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Abstract

A potential solution to the drawbacks of compressed and liquefied hydrogen is the use of Liquid Organic Hydrogen
Carriers (LOHCs), which provide safer, more scalable, and infrastructure-compatible storage. With a focus on reversible
hydrogenation/dehydrogenation processes and their catalytic underpinnings, this review critically investigates LOHC tech-
nology. The transition from noble-metal to nickel-based catalysts is highlighted by recent developments, which enhance
lifetime, selectivity, and activity in real-world scenarios. Comparative analysis of reactor concepts shows quantifiable
improvements in scalability and efficiency, including membrane, hot-pressure swing, and reactive distillation systems.
Integration with renewable energy and waste-heat utilization are reviewed, as are commercialization initiatives like pilot
plants and hydrogen refueling stations. Reducing carrier costs, increasing catalyst durability, and lowering the energy
demand for dehydrogenation are still ongoing challenges. This review establishes research priorities that will determine
how LOHCs contribute to the development of a low-carbon, sustainable hydrogen economy by tying molecular design to
system-level performance.
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1 Introduction

The global energy landscape transforms as societies con-
front the crises of fossil fuel dependence, climate change,
and environmental degradation. Historically, our energy and
transportation systems have been dependent on fossil fuels,
such as coal, oil, and natural gas, which have provided the
necessary power for industrialization, transportation, and
modern living. However, the use of fossil fuels has come ata
significant cost to the planet and human health, characterized
by greenhouse gas emissions, air pollution, and environmen-
tal degradation. In recent decades, there has been a growing
recognition of the need to transition towards more sustain-
able and environmentally friendly energy sources. Renew-
able energy, derived from naturally replenished resources
such as sunlight, wind, water, and biomass, has emerged as
a feasible replacement for fossil fuels (Raturi 2016). Among
the many benefits of renewable energy are its widespread
availability, its minimal impact on the environment, and its
potential to slow down global warming by lowering green-
house gas emissions (Gianotti et al. 2018). The transition
to renewable energy sources is already underway, with sig-
nificant progress achieved in deploying technologies such
as solar photovoltaics, wind turbines, hydroelectric dams,
and biomass power plants. According to the International
Renewable Energy Agency (IRENA), the world’s renewable
energy capacity surged to 4,442,755 MW in 2024. This was
a big jump from previous years and showed how quickly
the world is moving toward cleaner energy (Couture et al.
2019). However, this transition is far from complete, and
significant challenges remain to be addressed. A primary
obstacle to incorporating renewable energy into the exist-
ing energy system is the intermittency of renewable energy
sources. Unlike fossil fuel-based power plants, which can
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Fig.1 Direct and indirect CO, emission factors (g CO,/kWh) for differ-
ent power generation systems derived from life-cycle analysis. Values
are indicative and may vary based on location and technology.Adapted
from (Hondo 2005; Amponsah et al. 2014)
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generate electricity continuously, renewable energy genera-
tion is inherently variable and dependent on factors such as
weather conditions, time of day, and geographic location
(Ahmed et al. 2016). This intermittency introduces chal-
lenges in matching electricity supply with demand, leading
to issues such as grid instability, energy storage, and curtail-
ment of excess generation. Reliable energy storage systems
are key to countering the inconsistency of renewable energy
sources and securing a steady and resilient energy sup-
ply. The energy storage enables surplus renewable energy
produced during peak production periods to be stored and
subsequently released when needed, thus balancing supply
and demand and enhancing grid stability (Aakko-Saksa et
al. 2018). Additionally, energy storage plays a very crucial
role in enabling the integration of renewable energy into
the transportation sector, particularly through electrification
and the use of electric vehicles (EVs) and hydrogen fuel
cell vehicles (FCVs) (Shekhawat and Bansal 2023). In the
global electricity sector, carbon-neutral options like renew-
able energies (like geothermal, wind, solar, and hydro) and
nuclear power are already being utilized (Gibon et al. 2017).
These low-carbon options have gained momentum in recent
decades due to their numerous benefits, including improved
safety and direct reductions in CO, emissions. In Fig. 1, the
CO, emission factor is shown for each power generation
source lacking carbon capture (Hondo 2005; Amponsah
et al. 2014). While electricity production can be achieved
through low-carbon technologies, it’s essential to recognize
that fossil fuels still account for 85-86% of total energy
production in 2024 (Ritchie et al. 2020; Institute 2025).
Therefore, there is a proposal to significantly increase elec-
trification in our societies to promote the adoption of low-
carbon technologies.

One more acknowledged as clean and versatile energy
source “which is playing a pivotal role in global energy tran-
sition” is Hydrogen (H,). One more advantage of its use is
low emission of greenhouse gases because there are only
water vapors as a byproduct that makes it environmentally
friendly. Hydrogen can be produced from renewable energy
sources like wind, solar and hydroelectric power through
electrolysis, thus enables a truly sustainable and carbon-
neutral energy cycle (Caldeira and Infante-Moro 2025).
Hydrogen can play a vital role in many sectors like in trans-
portation through fuel cells, in industry for decarbonizing
the high emission processes and in power generation and
residential heating as a cleaner energy source. Its capacity
to store excess renewable energy, particularly during times
of high production, enhances grid flexibility and stability
while also complementing the intermittent nature of renew-
ables. Hydrogen is positioned to be a key component of a
robust and low-carbon energy economy with changes in the
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global energy landscape (Odenweller and Ueckerdt 2025;
Zubairu et al. 2025).

The IEA states that there is a structural discrepancy
between supply and demand for low-emission hydrogen,
with global demand for the gas reaching just 14 Mt in 2023
despite announced production capacity exceeding 27-35 Mt
((IEA) 2024). Issues like excessive production costs, inad-
equate infrastructure, and a lack of storage and distribution
options are all reflected in this imbalance. Scaling the use
of hydrogen in industry, transportation, and energy requires

removing these obstacles. Transport and storage are two of
these obstacles that are especially important. Hydrogen is
produced in a variety of locations, frequently distant from
demand centers, so its integration into energy systems
necessitates the development of effective, secure, and scal-
able storage technologies (Zabanova 2023).

Hydrogen stood as a flexible and promising energy car-
rier for storing and delivering renewable energy. The inclu-
sion of hydrogen generation, storage, and usage using
Liquid Organic Hydrogen Carriers (LOHCs) in the hydro-
gen energy vector is depicted in Fig. 2. Once produced,
hydrogen can be stored and transported in different states,
including liquefied hydrogen, compressed gas, and chemi-
cal compounds like LOHCs (Teichmann et al. 2012; Nier-
mann et al. 2019a, b) as illustrated in Fig. 3 and their key
working conditions and characteristics are summarized in
Table 1.

LOHC:s represent a particularly promising approach to
hydrogen storage, offering several advantages over tra-
ditional storage methods (Preuster et al. 2017a, b). These
organic compounds undergo reversible hydrogenation
and dehydrogenation reactions, allowing them to store
and release hydrogen safely and efficiently. LOHCs offer
high storage densities, excellent safety characteristics, and
compatibility with existing infrastructure, making them
well-suited for large-scale deployment and transporta-
tion applications (Preuster et al. 2017a, b). In contrast to
compressed or liquefied hydrogen, LOHCs can be trans-
ported and stored at room temperature and pressure, signifi-
cantly lowering infrastructure expenses and safety hazards
(Melcher et al. 2021). Numerous LOHC compounds have
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Table 1 Comparison of hydrogen storage methods: key working conditions and characteristics (Mekonnin et al. 2025; Back and Kang 2025; Chen

et al. 2025)
Storage Method Pressure Temperature Gravimetric ~ Volumetric  Typical Applications Safety/Notes
(bar) (°0) Hydrogen Hydrogen
Density Density (kg
(Wt%) H,/L)
Compressed Gas 350-700 Ambient ~5.6 ~0.04 Fuel cell vehicles, refueling High pressure, risk of
leaks
Liquid Hydrogen ~1 —253 12.8 0.07 Aerospace, long-distance Requires advanced
(cryogenic) transport insulation, boil-off loss
Liquid Organic Hydrogen Ambient 150-200 Upto 6.2 High (liquid Large-scale storage, Safe, liquid at ambient
Carriers (LOHCs) (reaction) phase) transport conditions
Metal Hydrides 1-100 50-150 1-7 Moderate Stationary, portable storage  Heavy materials, slow
kinetics
Chemical Hydrogen Variable Variable Upto 10 Moderate Various It depends on specific
Carriers chemical system
Adsorbents (MOFs, Ambient Ambient ~1-5 Lower Portable devices, emerging  Material development,
COFs) tech cost challenges

low volatility and high boiling points, which further
improves handling safety during transportation and stor-
age. Nonetheless, there are still issues with minimizing the
energy required for dehydrogenation and maximizing cata-
lyst performance for effective hydrogen release (Fang et al.
2024). Research on catalyst development and process inte-
gration costs and technical complexity is still ongoing (Chu
etal. 2023a, b).

Despite the potential of LOHCs, significant research and
development efforts are still needed to optimize their perfor-
mance, reduce costs, and address technical challenges. This
review provides a comprehensive overview of LOHCs to
be a prospective solution for hydrogen storage, examining
their properties, synthesis methods, storage mechanisms,
and potential applications. Particular attention is devoted
to identifying the most promising molecules that can act
as hydrogen carriers and to discussing several key aspects
of the LOHC technology, including the design and perfor-
mance of catalysts, the reactor configurations employed for
both hydrogenation and dehydrogenation reactions, and the
potential scale up of these systems to the industrial level.
By synthesizing existing knowledge and identifying key
research gaps, it aims to guide future research efforts in
the field of hydrogen storage and contribute to the ongoing
transition towards a more sustainable and renewable energy
future.

2 LOHC: an emerging technology

Liquid Organic Hydrogen Carrier (LOHC) technology uti-
lizes pairs of organic compounds for reversible hydrogen
storage. Unsaturated liquid organic molecules including tol-
uene, N-ethylcarbazole, and naphthalene are used as storage
media in LOHC technology, whereas saturated compounds
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like dodecahydro-N-ethylcarbazole, methylcyclohexane
(MCH), and decalin serve as carriers. This chemical pairing
of compounds facilitates effective and reversible hydrogen
storage and release (Preuster et al. 2017a, b; Wan et al. 2020).
Figure 4 illustrates the core concept of LOHC technology.
During hydrogenation, a liquid organic hydrogen storage
medium and hydrogen gas are combined in an exothermic
reaction within a reactor. The catalyst plays a crucial role
by enabling efficient hydrogenation and dehydrogenation
at a moderate temperature. It lowers the activation energy
for both forward and reverse reactions, therefore promotes
the formation of saturated and unsaturated hydrides dur-
ing these reactions under controlled thermal conditions
(Cabrera et al. 2024).

Hydrogen carriers (Hx-LOHCs) are the end products of
hydrogenation reactions. Hydrogen is used in a catalytic pro-
cess to convert unsaturated bonds to saturated ones (Bourane
et al. 2016; Li et al. 2016). Chemical equilibrium favors
hydrogenation at low temperatures and high pressures.
Unlike hydrogenation, dehydrogenation is an endothermic
process. The catalyst extracts hydrogen from Hx-LOHCs in
a dehydrogenation device through an endothermic process
requiring continuous heat to break C-H bonds (Forberg et
al. 2016). Rather than temperature changes, this endother-
micity is the cause of the high energy consumption linked
to dehydrogenation. Reduced activity may also result from
catalyst deactivation during the reaction. Trucks, pipelines,
and ships are examples of well-established liquid fuel logis-
tics that can be used to move hydrogen carriers over long
distances. Without changing the structure of the carbon ring,
the unsaturated aromatics and their hydrides can undergo
reversible hydrogenation and dehydrogenation (Byun et al.
2022).

Building on the mentioned criteria in Table 2, it is
instructive to consider the historical development of LOHC
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Fig.4 Schematic of LOHC integration into the hydrogen energy cycle, illustrating reversible hydrogenation/dehydrogenation, transport, and end-

use applications, adapted from (Niermann et al. 2019a, b)

Table 2 Practical requirements for efficient LOHC systems

Requirement Target/Criterion

Rationale

Hydrogen storage capacity ~ Gravimetric>5-7 wt% Hz; Volumetric>50-60 kg H>/m?

Reaction enthalpy AH <65 kJ/mol H: for dehydrogenation
Operating temperature Hydrogenation: 100-200 °C; Dehydrogenation: 200-320 °C

Reversibility & stability >100 cycles with minimal degradation of carrier

Kinetics High hydrogenation/dehydrogenation rates at moderate T, P
Safety & toxicity Low vapor pressure, chemically stable, non-toxic, non-explosive
Cost & availability Carrier price<2-3 €/kg; based on abundant feedstocks
Selectivity >95% selectivity for H» release; minimal by-product formation

Catalyst requirements Active under mild conditions; long lifetime (> 5000 h); based on

Ensures sufficient energy density for large-
scale transport and storage

Lower enthalpy reduces heat demand and
improves system efficiency

Moderate conditions allow integration with
existing infrastructure

Guarantees long-term reuse and economic
feasibility

Reduces reactor size and improves turnaround
Ensures safe handling, transport, and storage
Keeps total hydrogen storage cost competitive
with alternative options

Prevents catalyst poisoning and side reactions
Reduces dependence on expensive noble met-

non-noble metals

als (Pt, Pd, Ru)

technology. Initially proposed in 1975, as a non-cryogenic
hydrogen storage method, early LOHC systems commonly
used aromatic compounds like benzene and toluene for auto-
motive fuel applications. Researchers observed that replac-
ing C atoms with a suitable quantity of heteroatoms, such
as N atoms, can lower dehydrogenation temperatures and
enhance efficiency by modifying reaction enthalpy. How-
ever, excessive nitrogen content in the organic molecule
may lead to higher dehydrogenation temperatures, indicat-
ing a complex relationship between molecular composition
and reaction conditions (Dean et al. 2011; Sotoodeh et al.
2012a, b; Markiewicz et al. 2019). Current research focuses
on aromatic and N-doped organic molecules, but the discov-
ery of new organic compounds is ongoing. Table 4 provides
physicochemical characteristics for various commonly used

LOHC systems. Several systems have been studied in the
scholarly research, including methylcyclohexane (MCH)/
toluene (TOL) (Meng et al. 2021), N-ethylcarbazole/
dodecahydro-N-ethylcarbazole (Eblagon et al. 2012; Feng
etal. 2020), naphthalene/decalin (Lazaro et al. 2008), diben-
zyltoluene/perhydro-dibenzyltoluene(Wulf and Zapp 2018;
Meng et al. 2021), diphenylmethane/dicyclohexylmethane,
biphenyl/bicyclohexyl, and benzyltoluene (Henseler et al.
2024).

Researchers have used advanced tools like density func-
tional theory (DFT), molecular dynamics simulations,
nuclear magnetic resonance (NMR) spectroscopy, and
catalyst characterization techniques to thoroughly exam-
ine the reaction mechanisms of LOHC hydrogenation and
dehydrogenation (Sotoodeh et al. 2012a, b; Do et al. 2016;
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Leinweber and Miiller 2018; Bogdan et al. 2023). These
investigations show that steric effects are highly influenced
by molecular characteristics like size, methyl group pres-
ence and location, and heteroatom substitution. Steric effects
then impact reaction paths, selectivity, and kinetics (Zhao et
al. 2019; Chen et al. 2020; Li et al. 2021a, b). For example,
Leinweber and Miiller (2018) revealed intermediate species
and rate-determining steps in the hydrogenation of mono-
benzyl toluene by demonstrating intricate reaction pathways
and kinetic effects (Leinweber and Miiller 2018). Do et al.
(2016) identified important intermediates that control reac-
tion efficiency by using H-NMR to clarify the hydrogena-
tion mechanism of dibenzyltoluene (Do et al. 2016). On
the side of catalysts, Bogdan et al. (2023) studied the for-
mation of active phases in platinum-based catalysts during
bicyclohexyl dehydrogenation, highlighting how catalyst
morphology and electronic properties evolve under reaction
conditions, which directly impact performance (Bogdan et
al. 2023). Sotoodeh et al. (2012a, b) investigated dehydro-
genation kinetics of heteroaromatic LOHCs, emphasizing
the role of molecular structure in influencing activation bar-
riers (Sotoodeh et al. 2012a, b). Dehydrogenation mecha-
nisms on Pt catalysts are clarified by computational studies,
such as Zhao et al. (2019) and Chen et al. (2020), which use
DFT to show how surface interactions and cluster ductility
adjust catalytic activity (Zhao et al. 2019; Chen et al. 2020).
By employing cyclohexane as a model, Li et al. (2021a, b)
extended this by comparing dehydrogenation across vari-
ous metal surfaces (Pt, Pd, Rh, and Ni) and determining the
impact of metal type on reaction energetics (Li et al. 2021a,
b).

To enhance the conversion rates, selectivity, recycling
efficiency, and catalyst activity, adjustments can be made to
compounds and operating conditions for LOHC. According
to Song et al., an outstanding LOHCs system must fulfill the
following performance requirements summarized in Table 2
(Song et al. 2020).

Collectively. these revelations allow for a better com-
prehension of how catalyst selection and molecular design
affect the efficiency and selectivity of LOHC systems,
which directs the logical development of better materials
and procedures for hydrogen storage applications. In the
next Sect. 3, some practical LOHC systems will be evalu-
ated on the basis of the requirements presented in Table 2.
While in Sect. 4, catalytic performance will be evaluated for
these LOHC systems.

@ Springer

3 Possible hydrogen carriers

Prospective storage molecules, along with their hydroge-
nation and dehydrogenation reactions and qualities, are
reviewed below. Further evaluation will be based on the fol-
lowing conditions:

o The US Department of Energy has set ultimate goals for
energy per unit volume (volumetric energy density) and
onboard storage capacity at 1.7 kWh/L and 6.5 weight%,
respectively (Ahluwalia et al. 2010). These numbers
serve as benchmarks that are acknowledged globally.
If relevant, the energy density and storage capacity are
given for the diluted material with dehydrogenation re-
strictions as well as for the substance in its purest form
(in other words, without any potential solvents and the
tank system).

e Interms of affordability, the LOHC needs to be easily ac-
cessible and affordable, ideally equivalent to traditional
organic solvents (< 2 — 3€/kg), to ensure economic
competitiveness with other hydrogen storage methods.
These materials are currently available for purchase at
prices that are usually obtained for major distributors
from online wholesale platforms.

e A LOHC should be minimally toxic, chemically stable
in ambient conditions, and have low flammability. Typi-
cally, the Toxicity Potential Indicator (TPI) is used to
evaluate toxicity, considering factors like EU carcinoge-
nicity, R-phrases, water hazard class, and maximum al-
lowable concentration. Consequently, even though LO-
HCs are typically thought to be safer than compressed
or liquefied hydrogen, careful material selection is still
essential (Niermann et al. 2019a, b).

e The utilization of low-temperature waste heat, like that
from a Polymer Electrolyte Fuel Cell (PEFC), to satisfy
the dehydrogenation requirement is excellent when the
dehydrogenation temperature is low, as it facilitates the
incorporation of storage into a heat distribution network.

e Energy is released during hydrogenation and is usu-
ally not utilized. Extracting hydrogen from the LOHC
molecule in the process of de-hydrogenation demands
additional energy. Dehydrogenation’s energy and heat
demands so dictate this storage system’s energy need.

e Ideally, the LOHC can be stored and transported without
the need for any extra safety measures based on chemi-
cal handling rules (GHS-symbols).

e The addition of a solvent is necessary if the LOHC re-
mains solid within the specified range of temperature
(i.e., high melting point). After dehydrogenation, an ad-
ditional purification step is essential to separate the sol-
vent from hydrogen and maintain hydrogen purity. The
low boiling point of the LOHC is also a drawback as
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it necessitates extra purification stages to separate the
hydrogen from the unloaded LOHC, which complicates
the increases energy requirements and process design.
For the purpose of preventing explosions, a basic design
also has a high flashpoint and ignition temperature.

e When hydrogenating and dehydrogenating, the ideal
LOHC yields no byproducts and is perfectly stable
within the pertinent temperature range. As a result of
unavoidable losses or degradation during storage from
undesirable side reactions such as isomerization and dis-
proportionation, the LOHC really must be replaced on a
regular basis. More recirculation intervals are allowed,
the more stable the LOHC is. High catalyst stability,
which can be determined by large turnover rates or ex-
tended operating times—is another attribute of process
stability.

e Gas flow is a parameter that indicates the speed at which
hydrogen is released from a loaded Liquid Organic Hy-
drogen Carrier (LOHC). This measures the hydrogen’s
mass extracted from the LOHC and solvent mixture
per hour. For this parameter, any hydrogen that stayed
bound to the LOHC and that was not released, leads to a
decrease in gas flow.

e To compare the technological development state of LO-
HCs, one might utilize the Technology Readiness Level
(TRL). From the observation of fundamental principles
to the successful operation of systems, the TRL rates ad-
vance on a scale from 1 to 9 (Dixon et al. 2018).

The essential conditions for potential hydrogen carriers are
represented by the points mentioned above. It is crucial to
evaluate and design LOHC systems considering these stan-
dards. In the next section, we put these criteria to use in
a thorough examination of several real LOHCs, stressing
their benefits, drawbacks, and characteristics. The following
subsections introduce the main LOHC candidates, focus-
ing on their fundamental properties, strengths, and limita-
tions. Later Sects. (4-5) will discuss catalysts and process
improvements in detail, while Sect. 6 onward addresses
scalability and commercialization.

3.1 Systems of aromatic compounds

Aromatic compounds, due to their unique resonance inter-
actions, are highly suitable for hydrogen storage as Liquid
Organic Hydrogen Carriers (LOHCs). Compared to olefins
and alkynes, they are preferred for their reversible hydro-
genation and dehydrogenation properties. This section
explores various aromatic systems and their performance in
hydrogen storage.

3.1.1 Benzene/Cyclohexane system

The benzene/cyclohexane system was one of the first stud-
ied for hydrogen storage, boasting a high gravimetric hydro-
gen storage capacity and a volumetric capacity, available in
Table 4 (Koutsonikolas et al. 2012; Wang et al. 2012). How-
ever, the higher dehydrogenation temperature near 300 °C
results in significant energy consumption. The hydrogena-
tion occurs at 150 °C and 4 MPa, producing 68.8 kimol™! of
energy, while dehydrogenation at 0.1 MPa and 300 °C
requires the same amount of energy, gradually releasing
hydrogen and reverting cyclohexane to benzene (Chettibi
et al. 2011). Industrially, benzene is converted to cyclohex-
ane using a Raney-Ni catalyst (Bianchini et al. 2007), with
commercial Ni catalysts hydrogenating benzene and mono-
substituted alkyl benzenes at 95-125 °C and 2040 atm, a
schematics of this system is shown in Fig. 5(a) (Toppinen
et al. 1996).

3.1.2 Toluene/Methylcyclohexane system

Methylcyclohexane (MCH) and Toluene (TOL) are com-
monly employed as model carriers in Liquid Organic
Hydrogen Carrier technology. This is due to their numer-
ous benefits, including excellent gravimetric and volumetric
hydrogen densities, widespread availability, low cost (0.3 €/
kg), and simple reactivity, presented in Table 4. Addition-
ally, they offer lower computational costs compared to larger
LOHCs such as dibenzyltoluene (Niermann et al. 2019a,
b). The Chiyoda Corporation’s industrial development has
rekindled interest in this research domain. A coalition of
Mitsui, Chiyoda, the Japanese government and Mitsubishi
has recently demonstrated that it is feasible to transport
large quantities of hydrogen by ocean tankers. This was
done using the MCH/TOL LOHC technology, successfully
moving hydrogen from Brunei to Japan (2024).

From the late 1970s until the late 1990s, the Meth-
ylcyclohexane-Toluene-Hydrogen (MTH) system was
extensively researched for both mobile and stationary appli-
cations (Griinenfelder and Schucan 1989; Vanhanen and
Lund 1995). Initially suggested as an H, fuel for vehicle
mobility by Sultan and Shaw in 1975, it was found inef-
ficient in comparison to gasoline (Sultan and Shaw 1975).
Taube & Taube revived the MTH system in the early 1980s
as a mechanism to store surplus nuclear power for automo-
bile usage (Taube and Taube 1979). Pilot trucks were devel-
oped to support this technology (Griinenfelder and Schucan
1989). Despite inadequate selectivity in the dehydrogena-
tion reaction, the problem was addressed by heating a small
amount of toluene or contaminants to preserve endothermal
dehydrogenation.
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Fig. 5 Schematics of six liquid organic hydrogen carrier (LOHC) sys-
tems showing reversible hydrogenation and dehydrogenation reactions
with associated catalysts and operating conditions: (a) Benzene/Cyclo-
hexane system, (b) Toluene/Methylcyclohexane system, (c) Naphtha-

Additional developments revealed that the entire cata-
lytic oxidation of a maximum of 10% of the generated
toluene may fulfill the dehydrogenation energy demands,
with future optimization decreasing this to a minimum of
6% (Kerleau et al. 2010). The combustion heat from an H,
thermal engine might compensate for the dehydrogenation
enthalpy, but the strategy might be unsuccessful for proton
exchange membrane fuel cell (PEMFC) engines because
of their lower operating temperature (Touzani et al. 1984).
Because of the lower boiling temperatures of TOL (Tolu-
ene) and MCH (Methylcyclohexane) (110.6 °C and 100.9
°C, dehydrogenation is a gas-phase process that is thermo-
dynamically constrained by H, formation in closed systems
(Niimi et al. 2014). The proposal to use catalytic Pd—Ag
membrane reactors for separating H, from toluene during
the reaction aims to improve the thermodynamics (Ali et al.
1994). To address the high dehydrogenation temperatures
of the benzene/cyclohexane system, Itoh et al. studied the
toluene/methylcyclohexane system using a Pt/Al,O; cata-
lyst (Itoh et al. 2008). A complete cyclic reaction system
is presented in Fig. 5(b). This system demonstrated lower
dehydrogenation temperatures because of the existence of
methyl groups. Although the storage capacity is slightly
reduced, the lower temperature improves overall efficiency.
However, further development is needed to decrease the use
of valuable materials and increase long-term stability under
operating conditions (Pal et al. 2020).
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lene/Decalin system, (d) N-ethylcarbazole/Perhydro-N-ethylcarbazole
system, (e) Dibenzyltoluene/Perhydro-dibenzyltoluene system, (f)
Diphenylmethane/Dicyclohexylmethane system.Source belongs to
authors

3.1.3 Naphthalene/decalin system

Naphthalene (NAP), a cost-effective aromatic hydrocarbon,
forms another viable hydrogen storage system with decalin
(DEC) (Ribeiro et al. 2007; Damodharan et al. 2018; Chen
et al. 2019). The hydrogenation of naphthalene to decalin is
prone to side reactions, producing various naphthenic com-
pounds like trans-decalin and cis-decalin. High tempera-
tures and vapor pressures during dehydrogenation can lead
to ring-opening and cracking, resulting in tar and coke for-
mation that complicates equipment maintenance (Nassred-
dine et al. 2011).

NAP can create many types of decalin (DEC), including
tetralin, cis-decalin, and trans-decalin, following hydroge-
nation at 70 °C (Nassreddine et al. 2011; Yang et al. 2023).
The formation selectivity of decalin depends on the reaction
temperature and catalyst. Trans-decalin preference is better
when employing Pd catalysts at temperatures over 200 °C
(Park et al. 2002; Rautanen et al. 2002). Decalin forms have
boiling temperatures of 187-196 °C , reducing the danger
of evaporation losses (Al-Muntaser et al. 2022). DEC dehy-
drogenation requires a high temperature of 200-300 °C (He
et al. 2013, 2015), resulting in high vapor pressures (Chu
et al. 2023a, b). After several cycles, the carrier cracks and
leaves coke and tar on the apparatus, making it difficult to
eliminate (Nassreddine et al. 2011). Dehydrogenation has a
heat demand higher than alternative LOHCs, which can be
provided by the released H, (Rao and Yoon 2020), which is.
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It is used for the dehydrogenation of cis-decalin and it has
better activity (Yang et al. 2023). A schematic of this system
is presented in Fig. 5(c).

Pt and Pd catalysts are commonly employed for dehy-
drogenation (Kim et al. 2017), Ni (Al-Muntaser et al. 2022)
has also been investigated. Activated carbon is commonly
utilized to prevent side reactions caused by acidic supports
(Lee et al. 2015; Diaz et al. 2023). Diaz et al. (2023) noted
that Pt displayed the highest reaction rates on activated
carbon among the metallic phases, while Pd also exhib-
ited notable activity. The incorporation of solvents in the
dehydrogenation process has been shown to enhance per-
formance, with an 80:20 vol./vol. ratio of decalin to methyl-
cyclohexane identified as particularly effective (Diaz et al.
2023).

3.1.4 Dibenzyltoluene (DBT)

Dibenzyltoluene (DBT) is a primary constituent of “thermal
conductive oil” that has become prominent research subject
due to its stable physical and chemical properties, low tox-
icity, low melting point and high boiling point (Ahluwalia
et al. 2012). The DBT/perhydro-dibenzyltoluene system is
efficient for hydrogen storage but faces challenges of slow
dehydrogenation rates and high energy consumption. Fur-
thermore, hydrogen released from DBT needs purification
(Markiewicz et al. 2019).

Over the past decade, dibenzyltoluene (DBT) and ben-
zyltoluene (BT) have attracted attention as possible LOHCs.
Marlotherm® SH and LH are heat-transfer fluids with low
prices ranging from 3.48 to 11.16 €/kg (Sage et al. 2024).
These may be used as a liquid under atmospheric pressure
at temperatures for perhydro-dibenzyltoluene (H,;-DBT)
ranging from —50 to 370 °C , with a potential storage den-
sity and lower dehydrogenation enthalpies for perhydroben-
zyltoluene (H,,-BT) and H,¢-DBT, both values presented in
Table 4. Distinct isomers of hydrogenated DBT can result
in distinct intermediates (H,, Hg, and H,,-DBT) during
the dehydrogenation and hydrogenation reactions (Miiller
et al. 2013). Inadequate dehydrogenation/hydrogenation
may result in less storage capacity than theoretical value,
depending on the catalyst and process conditions. Briick-
ner et al. (2014) found that at optimal catalytic conditions
(310 °C, 0.1 MPa), H,;-DBT may release all hydrogen with
minimum fragmentation (<0.01%). This enables multiple
hydrogenation-dehydrogenation cycles utilizing the Hy/H5-
DBT system.

DBT may be hydrogenated using both pure hydrogen
and a combination of hydrogen, CH,, and CO, (Diirr et al.
2017; Jorschick et al. 2019). This combination is economi-
cally appealing because of its ease of production through
procedures including cracking reactions, reforming, and

gasification. Additionally, the hydrogen in these combina-
tions is not commercially viable without costly separation
and purifying processes.

Hydrogenous Technologies GmbH, a German business,
has presented DBT as a LOHC concentrating on com-
mercializing storage and release systems of hydrogen for
mobile and industrial applications (Herzog 2018; Lutz et al.
2020). A small-scale facility with containerized storage and
release units has been established by Hydrogenous Technol-
ogies (Sage et al. 2024). The storage unit can store 10-6000
Nm?-H,/hour (0.8 — 494.7 kg — Hy/hour) of hydrogen by
renewable and industrial sources, whereas the output unit
may deliver 10-80 Nm?>-H,/hour (0.8-66 kg-H,/hour) to
refueling stations and industries. The amount of heat essen-
tial for the endothermic hydrogen release process might
come from the process of waste heat, electricity, natural gas,
or the hydrogen created.

3.1.5 Biphenyl/Bicyclohexyl and Diphenylmethane/
Dicyclohexylmethane systems

An excellent hydrogen capacity along with stability of
biphenyl and diphenylmethane make them popular choices
as hydrogen carriers (Han et al. 2019). However, their solid
state at room temperature limits practical application. Stud-
ies have proposed low-eutectic mixtures to maintain a lig-
uid state at room temperature (Kerscher et al. 2020; Jander
et al. 2021). An optimal mixture of diphenylmethane (65
wt%) and biphenyl (35 wt%) can achieve a hydrogen stor-
age capacity of 6.9 wt% and 69.1 g/L (Jang et al. 2018).

3.2 Systems of N-doped compounds

Incorporating heteroatoms like nitrogen (N), phosphorus
(P), and oxygen (O) into aromatic compounds may sig-
nificantly influence dehydrogenation thermodynamics. This
section examines N-doped systems, focusing on the impact
of heteroatom positions and their effects on hydrogen stor-
age efficiency.

3.2.1 Carbazole and N-ethylcarbazole (NEC)

Carbazole and its derivative N-ethylcarbazole (NEC) are
prominent N-doped hydrogen carriers. Perhydro-N-ethyl-
carbazole (NECZ), with a dehydrogenation temperature of
around 200 °C , exhibits a good hydrogen storage capacity
(Xu et al. 2015). In NEC, the existence of an ethyl group
decreases the passivation effect of the N atom on catalysts,
maintaining their activity and lowering the melting point,
which simplifies the hydrogenation process. The proposed
LOHC pair had been first recommended by Air Products
and Chemicals and patented by Pez et al. (2006). Yet, NEC
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is limited in availability due to its higher melting point
(70 °C ) and the fact that it is solid at room temperature
complicates the dehydrogenation process (Sage et al. 2024).

NEC dehydrogenation is a step-by-step procedure
that produces several intermediary products (H,, Hg, and
H,-NEC.

s) at varying temperatures (Stark et al. 2016). The lower
melting points of H,-NECs compared to Hy-NEC enable
partial dehydrogenation to yield a liquid blend with var-
ied hydrogenation levels. This, however, diminishes the
hydrogen-carrying capacity. For instance, partially dehy-
drogenating H,,-NEC by 90% reduces the hydrogen storage
capacity to 5.3 wt% (Teichmann et al. 2012). To prevent the
formation of a solid-state, substituting the ethyl group along
with longer chain alkyls is recommended. An example is
N-propylcarbazole (NPC), which has a melting point of 49
°C . However, because the alkyl chain does not engage in
the dehydrogenation/hydrogenation cycle, this modifica-
tion reduces the gravimetric storage density of the system.
According to Stark et al. (Stark et al. 2016), combining
N-alkylcarbazoles can significantly lower the melting point.
At 25°C, the binary mixture of NEC and NPC achieves a
hydrogen storage capacity of 5.6 wt%. The ternary eutec-
tic blend of N-ethylcarbazole, N-propylcarbazole, and
N-butyrylcarbazole (NEC-NPC-NBC) melts at 12.6°C and
has a storage capacity of 5.5 wt%, equivalent to 95% of pure
NEC’s capacity. Yang et al. (2012) confirmed the cyclic
capacity of H,,/H,-NEC by completing more than 10 hydro-
genation and dehydrogenation cycles at 180 °C for 300 and
200 min, respectively. By the tenth cycle, the gravimetric
capacity remained 5.68 wt%, with only a minor deteriora-
tion of less than 2%.

3.2.2 Indole and pyridine derivatives

Other N-doped compounds like indole and pyridine deriva-
tives also show promise for the storage of hydrogen (Hara
et al. 2003; Cui et al. 2008; Oh et al. 2018; Tan et al. 2021).
These compounds typically exhibit lower dehydrogenation
temperatures compared to their non-doped counterparts,
enhancing their practical applicability. Incorporating nitro-
gen atoms into LOHC molecules enhances both the ther-
modynamic and kinetic properties of dehydrogenation. This
improvement allows for the use of N-substituted heterocy-
cles under milder conditions. Additionally, it enhances heat
stability and creates channels for undesirable breakdown
products. The quest for efficient and sustainable hydro-
gen storage solutions has led to the exploration of various
organic compounds as potential carriers in Liquid Organic
Hydrogen Carrier (LOHC) systems (D’Ambra and Gébel
2023).
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3.3 Systems of formic acid and alcohols as LOHCs

Due to their distinct hydrogen storage and release character-
istics, which set them apart from aromatic systems, formic
acid and some alcohols have recently drawn interest as pos-
sible LOHCs

3.3.1 Formicacid (HCOOH) system

Formic acid has recently become a promising LOHC
because of its relatively high volumetric energy density of
about 8.5 kWh/L and gravimetric hydrogen storage capac-
ity of about 4.4 wt%, which is slightly below the 6.5 wt%
target but above the US Department of Energy benchmark
of 1.7 kWh/L for volumetric density. When using catalysts
based on Pd, Ru, or Ir, the hydrogenation of CO, to formic
acid typically requires moderate pressures (30-50 bar) and
temperatures between 30 and 80 °C (Diglio et al. 2025). In
contrast, dehydrogenation takes place at a relatively low
temperature range of 60—120 °C, allowing for the efficient
use of low-temperature waste heat, such as that from Poly-
mer Electrolyte Fuel Cells (PEFC). Despite its corrosive
nature and moderate toxicity potential indicator (TPI), for-
mic acid is easier to handle and store than gaseous hydrogen
due to its ambient liquid state and low flammability, as long
as the proper safety precautions are taken. Formic acid can
compete with conventional organic solvents used in LOHC
systems because it is economically produced industrially at
alow cost of about 1-2 €/kg. Nevertheless, the development
of CO, capture and recycling infrastructure is necessary due
to the release of CO, as a byproduct during dehydrogena-
tion, and the high energy input needed to regenerate formic
acid from CO, and H, limits the overall system efficiency.
In order to reduce side reactions and CO contamination,
which can affect hydrogen purity and catalyst life, catalyst
durability and selectivity are essential parameters that are
continuously optimized (Sang et al. 2024). Recent devel-
opments include photothermal catalytic systems that use
palladium nanoparticles to improve the release of hydrogen
from formic acid under ambient conditions and visible light.
These systems have excellent turnover frequencies and
show promise for energy-efficient operation (Abdel-Fattah
et al. 2025; Spatolisano et al. 2025).

3.3.2 Alcohol-based systems (methanol, ethanol)

Due to their favorable hydrogen contents (methanol has
about 12.5 wt%, ethanol has about 13.8 wt%) and liquid
state at room temperature, alcohols like methanol and etha-
nol have also been investigated as hydrogen carriers. Meth-
anol has a volumetric density of about 4.4 kWh/L, and these
carriers offer volumetric energy densities that are on par
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with or higher than DOE benchmarks. The two main meth-
ods for releasing hydrogen from alcohols are catalytic steam
reforming and partial oxidation at high temperatures of
200-300 °C. Both processes are feasible, but they demand
a large amount of energy and careful control of byproducts,
primarily CO and CO,, which call for intensive downstream
purification to satisfy fuel cell requirements. In mild condi-
tions, alcohol reforming processes are typically less revers-
ible than aromatic LOHC systems, necessitating indirect
hydrogenation pathways for carrier regeneration. The eco-
nomic viability of methanol and ethanol is supported by the
fact that they are both widely produced and commercially
available at comparatively low prices (0.3-0.5 €/kg). But
their toxicity and flammability, especially methanol, raise
safety issues that need to be handled in accordance with
accepted practices (Tang et al. 2024; Agyekum et al. 2025).

A comparative study is in the form of Tables 3 and 4.

Because of their adaptability and advantageous reac-
tion conditions, formic acid and alcohol-based LOHCs
are promising and complementary hydrogen storage sys-
tems. Although the CO, release requires CO, capture and
recycling solutions, formic acid provides low-temperature
dehydrogenation (60—120 °C), enabling the effective use
of low-grade waste heat, such as from fuel cells. Although
alcohols such as methanol and ethanol are liquids at room
temperature and have high gravimetric hydrogen contents,
their hydrogen release necessitates catalytic reforming at

temperatures between 200 and 300 °C as well as meticulous
downstream purification to eliminate CO and CO, byprod-
ucts. The potential uses of these carriers are expanding
due to improvements in dehydrogenation rates, selectivity,
and reversibility under milder conditions brought about by
advancements in catalytic and electrochemical techniques.
By extending the LOHC landscape beyond conventional
aromatic and N-doped compounds, these systems provide
new avenues for adaptable, effective, and sustainable hydro-
gen conversion and storage. By enhancing the advantages
and reducing the disadvantages of current carriers, integrat-
ing formic acid and alcohol-based LOHCs with traditional
systems could hasten the practical realization of a hydrogen
economy.

These compounds offer the ability to reversibly store
and release hydrogen through catalytic processes, provid-
ing a promising pathway toward the widespread adoption
of hydrogen as a clean energy carrier (Miiller 2019). Aro-
matic systems, including benzene/cyclohexane and toluene/
methylcyclohexane, are extensively researched for large-
scale hydrogen logistics because of their well-established
hydrogenation capabilities and industrial practicality. The
toluene/methylcyclohexane (TOL/MCH) system is attain-
ing economic attention, along with successful large-scale
hydrogen transportation activities confirming its viabil-
ity (Griinenfelder and Schucan 1989; Vanhanen and Lund
1995).

Table 3 Comparison of basic physico-chemical and safety parameters of different LOHC systems

Classification of the material Density Liquid Ignition Tem- Dynamic  Vapor Hazard classes References
[kg/L] Tempera-  perature/Flash Viscosity — Pressure
ture range  Point [°C] at 20 °C at 40 °C
[°C] [mPa] [Pa]

N-ethylcarbazole 1.10 68-270 186 121 0.05 08 (Teichmann 2015; Eypasch
2016; Buchner 2020)

Perhydro-N-ethylcarbazole  0.94 <20-280 146 59 4.4 No data (Teichmann 2015; Eypasch
2016; Buchner 2020)

Dibenzyltoluene 1.04 -30-390 450 44.1 0.07 09 (Teichmann 2015; Eypasch
2016; Buchner 2020)

Perhydrodibenzyltoluene 0.91 —45-354 No data 258 0.04 No data (Teichmann 2015; Eypasch
2016; Buchner 2020)

1,2-dihydro1,2-azaborine No data —45-87 - 0.55 18,300  No data (Luo et al. 2011; Miiller et al.

22.7+226 2013; Hemmerich et al. 2020)

1,2-BN-cylcohexane 1.01 63-87 No data 0.57 18,300  No data (Luo et al. 2011; Miiller et al.
2013; Hemmerich et al. 2020)

Carbon dioxide 0.47 - - - - 04 (Niermann et al. 2019a, b)

Formic acid 1.22 8-101 520 1.8 11,400  02,05,06 (Niermann et al. 2019a, b)

Methanol 0.79 —98-65 440 0.6 35,400  02,06,08 (Niermann et al. 2019a, b)

Naphthalene 1.14 80-218 540 2.0 114 02,07,08,09 (Niermann et al. 2019a, b)

Decalin 0.90 —43-185 235 3.0 360 02,05,06,08,09 (Niermann et al. 2019a, b)

Toluene 0.88 —95-111 535 0.6 7,880 02,07,08 (Niermann et al. 2019a, b)

Methylcyclohexane 0.77 —-127-101 260 0.7 10,900  02,07,08,09 (Niermann et al. 2019a, b)

Phenazine - 172-360 — 3.1 0.01 07 (Hemmerich et al. 2020)

1.30 4+-0.1 160.3 +11.7
Tetradecahydrophenazine 1.00 0.1 No data No data 22 0.18 No data (Hemmerich et al. 2020)
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Table 4 Summarized data about thermodynamic and techno economic parameters for different LOHC systems based on the data from (Hatim et
al. 2013; Miiller et al. 2013; Nielsen et al. 2013; Rodriguez-Lugo et al. 2013; Briickner et al. 2014; Hsu et al. 2014; Jadhav et al. 2014; Monney et
al. 2014; Markiewicz et al. 2015; Zhu and Xu 2015; Forberg et al. 2016; Huang et al. 2017; Shuwa et al. 2017; Al-Saydeh and Zaidi 2018; Miiller

2019; Hemmerich et al. 2020, 2024; Niermann et al. 2019a, b; Acharya et al. 2021; Barthos et al. 2025)

Parameter NEC DBT AB FA MET NAP TOL PHE
Chemical Benzene  N-ethylcarbazole  Dibenzyltoluene  1,2-dihydro-1,2-az- Formic Metha- Naph-  Toluene Phen-
Name aborine Acid nol thalene azine
Molecular ~ 78.11 195.25 272.40 78.91 46.03  32.04 128.17 92.14  180.21
weight [g/
mol]
Boiling 80 348 390 - 101 64.7 218 111 360
point (°C)
Flash point  —11 186 190 - 69 11 80 6 160.3
0
Hydroge- Cyclohex- Perhydro-N-ethyl- Perhydro-diben- 1,2-BN-cyclohexane For- N/A Decalin  Meth-  Tetra-
nated Form  ane carbazole zyltoluene mate yleyclo- deca-
species/ hexane hydro-
Formic phen-
acid azine
itself
Molecular  84.16 207.36 284.50 164.29 - - 138.3 98.2 194.32
weight [g/
mol]
Boiling 80 - 354 - - - 189 101 -
point (°C)
Flash point  —18 146 - - - - 57 -3 -
0
Hydrogena- 120-250 150-180 150-180 80 30-100 220-270 200-300 120-200 115
tion Temp
O
Hydrogena- 1-50 30-70 30-50 10 10-50 20-80 69-200 20-30 50
tion Pressure
(bar)
Hydrogena- 30-120 60—180 120-240 Highly dependent — 150480 Variable 120/120 1440
tion Time
(min)
Hydrogena- Raney-Ni  Ru/AlLOs, Pd/C Ru/ALOs, Pd/C — Homo- Cuw/Zr Al- Pt/ Pd:Ru@
tion Catalyst geneous based MCM,  zeolite, SiCN
catalysts Pt-Re/C  Raney
Ni, Pt/
ALO,
Dehydroge-  280-350 180-270 270-310 80 <100  420/100 250-300 250-450 190
nation Temp
0
Dehydroge- 1-5 0.25-1.0 1 1-5 <5 1-10 1-10 1-10 1-10
nation Pres-
sure (bar)
Dehydroge- 1-60 25-250 120 10-20 10-60  60-180 30-150 30-120 1440
nation Time
(min)
Dehydro- Pt/Al,0;  Pd/C, Pt/C, Ru/C Pd/C, Pt/C FeClz, CoClz — Ir, Pt/  Pt/C, Raney- Pd.Ru@
genation Ce- Pt-Re/C Ni,Ni/ SiCN
Catalyst 7102 ALOs,
Storage 7.2 5.8 6.2 7.1 4.4 12.1 7.4 6.2 7.2
Capacity
(Wt%)
Volumetric 56 52-55 52-55 50 53-60 110130 45-50 4045 50-55
Capacity (kg
Ha/m?)
Energy Den- 1.85 2.5 1.9 2.4 1.8 33 2.2 2.2 24
sity (kWh/L)

@ Springer



Rendiconti Lincei. Scienze Fisiche e Naturali (2026) 37:3-34 15
Table 4 (continued)
Parameter NEC DBT AB FA MET  NAP TOL PHE
Dehydro- 68.8 50.0 65.4 359 31.2 16.5 66.3 68.3 61.3
genation
Enthalpy
[kJ/mol]
Raw Mate- ~0.8 40 4 High (B content) ~0.8 ~0.6 ~1 0.8-2  776.50
rial Price (€/
kg)
Production 60 million 225,000 10,000 No data Smil- Over 2.25 mil- 24 mil- <1,000
Capacity tons in lion L/a 100 lion tons lion
(t/a) 2024 million in 2023 tonsin
2024
Toxicity High Low (5.1 TPI/mg)  Moderate (13.8) Low Moder- 45.8/1.2 19.3/7.3 38.0
Potential ate
Indicator
Dehydroge- >90 >90 80-95 — upto95 upto95 upto95 —
nation Yield
(7o)
Requirement Good Meets capacity, Good stability, Promising capacity; Low High Good Good  Mod-
Met stability, stability; moderate  catalyst costs mod- data limited; cata- capac- capac- capacity; capac- erate
moderate  operating T; catalyst erate; operating lyst development ity; ity; toxicity ity and capac-
operat- cost moderate temps moderately ~ ongoing niche  catalyst issues stabil- ity; con-
ing T, high uses; cost must be ity; tinuing
safety risk safe con- managed safety R&D
present storage cern; risks required
steam present
reform-
ing
needed

Polycyclic chemical systems, including naphthalene/
decalin (NAP) and dibenzyltoluene (DBT), offer higher
temperature stability and cycle performance, making them
attractive for stationary storage applications in industrial
hydrogen supply chains (He et al. 2013, 2015). However,
issues like coke formation and high dehydrogenation tem-
peratures always remain crucial areas for development.
N-doped compounds, such as N-ethylcarbazole and pyri-
dine derivatives, provide considerable benefits by decreas-
ing dehydrogenation temperatures and improving reaction
kinetics, making them ideal candidates for mobile and fuel
cell applications (Chu et al. 2023a, b).

In addition, biphenyl/diphenylmethane-based systems
have been explored for their high hydrogen capacity,
though their solid-state nature necessitates eutectic mix-
tures to maintain liquid-phase operation. Emerging LOHC
technologies continue to focus on optimizing catalysts,
enhancing reaction selectivity, and improving economic
feasibility (Miiller et al. 2013). As global hydrogen infra-
structure expands, LOHCs are expected to play a pivotal
role in enabling efficient, scalable, and sustainable hydrogen
storage solutions across various sectors, including transpor-
tation, industry, and energy grids (Briickner et al. 2014).

Figure 6 visually summarizes and compares key thermo-
dynamic and techno-economic properties of major LOHC
candidates, including volumetric hydrogen capacity, energy

density, market price, and dehydrogenation temperature.
This figure highlights the trade-offs faced when balancing
performance, cost, and operational requirements, provid-
ing a critical framework to assess the suitability of vari-
ous LOHCs against Department of Energy benchmarks.
Together, the data and visual insights present lay a founda-
tion for the detailed discussion in subsequent sections on
catalyst systems, process improvements, and scaling strate-
gies (Table 4).

4 Advancements in catalysts for LOHC
technology

In the previous sections we briefly explained practical
requirements for LOHC systems and surveyed some LOHC
pairs. From Sect. 2 the central conclusion is that catalysts
are indispensable to both hydrogenation (charging) and
dehydrogenation (discharging). Novel catalysis can acceler-
ate hydrogenation and dehydrogenation by reducing activa-
tion energy and regulating kinetics (Crabtree 2017). These
catalysts can be classified into two categories: (i) homog-
enous (ii) heterogeneous, both having their own advantages
and disadvantages.
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Fig. 6 Comparative analysis of key properties of Liquid Organic
Hydrogen Carriers (LOHCs), including volumetric hydrogen capacity
(kg H2/m?), energy density (kWh/L), market price (€/kg), and dehy-
drogenation temperature (°C). This figure highlights the trade-offs
between storage performance, economic feasibility, and operational

1. Homogeneous catalysis outperforms heterogeneous
catalysis at lower temperatures because it is easier to
tweak the catalyst with different ligands to improve its
capabilities (Cho et al. 2021). As a result, homogeneous
catalysis can likewise be applied to LOHCs. However,
the catalyst is difficult to retrieve after the reaction,
therefore recyclability is low.

2. Heterogeneous catalysts are ideal for LOHC systems
because of their thermal stability and recyclability. They
can be easily separated from LOHCs through filtering.
Heterogeneous catalysts can be employed in continuous
flow processes to scale up hydrogenation and dehydro-
genation for industrial use.

Building upon these frameworks, this section exam-
ines recent developments in catalyst composition,
design, supports, and structure—function relationships
that control stability, activity, selectivity, and energy
efficiency.

4.1 Types of catalysts for LOHCs

This subsection is mainly focused on the key catalysts from
the literature. Broadly catalysts can be classified into noble
metal, non-noble metal, and in most cases, noble metals on
supported media catalysts. Each category possesses its own
distinct advantages and challenges, dictating its suitability
for different LOHC systems and operational conditions.
Great efforts are currently devoted to the development of
new catalysts with enhanced activity, selectivity and dura-
bility for hydrogenation and dehydrogenation processes.
Recent studies have particularly focused on catalyst designs,
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conditions for major LOHC compounds, N-ethylcarbazole (NEC),
Dibenzyltoluene (DBT), 1,2-dihydro-1,2-azaborine (AB), Formic acid
(FA), Methanol (MET), Naphthalene (NAP), Toluene (TOL), Phen-
azine (PHE), providing a visual framework to evaluate their suitability
against hydrogen storage benchmarks

including bimetallic systems, supported nanoparticles and
single-atom catalysts. Oda et al. reported the synthesis of Pt-
single atom alloyed Fe catalyst which combines high activ-
ity, selectivity, and stability (Oda et al. 2024). Strauch and
co-workers developed a bimetallic Pt-Re/Al,O; catalyst for
the dehydrogenation of perhydrobenzyltoluene, showing a
remarkable improvement compared to the monometallic Pt/
Al,Oj catalyst (Strauch et al. 2024). Among bimetallic sys-
tems, Pt-Co and Pt-Ni have also been explored, with Pt-Co
exhibiting higher performance in dehydrogenation reactions
respect to both Pt-Ni and monometallic catalysts (Alconada
et al., 2024). In the methylcyclohexane/toluene system, Pt-
based catalysts doped with Cu have demonstrated increased
catalytic activity. Moreover, supported noble metal nanopar-
ticles have attracted attention for their excellent perfor-
mance. Notably, nano-Pd/CeO, showed good activity in the
cyclohexane/benzene dehydrogenation process (Zhou et al.
2024). In addition, catalysts involving atomic dispersion
strategies have been studied. Xue et al. developed a catalyst
made by an atomic dispersion of Rh with Co nanoparticles
which exhibited excellent performance in the hydrogena-
tion/dehydrogenation of N-ethylcarbazole system (Xue et
al. 2023). A detailed discussion of the different classes of
catalysts used in LOHC technology is reported in the fol-
lowing sections.

4.1.1 Noble metals catalysts for LOHC

The most researched and successful catalysts for LOHC
systems are noble metal catalysts, especially Pt, Pd, Rh,
Ru, and Ir, because of their exceptional stability, activity,
and selectivity in both hydrogenation and dehydrogenation
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reactions (Okada et al. 2006; Al-Saydeh and Zaidi 2018).
Their exceptional effectiveness is due to a special electronic
structure that easily allows the H. molecule to dissociate
into reactive atomic hydrogen “moieties” (He), which can
subsequently saturate unsaturated bonds in organic mole-
cules such as dibenzyltoluene (DBT) or benzene (Skarch-
enko 1971; Zhu and Xu 2015).

Reaction mechanism The organic substrate and hydrogen
are adsorbed onto the active metal site during the catalytic
cycle. Atoms are moved to the reactant as the hydrogen
molecule dissociates, rupturing preexisting m-bonds and
creating new C-H bonds. The active site must then be regen-
erated by the desorption of the saturated product (Antonucci
et al. 1982; Saeys et al. 2005; Wang et al. 2020). Strongly
bound products can result in catalyst self-poisoning, while
strongly bound intermediates can result in slow reac-
tion rates (Sotoodeh and Smith 2013; Ouma et al. 2018).
Adsorption strength is crucial. In this type of mechanism,
the support material functions as a co-catalyst, frequently
stabilizing intermediates and activating reactants (Anto-
nucci et al. 1982; Saeys et al. 2005; Wang et al. 2020).

Performance in Hydrogenation/Dehydrogenation:

Platinum (Pt) Pt catalysts supported by Al,O;s are very effi-
cient at hydrogenating benzene into cyclohexane, a model
LOHC reaction, and they can reduce the hydrogenation
activation barrier (~44 kJ mol™), enabling efficient reac-
tion under moderate conditions. Pt/Al.O; has been deployed
commercially in Chiyoda Corporation’s Brunei—Japan
methylcyclohexane—toluene hydrogen supply chain, high-
lighting its scalability (Saeys et al. 2005; Lu et al. 2008; Li
et al. 2021a, b). Another common catalyst for DBT systems
is a Pt-based one. For instance, a %3 wt. Pt/Al,O; catalyst
showed good activity for cycles of integrated hydrogena-
tion (~140 °C) and dehydrogenation (~270 °C). Neverthe-
less, over several cycles, deactivation was noted via carbon
deposition and surface modification (Shi et al. 2019).

In addition to the usual Al,Os, confined nanoreactors are pro-
duced by encapsulating Pt in zeolite matrices (such as NaA).
In order to achieve high turnover rates (TOR>3240 h),
hydrogen spillover is facilitated by the zeolite’s surface
hydroxyl groups (Im et al. 2014).

Ruthenium (Ru) Ru is one of the most researched metals for
hydrogenating technical LOHCs such as monobenzyltolu-
ene (MBT) and dibenzyltoluene (DBT) because of its strong
electronic structure and lower d-band center (Okada et al.
2006). Research on Ru/Al:Os; shows that low-substituted
aromatic rings undergo hydrogenation more easily than

highly-substituted ones (Leinweber and Miiller 2018). Its
activity for the last hydrogenation step of the central ring
to form per-hydrogenated H12-DBT is noticeably slow,
indicating the need for a secondary catalytic material, even
though Ru/ALQO;s is excellent for hydrogenating the side
phenyl rings of DBT (Do et al. 2016).

Surface chemistry and support morphology play a cru-
cial role in Ru dispersion. Complete benzene hydrogena-
tion is made possible at mild conditions (80 °C, 30 bar) by
the remarkable dispersion and activity of Ru supported on
amorphous Al-Os rich in penta-coordinate AI** sites (Tang
et al. 2017). Similar to this, Ru has better activity than
other carbon allotropes due to the perfect anchoring points
provided by the edge sites of platelet carbon nanofibers
(CNF-P). However, Ru catalysts remain limited by slower
hydrogenation of sterically hindered central rings. (Taka-
saki et al. 2007).

Bimetallic noble catalysts Compared to their monometallic
counterparts, bimetallic noble catalysts have more syner-
gistic effects. One well-known instance is Ru-Ni/C, where
electron transfer from Ru to Ni results in Rud* sites that
are electron-deficient. While the Ni component modulates
substrate binding, resulting in high turnover frequencies
(TOF>1600 h™') for benzene hydrogenation, these sites are
very active for H: dissociation (Zhu et al. 2014). One of
the most important factors influencing activity is the type of
interface, whether alloyed or core-shell.

Homogeneous noble metal complexes Noble metal ions,
such as Ir, Pd, Pt, Ru, and Rh, are coordinated with organic
ligands in a single-phase liquid system during homogeneous
catalysis, which frequently improves reaction efficiency and
selectivity. Activity and stereoselectivity are enhanced by
the ligands’ fine-tuning of the electron density at the metal
center (Thomas 2010). One well-known instance is the PNP-
pincer Ir complex, which permits metal-ligand cooperative
bonding with hydrogen to enable the reversible dehydroge-
nation of formic acid. Similar Ir- and Ru-based complexes
have been reported for reversible dehydrogenation of alco-
hols, although recyclability challenges limit scale-up. (Liu
et al. 2015).

In order to achieve high efficiency, noble metal catalysts
usually have low coke deposition and require relatively low
metal loadings (0.5-5 wt%) on high-surface-area supports
(Al-Saydeh and Zaidi 2018). Their high price and rareness
in nature, however, continue to be major obstacles to wide-
spread commercial use. Beyond general characteristics, this
table would provide an overview of the distinct uses and
capabilities of various noble metals (Table 5).
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Table 5 Performance of noble metal catalysts in various LOHC reactions

Catalyst LOHC System Reaction Key Performance Highlights Refer-
Conditions ences
Pt/ALOs Benzene/Cyclohexane ~ Hydrogenation Ambient Overcomes activation barrier of (Saeys et
to 150 °C, ~44 kJ mol™; high catalytic activ-  al. 2005;
atmospheric ity and excellent selectivity; widely Lu et al.
pressure studied model system. 2008;
Lietal.
2021a, b)
Pt/ALOs Dibenzyltoluene (DBT) Integrated H./DeH- Hydrogena- Effective bifunctional catalyst; (Shi et al.

Ru/ALOs Monobenzyltoluene Hydrogenation
(MBT)

Ru/ALOs Dibenzyltoluene (DBT) Hydrogenation

PNP-Ir Formic Acid/CO, Dehydrogenation

Complex

Ruencap- DBT and analogues
sulated in
NaA zeolite

Bimetallic  Benzene and DBT
Ru-Ni/C

Hydrogenation

Hydrogenation/Dehydrogenation

tion: ~140 °C; excellent initial activity; suffers 2019)
Dehydrogena- gradual deactivation over cycling

tion: ~270 °C;  primarily due to coke deposition.
atmospheric

pressure

50 bar, Faster hydrogenation of low- (Leinwe-

80-200 °C substituted aromatic rings; slower  ber and
for highly substituted rings; high Miiller
dispersion essential for activity. 2018)

50 bar, Excellent activity for side-ring (Do et al.

120-200 °C hydrogenation; rate-limiting step at 2016)

central ring (H12-DBT); low coke

tendency compared to Pt.
Mild tempera- Metal-ligand cooperative mecha-  (Ouma et
ture, homoge- nism enables highly selective and  al. 2018)
neous catalysis reversible H- release; difficult

separation limits large-scale use.

Mild tem- High turnover frequencies (Im et al.
peratures; (TOR>3240 h™'); improved cata-  2014)
enhanced lyst stability and dispersion

hydrogen spill-

over effect

Varied; typi-  Synergistic electronic effect (Zhu et
cally 50 bar, improves Ha dissociation and sub-  al. 2014)
100-200 °C strate binding; turnover frequen-

cies>1600 h™'; enhanced durability
versus monometallic

4.1.2 Non-noble metal catalysts

The quest for effective, affordable substitutes has been
fueled by the high price and restricted supply of noble met-
als. Because of their unique electronic properties and rela-
tive affordability, nickel (Ni)-based catalysts are the most
promising non-noble metals for facilitating reversible
hydrogenation/dehydrogenation cycles (Nattmann and Cor-
nella 2020). Redox chemistry is a key distinction between
electronic structure and potential. Complexes of nickel
can access le™ pathways, allowing catalytic cycles involv-
ing Nil/Nilll or NiO/Nil/Nill states, whereas complexes of
noble metals usually display 2e™ transfer processes. This
adaptability provides access to distinct molecular pathways
that could improve the reversibility of LOHC systems’
hydrogen storage reactions (Nattmann and Cornella 2020).
Advances in Nickel Catalysts:

o Molecular Complexes: There is growing interest in
clearly defined molecular Ni complexes. For instance,
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a new 16-electron Ni(0)-olefin complex, Ni(4-tbu)stb3,
was studied by Nattmann and Cornella. This complex
has exceptional catalytic efficiency and thermal stabil-
ity. In its structure, three stilbenes with outward-facing
tert-butyl units coordinate to form a Ni(0) center, cre-
ating a spherical configuration that stabilizes the rare
Ni(0) oxidation state and sterically prevents oxygen
penetration (Nattmann and Cornella 2020).

Research on Ni surfaces, including Ni(111) single crys-
tals, indicates that they have promising catalytic activ-
ity for reactions such as DBT dehydrogenation and may
be able to function at lower temperatures than similar
Pt(111) catalysts (Steinhauer et al. 2020). This shows
that Ni-based heterogeneous catalysts have a lot of fu-
ture potential. Additionally, the study goes far beyond
basic Ni/Al,Os. Ni nanoparticles enclosed in carbon
nanotubes (Ni@CNTs) are an example of an advanced
architecture that produces a micro-reactor environ-
ment that improves mass transfer and offers remarkable
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thermal stability, resulting in complete benzene conver-
sion and selectivity (Yang et al. 2010).

e Using promoters to boost performance is a crucial de-
sign tactic. As a state-of-the-art in non-noble catalysis,
doping Ni/Al:Os with yttrium hydride (YHs) produces
a potent interface that significantly increases hydrogen
absorption efficiency for N-ethylcarbazole (NEC) hy-
drogenation (Wu et al. 2019).

e Raney-Ni™ also shows the practical potential of non-
noble systems by providing a cost-effective and com-
mercially viable catalyst for the hydrogenation of both
NEC and dibenzyltoluene (DBT), with theoretical hy-
drogen capacities of 5.0% wt. and 6.2%wt., respective-
ly. Hydrogenious Technologies GmbH has demonstrat-
ed Ni-based supported catalysts with dibenzyltoluene
in pilot systems, confirming industrial interest in cost-
effective alternatives to noble metals. (Ye et al. 2011; Ali
and Shaikh 2024).

Challenges and mitigation strategies The main obstacle
preventing Ni catalysts from being widely used is their
strong propensity for coke deposition and quick deactiva-
tion. Active sites are frequently poisoned by graphitic car-
bon deposits that form because of the strong interaction
between Ni and hydrocarbon molecules (Alhumaidan et al.
2011; Shukla et al. 2012a, b).

e Support engineering: Using basic supports like MgO
or CeO: rather than acidic y-Al,Os is a crucial tactic to
lessen this. By reducing unwanted cracking reactions
and hydrocarbon polymerization, these supports’ basic
nature lowers the rate of coke formation and lengthens
the catalyst’s lifespan (Nattmann and Cornella 2020;
Steinhauer et al. 2020).

e Doping and Bifunctional Systems: To increase stabil-
ity and reduce deactivation during cycling, additional
changes are frequently required, such as doping with al-
kali metals or creating bifunctional catalyst systems (Shi
et al. 2019; Modisha and Bessarabov 2020).

Application-focused research on Ni-based catalysts for
technical LOHCs like DBT is still in its infancy despite
these intriguing characteristics. They are an important topic
for further research because of their potential to be practi-
cal, affordable substitutes for noble metals (Steinhauer et
al. 2020).

4.1.3 Supported catalysts
The characteristics of the support material are inherently

linked to the performance of both noble and non-noble
metal catalysts. By providing a large surface area for metal

dispersion, having the ability to exhibit catalytic activity,
and directly influencing the catalyst’s activity, selectivity,
and stability through its chemical and textural characteris-
tics, support plays an active role (Okad et al. 2006; Wang et
al. 2020).

Metal-Support interaction’s (MSI) function The strength of
the interaction with the active metal phase is determined
by the support. In addition to stabilizing metal nanopar-
ticles against sintering, an ideal MSI must facilitate the
easy adsorption and desorption of reactants and products.
While weak interactions may result in insufficient activa-
tion energy for the reaction to proceed efficiently, intense
binding can cause the equilibrium to shift towards strongly
adsorbed intermediate states, resulting in slow reaction rates
(Sotoodeh and Smith 2013; Ouma et al. 2018).

Impact of support Acidity/Basicity A crucial design factor
that significantly influences coke resistance and product
selectivity is the support’s surface chemistry.

e Acidic Supports (like y-Al,Os): Their surface acidity
can catalyze undesirable side reactions like cracking,
isomerization, and hydrocarbon polymerization, which
are the main routes for coke formation and catalyst de-
activation, despite their widespread use (Al-Saydeh and
Zaidi 2018).

e Basic Supports (such as MgO and CeQ:): By neutral-
izing acidic sites that encourage polymerization, basic
supports help to reduce coke deposition and increase the
stability and lifespan of catalysts. For example, Pd sup-
ported on basic CeO: shows improved stability and low
coke deposition. Basic and redox-active supports such
as CeO: provide oxygen vacancies that promote hydro-
gen spillover, improving catalyst durability in repeated
LOHC cycles. (Shi et al. 2019; Modisha and Bessarabov
2020).

Towards bifunctional and integrated catalysts The creation
of catalysts that enable the hydrogenation and dehydroge-
nation processes in a single, integrated system represents a
breakthrough in the field. This strategy seeks to cut expenses,
simplify LOHC reactor design, and simplify operations
(Shi et al. 2019; Auer et al. 2020; Modisha and Bessarabov
2020). Using a single batch of Pt/Al,O; catalysts, Shi et al.
investigated this idea, for instance, finding ideal but distinct
temperature ranges for every reaction and pointing out dif-
ficulties with long-term deactivation (Shi et al. 2019). Simi-
larly, research has shown that such integrated processes are
feasible using commercial high-loading Ni catalysts (e.g.,
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NISAT 310) while keeping an eye on side reactions like
hydrocracking (Modisha and Bessarabov 2020).

Therefore, when designing the next generation of cost-
effective, long-lasting, and highly active catalysts for com-
mercial LOHC applications, the strategic choice of support
is crucial. The influence of supports on catalyst activity and
coke resistance is well documented in literature, with acidic
v-AL:Os promoting side reactions and basic or redox-active
supports such as MgO and CeO: reducing coke deposi-
tion. A broader comparative evaluation of catalyst systems,
including supported catalysts, noble metals, non-noble met-
als, and bifunctional designs, is presented later in Table 6
(Sect. 4.4).

4.2 Catalyst design strategies

Adding to the discussion of particular noble, non-noble, and
supported catalysts, it is also critical to highlight more gen-
eral strategies that transcend these categories. Particle size
control, alloying effects, customized supports, and morpho-
logical engineering are becoming more and more important
in rational design approaches.

4.2.1 Particle size and distribution

Smaller nanoparticles increase hydrogen uptake and disso-
ciation by exposing more surface atoms. In LOHC systems,
hydrogenation activity is increased by uniformly dispers-
ing Pt or Ru on y-Al,Os. Particles that are larger or more
irregular have a tendency to sinter, which decreases surface

Table 6 Comparative performance of catalyst systems for LOHC applications (compiled by the authors from references cited in Sect. 4.1-4.4)

Key Advantages

Key Challenges

Industrial/TRL
Notes

Catalyst System Typical Load-  Activity (H2/DeHz) Coke

ing (wt%) Resistance
Pt/AL:Os (noble) 0.5-3 High/High High
Ru/ALOs 1-5 High/Medium—-High High
(noble)
Pd/CeO- 0.5-2 High/High High
(noble+basic
support)
Pt/Ce0--Si0>  0.5-2 High/High High
(noble+redox
support)
Ni/ALOs (base- 5-20 Moderate/Moderate Low
line non-noble)
Ni/MgO or 5-20 Moderate-High/Moderate Moderate—
Ni/CeO: High
(engineered
non-noble)
Ni—Cu/SiO2 5-15 Moderate/High (DeH= Moderate
(bimetal (combined) selectivity)
non-noble)
Ni/CNT (con- 520 High (Hz)/Moderate Moderate
fined non-noble) (DeH-)
Homogeneous — High (selective, mild)/Low Very High
noble com- (scalability) (molecular)
plexes (Ir, Ru,
Rh)
Bifunctional Pt/ 1-3 High/High Moderate
Al:0:s (noble,
integrated)
Raney-Ni/high- ~50 Moderate/Moderate Moderate

Ni (non-noble,
bifunctional)

Proven in benzene/
cyclohexane & DBT;
low loading; high
selectivity

Excellent side-ring

hydrogenation (DBT/
MBT); robust stability

Strong metal-sup-
port interactions,

oxygen vacancies aid

durability

Oxygen vacan-
cies stabilize Pt

(~1 nm); strong MCH

dehydrogenation
Low cost, accessible

Basic/redox supports

suppress coke; longer

life

95-99% benzene

selectivity at ~350 °C;
synergistic alloy effects

Confinement boosts H
rates 4-5 times; strong

stability
Ligand tuning gives
excellent selectivity;

mild conditions (e.g.,
formic acid, alcohols)

One catalyst for H»/
DeH, cycles; simpli-
fied process
Scalable, cost-effec-

tive; feasible for DBT

High cost; gradual
deactivation (sin-
tering, coke)

Slow conversion
of central DBT
ring (Hi2-DBT)
Sensitive to sup-
port preparation;
possible sintering

Vacancy depletion
can lead to carrier
degradation

Severe coking on
acidic supports;
fast deactivation
Still below noble
metals in durabil-
ity; lower TOFs

Alloy composition
control; sintering
at harsh conditions

Complex synthe-
sis; scalability
uncertain
Separation & recy-
clability; cost

Cumulative
deactivation under
repeated cycling
Hydrocracking &
coking at harsh
dehydrogenation

TRL 8-9: Used in
Chiyoda’s Japan—
Brunei MCH-
toluene chain
TRL 5-6: Pilot
research, not yet
scaled

TRL 4-5:
Advanced lab
studies, promising
durability

TRL 4-5:
Pre-pilot
demonstrations

TRL 3-4: Com-
mon in lab studies,
poor durability
TRL 4-5: Early
pilot studies
(Hydrogenious)

TRL 3-4:

Lab valida-

tion, selective
dehydrogenation
TRL 3: Research
stage, not yet
industrial

TRL 2-3: Niche/
lab use, not
industrial

TRL 6-7: Pilot
tested for MCH &
DBT systems
TRL 5-6: Pilot
tests (Hydrogen-
ious, NEC/DBT)
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area and deactivates the catalyst over time. Therefore, the
maintenance of effective and long-lasting LOHC catalysts
depends on small, evenly distributed nanoparticles. Smaller,
uniformly dispersed nanoparticles increase hydrogen uptake
and dissociation, while larger or irregular particles tend to
sinter, reducing surface area and activity. Therefore, stable
and effective LOHC catalysis requires small, evenly distrib-
uted nanoparticles (Okada et al. 2006; Al-Saydeh and Zaidi
2018).

4.2.2 Bimetallic/Multimetallic catalysts

The electronic density and adsorption behavior of the active
metals are changed by the synergistic effects of bimetallic
or multimetallic catalysts, such as Pt-Ru and Ni—Cu alloys.
Compared to monometallic catalysts, these modifications
improve catalytic performance. For instance, compared to
their monometallic counterparts, Ru-based bimetallic cata-
lysts have shown superior hydrogenation activity of diben-
zyltoluene (DBT), a common LOHC molecule. Bimetallic
catalysts work especially well for LOHC hydrogenation
processes because of their synergistic interaction, which
enhances catalyst stability and reaction kinetics. Changes
in the surface electronic structure and better resistance to
sintering and deactivation during catalytic cycles are fre-
quently the causes of the improved performance (Fareed et
al. 2025).

4.2.3 Support engineering

The stability and selectivity of LOHC catalysts are greatly
influenced by the catalyst support selection. Acidic supports,
such as y-Al,Os, have a tendency to catalyze undesirable
side reactions, like coke formation and cracking, which can
impair catalyst performance. By suppressing hydrocarbon
polymerization, basic supports like MgO or CeO:, on the
other hand, help prolong the catalyst’s lifetime. The pres-
ence of oxygen vacancies in the support specifically helps
Pd supported on CeO: by encouraging hydrogen spillover,
which improves catalytic durability and efficiency. There-
fore, in order to maximize catalyst stability and selectivity
in LOHC systems, choosing the right support material is
crucial (Shi et al. 2019; Modisha and Bessarabov 2020).

4.2.4 Morphology control

The process of nanostructuring catalysts into mesoporous
frameworks, nanorods, or nanosheets improves substrate
diffusion and active site accessibility. Compared to compact
morphologies, which impair reaction kinetics, Ru supported
on porous Al,Os preferentially hydrogenates the terminal
phenyl rings of dibenzyltoluene (DBT). Improved catalytic

performance in LOHC hydrogenation is the result of the
porous structure’s improved reactant transport within the
catalyst (Do et al. 2016; Leinweber and Miiller 2018).

4.3 Mechanistic insights

Pt, Pd, Rh, and Ru are examples of noble metals that disso-
ciate H at relatively low activation energies (~44 kJ-mol™),
producing reactive hydrogen species that hydrogenate aro-
matic rings, according to a deeper mechanistic understand-
ing of LOHC catalysis (Fareed et al. 2025). Steric effects
affect site selectivity, with para-substituted aromatic rings
hydrogenating more quickly than ortho-substituted ones
(Im et al. 2014). According to research using the Density
Functional Theory (DFT), catalytic activity and adsorption
free energy are closely related. While too weak adsorp-
tion restricts activation, too strong adsorption can poison
the catalyst (Sotoodeh and Smith 2013; Ouma et al. 2018).
The rate-determining step in hydrogenation is typically Hz
dissociation and the initial C—H bond formation, while in
dehydrogenation, cleavage of stable aromatic C—H bonds—
especially in the central ring of dibenzyltoluene (DBT)—
dominates, requiring catalytic tuning. These insights guide
the design of catalysts with optimal composition and struc-
ture for enhanced LOHC performance (Do et al. 2016).

4.4 Catalyst performance for both hydrogenation/
dehydrogenation

In this section, the previous three subsections covered the
evaluation of different catalysts against their critical met-
rics of activity, selectivity and bifunctionality. On the dis-
cussion made in previous subsections this sub section aims
to provide a comparative synthesis of performance of cata-
lyst systems both for hydrogenation and dehydrogenation
cycles for a LOHC system, ideally with a single, durable
catalyst, to enable efficient and economical energy storage
and release. Comparative studies show that noble metals
retain>80-90% of activity after 50-100 cycles, while Ni-
based systems typically lose>50% activity within 20-30
cycles unless advanced supports or promoters are used. This
durability gap is currently the main barrier to non-noble
metal substitution.

4.4.1 Performance trade-offs: noble vs. non noble metals

There is a fundamental trade-off between performance and
cost, while selecting the active phase of catalysts’ active
phase, as summarized in Table 7. Pt, Ru, Pd, and Rh noble
metal catalysts continue to be the standard for stability and
activity. Because of their natural resistance to deep dehy-
drogenation and carbon formation, they function well at low
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Table 7 Comparison of reactor types for LOHC systems

Reactor Type  Operating Conditions Performance/Key Results Advantages Limitations

Heterogeneous 105 °C, Ru-mTPPTS/PS beads; TOF 270 h™!; TON 524,000; Robust, scalable, easy Mass/heat transfer limits;

Catalytic continuous formic acid feed; stable>120 h catalyst separation; combines  support optimization

Reactor 30-day trickle-bed operation homogeneous selectivity with  required; possible long-term
[161-164] heterogeneous stability deactivation

Membrane 260-350 °C; 0.23-2 MPa; 77-99% MCH conversion;  High-purity Hz; equilibrium  High membrane cost;

Reactor Pt/y-Al:Os/0-Al20s, BTESE or  Ha purity>99.8%; conver- shift; compact design durability issues; reactor

Pd-Ag membranes [165-174]
~290 °C; 4 bar <> ambient;
Pt or Pt-Re catalysts; rotating
packed bed [175-178]

Hot Pressure-
Swing Reactor

Near-complete H

stable>50 h
Reactive/ 200-267 °C; 30 kPa; Pt/Al:Os ~ ~50% higher H- release;
Catalytic catalysts [179-180] Pt productivity 0.35 gH.
Distillation gPt™! min!; feasible heat

integration

sions beyond equilibrium

release; ~48% higher rate
with advanced designs;

integration complexity
Single unit for hydrogena-
tion/dehydrogenation; lower
CAPEX/OPEX; high release
rates
Mild conditions; high effi-
ciency; process intensifica-
tion; waste-heat integration

Precise P-T control; cyclic
stress; long-term durability

Complex design; thermal
management; viscous
LOHC handling; uniform
catalyst distribution required

metal loadings (0.5-5 wt%) and exhibit comparatively low
coke deposition (Okada et al. 2006; Al-Saydeh and Zaidi
2018). Cost and limited supply are their main drawbacks.
Moreover, as explained in Sect. 4.1.1, they have particular
difficulties with selectivity; for example, Pt-based catalysts
can deactivate over integrated cycles because of sintering
and coke deposition, and Ru-based catalysts hydrogenate
sterically hindered rings (like the central ring of DBT)
slowly (Do et al. 2016; Shi et al. 2019). Although the non-
noble metal catalysts have a strong cost advantage, they
have intrinsic stability problems. Because of its advanta-
geous thermodynamics for carbon formation, nickel, the
most promising candidate, has a strong tendency for coke
deposition and rapid deactivation (Shi et al. 2019; Auer et
al. 2020). To mitigate this, as explained in Sect. 4.1.2, com-
plex engineering techniques are needed, such as the use of
fundamental supports (like Ni/MgO), the incorporation of
promoters (like YHs), or the creation of sophisticated nano-
structures (like Ni@CNTs) (Nattmann and Cornella 2020;
Steinhauer et al. 2020). Even though these methods greatly
increase performance, they frequently fall short of noble
metals in terms of absolute activity and long-term dura-
bility under cycling conditions. The complex compromise
between these parameters, where noble metals offer high
performance at high cost, and non-noble metals offer low
cost but require engineering to overcome performance limi-
tations, is summarized in Fig. 5.

4.4.2 The critical role of support in performance

The catalyst performance is largely determined by the sup-
port material, which primarily affects stability and selectiv-
ity rather than acting as a passive scaffold.

4.4.2.1 Acidic vs. basic supports Coke resistance is

directly impacted by the surface chemistry of the support.
Even though they are common, acidic supports like y-Al.O3
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catalyze unwanted polymerization and cracking reactions,
which results in high coke deposition, particularly on sen-
sitive metals like Ni (Zhu et al. 2014; Kot et al. 2020). As
demonstrated by Pd/CeO: and Ni/MgO, basic supports such
as MgO and CeO, neutralize these acidic sites, lowering
coke formation and increasing catalyst lifespan. (Takasaki
et al. 2007; Janiszewska et al. 2018).

4.4.2.2 Advanced support engineering Support properties
can be tailored to significantly improve performance. Using
redox-active supports (e.g., CeO,) for in situ coke oxida-
tion, creating nanostructured morphologies to enhance mass
transfer, and functionalizing surfaces (e.g., N-doping) to
alter metal-support interactions and encourage hydrogen
spillover are some of the tactics covered in Sect. 4.1.1 and
4.2.3 (Takasaki et al. 2007; Tang et al. 2017).

4.4.3 Bifunctional catalysis

The hydrogenation/dehydrogenation cycles can be effec-
tively mediated by development of catalysts, which are
streamlined in reactor design and lowers the operating
expenses. Tests for integrated cycles have been conducted
on catalysts such as Pt/Al,0s. They exhibit strong initial
activity but frequently experience long-term deactivation
because the ideal circumstances for one reaction (low tem-
perature hydrogenation, for example) can be harmful to the
stability of the catalyst under another (high temperature
dehydrogenation) (Wang et al. 2020). While commercial
catalysts such as Raney-Ni (NISAT 310) show promise, they
also present a number of difficulties, most notably encour-
aging unwanted side reactions like hydrocracking, which
consumes the LOHC carrier itself (Alhumaidan et al. 2011;
Shukla et al. 2012a, b). This reveals a significant perfor-
mance trade-off: non-noble metals frequently have trouble
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with selectivity, whereas noble metals fight deactivation. It
is still difficult to find the perfect bifunctional catalyst. In
order to preserve structural integrity and selectivity over the
broad temperature and pressure range needed for complete
LOHC cycling, future designs might incorporate intricate
bimetallic or promoted systems (Fig. 7).

The performance of catalysts in LOHC systems is a
complex optimization problem that balances cost, stability,
activity, and selectivity. Noble metal catalysts are very effec-
tive, but they are expensive and have long-term deactivation
problems. Although non-noble catalysts, especially Ni, are
less expensive, they need a lot of engineering to get past
their inherent stability and selectivity problems. The logical
design techniques described in Sect. 4.2, managing particle
size, generating synergistic bimetallic compositions, and
developing sophisticated supports, are the key to the future
of LOHC catalysis. Future catalyst design must prioritize
durable, bifunctional systems capable of maintaining selec-
tivity and activity over 100+cycles. Ni-based catalysts on
basic/redox supports represent the most promising direction,

though noble metals will remain indispensable in the near
term for industrial-scale LOHC systems. Thus, noble metals
dominate near-term applications, while Ni-based catalysts
are promising for cost reduction once durability barriers are
solved. To synthesize the discussion, Table 6 compares cata-
lyst systems across key metrics: activity, coke resistance,
durability, cost, and technology readiness. Unlike descrip-
tive listings, this evaluative table highlights trade-offs and
industrial implications, providing a clearer picture of the
current state and future prospects of LOHC catalysis.

This chart (Fig. 8) visualizes the maturation stage of dif-
ferent catalysts, from basic research (TRL 1-3) and pilot
scale (TRL 4-6) to commercial deployment (TRL 7-9). The
Pt-based MCH/TOL system, demonstrated in international
supply chains, is the most commercially advanced, while
other promising systems remain at the pilot or research
stage.

The following section will address the design and selec-
tion of reactor systems and process engineering strategies
necessary to implement LOHC technology at scale. These
decisions are directly influenced by the performance char-
acteristics and challenges of these catalysts, including their
activity profiles, deactivation susceptibility, and require-
ments for particular temperature/pressure regimes.

5 LOHC processes
5.1 Hydrogenation and dehydrogenation reactions

The principle behind LOHC technology revolves around
reversible hydrogenation and dehydrogenation processes,
which allow for the effective storage and delivery of hydro-
gen via carrier molecules. A spectrum of catalytic systems
has been devised to facilitate these reactions, encompassing
both homogeneous and heterogeneous catalysts, each pre-
senting unique advantages and challenges.

Under high pressure, an exothermic catalytic reaction
between hydrogen and the LOHC carrier drives hydroge-
nation. Typically, the solution is heated to 80-240 °C at
5-50 bar to produce hydrogen-rich LOHC (Rao and Yoon
2020; Niermann et al. 2021; Chu et al. 2023a, b). Because
hydrogen transport to the catalyst surface is the rate-limiting
step, heterogeneous catalysts based on transition or noble
metals (such as Ni, Pd, Pt, and Ru) are frequently used, fre-
quently in fixed-bed configurations (Barkanyi et al. 2023;
Perreault et al. 2023). Employing techniques like cold
hydrogen feed or external cooling of recycle streams, effec-
tive thermal management is necessary to avoid hot spots and
prevent thermal runaway (Perreaul et al. 2023).

Conversely, dehydrogenation is an endothermic catalytic
reaction that frequently occurs at atmospheric pressure but
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necessitates higher temperatures, usually between 200 and
420 °C, depending on the catalyst and carrier (Barkanyi et
al. 2023; Perreault et al. 2023). C—H bonds must be broken
with a significant amount of energy; dibenzyltoluene dehy-
drogenation uses about 27% of the hydrogen’s lower heat-
ing value. Energy penalties may increase if more hydrogen
combustion is required to maintain operation in the absence
of a sufficient external heat source. Ru, Pt, and Pd noble
metal catalysts have demonstrated high activity (Mell-
mann et al. 2016), but stability and cost are still problems.
Research into supports, dopants, and surface modifiers to
reduce reaction temperature and improve durability has
been prompted by the possibility that catalyst deactivation
could be caused by thermal degradation or liquid product
adsorption (Mellmann et al. 2016; Teichmann et al. 2011;
Modisha 2021).

5.2 Types of reactors for LOHC system

In order to produce mass hydrogen that is useful for indus-
trial uses, it is crucial to develop efficient reactors that are
scalable, cost-effective, stable, and safe (Fellay et al. 2009;
Orava et al. 2015; Mellmann et al. 2016; van Putten et al.
2019). In this section, four reactor types will be introduced:
hot-pressure-swing reactors, membrane reactors, heteroge-
neous catalytic reactors, and reactive distillation systems.

5.2.1 Heterogeneous catalytic reactor

Heterogeneous catalytic reactors are widely used for con-
tinuous hydrogen production due to their operational stabil-
ity, ease of catalyst recovery, and scalability. They combine
the selectivity of homogeneous catalysts with the practi-
cal advantages of heterogeneous systems. Laurenczy et al.
(2018) used the homogeneous catalyst Ru-mTPPTS immo-
bilized on cross-linked polystyrene beads to demonstrate
the production of hydrogen from formic acid. The system
remained stable for 120 h and reached a turnover frequency
(TOF) of 270 h™ ! at 105 °C (Hwang and Smith 2004; Javaid
et al. 2013, 2015; Park et al. 2020). Gas chromatography
and in-line infrared spectroscopy were used to analyze the
product, an HPLC pump was used to feed formic acid con-
tinuously, and thermocouples and an oil bath were used
to precisely control the temperature. Commercial fuel cell
integration was found to be compatible with this design. In
a related work, Jung et al. (2020) used heterogeneous Ru
catalysts to create a fixed-bed trickle reactor for continuous
CO: hydrogenation to formic acid. A mass flow controller
was used to precisely control the H- flow in a stainless-steel
tubular reactor that contained powdered Ru/bpyTN-30-CTF
catalyst immobilized with glass wool and beads. With no
discernible deactivation, the reactor reached a total turnover

@ Springer

number (TON) of 524,000 during its 30-day operation (Park
et al. 2020). HPLC, NMR, and GC analyses of liquid and
gaseous products confirmed high conversion efficiency and
catalyst durability.

Activity and long-term stability can be further increased
by incorporating heteroatomic ligand sites or porous sup-
ports into heterogeneous catalysts. These design techniques
preserve operational robustness and feasible scalability
while enabling heterogeneous catalytic reactors to produce
hydrogen continuously with high performance.

5.2.2 Membrane reactor

Membrane reactors integrate catalytic reaction with selec-
tive hydrogen removal, allowing conversion beyond thermo-
dynamic equilibrium and producing high-purity hydrogen
(>99.8%) (Shukla et al. 2012a, b; Kreuder et al. 2015, 2016;
Takise et al. 2019). By continuously extracting hydrogen,
these reactors shift the reaction equilibrium toward prod-
uct formation, enhancing overall efficiency even at lower
temperatures.

For the dehydrogenation of methylcyclohexane (MCH),
bimodal catalytic membrane reactors have been used
extensively. Typically, bis(triethoxysilyl) ethane (BTESE)-
derived organosilica membranes are combined with
Pt/y — AlyO3/a — AlyO3 catalysts. The membrane
allows for nearly 100% pure hydrogen recovery by selec-
tively allowing hydrogen to pass through while blocking
MCH and toluene. There are two common operational strat-
egies: ex-situ configurations, which simplify retrofitting
but increase operational complexity (Marcano and Tsotsis
2002; Itoh et al. 2008; Hatim et al. 2013), and in-situ con-
figurations, which improve conversion while lowering aux-
iliary equipment and operating costs (Kosaka et al. 2020) by
performing the catalytic reaction and hydrogen separation
in a single unit.

High MCH conversions are reported by experimental
investigations; for example, Ali et al. showed over 90%
conversion with Pd-Ag membranes as instead of 52% with-
out membranes (Ali et al. 1995). Using Pt catalysts with
Ni-doped silica membranes under argon sweep, Li et al.
achieved comparable outcomes (Li et al. 2013). While Oda
et al. predicted near-complete conversion with nearly 100%
hydrogen purity without sweep gas (Oda et al. 2010), Meng
et al. achieved 98% conversion at 270 °C (Meng et al. 2015).
Using Pd foils for continuous hydrogen removal helped to
overcome issues like catalyst deactivation, which Kreuder
et al. reported (Kreuder et al. 2015). Conversions have been
further pushed beyond equilibrium with improved selectiv-
ity and stability by advanced reactor designs, such as elec-
trically assisted fixed-bed reactors and spray pulse reactors
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(Shukla et al. 2012a, b; Kreuder et al. 2016; Takise et al.
2019).

From a design standpoint, membrane reactors need mem-
branes with high durability, selectivity, and permeability in
order to produce hydrogen efficiently. High-purity output
and nearly total hydrogen recovery are made possible by the
careful integration of catalysts and membranes, which also
lowers equipment footprint and energy consumption (Fellay
et al. 2009; Orava et al. 2015; Mellmann et al. 2016; van
Putten et al. 2019). These reactors show promise for large-
scale LOHC applications due to their electrically assisted
or microstructured designs, which further improve reaction
rates and catalyst longevity (Shukla et al. 2012a, b; Kreuder
et al. 2015, 2016; Takise et al. 2019). Among the primary
benefits are the capacity to generate high-purity hydrogen,
surpass equilibrium conversion, and lessen the need for aux-
iliary separation in in-situ configurations (Ali et al. 1995; Li
etal. 2013; Kosaka et al. 2020). Limitations include the need
for extra units in ex-situ setups, the high cost and technical
complexity of membrane fabrication, and the possibility of
catalyst deactivation under extended or high-temperature
operation, all of which require careful reactor and catalyst
design (Al et al. 1995; Shukla et al. 2012a, b; Niimi et al.
2014).

5.2.3 Hot pressure-swing reactor

According to Jorschick et al. (Jorschick et al. 2017), a
heated pressure-swing reactor might be used to hydroge-
nate dibenzyltoluene (DBT) and dehydrogenate perhydro-
dibenzyltoluene (H,;s-DBT). Conventional approaches to
low-temperature high-capacity (LOHC) systems for stor-
ing hydrogen involve the use of distinct reactors for dehy-
drogenation and hydrogenation. This is due to the fact that
hydrogenation reactors function under low pressures and
temperatures, whereas dehydrogenation reactors necessi-
tate higher temperatures and lower pressures to optimize
thermodynamic driving forces. Using the same catalyst and
temperature, the novel hydrogen storage method carries
out the hydrogenation and dehydrogenation operations. Le
Chatelier’s principle states that hydrogen creation at high
pressure promotes hydrogenation and inhibits dehydro-
genation. Therefore, both processes of hydrogenation and
dehydrogenation are influenced by the pressure of equi-
librium conversion. At 4 bar and ambient pressure, a hot
pressure-swing hydrogen storage unit operating at 290 °C
may almost entirely dehydrogenate. This approach reduces
investment and operating costs by combining the hydrogen
storage unit into a single reactor and sustaining a higher
reaction temperature without a cooling system.

The potential of hot pressure-swing reactors has been
further enhanced by recent developments. In comparison to

predictions from traditional plug-flow designs, a triple-loop
rotating packed bed design improved heat and mass transfer
during perhydro-DBT dehydrogenation, increasing hydro-
gen release rates by almost 48% (Lee et al. 2024). Accord-
ing to complementary research, catalyst pretreatment and
feed purification can stabilize performance for over 50 h,
reducing deactivation problems that are frequently seen dur-
ing cyclic operation (Rullo et al. 2025). Although evapo-
ration shortens the liquid residence time, faster gas-phase
kinetics and enhanced heat transfer preserve overall energy
efficiency, according to studies on packed-bed evaporation
dynamics (Willer et al. 2024). Additionally, it was reported
that Pt-Re bimetallic catalysts, which offer faster kinetics
and higher efficiency than monometallic catalysts, acceler-
ate initial hydrogen release because of improved dispersion
and electronic modification of Pt (Willer et al. 2024).

Hot pressure-swing reactors enable continuous cycling
between hydrogenation and dehydrogenation using the same
catalyst and reactor, as well as simpler layouts and lower
investment costs from a design standpoint. The primary
benefits are cost savings, high hydrogen release rates, and
process integration. Limitations include the requirement for
exact control over temperature and pressure, the possibility
of cycling-induced stress on reactor walls and catalysts, and
issues with long-term durability. These constraints are being
addressed by ongoing advancements in reactor design, cata-
lyst stability, and feed purification techniques, underscoring
the technology’s potential for useful LOHC deployment.

5.2.4 Reactive distillation system

By integrating separation and dehydrogenation into a single
column, reactive distillation provides a process-intensified
method that lowers energy penalties and increases thermo-
dynamic driving forces. This approach can simultaneously
release hydrogen and spatially separate hydrogen-rich and
hydrogen-lean molecules in LOHC systems. In order to dis-
tribute reactants and products along ideal concentration and
volatility gradients, the column usually has four zones: the
evaporator, reaction zone, separation section, and condenser
(GeiBelbrecht et al. 2020), as depicted in Fig. 7. Using reac-
tive distillation, Geillelbrecht, Wasserscheid, and colleagues
recently showed that hydrogen could be released from per-
hydrobenzyltoluene (Hi2-BT) with high efficiency at only
200-220 °C and low pressure (~30 kPa). The kinetic and
thermodynamic benefits of this strategy under mild con-
ditions were confirmed by their system, which produced
nearly 50% higher hydrogen release rates than traditional
Pt/AlOs fixed-bed reactors while retaining long-term oper-
ational stability (GeiBBelbrecht et al. 2020). This evidence
demonstrates that reactive distillation is superior in terms
of kinetic performance and thermodynamic efficiency, and
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that it is also feasible under milder operating conditions.
Riide et al. (2022) expanded on this by reporting continuous
hydrogen production from Hi2-BT using process simulation
for heat integration in conjunction with catalytic distillation
(CD). They achieved a hydrogen productivity of 0.35 gH-
gPt' min' (=0.7 kW LHV-H: gPt™") at just 267 °C, which is
nearly four times higher than traditional liquid-phase dehy-
drogenation at the same temperature. This indicates that they
have an exceptionally high platinum utilization efficiency in
experiments. Their process simulations also demonstrated
the viability of fully heat-integrated operation, in which the
CD reboiler could be powered by waste heat from a high-
temperature fuel cell, completing the energy loop between
LOHC dehydrogenation and electricity production (Riide et
al. 2023).

Reactive distillation and catalytic distillation configura-
tions have special benefits from a design standpoint, such
as the ability to intensify processes on a large scale, lower
external heat demand through waste-heat integration, and
high hydrogen release efficiency under mild conditions.
Nevertheless, there are still issues with handling viscous
LOHC phases, controlling thermal gradients to prevent cat-
alyst degradation, and guaranteeing consistent catalyst dis-
tribution throughout the column. These problems show how
crucial careful catalyst and column design is to maximize
the advantages of this exciting technology (Fig. 9).

To summarize and compare the operational characteris-
tics, performance, advantages, and limitations of the main
LOHC reactor types discussed above, Table 7 provides a
concise overview of key findings from experimental and
process studies.
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Reversible hydrogenation and dehydrogenation pro-
cesses, which are the foundation of LOHC systems, rely
heavily on reactor design, catalyst choice, and reaction con-
ditions to maximize their efficiency. According to recent
studies, reactors that use reactive/catalytic distillation,
membrane, hot pressure-swing, or heterogeneous catalysis
each have special benefits in terms of process intensifica-
tion, operational stability, hydrogen purity, and conversion
efficiency. The limitations of heat and mass transfer, mem-
brane durability, accurate pressure-temperature control, and
intricate thermal management are still obstacles, though.
According to comparative studies, the choice of the reactor
needs to be customized to the particular LOHC carrier, oper-
ational scale, and integration needs. Gaining an understand-
ing of these reactor-specific insights lays the groundwork
for tackling the next crucial LOHC research themes: inte-
grating with renewable energy sources to enable sustainable
hydrogen supply and scaling up for industrial applications.

6 Integration with renewable energy
sources

Another growing trend in LOHC technology is the use of
renewable energy sources such as wind, hydropower, and
solar to create closed-loop energy systems. Patent literature
reflects this trend, with multiple patents describing novel
process configurations and system designs that use renew-
able energy for hydrogen synthesis, LOHC regeneration,
and overall process operation. Prominent patents include
US20160061383A1, which describes the operation of
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hydrogen filling stations using LOHCs, W02024212005A1,
which describes electrocatalytic LOHC compositions and
dehydrogenation reactors, and the vast portfolio of Hydro-
genious LOHC Technologies, which includes more than
135 patents covering innovations in LOHC storage, infra-
structure, and system integration. These patents serve as an
example of the industry’s ongoing efforts to develop LOHC-
based renewable energy systems that are safe, effective, and
scalable (GmbH 2012; Teichmann 2020; Smith 2024).

The least efficient way for dehydrogenating a charged
LOHC system is to use electrical heating, which requires
part of the power provided by a proton exchange membrane
fuel cell (PEMFC). Electrical heating turns some electrical
energy into heat, with a maximum efficiency of 24% (cal-
culated as the electrical output of a PEMFC vs. the lower
temperature value of LOHC hydrogen).

A different way is to use a hydrogen burner to provide
the heat needed for the dehydrogenation process. In this
approach, some of the hydrogen generated by the LOHC is
utilized to heat the dehydrogenation system, while the rest is
supplied into the PEMFC. It is 34% more efficient than elec-
tric heating. Hydrogenous Technologies, based in Stuttgart,
Germany, has created a system that uses a hydrogen burner
to provide heat for dehydrogenation processes. This off-grid
energy system includes a hydrogen burner, a LOHC dehy-
drogenation system that generates 33 N-m*h of hydrogen
(about 100 kW based on hydrogen’s lower heating value),
and a 30-kW proton exchange membrane fuel cell (PEMFC)
(Niermann et al. 2019a, b).

Hydrogenous Technologies provided the United Hydro-
gen Group (UHG) with two dehydrogenation units: one to
cool power plant generators and another to furnish hydro-
gen to UHG’s customers (Modisha 2021). The very first
hydrogen refueling station in Erlangen, Germany, will be
installed by H, Mobility GmbH (Germany) using Hydroge-
nious’ LOHC technology. The operation is expected to start
in early 2020 (Modisha et al. 2019). The European Commu-
nity-funded HySTOC project will demonstrate a high-purity
hydrogen LOHC-based filling station (ISO 14687:2-2012)
in Voikoski, Finland (Viitakangas et al. 2020).

A combination of endothermic LOHC dehydrogenation
devices and solid oxide fuel cell (SOFC) has the benefit
of integrating heat from the high-temperature exothermal
SOFC process with the endothermal dehydrogenation reac-
tion. Discharged heat of more than 600 °C is generated
during SOFC operation. Cold air is injected so that the tem-
perature may be decreased to the LOHC dehydrogenation
system’s optimal operating temperature (300 °C), allow-
ing for effective heat integration. Through this method, the
LOHC system provides hydrogen for SOFC power genera-
tion, leveraging the heat generated by the SOFC to facilitate
the LOHC dehydrogenation process. The combined system

achieves an efficiency of 45% in converting stored hydrogen
into energy (Preuster et al. 2018). The study also examined
the consequences of LOHC vapors on SOFC performance.
Experimental findings point to the fact that these vapors do
not affect the performance of SOFC, and simulations over
ten years show no degradation in performance (Preuster et
al. 2018).

Additionally, patents could outline novel energy storage
methods, grid integration techniques, and power manage-
ment algorithms for improving the performance and reliabil-
ity of renewable-integrated LOHC systems. By leveraging
the intermittent nature of renewable energy sources and the
reversibility of LOHC reactions, these systems have the
potential to improve grid stability, energy resilience, and
carbon neutrality, opening the way for a more sustainable
and decentralized energy future.

7 Scalability and commercialization

A critical issue affecting LOHC technology involves the
scalability and market readiness of LOHC processes. While
laboratory-scale demonstrations have shown promising
results, translating these findings into economically viable
and industrially relevant processes remains a significant hur-
dle. Patent literature provides valuable insights into the scal-
ability and commercialization of LOHC processes, offering
glimpses into the strategies and technologies employed by
industry leaders and innovators.

A standard LOHC power storage system consists of five
components: an electrolysis unit, a LOHC hydrogenation
unit, storage tanks, a LOHC dehydrogenation unit, and a
fuel cell (Arlt and Wasserscheid 2017). The concept “One
Reactor” (Preuster et al. 2017a, b), which combines hydro-
genation and dehydrogenation, has made significant prog-
ress in stationary energy storage. This method significantly
reduces costs by using a single reactor that encompasses
catalyst inventories, manifolds, piping, and management.
Performing release and storage in the same reactor has the
benefit of maintaining a constant high temperature. This
significantly improves system dynamics by eliminating the
need for cold reactor heating-up periods. The “One Reac-
tor” requires a catalyst system or combination that can per-
form both hydrogenation and dehydrogenation having high
selectivity and activity. Identifying and optimizing catalyst
systems is a valuable goal of researchers.

In a society dependent on renewable energy, it is crucial
to manage hydrogen and energy logistics effectively, since
the areas with the highest potential for renewable energy
production may not align with the regions experiencing the
greatest energy demand. A recent study examines LOHC-
based energy and hydrogen transmission in two scenarios:
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exporting solar energy from Northern Africa and exporting
geothermal, hydroelectric, and wind energy from Iceland to
Germany (Teichmann et al. 2012). The study suggests that
long-distance energy delivery using LOHC holds promise.
Transporting LOHC-based hydrogen is less expensive than
compressed or liquid hydrogen due to the ability to utilize
existing product tanker fleets. In comparison with electric
transmission, energy distribution by individual ships in the
open sea enhances supply security. The storage function
of LOHC systems enables energy release at peak demand,
improving transport economics.

Converting hydrogen stored in LOHC devices back into
power is not economically viable. Using stored hydrogen
as a fuel for industrial or transportation purposes is a more
appealing option. A kilogram of hydrogen, which has a lower
heating value of 33.3 kWh, produces 18.3 kWh of electric-
ity at 55% fuel cell efficiency. This electricity is valued at
€2.2 according to the German industrial electricity price of
€0.12 per kWh. In practice, hydrogen filling stations charge
between €9 and €12 per kilogram, and commercial hydro-
gen delivery costs range from €5 to €55 per kilogram, based
on factors like volume, quality, and location. These prices
reflect the economic considerations of supplying hydrogen
on demand to various customers.

Supplying hydrogen to filling stations using LOHC tech-
nology is a practical solution for the next three to five years.
The main goal is to produce high-quality hydrogen for fuel
cell vehicles while minimizing investment in the LOHC
dehydrogenation, compression, and purification unit. At
a hydrogen filling station, heat can be generated by direct
electrical heating, fuel combustion (for example bioetha-
nol or LPG), or heat storage devices powered by solar or
wind power during peak energy periods. In the future, the
objective for commercialization is to house the entire pro-
cess chain, including the dispenser, within a 20-foot con-
tainer at the filling station, utilizing either existing gasoline
tanks or a small tank inside the container for LOHC storage.
Long-term research opportunities include on-board hydro-
gen production on mobile systems. Realizing this goal is
easier on larger platforms, such as ships or trains, compared
to high-performance tiny automobiles. Achieving onboard
storage of diesel-like LOHC necessitates a twin-chamber
tank system capable of accommodating both Hx-LOHC and
H,-LOHC equally. During refueling, one chamber fills with
Hx-LOHC, while the other chamber is emptied of uncharged
H)-LOHC (Teichmann et al. 2011).
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8 Conclusion

With increasing importance for energy, transportation, and
industrial applications, LOHCs have shown themselves to
be flexible hydrogen storage and delivery systems. While
N-doped carriers and formic acid present chances for
lower-temperature operation, mature systems like toluene/
methylcyclohexane and dibenzyltoluene show practical
viability. Technological developments in nickel-based cata-
lysts improve catalytic performance and thermal stability
while offering affordable substitutes for noble metals. While
there are still issues with catalyst lifetime, heat manage-
ment, and process intensification, reactor innovations “in
particular, integrated hydrogenation—dehydrogenation units
and membrane-assisted systems” offer noticeable efficiency
gains. Pilot tests and refueling infrastructure show com-
mercial progress, but broad adoption will require bringing
carrier costs down to 2—4 €/kg, guaranteeing recyclability
over hundreds of cycles, and fitting in with renewable inte-
gration plans. All things considered, LOHCs are positioned
as essential facilitators of a decentralized, carbon-neutral
hydrogen economy. However, in order to fully realize this
potential, focused research on strong catalysts, efficient pro-
cess design, and supportive policy frameworks are needed
to close the gap between laboratory success and widespread
adoption.
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