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ABSTRACT

The Research Center for Electromobility, Power Electronics, and Decentralized Energy Supply (EMLE)
develops hybrid storage solutions and, for this purpose, has several battery storage systems with
different cell chemistries and capacities, as well as two hydrogen systems with electrolysers, fuel cells,
and compressed gas storage tanks.

Although batteries have become increasingly powerful in recent years and, in particular, more affordable
as second-life solutions, they scale only linearly and are therefore not suitable for long-term storage.

Hydrogen-based storage systems, on the other hand, require the electrolyzer and the fuel cell as
expensive components; however, both depend not on the desired capacity but on the power that can
be generated from wind and solar energy and stored. Capacity, on the other hand, depends on the size
of the storage system, which, particularly for liquid derivatives, consists of inexpensive tanks. Here,
however, efficiency is reduced by additional conversion steps.

This article aims to provide an overview of the various hydrogen storage solutions in terms of technical
maturity, efficiency, costs, and manageability.
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1. HYBRID STORAGE: DEFINITION AND CHARACTERISTICS

A hybrid storage system is an energy storage system that combines two or more different storage
technologies for one or more forms of energy.

Figure 1 illustrates the advantages and disadvantages of several energy storage forms in terms of
specific power versus energy density, both on a weight-per-unit basis, with a focus on mobility; therefore,
thermal storage is not considered.
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Figure 1: Power and energy density of various energy storage forms
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Hybrid storage systems are already being used to store just one form of energy: electrical energy. Here,
capacitors and supercapacitors are combined on one side with battery storage systems of different cell
chemistries on the other. Figure 1 clearly shows that this allows for the delivery of high power for short
periods on the one hand, and the storage of electrical energy over a longer period on the other.
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A hybrid storage system consisting of a battery and a hydrogen storage unit can also be a purely
electrical system for absorbing and releasing electrical energy. It can store solar and wind energy, which
fluctuates throughout the day and across seasons, and release it when needed.

The battery compensates for the daily mismatch between generated renewable energy and energy
demand, while the hydrogen storage system addresses the seasonal mismatch.

Hybrid storage systems for multiple forms of energy are used in mobility, building supply, and the overall
energy system within the framework of sector coupling.

A conventional automobile with an internal combustion engine is not yet a hybrid storage system, as it
absorbs only one form of energy—liquid hydrocarbons when refueling. However, it already releases
several forms of energy: mechanical energy for propulsion, thermal energy for heating, and electrical
energy for lighting and other consumers on the vehicle’s electrical system.

A plug-in hybrid, whether equipped with an internal combustion engine or a fuel cell, is already a hybrid
storage system. It absorbs electrical and chemical energy and releases electrical, mechanical, and
thermal energy.

Figure 1 also reveals something in this case: Plug-in hybrids are still superior to battery-electric vehicles
in terms of range. However, due to the enormous progress in battery development, fuel cell vehicles
have lost the competition against battery-electric vehicles in the passenger car sector.

In building supply and the overall energy system, hybrid storage systems consisting of batteries and
hydrogen storage can be used. Since there is also a need for thermal energy here, the waste heat
generated during the production of hydrogen from electricity via electrolysis and during the reconversion
of hydrogen into electricity in fuel cells or, on an industrial scale, in gas turbines can be utilized to
increase the overall efficiency to approximately 90%. From a purely electrical perspective, storing
electrical energy in hydrogen—with an overall efficiency of 40%—is significantly less efficient than
storing it in batteries, which have an efficiency of 85%.

In addition, thermal storage systems can be used, for example in building services as large hot-water
tanks. Since they are relatively inexpensive and simple, they can reduce the costs of the entire storage
system. Equipped with separate electricity meters, excess wind power can thus be stored as heat,
preventing the shutdown of wind turbines due to a lack of power consumers. Since this is a service to
the grid, the electricity can be purchased without additional costs, at 5 ct/kWh, for what is known as
“wind showering” [3].
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2. HYBRID STORAGE COMBINING BATTERIES AND CHEMICAL STORAGE

In the following, only the case of “hybrid storage consisting of batteries and chemical storage” will be
discussed. Batteries are actually also chemical storage devices, but are considered separately here
because in them the electrochemical energy conversion and the chemical energy storage are contained
within a single housing and cannot be separated.

This has implications for scaling:

In batteries, storage capacity and potential power output are tightly coupled. Doubling the
battery size or number therefore inevitably doubles both.

T In chemical storage systems, the power that can be absorbed in the case of hydrogen depends
on the size of the electrolyzer, while the power that can be delivered depends on the size of the
fuel cell—generally on the size of the converter or converters. Storage capacity, on the other
hand, depends on the size of the storage unit.

A chemical storage system can therefore be better adapted to specific requirements than a battery

storage system.

In addition to electrolyzer-fuel cell storage systems, redox flow storage systems are also worth
mentioning [4]. The systems that have been known the longest and are also in industrial use are
vanadium redox flow batteries; the world’s largest is in China with a peak output of 100 MW and a
capacity of 400 MWh, while the largest in Germany has an output of 2 MW and a capacity of 20 MWh.
The electrolyte tank has a volume of 660 m3. With an energy density of 15 to 25 Wh/liter of electrolyte,
it is about half that of lead-acid batteries at 42 Wh/kg; they are therefore only suitable for stationary
applications.

At 75 to 80%, the efficiency is almost as high as that of batteries and significantly better than that of a
hydrogen system, which is around 40%.

Due to the high cost of the electrolyte, the advantage found in hydrogen systems—where investment
costs decrease relative to capacity as capacity increases while performance remains constant—is lost.

3. STORAGE METHODS FOR HYDROGEN AND HYDROGEN DERIVATIVES

In hybrid storage systems combining batteries and chemical storage, the focus for chemical storage is
on hydrogen production via electrolysis and reconversion to electricity via fuel cells. This form of
converting electrical energy into chemical energy has been known for decades and is also used on an
industrial scale in the form of alkaline electrolysers. Since this conversion takes place in a single step, it
has the highest efficiency of about 70%; in contrast, conversion into hydrogen derivatives such as
ammonia and methanol requires additional conversion steps, thereby reducing efficiency.

Hydrogen as an energy carrier has several positive properties, but it is not easy to store. Its high
gravimetric energy density of 33.3 kWh per liter and its low viscosity in the gaseous state are positive
attributes, which are advantageous for transport via pipelines.
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Figure 2: Hydrogen storage technologies [5]

3.1 Storage as liquid hydrogen

Hydrogen'’s low boiling point of -253 degrees Celsius makes its liquefaction a complex process; 28% of
the energy contained in the hydrogen is required for this.

Evenin its liquid state, its volumetric energy density of 2.4 kWh/l is only one-quarter of diesel’s volumetric
energy density of 10 kWh/I.

Nevertheless, due to its still high gravimetric energy density of 33.3 kWh/kg, liquid storage remains
attractive for the aerospace industry: the tanks are relatively light despite the cryogenic insulation, and
boil-off losses are low due to the high energy consumption.

3.2 Storage as Compressed Gas

The simplest form is storage as compressed gas. Commonly used are large compressed gas tanks of
several cubic meters at pressures of 30 to 40 bar, steel cylinders at pressures up to 300 bar, and carbon-
fiber-wrapped metal tanks for pressures up to 1000 bar. For electrolyzers, outlet pressures up to 40 bar
are common, so that no compressors are required for the first type of compressed gas containers
mentioned. In the mobility sector, pressures of 700 bar for passenger cars and 350 bar for trucks and
trains have become established. 200- and 300-bar steel cylinders are used for welding equipment or, in
stationary applications, as steel cylinder bundles that can be safely stored outdoors. Of course, energy
is also lost during compression; for 700 bar, this amounts to about 15% of the energy contained in the
hydrogen. This results in a volumetric energy density of 0.8 kWh/I for 350 bar and 1.3 kWh/I for 700 bar.

Desalinated salt caverns, such as those already used today for natural gas storage, are suitable for
large-scale seasonal storage in the future CO.-free energy system. The required pressure depends on
the depth; for a cavern 1,000 m deep with a volume of 500,000 m?, the operating pressure is
approximately 60 to 180 bar. This results in a capacity of 4,900 t of hydrogen for this example [6].
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3.3 Storage in Metal Hydrides

Certain metal alloys store hydrogen atomically in interstitial sites [7]. This results in the phenomenon
that a given volume can hold more than twice as much hydrogen as in the liquid state. This results in a
volumetric energy density of 5.3 kWh/l. Metals are heavy, so the gravimetric energy density drops to 2
kWh/kg.

Storage in metal hydrides is very safe. The container is under slight overpressure; hydrogen is released
only when heat is applied, starting at a temperature that depends on the material—for some materials,
this occurs as early as room temperature. Heat is generated during storage, so heat management is
necessary; the use of heat storage systems can increase the efficiency of the metal hydride storage
system.

Metal hydride storage systems are quite expensive and, due to their high weight, are more suitable for
maritime, road, and rail transport.

3.4 Storage in LOHCs

LOHCs (Liquid Organic Hydrogen Carriers) are organic liquids that are hydrogenated for hydrogen
storage and dehydrated for hydrogen release. Benzyltoluene has proven to be the best LOHC; when
charged with H2, it becomes perhydrobenzyltoluene [8]. It has a high hydrogen capacity, i.e., an energy
density of the contained hydrogen of 2.1 kWh/kg and 2.1 kWh/I. It is liquid down to -30 degrees Celsius,
has a high boiling point of 200 to 290 degrees Celsius, has been used technically as a heat transfer fluid
for over 50 years, and is readily available, inexpensive, flame-retardant, and compatible with the
gasoline infrastructure. It has a

weight approximately 10 times higher than liquid hydrogen
71 but the same energy content per volume
enables simple and safe transport in conventional tanker trucks
71 requires a comparable amount of energy
o 28% for liquefying H2 «— 27% for releasing it from LOHC
transports 50% of the energy that can be transported with methanol
and 20% of the energy that can be transported with diesel

3.5 Storage in baking powder

The Leibniz Institute for Catalysis (LiKat) in Rostock has been conducting research on formates for
hydrogen storage for many years. Storage in potassium bicarbonate, either as a powder or preferably
in a form dissolved in water, is currently being developed into a product in collaboration with H2APEX.
Bicarbonates are also used as baking powder; sodium bicarbonate is known as baking soda [9].

With the help of the catalyst ruthenium, H2 and potassium bicarbonate are converted into a formate,
i.e., a salt of formic acid. The storage capacity in powder form corresponds in volume to an 800-bar
compressed gas storage tank, and in liquid form to a 400-bar compressed gas storage tank. What
makes this solution particularly appealing is that none of the substances involved cause environmental
damage in the event of a leak. This solution is therefore ideally suited for the decarbonization of
agriculture.
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3.6 Storage in Ammonia

Ammonia is the most common chemical produced from hydrogen. It is used in the production of
fertilizers. Ammonia is well-suited as a hydrogen carrier for maritime transport, and the transport
methods are well-established worldwide. Ammonia is liquid at moderate temperatures (-32 degrees
Celsius) and normal pressure, or at 8 bar and ambient temperature. The energy density is 3.2 kWh/I by
volume and 5.4 kWh/kg by weight. Ammonia is toxic, but thanks to its pungent odor, leaks are detected
long before concentrations reach levels hazardous to health. For maritime transport from countries
rich in wind and solar energy to Europe, ammonia is a good and established alternative. The imported
ammonia can either be processed directly in the chemical industry or converted back into hydrogen in
crackers.

3.7 Storage in Methanol

Methanol has an even higher volumetric energy density than ammonia — 4.3 kWh/I — and, at 5.4 kWh/kg,
the same gravimetric energy density. It is liquid at normal pressure and temperature, making it easy to
store and transport, for example in cars, trucks, or trains. The entire infrastructure for petroleum-based
fuels can be utilized. When used in internal combustion engines or fuel cells, it is not CO.-free, but
merely CO2-neutral.

However in synthetic production from green hydrogen and CO.the procurement of CO; is more complex
than the procurement of nitrogen for ammonia, since nitrogen is the main component of air, accounting
for about 80%. For the next few years, CO, can still be sourced from conventional sources, e.g., power
plants; after that, it must be green CO; in the EU, e.g., from biogas plants.

For methanol, direct use as a fuel would be advantageous due to its ease of storage and transport in
vehicles. As a pure hydrogen carrier, it is less suitable.
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3.8 Comparison of Storage Methods

Table 1: Energy density and efficiency of chemical storage

volumetric | Gravimetric | Tank | Tank Including | Efficiency
KWHI | Whikg | et | capacity | (00, o
Hydrogen, metal hydride 5.3 2
Hydrogen, LOHC 2.0(1.0) | 2.0 2x4 |40L 16-20
Hydrogen, liquid 24 33.3 140 120L/8kg | 1.9 25-35
Hydrogen, 700 bar 1.3 33.3 100 | 120L/4kg | 1.3 25-35
Hydrogen, 350 bar 0.8 33.3 25-35
Hydrogen, 200 bar 0.6 33.3 58 0.74 kg 0.42 25-35
Ammonia 3.2 54 20-30
Methanol fuel cell 4.3 54 4 40 L 20-30
Met_hanol internal combustion | 4.3 54 12-20
engine
Diesel 10 11 4 40L 12-20
Gasoline 8.5 11 4 40 L 12-20
Lithium cobalt dioxide battery | 0.45 0.11-0.16 70-80
Lithium-polymer battery 0.1-0.15 70-80
Lithium iron phosphate battery 0.08-0.14 70-80
Lithium titanate battery 0.09 70-80
Sodium-ion battery 0.15 70-80

The efficiency [10] specified here is the well-to-wheel efficiency commonly used in the mobility sector,
i.e., up to the mechanical energy delivered to the drive wheel. For fossil fuels, the energy contained in
crude oil is considered the source; losses therefore occur during processing into gasoline or diesel,
during transport, and finally in the vehicle during conversion in the internal combustion engine, resulting
in 30 to 40% mechanical energy and 60 to 70% waste heat. For renewable energies, the electrical
energy generated by the PV or wind turbine is considered the source. The overall efficiency of a battery-
electric vehicle is composed of the efficiency of the battery and the efficiency of the electric drive. Both
can reach up to 90%. For hydrogen, the efficiency of electrolysis (60 to 70%) and the fuel cell (50 to
60%) are added. Further losses occur during storage as compressed gas, in liquid form, or in LOHC or
metal hydride. Conversion into derivatives such as ammonia or methanol also reduces efficiency, but
can be more cost-effective by utilizing existing infrastructure and energy converters, e.g., bifuel engines.
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4. STORAGE METHODS FOR BUILDING ENERGY SUPPLY

Compressed gas storage systems are primarily suitable for hydrogen storage to supply energy to
buildings. Any storage systems that release heat when storing excess hydrogen in the summer and
require heat to release the hydrogen in the winter are generally less suitable.

In particular, LOHC, which requires heat at a temperature of around 300 degrees Celsius to release the
hydrogen, is more suitable for industrial high-temperature processes such as steel, cement, and glass
processing, where the waste heat can be utilized. The thermal energy released during storage is also
too high for hot water production in the summer, especially since waste heat from electrolysis is also
generated. LOHC is better suited for offshore electrolysis, where the waste heat can be used for
seawater desalination [11].

Depending on the material used, metal hydride storage systems achieve efficiencies of up to 93% [12]
for charging and discharging at temperatures ranging from 20 to 90 degrees Celsius, making them ideal
for low-temperature PEM fuel cells. Their heat dissipation and absorption are thus significantly lower
than those of LOHC, and their greater weight is not a factor in stationary operation. The research vessel
Coriolis [13] from the Helmholtz Hereon in Geesthacht uses such a metal hydride storage system and
is intended to investigate its practical suitability.

In compressed gas storage, on the other hand, up to 13% of the hydrogen’s energy content must be
expended for compression. However, part of this can be recovered during expansion via a turbine or
piston engine.

Furthermore, the commercially available 50-liter steel cylinders are inexpensive and can withstand
pressures of 300 bar.

5. ENERGY REQUIREMENTS OF BUILDINGS

The effort required to achieve self-sufficiency or at least partial autonomy in buildings depends on many
factors. Geographical location is the primary factor here. In countries with evenly distributed solar
radiation throughout the year, seasonal storage is not necessary at all; it is sufficient to store solar
energy from the day for use at night and for a few cloudy days. Battery storage and thermal storage are
entirely sufficient for this purpose.

The closer we approach the polar regions, the lower the usable solar energy becomes; the utilization of
wind energy may, in some regions, potentially compensate for this.

In this article, we will limit our discussion to Germany, although the considerations apply to countries
at similar latitudes.

Here, energy consumption depends heavily on the year of construction. In recent years, enormous
progress has been made in building materials and construction methods, so that buildings completed
after 2010 generally fall into efficiency class A or better, meaning they consume no more than 50 kWh
per square meter per year. The least energy-efficient buildings, constructed between 1949 and 1979,
consume an average of 210 kWh/m? per year—more than four times as much as new buildings—but,
with 7 million buildings, they account for a large portion of the total residential building stock of 19.7
million buildings [14].

In 2025, the Federal Environment Agency published data on the energy consumption of private
households for the year 2023 and compared it with previous years [15].

According to these figures, private households use more than two-thirds of their final energy
consumption for space heating. Far behind space heating are energy consumption for hot water and
other process heat (cooking, washing, etc.) as well as process cooling (refrigeration, freezing, etc.).
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The trend toward more households, larger living spaces, and fewer members per household tends to
lead to higher consumption. However, this trend is partially countered by the ever-improving energy
efficiency standards in new buildings and the renovation of older buildings. As a result, specific final
energy consumption (energy consumption per unit of living space) for space heating has fallen by 20%
since 2008.

Electricity accounts for about one-fifth of final energy consumption in private households. The main
areas of application are process heat (washing, cooking, etc.) and process cooling (refrigeration,
freezing, etc.), which together account for about half of electricity consumption. The areas of information
and communication technology, hot water, and lighting follow at a considerable distance.
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Figure 3: Final energy consumption of private households in 2008 and 2024 [15]

5.1 Seasonal Variations in Energy Demand and Supply

For supplying individual buildings with CO.-free energy, solar energy is practically the only option—as
solar thermal for hot water and space heating, and as photovoltaics for electricity generation. Wind
energy remains limited to quarters, municipalities, or larger areas.

For the annual profile of PV energy generation, see the monthly electricity generation from photovoltaics
for 2025 published by the BDEW (German Association of Energy and Water Industries) [16].
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Figure 4: Annual profile of electricity generation from photovoltaics in 2025 [16]

As an indicator of the annual pattern of heat demand, the monthly natural gas
same publication is cited here.
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Figure 5: Annual profile of natural gas consumption in 2025 [16]

A significant portion of the PV electricity generated in the summer must therefore be stored in seasonal
storage facilities to meet the heat demand in the winter.
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If wind energy is to be utilized — that is, if self-sufficiency or partial autonomy is to be achieved for
quarters or other large clusters of buildings — its annual pattern aligns more closely with the energy
demand of buildings:
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Figure 6: Annual profile of onshore wind energy in 2025 [17]

With the right balance of solar and wind energy, seasonal energy storage can largely be avoided; the
only periods that need to be bridged are the so-called "dark lulls," when neither the sun is shining nor
the wind is blowing. However, these can certainly last for several days.

6. HYBRID STORAGE SYSTEMS INSTALLED IN RESIDENTIAL BUILDINGS

A few hybrid storage systems for single-family homes have come onto the market and been installed in
recent years, and there are case studies and a project report available.

6.1 Home Power Solutions picea

The Picea system was introduced in 2017 by HPS (Home Power Solutions), a company founded in
2014. In 2021, HPS introduced multi-picea [18], which could store up to 15,000 kWh of solar power by
interconnecting 9 picea units and was intended for apartment buildings or commercial units. In 2022,
the largest multi-picea system to date was inaugurated in Bad Kissingen [19], supplying a 2,800-square-
meter building with six residential units with solar power year-round from its own roof via a 180-kilowatt-
peak photovoltaic system. In May 2024, HPS began delivering the second generation [20] and
announced its expansion into Austria and Switzerland in November 2024 [21]. In April 2025, insolvency
proceedings were initiated against HPS and business operations were suspended [22]. HPS sold over
500 picea systems from 2019 to 2024 [23].
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According to the data sheet [24] and an article in Heizungsjournal [23], piceaZ2 is equipped with a 2.3
kW electrolyzer from Enapter and a 1.5 kW fuel cell from Ballard and stores the generated hydrogen in
1 to 5 steel cylinder bundles, each of which stores 300 kWh of electrical energy. The waste heat from
the water-cooled electrolyzer is used to heat domestic water, while the waste heat from the air-cooled
fuel cell is used to supplement heating via the ventilation system. Thus, the efficiency of the conversion
process (electricity — hydrogen — electricity), which is purely based on electricity and stands at about
50%, can be increased to up to 90% by incorporating heat utilization. [24]

According to an article in the Journal of Building Technology [25], HPS estimates that a 4-person
household with an average annual electricity demand of 4,000 kWh would require a photovoltaic (PV)
system in the range of 8 to 12 kW. The amount of heat that can be extracted with Picea depends heavily
on annual electricity consumption, location, and the PV system. According to HPS, 2,500 kWh can be
assumed for this purpose.

Figure 7: Operation of the picea-2 system in summer [24]

Figure 7 shows how the picea-2 system works in summer.

In the left image, the PV system supplies electricity to the current loads, the battery, and the electrolyzer.
The middle image illustrates the potential use of the electrolyzer’'s waste heat for domestic hot water
heating. The right image shows usage at night or on cloudy days. The battery has stored enough
electricity for the loads.

4 s Fortluft
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Figure 8: Operation of the picea-2 system in winter [24]
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Figure 8 shows how the picea-2 system works in winter.

In the leftimage, the fuel cell draws hydrogen from the storage tank and supplies electricity to the current
consumers and the battery. The right image shows that an existing fresh air heating system using a heat
exchanger can additionally utilize the waste heat from the fuel cell via the warm exhaust air.
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6.2 JOHANN Energy Cell

In Austria, the JOHANN energy cell was developed based on the same concept, named after the
visionary Archduke of Styria, Johann. It was developed by the Austrian company EEG Elements Energy
GmbH [26] and further developed in a project under the Austrian funding program “Vorzeigeregion
Energie” from Manufacturing Level MRL 5 (early adopters) to MRL 7 (customer needs met). The project
ran from March 1, 2021, to July 31, 2023, and received €683,000 in funding [27].

Figure 9: JOHANN Hydrogen Energy Cell Version X3

The project’s final report [28] describes three scenarios, one of which could not be implemented
because the installation permit had not been granted by the end of the project:

* adilapidated farm in Lower Austria is renovated and equipped with a sustainable heating and
energy supply system; due to intermittent use, heat and electricity demand also fluctuate
significantly;

* ariding stable in Burgenland is equipped with 170 kWp of PV on the roof surfaces;

* several Johann systems were to be installed in a school in Styria; two were delivered and
preparations for their installation were made, but the installation was not approved.

During the course of the project, numerous hardware optimizations were made to the in-house
developed electrolysis system and fuel cell, and the software for controlling the overall system and for
the user interface was optimized.

The report provides two examples of the savings potential enabled by JOHANN for two PV systems of
different sizes, calculated based on the electricity rates applicable in Austria in 2020. In general, the
report concludes that the savings potential increases with growing energy demand, a larger PV system,
and greater hydrogen storage capacity.
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The project profile published at the end of 2024 [29] summarizes the results in an overview. This first
version, JOHANN Hydrogen X1, had not yet reached production readiness by the end of the project.
EEG Energy Elements GmbH stated upon request that it independently developed the JOHANN
Hydrogen X2 version between 2023 and 2025, which has been deployed in applications and is
configured as a pre-series product for specific projects, and can be used in single-family homes,
commercial businesses, and industrial and larger commercial applications.

In 2026, the JOHANN Hydrogen X3 version shown in Figure 9 will be introduced; this version is intended
to reach standard production readiness and thus become more cost-effective. The hydrogen is stored
as compressed gas in steel cylinder bundles located outdoors. The design is application-specific. The
storage capacity is at least 1,500 kWh chemically and can be many times that amount depending on
the project. The electrolyzer and fuel cell capacities can be sized independently of the storage capacity.

6.3 e.systems21

A solar company based in Ulm, e.systeme21, has established a 100 percent self-sufficient energy supply
using photovoltaics, hydrogen, and battery storage. At the “The Smarter E 2024” trade show, the
company’s managing director presented the concept as a solution for small and medium-sized
enterprises [30].

The energy-efficiently renovated existing building, with 360 square meters of office space and 300
square meters of storage space, features an 80-kilowatt photovoltaic system on the roof and facade, as
well as an 80-kilowatt-hour battery storage system; the electrolyzer has a capacity of 10 kW.

Heating is provided by a heat pump and a novel hydrogen radiant heater.

The company’s electricity demand, including air conditioning and heating, amounts to 17,750 kilowatt-
hours. Of the approximately 80,000 kilowatt-hours of photovoltaic electricity, 34,000 kilowatt-hours are
used for electrolysis and compression. Since part of the hydrogen is used for the radiant heaters, the
fuel cell is expected to generate approximately 6,750 kilowatt-hours of electricity per year. This leaves
a surplus of 35,000 kilowatt-hours for electric mobility and future additional demand.

The total investment for the energy solution amounted to 600,000 euros. An additional 700,000 euros
was spent on building renovation and site improvements. The hydrogen equipment for Esysteme21
comes from the Bavarian company Ostermeier Hydrogen Solutions.

7. HYBRID STORAGE RESEARCH AND DEVELOPMENT AT EMLE

The Science Center for Electromobility, Power Electronics & Decentralized Energy Supply (EMLE) at
Libeck University of Applied Sciences has many years of experience in developing charging systems
for electromobility, ranging from wall boxes to modular, highly scalable charging park systems [31] and
high-performance systems with buffer storage [32].

Currently, a real-world laboratory for application-oriented research and development on hybrid storage
systems is being established at EMLE [33] [34].
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Two hydrogen systems were procured; the smaller, mobile one
was installed in a 1.5-meter-tall, 19-inch rack on wheels. It

includes a 2.4 kW electrolyzer from Enapter and a 300 W fuel

cell with a stack from Baltic Fuel Cell Systems, whose entire

control system and gas routing were designed at the EMLE as

part of a master’s thesis [35]. The system has already been put
into operation for initial measurements outside the laboratory.

Figure 10: Mobile EMLE H2 system

The larger system was delivered fully assembled in an outdoor rack from H2CoreSystems and also
includes a 2.4 kW electrolyzer from Enapter, a 1 kW fuel cell from Intelligent Energy, and a steel cylinder
bundle consisting of 12 50-liter cylinders rated up to 300 bar. Approval has been granted for outdoor
installation, and construction will take place in 2026.

Figure 11: EMLE Outdoor H2 System
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A large LiFePo battery is available, as well as several smaller lead-gel batteries, photovoltaic modules,
and a wind turbine.

Figure 12: LiFePo battery with 30 kWh capacity

On the software side, the system is to be modeled as a digital twin and scaled up. For this purpose, it
can be fed with real PV and wind energy data provided by Stadtwerke Liibeck. Several commercial and
open-source software packages for simulating energy system scenarios are currently being evaluated.

8. CONCLUSIONS

The bankruptcy of the picea provider Home Power Systems and the fact that the Johann energy cell is
not yet ready for series production show that hybrid hydrogen storage systems for single-family homes
are currently still too expensive and too complex.

With prices ranging from €60,000 to €90,000 for the basic picea system and an additional €40,000 for
the storage expansion to 1,500 kWh—which would be necessary for 100% self-sufficiency in a highly
efficient home—the payback period is approximately 30 years, with maintenance and repair costs still
unpredictable.

Higher production volumes would significantly lower prices, as was seen in the example of fuel cell
heating systems, which have been subsidized in Japan for many years [36]. There, prices fell from
€15,300 to €8,200 between 2011 and 2015. These fuel cell heating systems, powered by natural gas or
butane, alleviated the electricity shortages caused by the shutdown of additional nuclear power plants
following the 2011 Fukushima nuclear disaster. From 2009 to 2023, over half a million such systems
were installed.

Hybrid storage systems are more suitable for quarters or commercial buildings than for single-family
homes, as wind power can be utilized, thereby reducing the requirements for storage performance and
capacity.
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