high

voltage direct current (HVDC) lines (see coerh~ o | \'“;
Figure 28). The purpose of this ,\ I AV oy X T
interconnection is the transfer of | AN » e f
renewable energy that is generated in "‘*xg»,\ i
the north because the electricity % o ™ L
provided on the south side is still mostly _—
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Additionally, HVDC cables are cheaper Figure 28: Germanys North-to-South-link (Fairley,
than repairing the already strained AC 2013, p. 38)

grid. The pathway of the direct current electricity grid should go through Schleswig-
Holstein, Lower Saxony, North Rhine-Westphalia, Hesse, and Bavaria. Since 2017, the
electricity suppliers Tennet, TransnetBW, and 50Hertz made proposals about the
“SouthLink” and the “SouthEastLink” of the new three electricity pathways to the south.
Those two electricity lines should be created with underground cables to improve public
acceptance of the interconnection (Fairley, 2013, pp. 37,39; Frankfurter Allgemeine
Wirtschaft, 2016; dpa/cat (WeltN24 GmbH 2016), 2014).

5.3. POWER-TO-GAS PROJECTS IN GERMANY

The currently installed Power-to-Gas plants demonstrate the technical feasibility and
wide range of technological approaches to the Power-to-Gas concept. According to
Schenuit, et al.,, 2016, the operators of the Power-to-Gas plants have rated their
operating experience positively. Amongst other tests, the operators analyze fast load
changes which reflect the fluctuating feed-in circumstances for a Power-to-Gas plant. As
before mentioned, those pilot plants are participating in the German electricity balancing
the market. Further, the operators also concluded that the electrolyzers and the
methanation process are both ready for scaling of production and the market. The
reliability of Power-to-Gas systems has been examined since decades of experience in
industrial processes by the handling of hydrogen and methane (Goétz, et al., 2016, p.
1384; Schenuit, et al., 2016, p. 33).
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A lot of manufacturers have already invested in the development of Power-to-Gas
technologies (see Table 5). Companies on the market for electrolyzers are specializing
in small, decentralized systems just as ITM Power, Myphy Energy, and GP Joule. The
other businesses focus on larger, more central systems such as Siemens and
ThyssenKrupp. The smaller plants are especially for the decentralized energy supply
attractive, where the Power-to-Gas plant can directly be fed or have a feed-in with
renewable power. The potential for larger systems is in the chemical industry and
refineries (Schenuit, et al., 2016, p. 36).

Table 5: Companies for conversion technologies on the German market (Own adaptation of
Schenuit, et al., 2016, p. 36)

Conversion technologies Companies

ITM GP

Greenerity, Sunfire, Viessmann, Areva H2Gen,

Electrolysis Hydrogenics, Power, Siemens, Joule,
ThyssenKrupp, McPhy Energy

Methanation MAN, Viessmann, Etogas
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Project status:

w in preparation
= in development
« in construction
= in operation

= Hydrogen
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Figure 29: Power-to-Gas project plants with their project status in Germany (Own adaptation of

Deutsche Energie-Agentur (dena), 2017)
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Figure 29 illustrates the geographical locations and the different conditions of Power-to-
Gas project plants in Germany. The Power-to-Gas technologies are shared up by color:
hydrogen as blue and methane as green. The circles show where the project facilities
are located. The different color nuances demonstrate how the Power-to-Gas
technologies are used for such as fuel or as a heat generator (Deutsche Energie-
Agentur (dena), 2017).

The mobility sector concentrates on the utilization of hydrogen as fuel which focuses on
the geographic areas of Hamburg, Berlin, North Rhine-Westphalia, and Baden-
Wouerttemberg. There are also projects in the mobility sector that use methane as fuel.
Those plants are in Lower Saxony and Bavaria. The second most projects are done for
the heat sector. The heat production is only done by hydrogen, and there is no methane

project yet (Schenuit, et al., 2016, p. 66).

At present, there is a total of 33 pilot projects of Power-to-Gas of different states in
Germany. There are currently O projects in preparation, 2 in development, 1 in
construction and 30 Power-to-Gas pilot plants are in operation. Some of those pilot
plants for Power-to-Gas will be viewed as examples of the points below (Deutsche
Energie-Agentur (dena), 2017).

5.3.1. HYBRID POWER PLANT OF PRENZLAU

The ENERTRAG- hybrid power plant is in operation

and was constructed in 2011 in Prenzlau, in

e i Brandenburg. The main focus of the Power-to-Gas

system is on electricity and heat generation in an

alkaline electrolysis with a hydrogen and natural gas

Ve admixture (see Figure 30). The project plant is a
S research facility to ensure safety and sustainability in
the supply of energy through renewable power, in

particular, wind power. The plant has an integrated
Figure 30: Hybrid power plant of

Prenzlau (Own adaptation of load forecasting and an online-control system to
Deutsche Energie-Agentur (dena), . ) )
2017) equilibrate fluctuating renewable power in the long-

term. Furthermore, the project objectives are the design and test operation of a Power-
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to-Gas system with a performance of 250 kW The renewable electricity consumption
reaches 500 kW, and the plant produces 120 m®h of hydrogen. The project plant is
also testing the development of load dynamics and operating concepts due to flexibility
requirements in the electricity market. Another critical perspective that the pilot plant
should examine is the storage of renewable power and the economic benefits of the
technology. ENERTRAG also recognizes perspective in the transport sector for their
production of hydrogen. ENERTRAG is cooperating with Greenpeace Energy eG and
provides them with the wind gas product they are selling to their customers (Deutsche

Energie-Agentur (dena), 2017; Greenpeace Energy eG, 2016, pp. 7, 10).

5.3.2.  WINDGAS HARFURT

Not just the hybrid power plant Prenzlau is generating
‘ wind-gas products for Greenpeace Energy eG.
| Greenpeace also gains their product through Windgas
HalRfurt which is in Bavaria (see Figure 31). Since
October 2016, Greenpeace Energy eG is collaborating
with the Stéadtische Betriebe Halfurt on this existing
project plant under the cooperation name of Windgas
HaRfurt GmbH & Co. KG. The Power-to-Gas facility

consists of a proton exchange membrane electrolyzer

Figure 31: Windgas HaRfurt (Own of the type “Silyzer 200” from Siemens with 1.25 MW
adaptation of Deutsche Energie- . .

Agentur (dena), 2017) of electrical power that can be fed into the local power
grid of Halfurt. The goal of the project plant is the decentralized stabilization of the
electricity grid of HafRfurt through load and consumption management of fluctuating
renewable energy sources such as the wind turbine farm of “Burgerwindpark
Seilershauser Wald.” The renewable energy plants are generating an estimate of 50 MW
for the Power-to-Gas system. The hydrogen produced in the plant is at 225 Nm?®/h which
is either utilized in the local gas grid for stabilization or used as a heat generator. The
plant should show how a decentralized version with different operation modes and
business models can stabilize the electricity grid with only renewable power input and
moreover, demonstrate that hydrogen is market-ready (Deutsche Energie-Agentur

(dena), 2017; Greenpeace Energy eG, 2016, pp. 7, 20-21).
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5.3.3.  GRINHY

L GrinHy (Green Industrial Hydrogen via reversible

Figure 32: GrinHy (Own adaptation
of Deutsche Energie-Agentur (dena),
2017)

high-temperature electrolysis) by Salzgitter
Mannesmann Forschung GmbH, is one of two project
pilot plants currently in construction. The facility is
located in Salzgitter, in Lower Saxony (see Figure 32).
The system is using the Power-to-Gas technology of
solid oxide cells or “high-temperature water
electrolysis.” The technology offers a changing
operation mode between electrolysis of hydrogen and
a fuel cell mode to generate electricity. Additionally,

the efficiency is boosted through coupling of waste

heat utilization and heat generation of around 30 kW. The electricity input is at 150 kW,

and the production of hydrogen reaches 40 Nm3h. The Power-to-Gas system has

several essential goals such as the upscaling of the solid oxide cell technology and an

electrical efficiency degree of more than 80 % regarding the heat value. The system

should reach over 7000 operating hours of production of hydrogen and a lifetime of over

10000 hours with a decreasing rate by less than 1%. The pilot project plant should

collect data and further help identify focus points for the development of the Power-to-

Gas technology and potentials for cost reduction. The realization of this project is

supported by international cooperation partners and by project funding such as the

European Union’s Horizon 2020 research and innovation program (Deutsche Energie-

Agentur (dena), 2017).
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5.3.4. VIESSMANN POWER-TO-GAS

Figure 33: Viessmann Power-to-Gas
plant (Own adaptation of Deutsche
Energie-Agentur (dena), 2017)

The research Power-to-Gas facility of Viessmann
has been operating since 2012 and is located in
Schwandorf, in Bavaria (see Figure 33). The
system operates with the Power-to-Gas technology
of biological methanation. Eucolino is feeding
biogas in the composition of around 52 % methane
and 48 % CO; into the Power-to-Gas system as a
CO,- source. Consequently, synthetic methane is
being produced at an estimated 10 m® with the
biogas fermenter Eucolino which has a volume of
100 m®. The biogas offers the plant around 5 m* of
CO; an hour. The Power-to-Gas system produces

21.3 m*/h of hydrogen and 5.3 m®h of synthetic methane. The input of the electricity is

at an estimated 108 kW which is mainly used as waste heat utilization (Deutsche

Energie-Agentur (dena), 2017; Schenuit, et al., 2016, pp. Anhang 1 - Projekttabellen).

5.3.5.  AUDI E-GAS PROJECT PLANT

For a climate-friendly mobility experience for
their customers, the car manufacturer Audi is
operating a Power-to-Gas system to produce
synthetic methane as fuel. The plant is active
since 2013 in Werlte, in Lower Saxony (see
Figure 34). The COj-source used to generate
synthetic methane is the nearby biogas plant of
the EWE AG. The Audi e-gas project has
finished its research phase and is feeding 300
m3/h of synthetic gas into the gas grid. The

Figure 34: Audi e-gas project plant (Own Power-to-Gas system generates around 1.000
adaptation of Deutsche Energie-Agentur

(dena), 2017)

tonnes of synthetic gas thereby binding an
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estimated 2.800 tonnes of carbon dioxide every year. The electricity needed for the plant
iIs provided by renewable energy of 6.000 kW. The hydrogen produced is at around
1300 m%nh, and the waste heat utilization sanitizes the biogas plant. Since February
2014, the Audi A3 g-tron is using the e-gas produced in the Power-to-System at
quantities that the customer pays with an individual fuel card (Deutsche Energie-Agentur
(dena), 2017).

5.3.6. EXYTRON ZERO-EMISSION RESIDENTIAL PARK

The Exytron Zero-Emission residential park is
currently under construction in Alzey, in
Rhineland-Palatinate (see Figure 35). The goal
of the project is the decentralized supply of
environmental-friendly heat and electricity for 37
residential homes through the utilization of the
SmartEnergyTechnology of the EXYTRON
GmbH. The launch of this commercial project
should be in the spring of 2017. Renewable

power is converted to the company’s own
Figure 35: EXYTRON Zero-Emission implemented Power-to-Gas system in
residential park (Own adaptation of
Deutsche Energie-Agentur (dena), 2017)  combination with high-performance modules and
the SmartEnergyTechnology to provide directly
usable renewable heat and electricity. Energy efficiency is reached by using the waste
heat directly for heating and water heating. The residential park requires a power input
of 62.5 kWel. The Power-to-Gas system produces an estimated of 10 Nm®h of
hydrogen and a 2.5 Nm®nh of synthetic methane (Deutsche Energie-Agentur (dena),

2017).
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5.3.7. ENERGY PARK MAINZ

Figure 36: Energy park Mainz (Own
adaptation of Deutsche Energie-Agentur
(dena), 2017)

The Energy Park Mainz is in operation since
2015. It is located in the “Wirtschaftspark Mainz-
Hechtsheim”, in Rhineland-Palatinate (see
Figure 36). The project was planned by
Stadtwerke Mainz AG, Siemens AG, Linde AG
and the RheinMain University to construct an up
to 6 MW Power-to-Gas plant to balance the
nearby wind power. The Power-to-Gas system
produces a maximum of 1000 Nm®h of
hydrogen with proton exchange membrane
electrolysis which can be stored on site and fed
into various applications. The hydrogen can also

be filled into trucks to supply hydrogen-filling

stations for the mobility sector and be utilized as raw material in the industrial sector.

The objectives of this Power-to-Gas project is the storage of fluctuating renewable

energy generated by wind power in proximity and the feed-in and control of the

electricity produced. Additionally, the plant operates with an innovative control and

regulation concept regarding wind power forecasts and price development of the

electricity market. The ultimate goal of the project plant is the testing and monitoring of

the production of hydrogen through the proton exchange membrane electrolysis

(Deutsche Energie-Agentur (dena), 2017; Schenuit, et al., 2016, pp. Anhang 1 -

Projekttabellen).
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5.3.8.  WINDPARK RH2-WKA

Windpark
RH2-WKA

i
,,,,,,,,
i P
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Figure 37: Windpark RH2-WKA (Own
adaptation of Deutsche Energie-Agentur
(dena), 2017)

The wind park of “‘RH2-
Werder/Kessin/Altentreptow” is an  active
demonstration project in its test phase since
2012, located in Grapzow, in Mecklenburg-
Western Pomerania (see Figure 37). The onshore
wind farm with an installed power of 140 MW is
one of the largest in Germany. The Power-to-Gas
plant in the proximity of the wind park produces
an estimated of 210 Nm®h of hydrogen which is
currently not connected to the gas grid.
Furthermore, the project has its own integrated
hydrogen storage system with reconversion. The
storage capacity is at 300 bars. The combination

of both the wind power park and the Power-to-Gas system is designed to only supply

the wind power park with the power generated in the system. The maximum hydrogen

content admixed into the gas grid would be of 2 %. In upcoming project stages, the

Power-to-Gas plant in combination with the wind park should be connected to the gas

grid for local electricity consumers. Additionally, the operator plans the construction of a

fuel system for the transport sector and a structure for a local heating network. Soon, the

wind-hydrogen system will additionally be extended to produce synthetic methane for

the gas grid under the name RH2-PtG. At present, this extension is in the authorization

phase. The goals of the project include the monitoring of the system and the operation

efficiency, and of the operating costs (Deutsche Energie-Agentur (dena), 2017).
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6. FUTURE PROSPECTS AND RECOMMENDATIONS

According to Sterner, et al., 2015 and in comparison to all the aspects viewed, Power-to-
Gas is the most cost-efficient option to store excess energy generated by renewable
sources, especially if 100% of renewable power should be achieved in time. Additionally,
Power-to-Gas systems are not just storage options; they also convert electricity into gas,
which further improves the handling of excess energy. Furthermore, Power-to-Gas
connects transport, heat, electricity and industry sector with each other and creates
synergies between them. Especially the transport and the chemical sector are in need of
decarbonization to achieve fewer emissions, which further improves the view that
Power-to-Gas is the current best option to balance excess energy by renewable energy

sources (Sterner, et al., 2015, pp. 61, 64).

According to Brunner, et al., 2015, Power-to-Gas is only competitive if the renewable
power needed is at low costs or if electrolysis investment expenses decrease. If not then
customers must be willing to pay higher prices for renewable gas (Brunner, et al., 2015,
p. 292).

As before mentioned, Power-to-Gas will influence inter-sectoral electricity power
behavior, which shows the Power-to-Gas technologies should take an essential part in
the German energy transition. The sectors impacted are not just electricity, but mobility,
industry, and heat sector. Furthermore, Power-to-Gas is the only long-term storage
option at present, and with the learning rate decreasing the investment costs and the
increasing installed share of renewable power, Power-to-Gas technologies will become
economically viable if the expansion of the infrastructure starts now (Thema, et al., 2016,
p. 399).

According to Sterner, et al., 2015, an energy transition of Germany to 100 % only using
renewable sources with both Power-to-Gas technologies — hydrogen and synthetic
methane — is within the framework of the volumetric gas components and infrastructure
possible. Hydrogen is reaching the restriction when it has reduced as much fossil natural

gas in the network, while synthetic methane is still limitless (Sterner, et al., 2015, p. 79).
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Following Schmid, et al., 2016, the increasing shares of renewable energy can improve
centralized or decentralized structures. Half of the already installed renewable power
generators are owned by citizens who have the renewable energy plant close to their
properties. An increase on more small and medium-sized renewable energy plants for
residents would need more feed-ins on the distribution grid. The large-scale renewable
energy farms would require an increase in transmission lines through Europe and an
optimal location site to maximize their return on investments (Schmid, et al., 2016, pp.
266-267, 272).

If more renewable energy plants are installed, then the distribution grids will need to
improve their structures with more feed-in points. The distribution grids should also be
an active part in the future energy system management to stabilize the regional grid.
The higher capacity of renewables would also change the transmission networks which
would need to be expanded, especially as high-voltage lines to provide national stability
(Schmid, et al., 2016, pp. 269-270).

In the case of increased renewable shares, then also storages will need to integrate
more local renewable power, which also decreases the need for more transmission grid
lines (Schmid, et al., 2016, p. 270).

6.1. FUTURE SCENARIO FOR 100% RENEWABLE SYSTEM IN GERMANY

The paper of Thema, et al. 2016 “Necessity and impact of power-to-gas on energy
transition in Germany” presents a future scenario for a 100 % renewable system with the

necessary capacities of Power-to-Gas systems until 2050 (Thema, et al., 2016).

There is no conclusion how the energy system of Germany will exactly look like in the
future, but there is evidence that installations of Power-to-Gas systems would become
favorable over time. Thema, et al., 2016 uses the assumptions and the trend-scenario
developed by the environmental organization Greenpeace e.V. to finalize their results
(see Table 6) (Thema, et al., 2016).
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Table 6: Trend-scenario assumptions for a 100 % renewable power system in Germany (Thema, et
al., 2016, p. 393)

Installed Capacity Gross electricity Full load

production hours
Trend- 2013 Trend- 2013 Trend-

scenario scenario scenario

Wind power
-onshore 33.66 GW 49.8 TWh
-offshore 30 GW 0.52 GW 120 TWh  (combined) 4000

Photovoltaics 135 GW 35.9 GW 135 TWh  28.3 TWh 1000

Hydro power 56GW  56GW  224TWh 21.2 TWh 4000

Biomass 8.1 GW 8.1 GW 48.5 TWh  42.6 TWh 6000

Geothermal 3 GW 0.031 GW 18 TWh 0.04 TWh 6000

Summation of
~313GW ~84GW

installed capacity

Summation of gross
. _ ~ 606 TWh ~ 142 TWh
electricity production

Gross electricity 569 TWh 629 TWh

consumption/demand

Thema, et al., 2016 focuses their study on the expansion of wind and sun power. The
other renewable power options are of little concern. The power grid expansions are also
considered to perform cross-border exchanges. Further assumptions for the simulation
model are the costs of natural gas is at an estimated 30 €/ MWh and supplementary

expenditures for emission certificates at around 100 €/tco.. Additionally, the efficiency
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gas-fired power plants and their emission factor is assumed at 0.2 tcoo/MWh thermal
energy. The efficiency degree of Power-to-Gas is estimated at 49-54 % in 2015, 58-70
% in 2020, 68-75 % in 2030 and finally 77-84 % in 2050. The corresponding costs for
Power-to-Gas systems are around 1000-4000 €/kW with 0.1-0.6 €/kWh in 2015, at 800-
1300 €/kW with 0.1-0.5 €/kWh in 2023, 400-900 €/kW with 0.05-0.4 €/kWh in 2033 and
at 250-700 €/kW with 0.05-0.3 €/kWh in 2050. The renewable power purchase for
Power-to-Gas plants is estimated around 0-35 €/MWh. At last, the storage capacity for
hydrogen and methane production covers the demand for 37 days. The simulation
model used to assess the data was Power2Sim by Energy Brainpool (Sterner, et al.,
2015, p. 59; Thema, et al., 2016, pp. 393-395).

The first result that Thema, et al., 2016 recognized, was an energy surplus of 154 TWh
with corresponding power peaks at around 134 GW at 2050 (see Figure 38). To ensure
the volatile nature of the renewable power surplus will not be wasted, the required
Power-to-Gas capacity is estimated at 89 to 134 GW until 2050. The worst-case
scenario would be 89 GW, while the best-case scenario would be 134 GW. The
estimated capacity acts as a possible framework if there are no other storage
possibilities. The worst-case scenario of 89 GW could transform into a better case if

short-term storage options are also considered (Thema, et al., 2016, pp. 395, 398).

100 Surplus electricity

o0 4 140 (mean value from literature) in TWh
” e Share of renewable energy (RE)

in the trend-scenario in %
70 e Share of RE (simulation results in a
60 system with power-to-gas) in %

50 80 Share of RE (simulation results in a

Percent
TWh

system without power-to-gas) in %
a0

wes  Share of RE on power generation
3 {40 (goals of German federal goverment) in %
20 Surplus electricity (simulation results)

J 20 .
10 in TWh

[
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Year

Figure 38: Surplus electricity until 2050 (Own adaptation of Thema, et al., 2016, p. 395)
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Consequently, the storage potential depends on the Power-to-Gas technologies
hydrogen or synthetic methane and where they can be stored in Germany. Germany’s
storage facilities can store 30.6 billion m® of gas. Hydrogen storage can be achieved at
612 million m*® with maximum 2 vol. % hydrogen in natural gas which is around 2.2 TWh
stored energy or at around 3.06 billion m® with the feed-in limitation of 10 vol. %
hydrogen and 11 TWh storage capacity. The synthetic methane, which has no
restrictions like the hydrogen production, can store up to 337 TWh. After a reconversion
from gas to electricity, hydrogen generation can be estimated to 1.3 to 6.6 TWh and
methane production at around 202 TWh. For three months and only renewable power
utilization Power-to-Gas can store 66 GW backup capacity. In comparison to pumped
hydro storage in Germany, the gas storage can deal with 33-5000 times of the capacity
(Thema, et al., 2016, pp. 396-399).

As discussed in theory and pictured in Figure 24, the investment costs are currently
high, while the learning rate of 13 % slowly reduces the required investment costs. The
decrease in investment expenses will be achieved through cost-cutting progresses in
material utilization and optimization of processes. If the learning rate at 13 % lowers the
investment costs, Power-to-Gas can accomplish procurement expenditures at an
estimated 4-7 ct/kWh at increasing full load hours. In 2035, Power-to-Gas can reach its
full purpose as storage and flexibility possibility at shares of 70 % renewable power
generation (Thema, et al., 2016, pp. 397, 399).

The last result shows that the German electricity system could save costs by
implementing Power-to-Gas technologies due to renewable power generation and its
volatile behavior. In 2020 till 2035, Power-to-Gas systems will start off with high
investment costs in comparison to systems without this technology. But from 2035 on,
the investment costs will be carried by the energy surplus and peaks from renewables.
Then five years later, Power-to-Gas will save an estimated € 2-6 billion which will even
increase to € 18 billion in 2050. The full 100 % renewable energy goal for Germany can
be achieved if Power-to-Gas systems are applied to the energy system, while only 86 %
of renewable power can be obtained without Power-to-Gas (Sterner, et al., 2015, p. 60;
Thema, et al., 2016, p. 397).

80



According to Jentsch, et al.,, 2014, in an 85 % renewables achieved scenario, the
Power-to-Gas system capacity should be between 6 to 12 GW, and those plants should
be built in northern Germany (Jentsch, et al., 2014, p. 260).

In comparison, Schenuit, et al., 2016 concluded that a 100% renewable electricity
system with Power-to-Gas could achieve annual savings of € 11.7 billion in 2050 which
is a huge gap between € 18 billion anticipated by Sterner, et al., 2015 and Thema, et al.,
2016 (Schenuit, et al., 2016, p. 20).

6.2. RECOMMENDATIONS FOR POWER-TO-GAS SYSTEMS

Leonzio, 2017 realized that there are various vital success factors regarding Power-to-
Gas systems. Components for a crucial success for Power-to-Gas include the utilization
of renewable energy as an economic incentive, the use of carbon dioxide, continuous
research and development of Power-to-Gas technologies and a monitoring option on
already existing pilot projects. Even though Power-to-Gas is slowly maturing as a
technology, it is still progressing and being optimized to its full potential. Therefore,

uncertainties in the projects will progressively be solved (Leonzio, 2017, p. 18).

6.2.1. LEGAL REGULATION CHANGES IN GERMANY

In this paper, the legal regulations are only viewed country-based in Germany. Currently,
the only new regulation planned for Power-to-Gas is on the business model of
reconversion. The possibilities of the utilization of renewable gases generated by Power-
to-Gas systems in the gas sector, industry sector, heat sector and transport sector are
not considered. If Power-to-Gas is more recognized in Germany's law, then Power-to-

Gas will be market-ready in Germany (Schenuit, et al., 2016, p. 57).

Schenuit, et al., 2016 suggested different changes for the legal regulations of Germany.
First, they mentioned that Power-to-Gas products should be acknowledged as energy
storage. In the course of an amendment of the energy industry law of Germany, energy
storage should be classified as an additional element, and its functions and liabilities
should be precisely regulated. Another change in Germany's law was suggested to be
an interconnectional development of Power-to-Gas and the electricity market 2.0. The

planned measures of the electricity market 2.0 are concentrating on the flexibility of the
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market and Power-to-Gas would offer a solution to non-integrating electricity. The
phase-out of nuclear power will increase the shares of renewable power which can be
stored by Power-to-Gas systems at peak times and fed into the grid at low renewable
power production times. At present, the expansion of renewable power is not
synchronized with the enlargement of the electricity transmission grid which creates non-
integrating electricity that cannot be absorbed by the electricity grid. The old regulation
of compensating all electricity generated even though it cannot be used is not
economically viable. Therefore, either the option of auctions for electricity or the storage
of that non-integrating electricity would be advantageous (Schenuit, et al., 2016, pp. 57-
58).

Furthermore, Schenuit, et al.,, 2016 recommend the recognition of Power-to-Gas
products as biofuels to decrease emissions in the transport sector. They suggest the
implementation of the EU directive fuel qualitative directive into German law and as
addition a standard value for hydrogen and synthetic methane from Power-to-Gas for
the production of biofuels. The heating sector should also utilize the Power-to-Gas
products, especially when building new residential homes. The Renewable Energy Heat
Act (in German the “Erneuerbare-Energien-Warmegesetz’/“EEWarmeG”) could include
proportionate heat production from renewable power to supply heat for buildings
(Schenuit, et al., 2016, pp. 58-59).

The last recommendation for Power-to-Gas in the German law would be the use of
Power-to-Gas to relieve the grid. Here, the recognition of the costs are at present state
only case-by-case decisions by the Federal Network Agency and is therefore currently

without precedence (Schenuit, et al., 2016, p. 59).

6.2.2. TECHNOLOGY DEVELOPMENT

Gotz, et al., 2016 recommend removing technical and economic barriers to secure
Power-to-Gas successfulness. They suggest that electrolysis should be improved in
efficiency and that costs should be reduced. That in the future, proton exchange
membrane electrolysis could prevail over the reliable alkaline electrolysis due to its
better performance (Gotz, et al., 2016, p. 1385).
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When focused on technology development, Schenuit, et al., 2016 suggest that the
restriction of hydrogen content in the gas grid should be adjusted. It is necessary not
only to consider the consumer and the susceptibility of the existing plants but also the
development needed in infrastructure to ensure the reliability of the systems with a rising

hydrogen content in the gas (Schenuit, et al., 2016, p. 59).

Additionally, the most significant reduction should be achieved in the production costs
which can be accomplished through scale effects, optimization measures in the serial
production and increasing demand for Power-to-Gas systems (Schenuit, et al., 2016, p.
59).

Over the period of the energy transition, Power-to-Gas should help develop the essential
energy supply structures of electricity and gas to be viewed together. That is why a
consultation arrangement between transmissions system operations and the distribution
system operations for electricity and gas for the network development plan should be
achieved. Additionally, Power-to-Gas regarding non-integrating electricity, balancing
power and electricity to negative power prices should be carefully monitored to assess
the actual market participation and market development and to identify further control
requirements (Schenuit, et al., 2016, p. 84).

6.2.3. COOPERATION

The federal states, network operators, and the communities must work together to
achieve the energy transition and the implementation and the acceptance of Power-to-
Gas systems. That is why the shareholders should intensify their experiences within
their region and disseminate information. The strategic coordination between the
Federal Government and the Federal provinces especially when it comes to incentives
for Power-to-Gas projects should be improved. Some federal states have their particular
framework for Power-to-Gas applications to offer encouragements. If those federal
states identify the incentives and monitor the development of the Power-to-Gas projects
then the exchange of information throughout Germany would improve the Power-to-Gas
situation dramatically. The acceptance of the Power-to-Gas technology is also a crucial
factor when implementing Power-to-Gas projects. Specifically, wind parks are rejected

by the citizens and in competition with limited land issues. Possible reservations of the
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public against Power-to-Gas could be diminished if the public would be included in the
project and provided with understandable information (Beermann & Tews, 2016, p. 5;
Schenuit, et al., 2016, pp. 83-84).
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7. SUMMARY

The identification and implementation of sources other than fossil fuels, which are limited
and depleting, is a crucial social goal. Slowly, but surely, the world learned that
renewable energy would be the only viable option as an energy producer. The increased
renewable energy installations - not just in Europe, but worldwide - demonstrate the

significance of the cause.

For example, the European Union installed wind energy capacity in 2015 was around
142 GW, while in 2016 an estimated 154 GW were connected. The total world installed
wind energy capacity reached around 433 GW in 2015 and an estimated 487 GW in
2016, which concludes an increase of 12.47 % (EurObserv’ER, 2017b, pp. 2-4,6).

The technological developments in both wind and solar energy have caused renewables
to become competitive against fossil fuels. Unfortunately, wind and solar power are
weather-dependent seasonal fluctuating energies that can peek over the required
demand. Therefore, renewable energy sources need stable, balancing and functioning
infrastructure to maximize output such as underground storage facilities to store excess

energy over time and well-expanded grids of gas, electricity, and heat.

The solution to balancing renewable power is to store excess energy and in demand-low
times release the power into the grid. There are many different storage options which
can either function as short-term or long-term storage. A long-term solution is pumped
hydropower plants, but due to their geographical limitation, only Power-to-Gas facilities

are a suitable option to balance renewable energy.

Power-to-Gas is “the use of (excess) electrical energy from renewable energy sources to
produce hydrogen in an electrolyzer and optionally also to use this hydrogen with carbon

dioxide to synthesize methane or other hydrocarbons.” (Tichler & Bauer, 2016, p. 373)

The plants can store excess energy in a long-term and on a large scale. Additionally, the
excess electricity generated by the renewables over the demand level can be converted
into synthetic gas. The reconversion process connects the electricity network with the

gas grid. Due to delays in the expansion of the electricity network, Power-to-Gas
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systems can utilize the reconversion process to relieve the electricity grid. Additionally,
the synthetic gas produced could ease the high dependence on other countries for gas.
Power-to-Gas systems also connect transport, heat, electricity and industry sector with

each other and create synergies between them.

Since many systems are currently in production, there is a lot of potential regarding cost
reduction in material utilization and optimization of processes. The learning curve
demonstrates the investment costs of hydrogen plants estimated between 1000-3000
€/kW and methanation plants at around 2000-4000 €/kW. The 13 % learning rate
decreases the investment costs dramatically at an estimated 500 €/kW for both
technologies (Agora Energiewende, 2014, pp. 116-117; Thema, et al., 2016, p. 397,
Zapf, 2017, pp. 214-215).

In the case of Germany, the German federal government decided on a phase-out plan
on nuclear energy done by the end of 2022 and set goals for a 100 % renewable energy
transition (“Energiewende”). The currently 30 installed Power-to-Gas plants demonstrate
the technical feasibility and wide range of technological approaches to the Power-to-Gas
concept. For example, the hybrid power plant of Prenzlau, Windgas Hal3furt, Viessmann
Power-to-Gas, Audi e-gas project plant, Exytron zero-emission residential park, energy
park Mainz and wind park RH2-WKA (see Deutsche Energie-Agentur (dena), 2017).

According to Sterner, et al., 2015 and in comparison to all the aspects viewed, Power-to-
Gas is the most cost-efficient option to store excess energy generated by renewable

sources, especially if 100% of renewable power should be achieved in time.

According to Thema, et al., 2016, a future scenario of 100 % renewable energy in
Germany is possible if the required capacities of Power-to-Gas systems are installed
until 2050. Furthermore, he proposed that Power-to-Gas is the only long-term storage
option at present, and with the 13 % learning rate decreasing the investment costs and
the increasing installed share of renewable power, Power-to-Gas technologies will

become economically viable if the expansion of the infrastructure starts now.
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APPENDIX 1: ABSTRACTS

GERMAN ABSTRACT.:

In Kapitel 1, der Einfihrung zu griner Energie, kristallisieren sich die erneuerbaren
Energiequellen als die einzige zukunftstrachtige Option der Energiegewinnung heraus.
Die Unterkapitel der Statistiken und die Aufzahlungen von erneuerbaren Energiequellen
wie Wind, Photovoltaik und Biogas zeigen, dass in Europa und auch weltweit, die
installierten Kapazitaten zunehmen. Unglicklicherweise sind Wind- und Solarenergien
stark vom Wetter abhangig und unterliegen daher saisonalen Schwankungen. Damit

einhergehend kann es unter Umsténden zu einem Angebotsiuberhang kommen.

In Kapitel 2 wird die Infrastruktur der erneuerbaren Energien hinsichtlich Speicherung
und Verteilung analysiert, worauf dann das Kapitel 3 die Losung des Problems der
saisonal schwankenden, erneuerbaren Energien vorstellt. Nach dem Vergleich
unterschiedlicher verfligbarer Speicheroptionen, stellt sich heraus, dass nur Power-to-
Gas eine langfristige, geografisch ungebundene Moglichkeit darstellt. Die Power-to-Gas
Anlagen kénnen den Uberschissigen erneuerbaren Strom entweder speichern oder in
synthetisches Gas umwandeln. Durch die Umwandlung von elektrischer Energie in Gas
verbindet Power-to-Gas das Stromnetz und das Gasnetz, um einen Ausgleich im Netz
zu schaffen. Dies fuhrt wiederum dazu, dass das Stromnetz weniger ausgelastet wird
und weniger Ubertragungsleitungen gebaut werden miissen. Daruiber hinaus kann das
synthetische Gas Naturgas ersetzen, wodurch die hohe Abhangigkeit zu Erdgas-
produzierenden Landern verringert wird. Dartber hinaus verbindet Power-to-Gas die
verschiedenen Sektoren von Transport-, Warme-, Strom- und Industrie miteinander, da
der Wasserstoff und das synthetische Methan, die durch Power-to-Gas produziert
werden, mehrfach genutzt werden kdnnen. Am Ende des dritten Kapitels werden dann
die Wirkungsgrade von Power-to-Gas und die Kosten einer Anlage analysiert.
Schlussendlich beschreibt das Kapitel 4 dann zentrale und dezentrale, geeignete
Standorte fur Power-to-Gas Anlagen.

Als Fallstudie fur Power-to-Gas wurde das Land Deutschland gewahlt, welches den

Ausstieg aus der Kernenergie plant und damit Ziele flr erneuerbare Energien, die eine
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Energiewende zu 100 % erneuerbaren Energiequellen ermdglichen, setzt. Darlber
hinaus gilt Deutschland als Pionier im Bereich der Power-to-Gas-Pilotprojekte. Derzeit
gibt es 30 Demonstrationsanlagen, einschliel3lich des Hybridkraftwerks Prenzlau,
Windgas Halfurt, Viessmann Power-to-Gas, Audi-E-Gas-Projektanlage, Exytron-

emissionsfreier Wohnpark, Energiepark Mainz und Windpark RH2-WKA.

Das sechste und letzte Kapitel der Arbeit beschreibt ein Zukunftsszenario eines 100 %-
ig erneuerbaren Energiesystems in Deutschland, mit den dazugehorigen Power-to-Gas
Installationsvorschlagen, sowie Empfehlungen um Power-to-Gas attraktiver zu machen.
Schlief3lich sind sich die zitierten Autoren einig, dass Power-to-Gas nicht nur die
kostenglnstigste  Option  darstellt, sondern auch die einzig langzeitige
Speicherungsmaglichkeit ist. Die 13 % Lernrate wiederum verringert die
Investitionskosten und mit dem Wachstum an erneuerbaren Anlagen zeigt sich, dass
Power-to-Gas die einzige wirtschaftlich umsetzbare Technologie ist, die betrachtliche

Mengen an schwankender erneuerbarer Energie ausgleichen kann.

ENGLISH ABSTRACT:

In the introduction to green energy, renewable energy sources demonstrate that they
are the only suitable choices as energy producers. The statistics and the viewed
renewables of wind power, photovoltaic power, and biogas, show that in Europe and
even worldwide, the continuously installed capacities increase. Unfortunately, wind and
solar power are weather-dependent seasonal fluctuating energies that can peek over

the required demand.

In chapter 2, the infrastructure of renewable energy storage and distribution is analyzed,
while in chapter 3 the solution to balance the demand problems of renewable energy is
presented. After comparing different available storage options with each other, only
Power-to-Gas can store excess energy in a long-term and on a large scale. Additionally,
the excess electricity generated by the renewables over the demand level can be
converted into synthetic gas. The reconversion process connects the electricity network
with the gas grid. Due to delays in the expansion of the electricity network, Power-to-
Gas systems can utlize the reconversion process to relieve the electricity grid.
Additionally, the synthetic gas produced could ease the high dependence on other
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countries for gas. Power-to-Gas systems also connect transport, heat, electricity and
industry sector with each other and create synergies between them. In the end, the

degree of efficiency in the Power-to-Gas process and the involving costs are analyzed.

Chapter 4 of centralized and decentralized energy systems describes the most suitable

locations of Power-to-Gas systems.

The case study of Germany is specifying the current state and the phase-out of nuclear
energy, goals, and energy transition plans. Germany, as the pioneer in Power-to-Gas
pilot projects currently maintains 30 demonstration plants including the hybrid power
plants of Prenzlau, Windgas Hal¥furt, Viessmann Power-to-Gas, Audi e-gas project
plant, Exytron zero-emission residential park, energy park Mainz and wind park RH2-
WKA.

The last chapter in the paper describes a future scenario in a 100 % renewable system
of Germany and recommendations of changes to empower Power-to-Gas. Finally, the
cited authors furthermore agree that Power-to-Gas is not just the most cost-efficient
option, but as only long-term storage possibility, with the learning rate decreasing the
investment costs and the growth in renewable energy installations, the only
economically viable technology to balance a vast amount of fluctuating renewable

power.
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