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Abstract: The European Union is aiming at reaching greenhouse gas (GHG) emission neutrality
in 2050. Austria’s current greenhouse gas emissions are 80 million t/year. Renewable Energy
(REN) contributes 32% to Austria’s total energy consumption. To decarbonize energy consumption,
a substantial increase in energy generation from renewable energy is required. This increase will
add to the seasonality of energy supply and amplifies the seasonality in energy demand. In this
paper, the seasonality of energy supply and demand in a Net-Zero Scenario are analyzed for Austria
and requirements for hydrogen storage derived. We looked into the potential usage of hydrogen
in Austria and the economics of hydrogen generation and technology and market developments to
assess the Levelized Cost of Hydrogen (LCOH). Then, we cover the energy consumption in Austria
followed by the REN potential. The results show that incremental potential of up to 140 TWh for
hydropower, photovoltaic (PV), and wind exists in Austria. Hydropower generation and PV is higher
in summer- than in wintertime, while wind energy leads to higher energy generation in wintertime.
The largest incremental potential is PV, with agrivoltaic systems significantly increasing the area
amenable for PV compared with PV usage only. Battery Electric Vehicles (BEV) and Fuel Cell Vehicles
(FCV) use energy more efficiently than Internal Combustion Engine (ICE) cars; however, the use of
hydrogen for electricity generation significantly decreases the efficiency due to electricity–hydrogen–
electricity conversion. The increase in REN use and the higher demand for energy in Austria in
wintertime require seasonal storage of energy. We developed three scenarios, Externally Dependent
Scenario (EDS), Balanced Energy Scenario (BES) or Self-Sustained Scenario (SSS), for Austria. The
EDS scenario assumes significant REN import to Austria, whereas the SSS scenario relies on REN
generation within Austria. The required hydrogen storage would be 10.82 bn m3 for EDS, 13.34 bn m3

for BES, and 18.69 bn m3 for SSS. Gas and oil production in Austria and the presence of aquifers
indicates that sufficient storage capacity might be available. Significant technology development
is required to be able to implement hydrogen as an energy carrier and to balance seasonal energy
demand and supply.

Keywords: underground hydrogen storage; hydrogen usage; Austria’s energy consumption

1. Introduction

In 2021, the European Union (EU) established a framework for achieving climate
neutrality in 2050 [1]. The regulation sets a binding objective of climate neutrality in the
European Union by 2050. In addition, it sets a European Union target of net domestic
reduction in greenhouse gas emissions by at least 55%, compared to 1990 levels, by 2030.
The aim is to limit global warming to 1.5 ◦C above pre-industrial levels to limit the impact
of global warming, as based on the assessment of the Intergovernmental Panel on Climate
Change (IPCC) [2]. To achieve this target, the EU issued a directive to increase the use of
energy from renewable sources to 38–40% by 2030 [3]. Hydrogen is seen as a key priority
to achieve the European Green Deal [4] and Europe’s clean energy transition [5].
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The International Energy Agency (IEA) forecasts substantial short-term additions
in renewable energy capacity in Europe until 2025 [6]. The major increase in renewable
energy in Europe is expected to come from photovoltaic (PV) followed by wind energy [6].
The share of renewables in total energy supply is forecasted to increase to 75% in the
Net-Zero Emission Scenario (NZE) of the IEA [7]. Austria issued a law in 2021 with the aim
of increasing the share of renewable energy (REN) by 2030 and reaching carbon neutrality
by 2040 [8]. The law aims at increasing electricity generation from PV by 11 TWh, from
wind by 10 TWh, from hydropower by 5 TWh and biomass by 1 TWh until 2030 [8].

Recently, the European Commission issued a communication as a response to the
Russian invasion of the Ukraine [9]. The EU announced a phasing out of its dependence on
fossil fuels from Russia before 2030. To do so, the EU intends to increase the resilience of
the EU-wide energy system. This includes the electrification of Europe by adding wind
and PV capacities but also boosting green hydrogen production and imports, as well as
electrification of and hydrogen use in energy-intensive industries. Austria is following a
similar strategy with the aim of accelerating the use of REN, producing hydrogen from
REN and importing hydrogen to substantially decrease the dependency on fossil fuel until
2030 [10].

The challenge of using REN is the fluctuating energy supply from PV, wind, and
hydropower (e.g., [11,12]). Integrating large amounts of REN needs to address the flex-
ibility of the system on intraday, day-ahead planning and seasonal energy fluctuations
(e.g., [13–15]). Several options exist for storing electricity. These include pumped hydro
storage (PHS), compressed air energy storage (CAES), batteries, and flywheels (e.g., [16,17]).
The preferred option for storing large amounts of electricity from REN for a long period
of time is hydrogen storage, owing to the large volumes of energy that can be stored [18]
(Figure 1). Short-term storage is not included in our further analysis and will require
different technologies than hydrogen storage, as shown in Figure 1.

Figure 1. Storage options for electricity from renewable energy (adapted with permission from [18]
IEA 2015). CAES = Compressed Air Energy Storage, PHS = Pumped Hydrostorage, T&D = Transmis-
sion and Distribution.

Concerning hydrogen storge, electricity could be used to generate hydrogen, which is
then stored in the subsurface (e.g., [19,20]). Underground Hydrogen Storage (UHS) can be
done in different geological structures, such as salt caverns, abandoned conventional mines,
depleted gas reservoirs, depleted oil reservoirs or aquifers (e.g., [21,22]). Injecting hydrogen
for seasonal storage favours the use of depleted gas and oil reservoirs or aquifers, owing to
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the large volumes of hydrogen that need to be stored (e.g., [23,24]). Various issues need
to be addressed in UHS, including hydrogen-brine-rock geochemical reactions, microbial
growth in the reservoir, mixing of gases, and geomechanics (e.g., [25–27]).

Here, we are going to investigate the impact of substantially increased renewable
energy generation on the potential for using and implementing Underground Hydrogen
Storage in Austria.

The paper is based on the not-peer-reviewed paper SPE 209627-MS, published in the
conference proceedings of the SPE Europec 2022, which will be held 5–9 June 2022.

The paper is structured as follows: In the next paragraph, the potential generation,
storage and use of hydrogen in Austria is described. Then, the current energy generation
and usage in Austria is discussed, including the scenarios for energy generation in 2050
and resulting hydrogen storage requirements.

2. Potential Generation, Storage and Use of Hydrogen in Austria

In 2020, about 150,000 t of hydrogen were used in Austria [28]. The hydrogen used in
Austria is currently generated from fossil fuels. Figure 2 shows the potential generation,
storage, and usage of hydrogen in Austria. Electricity which is generated from REN sources
could be used to generate hydrogen, which is then stored in the subsurface. The generated
hydrogen could be supplied to the grid or stored in short-term or seasonal storage sites
and then used for multiple purposes.

Figure 2. Generation, storage, and usage of hydrogen from renewable energy sources.

Various potential uses for hydrogen supplied from a hydrogen gas grid are shown on
the right part of Figure 2.

Building heating: in Austria, 49.8% of households have a central heating system and
11.8% a gas heating system covering one floor. In 2020, 27.3% of the used heating systems
burned gas and 16% oil [29]. Hydrogen can replace natural gas and heating oil as an energy
carrier for heating. Currently, 10% of hydrogen is allowed to be added to the natural
gas network in Austria [30]. To use larger parts of the gas network for hydrogen, several
options were studied and challenges identified (e.g., [31,32]), and the challenges include
the distribution network but also the heating system in households.

Aviation: in aviation, about 0.83 Mt of kerosene were used in Austria, emitting
2.61 Mt CO2 in 2018 ([33]). Hydrogen can be used as a replacement for fossil fuels but
requires significant research and development in aviation (e.g., [34,35]).



Energies 2022, 15, 3742 4 of 23

Transport sector and ferry and cargo ships: in the transport sector, heavy road transport
is forecasted to be satisfied by a mixture of technologies; out of those, 55% are expected to
be hydrogen related [36]. For light-duty vehicles, the sales of electric vehicles are expected
to increase substantially (e.g., [37]). The generation of a hydrogen network might lead
to opportunities for fuel cell light-duty cars [38]. The reason is that a hydrogen network
might be generated allowing cars to be refuelled at various places. The share of the energy
consumption of transport in Austria is about 36.1%. The emissions from light-duty vehicles
were 14.9 mn tCO2 and from heavy duty 8.7 mn tCO2 in 2019 [39]. For heavy-duty cars,
hydrogen fuel cell vehicles might be developed to allow for longer-distance travelling and
faster charging times.

Industry feedstock: hydrogen could be supplied to various industry sectors to decar-
bonise production. CO2 emissions from industry in Austria amounted to 28.4 mn tCO2 in
2020 excluding public electricity and heat generation [40]. In 2018, the main contributors
were the iron and steel industry with 11.3 mn tCO2, other industries (energy related emis-
sions) 9.2 mn tCO2, mineral industry (e.g., cement) 2.9 mn tCO2, and refinery with 2.8 mn
tCO2. The technologies to use hydrogen for these industries to reduce CO2 emissions are
currently developed (e.g., [41–45]).

Electricity generation: renewable energy contributes to about 77% of the electricity
generation in Austria [46]. Hydrogen can be used as fuel to generate CO2 free electricity
(e.g., [36,47]). In an electricity shortage situation, at peak demand, high electricity prices
are expected, which allow for conversion of hydrogen into electricity (e.g., [48]) by using
gas turbines or fuel cells (e.g., [49,50]).

A by-product of hydrogen generation from water electrolysis is oxygen (light-blue
arrow in Figure 2). The oxygen might be supplied to oxy-fuel combustion of biomass
(e.g., [51,52]) (see bottom left, Figure 2). The heat from the oxy-fuel power plant and the
electricity could be fed into the respective grids. The CO2 can be cost-efficiently separated
from the exhaust gas and geologically stored. Synthetic fuels could be generated by using
CO2 and hydrogen (e.g., [53,54]). The synthetic fuel can be used for various purposes in the
transport sector but also as industry feedstock (bottom right of Figure 2). Synthetic fuels
might be particularly attractive for long-haul flights but a number of challenges need to be
overcome before hydrogen can be used for long distances (e.g., [34,55]).

The various components of the hydrogen–electricity system, as shown in Figure 2, are
at different Technology Readiness Levels (TRLs). The TRLs used here are based on [56]. Re-
newable Energy (REN) generation is proven in an operational environment (TRL 9). Several
improvements and extensions of REN generation are currently tested in an operational en-
vironment (e.g., agrivoltaic). Electrolysis is a proven technology using alkaline electrolysis;
however, potentially cost-competitive options, such as Proton Exchange Membrane (PEM),
require more developments and need to prove the cost benefits (IEA 2019). Underground
Hydrogen Storage (UHS) in porous media is tested in a relevant environment and at TRL
5. Large-scale hydrogen distribution requires additional research concerning hydrogen
network and usage in households, industry, and aviation—in some of those areas, the TRL
is 5, in others, 3. Conversion of hydrogen into electricity using turbines or fuel cells is at
TRL 4. Oxyfuel combustion of biomass or the alternative CO2 air capture is at TRL 5, as
some pilot plant tests were performed [57]. CO2 storage is applied in a number of cases,
hence, at TRL 9. The generation of CO2-emission-neutral synthetic fuels is at various TRLs
of 3 to 5, dependent on the application. Industry feedstock is at a lower TRL than synthetic
fuels for transport.

Various authors forecast that the Levelized Costs of Hydrogen (LCOH) generation
from REN will be competitive with other sources of hydrogen and methane in the future
(e.g., [47,58]). More details on the economics of hydrogen are described in Appendix A.

The sections above covered general aspects of hydrogen generation, storage and usage
in a net-zero CO2 emission scenario. In the next section, the current energy use in Austria
is described to cover the current CO2 emissions. Then, the potential for renewable energy
generation in Austria is given. Afterwards, scenarios for renewable energy usage in Austria
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are developed based on the potential of renewables and annual variations in renewable
energy generation.

3. Energy Use Austria

The development of the mix of the used energy in Austria in the years 1970–2020 is
shown in Figure 3. The largest amount of the consumed energy in Austria in 2020 was
provided by oil (34%), followed by electrical energy (21%) and gas (18%).

Figure 3. Development of the used energy mix in Austria 1970–2020 (adapted from [59] with
permission from E-Control 2021).

The electricity balance in Austria over the year 2020 is shown in Figure 4. Austria
emitted about 160 gCO2/kWh of electricity produced, which is significantly below the
IEA average [60]. The reason is the large contribution of hydropower in the energy mix
(Figure 4). Due to the higher runoff in summertime, there is a seasonal effect in the electricity
generation from hydropower. In 2020, a cumulative amount of 22.3 TWh of electricity
was exported and 24.5 TWh of electricity imported to Austria. The physical import of
electricity and electricity generation from thermal power stations are higher in wintertime
than in summertime to balance the electricity consumption in winter. The electricity that is
imported to Austria is generated with higher CO2 intensity than the electricity generated
in Austria and needs to be replaced in a net-zero emission scenario. That said, 75% of the
thermal power shown in Figure 4 is generated from fossil fuels and the remainder by using
biofuel (E-Control 2021).

Figure 4. Electricity balance in Austria in 2020 (adapted from [59] with permission from E-Control 2021).

The largest fluctuation in energy consumption is related to heating in wintertime.
Figure 5 shows the changes in gas consumption in Austria in 2019–2020. The difference in
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gas consumption is more than a factor of three, comparing July and January. In Austria,
several Underground Gas Storage (UGS) fields with a total volume of 8.4 bn m3 are used to
balance gas supply and demand [60].

Figure 5. Gas consumption in Austria (adapted from [59] with permission from E-Control 2021).

4. Potential of Renewable Energy in Austria

Renewable Energy contributed 32.6% to the total energy consumption in Austria in
2017 [61]. The amount of electricity generated from REN was 50.8 TWh, the amount of heat
generated from REN was 52.2 TWh, and biofuels 5.8 TWh [61]. The contribution of the
various REN energy sources to electricity and power is depicted in Figure 6.

Figure 6. Contributions to Austrian heat (right) and electricity generation by REN in 2017 (adapted
from [61] with permission from Biermayr 2018).

Biomass has the biggest share of the REN-generated heat, followed by district heat
using biomass. Hydropower dominates electricity generation, followed by wind and
biomass. The largest increase in REN electricity generation within the last decade was
achieved by wind energy, which provided 6.6 TWh in 2018.

In the following section, the potential of the various REN sources in Austria is described.

4.1. Hydropower

Austria uses a substantial amount of hydropower for electricity generation. From
2005 until 2019, the electricity generation by hydropower grew by 0.7% per year. There is
potential to further increase hydropower electricity generation from 38.4 TWh in 2017 by
11 TWh until 2050. The total capacity of hydropower in Austria is higher than 11 TWh; how-
ever, places in environmentally sensitive areas need to be subtracted from the theoretical
potential, leading to an incremental potential of about 11 TWh [62].
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4.2. Wind Energy

Wind energy contributed 6.6 TWh to the electricity generation in Austria in 2017.
While in 2014, 407 MW wind energy capacity was added, the capacity additions in Austria
slowed down to 120 MW in 2019. Adding wind energy capacity is challenging, owing to
restrictions related to the distance of wind turbines to houses, environmentally sensitive
areas, biological activity, and recreation aspects. The incremental potential for energy
generation by wind energy is estimated as 12 TWh [63] or 22.4 TWh [64].

4.3. Geothermal Energy

Currently, the contribution of geothermal energy to heat and electricity generation is
small, only about 0.1 GW installed [60]. Königshofer et al. [65] looked into the potential for
geothermal energy in Austria. The resulting potential was estimated as 3.1 TWh in 2050.

4.4. Biomass

Biomass contributed 49.6 TWh to electricity generation in Austria in 2017 [61]. Biomass
includes wood, wood pellets, woodchips, wood waste, charcoal, biofuel, and other biomass.
The largest share of bioenergy is solid biofuel (84%), followed by biodiesel (7%) and
biogases (6%) [66]. The potential contribution of biomass to energy generation is seen as
19–51 TWh [67].

4.5. Photovoltaic

Austria has substantial potential for energy generation using photovoltaic (PV) systems.
Figure 7 shows the solar potential of the various areas in Austria [68]. In 2017, 1.27 TWh
electricity was produced by PV in Austria [61]. The installed PV capacity in Austria
increased steeply from 2010 onwards; in 2020, 341 MW capacity was added.

Figure 7. Horizontal solar power potential in Austria (© 2020 The World Bank, Source: Global Solar
Atlas 2.0, Solar resource data: Solargis [68] SolarGIS 2011).

The potential of PV in Austria includes various parts: (1) PV installed on buildings,
(2) PV installations on landfills, (3) along roads and railway tracks, and (4) PV installed in
open space. The estimated potential by Fechner (2020) [69] is given in Table 1.

Agrivoltaics is significantly increasing the open space areas that could be used for PV
(e.g., [70,71]). Levelized Costs of Electricity (LCOE) are expected to be about 30% higher
compared with ground-mounted PV [70]; however, only limited reduction in agricultural
product growth is expected. Hence, the conflicting use of open space for agricultural
or electricity production is resolved. For agricultural purposes, 1.33 mn ha are used in
Austria [72]. The distribution of the usage of the agricultural area is shown in Figure 8.
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The largest part is used for animal feed (0.619 mn ha), followed by food (0.415 mn ha), and
oleiferous fruits (0.135 mn ha).

Table 1. Potential of PV in Austria.

Technical Potential in TWh

Buildings 13.4

Land Fills 1.2

Along Roads and Railway Tracks 4.5

Open Space 28–32

Figure 8. Usage of agricultural area in Austria in 2017 (based on [72] with permission from Österre-
ichischer Biomasse-Verband 2019).

The energy yield of agrivoltaics is about 312 kWpeak/ha [73]; hence, even assuming
that only a small fraction of the agricultural area can be used for agrivoltaics leads to large
potential for electricity generation.

4.6. Summary of Renewable Energy Generation Potential in Austria

The largest potential for incremental REN generation in Austria is energy provided by
biomass and PV. The potential from wind and hydropower is substantial, whereas geother-
mal energy has a somewhat lower potential in Austria. The potential of PV can be extended
substantially if agrivoltaic electricity generation is implemented. The following section
describes how the potential of REN generation, as described above, is combined with
energy consumption to derive REN scenarios for the use of hydrogen storage in Austria.

5. Renewable Energy Scenarios

Energy generation and energy consumption in Austria vary over the course of a year.
In the following sections, the assumptions for energy consumption are shown, followed by
the assumptions for energy generation in Austria.

5.1. Current Energy Consumption

The electricity consumption in Austria was about 20% lower in summertime than
in wintertime in 2017 [72]. To balance electricity generation and demand in Austria, in
wintertime, the share of electricity generated from fossil energy is increasing and more
electricity is imported (Figure 9).
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Figure 9. Electricity consumption over the course of a year in Austria in 2017 (modified after [72]
with permission from Österreichischer Biomasse-Verband 2019).

Gas consumption in Austria shows a difference in summer- and wintertime as well.
Overall gas consumption in Austria was distributed as follows: households 17.2 TWh,
small business and industry 8.3 TWh, medium-sized industry 8 TWh, and large industry
57.2 TWh in 2020 [59].

The oil products that are consumed in Austria are distributed as follows: diesel
fuel 62%, petrol 14.4%, jet oil 8.3%, heating oil 9.3%, bitumen 4.3%, and other products
1.2% [74]. About 1.07 mn t (12.54 TWh) light heating oil was used in Austria in 2019 [74].
For the gas used in heating and heating oil, the monthly distribution, as shown in Table 2,
was considered.

Table 2. Monthly distribution of consumption of gas used for heating and heating oil.

January Feb. March April May June July August Sept. Oct. Nov. Dec

% 16.1 13 12.5 8.1 3.5 2.2 1.7 1.6 6.2 8.4 11.2 15.5

5.2. Current Energy Generation

In 2017, 72.2% of the electrical energy was generated using REN [61]. Hydropower
contributed 75%, wind 12.9%, and PV 2.4% to the REN electricity generation in Austria.
These three technologies exhibit a significant difference in the monthly electricity generation.
The power generation distribution within a year of the hydropower, wind and solar power
is given in Table 3 [75]. Hydropower electricity generation varies over the course of the
year due to the difference in run-off in summer- and wintertime. The run-off in wintertime
is lower than in summer owing to lower precipitation in summertime and the precipitation
as snow in winter. The factor of maximum to minimum monthly electricity generation
from hydropower is 1.8. Electricity generation from wind shows a maximum to minimum
variation of 2.0. Wintertime is windier than summertime, resulting in higher electricity
generation from wind energy accordingly. PV electricity generation exhibits the largest
variation from maximum in summertime to minimum in wintertime by a factor 3.8.

Table 3. Monthly distribution of electricity generation from hydropower, wind, and PV in Austria
in %.

January Feb. March April May June July August Sept. Oct. Nov. Dec

Hydropower 6.51 5.81 7.83 8.51 10.86 11.22 11.5 10.66 7.6 6.78 6.09 6.63

Wind 10.64 9.77 10.98 7.38 7.25 5.41 7.05 6.78 6.63 7.57 10.69 9.85

PV 4.47 5.88 8.77 10.15 11.68 11.13 12.17 11.38 9.24 7.67 4.24 3.22
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5.3. Scenarios for 2050

We evaluated three scenarios concerning decarbonization for Austria. All the scenarios
assume that Austria is continuing to pursue the goal of net-zero greenhouse gas (GHG)
emissions in 2040. The scenarios do not cover all Austrian GHG emissions but the emissions
relevant for hydrogen storage. The scenarios differ by the REN generation in Austria.

We developed the following scenarios: Externally Dependent Scenario (EDS), Balanced
Energy Scenario (BES), and Self-Sustained Scenario (SSS). For all scenarios, efficiency gains
in heat consumption of households and transport are assumed, as described below.

5.3.1. Efficiency Gains in Heat Consumption in Households

The assumed efficiency gains are related to improved insulation and the increased use
of heat pumps. Heat pumps have an efficiency factor of 3 to 5 of heat generated/electricity
used, dependent on the type of heat pump (air, shallow depth, deep); this is on the high
side of the range given by Kranzl et al. [76] to take technology improvements into account.
However, if hydrogen is converted into electricity in wintertime to balance supply and
demand, 40–65% of the energy efficiency is lost if turbines (open-cycle or combined-cycle
gas turbines) are used [15]. In the case that fuel cells are applied, energy losses of 30% to
40% are expected, dependent on the fuel cell type [18]. Here, we assume an efficiency gain
of 20% for the EDS, BES, and SSS, taking use of heat pumps with electricity, fuel cells, and
technology advances into account.

Using the monthly distribution for households and the amount of gas and heating oil
and applying a 20% efficiency gain leads to the monthly use of energy for heating, as shown
in Figure 10.

Figure 10. Monthly distribution of energy consumption replacing gas for heating and heating oil for
EDS, BES, and SSS.

5.3.2. Efficiency Gains in Transport

Another area of energy efficiency gain is the transport sector. Hybrid Electric Vehicles
are in the short-term reducing CO2 emissions [77], however in the long-term, Battery
Electric Vehicles (BEV) are expected to gain a large share of the light-duty vehicles sales [78].
The other large part of transport is assumed to be taken by Fuel Cell Vehicles (FCV). For
heavy-duty vehicles, fuels cells are seen as a viable alternative to battery vehicles in a
net-zero emission scenario [79]. Internal Combustion Engine (ICE) cars have an efficiency
from tank-to-wheel of 14–33% for gasoline ICE and 25–37% for diesel ICE [80]. The battery-
to-wheel efficiency for BEV is about 66%, including losses in the distribution grid. However,
if electricity is converted into hydrogen and back to electricity during peak demand, then
35% of energy is lost in converting electricity to hydrogen and 40–65% of the energy is lost
in the turbines [81]. The efficiency of FCV (tank-to-wheel) is 50–60%. Due to transport,
and the compression of hydrogen another 17% of the efficiency is lost [53]. Generation
of hydrogen using electrolysis leads to another efficiency loss of 35%. Assuming that
BEV cars are supplied with about 30% by electricity generation from hydrogen (assuming
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45% average turbine efficiency) results in an overall efficiency of 51.5% for BEV compared
with 25.1% for FCV (using an average of 55% fuel cell efficiency) and 30% for modern
gasoline and 35% for modern diesel cars. Averaging BEV and FCV efficiency to 38.2% and
comparing this efficiency with the average efficiency of diesel and gasoline cars (32.5%)
leads to an improvement in energy use of 15%. Including additional efficiency gains, a
slightly higher number of 20% efficiency improvement was applied to EDS, BES, and SSS.
The efficiency of BEV cars in terms of kilometers per kWh is higher in summertime than in
wintertime. During periods of high temperatures, the BEV efficiency is decreased due to
the use of air conditioning. However, the decrease for high temperatures is small for the
case of the Austrian climate and is neglected here. Figure 11 shows the difference of BEV
efficiency over the course of a year and is based on data from Hao et al., 2020 [82].

Figure 11. BEV car efficiency (kilometer per kWh) over the course of a year based on Austrian climate.

Assuming 20% fuel cell light-duty vehicles and 60% fuel cell heavy-duty vehicles, and
an efficiency gain of 30.7%, leads to the monthly energy consumption by transport shown
in Figure 12.

Figure 12. Energy consumption over the course of the year by transport by 2050 for EDS, BES,
and SSS.



Energies 2022, 15, 3742 12 of 23

5.3.3. Additional Fossil Energy Replacement

To replace electricity generation from fossil fuels and electricity import, REN needs to
be used. To account for the replacement and the differences in winter- and summertime
(see Figure 9), 11.4 TWh needs to be stored.

Furthermore, coal and gas, other than that used for electricity generation and heating,
which amounted to 92.4 TWh in 2019, need to be replaced in 2050. For this amount,
no significant difference over the course of the year is expected.

To calculate the amount of hydrogen needed, we assumed that 4380 h per year is used
for generating hydrogen for peak shaving supply and demand. This is in the low part of
the cost curve for LCOH using electrolysers (Figure A2) and is similar to the injection and
production periods from current storage operations in Austria [59].

For all the three scenarios, it is assumed that the efficiency gains, as described above,
are realized. As described above, 4380 h of hydrogen generation is used for the calculation
of the difference in energy generation in summer- and wintertime. The resulting difference
from summer to winter that needs to be balanced for all the three scenarios is: heat (gas
and light oil) 12.7 TWh, 2.04 TWh transport, and 11.4 TWh to account for the fossil-fuel-
generated electricity and electricity import, which is replaced by REN.

In the following sections, the three different scenarios investigated here are described.

5.4. Externally Dependent Scenario (EDS)

Generating a large amount of REN in Austria requires public acceptance and substan-
tial investments. This scenario assumes that a substantial amount of the required REN
in Austria will be supplied externally. Hydrogen generation costs in Austria utilizing
wind and PV are lower than in many other European countries; however, the costs of
hydrogen generation using REN are expected to be lower in several areas in Africa and the
Middle East than in Austria [83]. Hydrogen production in low-cost areas leads to additional
costs for shipping and dehydrogenation to supply the hydrogen to Austria [83]. There are
plans to improve the electricity generation network, which will allow for balancing wind-
generated electricity and PV-generated electricity. Furthermore, a hydrogen network might
develop in Europe allowing one to transport hydrogen within Europe and from North
Africa to Austria [84]. In the EDS scenario, it assumed that REN generated in Austria is
supplemented by energy import as electricity or hydrogen.

In addition to the energy difference between summer- and wintertime, which is
similar for all scenarios, it is assumed that the potential of REN electricity generation is
not realized but energy is imported to Austria. Therefore, out of the total incremental
potential for REN, 7 TWh of hydropower, 12 TWh wind energy and 23.55 TWh of PV are
assumed. The distribution of the incremental REN within a year is depicted in Figure 13.
In summertime (April to September), 6.6 TWh more is produced than in wintertime.
Combining the difference in summer- and wintertime, which is the same for all scenarios
with the difference for the EDS scenario, results in a total energy requirement difference
from winter- to summertime of 32.74 TWh, which needs to be stored. The resulting required
hydrogen storage is 10.82 bm3.

5.5. Balanced Energy Scenario (BES)

In this scenario, we assume that a larger part of the REN potential in Austria is
realized than in EDS. The realized REN is related to the costs of generating REN in Austria
and reflects the lower cost part of the REN potential. Energy imports of electricity and
hydrogen complement the required energy. For this scenario, a limited amount of higher
cost agrivoltaics is assumed. Incremental REN generation compared with 2019 of 11 TWh
for wind, 17 TWh for wind, and 47.1 TWh for PV is used. The resulting energy production
from hydropower, wind, and PV is depicted in Figure 14. The resulting requirement for
hydrogen storage is 40.03 TWh or 13.34 bm3, including the contributions, which are the
same for all scenarios.
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Figure 13. Incremental electricity generation in 2050 compared with 2019 over the course of the year
for EDS.

Figure 14. Incremental electricity generation in 2050 compared with 2019 over the course of the year
for BES.

5.6. Self-Sustained Scenario (SSS)

This scenario assumes that the major part of the energy used in Austria is generated
within the country. The efficiency gains, as described above, are applied. To limit the
amount of energy imported to Austria, it is assumed that the potential of REN, as de-
scribed above, is realized. Owing to technology improvements (more efficient wind and
hydropower turbines, better PV modules) and implementation of agrivoltaics, additional
power generation is assumed to materialize by 2050. Incremental REN generation com-
pared with 2019 of 15.2 TWh for wind, 25.3 TWh for wind, and 100.1 TWh for PV is applied.
The resulting energy production from hydropower, wind, and PV is depicted in Figure 15.
The resulting requirement for hydrogen storage is 56.06 TWh or 18.69 bm3, including the
contributions, which are the same for all scenarios.

Changing the energy system from the use of fossil fuels to REN will dramatically
modify the energy markets. We expect that the market will develop into a new Nash
equilibrium (e.g., [85]). The actions of the various agents in the market will determine
which of the scenarios will evolve.
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Figure 15. Incremental electricity generation in 2050 compared with 2019 over the course of the year
for SSS.

6. Underground Hydrogen Storage Opportunities in Austria

Energy consumption in Austria is higher in winter- than in summertime. Current
electricity generation using REN in Austria is higher in summer- than in wintertime.
Currently, the higher energy requirement in winter- than in summertime is balanced by
imports of electricity with higher CO2 emissions than electricity generated in Austria and
fossil fuels. The extended use of REN will require seasonal storage of large amounts of
energy, which can be done by using UHS (Figure 1).

Within Austria, several large-scale aquifers, oil fields, and gas fields exist, which might
be used for UHS. There are several technological challenges that need to be addressed in
the selection of a structure for UHS. The caprock providing the seal for the UHS needs to
be tight for hydrogen to prevent hydrogen leakage, as hydrogen might interact with the
reservoir or caprock, resulting in hydrogen losses or contamination, bacterial activity might
convert hydrogen leading to losses or contamination, hydrogen injection might lead to
instable displacement owing to the low viscosity of hydrogen, and the hydrogen will show
strong mixing effects due to the large diffusion coefficient of hydrogen, which might result
in contamination of the gas, in particular, in reservoirs with strong permeability contrasts
(e.g., [20,86]).

The most cost-efficient option of large-scale UHS is gas fields. The reasons are that
no hydrogen–oil interactions need to be taken into account for gas fields, the amount of
water is limited in the case of gas fields with limited aquifer support, the caprock was
sealed during geological times for gas, which increases the probability that these reservoirs
are suitable for hydrogen storage, and the reservoir characterization of gas fields is much
better than the characterization of aquifers. In total, more than 70 bn m3 gas and 100 mn t
of oil were produced in Austria 1935–2021 [87]. The hydrocarbon fields are located in
two regions, the molasse basin north of the Alps and in the Vienna Basin north east of
Vienna (Figure 16) (Geological Survey of Austria). In the molasse basin in upper Austria,
UGS fields with a storage volume of about 6 bn m3 exist [59]. The gas storage volume
in the Vienna basin is about 2 bn m3 [59]. The UGS reservoirs are well connected to an
envisaged European hydrogen gas distribution grid [88] (Figure 17). In addition, there
are aquifers in Austria, which might be used for hydrogen gas storage. Comparing the
potential of hydrocarbon fields and aquifers, which might be used for UHS with the
required hydrogen storage volumes, shows that there is expected to be sufficient capacity
in Austria to balance the differences in energy generation using REN and energy demand
in summer- and wintertime.
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Figure 16. Oil (green) and gas (red) fields in Austria (© GBA/Geo-Atlas Österreich).

Figure 17. Envisaged European hydrogen gas distribution grid with the location of the two areas
with gas fields (red dots) in Austria.

7. Recommendations for Decarbonization of Austria

A substantial percentage of Austria’s energy consumption is based on REN (32%).
To decarbonize Austria, technologies need to be developed and infrastructure generated.
Austria has significant potential to further increase REN generation. A number of technol-
ogy developments are required to realize the full potential of REN in Austria. Areas of
lower TRL are oxyfuel combustion of biomass, synthetic fuels out of hydrogen, efficient
generation of electricity from hydrogen, and UHS. To achieve net zero in 2040, these tech-
nologies need to be developed at a high pace. A “Sustainable Energy Campus”, including
electricity generation, hydrogen storage, and conversion, as well as oxyfuel combustion,
would accelerate integrated technology development and energy-efficient integration of
the various components could be envisaged. Such a “Sustainable Energy Campus” would
accelerate technology development to achieve TRL 9 in time for deployment of the technolo-
gies. Some of the technologies can be implemented as modular systems (e.g., agrivoltaics,
electrolysis), allowing for organic and fast growth of REN.

In addition, potential UHS locations need to be screened for the large-scale storage
of hydrogen. The UHS locations need to meet reservoir characteristics (e.g., permeability,
porosity, mineral composition), as well as proximity to hydrogen consumers or pipelines.

Furthermore, the energy infrastructure for electricity and hydrogen generation and
distribution needs to be evaluated for suitability and potential for REN.
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8. Conclusions

Achieving carbon neutrality for Austria in 2040 is challenging. In addition to Re-
newable Energy (REN) generation, the differences in energy generation using REN and
energy consumption need to be addressed. Hydrogen will play an important role as an
energy carrier and for CO2-emission-free industry feedstock. However, substantial addi-
tional REN generation is required to generate hydrogen. The energy efficiency loss when
electricity generated by REN is transferred into hydrogen results in increases in energy
requirements, partly offsetting efficiency gains. Several technology components in the
integrated electricity–hydrogen systems are at Technology Readiness Levels (TRLs) of 5 or
lower. Hence, significant technology development is required to reach technology maturity.
As capital-intensive investments require a long time of payback, the TRLs of the various
components need to be reached more than ten years prior to an envisaged carbon neutrality.
One key component is the CAPEX per kWh of the electrolyser. Significant cost reduction
needs to be achieved to reach cost competitiveness of hydrogen generation using REN. The
second important factor is the cost of electricity with the load hours. Low electricity costs at
times of high energy generation using REN and high electricity costs at times of low REN
generation will lead to cost-efficient hydrogen generation (high REN electricity generation)
and conversion of hydrogen to electricity (low REN electricity generation).

Austria has substantial potential for REN generation. The total contribution of REN
was 32.6% in 2018, and additional potential is estimated to be up to 15 TWh for hydropower,
25 TWh for wind, and 100 TWh for photovoltaic (PV). The large potential for PV assumes
the use of agrivoltaics. The annual fluctuations in REN generation require large amounts
of energy storage. Dependent on the scenario, the Externally Dependent Scenario (EDS),
Balanced Energy Scenario (BES), or Self-Sustained Scenario (SSS), various amounts of REN
are expected to be imported. The resulting required hydrogen storage capacity in Austria
ranges from 11 bn m3 to 19 bn m3. Which of the scenarios will materialize depends on
political and market-driven factors.

Austria’s hydrogen storage potential in hydrocarbon fields and aquifers is expected to
be sufficient to cover the storage requirements; furthermore, the gas fields are close to the
envisaged European hydrogen pipeline system.

To accelerate the decarbonization of Austria, a “Sustainable Energy Campus”, in which
various technologies as well as the synergies are tested and developed towards TRL 9,
should be envisaged. In addition, UHS storage sites need to be screened and the readiness
of the energy infrastructure for REN electricity and hydrogen assessed and developed.

Author Contributions: Conceptualization, M.C. and T.C.; methodology, T.C.; validation, T.C.; formal
analysis, M.C. and T.C.; investigation, M.C. and T.C.; writing—original draft preparation, M.C.
and T.C.; writing—review and editing, T.C.; visualization, M.C. and T.C.; supervision, T.C.; project
administration, T.C. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Acknowledgments: Thanks to Keyvan Osivandi (OMV E&P) and Leo Bräuer (OMV E&P) for the dis-
cussions.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

BES Balanced Energy Scenario
BEV Battery Electric Vehicles
CAPEX Capital Expenditures
CCS Carbon Capture and Storage
EDS Externally Dependent Scenario
EU European Union



Energies 2022, 15, 3742 17 of 23

ECS Efficient Consumption Scenario
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IPCC Intergovernmental Panel on Climate Change
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SMR Steam Methane Reforming
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Appendix A. Economics of Hydrogen Generation

Currently, a cost-efficient production method for hydrogen is Steam Methane Reform-
ing (SMR) (e.g., [89]). As such, 48% of current hydrogen production is steam reforming, 30%
comes from petroleum fractions, 18% coal gasification and 4% by electrolysis [90]. Costs
for hydrogen generation using REN are currently significantly higher than applying SMR
(e.g., [91,92]). However, CO2 emissions related to hydrogen production using SMR are
about 7 kg CO2/kg H2 (e.g., [93]). To reduce CO2 emissions from SMR, the produced CO2
can be captured and geologically stored (e.g., [94,95]). Costs for SMR with CO2 capture and
storage are currently lower than hydrogen generation using REN; however, greenhouse gas
emissions related to production and transport of gas need to be accounted for (e.g., [96]).
Another method to generate hydrogen is thermal decomposition of methane by pyrolysis.
Pyrolysis is at a lower TRL than the methods mentioned above (e.g., [97,98]). As for SMR
with CO2 capture and storage (CCS), greenhouse gas emissions related to production and
transport of gas need to be considered for pyrolysis [99]. CO2 geological storage is currently
forbidden in Austria [100]. As additional greenhouse gas emissions related to hydrocarbon
exploration and production, as well as transport, need to be considered for CCS, here,
we focus on hydrogen production using REN. Hydrogen can be generated using nuclear
energy (e.g., [101]); however, in Austria, the use of nuclear power stations is forbidden by
law [102] and is, therefore, not considered here.

The generation of hydrogen using REN requires electrolysis. The electrolyser is the
major part of capital expenditure (CAPEX) related to hydrogen generation using REN
(e.g., [103]). The CAPEX for electrolysers is expected to decrease to a range of of 400–900
USD/kW for alkaline electrolysis and 250–750 USD/kW for proton exchange membrane
technologies (Figure A1) [104].

The second important parameter concerning costs of producing hydrogen using REN
is the utilization rate of the electrolyser (e.g., [105]). The third parameter is the cost of
electricity. Figure A2 shows that the Levelized Costs of Hydrogen (LCOH)—accounting
for all capital and operating costs of producing hydrogen—steeply decrease until about
3000 annual full load hours [81]. The reason is the decreasing influence of the CAPEX in
this range. The lowest hydrogen costs are achieved in this example in the mid range, from
2500–6000 full load hours. Above 6000 h, the LCOH grow as the operating expenditure
(OPEX) part related to electricity costs increases. The curve shown in Figure A1 is case
dependent, the IEA assumed a discount rate of 8% and CAPEX of 800 USD/kWe and
Japanese electricity spot prices in 2018.
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The LCOH generation, as shown in Figure A1, depends on the CAPEX and elec-
tricity costs versus load hours. Increasing the use of REN for electricity generation will
change the load duration curve (e.g., [17,47]). For a high percentage of REN penetration,
van Gerwen et al. [47] showed that the load duration curve will significantly change. There
will be periods of overproduction, which leads to low or zero electricity price [47]. For
Austria, EIW estimates that excess energy could be available for 5500 h in 2030 [28].

Figure A1. Levelized Cost of Hydrogen (LCOH) as a function of annual full load hours. Up to 2500 h,
CAPEX costs dominate and costs are decrease, OPEX other than electricity decreases as well and
is included in CAPEX + OPEX. Above 6000 h OPEX related to electricity is most important. The
optimum for this example case is between 2500 and 6000 h. (adapted from [81] with permission from
IEA 2019).

Three different periods will emerge for a large contribution of REN to energy genera-
tion [47] (Figure A2):

A time during which the production of REN is higher than the demand. This will
result in low electricity prices, which can be used to generate hydrogen;

A time during which hydrogen is used to balance production and demand;
A time of electricity shortage in which electricity prices are high and hydrogen can be

electrified.

Figure A2. Example renewable energy generation and demand for a high penetration of REN).
Three periods can be distinguished [47]: (1) production of hydrogen during REN surplus, (2) use of
hydrogen, and (3) electrification of hydrogen.
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The forecasted decreasing costs for electrolysers and increasing penetration of REN
for electricity generation leads to a substantial reduction in the LCOH. Various authors
forecast that in the early 2030s, the LCOH of hydrogen generation using REN will be lower
than generation of hydrogen using fossil fuels (e.g., [47,83,106]). For Austria, EIW forecast
5500 h with excess electrical energy being available already in 2030 if the planned national
Austrian strategy for electricity generation is executed [28].
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