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Abstract: Hydrogen is becoming an increasingly important energy carrier in sector integration for
fuel cell transportation, heat and electricity. Underground salt caverns are one of the most promising
ways to store the hydrogen obtained from water electrolysis using power generation from renewable
energy sources (RES). At the same time, the production of hydrogen can be used to avoid energy
curtailments during times of low electricity demand or low prices. The stored hydrogen can also be
used during times of high energy demand for power generation, e.g., with fuel cells, to cover the
fluctuations and shortages caused by low RES generation. This article presents an overview of the
techniques that were used and proposed for using excess energy from RES for hydrogen production
from water and its storage techniques, especially in underground salt caverns, for the aforementioned
purpose, and its feasibility. This paper compares and summarizes the competing technologies based
on the current state-of-the-art, identifies some of the difficulties in hydrogen production and storage,
and discusses which technology is the most promising. The related analysis compares cost and
techno-economic feasibility with regard to hydrogen production and storage systems. The paper also
identifies the potential, technical challenges and the limitations associated with hydrogen integration
into the power grid.

Keywords: energy storage; underground salt cavern; hydrogen storage; flexibility; renewable energy
sources; curtailed energy

1. Introduction

We are witnessing changes in all energy sectors. Strong decarbonization and defos-
silization is necessary to realize the set climate targets by 2050 [1]. An example of these
challenges is the “European Green Deal”, a strategy that aims to transform the European
Union (EU) into a society with no net greenhouse gas emissions in 2050 [1]. This is where
renewable energy sources (RES) play a leading role. Within this framework of energy transi-
tion, hydrogen was identified as an important energy carrier for coupling the transportation,
heating and electricity sectors [2–26].

Hydrogen can be produced from water in an electrolyzer using electric energy coming
from different RES, such as solar or wind [3–22,27–30]. This can be applied in residential
and industrial sectors [24]. In recent years, a lot of research was conducted in the field of
hydrogen storage. One possible way of storing hydrogen is using salt caverns, as they
proved to be an excellent reserve system for crude oil and natural gas [5–9,29–35]. The
main goal of storing hydrogen in underground salt caverns is to compensate for seasonal
fluctuations in electrical energy, which increase the reliability of the future energy systems,
which mostly rely on the RES [5,6,8,13–17,29–33,36,37].

Conventional power plant capacity will decrease in the next years. This leads to a
reduction in fossil fuel usage, implying the need to find and implement other ways to
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produce electricity. RES could solve this problem and reduce CO2 emissions [36]. Hydrogen
is the first storage candidate, a non-fossil fuel option for fulfilling the current demand of
primary or secondary energy sources. To provide a rough idea of the feasibility of hydrogen
storage, the temperature of a salt cavern to store hydrogen is around 25 ◦C/km−1 with
respect to depth [5]. Considering the test cavern, which has a depth of 1000 m below the
surface, and a volume of 500 m3, which is being investigated within the project called
Hydrogen Caverns for Mobility (HyCAVmobil) at the German Aerospace Center (DLR), the
temperature then is assumed to be around 25 ◦C. Based on Figure 1, below, the hydrogen
density at this temperature and under the atmospheric pressure (1 Bar) is between 7 kg/m3

and 12 kg/m3. This implies the need to compress hydrogen into a higher pressure to
increase the density and make it a usable medium to store a large amount of energy. The
typical cavern pressure for this depth is from approximately 70 to 180 Bar, as shown by
Area 4 in Figure 1 [5].
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Figure 1. Density of hydrogen under different pressures and temperatures (reprinted with permission
from Ref. [38]. Copyright 2012 ILK Dresden, Moritz Kuhn. CC BY-SA 4.0).

Water is the only product resulting from the hydrogen–oxygen reaction [24]. The
produced water could be liquid or water vapor or a mixture of both, depending on the fuel
cell or combustion process.

Considering this, two main ideas are going to be discussed in this article. The first
idea is the techniques that other researchers have used and proposed regarding the use of
excess energy from the RES for hydrogen production and storage technologies. The second
aim is to provide an overview of how the electric system can benefit from hydrogen storage
in underground salt caverns for a better integration of RES. The techno-economic feasibility
will be shown, as well as the advantages and constraints of the integration of such storage
systems into the power grid.

The paper is organized into seven sections. Section 2 provides a description of ways
of producing hydrogen using energy from renewable energy sources. Section 3 focuses on
the techniques of storing hydrogen with a focus on underground salt caverns. Section 4
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discusses the hydrogen storage abilities for daily and seasonal energy shifting. Section 5
analyses the techno-economic feasibility of hydrogen production and storage. Section 6
discusses the integration of hydrogen system with the power grid and their technical
limitations. Section 7 concludes the paper.

2. Hydrogen Production Techniques from Renewable Energies

Electricity production from most renewables depends on the weather conditions:
when power generation exceeds the demand or the grid transportation capacity, wind
parks, for example, are either curtailed or shut down. To avoid losing the surplus of
produced energy, it could be stored in hydrogen, which is one of the most promising energy
carriers, due to its long-term storage capabilities [5,6,10,36].

Hydrogen has a high gravimetric power density and various production methods
through water-splitting, as shown in Figure 2 [39]. Electrolysis for hydrogen production
is the most mature technology and the only technology that is available at the market
scale. However, the concentrating solar thermal energy (CSP) can be used to provide high-
temperature thermochemical water splitting, which is used instead of electricity to split
water. Thermochemical cycle processes are expected to have higher efficiencies, which can
turn it into a long-term solution to hydrogen production. However, thermochemical cycle
processes have a larger footprint. Photo-electrochemical processes use the semiconductor
material to absorb sunlight and the resulting photovoltage to directly split water. In
contrast, photo-catalytic processes use only one semiconductor-based photocatalyst or a
photocatalyst suspension. Due to their simple design, an efficient, large-scale deployment
is anticipated [40]. However, recent test systems demonstrated [41] only low efficiencies to
date [42–44]. Research efforts include the development of new photocatalysts, especially
organics, and catalyst combinations, which use a two-step excitation process (a so-called
Z-scheme). Photobiological water-splitting makes use of microorganisms such as green
algae, which have a high photon conversion efficiency but are hindered by the presence
of oxygen [45]. The current research approaches are two-step processes and the use of the
hydrogen-producing enzyme hydrogenase from green algae in a cell-free system [46]. All
three hydrogen production pathways from solar radiation rely on long-known mechanisms
but are currently at an early stage of development. Further pathways use organic matter
to produce hydrogen from hydrocarbons. This can be conducted via steam reformation
applied on biogas, pyrolysis or fermentation, which all require a high-temperature supply.
To reduce the carbon footprint, the integration of heat from CSP is proposed. Pyrolysis and
gasification produce a mix of mainly hydrogen, CO and methane in the absence of oxygen.
The methane can be further cracked to hydrogen and carbon at 1200 ◦C. [39] Possible
feedstocks include organic wastes which would enable these technologies to reduce waste
streams. However, the commercial applications of these processes, producing different
fuels, have faced operational and economical challenges in the past [47].

Fermentative hydrogen production is a microbial process under anaerobic conditions.
In addition to dark fermentation, which is the most promising approach, there are also
photo-fermentative processes [48]. At the German Aerospace Center (DLR), Cologne,
Germany, intensive research is being conducted on the development of the previously
mentioned hydrogen production methods [39].

The components [4] needed for hydrogen production through water electrolysis and
storage system are as follows: wind or solar parks that generate electric energy, electrolyzers
that produce hydrogen and oxygen from water, compressors that compress produced
hydrogen to store it in the cavern and a combustion power plant that generates electricity
using hydrogen as an energy source.
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A suitable method to produce hydrogen, especially using excess energy from RES
to avoid losing potential energy by water electrolysis, providing clean and pollution-free
“green” hydrogen, is presented in [6]. The use of a hybrid combination of RES, together
with a battery and an alkaline water electrolysis system, to enhance hydrogen production,
is presented in [12].

The following hydrogen production methods presented in [12,15,49] are usually in-
tegrated in a multi-energy system or other applications, such as power-to-gas (P2G) or
distributed generation (DG).

The potential of implementing P2G to meet the industrial or fueling stations hydrogen
demands using electrolysers in Ontario is analyzed in [12]. The authors examined the
excess power from the off-peak net exports and curtailed power from wind and nuclear
with the surplus forecast. The analysis showed that the energy storage has the potential to
supply industrial users.

The idea of using a wind–hydrogen–heat-storage (WHHS) as an integrated energy
network based on a complementary multi-energy concept is presented in [15]. The designed
integrated energy network is composed of three main systems: P2G where the electricity is
the input to produce hydrogen, oxygen and methane as outputs; power to heat (P2H) also
uses electricity as an input to produce heat. The third system is gas to power (G2P), where
the gases produced from P2G are used to produce electric power.

The concept of (DG) is presented in [49]. This uses on-site, small-scale RES generation
methods such as wind and PV systems coupled with hydrogen storage to store the excess
electrical energy. During this process, the stored energy will be used by the fuel cell to
reduce the peak power demand. This reduces power losses and increases the voltage in
grid.

3. Hydrogen Storage Techniques and Capacities from Renewable Energies

Electricity storage provides a wide variety of beneficial services to the power system,
providing flexibility to balance services and maximizes the use of RES [34]. It allows the
storage operator to capture the benefit of price arbitrage and avoid wind-power curtailment.
Curtailment is a response to preserve the system stability at times of excess production [23].
As an example of curtailed energy, in 2012, Germany had a 16 GWh curtailment from
solar generation and 358 GWh from wind generation [23]. In 2019, there was a 177 GWh
curtailment from solar generation and 6272 GWh from wind generation in 2019 [50].
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The study described in [33] focuses on hydrogen storage at a large scale and studies
the possibility and feasibility of different types of storage where salt cavern storage is
not possible due to the geological situation. Hydrogen can be stored in different forms,
such as liquid hydrogen or chemically bound, e.g., in methanol or ammonia. This can be
cost-effective having a good energy storage density coupled with safety. However, the
costs will be reasonable when producing and storing hydrogen during periods of low
electricity prices. The transition to renewables presents the need to store energy and control
the renewable generation fluctuation. Hydrogen density is low (0.09 kg/m3); this means
that hydrogen density needs to be increased for use as a storage solution. Constraints
for hydrogen storages can differ from one application to another due to their differing
requirements. Some applications require fast storage and withdrawal of hydrogen, while
others need the hydrogen to be very pure. The authors in [33] compare the different storage
technologies and requirements, taking their applications into consideration. Aboveground
storages on a large scale have high investment costs, while costs are lower for underground
storage in a salt cavern. Aboveground tank storages have lower pressure limits (typically
up to 100 bar) compared to the underground salt cavern (~200 bar) [5]. For this reason,
underground salt caverns have a significantly smaller surface space requirement compared
to aboveground tank storages for the same amount of stored hydrogen. A higher storage
pressure is accompanied by a higher energy need for compression to the intended pressure
and, consequently, higher relative operating costs. Aboveground tanks can, in principle,
be placed at any location, while underground salt caverns require the presence of suitable
geological salt formations. Underground salt caverns are significantly less susceptible to
unwanted release of hydrogen, while aboveground tanks have a higher risk of hazards and
accidents due to their higher exposure to weather changes and external impacts [33]. Other
advantages of salt caverns include: fast charge and discharge, low construction cost, low
leakage rates, and a potential clean storage.

The integrated energy network using the wind–hydrogen–heat-storage (WHHS) dis-
cussed in [15] solved the wind power curtailment by converting electricity into non-
electrical energy storage. The hydrogen and oxygen produced from water electrolysis
are first stored in the tank for utilization in a vehicle, hospital, laboratories, etc. If the
storage ability is not enough, hydrogen can immediately be injected into the natural gas
pipeline. A combined gas with 5–20% hydrogen could meet the requirements of the gas
standard. Methanation is a final alternative method to improve the storage capacity of
the curtailed wind power. Whenever possible, P2H should aim to accomplish peak load
shifting and use electricity for heating.

The authors in [8] discussed the potential of hydrogen and fuel cell technologies to
support the German Energiewende (energy transition). An example of a possible future
wind–hydrogen-system is given in [8]. Hydrogen could be produced from excess wind-
power and stored in caverns. This method would for allow the storage of hydrogen for
later use. The main components of the wind–hydrogen-system are an electrolysis unit with
500 MW of capacity, a combined cycle plant with 270 MW of total power, which can be
used for re-electrification to supply the power grid, and a filling station with 500 bar trailers
for transporting hydrogen fuel, compressors, and an underground salt cavern with volume
for 4.000 tons of hydrogen, as shown in Figure 3.

In the Hydrogen Cavern for Mobility (HyCAVmobil) project, the German Aerospace
Center (DLR) is researching and evaluating how hydrogen can be stored in salt caverns
and then used in vehicles with fuel cells [51,52]. Tests at laboratory scale are followed by
tests on a test cavern operated by the energy company EWE. In Rüdersdorf (Brandenburg)
near Berlin, the EWE gas storage company is building a small cavern storage facility in the
salt rock at a depth of around 1000 m. The volume of this cavern is 500 cubic meters. Only
pure hydrogen is going to be stored there. Construction will begin in early 2021.
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According to [2], there were 671 underground gas storage facilities in the world in
2017, with a total capacity of 417 billion cubic meters, of which 70% are in the USA, Russia,
Ukraine, Canada and Germany. By 2035, it is estimated that the volume in underground
gas storage will increase by up to 54%. The authors in [4] conducted a pre-evaluation of
hydrogen storage in salt cavern in Turkey. They stated that the hydrogen storage at this
location has a technical potential for large-scale storage systems with a range of 100 GWh.

According to [5], at present, only a few sites for hydrogen storage in salt caverns are
in use. Known to the authors: in the United Kingdom and the United States. Based on [26],
when considering both offshore and onshore salt caverns, the storage potential in Europe is
84.800 TWhH2 (42% of which belongs to Germany). The overall onshore-only potential is
23.200 TWhH2 (41% of which belongs to Germany). The potential storage capacity of the
salt caverns in European countries, based on the cavern location, is presented in Table 1 [5].
To account for the economic and ecological aspects of brine disposal pipelines, a restriction
of a maximum distance of 50 km is applied to the onshore salt caverns. In this case, onshore
potential decreases to 7300 TWhH2 (60% of which belongs to Germany).

Table 1. Cavern storage potential for European countries onshore, offshore, and within 50 km of
shore (based on Figure 7 from [5]).

Caverns
Location

Onshore
[TWh]

Offshore
[TWh] Total [TWh]

Onshore within
50 km of the Shore

[TWh]

Germany 9450 26,150 35,600 4400
Netherlands 400 10,000 10,400 130

United Kingdom 1150 7850 9000 1150
Denmark 670 7130 7800 670
Norway - 7500 7500 -
Poland 7240 - 7240 145

Portugal 360 2840 3200 360
Spain 1260 - 1260 300

Romania 1100 - 1100 -
Bosnia and

Herzegovina 900 - 900 -

France 510 - 510 -
Greece 110 40 150 110
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Authors in [32] stated that Germany has around 170 caverns for the storage of natural
gas, with a typical volume of 700.000 m3, with 20 MPa maximum pressure. The maximum
pressure is 80% of initial formation pressure and the minimum pressure is around 30% of
the maximum pressure.

4. Daily and Seasonal Shifting Using Stored Hydrogen

In situations where electric power generation varies, mechanical energy storage meth-
ods, such as pumped hydro and compressed air energy storage, can help overcome this
variation. These technologies are still not suitable for large-scale implementation and for
seasonal storage, because of the compressed air and water’s low storage density. In contrast
to mechanical energy storage, chemical energy storage, such as using hydrogen, can pro-
vide up to 100 times more energy density for the same storage volume than compressed air
energy storage [5]. Pumped hydro- and compressed air are the most cost-effective storage
technologies for deployment in short-term (STS) or medium-term (MTS) storage [53]. The
cost of hydrogen storage is not competitive in these deployment scenarios. In terms of
long-term storage (LTS), the most expensive form of energy storage in this dispatch scenario
is pumped hydro. This is followed by compressed air, then hydrogen storage [53]. Based
on [53], short-term storage (STS) has 300 MWh storage capacity, medium-term storage
(MTS) has 2100 MWh storage capacity and long-term storage (LTS) has 60,000 MWh storage
capacity. These scenarios have 7 working hours per day with a full load. They operate in
7 cycles per day for STS, 1 cycle per day for MTS and 0.033 cycle per day for LTS.

The daily load shifting is tested in [6]. The authors were able to compare the compressed-
air energy-storage system (CAS) to the compressed-hydrogen storage system to cover the
large deficiency in wind power on the 5th of October, 2006. The comparison criteria are the
variations in pressure and temperature in the storage system and how much wind energy is
curtailed for the available excess energy during the testing week (from the 2nd to the 8th of
October). The results show, for CAS, that around 40% of excess of wind energy is curtailed
while, for compressed-hydrogen storage, all the power is stored. On the day (5th of October)
of a large decrease in wind power, CAS covered only 14.2 h of the necessary power, while
the compressed-hydrogen storage supplied all the needed power. In addition, there was
a strong drop in the cavern pressure, to its minimum pressure and temperature, with
CAS while less sharp fluctuations occurred, and the values stayed within the maximum
and minimum, for compressed hydrogen storage. Hence, hydrogen has a higher energy
density, leading to the fact that compressed-hydrogen storage system is better for daily
load shifting using a fixed cavern size. The same study [6] also compares compressed-air
energy storage and compressed-hydrogen energy storage systems for seasonal load-shifting
analyses. The models used for this test are identical, with 200 wind turbines, a salt cavern
of 3.8 million m3 and a 50% filled cavern. The authors in [6] simulated three cases with
different levels of peak demand for the entire year of operation (2006): 600 MW, 800 MW
and 1000 MW (see Table 2 for details). These demands are scaled-down versions from
the demand profile on the entire Electric Reliability Council of Texas (ERCOT) region in
Texas U.S in 2006. The electricity in this region has a seasonal variation in demand and
generation. The peak in demand occurs in summer and the minima in occurs in the spring
and fall. However, the peak in generation occurs in winter and fall and the minima occurs
in summer. In the 600 MW peak demand scenario, the curtailment begins after 72 days
when using compressed-hydrogen energy storage system, while, for the compressed-air
energy storage, it starts after only 27 h. Only 12.6% of the wind energy was curtailed in the
compressed-hydrogen energy storage system, compared to 53.5% due to lack of capacity in
the case of compressed-air energy storage. In the 800 MW peak scenario, 0.69% of the wind
energy is curtailed after 100 days when using the compressed-hydrogen energy storage
system, compared to 38.9% after around 1 day in the case of compressed-air storage system.
In the 1000 MW peak scenario, 27.4% wind energy is curtailed after 1 day when using the
compressed-air system. However, no wind energy is curtailed for compressed-hydrogen
energy storage.
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Table 2. Seasonal load-shifting comparison between compressed-air energy storage and compressed-
hydrogen energy storage systems [6].

Scenarios Compressed-Air Energy Hydrogen Energy

Time Until First
Curtailment

Energy
Curtailed

Time Until First
Curtailment

Energy
Curtailed

600 MW 1125 day 53.5% 72 days 12.6%
800 MW ≈1 day 38.9% ≈100 days 0.69%

1000 MW ≈1 day 27.4% - 0%

The authors in [6] also performed simulations that mimic the event of catastrophic
interruptions, such as tornados, when the wind farms completely stop working. The simu-
lations showed that the hydrogen-energy storage system was able to provide emergency
backup power for almost seven times longer (57.7 days) than the compressed-air energy
system (8.7 days). The authors in [30] addressed the possible issue for a longer hydrogen
storage period, as this can increase the loss of hydrogen and vice versa.

5. The Techno-Economic Feasibility and Cost Comparison of the Hydrogen Production
and Storage

The authors in [28] performed a comparison between the economic, social and environ-
mental impacts of production of hydrogen using the RES (wind and solar energies, biomass
gasification), nuclear energy sources (thermochemical water-splitting, high-temperature
electrolysis), and fossil fuels (natural gas steam reforming, coal gasification). In this way, a
reference was created for later knowledge of production costs, energy and exergy efficien-
cies for different hydrogen production methods.

As the authors have stated in [28], natural gas steam reforming (or steam methane
reforming, SMR) is the most well-established and cheapest method of hydrogen production
at a large scale. In addition, SMR uses already existing infrastructure, which leads to a
secure supply of hydrogen. The problem of hydrogen production by electrolysis is its
high capital cost and energy compared to fossil fuels. Electrolysis costs are between 6
and 25 times higher compared to production from fossil fuels, e.g., by steam methane
reformation [28].

A comparative assessment of hydrogen production methods was performed in [28]
and these were the outcomes:

1. Regarding the environmental impact comparison based on the global warming poten-
tial (GWP) and acidification potential (AP), fossil fuel is the most harmful method.
Biomass has the highest AP but a relatively low GWP. The most environmentally
friendly is hydrogen production using thermochemical cycles.

2. Criteria of the social cost of carbon comparison (SCC) were considered. SCC measures
the marginal external cost of a unit of CO2 emissions, due to the environmental
damage caused by that emission. From this criteria, natural gas steam reforming and
coal gasification are the most harmful, where the most beneficial are thermochemical
cycles.

3. The authors conducted a financial comparison based on the current state of pro-
duction technology development, infrastructure accessibility, and the price of the
raw materials. Steam methane reformation, coal and biomass gasification are the
most economically viable methods of hydrogen production. The most expensive
production costs are for wind and solar power. Thermochemical cycles seem to be
competitive. However, the lowest capital cost is steam methane reformation, while
the highest is water electrolysis. However, at a small production scale the capital costs
of water electrolysis and steam reformation are close to each other, which leads to
more competition at this level of production.

4. Energy and exergy efficiency comparisons show that the lowest efficiency is for
solar-based electrolysis and the most advantageous method is biomass gasification.
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According to [4], an electrolyzer currently requires between 39 kWh and 48 kWh of
electric energy per 1 kg of hydrogen, which has a chemical energy density of ~33 kWh/kg.
The most-used electrolysis technologies are alkaline, polymer electrolyte membrane (PEM)
and high-temperature water electrolysis [39]. PEM electrolyzers with up to 200 kWel are
mainly used for low-scale systems or plants due to their high cost and shorter lifetime.
Alkaline electrolyzers (AEL) with up to 3000 kWel rated power are used for large-scale
systems, as they are cheaper at the commercial level, easy to implement and have a long
lifetime (Tables 3 and 4).

Table 3. Electrolyzer types [39].

Electrolyzer Type Application Current Efficiency Theoretical
Efficiency 2050

Investment Cost
[€/kW]

Alkaline Low-scale applications with low
dynamic reaction needed 70% 80% 1000 (Low)

Polymer electrolyte
membrane (PEM)

Large-scale applications coupled
with fluctuating power source 60% 74% 2000 (High)

High-temperature
water electrolysis

Co-electrolysis and direct
generation of synthesis gas 80% 90% 2500 (Very High)

Table 4. Comparison between PEM and AEL electrolyzers [3,13,39].

Type Advantages Disadvantages Rated Power [kWel]

PEM

Variable power-feeding regimes
Quick response

Low maintenance and reliable operation
No chemicals or impurities

Limited production capacity
Shorter lifetime

High Investment cost
Up to 200

AEL

Low investment cost
Reliable

Safe
Long lifetime (15 years)

Low current density
Corrosive materials Up to 3000

The feasibility of the power-to-gas technology in the future Swiss low-voltage grid
is analyzed in [19]. A model is established with hydrogen and methane production using
PV surplus energy and additional energy from the grid. The goal of this study was the
investigation of the feasibility of the power-to-gas plant to produce hydrogen as the main
product. The production of oxygen and heat as by-products is analyzed. The use of
the biogas plant as a source of CO2 is investigated for methanation to ensure that the
power-to-gas system economically viable.

According to [17], the authors evaluated whether a decrease in off-peak electricity
prices would lead to a lower electrolytic hydrogen costs. The authors split the daily timings
during the day into five time intervals:

• Off-peak (0:00–5:00 and 22:00–5:00);
• High on-peak (6:00–10:00 and 17:00–21:15);
• On-peak (11:00–16:00).

As discussed in [17], there are three options when running the electrolyzers:

• Standard Continuous, in which the price remains constant at 12 p/kWh (0.137 €/kWh
by multiplying it with 1.138 mid-exchange rate in 2017);

• Off-Peak Only, in which the price only falls to 0.057 €/kWh during off-peak hours;
• 2-Tier Continuous, in which a low price is maintained during off-peak hours, and a

high price is maintained otherwise.



Energies 2022, 15, 1415 10 of 17

According to the findings, the lowest electricity cost per kilogram of hydrogen is
produced in Scenario 2 (3.3 €/kg H2), followed by Scenario 3 at 4.32 €/kg H2, and Scenario
1 at 7.85 €/kg H2.

The equipment costs (electrolyzer, storage, compressor, dispenser and control system)
and electricity cost are the two main factors that affect the cost of electrolytic hydrogen.
Note that the electricity costs are more significant than equipment costs in large-scale
systems.

The authors in [9] analyzed a large-scale hydrogen underground storage in France
based on the techno-economic feasibility and business case. The economic case of salt
caverns storage facility was assessed for 2025 and 2050. The cavern was modelled based on
hourly cavern operation, and restricted to only wind and grid electricity.

Based on five study cases that simulated and analyzed the electricity supply options
in [9], we gathered the results of those studies, which are displayed in Figure 4. The
Grid-only solution (which serves as a reference case) does not require any storage capacity
since the electrolyzers can be turned on as needed to meet the hydrogen demand. Other
cases are: wind-only and grid with wind solution, which requires different wind rates
(25 percent, 50 percent, 75 percent, respectively).

Energies 2022, 15, x FOR PEER REVIEW 11 of 18 
 

 

 
Figure 4. Hydrogen production cost (orange line) in comparison to the electrolyzer size required to 
meet peak demand (blue bar) based on the results of study cases in [9]. 

For the maximum exploitation of renewable generation, this paper [23] investigates 
hydrogen energy storage sizing and control. This paper proposes a means of controlling 
the instability when including renewable energy in power systems, by implementing a 
hydrogen energy storage system of a suitable size. A total of 87 TWh worth of energy was 
generated by renewable sources, including 70 percent wind and 30 percent solar. They 
evaluated three case studies:  
• In case 1, hydrogen storage capacity does not align with demand response and is 

optimized to accommodate renewable production. 
• In Case 2, hydrogen energy storage is sized using domestic thermal storage for a de-

mand response scenario (100% enrollment). 
• In Case 3, hydrogen energy storage is sized for a system with 25 percent base load 

generation. 
The hydrogen storage capacity was: 

• 67 TWh in the first case;  
• 58 TWh in the second case; 
• 46 TWh in the third case.  

In addition, oversizing generation from renewables reduces the required size of hy-
drogen storage. 

The authors in [12] established a multi-objective optimization model of a combined 
heat and power for minimum operating cost of the micro-grid and maximizing the wind 
421 accommodation. The flexibility of grid scheduling was considered, and a micro-grid 
autonomous-control scheduling strategy was proposed. The authors in [12] present an 
electro-thermal hybrid energy storage model based on electricity, hydrogen and thermal 
energy conversion on a micro-grid autonomous operational strategy. The energy storage 
model presented in this paper is based on an electro-hydrogen unit (EHU), micro-turbine 
cogeneration unit (MCU), electric boiler unit (EBU), hydrogen energy storage unit (HSU) 
and thermal storage unit (TSU). The EHU produces hydrogen and oxygen without pol-
luting gas. The HSU has a high energy density, low investment costs and non-polluting 
storage process. It is a high-potential energy storage technology. The authors propose a 
hydrogen power generation technology that uses hydrogen as a gas turbine fuel, which 
will contribute to zero-emission power generation.  

Grid only Grid+25%
Wind

Grid+50%
Wind

Grid+75%
Wind Wind only

[MW] 546 546 546 807 1582
[€ /kgH2] 5.16 6.59 4.89 5.23 6.17

0.00

1.00

2.00

3.00

4.00

5.00

6.00

7.00

0

200

400

600

800

1000

1200

1400

1600

H
yd

ro
ge

n 
pr

od
uc

tio
n 

co
st

[€
 /k

gH
2]

El
ec

tro
lyz

er
 s

ize
[M

W
]

Figure 4. Hydrogen production cost (orange line) in comparison to the electrolyzer size required to
meet peak demand (blue bar) based on the results of study cases in [9].

In case of grid-only, a high-capacity electrolyzer is needed to meet peak demand, which
happens only once a year. In this case, a 546 MW electrolyzer is required and hydrogen
is produced at 5.16 euros per kilogram. When compared to other power supply options,
hydrogen produced against a wind-only source is the most expensive. Furthermore, the
installed electrolysis capacity is oversized (1582 MW versus 535 MW) and 620 new wind
turbines with 3 MW installed power are needed. The hydrogen production cost in this case
is 6.59 euros per kilogram.

The grid + wind turbine solution shows that the storage requirements start to appear
at around 30% wind rate and become massive between 50% and 75% wind rate. Investing
in storage is more economical than building more renewable capacity to meet demand
when there is a high proportion of renewables. At 25% wind, the hydrogen production



Energies 2022, 15, 1415 11 of 17

cost is 4.89 €/kg; at 50% wind, it is 5.23 €/kg; at 75% wind, it is 6.17 €/kg. The size of
electrolyzers is 546 MW for the 25% and 50% wind cases, and 807 MW for 75% wind cases.

In the study, we discovered that storage is essential when the share of renewables is so
large (over 50% wind-power).

For the maximum exploitation of renewable generation, this paper [23] investigates
hydrogen energy storage sizing and control. This paper proposes a means of controlling
the instability when including renewable energy in power systems, by implementing a
hydrogen energy storage system of a suitable size. A total of 87 TWh worth of energy was
generated by renewable sources, including 70 percent wind and 30 percent solar. They
evaluated three case studies:

• In case 1, hydrogen storage capacity does not align with demand response and is
optimized to accommodate renewable production.

• In Case 2, hydrogen energy storage is sized using domestic thermal storage for a
demand response scenario (100% enrollment).

• In Case 3, hydrogen energy storage is sized for a system with 25 percent base load
generation.

The hydrogen storage capacity was:

• 67 TWh in the first case;
• 58 TWh in the second case;
• 46 TWh in the third case.

In addition, oversizing generation from renewables reduces the required size of hy-
drogen storage.

The authors in [12] established a multi-objective optimization model of a combined
heat and power for minimum operating cost of the micro-grid and maximizing the wind
421 accommodation. The flexibility of grid scheduling was considered, and a micro-grid
autonomous-control scheduling strategy was proposed. The authors in [12] present an
electro-thermal hybrid energy storage model based on electricity, hydrogen and thermal
energy conversion on a micro-grid autonomous operational strategy. The energy storage
model presented in this paper is based on an electro-hydrogen unit (EHU), micro-turbine
cogeneration unit (MCU), electric boiler unit (EBU), hydrogen energy storage unit (HSU)
and thermal storage unit (TSU). The EHU produces hydrogen and oxygen without polluting
gas. The HSU has a high energy density, low investment costs and non-polluting storage
process. It is a high-potential energy storage technology. The authors propose a hydrogen
power generation technology that uses hydrogen as a gas turbine fuel, which will contribute
to zero-emission power generation.

Among the possible solutions for the large-scale storage of energy, storing hydrogen in
a salt cavern is the most promising solution due to its low cost, high sealing potential, and
lack of cushion gas requirement [5]. Based on the study in [7], demand side management,
interconnectors and energy storage are important for a future renewable-only power grid
network. The authors in [7] show that the hydrogen storage in a cavern has an increased
storage capacity and lower cost for combined offshore wind and storage.

According to [34], underground salt caverns or depleted gas fields are the cheapest
option for underground storage. The overall costs depend upon the initial cost of preparing
the underground cavern. Based on [54], hydrogen storage costs are about 12.4 €/kWh
(17 $/kWh) for aboveground storage. Regarding hydrogen storage in different under-
ground formations, the authors in [55] stated that the costs vary from 0.002 €/kWh to
0.41 €/kWh. These values are based on the Euro (€) currency rate from 2014. For example,
solution-mined salt caverns have a storage cost of 0.02 €/kWh, and dry-mined salt caverns
have a storage cost of 0.14 €/kWh [55].

6. Technical Challenges of the Hydrogen Systems Integration into the Power Grid

The grid stability at the connection point of the hydrogen cavern may affect the
allowable storage capacity. The connection point (node) could be weak from the electrical
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perspective and unable to handle the storage system energy demands. In addition to the
connection point restriction, the power grid itself should be able to handle the extra feed-in
power coming from the hydrogen system to feed loads located far from the node. This
implies a need to investigate the grid infrastructure and check whether it needs further
reinforcements, such as building new lines, using a bigger transformer or adding some
reinforcement equipment, such as Flexible AC Transmission System (FACTS) devices.

The authors in [56] mentioned the main factors that affect the integration of renewable
system to the grid in China. The first factor considers the necessity of transmitting the
electrical energy, since the generation and consumption of energy do not always occur in
same place. The underdeveloped transmission infrastructure should be also taken into
consideration prior to any integration of a new system. The second factor is the operational
flexibility of the current grid. It should be more able to adapt the fluctuations in the RES
and, therefore, regulate the frequency, voltage and peak-load. With that said, power-to-gas
systems can be a solution to the above-mentioned problems, leading to more flexibility in
the grid and higher efficiency for energy conversion, while having a big storage capacity
compared to other storage solutions. The authors in [56] mark the necessity of an in-depth
study of power-to-gas system integration and the operation of a power grid that not only
considers the influence of the power-to-gas on the active power flow but also considers the
reactive power and voltage regulation at different working scenarios.

The need for an electricity–hydrogen integrated energy system model (EH-IES) was
analyzed in [57]. The authors analyzed the potential of hydrogen production and its storage,
while considering the excessive integration of RES. The lack of long-term storage capacity
and short-term operation flexibility with the IES is going to be solved by the integration of
hydrogen with the (EH-IES). The EH-IES is complicated because the hydrogen capacity
allocation is directly impacted by the RES’ variation. The optimal EH-IES model given
by the authors in [57] attempts to solve the abovementioned planning problems using the
following methodology: a beneficial and profitable planning model for EH-IES system
by considering the N-1 criterion (an acceptable reliability level is when a system can
withstand any unplanned loss of a single component at any time) and the generation-load
uncertainties. In addition, the seasonal hydrogen storage (SHS) and power-to-heat and
hydrogen (P2HH) models can help optimize the EH-IES from the economic perspective
and address the uncertainty associated with renewable energy.

For use as a storage solution, hydrogen storage density needs to be increased [33]. Hy-
drogen storage constraints vary from one application to another based on the requirements.
Some applications need the fast charge and discharge of hydrogen, while others need the
hydrogen to be pure.

The authors in [58] described the main three hydrogen challenges, including hydrogen
production, storage, and end use. These three topics are intricately linked by the closed
hydrogen cycle, by related scientific fundamentals, and by conditions and safety concerns.
All three of these topics have clearly defined targets: high hydrogen production efficiency
and hydrogen-use efficiency, and a high hydrogen storage density at an economically
reasonable cost. The performance of the hydrogen cycle, however, is based on the sequential
functioning of all the steps as a whole, rather than specific challenges. Hydrogen storage,
for example, could not be used in low-temperature fuel cells if hydrogen is combined with
CO2-producing hydrocarbons. Only high-temperature fuel cells can meet this requirement.
An internal or external combustion engine, high-temperature fuel cells and heat devices
may be preferable end uses for the fuel. However, these devices will exhibit a lower
efficiency than pure-hydrogen conversion devices. Despite the fact that hydrogen storage
has technically been solved, the system generally performs less than that of pure-hydrogen
systems with pressurized cylinders (which have other critical issues). In other words, both
the atomistic phenomena in the material and the system level define the performance of
the system. Using metal hydrides as hydrogen storage is another interesting example
given by this author. The operating temperatures for high-capacity materials such as
borohydrides are 300–500 ◦C at 100 bar of pressure. A high-pressure, high-temperature
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hydrogen vessel requires thick walls made of special stainless-steel, heat insulation, and
special heat-exchangers, so the overall system capacity of hydrogen decreases. MgH2 is the
only common hydrogen storage in metal hydrides, so its applications are rare.

The researchers at the DLR Institute for Networked Energy Systems are examining the
purity of the hydrogen before and after storage with the help of trace gas analysis [51]. It is
important that the hydrogen meets the high quality and purity requirements for fuel cell
mobility after it is stored in the cavern. Further research questions are which systems and
regulations are necessary to feed the hydrogen in and out under pressure in the cavern and
how stably the RES can continuously supply the electricity required for this system. They
also aim to produce and store hydrogen directly on-site using electrolysis. The research
questions are related to researching the power grids at the cavern location and determining
the requirements and operating concepts in order to integrate the underground hydrogen
cavern into the existing energy system. The scientific findings can be transferred to caverns
with a large-as-possible volume.

7. Conclusions and Discussion

Using current state-of-the-art technology, this paper analyzed, compared and sum-
marized the competing hydrogen production and storage technologies. It also identified
some of the challenges, as well as suggesting which technology is the most promising.
This study examines the feasibility of relying on stored hydrogen for daily and seasonal
shifts. An analysis of both hydrogen production and storage systems from the perspective
of cost and techno-economic feasibility is also included. This paper outlines the technical
challenges related to hydrogen integration into the power grid. This article presented an
overview of the techniques that other researchers used and proposed for the use of excess
energy produced from the RES in hydrogen production by water-splitting and its storage,
especially in underground salt caverns, including challenges in their integration into the
power grid. The key findings of the reviewed papers and techniques for hydrogen storing
systems, along with their integration into the power grid, are as follows:

• Hydrogen is produced by electrolyzing water using the excess energy produced
from the RES and will be used as fuel in transportation or to generate electricity
for power grid integration. Hydrogen production techniques are diversified. As a
market-scale technology, electrolysis for hydrogen production is the most mature
technology. Hydrogen as an energy carrier solution promises cuts in green-house and
other emissions to meet the climate targets by 2050.

• In terms of flexibility and reliability, electrical energy storage has the highest potential
to compensate for the gaps between generation and consumption [56]. The high cost
of energy storage is still the main obstacle concerning its availability on the market.
Salt caverns are the most promising and cheapest option for large-scale storage. They
have fast storage and extraction rates, and relatively low construction costs. DLR
researchers examine the purity of hydrogen before and after storage through gas
analysis at the Institute for Networked Energy Systems. Researchers are trying to
confirm the claims of the low leakage and contamination rates in the salt cavern that
contains hydrogen.

• The storage of hydrogen in underground salt caverns makes it more adaptable and
scalable. Hydrogen storage in a cavern is a more capable backup than compressed
air energy storage because hydrogen has a higher energy density. Simulated results
showed that the hydrogen energy storage system could provide emergency backup
power for almost seven times longer (57.7 days) than the compressed-air energy system
(8.7 days).

• The benefit of hydrogen storage in salt caverns for daily and seasonal shifting is that it
reduces the curtailed energy when extra power could be generated from renewables,
thus creating a balance between the generation and demand in a power system [57]
when a deficiency of electricity occurs due to inconvenient weather conditions. The
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use of power-to-hydrogen technology and seasonal hydrogen storage plays a major
role in reaching a complimentary energy security approach.

• Electricity storage provides a wide variety of beneficial services to the power system,
providing flexibility for balancing services, and maximizes the use of RES. Otherwise,
the electricity coming from wind farms could have a negative impact on the power
grid, affecting its regulation, load flow and scheduling. This allows for the storage
operator to capture the benefit of price arbitrage and to avoid wind-power curtailment.

• Electrically speaking, the connection point (node) may be weak and unable to handle
the energy demands of the storage system. Additionally, the power grid should be
able to handle the extra feed-in power from the hydrogen system to feed loads that
are located far from the system. The power grid infrastructure should be assessed
and further reinforced if required, for example by building new lines, adding a bigger
transformer, or adding some reinforcement equipment, such as FACTS devices. Hence,
grid stability is an important factor to investigate.

• Another factor that needs further investigation is the operational flexibility of the
current grid. The system should be able to adapt to the fluctuations in the RES and,
therefore, control the frequency, voltage and peak load. An analysis of the active
power flow and reactive power in different working scenarios, together with voltage
regulation, should be conducted.

• There is a need for an electricity–hydrogen integrated energy system model (EH-IES)
to solve the lack of long-term storage capacity and short-term operation flexibility
that occurs with the IES when considering the excessive integration of the RES. For
profitable planning, the model can incorporate the N-1 criterion and generation-load
uncertainty.

• The production, storage, and use of hydrogen are the three main challenges facing the
hydrogen industry. There are defined targets in all three of these areas: high hydrogen-
production efficiency and hydrogen-use efficiency, and high hydrogen-storage density
at an economically reasonable cost. Rather than specific challenges, the performance
of the hydrogen cycle depends on all steps working together sequentially. Thus,
a system’s performance is determined by both the atomistic phenomena occurring
within it and its structure as a whole.

The future of green energy production and its storage is prosperous. RES ia a great
candidate to replace fossil fuel energy sources. A lot of effort and money have been
invested in hydrogen-related research. Hydrogen energy is one of the most promising green
solutions, because of its global abundancy and possible green generation. Hydrogen storage
in salt caverns could dominate the market, with large-scale application in areas where salt
layers are geographically available. The lack of salt layers in some areas implies the need
for further research and solutions to efficient hydrogen storage long-term storage. Further
research projects could use energy system analysis to study how much of the existing
storage potential can be used and where to locate the possible cavern sites. Locations
with high demand and RES generation profiles should be found prior to the utilization
of salt caverns. When considering the utilization scenarios of a hydrogen storage, it can
be seen that hydrogen storage is far better to overcome the seasonal shifting problem and
can almost remove any RES curtailment. Furthermore, the coupling between the RES and
grid power to produce hydrogen is the most feasible and cheapest solution. In addition,
the electrolysis operation time plays a major role in defining the price of the hydrogen
produced. Electrolyzers only operate during off-peak hours, resulting in the lowest prices
for producing hydrogen, at under 3.4 €/kg H2. Electrolysis efficiency is expected to reach
around 75% for PEM and 90% for high-temperature water electrolysis by 2050 [29]. The
prospected increase in efficiency will introduce a huge step towards relying on hydrogen
technology, especially when the price of modern electrolysis significantly drops when
entering the mass production phase. Thus, the cost of hydrogen systems will drop as
well. In summary, the key findings of the article confirm that hydrogen production and
storage have many useful applications, introducing flexibility and reliability to a renewable
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energy-based system. Storing the green hydrogen in a salt cavern is a great way to bridge
the gap between the production and consumption of energy, especially for seasonal shifting.
This can help avoid curtailment. However, it can be a costly and uncompetitive solution,
especially for short-term storage. The future of hydrogen is promising; therefore, further
research should be conducted to cut costs and make it a competitive technology with
increasing efficiency. This could decrease the capital costs of the hydrogen plant system.
Reinforcements are also needed, and a hydrogen plant introduces potential challenges
to the grid system, which are currently being investigated in the Hydrogen Caverns for
Mobility (HyCAVmobil) project at the German Aerospace Center (DLR) to research and
evaluate the possibility of storing hydrogen in salt caverns, where the plant is connected
to the power grid and the hydrogen will be used in vehicles to produce electricity using
fuel cells.
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