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Preface

The global shift toward sustainable and decarbonized energy systems has highlighted hydrogen

as a key player in reducing carbon emissions while enabling a diverse range of applications across

industries, transportation, and power generation. Hydrogen’s role as a clean, efficient, and versatile

energy carrier is integral to advancing the energy transition and securing a sustainable future.

The Reprint of the Special Issue “Advances in Hydrogen Production, Storage, and Utilization”

serves as a comprehensive collection of cutting-edge research that explores significant advancements

in the hydrogen value chain. This Special Issue brings together insights into novel hydrogen

production pathways, such as electrolysis, photochemical, thermochemical, and biological processes,

along with innovations in hydrogen storage technologies. Additionally, it highlights the emerging

applications of hydrogen in fuel cells, industrial processes, and integrated energy systems.

The motivation for this Reprint stems from the growing need for interdisciplinary research

that bridges materials science, engineering, chemistry, and policy. Hydrogen technologies are not

only at the heart of technical innovation but are also essential in addressing critical economic,

environmental, and social challenges. This collection aims to foster collaboration and inspire the

continued development and deployment of hydrogen technologies at scale.

This Reprint is addressed to researchers, engineers, industry professionals, and policymakers

involved in hydrogen-related fields. It seeks to provide a platform for sharing knowledge, exchanging

ideas, and accelerating the adoption of hydrogen solutions that are crucial to achieving global climate

and energy goals.

We hope this Reprint will contribute meaningfully to the scientific community, encouraging

further exploration and advancement in hydrogen technologies and their applications.

Guo-Ming Weng

Guest Editor
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Abstract

Molecular hydrogen is the basis of hydrogen energy. It is formed and used in many fields of
industry, physics, and chemistry. Molecular hydrogen is the main product formed during
the gamma radiolysis of liquid cyclohexane. When studying the mechanism of molecular
hydrogen formation during the gamma radiolysis of liquid cyclohexane, we found that
the values of adiabatic electron affinity, one of the fundamental characteristics of atoms
and molecules, had not yet been experimentally determined for hydrogen and cyclohexane
molecules. Theoretical estimates of the adiabatic electron affinity of the hydrogen molecule
made by other authors varied widely ([−0.3; −5.771] eV) and could not be compared
with experimental values due to the absence of such data. Using DFT calculations at the
PBE0/TZVPP level of theory, and a constructed correlation with experimental values of the
adiabatic first ionization potential and electron affinity for a number of molecules, neutral
radicals, and atoms, we estimated, for the first time, the experimental adiabatic electron
affinities of hydrogen (−3.08 eV) and cyclohexane (−2.13 eV) molecules in the gas phase.
When an electron is attached to a cyclohexane molecule, a cyclohexane radical anion is
formed, a new, highly reactive species that has not been studied before. A new perspective
on molecular hydrogen formation during the gamma radiolysis of liquid cyclohexane was
introduced and discussed.

Keywords: molecular hydrogen; cyclohexane; gamma-rays; DFT calculations; ionization
potential; electron affinity

1. Introduction

The importance of hydrogen in the structure of the universe, our solar system, and,
in particular, the Earth, all living creatures on it, and the organization of organic and
inorganic matter cannot be overestimated [1–4]. Hydrogen is the most common element in
the universe, accounting for about 90% of all atoms. It is the main component of stars and
interstellar gas. The role of hydrogen on Earth is determined by its abundance: hydrogen
atoms make up about 17% of all atoms (second only to oxygen). Therefore, hydrogen plays
a crucial role in the chemical processes occurring on Earth. It is a component of almost all
organic substances and is present in all living cells, where it accounts for nearly 63% of the
total number of atoms. Hydrogen also participates in geochemical processes: it is found in
volcanic gases, flows along faults in rifting zones, and is released in some coal deposits.

Hydrogen 2025, 6, 115 https://doi.org/10.3390/hydrogen6040115
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Most hydrogen is used to produce ammonia, methanol, and hydrogen chloride. In
the oil refining industry, hydrogen is used in hydroprocessing to remove sulfur from
fuels. High-purity hydrogen is used in semiconductor manufacturing for cleaning wafers,
etching, alloying, and growing semiconductor films. In metallurgy, hydrogen is used to
extract metals from their ores and as a shielding atmosphere during heat treatment.

In the food industry, hydrogen is used for the hydrogenation of fats and oils; to im-
prove the appearance (glazing) of confectionery products; and as a protective environment
for food packaging, which helps prevent oxidation and spoilage, thereby extending shelf
life. The antioxidant and anti-inflammatory properties of hydrogen allow it to be used in
medicine to reduce organ and tissue damage in diseases and conditions associated with
oxidative stress.

Liquid hydrogen is used as a fuel in rocket and space technology and also serves as a
refrigerant, while gaseous hydrogen acts as a carrier gas in gas chromatography.

The above list shows that, today, humanity primarily focuses on the numerous practi-
cal applications of hydrogen.

In many natural reactions and practical applications of hydrogen, single electron trans-
fer (SET) processes occur. Two characteristics of the hydrogen molecule are fundamental
to describing the energy physics of such processes: ionization potential (IP) and electron
affinity (EA).

The first characteristic has been reliably established through various experimental and
theoretical methods, while the second has not yet been experimentally determined, and the
available theoretical data are inconsistent.

In this paper, this gap is addressed through a theoretical study aimed at determining
the EA of a cyclohexane molecule.

Molecular hydrogen is the main end product of the gamma radiolysis of liquid cyclo-
hexane [5–9]. The EA values of hydrogen and cyclohexane molecules were theoretically
determined in order to clarify the energy physics and mechanism of the early stages of
gamma radiolysis of liquid cyclohexane, which belong to the SET class of processes.

In this paper, we used data on gamma-60Co radiolysis of liquid cyclohexane [5–9].
Gamma rays from 60Co were represented by equal amounts of rays with energies of
1.1732 and 1.3325 MeV, with an average ray energy of Eav ≈ 1.25 MeV [10].

Upon gamma irradiation of liquid cyclohexane (1), molecular hydrogen (H2) (2),
cyclohexene (c-C6H10) (2′), and dicyclohexyl ((c-C6H11)2) (2′′) are formed as the main final
products (FP) (reactions (1)–(9)) [5–9].

c-C6H12 + γ-rays → k{c-C6H12
•+ + e−(E ≈ 20–100 eV)} + l{c-C6H12*(S and T)} (1)

e−(E ≈ 20–100 eV) + m(c-C6H12) → m(c-C6H12
•+) + (m + 1)e−(E < IP ≈ 10 eV) (2)

e−(E < IP ≈ 10 eV) → e−(E(kT) ≈ 0.025 eV) (3)

c-C6H12
•+ + e−(E(kT) ≈ 0.025 eV) → c-C6H12*(S and T) (4)

c-C6H12*(S) → H2 + c-C6H10 (5)

c-C6H12*(T) → H• + c-C6H11
• (6)

H• + c-C6H12 → H2 + c-C6H11
• (7)

2 c-C6H11
• → c-C6H10 + c-C6H12 (8)

2 c-C6H11
• → (c-C6H11)2 (9)

Reactions (1)–(9) are a simplified general scheme of gamma radiolysis 1, which shows
how gamma ray energy is absorbed (reaction (1)), distributed (reactions (2) and (3)), and
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transformed into final products 2 (reactions (4)–(7)), 2′, and 2′′ (reactions (6)–(9)) over
characteristic times t ≈ 10−15–10−14 s (the physical stage), t ≈ 10−12 s (the physical and
chemical stage), and t ≈ 10−10–10−6 s (the chemical stage), respectively.

The absorption of gamma ray energy occurs in portions, which form a set of cyclohex-
ane radical cations (RCs) (c-C6H12

•+) and high-energy free electrons (FEs) (e−(E ≈ 20–100 eV)).
It is believed that after the energy is spent on the ionization of cyclohexane molecules (re-
action (2)) and the electrons reach thermal energy (e−(E(kT) ≈ 0.025 eV)) (reaction (3)), charge
recombination occurs (reaction (4)), which forms the main number of or all (then l = 0 in
Equation (1)) electron-excited molecules (EEMs) (c-C6H12* (S and T are singlet and triplet
EEM, respectively))—precursors of molecular hydrogen (reactions (5)–(7)) [5–9].

The vertical and adiabatic IPs (VIP and AIP) of cyclohexane are 10.3 ± 0.2 eV [11]
and 9.88 ± 0.02 eV [11,12], respectively. The same values (10.3 and 9.88 eV) were reported
in [13,14], and a more accurate value (79,720 ± 10 cm−1 (9.8840 ± 0.0012 eV)) is reported
in [15].

Therefore, in reactions (2) and (3), using the condition E < IP ≈ 10 eV, emphasis is
placed on the fact that when the kinetic energy of an FE decreases to less than ≈ 10 eV,
ionization of cyclohexane molecules becomes impossible, and other mechanisms of energy
absorption must be considered.

More than 85 years ago, a theory was proposed in which, after the formation of
an ion pair, the kinetic energy of an FE is continuously reduced to thermal energy
(E(kT) ≈ 0.025 eV) due to Coulomb interaction with a complementary cation (radical cation)
(reaction (3)) [16]. For illustrative purposes, this theoretical model is still used today [8,17].

According to modern data, instead of continuous energy absorption (reaction (3)), two
new channels of partial FE energy absorption should be considered.

First, there is reaction (3′), in which electronically excited molecules c-C6H12*(S and T)

are formed. In liquid cyclohexane, electronically excited molecules in the ground electronic
states are formed upon the absorption of energy E ≈ 7 eV, since it is known that the
wavelength of the absorption edge λ (absorption edge) = 177.5 nm (energy 6.99 eV) [18]. This
value of λ (absorption edge) increases to 180 nm (energy 6.89 eV) [19] with an increase in the
amount of impurities [20].

Second, this is reaction (3′′), in which cyclohexane radical anions (RAs) (c-C6H12
•−)

are formed, since it is known that cyclohexane molecules, like many other hydrocarbon
molecules, have a negative EA [5–8].

A negative EA means that, in order for an FE to attach to a cyclohexane molecule,
energy must be expended (i.e., has a positive value), numerically equal to the EA of the
cyclohexane molecule (which has a negative value), taken with the opposite sign (see
Section 2 and the graphical abstract). This energy can be provided by an FE with a kinetic
energy of E ≈ 10 − 7 = 3 eV (reaction (3′′)).

If reactions (3′) and (3′′) occur, they replace reaction (3), which ceases to be the main
reaction in the general scheme of cyclohexane gamma radiolysis.

This means that in gamma-irradiated cyclohexane, charge recombination (charge
neutralization) should occur not according to reaction (4), but according to reaction (4′), in
which RCs and RAs of cyclohexane participate.

e−(E < IP ≈ 10 eV) + c-C6H12 → c-C6H12*(S and T)
(E ≈ 7 eV) + e−(E ≈ 3 eV) (3’)

e−(E ≈ 3 eV) + c-C6H12 → c-C6H12
•− + E ≈ 3 eV − (-EA) (3′′)

c-C6H12
•+ + c-C6H12

•− → c-C6H12*(S and T) + c-C6H12 (4’)

3
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For reaction (3′′) to occur, the following condition must be met: E = 3 eV − (-EA) ≥ 0,
i.e., EA(1) ≥ −3 eV. Only in this case will the kinetic energy of the electron E = 3 eV be
sufficient for the FE to attach itself to the cyclohexane molecule.

If we were to rely on the single experimental value EA(1) = −4.11 eV [21], since
−4.11 eV < −3 eV, we would conclude that reaction (3′′) cannot occur.

For this reason, it was very important to estimate the experimental EA of the cyclo-
hexane molecule in the gas phase as accurately and reliably as possible and to compare it
with the experimental value of −4.11 eV [21]. Theoretically and experimentally, this value
(−4.11 eV [21]) has not been reverified.

To this end, we performed DFT calculations for a number of chemical structures,
correlated them with experimental data (see Section 2), obtained a reliable estimate of the
experimental value EA(1) = −2.13 eV > −3 eV, and showed that the value −4.11 eV [21] is
an outlier in the established correlation (see Section 3).

Thus, the findings of this paper support the conclusion that reaction (3′′) can and
should occur during the gamma radiolysis of liquid cyclohexane.

2. Materials and Methods

Orca, an ab initio, DFT, and the semiempirical SCF-MO package, version 3.0.1 was
used for all DFT calculations at the PBE0/TZVPP level of theory [22,23]. The TD-DFT
method was used for calculations of the first single state of excited molecules [18,19]. The
libint2 library for the computation of 2-el integrals [24], the basis Ahlrichs-TZV [25], and
the Ahlrichs (2df, 2pd) polarization functions from the TurboMole basis set library [26]
were utilized for all our calculations.

Since the IP and EA of molecules, radicals, and atoms represent the energetic cost of
transferring one electron from or to the initial structure, respectively, the IP and EA values
were calculated based on the energy difference (ΔE) between the formation energies of the
initial and final structures, taking into account the sign change of ΔE depending on the
direction of electron transfer.

The RHF method was used to calculate structures with closed electron shells (even-
electron systems: molecules and ions), while the UHF method was applied to structures
with open electron shells (odd-electron systems: radical ions and radicals).

To calculate the adiabatic IP (AIP) and adiabatic EA (AEA) values, full geometry
optimization was performed for both the initial and final structures. For these structures,
vibrational frequencies were calculated to confirm that the global minimum on the potential
energy surface had been found.

To determine the vertical IP (VIP) and vertical EA (VEA) values, the formation energies
of the final structures were calculated at the fixed geometries of the optimized initial
structures (single-point calculations).

For a theoretical evaluation of the experimental AEA values of hydrogen and cyclo-
hexane molecules, independent of the chosen computational method, a correlation was
constructed between the calculated and experimental AIP and AEA values of specially
selected molecules, radicals, and atoms.

Since the goal was to calculate the lowest possible values of EA(1) and EA(2), the
correlation was based on reference and calculated AIP and AEA values, rather than the
typically slightly higher VIP and VEA values.

The ChemCraft 1.7 program was used to create input files and visualize and design
the calculation results [27]. All the calculations were carried out on personal computers: I
(Intel(R) Core(TM) i7 CPU X 980 Processor, 6 cores to run 12 threads, 3.33 GHz, 24 GB RAM
(16 GB available), x64 processor) and II (AMD Ryzen Threadripper 2990WX Processor,
32-cores to run 64 threads, 3.00 GHz, 128 GB RAM, x64 processor).

4
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The calculation results are given in the text of the article and in the “Supplementary
Materials” file.

3. Results and Discussion

3.1. Estimation by DFT of Experimental Values of the Adiabatic Electron Affinity of Hydrogen and
Cyclohexane Molecules

The hydrogen molecule sets the range of experimental characteristics under considera-
tion: AIP(H2) = 15.43 eV and AEA(H2) = −2.66 eV represent the highest and lowest values,
respectively (Figure 1, Tables 1 and 2 [28–50]). As an experimental value in our work, we
used the value AEA(H2) = −2.66 eV, determined by us from the data presented in Figure 1
of the theoretical study [38]. This choice requires additional explanation.

 
Figure 1. Correlation between DFT-calculated and experimental values of AIP(Mol or Rad) and
AIP(RA or An) = AEA(Mol or Rad): AIP(Exp) = 0.9874·AIP(DFT) + 0.2702, R2 = 0.9984. Different
points with the same number refer to different physical characteristics (AIP and AEA) of one substance
(see Tables 1 and 2). The red-marked point (−2.43; −4.11), which refers to RA 1, is an outlier from
the correlation.

Table 1. Experimental and DFT-calculated adiabatic ionization potential (AIP, eV) and DFT calculated
energies (E, Eh) of molecules (Mol) or radicals and radical cations (RC) or cations *.

Formula No.
AIP, eV

E (Mol or Radical) E (RC or Cation)
Exp. DFT DFT’

c-C6H12 1 9.88 ± 0.02 [14] 9.66 9.81 −235.671105366798 −235.316052419430

H2 2 15.43 ** [28,29] 15.22 15.30 −1.168486584480 −0.609131622748

CO2 3 13.778 ± 0.002 [30] 13.73 13.83 −188.466575767139 −187.962068024449

Cl2 4 11.481 ± 0.003 [31] 11.34 11.47 −920.085323334828 −919.668654767299

C6H6 5 9.24 *** [32,33] 9.13 9.29 −232.047538110431 −231.712153897878

c-C6H10 6 8.94 ± 0.01 [14,34] 8.6 8.76 −234.442623563656 −234.126538720488

CH2CHCH2
• 7 8.13 ± 0.02 [35] 8.13 8.30 −117.153855236725 −116.855265113306

c-C6H11
• 8 7.15 ± 0.04 [36] 6.98 7.16 −235.008340307973 −234.751829087788

C9H18NO• 9 6.73 [37] 6.88 7.06 −483.328660873514 −483.075698854896

* DFT-calculated AIP = (E(RC or Cation) − E(Mol or Radical))·27.2113834. DFT’ = A·DFT + B. The co-
efficients A = 0.9874 and B = 0.2702 were used. ** 15.425942 ± 0.00001 [28] and 15.425932 ± 0.000002 [29].
*** 9.24372 ± 0.00005 [32] and 9.24384 ± 0.00006 [33].

5
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Table 2. Experimental and DFT calculated adiabatic electron affinities (AEA, eV) and DFT-calculated
energies (E, Eh) of molecules (Mol) or radicals and radical anions (RA) or anions *.

Formula No.
AEA, eV

E (Mol or Radical) E (RA or Anion)
Exp. DFT DFT’

c-C6H12 1 −4.11 [21] −2.43 −2.13 −235.671105366798 −235.581799233619

H2 2 −2.66 ** [38] −3.39 −3.08 −1.168486584480 −1.043961074553

CO2 3 −0.60 *** [41] −0.81 −0.53 −188.466575767139 −188.436770199596

Cl2 4 2.50 ± 0.20 [42] 2.43 2.67 −920.085323334828 −920.174678186930

C6H6 5 −1.12 ± 0.03 [43–45] −1.48 −1.19 −232.047538110431 −231.993234723623

c-C6H10 6 −2.13 [21] −1.86 −1.57 −234.442623563656 −234.374272467846

CH2CHCH2
• 7 0.481 ± 0.008 [46] 0.16 0.43 −117.153855236725 −117.159654973015

c-C6H11
• 8 −0.24 ± 0.11 [47] −0.42 −0.15 −235.008340307973 −234.992920354572

Cu2Cl4 10 4.6 ± 0.1 [48] 4.32 4.54 −5120.975980754558 −5121.134650902112

CuCl2 11 4.3 ± 0.1 [48] 4.00 4.22 −2560.458515677480 −2560.605611152270

Cl 12 3.6127 ± 0.0001 [49] 3.27 3.50 −459.996618462930 −460.116771209037

Cu 13 1.235 ± 0.005 [50] 0.67 0.93 −1640.236451203338 −1640.261078219124

* DFT-calculated AEA = (E(Mol or Radical) − E(RA or Anion))·27.2113834. DFT’ = A·DFT + B. The coefficients
A = 0.9874 and B = 0.2702 were used. ** Our estimate made from the data of the theoretical work [38] was
used as the experimental value of AEA(H2). An explanation based on the works [39,40] is given in the text.
*** −0.599986 eV [41].

To date, the experimental value of AEA(H2) (and VEA(H2) too) has not been deter-
mined. Such data are absent in reviews [39,40]. Many studies have noted that the direct
experimental determination of AEA(H2) is complicated by the population of excited states
of both the H2 molecule and the negative ion H2

−• [51,52] in combination with the very
short lifetime of H2

−• [38,53,54].
Given the importance of estimating the experimental value of AEA(H2), we analyzed

the available theoretical data. The theoretical values of AEA(H2), either calculated and
reported by the authors or estimated by us from their published potential curves of the
ground states of the H2 molecule and the RA H2

−•, have a large scatter.
The highest value (−0.3 eV) was reported in [55]. The lowest value (−5.771 eV)

was reported in [56]. Other studies reported intermediate values (eV): −0.78, −1.04,
−1.82 [57], −1.9 [58], −2.0 [59,60], −2.5 [55], −2.66 [38], −2.79, −3.32, −3.53 [39], −3.26 [61],
−3.6 [62]. As a fairly reliable theoretical estimate of the experimental value, we used
AEA(H2) = −2.66 eV [38]. Since this value is close to the middle of the range of the above-
listed values, this work was published relatively recently, and Figure 1 from that study,
which we used for our estimation, has been reproduced in more modern theoretical publi-
cations [63,64].

The experimental value of AEA(H2) = −3.08 eV (Table 2) determined by us using the con-
structed correlation (Figure 1) is closest to the theoretical value of AEA(H2) = −3.26 eV [61]
and 0.42 eV less than the theoretical value of −2.66 eV [38], which we initially selected as
the theoretical reference for building the correlation.

The values of VEA(H2) calculated by the DFT method are −3.83 eV (DFT) and −3.51 eV
(DFT’), respectively, without and taking into account the correlation with experimental
data (E(H2

•−) = −1.02788541467 Eh (energy of a single point H2
•− on the geometry of the

H2 molecule), DFT’ = A·DFT+B, A = 0.9874 and B = 0.2702).
The following characteristics were calculated for cyclohexane by the DFT method: VEA(c-

C6H12) = −2.11 eV (E(c-C6H12
•−) = −235.579469844684 Eh) and AEA(c-C6H12) = −2.43 eV

(Table 2). Using the constructed correlation (DFT’ = A·DFT + B, A = 0.9874 and B = 0.2702),
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we obtain theoretical estimates of experimental values, which are, respectively, equal to
VEA(c-C6H12) = −1.81 eV and AEA(c-C6H12) = −2.13 eV (Table 2).

Our correlation (Figure 1) shows that the experimental value of AEA(c-C6H12) =
−4.11 eV [21] is an outlier (marked in red) and has about two times less value than our
estimate of the experimental value of AEA(c-C6H12) = −2.13 eV.

It is this most reliable and accurate value of AEA(c-C6H12) = −2.13 eV > −3 eV that
indicates the possibility of implementing a sequence of reactions (3′), (3′′) and (4′) related
to the initial stages of gamma radiolysis of liquid cyclohexane.

3.2. The Boundary Orbitals and Chemical Stability of the Cyclohexane Molecule, RA and RC

The composition and energies of the frontier orbitals of the cyclohexane molecule
determine the composition and energies of the frontier orbitals, as well as the reactivity,
of its radical ions, RC and RA. Due to the presence of a third-order symmetry axis in the
cyclohexane molecule (overall D3d symmetry), the highest occupied molecular orbital
(HOMO) exhibits twofold degeneracy [65]. According to Koopmans’ theorem, for the
cyclohexane molecule, the experimental value of VIP = 10.3 ± 0.2 eV [11], taken with a
negative sign, determines the HOMO energy, that is, E(HOMO) = -VIP.

The lowest unoccupied molecular orbital (LUMO) of the cyclohexane molecule is the
Rydberg (3s-C) molecular orbital [66–70]. The LUMO energy determines the VEA value
of the cyclohexane molecule (our estimated value is −1.81 eV). Thus, the experimental
distance ΔE = |E(HOMO) − E(LUMO)| = 8.49 eV determined by VIP = 10.3 eV and
VEA = −1.81 eV for the gas phase is 1 eV lower than the value of 9.5 eV calculated using
the DFT method for the cyclohexane molecule.

The experimental distance ΔE = |E(HOMO) – E(LUMO)| = 7.75 eV determined by
AIP = 9.88 eV and AEA = −2.13 eV for the gas phase is only 0.76 eV higher than the value
of 6.99 eV [18] determined for liquid cyclohexane. If spectral line broadening is taken into
account, then in the gas phase, the experimental distance ΔE = |E(HOMO) – E(LUMO)|
will decrease further, bringing it closer to the value determined for liquid cyclohexane.

The structures of the cyclohexane molecule, RC and RA, calculated by the DFT method,
correspond to the energy minima, since all vibration frequencies have real positive values
(provided in the “Supplementary Materials” file).

The cyclohexane RA is formed by attaching one unpaired electron to a cyclohex-
ane molecule, which occupies its LUMO. Since this Rydberg (3s-C) type MO (LUMO of
molecule, Figure 2A) is non-degenerate and has high symmetry, when it is populated with
one unpaired electron (the single occupied molecular orbital (SOMO) of RA, Figure 2B),
the symmetry (D3d) of the original molecule and the sequence of energy arrangement of its
occupied and vacant MO are preserved, and all geometric changes are distributed evenly
over all one type of C-C bonds and two types of C-H bonds (Figure 2C).

Figure 2. (A) LUMO of the c-C6H12 molecule; (B) SOMO of c-C6H12
•− RA; (C) Axes and DFT-

calculated bond lengths of the cyclohexane molecule and RA.
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When the cyclohexane RA is formed, the lengths (1.097 Å) of axial C-H bonds remain
unchanged, the lengths of C-C bonds are slightly reduced (by 0.004 Å), and the lengths of
equatorial C-H bonds increase significantly (by 0.016 Å) (Figure 2C). This indicates that, in
accordance with the type of MO, during the transition from the LUMO of the molecule to
the SOMO of the RA of cyclohexane, it is the equatorial C-H bonds that are activated. These
bonds are weakened and become more susceptible to further chemical transformations
associated with the rupture of C-H bonds.

It is convenient to compare the chemical stability of the cyclohexane RA and its
reactivity with respect to the rupture of the activated C-H bond (reactions (10) and (11))
with the same characteristics of the homolytic rupture of the C-H bond of the original
cyclohexane molecule (reaction (12)) and the hydrogen molecule (reaction (13)).

c-C6H12
•− → c-C6H11

• + H− (10)

c-C6H12
•− → c-C6H11

− + H• (11)

c-C6H12 → c-C6H11
• + H• (12)

H2 → H• + H• (13)

According to experimental data, the energies of homolytic rupture of the C-H bond
of cyclohexane and the H-H bond of the hydrogen molecule are 4.31 and 4.46 eV, respec-
tively [69,70] (Figure 3, Table 3). According to our experimental data, the formation of a
cyclohexane RA from a cyclohexane molecule requires an energy input of 2.13 eV (reaction
(3′′), Figure 3, Tables 2 and 3).

 

Figure 3. (A) Correlation between DFT-calculated and experimental values of ΔE parameters
of 1 (Blue), 2 (Black) molecules and RA 1 (Red): ΔE(Exp) = 1.167·ΔE(Calc) − 0.8258, R2 = 1;
(B) DFT-calculated with correction values of ΔE parameters: (a) ΔE(DFT’) = 0 corresponds to
E(c-C6H12) = −235.671105366798 Eh, (b) dissociation energy D(C-H) of c-C6H12, (c) relative energy
ΔE(c-C6H12

•−) of RA 1 formation, (d) and (e) dissociation energy D(C-H) of c-C6H12
•− plus ΔE(c-

C6H12
•−) for reactions (10) and (11), correspondently (see Table 3).

As described earlier, this energy corresponds to the negative value AEA(1) = −2.13 eV
which makes it possible to plot both theoretically calculated and experimental values of
AEA and AIP on a single correlation curve (Figures 1 and 3A). At the same time, to compare
the dissociation energies of the molecule and the RA of cyclohexane taking into account
AEA(1), it is necessary to use the opposite sign value ΔE(c-C6H12

•−) = −AEA(1). This
reflects a shift from an energy accounting scheme based on the direction of SET to a unified
scheme used the formation energy of molecule 1 as a single initial structure (Figure 3B).

8
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This adjustment is also necessary because, by definition, positive values of EA and IP
correspond to opposite energy effects: energy release and energy absorption, respectively.

Table 3. Experimental and DFT-calculated ΔE parameters without and with corrections, eV *.

Reaction No. ΔE Parameter Exp. DFT DFT’ = A·DFT + B

(3′′) ΔE(c-C6H12
•−) = -AEA(1) 2.13 [**] 2.43 2.13

(10) D(C-H) of c-C6H12
•− – 2.02 1.68

(11) D(C-H) of c-C6H12
•− – 2.39 2.09

(12) D(C-H) of c-C6H12 4.31 ± 0.05 [69] 4.40 4.31

(13) D(H-H) of H2 4.46 *** [70] 4.53 4.46
* DFT-calculated ΔE = (E(Products) − E(Initial substances))·27.2113834. E(H•) = −0.501036722759 Eh,
E(H−) = −0.499283610882 Eh, E(H2), E(c-C6H12), E(c-C6H11

•), E(c-C6H11
−) and E(c-C6H12

•−), see Table 2. The
coefficients A = 1.1082 and B = −0.5632 (Figure 3) were used. ** This work. *** 35,999.582834 (11) cm−1 [70].

The dissociation energy values D(C-H) of c-C6H12
•− for reactions (10) and (11) have

not been determined experimentally. Using DFT calculations and a correlation with experi-
mental data, we made theoretical estimates (DFT′) of these values (Figure 3, Table 3).

The smallest value (1.68 eV) was obtained for D(C-H) c-C6H12
•− in reaction (10). This

value is 2.57 times lower than D(C-H) c-C6H12 in reaction (12). If the values AEA = 2.13 eV
and D(C-H) = 1.68 eV are used for RA 1, then their total energy E = AEA + D(C-H) = 3.81 eV
sets the threshold energy range for FEs: when the kinetic energy of an FE falls within
this range, RA 1 can form and remain chemically stable. Specifically, for the formation
and stability of RA 1, the FE energy must satisfy the condition: 2.13 eV < E(e−) < 3.81 eV
(estimated gas-phase values were used).

This inequality also means that, in the case of reaction (3′), the remaining portion of
energy E(e−) = 10 − 7 = 3 eV is sufficient to form RA 1, but not enough to implement
reaction (10). In this sense, during the implementation of reaction (3′), we can speak of the
chemical stability of RA 1, since it does not possess sufficient excess energy to break even
one of its C-H bonds.

If we were interested in the chemical stability of RA 1 in a condensed medium, then
instead of considering the monomolecular reaction (10), which pertains to the gas phase,
we would calculate the energy effect of a similar but bimolecular reaction (10′).

c-C6H12
•− + c-C6H12 → c-C6H11

• + c-C6H13
− (10’)

However, this is not necessary, since the main reaction RA 1 should be the neutraliza-
tion of charges (reaction (4′)), rather than a 10′ type reaction. This is because the rates of
SET reactions in which a lighter particle, a single electron, is transferred, are high and do
not require physical contact between the reacting particles. Since reaction (4′) is also the
main reaction for consumption of RC 1, in a condensed medium, the lifetimes of RC 1 and
RA 1 should be equal or very close.

For energetic reasons, it can be assumed that in this ion pair, the negative ion RA 1 is
chemically more stable and has a longer lifetime than the positive ion RC 1. This is because
the formation of RC 1 requires five times more energy (E ≈ 10 eV) than the formation of
RA 1 (E ≈ 2 eV), meaning the chemical bonds in RC 1 are more strongly activated than in
RA 1. Thus, in our opinion, the previously unexplored primary particles of RA 1 exhibit
sufficient chemical stability to be included in the general scheme of the gamma radiolysis
of cyclohexane.

It is worth recalling that, due to the presence of a third-order symmetry axis in the
cyclohexane molecule (general symmetry D3d), the HOMO of the molecule is twofold de-

9



Hydrogen 2025, 6, 115

generate. Using the ESR method in combination with the results of theoretical calculations,
it was established that with single ionization, the double degeneracy of the HOMO of the
cyclohexane molecule was removed and RC 1 was formed in the ground state 2Ag (the D3d

symmetry of the original molecule was reduced to C2h) [71].
The type of SOMO and LUMO of RC 1 calculated by us using the DFT method in

the 2Ag ground state and the geometric changes occurring during single ionization are
shown in Figure 4. The SOMO of RC 1 is mainly concentrated on two C-C bonds, which
are greatly elongated (by 0.089 Å), and on two codirectional equatorial C-H bonds, which
are also greatly elongated (by 0.027Å), become less strong and more reactive (Figure 4A,C).
The other four C–C bonds are shortened (by 0.030 Å) and strengthened (Figure 4A,C).

Figure 4. (A) SOMO of the c-C6H12
•+ RC; (B) LUMO of the c-C6H12

•+ RC; (C) DFT-calculated bond
lengths of the cyclohexane molecule and RC.

With such strong geometric changes (Figure 4C), the same type of LUMO remains in
RC 1 (Figure 4B) as in the parent molecule (Figure 2A). Figure 4 shows the characteristics
of a cyclohexane RC and molecule when viewed along the “-z” axis (see Figure 2C).

A strong elongation of the C-H bond in RC 1 leads to its significant weakening, which
in liquid cyclohexane promotes the ion-molecular reaction (14). One of the products of this
reaction is the protonated form of the molecule (c-C6H13

+) [72].

c-C6H12
•+ + c-C6H12 → c-C6H11

• + c-C6H13
+ (14)

However, it should be noted that reaction (14) is a very fast, assumed (but not exper-
imentally confirmed) reaction. Further studies are needed to assess the contributions of
reactions (14) and (10′) to the general mechanism of cyclohexane radiolysis. Depending on
the specific research objectives and the accepted model simplifications, these reactions may
or may not need to be considered.

In our opinion, the main reaction of cyclohexane radical ions (RC and RA) is the charge
neutralization reaction (4′) (electron transfer), which forms EEM. Cyclohexane RC and RA
can also participate in reactions (14) and (10′). But in these two reactions, heavier particles
are transferred: H+ and H−, respectively. Therefore, reactions (14) and (10′) should be
slower compared to reaction (4′). The concentration factor acts in the opposite direction:
the concentration of molecules 1 is much higher than the concentrations of RC 1 and RA
1. The definition and comparison of the rates of reactions (4′), (10′) and (14), taking into
account the contributions of various factors, is the subject of a separate study.

10
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3.3. The Initial Stage of Gamma Radiolysis of Liquid Cyclohexane, Taking into Account the
Formation of RC, EEM, and RA

In the introduction, reactions (1)–(9) were presented, which described the formation
of three main end products (2, 2′, 2′′) of gamma radiolysis of liquid cyclohexane, all
associated with the breaking of C-H bonds. In the introduction, we did not mention the
formation of minor products of gamma radiolysis of liquid cyclohexane associated with
C-C bond breaks [5–8]. We also did not describe the photophysical processes responsible
for the fluorescence of irradiated systems (cyclohexane without and with additives of
special substances) [72–74]. Against the background of chemical transformations, such
photophysical processes have a very low intensity and manifest themselves at the final
stage of radiation-stimulated processes. The quantum yield of fluorescence is characterized
by a wavelength λ (maximum) = 201 nm (energy 6.17 eV) [75] and a quantum yield of
ϕ ≈ 10−3–10−2 [74,75].

At the same time, it is known that during gamma radiolysis of liquid cyclohexane,
a negligible number of thermalized FEs (0.11 e−/100 eV) is detected [76]. Consequently,
thermalized FEs are minor products of gamma radiolysis of liquid cyclohexane, though
they are traditionally included in the main reaction scheme (reactions (1)–(9)), particularly
in reaction (4).

This approach is based on the long-standing assumption in radiation chemistry that,
due to its negative electron affinity (EA), the cyclohexane molecule cannot attach an FE
and therefore cannot form RA 1. As a result, the thermalized FE has traditionally been
considered the only negative charge participating in the charge neutralization reaction
(reaction (4)).

In our study, we demonstrated for the first time that this widely accepted view is
incorrect. RA 1 is a chemically active species that can be formed during gamma radi-
olysis of liquid cyclohexane and has sufficient chemical stability to be included in the
general mechanism.

Moreover, considering that the initial number of thermalized FEs is extremely low
and that the concentration of cyclohexane molecules is many orders of magnitude greater
than the total concentration of all primary, secondary, and final radiolysis products, the
formation of RA 1 via reaction (2′) should occur much more rapidly than the neutralization
reaction (4).

Therefore, when describing the mechanism of gamma radiolysis of liquid cyclohexane,
reaction (3′), rather than reaction (4), should be considered the primary pathway. Further-
more, the energy E ≈ 3 eV used in reactions (3′) and (3′′), more precisely the -EA(1), should
be defined with greater accuracy. It is worth noting that E ≈ 3 eV is also the arithmetic
mean of the previously established range 2.13 eV < E(e−) < 3.81 eV (estimated for the
gas-phase), which reflects the energy window required for both the formation and chemical
stability of RA 1. Thus, 3 eV represents the center of this energy range.

If we consider the sequence of gamma ray energy absorption reactions—firstly, reaction
(1), in which k = 1 and l = 0 (only ion pairs are formed), and, secondary, reactions (2), (3′),
and (3′′) (the kinetic energy of FE is consumed)—then the initial stage of the gamma
radiolysis of liquid cyclohexane can be written as reaction (1′).

c-C6H12 + γ-rays → c-C6H12
•+ + c-C6H12*(S and T) + c-C6H12

•− (1’)

In reaction (1′), charge separation occurs, resulting in the formation of pairs of cy-
clohexane ions (RC and RA). This means that upon gamma-ray energy absorption, one
electron is transferred from one cyclohexane molecule to another.

11
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During gamma radiolysis, the two cyclohexane molecules involved may be adjacent or
separated by some distance. In some RC–RA ion pairs, spin correlation may be preserved;
in others, it may not. Cyclohexane EEM is formed from a third cyclohexane molecule.

In reaction (1′), the active particles RC:EEM:RA of cyclohexane are formed in a ratio of
1:1:1. To realize the reaction (1′) in liquid cyclohexane, energy expenditure is required: E(1′,
liquid) = IP(liquid) + ΔE(liquid) + (-EA(liquid)), where IP(liquid) = 8.43 ± 0.05 eV [77–79]
(IP(solid) = 8.2 ± 0.1 eV [80]), ΔE(liquid) = |E(HOMO) − E(LUMO)| = 6.99 eV [18].

The experimental value of EA(liquid) for cyclohexane is unknown, as no direct mea-
surements have been performed. However, it can be estimated in two ways.

Before we proceed to their practical discussion, it should be clarified that the ex-
perimental papers [77–79] reported two close values of IP(liquid 1) without explanation:
8.43 ± 0.05 eV and 8.75 ± 0.1 eV. Earlier, for illustrative purposes, we used the first value,
since it is smaller. Here, we will make numerical estimates; therefore, we will use both
experimental IP values (liquid 1) for comparison [77–79].

The first method is based entirely on experimental data related to reaction (1′).
When 100 eV of gamma ray energy is absorbed by liquid cyclohexane,

Σ(H2) = 5.6 hydrogen molecules are formed and the total number of Σ(FP) = 6.4 molecules of
all final products (FP) associated with the breaking of C-H bonds
(Σ(C-H) = Σ(H2) = 5.6 molecules) and C-C bonds (Σ(C-C) = 0.8 molecules) [1–5].

Thus, the experimental value of E(1′, liquid 1) = 100/5.6 = 17.86 eV. Then the exper-
imental (adiabatic) value EA(liquid 1) = − (E(1′, liquid 1) − ((IP(liquid 1) + ΔE(liquid
1))) = − (17.86 − (8.43 + 6.99)) = −2.44 eV, if IP(liquid 1) = 8.43 eV, and EA(liquid 1)
= − (17.86 − (8.75 + 6.99)) = −2.12 eV, if IP(liquid 1) = 8.75 eV.

According to the second method, we assume that EA(liquid 1) = AEA(gas 1) = −2.13 eV
(see Table 2).

In the case IP(liquid 1) = 8.43 eV, E(1′, liquid 1) = 8.43 + 6.99 + (−(−2.13)) =
17.58 eV. Therefore, per 100 eV of absorbed gamma ray energy, Σ(PAP) = 100/17.58 =
5.69 PAP is formed, where Σ(PAP) is the total number of primary active particles (PAP)
(Σ(PAP) = RC + EEM + RA), which lead to the formation of hydrogen molecules.

In the case IP(liquid 1) = 8.75 eV, E(1′, liquid 1) = 8.75 + 6.99 + (–(−2.13)) = 17.87 eV.
Therefore, per 100 eV of absorbed gamma ray energy, Σ(PAP) = 100/17.87 = 5.60 PAP is
formed, which coincides with the experimental value Σ(H2) = 5.6 molecules/100 eV.

Thus, both values of IP(liquid 1) yield similar results, but in the case of IP(liquid
1) = 8.75 eV, both methods of estimating EA(liquid 1) give virtually identical results. There-
fore, it can be assumed that during gamma radiolysis of liquid cyclohexane, an ionization
channel corresponding to molecules with IP(liquid 1) = 8.75 eV is realized.

In this case, all the experimental data related to the 1′ (liquid) reaction agree well
with each other: Σ(H2) = 5.6 molecules/100 eV, the ratio RC:EEM:RA = 1:1:1, IP(liquid
1) = 8.75 eV, ΔE(liquid 1) = 6.99 eV, EA(liquid 1) = −2.13 eV.

The result also implies that during the transition from the gas to the liquid phase, IP(1)
decreases from IP(gas 1) ≈ 10 eV to IP(liquid 1) ≈ 9 eV, while the value of EA(1) remains
unchanged: EA(gas 1) = AEA(liquid 1) ≈ −2 eV. This finding is new and requires further
interpretation, clarification, and investigation into the reasons behind it.

During the transition from the gas to the liquid and solid phases, the IP of cyclohexane
decreases: 9.88 eV [12], 8.43–8.75 eV [77–79], and 8.2 eV [80], respectively. This effect
is usually associated with the structuring of liquids and solids within the framework of
band theory and ideas about the polarization of molecules in condensed media [77–80].
Within the framework of this approach, attention could be drawn to the fact that during
the transition from gaseous to condensed media, the FE does not go to the zero-vacuum
level E(e−) = 0 eV ≈ 0.025 eV (E(kT)), but remains in an ionized condensed medium
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(E(e−) ≈ 2 eV (-AEA of gas and liquid 1, with work)). This implies the accession of FE to
LUMO 1. This important point has not been previously addressed in the literature.

The main FP of gamma radiolysis of cyclohexane were determined for the gas, liquid,
and solid phases [5–9]. Even at a gas density of 0.0047 g/cm3, the absorption of 100 eV of
gamma ray energy leads to the formation of 5.3 H2 molecules [6,81]. This value, defined for
a gas (5.3 H2 molecules), is close to the value defined for a liquid (5.6 H2 molecules [5,6,82]).
In other experiments, the formation of identical amounts of molecular hydrogen was
measured for the gas and solid phases: 4.7 molecules [6,83] and 4.73 molecules, respec-
tively, [6,84]. These facts indicate that the total reaction (1′) of the formation of PAP has a
more universal meaning and applies to all three states of aggregation of cyclohexane: gas,
liquid and solid.

3.4. Relative Energy Location of the Boundary Orbitals of the Cyclohexane Molecule and Its
Primary Active Particles of Gamma Radiolysis

Figure 5 shows the relative energy location of the boundary MOs of the cyclohexane
molecule: the doubly degenerate HOMO (MOs a and b) and the Rydberg (3s-C) type
LUMO (MO c), as well as all the PAP discussed in the article: RC, RA and EEM in electronic
states S and T. The distances between MOs were chosen not from the results of our DFT
calculations, but based on experimental data, known general trends, and the convenience
of conveying the main ideas in graphical form.

Figure 5. The energy arrangement of the boundary molecular orbitals a, b (HOMO and SOMO) and c

(LUMO and SOMO) of the ground electronic states of the molecule (Mol), radical cation (RC) and
radical anion (RA) of cyclohexane, as well as the first singlet (Mol*S) and triplet (Mol*T) electronically
excited states of the same molecule.

The HOMO energy of a cyclohexane molecule is equal to the first vertical potential,
taken with the opposite sign, E(HOMO) = −VIP. In Figure 5, the value E(HOMO) = −10 eV
is used instead of the experimental value VIP = 10.3 ± 0.2 eV [11]. The distance between the
HOMO and LUMO of the cyclohexane molecule is chosen to be 7 eV [18]—the minimum
energy of light quanta at which a cyclohexane molecule begins to absorb ultraviolet light
in the liquid phase. For the convenience of conveying the main ideas in graphical form,
another simplification has been made in Figure 5, namely, MOs a and b of RC and EEM are
separated by a distance of 1 eV, which is actually unknown.

When one electron is removed from the HOMO Mol 1, RC 1 is formed, in which, due
to the removal of double degeneracy of MOs a and b and large structural changes, the
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distance between the boundary MOs—a (HOMO RC 1) and c (LUMO RC 1)—decreases
due to reducing binding in MO a (MO energy increases) and reducing loosening in MO c

(MO energy decreases).
In the case of RC 1, geometric changes (see Figure 4C) are specified by a change in the

population of MO a from double (in the molecule) to single (in the RC). If we trace how
the geometric changes that occurred during single ionization of the cyclohexane molecule
affect the effects of binding and loosening in MO c, it becomes clear that binding in two
C-C bonds decreases, and in four C-C bonds increases. In this case, the loosening will
decrease in two activated C-H bonds, and in other C-H bonds, it will remain approximately
the same as in the original molecule. Therefore, we assume that MO c in RC 1 will decrease
in energy somewhat relative to its position in the initial molecule (see Figure 5).

In the case of RA 1, single electron occupancy of MO c produces the expected geometric
changes: a slight shortening and strengthening of all C-C bonds and a significantly greater
lengthening and weakening of all equatorial C-H bonds (see Figure 2C). The effect of
increased loosening in C-H bonds is stronger than the effect of increasing binding in C-C
bonds. Therefore, we assume that MO c in RA 1 increases in energy somewhat relative to
its position in the original molecule (see Figure 5).

In this regard, it should be noted that, although MO c is a non-binding Rydberg (3s-C)
type MO, it has one nodal surface, which is located between carbon atoms and hydrogen
atoms (see Figure 2A (Mol), 4B (RC) and 2B (RA)). According to the type of MO c in it, the
binding between all carbon atoms is compensated by loosening in all C-H bonds.

It is important that MO c occupied by one electron in RA 1 is located somewhat higher
in energy than the free (vacant) MO c in RC 1. This is an additional favorable energy factor
that promotes the occurrence of reaction (4′)—the transfer of one electron from RA 1 to RC
1 with the participation of the same type and symmetry of MO c.

Figure 5 shows a spin-correlated pair of RC 1 and RA 1, from which, according to
reaction (4′), the cyclohexane EEM is formed in the singlet (S) state (Mol*S = c-C6H12*(S)) (see
Figure 5 and reactions (1),(4),(5),(1′),(3′),(4′)). If the spin of electron, occupied MO c in RA
1, is changed to the opposite spin, then a pair of RC 1 and RA 1 will be obtained, which, by
reaction (4′), will lead to the formation of EEM in the triplet (T) state (Mol*T = c-C6H12*(T))
(see Figure 5 and reactions (1),(4),(6),(1′),(3′),(4′)).

4. Conclusions

1. Using DFT calculations and the constructed correlation with experimental data, it
was found that the experimental values of the adiabatic electron affinity (AEA) of
cyclohexane (1) and hydrogen (2) molecules in the gas phase are −2.13 eV (AEA(gas
1)) and −3.08 eV (AEA(gas 2)), respectively.

2. Using independent experimental data related to the liquid phase, it was found that
the experimental value of the adiabatic electron affinity of the cyclohexane molecule
in the liquid phase is −2.12 eV (EA(liquid 1)).

3. Thus, for the first time, it was found that EA(liquid 1) = AEA(gas 1) ≈ −2 eV.
4. Upon gamma irradiation of liquid cyclohexane, all molecular hydrogen is formed at the

final stage of the transformation of the energy of 60Co gamma rays (E ≈ 1.25 MeV) into
the energy of three primary particles—a radical cation (E ≈ 9 eV (liquid)), an electroni-
cally excited molecule (E ≈ 7 eV (liquid)) and a radical anion (E = -AE(liquid) ≈ 2 eV)—
at a ratio of 1:1:1, with total energy ΣE ≈ 18 eV (liquid).

5. Using DFT calculations and the literature to date, it is shown that the cyclohexane
radical anion has sufficient chemical stability to be included in the general scheme of
gamma radiolysis of gaseous, liquid and solid cyclohexane.

14



Hydrogen 2025, 6, 115

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/hydrogen6040115/s1, Table S1: The Charge, Spin state, Energy
and XYZ coordinates of all atoms of all structures optimized by the DFT method.

Author Contributions: Conceptualization, I.Y.S.; methodology, I.Y.S.; software, I.Y.S.; validation,
A.I.N. and I.Y.S.; formal analysis, A.I.N. and I.Y.S.; investigation (DFT calculations), I.Y.S.; resources,
A.I.N. and I.Y.S.; data curation, A.I.N. and I.Y.S.; writing, original draft preparation, I.Y.S.; writing,
review and editing, A.I.N. and I.Y.S.; visualization, I.Y.S.; supervision, A.I.N. and I.Y.S.; project
administration, A.I.N. and I.Y.S.; funding acquisition, A.I.N. and I.Y.S. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the
article/Supplementary Material. Further inquiries can be directed to the corresponding author.

Acknowledgments: The authors express their sincere gratitude to F. Neese and members of his
team for creating the free package of quantum-chemical programs “Orca,—an ab initio, DFT, and the
semiempirical SCF-MO package—version 3.0.1” and detailed instructions for its use [22,23], thanks
to which this work and the previous one [85] became possible.

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

Abbreviations

AIP Adiabatic Ionization Potential
AEA Adiabatic Electron Affinity
An Anion (−)
Cat Cation (+)
C-H Carbon-Hydrogen bond
C-C Carbon- Carbon bond
c-C6H10 Cyclohexene molecule (2′)
c-C6H11

• Cyclohexyl radical
c-C6H12 Cyclohexane molecule (1)
(c-C6H11)2 Dicyclohexyl (2′′)
D Dissociation energy
DFT Density Functional Theory
E Energy
EA Electron Affinity
EEM Electronically Excited Molecule (*)
FE Free Electron (e−)
FP Final Product
GGA Generalized Gradient Approximation
H• Hydrogen radical (atom)
H2 Hydrogen Molecule (2)
HOMO Highest Occupied Molecular Orbital
IP Ionization Potential
LUMO Lowest Unoccupied Molecular Orbital
MO Molecular Orbital
Mol Molecule
NFR Neutral Free Radical
PAP Primary Active Particle
PBE0 One-parameter hybrid version of PBE

15



Hydrogen 2025, 6, 115

PBE Perdew-Burke-Erzerhoff GGA functional
PP Three sets of first polarization functions on all atoms
RA Radical Anion (•−)
Rad Radical (•)
RC Radical Cation (•+)
RHF Restricted Hartree-Fock
S Singlet
SCF-MO Self-Consistent Field-Molecular Orbital
SET Single Electron Transfer
SOMO Single Occupied Molecular Orbital
T Triplet
TZV Ahlrichs Triple-Zeta Valence basis set
TZVPP TZV + PP
UHF Unrestricted Hartree-Fock
VEA Vertical Electron Affinity
VIP Vertical Ionization Potentials

References

1. Ishaq, H.; Dincer, I.; Crawford, C. A review on hydrogen production and utilization: Challenges and opportunities. Int. J.
Hydrogen Energy 2022, 47, 26238–26264. [CrossRef]

2. Zainal, B.S.; Ker, P.J.; Mohamed, H.; Ong, H.C.; Fattah, I.M.R.; Rahman, S.M.A.; Nghiem, L.D.; Mahlia, T.M.I. Recent advancement
and assessment of green hydrogen production technologies. Renew. Sustain. Energy Rev. 2024, 189 Pt A, 113941. [CrossRef]

3. Mose, M.P.; Kannaiyan, S.; Huang, S.-J. Hydrogen carriers for hydrogen transport and storage (hydrogen Storage): A review.
Mater. Chem. Phys. 2025, 345, 131252. [CrossRef]

4. Serik, A.; Kuspanov, Z.; Daulbayev, C. Cost-effective strategies and technologies for green hydrogen production. Renew. Sustain.
Energy Rev. 2026, 226 Pt A, 116242. [CrossRef]

5. Ho, S.K.; Freeman, G.R. Radiolysis of Cyclohexane. V. Purified Liquid Cyclohexane and Solutions of Additives. J. Phys. Chem.
1964, 68, 2189–2197. [CrossRef]

6. Földiak, G. (Ed.) Radiation Chemistry of Hydrocarbons; Akadémiai Kiadó: Budapest, Hungary, 1981.
7. LaVerne, J.A.; Pimblott, S.M.; Wojnarovits, L. Diffusion−kinetic modeling of the γ-radiolysis of liquid cycloalkanes. J. Phys. Chem.

A 1997, 101, 1628–1634. [CrossRef]
8. Wojnárovits, L. Radiation Chemistry. In Handbook of Nuclear Chemistry 3; Vértes, A., Nagy, S., Klencsár, Z., Lovas, R.G., Rösch, F.,

Eds.; Chemical Applications of Nuclear Reactions and Radiations; Springer Science + Business Media B.V: Berlin/Heidelberg,
Germany, 2011; Chapter 23; pp. 1263–1331. [CrossRef]

9. Shchapin, I.Y.; Makhnach, O.V.; Klochikhin, V.L.; Nekhaev, A.I. Radiolysis products of the cyclohexane–bicyclic diene binary
system. Pet. Chem. 2017, 57, 897–903. [CrossRef]

10. Pikaev, A.K. Modern Radiation Chemistry: Main Regularities, Experimental Technique and Methods; Nauka: Moscow, Russia, 1985; p.
375. (In Russian)

11. Ikuta, S.; Yoshihara, K.; Shiokawa, T.; Jinno, M.; Yokoyama, Y.; Ikeda, S. Photoelectron spectroscopy of cyclohexane, cyclopentane,
and related compounds. Chem. Lett. 1973, 2, 1237–1240. [CrossRef]

12. Watanabe, K. Ionization potentials of some molecules. J. Chem. Phys. 1957, 26, 542–547. [CrossRef]
13. Bischof, P.; Hashmall, J.A.; Heilbronner, E.; Hornung, V. Photoelektronspektroskopische Bestimmung der Wechselwirkung

zwischen nicht-konjugierten Doppelbindungen [1]. Vorläufige Mitteilung. Helv. Chim. Acta 1969, 52, 1745–1749. [CrossRef]
14. Bieri, G.; Burger, F.; Heilbronner, E.; Maier, J.P. Valence ionization energies of hydrocarbons. Helv. Chim. Acta 1977, 60, 2213–2233.

[CrossRef]
15. Raymonda, J.W. Rydberg states in cyclic alkanes. J. Chem. Phys. 1972, 56, 3912–3920. [CrossRef]
16. Onsager, L. Initial Recombination of Ions. Phys. Rev. 1938, 54, 554. [CrossRef]
17. Klein, G. Charge carrier generation and recombination in cyclohexane solutions excited by VUV light. Chem. Phys. Lett. 1986,

124, 147–151. [CrossRef]
18. Ostafin, A.E.; Lipsky, S. The fluorescence action spectra of some saturated hydrocarbon liquids for excitation energies above and

below their ionization thresholds. J. Chem. Phys. 1993, 98, 5408–5418. [CrossRef]
19. Costner, E.A.; Long, B.K.; Navar, C.; Jockusch, S.; Lei, X.; Zimmerman, P.; Campion, A.; Turro, N.J.; Willson, C.G. Fundamental

optical properties of linear and cyclic alkanes: VUV absorbance and index of refraction. J. Phys. Chem. A 2009, 113, 9337–9347.
[CrossRef] [PubMed]

16



Hydrogen 2025, 6, 115

20. Choi, H.T.; Askew, D.; Lipsky, S. A note on the G value for the production of the lowest excited singlet state of cyclohexane.
Radiat. Phys. Chem. (1977) 1982, 19, 373–375. [CrossRef]

21. Howard, A.E.; Staley, S.W. Negative Ion States of Three- and Four-Membered Ring Hydrocarbons: Studied by Electron Transmis-
sion Spectroscopy. In Resonances; ACS Symposium Series; American Chemical Society: Washington, DC, USA, 1984; Volume 263,
pp. 183–192. [CrossRef]

22. Neese, F. The ORCA program system. WIREs Comput. Mol. Sci. 2012, 2, 73–78. [CrossRef]
23. Neese, F. ORCA–An Ab Initio, DFT and Semiempirical SCF-MO Package, version 3.0.1; Max-Plank-Institute for Chemical Energy

Conversion: Ruhr, Germany, 2013. Available online: https://orcaforum.kofo.mpg.de/ (accessed on 26 November 2022).
24. Valeev, E. Libint: High-Performance Library for Computing Gaussian Integrals in Quantum Mechanics. Available online:

http://libint.valeyev.net (accessed on 19 December 2023).
25. Schaefer, A.; Horn, H.; Ahlrichs, R. Fully optimized contracted Gaussian basis sets for atoms Li to Kr. J. Chem. Phys. 1992,

97, 2571–2577. [CrossRef]
26. The Turbomole Basis Set Library. Available online: http://ftp.chemie.uni-karlsruhe.de/pub/bases (accessed on 27 January 2024).
27. Chemcraft—Graphical Software for Visualization of Quantum Chemistry Computations. Available online:

https://www.chemcraftprog.com (accessed on 27 January 2024).
28. Glab, W.L.; Hessler, J.P. Multiphoton excitation of high singlet np Rydberg states of molecular hydrogen: Spectroscopy and

dynamics. Phys. Rev. A 1987, 35, 2102–2110. [CrossRef]
29. McCormack, E.; Gilligan, J.M.; Cornaggia, C.; Eyler, E.E. Measurement of high Rydberg states and the ionization potential of H2.

Phys. Rev. A. 1989, 39, 2260(R). [CrossRef] [PubMed]
30. Wang, L.; Reutt, J.E.; Lee, Y.T.; Shirley, D.A. High resolution UV photoelectron spectroscopy of CO+

2, COS+, and CS+
2 using

supersonic molecular beams. J. Electr. Spectrosc. Relat. Phenom. 1988, 47, 167–186. [CrossRef]
31. Yencha, A.J.; Hopkirk, A.; Hiraya, A.; Donovan, R.J.; Goode, J.G.; Maier, R.R.J.; King, G.C.; Kvaran, A. Threshold photoelectron

spectroscopy of Cl2 and Br2 up to 35 eV. J. Phys. Chem. 1995, 99, 7231–7241. [CrossRef]
32. Chewter, L.A.; Sander, M.; Müller-Dethlefs, K.; Schlag, E.W. High resolution zero kinetic energy photoelectron spectroscopy of

benzene and determination of the ionization potential. J. Chem. Phys. 1987, 86, 4737–4744. [CrossRef]
33. Nemeth, G.I.; Selzle, H.L.; Schlag, E.W. Magnetic ZEKE experiments with mass analysis. Chem. Phys. Lett. 1993, 215, 151–155.

[CrossRef]
34. Kimura, K.; Katsumata, S.; Achiba, Y.; Yamazaki, T.; Iwata, S. Ionization Energies, Ab Initio Assignments, and Valence Electronic

Structure for 200 Molecules. In Handbook of HeI Photoelectron Spectra of Fundamental Organic Compounds; Japan Scientific Soc. Press:
Tokyo, Japan; Halsted Press: New York, NY, USA, 1981; Volume 28.

35. Houle, F.A.; Beauchamp, J.L. Detection and investigation of allyl and benzyl radicals by photoelectron spectroscopy. J. Am. Chem.
Soc. 1978, 100, 3290–3294. [CrossRef]

36. Houle, F.A.; Beauchamp, J.L. Thermal decomposition pathways of alkyl radicals by photoelectron spectroscopy. Application to
cyclopentyl and cyclohexyl radicals. J. Phys. Chem. 1981, 85, 3456–3461. [CrossRef]

37. Morishima, I.; Yoshikawa, K.; Yonezawa, T.; Matsumoto, H. Photoelectron spectral studies of organic free radicals. The nitroxide
radical. Chem. Phys. Lett. 1972, 16, 336–339. [CrossRef]

38. Cízek, M.; Horácek, J.; Domcke, W. Nuclear dynamics of the H2
− collision complex beyond the local approximation: Associative

detachment and dissociative attachment to rotationally and vibrationally excited molecules. J. Phys. B At. Mol. Opt. Phys. 1998,
31, 2571–2583. [CrossRef]

39. Schulz, G.J. Resonances in electron impact on diatomic molecules. Rev. Mod. Phys. 1973, 45, 423–486. [CrossRef]
40. Rienstra-Kiracofe, J.C.; Tschumper, G.S.; Schaefer, H.F., III; Nandi, S.; Barney Ellison, G. Atomic and molecular electron affinities:

Photoelectron experiments and theoretical computations. Chem. Rev. 2002, 102, 231–282. [CrossRef]
41. Knapp, A.; Echt, O.; Kreisle, D.; Mark, T.D.; Recknagel, E. Formation of long-lived CO2

–, N2O– and their dimer anions, by
electron attachment to van der Waals clusters. Chem. Phys. Lett. 1986, 126, 225–231. [CrossRef]

42. Bowen, K.H.; Liesegang, G.W.; Sanders, R.A.; Herschbach, D.W. Electron attachment to molecular clusters by collisional charge
transfer. J. Phys. Chem. 1983, 87, 557–565. [CrossRef]

43. Sanche, L.; Schulz, G.J. Electron transmission spectroscopy: Resonances in triatomic molecules and hydrocarbons. J. Chem. Phys.
1973, 58, 479–493. [CrossRef]

44. Modelli, A.; Jones, D.; Distefano, G. ETS study of the negative ion states of t-butyl and trimethylsilyl derivatives of ethylene and
benzene. Chem. Phys. Lett. 1982, 86, 434–437. [CrossRef]

45. Burrow, P.D.; Michejda, J.A.; Jordan, K.D. Electron transmission study of the temporary negative ion states of selected benzenoid
and conjugated aromatic hydrocarbons. J. Chem. Phys. 1987, 86, 9–24. [CrossRef]

46. Wenthold, P.G.; Polak, M.L.; Lineberger, W.C. Photoelectron spectroscopy of the allyl and 2-methylallyl anions. J. Phys. Chem.
1996, 100, 6920–6926. [CrossRef]

17



Hydrogen 2025, 6, 115

47. Peerboom, R.A.L.; Rademaker, G.J.; de Koning, L.J.; Nibbering, N.M.M. Stabilization of cycloalkyl carbanions in the gas phase.
Rapid Commun. Mass Spectrom. 1992, 6, 394–399. [CrossRef]

48. Ko, Y.J.; Wang, H.; Pradhan, K.; Koirala, P.; Kandalam, A.K.; Bowen, K.H.; Jena, P. Superhalogen properties of CumCln clusters:
Theory and experiment. J. Chem. Phys. 2011, 135, 244312. [CrossRef]

49. Trainham, R.; Fletcher, G.D.; Larson, D.J. One- and two-photon detachment of the negative chlorine ion. J. Phys. B 1987, 20, L777.
[CrossRef]

50. Leopold, D.G.; Ho, J.; Lineberger, W.C. Photoelectron spectroscopy of mass–selected metal cluster anions. I. Cu−
n, n = 1–10. J.

Chem. Phys. 1987, 86, 1715–1726. [CrossRef]
51. Jordon-Thaden, B.; Kreckel, H.; Golser, R.; Schwalm, D.; Berg, M.H.; Buhr, H.; Gnaser, H.; Grieser, M.; Heber, O.; Lange, M.; et al.

Structure and stability of the negative hydrogen molecular ion. Phys. Rev. Lett. 2011, 107, 193003. [CrossRef]
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Abstract

The use of hydrogen as an energy carrier represents a promising alternative for mitigating
climate change. However, its practical application requires achieving a high degree of
purity throughout the production process. In this study, the influence of the type of catalytic
support on H2 production via steam glycerol reforming was evaluated, with the objective
of obtaining syngas with the highest possible H2 concentration. Three types of support
were analyzed: two natural materials (zeolite and dolomite) and one metal oxide, alumina.
Alumina and dolomite were coated with Ni at different loadings, while zeolite was only
evaluated without Ni. Reforming experiments were carried out at a constant temperature
of 850 ◦C, with continuous monitoring of H2, CO2, CO, and CH4 concentrations. The
results showed that zeolite yielded the lowest H2 concentration (51%), mainly due to
amorphization at high temperatures and the limited effectiveness of physical adsorption
processes. In contrast, alumina and dolomite achieved H2 purities of around 70%, which
increased with Ni loading. The improvement was particularly significant in dolomite,
owing to its higher porosity and the recarbonation processes of CaO, enabling H2 purities
of up to 90%.

Keywords: catalytic reforming; alumina; dolomite; zeolite; Ni; H2 purity

1. Introduction

Historically, fossil fuels have dominated the global energy matrix. Although signifi-
cant advances have been made in the development of renewable energies, hydrocarbons
continue to be the main source of primary energy. Currently, according to data provided by
the Energy Institute [1], more than 60% of global electricity is generated from fossil fuels,
with coal being the main contributor, with a share of 35%. Obtaining energy from these
fuels generates significant pollution due to emissions of nitrogen oxides, sulfur dioxide,
greenhouse gases, and particulate matter. These pollutants contribute to climate change,
ocean acidification, and air quality degradation, with serious economic and environmen-
tal consequences.

In this context, the United Nations Framework Convention on Climate Change (UN-
FCCC), held in Glasgow (COP26), marked a milestone in the global effort to decarbonize
and limit global warming. To this end, renewable energies such as hydroelectric, wind,
and solar power are presented as crucial alternatives for a sustainable energy future, as
their inexhaustible nature and absence of polluting emissions make them key elements of
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the energy transition. However, the variability in its production requires coexistence with
conventional energy sources to guarantee supply. That is why H2 is emerging as an energy
carrier with great potential to contribute to reducing the carbon footprint by providing
secure, competitive, and CO2-free energy.

The versatility of hydrogen allows it to be used in both internal combustion engines
and fuel cells, generating only water vapor. Despite the promising potential, large-scale
implementation of H2 faces challenges such as high production costs, the need for specific
infrastructure, and the requirement for high purity. Currently, H2 can be produced from
various renewable and non-renewable sources—such as water, natural gas, methane,
ethanol, and glycerol—using different processes, including electrolysis, gasification, partial
oxidation, autothermal reforming, dark fermentation, and steam reforming [2,3]. Other
routes have also been explored, including photocatalysis, which harnesses solar energy to
produce H2 with excellent purity [4,5].

With the growing global emphasis on sustainability and the circular economy, the use
of inexhaustible resources such as seawater in electrolysis processes [6,7] or by-products
from other industries, such as glycerin for use in steam reforming processes [8,9], are
becoming promising options for hydrogen production. However, it is necessary to ensure
the quality of the H2 produced, particularly its purity. The presence of contaminants such
as carbon monoxide (CO), carbon dioxide (CO2), methane (CH4), and sulfur-containing
compounds, often generated in many of the current hydrogen production processes, such
as steam reforming, the most widely used among the production techniques [3,10], can
seriously affect the subsequent use of this energy carrier. This underscores the critical role
of purification in the hydrogen production chain to meet the high purity standards required
for various hydrogen applications. In this context, hydrogen carriers have recently gained
attention as an alternative route, since they allow the selective release of hydrogen streams
with negligible CO content [11–13].

There are different ways to improve the purity of hydrogen before its final application.
One of them is based on increasing the purity of the gas during the production process
using different types of catalysts [14,15]. The choice of catalyst plays a decisive role in
determining the effectiveness of the steam reforming process, since it should have the
capacity to promote the cleavage of C–C, O–H, and C–H bonds and inhibit the formation of
the C–O bonds. Furthermore, it should promote the shift of CO to CO2, as well as promote
dehydrogenation and hydrogenation processes.

A wide range of studies have explored the application of various catalysts, spanning
from noble metals such as Pt [16], Pd [17], Ir [18], Rh [19], and Ru [20] to non-noble metals
like Ni [21] and Co [22]. Pt-based catalysts have been reported to reach H2 selectivities
above 90% in glycerol reforming at moderate temperatures [23], while Ru/Al2O3 can
achieve H2 yields of 95% with high stability for the steam reforming of ethanol, with
methane being the only byproduct [24]. Noble metals, such as Au and Ag, have occasionally
been tested, but their application has been mostly limited to photocatalytic systems and
remains scarce in thermal catalytic reforming [25,26]. While noble metal catalysts (e.g.,
Pt, Ru, Rh) typically exhibit higher activity and stronger resistance to coke formation
compared to their non-noble counterparts [27] (an important parameter that causes the
deactivation of the catalyst), their high cost limits their practicality for large-scale industrial
use. Among the non-noble metals, Ni-based systems typically produce H2 yields in the
range of 60–75% with lower purity due to the formation of CO and CH4 [28], and Cu-based
catalysts show moderate activity with faster deactivation than Ni due to sintering and coke
deposition [29–31]. Recent studies have also investigated other non-noble metal catalysts
as cost-effective alternatives, reporting promising activity and selectivity in reforming
reactions like zinc and indium [32,33].

21



Hydrogen 2025, 6, 88

Unlike the noble metal catalysts, the use of Ni as a catalyst improves the reforming
process at an affordable production cost [34], allowing it to be subsequently extrapolated to
industrial applications. For this reason, Ni is the most widely used commercial catalyst,
especially on Al2O3 catalytic supports [9,35]. However, as previously reported in [21,35],
Ni-based catalysts are prone to carbon deposition and metal particle sintering, phenomena
that inevitably result in their gradual deactivation [36]. To improve the stability of Ni cata-
lysts, their performance has been investigated on different types of supports, particularly
various metal oxides (e.g., Al2O3, SiO2, La2O3, CeO2, ZrO2) [23,37,38], which may even
be doped with transition metals (e.g., Fe, Co, Sn) [39,40], noble metals (e.g., Ag, Pt, Pd,
Ir) [41,42], lanthanide metals (e.g., La, Ce, Pr) [39,43], and alkaline earth metals (e.g., Mg,
Ca, Ba) [39,43].

The support material plays an important role in the overall performance of a catalytic
system since some physicochemical properties of the support—such as thermal stability
at elevated temperatures, surface area (which influences catalyst dispersion), pore size
distribution, and the basicity of active sites— strongly affect process efficiency [21]. Soares
et al. [44] assessed the gas-phase conversion of glycerol into synthesis gas over supported Pt
catalysts at 623 K. Five different supports were evaluated, and they found that Pt supported
on Al2O3, ZrO2, CeO2/ZrO2, and MgO/ZrO2 exhibited deactivation during the operating
time, while Pt supported on carbon showed stable conversion of glycerol to synthesis gas
for at least 30 h. Pompeo et al. [16] evaluated the effect of different supports (specifically
SiO2, ZrO2, γ-Al2O3, and α-Al2O3 modified with Ce and Zr) in steam reforming of glycerol
using Pt catalysts at temperatures lower than 450 ◦C. This study found that neutral supports
(SiO2) are better than acidic ones (ZrO2 and γ-Al2O3) for promoting selective hydrogen
production and catalyst stability. This is because, as pointed out in [37], greater basicity of
the support also leads to CO2 activation, which helps to oxidize deposited coke to CO and
also reduces coke formation from methane decomposition.

Although Ni-based catalysts are widely used in steam reforming, the influence of
the support remains a key challenge. Alumina, while common, is prone to deactivation
through coke deposition and Ni sintering; dolomite has been less explored despite its
favorable porosity and CO2 capture capacity; zeolites often suffer structural instability at
high temperatures. These knowledge gaps highlight the importance of evaluating different
supports under identical conditions. Accordingly, the aim of this study is to assess the
optimization of the hydrogen production process through a reforming process, comparing
the yields obtained by three different supports and a Ni catalyst to increase the purity of
the outlet gas mixture before it is introduced into a subsequent purification process. This
study will contribute to deeper knowledge of the influence of different catalytic supports,
both with and without active catalysts, which were selected considering the cost of the
process for a possible scalability of the study to industry.

2. Glycerol Reforming Process

Glycerol steam reforming (GSR) is considered a promising alternative for H2 produc-
tion [45], as it closely resembles current industrial processes, and as a by-product of other
industries, glycerol is readily available and economically viable.

The feasibility of this process has been extensively examined, as glycerol’s molecular
structure provides a favorable hydrogen-to-carbon ratio, enabling high H2 yields. Accord-
ing to the overall reaction (Equation (1)), one mole of C3H8O3 can theoretically generate up
to seven moles of H2 (g).

Glycerol steam reforming C3H8O3 + 3H2O ↔ 3CO2 (g) + 7H2 (g) (1)
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Thus, it is the combination of the following two reactions:

Glycerol decomposition C3H8O3 (g) ↔ 3CO (g) + 4H2 (g) (2)

Water–gas shift CO(g) + H2O (g) ↔ CO2 (g) + H2 (g) (3)

The reaction pathway is highly complex, with several competing processes potentially
occurring. In particular, CO2 and CO hydrogenation can result in methane formation, while
secondary reactions such as dehydration, dehydrogenation, cyclization, and polymerization
may take place, ultimately contributing to coke deposition [46].

Methanation reaction CO2 + 4H2 (g) ↔ CH4 + 2H2O (4)

Methanation reaction CO(g) + 3H2(g) ↔ CH4 + H2O (5)

Coke formation H2 + CO ↔ C + H2O (6)

Coke formation 2CO ↔ CO2 + C (7)

Coke formation CH4 ↔ 2H2 + C (8)

The quantities of H2, CO2, CO, and CH4 produced, as well as the C formation, depend
on reaction conditions such as concentration of glycerol, supply flow rate, temperature,
and the pressure of the reaction.

3. Materials and Methods

Glycerol steam reforming tests were carried out in a stainless-steel fixed bed reactor
with a total length of 700 mm and an inner diameter of 48 mm, located in a vertical electrical
tubular furnace (TR4, Hobersal) capable of heating to 1200 ◦C and connected with a gas
analyzer (Mamos, Madur), which allows a continuous measurement of the concentrations
of H2, CO2, CO, and CH4 (Figure 1, similar setup to that used in [8]).

 

Figure 1. Scheme of the glycerol steam reforming system: syringe pump (1), glycerol flow (2),
cylindrical reactor (3), electrical tubular furnace (4), perforated cylinder bucket (5), catalyst support
as fixed bed (6), syngas (7), condensate tank (8), and gas analyzer (9).

Glycerol was supplied to the top of the reactor using a syringe pump with a feed
rate set at 0.855 mL/min, which is the optimal value using this setup, according to [8], to
maximize the production and purity of the hydrogen generated. This parameter was kept
constant in order to compare the influence of different supports under identical conditions,
rather than to re-optimize the operating point for each catalyst.
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The tubular reactor houses a perforated bucket where the support is placed up to a
fixed bed height (in this case, 4 cm), so that the glycerol must flow through the bed until it
reaches the lower outlet of the reactor. After leaving the reactor, the gaseous products were
condensed in a thermostatic bath, and the resulting dry gas was sent to the gas analyzer,
where both its composition and flow rate were measured.

Prior to initiating the glycerol reforming process, a catalyst support conditioning step
was performed. This procedure involved the activation of the Ni catalyst by heating the
reactor to 700 ◦C at a rate of 10 ◦C/min. Once the target temperature of 700 ◦C was reached,
it was maintained for 30 min while a gas mixture of H2 and N2 (50:50 vol.%) was introduced.
After this period, only N2 was supplied, which was maintained until all residual gases were
purged from the reactor and the test temperature of 850 ◦C was achieved. This process was
carried out both in the tests where the supports were impregnated with Ni and in those
where only the support was used without impregnation.

In this study, three types of supports were assessed: one an oxide metallic (porous
γ-Al2O3) usually used in steam reforming processes, and two natural porous materials
(dolomite and zeolite).

The alumina used was γ-alumina, which is suitable for high-temperature applications.
This alumina had a diameter of approximately 0.5 cm, an apparent porosity of around
7%, and a water absorption capacity of around 3%. As reported in several studies, this
support is characterized by a high specific surface area, which promotes effective metal
dispersion [47]. However, at elevated temperatures, it undergoes phase transformations,
sintering, and a consequent loss of surface area [34]. In all catalytic tests with alumina as
support, a total of 43 g of material was used.

The zeolite employed was clinoptilolite (Ca,Na,K)6(Si30Al6)O72·20H2O), supplied by
Zeopol, with an average grain size of 0.6 cm. Zeolites are crystalline aluminosilicates
characterized by a three-dimensional framework of SiO4 and AlO4 tetrahedra. Owing to
their high specific surface area and the selective capture of impurities such as CO2, they are
commonly used in subsequent hydrogen purification processes by physisorption [48–50],
thereby yielding purified hydrogen. However, several studies also report their application
as catalytic supports during high-temperature hydrogen production. Yao et al. [51] evalu-
ated different reforming temperatures (650, 750, and 850 ◦C) using Ni with zeolite as the
catalyst for hydrogen production. They found that the optimal operation temperature was
850 ◦C. In the zeolite tests, 47 g of support was used in each experiment.

Dolomite is a double carbonate of Ca and Mg (CaMg(CO3)2) that decomposes into its
respective oxides as temperature increases (in this case, after calcination, 57% CaO and 37%
MgO). MgO is formed at around 500 ◦C, while CaO is generated at higher temperatures
(800–900 ◦C), so a partial decomposition of CaO and complete decomposition of MgO
was expected under the operation conditions of the test (i.e., 850 ◦C) [52,53]. This material
has been widely applied for H2 purification through the chemisorption of impurities,
primarily carbon dioxide (CO2). However, several studies have also explored its use as a
catalytic support during H2 production. Zhang et al. [54] reported that NiO-impregnated
dolomite, when employed as a reactor bed in high-temperature steam gasification of
biomass, enhanced H2 yield. Similarly, Gallucci et al. [55] demonstrated the effectiveness
of dolomite as a CO2 sorbent in steam gasification processes, attributing its performance to
CaO recarbonation at approximately 800 ◦C, a temperature comparable to that used in the
present study. In the experiments with dolomite as support, 42 g of material were employed.

Each of the three supports exhibited a different degree of basicity. Alumina is am-
photeric, containing both acidic and basic sites, which is why it is generally considered a
neutral or slightly acidic support. The acidity of γ-alumina is lower than that of natural
zeolites, which, like alumina, possess both Brønsted and Lewis acid sites [56]. Finally,
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dolomite is the most basic of the three supports, since upon thermal decomposition it
generates alkaline earth oxides (CaO and MgO), both of which are strongly basic.

The impregnation of the support with the Ni catalyst was carried out by the wet
impregnation method, because it is a simple, reproducible, and scalable technique that
allows for adequate dispersion of Ni species on porous supports. The process involves the
following steps: the support was first calcined at 650 ◦C (heating rate of 10 ◦C/min) in an air
atmosphere for 3 h to remove residual impurities, and in the case of the dolomite, to create
active MgO and part of CaO. Once cooled to room temperature, the support was immersed,
with continuous stirring, in a nickel-nitrate solution of predetermined concentration for
20 min (two solutions with different concentrations were used, one at 10 wt% and the other
at 12 wt%, to obtain two different amounts of Ni deposition). After impregnation, the
material was dried in an oven at 110 ◦C for 2 h, followed by cooling to room temperature.
This procedure was repeated by immersing the sample in the nickel-nitrate solution once
more to promote the formation of active phases such as nickel oxide (NiO) and to enhance
the stability and dispersion of nickel species.

The amount of nickel dry matter that remained on the corresponding support was
measured by the gravimetric method according to Equation (9), which is often applied
when a consolidant or water repellent is applied to a stone substrate [57–59].

Ni dry matter (%) = 100 × (Wf − Wd)/Wd (9)

where Wd corresponds with the initial dry weight of the support before the impregnation
process, and Wf is the weight of the support after 7 days of drying.

Each support was evaluated in duplicate, both in the absence and presence of the
catalyst, with two different Ni loadings. This approach enabled the comparison of the
performance of the bare support with that of the Ni-loaded supports, as well as the
assessment of the influence of Ni content on the H2 production process. In all cases,
the production temperature was maintained at 850 ◦C for 40 min, the bed height at 4 cm,
and the particle diameter of all supports between 5 and 6 mm.

Mineral phase characterization was performed by X-ray diffraction using a Philips
X’Pert Bragg Brentano X-ray diffractometer with Cu Kα radiation (λ = 1.5406 Å) operating
at 40 kV (generator voltage), 30 mA (tube current) with 0.02◦ scan step size, 200 s/step of
counting time, and a data angle range (2θ) of 5−80◦.

The hydrogen production efficiency of the reforming process was determined using the
following equation, which compares the average H2 concentration obtained in the reform-
ing tests with the catalytic support (CS) with those obtained with the nickel-impregnated
support (CNi/S).

Efficiency (%) = 100 × (CNi/S − CS)/CS (10)

4. Results and Discussion

4.1. Supports Without Ni

Figure 2 and Table 1 present the concentrations of the main components of the synthesis
gas at the reactor outlet for the different supports evaluated—alumina, dolomite, and
zeolite—in the absence of Ni impregnation.

The data obtained during the reforming process indicate that dolomite is the support
that provides the highest H2 concentrations, both in terms of maximum and average values
throughout the steam reforming process. In addition, this support leads to a significant
reduction in CO2 and CO concentrations compared to the other two supports evaluated.
This behavior can be attributed, as reported by Gallucci et al. [55], to the ability of CaO,
released at temperatures above 800 ◦C, to undergo recarbonation to CaCO3 in the presence
of CO2, which would reduce the concentration of this gas in the environment. This direct
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removal of CO2 by carbonation with CaO promotes the thermodynamic equilibrium of the
water–gas shift reaction to the hydrogen production side [10,54]. Moreover, the enhanced
CO2 capture also leads to a reduction in CO content, as this process can shift the CO
equilibrium toward higher CO2 conversions (Equation (7)). This effect may promote
greater coke formation, which would explain the increased CH4 production observed when
using this support (Equation (8)).

Table 1. Maximum and average content (in %) of the main compounds contained in the syngas
composition using different supports.

Alumina H2 CO2 CO CH4

Maximum (%) 70.8 20.8 7.3 7.4
Average (%) 62.0 16.8 5.8 5.7

Dolomite H2 CO2 CO CH4

Maximum (%) 71.6 16.6 5.9 9.2
Average (%) 65.1 13.8 4.8 7.7

Zeolite H2 CO2 CO CH4

Maximum (%) 54.2 20.9 9.6 8.7
Average (%) 51.0 18.2 7.5 7.4

Figure 2. Average concentration of H2, CO2, CO, and CH4 in syngas using different supports
(n = 2): alumina (a), dolomite (b), zeolite (c). A comparison between the supports with respect to H2

concentration (in %) is also shown (d).

The catalytic support that showed the worst performance was zeolite, both in terms of H2

(with a final concentration of around 50%), CO2, and CO concentration. This behavior could
be attributed to the following: (1) The fact that the primary adsorption mechanism of zeolite
is based on physical adsorption processes, whose effectiveness decreases at temperatures
above 100 ◦C as thermal energy disrupts weak physical bonds [60]. The higher acidity of
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this support means that CO2 adsorption occurs through these weak interactions, such as
electrostatic forces or hydrogen bonds. At elevated temperatures, chemisorption mechanisms
become more dominant, involving the formation of stronger chemical bonds and thus
offering better capture performance [60]. (2) The possible collapse of the structure due to
the calcination process such as occurred in previous studies [50]. XRD pattern performed
on a zeolite sample previously calcined at 800 ◦C, a temperature 50 ◦C lower than the
operating temperature of the oven, shows a large reduction in peak intensity and an increase
in peak broadening compared to the natural zeolite pattern, suggesting a significant loss
of crystallinity and amorphization of the samples due to thermal decomposition (Figure 3).
This loss of crystallinity and the possible generation of sintering processes, which usually
occurs at temperatures higher than 630 ◦C [61,62], influence the adsorption capacity of the
zeolite since they reduce the specific surface area of the material.

Figure 3. XRD pattern of the natural zeolite (black line) and that calcined at 800 ◦C (red line).
♣: clinoptilolite (JCPDS card 83-1260).

Due to its low adsorption capacity at elevated temperatures, this adsorbent was
excluded from the subsequent stages of the study.

4.2. Supports with Different Concentrations of Ni

Table 2 shows the dry matter percentages for both alumina and dolomite achieved after
the wet impregnation process with the two nickel-nitrate solutions at 10 and 12 wt%. It can
be observed that, after the impregnation process, dolomite is able to retain a greater amount
of nickel. This behavior is attributed to the fact that, as an ornamental rock, dolomite
exhibits higher accessible porosity than porous alumina, along with a broader distribution
within the mesopore and macropore ranges; both aspects facilitate greater metal deposition
and good dispersion throughout the particle. This behavior is consistent with prior reports
showing that dolomite supports, due to their basicity and porous structure, facilitate
more uniform dispersion and stronger anchoring of Ni species [63]. It is also evident that
increasing the concentration of the nitrate solution leads to a greater amount of nickel
deposited on the support surface.

Table 2. Dry matter of NiO in each support (in %) obtained with different nickel-nitrate concentrations
(10 and 12 wt%).

Ni(NO3)2 Concentration 10 wt% 12 wt%

Alumina 9% 12%
Dolomite 31% 37%
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The results obtained from the reforming test (Figure 4 and Table 3) indicate that the
addition of Ni as a catalyst enhances the efficiency of the reforming process, leading to a
higher H2 purity. This effect becomes more pronounced with increasing Ni loading on the
alumina support. Furthermore, a higher NiO content results in a lower amount of CH4

produced. This behavior is associated with the reduced concentrations of CO2 and CO
generated, which otherwise may promote methanation reactions, as described in Section 2
(Equations (4) and (5)).

A notable observation in Figure 4d is that, with lower NiO loads on the Al2O3 support,
specifically 9 wt%, gradual catalyst deactivation occurs. This deactivation causes a decrease
in H2 purity, which approaches values similar to those obtained with the uncoated support.
This observation agrees with previous reports showing that Ni/Al2O3 catalysts are prone
to deactivation under reforming conditions. The main causes are coke deposition, sintering
of Ni particles, and blockage of active sites, which progressively reduce catalyst activity and
H2 purity during time-on-stream [64]. Similar behavior has been reported in both glycerol
and methane reforming systems, where carbon accumulation and structural changes
significantly compromise the long-term stability of Ni/Al2O3 catalysts [36].

Regarding the dolomite support (Figure 5), it is again observed that the addition
of Ni enhances the reforming efficiency and hydrogen concentration compared with the
non-impregnated support. However, beyond a certain Ni loading point (approximately
31 wt%), no significant improvement is observed, indicating a saturation effect in the
distribution of active sites. Specifically, at 31 wt% Ni, higher loadings do not justify the
additional cost, as the gain in efficiency is negligible.

Figure 4. Average concentration of H2, CO2, CO, and CH4 in syngas using different alumina supports
(n = 2): alumina without Ni (a), Ni/Al2O3 9 wt% (b), and Ni/Al2O3 12 wt% (c). A comparison
between the three supports with respect to H2 concentration (in %) is also shown (d).
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Table 3. Maximum and average content (in %) of the main compounds contained in the syngas
composition using different supports, with and without a catalyst.

Alumina H2 CO2 CO CH4

Maximum (%) 70.8 20.8 7.3 7.4
Average (%) 62.0 16.8 5.8 5.7

Ni/Al2O3 9 wt% H2 CO2 CO CH4

Maximum (%) 72.8 22.3 5.9 1.8
Average (%) 66.2 18.7 4.1 0.9

Ni/Al2O3 12 wt% H2 CO2 CO CH4

Maximum (%) 76.0 19.2 5.0 0.8
Average (%) 70.1 16.4 4.2 0.6

Dolomite H2 CO2 CO CH4

Maximum (%) 71.6 16.6 5.9 9.2
Average (%) 65.1 13.8 4.8 7.7

Ni/D 31 wt% H2 CO2 CO CH4

Maximum (%) 90.3 16.7 3.3 1.2
Average (%) 81.0 8.0 2.0 0.7

Ni/D 37 wt% H2 CO2 CO CH4

Maximum (%) 87.5 13.6 3.6 1.1
Average (%) 81.3 5.9 2.4 0.7

The same thing happens when comparing the other gas concentrations, i.e., CO2, CO,
and CH4. In all cases, insignificant differences are also obtained.

Figure 5. Average concentration of H2, CO2, CO, and CH4 in syngas using different alumina supports
(n = 2): dolomite without Ni (a), Ni/D 31 wt% (b), Ni/D 37 wt% (c). A comparison between the
three supports with respect to H2 concentration (in %) is also shown (d).
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Comparatively, among the supports evaluated, the highest performance is achieved
using dolomite as the support with Ni as the catalyst, reaching efficiencies of approximately
25%, corresponding to an average hydrogen concentration exceeding 80% and a maximum
higher than 90% (Table 4). This could be related to (1) the better dispersion of Ni in this
support than in Al2O3 support due to the presence of both MgO [65] and CaO [66]; (2) the
higher content of Ni adsorbed by the support increasing the number of active sites on the
catalyst surface, as occurs in [67]; (3) the presence of basic oxides, such as MgO and CaO,
able to promote the water–gas shift reaction (Equation (3)), increasing H2 production [68];
and (4) the different porous structure, since alumina is a support characterized by a larger
specific surface area than dolomite due to its smaller pores. The presence of these smaller
pores inhibits intra-particle diffusion of reactants and products [23]. Moreover, like what
was observed with the nickel-free supports, the concentrations of CO2, CO, and CH4

are lower than those obtained with the alumina support, partly due to the carbonation
processes occurring in dolomite and to the higher basicity of this support compared
to alumina.

Table 4. Maximum and average hydrogen concentrations, in %, obtained from the reforming
processes using alumina and dolomite, both with and without Ni. The efficiency achieved with each
support when is coated with Ni is also shown.

Support Maximum (%) Average (%) Efficiency (%)

Alumina 70.8 62.0 -
Ni/Al2O3 9 wt% 72.8 66.2 6.8

Ni/Al2O3 12 wt% 76.0 70.1 13.1

Dolomite 71.6 65.1 -
Ni/D 31 wt% 90.3 81.0 24.4
Ni/D 37 wt% 87.5 81.3 24.9

5. Conclusions

This study demonstrates that the incorporation of Ni significantly improves the re-
forming efficiency and hydrogen concentration compared with non-impregnated supports.
Among the tested materials, zeolite showed the lowest performance and poor thermal
stability at high temperature, while alumina exhibited moderate activity with partial deac-
tivation at lower Ni contents. Dolomite, on the other hand, showed the most promising
performance due to its higher porosity, greater nickel dispersion, the presence of basic
oxides (CaO and MgO) that promote the water–gas shift reaction, and its capacity to cap-
ture CO2 via recarbonation, which shifts the equilibrium toward hydrogen production.
However, beyond a certain Ni loading of approximately 31 wt%, no further improvement
in efficiency was observed, indicating a saturation effect in the distribution of active sites.

Future work should focus on correlating catalyst structure and performance, optimiz-
ing key operating parameters, and exploring Ni-based catalyst modifications to improve sta-
bility and coking resistance. Additionally, scale-up tests and preliminary techno-economic
assessments under industrially relevant conditions would allow a broader evaluation of
dolomite- and alumina-supported catalysts.
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Abstract

This study evaluates the impact of mineralogy, elemental composition, and reaction path-
ways on hydrogen (H2) generation in seven ultramafic and mafic (basaltic) rocks. Experi-
ments were conducted under typical low-temperature hydrothermal conditions (150 ◦C)
and captured early and evolving stages of fluid–rock interaction. Pre- and post-interactions,
the solid phase was analyzed using X-ray Diffraction (XRD) and X-ray Photoelectron Spec-
troscopy (XPS), while Inductively Coupled Plasma Mass Spectrometry (ICP-MS) was used
to determine the composition of the aqueous fluids. Results show that not all geologic
H2-generating reactions involving ultramafic and mafic rocks result in the formation of
serpentine, brucite, or magnetite. Our observations suggest that while mineral transforma-
tion is significant and may be the predominant mechanism, there is also the contribution
of surface-mediated electron transfer and redox cycling processes. The outcome suggests
continuous H2 production beyond mineral phase changes, indicating active reaction path-
ways. Particularly, in addition to transition metal sites, some ultramafic rock minerals may
promote redox reactions, thereby facilitating ongoing H2 production beyond their direct
hydration. Fluid–rock interactions also regenerate reactive surfaces, such as clinochlore,
zeolite, and augite, enabling sustained H2 production, even without serpentine formation.
Variation in reaction rates depends on mineralogy and reaction kinetics rather than being
solely controlled by Fe oxidation states. These findings suggest that ultramafic and mafic
rocks may serve as dynamic, self-sustaining systems for generating H2. The potential
involvement of transition metal sites (e.g., Ni, Mo, Mn, Cr, Cu) within the rock matrix
may accelerate H2 production, requiring further investigation. This perspective shifts
the focus from serpentine formation as the primary driver of H2 production to a more
complex mechanism where mineral surfaces play a significant role. Understanding these
processes will be valuable for refining experimental approaches, improving kinetic models
of H2 generation, and informing the site selection and design of engineered H2 generation
systems in ultramafic and mafic formations.

Keywords: geologic hydrogen; serpentinization; redox cycling; surface-mediated reactions;
mafic and ultramafic rocks

1. Introduction

The geological process known as serpentinization has garnered significant attention
in recent years due to its potential as a method for generating low-carbon hydrogen (H2).
This process involves the reaction of water with ultramafic rocks, primarily composed of
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olivine and pyroxene, leading to the oxidation of ferrous iron (Fe2+) and the production
of hydrogen gas as a byproduct. Hydrogen generation through fluid–rock interactions
has been extensively studied, with a focus on ultramafic and mafic rocks due to their rich
Fe-bearing mineral compositions. An extreme case is the hydrous alteration of ultramafic
rocks, known as serpentinization, where most of the original rock minerals are replaced by
serpentine. The alteration of mafic rocks, such as basalts, also produces H2, but in smaller
amounts compared to those generated in ultramafic environments [1–4]. Experimental
studies suggest that the alteration of felsic rocks under hydrothermal conditions can also
lead to significant H2 production [5].

Early studies, such as those by [6], primarily investigated serpentinization kinetics,
focusing on the hydration rates of forsterite and enstatite, which led to the formation of
serpentine, brucite, and talc. However, these studies did not assess H2 production, leaving
a gap in understanding the direct role of mineral transformation in hydrogen generation.
Kita et al. [7] explored H2 generation in granite and quartz systems at temperatures ranging
from 25 to 270 ◦C, attributing H2 production to reactions involving Si- and Si-O-based
transformations. These studies laid the foundation for understanding geochemical trans-
formations, but did not fully address the iron (Fe) oxidation pathways as a major driver of
H2 evolution.

Recent discoveries underscore the growing importance of natural hydrogen systems
in diverse geological contexts. For example, studies in the Songliao Basin [8] and Bohai Bay
Basin [9] in China demonstrate that large-scale H2 generation is actively occurring in mafic
and ultramafic lithologies, highlighting their potential as sustainable subsurface energy
resources. Similarly, well-characterized sites in Oman, the Philippines, and Turkey [10] con-
firm that serpentinization-driven H2 production is a global phenomenon with significant
implications for future energy portfolios. Despite these advances, fundamental mechanisms
governing H2 fluxes remain poorly constrained, particularly the interplay of mineralogy,
geochemical conditions, and fluid–rock interactions. Such knowledge is critical for assess-
ing the viability of natural hydrogen as a sustainable energy resource and for developing
strategies to optimize its production, utilization, and storage in subsurface systems.

More recent research has demonstrated that H2 generation is strongly linked to the
oxidation of Fe2+ to Fe3+ in ultramafic systems. Marcaillou et al. [11] investigated peridotite
at 300 ◦C and 300 bar, demonstrating that Fe2+ oxidation in olivine and pyroxene, resulting
in Fe3+ in magnetite and serpentine, contributed to H2 production. Mayhew et al. [12]
expanded upon these findings by examining a broader range of ultramafic rocks and
minerals, including fayalite, pyroxene, olivine, and magnetite, under ambient pressure
and at temperatures of 55 ◦C and 100 ◦C over a period of 100 days. Their results indicated
a direct correlation between H2 production and metal oxide minerals with the general
formula [M2+M2

3+]O4, though their experiments did not reach equilibrium conditions.
Similarly, [13] conducted computational simulations on various compositions of forsterite-
fayalite, establishing a direct correlation between the Fe content of olivine and the extent of
H2 generation across a temperature range of 25 ◦C to 400 ◦C at 50 MPa.

Experimental studies by [14,15] have further refined our understanding of H2 produc-
tion mechanisms in rocks. Using synthetic samples at 230 ◦C and 35 MPa over 146 days,
the authors of [14] found that H2 generation increased significantly with pH and that
the reaction of olivine and orthopyroxene proceeded at a slower rate initially. Their later
study [15] focused on high-Mg, low-Fe minerals, demonstrating that Fe-rich olivine pro-
duced more H2 per mole than Fe-poor olivine. These results reinforce the importance of Fe
oxidation states in controlling H2 generation and suggest that mineral composition plays
an important role in determining reaction kinetics and efficiency. However, these studies
examined fewer rock types, which limits their broader applicability.
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Some previous studies used only major elements data, including MgO, SiO2, FeO,
CaO, Na2O, and K2O, to estimate H2 generation potential. Although these estimates
of past ultramafic rock distribution rely on assumptions based on a single bulk rock
composition [16,17], natural ultramafic rocks exhibit compositional variability, leading
to differences in H2 production potential. Leong et al. [18] addressed this variability by
incorporating rocks with a range of compositions, from Mg-rich to Mg-depleted. However,
variations in Fe and other trace minerals were not considered, and the simulations were
conducted only under ambient temperature conditions.

Leong et al. [18] utilized thermodynamic simulations of water–rock interactions com-
bined with mass-transport calculations to estimate H2 production from the alteration of
Fe-bearing igneous rocks under low-temperature conditions (25 ◦C). Their simulations pre-
dicted H2-generation potential for the hydrous alteration of Fe-rich igneous rocks, ranging
from ultramafic rocks with high MgO content, such as peridotites, to those with lower
MgO content, like basalts. The authors observed a decrease in H2-generation potential
between rocks with MgO content above and below 35 wt.%, even when FeO concentra-
tions were similar. Additionally, their model results indicated a gradual reduction in H2

generation as rock compositions became less Mg-rich, approaching 20 wt.% MgO. They do
not promote serpentine formation during rock alteration. Instead, the alteration of these
Mg-deficient but Si- and Al-rich rocks favors the stabilization of minerals like chlorite, talc,
and clay minerals.

Recent research has also emphasized the impact of environmental conditions on
serpentinization and H2 evolution. Leong et al. [19] investigated H2 outgassing from the
Samail ophiolite in Oman under ambient temperature and pressure conditions (25 ◦C, 1 bar).
Their study reported serpentinization rates and H2 yields of approximately 8 × 10−14 s−1

and 0.3 mol H2 kg−1 of ultramafic rock, respectively, emphasizing the potential for natural
H2 reservoirs in ultramafic formations. The most prominent reactions being reported in the
literature involve the reaction of olivine and water to form serpentine [14,15] or serpentine,
magnetite, brucite, and hydrogen [11,14,20–22], while others reported the formation of
magnetite, silica, and hydrogen generation, as shown in reactions (1) through (4).

Olivine (Fosterite) + Water → Serpentine

3Mg2SiO4 + SiO2 + 4H2O → 2Mg3Si2O5(OH)4 (1)

Olivine (Fosterite) + Water → Serpentine + Brucite + Hydrogen

2Mg2SiO4 + 3H2O → Mg3Si2O5(OH)4 + Mg(OH)2 (2)

2Mg2SiO4 + 4H2O + H+ → Mg3Si2O5(OH)4 + Mg(OH)2 + H2 + OH− (3)

Olivine (Fayalite) + Water → Magnetite + Silica + Hydrogen

3Fe2SiO4 + 2H2O → 2Fe3O4 + 3SiO2 + 2H2 (4)

The amount of H2 generated through Fe oxidation, as seen in reaction (4), is influ-
enced far more by the bulk composition of the rock [18,23]. Furthermore, the thermo-
dynamic modeling by [23,24] suggests that other reactions may be contributing to H2

production. These authors indicate that iron partitioning and oxidation state are highly de-
pendent on reaction conditions, while the availability of an external silica source influences
magnetite formation.

The body of literature demonstrates that Fe oxidation and partitioning, rock mineral
composition, and the impact of pH and temperature are important factors in determining
H2 yields from ultramafic and mafic rocks. Rock mineralogy is a fundamental factor
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influencing H2 generation during serpentinization and hydro-geochemical reactions in
mafic and ultramafic rocks [18,23,25]. Accordingly, rock minerals may not only participate
as reactants but could also act as goecatalysts, influencing reaction rates and pathways
without necessarily being consumed or transformed [26–32]. The potential for catalysis in
geochemical reactions due to the rock minerals is likely to have significant implications for
their progression.

The hypothesis of this study is that H2 generation from ultramafic and mafic rocks is
not solely controlled by mineral hydration or serpentinization, but is also influenced by
Fe oxidation–reduction cycles, and the presence of trace reactive minerals in ultramafic
and mafic rocks. The objective of this study is to test this hypothesis by investigating what
mineralogy, elemental composition, and reaction mechanisms influence H2 generation in
ultramafic and basaltic mafic rocks. It aims to identify key mineral phases, and geochemical
interactions that control H2 production during water–rock interactions in these natural
rock systems.

The current literature primarily focuses on either a limited selection of rock samples or
relies heavily on simulations to study hydrogen generation processes. The novelty of this
work lies in its comprehensive experimental investigation of a diverse range of rock types,
up to seven, including ultramafic and mafic rocks sourced from different geological regions.
This broader scope allows for a more in-depth understanding of H2 generation beyond
the widely studied serpentinization process, revealing additional reaction pathways and
complexities that may not have been extensively explored. Employing X-ray Photoelec-
tron Spectroscopy (XPS) for surface elemental analysis provides detailed information on
the elemental composition and oxidation states of these rocks. This involves assessing
natural ultramafic and mafic (basaltic) rocks obtained from various locations, comparing
H2 generation potential, mineral phase modifications, reaction rates, and changes in the
oxidation states of some major elements via spectroscopic methods. Understanding the
role of minerals in accelerating reactions or acting as buffers could lead to new insights into
natural hydrogen generation, mineral transformations, and broader geochemical processes
to improve hydrogen generation yield from mafic and ultramafic rocks.

2. Methodology

2.1. Rock Samples

This study utilized a total of seven rock samples, consisting of five ultramafic and two
mafic (basaltic) rock types (see Figure 1), to investigate their potential for H2 generation
under controlled experimental conditions. The ultramafic rocks consisted of two samples
sourced from the Trinity Ophiolite, at Eunice Bluff, California, designated as Samples
A and E. Additionally, the ultramafic category included three peridotite samples from
different sources: Peridotite Sample B, obtained via Ward’s Science from Balsam, North
Carolina; Olivine Sample C obtained via Northern Geological Supplies Ltd., Bolton, UK,
from the Gusdal Olivine Pit in Åheim, Norway; and Sample D, acquired from the Twin
Sisters Peridotite in Washington. The mafic (basaltic) group included two samples: Sample
F obtained via Northern Geological Supplies Ltd., Bolton, UK, from Finland, and Sample
G, sourced through a supplier, EISCO, on Amazon.com, processed in Victor, New York,
whose exact source location could not be determined. These samples represent a diverse
selection of specimens collected from both within and outside the United States.
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Figure 1. Geographical map showing the collection locations (A) and photographs (B) of the seven
rock samples investigated, including five ultramafic (Dunite ophiolite (Samples A and E), Sample B,
Sample C, and Sample D) and two mafic rock samples (Samples F and G).

The rock samples were initially crushed using a porcelain mortar and pestle to avoid
any potential metal contamination that could influence subsequent geochemical reactions.
The crushed material was then dry-sieved to obtain a uniform particle size distribution. To
remove adhering fines and dust that might artificially enhance reaction kinetics, the sieved
fractions were carefully rinsed with de-ionized (DI) water and subjected to ultrasonic
agitation (sonication). This cleaning step ensured that only well-defined grains were
retained for experimentation. A target particle size range of 150–300 μm was selected, as
this size is commonly used in laboratory-scale fluid–rock interaction studies to balance
sufficient surface reactivity with representative bulk rock properties. The prepared samples
were characterized to confirm a consistent specific surface area of approximately 12 m2/kg
of rock, which was maintained across all experiments to ensure comparability of results.
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2.2. Experimental Description

The experiments were conducted in a 150 mL Hastelloy mini-autoclave using a water–
rock ratio of approximately 2. The water–rock mixture was placed in the Hastelloy auto-
clave reactor. The system was pressurized to 320 psi using high-purity nitrogen (99.99%).
Before pressurization, nitrogen gas was used to purge the free space, ensuring the removal
of air from the system. The autoclave was then heated in an oven set to 150 ◦C at a heating
rate of 10 ◦C per minute, with a precision of ±1 ◦C. As the temperature reached 150 ◦C,
the reaction reactor pressure increased to 500 psi. The rock samples were subjected to
temperature and pressure hydrothermal conditions reported in some serpentinized sys-
tems [12,22,33], simulating natural subsurface environments where natural hydrogen is
produced through rock–water interactions. The hydrothermal rock–fluid interactions were
carried out for 3 days in the first batch and 7 days in the second batch of the experiment.
The experiments and measurements were conducted at 3 and 7 days because the samples
were crushed to provide high-surface-area powders, which accelerate serpentinization.
Under these conditions, diagnostic changes such as reactive minerals dissolution and H2

release can be detected, effectively capturing the early stages of reaction rates. Extended
experiments were also performed for Sample A, with reaction durations of 14 and 28 days.
Low-temperature serpentinization, mineral alterations, and H2 production over these time
durations have been reported elsewhere [14,34–36].

2.2.1. Fluids Analysis

At the end of the experiment, the system was allowed to cool at an ambient temper-
ature for one hour, and the H2 generated was measured. Hydrogen gas detection was
performed using an electrochemical gas analyzer with a measurement accuracy of ±2 ppm.
The H2 gas was carefully collected in a transparent, sealed plastic bag to ensure reliable
and contamination-free measurements. Inside the sealed plastic bag, the H2 detector was
placed to measure the gas concentration in a controlled environment. A known volume of
gas was introduced, ensuring that the concentration remained within the detection range
of the analyzer. Once the gas was stabilized, the H2 concentration was recorded.

The supernatant aqueous fluid was collected in separate vials and analyzed using
Inductively Coupled Plasma Mass Spectrometry (ICP-MS). This technique analyzes the
chemical composition by measuring the levels of various elements. This was used to
detect elements in the liquids, including those present in trace amounts. ICP-MS to assess
the elemental compositions necessary for understanding the precipitation/dissolution
processes during the rock–fluid interactions. In addition, the total dissolved solids (TDS),
conductivity, and pH of the reaction fluids were measured using a pH/TDS/conductivity
meter to monitor changes in the geochemical properties of the system over time. These pa-
rameters serve as indicators of fluid chemistry evolution and potential mineral dissolution
or precipitation processes. Measuring TDS provides the solution’s overall concentration
of dissolved ions, while conductivity reflects the ionic strength and mobility of charged
species. Meanwhile, pH variations can indicate acid–base reactions and shifts in equilib-
rium conditions. These measurements were conducted to evaluate the precipitation and
dissolution kinetics of rock–fluid interactions during hydrogen production.

2.2.2. Mineral Characterization Using X-Ray Diffraction (XRD)

X-ray Diffraction (XRD) analysis was performed on the unreacted rock samples to
establish a baseline mineralogical composition, which was then compared to the mineralogi-
cal changes observed in the hydrothermally reacted samples. This enables the identification
of any phase transformations, mineral dissolution, or secondary mineral formations that
result from hydrothermal reactions. At the end of the experiment, the solids were retrieved
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and dehydrated in an oven at 100 ◦C for 2 h. Alteration of mineral phases was evaluated
through XRD analysis using a Malvern Empyrean PANalytical diffractometer equipped
with Ni-filtered Cu Kα radiation. The dried bulk solids were homogenized into fine powder
using a porcelain mortar and pestle and analyzed under operating conditions of 45 kV
and 40 mA, over a 2θ range of 4.5–70◦, with a scan time of 8.7 s. The resulting data were
analyzed using the HighScore Plus (v. 4.9) search-match module, integrated with the ICDD
PDF-4-2025 mineralogical library.

2.2.3. X-Ray Photoelectron Spectroscopy (XPS)

The X-ray Photoelectron Spectroscopy (XPS) spectra of the Fe 2p, Si, Mg, Al 2p, and O
1s photoelectron lines were recorded, and data were acquired using an Omicron ESCA+
system equipped with a magnesium (Mg) X-ray source. The emission current was set to
20 mA, while the applied voltage was maintained at 15 kV to ensure optimal excitation of
core electrons. The pass energy was set at 20 eV, providing high-resolution spectra with
enhanced peak definition and minimal background noise. The system was calibrated before
analysis, and data acquisition was conducted under ultra-high-vacuum (UHV) conditions
to minimize contamination and ensure reliable results. The collected spectra were used to
determine the elemental composition, oxidation states, and chemical bonding environments
of the rock samples before and after the reaction. Deconvolution and interpretation of the
components’ peaks were performed using CasaXPS software, version 2.3.26PR1.0. The
determination of the oxidic Al 2p core level binding energies and the measured spectra
were resolved into oxidic and metallic components in their respective binding energy
regions. This procedure is discussed in detail in the works by [37–39].

3. Results

3.1. Hydrogen Generation

Hydro-geochemical reactions, often broadly referred to as serpentinization, are com-
monly associated with H2 generation across various rock types. In the ultramafic and mafic
rocks, both high and low levels of H2 production have been observed, as shown in Figure 2.
Among ultramafic rocks, Sample C generated as little as 1.2 mmol/kg of rock, while Sample
B produced up to 9.6 mmol/kg of rock. This variation shows that H2 generation can vary
significantly within the same rock class. Despite both being ultramafic, there is an apparent
disparity in their H2 output.
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Figure 2. Hydrogen generation recorded for different ultramafic (dashed lines; Samples A, B, C, D,
and E) and mafic (solid lines; Samples F and G) rocks over time.
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Similarly, for mafic rocks, Sample F produced up to 10.8 mmol/kg of rock, whereas
Sample G yielded only 0.76 mmol/kg of rock. These results indicate that H2 generation is
not uniform across ultramafic and mafic rocks, suggesting the influence of mineralogical
and geochemical differences on H2 production. The mineralogical composition of rocks
plays a significant role in governing H2 generation during serpentinization and hydro-
geochemical reactions in mafic and ultramafic formations. The primary difference between
mafic and ultramafic rocks lies in their silica and magnesium content [18]; however, this is
likely not the only factor influencing H2 production in these rocks. Replicate experiments,
particularly the 3-day batch tests, were carried out on selected rock types under identical
conditions. The results showed strong consistency in hydrogen production patterns and
associated mineralogical changes. The subsequent sections examine how the mineralogy,
elemental composition, and reaction pathways influence H2 production in these rock
types. The key mineral phases and geochemical processes that regulate H2 release during
water–rock interactions in ultramafic and mafic environments are further analyzed.

3.2. Mineralogical Characterization
3.2.1. Elemental Composition

The elemental composition of the rock samples using X-Ray Fluorescence (XRF) analy-
sis is presented in Figure 3. Although both ultramafic and mafic rocks exhibit comparable
concentrations of silicon (Si), iron (Fe), manganese (Mn), and zinc (Zn), they display notable
differences in the composition of other major cations. Specifically, the mafic rocks (Sample
F and G) contain substantially higher levels of aluminum (Al), calcium (Ca), sodium (Na),
and potassium (K), while exhibiting significantly lower concentrations of magnesium (Mg)
in comparison to the ultramafic rocks (Sample A to E). These variations in elemental com-
position likely reflect differences in the mineralogical makeup and geochemical evolution
of the rocks, which could, in turn, result in varying hydrogen H2 generation potentials
across the different rock types.
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Figure 3. Elemental composition of the unreacted seven rock samples using X-Ray fluorescence (XRF)
analysis: Five ultramafic (Sample A to E) and two mafic rock samples (Sample F and G).

3.2.2. Ultramafic Rocks

There are significant variations in the mineral composition of the assessed rocks, with
each rock exhibiting unique mineralogical alterations over different treatment durations.
For ultramafic rocks, notable mineralogical changes occur during the generation of hydro-
gen. For example, significant mineral alteration was observed in Sample A (Figure 4). The
olivine content, initially 59.5 wt.%, decreased to 57.3 wt.% after 3 days and decreased to
55.3 wt.% after 7 days of interaction, and no brucite formation was detected in this sample
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over this reaction period. In Sample B (Figure 5), a substantial increase in the lizardite phase
was observed after 3 days (64.3 wt.%) and 7 days (68.5 wt.%) of hydrothermal exposure,
compared to its initial composition (38.4 wt.%). This aligns with the commonly reported
serpentinization reaction responsible for H2 production in hydrothermal systems. Addi-
tionally, Fe-rich minerals such as olivine, hematite, and clinopyroxene showed a decrease,
indicating their transformation into lizardite, which correlates with H2 generation. Further-
more, birnessite, a manganese hydroxide (Mn(OH)4), was also observed to substantially
decrease after 7 days of exposure, suggesting additional geochemical interactions during
the reaction process.

Figure 4. XRD spectra of the progressive mineralogical transformations occurring in Dunite ophiolite
Sample A throughout the duration of hydrothermal reaction experiments for H2 generation.

Figure 5. XRD spectra of the progressive mineralogical transformations in peridotite-Sample B for
the duration of hydrothermal reaction experiments for H2 generation.
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Similar mineral alterations were observed for Sample C (Figure 6), with a decrease in
olivine content from the initial 82.4 wt.% to 77.6 wt.% and 74.6 wt.% after 3 and 7 days of
reaction, respectively. Correspondingly, lizardite increased from 4.8 wt.% to 7.3 wt.% and
8.2 wt.%. Additionally, this sample showed an increase in brucite content from 1.8 wt.% to
2.6 wt.% after 7 days. Contrary to Sample A, which showed a decreasing trend in hematite,
Sample C exhibited an increase in hematite content from 1.6 wt.% to 3.9 wt.% and 5.7 wt.%
after 3 and 7 days of hydrothermal interaction, respectively. No magnetite was observed
in this sample. XRD analysis revealed changes in the composition of iron-rich minerals
such as olivine, hematite, and magnetite, indicating their role as major reactants in the
transformation process.

Figure 6. XRD spectra of the progressive mineralogical transformations in Sample C throughout the
duration of hydrothermal reaction experiments for H2 generation.

For Sample D (Figure 7) and Sample E (Figure 8), although a decent amount of H2

was generated by these samples (3.2 and 5.4 mmol/kg of rock, respectively), there was
no notable magnetite presence as shown in the XRD. Considering Sample D (Figure 4),
olivine content decreased from 70.7 wt.% to 66.8 wt.% and 62.8 wt.% after 3 and 7 days,
respectively. Meanwhile, lizardite increased from 15.2 wt.% in the untreated rock to
23.9 wt.% after 7 days of interaction, accompanied by the formation of brucite, which
reached 1.4 wt.% after 7 days of exposure. This is the well-established pathway for H2

generation during serpentinization. It involves serpentine (lizardite) formation through the
hydration of olivine, along with brucite precipitation, where Mg-rich forsterite reacts with
water to produce Mg(OH)2. Additionally, the oxidation of Fe-rich wuestite (FeO) facilitates
H2 release as Fe2+ undergoes oxidation.

For Sample E (Figure 8), where larger H2 was produced (compared to Sample D), there
was considerable mineral phase transformation. Specifically, the lizardite content increased
from 19.6 wt.% in the untreated rock to 36.7 wt.% after 7 days of hydrothermal exposure.
No brucite or magnetite was formed. This suggests that not all geological H2-generating
reactions in ultramafic rocks result in the formation of brucite or magnetite.
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Figure 7. XRD spectra of the progressive mineralogical transformations occurring in peridotite
Sample D throughout the duration of hydrothermal reaction experiments for H2 generation.

Figure 8. XRD spectra of the progressive mineralogical transformations in Dunite ophiolite Sample E
for the duration of hydrothermal reaction experiments for H2 generation.

3.2.3. Mafic (Basaltic) Rocks

The mafic rocks investigated primarily comprise plagioclase minerals, with calcic
labradorite and anorthite being the dominant phases. In addition to these, olivine and trace
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amounts of silicate minerals, including biotite, orthopyroxene (enstatite), clinopyroxene
(diopside), and zeolite, were also identified. Despite the general similarity in mineralogical
composition between the two mafic rock samples examined, a significant difference in H2

generation was observed. Sample F showed a remarkably high H2 production, reaching
up to 10.8 mmol/kg of rock, whereas Sample G yielded only 0.76 mmol/kg of rock. This
stark contrast suggests that factors beyond mere bulk mineral composition influence H2

production, with the reaction pathway and mineral transformation mechanisms likely
playing an important role.

Before hydrothermal treatment, both rock types contained similar primary mineral
phases, including labradorite, andesine, biotite, olivine, and enstatite. However, after
7 days of reaction, Sample F exhibited a transformation of plagioclase labradorite into
andesine, suggesting a gain of Na or a loss of Ca from the solid matrix (Figure 9). In
contrast, sample G transformed into anorthite, indicating Na depletion or Ca enrichment
within the crystalline phase (Figure 10). These variations in element redistribution suggest
distinct geochemical processes that may have influenced the extent of H2 production in
each rock type.

Interestingly, Fe-rich mineral phases, including clinopyroxene (enstatite) and maghemite,
were observed in Sample F, while olivine decreased after 7 days of reaction. This trans-
formation was also accompanied by the consumption of cristobalite (SiO2), a silica poly-
morph that may indicate enhanced reaction kinetics. The presence of these Fe-rich phases
is significant, as iron oxidation and redox cycling are known to play a critical role in H2

generation [11,14,15,40,41]. This suggests that the higher H2 production observed in Sample
F could be attributed to active Fe-driven redox reactions and the formation of reactive min-
eral surfaces, including maghemite and biotite. This could be the primary reason for the
high H2 generation observed in this mafic rock type, surpassing even the H2 produced by
all the ultramafic rocks studied. In contrast, Sample G exhibited the lowest H2 production
among all the rocks investigated, which could be linked to its lower total content of Fe-rich
minerals in the unreacted state compared to the other analyzed rocks, as shown in Figure 11.

Figure 9. Mineral phase transformations by XRD for the unreacted and reacted mafic rocks (Sample F)
for H2 generation hydrothermal reactions.

45



Hydrogen 2025, 6, 76

Figure 10. Mineral phase transformations by XRD for the unreacted and reacted mafic rocks
(Sample G) for H2 generation hydrothermal reactions.

0

2

4

6

8

10

12

0
10
20
30
40
50
60
70
80
90

100

H2
 g

en
er

at
io

n 
(m

m
ol

/k
g 

ro
ck

)

Fe
-r

ic
h 

m
in

er
al

 p
ha

se
 (w

t.%
)

Fe mineral phase H2 generation-3days H2 generation-7days

Figure 11. Iron-rich mineral phase against H2 generation for the ultramafic and basaltic rocks over
3- and 7-day reaction durations.

3.3. Elemental Analysis and Iron (Fe) Oxidation State
3.3.1. XPS Elemental Analysis

X-ray Photoelectron Spectroscopy (XPS) was performed to determine the elemental
composition and chemical state of the rock samples before and after reaction by measuring
the binding energies. The XPS atomic ratios of the major elements in the ultramafic and
mafic rocks are analyzed. The mafic rock samples, Sample F and Sample G, exhibited
a higher silicon (Si) content compared to the ultramafic rocks. At the same time, their
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magnesium (Mg) composition is relatively lower in the bulk surface. Basalts originate from
smaller extents of mantle melting, which usually results in rocks with lower Mg and higher
Si, Fe, and Al contents [18,42]. This compositional variation is significant because Mg-rich
minerals, such as olivine and pyroxenes, are commonly associated with serpentinization
reactions in ultramafic rocks. However, the higher Fe and Al content in these mafic rocks,
compared to their ultramafic counterparts, suggests that factors beyond just Mg content
play an important role in determining the reactivity of these rocks in H2 generation.

The increasing Fe content with treatment duration observed in the bulk surface of
these mafic rocks is believed to be a key factor influencing their H2 generation potential,
specifically in Sample F. Iron is a key component in redox reactions, particularly in convert-
ing Fe2+ to Fe3+, a process closely linked to H2 production. The availability of Fe-bearing
minerals, such as clinopyroxene, maghemite, and biotite, may facilitate surface-mediated
electron transfer, potentially enhancing H2 evolution in this basaltic rock. Additionally,
aluminum (Al) in the crystalline structure can influence mineral stability and reaction
pathways by affecting cation exchange and fluid–mineral interactions. The compositional
differences between mafic and ultramafic rocks suggest that while Mg content is tradition-
ally associated with H2 production through serpentinization, the presence of Fe-rich phases
in mafic rocks could provide an alternative mechanism for sustained hydrogen generation.

3.3.2. Iron (Fe) Oxidation States and H2 Generation

Iron (Fe) can exist in multiple oxidation states, with Fe2+ and Fe3+ being the most
common in geochemical systems. Different iron oxides, such as magnetite (Fe3O4), hematite
(Fe2O3), and wuestite (FeO), exhibit distinct binding energy (B.E) peaks in X-ray Photo-
electron Spectroscopy (XPS). However, due to the overlap of peak positions among these
oxides, accurately determining the Fe oxidation state requires careful analysis. In this study,
the Fe oxidation state was identified using XPS by referencing literature-established peak,
ensuring precise differentiation between Fe2+ and Fe3+ species. The input parameters for
the deconvolution of the XPS spectra [37–39] are detailed in Table 1.

Table 1. Peak model input parameters for deconvolution of XPS spectra using CasaXPS software [37–39].

S/# Name Pos. Constraint (eV) FWHM Constraint (eV) Area Constraint Position (eV) FWHM (eV)

A Fe 729.108, 704.398 0.9, 0.95 0.0, 10,000,000.0 706.70 0.95

B Fe2+ 1 708.75, 708.25 1.35, 1.45 0.0, 10,000,000.0 708.48 1.45

C Fe2+ 2 710.05, 708.258 1.55, 1.75 0.0, 12,400,000.0 710.05 1.75

D Fe2+ 3 711.25, 708.25 1.55, 1.75 0.0, 5,990,000.0 708.25 1.75

E Fe2+ 4 712.45, 708.25 2.85, 3.05 0.0, 10,580,000.0 709.42 3.05

F Fe2+ 5 715.75, 708.25 2.45, 2.55 0.0, 2,310,000.0 714.36 2.5

G Fe3+ 1 710.35, 709.75 1.15, 1.35 0.0, 10,000,000.0 710.35 1.15

H Fe3+ 2 711.35, 709.75 1.25, 1.35 0.0, 9,520,000.0 711.13 1.25

I Fe3+ 3 712.25, 709.75 1.35, 1.55 0.0, 7,320,000.0 712.25 1.55

J Fe3+ 4 713.35, 709.75 1.35, 1.55 0.0, 3,980,000.0 709.75 1.55

K Fe3+ 5 714.45, 709.75 1.85, 1.95 0.0, 3,010,000.0 713.65 1.95

L Fe3+ 6 719.85, 709.75 2.65, 2.75 0.0, 3,270,000.0 719.85 2.75

This approach helps understand the redox transformations and their role in H2 gener-
ation and mineral reactivity. The peak models provide constraints for the peak position,
area, and the full width at half maximum (FWHM) for each of the Fe components input
into the model. With known peak position and FWHM, the components are quantified as
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area percentages. The XPS spectra reveal variations in Fe oxidation states, with each rock
type displaying distinct oxidation behavior.

The resolved components in the Fe core level peak, obtained through curve-fitting
of the various iron oxides, are identified. The XPS spectra of the ultramafic rocks with
different Fe-oxide components are provided in Figures 12–14. Distinct variations in Fe
oxidation were observed across different rock types and at various interaction times. This
suggests that the hydro-geochemical reactions responsible for H2 production differ among
rock types, indicating that multiple reaction pathways are involved. These differences
arise because each rock type exhibits unique mineralogical and geochemical properties,
as well as crystallinity and surface reactivity, which influence how iron undergoes Fe
oxidation–reduction cycles under identical reaction conditions.

In addition, the presence of trace minerals, such as biotite and zeolite, as identified by
XRD, can further modulate reaction kinetics by acting as mediators, buffers, or inhibitors,
which influence reactivity and the potential for H2 generation. Even minor variations in
mineral composition can introduce changes, alter reaction kinetics, and influence Fe2+/Fe3+

cycling. Consequently, the observed differences in Fe oxidation states across rock types
reflect the complex interplay of bulk mineralogy, trace element chemistry, and reaction
dynamics, ultimately leading to distinct pathways for hydrogen production.

The Fe2+/Fe3+ ratios obtained through deconvolution of the XPS spectra were plotted
against the amount of H2 generated by the various rocks, as presented in Figure 15. This is
to investigate potential correlations between iron oxidation states and hydrogen production.
Sample A showed a direct correlation between its Fe2+/Fe3+ ratio and hydrogen production.
Although Sample B produced the highest amount of H2 among the ultramafic rocks
analyzed, no clear correlation was observed between its Fe2+/Fe3+ ratio and the hydrogen
generated. This lack of correlation suggests that Fe oxidation alone is unlikely to be the
primary controlling factor for H2 generation in this rock type within the investigated time
frame and reaction conditions. Among the other ultramafic samples, only Samples A
and C exhibited an observable relationship between Fe2+/Fe3+ ratios and H2 production,
which will be discussed in detail in subsequent sections. However, no direct correlation
was observed for most ultramafic rocks analyzed, indicating that additional geochemical
factors, such as trace mineral composition, or secondary reaction pathways, may play a
role in H2 production.

Figure 12. Deconvoluted XPS spectra of changes in iron oxidation (Fe metal—Red region;
Fe2+—Green region; Fe3+—Blue region) for the extended reaction durations in ultramafic Sample A.
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Figure 13. Deconvoluted XPS spectra showing changes in iron oxidation states (Fe metal—Red region;
Fe2+—Green region; Fe3+—Blue region) at different reaction durations in the ultramafic rocks.

Figure 14. Deconvoluted XPS spectra showing changes in iron oxidation states (Fe metal—Red region;
Fe2+—Green region; Fe3+—Blue region) at different reaction durations in the mafic rocks.
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Figure 15. The Fe2+/Fe3+ ratios (black dots with black dash trendline) obtained through deconvo-
lution of the XPS spectra against the amount of H2 generated (green dots) by the ultramafic and
mafic rocks.
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For the mafic (basaltic) rocks (Figure 15 (Samples E and F)), Sample F showed an
increasing trend between the Fe2+/Fe3+ ratio and the amount of H2 generated. A positive
relationship suggests that a lower proportion of Fe3+ was detected at the surface after
reaction, as observed in the XPS analysis. This finding indicates that the oxidation of Fe2+

to Fe3+ was not the dominant mechanism driving mineral phase transformations and H2

production in this sample over the investigated period (0 to 7 days). In contrast, Sample
G did not show such a correlation, emphasizing the notion that variations in bulk and
surface Fe oxidation states do not uniformly control H2 generation across all rock types.
Instead, other geochemical and mineralogical factors likely influence the reaction pathways
involved in serpentinization and H2 production.

3.4. Aqueous Fluids Analysis
3.4.1. Dissolution/Precipitation and Components Partitioning

The composition of the major elements in the supernatant, including Al, Mg, K, Ca, Zn,
and Na, was analyzed to assess the geochemical evolution of the aqueous fluids. ICP-MS
analysis of the aqueous fluids revealed that both dissolution and precipitation processes
occurred in most of the samples, including both ultramafic and mafic rocks. However, each
rock type exhibited distinct dissolution/precipitation kinetics, indicating that different
reaction pathways contribute to H2 generation.

For the ultramafic rocks, Sample A (Figure 16) showed an increase in Mg and Ca
concentrations in the aqueous solution, accompanied by a slight decrease in Zn content.
In contrast, Sample B showed minimal modification of the aqueous fluid composition
after reaction. A reduction in Mg and Zn concentrations suggests that these elements
were removed from the solution through precipitation, potentially forming secondary
mineral phases. Despite their low concentrations, this implies that Mg- and Zn-bearing
minerals in the bulk solids are more likely to precipitate than dissolve. Importantly, no
significant dissolution was observed in this rock, indicating limited release of elements
into the fluid phase. Sample C displayed the opposite trend, with a substantial increase in
Mg concentration in the supernatant, suggesting that dissolution of Mg-bearing minerals
occurred, releasing Mg into the fluid. The most notable change for Sample D (Figure 16)
was an increase in K concentration in the reacted water compared to the initial unreacted
water, indicating the dissolution of K-bearing minerals into solution, possibly due to
phyllosilicate dissolution. For Sample E, a significant increase in Ca concentration after
7 days of hydrothermal reaction and a slight increase in Mg concentration were observed.
This suggests that Ca-rich phases, such as clinopyroxenes or apatite, underwent dissolution,
enriching the fluid with Ca.

Regarding the mafic rocks, notable geochemical changes were observed in the aqueous
fluid composition, particularly in Sample G, where significant increases in K, Ca, and
Zn concentrations were detected. This suggests that the dissolution of K-, Ca-, and Zn-
bearing minerals occurred, releasing these elements into the fluid phase. The increase
in Ca concentration is likely due to the breakdown of calcic silicates, resulting in the
transformation of labradorite to andesine or the dissolution of clinopyroxene (diopside).
The presence of high K levels points to the leaching of K-rich feldspars. In contrast,
Sample F exhibited a more selective geochemical response, characterized by an increase
in K concentration. This suggests that K-bearing minerals, such as phyllosilicate or mica,
specifically biotite (K(Mg,Fe)3AlSi3O10(OH,F)2), were more susceptible to dissolution in
this rock type. It has been argued that an elevated Si concentration in the reacting fluid
can suppress H2 production [25]. Aside from other solutes in the reacting fluid, the initial
dissolved Si concentrations [25] in the reacting fluids can also influence the overall process
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of rock alteration [18,25]. Notably, no Si was detected in the aqueous phase for any of the
rock–water systems investigated herein.
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Figure 16. The composition of the major elements in the aqueous solution, including Al, Mg, K, Ca,
and Zn, was analyzed to assess the geochemical evolution of the aqueous fluids.
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The variation in elemental release between these mafic and ultramafic rocks shows
differences in mineral composition, solubility, and fluid–rock interactions, which influence
the pathways of element mobilization and potential contributions to hydrogen generation.
The differences in reaction kinetics emphasize that H2 production is influenced not only
by Fe oxidation but also by mineralogy, which impacts the solubility and mobility of key
elements within the rock–fluid system.

3.4.2. Other Trace Elements

Traces of additional elements, including Ni, Cu, and Mo, were detected in the su-
pernatant, indicating their mobilization during fluid–rock interactions, as presented in
Figure 17. These elements are transition metals, whose oxides are commonly known for
their geocatalytic properties in redox and hydrothermal reactions [29–31]. Their pres-
ence in the reaction fluid suggests potential geochemical transformations involving metal
dissolution and reprecipitation.
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the H2 generated after 3- and 7-day hydrothermal interactions.
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Interestingly, apart from Samples D and F, all other rocks exhibited increased concen-
trations of one or more of these trace elements, implying that their presence was more
prominent in certain rock types. The varied release of these metals could be linked to
differences in mineral composition and changes in oxidation state. Given that Ni, Cu, and
Mo are often associated with oxides or silicate minerals, their mobilization may result from
the breakdown of specific mineral phases under hydrothermal conditions. We speculate
that the presence of these transition metals could contribute to geocatalytic mechanisms
in hydrogeochemical H2 generation. Transition metals are known to facilitate electron
transfer reactions, potentially accelerating the oxidation of Fe2+ to Fe3+ and enhancing
H2 production [29,30]. Their role in surface-mediated redox reactions and mineral–fluid
interactions may influence reaction kinetics, affecting the overall efficiency of hydrogen
generation in ultramafic and mafic rock systems.

While the leaching of trace elements such as Ni, Cu, and Mo coincided with enhanced
H2 yields in the same samples, these observations should be regarded as correlative rather
than conclusive. Leaching data alone does not establish direct catalytic involvement, and
other mineralogical or geochemical processes may contribute to the observed variability.
Therefore, we interpret the role of trace elements as a potential but unconfirmed factor
in H2 production. Further investigation into the speciation, coordination environment,
and reactivity of these metals could provide a deeper understanding of their influence on
natural hydrogen production.

3.4.3. Physicochemical Properties

Figure 18 presents the total dissolved solids (TDS), conductivity, and pH of the reaction
fluids. The TDS represents the total concentration of dissolved ions in the aqueous system,
which originates from the dissolution of minerals during the rock–fluid interaction process.
Electrical conductivity is directly related to the ionic strength of the fluid, as the presence of
more dissolved ions enhances the conductivity of water. Conventionally, as TDS increases,
conductivity also increases, and vice versa. This is because the breakdown of minerals
releases ions such as Mg2+, Ca2+, K+, and Na+, as observed in their elemental form, which
contribute to higher ionic concentrations and thereby increase conductivity. Conversely,
a decrease in TDS and conductivity suggests that precipitation processes are occurring,
where dissolved ions are removed from the solution and incorporated into newly formed
mineral phases.

The pH of the supernatant water is another important parameter that reflects the
nature of dissolution and precipitation reactions. For example, an increase in pH may
indicate the precipitation of hydroxides or the consumption of protons in the reactions.
Among the ultramafic rocks, the most pronounced pH increase was observed in Sample A
and Sample C, while among the mafic rocks, Sample F exhibited a similar trend. However,
using pH, TDS, and conductivity alone to predict the H2 generation potential of rocks is
challenging. Although both Sample A and Sample C showed an increase in pH, Sample A
generated significantly more H2, whereas Sample C produced the lowest amount of H2

among the ultramafic rocks. Similarly, Sample G, a mafic rock, exhibited increased TDS,
conductivity, and water pH, yet it produced less H2 than Sample F, another mafic rock.
These observations suggest that multiple geochemical factors, beyond just fluid pH and
ion concentration, influence the efficiency of H2 production in hydrothermal systems.

The observed changes in TDS, conductivity, and pH across different rock types suggest
that hydrothermal dissolution and precipitation processes vary, influencing reaction kinetics
and hydrogen generation efficiency. For instance, ultramafic rocks rich in olivine and
pyroxene may show high Mg2+ and Fe2+ release, driving H2 production via Fe oxidation,
whereas mafic rocks with plagioclase and amphiboles may exhibit different dissolution
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patterns. Correlating TDS, conductivity, and pH trends with mineralogical changes, as
observed in the aqueous fluids’ composition, is important in fluid-driven geochemical
reactions that control hydrogen production in natural rock systems.
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Figure 18. The total dissolved solids (TDS), conductivity, and pH of the reaction fluids.

4. Discussion

4.1. H2 Generation in Ultramafic and Mafic (Basaltic) Rocks

The hydrothermal reactions of different rock types exhibit distinct reactivity patterns.
Even trace mineral components in the bulk rock composition are likely to significantly
influence overall reaction kinetics and H2 production. The study revealed that both bulk
mineralogy and elemental-scale transformations contribute to the variability in H2 gen-
eration pathways across different rock types. Although H2 generation is linked to the
oxidation of ferrous iron in rocks, the hydrous alteration of igneous rocks with similar
ferrous iron content does not always result in equivalent H2 amounts. For instance, basaltic
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and ultramafic rocks contain similar amounts of ferrous iron (with XPS atomic ratio 1 to
4% Fe), and one might expect their hydrous alteration to generate comparable amounts of
H2 through the oxidation of ferrous to ferric iron. However, both high and low H2 yields
were observed in ultramafic and mafic rocks, with ultramafic rocks producing as little as
1 mmol and as much as 9.6 mmol of H2 per kilogram of rock. In contrast, the mafic rocks
exhibited a broader range, from 0.36 mmol to 10.8 mmol, the latter being larger than most
hydrogen generation rates of the ultramafic rocks in this study. This difference is primarily
attributed to distinct reaction pathways, influenced by the presence of trace minerals that
affect hydrogen generation mechanisms.

4.1.1. Reaction Pathways in Ultramafic Rocks

Among the ultramafic rocks, variations in H2 generation rates and reaction mecha-
nisms were apparent. Our results suggest that rocks with a higher abundance of Fe-rich
minerals tend to exhibit greater H2 generation, confirming that iron availability plays a
vital role in hydrothermal hydrogen production. This trend was consistent across both
ultramafic and basaltic rock types, reinforcing the significance of Fe-bearing minerals in
driving redox reactions that lead to the release of H2. However, despite this broad trend,
individual rock types display variations in reaction pathways. For example, Sample B of
ultramafic rock did not generate any H2 during the short-term hydrothermal exposure
(3 days). The noticeable mineral transformation was the conversion of clinopyroxene
(Ca(Mg, Fe)Si2O6) and hematite (Fe2O3) with some olivine into increased amounts of
lizardite (Mg3Si2O5(OH)4), as indicated in the XRD, with this reaction defined by reaction
5. Significant mineral alterations and H2 generation (the largest among the ultramafic
rocks) were observed after 7 days of interaction (reaction 6). Most Fe-rich minerals, includ-
ing olivine, hematite, and clinopyroxene (which decreased from 24.9 to 21.9 wt.%, 5.8 to
2.0 wt.%, and 19 to 3.1 wt.%, respectively), were depleted as shown in the XRD analysis.
The primary newly formed minerals were serpentine (lizardite), which increased from
38.4 to 68.5 wt.%, and magnetite, which rose from 1.8 to 2.57 wt.%. Notably, no brucite
was formed. Detailed information about the XRD mineral transformations is provided
in Figures 4–10 above. The mineral names and nominal stoichiometry are assigned based
on a restricted compositional range within a “solid solution series,” characterized by the
free isomorphic substitution of two elements (e.g., Fe and Mg) within the crystal lattice
(see [43]). The reaction equations are approximated based on the nominal stoichiometry of
each mineral identified through XRD; the elements in parentheses may freely substitute for
one another.

Sample B 3 days

Olivine + Lizardite + Birnessite + Hematite + Water → Lizardite + Olivine + Birnessite + Hematite

(Mg, Fe)2SiO4 + Mg3Si2O5(OH)4 + Mn(OH)4 + Fe2O3 + H2O
→ Mg3Si2O5(OH)4 + (Mn, Fe)2SiO4 + Mn(OH)4 + Fe2O3

(5)

Sample B 7 days

Lizardite + Birnessite + Olinive + Clinopyroxene + Magnetite + Hematite + Water
→ Lizardite + Birnessite + Olivine + Clinopyroxene + magnetite + Hematite + Hydrogen

Mg3Si2O5(OH)4 + Mn(OH)4 + (Mg, Fe)2SiO4 + Ca(Mg, Fe)Si2O6 + Fe3O4 + Fe2O3 + H2O + H+

→ Mg3Si2O5(OH)4 + Mn(OH)4 + (Mg, Fe)2SiO4 + Ca(Mg, Fe)Si2O6 + Fe3O4 + Fe2O3 + H2 + OH− (6)

For Sample C, this rock type produced the lowest H2 yield among the ultramafic
rocks, generating only 0.76 mmol of H2 per kilogram of rock. After 7 days of reaction, the
most notable mineral transformations included the decrease in olivine and vermiculite
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((Mg,Fe,Al)6(Si,Al)4O10(OH)8), accompanied by the formation of hematite and brucite
through the alteration of Fe-Mg silicates like olivine. These mineral modifications con-
tributed to the changes in Mg concentration in the aqueous solution, as shown in Figure 16
(Sample B). The approximate chemical reaction pathways for these transformations can
be represented by Reaction 7. Although serpentine formation was not the sole mineral
transformation, H2 generation in these rocks appears to be primarily driven by the presence
of Fe-containing minerals.

Sample C 3 to 7 days interaction

Olivine + Lizardite + hematite + brucite + water → Olivine + Lizardite + hematite + brucite + Hydrogen

(Fe, Mg)2SiO4 + Mg3Si2O5(OH)4 + Fe2O3 + Mg(OH)2 + H2O + H+

→ (Fe, Mg)2SiO4 + Mg3Si2O5(OH)4 + Fe2O3 + Mg(OH)2 + H2 + OH− (7)

Although serpentine formation was not the only mineral transformation observed,
hematite was also formed, as evidenced by its increased XRD composition in Sample C. It
is important to note that this is the only rock sample that exhibited an increase in hematite
content, whereas all other analyzed samples showed a decreasing trend compared to the
untreated rocks. In these rocks, H2 generation is primarily attributed to the presence of
Fe-containing minerals based on their mineralogical composition. The ultramafic rocks
did not exhibit a consistent trend between H2 production and the formation of brucite or
magnetite, as shown in Figures 4–10. Specifically, magnetite decreased (or was consumed)
in Sample A, increased in Sample B, was not detected in Samples C and D, and showed no
significant change in Sample E. For brucite, precipitation occurred in Samples A, C, and
D after hydrothermal reaction, while Samples B and E showed no change over the 3- and
7-day interaction periods. Particularly, the reaction pathway for Sample A is similar to
that of Sample E, with the exception of greater serpentine formation in Sample E over the
3- and 7-day reaction durations. Similarly, the reaction pathway or mechanism responsible
for H2 generation in Sample C resembles that of Sample D. The key difference lies in the
transformation of hematite, which increased in Sample C but decreased in Sample D from
the untreated state through the 3- and 7-day hydrothermal reactions. This unique feature
in the mineralogical transformation of Sample C, among all the examined ultramafic rocks,
could be the primary reason for the lowest H2 generation observed compared to the other
ultramafic samples.

Thermodynamic simulations yielded similar results, indicating that magnetite is
unlikely to form during the serpentinization of orthopyroxene, as all Fe initially present
in orthopyroxene is instead incorporated into serpentine [13]. Meanwhile, ferroan brucite
oxidation has been proposed as a major contributor to H2 production in ophiolites at
temperatures below 423 K [44,45]. This aligns with petrographic observations of natural
samples, which indicate that brucite undergoes oxidation to form magnetite under open-
system conditions [46,47].

The thermodynamic simulation work of [18] demonstrated that H2 production is
strongly influenced by rock composition. In particular, the serpentinization process in
lithologies with larger magnesium content results in significantly greater H2 generation,
attributing higher H2 generation to increased MgO composition. Specifically, rocks with
MgO content exceeding 35 wt.% have the highest potential for H2 generation. However,
the amounts vary significantly due to differences in their ability to stabilize various Fe(III)-
bearing phases during the process of hydrous alteration. Even among rocks with similar
MgO content, variations in SiO2 levels influence the precipitation of Fe-bearing secondary
minerals. Higher SiO2 concentrations promote the formation of greenalite over cronstedtite,
resulting in lower H2 production, as Fe(II) from primary minerals is incorporated into
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greenalite without oxidation [24,25]. In contrast, rocks with MgO content below 20 wt.%
do not produce significant H2 at any water-to-rock ratio in their simulations [18].

It is important to mention that the thermodynamic computations by [13] reported a
somewhat contrasting finding: the serpentinization of Fe-rich olivine within the forsterite–
fayalite (Fo-Fa) solid solution led to the formation of a free H2 gas phase, with H2 generation
increasing from Fo10-Fa to Fo70-Fa. The complete diadochy between Mg2+ and Fe2+ results
in a broad range of olivine compositions, ranging from forsterite to fayalite [48]. The
chemical makeup of olivine significantly affects its stability when exposed to water [13].
Consistent with our experimental findings, mineral alteration and H2 generation are highly
dependent on the specific starting minerals.

It was documented that in the early stages of serpentinization, Fe-bearing serpentine
minerals commonly form, incorporating ferric iron within their structure [18]. Interestingly,
not all H2-generating hydrothermal reactions resulted in serpentine ((Mg2.70Fe0.18Al0.11)
(Si1.81Al0.19O5)(OH)4) formation. This challenges the conventional assumption that H2

generation in Fe-rich rocks is always linked to serpentinization. Instead, in some cases,
birnessite (a Mn-rich layered hydroxide mineral, (H4.424MnO4.212)), and hematite (Sample
C), could form as a secondary mineral in hydrothermal environments, particularly from the
alteration of manganoan olivine and pyroxene, was identified as a major reaction products.
This distinction shows that alternative mineralogical pathways contribute to H2 generation
beyond traditional serpentinization reactions.

4.1.2. Reaction Pathways in Mafic (Basalts) Rocks

For the mafic rocks (Samples F and G), there is no evidence of serpentine formation.
H2 production in these systems follows a different mineralogical transformation path.
Instead, the secondary minerals formed were andesine and anorthite, both of which belong
to the plagioclase feldspar group. This aligns with recent findings that indicate H2 can be
generated from basalts [49]. Basaltic rocks generate H2 through mechanisms that differ
from those governing Fe-rich ultramafic systems, involving feldspar alteration and Fe-rich
mineral transformations rather than typical ultramafic serpentinization pathways.

The reactive mineral assemblage in basalts is dominated by Mg- and Fe-bearing phases,
with olivine present in lower modal abundance relative to ultramafic counterparts. These
compositional differences significantly influence mineral–fluid reactivity and the efficiency
of subsequent H2 generation during water–rock interaction. These minerals include or-
thopyroxene ((Mg, Fe)2)Si2O6), enstatite (Mg2Si2O6), diopside (CaMgSi2O6), and biotite
(K(Mg, Fe)3AlSi3O10(OH)2). The increased concentrations of K and Ca observed in the
aqueous solution, as shown in Figure 16 (Samples F and G), provide clear evidence of
the dissolution of biotite and diopside, respectively. Biotite, a K-rich phyllosilicate min-
eral, releases potassium ions (K+) into the solution as it undergoes chemical breakdown.
Similarly, diopside, a Ca-Mg pyroxene, contributes to the increased Ca2+ concentrations
through its dissolution. This facilitates geochemical reactions that drive the generation of
H2. The breakdown of Fe- and Mg-bearing silicates promotes redox reactions where ferrous
iron (Fe2+) within the mineral structure can be oxidized, concurrently reducing water to
produce molecular H2 as presented in Reactions 8 and 9. This process is particularly signifi-
cant in mafic rock systems, where Fe2+-rich phases readily participate in redox-driven H2

generation.
Sample F 3 days

Labradorite + Andesine + Enstatite + Water → Labradorite + Andesine + Enstatite

2Al0.81Ca0.33Na0.16Si1.19O4 + Al0.74Ca0.24Na0.26Si1.27O4 + Mg2Si2O6 + H2O
→ Al0.81Ca0.33Na0.16Si1.19O4 + Al0.74Ca0.24Na0.26Si1.27O4 + Mg2Si2O6 + H2O

(8)
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Sample F 7 days

Labradorite + Biotite + Enstatite + Olivine + Water → Labradorite + Andesine + Biotite(Mica) + Enstatite + Olivine + Hydrogen

2Al0.81Ca0.33Na0.16Si1.19O4 + K(Mg, Fe)3(AlSi3O10)(OH)2 + Mg2Si2O6 + (Mg, Fe)2SiO4 + H2O + H+

→ Al0.81Ca0.33Na0.16Si1.19O4 + Al0.74Ca0.24Na0.26Si1.27O4 + K(Mg, Fe)3(AlSi3O10)(OH)2 + (Mg, Fe)2SiO4 + Mg2Si2O6 + OH− + H2
(9)

Thus, the increasing K and Ca concentrations not only confirm the reactivity of biotite
and diopside in the rock–fluid system but also serve as indirect indicators of mineral–
fluid interactions that contribute to enhanced H2 production. As primary sources of
Mg and Fe, these minerals are essential for H2 generation in basalts. Notably, Sample
E contains a higher quantitative abundance of these reactive Mg- and Fe-rich phases
compared to Sample G (refer to Figures 9 and 10). This greater mineral availability enhances
H2 generation in Sample E. The difference in H2 yield between the two mafic samples
can thus be attributed to variations in mineral composition and reactivity, emphasizing
the significance of Fe-Mg silicates in influencing H2 production rates during rock–fluid
interactions. The major minerals’ transformation pathway for Sample G is illustrated in
Reaction 10.

Sample G 3 to 7 days

Labradorite + Anorthite + Augite(Enstatite + Diopsite) + water → Labradorite + Andesine + Anorthite + Augite + Hydrogen

2Al0.81Ca0.33Na0.16Si1.19O4 + CaAl2Si2O8 + Mg2Si2O6 + CaMgSi2O6 + H2O
→ Al0.81Ca0.33Na0.16Si1.19O4 + Al0.74Ca0.24Na0.26Si1.27O4 + CaAl2Si2O8 + (Ca, Na)(Mg, Fe, Al)(Si, Al)2O6 + H2

(10)

To determine the reactive components in basalts responsible for H2 production,
ref. [49] conducted experiments on typical basaltic mineral phases, including olivine, py-
roxene, and feldspar. Specifically, the authors investigated basalt minerals, including
labradorite, augite, and olivine (fayalite and forsterite). Their findings indicated that minor
ferrous minerals present in basalts, such as magnetite (Fe3O4), ilmenite (FeTiO3), hematite
(Fe2O3, a ferric oxide), pyrite (FeS2), and pyrrhotite (FeS), did not generate detectable levels
of H2. However, olivine end-members—fayalite and forsterite—and augite generated H2.
In addition, ferrous iron-bearing silicate minerals, including biotite, produced only trace
amounts of H2. The study concluded that ferrous silicate minerals, particularly pyroxene
and olivine, were the primary contributors to H2 generation in basalts, suggesting that Fe2+

was a key reactant in the H2-generating reaction.
Considering the elemental and atomic-scale processes, the results revealed that Fe2+

oxidation to Fe3+ correlated with H2 generation in only certain rock types or at a later
stage of the reaction progression. This suggests that while Fe oxidation is an important
mechanism, it is likely not the sole driver of H2 production; additional geochemical factors,
such as the availability of trace elements and mineral dissolution/precipitation rates, also
contribute to H2 generation in certain rocks.

4.2. Extended Reactions of Sample A and Its Impact on H2 Generation

Sample A (dunite, ultramafic rock) was subjected to extended reaction durations to
better understand mineral phase transformations and H2 generation dynamics over time.
This approach aimed to capture both early-stage reactivity and intermediate to long-term
trends in mineral-fluid interactions. A comparison of the Fe oxidation states using the
Fe2+/Fe3+ ratio, mineral transformations, and H2 generation is presented in Figure 19a,b.
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Figure 19. A comparison of Fe oxidation states considering the Fe2+/Fe3+ ratio and H2 generation
(a), and mineral phase transformations over over 3-, 7-, 14-, and 28 days reaction periods (b).

4.2.1. Early-Stage H2 Generation (0–7 Days)

During the early hydrothermal exposure (0–7 days), H2 generation was rapid, reaching
up to 8 mmol/kg of rock (see Figure 19a). The high rate of hydrogen generation in this
early stage suggests that multiple geochemical mechanisms are actively contributing to
H2 release. First, the oxidation of Fe2+ to Fe3+: The conversion of Fe-bearing minerals,
including olivine and lizardite, to Fe3+-rich phases (including magnetite, Fe3O4) releases
electrons, which can facilitate water reduction to H2. The approximate reaction at this stage
is represented by Reaction 11.

Sample A 0–7 days

Olivine + Lizardite + Magnetite + Hematite + water → Olivine + Lizardite + Magnetite + Hematite + Wuestite + Hydrogen

(Mg, Fe)2SiO4 + 2Mg3Si2O5(OH)4 + 2Fe3O4 + 4Fe2O3 + H2O + 3H+

→ (Mg, Fe)2SiO4 + 2Mg3Si2O5(OH)4 + 3Fe3O4 + Fe2O3 + 3FeO + H2 + 3OH− (11)

Additionally, the presence of preformed reactive intermediates, such as metastable
Fe-bearing phases or partially oxidized minerals, enhances H2 generation by promoting
electron transfer reactions. These intermediates include wuestite (FeO), clinopyroxenes,
and brucite, which were precipitated and then dissolved as the interaction proceeded
(see Figure 4). Their presence suggests that these Fe-rich minerals exist in a reactive,
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transient state, allowing them to rapidly participate in redox reactions with water. As
these metastable phases undergo further oxidation and Fe partitioning, along with olivine
conversion (decreasing from 59.5 wt.% in the unreacted rock to 49.8 wt.% after 7 days of
interaction) into lizardite, they contribute to an initial burst of H2 production, increasing
H2 output in the early stages of the hydrothermal interactions. However, as these reactive
intermediates are depleted or converted into more stable mineral phases, such as lizardite
and birnessite, the rate of H2 generation slows down. This highlights the significance of
mineral composition and oxidation state variability in controlling the temporal dynamics
of hydrothermal hydrogen production.

This stage is characterized by an increase in the Fe2+/Fe3+ ratio (see Figure 19a),
suggesting that the oxidation of ferrous iron (Fe2+) to ferric iron (Fe3+) was not the dominant
reaction pathway during this period of interaction. Instead, other geochemical processes,
such as mineral dissolution, solid-state Fe redistribution, Fe2+ incorporation into newly
forming phases, may have played a more significant role in controlling the Fe redox balance
and resulting H2 generation. The persistence of Fe2+ suggests that either oxidation was
kinetically limited or competing reduction processes were occurring, maintaining a higher
Fe2+/Fe3+ ratio.

Additionally, the presence of metastable Fe-bearing minerals, such as wuestite and
apatite, alongside increasing serpentinization (evidenced by the rise in lizardite formation,
as shown in Figure 19b), may have contributed to buffering Fe oxidation. This, in turn,
could have slowed or altered the typical redox progression associated with Fe-driven
H2 generation.

4.2.2. Intermediate-Stage H2 Generation (7–28 Days)

Between 7 and 28 days of the hydrothermal interaction, a decline in the Fe2+/Fe3+ ratio
was observed, coinciding with a decrease in the rate of hydrogen generation. This shift
suggests that the early-stage reactive intermediates were depleted, leaving Fe2+ oxidation
to Fe3+ as the dominant mechanism driving H2 production in the intermediate phase. The
reduction in Fe2+ availability may have limited further electron transfer reactions, leading
to a gradual decrease in H2 output. The formation of a stable Fe3+-rich phase (such as
serpentine) may have reduced the reactivity of iron minerals, further slowing the rate of
hydrogen generation. Precipitation of secondary mineral phases, including lizardite and
birnessite, may have altered the surface reactivity of the rock, modifying the kinetics of Fe
oxidation and H2 release, as well as the approximate hydrogeothermal reaction for this
stage. In rock systems, this precipitation could lead to surface passivation.

Hydrogen generation in ultramafic rock systems is a complex process, indicating
that different reaction pathways dominate at various stages of hydrothermal alteration.
Serpentinization and Fe oxidation contribute to H2 generation through a time-dependent,
multi-step reaction process. In the early phase, both Fe oxidation and reactive intermediates
contribute to the release of H2. In the intermediate phase, Fe2+ oxidation becomes the
primary mechanism, but reaction rates slow as Fe2+ is gradually depleted. While the
early stage appears to involve a combination of Fe2+ oxidation and additional reactive
intermediates, the long-term reaction dynamics are primarily controlled by iron oxidation
alone. As a result, less H2 is produced since iron oxidation occurs to a lesser extent
compared to scenarios where serpentine forms extensively. Recent studies have highlighted
that non-redox-sensitive elements in rocks, such as Mg, Si, Al, and Ca, play a significant role
in controlling the distribution and transformation of Fe during secondary mineralization,
thereby influencing the redox processes that generate reduced volatiles during fluid–rock
interactions. Most of the iron released from primary minerals is integrated into secondary
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minerals with minimal oxidation, as certain minerals preferentially incorporate ferrous
iron into their crystal structures [18].

The availability of Fe2+-bearing minerals and the reaction pathway are important in
sustaining H2 production over extended periods. The mineralogical transformations, effects
of trace metals, and changes in fluid composition could provide a deeper understanding
and optimize conditions for prolonged and efficient H2 generation from ultramafic and
basaltic rock systems.

4.3. Potential Geocatalysis During H2 Generation

The presence of transition metals such as Ni, Mo, and Cu within ultramafic and mafic
rocks suggests a potential geocatalytic effect [29–31] that enhances H2 generation during
fluid–rock interactions (see Section 3.4.2). These metals can facilitate electron transfer
reactions, accelerating Fe2+ oxidation and promoting sustained H2 production beyond
typical serpentinization pathways. Additionally, the structural properties of secondary min-
erals, such as birnessite, vermiculite, and zeolite (as observed by XRD in the basalts), may
further support geocatalytic pathways by preserving reactive surfaces, thereby enabling
continuous hydrothermal hydrogen evolution over extended periods [27,50]. However, ad-
ditional research is needed to fully assess the extent of such reactive mediators in geologic
H2 generation.

Recent studies indicate that transition-metal sites within ultramafic and mafic rocks
can act as true geocatalysts that enhance abiotic H2 production beyond what is expected
from simple Fe(II) oxidation and serpentinization alone [51,52]. Nickel and Ni–Fe alloys
(e.g., awaruite and native Fe–Ni phases) promote H2 evolution by providing surface sites
for electron transfer and by lowering activation barriers for H-forming redox reactions.
Experimental and theoretical studies show that Ni2+ and Ni–Fe nanoparticles markedly
increase H2 generation rates under low-temperature aqueous conditions. The introduction
of only 1% Ni2+ boosted the H2 generation rate by nearly two orders of magnitude at 90
◦C [53,54]. Similarly, Fe-rich phases and Fe–Ni alloys formed during alteration can catalyze
hydrogen-producing reactions and facilitate redox cycling between reduced metal sites
and aqueous species, sustaining H2 production even after initial mineral transformations.
These catalytic pathways are complementary to, and sometimes kinetically dominant over,
mineral transformation-controlled H2 release, meaning that rock compositions rich in
catalytic transition metals (Ni, Fe, and trace PGE (platinum-group elements)) may produce
sustained H2 fluxes through surface-mediated reactions and alloy catalysis [51–54].

Meanwhile, aluminum, when present in the reactants, generally acts to stabilize
secondary mineral formation and buffers silica activity in olivine-rich serpentinization
process. It serves as a viable means of accelerating serpentinization reactions toward an
economically feasible timescale for industrial hydrogen production, including geologic
means [35,55]. In comparison with other technologies (like steam reforming) for H2 produc-
tion, serpentinization also introduces energy minimization through its exothermic nature,
and the presence of aluminum can further ensure its occurrence even at lower tempera-
tures. X-ray photoelectron spectroscopy, an effective method for differentiating between
Al-hydroxide and Al-oxide phases, utilizes the ratio of oxidic-bound Al to O to analyze Al
oxidation and hydration behavior [56]. The investigation of Al-oxide and Al-hydroxide
transformations revealed more pronounced alterations in basalts compared to ultramafic
rocks. The O/Al atomic ratios of aluminum oxide layers were determined based on O 1s
and Al 2p photoelectron intensities, showing an increase from 5.87 to 6.07 in the unreacted
and reacted ultramafic Sample E, respectively, and from 3.74 to 4.62 in the unreacted and
reacted basalt Sample E, respectively.
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In an experimental study, [55] demonstrated a correlation between the onset of ser-
pentinization and the dissolution of aluminum oxide (Al2O3) microspheres introduced
into the reacting fluid. Importantly, the very first signs of serpentine minerals appeared
simultaneously on both the olivine grains and the surface of these dissolving Al2O3 micro-
spheres. This suggested that the presence of dissolved aluminum in the fluid significantly
increased the solubility of olivine. Additionally, dissolved Al played a significant role in the
formation (nucleation) and subsequent growth of serpentine minerals, particularly those
rich in aluminum.

Pens et al. [35] also illustrated the contrasting effect of aluminum in both olivine-
rich and orthopyroxene-rich serpentinization processes. Their results indicated that in
the presence of aluminum (Al), olivine rapidly converts to lizardite with a half-life of
only 7 h. In contrast, orthopyroxene shows minimal reaction (only 11% conversion) even
after 6 days under the same conditions. Interestingly, orthopyroxene reacts faster without
the presence of aluminum (48% conversion in 6 days). Olivine experiments resulted in
the formation of lizardite and magnetite, while Orthopyroxene experiments exclusively
produced proto-serpentine. The explanation for these contrasting effects lies in how
aluminum interacts differently with the surfaces of olivine and orthopyroxene. Aluminum
in solutions primarily exists as negatively charged complexes, such as Al(OH)4-. The
positively charged surface of olivine attracts and adsorbs these negatively charged Al
complexes. This adsorption process likely enhances the rate at which olivine dissolves and
also helps in the nucleation and growth of lizardite, which is enriched in aluminum. On
the other hand, the neutral surface of orthopyroxene does not significantly interact with
the negatively charged Al complexes. This lack of interaction explains the slower reaction
rate of orthopyroxene in the presence of aluminum.

5. Conclusions

This study examined the potential for hydrothermal H2 generation in seven ultramafic
and mafic rocks with diverse mineralogical compositions. The study aimed to identify
key reaction pathways and geochemical factors influencing H2 generation efficiency. The
results showed how differences in rock composition, Fe oxidation states, and secondary
mineral formation influence hydrogen yield and reaction kinetics.

Our findings demonstrate that not all geologic H2-generating reactions involving
ultramafic and mafic rocks result in the formation of serpentine, brucite, or magnetite.
Instead, the results suggest that H2 generation in these systems is a strong function of
mineral transformation. Surface-mediated electron transfer and redox cycling play an
important role in sustaining hydrogen production beyond the initial mineral phase changes.

The diversity in reaction pathways, especially the formation of birnessite and/or
clinochlore instead of serpentine in some instances, suggests that not all Fe-driven hydro-
gen production processes should be classified strictly as serpentinization. These findings
also suggest that categorizing all H2-producing hydrothermal reactions as “serpentiniza-
tion” can be misleading, as alternative mineral assemblages such as birnessite, feldspars
(andesine and anorthite), and other phyllosilicates (clinochlore) may be more representative
of the dominant reaction mechanisms in certain rock types.

Magnetite experienced minimal transformation and, in some cases, was actually
formed as a secondary mineral from precursor olivine during hydrothermal exposure. This
suggests that the rock mineral may act both as a product and a reactant, indicating that its
transformation was not the primary mechanism for H2 generation. Further investigations
into the kinetics of Fe oxidation and the role of trace mineral interactions are needed to fully
understand how different geological settings influence natural H2 production potential in
both ultramafic and mafic rock systems.
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Major Fe-rich ultramafic minerals, such as olivine and pyroxenes, seem to support
sustained H2 production through continuous solid–solution exchange and phase trans-
formation, while aluminosilicates and transition metal sites (e.g., Ni, Mo, Mn, Cu) likely
enhance H2 yields. Additionally, fluid–rock interactions regenerate reactive surfaces, sup-
porting prolonged H2 generation even in the absence of serpentine formation. These results
suggest that reaction kinetics and mineralogical composition, rather than Fe oxidation
states alone, dictate the rates and efficiency of H2 production.

Ultimately, these insights shift the focus from serpentine-driven mechanisms to a
broader mineralogical framework, where transition metal sites and mineral surface prop-
erties may play a central role. Understanding these processes can enhance subsurface
hydrogen exploration and facilitate the development of engineered H2 production systems
that utilize minerals known to occur within ultramafic and mafic rock formations.

6. Future Works

Future work should investigate longer reaction durations to assess the sustained
potential of H2 generation and mineral transformation over extended time scales. Reactions
carried out beyond four-week periods could reveal slower geochemical processes and
the stability of hydrogen-producing pathways. Additionally, experiments conducted at a
broader range of temperatures and pressures will help determine the thermal thresholds
that optimize specific reaction mechanisms such as serpentinization, brucite precipitation,
and iron oxidation.

Further investigation is also needed to evaluate the influence of varying fluid
chemistries, particularly salinity and pH, on H2 production efficiency and mineral al-
teration. These parameters are important in replicating realistic subsurface environments
and understanding their role in modulating reaction rates. In addition to serpentinization,
this work suggests that surface redox reactions and geocatalytic processes may play a
significant role in H2 production. However, the catalytic contributions of trace minerals
and naturally occurring transition metals presence in ultramafic and mafic rocks remain
uncertain and warrant further investigation in future studies. Future investigations should
focus on explicitly resolving the mechanistic role of trace elements in H2 production. This
could include experiments with isotopically labeled water to track redox processes, selec-
tive mineral doping to isolate catalytic effects, and advanced surface-sensitive spectroscopic
analyses (e.g., XPS, XAS) to monitor the oxidation states of Ni, Cu, and Mo during reaction.
Such approaches will help decouple trace element effects from broader mineralogical path-
ways and establish whether these elements act as true catalysts or simply correlate with
other controlling factors.

Complementing experimental efforts with geochemical modeling will enable the pre-
diction of reaction mechanisms, fluid–mineral equilibria, and long-term system evolution
under various conditions, ultimately aiding in the design and optimization of field-scale
hydrogen production strategies.
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Abstract

This study employed tensile test, hydrogen permeation measurements, and potentiody-
namic polarization testing to investigate the mechanical properties, hydrogen diffusion
coefficients, and electrochemical behavior of X80 steel. A multifield coupled finite element
(FE) model was developed that incorporated the mechano-electrochemical (M-E) effect
to analyze the stress–strain distribution, anodic equilibrium potential, cathodic exchange
current density, and hydrogen distribution characteristics at pipeline corrosion defects
under varying tensile strains. The results indicated that tensile strain significantly mod-
ulated the anodic equilibrium potential and cathodic exchange current density, leading
to localized hydrogen accumulation at corrosion defects. The stress concentration and
plastic deformation at the defect site intensified as the tensile strain increased, further
promoting hydrogen enrichment. The study concluded that the M-E effect exacerbated
hydrogen enrichment at the defect sites, increasing the risk of hydrogen-induced cracking.
The simulation results showed that the hydrogen distribution state aligned with the stress–
hydrogen diffusion coupling model when considering the M-E effect. However, the M-E
effect slightly increased the hydrogen concentration at the defect. These findings provide
critical insights for enhancing the safety and durability of hydrogen transmission pipelines.

Keywords: hydrogen diffusion; X80 steel pipeline; finite element simulation; mechano-
electrochemical effect

1. Introduction

Fossil fuels release large amounts of greenhouse gases that lead to abnormal climate
change and the frequent extreme weather events [1]. Therefore, replacing existing fossil
fuels with environmentally friendly and sustainable new energy has become an important
issue during the development of current international energy strategies. Hydrogen energy
shows promise as a vital future energy source due to its high efficiency, cleanliness, and
low carbon emissions [2]. Although transportation via preexisting pipelines can increase
hydrogen gas utilization efficiency [3], these pipelines are built for large-scale, long-distance
natural gas transportation and are highly sensitive to hydrogen embrittlement (HE) due
to their strength [4]. According to the current research findings, the higher the strength of
steel, the more sensitive it becomes to hydrogen embrittlement. Hydrogen transportation
also increases the risk of corrosion failure on the outer pipeline wall. Therefore, to prevent

Hydrogen 2025, 6, 69 https://doi.org/10.3390/hydrogen6030069
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soil corrosion, a protective coating is applied to the external surfaces of buried pipelines [5],
which can be damaged by long-term service and aggravate the degree of corrosion [6].
Therefore, the pipeline transportation of hydrogen presents various challenges that require
further investigation.

Although various studies have explored these two typical failure mechanisms, the
synergistic effect between them remains largely ignored. First, corrosion defects can form
on the steel pipeline surface exposed to soil due to a damaged protective coating [7],
which, in turn, can enhance the local stress concentration, resulting in local hydrogen
accumulation [8]. Moreover, local stress at the tips of corrosion defects caused by inter-
nal pressure can accelerate hydrogen accumulation [9,10], which can aggravate cracking
propagation [11]. Therefore, the synergistic effect of the load and electrochemical reaction
will exacerbate the corrosion failure of pipeline steel, intensify hydrogen damage, and
ultimately pose safety risks to future hydrogen energy transportation.

This study determines the mechanical properties, hydrogen diffusion coefficient, and
potential polarization characteristics of X80 steel via tensile test, hydrogen permeation, and
potential polarization tests. A finite element (FE) model was established of the mechano-
electrochemical (M-E) effect on hydrogen distribution to analyze the Von Mises stress,
hydrostatic stress, and equivalent plastic strain distribution at the corrosion defects of a X80
pipeline under different degrees of tensile strain. The anode equilibrium potential, cathode
exchange current density, and hydrogen distribution were also analyzed. Finally, the
hydrogen diffusion and enrichment at the corrosion defects in the pipeline were revealed.

2. Experimental Procedures

2.1. Materials and Tensile Tests

X80 steel was selected for testing, and the chemical compositions are shown in Table 1.

Table 1. The chemical composition of the X80 steel (wt. × 10−2).

C Si Mn P S Cr Mo Ni Nb V Cu B Al

0.076 0.21 1.89 0.010 0.0022 0.27 0.28 0.055 0.082 0.029 0.059 0.0002 0.038

Figure 1 shows the flat dog-bone-type specimens, which were machined in the rolling
direction. The uniaxial tensile tests were performed at a strain rate of 1 × 10−4 s−1 at room
temperature using an MTS Landmark tensile testing machine.

Figure 1. The sizes and shapes of the flat dog-bone-type specimens (mm), with a thickness of 1.5 mm.
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2.2. Electrochemical Measurements

An electrochemical workstation (Ivium-n-Stat, Ivium Technologies BV, Eindhoven,
The Netherland) was used for the electrochemical measurements. A platinum wire and sat-
urated calomel electrode (SCE) served as the counter and reference electrodes, respectively.
The samples were mechanically polished before the electrochemical tests, which were
conducted at approximately 298 K. A solution was used for nitrogen purging throughout
the experiment to remove oxygen.

2.2.1. Hydrogen Permeation Test

The hydrogen diffusion was characterized using the modified “Devanathan–Stachurski
cell” [12] (Figure 2). The exit side of the sample was coated with a 100 nm Ni film to achieve
a sufficiently low anodic current. The solution-exposed surface was 4.91 cm2 (a circle with a
diameter of 25 mm). The exit side was immersed in a sodium hydroxide solution (0.1 M NaOH)
to determine the anodic overpotential (0.200 V). A mixed charging solution (0.5 M H2SO4,
0.2 g/L CH4N2S) was used for the entrance while −1100 mV was used as the overpotential.
The effective diffusion coefficient (Deff) was calculated using the “time-lag” method [13]:

t0.63 =
L2

6De f f
(1)

J =
i∞

F
(2)

Capp = JL/De f f (3)

where L is the membrane thickness, t0.63 is the time where (i − i0)/(i∞ − i0) = 0.63, i0 is
the initial current density of the hydrogen permeation curve, i∞ is the steady-state current
density of the hydrogen permeation curve, J is the hydrogen diffusion flux, and Capp is the
subsurface hydrogen concentration.

Figure 2. Modified “Devanathan–Stachurski cell” used in the experiment (C.E.: Counter Electrode,
R.E.: Reference Electrode, W.E.: Specimens).
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2.2.2. Potentiodynamic Polarization Tests

The potentiodynamic polarization tests were performed in an NS4 solution containing
483 mg/L NaHCO3, 122 mg/L KCl, 181 mg/L CaCl2·2H2O, and 131 mg/L MgSO4·7H2O.
The potentiodynamic polarization curves were obtained at 0.5 mV/s.

The electrochemical anodic and cathodic reactions of the X80 steel in the deoxygenated, near-
neutral pH NS4 solution represented steel oxidation and hydrogen evolution, respectively [14].

Anodic reaction:
Fe → Fe2+ + 2e− (4)

Cathodic reaction:
H2O + e− → H + OH− (5)

It was assumed that the dominant anodic reaction was the dissolution of the iron in
the steel, and that the pipeline steel was in an active dissolution state in the test solution.
Although the cathodic reaction was described as the single electron production of atomic
hydrogen, the destination of the produced atomic hydrogen was not specified [15]. The elec-
trode kinetics of the steel for the anodic and cathodic reactions were activation-controlled
and described as follows:

ia = i0,aexp
(ηa

b

)
(6)

ic = i0,cexp
(ηc

b

)
(7)

η = φ − φeq (8)

where i and i0 represent the charge-transfer and exchange current densities of the electro-
chemical reactions, respectively. Φ and Φeq denote the electrode and equilibrium electrode
potential, respectively, while η is the activation overpotential, and b is the Tafel slope.

Nernst equations were used to obtain the equilibrium potentials of the steel oxidation
and hydrogen evolution:

φ0
a,eq = φ0,s

a,eq +
0.0592

2
log

[
Fe2+

]
(9)

φ0
c,eq = φ0,s

c,eq + 0.0592log
[
H+

]
= −0.0592pH (10)

where φ0,s
a,eq and φ0,s

c,eq are the standard equilibrium potentials for the anodic and cathodic
reactions, which are calculated as −0.859 VSCE and −0.644 VSCE [15].

2.3. FE Simulation
2.3.1. Initial and Boundary Conditions

Commercial COMSOL Multiphysics 6.0 software was used for multifield coupling
simulations of the mechanical, electrochemical, and hydrogen diffusion. Figure 3 shows
the geometrical model of the X80 steel pipe containing an external corrosion defect. The
thickness and length of the pipe were 18.4 mm and 1 m, respectively. The corrosion defect
was elliptical, with a length and depth of 40 mm and 7.36 mm, respectively. The depth of
the defects changed during the corrosion process.

The contact boundary between the solution and the pipeline was set as the free
boundary, while the other boundary conditions of the solution were electrically isolated.
During the deformation process, the left side of the pipeline was fixed, which was subjected
to various tensile strains (0, 0.1%, 0.2%, 0.3%, and 0.4%). The inner wall of the pipeline was
set as the hydrogen source during hydrogen fusion. The initial hydrogen concentration
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(mol/m3) was obtained from the hydrogen permeation test. The unit of mol/m3 could be
converted to ppm by 1 mol/m3 = 0.13 ppm [16].

A triangular mesh type was used, which consisted of 5503 domain cells and 439 bound-
ary cells. The maximum and minimum element sizes of the pipeline were 6 mm and 1 mm,
respectively, with a maximum element growth rate of 1.05. The curvature factor and the
narrow area resolution were 0.6 and 1, respectively. Contrarily, the maximum and min-
imum element sizes of the soil were 134 mm and 8 mm, respectively, with a maximum
element growth rate of 1.2. The curvature factor and the narrow area resolution were 0.6
and 1, respectively. The inner wall of the pipeline was set as a hydrogen source, and the
initial concentration was determined using a hydrogen permeation test.

Figure 3. Geometrical model of the X80 steel pipe containing a corrosion defect.

2.3.2. Hydrogen Atom Distribution Simulation

The hydrogen atoms in metals move from higher to lower chemical potential positions,
causing hydrogen diffusion. The driving force behind the diffusion may include one or
more potential gradients. When the interaction between the diffusing substances is not
taken into account, the diffusion rate of hydrogen atoms depends on their mobility [17]. If
the metal displays an ideal lattice, the diffusion flux J of hydrogen atoms can be expressed
using Equation (11) [18]:

J = −MC∇μ (11)

where M represents the hydrogen atom mobility in the lattice, M = D/RT, D is the diffusion
coefficient of the hydrogen atoms, R is the general gas constant, T is the absolute tempera-
ture, C is the hydrogen concentration in the lattice, and μ is the chemical potential of the
hydrogen in the lattice.

If stress is not considered, the chemical potential of the hydrogen atoms is expressed
using Equation (12):

μ = μ0 + RTlnC (12)

where μ0 represents the chemical potential at the reference temperature and pressure.
When the hydrogen atoms occupy tetrahedral or octahedral interstitial positions in the

α-iron lattice, the volumes of both interstitial positions expand. If there is external stress,
the volume at the gap position is larger, and the chemical potential decreases to a lower
level [19]. At this point, the chemical potential μ is expressed using Equation (13):

μ = μ0 + RTlnC + μσ (13)
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where μσ represents the chemical potential related to external stress, which is expressed
using Equation (14) [20]:

μσ = −σhVh (14)

where σh is the hydrostatic stress, σh = 1
3 ∑3

i=1 σii, σii is the principal stress, and Vh is the
partial molar volume of the hydrogen.

The relationship between hydrogen diffusion flux and hydrogen concentration is ob-
tained by substituting Equations (13) and (14) into Equation (9), as shown in Equation (15):

J = −D∇C +
D
RT

CVh∇σh (15)

When considering a random volume surrounded by surface S, the law of mass con-
servation requires that the change rate of the total hydrogen volume V is equal to the flux
through the surface S [16]. Therefore, Equation (16) is used express mass conservation:

∂

∂t

∫
V

CdV +
∫

S
JndS = 0 (16)

where ∂/∂t is the partial derivative regarding time, and n is the outward unit normal vector.
The mass conservation equations for the hydrogen concentration C and σh hydrostatic

stress m can be obtained by replacing the hydrogen diffusion flux J in Equation (16) with
Equation (15), as shown in Equation (17):

∂

∂t

∫
V

CdV +
∫

S

(
−D∇C +

D
RT

CVh∇σh

)
ndS = 0 (17)

Using the divergence theorem, Equation (17) is expressed as Equation (18):

∂C
∂t

+∇(−D∇C) +∇
(

DCVh
RT

)
∇σh = 0 (18)

2.3.3. M-E Effect and Hydrogen Distribution Simulation
Stress Field Simulation

An isotropic hardening model was adopted to simulate the elastoplastic stress–strain
on pipelines while the hardening parameter of X80 steel was obtained from the true stress–
strain curve.

Electrochemical Field Simulation

(1) Anodic reaction

Gutman [21] revealed that elastoplastic strain affects the anodic equilibrium potential,
as shown in Equations (19) and (20).

Elastic deformation:
Δϕe

a,eq = −ΔPVM
zF

(19)

Plastic deformation:

Δϕ
p
a,eq = −TR

zF
ln
(

vα

N0
εp + 1

)
(20)

The anodic equilibrium potential affected by continuous elastoplastic tension is shown
in Equation (21):

ϕ
p
a,eq = ϕ0

a,eq −
ΔPmVM

zF
− TR

zF
ln
(

vα

N0
εp + 1

)
(21)

where Δϕ0
a,eq is the standard anodic equilibrium potential, ΔP and ΔPm are the excess

pressure (equal to 1/3 of the uniaxial tensile stress) and the excess pressure-to-elastic
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deformation limit (equal to 1/3 of the yield strength of the steel), respectively. Δϕe
a,eq and

Δϕ
p
a,eq represent the shifts in the equilibrium potential of the anodic reaction under elastic

and plastic deformation, respectively. Pm is the molar volume of the steel (7.13 × 106 m3),
z is the number of charges (2 for steel), t is an orientation-dependent factor (0.45), N0 is the
initial dislocation density of the steel (1 × 108 cm−2) [22], εp is the equivalent plastic strain,
and α is a constant (1.67 × 1011 cm−2) [21]. R is the gas constant (8.314 J/mol K), T is the
absolute temperature (298.15 K), and F is the Faraday’s constant (96,485 C/mol).

(2) Cathodic reaction

Plastic deformation enhanced the cathodic reaction by facilitating the redistribution of
electrochemical heterogeneities and expanding the cathodic reaction area [21,23]. Simul-
taneously, during the plastic deformation process, the activation energy of the cathodic
reaction was reduced due to the formation of slip bands, microcracks, and other defects [15].
To simplify the FE simulation, a semi-empirical expression that only considered the increase
in the exchange current density during plastic deformation was used to describe the M-E
effect of the cathodic reaction [15]:

ic = i0,c × 10
σMisesVM

6F(−bc) (22)

where i0,c is the exchange current density of hydrogen evolution in the absence of external
stress/strain, σMises is the Von Mises stress, and bc is the cathodic Tafel slope.

Distribution of the Electrical Fields in a Solution

The electrical field distribution in a solution for electrochemical reactions can be
determined using electrical field theory [24]:

∇ik = Qk (23)

ik = −σk∇ϕk (24)

where Qk is a general source term, and σk and ϕk are the conductivity and potential,
respectively. The conductivities of the NS4 solution and steel electrode were set as 0.096 S/m
and 106 S/m [15].

Multifield Coupling Simulation

The multifield coupled FE simulation of the X80 pipeline assessed three factors: the
influence of the M-E effect on hydrogen distribution in the pipeline immersed in the
solution, the electrochemical corrosion analysis of the steel/solution interface, and the
elastoplastic solid mechanics analysis.

This paper combined five modules in the COMSOL software package: solid mechanics,
secondary current distribution, deformation geometry, diluted species transport, and a
general-form partial differential equation module. The solid mechanics module was solved
first to obtain the relevant mechanical parameters, which were used as inputs in the
secondary current distribution module to determine the size changes in the corrosion
defects over time. Then, the relevant mechanical parameters and corrosion defect size
changes were entered into the diluted species transport module to obtain the hydrogen
diffusion behavior and concentration, as well as the deformation geometry and a general-
form partial differential equation. Table 2 shows the other parameters of the three-field
coupling simulation.
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Table 2. Parameters of the three-field coupling simulation.

Parameter Value

The density of steel, ρ (g/cm3) 7.85 [25]
Molar mass of steel, M (g/mol) 56

Partial molar volume of hydrogen, Vh (m3/mol) 2 × 10−6 [26,27]

3. Results

3.1. Tensile, Hydrogen Permeation, and Potentiodynamic Polarization Characteristics

Figure 4a illustrates the engineering stress–strain curve of the X80 steel with a yield
strength (σy) of 638 MPa. The true stress–strain curve, which was converted from the
engineering stress–strain curve, was used to establish the material hardening function in
the COMSOL software. Figure 4b shows the transient hydrogen permeation current density
curve of the X80 steel, with a steady-state current density (i∞) of 29 μA/cm2, an initial
current density (i0) of 2.54 μA/cm2, a Deff of 7.73 × 10−10 m2/s, and a Capp of 1.55 mol/m3.

Figure 4. (a) Engineering and true stress–strain curves of the X80 steel. (b) Transient hydrogen
permeation current density curve of the X80 steel.

Figure 5 shows the potentiodynamic polarization curve. Various electrochemical
corrosion parameters, including the corrosion potential (Ecorr), corrosion current density
(icorr), anode Tafel slope (ba), cathodic Tafel slope (bc), anode exchange current density (i0a),
cathodic exchange current density (i0c), anodic equilibrium potential (ϕ0a), and cathodic
equilibrium potential (ϕ0c), were derived from the polarization curves and used as initial
conditions for the FE calculations. Table 3 shows the values of these electrochemical
corrosion parameters.

 

Figure 5. Potentiodynamic polarization curve of the X80 steel. (b) is the enlarged image of (a).
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Table 3. Values of the electrochemical corrosion parameters.

Ecorr
V

icorr
A/cm2

ϕ0
eqa
V

ϕ0
eqc
V

ba
V/dec

bc
V/dec

i0a
A/cm2

i0c
A/cm2

−0.704 3.373 × 10−6 −0.859 −0.644 0.162 −0.083 4.508 × 10−8 1.496 × 10−6

3.2. Stress and Strain Distributions

The numerical simulations using the hydrogen diffusion coefficient derived from the
hydrogen permeation test indicated that approximately 9 d were required for hydrogen to
reach a steady-state distribution in the pipeline model. Figures 6–8 show the Von Mises
stress, static water stress, and equivalent plastic strain distribution at the corrosion defect of
the X80 pipeline under different tensile strains (0.1–0.4%) after simulation for 9 d, where the
color legend indicates the stress (MPa). Consistent maximum Von Mises stress localization
was evident at the center of the corrosion defect (Figure 6). The local Von Mises stress
increased at a higher applied tensile strain. At applied tensile strains of 0.1% and 0.2%,
maximum Von Mises stress values of 350 MPa and 600 MPa were present at the center of
the corrosion defect, respectively, which were slightly higher than the stress level of the
pipeline body. At this juncture, the corrosion defect was subjected to elastic deformation. A
tensile strain of 0.3% significantly increased the localized stress at the defect site to 800 MPa,
resulting in localized plastic deformation. The Von Mises stress levels in the root and
subjacent regions of the defect were equal. At a tensile strain of 0.4%, the maximum Von
Mises stress at the corrosion defect approached 900 MPa. However, the Von Mises stress
level at the root of the defect was lower than that in the lateral and subjacent regions.

Figure 6. Von Mises stress distribution at the corrosion defect at different tensile strains of 0.1%, 0.2%,
0.3%, and 0.4% (a–d).

Figure 7. Hydrostatic stress distribution at the corrosion defect at different tensile strains of 0.1%,
0.2%, 0.3%, and 0.4% (a–d).
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As shown in Figure 7, the magnitude of the local hydrostatic stress increased at a
higher tensile strain, with the color legend referring to the hydrostatic stress (MPa). The
hydrostatic stress at the corrosion defect (i.e., 200 MPa) was slightly higher than that of the
pipeline body at an applied tensile strain of 0.1% and reached approximately 400 MPa at a
tensile strain of 0.2%, which was below the yield strength of the steel. At tensile strains
below 0.2%, the hydrostatic stress levels in the root and subjacent regions of the defect were
essentially equal. When the tensile strain was increased to 0.3%, the local hydrostatic stress
rose to 560 MPa, reaching a maximum subjacent to the corrosion defect. At a tensile strain
of 0.4%, the maximum hydrostatic stress localized below the defect and along the inner
wall of the pipeline reached 670 MPa.

Figure 8. Equivalent plastic strain distribution at the corrosion defect at different tensile strains of
0.1%, 0.2%, 0.3%, and 0.4% (a–d).

The stress concentration at the corrosion defect significantly altered the localized
strain. As shown in Figure 8, the equivalent plastic strain at the corrosion defect remained
negligible (0%) at externally applied tensile strains of 0.1% and 0.2%, which were consistent
with the strain level of the pipeline body. However, a tensile strain of 0.3% caused a
localized concentration of equivalent plastic strain at the defect site, attaining a maximum
strain of approximately 2.7%. When the applied tensile strain was further elevated to 0.4%,
the equivalent plastic strain at the defect site exhibited a pronounced increase, reaching 7%.
Furthermore, the maximum equivalent plastic strain was localized subjacent to the defect
and along the inner wall of the pipeline.

3.3. Anodic Equilibrium Potential and Cathodic Exchange Current Density Distributions

Figures 9 and 10 show the distribution of the anodic equilibrium potential and cathodic
exchange current density at the corrosion defect of the X80 pipeline at different tensile
strains (0.1–0.4%) after simulation for 9 d. As shown in Figure 9, at external tensile strains of
0.1% and 0.2%, the anodic equilibrium potential at the corrosion defect site was equivalent
to that on the pipeline body (−0.867 V). When the tensile strain reached 0.3%, the anodic
equilibrium potential at the defect shifted to the negative side, with the most negative
value approximating −0.871 V. When the applied tensile strain was increased to 0.4%, the
negative shift of the anode equilibrium potential at the defect site became more pronounced,
reaching −0.876 V.
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Figure 9. Anodic equilibrium potential distribution at the corrosion defect at different tensile strains
of 0.1%, 0.2%, 0.3%, and 0.4% (a–d).

Figure 10. Cathodic exchange current density distribution at the corrosion defect at different tensile
strains of 0.1%, 0.2%, 0.3%, and 0.4% (a–d).

As illustrated in Figure 10, the cathodic exchange current density exhibited a progres-
sive increase as the tensile strain rose. At tensile strains of 0.1% and 0.2%, the exchange
current density at the periphery of the corrosion defect was higher than in other regions
of the pipeline. The maximum exchange current density was localized at the defect root
at 0.1% and 0.2% tensile strains, reaching 17 mA/m2 and 19 mA/m2, respectively. The
cathodic exchange current density increased significantly at a tensile strain of 0.3%, with
values in the root and subjacent regions of the defect exceeding 19.5 mA/m2. When the ten-
sile strain was further increased to 0.4%, the maximum cathodic exchange current density
at the corrosion defect surpassed 20 mA/m2, localized subjacent to the defect and along
the inner wall of the pipeline.

3.4. Hydrogen Distribution

Figure 11 shows the stable-state distribution and maximum position of the hydrogen
concentration at the corrosion defect site of the X80 pipeline at different tensile strains
(0.1–0.4%) after a 9 d diffusion simulation. The application of tensile strain altered the
hydrogen distribution in the pipeline, resulting in hydrogen accumulation at the corrosion
defect. At a tensile strain of 0.1%, the hydrogen concentration at the root of the corrosion
defect was slightly higher than that in the pipeline body. When the tensile strain reached
0.2%, the maximum hydrogen concentration exhibited lateral displacement along the
corrosion defect periphery. The hydrogen enrichment at the corrosion defect became
more pronounced as the tensile strain increased, while the locus of maximum hydrogen
concentration migrated both externally and subjacent to the defect root.
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Figure 11. Hydrogen concentration distribution at the corrosion defect in the Mechano-electrochemical–
hydrogen diffusion field at different tensile strains of 0.1%, 0.2%, 0.3%, and 0.4% (a–d).

Figure 12 shows the coupled hydrogen concentration results of the stress hydrogen
diffusion in the same conditions, which are consistent with those in Figure 11. To facilitate
comparative analysis, the maximum and minimum hydrogen concentration values are
listed in Table 4.

Figure 12. Hydrogen concentration distribution at the corrosion defect in the stress–hydrogen
diffusion field at different tensile strains of 0.1%, 0.2%, 0.3%, and 0.4% (a–d).

Table 4. Maximum and minimum hydrogen concentrations (mol/m3).

Physical Field
Hydrogen Concentration

Tensile Strain 0.1% 0.2% 0.3% 0.4%

mechano-chemical–H
atom diffusion

minimum value 1.392 1.258 1.165 1.116
maximum value 1.592 1.622 1.627 1.635

stress–H atom diffusion
minimum value 1.382 1.248 1.157 1.107
maximum value 1.587 1.617 1.621 1.632

3.5. Linear Distribution of the Current Density and Hydrogen Concentration

Figure 13 illustrates the linear distributions of the anodic current density, cathodic
current density, and hydrogen concentration along the periphery of the corrosion defect in
the X80 pipeline at tensile strains ranging between 0% and 0.4% after a 9 d simulation. The
anodic and cathodic current density values at the defect edge increased at a higher tensile
strain and were comparable in the absence of tensile strain (Figure 13a,b). However, the
values of current densities displayed divergent trends with applied strain. At 0.1% and
0.2% tensile strain, the anodic current density increased, while that of the cathodic current
decreased. Despite these changes, the current density distribution remained uniform across
the defects. As the tensile strain increased to 0.3% and 0.4%, the anodic and cathodic
current densities were symmetrically distributed on both sides of the defect root. Although
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the anodic and cathodic current density increased significantly at the defect center, only a
slight decrease was evident at the defect sides. The cathodic current density exhibited a
substantial increase at the defect center and a marginal reduction on both sides. The peak
anode current densities reached 19.1 mA/m2 and 21.4 mA/m2 at tensile strains of 0.3%
and 0.4%, respectively. Furthermore, the most negative cathodic current densities were
−17.2 mA/m2 and −19.4 mA/m2 at 0.3% and 0.4% tensile strains, respectively.

The linear hydrogen concentration distribution in Figure 13c aligns with the pattern
observed in Figure 11. The hydrogen concentration along the periphery of the defect
remained nearly uniform across the defect. The hydrogen concentration at the defect center
increased at tensile strains of 0.1% and 0.2%, while the side values decreased to below that
of the center. At tensile strains of 0.3% and 0.4%, the hydrogen concentration presented a
pronounced non-uniform distribution. The disparity between the hydrogen concentration
in the central and peripheral regions exhibited a substantial augmentation.

Figure 13. (a) Linear distribution of the anodic current density along the corrosion defect edge.
(b) Linear distribution of the cathodic current density along the corrosion defect edge. (c) Linear
distribution of the hydrogen concentration along the corrosion defect edge.

4. Discussion

4.1. The Effect of Tensile Strain on the Anodic Equilibrium Potential and Cathodic Exchange
Current Density

Higher tensile strains increased the local Von Mises stress, hydrostatic stress, and
equivalent plastic strain at the corrosion defect of the X80 pipeline (Figures 6–8). Similar
to previous research findings, the tensile strain had varying effects on the stress–strain
distribution [10]. Although both the von Mises and hydrostatic stress exhibited an upward
trend at higher global tensile strains on the pipeline, the stress concentration at the corrosion
defect was more pronounced than in the intact areas. Unlike global stress evolution,
equivalent plastic strain only increased locally at the defect while remaining zero elsewhere
in the pipeline. At lower tensile strains, the stress concentration was more pronounced
at the defect root. As the tensile strain increased, the maximum stress and strain values
shifted to the area below the defect and the inner wall of the pipeline.

The anodic and cathodic reactions of steel in near-neutral solutions were influenced
by stress and strain, causing a negative shift in the anodic equilibrium potential and
promoting hydrogen evolution reactions [21]. According to Equations (21) and (22), the
anodic equilibrium potential and cathodic exchange current density varied in accordance
with the equivalent plastic strain and Von Mises stress, respectively. This is because plastic
deformation and stress can lead to the formation of defects in the material that increase the
density of electrochemically active sites [28], and also increase the surface roughness of the
metal, thereby altering its electronic properties [29]. Ultimately, these changes affect both
the cathodic and anodic reactions.
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Therefore, the distribution of the anodic equilibrium potential in Figure 9 and the
cathodic exchange current density in Figure 10 correspond to the strain and stress distri-
butions in Figures 6 and 8, respectively. Therefore, it can be concluded that low tensile
strains (<0.3%), which induced elastic deformation in the pipeline, resulted in an equivalent
plastic strain of zero and no alteration to the anodic equilibrium potential of the X80 steel
in the NS4 solution. Contrarily, high tensile strains (≥0.3%) promoted localized plastic
deformation at the corrosion defect, which is consist with previous research [30]. These
phenomena could induce equivalent plastic strain amplification and a subsequent nega-
tive shift in the anodic equilibrium potential. Similarly, cathodic kinetics demonstrated
strain-dependent localization. The cathodic exchange current density was concentrated at
the defect midpoint in the elastic regime. However, in the plastic regime, correlated with
the Von Mises stress redistributions, the maximum value of the cathodic exchange current
density also migrated away from the defect root.

4.2. The Influence of the M-E Effect on the Anodic and Cathodic Current Densities

Due to the influence of stress on the potential distribution across the X80 pipeline, the
high-stress region at the root of the defect became the anode, while the low-stress regions
at both ends of the defect acted as the cathode. Electrons from the anodic reaction migrated
through the pipeline to the cathodic regions, while Fe2+ ions diffused via the electrolyte.
This further accelerated the anodic dissolution at the root of the defect while reducing the
anodic dissolution at both ends. In the absence of tensile strain, the X80 steel underwent
uniform dissolution, with an anodic current density of 12.0 mA/m2 (Figure 13) However,
at a tensile strain of 0.4%, the maximum anodic current density at the edge of the defect
reached 21.4 mA/m2, corresponding to the high-stress region, while the current density at
both low-stress ends measured 11 mA/m2. The current density at the root of the defect
was 19.1 mA/m2, indicating that this region did not represent the location of the fastest
steel dissolution.

As shown in Figure 13, the M-E effect promoted hydrogen evolution, while the local
corrosion reaction at the defect edge disrupted the linear distribution of the cathodic
current density. In the absence of tensile strain, the defect underwent self-corrosion, with
equal anodic and cathodic current densities at −12.0 mA/m2. The application of a 0.4%
tensile strain yielded maximum anodic and cathodic current densities of 21.4 mA/m2

and −19.4 mA/m2, respectively, creating an imbalance between the two. The algebraic
difference between these values is referred to as the net current density. When considering
the influence of the M-E effect on the electrochemical corrosion reaction, the polarization
in the high-stress region was more pronounced, resulting in a positive net current density,
indicating that this region was in an anodic polarization state, which enhanced corrosion.
Contrarily, the ends of the defect were in a cathodic polarization state. For example, a
0.3% tensile strain resulted in a cathodic current density of −13.4 mA/m2 and an anodic
current density of 11.5 mA/m2, yielding a net current density of −1.9 mA/m2 at the ends,
suggesting corrosion mitigation.

4.3. The Influence of the M-E Effect on the Hydrogen Distribution

In the coupled stress–hydrogen diffusion simulation, hydrogen diffusion was driven
by both the hydrogen concentration and hydrostatic stress gradients in the pipeline. The
combined effect of the hydrogen concentration and hydrostatic stress determined the
distribution state. In this case, the magnitude of hydrostatic stress depended directly
on the applied tensile strain. When considering the M-E effect, the size of the defect
changed continuously as the corrosion reaction progressed, affecting the hydrostatic stress
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concentration at the defect. Therefore, even if the applied tensile strain remained constant,
the hydrogen concentration distribution still underwent change.

As shown in Figures 11 and 12, the hydrogen distribution states and the locations of
the maximum hydrogen concentration were the same for both the M-E effect–hydrogen
diffusion and stress–hydrogen diffusion coupled simulations. The hydrogen enrichment at
the corrosion defect was insignificant at a tensile strain of 0.1%, with only a slightly higher
concentration at the defect root compared to the surrounding areas. Hydrogen enrichment
occurred at the corrosion defect at a tensile strain of 0.2%, while the location of the maximum
hydrogen concentration shifted to the right along the defect edge. Although higher tensile
strains intensified hydrogen enrichment, the enriched region and peak concentration site
shifted away from the defect root, moving toward the sides and downward. As shown in
Figure 13, the maximum hydrogen concentration on the defect edge also shifts from the
center to the sides under the influence of tensile strain.

As indicated in Table 4, the maximum and minimum hydrogen concentrations dif-
fered when considering the M-E effect compared to the stress–hydrogen diffusion coupling,
reflecting the influence of the dynamic evolution of the corrosion defect on hydrogen
diffusion distribution. At different tensile strains, the difference in the minimum hydrogen
concentration was around 0.01 mol/m3, while that of the maximum hydrogen concentra-
tion did not exceed 0.006 mol/m3, which was approximately 0.39% of the initial hydrogen
concentration. This suggests that the M-E effect has a relatively minor influence on the
hydrogen concentration in the simulated conditions compared to the impact of the applied
tensile strain. This was because the change range in the anodic equilibrium potential
(−0.876 to −0.867 V) and the cathodic exchange current density (14.5 to 20.5 mA/m2) in
this simulation environment was small, indicating a relatively low corrosion rate. Therefore,
the difference between the hydrogen concentration of the M-E effect and stress–hydrogen
diffusion coupling was minimal. In this case, the hydrogen diffusion behavior was still
dominated by the hydrostatic stress and hydrogen concentration gradients. However, the
stress–hydrogen diffusion coupling did not account for the progression of the corrosion
reaction over time. The simulation time in this chapter was 9 d, while in practical scenarios,
predictions often cover multiple years. The continued corrosion reaction over time changed
the shape and size of the corrosion defect, altering the related stress and strain, which in
turn affected the anodic equilibrium potential and the hydrogen concentration and its dis-
tribution. When considering the long-term development of corrosion defects and hydrogen
distribution, the model combining the M-E effect with hydrogen diffusion remains applica-
ble. Existing research shows that extended time results in a higher hydrogen concentration
enriched at the corrosion defect, increasing the risk of hydrogen-induced cracking.

5. Conclusions

This study employed an FE model to simulate hydrogen diffusion and distribution in
an X80 pipeline with corrosion defects in a near-neutral solution. It analyzed the mechanism
of the M-E effect behind hydrogen diffusion and enrichment behavior by coupling the
stress field in the steel and the electrochemical field at the steel/solution interface to ensure
that the simulation process and results were more consistent with the actual conditions of
field pipelines. The main conclusions are as follows:

(1) The tensile strain influenced the cathodic and anodic reactions by altering the stress–
strain distribution on the X80 pipeline. Under elastic deformation, the anodic equi-
librium potential was uniform across the pipeline, while the maximum cathodic
exchange current density was evident at the defect root. Under plastic deformation,
the anodic equilibrium potential displayed a negative shift, while the maximum
cathodic exchange current density deviated from the center.
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(2) The M-E effect induced anodic polarization in high-stress regions, which enhanced corrosion,
while cathodic polarization occurs in low-stress regions, resulting in corrosion mitigation.

(3) In a near-neutral solution environment, the hydrogen distribution state on the
X80 pipeline was consistent with that of the stress–hydrogen diffusion coupling
when considering the M-E effect. However, the presence of the M-E effect slightly
increased the hydrogen concentration at the corrosion defect.
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Abstract

In the design of pressure vessels for hydrogen storage, the durability and robustness of
the designs are tested by using experimental methods, numerical simulations, or both.
However, in the initial design phase, it is widely known that using numerical simulation
tools reduces the cost of performing experiments; therefore, models that provide accurate
and reliable results must be developed. This work presents an axisymmetric finite element
model to predict the mechanical response of reinforced wire pressure vessels of type II. The
main contribution of the present model is the use of equivalent properties and a minor
number of contact elements to simulate the behavior of the wire reinforcement, which
reduces the computational effort compared to a model with a solid-based mesh. The
accuracy of the proposed model is tested against solid elements with very good agreement
and experimental results with reasonable agreement. A parametric study was conducted to
test the influence of the number of layers of reinforcement, and it was concluded that there
is a limit to increasing the number of layers, which does not increase the vessel’s strength
considerably, but it does with its mass.

Keywords: pressure vessel; finite element method; experimental results; hydrogen storage

1. Introduction

Emissions from fossil fuel combustion have produced harmful substances that threaten
human health and the environment, demanding the search for cleaner and more sustainable
energy sources for the industrial and transportation sectors [1]. One of the most promising
alternatives is hydrogen due to its zero-carbon emission and high energy density [2,3].
However, there are still challenges to overcome, such as its transportation and storage [4].
In this regard, pressure vessels (PVs) play a crucial role, allowing for safe and efficient
hydrogen storage at high pressure. For mobile applications, the most mature and accessible
way to store hydrogen has been through its compression in PVs.

To date, compressed hydrogen can be stored in four types of PVs: type I (fully metallic),
type II (metallic liner reinforced partially with fibers), type III (metallic liner with a fully
composite reinforcement), and type IV (polymer-based vessel) [5,6]. Emerging applications
such as hydrogen-powered vehicles require PVs with minimal weight, capable of containing
a sufficient volume of hydrogen to maximize travel range. Then, the development of
numerical models may prove advantageous for designers in reducing the manufacturing
cost of prototypes in the initial design phase.

Hydrogen 2025, 6, 55 https://doi.org/10.3390/hydrogen6030055
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Considering the types previously discussed, several investigations have sought to
determine optimal design parameters that improve storage capacity and optimize vessels’
weight. The pressure vessels designs have been tested using experimental techniques
and/or numerical tools. Batul et al. [7] applied the similitude theory to establish a method
to reduce the cost of testing thin-walled PVs used in aerospace applications. Zhang et al. [8]
proposed specific methods for designing the dome thickness and the load pressure of a
liner in type IV PVs. They evaluated the design’s safety and performance through failure
criteria and finite element analysis. Kumar et al. [9] designed and analyzed an airborne
cryogenic liquid hydrogen tank; the numerical analyses were performed by means of
ANSYS. The work of Kwak et al. [10] presented a design method for improving failure
resistance and inner capacity of the seamless compressed natural gas pressure vessel (PV)
type II through finite element analysis. They modeled a small axisymmetric section to
reduce computation time, with the model ensuring structural reliability for an autofrettage
pressure. Park et al. [11] sought to improve structural design to maximize fuel efficiency and
reduce the vessel’s weight. Nguyen et al. [12] developed a modeling tool to analyze damage
and design composite PVs for hydrogen storage. Celaya et al. [13] presented a method to
evaluate equivalent properties of different metallic reinforcements of PVs by means of finite
element analysis, which optimizes the use of computational resources. Błachut et al. [14]
investigated the influences of the fiber tension of the filament winding on the mechanical
properties of composite PVs; they manufactured and tested three series of samples and
performed a numerical investigation to support the experimental results. For the numerical
model, they used a representative volume element (RVE) cell to homogenize the carbon
fiber filament and epoxy resin. They reported that the induced compressive stresses on the
steel liner due to an increment in fiber tension leads to an increase in burst pressure, while
the thickness of the composite layer is reduced. Wu et al. [15] designed a structure model
of a fiber-wound composite gas cylinder following the classical grid theory and related
regulations; they also generated a finite element model to perform strength and failure
analysis of the designed structure. For the simulation, they used symmetrical geometry
and modeled one-quarter of the geometry with solid elements. Azzem et al. [16] studied
the influences of the winding angles on hoop stress in composite type IV PVs by means
of finite element analysis. Katsumata et al. [17] designed and experimentally tested a
type III tank with a dome–cylinder-split molded carbon-fiber-reinforced plastic composite
(CFRP) structure. They illustrated the damage and burst mechanisms by using the finite
element method (FEM). In the work presented by Reda et al. [18], different hydrogen
PV types were analyzed by means of FEM. They evaluated the effects of high internal
pressures, extreme temperatures, and absolute vacuum on the PV performance. Koutsawa
and Bouhala [19] presented an uncertainty analysis in the design of composite type IV
PVs for hydrogen storage. For the analysis, they developed a finite element model of the
tank in ABAQUS; only 1/16 of the geometry was modeled, and periodic symmetry was
used. Syed et al. [20] presented a design of a hydrogen pressure vessel type III; their study
focused on identifying a safer dome shape that effectively reduces stress in the composite
layers while retaining the same winding pattern of a prior model. They found that the
stress distribution is reduced with the elliptical dome geometry.

In addition, it is worth mentioning that during recent years, there has been an increase
in the number of reviews exploring different aspects of energy storage systems in the
literature: for instance, the hydrogen storage types, the forthcoming challenges in this
technology, manufacturing processes of storage vessels, design optimization and challenges
in the theoretical modeling of storage mechanisms [2,3,6,21–25].

Despite the improvements in computational performance in recent decades and due
to the increasing demand for numerical models capable of capturing the complex behavior
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of multi-physics models of structures, further development of efficient and accurate models
is still required to overcome these issues. Moreover, regarding the use of numerical
techniques for optimization in hydrogen storage research, there is still a need to address
the balance between scability, accuracy, and computational cost [3]. Considering this
and motivated by the works on hydrogen storage reported in the literature, this work
presents the development and validation of a reinforced wire PV type II finite element
model to evaluate the reinforcement influence on the mechanical response under static
loading conditions. The reinforcement of the cylindrical section is made of a steel wire,
which improves the tank’s load-bearing capacity and reduces its weight compared to
type I PVs, thus representing an improvement in structural efficiency and a reduction in
manufacturing costs [26,27]. Finally, the reinforcement wires are modeled using equivalent
properties in the present approach, and only contact conditions between layers are defined,
thereby reducing the number of contacts commonly required in a model where wires are
individually modeled.

2. Materials and Methods

This section describes the finite element model developed to predict the mechanical
response of metallic-reinforced pressure vessels. In addition, a brief description of the
prototype fabrication process and the experimental setup used to validate the model
is presented. Finally, the numerical and experimental results are compared, and the
conclusions are drawn.

2.1. Pressure Vessel Geometry

For the geometry of the finite element model and to simplify the experimental val-
idation, in general, it is considered that the pressure vessel (the prototype) is composed
of a cylindrical section and two caps. The cylinder section is a 2-by-6-inch galvanized
steel pipe nipple, one cap is a 2-1/2-inch threaded bell reducer and the other is a threaded
cap. Figure 1 presents a schematic representation of the prototype (without reinforcement),
where the main components of the system are clearly identified.

Bell reducer Cap

Pipe nipple

Figure 1. Schematic representation of prototypes.

2.2. Finite Element Models

In the finite element analysis of pressure vessels, according to the simplifications made,
it is common to model the vessel geometry using shell, axisymmetric plane, or solid ele-
ments, which yield similar outcomes. However, computation time may vary considerably.
For this reason, two finite element models are proposed in this work: one using axisym-
metric plane elements and the other using solid elements. Both models were developed
using the commercial software ANSYS 2024. The nipple pipe, bell reducer, and cap were
modeled as isotropic materials using the mechanical properties of structural steel (A36),
which are listed in Table 1 [28].
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Table 1. Mechanical properties of ASTM A36 steel [28].

Mechanical Property Value Units

Modulus of elasticity 200 GPa
Poisson’s ratio 0.26 -

An axisymmetric finite element model was developed using the element PLANE183,
which is an 8-node bidimensional element. The material of the steel wire reinforcement was
modeled using the orthotropic equivalent properties reported by Celaya et al. [13], shown
in Table 2. Each reinforcement layer was modeled as a separated region in contact with the
adjacent surfaces. No detachment and friction between surfaces are considered to simulate
their interaction. For illustration purposes, Figure 2 shows the two-dimensional mesh used
to model the tank reinforced with three layers of wire. The mesh shown is the result of
the mesh sensitivity analysis made, with a 0.1% maximum variation convergence criterion
for the von Mises stress, and the results for this study are presented in Table 3. Regarding
boundary conditions, a uniform internal pressure was applied to the inner surface of the
vessel, and axial displacement was constrained by applying line supports at the vessel’s
top (represented as green triangles in Figure 2).

Table 2. Equivalent mechanical properties for the steel wire reinforcement [13].

Mechanical Property Value Units

Elastic modulus Ex 160.0 GPa
Elastic modulus Ey 21.0 GPa
Elastic modulus Ez 21.0 GPa
Shear modulus Gxy 26.2 GPa
Shear modulus Gxz 26.2 GPa
Shear modulus Gyz 25.4 GPa
Poisson’s ratio νxy 0.16 -
Poisson’s ratio νxz 0.16 -
Poisson’s ratio νyz 0.07 -

Table 3. Mesh independence study for the axisymmetric model.

Iteration von Mises Stress (MPa) Change Nodes Elements

1 41.973 725 146
2 42.338 0.94% 2241 530
3 42.568 −0.11% 7199 1978
4 42.566 0.16% 11,394 3271
5 42.654 −0.33% 25,388 7633
6 42.706 −0.14% 29,338 8861
7 42.709 0.04% 37,592 11,497

The solid model was developed using a 20-node solid element (SOLID186). In this
case, symmetry was exploited, and only one degree of the whole geometry was modeled.
The reinforcement was represented by cylinders that were in contact with each other and the
tank. Contact elements were defined under the assumption of permanent bonding between
surfaces, which prevents separation or relative sliding. Figure 3 shows the mesh used to
model the tank reinforced with three layers of wire. Again, the mesh shown is the result of
the mesh sensitivity analysis made, with a 0.1% maximum variation convergence criterion
for the von Mises stress, and the results for this study are presented in Table 4. Even
though the convergence is achieved earlier, compared with the plane model, the number of
elements is more than double. Since solid elements are used, pressure boundary conditions
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were applied in the internal areas of the tank, while displacement at the top face of the
tank was restricted in the Z-axis direction (see the green triangles in Figure 3). Finally,
the mechanical properties of the reinforcement were taken from [13] and are presented in
Table 5.

Y

X

Figure 2. Axisymmetric mesh for a prototype with three layers of reinforcement.

Z

X

Figure 3. Solid mesh for a prototype with three layers of reinforcement.

Table 4. Mesh independence study for the solid model.

Iteration von Mises Stress (MPa) Change Nodes Elements

1 42.875 43,090 6220
2 42.611 −0.92% 48,938 7212
3 42.670 −0.35% 68,349 10,888
4 42.629 −0.15% 82,669 13,696
5 42.644 −0.05% 140,868 25,340

Table 5. Mechanical properties of the steel wire [13].

Mechanical Property Value Units

Modulus of elasticity 200 GPa
Poisson’s ratio 0.3 -
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2.3. Prototype Fabrication

In order to validate the finite element model, small prototypes of metallic-reinforced
pressure vessels were manufactured. The reinforcement is achieved by winding successive
layers of steel wire around the cylindrical section; a layer of steel wire is partially shown in
Figure 4a.

The fabrication began by welding the wire to the pipe nipple mounted on a conven-
tional lathe. Then, the assembly was rotated at a low speed while the wire was stretched
with constant tension, ensuring a uniform and controlled winding of the reinforcement
layers around the pipe nipple (see Figure 4b). A central 2 cm wide region was deliberately
left without reinforcement to allow for the placing of strain gauges, which will be used
to measure the strains in the central region, to see the effect of the reinforcement in the
cylindrical region and to validate the model. The fabrication process is completed by
closing the ends of the reinforced pipe nipple, one with the bell reducer and the other with
the threaded cap.

(a) (b)

Figure 4. Prototype fabrication: (a) wire layer and (b) assembly.

After finishing the manufacture of prototypes, they were instrumented by positioning
strain gauges to measure both circumferential and axial strains. Figure 5 presents an
instrumented prototype of a metallic-reinforced pressure vessel.

Figure 5. Prototype of a metallic-reinforced pressure vessel.
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2.4. Experimental Setup

To validate the structural behavior of the present finite element model, the manufac-
tured prototypes were subjected to pressure tests. For this purpose, a pressure washer
with a maximum capacity of 5000 psi was used to generate the load. The pressure was
regulated by means of a hydraulic circuit, which includes a control valve to maintain a
specific pressure during testing, a pressure gauge, and a flow valve to regulate the water
supplied to the system.

For safety reasons, the prototype was placed inside an empty cylindrical container
during testing. The generated data during testing were collected by using a StudentDAQ
MM01 data acquisition device from Micro-Measurement, optimized for 350 Ω strain gauges,
and stored on a computer for subsequent analysis. Figure 6 shows an overview of the
experimental setup.

Water
intake

Pressure
washer

Hydraulic
circuit

PrototypeData
acquisition

Figure 6. Overview of the experimental setup.

2.5. Validation

In order to validate the axisymmetric finite element model presented, a comparison
was made between the numerical results obtained using solid elements and the experimen-
tal results. Also, to appreciate the influence of the reinforcement, a prototype without it
was first tested and modeled. The results for the hoop and axial strains for this case are
presented in Figure 7. An excellent agreement is noted for the hoop strain at the beginning
of the test. However, after 500 psi, the numerical deformations start to differ from the
experimental results, with a maximum relative error of 7%. On the other hand, for the
axial strain, a slightly bigger difference is presented between the numerical results (which
are almost identical) and the experimental results during all the comparisons, having a
difference of 13% for the final load. Figure 8 presents the contours for the (a) hoop and
(b) axial strains for the prototype without reinforcement at 1000 psi. It is worth noting that
the strains are uniform in the cylindrical part of the prototype.

Figure 9 compares the experimental results and the finite element models for a proto-
type with one reinforcement layer for the hoop and axial strains. It is observed that the
experimental hoop and axial strains are higher than those predicted for the finite element
models, as the last two are almost identical. The difference between the experimental data
and the finite element models, at the maximum applied pressure, is in the order of 12% and
13% for the hoop and axial strains, respectively.
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Figure 7. Internal pressure vs. (a) hoop and (b) axial strains for the prototype without reinforcement.

(a)

(b)

Figure 8. Components of the strain for the prototype without reinforcement at 1000 psi: (a) Hoop.
(b) Axial.
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Figure 9. Internal pressure vs. (a) hoop and (b) axial strains for the prototype with one layer
of reinforcement.

Finally, a comparison between the experimental results and the finite element models
for the hoop and axial strains for a prototype with three layers of reinforcement is presented
in Figure 10. For this case, the experimental hoop strains are higher than those predicted
for the finite element models, while the axial strains are lower. The difference between
the experimental data and the axisymmetric finite element model is 18% and 6% for the
hoop and axial strains, respectively. Figure 11 presents the contours for the (a) hoop and
(b) axial strains for the cylindrical part of the prototype with three layers of reinforcement
at 1000 psi. Here, the effect of the reinforcement can be seen in the middle of the prototype,
which has higher deformations since this part was left without reinforcement to place the
strain gauges.
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Figure 10. Internal pressure vs. (a) hoop and (b) axial strains for the prototype with three layers
of reinforcement.
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(a)

(b)

Figure 11. Components of the strain in the cylindrical part of the prototype with three layers of
reinforcement at 1000 psi: (a) Hoop. (b) Axial.

3. Numerical Analysis

Since results from the solid and axisymmetric models are very close, but with con-
siderably less computational effort used by the latter model, a study of the influence of
the number of reinforcement layers on strain is performed using the axisymmetric model.
Figure 12 shows the hoop and axial strains for different numbers of layers of reinforcement
at 1000 psi. On the one hand, a significant reduction is observed for the hoop strain until
five turns, decreasing from 204 μin/in to 93 μin/in, with differences higher than 5% be-
tween each layer increment. After that, the reduction is lower, with a difference between 13
and 14 layers of 0.33%. On the other hand, axial strains start increasing until two layers,
reaching a maximum of 60 μin/in, and then decreasing slowly, having differences lower
than 5%, and stabilizing at 0.70% between 13 and 14 layers.

For completeness, hoop and axial stresses are presented in Figure 13. It is observed
that both stresses decrease when the number of layers is increased. For the first layer,
the reductions in the hoop and axial stresses are in the order of 12.81 MPa and 3.04 MPa,
respectively, compared to the model without reinforcement, while the mass increases by
290 g. For the case with 14 layers, the reductions of the stresses are 0.08 MPa in both
directions, with respect to the model with 13 layers. However, the mass increases by 506 g
for the same case.
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Figure 12. Number of layers of reinforcement vs. (a) hoop and (b) axial strains for the prototype.
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Figure 13. Number of layers of reinforcement vs. (a) hoop and (b) axial stresses for the prototype.

Finally, Table 6 presents how the mass, the hoop, and axial stresses vary, with respect
to the base model, when different numbers of layers of reinforcement are added. The mass
added for each layer is higher than the previous one, while the stress reduction is lower.
For example, from 1 to 2 layers, the mass increases by 19.44% and the hoop and axial stresses
decrease by 12.51% and 7.86%. In comparison, from 13 to 14 layers, the mass increases
by 33.98%, and the hoop and axial stresses only reduce by 0.17% and 0.36%, respectively.
Based on these observations and the ASME Boiler and Pressure Vessel Code [29], it is
recommended that the reinforcement has at least 10 layers. After that, the relative stress
reduction should be monitored, and if it is lower than 1%, it is suggested that the number
of layers should not be increased and the design should be tested. If it does not meet the
requirements, another wire should be used as reinforcement.
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Table 6. Percentage of mass increase and stress reduction for layers of reinforcement with respect to
the base model.

Layers % of Mass Added
% of Hoop Stress

Reduction
% of Axial Stress

Reduction

1 18.2 27.3 13.0
2 37.7 39.8 20.8
3 58.3 46.7 26.6
4 80.2 50.9 31.1
5 103.3 53.7 34.7
6 127.6 55.6 37.6
7 153.1 56.9 40.0
8 179.8 57.9 41.8
9 207.7 58.6 43.2

10 236.8 59.1 44.3
11 267.2 59.5 45.1
12 298.7 59.8 45.8
13 331.5 60.0 46.2
14 365.5 60.2 46.6

4. Conclusions

This work presents an axisymmetric finite element model that can predict the me-
chanical response of a wire-reinforced pressure vessel (type II). This model uses equivalent
properties and contact elements between layers to model the wire reinforcement. The pro-
posed model showed very good agreement with the results obtained through solid elements
and reasonable agreement with the experimental results. The latest difference in results
is mainly attributed to errors inherent in the experimental work, such as variations in
mechanical properties, inaccuracies in measurement devices, fluctuations in input pressure,
dimensional deviations of the final parts due to the manufacturing process, and misalign-
ment of the strain gauge.

Also, the numerical study showed that there is a limit to increasing the number of
layers, which does not increase the vessel’s strength considerably but does increase its
mass. Furthermore, the proposed model could be used in the optimization process in the
early stages of the wire-reinforced pressure vessel type II design for hydrogen storage.

It is important to note that the present model only works when the geometry, loads,
and boundary conditions are axisymmetric. This model should not be used if a load or
boundary condition makes the problem asymmetric. Furthermore, it is worth mentioning
that the manufacturing process for the reinforcement should be monitored and comply with
the recommendations from the ASME Boiler and Pressure Vessel Code [29]. Specifically,
the helix angle of the winding should be less than 1 degree, the maximum gap between
wires in the longitudinal direction of the vessel should be less than 5% of the wire width,
and neither the inner cylinder nor the wire should yield.
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Abstract

Given the urgent need to decarbonize the global energy system, green hydrogen has
emerged as a key alternative in the transition to renewables. However, its production via
electrolysis demands high water quality and raises environmental concerns, particularly
regarding reject water discharge. This study employs an experimental and analytical ap-
proach to define optimal water characteristics for electrolysis, focusing on conductivity as a
key parameter. A pilot water treatment plant with reverse osmosis and electrodeionization
(EDI) was designed to simulate industrial-scale pretreatment. Twenty water samples from
diverse natural sources (surface and groundwater) were tested, selected for geographi-
cal and geological variability. A predictive algorithm was developed and validated to
estimate useful versus reject water based on input quality. Three conductivity-based cate-
gories were defined: optimal (0–410 μS/cm), moderate (411–900 μS/cm), and restricted
(>900 μS/cm). Results show that water quality significantly affects process efficiency, en-
ergy use, waste generation, and operating costs. This work offers a technical and regulatory
framework for assessing potential sites for green hydrogen plants, recommending avoid-
ance of high-conductivity sources. It also underscores the current regulatory gap regarding
reject water treatment, stressing the need for clear environmental guidelines to ensure
project sustainability.

Keywords: green-hydrogen; waste water; conductivity; hydrogen generation; algorithm

1. Introduction

The collapse of the current energy model has resulted in a drive for renewable
energies [1]. This results in a need to identify products that minimize the negative impacts
of the carbon emissions [2] generated by energy systems based on fossil fuels such as coal,
then oil, and now natural gas. Hydrogen has emerged as an alternative fuel to enable
decarbonization by maintaining energy generation capacity while reducing CO2 emissions.
In this regard, on 7 August 2021, the Intergovernmental Panel on Climate Change (IPCC)
indicated that the point of zero emissions must be reached by the year 2050 [3]. The In-
ternational Energy Agency (IEA) then established a roadmap to reach the point where all
hydrogen consumed will be generated from renewable sources, as well as increasing its
use in new applications [4]. This results in a prediction that hydrogen consumption will

Hydrogen 2025, 6, 54 https://doi.org/10.3390/hydrogen6030054
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increase from the current value of 70 Mt/year to about 435 Mt/year by 2050, but with no
associated emissions due to either its production or consumption. The European Union
accepted this challenge by establishing the European Green Pact [5] and the EU Hydrogen
Strategy [6], the REPowerEU Plan [7], and the Paris Agreement [8].

Investors and producers (especially large fossil fuel and energy companies) have thus
begun a race to develop projects for the renewable production of hydrogen to contribute
to this energy transition process. However, despite the tools currently in place, growth
is not being achieved at the desired rate owing to technical problems with production,
since the installation of production plants does not meet the environmental requirements
specified in national regulations. Specifically, one of the most critical problems is to ensure
that the waste produced by such plants based on water is acceptable for release into the
natural environment. Hydrogen production is based on the extraction of water from a
natural system followed by an electrolysis process to separate the hydrogen and oxygen by
applying external energy. The electrolyzers used to achieve this rely on water of very high
quality, which thus requires previous preparation. This step involves the generation of large
amounts of reject water that must be discharged back into natural water cycles. Herein lies
the problem, as reject water does not have characteristics suitable for its incorporation into
the natural environment, which is not permitted when it exceeds certain parameter values.

A further problem is the additional energy cost required for the electrolysis process,
which is increased if the water requires further preparation [9]. Moreover, to achieve green
hydrogen production as driven and subsidized by the European Union, this energy must
only come from renewable sources. All of these conditions limit the establishment of green
hydrogen production plants, but they have not yet been studied sufficiently owing to the
relatively recent introduction of these processes [10].

The aim of this work is to identify the most appropriate characteristics and establish a
range of water parameter values that will enable the installation of a 2.8-MW microplant
for green hydrogen production as recommended by Lima in 2025 [11].

Several phases are required to achieve this final objective:

• A pilot water treatment plant will be designed and built to achieve the conditions
required for the electrolyzer of a green hydrogen generation plant.

• A series of experiments will be carried out using this plant to purify water from
different natural sources with varying conductivity and hardness values and differ-
ent origins (groundwater or surface water) to classify water from different sources
according to its potential for renewable hydrogen production.

• The characteristics of the reject water produced when using each type of water will
be evaluated to assess whether it could be discharged directly into the natural en-
vironment or will require previous treatment, which would drastically reduce the
profitability of such a plant.

• On the basis of all these results, we aim to establish the water quality limits corre-
sponding to the feasible production of renewable hydrogen on an industrial scale.

2. Materials and Methods

2.1. Construction of a Test Plant to Evaluate Different Types of Water for the Production of
Green Hydrogen
2.1.1. Plant Description and Water Requirements

First, an exhaustive literature review of existing techniques for the production of
green hydrogen was carried out, revealing that electrolysis is the most widely used and
environmentally friendly process [12–16]. The underlying mechanism of production based
on water electrolysis is the controlled breakdown of water molecules into hydrogen and
oxygen by applying energy obtained from a renewable source. Two partial reactions
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thereby occur: (1) hydrogen production and (2) oxygen release. Through this process,
molecular hydrogen is obtained in a gaseous state in the cathodic zone or at the negative
electrode, while oxygen is produced in a gaseous state in the anodic zone or at the positive
electrode, under the same conditions.

The water required for such green hydrogen production must undergo a series of
processes. The key point regarding the impact of large-scale production is to evaluate the
water treatment stage applied to make it suitable for use in the electrolyzer. Only water
that is adequately pretreated and that meets the characteristics required by the electrolyzer
can be used. The energy required and the number of process steps, and thus the amount of
reject water produced, depend greatly on the type of water available as input to the system.
Determining the water requirements of the electrolyzer thus becomes very important, to
ensure that these requirements can be met.

2.1.2. Electrolyzer Requirements

Four types of commercial electrolyzer exist for such electrolysis processes and
are classified according to the type of electrolyte they use [17]: alkaline electrolyzers
(AEL/AWE) [18], which use an alkaline solution; polymeric exchange membrane (PEM)
electrolyzers [19,20], which rely on a polymeric electrolyte; anion electrolysis membrane
(AEM) electrolyzers [21], which use an anionic membrane and combine the principles of
alkaline and PEM technologies; and solid oxide electrolyzer cells (SOECs) [22,23], distin-
guished by the fact that they are composed entirely of ceramic components, with electrolytes
made from yttrium-stabilized zirconia (ZrO2) and scandium oxides [24] (Table 1). The op-
erating parameters depend on the type of electrolyzer used, differentiating between those
operating at low (AEL/AWE, PEM, and AEM devices) versus high temperature (SOECs).
Electrolyzers that require operation at high temperature are less efficient, as resources must
be consumed to reach such temperatures. Moreover, note that, among these four types of
electrolyzer, the technology for two (SOEC and AEM) is less well developed, as they were
introduced only recently, thus requiring further studies to confirm their feasibility [25]. The
use of SOEC and AEM/AWE electrolyzers in the pilot plant studied herein was thus ruled
out (Figure 1). Another important parameter to consider is the feasibility in terms of the
average durability in operating hours, which is longer for PEM and AEL/AWE equipment.
Analyzing all these aspects, it was decided to use a PEM-type electrolyzer, which is also the
most commercially developed and frequently applied in plants today, as well as offering
the lowest water consumption.

The operation of all of these technologies requires water, in either liquid (AEL/AWE,
PEM, and AEM) or gaseous state (SOEC). Electrolyzers consume an average of 15–20 L of
water per kg of H2 produced, typically with conductivity values below 0.1 μS/cm. In this
work, we mainly focus on the conductivity, since the other parameters analyzed, e.g., the
amount of sulfates and chlorides, temperature, suspended solids, hardness, and pH, are
indirectly related to the conductivity value.

The conductivity thus becomes a limiting factor, as it leads to the most difficult
requirement to meet among all the parameters considered (Table 1). Using the consumption
of the electrolyzer to calculate the total amount of water required to produce green hydrogen
is difficult because it also depends on the purity of the initial input water [26]. However,
these calculations suggest that, to achieve the objectives set by Europe for 2030 for hydrogen
production corresponding to 40 GW, that is, ten million metric tons of renewable hydrogen
generation [27], the amount of water required is equivalent to that used in France in eight
years, even with optimal water input. This result underlines the importance of studying
water in areas of plant implantation, to avoid possible environmental problems due to the
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availability of water, especially in countries in Southern Europe, which are considered to
suffer from high water stress and in terms of the quality of this raw material [28].

Table 1. A description and comparison of the different types of electrolyzer.

Title Type of Electrolyzer

Characteristics of the required input water AEL/AWE PEM AEM SOEC

Water phase at entry Liquid Liquid Liquid Gaseous

Amount of water per kW produced, as
indicated by the manufacturer 15–20 L 11–17 L 13–18 L 10–16 L

Recommended water conductivity <0.2 μS/cm <0.1 μS/cm 0.1 μS/cm 0.1 μS/cm

Hardness No hardness allowed at input

Acceptable pH range 4–10 7–8 7 7–9

Operating temperature Low
100–150 ◦C

Low
70–90 ◦C

Low
30–70 ◦C

High
800–1000 ◦C

Chloride content <5 ppm Maximum 2 ppm Maximum 2 ppm Maximum 2 ppm

Turbidity <1 ppm <1 ppm 1 ppm 1 ppm

Total organic carbon (TOC) <30 ppb

Resistivity >10 MΩ cm

Technology development status Since the nineteenth
century

Since the twentieth
century Under study Under study

Device lifetime 60,000 h 30,000 h 10,000 h <20,000 h

Energy consumption of the electrolyzer 4.6 kWhel/m3H2
4.8 kWhel/m3H2 or

49.9 kWh/kg H2

4.8 kWhel/m3H2 or
53.3 kWh/kgH2

3.8 kWhel/m3H2

Figure 1. The technical design of the pilot treatment plant: (a) a photograph of the treatment plant
built at the University of León and (b) its technical design.
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A water footprint analysis of the hydrogen production process reveals that the water
entering in a plant can be divided into three parts, one recoverable and two non-recoverable.
The recoverable part of the water used corresponds to that effectively converted into
hydrogen since the consumption of the hydrogen produced will naturally result in the
production of water again. The two remaining, non-recoverable portions of water are the
cooling water and the reject water. The cooling water part is not recoverable owing to
the additives used to increase its performance, but this is used in a closed cycle, so the
amount of water that cannot be recovered for this reason is not significant compared with
the total water consumed by the plant [29]. But the total amount of reject water is a much
more significant quantity, which will depend on the quality of the input water and will be
directly proportional to the production volume throughout the entire lifetime of the plant.
The fraction of reject water versus that actually converted into hydrogen will depend on
the water quality. However, owing to a lack of studies, the specific water volume fractions
that will end up as reject water or that are effectively converted into hydrogen are not
currently known. Studies of plant efficiency depending on various water characteristics
can thus provide critical information for environmental protection by contributing to the
optimization of the amount of water consumed during production and minimizing the
discharge that must be managed, which is essential to ensure plant viability. The objective
is to select the optimal raw or input water so as to minimize the amount of reject water
discharged into the river while also enabling cost savings by avoiding the management of
large volumes of effluent, as this water would not meet the requirements for unrestricted
discharge into the river. Herein lies the importance of this highly practical work, which
is imperative owing to the legal vacuum and the lack of information and specific studies
on this question of determining the optimal water characteristics for sustainable green
hydrogen production. During the water treatment stage prior to entering the electrolyzer,
the water is separated into reject water and water for use in production.

2.1.3. Preparation of Water for Entry into the Electrolyzer

This treatment stage, consisting of a sequence of reverse osmosis followed by elec-
trodeionization (EDI), ensures that water with the required characteristics enters the EDI
(Figure 1). The osmosis process must be repeated until the water meets the requirements
described in Table 1 for the (most common) PEM electrolyzer. The amount of reject water
will increase as the required number of osmosis processes increases. Therefore, not all
water sources are suitable for hydrogen production, since quality below certain limiting
values will result in the production of reject water in quantities that prevent its feasible use.
To determine the amount of reject water produced when using different water samples, an
experimental treatment plant was designed and constructed in-house (Figure 1). This plant
was built at the facilities of the H-4 laboratory at the University of León (León, Spain) and
consists of an osmosis + EDI skid unit.

2.1.4. Construction of the Pilot Water Treatment Plant In-House

The design of the prototype treatment microplant to prepare water suitable for hydro-
gen production followed basic industrial procedures. The most basic industrial osmosis
systems always include a double osmosis process. However, for the prototype, a reverse
osmosis plant was designed, enabling recirculation before entering EDI equipment. After
performing empirical tests using this plant, it was observed that the water recirculated after
the second osmosis process could be used, while that recirculated after the first osmosis
process never showed improvements in water quality beyond 0.02% of conductivity, so
it was not considered for the tests with the different types of water to analyze the opti-
mal characteristics for sustainable H2 green production. Unlike an industrial plant, water
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samples were monitored before and after each of the reverse osmosis processes in this
experimental plant. The ultrapure water needed for electrolyzers requires an initial dem-
ineralization pretreatment of the input water (Figure 1 and Table 2) to avoid the formation
of metal hydroxide precipitates in subsequent stages [10,30]. Becker et al. and Zhang et al.
emphasize that these metallic precipitates are formed during electrolysis because the Ca2+

and Mg2+ ions react with the OH− generated and are deposited on the electrode surface,
reducing their efficiency and service life. Subsequently, the water was subject to a dem-
ineralization process, for which osmosis was chosen among all the existing technologies,
owing to the input volume required. Currently, membrane technologies are used in the
water purification sector [31], differing in that some (such as ultrafiltration, microfiltration,
nanofiltration, and reverse osmosis) require the application of a pressure gradient, while
others (such as electrodialysis) use electricity as the driving force. A combination of reverse
osmosis with EDI was chosen here because this also eliminates turbidity (corresponding
to organic compounds in Table 2) and retains a greater quantity of salts by eliminating
monovalent ions as well as organic compounds of very low molecular weight, as filters
have a pore size of approximately 0.0001 microns, enabling the production of high-quality
drinking water (Table 2).

Table 2. Evaluation of the different membrane techniques according to the requirements of
the electrolyzer.

MEMBRANE
TECHNIQUES

WATER
MONOVALENT

IONS
MULTIVALENT

IONS
ORGANIC

COMPOUNDS
PRESSURE

(bar)

ENERGY
CONSUMPTION

kWh/m3

PR
ES

SU
R

E-
D

R
IV

EN

MICROFILTRATION

ULTRAFILTRATION

NANOFILTRATION

REVERSE OSMOSIS

EL
EC

T

ELECTRODIALYSIS

Notes: The permeability of desired substances is indicated by a blue arrow, while that to be avoided is indicated
by a red arrow, resulting in the selection of reverse osmosis technology.

The prototype plant (Figure 2) starts with the collection of water in two 100-L tanks
(A), where it is also analyzed before undergoing purification treatment. Initially, these
100 L of water are subject to physical pretreatment (B) by fine filtration using a cartridge
filter with absolute selectivity of 5 microns. Chemical pretreatment (B) is then carried out
using a dosing pump and a tank with 100-L capacity, using an average antifoulant dose of
1.5–3 mg per liter of input or raw water.
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Figure 2. Water flow before entering the electrolyzer. Gray indicates incoming water, blue implies
that it is more deionized, and darker colors indicate higher salt concentration. Therefore, at the end
of the treatment, the water appears light blue (deionized water).

The water then undergoes the first reverse osmosis stage (C), a process that combines
ion exchange resins and membranes to transfer ionic impurities into a waste or concentrated
water stream. The water inlet pressure for these membranes is regulated by using a pump
with a frequency controller. This process results in the loss of ions, causing a drop in pH.
A pH value of 7.5 is required for the second osmosis stage (D), so bicarbonates are added
to increase the pH, then the second reverse osmosis stage is applied. This second reverse
osmosis stage results in a very low percentage of reject water. The reject water from both
reverse osmosis stages is called the concentrate (E) owing to its high salt content (with
almost all the salts that entered in the feed water being concentrated therein). The remaining
water is then called demineralized water and is passed to the final, fine-processing stage
based on EDI (F). This water treatment technology uses electricity (requiring continuous
electrical supply) to remove ions from the water. This results in fully purified water with
conductivity below 0.1 μS/cm, which can be fed to the inlet of the electrolyzers (G) to
produce green H2. The whole process is monitored so that, if limit values are exceeded,
automatic purges and draining can be applied to remove water from the process.

To evaluate the different types of water, a monitoring system was installed (Figure 2).
The nine installed monitors are used both to measure parameters and to control the inflow
of water into the subsequent tanks, up to a maximum of 100% capacity. An example of this
can be seen in Figure 2 (Monitoring 1); the Monitoring 1 line allows 100% water inflow
only when the recirculation line from the second reverse osmosis stage does not supply any
water. Otherwise, the Monitoring 1 line allows the entry of complementary water (85–90%)
so as to reach 100% of the pretreatment tank’s capacity.

On the basis of the hydraulic circuit of the process, this indicates the characteristics of
the deionized water in terms of the flow rate, pressure, conductivity, pH, hardness, and dis-
solved oxygen content, with two sensors for each measurement variable (Figure 2). Two ad-
ditional channels are provided in each transmitter to read flow and pressure variables.
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2.2. Water Performance Analysis Phase
2.2.1. Selection of Different Natural Water Sources for the Production of Green Hydrogen

To consider a broad spectrum of possible water sources that might feed future green
hydrogen generators, water from different origins were selected, including 13 from ground-
water and 7 from surface sources (Figure 3 and Table 3). In addition to taking the type of
source into consideration, these 20 sites were selected by considering the most favorable
locations in terms of their proximity to renewable energy sources and access to water catch-
ments, and their water was used in the plant. These sites represent the greatest variability
in terms of conductivity, pH, and hardness values. The map shows that, in addition to
these 20 sites, 57 other sites have been sampled, but the water from these sites has not been
used in the plant.

Figure 3. Location map of water sources used for the raw water treatment pilot plant. Triangles
indicate surface springs, while circles indicate underground sources. The numbers indicate each
location as indicated in Table 3.

Water analysis was performed by an authorized laboratory using samples collected
on site at each of the 20 locations in blue (Figure 3 and Table 3). These 20 locations were
selected on the basis of a proportional distribution according to the Köppen–Geiger climate
classification, ensuring the inclusion of both groundwater and surface water samples. From
each location, 175 L was collected, of which 25 L was used for analysis, 100 L for purification
by the treatment process in the pilot water treatment plant, and 50 L for recirculation in
the circuit. The water was collected in three 50-L polyethylene containers for input into
the treatment plant described above (Point A in Figure 2). In the first pretreatment phase,
relying on decantation and filtration (Point B in Figure 2), visible impurities such as stones,
plant debris, and microorganisms were removed. Subsequently, chlorine was added and
left to act for two hours. Then, the free chlorine particles and colloids were mainly removed.
The water flowed through the double-pass reverse osmosis stages (Point C and Point D
in Figure 2), while the permeate and intermediate water was monitored at monitoring
points 2 (reject water) and 3 (water continuing in the process to the second reverse osmosis
stage). After the second reverse osmosis stage, the water was divided into three streams:
10–15% was sent to the pretreatment tank (monitoring point 6), 5–10% was directed to reject
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water or concentrate (monitoring point 5), and 50–60% continued in the process toward
EDI (monitoring point 6). During EDI, the water was treated by electrodeionization to
remove the remaining ions, again generating reject water (monitoring point 8). Finally,
the water leaving the EDI passed by an ultraviolet lamp for bacteria reduction treatment,
where a water sample was also taken (monitoring point 7), before passing through to the
electrolyzer to confirm that it had the desired composition according to the requirements of
the electrolyzer.

Table 3. Characteristics of water samples used to evaluate the treatment efficiency, type of soil, type
of clays in the area, and conductivity of the water.

Water Characteristics
Köppen–Geiger Climate

Classification * [32]
Soil Types

Presence of
Clay

Input Water
Conductivity

(μs/Cm)

01
Cervera de Pisuerga

(Palencia) Csb Chalky/rocky Low 32.00

02
Bembibre

(León) Csb Slate/clays None 39.00

03
Santibáñez de

Vidriales
(Zamora)

Csb Slate Low 55.00

04
Villadangos del
Páramo (León) Cfb Clay–loam None 83.00

05 Altazar
(Madrid) Csb

Entisols and Inceptisols
over shales

and sandstones
Low 94.00

06
Villamayor

(Salamanca) Csb Sandy and sandy
loam soils None 116.00

07 Onzonilla
(León) Csb Alluvial soils (Fluvisols)

and sandy loam Moderate 153.50

08 Almanza
(León) Csb Brown chalky and

clayey soils Low 156.00

09 Panticosa
(Huesca) Cfb Leptosols and poorly

evolved mountain soils None 183.00

10 Lugo
(Lugo) Csb Umbrisols and

Cambisols None 214.00

11
Almazán

(Soria) Cfb Fluvisols and Cambisols
over alluvial terraces Moderate 228.00

12 Alcántara
(Cáceres) Csa Leptosols and Regosols

over slate and quartzite Low 260.00

13
Arroyo de la
Encomienda
(Valladolid)

Csb Fluvisols and
chalky Cambisols Moderate 266.00

14 As Pontes
(A Coruña) Csb Metamorphic soils with

the presence of alluvium None 275.00

15 Muñoveros
(Segovia) Csb Sandy soils and

sandy loam Low 288.00

16 Manganeses de la
Lampreana (Zamora) Csb Sandy and silty Low 302.00

17 Sabiñanigo
(Huesca) Cfb Alluvial and

Quaternary terraces None 303.00
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Table 3. Cont.

Water Characteristics
Köppen–Geiger Climate

Classification * [32]
Soil Types Presence of Clay

Input Water
Conductivity

(μs/Cm)

18 Orense
(Orense) Csb

Acid soils (Umbrisols and
Cambisols) and

sandy loam.
None 304.00

19 Llanera
(Asturias) Cfb Deep soils, loamy to clayey

loam in texture Low or moderate 314.00

20
Pineda Trasmonte

(Burgos) Cfb Brown limestone and
clayey soils None or low 357.00

21 Salvatirra
(Álava) Csb Soils over alluvial deposits Low 375.00

22
Palos de la Frontera

(Huelva) sa Sandy and sandy loam,
with alluvial deposits High 375.00

23
Bercero

(Valladolid) Csb Luvisols and alluvial
terrace soils Moderate 387.00

24 Lugo
(Lugo) Csb Shallow with silty or

sandy-loam texture None 397.00

25 Cala
(Huelva) Csa Regosols and Leptosols

over shales and quartzite High 418.00

26 Silvota
(Asturias) Cfb Deep soils, loamy to clayey

loam in texture Low or moderate 430.00

27 Marismas
(Sevilla) Csa Loamy/clayey High 441.00

28 Jaca
(Huesca) Cfb Rocky/pebbly None 446.00

29
Miranda de Ebro

(Burgos) Csb Claystones, limestones, and
sandstones Low 463.00

30 Cabeza de Vaca
(Badajoz) Csa Brown limestone and

clayey soils Low 473.00

31 El Bonillo
(Albacete) Csa Limestone and

dolomitic soils Low 474.00

32 Iznajar
(Córdoba) Csa Clayey and limestone soils Moderate 500.00

33 Villarquemado
(Teruel) Cfb Brown limestone and

clayey soils Moderate 510.00

34 Yeste
(Albacete) Csa

Mediterranean rendzina,
brown limestone,

and alluvial
Low 515.00

35 Berrueco
(Zaragoza) Cfb Xerophytic (desert), loose,

dusty soils Low 516.00

36 Jaca
(Huesca) Cfa Fluvisoles, Leptosoles,

Cambisoles None 533.00

37
Rueda

(Valladolid) Cfa Sandy loam and
limestone soils Moderate 572.00

38
La Venta Usagre

(Badajoz) Csa Brown limestone and
clayey soils Low 576.00

39 Requena
(Valencia) Csa Fluvisols and Cambisols

with clay accumulation Low 617.00

40 Torico
(Cáceres) Csa Leptosols and Regosols

developed over shales Low 636.00

41 Used
(Zaragoza) Cfb Ordovician quartzites and

dolomitic limestones Low 664.00
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Table 3. Cont.

Water Characteristics
Köppen–Geiger Climate

Classification * [32]
Soil Types Presence of Clay

Input Water
Conductivity

(μs/Cm)

42
Villaviudas
(Palencia) Cfb

Rendzinas with brown
limestone soils in

higher areas
Moderate 667.00

43 Puebla de Don Fabrique
(Granada) BSk Chalky and clayey soils

over Mesozoic materials Low 670.00

44
Fuensalida

(Toledo) BSk Fluvisols and Cambisols
over alluvial materials Low 706.00

45 Nohales
(Cuenca) Csa Chalky and clayey soils Moderate 712.00

46 La Guardia de Jaén
(Jaén) BSk Clayey and limestone soils Moderate 720.00

47 Miranda de Ebro
(Burgos) Cfb Clayey, limestone, and

sandstone soils Low 788.00

48 Villarez de Saz
(Cuenca) Csa Limestone and clayey soils

over Mesozoic materials Moderate 823.00

49
Torremejia
(Badajoz) Csa Southern brown earth and

clayey red soils Low 927.00

50 Colomera
(Granada) Csa Limestone and clayey soils

over Mesozoic materials Low 970.00

51 Villamiel de Toledo
(Toledo) BSk Fluvisols and Cambisols

over alluvial materials Moderate 1060.00

52 Argamasilla de Alba
(Ciudad Real) BSk Clayey loam and chalky

clay soils Moderate 1080.00

53
Chinchilla de

Montearagón (Albacete) BSk Limestone, clayey, and
gypsiferous soils Moderate 1087.00

54 Calzada de Don Diego
(Salamanca) Csb Sandy and sandy loam over

granitic peneplains Low 1100.00

55 Santa Julia de Ramis
(Girona) Cfa Granitic and

alluvial materials None 1160.00

56 Puente Genil
(Córdoba) BSk Clayey and limestone soils Moderate 1240.00

57 Orce
(Granada) BSk Calcium Cambisols and

chalky Regosols Low 1250.00

58 Moreal del Campo
(Teruel) Cfb

Brown limestone and
clayey soils over

Tertiary soils
Moderate 1263.00

59 Almagro
(Ciudad Real) BSk Clayey and limestone soils

with Miocene sediments Moderate 1431.00

60 Montejicar
(Granada) BSk

Limestone, clayey, and
marly limestone Subbetic

mountain ranges
Moderate 1480.00

61 Vega de Granada
(Granada) BSk Fluvisols with alluvial soils,

with clay–loam texture Moderate 1677.00

62 Sierra de los Caballos
(Sevilla) Csa

Limestone, clayey and
stony with

Mesozoic material
High 1786.00

63
Santa Cruz De La Muela

(Alicante) BSh Clayey and limestone soils Moderate 1800.00

64 Bailen
(Linares) BSk Strongly to slightly

chalky soils Moderate 1826.00

65 L’Hospitalet de Llobregat
(Barcelona) Csa Alluvial soils with Fluvisols Low 1880.00
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Table 3. Cont.

Water Characteristics
Köppen–Geiger Climate

Classification * [32]
Soil Types Presence of Clay

Input Water
Conductivity

(μs/Cm)

66 Navas de San Juan
(Jaén) Csa Marls, clays, and gypsum High 1887.00

67 Carmona
(Sevilla) Csa Alluvial and chalky soils High 1975.00

68 Verdu
(Lleida) BSk Chalky and sandy loam

soils over Tertiary soils Moderate 2010.00

69 Caspe
(Zaragoza) BSk Chalky, stony, and loose

soils over Tertiary soils Moderate 2300.00

70
Peñafiel

(Valladolid) Csb Sandy loam and
limestone soils High 2580.00

71 Mazarrón
(Murcia) BSk Soils with chalky crust and

ferruginization High 2800.00

72 Torrejoncillo Del Rey
(Cuenca) Cfb Chalky and clayey soils

over Mesozoic materials Moderate 2834.00

73
Villafuerte

(Valladolid) Csb Chalky moor and sandy or
sandy loam soils High 3126.00

74 La Luisiana
(Sevilla) Csa Alluvial Fluviosols and

clayey soils High 3285.00

75 Mejorada del Campo
(Madrid) Csa Soils with chalky crust and

ferruginization High 3380.00

76 Girona
(Girona) Cfa Sandy loam to

clay–loam soils Low 3563.00

77 Caspe
(Zaragoza) BSk Chalky, stony, and loose

soils over marls High 3857.00

Notes: Based off of a geological map and map of risk prevention due to clay expansivity in Spain (Geological and
Mining Institute of Spain (IGME)). Numbers in blue indicate that water samples taken at these points were used
for algorithm development. * BSh: hot steppe; BSk: cold steppe; Csa: temperate with a dry or hot summer; Csb:
temperate with a dry or temperate summer; Cfa: temperate with a dry season and hot summer; Cfb: temperate
with a dry season and temperate summer.

2.2.2. Analysis of Existing Water Legislation

In addition to meeting the minimum requirements for the feed water at the electrolyzer
input, it is also essential to define the minimum parameters for discharge of the water
generated by the hydrogen generation plant so as to determine whether the reject water
can be discharged directly into the environment.

Water legislation defines discharge as the act of introducing water with parameter
values that exceed certain limits or contain pollutants by mixing it with inland water or
with the rest of the public water system [33]. Hydrogen production, being an industrial
activity, must comply with these parameter limits. Currently, there is no specific Spanish or
European legislation defining the limits and specific parameters in relation to discharges
generated during renewable hydrogen production. Given this lack of an established
standard to define maximum allowable values, we studied the limit values found in both
legislation and literature to determine the limiting conductivity value that might affect
the receiving system. Conductivity values above this would require further treatment by
an authorized waste manager or the application of other systems such as forced vacuum
evaporation to reduce the conductivity.

The results presented in Table 4 indicate that conductivity values below 1000 μS/cm
do not affect crops, human health, or freshwater species. Meanwhile, water with conduc-
tivities above 6000 μS/cm would not be appropriate for any use. Also, water with higher
conductivity can only be used for certain crops.

110



Hydrogen 2025, 6, 54

Table 4. Conductivity limit values, the sector affected, and information source.

Limit Values Sector Affected Source

>6000 μS/cm Crops [34] Ismayilov et al. (2021)

>5000 μS/cm
Surface water [35] Degree 141/2012, of June 21

(Galicia, Spain)

Human health [36] Martín and Ángel (2023)

>4000 μS/cm
Surface water [37] R.D 38/2004, BOA 10 March

2004, (Spain)

Irrigation [34] Ismayilov, A., et al. (2021)

>3000 μS/cm
Irrigation [34] Ismayilov, A., et al. (2021)

[38] Álvarez, M., et al. (2004)

Crops [39] Pérez-Vázquez et al. (2020)

>2500 μS/cm Human consumption

[40] European Directive 2020/2184
[41] European Directive 98/83/EC

[42] European Council Directive
98/83/EC, 1998

[43] R.D. 1138/90 of 14 September 1990
[44] R.D. 140/2003

>2000 μS/cm Freshwater species [45] Flores and Jara (2017)
[46] Cañedo-Argüelles et al. (2016)

>1800 μS/cm Discharges into the
natural environment [47] R.D. 606/2003 (CNAE 3519)

>1000 μS/cm
Human consumption

[31] Solís-Carvajal (2017)
[39] European Council Directive

75/440/EEC of 16 June 1975

Crops [48] Porta and Herrero (1996)

2.2.3. Trial Monitoring and Data Collection

The water samples of the 20 sites were introduced into the pilot pretreatment plant
while monitoring the most important parameters (conductivity, alkalinity, hardness, and
contents of different minerals) in each of the stages. All of the parameters were found to be
related to conductivity. As it was impossible to perform a continuous process in the pilot
plant, the analysis was performed by introducing 150 L and analyzing a volume of 100 L
per sample.

2.2.4. Analysis of Results

After each stage of the pilot plant process, the following parameters were measured:
temperature, flow rate, pressure, conductivity, pH, hardness, and dissolved oxygen content.

The following monitoring equipment was used, with two sensors per variable: for
conductivity, Hamilton Conducell in-line sensors with a range of 0.1 μS/cm to 200 mS/cm;
for pH, Mettler Toledo glass electrode sensors; for flow rates, Endress + Hauser Promag
electromagnetic flowmeters; for pressure, WIKA S-20 transducers for input values between
10 and 15 bar; for temperature, a PT100 resistance temperature detector; for dissolved
oxygen, Mettler Toledo optical sensors; and for hardness, HACH HQ440D automatic
titrators. All these parameters were monitored by using a centralized system for data
acquisition and alarms (SCADA, Siemens WinCC, Loveland, Colorado–EEUU).
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2.3. Development of an Algorithm to Estimate the Amounts of Reject Water and Usable Water

With the detailed results from the pilot pretreatment plant, with 13 groundwater
samples and 7 surface samples, an algorithm was developed (Figure 3 and Table 3). After
introducing 100 L of each of these water samples into the constructed pretreatment plant,
we studied the values of temperature, flow rate, conductivity, pH, and hardness obtained
after each stage of the process. These data were input into the ChatGPT Version 1.2025.203
artificial intelligence system, asking it to integrate them into Python version 3.13.2.

The algorithm is based on the following main formulas (Equation (1)):

Conductivity of filtered water, process water, or output water: C_filtered = C_input × (1 − salt_rejection)
Reject water conductivity (by mass balance): (inflow_flow × inflow_conductivity) =
(filtered_flow × filtered_conductivity) + (reject_flow × reject_conductivity)
Filtered or process water flow rate: filtered_flow = input_flow × recovery
Reject water flow rate: reject_flow = input_flow − filtered_flow

(1)

On the basis of this analysis and simulations, a program was generated (registered as
intellectual property with code 00765-02622024) to predict, using data for the conductivity
of water streams, the potential production of reject and output water when used in a
hydrogen plant.

This algorithm was subsequently validated via analysis of 26 other new water samples
(13 surface and 13 groundwater) (Table 8) that were also introduced and monitored after
putting in the treatment plant to compare the results obtained by the algorithm with the
final results obtained when using the plant.

Finally, the algorithm was applied to 46 water samples that had not been tested in
the plant to calculate the amount of water that would theoretically have to be managed to
implement such a hydrogen generation plant with water from each source (Figure 4).

2.4. Determination of the Limit Values Corresponding to Optimum, Moderate, and Restricted
Water Quality for Green Hydrogen Production

On the basis of the analysis of our 20 tests monitored in the experimental treatment
plant (Table 5), it was possible to determine the conductivity and volume of the reject
water that would be generated by such a plant when installed. There are legal and health
requirements, as recommended and described in Section 2.2.2 (Table 4), which demand the
management and treatment of water with values above certain limits. Combining these two
concepts, one can determine the maximum conductivity of the input water that will result
in reject water exceeding established limit values. Using this information, three grades of
water quality for hydrogen production were determined with the following values:

1. Optimum: when the incoming raw water has a conductivity between 0 and
410 μS/cm.

2. Moderate: when the incoming raw water has a conductivity between 411 and
900 μS/cm.

3. Restricted: when the incoming raw water has a conductivity above 900 μS/cm.

These parameters, together with the algorithm, allowed us to classify the 77 water
samples whose conductivity was measured into qualities and to analyze the geographical
distribution and its relationship with groundwater and surface water locations (Figure 3).
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Table 5. Conductivity values of the reject water measured for the 20 water sampling points selected
for the algorithm design.

Origin
Input Conductivity

(μS/cm)

Reject Water
Conductivity

(μS/cm)

Percentage of Reject
Water Flow (%)

01 Underground 32.00 74.34 9.02
02 Surface 39.00 90.60 9.42
03 Underground 55.00 128.58 10.12
04 Underground 83.00 197.75 10.42
06 Underground 116.00 282.51 10.83
11 Underground 228.00 594.10 12.92
13 Surface 266.00 706.12 15.05
20 Surface 357.00 984.11 17.66
22 Surface 375.00 1042.16 17.85
23 Underground 387.00 1079.96 19.38
29 Surface 463.00 1308.25 20.96
37 Underground 572.00 1622.25 28.87
38 Underground 576.00 1633.71 29.12
42 Underground 667.00 1896.75 30.98
44 Underground 706.00 2008.01 34.62
49 Surface 927.00 2683.76 47.15
53 Underground 1087.00 3156.65 51.32
63 Surface 1800.00 5364.90 55.98
70 Underground 2580.00 7898.67 61.71
73 Underground 3126.00 9767.50 68.63

Notes:

Optimum Raw water conductivity: 0–410 μS/cm
Moderate Raw water conductivity: 411–900 μS/cm
Restricted Raw water conductivity: >900 μS/cm

3. Results and Discussion

3.1. Analysis of the Limit Values in Legislation

Our search of current legislation showed that high water conductivity is a critical
indicator of contamination and salinization, having adverse effects on health and the
environment, so its control is essential to ensure the sustainability and viability of renewable
hydrogen production plants.

There is no harmonized standard, and limits vary according to the Water Framework
Directive (WFD), which prioritizes the non-alteration of ecosystems. The absence of a single
conductivity standard requires case-by-case analysis, prioritizing the receiving medium
and subsequent uses of the water.

3.2. Flow Analysis and Water Analysis at the Pretreatment Plant

The analysis of the flow rate, hardness, conductivity, and pH for water from the
20 water sampling points showed that all these parameters are related to conductivity, so
the conductivity is the parameter with the highest influence on the possible behavior of the
water for generation of hydrogen [49,50]. According to the flow analyses throughout the
pretreatment plant, shown in Figure 2, the reject water has a higher flow rate after the first
osmosis, but this decreases after the second osmosis and after EDI.

It is observed from these results that surface water is slightly more optimal than
groundwater (46% versus 57%), considering that surface water benefits from dilution of
salts via precipitation. However, this difference is minimal, and industrial uses of surface

113



Hydrogen 2025, 6, 54

water are always subject to the requirement to maintain natural flows and supply urban
centers. Therefore, when possible, it is preferable to obtain water from groundwater
sources rather than directly from surface water, owing to the greater flow stability, reduced
susceptibility to short-term seasonal and climatic variations, and less exposure to immediate
regulatory restrictions, especially for an industrial process where operational continuity,
predictability of supply, and minimization of risks from external factors are paramount.

The viability of green hydrogen production plants is directly related to the quality of
the water used, mainly its conductivity, but no reference values are available to help delimit
the suitability of water when installing such a plant. This value is of great interest since
the amount of reject water produced by a plant, as well as the cost of the maintenance and
membranes in the plant, will increase strongly when water with high conductivity is used.
After empirically analyzing these reference values, it was found that water with conductiv-
ity values below 410 μS/cm would be optimal. Such water will allow the generation of
reject water with salinity suitable for discharge directly into the environment, and always
at quantities of less than 30% of the input water entering the plant, which also reduces the
consumption of raw materials as well as the cost of membranes (Table 5). Conductivity
values between 410 and 900 μS/cm mean managing volumes of reject water that approach
50% of the input water volume (Table 5), associated with much higher maintenance costs.
In addition, the electricity consumption will be almost three times higher than in green
areas (consumption of ~1.32 kWh/m3 in green areas versus ~3.88 kWh/m3 in red areas).

In addition, hydrogen production in such areas may suffer from interruptions at
certain times of the year when environmental restrictions prohibit discharge above certain
regulatory limits. The results of this study also show that input water with conductivity
values above 900 μS/cm will make the process nonviable, owing to the strong increase in
the cost of membranes used in the plant as well as the management of reject water volumes
that could reach up to 80% (Table 5).

Raw water with conductivity values below 410 μS/cm has quality suitable for hydro-
gen production, generating reject water with salinity values suitable for direct discharge
into the receiving medium. Meanwhile, the consumption of raw materials necessary for
the operation of the renewable hydrogen plant is also reduced.

Several conclusions can be drawn from Table 5. The first and most obvious is that the
conductivity of the input water is closely related to the conductivity of the reject water,
increasing by approximately threefold while passing through the plant.

However, the table also reveals that, when using input water from locations with the
highest water quality, that is, optimum quality, the reject water volume is always less than
20% of the input water. Meanwhile, when the water quality is moderate, this reject water
can reach 20–35% of the input water, and for restricted water levels, at least 47% of the
input volume will end up as reject water. Indeed, for a plant where the conductivity of
the input water exceeds 1800 μS/cm, the reject water would account for almost 56% of the
total. Moreover, this reject water would have such an increased conductivity that it would
require prior treatment before discharge into the receiving medium, via an authorized
waste manager.

This means that, to produce 1 kg of green hydrogen with a PEM-type electrolyzer, the
most widely used today, about 21 L of input water classified as optimal quality would be
required, while up to about 38 L of water in the restricted category would be needed. For
hydrogen production plants using other types of electrolyzers, a theoretical estimate of
the water consumption required for the production of 1 kg of green hydrogen is presented
in Table 6, revealing that AEL/AEW-type electrolyzers would require the most water,
reaching almost 44.44 L in the worst conditions.
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Since the water consumption depends on the electrolyzer type and water quality, we
do not propose using only the amount of water available as a viable indicator for selecting
a particular location for a hydrogen generation plant. This study shows that, as pointed out
in other works [51], water consumption for green hydrogen production is not very high,
since the water is partly returned to the receiving medium. The analysis reveals that, if
current energy demands were to be met only through the production of green hydrogen,
the water consumption required would be only a very small percentage of the volume of
water consumed worldwide for energy production currently, namely 0.6%.

The results of this study argue instead for a dual indicator for the location of hydrogen
generation plants that considers both the quantity and quality of water available, with the
quality of the available water being the most important indicator. The main contribution of
this work is the proposed classification of input water quality, which will make it possible
to minimize risks related to increased production costs and predict feasibility as early as
the implementation and performance study phases of projects under development.

Table 6. Average amount of input ultrapure water required (in liters) to produce 1 kg of green
hydrogen depending on the water quality and the type of electrolyzer (AEL/AWE, PEM, AEM,
or SOEC).

Water Quality Percentage
Average Water Use

Ultrapure Water Required to Generate 1 kgH2 [52]
Category

AEL/AWE [53] PEM [53,54]
AEM
[55]

SOEC
[56]

15 l 22.3 l 11 l 17 l 13 l 18 l 10 l 16 l

Optimum 81% 18.52 24.69 13.58 21.01 16.05 22.22 12.35 19.75
Moderate 75% 20.00 26.67 14.66 22.68 17.33 23.98 13.33 21.33
Restricted 45% 33.3 44.44 24.44 37.74 28.88 40.00 22.22 35.56

Therefore, when designing a green hydrogen production plant, raw water being of
poor quality, especially in areas with water conductivity values above 900 μS/cm, means
an increase in the raw water flow consumption, an increase in the energy required for the
reverse osmosis process, and an increase in discharges with high conductivity requiring
treatment by an authorized waste manager. This entails a high production cost. Normally,
costs corresponding to wastewater treatment after the osmosis and EDI stages are not
calculated for projected renewable hydrogen production plants, since it is assumed that
the wastewater will have properties appropriate for direct discharge into the receiving
environment or the existing sewage system, but this is not the case. The costs of replacing
the membranes when they are clogged, which will occur much more frequently in the case
of raw water with low quality, are also not taken into account. Hydrogen production with
water in the restricted category would face frequent interruptions, in addition to being
exposed to the risk of uncertainties surrounding environmental regulations regarding
discharge management and obtaining combined environmental authorization, in extreme
cases making the plant unfeasible. This classification could also be useful for the design of
plants of different sizes and powers by scaling the flow requirements.

Intensive research is currently being conducted on both fuel cell and electrolyzer
components to reduce costs and make hydrogen technology more competitive. However, a
technically and economically viable technology or system that can meet the limits for the
dissolved salt concentration in the reject water discharged into the receiving environment
has yet to be developed.

In addition, to study the temporal stability and the effect of the different seasons, in
case of changes in the water table through the year, we selected 11 random points from the
20 blue points in Table 3 (Table 7) representing the most frequent Köppen–Geiger climate
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types (BSk, Csa, Csb, Cfb). Water from these 11 points was resampled after a few months
and reintroduced into the plant to analyze the conductivity of the reject water. These results
revealed that the water quality classification remained constant for all values except site 44.
In the first sampling, site 44 was placed in the moderate category but was very close to the
cut-off for the restricted group, to which it switched when the water table dropped.

Table 7. Comparison of conductivity values measured in water taken at 11 points on two occasions
over time, showing the temporal variability of conductivity over time.

Location
Input Con-
ductivity
(μS/cm)

Reject Water
Conductiv-
ity (μS/cm)

Date of First
Measurement

Aquifer
Water Level

Input
Conductiv-
ity (μS/cm)

Reject Water
Conductiv-
ity (μS/cm)

Date of
Second

Measurement

Aquifer
Water Level

Water
TABLE

over Time

42 667 1896.75 15 April 2023 High 653 1855.76 10 April 2024 High
Constant23 387 1079.96 15 April 2024 High 394 1099.50 22 May 2024 High

22 375 1042.16 19 June 2023 Low 342 923.54 19 June 2024 Low
44 706 2008.01 15 April 2023 High 1200 3499.08 13 September 2024 Low

Strong
variation

3 55 128.58 22 May 2024 High 57 133.49 25 September 2024 Low
4 83 197.75 24 June 2024 High 81 196.51 25 September 2024 Low
73 3126 9767.50 23 February 2023 High 3201 10,039.62 15 September 2024 Low
2 39 90.60 16 June 2023 High 41 95.63 15 September 2024 Low
53 1087 3156.65 12 December 2023 High 1118 3249.02 10 April 2024 Moderate

Moderate
variation

29 463 1308.25 8 May 2023 High 503 1423.34 28 November 2024 Moderate
6 116 282.51 16 June 2023 Moderate 116 282.51 15 September 2024 Low

Having established that the quality and quantity of the incoming raw water are the
indicators necessary to determine the optimal location of the plant, it became essential
to develop a tool that, on the basis of an analysis of the input water and flow rate, could
determine the hydrogen production achievable with a given electrolyzer. Under this
premise, a validation algorithm was designed and developed.

3.3. Algorithm Development and Validation

On the basis of a very simple and efficient analysis of conductivity, the designed
algorithm estimates the costs of an installation in terms of the water to be treated as well as
the electricity and membrane consumption.

The validation of the algorithm revealed that the relative error between the predicted
values and those obtained by the algorithm was a maximum of 4.54% with respect to the
real values (Table 8), confirming that the algorithm is valid to justify the location of a specific
power plant. This validation is suitable for both groundwater and surface water sources.

Following its validation, the algorithm was extended to locations of the Iberian land-
mass representing different geologies and edaphological characters (Table 3). The results
revealed no relationship between the data calculated using the algorithm and the geology
at each site, or with the different edaphological characteristics. This lack of relationship
makes sense considering that the water will have passed through different agricultural
or industrial lands that could significantly alter its conductivity by mixing with certain
byproducts; in addition, changes could occur owing to hydromorphological alterations
due to channeling or intensive extraction, or the presence of pathogenic microorganisms
such as E. coli and Streptococci sp. associated with poor health practices and variations
in pH and hardness due to the dissolution of minerals or the introduction of chemical
residues. In addition, the breadth of the geologic map, which includes many different
geologic characters in each square, greatly hinders any comparison with specific water
sampling points, yielding inconclusive results. However, an effect on the quality of water
is found when correlating the classification of the sampling points with the map of clays
(Figure 4). It appears that, in those locations where there is no clay or low-expansivity
clay, the water seems to have better quality for use in green hydrogen production. The
relationship between water conductivity and clays is determined by the physicochemical
and hydrodynamic mechanisms that influence the expansivity and electrical properties
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of these materials. In the case of sulfate-rich clays, the concentration of sulfates (SO4
2)

would be directly linked to their electrical conductivity since these chemicals dissociate
in water, releasing mobile ions that contribute significantly to the water’s ability to carry
electric current.

Table 8. Validation of the designed algorithm.

Location Source
Input

Conductivity
(μS/cm)

Reject Water
Conductivity

(μS/cm)

Reject Water
Conductivity According
to the Algorithm (μS/cm)

Relative Error
(%)

San Román de Bembibre (León) Surface 41.00 95.63 97.14 1.58
Quintana Dueñas (Burgos) Underground 86.00 205.25 213.27 3.91

Robleda (Salamanca) Underground 137.00 335.68 340.44 1.42
Cerdeña (A Coruña) Surface 180.00 459.00 456.37 0.57
Aboño (A Coruña) Surface 220.00 572.46 598.46 4.54

Rozas de Valdearroyo (Cantabria) Surface 254.00 667.44 670.30 0.43
Guareña (Badajoz) Surface 270.00 716.74 716.40 0.05

Fuentidueña (Segovia) Underground 365.00 1007.40 1007.00 0.04
Talavera la Real (Badajoz) Surface 406.00 1141.14 1147.70 0.57

Alquezar (Huesca) Surface 413.00 1161.44 1162.00 0.05
Villasalla (Soria) Underground 422.00 1194.39 1198.00 0.30
Mérida (Badajoz) Underground 442.00 1248.56 1257.02 0.68

Cabezas Rubias (Huelva) Underground 501.00 1417.68 1422.00 0.30
Leza (Álava) Surface 560.00 1587.26 1589.60 0.15

Lupiana (Guadalajara) Underground 562.00 1593.27 1598.77 0.35
Caravaca de la Cruz (Murcia) Underground 565.00 1601.94 1604.00 0.13

Brihuega (Guadalajara) Underground 600.00 1701.96 1697.14 0.28
Martín del Rio (Teruel) Surface 602.00 1708.11 1709.00 0.05

Alcázar de San Juan (Ciudad Real) Underground 625.00 1775.50 1776.71 0.07
Alfaro (La Rioja) Surface 693.00 1972.35 1978.50 0.31
Toro (Zamora) Surface 746.00 2124.68 2119.00 0.27

Valdepeñas (Ciudad Real) Surface 869.00 2483.69 2471.79 0.48
Daroca (Zaragoza) Surface 940.00 2725.81 2733.00 0.26

Villamediana (Palencia) Underground 1170.00 3408.68 3391.13 0.51
Calzada de Calatrava (Ciudad Real) Underground 2200.00 6644.22 6640.10 0.06

Azanjuez (Madrid) Underground 2520.00 7671.89 7669.33 0.03
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Figure 4. Predictive Map of Risks due to Clay Expansivity (Geological and Mining Institute of
Spain (IGME)), with the location of the selected [57] water sampling points overlaid. Optimal or
higher-quality water locations are indicated in green, moderate or medium-quality water sources
in orange, and restricted-quality water sources in red. Circles indicate underground sources, while
triangles indicate surface sources. Numbers indicate each location as indicated in Table 3.

Researchers such as Coitiño López [58] have indicated that water sources located on
the margins of surface water bodies (rivers, reservoirs, etc.), especially those with shrub
vegetation, as well as areas with detrital aquifers and granitic (not chalky) soils, usually
have more suitable conditions in terms of conductivity, so these would be more suitable
sites for the production of green hydrogen. Installations on sedimentary rock are less
beneficial since this implies higher conductivity [57]. Our analysis of the sampling data
herein confirms these results.

Finally, it is interesting to note that this analysis in the Iberian Peninsula could be
extrapolated to the European Union, as it includes locations with very different geomorpho-
logical and catchment characteristics. This could contribute to the development of a more
intelligent management policy and the promotion of green hydrogen production in Europe.
However, such management would require the establishment of standards to regulate the
quality of input water and associated conductivity limits to ensure the sustainability of the
renewable hydrogen industry.

The current results align with the sixth Sustainable Development Goals related to
efficient water management and water stress reduction, indicating that sustainable water
management is essential for energy production and the preservation of aquatic ecosys-
tems [59]. Indeed, the sustainability of green hydrogen production plants is more related
to adequate water quality in terms of conductivity than to being located in areas with
abundant renewable resources, which is the parameter used currently.

4. Future Research

This study highlights the issues related to the installation of green hydrogen produc-
tion plants and the establishment of water quality values to draft the necessary compliance
standard specifying the limiting parameters for the quality of the raw input water, as
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well as the annual volumes of extraction permits that regulate this type of activity in a
sustainable manner. We look forward to contributing to the development of this legislation
in the future.

5. Conclusions

The following conclusions can be drawn from the work carried out in this research:
1. There is no legislation or literature describing established limit values for hydrogen

production. At present, a legal vacuum exists regarding hydrogen generation plants with
respect to protocols for which parameters should be analyzed when it comes to sampling re-
ject water. Instead, one must refer to general regulations applicable to industrial production,
which do not take into account the specific characteristics of electrolysis processes, which
result in an increase in the concentration of salts and very high conductivity. Therefore, we
recommend the development of specific regulatory frameworks to define such parameters
and help drive hydrogen production, reducing the uncertainty faced by companies in this
sector; this would be highly beneficial for society, as it would guarantee a sustainable and
responsible process.

2. From the analysis of the parameters of the water produced during generation of
hydrogen, it can be concluded that conductivity is the most important parameter when
it comes to classifying the viability of using a given water source for green hydrogen pro-
duction, as this affects both the technical and economic viability of the electrolysis process.
A criterion has thereby been established to classify raw water from different locations
according to its potential for green hydrogen production on the basis of conductivity.

3. Tests in a pilot plant confirmed that, for input water conductivities above 900 μS/cm,
the production of reject water and waste from the filters would compromise the viability of
the process by greatly increasing the operating costs, the consumption of raw materials,
and the generation of waste not suitable for direct discharge into the receiving environment,
making such green hydrogen production plants unfeasible. A comparative calculation of
the average amount of water required to produce 1 kg of renewable hydrogen using water
of different quality and different types of electrolyzer revealed values between 21 and 58 L.
We have proposed a classification of natural water from various locations based on their
conductivity to determine the potential usefulness of water from these locations for green
hydrogen production.

4. An algorithm was developed and validated in Python to enable the automatic
determination of the amount of reject water production, as well as the consumption of
membranes required during the production process. The results of the algorithm indicated
the flow behavior and the flow rates and conductivities in each part of the plant, with a
maximum difference of 5% with respect to the real values, which will facilitate decision-
making regarding location selection and the initial stage of project evaluation. This study
involved the selection of 20 (algorithm development) + 26 (validation of the algorithm)
water sampling points on the basis of their variability and proximity to renewable sources
and water access. This underlines the importance of prior detailed hydrogeological analyses
to ensure adequate water supply and minimize the impact of water stress, especially in
vulnerable regions.

5. This paper has demonstrated that the quality of the input water used at the pre-
treatment plant and the efficiency of the purification process (reverse osmosis and EDI)
are crucial not only to the performance of the PEM electrolyzer but also when it comes
to minimizing the volume of reject water. The need to manage large volumes of reject
water, especially when not meeting the parameter requirements for direct discharge, can
drastically reduce the profitability and sustainability of such plants.
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6. The pilot plant designed in this study includes a detailed monitoring system, and an
algorithm to estimate the amount of reject and useful water was developed. These tools are
vital for real-time decision-making, the fine-tuning of treatment processes, and prediction
of performance on the basis of the input water quality.

6. Patents/Records

The algorithm resulting from this research has been registered under file number
00765-02622024 on 6 June 2025.
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Abbreviations

The following abbreviations are used in this manuscript:

EDI Electrodeionization
IEA International Energy Agency
AEL/AWE Alkaline electrolyzers
PEM Polymeric exchange membrane
AEM Anion electrolysis membrane
SOEC Solid oxide electrolyzer cells
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Abstract

This study presents the design and techno-economic comparison of two standalone pho-
tovoltaic (PV) systems, each supplying a 1 kW critical load with 100% reliability under
Cairo’s climatic conditions. These systems are modeled for both the constant and the night
load scenarios, accounting for the worst-case weather conditions involving 3.5 consecutive
cloudy days. The primary comparison focuses on traditional lead-acid battery storage ver-
sus green hydrogen storage via electrolysis, compression, and fuel cell reconversion. Both
the configurations are simulated using a Python-based tool that calculates hourly energy
balance, component sizing, and economic performance over a 21-year project lifetime. The
results show that the PV/H2 system significantly outperforms the PV/lead-acid battery
system in both the cost and the reliability. For the constant load, the Levelized Cost of
Electricity (LCOE) drops from 0.52 USD/kWh to 0.23 USD/kWh (a 56% reduction), and the
payback period is shortened from 16 to 7 years. For the night load, the LCOE improves from
0.67 to 0.36 USD/kWh (a 46% reduction). A supplementary cost analysis using lithium-ion
batteries was also conducted. While Li-ion improves the economics compared to lead-acid
(LCOE of 0.41 USD/kWh for the constant load and 0.49 USD/kWh for the night load), this
represents a 21% and a 27% reduction, respectively. However, the green hydrogen system
remains the most cost-effective and scalable storage solution for achieving 100% reliability
in critical off-grid applications. These findings highlight the potential of green hydrogen as
a sustainable and economically viable energy storage pathway, capable of reducing energy
costs while ensuring long-term resilience.

Keywords: PV system; battery size; reliability; electrolyzer; fuel cell; levelized cost of energy

1. Introduction

This paper presents a comparative study of two energy storage systems used in
standalone photovoltaic (PV) setups: traditional lead-acid batteries and green hydrogen
storage. Both the systems rely on solar energy generated during the day to power loads.
This study focuses on two types of loads—the constant load and the night load—while
excluding the daily load, as its minimal storage requirements have a negligible impact on
the system performance.

To evaluate these storage solutions under challenging conditions, the system is eval-
uated based on a worst-case weather scenario in Egypt: three consecutive cloudy days,
which require storage to cover four full days of demand.

Hydrogen 2025, 6, 46 https://doi.org/10.3390/hydrogen6030046
124



Hydrogen 2025, 6, 46

The constant load refers to a 24 h uninterrupted demand, typical of critical applications
such as military operations or field hospitals, where reliability is essential. The night load
requires the storing of solar energy generated during the day for use at night.

This study includes a comparison of system sizing, battery state-of-charge (SOC), and
hydrogen tank capacity, along with performance metrics such as cost and reliability. It
emphasizes use cases that demand uninterrupted energy availability, especially in off-grid
or critical infrastructure contexts.

Hydrogen is gaining attention across multiple sectors due to its potential to decar-
bonize energy systems. Green hydrogen is increasingly viewed as a clean energy carrier
with applications spanning fuel cells, industrial heating, transportation, and electricity
generation. Fuel cells powered by hydrogen offer a zero-emissions alternative to traditional
combustion engines, particularly in heavy-duty transport and long-haul applications [1].

Recent technological advancements in green hydrogen production, storage, and distri-
bution are accelerating its integration into modern energy systems. Improved methods for
hydrogen storage, such as liquefaction, compression, and chemical storage, are making it
more efficient and cost-effective [2,3]. Green hydrogen also addresses a key challenge of
solar and wind energy: intermittency, helping to ensure a stable energy supply.

The global energy demand continues to drive fossil fuel use, contributing to climate
change. As a result, alternative energy sources like solar and wind are increasingly adopted.
However, their variability necessitates effective energy storage solutions to ensure grid
reliability [4].

This paper presents a comprehensive mathematical model for both lead-acid battery
and hydrogen-based systems. It also compares two energy management strategies: one
using batteries for short-term storage, and another employing hydrogen for long-term stor-
age. Among renewable sources, solar energy is advantageous for its year-round availability
and zero emissions [5].

PV system output is highly dependent on sunlight and can fluctuate under cloudy
conditions, leading to instability [6]. To mitigate this, robust energy storage is essential.
While batteries are common in PV setups, they often fall short during prolonged cloudy
periods. A promising alternative is the hydrogen fuel cell (HFC), which generates electricity
from stored hydrogen and enhances long-term system efficiency.

A Proton Exchange Membrane (PEM) electrolyzer is modeled in this study due to
its high efficiency, rapid dynamic response, and compatibility with variable solar input.
This makes it well-suited for integration with standalone PV systems. Hydrogen can be
produced through water electrolysis and stored in tanks for future use, unlike batteries,
which are typically short-term solutions. In PV/HFC systems, excess daytime solar energy
powers an electrolyzer to produce hydrogen, which is stored and later converted into
electricity via a fuel cell during the night or cloudy periods [7].

PEM (Proton Exchange Membrane) fuel cells offer advantages like fast startup, com-
pact size, and long-term stability [8]. Hydrogen storage is suited for long-term energy
needs, while batteries serve medium- and short-term applications [9].

This paper uses a Python-based simulation tool that dynamically calculates the sizing
of system components, solar panels, electrolyzers, fuel cells, and batteries. The tool also
simulates solar radiation based on the location and the time, and adjusts the energy supply
according to environmental inputs and user-defined parameters. It tracks the battery SOC
and optimizes the energy management to improve the system performance. Previous
studies have explored the techno-economic performance of standalone PV systems using
either battery or hydrogen-based storage.

Nasser and Hassan compared the PV/Battery and PV/Hydrogen systems for power-
ing street lighting as a night load in New Borg El-Arab City, Egypt. Although the battery
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system had a higher energy efficiency (17.8%), the hydrogen system proved more eco-
nomical, with a lower Levelized Cost of Energy (LCOE) of 1.06 USD/kWh compared to
2.80 USD/kWh for the battery system [10]. The hydrogen system also achieved a shorter
payback period of 6.44 years versus 11.7 years, highlighting its cost-effectiveness despite
the lower efficiency.

Nousir and Anis developed GUI-based software to calculate the PV and battery sizes
for various load types, including constant, daily, and night loads. Their tool provides
system sizing, cost analysis, and reliability metrics under real climatic conditions in Egypt.
For a 1 kW off-grid system, they found that the LCOEs for daily, night, and constant
loads were 0.14 USD/kWh, 1.05 USD/kWh, and 0.60 USD/kWh, respectively [11]. These
results underline the higher cost of systems designed for continuous energy supply under
adverse weather.

Miled et al. [12] examined a PV–electrolyzer–fuel cell (PVEFC) system for an off-grid
green villa in Tunisia. Using HOMER software version 3.14.2, they optimized a system
consisting of a 20 kW PV array and a 6 kW fuel cell. The system produced 306 kg of
hydrogen annually and met 87% of the villa’s energy needs through solar energy. With
a total LCOE of 97,577.6 EUR—73% of which was attributed to the fuel cell—the study
emphasized the importance of optimal PV tilt angle and solar potential in cost reduction.

Farhani et al. [13] assessed a hybrid solar hydrogen system for an agricultural farm
in Kairouan, Tunisia. Their 140 kW PV array generated 234,765 kWh/year and produced
1991 kg of hydrogen annually. The system’s capital cost was 809,121,000 EUR, and the
optimization process using HOMER Pro confirmed its feasibility for remote applications,
despite the high initial investment.

In another study, Farhani et al. [14] evaluated a hybrid solar–wind–hydrogen system
in the Tunisian Sahel. With a PV capacity of 3000 kWp and a hydrogen output reaching
101.8 kg/day, the region’s favorable solar and wind conditions proved ideal for such hybrid
systems. The study highlighted the feasibility of combining renewables with hydrogen
storage to achieve a sustainable, off-grid energy supply.

Okonkwo et al. [15] investigated PV system sizing for hydrogen refueling stations in
Oman. A 3 MWp grid-connected PV system produced 58,615 kg of hydrogen annually with
a Levelized Hydrogen Cost (LHC) of 5.5 EUR/kg. Standalone PV systems with batteries or
fuel cells resulted in slightly higher LHCs of 5.74 EUR/kg and 7.38 EUR/kg, respectively.
The system also achieved significant CO2 reductions, illustrating the environmental benefits
of integrating green hydrogen.

The main comparison in this study focuses on green hydrogen and lead-acid battery
storage systems. A supplementary cost analysis using lithium-ion batteries is also included
to highlight the potential trade-offs of more advanced battery technologies.

While several studies have evaluated PV systems with either battery or hydrogen
storage, most focus on a single load type or use generic sizing tools such as HOMER.
This work introduces a custom-built Python simulation tool that dynamically calculates
the system performance under both constant and night load scenarios using actual solar
radiation data from Cairo, Egypt. Unlike earlier works, this study simulates a worst-case
scenario of 3.5 consecutive cloudy days and compares the two systems in terms of reliability,
storage behavior, and economic indicators, including the LCOE and the payback period.
The dual comparison across two load profiles under the worst conditions provides a new
layer of insight for critical standalone system planning in off-grid environments.

2. System Description

This section compares two standalone energy storage configurations: A PV/Hydrogen
(PV/H2) system and a PV/Battery system.
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As shown in Figure 1a., the PV/H2 system uses solar panels to generate electricity
during the day. This electricity powers an electrolyzer, which splits water into hydrogen
and oxygen. The hydrogen is then compressed and stored in a tank, which is one of the
most widely accepted methods for on-site hydrogen storage.

Figure 1. Schematic diagram of the comparison systems (a) off-grid PV/H2 (b) off-grid PV/Batteries.

This configuration is designed to store hydrogen during surplus production periods
(e.g., summer months) and utilize it during low-production periods (e.g., winter months).
At night, or when solar radiation is unavailable, a fuel cell converts the stored hydrogen
into electricity to meet both the constant and the night load demands.

As shown in Figure 1b., the PV/Battery system consists of PV panels, a battery storage
bank, a charge controller, and a DC/AC inverter. During daylight hours, the PV array
supplies power to the load and charges the battery bank. During the night, the stored
electricity in the batteries powers the load through the DC/AC converter.

This system is commonly used for off-grid applications or backup power systems,
especially where energy demand must be met consistently.

The solar time at the study location in Cairo, Egypt, ranges from 6 to 12 h per day, as
shown in Figure 2a: solar radiation is the highest between April and September, leading to
increased power generation. The excess energy produced during these periods is stored (in
batteries or as hydrogen) for later use during the months with lower solar radiation.
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(a) 

(b) 

Figure 2. (a) Monthly solar global horizontal irradiance @Cairo, Egypt (30◦ N) (b) Monthly average
ambient temperature.

Figure 2a,b presents the monthly average global solar radiation (HT) and the ambient
temperature for Cairo, Egypt, based on long-term meteorological data extracted from
HOMER software using the Surface Meteorology and Solar Energy (SSE) database [16].
According to simulations using HOMER software, daily solar irradiation at the site reaches a
peak of 7.69 kWh/m2/day in June, while the lowest value is 3.0 kWh/m2/day in December.
A constant 1 kW load is assumed throughout the study.

The fuel cell is modeled based on the electrochemical reaction of hydrogen and oxygen
to produce electricity and water. Its efficiency is influenced by several parameters, includ-
ing: the operating pressure, the current density, the temperature, the fuel cell coefficient,
and the hydrogen-to-electricity conversion ratio. These values are selected based on typical
commercial fuel cell systems [2–17].

Both the electrolyzer and the fuel cell operate in a loop, where the electrolyzer pro-
duces hydrogen during surplus solar generation and the fuel cell consumes it to generate
electricity during low or no solar periods. These dynamic supports both the constant and
night load scenarios.
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3. A Mathematical Model of the System

This study utilizes actual environmental data specific to Cairo, Egypt (Latitude:
30.0444◦ N, Longitude: 31.2357◦ E), to simulate and evaluate the performance of two
energy storage systems. Three scenarios are considered, corresponding to different num-
bers of continuous cloudy days (NC = 1, 2, 3) occurring during January and December.
These cases are used to investigate the impact of prolonged cloudy conditions on the
required storage capacity and overall system cost.

This system is designed to supply a continuous 1 kW load throughout the year, under
both constant and night load profiles. To optimize solar energy capture, photovoltaic (PV)
panels are installed at a 30◦ tilt angle facing south, which is typical for this latitude [16].

The simulation is implemented using Python, performing an hourly energy balance
analysis over a full year (8760 h). Component sizes, including PV arrays, batteries, elec-
trolyzers, hydrogen storage tanks, and fuel cells, are determined based on the hourly power
demand and solar availability.

The simulation process begins with input data: load profiles, solar irradiance, the
temperature, and system duration. Control component efficiencies are included to ensure
realistic power flow estimates. Both the systems are analyzed under identical load and
weather conditions, and an economic model is integrated to evaluate the capital cost, Lev-
elized Cost of Energy (LCOE), and payback period, enabling a comprehensive comparison
between the PV/Battery and PV/Hydrogen configurations.

3.1. PV Panels Model

The photovoltaic (PV) array consists of multiple silicon-based modules connected
in series and in parallel. Each module is rated at 200 W under Standard Test Conditions
(STC), which correspond to solar radiation of 1000 W/m2, a cell temperature of 25 ◦C, and
an air mass (AM) of 1.5. Each panel generates 8.27 A at 24 V under these conditions [18].
To estimate the solar energy availability, the global radiation on a tilted surface (GT)
is calculated using standard solar geometry equations that account for the hour angle,
declination, latitude, and panel tilt angle [19]:

GT =
π

24
HT(

cos w + tan бtan(∅ − ß)
sinW ′

S + W ′
Stan бtan(∅ − ß)

(1)

where:
HT Global radiation (Kwh/m2/day) (direct and diffused radiation on tilted surface)
w hour angle
W ′

S The sunset hour angle on tilted surface
б declination angle
Ø latitude of location
ß tilted angle
Figure 3 illustrates the monthly radiation and clearness index, calculated using

HOMER-derived data for Cairo. The clearness index represents the ratio between global
and extraterrestrial radiation and the seasonal variation of solar radiation on a tilted surface
in Cairo. The radiation levels peak during the summer (June–August) and fall in the
winter months (November–December), reflecting the impact of seasonal solar availability
on energy production. The current, power, and energy generated by the PV array are
determined as follows:

I= Isc0×GT−I0 × e
VA

VT∗ (2)

where:
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Figure 3. Global radiation @Cairo, Egypt (30◦ N) (direct and diffused radiation on tilted angle 30◦).

Isc0 the short circuit current of PV array under standard test condition (STC)
VA array voltage
ï perfection factor
VT thermal voltage
I0 reverse saturation current

PA= I × VA (3)

where: PA is the array power
E= E0+PA × ΔT (4)

where:
ΔT = 0.1 h
E0 is the energy present in the array at previous (ΔT)
E output energy from PV array
These equations allow hourly energy output to be tracked over time, accounting for

changing solar conditions and system performance.

3.2. Battery Model

The batteries in the standalone PV system store energy for nighttime use. Battery
capacity during charging and discharging can be expressed using the following equation:

IB= I−IL (5)

where IB is battery current and IL is load current.
A critical parameter for battery sizing is the State of Charge (SOC), which represents

the available energy in the battery relative to its capacity. This increases during charging
and decreases during discharging. The SOC is updated using [20]:

If I > IL, then the battery is charging, as:

SOCch= SOC0+
IB × ch × ΔT

AH
(6)

where:
ïch = Charging efficiency for battery is set at 85%.
AH is the amount of current a battery can provide over a while.
SOC0 is the ratio of stored energy in the battery at previous moment.
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If I < IL, then battery is discharging.

SOCdisch= SOC0− IB × ΔT
disch × AH

(7)

where ïdisch is the discharging efficiency for the battery set at 85%, and SOC = 0.8 for
January first.

To ensure reliable operation, the battery SOC is maintained between 20% and 95%,
avoiding deep discharges and overcharging. A key design assumption is that the SOC at
the start of each year equals the end-of-year SOC (0.8), ensuring energy continuity across
annual cycles.

During the winter solstice (21 December), Cairo experiences its longest night, approxi-
mately 14 h. In a worst-case scenario of three consecutive cloudy days (NC = 3), the system
must store 3.5 days of energy. During cloudy periods, solar radiation is assumed to drop to
15% of the normal values. The Battery Factor (BF)as shown in Equation (8), represents the
number of storage hours required, following the formulation in [11].

BF =
Battery energy (wh)

average load power (w)
(8)

A Python program has been developed, and the result obtained is shown in Figure 4,
showing the instantaneous SOC of the battery for one year, with the array size 10 KWp,
assuming 6 cloudy days (3 consecutive days during December and 3 consecutive days
during January). During cloudy days, the solar irradiance is supposed to be 15% of that
during sunny days. It is shown that the SOC drops significantly during the cloudy days in
January and December. However, the SOC is always higher than the minimum acceptable
value (0.2).

Figure 4. The SOC variation during the entire year @ NC = 3, BF = 140, Array Size 10 kWp, tilted
angle 30◦.

The battery design assumes the SOC at the beginning of each year remains consistent
with that at the year’s end (0.8), ensuring no energy loss at the start of the following year.

The design is made so that the SOC never decreases below 0.2, so that the power is
always available for the load (i.e., 100% reliability). Also, the design discussed in this work
considers the system reliability, which is defined as:

Reliability =

(
Ld × d − To f f

)
Ld ∗ d

(9)
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Ld Load duration in hours per day
To f f Number of hours during which no power is supplied to the load during the year

(unmet load)
d Number of days during the year
Figure 5 compares the reliability of the PV/Battery system under two load profiles,

the constant and the night load, assuming three consecutive cloudy days (NC = 3). The
results show that the reliability increases with the battery capacity in both cases. How-
ever, to achieve 97% reliability, the constant load system requires only 30 kWh of battery
storage, whereas the night load system requires approximately 50 kWh. This is due to
the misalignment between the energy production (daytime) and the energy consumption
(nighttime), which makes the night load more demanding in terms of the storage capacity.
These findings emphasize the importance of considering the load timing in the battery
storage system design.

Figure 5. Battery Factor versus Reliability @ different number of cloudy days.

The simulation results show that, for a constant 1 kW load in Cairo (30◦ N latitude),
increasing the battery capacity to 140 kWh with a 10 kWp PV array reduces the annual
system downtime

(
To f f

)
to zero hours per year. In comparison, under a night load

scenario, only 80 kWh of the battery storage with an 8 kWp PV array is required to achieve
the same zero-downtime condition. This demonstrates that the night load configuration
requires nearly half the storage capacity to maintain full reliability, primarily due to the
better alignment between the energy generation and the consumption.

As shown in Tables 1 and 2, the system reliability has a direct and significant impact
on the overall cost. Even a small reduction in reliability can lead to substantial cost savings
in the battery and PV sizing. The Python-based simulation tool developed in this study
dynamically calculates the system reliability versus the cost by tracking the total number
of hours during the year when the load is not served

(
To f f

)
.

Table 1. A 1 kW constant load standalone PV/Battery system (NC = 3).

Battery
Factor (BF)

Array Size
(kWp)

Toff (h) Reliability
Initial Cost

USD
Cost

USD/kWh

20 10 516.84 94.1% 10,334.18 0.10
30 10 131.4 98.5% 13,938.78 0.14
40 10 122.64 98.6% 17,543.37 0.17
60 10 96.36 98.9% 24,752.55 0.24
80 10 70.08 99.2% 31,961.73 0.31

120 10 17.52 99.8% 46,380.12 0.45
140 10 0 100% 53,589.28 0.52
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Table 2. A 1 kW night load standalone PV/Battery system (NC = 3).

Battery
Factor (BF)

Array Size
(kWp)

Toff (h) Reliability
Initial Cost

USD
Cost

USD/kWh

20 8 257.5 97.06% 9709.18 0.25
30 8 151.6 98.27% 13,313.78 0.32
40 8 116.7 98.67% 16,918.37 0.39
50 8 84.1 99.04% 20,522.96 0.46
60 8 66.7 99.24% 24,127.55 0.53
70 8 15.3 99.65% 27,732.14 0.60
80 8 0 100% 31,336.73 0.67

To model realistic worst-case conditions, the simulation assumes three consecutive
cloudy days in both January (days 10–12) and December (days 349–351). During these peri-
ods, the solar irradiance is reduced to 15% of the normal values, forcing the system to rely
solely on stored energy. The tool helps the designers balance the critical load requirements
and economic constraints by showing the cost and reliability trade off, depending on the
intended application.

3.3. Electricity Controller Unit

The controller’s primary function is to supply the electricity efficiently. It includes a
DC/DC converter that maximizes the hydrogen production by matching the PV array and
the electrolyzer characteristics (power point tracking), along with an inverter for the AC
loads. The controller is assumed to operate with an efficiency of 95% [21].

3.4. Electrolyzer

The electrolyzer is directly connected to the DC bus and uses excess electricity gener-
ated by the PV panels to produce hydrogen through electrolysis. This hydrogen is then
stored for later use in the fuel cell. The DC/DC converter ensures optimal power delivery
to both the electrolyzer and the compressor, matching the PV array output via power point
tracking [22]. The annual energy consumption of the compressor is approximately 1% of
the total generated energy. The electrolysis process splits the water into hydrogen and
oxygen, and the hydrogen is stored in a dedicated tank. The hydrogen production rate of
the electrolyzer is modeled as:

mh2(t)=
PEL × EL∗3600

HHVH2
× ΔT (10)

where PEL is the rating of electrolyzer (kW), ïEL is the efficiency of electrolyzer and HHVH2

is the heating value of hydrogen in MJ/kg, respectively. In the mathematical modeling of
an electrolyzer, the hydrogen is produced in kg/h.

For a 1 kW electrolyzer and 90% efficient electrolyzer with the heating value of the
hydrogen being 143 MJ/kg, which equals 39.44 kWh/kg, the mass flow rate of the hydro-
gen will be 0.02268 kg/h/kW. Therefore, a 1 kW electrolyzer will produce 0.02268 kg/h
hydrogen [2–17], taking into account ΔT = 0.1 h. The electrolyzer produces hydrogen,
which is stored in a proposed tank for night usage to produce electric power through the
fuel cell.

3.5. Fuel Cells

The fuel cell subsystem is responsible for converting stored hydrogen into electricity
through an electrochemical reaction with oxygen. In this study, a proton exchange mem-
brane (PEM) fuel cell is used, which is known for its compact size, high energy density, and
quick startup time [23].
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The electrolytic process utilizes a thin membrane that allows positive ions to pass while
preventing electrons and neutral gases. Hydrogen from the electrolyzer enters through
the anode, while oxygen enters through the cathode, initiating a chemical reaction that
dissociates into protons and electrons [24].

This creates a concentration gradient across the membrane, with protons diffusing
toward the cathode and electrons flowing from the anode to the cathode, generating an
electrical current. The fuel cell model used here is based on a linear approximation of the
hydrogen consumption as a function of the power output, rather than a fixed efficiency
percentage. The hydrogen consumption rate is calculated as:

RH2= Υ1 Pr
f c +Υ2 P f c(t) (11)

where RH2 is the mass flow rate of the hydrogen, Υ1 and Υ2 are the fuel cell intercept
coefficient in kg/h/kW rated and the fuel cell slope curve in kg/h/kW, respectively, and
Pr

f c is the rated capacity of the fuel cell in kW. For a 1 kW FC rating, considering Υ1 and
Υ2 to be 0.0003 and 0.058 kg/h/kW, respectively, these factors determining the efficiency
of the fuel cell, RH2 is calculated as 0.059 kg/h. Therefore, 0.059 kg/h of hydrogen is
required to generate 1 kW of power by FC [11–19]. The hydrogen low heating value (LHV)
is 33.3 kWh/kg [25]. The coefficients Υ1 and Υ2 play a crucial role in modeling hydrogen
consumption in fuel cell systems. Υ1 represents the baseline hydrogen consumption rate
per unit of rated fuel cell capacity, while Υ2 accounts for the hydrogen required relative
to the fuel cell’s actual power output at any given time. These coefficients help to refine
the system’s hydrogen flow calculations, ensuring a more accurate estimation of hydrogen
consumption during both steady-state and variable operating conditions.

This approach better reflects real fuel cell behavior, including idle consumption and
dynamic load response. In contrast, fixed-efficiency models (e.g., 50–60%) do not account
for changes in operating conditions. By using intercept and slope coefficients, this model
enables more accurate sizing and hydrogen flow tracking, which improves the reliability
and system optimization.

3.6. Hydrogen Tank

A constant mass flow of hydrogen is required for power generation by FC. Therefore,
the size of the hydrogen tank becomes a critical parameter to ensure the reliability of
the power generation system. The hydrogen tank stores the hydrogen produced by the
electrolyzer and supplies it to the fuel cells for power generation. The hydrogen generated
daily is stored to ensure a continuous supply during the periods when solar radiation
is unavailable. The size of the hydrogen tank, measured in kilograms, is treated as a
decision variable in the system model. The hydrogen storage system designed for this
work operates on a small scale, meeting a 1 kW load and ensuring a continuous power
supply over 24 h a day, 365 days a year, in constant load and from sunset to sunrise periods
in night load. Unlike large-scale industrial hydrogen storage systems, this system operates
at low pressure and stores a limited volume of hydrogen, which significantly reduces
associated risks. Therefore, while hydrogen storage systems of any scale require careful
safety considerations, the risks associated with this small-scale design are substantially
lower compared to large-scale applications [26,27]. The modeling of hydrogen gas utilizes
steady-state properties and the ideal gas law, assuming ideal behavior under standard
conditions. This approach simplifies the analysis and allows for efficient estimation of
hydrogen’s thermodynamic behavior during storage and system operations. While the
optimal conditions for hydrogen storage have been applied in this design, it is essential to
consider that, in practical applications, safety factors such as pressure relief systems, leak
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detection, and material durability must be rigorously addressed to ensure the system’s
reliability and safe operation.

The Python-based simulation tool developed in this study is fully flexible and user-
configurable. It allows users to input different values for key system parameters such as
the tilt angle, the latitude, PV module characteristics, the battery depth of discharge (DOD),
and various electrolyzer and fuel cell efficiencies. This makes the model highly adaptable
to different locations, system scales, and operational strategies. It can be used not only for
standalone systems under Cairo’s climate but also for broader applications across diverse
environmental and technical conditions.

3.7. Model Validation and Assumption Justification

The parameters used in this simulation are based on real data and technical speci-
fications, most of which are described in detail in Section 3: hourly solar radiation and
temperature data for Cairo. The PV module selected for this study has an open-circuit
voltage of 33 V, a short-circuit current of 8.27 A, voltage at a maximum power point of
25 V, and a current at a maximum power point of 8 A [18]. The panel is installed with
a fixed 30◦ tilt angle facing south. Battery efficiency (70% efficiency), electrolyzer sizing
assumptions (90% efficiency), and PEM fuel cell behavior (using voltage coefficients) are
based on published values and typical commercial systems. The hydrogen consumption
was set at 0.058 kg/kWh. Economic inputs, including capital and replacement costs, follow
recent literature values. The simulation assumes a worst-case scenario of 3.5 consecutive
cloudy days (NC = 3), requiring four days of full autonomy. All the technical values and
sources are listed in the relevant system description and model sections.

4. Energy Management Strategy

Efficient and reliable operation of a standalone PV/H2 system requires a well-defined
energy management strategy. This strategy ensures that the load demands are continuously
met, either through direct PV generation or through stored energy in the form of hydrogen.

The energy management system monitors the following:

• Power supplied to the load
• Excess PV energy is used for hydrogen production via the electrolyzer
• Power generation by the fuel cell using stored hydrogen

The loads demands must be satisfied by solar PV generation Ppv(t) during the day and
fuel cells during the night to supply the load. The difference between power generation is
calculated as:

ΔP(t)= Ppv(t)−PL(t) (12)

Therefore, depending on ΔP(t) three Scenarios are formed as follows:
[Scenario:1] If ΔP(t) > 0, i.e., the generation is more than the load, the following steps

have been implemented [17].
Step:1 The excess power (PEL = ΔP(t)) is fed to the electrolyzer. The amount of

hydrogen generated by the electrolyzer per (ΔT) as explained in Equation (10).
Step:2 The amount of hydrogen accumulated per ΔT , (GH2(t) ) in the storage tank is

calculated as:
GH2(t)= GH2(t − 1)+mh2(t) (13)

where GH2(t − 1) is the hydrogen present in the tank at the previous moment.
Step:3 In the case of storing hydrogen as shown in Equation (10), the volume of

hydrogen becomes larger than the volume of the tank (Gr
H2), i.e., GH2(t) > Gr

H2, Then the
electrolyzer is not turned on because there is no volume available in the hydrogen tank.

135



Hydrogen 2025, 6, 46

[Scenario:2] If ΔP(t) = 0, then no power exchange is there; the total demand is met by
the solar power generation only.

[Scenario:3] If ΔP(t) < 0, the load demand is more than the power generated by the PV
cells, and the required power to meet the load is provided by fuel cells and the PV during
the day; during the night all power is supplied by the fuel cell. The power is managed
as follows:

Step:1 As a first step, check the hydrogen availability in the hydrogen tank. The power
required to be produced by the fuel cell is calculated as:

Pf c(t) = PL(t)− Ppv(t) (14)

Step:2 The amount of hydrogen consumed by the FC from the hydrogen tank at a
particular time to produce Pf c(t) is given by Equation (14). The hydrogen storage tank is
updated after taking hydrogen; the remaining hydrogen in the tank is calculated as:

GH2(t)= GH2(t − 1)−RH2(t) (15)

where GH2(t − 1) is the hydrogen in the tank at time (t − 1).
Step:3 In case the hydrogen tank does not have sufficient hydrogen i.e., RH2 ≥ GH2(t),

this was taken into account in the design to avoid any energy loss because the load is critical.
To ensure efficient energy management and reduce the energy loss, careful sizing of

all major system components is essential. These include photovoltaic panels (Ppv), fuel cells
(Pr

f c), the electrolyzer (PEL), and hydrogen storage tank size (Gr
H2).

These parameters were tuned to handle worst-case weather conditions, specifically
three consecutive cloudy days on 10–12 January and December 349–351. These scenarios
are embedded in the Python version 3.13.5-based simulation, which tracks the hydrogen
levels, the battery SOC (for comparison), and the power flows hourly.

Figure 6 illustrates the full energy flow logic of the system, showing the generation,
storage, and load management under dynamic environmental and load conditions.

Figure 7 illustrates the full-year hydrogen production and storage cycle, assuming
three consecutive cloudy days in both January and December. At the start of the year,
the hydrogen production and storage levels are low due to reduced solar radiation in
the winter. As the spring and the summer arrive, increased solar energy enables greater
hydrogen generation, allowing the system to accumulate surplus hydrogen. This reserve is
then used in the autumn and the winter to maintain the load supply. The hydrogen storage
level at the end of the year closely matches the starting value, ensuring energy continuity
into the following year. This seasonal balance confirms the system’s ability to meet load
demand year-round with no energy loss.

The results clearly show that the hydrogen storage is at its minimum during the
winter and reaches its maximum in the summer, due to higher solar energy availability
in the summer months. Notably, the amount of stored hydrogen at the end of the year is
approximately equal to the amount at the beginning of the next year, indicating that the
hydrogen generated annually is fully utilized to meet the load demand.

Figures 7 and 8 present an analysis based on a system configuration under the assump-
tion of three consecutive cloudy days. The system operates with a constant load of 1 kW.
During the day, the photovoltaic (PV) array has a capacity of 10 kWp, and the electrolyzer
is sized at 8 kW. For the night load, the array size is reduced to 8 kWp, and the electrolyzer
is downsized to 5 kW. These sizing choices are made to ensure that the maximum current
generated by the solar panels can be effectively utilized. Additionally, a 1 kW fuel cell is
included to match the load demand during the periods without sunlight.
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Figure 6. Flow chart for energy management of the proposed system.

The hydrogen tank begins the year with an initial capacity of 15 kg and reaches 19 kg
by the end of the year for a constant load. For the night load, the tank starts at 11.5 kg and
increases to 17.6 kg at the end of the year. The results show that the hydrogen production
fluctuates across the four seasons, primarily influenced by the varying energy output of
the PV system. This PV-generated energy plays a critical role in driving the electrolyzer
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and determining the overall hydrogen yield, sufficient hydrogen to meet the load demand
during the solar radiation period.

Figure 7. State of hydrogen entire year @ NC = 3, array size 10 kWp, tilted angle 30◦.

Figure 8. State of hydrogen entire year @ NC = 3, array Size 8 kWp night load, tilted angle 30◦.

Figure 9a,b illustrates the accounts for three cloudy days in January (10th, 11th, and
12th) and three days in December (349th, 350th, and 351st), respectively; these figures
highlight the impact of reduced solar irradiance on hydrogen production and storage.
During these periods, solar energy generation drops significantly, leading to a complete
halt in hydrogen production. Consequently, the system draws upon the existing hydrogen
stored in the tank to supply the load through the fuel cell. This rapid decline in the hydrogen
storage demonstrates the system’s reliance on prior storage to maintain an uninterrupted
energy supply under extended low-solar conditions. These periods represent the worst-case
climatic scenarios considered in the system design to ensure reliability during prolonged
cloudy days.

Figures 10 and 11 show the monthly hydrogen production under varying seasonal
conditions, emphasizing the effect of cloudy days in winter. The hydrogen production
drops significantly during the cloudy periods in January and December due to reduced solar
input. However, the system’s sizing ensures that enough hydrogen is stored in advance
to handle these events. The design maintains a sufficient end-of-year hydrogen reserve to
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guarantee the energy availability at the beginning of the following year, demonstrating
resilience against Cairo’s most adverse solar conditions.

(a) 

(b) 

Figure 9. (a) Three successive cloudy days in January. (b) Three successive cloudy days in December.

Figure 10. The hydrogen production during the solar radiation period by month through the year @
NC = 1&2&3, constant load 1 KW, array size 10 kWp, tilted angle 30◦.
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Figure 11. The hydrogen production during the solar radiation period by month through the year @
NC = 1&2&3, constant load 1 KW, array size 10 kWp night load, tilted angle 30◦.

5. Economic Analysis

This section presents a cost-based comparison between the PV/H2 and PV/Battery
systems under constant and night load conditions. The reference system is designed
to supply a 1 kW continuous load throughout the year, including worst-case weather
conditions. All the initial costs include mounting and installation.

The total cost of each system includes the capital cost of the PV array and other major
components such as batteries, Proton Exchange Membrane Fuel Cell (PEMFC), Proton
Exchange Membrane Electrolyzer (PEMEZ), converters, and hydrogen tanks. Table 3
summarizes the initial costs and lifespans for all components. A 21-year project lifetime
and an annual interest rate of 6% are assumed, with an operation and maintenance (O&M)
cost of 5% of the component’s initial cost as reported in [10].

Table 3. Initial cost and lifetime of both system components [18].

Component Initial Cost Lifetime (Years)

PV 312 USD/Kw 25
PEMEZ 1000 USD/Kw 20
PEMFC 1000 USD/Kw 10

Converter 146 USD/Kw 10
H2 Tank 570 USD/Kg 20

Compressor 1800 USD/Kw 20
Battery 100 USD/Kw 3

The component requiring a replacement in the PV/Hydrogen system is the fuel
cell and DC/DC Converter. The FC operates based on hours rather than years. The
configuration results in 50,000 h of fuel cell operation throughout the year, necessitating
replacement at the end of the 10th year. The effective interest over each 10-year period is
0.8% for the FC and DC/DC Converter.

For the PV/Battery system, the batteries require replacement every three years, with
an effective interest rate of 0.19% per replacement cycle. Replacement costs are determined
according to established equations; all other components share the system’s full 21-year
lifetime and are not replaced.

To incorporate the effect of photovoltaic (PV) performance degradation over time, the
Levelized Cost of Energy (LCOE) was calculated using a present worth factor that includes
an annual degradation rate. This is represented by Equation (16)
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P0= E0 × C0 × (
1 −

(
1+g
1+i

)N

i − g
) (16)

where:
P0 Total cost over 21 years
E0 Average yearly generated energy (kWh)
C0 Cost of Energy per kWh
i Yearly interest rate
g the annual degradation rate (assumed 2% for PV systems in Egypt)
This formula accounts for the typical 2% annual drop in the PV output, which is often

caused by environmental factors such as dust accumulation and surface glass abrasion
from sandstorms. If degradation is neglected (i.e., g = 0), the equation reduces to the
conventional annuity factor used in Equation (17):

P0= E0 × C0 × (
1 − (1 + i)−N

i
) (17)

Tables 4 and 5 present the impact of adding three cloudy days to the capital invest-
ments for each system configuration. The impact of system reliability was factored in when
comparing the two loads and their effect on the cost of energy. The Levelized Cost of
Electricity (LCOE) is used to estimate the cost of providing 1 kW of electricity. The results
show that the PV/H2 system is more cost-effective than the PV/Battery configuration for
critical applications. For a constant load with several cloudy days, NC = 3, the LCOE values
are 0.23 USD/kWh for the PV/H2 system and 0.52 USD/kWh for the PV/Battery system.
In the case of the night load, the LCOE increases to 0.36 USD/kWh for the PV/H2 system
and 0.67 USD/kWh for the PV/Battery system.

Table 4. A 1 kW constant load standalone PV/hydrogen system (NC = 3).

Tank Size
Array Size

(kWp)
Toff (h) Reliability

Initial Cost
USD/kWh

Cost
USD/kWh

2 10 219 97.5% 13,255.37 0.13
4 10 148 98.3% 14,395.37 0.14
6 10 132 98.5% 15,535.37 0.15
8 10 74 99.16% 16,675.37 0.16
10 10 68 99.22% 17,815.37 0.17
13 10 7 99.99% 19,525.37 0.19
15 10 0 100% 20,665.37 0.20
19

(End of The
First Year)

10 0 100% 22,945.37 0.23

Table 5. A 1 kW night load standalone PV/hydrogen system (NC = 3).

Tank Size
Array Size

(kWp)
Toff (h) Reliability

Initial Cost
USD/kWh

Cost
USD/kWh

2 8 164 96.6% 9630.37 0.19
4 8 115 97.37% 10,770.37 0.21
6 8 89 97.97% 11,910.37 0.23
8 8 54 98.77% 13,050.37 0.25
10 8 19 99.57% 14,190.37 0.28

11.5 8 0 100% 15,045.37 0.29
17.6

(End of The
First Year)

8 0 100% 18,522.37 0.36
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As a supplementary economic estimate, the performance of lithium-ion batteries was
also considered. Using typical values from the recent literature, 400 USD/kWh capital cost,
and a 13-year lifespan [20] calculated an approximate Levelized Cost of Electricity (LCOE),
which was calculated using the same energy demand profiles as in the lead-acid simulation.
The resulting LCOE was 0.41 USD/kWh for the constant load and 0.49 USD/kWh for
the night load, representing a 21% and a 27% cost reduction, respectively, compared to
lead-acid batteries.

Lithium-ion batteries offer clear advantages in terms of the energy density, longer
life cycle, and reduced replacement frequency. However, they also require advanced
thermal management, especially in hot climates, due to their sensitivity to high operating
temperatures, which can reduce the performance and the safety over time [28,29]. While
this estimate is not derived from a full simulation, it provides a realistic economic reference,
reinforcing the potential of lithium-ion as an improved battery storage option, though
hydrogen storage remains more cost-effective in this study’s scenarios.

The total cost of the hydrogen-based system is primarily driven by the cost of the
hydrogen storage tank, in addition to the costs of the electrolyzer, the fuel cell, and the
photovoltaic (PV) components. The overall system cost can be expressed as the sum of
these individual components. Among them, the tank cost increases linearly with the
required storage size and tends to dominate the total cost, especially in scenarios with
extended cloudy day requirements. Since the number of hydrogen tanks must be an integer,
this introduces stepwise changes in the total cost, while the remaining cost variation is
attributed to the continuous variation in the other system components.

The higher LCOE observed in the battery-based system is primarily due to the sub-
stantial number of batteries required to meet the energy demand, their relatively short
operational lifespan, and the significant costs associated with battery replacement over the
system’s lifetime.

5.1. Payback Period

The Payback Period (PBP) reflects how quickly the system investment is recovered. It
is calculated as:

P0= E0 × CP × (
1 − (1 + i)−PBP

i
) (18)

where:
CP Cost of Energy multiplied by the profit of the system.
PBP Payback Period in years

5.2. Economic Sensitivity Analysis

A sensitivity analysis was conducted to assess how changes in solar irradiance, hydro-
gen storage capacity, and electricity costs affect the economic feasibility of the systems. This
analysis revealed that the areas with lower solar irradiance may experience higher LCE
values, suggesting the need for regional optimization and adaptation to local conditions.
The criterion used to assess the economic feasibility of any system is the payback period.
The shorter the payback period, assuming an annual interest rate of 6%, the better the
investment.

Figures 12 and 13 show the constant load. The PBP is 7 years for the PV/H2 system
and 16 years for the PV/Battery system. In the case of the night load, the PBP increases to
7.2 years for the PV/H2 system and 15 years for the PV/Battery system.
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Figure 12. The payback period of the two considered systems for the constant load versus the
interest rate.

Figure 13. The payback period of the two considered systems for the night load versus the
interest rate.

The payback period of the PV/Battery system is always longer than that of the PV/H2

system. The main reason for this is the high cost and short lifetime of the batteries, as the
battery cost is the dominant factor in the PV/Battery system. The short lifespan of the
batteries requires their replacement every three years. On the other hand, in the PV/H2

system, the hydrogen tanks are the primary cost, but the tank lifetime is much longer, with
no need for replacement.

Figure 14 shows the effect of the selling price of one kWh on the payback period
for both systems for a constant load. It is clear that as the selling price increases (i.e., an
increase in profit), Figure 14 illustrates that the payback period (PBP) is a vital indicator of
the project feasibility. The calculations were performed using established equations, with a
profit of 20% selected to facilitate a comparison between the two systems under various
load conditions. This percentage was chosen based on the highest observed LCOE, which
corresponds to the battery-based configuration.

The results for the constant load are as follows: the PBP is 5.3 years for the PV/H2

system and 9.7 years for the PV/Battery system. In the case of the night load, the PBP
increases to 6.3 years for the PV/H2 system and 12.2 years for the PV/Battery system.
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Figure 14. Payback period in years versus the selling price for the constant load @i = 5%.

As shown in Figure 15, the payback period the PV/H2 is shorter than that of the
PV/Batteries at different interest rates and different load profiles.

Figure 15. Payback period in years versus selling price for night load @i = 5%.

5.3. Inflation Causes

Inflation and interest rate changes affect the component replacement costs differently,
depending on the system.

PV/Battery system: since the batteries are replaced multiple times, the cost in-
creases with inflation. The energy cost rises to 0.30 USD/kWh (the constant load) and
0.40 USD/kWh (the night load) at an average battery replacement interest rate.

PV/H2 system: the hydrogen tank, with its long lifetime, is less sensitive to inflation.
Cost estimates are 0.37 USD/kWh (the constant load) and 0.60 USD/kWh (the night load),
assuming a 6% interest rate and a 50 kg tank.

Figures 16 and 17 illustrate these economic sensitivities. The PV/Battery system cost is
closely tied to battery inflation, while the PV/H2 system is more capital-heavy upfront but
less sensitive over time. While this study focuses on small-scale, low-pressure hydrogen
storage suitable for standalone systems, the results offer an insight into how scaling affects
economic performance. At the grid scale, the economies of scale would likely reduce
the capital cost per unit of hydrogen storage, particularly in tank fabrication and system
integration. As a result, the LCOE and the payback period could improve, especially
for systems with large energy demand and long-duration storage needs. However, such
systems introduce additional factors such as high-pressure storage and advanced safety
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systems, which were not modeled in this study. Future work may expand the analysis to
grid-scale applications, incorporating those considerations.

Figure 16. The Levelized Cost of Energy versus the tank size for the constant load.

Figure 17. The Levelized Cost of Energy versus the battery size for the constant load.

6. Conclusions

This study presents a comparative techno-economic analysis of two standalone photo-
voltaic (PV) systems designed to supply critical loads, one using lead-acid batteries and
the other using green hydrogen as storage. Both the systems were modeled and simulated
under Cairo’s climatic conditions, assuming worst-case scenarios of 3.5 consecutive cloudy
days. The systems were evaluated for two load profiles: the constant load and the night
load, to achieve 100% reliability and reduce energy loss.

The simulation results show that the PV/H2 system consistently outperforms the
PV/Battery system in both cost and performance. For the constant load, the Levelized
Cost of Electricity (LCOE) is reduced from USD 0.52/kWh (Battery) to USD 0.23/kWh
(Hydrogen). For the night load, the LCOE improves from 0.67 USD/kWh to 0.36 USD/kWh.
This confirms that the night load is inherently more expensive to support due to its reliance
on stored energy during solar-off hours.

Payback period analysis further supports the advantage of hydrogen. At a 6% in-
terest rate, the PV/H2 system achieves a payback period of 7 years for the constant load,
compared to 16 years for the PV/Battery system. With a 20% profit margin included, this
drops to 5.3 years for hydrogen, versus 9.7 years for batteries. Night load scenarios follow
a similar trend, with hydrogen offering significantly shorter cost recovery times.

145



Hydrogen 2025, 6, 46

In terms of reliability–cost trade-offs, the analysis shows that small compromises in
reliability can significantly reduce the system cost. For instance, increasing the tank size
from 2 kg to 15 kg (the constant load) improves the reliability from 97.5% to 100%, but raises
the initial cost by 55% and the LCOE by 0.13 USD/kWh. A similar pattern is observed in
night load scenarios, emphasizing the need to balance the system cost with the criticality of
the application.

The economic sensitivity analysis reveals that hydrogen systems are more resilient to
inflation and interest rate changes. While battery systems suffer from frequent replacements
and compounding costs, hydrogen systems front-load most expenses, benefiting from
longer component lifespans, especially the hydrogen tank. Even under extended cloudy
day conditions and variable inflation rates, the PV/H2 system maintains a lower LCE than
its battery-based counterpart.

In the current simulation, energy loss is defined as the duration or amount of unmet
load (To f f ), which is set to zero in the final optimized scenarios. However, the real-
world losses occur through system inefficiencies (e.g., inverter loss, DC-DC converter loss,
electrolyzer/fuel cell conversion, and curtailment when hydrogen storage is full). These
losses are embedded in the efficiency parameters of each component (e.g., 90% electrolyzer
efficiency, 95% inverter, and 95% DC-DC converter), but excess PV energy that cannot be
stored is not explicitly tracked as curtailed energy. Future work could quantify annual
energy loss due to curtailment and other inefficiencies more explicitly.

This study compares hydrogen storage with traditional lead-acid batteries due to
their lower initial cost and continued use in small-scale off-grid systems. In addition to
the core comparison between hydrogen storage and lead-acid batteries, a supplementary
economic estimate was conducted for lithium-ion batteries to provide a broader perspective
on storage alternatives. The results showed that lithium-ion storage reduces the Levelized
Cost of Electricity (LCOE) compared to lead-acid by approximately 21% for the constant
load and 27% for night-only load scenarios. While lithium-ion offers improved the energy
density, higher efficiency, and longer lifespan, it also introduces operational challenges,
particularly in hot climates like Egypt, where thermal management becomes critical. These
findings suggest that lithium-ion technology may offer a viable alternative for certain
applications. Still, green hydrogen remains the most cost-effective and scalable solution
across both load profiles in this study.

While this study focuses on the techno-economic performance of hydrogen and battery
storage systems, we recognize the importance of assessing their environmental impacts.
Battery manufacturing, particularly for Li-ion systems, involves the mining and process-
ing of rare materials, which can result in significant environmental burdens. Hydrogen
produced via electrolysis (green hydrogen) is cleaner during operation, but still requires
energy and water input. A full life-cycle environmental analysis comparing hydrogen and
battery systems is an important area for future research. Such analysis could complement
the economic findings and provide a more comprehensive sustainability perspective.

The PV/H2 system offers a more reliable, economically viable, and future-resilient
solution for standalone critical-load applications. Its superior long-term performance
under adverse weather and economic conditions makes it a strong candidate for off-grid,
high-reliability energy systems.
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Abstract

The use of liquid hydrogen (LH2) as an energy carrier is gaining traction across sectors
such as aerospace, maritime, and large-scale energy storage due to its high gravimetric
energy density and low environmental impact. However, the cryogenic nature of LH2, with
storage temperatures near 20 K, poses significant thermodynamic and safety challenges.
This review consolidates the current state of modelling approaches used to simulate LH2

behaviour during storage and transfer operations, with a focus on improving operational
efficiency and safety. The review categorizes the literature into two primary domains:
(1) thermodynamic behaviour within storage tanks and (2) multi-phase flow dynamics in
storage and transfer systems. Within these domains, it covers a variety of phenomena.
Particular attention is given to the role of heat ingress in driving self-pressurization and
boil-off gas (BoG) formation, which significantly influence storage performance and safety
mechanisms. Eighty-one studies published over six decades were analyzed, encompassing
a diverse range of modelling approaches. The reviewed literature revealed significant
methodological variety, including general analytical models, lumped-parameter models
(0D/1D), empirical and semi-empirical models, computational fluid dynamics (CFD) mod-
els (2D/3D), machine learning (ML) and artificial neural network (ANN) models, and
numerical multidisciplinary simulation models. The review evaluates the validation status
of each model and identifies persistent research gaps. By mapping current modelling efforts
and their limitations, this review highlights opportunities for enhancing the accuracy and
applicability of LH2 simulations. Improved modelling tools are essential to support the
design of inherently safe, reliable, and efficient hydrogen infrastructure in a decarbonized
energy landscape.

Keywords: liquid hydrogen; thermodynamics; modelling; multi-phase flow; cryogenic storage

1. Introduction

In response to growing global energy demands and the urgent need for low-carbon
solutions, hydrogen has emerged as a pivotal energy carrier in the transition toward
sustainable systems. Hydrogen (H2) offers distinct advantages due to its high gravimetric
energy density (120 MJ/kg) and relatively low environmental impact [1]. Compared
to compressed gaseous hydrogen (CGH2 at 700 bar), LH2 provides superior volumetric
energy density (8 MJ/L vs. 5.6 MJ/L), making it particularly attractive for applications in
aerospace, maritime transport, and large-scale energy storage [2]. Despite these benefits, the

Hydrogen 2025, 6, 122 https://doi.org/10.3390/hydrogen6040122
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cryogenic nature of LH2—requiring storage at approximately 20 K (−253 ◦C)—introduces
significant thermodynamic and safety challenges [3]. These include complex heat and
mass transfer processes, phase transitions, and pressure dynamics, all of which are further
complicated by LH2’s chemical properties such as high diffusivity, low ignition energy, and
wide flammability limits. As a result, the safe and efficient handling, storage, and transfer
of LH2 demand a deep understanding of interdependent physical phenomena and robust
modelling approaches. Table 1 provides a comparison of key properties of different fuels,
including CGH2 at 700 bar, LH2, natural gas (NG) at 250 bar, liquefied natural gas (LNG),
and gasoline.

Table 1. Comparison of safety- and efficiency-relevant properties of some energy carriers [1,2,4].

Properties CGH2 (700 bar) LH2 NG (250 bar) LNG Gasoline

Storage temperature Ambient Ca. −253 ◦C Ambient Ca. −162 ◦C Ambient
Gravimetric energy

density (MJ/kg) 120 53.6 44

Volumetric energy
density (MJ/L) 5.6 8 9 22.2 32.0

At atm. conditions

Flammability limits
in air (vol%) 4–74 5–15 1–7

Minimum ignition
energy in air (mJ) 0.02 0.30 0.30

Stoichiometric flame
speed (m/s) 2.1 0.4 0.3

Diffusion coefficient
in air (cm2/s) 0.61 0.16 0.05

To date, no comprehensive review has systematically examined the modelling tech-
niques used to simulate LH2 behaviour across its storage and transfer lifecycle. Existing
studies often focus on isolated phenomena—such as heat ingress, boil-off gas (BoG) forma-
tion, or sloshing—without fully addressing the interconnected nature of these processes.
This fragmentation limits the development of integrated models capable of supporting the
design of inherently safe and efficient LH2 infrastructure.

This literature review aims to fill that gap by consolidating and critically analyzing
modelling approaches across two principal domains:

1. Thermodynamic behaviour within LH2 storage tanks;
2. Multi-phase flow dynamics in storage and transfer systems.

Within these domains, the review explores seven focus areas: heat transfer, mass
transfer (evaporation/condensation), thermal stratification and pressurization, venting
and depressurization, sloshing, LH2 transfer operations, and flash boiling with pressure
recovery. These phenomena are not independent; rather, they interact dynamically, in-
fluencing system performance and safety outcomes. Recognizing and modelling these
interdependencies is essential for accurate simulation and practical application.

The objectives of this review are as follows:

• Map the current landscape of LH2 modelling techniques;
• Evaluate the extent of model validation against experimental data;
• Identify persistent knowledge gaps;
• Provide guidance for future research and model development.
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By synthesizing insights from over six decades of research, this review contributes to
the advancement of LH2 technologies and supports the development of safer, more reliable,
and economically viable hydrogen systems in a decarbonized energy future.

2. State of the Art

This section provides an overview of insulation techniques of LH2 storage and transfer
systems, followed by an introduction to the focus areas that are subject to the reviewed
literature and the corresponding simulation models. Each focus area and the connected phe-
nomena are thereafter presented in more detail. One of the main concerns when handling
LH2 is the evaporation of the liquid phase due to unavoidable heat ingress. The evapo-
rated LH2 is called boil-off gas (BoG) and is a driving factor of pressurization. Cryogenic
tanks, commonly used to store substances such as LH2 or LNG, are typically constructed
as double-walled containers. In the case of LH2 transfer pipes, this concept extends to
double-walled piping. The space between the inner and outer wall (annular space) is filled
with insulation material and, depending on the insulation material, maintained under vac-
uum. An overview of the different insulation materials is provided in a work by Claussner
et al. [5]. The performance of the various insultation materials can be supplemented with
additional efforts. A popular method to further improve the insulation characteristics is
the deployment of vapour-cooled shields (VCS). A VCS is a thermal shield placed inside
the multi-layer insulation (MLI) of a cryogenic tank [6]. It uses cold hydrogen vapour,
which is already evaporating from the stored LH2, to intercept and absorb some of the
incoming heat before it reaches the inner wall of the cryotank. Studies show VCS can cut
heat flux by up to 70%. While multiple VCS layers can improve performance, the benefits
diminish beyond two shields [6]. A practical drawback of VCS is increased complexity of
tank design. This will affect developmental and manufacturing costs. Further investigation
is needed to determine whether this additional cost could be offset—or even surpassed—by
savings resulting from improved dormancy behaviour, including a review of experimental
studies. Active cooling of an LH2 tank can be achieved through a two-stage cryocooler
setup. A prototype by NASA uses a first stage, a 90 K cryocooler, that is paired with a
tube-on-shield (TOS) broad-area cooling (BAC) heat exchanger that intercepts and removes
incoming heat before it reaches the propellant tank [7]. The second stage employs a 20 K
cryocooler and a tube-on-tank (TOT) heat exchanger to extract heat directly from the LH2

liquid and ullage space, maintaining stable pressure and preventing boil-off [7].
Seven focus areas were identified during the review process. These individual areas

were not strictly equivalent to one specific thermodynamic phenomenon but rather de-
fined by the objective of the authors. In some cases, the area of focus incorporates many
thermodynamic phenomena to explain a more complex condition or operational scenario.

The focus areas were divided into two main groups, thermodynamic behaviour of the
storage tank and multi-phase flow in storage tank and pipelines:

• Thermodynamic behaviour of the storage tank:

� Heat transfer;
� Mass transfer including evaporation/condensation;
� Thermal stratification and pressurization;
� Venting and depressurization.

• Multi-phase flow:

� Sloshing;
� LH2 transfer;
� Flash boiling and pressure recovery.
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Figure 1 shows the thermodynamic phenomena inside of LH2 storage tanks corre-
sponding to the focus areas.

Figure 1. Thermodynamic behaviour of LH2 storage tank and corresponding phenomena: (a) heat
transfer into the tank through conduction; (b) heat transfer through natural convection; (c) evapora-
tion and condensation at the interface; (d) thermal stratification, (e) venting and tank depressurization.

2.1. Heat Transfer

Heat transfer into the LH2 storage and transfer equipment plays a central role in
leading to adverse effects limiting operability. Even though heat transfer is omnipresent
in LH2 applications, this section focuses on the heat transfer into a storage tank. Heat
transfer occurs through conduction, radiation, and convection. Heat conduction is the
transfer of heat through direct molecular interactions. In fluids, it occurs via inelastic
collisions in nonconducting solids through molecular (lattice) vibrations, and in metals via
electron movement (conduction electrons) and molecular collisions [8]. It is the primary
heat transfer mechanism in opaque solids, while transparent solids may also transfer heat
via radiation. Conduction is quantified using Fourier’s law, with thermal conductivity
determining efficiency. The law is based on two key quantities: temperature and heat flow,
expressed as

ΔQ = κΔT (1)

q = −k∇T (2)

where Q represents the rate of heat transfer across a temperature gradient T, determined
by thermal conductivity κ [9]. To calculate heat transfer by conduction through a plane
wall, Fourier’s law of heat conduction applies where L is the thickness of the wall:

Q =
κA(T1 − T2)

L
(3)

The surface area of heat transfer is given by A, and the wall temperatures at the inner
and outer side are given by T1 and T2, respectively. L refers to the wall thickness. Figure 1a
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shows a schematic of the heat ingress into an LH2 tank, mainly through conduction. For
LH2 applications, conduction heat transfer occurs through the wall of a tank or a pipe,
even though the annulus contains insulation material. Furthermore, the support structure
of the inner tank and cables for level and temperature sensors act as thermal bridges.
Insulating materials like foams and fibres can reduce heat transfer by increasing path
length and decreasing cross-sectional area [8]. In VMLI (vacuum multi-layer insulation) of
LH2 tanks, spacers between the layers of insulation material are made from materials with
low conductivity.

Convection is described as heat transfer involving both molecular motion and fluid
transport. It is governed by Newton’s law of cooling and depends on the heat transfer
coefficient, which is influenced by fluid properties, velocity, and flow shape [9]. Convection
occurs through diffusion (due to gradients) and advection (bulk fluid motion). It can be
natural (driven by density differences) or forced (using fans or pumps). Convection plays a
crucial role in heating, cooling, and phase-change processes [9]. Newton’s law of cooling is
described as

Q = hc AwΔT (4)

where hc represents the convection heat transfer coefficient [10], Aw denotes the surface
area exposed to the fluid, influencing the total heat exchange, and ΔT is the temperature
difference between the surface and the surrounding fluid, which drives the heat transfer
process [10]. Convection is part of the heat transfer inside the tank between the fluid
in different sections of the tank, especially between the liquid and the vapour phases as
interface-to-liquid and interface-to-vapour heat transfer [11]. The liquid in contact with the
inner tank wall increases in temperature, decreases in density, and flows up toward the
liquid–vapour interface as consequence of the gained buoyancy. The internal convection
can be minimized if the insulating properties of the tank shell (inner wall, outer wall, and
insulation inside the annulus) are enhanced. Figure 1b shows the schematic of an LH2

storage tank in which heat ingress resulted in natural convection from the bulk liquid to
the liquid–vapour interface. Heat transfer through natural convection [12] may provoke
thermal stratification (see Section 2.3).

Radiation heat transfer occurs as all materials emit energy in all directions, requiring
no medium, unlike conduction and convection [9]. This allows energy transfer through a
vacuum. Governed by the Stefan–Boltzmann law, radiation depends on surface properties
like emissivity, absorptivity, transmissivity, and reflectivity. The heat transfer rate (power)
by emitted radiation is determined by

Q = σεAT4 (5)

where σ represents the Stefan–Boltzmann constant, the variable A denotes the surface area
of the object, T is its absolute temperature in K, and ε represents the emissivity of the object,
indicating how efficiently it emits radiation. Radiation spans different wavelengths, shifting
to shorter, higher-energy wavelengths as temperature increases [9]. In LH2 applications,
radiation manifests through the tank shell. External heat sources, such as the sun or
accidental fires, can heat up the outer wall of an LH2 tank which then starts emitting heat
radiation towards the inner wall through the insulation. The insulation plays a crucial
role in minimizing heat transfer through radiation. Common practices to reduce heat
ingress through radiation include the use of reflecting materials in the insulation. In the
case of cryogenic LH2 tanks, radiation and conduction are the dominant forms of heat
ingress, since heat transfer through convection is limited by the vacuum inside the annulus
of the tank. The heat transfer mechanisms described here are not isolated; they directly
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influence mass transfer, thermal stratification, and pressurization, underscoring the need
for integrated modelling approaches.

2.2. Mass Transfer Including Evaporation and Condensation

Depending on the filling level of the LH2 tank, as well as on the internal temperature
and pressure, the LH2 is usually present in two phases: a gaseous and a liquid phase.
The gaseous phase is often described as vapour phase or ullage. Due to thermodynamic
processes, mainly resulting from heat ingress into the tank, condensation and evaporation
at the vapour–liquid interface occur. This mass transfer happens simultaneously in both
directions. Figure 1c shows a schematic of mass transfer at the vapour–liquid interface of
an LH2 tank. D. Lee [13] developed a model for evaporation and condensation, assuming
that phase change occurs based on a relaxation process. In this model, the mass transfer
rate for evaporation is described as [13]:

.
mlv = C·ρl ·T − Tsat

Tsat
f or T > Tsat (6)

.
mlv = 0 f or T < Tsat (7)

The mass transfer rate for condensation is described as [13]:

.
mvl = C·ρv·Tsat − T

Tsat
f or T < Tsat (8)

.
mvl = 0 f or T > Tsat (9)

where
.

mlv and
.

mvl represent the mass transfer rates due to evaporation and condensation,
respectively. The parameter C is the mass transfer coefficient, expressed with unit 1

s , and
is often referred to as the relaxation parameter [13]. Furthermore, ρl and ρv denote the
densities of the liquid and vapour phases. T is the local temperature, while Tsat is the
saturation temperature at which phase change occurs [13].

2.3. Thermal Stratification and Tank Pressurization

Thermal stratification in a cryogenic tank refers to the temperature distribution within
the liquid column and the ullage space [14]. Thermal stratification and pressurization are
emergent phenomena resulting from the interplay of heat and mass transfer, making their
accurate prediction dependent on understanding these underlying processes. Thermal
stratification of LH2 in cryogenic tanks occurs due to heat ingress into the tank over time.
As heat enters, it forms a natural convection boundary layer in the liquid near the tank
wall. This causes warmer liquid to rise from the bulk region near the tank walls to the
liquid–vapour interface due to buoyant forces, creating a distinct warm liquid zone at
the top of the iso-thermal bulk liquid [14]. The gradual increase in the thickness of this
warm zone leads to an vertical temperature gradient in the liquid, known as thermal
stratification [15]. Figure 1d shows a schematic of a thermal stratification layer build-
up in an LH2 tank. The warmer upper layer of the liquid phase starts to evaporate to
reach thermodynamical equilibrium, transferring mass and heat into the vapour phase.
However, heat and mass are transferred in parallel from the vapour phase to the liquid
in the form of condensation. LH2 tanks for large-scale storage can be considered closed
systems when all valves and ports are closed, which results in pressurization when the
contents of the tank are warming up and starting to expand. Furthermore, pressurization
leads to more condensation at the interface where the vapour is colder than the rest of the
vapour space. Due to the vertical temperature gradient, it is very difficult to accurately
predict temperature and pressure evolution over time. In stationary tanks, temperature
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stratification cannot be avoided. However, the formation can be slowed down by limiting
heat ingress by improving the tanks insulation. Tanks with installations for active cooling
could utilize spray-cooling to constantly introduce subcooled droplets of LH2 at the top
of the tank into the vapour phase. LH2 is subcooled when the temperature is below the
saturation point at a certain pressure [16]. Mobile tank systems could take advantage of the
effects of sloshing, constantly mixing the fluid inside of the tank to avoid the formation
of stratified layers. However, the efficiency of measures to avoid stratification should be
subject to investigations with the purpose of evaluating economic viability.

2.4. Venting and Tank Depressurization

Venting (releasing hydrogen from its containment into the atmosphere) is initiated
when the internal tank pressure has increased above the set pressure of the release device,
which can be achieved by an actively controlled or a passively activated pressure-release
valve (PRV). Venting can be the result of self-pressurization or active pressurization through
the introduction of gas or through heating [17]. Filling procedures can make active venting
necessary when the filled hydrogen is not subcooled or the receiving tank’s initial internal
temperature is too high, thus making excessive evaporation unavoidable. In both cases,
excess gas needs to be released to lower the internal pressure and temperature and to
continue with the filling procedure. In summary, discharge of LH2 from the tank leads to
depressurization and to cooling. Figure 1e shows a schematic of the upper section of an
LH2 tank with a vent mast and the corresponding mass flow during venting operation.
Understanding venting is relevant for the operation of LH2 tanks, not just for safety reasons,
but also for the efficient transfer process when receiving or supplying LH2. This concept
extends to the depressurization behaviour, which is relevant during outflow when LH2

consumers, such as fuel cells or internal combustion engines, are actively draining the
supplying tanks content.

2.5. Sloshing

Sloshing is the movement of fluids, such as cryogenic propellants, within a storage
tank, which becomes more pronounced in low-gravity environments. Sloshing can be
caused by slight vibrations due to the low viscosity of LH2 and it disturbs the thermody-
namic equilibrium within the tank by mixing high-temperature vapour with subcooled
fluid. This can cause a rapid pressure drop and ullage collapse [18]. In space travel, it
affects the control of pressurants. A pressurant is intentionally evaporated cryogenic fuel
that is used to move the liquid propellant and to keep the internal pressure of a tank high
enough to operate the consumers, such as rocket engines [19]. Sloshing, however, can lead
to changes in temperature and pressure due to gas condensation on the vapour–liquid
interface and increases in BoG formation [20]. Sloshing increases BoG formation in two
main ways:

1. Heat transfer—Sloshing dissipates kinetic energy into the tank system, transferring
heat and accelerating fuel evaporation.

2. Increased surface area—The motion increases the liquid–vapour interface, enhanc-
ing evaporation.

Sloshing effects in LH2 are not well studied compared to LNG, where previous research
has linked sloshing to pressure and temperature variations. To limit the negative effects
of sloshing, the movement of the tank should be kept minimal. However, for mobile
applications, this is not feasible. Instead, so-called baffles are installed inside the tank
to slow down fluid movement. Baffles can, under certain circumstances, act as thermal
bridges, accelerating heat ingress into the tank and therefore promoting stratification,
particularly in operational scenarios in which the tank is not moving. However, this
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depends on the insulation design of the tank. Furthermore, the initial chill-down of a warm
tank can be more time- and energy-intensive due to the additional thermal capacity of the
baffles. The thermodynamic effects of sloshing on LH2 are underexplored, making it a
critical area for further research, especially in designing fuel-efficient and cost-effective
LH2 carriers [21]. Figure 2 shows a schematic cross section of an LH2 tank with baffles to
mitigate sloshing of the liquid phase inside.

Figure 2. Schematic cross section of an LH2 tank with sloshing liquid and installed baffles.

2.6. LH2 Transfer Operations

LH2 transfer operations refer to the processes of flowing LH2 from one container to an-
other, typically involving pipelines, storage tanks, or transport vessels. Transfer operations
involve complex multi-phase flow, where heat ingress, evaporation, and pressure changes
interact dynamically, requiring holistic modelling to capture these interdependencies. There
are several methods for transferring LH2 efficiently. Pump transfer relies on cryogenic
pumps to move LH2 under controlled pressure, while pressure-driven transfer utilizes
differential pressure to push LH2 from one vessel to another. If the transferred fluid consists
of a gas phase and a liquid phase, the flow is considered as multi-phase. Especially at the
beginning of a transfer process, when the pipe is not entirely cooled down yet, multi-phase
flow occurs due to evaporation. This formation of gas has a significant negative impact on
the filling procedure of a receiving tank, since the presence of a gas phase leads to necessary
venting or energy consumption through active cooling. Furthermore, the geometry of
LH2-containing transfer components influences vapour formation. Generally, turbulence
and thereby friction can be promoted by certain geometries, causing pressure drop and heat
ingress and therefore enhancing evaporation. To what extend existing models underpredict
the influence of pipe geometry should be subject to separate analysis. Figure 3 shows a
schematic cross section of an LH2 transfer pipe with a developed multi-phase-flow.

Figure 3. Schematic cross section of an insulated pipe with a turbulent two-phase flow of LH2 inside.
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2.7. Flash Boiling and Pressure Recovery

Flashing, or flash evaporation, occurs when a liquid boils due to a sudden reduction
in pressure. Several key factors influence this phenomenon, including the initial temper-
ature, overheating temperature, pressure reduction rate, and liquid level [22]. Thermal
stratification plays a significant role in flashing, with the hot gas–liquid interface boiling
first, followed by vapour generation at the bottom of the vessel. This process pushes
up the liquid surface, ultimately leading to pressure recovery [22]. Figure 4 shows the
phase diagram of H2, with the red arrow indicating a sudden pressure drop at equilibrium
leading to evaporation.

Figure 4. Phase diagram of H2.

3. Methodology

A narrative literature review approach was selected in this study to provide an
overview of existing modelling approaches to simulate LH2 thermo- and fluid dynamics in
storage and transfer components. A narrative literature review is a versatile methodology
widely used in research to synthesize existing literature, provide overviews, and critique
findings in a coherent manner. It is particularly effective when addressing complex or
multifaceted topics that require flexibility and interpretative depth [23]. This literature
review was carried out following the key steps introduced in Figure 5.

The key steps were derived from Pickering and Byrne [24] and adapted for the purpose
of conducting a structured narrative review. As a first step, a topic was selected and related
research questions were considered. The topic was defined as “Review of Modelling
Approaches for LH2 Thermodynamics during Storage and Transfer”. The objective was
to provide an overview of relevant thermodynamic phenomena, problems, and different
modelling approaches for LH2 dynamics in the corresponding systems and components.
This review addresses the following research questions:

1. What thermodynamic phenomena are covered by the existing literature for LH2?
2. What are the proposed modelling approaches to simulate these phenomena?
3. Are the proposed approaches validated?
4. Why are certain models not validated/is there an identifiable knowledge gap or need

for data?
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Figure 5. Key steps adapted to conduct a narrative review.

The literature review utilized a comprehensive search strategy across multiple scien-
tific databases to ensure a broad overview. Key sources included Scopus, Google Scholar,
and the NASA archive, the latter offering access to an extensive collection of studies dat-
ing back to the 1960s, many of which are not available elsewhere. The search terms and
keywords focused on topics central to the research:

• Liquid hydrogen or LH2;
• Model or Modelling;
• Simulation;
• Pressurization;
• Storage;
• Tank;
• Thermodynamic;
• Fluid dynamics.

Studies were included or excluded based on specific criteria:

• Publications in languages other than English and German were excluded;
• Models referring to substances other than LH2 were excluded;
• Excluded subject areas included the following terms:

a. Medicine;
b. Chemistry;
c. Computer science;
d. Social science;
e. Pharmacology;
f. Environmental science;
g. Biology.

• Excluded keywords included the following terms:

a. Combustion;
b. Diffusion;
c. Oxygen;
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d. Helium;
e. Rocket engine;
f. Ballistics;
g. Viscosity;
h. Cavitation;
i. Catalyst.

The criteria presented in this section applied to the use of Scopus as search tool
exclusively. Literature found in the other databases or sources was screened for exclusion
criteria via title and abstract screening. The screening and selection process involved several
systematic steps. Initially, title screening was conducted to filter out unrelated studies. This
was followed by an abstract screening to determine the purpose and scope of the studies,
assessing whether they introduced simulation models and to make sure that none of the
exclusion criteria were met. The full-text analysis, extraction, and synthesis process began
with an initial document overview, where each paper was scanned to identify its key focus
by reviewing the abstract, introduction, and conclusion. Following this, a focused reading
was conducted, analyzing specific sections relevant to the research question. After focused
reading, the synthesis stage categorized studies based on the thermodynamic phenomena
they addressed. For each phenomenon, relevant papers were assigned, and their modelling
approaches were examined in detail, including simulation techniques, software used, and
LH2 storage components such as tanks or pipes. Lastly, the models were screened for
whether they were validated or not, and if a model lacked validation, an effort was made to
determine the reason. Identified knowledge gaps, theoretical advances, and consequently
recommendations for future research were included.

4. Modelling of LH2 Thermal Dynamic Behaviour

In total, 81 papers that focus on one or more of the seven topics described in Section 2
were identified and included in this study. The analyzed sources have been published over
a period of 64 years, with the oldest work dating back to 1961. In Figure 6, an overview of
the distribution of the analyzed papers over the years is provided. The literature review
was concluded in January 2025. In recent years, there has been a trend of an increasing
number of publications connected to the topic of this review. This growing interest in
LH2 modelling underscores the relevance of LH2 thermodynamics and corresponding
modelling approaches.

Figure 6. Number of papers over the years falling within the seven focus areas described in Section 2.
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Most of the papers (56) focused on the modelling of thermodynamic behaviour of
LH2 in storage tanks; 24 papers focused on the modelling of the behaviour during multi-
phase flow and in pipelines. Figure 7 presents the numbers of papers for each focus area,
indicating how many of the corresponding models were validated.

Figure 7. Number of models and validated models per focus area.

The analyzed literature revealed a wide range of modelling approaches:

• General analytical models;
• Lumped-parameter models (0D/1D models);
• Empirical and semi-empirical models;
• Computational fluid dynamics (CFD) models (2D/3D);
• Machine learning (ML) and artificial neural network (ANN) models;
• Numerical multidisciplinary simulation models.

Figure 8 provides an overview of the amount of different modelling approaches that
were found in the analyzed papers.

Figure 8. Amount of different modelling approaches.
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Some of the presented models are combinations or the paper introduces multiple
approaches. Therefore, the summed-up number of modelling approaches does not fit the
total number of papers.

4.1. Models Focusing on Thermodynamic Behaviour in Storage Tanks
4.1.1. Models Focusing on Heat Transfer

Huntley et al. [25] conducted research on the thermal behaviour of LH2 in a tank when
subjected to heating from the wall and bottom. They introduced an experimental and ana-
lytical model combined with dimensionless parameterization. The models were compared
with each other. This experimental study on LH2 behaviour in a heated tank at con-
stant pressure revealed several key findings. A predictive analysis successfully estimated
temperature stratification trends with increasing wall heat flux [25]. L. Wang et al. [26]
conducted a axisymmetric CFD investigation on how varying gravity conditions influence
the thermodynamic characteristics of LH2 tanks. The developed CFD model incorporates
multicomponent effects and phase-change dynamics using the Schrage equation and Dal-
ton’s law. Due to lack of data, the model was not validated [26]. J. W. Jiang et al. [6]
simulated the transient behaviour of a MLI LH2 tank coupled with a VCS. The model
accounted for heat transfer into the tank, pressurization, and the effects of active cooling.
The model was validated using experimental data from NASA’s Multipurpose Hydrogen
Test Bed (MHTB) [27]. A CFD model based on the VoF method (volume of fluid method) to
determine phase-change coefficients for evaporation and condensation was developed by
R. Lv et al. [28]. The study explores scale effects on self-pressurization in LH2 tanks under
normal- and microgravity. Grid-independence tests confirm grid selection for 16 cases,
ensuring numerical reliability and efficiency [28]. F. Ustolin et al. [29] developed an an-
alytical model based on thermodynamic equations to estimate the time to failure for a
cryogenic LH2 tank exposed to fire [29]. The model accounts for the heat transfer into the
tank, the pressurization behaviour, the mass transfer at the liquid–vapour interface, and
the release rate of the BOG. It was validated against experimental results. Due to missing
experimental details, assumptions were made regarding the pressure-relief valve section
area and MLVI thermal conductivity [29]. Furthermore, F. Ustolin et al. [30] developed a
2D CFD model to analyze the thermal behaviour of an LH2 tank exposed to an external
fire. The heat transfer into the tank, the mass transfer at the liquid–vapour interface, and
the pressurization behaviour were investigated [30]. The model was validated against
experimental data, showing reasonable agreement despite measurement uncertainties [31].
Sun et al. [32] developed a model to analyze the heat transfer into an LH2 storage tank
including mass transfer at the liquid–vapour interface, tank self-pressurization, and the
evaporation rate. The model is a numerical quasi-2D model, which is essentially a hybrid
approach where heat transfer is modelled as one-dimensional (1D) in certain directions
and two-dimensional (2D) in others, simplifying full 3D modelling. The validation was
conducted by comparing the model predictions with experimental data from four distinct
cryogenic storage tanks [32]. Wang et al. [11] modelled and compared the thermody-
namic behaviour of LH2 tanks for maritime transport with different insulation types at
varying filling levels. Therefore, an analytical model was presented. The model was vali-
dated through comparisons with experimental data from LH2 and liquefied natural gas
(LNG) tanks. Key parameters affecting pressure rise and vapour temperature predictions
were adjusted to match experimental results. The model showed good agreement with
vapour temperature measurements across different filling levels, though initial pressure
rise predictions were slightly overestimated at higher fill levels [11]. For heat transfer
in insulation, the model was compared against a chill-down experiment conducted on
a 208 m3 LH2 spherical tank at Los Alamos National Laboratory [11]. Parello et al. [33]
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conducted research on design and integration of LH2 tanks for aircraft by developing a
multi-phase thermodynamic model using phyton, which accounts for heat transfer into
the tank and the resulting boil-off. The model integrates thermodynamic and structural
analyses to assess tank performance during mid-range missions. The model was not
validated because the components that were simulated were not built yet [33]. Alipour
Bonab and Yazdani-Asrami [16] utilized a cascading feed-forward neural network (CFNN)
approach to estimate the heat transfer coefficient of subcooled liquid hydrogen (sLH2)
for transportation applications. The study employs 4-fold cross-validation for the CFNN
model, which features five hidden layers with 20 neurons each, the Levenberg–Marquardt
optimization algorithm, and Logsig-Purelin activation functions [16]. Z. Xu et al. [34]
presented a numerical multipurpose simulation model that accounts for phase change
at the liquid–vapour interface, pressurization, and heat transfer of cryogenic tanks for
LH2-powered hybrid trains. The study examines a thermal management strategy to ensure
stable hydrogen flow while maintaining tank safety. The findings provide insights into
optimizing hydrogen storage and supply [34]. The model was not validated. Numerical
formulations were presented by H. Lv et al. [35] to analyze heat transfer into a composite
multilayer insulated tank with a vapour-cooled shield and the dormancy behaviour of
the stored LH2. The model was not validated [35]. K. Li et al. [36] developed a numerical
heat and mass transfer model of the fluid domain and a heat conduction model of VMLI
coupled with a VCS in an LH2 tank. The heat and mass transfer model accounts for active
cooling, mass transfer at the liquid–vapour interface, and the overall heat ingress into
the tank. It identifies optimal positions and operating conditions for single and double
VCS to maximize dormancy extension [36]. The heat conduction model was validated
through experimental comparisons and conservation verification for mass and energy. The
numerical model of VMLI coupled with VCS and the heat and mass transfer model were
verified using NASA’s experimental data [27]. Table 2 provides an overview of models
focusing on heat transfer.

Table 2. Overview of models focusing on heat transfer.

Authors Year Type of Model Validated

S. C. Huntley et al. [25] 1966 Experimental and analytical Yes
L. Wang et al. [26] 2019 FLUENT-CFD No
W. Jiang et al. [6] 2021 Numerical model Yes
R. Lv et al. [28] 2021 CFD, VoF method Yes

F. Ustolin et al. [29] 2021 Analytical equations Yes
F. Ustolin et al. [30] 2022 2D CFD Yes

Z. Sun et al. [32] 2023 Numerical, 2D Yes
J. Wang et al. [11] 2024 Analytical equations Yes

R. Parello et al. [33] 2024 Multi-phase
thermodynamic No

S. Alipour Bonab and M.
Yazdani-Asrami [16] 2024 CFNN Yes

Z. Xu et al. [34] 2024 Numerical model No
H. Lv et al. [35] 2024 Numerical model No
K. Li et al. [36] 2024 Numerical model Yes

4.1.2. Models Focusing on Mass Transfer Including Evaporation and Condensation

W. A. Olsen [37] conducted an analytical investigation into heat and mass transfer at
the liquid–vapour interface inside of an LH2 tank. It was found that the rapid pressurization
of a two-phase hydrogen tank without mixing leads to significant heat transfer to the liquid
due to condensation, which must be considered in stratification studies [37]. The analytical
model was not validated. C. Lin et al. [38] conducted research on mixing and transient inter-
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face condensation inside LH2 tanks. An empirical model was developed to account for heat
transfer into the tank and mass transfer at the liquid–vapour interface. No validation was
carried out. R. B. Schweickart [39] analyzed a demonstration concept for CPST (Cryogenic
Propellant Storage and Transfer). Simulations of CPST operations, including microgravity
cryogenic fuel transfers and long-term storage, were conducted using a validated thermal
and thermodynamic analysis tool. A model running in SINDA/FLUINT software and ac-
counting for heat transfer into the tank and the mass transfer at the liquid–vapour interface
was introduced. At the time of publication, no validation was carried out [39]. A 1D model
equation that emphasizes heat and mass transfer at the interface was developed by M.
Stewart [40]. The equation was incorporated into a CFD simulation, and the results were
compared with experimental data. The numerical challenge addressed in the paper is the
physics of the liquid–vapour interface, particularly focusing on the interfacial temperature
gradient and heat transfer mechanisms. The paper resolves this challenge by utilizing
a sub-grid interface model [40]. The validation against experimental data revealed that
the model accurately predicted interface temperature jumps, heat flux distributions, and
condensation effects. H. Wang et al. [41] investigated heat leakage distribution between the
liquid and the vapour phases in LH2 tanks. Therefore, a heat leakage distribution model
(HDM) was developed under consideration of experimental data. The model accounts for
mass and heat transfer at the liquid–vapour interface, as well as for heat leakage into the
tank and for self-pressurization. For validation purposes, experimental data from NASA
were used. The HDM was validated using three experimental datasets, showing improved
pressure prediction accuracy. Compared to TMZM (thermodynamic multi-zone model) and
CFD models, the HDM-coupled TMZM had better agreement with experiments. A CFD
simulation model utilizing the VoF method was developed by Y. Jiang [42]. The objective
was to account for heat transfer and phase-change characteristics of LH2 in cryogenic tanks
under microgravity conditions. Multi-phase flow, phase-change dynamics, turbulence, and
evaporation and condensation processes were simulated. The phase-change model for
an LH2 storage tank was validated by comparing simulated and experimental results. To
compare the thermal performance of cylindrical and spherical LH2 tanks, Z. Wang and W.
Mérida [43] developed a numerical non-equilibrium thermodynamic model. The model
accounts for heat transfer into the tank, mass transfer at the liquid–vapour interface, and
boil-off-rates [43]. The numerical validation of the non-equilibrium thermodynamic model
was conducted using experimental data from NASA on both cylindrical and spherical
LH2 tanks. D. Choi [44] developed a numerical, physical-based model and conducted
an energy–mass balance analysis to model heat transfer into an LH2 fuel tank, the phase
change at the liquid–vapour interface, and pressure changes due to fuel consumption and
self-pressurization. The proposed thermodynamic model was validated by comparing its
predictions with experimental data for LH2 vaporization and fuel emission [44]. H. Wang
et al. [45] conducted a literature review on the fluid-dynamic behaviour of LH2 during
non-vented storage. The review highlights experimental and computational studies on
LH2 storage [45]. A simulation approach was presented, which utilizes the VoF method for
CFD modelling of phase change at the liquid–vapour interface and heat transfer into the
tank. NASA test data aided CFD model validation [45]. Table 3 provides an overview of
models focusing on mass transfer.
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Table 3. Overview of models focusing on mass transfer.

Authors Year Type of Model Validated

W. A. Olsen [37] 1966 Analytical equations No
C. Lin et al. [38] 1993 Empirical model No

R. B. Schweickart [39] 2014 SINDA/FLUINT No
M. Stewart [40] 2017 1D CFD Yes

H. Wang et al. [41] 2023 Analytical, HDM Yes
Y. Jiang [42] 2023 CFD, VoF method Yes

Z. Wang and W. Mérida [43] 2024 Numerical, non-equilibrium Yes
D. Choi [44] 2024 Numerical model Yes

H. Wang et al. [45] 2024 2D CFD, VoF method Yes

4.1.3. Models Focusing on Thermal Stratification

To simulate thermal stratification and self-pressurization in a closed LH2 tank, R.
W. Arnett and R. O. Voth [46] proposed mathematical formulation of boundary layer
equations, particularly for turbulence. The model was not validated. A 3D fluid-dynamic
model using Flow-3D (1992) software was presented by Grayson [47]. The objective
was to present a coupled thermodynamic–fluid-dynamic solution for liquid-hydrogen
tank behaviour with a focus on temperature stratification. The model enabled combined
propellant sloshing and thermal stratification analysis [47]. There was no validation carried
out due to a lack of data. M. J. Daigle et al. [48] developed a dynamical model of a cryogenic
fuel tank that accounts for temperature stratification and non-equilibrium condensation–
evaporation at the liquid–vapour interface [48]. The model was not validated. To model
the effects of insulation thickness on self-pressurization rate and thermal stratification
in LH2 tanks, J. Joseph et al. [15] used a transient two-phase thermodynamic lumped
model [15]. The numerical model was validated against experimental data from a cryogenic
tank pressurization test with liquid nitrogen. Simulations accurately captured pressure
evolution, liquid stratification, and temperature changes, closely matching experimental
data [15]. Z. Liu et al. [49] conducted a study on thermal stratification in LH2 tanks under
different gravity levels. A CFD model, utilizing the VoF method, was developed to study
the thermal processes in a cryogenic LH2 tank, analyzing fluid temperature distribution,
thermal stratification, and surface tension effects [49]. The model was validated against
experimental data through parameter calibration. Table 4 provides an overview of models
focusing on thermal stratification.

Table 4. Overview of models focusing on thermal stratification.

Authors Year Type of Model Validated

R. W. Arnett and R. O. Voth [46] 1972 Analytical equations No
G. D. Grayson [47] 1995 CFD, Flow-3D No

M. J. Daigle et al. [48] 2013 Dynamical, low-dimensional
approach No

J. Joseph et al. [15] 2017
Transient two-phase

thermodynamic lumped
model

Yes

Z. Liu et al. [49] 2018 CFD, VoF method Yes

4.1.4. Models Focusing on Tank Pressurization

A model for predicting LH2 self-pressurization proposed by Aydelott [50] based on an-
alytical equations was validated with experimental data. A series of 21 self-pressurization
tests were conducted on a 9-inch spherical dewar partially filled with LH2, ending at
100 psi (6.89 bar) absolute pressure. The tests varied filling degree, heat transfer rate, and
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heater configuration [50]. Gursu et al. [51] introduced three different pressure rise models
to analyze LH2 thermal stratification, self-pressurization, and boil-off-rates in cryogenic
vessels. The models are a homogeneous model, a surface-evaporation model, and a thermal
stratification model. The homogeneous and surface-evaporation models assumed uniform
temperature within the cryogenic vessel, while the thermal stratification model accounted
for temperature gradients. The modelling approach is validated in the second part of the
paper [52]. To simulate the self-pressurization of a partially filled LH2 tank in normal grav-
ity, Barsi and Kassemi [53] developed a two-phase lumped-vapour CFD model. Validation
against experimental data showed reasonable accuracy in predicting pressure rise across
various fill levels. O. V. Kartuzova et al. [54] conducted a simulation of self-pressurization
and spray-cooling, a process where droplets of subcooled liquid are introduced into the
vapour phase, in LH2 storage tanks. They accounted for heat transfer into the tank, as well
as for heat and mass transfer at the liquid–vapour interface. A two-phase CFD compressible
VOF model was developed to study self-pressurization and pressure control in cryogenic
storage [54]. The model was validated using pressurization and pressure-control test re-
sults from the MHTB at NASA Marshall Space Flight Centre. Kassemi and Kartuzova [55]
presented two-phase CFD models for cryogenic tank self-pressurization and pressure con-
trol. Pressure control, mass transfer at the liquid–vapour interface, heat ingress into the
tanks, active cooling, and multi-phase flow were also subject of the research. Therefore, a
sharp-interface CFD model was developed. The model utilized the VoF method and was
validated against experimental data obtained from the NASA MHTB [55]. With the help
of a CFD model using ANSYS Fluent version 16.0, Stewart and Moder [56] described the
self-pressurization of a flight-weight LH2 tank. The model accounts for self-pressurization,
mass transfer at the liquid–vapour interface, and the heat ingress into the tank. The paper
highlights the challenges posed by experimental measurement accuracy, saturation pres-
sure uncertainty, and velocity variations at the interface [56]. The simulation results were
compared with experimental data for validation purposes. A notable pressure difference
was observed between iso-thermal and steady boil-off cases [56]. A multimode model
for simulating the self-pressurization of a cryogenic tank was developed by Majumdar
et al. [57] using the Generalized Fluid System Simulation Program (GFSSP). Additionally,
the model accounted for heat transfer through MLI, SOFI (spray-on foam insulation), and
the metal wall into the tank, heat and mass transfer at the liquid–vapour interface, and
pressure regulation through a vent system. Validation was not conducted [57]. Y. Liu
et al. [58] modelled the heat transfer and the resulting boil-off gas formation analytically to
optimize a type-C tank for LH2 marine transport. The study evaluated insulation strate-
gies and materials. Three insulation strategies, involving varying positions of the VCS,
were analyzed, showing significant reductions in heat transfer and boil-off rate [58]. The
thermodynamic model developed in this research was validated using results from other
publications. Ahluwalia et al. [59] investigated para-ortho hydrogen conversion, the result-
ing dormancy behaviour, and fractions of LH2 stored in a cryogenic tank for heavy-duty
trucks. The objective was to develop a model accounting for the BOG formation in the
tank [59]. A numerical model utilizing the Adams–Bashford–Molton method and the
Benedict–Webb–Rubin (BWR) equation of state was developed using REFPROP. The ap-
proach was not validated [59]. Metveev and Leachman [60] simulated the effect of the tank
size on self-pressurization and venting rate of an LH2 tank. A simplified lumped-element
model was developed to simulate thermal processes in stationary LH2 tanks. The model
efficiently simulates multi-day processes and was validated for self-pressurization [60]. The
model was validated using experimental data from the MHTB tank’s self-pressurization
process [60]. S. Jeong et al. [61] described a 3D CFD model incorporating the VoF method
to simulate self-pressurization, heat transfer and phase change at the liquid–vapour inter-

165



Hydrogen 2025, 6, 122

face inside of a partially filled LH2 tank. The model, validated against experimental and
computational data, accurately captured pressurization rates, interfacial mass transfer, and
heat flow [61]. H. R. Wang et al. [62] modelled the pressurization rate, the heat ingress,
the mass transfer at the interface, and thermal stratification in LH2 tanks. A modified
TMZM model was developed to predict pressure build-up in LH2 tanks and validated
using MHTB experimental data [62]. The TMZM model was validated using experimen-
tal data from a MHTB tank under four conditions showing a maximum relative error of
4.67%. Furthermore, the TMZM outperformed a CFD model in predicting pressure rise,
confirming its reliability [62]. Anas. A. Rahman et al. [63] developed a prediction model
for pressure evolution in non-venting LH2 tanks, accounting for heat flux into the tank and
thermal stratification. Therefore, an artificial neural network (ANN) model was configured
as a four-layered feed-forward network with a back-propagation algorithm [63]. The ANN
model was validated using regression and error histogram plots, showing a strong fit
between predicted and actual results [63]. H. Wang et al. [64] describe the use of thermal
models for predicting the self-pressurization process in LH2 tanks: TEMs (thermodynamic
equilibrium models), SEM (surface-evaporation model), TMZM, TSM (thermal stratified
model), TMNM (thermal multi-node model), and a CFD model. These models are assessed
based on their comprehensiveness, calculation speed, and precision [64]. The validation
was conducted by comparing the predictions of various thermal models, including TEMs,
SEM, TMZM, TSM, TMNM, and CFD, against experimental data [65]. J. Wang et al. [66]
conducted modelling of LH2 thermodynamics for maritime export. The study assesses the
use of double-wall vacuum insulation in pressurized spherical tanks, with a new analytical
model predicting heat ingress, pressure rise, and BOG generation [66]. Validation was
undertaken against experimental data. It predicted a pressure rise of 3.95 kPa/h, closely
matching experimental results. Insulation heat transfer validation aligned with NASA
data, predicting a boil-off rate (BOR) of 1.48 m3/day. Boil-off validation showed general
agreement with cumulative BOR but underpredicted late-stage boiling due to liquid strat-
ification simplifications [66]. T. Yu and Y. Lim [67] developed a lumped-element model
to predict changes in holding time and to assess the influence of LH2 filling ratio, heat
transfer, and the shape of the tank. Four case studies showed that low liquid levels lead
to faster pressure build-up during laden voyages, while ballast voyages generate more
boil-off gas [67]. Validation was conducted against experimental data by NASA with the
MHTB [67]. Table 5 provides an overview of models focusing on tank pressurization.

Table 5. Overview of models focusing on tank pressurization.

Authors Year Type of Model Validated

J. C. Aydelott [50] 1967 Analytical equations Yes
S. Gursu et al. [51] 1993 Homogeneous, SEM, TSM Yes

S. Barsi and M. Kassemi [53] 2008 Lumped-vapour CFD Yes
O. V. Kartuzova et al. [54] 2014 CFD, VoF method Yes

M. Kassemi and O. Kartuzova [55] 2016 Sharp-interface CFD, VoF method Yes
M. Stewart and J. P. Moder [56] 2016 CFD, ANSYS Fluent Yes

A. Majumdar et al. [57] 2016 Multinode model in GFSSP No
H. R. Wang et al. [62] 2022 TMZM Yes

Y. Liu et al. [58] 2023 Analytical equations Yes

R. K. Ahluwalia et al. [59] 2023 Numerical, Adams–Bashford–Molton method,
Benedict–Webb–Rubin (BWR) equation No

K. I. Metveev and J. W. Leachman [60] 2023 Lumped-element model Yes
S. Jeong et al. [61] 2023 3D CFD, VoF method Yes

Anas. A. Rahman et al. [63] 2024 ANN Yes
H. Wang et al. [64] 2024 TEM, SEM, TMZM, TSM, TMNM, CFD Yes
J. Wang et al. [66] 2024 Analytical equations Yes

T. Yu and Y. Lim [67] 2024 Lumped-element model Yes
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4.1.5. Models Focusing on Venting and Tank Depressurization

To investigate the LH2 tank pressurization during outflow in space travel, Mandell and
Roudebush [68] developed a dimensionless, simplified model, relying on modified Stanton
numbers [68]. Roudebush and Mandell [69] furthermore conducted research focused on
important parameters relevant for the outflow problem in LH2 tanks. Experimental data
from Lewis and Lockheed-Georgia experiments were used to validate the model [69].
Aydelott and Spuckler [17] presented an analytical equation to account for BOG formation
and the losses occurring during H2 venting. In a series of venting tests on a 22-inch
spherical tank partially filled with LH2, the mass vented was analyzed as a function of
energy input. The model was not validated [17]. Winters and Houf [70] simulated small-
scale releases from LH2 storage systems. The study uses turbulent entrainment models to
predict characteristics of hydrogen leaks. The COLDPLUME code models the leak stream’s
behaviour, accounting for both thermal and solutal buoyancy effects [70]. The model was
not validated. To accurately predict and minimize the losses that occur due to the cryogenic
nature of LH2, Petitpas [71] presented a thermodynamic model. The model is a modified
0D thermodynamic code for simulating the LH2 pathway from liquefaction to refuelling
stations. BOG losses were estimated, with key findings including negligible venting during
liquefaction, significant losses during transfer to receiving vessels, and varying losses
depending on vessel pressure and filling methods [71]. BOG losses at refuelling stations
were found to decrease with higher delivery capacities. The approach was not validated
due to a lack of data [71]. Zuo et al. [72] conducted a numerical investigation into the
venting process of LH2 in an on-orbit storage tank. The authors utilized the VoF method
to develop a full procedural thermodynamic venting system model which additionally
accounts for evaporation and condensation at the liquid–vapour interface, pressurization,
and depressurization. The model was validated through mesh independence testing and
by comparing simulated self-pressurization rates against experimental tank data [72]. A
6 × 105 elements mesh was chosen for its balance between accuracy and computational
efficiency. Self-pressurization simulations were compared to experimental data, showing
good agreement with an evaporation intensity factor of 8.5 s−1. Lower values led to
unrealistic evaporation resistance [72]. Al Ghafri et al. [73] estimated the BOG losses from
LH2 storage as well as the heat transfer into the tank. Therefore, a superheated vapour
(SHV) model implemented in BoilFAST using a non-equilibrium approach was developed.
The BoilFAST simulation tool shows strong agreement with experimental data across
various conditions. The SHV model was validated against experimental data for liquid
nitrogen, LNG mixtures, and self-pressurization tests, showing good agreement with the
literature sources [73]. Hamacher et al. [74] conducted modelling of the thermodynamic
behaviour of CcH2 (cryo-compressed hydrogen) tanks for trucks. The tank behaviour
regarding dormancy, phase change, pressurization during discharge, and refuelling was
investigated. The model utilized a DAE approach and was not validated [74]. H. Chen
et al. [75] researched venting systems of LH2 tanks under microgravity conditions. Of
central interest was the control strategy to manage pressurization and depressurization
during venting of LH2. For simulation purposes, a lumped-vapour model was coupled
with a CFD simulation in Ansys FLUENT [75]. The model was not validated. Stops
et al. [76] conducted modelling of LH2 storage tanks for truck applications. The developed
model accounted for heating requirements, dormancy behaviour, and depressurization
at discharge. The presented model is a Differential-Algebraic System of Equations (DAE)
which is implemented into a decision logic for different operational modes. Validation
was not carried out. Dutta and Mukhopadhyay [77] developed a thermodynamic model
of storage and discharge of LH2 and LOX (liquid oxygen). They simulated the heat
transfer into the tank, the phase change, and primarily the behaviour during outflow. The
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numerical formulations utilized the fourth-order Runge–Kutta method [77]. The model was
not validated [77]. Okpeke et al. [78] presented an analytical modelling approach to assess
BOG losses and their cost during LH2 tank filling with and without precooling. The study
analyzed LH2 tank filling with and without precooling, considering two tank materials. The
model was not validated [78]. Kumar and Sleiti [79] investigated modelling and analysis of
the effect of LH2 tank geometries and relief pressure on BOG losses. Therefore, the heat
transfer into the tank, phase change at the vapour–liquid interface, and BOG dynamics
were modelled. The objective was to optimize the design and operational efficiency of LH2

tanks [79]. The numerical model was implemented using BoilFAST [79]. The simulation
results were not validated. Table 6 provides an overview of models focusing on venting
and tank depressurization.

Table 6. Overview of models focusing on venting and tank depressurization.

Authors Year Type of Model Validated

D. A. Mandell and W. H. Roudebush [68] 1965 Dimensionless,
Stanton numbers Yes

W. H. Roudebush and D. A. Mandell [69] 1965 1D equations Yes
J. C. Aydelott and C. M. Spuckler [17] 1969 Analytical equations No

W. S. Winters and W. G. Houf [70] 2011
Turbulent

entrainment model,
COLDPLUME code

No

G. Petitpas [71] 2018 0D MATLAB code No

Z. Zuo et al. [72] 2020 Numerical, VoF
method Yes

S. Z. S. Al Ghafri et al. [73] 2022 SHV, BoilFAST Yes
J. Hamacher et al. [74] 2023 DAE No

H. Chen et al. [75] 2024
Lumped-vapour

model, Ansys
FLUENT

No

L. Stops et al. [76] 2024 DAE No

J. Dutta and A. Mukhopadhyay [77] 2024
Numerical,

fourth-order
Runge–Kutta method

No

B. E. Okpeke et al. [78] 2024 Analytical equations No
L. Kumar and A. Sleiti [79] 2024 Numerical, BoilFast No

4.2. Models Focusing on Multi-Phase Flow in Storage Tanks and Pipelines
4.2.1. Models Focusing on Sloshing

Z. Liu et al. [18] presented a numerical model with a coupled motion–mesh and VoF
method to simulate fluid sloshing inside an LH2 tank [18]. The model was validated
against experimental data. The validation study compared three k-ε turbulence models
for predicting fluid sloshing, using experimental data from other sources. To simulate the
heat transfer into an LH2 tank and the mass transfer at the liquid–vapour interface, as well
as the BOG formation rate, Smith et al. [21] proposed a numerical thermodynamic model
utilizing the first law of thermodynamics. Modelling of sloshing is relevant for the design
of future LH2 carriers [21]. Therefore, thermodynamic modelling with empirical data on
ship motion and sloshing effects was integrated. Initially calibrated for LNG carriers, the
model was adapted for LH2. Due to a lack of data, the model was not validated [21]. S. Li
et al. [80] conducted numerical simulation of the thermodynamic behaviour of LH2 tanks
for trailers focusing on multi-phase flow, phase change, and sloshing. The model in use
is a multi-phase turbulent flow CFD model utilizing the VoF method [80]. The numerical
model was validated using NASA’s 1960s self-pressurization experiment data of a spherical
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LH2 tank. Initial conditions and self-pressurization simulations were performed in two
steps. The results showed a 0.74% temperature difference for bulk LH2, with temperature
and pressure trends closely matching experimental data, confirming the model’s reliability
within a 10% error margin for pressure [80]. A CFD model for tank pressurization with
gaseous hydrogen and subsequent sloshing was developed by Kartuzova et al. [20]. The
model first simulated autogenous pressurization. Sloshing simulations followed, compar-
ing two cases: one described as moderate sloshing with a slight pressure drop and one
described as violent sloshing causing a sharp pressure decrease [20]. The model was vali-
dated against the beforementioned two cases [20]. W. Kang et al. [81] conducted research on
the effect of sloshing on the properties of LH2 inside the tank of an LH2 carrier. Therefore, a
multi-phase 3D CFD model utilizing the VoF method was developed. The model accounts
for the sloshing dynamics, heat ingress into the tank, and the phase change [81]. The
model was validated against experimental data. Validation against other oscillatory flow
experiments showed strong agreement, with a pressure drop delay but a relative error
below 5% after stabilization [81]. To analyze the thermodynamic behaviour of LH2 under
sinusoidal sloshing, H. Lv et al. [82] developed a numerical simulation model, examining
the effects of baffles, amplitude, frequency, and storage pressure. The model was developed
in Ansys FLUENT 2022. It was found that baffles reduce fluid fluctuations but accelerate
evaporation by acting as thermal bridges [82]. The CFD model was validated by comparing
pressurization rates and sloshing behaviour in LH2 tanks with reference studies. Pressur-
ization rates under stationary conditions matched well with an average absolute error of
339 Pa and a relative error of 0.32% [82]. Sloshing behaviour was also verified, showing
strong agreement. A mesh independence study determined that a 2.96 × 106 elements
mesh ensures accuracy while optimizing computational resources [82]. Furthermore, H.
Lv et al. [83] developed a CFD code with implemented fluid–structure-interaction (FSI)
to simulate the thermo-hydrodynamic response of LH2 in tankers equipped with baffles
during the braking process. The model accounts for phase change, heat transfer into the
tank, and pressurization. The model’s pressurization predictions were validated against
experimental data. Sloshing behaviour was further verified through comparisons with
experimental results [83]. J. Zhang et al. [84] developed a numerical model utilizing the VoF
method together with a SST k-omega turbulence model to account for sloshing behaviour of
LH2 on floating storage platforms. C-type and Moss-type LH2 storage tanks under extreme
sea conditions were compared [84]. Self-pressurization, heat transfer into the storage tank,
and phase change were subject to the investigation [84]. Validation was not carried out. Z.
Xinjia [85] conducted research on condensation heat transfer and sloshing in LH2 tanks.
A modified thermal stratified model was developed to account for thermal stratification,
mass transfer at the liquid–vapour interface, and heat transfer into the tank, with the focus
being on sloshing behaviour [85]. The model was validated against experimental data [85].
Table 7 provides an overview of models focusing on sloshing.

Table 7. Overview of models focusing on sloshing.

Table Authors Year Type of Model Validated

Z. Liu et al. [18] 2019 Numerical, VoF method Yes
J. R. Smith et al. [21] 2022 Numerical No

S. Li et al. [80] 2022 CFD-VoF Yes
O. V. Kartuzova et al. [20] 2024 CFD Yes

W. Kang et al. [81] 2024 3D CFD Yes
H. Lv et al. [82] 2024 CFD, Ansys FLUENT Yes

J. Zhang et al. [84] 2024 Numerical, VoF method No
H. Lv et al. [83] 2024 CFD Yes

Z. Xinjia [85] 2024 Thermal stratified model Yes
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4.2.2. Models Focusing on Multi-Phase Flow During LH2 Transfer Operations

To investigate the requirements for the pressurized transfer of LH2, Gluck and
Kline [86] presented an analytical model based on system parameters and experimen-
tally determined interfacial mass transfer and gas-phase heat transfer [86]. A developed
correlation accurately predicted gas-phase heat transfer within the experimental range.
The analytical model successfully estimated gas requirements and provided qualitative
insights into the effects of system parameters [86]. Heat transfer correlations were devel-
oped and compared with experimental data, yielding reasonable agreements [86]. Campi
et al. [87] developed a numerical lumped-parameter model to account for two-phase flow
characteristics, chill-down, and heat transfer of LH2. The model was validated against
experimental results [87]. Rame et al. [88] investigated the flow behaviour of LH2 during
line chill-down tests. The focus was on modelling the heat transfer through the pipe wall
and the fluid dynamics inside of the pipe. By analyzing video recordings alongside stream
temperature data, they identified correlations between temperature variations and flow
regime changes [88]. A simple plug flow model was proposed to explain temperature
humps in a fluid-filled pipe. It assumes uniform velocity, negligible radial conduction, and
axial conduction in the wall. The model suggests that as liquid fraction increases, the heat
transfer coefficient rises, briefly raising fluid temperature before it decreases to a steady
state [88]. The model was not validated. Darr and Hartwig [89] developed a numerical
lumped-node heat transfer model to simulate the chill-down and mass and heat transfer
during two-phase convection inside LH2 pipes. The model outputs were compared to
experimental data [89]. The results validated the correlation for actual quality, heat transfer
across all boiling regimes, and dividing points like Leidenfrost and DNB temperatures
(departure from nucleate boiling temperature) [89]. Kang et al. [90] developed a transient
thermal fluid simulation model that utilized the VoF method. The model was developed
to investigate the loading process of LH2 tanks for mobile applications. The model ac-
counts for multi-phase flow, but also for phase-change dynamics and losses through BoG
venting [90]. The simulation analyzed variations in volume fraction, pressure, mass flow
rate, and temperature. Validation was conducted through a grid-dependency test, where
simulations with different mesh densities were compared to ensure consistent LH2 volume
fraction trends, leading to the selection of a sufficiently fine and computationally efficient
grid [90]. Mangold et al. [91] investigated the refuelling process of LH2-powered aircraft,
emphasizing safety and economic efficiency. The model accounted for heat transfer into an
LH2 tank and between the liquid and vapour phase, pressurization, and the chill-down
of the tank. The model consists of analytical equations and was not validated [91]. To
investigate multi-phase thermal flow dynamics in vacuum-insulated LH2 pipelines for
hydrogen-fuelled vessels, Seo et al. [92] developed a numerical multi-phase thermal flow
simulation model focusing on phase-change phenomena. It evaluates insulation perfor-
mance using a composite vacuum system and compares it to polyurethane foam [92].
Results closely matched experimental data, with errors between 0.3% and 1.4%, confirming
the model’s reliability for LH2 multi-phase thermal flow simulations [92]. Chung et al. [93]
presented a numerical FVM (finite volume method) approach for analyzing fluid flow in an
LH2 tank for liquefied hydrogen carriers, using a CFD model implemented in STAR-CCM+.
The model incorporates fluid dynamics, turbulence, multi-phase flow, heat transfer, and
BOR [93]. The multi-phase thermal analysis was validated by comparing BOR estimations
for a type-C LN2 (liquefied nitrogen) storage tank with experimental data. Results showed
that the simulations provided accurate BOR predictions, with good agreement to experi-
mental results, highlighting the effectiveness of the FVM approach for cryogenic storage
analysis [93]. Y. Liu et al. [94] simulated the flow dynamics of LH2 in pipelines under
the influence of external forces, focusing on both the fluid behaviour and the structural

170



Hydrogen 2025, 6, 122

response of the pipe using a 3D CFD model [94]. The developed model is validated using
experimental data for LH2 flow under superheat conditions. Simulation results closely
match experiments, with a maximum relative error below 15%. Deviations stem from
complex two-phase flow behaviours and minor sensor errors [94]. Numerical models of
flow boiling in heated tubes were developed by LeClair et al. [95] using a GFSSP approach
utilizing a finite-volume flow network solver to evaluate fluid flow, heat transfer into the
pipe, and pressure drop correlations [95]. The model was validated. Pesich et al. [96]
conducted a CFD validation study simulating the no-vent filling and chilling process of
LH2 tanks using three different commercial CFD codes: STAR-CCM+, Fluent, and Flow3D.
The models were validated using LH2 no-vent fill test data from Moran et al. [97], specifi-
cally, Test 9093G with upward pipe discharge. Due to missing injector and tank lid details,
assumptions were made about pipe dimensions. Experimental uncertainties included inlet
conditions, trapped helium, and time-dependent mass flow rate variations [96]. Molkov
et al. [98] investigated the behaviour of sLH2 during the refuelling process at a hydrogen
refuelling station (HRS). The study develops a two-phase CFD model, incorporating a new
correlation for the Nusselt number that accounts for condensation heat transfer, filling ratio,
and HLR (heat loss rate). The results have been validated against data from a conceptual
refuelling procedure [98]. Alipour Bonab and Yazdani-Asrami [99] focused on predicting
the heat transfer coefficient (HTC) in flow boiling of LH2, which is intended to be used
as both fuel and cryogenic coolant for future hydrogen-powered airplanes [99]. They
developed a cascade-forward neural network (CFNN) model, achieving 99.88% accuracy.
Cross-validation was applied to assess the CFNN model’s performance by dividing the
dataset into three folds. The model was trained and tested on each fold, averaging results
to reduce overfitting [99]. Table 8 provides an overview of models focusing on multi-phase
flow during transfer operations.

Table 8. Overview of models focusing on multi-phase flow during transfer operations.

Table Authors Year Type of Model Validated

D. F. Gluck and F. Kline [86] 1961 Analytical model, system- and
experimentally determined parameters Yes

F. A. Campi et al. [87] 1963 Numerical lumped-parameter model Yes
E. Rame et al. [88] 2014 Analytical plug flow model No

S. R. Darr and J. W. Hartwig [89] 2020 Numerical lumped-node model Yes
Y. Liu et al. [94] 2022 3D CFD Yes

D. Kang et al. [90] 2022 CFD-VoF Yes
J. Mangold et al. [91] 2022 Analytical equations No

Y. S. Seo et al. [92] 2024 Numerical multi-phase thermal flow model Yes
S.-M. Chung et al. [93] 2024 FVM model Yes

A. LeClair et al. [95] 2024 Numerical model using a GFSSP and
finite-volume flow network solver Yes

J. M. Pesich et al. [96] 2024 CFD (STAR-CCM+, Fluent, and Flow3D) Yes
V. Molkov et al. [98] 2024 CFD-based modified thermal stratified model Yes

S. Alipour Bonab and M. Yazdani-Asrami [99] 2025 CFNN model Yes

4.2.3. Models Focusing on Flash Boiling and Pressure Recovery

A CFD analysis was undertaken by K. Tani et al. [22] to investigate into the pressure
recovery and flashing phenomenon during a pressure reduction experiment in large-scale
LH2 tanks. A flashing experiment at a high liquid level in a 30 m3 tank was conducted [22].
The model was not validated. Kangwanpongpan et al. [100] presented a two-phase LES
turbulent model of flash boiling and pressure recovery for release scenarios from large-scale
LH2 tanks. The model was validated against a large-scale LH2 flash boiling experiment
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at JAXA, and successfully predicted pressure recovery and gaseous hydrogen tempera-
ture trends [100]. Table 9 provides an overview of models focusing on flash boiling and
pressure recovery.

Table 9. Overview of models focusing on flash boiling and pressure recovery.

Authors Year Type of Model Validated

K. Tani et al. [22] 2021 CFD analysis No
T. Kangwanpongpan et al. [100] 2024 CFD, two-phase LES Yes

5. Discussion

Thermodynamic phenomena related to LH2 storage and transfer are often interdepen-
dent. Therefore, a comprehensive understanding of multiple phenomena is essential for
accurate modelling. Experimental data are either scarce or entirely missing in several key ar-
eas of LH2 thermodynamics research, limiting model validation and accuracy. For instance,
studies on gravity’s influence on LH2 tanks have relied on FLUENT-CFD simulations, but
due to a lack of experimental validation, the accuracy of these models remains uncertain.
Similarly, aircraft LH2 tank design models could not be validated because the simulated
components have not yet been constructed. Thermal behaviour under fire exposure is
another area requiring further experimental investigation. A CFD model analyzing LH2

tanks subjected to external fire indicated the need for additional experiments to refine
understanding and improve validation. Likewise, research on cryogenic tank venting and
depressurization relies on assumptions due to missing experimental data for insulation
thermal conductivity. In terms of boiling heat transfer, some LH2 thermodynamic models
do not incorporate this phenomenon due to the absence of experimental data. This limita-
tion extends to large-scale LH2 storage, where models assessing pressurization and boil-off
gas formation for maritime export lack sufficient large-scale validation. Similarly, thermal
stratification in low-gravity conditions presents challenges, as CFD models investigating
LH2 tank behaviour under varying gravitational forces have shown significant deviations
from experimental pressure data, requiring parameter calibration due to missing data.
Lastly, models for cryogenic hydrogen transfer in space remains largely unvalidated, as
experimental testing under relevant space conditions has not yet been conducted. To
support validation efforts, the generation of more experimental data should be pursued.
This concerns mainly data for pressure and temperature inside LH2 storage tanks during
filling or phases of self-pressurization, and inside LH2 pipes during transfer operations.

Improved insulation extends dormancy, reducing heat ingress, pressure build-up, and
subsequently energy loss through H2 venting. Advancements in thermal management,
including active cooling and optimized venting, enhance operational reliability. Insights
gained through multi-phase flow modelling contribute to improving pipeline and transfer
line design to optimize flow conditions and to reduce phase separation. Models that
are backed through validation against experimental or real-life data particularly support
safety and effectiveness. By providing predictive insights into thermodynamic phenomena
relevant for LH2 storage and transfer, validated modelling approaches directly inform the
design of safety systems and operational protocols. In this way, modelling is not only a tool
for efficiency optimization but also a critical enabler of inherently safer LH2 storage and
transfer infrastructure. The most common type of model found in the literature was the CFD
model. CFD models provide detailed insights but are computationally expensive, limiting
real-time application. The trade-off between accuracy and feasibility requires further
analysis. This constraint highlights the importance of developing advanced reduced-order
models (ROMs) to achieve a balance between accuracy and computational efficiency, as
emphasized in the future research agenda.
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While the narrative review approach provides flexibility to synthesize diverse mod-
elling studies, it also carries the risk of selection bias. This limitation underscores the
importance of complementing narrative reviews with systematic meta-analyses in the
future to ensure balanced coverage and to strengthen the reliability of safety- and efficiency-
related insights. Additionally, limited discussion of safety risks, including high-pressure
transfer and leaks, highlights a need for further exploration in practical LH2 deployment.
Future research should prioritize large-scale experimental validation to enhance model
reliability. Collaboration with industry stakeholders can establish standardized testing
protocols, while dedicated sensor technologies could provide real-time heat transfer and
pressurization data. Computational efficiency improvements, including reduced-order
models (ROMs) and artificial intelligence (AI) integration, could balance prediction speed
and accuracy. Further research is needed on LH2 storage in extreme environments, such as
microgravity and maritime transport, to understand phase behaviour and sloshing effects.
CFD studies of scenarios under microgravity should furthermore be investigated regard-
ing sensitivity to mesh refinement. Venting and BOG management should be optimized
through re-liquefaction technologies and predictive strategies to minimize hydrogen losses.
Systematic meta-analyses of LH2 modelling approaches can assess accuracy and efficiency,
reducing potential biases. Addressing these gaps through interdisciplinary research will
improve the safety, efficiency, and economic feasibility of LH2 storage and transport.

Models, whether mathematical or computational, typically serve three fundamental
purposes: prediction, design, and control. Predictive models aim to anticipate system
behaviour under specific conditions or project future states. Design-oriented models help
explore design spaces, evaluate concepts, and guide innovation, while control models
support decision-making and operational strategies for managing complex systems. In this
context, the interpretation of “lack of validation” requires careful nuance, particularly for
models developed for foresight or exploratory analysis. Although validation is essential
when experimental data exists, some models are intentionally created for purposes where
validation is not yet feasible. These include exploratory prediction of prospective system
behaviour, concept evaluation for technologies still in early development, and design-
space mapping to identify promising directions before prototypes or empirical datasets
become available. Therefore, the absence of validation does not necessarily indicate a
methodological weakness. Rather, it reflects the epistemic nature of the model’s intended
purpose: to inform thinking, guide research priorities, and frame possibilities, rather than
to provide definitive, empirically confirmed outcomes.

6. Conclusions

This structured narrative review has examined 81 studies spanning over six decades,
focusing on modelling approaches for LH2 thermodynamics during storage and transfer. By
categorizing the literature into two primary domains—thermodynamic behaviour within
storage tanks and multi-phase flow dynamics in transfer systems—the review identified
seven key focus areas and evaluated the extent of model validation across them. The
analysis reveals that while a wide range of modelling techniques have been developed—
including analytical, CFD, and machine learning-based models—many remain unvalidated
due to the scarcity of experimental data, especially under extreme or large-scale condi-
tions. This limits their predictive reliability and practical applicability. In mapping the
current research landscape, this review contributes a consolidated reference for future
model developers and researchers. It highlights the need for integrated modelling ap-
proaches that account for the interdependence of heat transfer, mass transfer, stratification,
pressurization, and flow dynamics. It also underscores the importance of validation against
experimental or operational data to ensure safety and efficiency in LH2 infrastructure.
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Despite the progress made, several limitations persist. These include insufficient mod-
elling of coupled phenomena, limited data on accident scenarios, and a lack of large-scale
experimental validation.

Future research should prioritize the following:

• Development of reduced-order and hybrid models for real-time applications;
• Experimental campaigns under microgravity and maritime conditions;
• Integration of AI and sensor technologies for dynamic system monitoring;
• Systematic meta-analyses to assess model accuracy and generalizability.

In the frame of this review and due to the high number of different approaches found
in the literature, it is not feasible to present each modelling approach in greater detail.
For future reviews, the scope should therefore be limited to one focus area, possibly an
operational scenario, highlighting key differences, innovations, or contradictions between
models. The analyzed models should be discussed regarding reliability and applicability
by comparing accuracy, modelling assumptions, and computational efficiency.

By addressing these gaps, the scientific community can advance the design of inher-
ently safe, efficient, and scalable LH2 systems and support the broader transition to a clean
hydrogen economy.
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Abstract

Dark fermentative hydrogen production is constrained by challenges including low hy-
drogen yield and operational instability. Magnetic nanoparticles (MNPs) have emerged as
promising additives for enhancing biohydrogen production due to their unique physico-
chemical characteristics, such as high specific surface area, excellent electrical conductivity,
and inherent magnetic recyclability. This review systematically compares the enhancement
mechanisms of MNPs in two distinct microbial systems: pure cultures and mixed cultures.
In pure cultures, MNPs function primarily at the cellular and molecular levels through the
following: (1) serving as sustained-release sources of essential metallic cofactors like Fe
and Ni to promote hydrogenase synthesis and activation; (2) acting as efficient electron
carriers that facilitate intracellular and extracellular electron transfer; and (3) redirecting cen-
tral carbon metabolism toward high-hydrogen-yield acetate-type fermentation. In mixed
cultures, which are more representative of practical applications, MNPs operate at the
ecological level through the following: (1) modifying microenvironmental niches to exert
selective pressure that enriches hydrogen-producing bacteria, such as Clostridium; (2) form-
ing conductive networks that promote direct interspecies electron transfer and strengthen
syntrophic metabolism; and (3) enhancing system robustness via toxin adsorption and
pH buffering. Despite promising phenomenological improvements, critical knowledge
gaps remain, including unclear structure–activity relationships of MNPs, insufficient quan-
tification of electron transfer pathways, unknown genetic regulatory mechanisms, and
overlooked magnetobiological effects. Future research should integrate electrochemical
monitoring, multi-omics analyses, and advanced characterization techniques to deepen
the mechanistic understanding of nanomaterial–microbe interactions. This review aims to
provide theoretical insights and practical strategies for developing efficient and sustainable
MNP–microorganism hybrid systems for scalable biohydrogen production.

Keywords: nanoadditives; hydrogenase activity; electron shuttling; metabolic flux analysis;
community dynamics; syntrophy

1. Introduction

With the increasingly severe global energy crisis and environmental pollution, the
development of green and sustainable alternative energy sources has become urgent. Hy-

Hydrogen 2025, 6, 120 https://doi.org/10.3390/hydrogen6040120
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drogen is hailed as an ideal energy carrier for the 21st century, due to its high energy density
(141.9 MJ/kg) [1]. Among various hydrogen production technologies, dark fermentative
hydrogen production stands out due to its ability to utilize diverse organic wastes and
biomass as substrates under mild operational conditions, offering both environmental and
economic benefits [2,3]. Dark fermentation is an anaerobic process where carbohydrates are
converted into hydrogen, carbon dioxide, and volatile fatty acids (VFAs), such as acetate
and butyrate, by microorganisms [4]. The process can be carried out by defined pure
cultures (e.g., Clostridium spp. [5], Enterobacter spp. [6]) or by mixed microbial consortia [7];
each system presents distinct metabolic advantages and operational challenges. The key
to the process is the activity of hydrogenase enzymes [8]. Its efficiency is governed by
critical parameters, including substrate concentration and complexity [9], microbial com-
munity structure [10], pH and temperature [11], and hydraulic retention time [12]. Dark
fermentation could be applied to a variety of feedstocks, including lignocellulosic materials,
industrial effluents, and municipal organic wastes, thereby contributing to waste valoriza-
tion and circular economy principles [13–15]. Moreover, dark fermentation operates under
anaerobic conditions and does not require light energy, making it more adaptable and
easier to scale compared to photobiological methods [16].

However, the practical application of dark fermentation is hindered by several bot-
tlenecks, including low substrate conversion efficiency, slow hydrogen production rates,
and process instability. The theoretical maximum hydrogen yield from glucose is 12 mol
H2/mol glucose, yet actual yields typically range only from 1 to 2.5 mol H2/mol glucose
due to branched metabolic pathways, hydrogen partial pressure inhibition, and the activity
of hydrogen-consuming bacteria [17]. These limitations are further exacerbated by the
accumulation of soluble metabolites, such as volatile fatty acids and alcohols, which could
inhibit microbial activity and reduce the system pH, leading to process failure [18,19]. Tradi-
tional optimization strategies, such as operational condition tuning and strain improvement,
often yield limited enhancements and involve complex processes. For instance, maintaining
strict anaerobic conditions and optimizing pH and temperature only marginally improve
hydrogen yields, while genetic modification of hydrogen-producing strains is often time-
consuming and not always transferable to mixed-culture systems [20,21].

The emergence of nanotechnology offers a promising pathway to address these limi-
tations. Numerous studies have shown that various nanoparticles (NPs) could stimulate
microbial growth and enhance enzymatic activity during dark fermentation, thereby im-
proving hydrogen productivity and yield [22,23]. Nanoparticles, due to their high surface
area-to-volume ratio, unique catalytic properties, and ability to facilitate electron transfer,
have been demonstrated to significantly enhance the activity of key enzymes involved in
hydrogen production, such as hydrogenases and nitrogenases [24,25].

For instance, silver nanoparticles (AgNPs) at an optimal concentration of 20 nM
were found to increase hydrogen production from glucose by 67.6% in a mixed culture
dominated by Clostridium butyricum, while also shifting the metabolic flux toward more
favorable acetate and butyrate pathways [26]. Similarly, gold nanoparticles (AuNPs) at
5 nM were reported to improve hydrogen yield from sucrose by 62.3% in anaerobic sludge
systems [27]. The incorporation of silica nanoparticles (SBA-15) at 120 mg/L in a high-
loading industrial wastewater treatment system resulted in a remarkable 66.6% increase
in hydrogen production (7 mol H2/kg COD) through enhanced microbial entrapment
and substrate degradation efficiency [28]. The addition of zinc oxide nanoparticles (ZnO
NPs) at 50 mg/L to a mixed microbial consortium fermenting glucose was shown to
enhance hydrogen yield by 33%, accompanied by a significant shift in metabolic pathways
toward acetate-type fermentation and improved electron transfer efficiency [29]. Moreover,
palladium nanoparticles (PdNPs) at 5 mg/L were shown to reduce the lag phase and
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enhance the hydrogen yield by Enterobacter cloacae, demonstrating their potential as efficient
electron mediators [30].

The operational feasibility of nanoparticles frequently surpasses that of more intricate
and energy-intensive strategies. However, the high cost and non-renewable nature of many
nanomaterials present significant economic barriers to their widespread adoption [31,32].
Moreover, issues such as potential nanotoxicity, aggregation, and long-term stability in
biological systems require careful evaluation before large-scale implementation [33,34].

In this context, magnetic nanoparticles (MNPs)—including Fe, Ni, Co, and their oxides,
as well as emerging classes of magnetic composite materials—offer a promising alternative.
MNPs exhibit distinctive properties, such as high specific surface area, elevated surface
reactivity, excellent electrical conductivity, and favorable biocompatibility [35,36]. Their
incorporation into dark fermentation systems has been shown to significantly enhance hy-
drogen yield and process efficiency. For example, Fe3O4 NPs have been reported to increase
hydrogen production by up to 41% in sugarcane bagasse fermentation systems, while NiO
NPs boosted the hydrogen yield by 55.6% in glucose-fed anaerobic sludge systems [37,38].
Moreover, due to their magnetic properties, MNPs could be efficiently recovered and
reused post-fermentation via magnetic separation, thereby reducing operational costs,
recycling efforts, and environmental risks [24,39]. Recent studies have demonstrated that
magnetic composites such as magnetic granular activated carbon (MGAC) and nitrogen-
doped magnetic activated carbon (MNAC) not only enhance hydrogen production by over
60% but also allow for more than 90% recovery and reuse across multiple fermentation
cycles [40,41]. Additionally, the use of bimetallic ferrites like NiFe2O4 and CoFe2O4 has
shown improved electron transfer capabilities and system stability under both mesophilic
and thermophilic conditions, further underscoring the practical advantages of MNPs in
sustainable biohydrogen processes [42].

Despite a growing number of studies reporting promising phenomenological improve-
ments, a considerable gap remains between the observed performance enhancements and a
deep mechanistic understanding. A significant portion of current research remains focused
on synthesizing novel magnetic materials and reporting empirical hydrogen production
data, which are often limited to correlative analyses. The fundamental mechanisms—how
and why MNPs enhance hydrogen production—are often inferred, rather than conclusively
established. Critical knowledge gaps persist, particularly regarding the structure–activity
relationships between MNPs’ physicochemical properties (e.g., size, morphology, crystal
phase, surface charge) and their biological effects [13,43]. Upstream regulatory signaling
pathways through which MNPs or their ions trigger transcriptional upregulation of key
genes (e.g., hydrogenases and metabolic enzymes) remain largely unexplored [44]. Fur-
thermore, the unique “magnetobiological effects” of MNPs and their potential synergy
with chemical influences are often overlooked, as most studies treat MNPs merely as con-
ventional chemical additives [45,46]. This fragmented and superficial mechanistic insight
impedes the rational design of next-generation MNPs and the strategic optimization of
MNP–microbe hybrid systems for scalable biohydrogen production.

Moreover, the mechanisms through which MNPs enhance hydrogen production vary
substantially between pure cultures and mixed cultures. Existing reviews tend to lump
different systems together without systematically unraveling the distinct biological in-
teractions involved. For instance, in well-defined pure cultures, the uniform microbial
background allows for a detailed investigation into micro-scale interactions between MNPs
and cellular or enzymatic components—such as direct regulation of hydrogenase activ-
ity [39,47], serving as electron carriers [48,49], and redirecting central carbon metabolic
pathways [48,50]. In contrast, mixed cultures with more realistic engineering applications
consist of multiple microorganisms, including hydrolytic bacteria, acid-producing bacteria,
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hydrogen-producing bacteria, and even hydrogen-consuming bacteria, collectively forming
a miniature ecosystem. Within such a setting, MNPs act not merely as interaction partners
with individual cells, but as a key environmental factor influencing the entire community.
Their enhancement mechanisms are mainly reflected in the regulation of the microbial com-
munity structure [51,52] and the stabilization of hydrogen-producing populations [51,53].
Therefore, in mixed culture systems, the role of MNPs operates more at the ecosystem level,
with their promoting effects arising from the synergy of multiple ecological mechanisms.

This review, therefore, aims to systematically summarize relevant research progress,
deeply explore the enhancement mechanisms of MNPs with a separate focus on pure
culture systems and mixed culture systems, and integrate the latest research findings to
provide a clear theoretical framework and directional guidance for subsequent research and
application. To ensure comprehensive and systematic analysis, the review was conducted
through a structured methodological approach. The relevant literature was identified
by searching major scientific databases, including Web of Science, Scopus, PubMed, and
Google Scholar, using keyword combinations related to magnetic nanoparticles, dark fer-
mentation, biohydrogen production, electron transfer, and microbial metabolism. Articles
published between 2005 and 2024 were screened, with a focus on experimental studies that
reported mechanistic insights into MNP-enhanced hydrogen production in either pure or
mixed cultures. Data from selected studies were extracted and synthesized thematically
to compare mechanisms across different microbial systems, summarize key performance
outcomes in tabular form, and illustrate proposed mechanisms in schematic diagrams [54].
This methodological framework ensures that the review provides an evidence-based and
integrated perspective on the multi-level roles of MNPs, while also identifying critical
knowledge gaps and the future research directions needed to advance the field toward
scalable and sustainable biohydrogen production.

2. Enhancement Effects and Mechanisms of MNPs in Pure Culture
Hydrogen Production Systems

In pure culture fermentation systems, the enhancement effects of MNPs on hydrogen
production processes and underlying micro-mechanisms could be more directly revealed
due to single microbial species and clear metabolic backgrounds.

2.1. Comprehensive Improvement of Hydrogen Production Efficiency and Kinetic Parameters

The addition of MNPs most directly and significantly enhances ultimate hydrogen
production, maximum hydrogen production rate, and shortens the lag phase. A summary
of the key performance enhancements is provided in Table 1. For instance, Nath et al. [55]
reported that adding 100 mg/L of zero-valent iron nanoparticles (Fe(0) NPs) to a glucose
fermentation system with E. cloacae DH-89 increased the hydrogen yield from approxi-
mately 0.95 to 1.9 mol H2/mol glucose, achieving a 100% increase. This yield doubling
stems not only from increased microbial numbers but also from the enhanced hydrogen
production metabolic activity per cell after nanomaterial intervention.

Beckers et al. [43] demonstrated that encapsulating ultrafine Fe2O3 NPs (~2–3 nm)
in porous silica could increase batch hydrogen production of butyricum by 38%, even at
very low concentrations (10−6 mol/L), highlighting the critical impact of nanomaterial size
effects and dispersion state on catalytic efficiency. Ramprakash et al. [44] found that adding
30 mg/L of Fe3O4 NPs to Enterobacter aerogenes using acid-ultrasound combined pretreated
garden waste hydrolysate increased the hydrogen yield by 32%, raised the maximum
hydrogen production rate to 1.3 mL/h, and significantly shortened the lag phase.
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Table 1. Research progress on enhancing dark fermentative hydrogen production performance in
pure cultures using MNPs.

Nanomaterial Strain Substrate
Optimal

Concentration
Hydrogen Production
Enhancement Effect

Reference

Fe(0) NPs Enterobacter cloacae
DH-89 Glucose 100 mg/L 1.9 mol H2/mol glucose,

100% increase [55]

Fe2+ ions
Ethanoligenens

harbinense Glucose 100 mg/L 1.97 mol H2/mol glucose,
13% increase [56]

Fe3O4 NPs Enterobacter aerogenes Garden waste
hydrolysate 30 mg/L 98 mL/g GW, 32% increase [44]

γ-Fe2O3 NPs
Clostridium

acetobutylicum NCIM
2337

Glucose 175 mg/L 2.33 mol H2/mol glucose,
34% increase [45]

Ferrihydrite
nanorods

Clostridium
pasteurianum DSM525 Glucose 100 mg/L 3.55 mol H2/mol glucose,

15.6% increase [47]

NiO NPs Bacillus anthracis
PUNAJAN 1 POME 1.5 mg/L 0.563 L H2/g-COD, 51% increase [46]

CoO NPs Bacillus anthracis
PUNAJAN 1 POME 1.0 mg/L 0.487 L H2/g-COD, 67% increase [46]

CoO NPs Clostridium beijerinckii
DSM 791 Rice mill wastewater 1.5 mg/L 195.7 mL H2/L, 90% increase [48]

NiO NPs Clostridium beijerinckii
DSM 791 Rice mill wastewater 1.5 mg/L 214.9 mL H2/L, 109% increase [48]

LPBC Clostridium
pasteurianum Glucose 200 ppm 1.76 mol H2/mol glucose,

57% increase [50]

Recent studies further confirm significant enhancement effects of different MNPs in
pure culture systems. Mohanraj et al. [45] used green-synthesized γ-Fe2O3 NPs (175 mg/L)
to increase the hydrogen yield of Clostridium acetobutylicum NCIM 2337 from 1.74 to
2.33 mol H2/mol glucose: a 34% increase. Mishra et al. [46] studied NiO and CoO NPs’
roles in hydrogen production from palm oil mill effluent (POME) fermentation by Bacillus
anthracis PUNAJAN 1, finding that 1.5 mg/L NiO NPs increased the hydrogen yield by
1.51-fold (0.563 L H2/g-COD) and 1.0 mg/L CoO NPs by 1.67-fold (0.487 L H2/g-COD).
Zhang et al. [47] introduced ferrihydrite nanorods (100 mg/L), increasing the hydrogen
yield of C. pasteurianum DSM525 by 15.6% to 3.55 mol H2/mol glucose and significantly
improving the glucose conversion efficiency (100% vs. 68% control).

Notably, Rambabu et al. [48] demonstrated that NiO and CoO NPs (~26 nm and
~50 nm, respectively) significantly enhanced biohydrogen production from rice mill
wastewater (RMWW) using Clostridium beijerinckii DSM 791. At the optimal concentration
of 1.5 mg/L, NiO NPs increased the cumulative hydrogen yield to 214.9 mL H2/L (2.09-fold
increase), while CoO NPs reached 195.7 mL H2/L (1.9-fold increase). Gompertz model
effectively described fermentation kinetics, showing a shortened lag phase and increased
maximum hydrogen production rate. Zhang et al. [49] reported that magnetite and fer-
rihydrite enhanced the acetate production pathway and increased the total extracellular
electron output efficiency by up to 53.5%, indicating a metabolic shift towards more efficient
electron utilization.

Nanobiocatalysts with highly ordered atomic structures exhibit exceptional capabili-
ties. Yang et al. [50] developed an L10-FePt@PPy nanobiocatalyst (LPBC) that increased the
hydrogen production rate by ~103% and the yield by 57% (1.76 mol H2/mol glucose) in
Clostridium pasteurianum. The LPBC/CH system optimized electron flow between NADH
oxidation and [FeFe]-hydrogenase, maintaining stable performance over 30 days of cyclic
use, demonstrating excellent long-term operational potential.

2.2. Promotion of Cell Growth and Biomass Accumulation

Appropriate amounts of MNPs could serve as trace element sources required for mi-
crobial growth, promoting cell proliferation. Tychounian et al. [57] found that adding metal
ions, such as Ni2+ and Fe2+, to a culture medium could nearly double the microbial biomass
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concentration. When added in nanoparticle form, their slow-release characteristics could
more sustainably maintain effective metal ion concentrations in the medium, providing
stable support for the microbial exponential growth phase, thereby establishing a solid
biomass foundation for high hydrogen production.

Zhang et al. [47] confirmed that ferrihydrite nanorods significantly promoted Clostrid-
ium pasteurianum cell growth, with biomass positively correlating with nanomaterial concen-
tration, which was consistent with the maximum cumulative hydrogen production trend.
Rambabu et al. [48] reported that 1.5 mg/L NiO and CoO NPs increased the Clostridium
beijerinckii biomass concentrations to 3.93 μg/L and 3.51 μg/L, respectively, approximately
two-fold higher than control. This observation proved beneficial for the roles of NPs
inclusion for microbial growth and multiplication.

3. Mechanisms of MNPs for Enhancing Hydrogen Production in
Pure Cultures

Building upon the observed significant enhancement phenomena, an in-depth ex-
ploration of intrinsic molecular and cellular level mechanisms is crucial for the rational
design and application of MNPs. Their enhancement mechanisms primarily stem from
three core aspects.

3.1. Serving as Enzyme Cofactor Reservoirs and Regulating Hydrogenase Activity

Hydrogenase is the core enzyme catalyzing proton reduction to hydrogen in dark
fermentative microorganisms, and its active center assembly and function (e.g., H-cluster
of [FeFe]-hydrogenase, heteronuclear active site of [NiFe]-hydrogenase) highly depend on
metal ions such as Fe and Ni [58]. MNPs could act as sustained and controllable release
sources of these metal ions in fermentation broth.

Regarding the cofactor supply, Fe(0) NPs and iron oxide NPs slowly corrode and
release Fe2+ under anaerobic conditions; these ions could be absorbed by microorganisms
and directly used for iron–sulfur cluster synthesis (e.g., ferredoxin) and [FeFe]-hydrogenase
active centers. Mohanraj et al. [45] pointed out that FeNPs enhance hydrogenase activity
by increasing ferredoxin activity and promoting electron transfer. Nath et al. [54] further
emphasized that iron is a key component of ferredoxin and hydrogenase, with FeNPs’
addition significantly enhancing hydrogenase activity.

Beyond merely supplying cofactors, nanoparticles could regulate key enzyme syn-
thesis at a transcriptional level. Zhang et al. [59] found that NiO NPs’ addition signifi-
cantly upregulated genes encoding hydrogenase and formate hydrogenase in Klebsiella sp.
WL1316, resulting in a remarkable 623% increase in total hydrogenase activity. Transcrip-
tomic analysis by Zhang et al. [47] demonstrated that ferrihydrite nanorods significantly
upregulated hydrogenase-related genes (e.g., HypC/HybG/HupF family chaperones and
[Ni/Fe] hydrogenase large subunits) in Clostridium pasteurianum, concurrently boosting
hydrogenase specific activity by 1.3-fold, indicating dual regulation at the transcriptional
and enzymatic activity levels.

Mishra et al. [46] discovered that NiO NPs, as [Ni-Fe] hydrogenase active site com-
ponents, directly participate in redox processes, whereas CoO NPs, as cobaltin coenzyme
constituents, regulate multiple metabolic enzyme activities. This indicates that MNPs
act as “metabolic signal triggers,” deeply reconstructing the strain hydrogen production
metabolic network at a genetic level. Regarding the transcriptional activation effect of
nanobiocatalysts, Yang et al. [50] found that LPBC not only significantly upregulates [FeFe]-
hydrogenase (CLPA-c33960) and [NiFeSe]-hydrogenase gene expression in Clostridium
pasteurianum but also activates relevant metabolic pathways, such as glycolysis and acetate
production, synergistically enhancing hydrogen production through multiple pathways.
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3.2. Acting as Electron Carriers and Optimizing Electron Transfer Pathways

The essence of substrate decomposition to H2 generation is electron transfer and flow.
MNPs, especially those with good conductivity like Fe3O4 and zero-valent iron, could
greatly optimize this process.

Regarding extracellular electron transfer, these nanoparticles could act as solid-state
electron mediators, accepting electrons transferred from reductive carriers (e.g., reduced
ferredoxin) and directly transferring them to hydrogenase or solution protons, thereby
“short-circuiting” potentially less efficient intracellular electron transfer chains and accel-
erating the H2 production rate [60]. Zhang et al. [47] found that ferrihydrite nanorods
were reduced to Fe(II) during fermentation, providing both iron sources required for
hydrogenase synthesis and acting as an electron mediator to promote electron transfer.

Concerning direct interspecies electron transfer (DIET) in pure cultures, although
species are single, synergy between the cells may still exist. Studies show that after
adding Fe3O4 NPs, formation of nanomaterial-mediated conductive networks or enhanced
“bacterial nanowires” conductivity among cells could be promoted [61]. This structure
facilitates direct electron exchange between cells, enabling more balanced and efficient
electron distribution and utilization within the population, alleviating metabolic inhibition
caused by local electron excess. Ramprakash et al. [44] further proposed that Fe3O4 NPs
could act as electron mediators, promoting electron transfer between E. aerogenes cells and
optimizing NADH/NAD+ balance, thereby increasing hydrogen yield.

In targeted electron flow regulation, LPBC constructs efficient electron transfer short-
cuts by catalyzing NADH oxidation to generate NAD+ and directly transferring the released
electrons to [FeFe]-hydrogenase. Molecular dynamics simulations indicated that LPBC
could bind to the [4Fe-4S] ferredoxin domain of [FeFe]-hydrogenase, shortening the electron
transfer distance and significantly enhancing hydrogenase activity [50]. Mishra et al. [46]
noted that NiO and CoO NPs’ high conductivity enables them as electron conductors, accel-
erating electron transfer from reductive carriers to hydrogenase or protons, thus increasing
the hydrogen production rate.

3.3. Regulation of Central Carbon Metabolism and Energy Metabolism

MNPs could influence the strain’s central metabolic network, guiding carbon flow
and reducing power towards hydrogen production pathways. This regulatory effect is
phenotypically evidenced by a significant shift in the distribution of fermentation end-
products. The addition of MNPs, such as Fe(0) NPs or Fe3O4, consistently results in a
marked increase in acetate concentration, coupled with a suppression of non-hydrogenic
or low-hydrogen-yield products like ethanol, propionate, and lactate. This shift visu-
ally reflects a fundamental reprogramming of the strain’s metabolic network, channeling
more substrate carbon and reducing equivalents into the high-hydrogen-yield acetate-
type fermentation pathway, thereby intrinsically improving the substrate-to-hydrogen
conversion efficiency.

Table 2 summarizes key cases where MNPs redirect central carbon metabolism from
low-hydrogen-yield pathways (e.g., ethanol, lactate production) toward high-yield acetate-
type fermentation in various pure cultures. This metabolic reprogramming not only
enhances the hydrogen yield but also improves the overall metabolic efficiency and system
stability by optimizing electron flow and energy distribution. For instance, Ramprakash
et al. [44] confirmed that Fe3O4 NPs addition significantly increased the acetate proportion
in end products to over 60% while limiting ethanol production: a change that positively
correlated with the observed increase in hydrogen yield. Mohanraj et al. [45] further
noted that FeNPs’ addition shifted the fermentation profile of Clostridium acetobutylicum
from a butyrate type toward an acetate/butyrate mixed type, which is more favorable
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for hydrogen production. Similar metabolic steering was observed with NiO and CoO
NPs, which favored acetate and butyrate pathways, as indicated by increased ethanol-to-
acetate (E/A) and butyrate-to-acetate (B/A) ratios at optimal concentrations [48]. Zhang
et al. [49] provided a clear example of this electron and carbon rerouting, observing that
both magnetite and ferrihydrite enhanced the acetate production pathway while lowering
butyrate production in Clostridium bifermentans, thereby redirecting the carbon and electron
fluxes to support higher electron output efficiency. The underlying reason for this metabolic
shift lies in the ability of MNPs or their released ions to influence key enzymatic nodes
and cellular redox states. Nanoparticles may inhibit key enzymes in competitive pathways,
such as alcohol dehydrogenase, or alter the intracellular NADH/NAD+ ratio. To regenerate
oxidized coenzyme NAD+ and sustain continuous glycolysis, the strain is compelled to
dispose of excess reducing power, primarily through the hydrogen production pathway,
thereby indirectly but powerfully driving hydrogen generation [62]. This is corroborated
by findings that CoO NPs, through participation in cobalt–porphyrin protein reactions,
could accelerate the electron carrier capacity and optimize the energy distribution of carbon
metabolic flow [46].

Table 2. Summary of metabolic shifts induced by MNPs in pure culture systems.

MNPs Type Strain Substrate
Main Changes in

Metabolic Products
(vs. Control)

Metabolic Shift Outcomes Reference

Fe3O4 NPs Enterobacter
aerogenes Garden waste

Acetate proportion
>60%; ethanol
significantly

decreased

Redirected carbon flux toward
acetate-type fermentation (higher H2
yield), suppressing ethanol pathway,

resulting in a 32% increase in H2 yield.

[44]

FeNPs Clostridium
acetobutylicum Glucose

Shift from butyrate
type to

acetate/butyrate
mixed type

Optimized carbon flow distribution and
enhanced electron utilization efficiency,
leading to a 34% increase in H2 yield.

[45]

NiO/CoO NPs Clostridium
beijerinckii

Rice mill
wastewater

Increased acetate and
butyrate ratios

(elevated E/A and
B/A ratios)

Promoted acetate and butyrate
pathways, enhancing reducing power
release, which increased H2 yield by

2.09-fold (NiO).

[48]

Magnetite/Ferrihydrite Clostridium
bifermentans Glucose

Enhanced acetate
pathway; decreased
butyrate production

Improved total extracellular electron
output efficiency by up to 53.5%,

optimizing carbon and electron fluxes
toward H2 production.

[49]

Fe(0) NPs Enterobacter
cloacae Glucose

Acetate
accumulation;

reduced ethanol,
propionate, lactate

Redirected carbon flow and reduced
equivalents toward H2-producing
pathways, doubling the H2 yield

(100% increase).

[54]

LPBC Nanobiocatalyst Clostridium
pasteurianum Glucose

Enhanced acetate
pathway;

upregulation of
glycolysis and

acetate-genesis genes

Synergistically regulated metabolism
and electron transfer, achieving a

57% increase in H2 yield and a
~103% increase in production rate.

[50]

Furthermore, this metabolic redirection confers a significant energy advantage. By
promoting the more efficient acetate pathway, which yields a net gain of ATP, over pathways
like butyrate fermentation, and by optimizing electron transfer processes to minimize
energy loss, MNPs help the strain to establish a metabolic state with a higher energy charge.
This energized state not only benefits microbial growth and biomass accumulation but also
provides the necessary energy foundation for sustained and efficient hydrogen production.

3.4. Overview of the Integrated Enhancement Mechanisms Induced by MNPs in Pure
Culture Systems

In summary, the enhancement of dark fermentative hydrogen production by MNPs in
pure cultures arises from the synergistic interplay of three core mechanisms operating at
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molecular and cellular scales. These include: (1) serving as sustained-release reservoirs of
essential metal cofactors (e.g., Fe, Ni) to facilitate hydrogenase biosynthesis and activation;
(2) functioning as efficient electron carriers that create conductive shortcuts for intra- and in-
tercellular electron transfer, directly channeling electrons toward proton reduction; and (3)
exerting systematic reprogramming of central carbon and energy metabolism, redirecting
the metabolic flux from low-hydrogen-yield pathways (e.g., ethanol, lactate) toward high-
yield routes (e.g., acetate), while optimizing cellular energy status (Figure 1). A holistic
understanding of these integrated mechanisms provides a critical foundation for the ratio-
nal design of next-generation MNPs tailored to specific biohydrogen-producing strains.

 
Figure 1. The mechanism by which MNPs enhance hydrogen production in pure bacterial cultures.

4. Current Limitations in Mechanistic Understanding and Future
Research Directions

Although existing studies have preliminarily revealed the enhancement mechanisms
of MNPs in pure culture systems from perspectives such as enzyme activity, electron
transfer, and metabolic regulation, significant knowledge gaps remain in understanding
many key aspects, creating bottlenecks in moving from phenomenological observation to
mechanistic elucidation [45,48].

4.1. The Precise “Structure–Activity Relationship” Between Material Physicochemical Properties
and Biological Effects Remains Unclear

Core parameters of MNPs—such as size, morphology, crystal phase, surface charge,
and magnetic strength—and how they specifically regulate interactions with cell mem-
branes and enzyme active sites are currently mostly limited to correlative analyses [35,36].

Size effects: Smaller MNPs generally exhibit higher surface-area-to-volume ratios,
potentially enhancing interactions with microbial cells and enzymes. For instance, ultrafine
Fe2O3 NPs (~2–3 nm) encapsulated in porous silica increased hydrogen production by
butyricum by 38%, even at extremely low concentrations (10−6 mol/L) [43]. In contrast,
larger particles may serve as more stable scaffolds for microbial attachment or electron
transfer networks. However, a systematic comparison of size-dependent effects across
a defined range (e.g., 5 nm vs. 50 nm vs. 100 nm) for the same MNP composition is
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largely absent from the literature, making it difficult to establish optimal size thresholds for
biohydrogen enhancement.

Shape effects: Particle morphology influences the interfacial contact area and orien-
tation with biological surfaces. Rod-shaped particles, such as ferrihydrite nanorods [47],
may present different facet reactivity and alignment compared to spherical Fe3O4 NPs [44].
This could affect the efficiency of electron transfer, metal ion release kinetics, and physical
interactions with cell membranes or extracellular polymeric substances. Nevertheless,
direct comparative studies controlling for size and surface chemistry while varying only in
shape are scarce, leaving shape–activity correlations largely speculative.

Surface functionalization and coatings: Modifying the MNP surface with organic or
inorganic coatings can drastically alter biocompatibility, dispersion stability, surface charge,
and functionality.

Carbon-based composites: Coating or embedding MNPs within carbon matrices, as in
MGAC [40] or MNAC [41], significantly enhanced conductivity, provided a high surface
area for microbial immobilization, and introduced additional surface functional groups
(e.g., -COOH, -OH, pyridinic-N), which were shown to improve electron transfer efficiency.

Conductive polymer coatings: The LPBC utilized a polypyrrole (PPy) coating to create
a conductive interface that optimized the electron flow between NADH oxidation and the
[FeFe]-hydrogenase active site, leading to a ~103% increase in the hydrogen production
rate [50].

Biological coatings: “Green-synthesized” MNPs, using plant extracts, may carry
residual biomolecular coatings (e.g., polyphenols, flavonoids) that could influence initial
microbial adhesion, reduce cytotoxicity, or provide supplemental carbon sources [45,63].

In summary, while preliminary evidence suggests that tuning MNP size, shape, and
surface chemistry could optimize biohydrogen production, the field lacks systematic, con-
trolled studies that isolate these variables [64,65]. Future work must employ well-defined
MNP libraries to establish the quantitative relationships between these physicochemical
descriptors and biological outcomes, enabling the rational design of “tailored” MNPs for
specific biohydrogen applications.

4.2. The Specific Pathways and Relative Efficiency of MNPs Acting as “Electron Bridges”
Remain Ambiguous

While MNPs are widely regarded as promoters of electron transfer, the underlying
microscopic mechanism remains ambiguous, with multiple plausible pathways that are
challenging to differentiate experimentally. Currently, most studies remain at a qualitative
or semi-quantitative level [66,67]. A key research gap lies in the absence of standardized
in situ methodologies that are capable of dynamically quantifying the proportion of elec-
tron flux mediated by MNPs, relative to the total electron flow in active fermentation
systems. More integrated and advanced electrochemical and spectroscopic techniques
are required to quantitatively resolve this process. For instance, chronoamperometry
(CA) and linear sweep voltammetry (LSV) can be employed to measure steady-state and
potential-dependent electron fluxes between MNPs and microbial cells or purified en-
zymes, providing direct electron transfer rate data [68,69]. Electrochemical impedance
spectroscopy (EIS) is particularly suitable for characterizing the charge transfer resistance
and capacitance at the MNP—microbe interface, revealing how MNPs lower the energy
barrier for electron exchange [70,71]. Cyclic voltammetry (CV) can help determine the
redox potentials of MNPs and key biological cofactors (e.g., ferredoxins, cytochromes),
suggesting possible redox-mediated pathways [72,73]. Spectroelectrochemical approaches,
such as UV–Vis spectroscopy coupled with electrochemical control, enable in situ monitor-
ing of valence state changes in MNPs during fermentation, correlating nanoparticle redox
cycling with hydrogen evolution [74]. Furthermore, conductive atomic force microscopy
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(C-AFM) and scanning electrochemical microscopy (SECM) have emerged as powerful
tools for mapping local conductivity and electron transfer activity at nanoscale resolution,
offering visual evidence of conductive networks formed between MNPs and microbial
aggregates [75,76].

Nevertheless, fundamental questions persist regarding the precise mode of MNP-
mediated electron transfer: are electrons transferred via direct “point-to-point” contact
between MNPs and the cell surface? Do MNPs act as reversible redox mediators, shut-
tling between cells and the solution? Or do they indirectly regulate the electron transfer
efficiency of membrane-bound hydrogenases or transporter proteins by influencing their
conformation [48]? More importantly, within the complex intracellular electron transfer
network (involving multiple pathways such as ferredoxin, NADH, and flavoproteins), the
proportion of electron flux mediated by MNPs and how it synergizes or competes with the
natural electron transport chain thermodynamically and kinetically remain speculative, as
current technical means struggle to track and quantify this microscopic, rapid interfacial
process in real time and in situ [44].

4.3. The Upstream Regulatory Signaling Pathways of MNPs at the Genetic Level Are
Largely Unknown

The observed upregulation of hydrogenase and related metabolic genes is an outcome,
but what is the initiating signal? How are nanoparticles or their released ions sensed by the
cell as a specific “signal”? Potential sensing mechanisms include the following: localized
reactive oxygen species (ROS) bursts, induced by MNPs being perceived as a stress signal;
specific interactions of MNPs with membrane receptors; or dissolved metal ions (e.g.,
Fe2+/Ni2+) being captured by intracellular metal-sensing proteins (e.g., Fur, NikR) [59].
However, the complete signal transduction cascade—from these initial sensing events to
the final transcriptional activation in the nucleus—involving specific second messengers,
phosphorylation cascades, or transcription factors, remains a “black box”. This prevents
active intervention or optimization of this signaling pathway to maximize its positive
regulatory effects.

Finally, the unique magnetobiological effects of MNPs and their synergistic mecha-
nisms are severely overlooked. Most studies treat MNPs as ordinary chemical additives,
completely ignoring the potential unique biological effects arising from their magnetism
itself [48,63]. The weak magnetic fields generated by MNPs, or enhanced under an exter-
nally applied magnetic field, might influence transmembrane transport of charged ions
via Lorentz forces, alter the conformation and vibrational modes of membrane proteins
via magneto-mechanical effects, or modulate redox processes by affecting radical pair
reactions. These “non-chemical” physical field effects could synergize with the chemical
actions of MNPs to collectively influence microbial metabolic activity and the hydrogen
production capacity. However, due to the lack of carefully designed control experiments
(e.g., using non-magnetic but chemically similar nanoparticles for comparison, or applying
equivalent magnetic fields in the absence of MNPs) this potential unique magnetobiological
contribution is entirely absent from current enhancement mechanism models, leading to a
fundamentally incomplete understanding of MNPs’ action mechanisms [48].

To address the above limitations, future research urgently needs to move towards
interdisciplinary integration and technological innovation. In material characterization,
advanced techniques such as synchrotron radiation X-ray absorption spectroscopy (XAS),
spherical aberration-corrected transmission electron microscopy (TEM), and magnetic force
microscopy (MFM) should be actively employed to analyze the chemical state, structure,
and spatial distribution of MNPs within bacterial cells at the atomic scale and in real
space [35,47]. In process probing, developing in situ electrochemical testing platforms for
microbial systems, combined with spectroscopic methods, is needed to monitor interfacial
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electron flow in real time [60]. In biological mechanism exploration, integrating transcrip-
tomics, proteomics, and metabolomics, and utilizing gene-knockout strains, will allow for
precise dissection of the complete pathway from signal perception to metabolic remodel-
ing [50,59]. Ultimately, through multi-physics coupling models, the physical properties
(e.g., magnetism) and chemical properties (composition, valence state) of materials should
be correlated with biological responses to construct a more comprehensive theoretical
framework of “MNPs–microbe” interactions that transcends the current chemical perspec-
tive, providing a solid theoretical foundation for the precise design and optimization of
efficient and stable bio-hybrid hydrogen production systems [50].

5. Enhancement Effects of MNPs in Mixed Cultures Hydrogen
Production Systems

Mixed culture systems better approximate complex environments of practical applica-
tions, containing hydrolytic bacteria, acidogenic bacteria, hydrogen-producing bacteria,
and potential hydrogen-consuming bacteria. In these systems, MNPs’ enhancement effects
exhibit macro-ecological effects that are different from pure culture systems, and novel
magnetic composite material applications are increasingly widespread.

5.1. Significant Improvement of Hydrogen Production Performance from Complex Substrates

When treating actual wastes, such as distillery wastewater, food waste, and algal
biomass, MNPs demonstrate powerful enhancement capabilities [77]. A summary of key
performance enhancements is provided in Table 3. For instance, Gadhe et al. [26] reported
that when treating complex distillery wastewater, 200 mg/L Fe2O3 NPs addition increased
the hydrogen production rate by 45%, reaching 8.0 mmol H2/g COD. More strikingly,
Yin and Wang [64] found that combined Fe(0) and Ni(0) NPs use increased macroalgae
hydrogen production by 550%. Abdul Aziz et al. [65] used green-synthesized Fe3O4 NPs
(~75 nm) to treat glucose substrate. At 200 mg Fe/L concentration, hydrogen production
increased by 72.33%, the hydrogen production rate increased to 3.30 mL/h, and the lag
phase shortened by 7.12 h. The study also pointed out that the high temperature (55 ◦C)
and NPs coupling effect further enhanced the system’s metabolic activity. This indicates
that MNPs effectiveness is not only for simple sugars but also real substrate systems with
complex compositions and potential inhibitors.

In recent years, researchers developed various magnetic composite materials to fur-
ther improve hydrogen production efficiency and material recyclability. MGAC embeds
MNPs (e.g., NiFe3O4) into granular activated carbon (GAC), combining excellent GAC
carrier properties with MNPs’ catalytic and magnetic response properties. Jamaludin
et al. [40] optimized MGAC preparation conditions using response surface methodology
(Ni:Fe = 0.53, MNP:GAC = 0.02, using coconut shell-derived GAC-O as a carrier). The
hydrogen production rate in the thermophilic dark fermentation system reached 20.33 mL
H2/L·h: 63.99% higher than non-magnetic GAC. MGAC’s high conductivity (95.64% higher
than non-magnetic GAC) effectively promoted electron transfer between microorganisms.

Magnetic nitrogen-doped activated carbon (MNAC), prepared by Tian et al. [41] at
600 mg/L concentration, achieved 304.8 mL/g glucose hydrogen production, 51.94% in-
crease compared to control. Nitrogen doping optimized the material pore structure and
electron transport capacity, while magnetic components (FeO, Fe3O4) facilitated recovery
and provided the Fe element required for hydrogen production.

Multi-element ferrite nanoparticles such as MgFe2O4 and Ca0.5Mg0.5Fe2O4 also show
good application prospects. Wang et al. [64] compared and found that 100 mg/L MgFe2O4

NPs increased hydrogen production by 35.2% (183.6 mL/g glucose), outperforming
Ca0.5Mg0.5Fe2O4 NPs, which achieved a 26.6% increase (171.9 mL/g glucose) at 400 mg/L.
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Both NPs promoted butyrate-type fermentation and effectively alleviated humic acid
hydrogen production inhibition.

Table 3. Research progress on enhancing dark fermentative hydrogen production performance in
mixed microbial systems, using MNPs.

Nanomaterial Consortium/Inoculum Substrate
Optimal

Concentration
Hydrogen Production
Enhancement Effect

Reference

Fe(0) NPs Anaerobic sludge Grass
biomass 400 mg/L 64.8 mL/g dry grass,

74% increase [52]

Fe(0) + Ni(0) NPs Anaerobic sludge Macroalgae 200 mg/L 20.25 mL/g VS, 550% increase [64]
Fe2+ ions Anaerobic sludge Glucose 350 mg/L 311 mL/g glucose, 59% increase [78]

Fe2O3 NPs Anaerobic sludge Distillery
wastewater 200 mg/L 8.0 mmol/g COD, 45% increase [26]

Fe3O4 NPs Anaerobic sludge Sugarcane
bagasse 200 mg/L 1.21 mol H2/mol glucose,

41% increase [37]

Fe3O4 NPs Thermophilic mixed
culture Glucose 200 mg Fe/L 0.79 mol H2/mol glucose,

72.33% increase [65]

Ferrihydrite Heat-shocked marine
sediment consortium Glucose 100 mg/L

1.98 mol H2/mol glucose;
induced H2 production

exclusively by Clostridium
[79]

Ni(0) NPs Anaerobic sludge Glucose 5.7 mg/L 250 mL/g VS, 0.9% increase [80]
NiO NPs Anaerobic sludge Glucose 25 mg/L 98 mL, 55.6% increase [80]

NiO NPs Anaerobic sludge Dairy
wastewater 10 mg/L 16% increase [26]

NiO + Fe2O3 NPs Anaerobic sludge Distillery
wastewater 5+200 mg/L 8.83 mmol/g COD,

62% increase [80]

Co NPs Activated sludge
Waste-

activated
sludge

7 mg/g VS 5.40 mL H2/g VS,
>200% increase [81]

NiCo2O4 NPs Anaerobic sludge Glucose 400 mg/L 259.67 mL/g glucose,
34% increase [82]

CoFe2O4 NPs Anaerobic sludge Glucose 0.4 g/L 205.24 mL/g glucose,
31.8% increase [42]

MnFe2O4 NPs Anaerobic sludge Glucose 400 mg/L 272.7 mL/g glucose,
40.1% increase [83]

LaFeO3 NPs Mixed culture Glucose 100 mg/L 289.8 mL/g glucose,
47.6% increase [84]

MGAC Thermophilic mixed
culture Glucose 0.02 MNP:GAC 20.33 mL H2/L·h,

63.99% increase [40]

MNAC Mixed culture Glucose 600 mg/L 304.8 mL/g glucose,
51.94% increase [41]

MgFe2O4 NPs Mixed culture Glucose 100 mg/L 183.6 mL/g glucose,
35.2% increase [77]

Ca0.5Mg0.5Fe2O4 NPs Mixed culture Glucose 400 mg/L 171.9 mL/g glucose,
26.6% increase [77]

5.2. Enhanced System Stability and Process Continuity

In continuous-flow reactors with mixed cultures, MNPs’ addition helps maintain
long-term system stability. They create a better growth environment for strict anaerobic
hydrogen-producing bacteria by reducing the redox potential, while simultaneously inhibit-
ing aerobic and facultative anaerobic contaminants [85]. Furthermore, they play positive
roles in mitigating the system acidification caused by organic acid accumulation and ad-
sorbing/removing certain toxic substances (e.g., heavy metals), thereby ensuring a stable
continuous dark fermentation process within the wider operating window. Composite
materials like MGAC and MNAC, due to porous structures, could better immobilize mi-
croorganisms, form stable biofilms, and extend microbial retention time, further enhancing
system stability [40].

Additionally, rapid accumulation of organic acids during efficient hydrogen produc-
tion could lead to sharp pH drops, inhibiting microbial activity. Certain MNPs, particularly
zero-valent iron, consume protons (H+) during their corrosion or reduction processes,
thereby providing pH buffering capacity. This helps stabilize the fermentation system
against acid inhibition, maintaining optimal conditions for hydrogen-producing bacte-
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ria such as Clostridium [47]. The combined effects of heavy metal adsorption and acid
mitigation significantly enhance the overall stability and operational window of mixed-
culture dark fermentation systems. The pH buffering capacity of certain MNPs contributes
significantly to system stability. For instance, ferrihydrite reduction consumes protons,
which helps counteract acidification due to volatile fatty acid (VFA) accumulation during
fermentation [79]. This stabilization of pH values creates a more favorable environment for
hydrogen-producing bacteria and supports prolonged hydrogen production.

6. Mechanisms of MNPs for Enhancing Hydrogen Production in
Mixed Cultures

In mixed culture systems, MNPs’ enhancement mechanisms are more complex and
subtle, which is mainly reflected in ecological-level regulation of interspecies relationships
and system functions. MNPs exert a selective pressure on mixed cultures, shaping the
ecosystem through intrinsic mechanisms including selective growth promotion and the
inhibition of hydrogen consumption pathways.

6.1. Selective Enrichment of Hydrogen-Producing Microbiota via Ecological Regulation

The introduction of MNPs into mixed-culture systems initiates a profound ecolog-
ical succession that strategically reshapes the microbial community toward a structure
and function that are optimized for hydrogen production. Robust evidence from high-
throughput sequencing consistently reveals that MNPs supplementation, particularly with
iron- and nickel-based materials, selectively enriches canonical hydrogen-producing bacte-
ria (HPB) such as Clostridium while suppressing non-hydrogenic or hydrogen-consuming
competitors [65]. This directed succession is unequivocally linked to enhanced hydrogen
yields. For instance, the addition of LaFeO3 NPs elevated the relative abundance of the
key HPB Clostridium sensu stricto 1 from 39.3% to 53.5%, correlating with a 47.6% increase
in hydrogen production [84]. A more pronounced structural shift was driven by MNAC,
which boosted Clostridium sensu stricto 1 to 64.92% of the community and achieved a
51.94% increase in hydrogen yield [41]. A particularly compelling demonstration of this
principle was shown in a heat-shocked marine sediment consortium, where the microbial
community bifurcated, based on the presence of ferrihydrite. In its absence, the consortium
was dominated by Bacillus (99.5%), performing non-hydrogenic lactic acid fermentation. In
stark contrast, ferrihydrite enrichment led to a Clostridium-dominated community (57.3%)
that performed high-yield butyric/acetic acid fermentation, fundamentally redirecting the
metabolic output of the system [79]. Concomitant with this community restructuring is a
consistent optimization of metabolic pathways, with MNPs-amended systems typically
shifting toward high-hydrogen-yield butyrate-type fermentation.

The observed phenomenological shifts are driven by multifaceted mechanisms
through which MNPs modify the ecological niche and act as selective agents. A pri-
mary mechanism involves modification of the microenvironmental conditions. Materials
such as zero-valent iron (Fe(0)) and magnetite (Fe3O4) consume protons and lower the
system oxidation-reduction potential (ORP) during their corrosion or reduction, thereby
fostering a stricter anaerobic environment that favors obligate anaerobes like Clostridium
while inhibiting facultative competitors [85]. Beyond these broad physicochemical changes,
the specific release of metal ions from MNPs provides a more targeted selective pressure.
Hydrogen-producing bacteria often possess superior uptake and tolerance mechanisms
for essential elements like Fe and Ni. For example, the gradual release of La2+ and Fe ions
from LaFeO3 NPs has been proposed to enhance transmembrane transport, selectively
promoting the growth and activity of HPB, as evidenced by a corresponding increase in
the gene copy number of [Fe-Fe] hydrogenase [84].
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A deeper, ecological filtering mechanism arises from the ability of certain MNPs to
function as terminal electron acceptors. This process selectively enriches microorganisms
that are capable of dissimilatory metal reduction: a metabolism that is intrinsically linked to
hydrogen production in many fermentative bacteria [86]. The case of ferrihydrite provides
a clear paradigm: its reduction acted as a powerful ecological filter that exclusively enriched
the hydrogen-producing Clostridium species from a mixed inoculum, as these organisms
could utilize Fe(III) as an electron sink [79]. This electron sink effect not only provides
HPB with a competitive advantage by offering an additional respiratory pathway but
also strategically diverts the electron flow away from the metabolic routes that generate
low-hydrogen-yield products like lactate or ethanol.

In summary, MNPs function as active ecological engineers, rather than passive ad-
ditives. Through an integrated strategy encompassing niche modification and electron
sink effects, they selectively reshape the microbial community into a functionally robust
ecosystem that is primed for efficient and stable hydrogen production.

6.2. Construction of DIET Networks to Activate Collective Microbial Activity

In mixed microbial fermentation systems, interspecies electron transfer is a key factor
influencing microbial activity. Traditional interspecies hydrogen transfer (IHT) relies on
hydrogen molecules as electron carriers, exhibiting low efficiency and susceptibility to
hydrogen partial pressure inhibition. MNPs, particularly those with excellent conductivity
(e.g., Fe3O4, MGAC, MNAC), could serve as “electron bridges” to facilitate DIET.

The mechanism by which MNPs promote DIET is mainly reflected in the construction
of efficient material–microbe interfaces, which could be systematically described as follows:

Physical contact: The high specific surface area of nanoparticles provides ample
contact sites with microbial cells, and their morphology and size influence the effective
contact area with microorganisms.

Microenvironment regulation: Nanoparticles influence the local pH, ion concentration,
and redox status near the interface through their surface characteristics or reactions (e.g.,
Fe2+/Fe2+ cycle), creating a more favorable microenvironment for electron transfer while
potentially providing physical protection. Such extracellular electron transfer occurs both
intra- and inter-species.

Metabolic response: The enhanced electron flux through DIET directly stimulates
the metabolic activity of the microbial consortium, enabling faster decomposition and
utilization of fermentation substrates. This accelerated substrate metabolism provides
more abundant reducing power (e.g., NADH) and intermediates (e.g., pyruvate) for the
hydrogen production process. Concurrently, it drives carbon flow toward hydrogen-
efficient fermentation pathways (e.g., acetate–butyrate type) rather than low-hydrogen-
yield pathways (e.g., ethanol or lactate production), thereby fundamentally increasing the
system’s hydrogen production rate.

For example, Fe3O4 NPs act as “public nano-wires”, facilitating a direct electron
exchange between syntrophic partners such as Clostridium and Syntrophomonas [66]. This
electrical connection not only accelerates the degradation of organic acids (e.g., butyrate,
propionate) but also helps maintain low hydrogen partial pressure, sustaining favorable
thermodynamic conditions for continuous hydrogen production.

Composite materials like MGAC and MNAC further optimize DIET efficiency. MGAC
combines high surface area and excellent conductivity with embedded magnetic nanoparti-
cles (e.g., NiFe3O4), significantly enhancing electron transfer between microorganisms [40].
Similarly, nitrogen doping in MNAC improves its electronic and pore structure, strengthen-
ing its role as an electron mediator and promoting synergistic microbial metabolism [41].
Additionally, MNPs contribute to the formation of conductive biofilms or microbe–
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nanomaterial aggregates, which further stabilize the DIET network. For instance, Fe3O4

NPs could integrate with extracellular polymeric substances to form a three-dimensional
conductive matrix that enhances the electron transfer efficiency [87].

In summary, by establishing robust DIET networks, MNPs fundamentally enhance
electron flow and metabolic cooperation in mixed cultures. This “electron-bridging” effect
activates collective microbial activity, accelerates substrate conversion, and directs the
metabolic flux toward hydrogen production, thereby significantly improving both the rate
and stability of hydrogen generation.

6.3. Enhancement of Overall System Functional Robustness

Mixed cultures face environmental fluctuation and toxin shock challenges in practical
applications. MNPs enhance system resistance and stability in various ways:

Toxin adsorption and passivation: MNPs and their composites (e.g., MGAC, MNAC,
biochar-supported Fe(0) NPs) possess high specific surface areas, enabling the effective
adsorption and immobilization of inhibitors such as heavy metals (e.g., Pb, Cr, Cd) and
organic toxins. This reduces their bioavailability and creates a cleaner microenvironment for
functional microbiota [88,89]. Furthermore, by attaching to bacterial surfaces, MNPs could
stimulate the secretion of extracellular polymeric substances (EPS) and accelerate biofilm
formation. This self-reinforcing process not only provides additional physical protection
for the microbial community against environmental toxins but also enhances bacterial
tolerance to adverse conditions by creating a stable, aggregated micro-ecosystem [90].
For instance, Fe(0) NPs and Fe3O4 have been shown to stabilize heavy metals in sludge
via adsorption or Fe–Mn interactions, alleviating metal stress and maintaining microbial
activity [37]. Wang et al. [77] further demonstrated that MgFe2O4 and Ca0.5Mg0.5Fe2O4

NPs effectively counteract the inhibitory effect of humic acid on hydrogen production.
Mitigation of acid inhibition: During efficient hydrogen production, rapid organic

acid accumulation may lead to a sharp pH drop. Some MNPs’ corrosion processes con-
sume protons, providing certain pH buffering capacity. Furthermore, the DIET networks
they promote could consume organic acids faster, thereby alleviating the system’s acid
inhibition. Ferrihydrite reduction was identified as a mechanism that protects against
system acidification, due to organic acid accumulation. The consumption of protons dur-
ing the reduction of Fe(III) to Fe(II) helped stabilize the pH, preventing the sharp drop
that could inhibit hydrogen-producing bacteria. This buffering action, combined with
the selective enrichment of robust hydrogen producers like Clostridium, significantly con-
tributed to the system’s functional robustness and elevated carbon and electron conversion
efficiencies [79].

Enhanced thermal stability: Abdul Aziz et al. [65] pointed out that green-synthesized
Fe3O4 NPs maintained high catalytic activity and biocompatibility under high-temperature
(55 ◦C) conditions, significantly improving the system’s thermal stability and hydrogen
production persistence. MGAC’s successful application in thermophilic dark fermentation
systems also confirms this [40].

6.4. Overview of the Integrated Enhancement Mechanisms Induced by MNPs in Mixed
Culture Systems

In conclusion, the enhancement of hydrogen production by MNPs in mixed cultures
is achieved through a synergistic combination of ecological and engineering mechanisms.
These include the following: (1) selective enrichment of hydrogen-producing microbiota
via niche modification and electron sink effects; (2) enhanced metabolic activity through
the construction of DIET networks that act as conductive electron bridges, optimizing
interspecies electron flow and directing carbon metabolism toward high-yield pathways;
and (3) enhanced system robustness via toxin adsorption, pH buffering, and thermal
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stabilization, which collectively maintain functional stability under variable or stressful
conditions (Figure 2). A holistic understanding of this integrated ecological strategy is
essential for the rational design of MNP-based interventions to optimize complex microbial
communities in practical biohydrogen production systems.
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Figure 2. The mechanism by which MNPs enhance hydrogen production in mixed microbial systems.

7. Research Challenges and Perspectives on the Mechanisms of MNPs in
Mixed Culture Systems

In mixed microbial community systems, the synergistic mechanisms of MNPs are far
more complex than in pure culture systems. Their ecological-level regulatory properties
also imply that current research faces more urgent bottlenecks and blind spots in elucidating
these mechanisms.

7.1. Contradiction Between Selectivity and Universality in Niche Regulation

Current studies generally observe that MNPs could selectively enrich hydrogen-
producing bacteria (HPB) like Clostridium, but the intrinsic “selectivity” rules remain
unclear [41,65]. First, the universality of this enrichment effect is questionable. Different
inoculum sources (e.g., anaerobic sludge, compost, river sediment) harbor vastly different
initial microbial community structures. Will the directional enrichment effect demonstrated
by MNPs in one inoculum remain valid in a system with a different ecological background?
Second, the current understanding of “selectivity” is mostly based on macroscopic statistics
of relative abundance changes, overlooking heterogeneity at the individual microbial
level. Do MNPs favor the growth of strains with specific surface proteins or membrane
permeability, or do they indirectly eliminate competitors by altering environmental factors?
The molecular basis of this selectivity has not been revealed [41,84]. More importantly, when
MNPs suppress hydrogen-consuming bacteria (e.g., homoacetogens and hydrogenotrophic
methanogens), is this inhibition specific or a non-specific broad-spectrum toxic effect? If
the latter, there is a risk of simultaneously inhibiting beneficial hydrolytic and acidogenic
bacteria, which could be detrimental to the overall system function [79,85]. Therefore,
there is an urgent need to establish more refined controlled experiments combined with
single-cell technologies to clarify the specific targets and microscopic processes of MNPs in
“fostering the superior and eliminating the inferior” within complex consortia.

7.2. Dilemmas in Evidencing and Quantifying DIET Networks

Although conductive MNPs (e.g., Fe3O4, MGAC) are considered to act as “electron
bridges” promoting DIET, the current evidence chain remains incomplete [71,86]. First,
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most studies attribute this effect to the high conductivity of the materials, but the direct
causal link between increased conductivity and enhanced hydrogen production perfor-
mance has not been strictly verified. In complex mixed consortia, electron donor and
acceptor bacteria could connect via multiple pathways (e.g., pili, extracellular polymeric
substances). Are MNPs serving as the primary electron conduit, or merely enhancing the
efficiency or stability of existing conductive networks [72,86]? Second, there is a severe
lack of quantitative assessment of the DIET flux. What proportion of the total electron flow
in a mixed consortium is contributed by the MNP-mediated DIET pathway? How much
more efficient is it compared to traditional interspecies hydrogen transfer (IHT)? These key
parameters cannot be obtained from macroscopic gas production data alone [79]. Future
work needs to develop in situ electrochemical monitoring techniques and combine them
with metabolic flux analysis, using isotopic labels (e.g., 13C or 15N) to accurately quantify
the DIET flux and thus assess its true ecological and metabolic contribution [79].

7.3. Maintenance Mechanisms of System Functional Robustness and Long-Term Risks

While MNPs have been shown to enhance system stability against acid inhibition
and toxin shocks, the deeper maintenance mechanisms underlying this “robust” state are
poorly studied [77,79]. For example, the corrosion of MNPs (e.g., Fe(0) NPs) consumes
protons, providing pH buffering capacity, but how does this chemical buffering synergize
with the physiological buffering capacity generated by the self-regulation of the microbial
community [85]? During long-term operation, as MNPs are consumed and this chemical
buffering capacity decays, could the microbial community achieve a smooth functional
transition? Furthermore, the adsorption of toxins by MNPs has been proven to be beneficial,
but this adsorption capacity is finite. Could saturation lead to a sudden functional fail-
ure [77,88]? More importantly, is the MNP-induced, HPB-dominated community structure,
while efficient in the short term, posing a long-term ecological risk due to its lower species
diversity [41,79]? Would such a system be more prone to collapse when facing novel shock
loads (e.g., antibiotics) that MNPs cannot mitigate? These questions concerning long-term
system resilience and succession patterns cannot be answered by current short-term batch
experiments [65,77].

7.4. Systematic Neglect of Magnetic Field Effects in Complex Systems

Similarly to pure culture systems, the magnetobiological effects of MNPs in mixed
systems are almost entirely submerged in their chemical effects [48,63]. Mixed consortia
may contain various microorganisms with different responses to magnetic fields. Weak
magnetic fields might differentially affect the growth rates, cell aggregation behaviors, and
gene expressions of different species [63]. For instance, could magnetic fields indirectly
alter the niche structure of the entire community by influencing magnetotactic bacteria
or other magneto-sensitive microorganisms? When constructing conductive aggregates
centered around MNPs, do magnetic forces influence the spatial arrangement between
microbes and materials, thereby optimizing the electron transfer paths [61]? Currently,
due to the lack of systematic studies under strictly controlled conditions (e.g., using inert
magnetic microspheres instead of active MNPs), we cannot assess the independent role
of this physical field in complex ecological interactions, undoubtedly leading to a biased
understanding of the overall mechanism of MNPs action [48,63].

In summary, future research on the mechanisms of MNPs in mixed systems must adopt
a more systematic ecological perspective and employ more advanced in situ analytical
techniques. It is necessary to resolve the dynamic network of community functional succes-
sion via metagenomics/metatranscriptomics, visualize the transport of elements within the
consortium by using techniques like nano-secondary ion mass spectrometry (NanoSIMS),
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and design sophisticated long-term continuous experiments to evaluate system stability
and resilience [79,84]. Only by treating MNPs as an active “abiotic factor” within the mixed
microbial ecosystem and coupling their chemical and physical (magnetic) properties with
the ecological and evolutionary dynamics of microbes could we fundamentally reveal the
deep-seated mechanisms by which they enhance dark fermentative hydrogen production,
thereby promoting the transition of this technology from the laboratory to the engineering
application [65].

8. Challenges and Prospects

Although MNPs show great potential in enhancing dark fermentative hydrogen
production, their transition from laboratory to large-scale industrial application still faces
many challenges, indicating future research directions.

In-depth analysis of multi-dimensional action mechanisms: The electron transfer
pathways, kinetics, and regulatory factors at the nanomaterial–microbe interface remain
poorly understood, representing a critical knowledge gap in optimizing bio-nano interac-
tions. To address this, interdisciplinary research integrating electrochemical methods
(e.g., cyclic voltammetry, electrochemical impedance spectroscopy) [91,92], advanced
characterization techniques (e.g., synchrotron radiation-based spectroscopy, cryo-electron
microscopy) [93,94], and multi-omics approaches (metagenomics, transcriptomics, and
proteomics) is essential. Such integrated methodologies could systematically elucidate
the structural, electronic, and dynamic interactions between nanoparticles and microbial
entities—down to the atomic and molecular scales.

Additionally, MNPs uniqueness compared to other nanoparticles lies in “magnetism”.
Future needs include designing precise control experiments to specifically study the direct
effects of nanoparticles’ own magnetic field and behavior under external magnetic fields on
microbial metabolism, enzyme conformation, biofilm formation, etc., providing new ideas
for designing magnetically regulated hydrogen production systems [48,63]. To address this,
advanced analytical techniques that are capable of probing magnetobiological interactions
are indispensable. Notably, in situ monitoring of magnetically influenced processes is
crucial [95]. For instance, magneto-electrochemical setups, integrating electrochemical
workstations with programmable electromagnets, enables a real-time measurement of
electron transfer rates via the constant current method, or real-time determination of charge
transfer resistance and other parameters through electrochemical impedance spectroscopy
under applied magnetic fields [96,97]. Furthermore, synchrotron-based techniques like
X-ray magnetic circular dichroism (XMCD) could provide element-specific information
on the valence and magnetic state of metal ions within MNPs or even in microbial metal-
loenzymes in operando, thereby directly linking magnetic states to redox activity [98,99].
Concurrently, analyzing the biological response under magnetic stimuli is essential. Com-
parative multi-omics analyses—including transcriptomics and proteomics—of microbial
systems exposed to MNPs versus non-magnetic analogs or to external magnetic fields
alone could reveal unique genetic and metabolic signatures that are specifically triggered
by magnetic forces [100,101]. Advanced imaging techniques, such as cryo-electron tomog-
raphy, could, in principle, visualize the structural organization of cells and biofilms in the
presence of MNPs, potentially revealing magnetically induced alignment or clustering
phenomena [102,103].

Building on such foundational insights, predictive mechanism models should be
developed to describe how MNPs enhance microbial hydrogen production. These models
must account for system variability by examining both defined pure-culture systems and
complex mixed-microbiome environments. By comparing and reconciling findings across
both systems, a unified “pure-culture–mixed-culture hybrid model” could be constructed.
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This integrative framework will enable the holistic prediction, control, and optimization
of the system’s performance—bridging fundamental nanomaterial properties with the
microbiome function to advance scalable and efficient bioenergy applications.

Engineering upgrade from batch experiments to continuous systems: Current research
is mostly limited to batch experiments, differing from continuous industrial operation
needs. Future efforts should focus on verifying nanoparticles’ long-term enhancement
effects and stability in continuous-flow reactors (e.g., UASB, EGSB) and optimizing on-
line dosing, dispersion, and recovery strategies to solve potential clogging and wear
problems [13]. Additionally, emphasis should be placed on exploring the application of
magnetic nanoparticles for treating more complex organic wastes, such as lignocellulosic
biomass and municipal organic waste. Simultaneously, future studies should actively
explore synergistic effects with other enhancement strategies (e.g., pretreatment, key mi-
crobiota enrichment) to achieve hydrogen production efficiency multiplication through
combined processes.

Construction of cost-effectiveness and recycling systems: Although MNPs are easy to
recover via magnetic separation, the key advantages for realizing circular economy, recov-
ery efficiency, retained catalytic activity after cyclic use, and entire process cost-effectiveness
still need systematic evaluation. Developing low-cost, high-stability MNPs (e.g., synthe-
sized using industrial by-products) and designing integrated magnetic separation reactors
are key future directions. Ramprakash et al. [44] showed that Fe3O4 NPs maintained over
90% relative hydrogen production activity after four consecutive hydrogen production cy-
cles, demonstrating good reusability. MNAC and MGAC’s magnetic separation properties
also facilitated recovery and reuse [40,41]. LPBC maintained high catalytic activity after 30
days of cycling, with a magnetic recovery rate of >95%, demonstrating excellent long-term
operation and economic potential [50].

However, implementing magnetic separation in continuous systems presents three
major challenges [104,105]:

MNP retention and separation in continuous flow: Designing integrated reactors
to prevent MNP washout while enabling efficient, continuous recovery is non-trivial.
Inadequate separation increases costs and poses environmental risks from metal residues
in the effluent [13]. An effective design is therefore critical to prevent metal carry-over [13],
and dedicated engineering is needed to adapt this batch-proven advantage [13,106].

Long-term stability and recyclability: Ensuring MNP stability and activity over ex-
tended continuous operation is paramount. Surface coatings can enhance dispersibility
and durability [107,108], but long-term exposure to fermentation media may lead to deacti-
vation or toxicity. Notably, current evidence is predominantly from batch studies [105,106],
with a significant gap in long-term, continuous-system performance data [13]. Future work
must focus on synthesizing cost-effective, stable MNPs (e.g., via green methods [109]) and
rigorously testing their reusability in continuous reactors [106].

System integration and economics: Developing economically viable processes hinges
on an integrated reactor design that couples fermentation with efficient in-line MNP
separation and recycling [13]. The overall cost–benefit depends on MNP synthesis cost,
operational lifespan, and separation energy. Advancing technology necessitates moving be-
yond batch experiments to pilot-scale, continuous validation to obtain scalable engineering
data [13,106].

Addressing these challenges will require collaborative efforts across materials sci-
ence, microbiology, and engineering to realize the full potential of MNPs in sustainable
bioenergy systems.
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9. Conclusions

Magnetic nanoparticles (MNPs) significantly enhance dark fermentative hydrogen
production through multi-level mechanisms. In pure culture systems, MNPs function
primarily at the molecular and cellular levels by serving as sustained-release sources of
essential enzyme cofactors, acting as efficient electron carriers, and redirecting the central
carbon metabolism toward high-yield acetate-type fermentation pathways. In mixed
culture systems that better represent practical applications, MNPs operate at ecological
levels by modifying microenvironmental niches to selectively enrich hydrogen-producing
consortia, constructing conductive networks for DIET, and enhancing system robustness
through toxin adsorption and pH buffering capabilities.

Despite substantial progress in understanding MNPs’ enhancement phenomena, criti-
cal knowledge gaps persist in mechanistic elucidations. The structure–activity relationships
between MNPs’ physicochemical properties and biological effects remain ambiguous, while
the specific pathways and efficiency of MNP-mediated electron transfer lack quantitative
characterization. At genetic levels, the signaling mechanisms through which MNPs are
perceived by cells and trigger transcriptional responses constitute a “black box” in current
understanding. Furthermore, the unique magnetobiological effects of MNPs are frequently
overlooked in mechanistic models, without effective differentiation from or integration
with chemical effects.

Future research should prioritize interdisciplinary integration of electrochemical mon-
itoring, multi-omics analyses, and advanced characterization techniques to deepen the
mechanistic understanding of nanomaterial–microbe interactions. Such fundamental in-
sights should guide the rational design of smarter, highly biocompatible MNPs compos-
ites with tailored functionalities. Ultimately, transitioning from batch experiments to
continuous-flow systems will be crucial for enhancing long-term operational stability,
recyclability, and ecological safety assessment. These coordinated efforts will advance
MNP–microorganism hybrid systems toward efficient, stable, economical, and sustain-
able biohydrogen production, thereby accelerating the industrialization of this promising
bioenergy technology.
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Abstract

Hydrogen energy is a pivotal alternative to lithium-ion batteries for low-altitude air-
craft, offering a pathway to sustainable aviation with its zero emissions and high en-
ergy density. Nevertheless, its broader application is hindered by challenges in storage,
safety, and performance under extreme conditions such as low pressure and low tem-
perature at high altitudes. This paper systematically evaluates various hydrogen power
technologies—including water-cooled and air-cooled proton exchange membrane fuel cells
(PEMFCs) as well as hydrogen turbines—highlighting their respective advantages, limita-
tions, and suitability for different aircraft types. Among these, water-cooled PEMFCs are
identified as the most viable option for manned low-altitude aircraft due to their balanced
performance in power density and startup capability. In contrast, air-cooled PEMFCs
demonstrate distinct cost-effectiveness for lightweight drones, while hydrogen turbines
show promise for long-range regional transport. Furthermore, we analyze current progress
in integrating PEMFCs into aircraft platforms and discuss persistent challenges in sys-
tem compatibility and environmental adaptation. Finally, potential future development
directions for PEMFC applications in low-altitude aviation are outlined.

Keywords: PEMFC; hydrogen propulsion system; low-altitude aircraft; aerospace domain

1. Introduction

The increasing attention to energy conservation and environmental issues is driving
both aviation companies and consumers to favor more environmentally friendly prod-
ucts [1]. Despite long-term investments in technological innovation by aircraft and engine
manufacturers, the rapid growth of air traffic has still led to a significant increase in carbon
emissions. A recent study by the International Council on Clean Transportation (ICCT)
reported a 32% increase in CO2 emissions from airlines between 2013 and 2018. This
growth, with a compound annual growth rate (CAGR) of 5.7%, surpassed the International
Civil Aviation Organization (ICAO)’s estimated average of 3.3% by 70% [2]. The European
Commission believes that Global emissions from international aviation are expected to
increase by approximately 70% compared to 2005 levels, and the ICAO predicts that this
figure will further grow by 300–700% by 2050 [3].
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Currently, most low-altitude electric aircraft are powered by electrical energy, with
lithium batteries serving as the primary energy source [4]. The energy density of lithium
batteries reaches 230–260 Wh/kg [5], and the latest solid-state lithium batteries can even
achieve energy densities of 350–400 Wh/kg [6]. However, as the demand for large-payload
and long-endurance industrial drones increases, traditional lithium batteries are no longer
sufficient to meet their power requirements [7]. The integration of lithium batteries with
fuel cells forms a hybrid energy system designed to mitigate the inherent limitations of fuel
cells, particularly their insufficient dynamic response. By implementing optimized energy
management strategies, such a system achieves optimal power distribution between the
fuel cell and the lithium battery. This coordinated approach not only minimizes hydrogen
consumption and extends the operational endurance of the system but also contributes
to prolonging the service life of the lithium battery by mitigating stressful operating
conditions [8]. For unmanned aerial vehicles (UAVs) powered by such hydrogen-electric
hybrid propulsion systems, the carried hydrogen capacity is a primary determinant of the
vehicle’s endurance [9].

The five major hydrogen power technologies are divided into proton exchange mem-
brane fuel cells (air-cooled/water-cooled), alkaline fuel cells (AFC), hydrogen turbine
generators, and hydrogen piston internal combustion engines [10]. Among them, PEMFCs
have a relatively short history, but they are favored for their simplicity, light weight, high
efficiency, high specific power density, low waste, typical operating temperature and pres-
sure, technological maturity, and low cost [11]. Given the advantages of PEMFCs, NASA
has proposed fuel cell-powered propulsion technology in an attempt to discover a low-cost,
safe, environmentally compatible, and silent aircraft for the “21st century” [12]. The U.S.
Navy’s “Ion Tiger” drone achieved a 26 h flight using PEMFC [13], and Airbus and Boeing
have successfully tested PEMFC based auxiliary power units (APUs) on the A320 and B737
platforms, demonstrating a 15% reduction in fuel consumption [14]. Despite these advance-
ments, challenges remain. PEMFCs face limitations in power density (0.5–1.0 kW/kg (air-
cooled) and 1.2–2.0 kW/kg (water-cooled)), hydrogen storage efficiency, and operational
safety under extreme conditions. High costs, the immaturity of hydrogen infrastructure
and the limited volumes of green or low-carbon hydrogen currently available relative to
demand are further hindering commercialization. Moving forward, the primary research
directions for aircraft are hydrogen turbine power and high-power water-cooled fuel cell
stacks as power sources, with liquid hydrogen as the main energy storage method. The
key breakthroughs will focus on increasing stack power density, wide-temperature and
variable-altitude environmental adaptability, onboard hydrogen-electric hybrid propulsion,
and energy management.

This paper systematically reviews the application and technological progress of Pro-
ton Exchange Membrane Fuel Cells (PEMFCs) in the aviation sector. It provides a com-
parative analysis of various hydrogen power technologies, evaluating their respective
advantages and disadvantages, system efficiency, operating temperature ranges, energy
and power density, and safety considerations. The feasibility of different hydrogen storage
methods—including high-pressure gaseous hydrogen and cryogenic liquid hydrogen—for
aviation scenarios is also critically assessed, focusing on their volumetric and gravimetric
energy density, technical maturity, and adaptation to the stringent weight and space con-
straints of aircraft. Subsequently, the research and development advancements of hydrogen
power systems within aviation are analyzed. This analysis highlights the core applications
of fuel cells across diverse aircraft platforms, encompassing large-scale manned aircraft,
regional aircraft, and unmanned aerial vehicles (UAVs). The current research status and
emerging development trends of fuel cell technology in aviation are examined, with partic-
ular emphasis on the application of PEMFCs as primary power sources, auxiliary power
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units (APUs), and within multifunctional fuel cell (MFC) systems that co-produce usable
water and deoxygenated air. Finally, the paper summarizes the application status, identifies
key future development trends, and outlines the primary challenges—such as durability
under aerial conditions, thermal management, and system integration—facing the deploy-
ment of PEMFCs in low-altitude aircraft. The core purpose of applying hydrogen power in
aircraft is to propel the aviation industry towards deep decarbonization and sustainable
development. It aims to fundamentally address the high carbon emissions associated with
traditional aviation fuels by introducing a zero-carbon fuel, while maintaining or even
enhancing flight performance.

2. The Advantages and Disadvantages of Various Hydrogen Power
Technologies and Their Feasibility for Applications in the Aviation Field

In the wave of the energy revolution for low-altitude aircraft, hydrogen has emerged
as a key alternative to lithium batteries due to its zero emissions and high energy den-
sity [15]. However, the five major hydrogen power technology pathways—proton exchange
membrane fuel cells (air-cooled/water-cooled), AFC, hydrogen turbine generators, and
hydrogen piston internal combustion engines—each have their own strengths and weak-
nesses. The selection of these technologies must be based on the payload capacity, range
requirements, safety, and environmental adaptability of the aircraft. In this context, this
paper summarizes and compares the advantages and disadvantages, efficiency, operating
temperature, energy/power density, and safety of various hydrogen power technologies,
as shown in Table 1.

Table 1. Advantages, disadvantages and parameters of various hydrogen power technologies.

Type PEMFC (Air-Cooled) PEMFC (Water-Cooled) AFC
Hydrogen

Turbine Generator

Hydrogen Piston
Internal

Combustion Engine

Fuel High-purity H2 H2 (purity ≥ 99.97%) Pure H2 + pure O2 Hydrogen/kerosene blend H2 (methane blending)

Electrolyte/Structure Perfluorosulfonic
acid membrane

Thin-layer
Perfluorosulfonic
acid membrane

30% KOH solution
Combustion

chamber + turbine
assembly + generator

Internal combustion
engine + generator

Operating
Temperature 45–75 ◦C 60–85 ◦C 60–120 ◦C Turbine inlet

temperature > 1000 ◦C
In-cylinder combustion
temperature > 200 ◦C

Single Module
Power Range 0.3–5 kW 5 kW–1 MW 0.3–20 kW 2–30 MW 250–450 kW

Efficiency 40–50% 50–60% 60–70% 35–45% 25–40%

Power Density 0.5–1.0 kW/kg 1.2–2.0 kW/kg 0.3–0.8 kW/kg 3–5 kW/kg 0.8–1.5 kW/kg

Low-Temperature
(−30 ◦C~−20 ◦C)

Start-up Time
30~60 s 30 s~7 min

The electrolyte exhibits
high activity at

low temperatures.

Preheating time of
5–15 min is required.

A wide flammability
limit facilitates cold-start
times of less than 10 s.

Room-Temperature
Start-up Time <30 s <30 s <15 s 2~5 min <1 s

Fault Tolerance Moderate (dependent on
ambient temperature)

High (requires precise
thermal management)

Very high (tolerant
to impurities)

Low (requires
flashback prevention)

Moderate (requires
pre-ignition prevention)

References [16–18] [19,20] [18,21,22] [23–25] [26,27]

Based on the data, advantages and disadvantages, and safety considerations provided
in Table 1, a comprehensive analysis of the applicability of the five types of hydrogen power
systems for low-altitude aircraft is conducted.

Air-cooled PEMFCs are considered particularly suitable for small unmanned aerial
vehicles (UAVs) due to their simplicity, lightweight, and high reliability [16]. Air-cooled
PEMFCs eliminate the need for liquid cooling pipelines and radiators, reducing system
weight by 15–20% and significantly enhancing payload capacity. Additionally, the relatively
simple structure of air-cooled PEMFCs reduces system complexity and potential failure
points, thereby improving system reliability and maintenance convenience. These fuel cells
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exhibit excellent low-temperature start-up performance, enabling rapid start-up and stable
operation in extremely cold environments [17]. Although the heat dissipation efficiency of
air-cooled PEMFCs may be lower than that of water-cooled systems, they can effectively
manage heat within the power demand range of small UAVs, ensuring stable cell output.
However, several challenges remain, including the risk of hydrogen leakage leading to
combustion and explosion, catalyst poisoning by air impurities (e.g., CO2), limited heat
dissipation capacity, poor altitude adaptability, and low upper limit of power density [18].

Water-cooled PEMFCs, equipped with an efficient cooling system, can effectively
manage the heat generated during high-power operation, ensuring stable cell performance
across a wide temperature range [19]. The integrated heater in the water-cooled system en-
ables rapid temperature increase, facilitating quick start-up in low-temperature conditions.
Moreover, the high-power density and good environmental adaptability of water-cooled
PEMFCs make them well-suited to meet the operational demands of aircraft in complex
environments [20]. As a result, water-cooled PEMFCs are irreplaceable in medium and
large cargo UAVs, manned electric Vertical Take-Off and Landing (eVTOL), and high-
altitude, long-endurance platforms, due to their high-power density, uniform temperature
distribution, and environmental adaptability.

AFCs exhibit high energy conversion efficiency, effectively utilizing the energy of the
fuel. They also demonstrate excellent low-temperature start-up performance, enabling
rapid and stable operation at extremely low temperatures. As one of the earliest fuel cell
technologies to achieve practical application [21], AFCs are primarily used in aerospace
vehicles and UAVs, where high energy density and reliability are crucial. Despite their
high fuel purity requirements and sensitivity to CO2, which limit their application in
some civilian scenarios, AFCs can potentially expand their scope through technological
advancements, such as the development of new catalysts and electrolyte materials, as well
as optimized system design [22].

Hydrogen turbine generators feature extremely high-power density, meeting the large
power demands of large aircraft during takeoff, climb, and cruise phases. Their high
energy conversion efficiency significantly reduces fuel consumption, enhancing aircraft
economy [23]. Additionally, the operational characteristics of hydrogen turbine generators
are similar to those of traditional aero-engines, facilitating integration into existing aero-
power system architectures and reducing the difficulty of technological transition [24].
Their scalable design allows flexible adaptation to aircraft of different sizes and payload
requirements. However, challenges remain, including noise levels exceeding 100 dB,
hydrogen embrittlement risks in turbine blades, the need for high-temperature materials,
and cavitation issues in liquid hydrogen pumping [25].

Hydrogen piston internal combustion engines (ICEs) offer rapid start-up and pow-
erful output without preheating in low-temperature conditions. They inherit the mature
technology and reliability of traditional ICEs, making them suitable for small and medium
low-altitude aircraft [26]. However, the storage and transportation of hydrogen fuel require
specialized containers and infrastructure, increasing system complexity and weight [27].
Moreover, issues such as increased dead weight from mechanical transmission components,
low power density, flashback risk requiring lean-burn technology, high hydrogen diffusion
rate leading to accumulation, and high compression ratio-induced knocking need to be
addressed [24]. Despite these challenges, the application prospects of hydrogen piston
ICEs in low-altitude aircraft remain promising as hydrogen fuel infrastructure improves
and related technologies continue to advance.

In summary, air-cooled PEMFCs offer the best weight reduction and are suitable
for small and medium UAVs but require high performance in low-temperature start-up
and heat management. Water-cooled PEMFCs provide the best overall energy efficiency
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and low-temperature start-up performance and are suitable for eVTOLs requiring long
endurance and high reliability. AFCs are mainly applied in aerospace vehicles and UAVs
with high energy density and reliability requirements. Hydrogen turbine generators are
suitable for large aircraft due to their high power and low-temperature adaptability but
need to address noise and system complexity issues. Hydrogen piston ICEs are suitable for
small and medium low-altitude aircraft but currently face multiple challenges.

3. Current Status of PEMFC Research in Low-Altitude Aircraft

3.1. Commercial Aircraft

Significant breakthroughs have been made in the research and development of
hydrogen-powered systems in the aviation field. The application process of PEMFC in
aviation is shown in Figure 1.

PEMFC has become an important clean energy technology in the aviation field, with
advantages such as high efficiency, zero emissions, and low noise [28]. Power systems
primarily based on high-power water-cooled reactors, with liquid hydrogen as the main en-
ergy storage system, have been launched or announced in various countries. Recent specific
research developments include the following: In September 2023, CAJU (Clean Aviation
Joint Undertaking) determined that 86 million euros of EU funding would be specifically
allocated to the hydrogen-powered aircraft sector in the second batch of projects, encom-
passing three projects: the hydrogen propulsion technology research (Trophy) project led by
Safran Group [29];The megawatt-class hydrogen fuel cell power system (FAME) project led
by Airbus; and the hydrogen-electric zero-emission propulsion system (HEROPS) project
led by MTU. In January 2023, U.S.-based Zero Avia successfully test-flew a 19-seat Dornier
aircraft. The twin-engine aircraft was modified with Zero Avia’s hydrogen-electric power
system ZA600 installed on the left wing, while the right wing housed a Honeywell TPE-331
turboprop engine. The hydrogen-electric power train includes two fuel cell stacks, hydro-
gen storage tanks, and a fuel cell power generation system installed within the cabin [30].
In June 2023, Airbus announced that it had conducted a full-power operation test of a
1.2 MW fuel cell system in its electric aircraft system test chamber. The test was achieved
by coupling multiple power channels to drive a single propeller. In July 2023, the U.S.
National Aeronautics and Space Administration’s Efficient Aircraft Electrical Technology
Center advanced the development of a zero-emission concept passenger aircraft. The
concept aircraft uses liquid hydrogen as both fuel and coolant to achieve superconducting
performance, to enhance efficiency and reduce weight. To effectively integrate numerous
subsystems such as liquid hydrogen tanks, the fuselage, and fans, the plan is to first conduct
scaled-down model test flights using gaseous hydrogen fuel. The second phase will involve
testing sub components such as a 300 kW cryogenic cooling motor, a 300 kW zero-loss
superconducting cable, and a 300 L liquid hydrogen tank. Among these, the weight index
(GI) of the liquid hydrogen tank is planned to reach 60% (current liquid hydrogen tanks
are less than 30%) [31]. In September 2023, Germany’s H2Fly successfully completed the
world’s first test flight of the HY4, a manned electric aircraft powered entirely by liquid
hydrogen. The test results showed that the use of liquid hydrogen doubled the maximum
range of the HY4 aircraft to 1500 km [32].
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Figure 1. Application of PEMFC in aviation [28–32].

3.2. Electric Vertical Takeoff and Landing Aircraft

Low-altitude aircraft have more advantages, and there is greater demand for onboard
power sources with a wide temperature range and long flight times [33]. In hydrogen-
electric hybrid power systems with different architectures, the characteristics at the con-
sumption end (i.e., power demand) and the supply end (i.e., power provision) differ
significantly. These differences primarily arise from the varying power demands placed
on the lithium battery and the fuel cell during different operational phases (e.g., startup,
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acceleration, cruise, and descent), which in turn dictate the distinct output responses and
operational strategies of the supply side components. For instance, during high-power
phases such as takeoff and climb, the lithium battery typically provides peak power sup-
plementation, whereas the fuel cell operates at a stable rated power output during cruise
phases to maintain high efficiency, as shown in Table 2. In the low-altitude economy and
UAV application sectors, a highly dynamic and innovative integrated economic model
is formed by 85% UAVs and 15% general aviation operations at altitudes below 1000 m
(with special cases extending up to 3000 m). In this process, the extensive application areas
and operational scenarios of low-altitude industrial UAVs, such as passenger and cargo
transport, agricultural and forestry pest control, security monitoring, geographic surveying,
pipeline inspection, and emergency firefighting, can continuously generate economic bene-
fits for this sector [34]. According to statistics, the global hydrogen fuel cell drone market
size reached US$0.27 billion in 2023 and is expected to increase to US$1.236 billion by 2030,
with a compound annual growth rate of 76.3%. In 2024, the global fuel cell installation
volume is expected to grow by 8.6% year-on-year [35].

Table 2. Consumption-side and supply side characteristics of hydrogen-electric hybrid vehicles with
different architectures.

Architecture Multi-Rotor Composite Wing Tiltrotor

Consumption
characteristics of
hydrogen-electric
hybrid vehicles

The vertical takeoff and
landing phase relies on
multiple rotors working

simultaneously, requiring
high instantaneous power

demand. Hydrogen fuel cells
must work in conjunction
with lithium batteries to

provide peak power support.

Vertical takeoff and
landing is powered by

independent rotors, while
cruise flight is driven by

fixed wings and horizontal
propellers, allowing

hydrogen fuel cells to focus
on supplying power
during cruise flight.

Tilting rotors or wings
require dynamic

adjustment of power
output direction, placing
extremely high demands
on fuel cell power density

and dynamic response.

Supply side
characteristics of
hydrogen-electric

hybrid power

Hydrogen fuel cells are
mainly used to supplement
range, with lithium batteries

still being the primary
source of power.

Focus on the synergy
between hydrogen energy

and batteries to balance
load capacity and range.

High-energy-density liquid
hydrogen storage systems
and high-power fuel cells
are required to meet the

long-range requirements of
the cruise phase.

The development pace of hydrogen-powered low-altitude aircraft has progressed
more slowly compared to other hydrogen-powered flight vehicles. Nevertheless, Proton
Exchange Membrane Fuel Cell (PEMFC) technology has already established applications
within low-altitude aircraft platforms. The timeline of PEMFC applications in low-altitude
aircraft is shown in Figure 2 [11,36–49]. The earliest recorded application of PEMFC in low-
altitude aircraft was in 2003 with the 38-cm-wingspan Hornet demonstrator, which proved
that fuel cells can achieve aerial flight even at a small scale [11]. Although the research
and development of fuel cell-powered drones can be traced back to the 1950s, manned
low-altitude aircraft still require further technological advancements. Many aspects of
fuel-cell-based propulsion systems need to be improved, such as durability, reliability, and
fuel efficiency. The technological accumulation at this stage laid the foundation for the
breakthroughs in hybrid architectures and high-power-density stacks after 2006. Although
there have been significant breakthroughs in material innovation, hybrid architectures, and
thermal management technologies, PEMFC still faces core bottlenecks in energy density,
dynamic response, and environmental adaptability in the field of low-altitude aircraft [48].
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Figure 2. Application of PEMFC in Low-Altitude Aircraft and Development of PEMFC.
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Between 2011 and 2020, with the accelerated development of hydrogen energy technol-
ogy and the increasing demand for carbon reduction in aviation, the advantages of PEMFC
in long-endurance, low-noise, and zero-emission scenarios were further highlighted. Zero
Avia’s HyFlyer completed the world’s first test flight of a hydrogen-fuel-cell-powered com-
mercial aircraft, with a range of 800 km. It used 70 MPa Type IV hydrogen storage tanks
and 3D flow-field stacks [50]. Alaka’I Skai eVTOL, the first hydrogen fuel cell-powered
manned eVTOL, has an endurance of 4 h, equipped with self-healing membranes and
two-phase cooling systems. Airworthiness certification is driving the establishment of
industry standards. However, it still faces core challenges such as system complexity, cost,
and airworthiness certification [51].

Between 2021 and 2025, the application of PEMFC in low-altitude aircraft has made
great progress. BASF’s Avantin™ coolant additive, which imitates the antifreeze protein
of Arctic fish, can achieve non-freezing at −50 ◦C and reduce the energy consumption
of cold start by 70%. In addition, Ballard’s 3D-printed gradient porous diffusion layer
can increase the drainage rate by three times under high humidity conditions [15]. H3
Dynamics’ HYDRA-12 uses non-platinum catalysts (Fe-N-C), reducing costs by 40%, which
has led to rapid progress in low-altitude aircraft [52]. EHang’s EH216-H2, the world’s first
hydrogen-powered manned drone certified by the civil aviation authority. It is equipped
with a 5 kW PEMFC system and has an endurance of 8 h. Titanium alloy bipolar plates
(thickness 0.6 mm) and a multi-level hydrogen safety monitoring system are used, with a
leakage response time of less than 50 ms [53,54].

Many companies around the world have already invested in the research and devel-
opment of hybrid-electric eVTOLs. For example, companies such as Lilium in Germany,
Joby Aviation in the United States, and Zero Tech in China are all actively exploring the
application of hybrid-electric technologies [55]. To overcome the range limitations inher-
ent in all-electric propulsion systems, the hybrid-electric propulsion system (HEPS) has
emerged as a pivotal research focus. This system demonstrates notable advantages in
power density, with reported overall efficiency ranging from 42% to 48% as shown in
Figure 3. Concurrently, advancements are being pursued not only in the core energy con-
version technologies but also through the integration of innovative approaches across the
entire design and manufacturing life-cycle. HEPS can extend the range of eVTOLs to over
600 km (a 120% increase compared to all electric systems), but at the cost of an additional
18–22% in system weight. HyPoint, in collaboration with NASA, has developed a high-
altitude drone using a turbocharged PEMFC system with a power-density of 2.2 kW/kg
(1.5 times that of traditional systems) that can maintain 95% performance at an altitude of
5000 m. The use of high temperature membrane electrodes (capable of withstanding 120
◦C) has solved the heat dissipation problem at high altitudes, and the system has passed
a 1000 h durability test [55]. Airbus ‘s Zephyr H3 solar hydrogen hybrid drone charges
with solar energy during the day and is powered by hydrogen fuel cells at night, with the
goal of achieving continuous flight for 30 days. It uses ultra-thin composite membranes (10
μm) and flexible hydrogen storage bags, achieving a specific energy of 2000 Wh/kg [56].
However, hybrid-electric eVTOLs do indeed require an increase in system weight and
greater operational complexity during the design phase [9]. In the future, it is necessary to
promote technological development through energy management optimization, algorithm
light weighting, and policy coordination.
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Figure 3. Hybrid Electric Propulsion System.

4. Challenges in the Technological Development of PEMFCs for
Low-Altitude Aircraft

4.1. Hydrogen Storage and Spatial Constraints

In the application of PEMFCs to low-altitude aircraft, the core challenge of hydrogen
storage systems lies in balancing gravimetric and volumetric hydrogen storage densities.
Currently, the main hydrogen storage technologies include compressed gaseous hydrogen,
liquid hydrogen, and solid-state hydrogen storage [57].

Compressed gaseous hydrogen storage achieves hydrogen storage by compressing hy-
drogen gas up to 700 bar, with a gravimetric density of approximately 5–7%. However, this
method suffers from low volumetric efficiency, high energy consumption for liquefaction,
evaporation losses, costly cryogenic insulation technologies, and complex tank structures
required to withstand high pressures or ultra-low temperatures [58].

Significant progress has also been made in solid-state hydrogen storage materials.
Metal hydrides and nanostructured carbon nanotube/graphene composites have improved
hydrogen storage capacity to 3–5% through nano-structuring and alloying. Nevertheless,
these materials still exhibit poor cycling stability, gravimetric densities below the practical
threshold of 5%, and require elevated temperatures for hydrogen release [59].

4.2. Thermal Management and System Integration Optimization

PEMFCs operate at relatively low temperatures, necessitating precise control of both
reaction humidity and temperature. During high-altitude flight operations, low ambient
temperatures may reduce fuel cell efficiency, while the design of the thermal management
system must remain compatible with the aircraft’s aerodynamic layout. A key technical
challenge lies in redesigning the air intake system to accommodate required oxygen flow
rates, as conventional engine cooling strategies cannot be directly applied to PEMFC
systems [60].

(1) Integration and Optimization of Liquid Cooling Systems: For high-power PEMFC
applications, liquid cooling technology achieves stable stack temperature control—within
a temperature difference of less than 5 ◦C—through coordinated regulation of circulating
pumps and radiators [61]. This approach mitigates the drawbacks of traditional high-
pressure hydrogen storage systems, such as large volume and uneven heat dissipation.
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Additionally, flow-following control strategies help decouple the relationship between
temperature and thermal gradients [62]. However, multi-stack PEMFC configurations
require either series or parallel cooling loops. Series arrangements increase coolant temper-
ature gradients, while parallel configurations result in significant pressure drops, making it
difficult to balance heat dissipation efficiency and energy consumption. Moreover, inher-
ited designs often exhibit poor spatial compatibility with low-altitude aircraft, potentially
reducing passenger capacity [63].

(2) Phase-Change Cooling, Nanofluid Technology, and Multi-Heat Source Coordinated
Management: Phase-change cooling enhances heat dissipation efficiency by utilizing the
latent heat of water. Experimental results show that injecting liquid water into the cathode
flow channel can limit temperature fluctuations to within 1.2 ◦C. Furthermore, nanofluids
demonstrate a 20–23% improvement in heat transfer capability compared to conventional
coolants, addressing the conflict between high heat dissipation demands and increased
flow resistance in high-power scenarios. However, the high preparation cost of nanofluid
coolants remains a concern, particularly due to unresolved issues such as the dispersion
stability of Al2O3 nanoparticles [64]. For hydrogen-electric hybrid power systems, model
simplification errors and insufficient parameter self-adjustment capabilities necessitate
the integration of digital twin technology and reinforcement learning to achieve real-time
dynamic optimization [65].

4.3. Cost and Durability Issues in Aviation Applications

Regarding cost issues, platinum catalysts and proton exchange membrane (PEM)
materials are expensive, accounting for over 40% of the total cost of fuel cells.

Regarding durability, a multi-condition lifespan prediction model has been developed
based on machine learning and digital twin technologies. This model enables dynamic
assessment of the remaining useful life (RUL) of PEMFCs by combining historical data
to predict performance degradation trends. By dynamically adjusting voltage, load, and
cooling strategies, the degradation rate can be reduced by more than 30%, effectively
mitigating degradation under low-load operating conditions [66]. Additionally, to address
the chemical degradation of proton exchange membranes, doping with transition metals
has been employed to reduce the hydrogenation enthalpy, thereby extending membrane
lifespan and suppressing carbon corrosion and platinum dissolution [67].

However, when multiple PEMFC stacks operate in parallel, uneven distribution of
coolant flow can lead to local temperature gradients exceeding 10 ◦C, accelerating mem-
brane electrode degradation. The core durability challenges of PEMFCs in low-altitude
aircraft arise from the coupled effects of dynamic operating conditions, vibration environ-
ments, conflicts in water and thermal management, spatial constraints, and contamination-
induced degradation.

4.4. Performance of Hybrid Power Systems

(1) Dynamic Response: The three-dimensional non-isothermal model based on dig-
ital twin technology has further improved the accuracy of temperature field prediction.
Moreover, intelligent control strategies have significantly enhanced the dynamic response
capability of PEMFCs under sudden load changes [68]. However, under frequent load
variations, voltage undershoot in PEMFCs may still reduce stack lifespan, and existing
control strategies struggle to fully eliminate the impact of voltage fluctuations on durability.
Additionally, the uniformity of individual cell voltages deteriorates during high-power
operation, and there is a lack of real-time monitoring technology for high-precision three-
dimensional temperature fields [69].
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(2) Hybrid Power Requirements: The relatively slow dynamic response of PEMFCs
makes it difficult to meet the high-power demands of aircraft during takeoff, climb, and
other high-load scenarios. Therefore, hybrid systems combining PEMFCs with lithium
batteries or supercapacitors are necessary. NASA’s proposed SOFC/GT hybrid system in-
creases power generation efficiency to 70% by recovering waste heat from high-temperature
fuel cells and gas turbines, enabling cascaded energy utilization [70]. However, power
switching between fuel cells and batteries presents voltage matching challenges, and tran-
sient response delays may trigger protective shutdowns of the system. Additionally, uneven
coolant distribution during multi-stack parallel operation can lead to local temperature
gradients. Balancing lightweight requirements with heat dissipation efficiency remains a
challenge [71].

Hydrogen-electric hybrid algorithms have enabled breakthroughs in range, energy
efficiency, and airworthiness certification in the eVTOL sector. Lilium’s hydrogen-electric
eVTOL employs a distributed hydrogen fuel cell design combined with dynamic power
allocation algorithms. During vertical takeoff and landing phases, up to 90% of auxiliary
power is supplied by batteries, while in cruise flight, the system switches to hydrogen fuel
cell dominance, extending the range to 600 km [72]. Joby Aviation’s S4 model, powered
by liquid hydrogen and enhanced by reinforcement learning algorithms, has achieved a
verified flight range of 841 km [73]. However, key bottlenecks remain in hybrid power
algorithms, particularly in power distribution strategies, algorithm real-time performance,
and system integration.

4.5. Environmental Adaptability

(1) Low-Temperature Environmental Adaptability: In low-temperature environments
(<−20 ◦C) or high-altitude, low-oxygen conditions, changes in the elastic modulus of
sealing materials lead to reduced interfacial contact stress, resulting in hydrogen leakage
rate prediction errors exceeding 15%. Moreover, the absence of dynamic thermodynamic
coupling models and the reliance on laboratory-based steady-state experimental data limit
the ability to accurately simulate the transient operating conditions encountered during
actual eVTOL flight missions [74].

(2) Low-Temperature Startup Performance: Traditional constant-current or constant-
voltage startup strategies are prone to ice blockage and performance degradation in ex-
tremely cold environments. Hybrid control strategies address the limitations of single-mode
control by dynamically balancing heat generation and ice formation, thereby improving
startup success rates [75]. However, at temperatures below −40 ◦C, existing heating sys-
tems require more than 10 min to reach operational temperature, which fails to meet the
rapid response requirements of eVTOL emergency takeoff and landing scenarios. Addi-
tionally, under high-altitude, low-oxygen conditions, reduced air density decreases oxygen
transport efficiency. Existing flow field designs are susceptible to localized flooding at low
atmospheric pressures, exacerbating the risk of ice blockage. Furthermore, during parallel
operation of multiple fuel cell stacks, local temperature gradients exceeding 10 ◦C can
accelerate membrane electrode degradation [76].

(3) Vibration and Impact Resistance: Conventional flow field structures are prone
to reactant maldistribution and flooding under vibration conditions. However, through
multi-physics coupling analysis and optimization of flow field structures and gas diffusion
layers, the structural stability of PEMFCs under dynamic environments has been signif-
icantly improved. Moreover, the use of high-strength ceramic composite materials and
metal-based alloy electrodes, combined with 3D printing techniques to optimize structural
porosity, has enhanced the mechanical fatigue resistance of electrodes by 30% in vibration
environments [77]. Nevertheless, in high-frequency vibration scenarios typical of eVTOL
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operations, prediction errors for material fatigue life still exceed 15%, and there is a lack of
dynamic thermo-mechanical coupling models to simulate microcrack propagation paths.
Additionally, under the combined effects of vibration and impact, existing control strategies
exhibit limited adaptability to multiple disturbances, and voltage recovery time remains a
critical area for further optimization [78].

5. Development Trends of PEMFC Applications in Low-Altitude Aircraft

5.1. General Development Trends

(1) Material Innovation: Significant efforts are focused on material innovation to
reduce costs and enhance efficiency. This includes the development of ultra-thin composite
proton exchange membranes, such as perfluorosulfonic acid (PFSA) composite membranes,
and, in response to environmental concerns related to per- and polyfluoroalkyl substances
(PFAS), the investigation of alternatives to fluorinated membranes, and the exploration of
non-precious metal catalysts, like Fe-N-C, to replace expensive platinum-group metals [79].

(2) Breakthroughs in Hydrogen Storage Technology: Breakthroughs in hydrogen
storage technology are crucial for practical applications. The aim is to advance liquid
hydrogen storage (e.g., Hylium’s LH60 system) and chemical hydrogen storage (e.g., hy-
drogen generation from NaBH4 hydrolysis) to achieve gravimetric hydrogen densities
exceeding 8.5 wt%.

(3) Enhancing Fuel Cell Stack Power Density: To improve the effective payload or
flight time of aerial vehicles, it is essential to enhance fuel cell stack power density. This will
be achieved through lightweight design, increasing the power-to-weight ratio of hydrogen
propulsion systems [80].

(4) Wide Temperature Range and Varying Altitude Environmental Adaptability:
Adapting to wide temperature ranges and varying altitudes is a significant challenge.
Under standard atmospheric conditions, temperature typically decreases by about 0.65 ◦C
for every 100 m increase in altitude (standard lapse rate), while atmospheric pressure drops
by approximately 1 kPa. Consequently, within low-altitude airspace (below 3000 m), tem-
peratures can vary by up to 18 ◦C, and pressure by 30%. The extreme cold and low-pressure
environments at high altitudes severely impact the power and efficiency of hydrogen
propulsion system.

5.2. Hydrogen Fuel Cell as Main Power Supply

As main power supply, the hydrogen fuel cell system play a very important role in
electrical propulsion, requiring no additional external power supply.

System Integration Optimization: System integration optimization focuses on enhanc-
ing thermal management efficiency and achieving lightweight designs through advanced
techniques. This includes the implementation of micro-channel cooling and self-adaptive
humidification technologies.

5.3. Hydrogen-Electric Hybrid Power System

The hydrogen-electric hybrid power system integrates hydrogen fuel cells with lithium
batteries or other energy sources, creating a complementary architecture.

(1) Smart Energy Management Algorithms: Smart energy management algorithms are
being developed to dynamically allocate energy based on the specific flight phase.

(2) Modular Design: Modular design focuses on creating standardized hydrogen-
electric hybrid power modules. This approach allows for greater flexibility and adaptability,
as these per-designed modules can be easily integrated into various aircraft types.
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5.4. Hydrogen Fuel Cell as Auxiliary Power

The hydrogen fuel cell acts as an auxiliary power source, primarily dedicated to
specific functions such as range extension or providing emergency backup power.

(1) Miniaturized Fuel Cells: Miniaturized fuel cells focus on creating compact, air-
cooled fuel cells.

(2) Multi-Scenario Integration: Multi-scenario integration involves combining fuel
cells with other energy sources like solar power and hydrogen turbine engines to form
multi-energy complementary systems.

6. Conclusions

This paper systematically reviews the advantages, disadvantages, performance char-
acteristics, and feasibility of various hydrogen power technologies for aviation applications.
Subsequently, it synthesizes the research and development progress of fuel cells within the
aviation sector. A critical analysis of the current application status, future development
trends, and challenges of Proton Exchange Membrane Fuel Cells (PEMFCs) in aircraft is
presented. The primary challenges identified include hydrogen storage and space limita-
tions, thermal management, cost reduction, and enhancing performance, reliability, and
environmental adaptability. Based on the power supply configurations of fuel cells in
low-altitude aircraft, the systems are categorized into three distinct types: pure hydrogen
fuel cell power systems, hydrogen-electric hybrid power systems, and hydrogen-electric
auxiliary power systems. Common development priorities across these systems focus on
improving stack power density, enhancing adaptability to wide temperature ranges and
variable altitude environments, and advancing hydrogen storage technologies. The prin-
cipal differences lie in their core optimization strategies: pure hydrogen fuel cell systems
emphasize system integration optimization; hydrogen-electric hybrid systems prioritize
sophisticated on-board power and energy management strategies; while hydrogen-electric
auxiliary systems tend toward the miniaturization of fuel cell components.
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Abbreviations

The following abbreviations are used in this manuscript:

eVTOL electric Vertical Take-Off and Landing
PEMFCs Proton Exchange Membrane Fuel Cells
PEM Proton Exchange Membrane
ICCT International Council on Clean Transportation
CAGR The compound annual growth rate
ICAO International Civil Aviation Organization
AFC Alkaline Fuel Cells
APUs Auxiliary Power Units
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UAVs Unmanned Aerial Vehicles
ICE Internal Combustion Engines
CAJU Clean Aviation Joint Undertaking
HEROPS Hydrogen-Electric Zero-Emission Propulsion System
HEPS Hybrid-Electric Propulsion System
RUL Remaining Useful Life
GI weight index
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Abstract

Effective thermal management is crucial for optimizing the performance, efficiency, and
durability of fuel-cell technologies, including proton-exchange membrane fuel cells (PEM-
FCs) and solid-oxide fuel cells (SOFCs). The operation of fuel cells involves complex heat
generation mechanisms, primarily driven by electrochemical reactions, which can lead to
significant energy loss as heat. This review examines the specific heat generation sources
and challenges associated with different fuel-cell types, highlighting the critical importance
of effective thermal management strategies. Key techniques for thermal regulation, includ-
ing active and passive cooling systems, are examined in detail. Active cooling methods
like liquid cooling and air cooling are effective in dissipating excess heat, while passive
methods leverage advanced materials and optimized designs to enhance natural heat
dissipation. Furthermore, innovative heat recovery systems are explored, demonstrating
their potential to enhance overall energy efficiency by capturing and repurposing waste
heat. The integration of machine learning techniques has arisen as a promising avenue for
advancing temperature control in fuel cells. Reinforcement learning, deep learning algo-
rithms, and support vector machines, along with artificial neural networks, are discussed in
the context of their application in managing temperature dynamics and optimizing thermal
performance. The review also emphasizes the significance of real-time monitoring, as well
as adaptive control strategies to respond effectively to the dynamic operating conditions of
fuel cells. Understanding and applying these thermal management strategies is essential
for the successful commercialization of fuel cells across various sectors, ranging from
automotive to stationary power generation. With the growing demand for clean energy
solutions, progress in thermal management techniques will be crucial in improving the
dependability and practicality of fuel-cell systems.

Keywords: fuel-cell thermal management; proton-exchange membrane fuel cells (PEMFCs);
solid-oxide fuel cells (SOFCs); integrated thermal management system; fuel-cell hybrid
cooling; fuel-cell heat recovery

1. Introduction: Fuel Cells

Fuel cells are innovative electrochemical mechanisms that change chemical energy
directly into electrical energy via the reaction of H2 with O2, producing water as the only

Hydrogen 2025, 6, 65 https://doi.org/10.3390/hydrogen6030065
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byproduct [1,2]. This clean and efficient process has gathered substantial attention recently,
particularly in the context of renewable and sustainable energy solutions. Various kinds of
fuel cells exist; every type comes with distinctive characteristics and applications, including
proton-exchange membrane fuel cells (PEMFCs) [3–6], solid-oxide fuel cells (SOFCs) [7–10],
molten carbonate fuel cells (MCFCs) [11–14], and phosphoric acid fuel cells (PAFCs) [15–18].
Figure 1 shows the curve characteristics of the PEMFC.

 

Figure 1. Curve characteristics of the PEMFC [19].

Proton-exchange membrane fuel cells (PEMFCs) are among the most extensively
studied and utilized fuel cells, especially in the automotive industry [20–22]. They function
at relatively low temperatures (typically 80 ◦C) and are characterized by their quick start-up
times and high power density. Marghani [23] discusses the compatibility of PEMFCs for
portable power sources because of their efficient conversion of hydrogen into electricity
with minimal emissions. The simplicity of their design, combined with the availability
of hydrogen as a fuel, makes PEMFCs a strong candidate for future energy systems.
Despite significant progress, PEMFCs still face commercialization challenges, particularly
related to durability and lifespan. Performance degradation over time results from factors
such as electrode material degradation, catalyst loss, membrane mechanical damage,
and fluctuating operating conditions, which ultimately affect efficiency, service life, and
maintenance costs.

Solid-oxide fuel cells (SOFCs), in contrast, work at much higher temperatures (600 ◦C
to 1000 ◦C) and utilize a solid-oxide or ceramic electrolyte. Wang et al. [24] highlight
that SOFCs could employ various fuels, including natural gas, as well as biogas, which
enhances their versatility. The high operating temperatures allow for greater efficiency
in energy conversion, but they also pose challenges related to thermal management and
material durability. Research into advanced materials and designs is ongoing to optimize
SOFC performance while addressing these challenges.

Molten carbonate fuel cells (MCFCs) work at intermediate temperatures (around
600 ◦C to 700 ◦C) and utilize a molten carbonate electrolyte. These fuel cells are particularly
effective for large-scale stationary applications, such as power plants. The possibility of
using various fuels, including natural gas and hydrogen, makes MCFCs a flexible option
for energy generation. Their thermal management strategies are crucial, as maintaining the
appropriate operating temperature is essential for optimal performance and longevity.

Phosphoric acid fuel cells (PAFCs) are another type of fuel cell that functions at
moderate temperatures (around 150 ◦C to 200 ◦C). They are famous for their robustness.
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Their reliability makes them fit for stationary applications. Hossain et al. [25] note that
PAFCs are used for numerous purposes, including backup power systems, as well as
combined heat and power (CHP) systems, thanks to their capability to efficiently convert
fuel into electricity while providing useful thermal energy.

The integration of machine learning techniques in fuel-cell technology is also gaining
traction [26–32]. These techniques can enhance the control and optimization of fuel cells
by analyzing data and predicting performance under various operating conditions. For
instance, machine learning algorithms are used to monitor and manage temperature, pres-
sure, and humidity within fuel cells, ensuring optimal operating conditions and improving
overall efficiency [33]. Such a data-driven method enables more responsive and adaptive
control strategies, which are critical for maximizing performance of fuel-cell systems in
real-world applications.

In conclusion, fuel cells represent a potential technology for renewable and sustainable
energy generation, with various types tailored for specific applications. The progress
in fuel-cell research and development intends to enhance the efficiency, durability, and
versatility of fuel cells, making them a vital element of future renewable energy systems.
As machine learning and advanced materials continue to evolve, the potential for fuel cells
to contribute to a low-carbon economy becomes increasingly significant.

Although the main focus of this review is PEMFCs and SOFCs, brief descriptions of
MCFCs and PAFCs are included in the introduction to provide a complete overview of
major fuel-cell types. This broader context clarifies the distinct operating ranges and ther-
mal management requirements across technologies, and it helps explain why PEMFCs and
SOFCs—representing low- and high-temperature extremes—were selected for a detailed
comparative analysis.

This review provides a novel synthesis of current advancements in fuel-cell thermal
management by bridging both proton-exchange membrane fuel cells (PEMFCs) and solid-
oxide fuel cells (SOFCs), highlighting the unique challenges and strategies specific to each.
The inclusion of innovative cooling systems, such as hybrid active–passive approaches,
coupled with machine learning-driven adaptive control, marks a forward-thinking perspec-
tive on optimizing heat dissipation. The exploration of real-time monitoring techniques,
combined with the potential of heat recovery systems to boost energy efficiency, under-
scores the need for dynamic, data-driven approaches in advancing fuel-cell technologies
for broader purposes, ranging from the automotive sector to stationary power systems.

2. Fuel-Cell Thermal Management

Fuel cells, specifically proton-exchange membrane fuel cells (PEMFCs), are more and
more recognized for their potential for numerous purposes, including automotive and
stationary power generation. However, effective thermal management is of importance to
optimize their performance and durability. The fuel cells’ thermal management involves
the regulation of temperature to ensure efficient operation, as excessive heat could result in
performance degradation and decreased durability.

One primary drawback in fuel-cell thermal management is the heat generation during
electrochemical reactions [34–36]. This heat must be effectively dissipated to maintain
optimal operating temperatures. Various cooling methods have been explored, including
liquid cooling, air cooling, and phase-change cooling strategies. Chen et al. [37] provide
a comprehensive review of these cooling methods, highlighting their material properties
and durability implications, which are essential for PEMFCs’ reliability. Figure 2 illustrates
a PEMFC and its cooling channels. Additionally, Zhang et al. [38] discuss the model
predictive control application for open-cathode fuel-cell thermal management systems,
emphasizing the need for advanced control strategies to enhance thermal performance.
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(a) (b) 

Figure 2. (a) PEMFC with an embedded coolant channel system within the bipolar plates [39] and
(b) coolant channels in an electric vehicle based on a fuel cell (FCEVs) [40].

Integrating waste heat recovery systems is another promising approach to improving
whole-fuel-cell efficiency [41–43]. Nguyen and Shabani [42] explore the heat recovery
opportunities in combined heating, cooling, and power applications, suggesting that such
systems can significantly enhance energy utilization. Similarly, Sun et al. [44]. investigate
the reuse of waste heat in fuel-cell vehicles, demonstrating that effective heat exchange can
improve energy consumption and overall system efficiency. This aligns with the findings
of Olabi et al. [45], who note that the waste heat use in fuel-cell systems has garnered
considerable attention for its potential to increase energy conversion efficiency.

Moreover, the control and modeling of thermal management systems are critical
for optimizing the performance of fuel-cell vehicles [35,46,47]. Xu et al. [19] present a
model for vehicle-integrated thermal management systems, which allows for the better
control of temperature dynamics in PEMFCs and is complemented by the work of Bai and
He [48], who discuss system optimization for thermal management in a fuel-cell vehicle,
emphasizing the importance of maintaining appropriate operating conditions to ensure
reliability and performance.

Figure 3 illustrates the integration of fuel-cell systems at both the vehicle and energy
network levels. The top schematic shows a vehicle PEMFC system where hydrogen from
the storage tank and compressed air are supplied to the fuel-cell stack, producing electricity,
heat, and water, with balance-of-plant components such as pumps, humidifiers, coolers,
radiators, and purge valves ensuring proper thermal, water, and reactant management.
The bottom schematic highlights how hydrogen can be produced via electrolysis using
renewable sources such as solar and wind, stored, and later utilized in fuel cells to sup-
ply electricity back to the grid or vehicle, demonstrating hydrogen’s role as an energy
carrier that links intermittent renewables with end-use applications. Together, the dia-
grams emphasize that system scalability requires efficient balance-of-plant management,
temperature control is critical to performance and durability, and techno-economic consid-
erations remain central to achieving cost-effective deployment of large-scale hydrogen and
fuel-cell systems.

In conclusion, effective thermal management is of importance for optimal fuel-cell
performance. The integration of advanced cooling methods, waste heat recovery systems,
and sophisticated control strategies can significantly improve PEMFCs’ efficiency and
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lifespans. While previous reviews have focused on aspects such as flow channel design,
two-phase flow simulation, and static performance evaluation, our paper provides a
broader comparative perspective by covering both PEMFC and SOFC thermal management
strategies, incorporating advanced techniques such as hybrid cooling and machine learning-
based optimization approaches. Additionally, we have now included references and brief
discussions on flow channel optimization and dynamic coolant control strategies to enhance
the comprehensiveness of our review. As research continues to evolve in this area, the
development of comprehensive thermal management systems will be vital for the broader
adoption of fuel-cell technologies in various applications.

Figure 3. (Top) Vehicle fuel-cell system and (bottom) energy distribution within the stack system [48].

2.1. Heat Generation Process in Fuel Cells
2.1.1. Heat Generation Process in Proton-Exchange Membrane Fuel Cells

Heat generation in PEMFCs is a crucial element that influences fuel-cell efficiency
and operational stability. The mechanisms of heat generation primarily stem from the
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electrochemical reactions taking place within a fuel cell and from various physical processes
associated with the transport of reactants and products. Understanding these mechanisms
is essential for optimizing fuel-cell design and improving thermal management strategies.

The primary source of heat in PEMFCs is the exothermic reaction that occurs during
the conversion of the electrochemicals H2 and O2 into water and electricity. This reaction
releases a significant amount of energy, which is primarily dissipated as heat. According to
Murad [49], approximately 50% or up to 60% of the energy generation from reactions of
these chemicals is lost as heat, highlighting the importance of effective thermal management
to enhance overall efficiency. Furthermore, heat generation is exacerbated by the resistance
encountered during proton transport via a membrane and electron transport via electrodes,
which contributes to Joule heating [50].

In addition to electrochemical reactions, the flow dynamics of reactants, along with
products within the fuel cell, also play a critical part in heat generation. The flow fields’
design, as discussed by Atasay et al. [51], can significantly affect the reactants’ distribution,
heat removal, and water produced during operation. Inefficient flow field designs can lead
to localized overheating, which can adversely affect the fuel-cell performance and durability.
Hence, optimizing the flow-field structure is vital to enhance thermal management and
minimize heat generation [52].

Moreover, the working conditions of PEMFCs, for instance, temperature and pressure,
influence heat generation mechanisms. High-temperature PEMFCs (HT-PEMFCs) have
been shown to exhibit improved kinetics and reduced heat generation due to enhanced
reaction rates and better water management capabilities [53]. However, they also require
careful thermal management to prevent overheating, as the reaction rates can lead to
excessive heat if not properly controlled [54]. The balance between operating temperature
and heat generation is crucial for maintaining optimal performance and preventing the
thermal degradation of the membrane and other components. Figure 4 shows various
membranes of proton exchange used in HT-PEMFCs, with all parameters’ average values
derived from an analysis of ten randomly selected articles [53].

Figure 4. Various proton-exchange membranes used in HT-PEMFCs [53].
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In conclusion, heat generation in PEMFCs arises from both electrochemical reactions
and physical processes pertains to reactant transport. Effective thermal management
strategies, including optimized flow field designs and the careful control of operating
conditions, are essential to mitigate heat generation and improve PEMFCs’ efficiency and
durability. As research continues to advance in this field, a deeper understanding of these
mechanisms will be vital for the development of next-generation fuel cells.

2.1.2. Heat Generation Process in Solid-Oxide Fuel Cells

Heat generation mechanisms in SOFCs are crucial for understanding their efficiency
and operational stability [10,55]. SOFCs work at relatively high temperatures, normally
between 600 ◦C and 1000 ◦C, which facilitates ionic conductivity of solid-oxide electrolyte.
This enables efficient electrochemical reactions. The heat generated in SOFCs primarily
arises from the exothermic reactions during the electrochemical conversion of fuel, as well
as from various physical processes associated with reactant transport and resistance within
the cell.

SOFCs are connected in series via interconnects to form a stack of fuel cells, allowing
for higher efficiency at elevated voltages [56]. These interconnects, acting as bipolar plates,
link individual cells while shielding the electrodes from environmental factors. Figure 5
displays the interconnected configuration within the stack of fuel cells, alongside the
formation of native oxide scales at the interface.

Figure 5. (a) Arrangement of interconnects in SOFCs. (b) Enlarged picture of the interconnect
interface. The thicknesses are labeled as h1 for the coating, h2 for the native oxide scale, and h3 for
the interconnect [56].

The primary source of heat generation in SOFCs is the electrochemical oxidation of
fuels, like H2 or hydrocarbons, at the anode. This reaction releases energy, part of which is
transformed into electrical energy, while the remainder is dispersed as heat. According to
Xu et al. [57], the high operating temperatures not only enhance the reaction kinetics but
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also contribute to significant thermal energy generation due to the inherent inefficiencies
in the electrochemical processes. The heat produced can be substantial, with estimates
indicating that a considerable amount of energy from fuel vanishes as heat, rather than
being converted into useful work [58].

In addition to the electrochemical reactions, thermal stresses and resistive heating also
contribute to heat generation in SOFCs. As noted by Sai et al. [56], the structural integrity of
the cell components, particularly the metallic interconnects, can be compromised because
of thermal stresses due to the high operating temperatures. These stresses can lead to
mechanical degradation, which not only influences the fuel-cell performance but also
generates additional heat through friction and deformation. Furthermore, the resistance
to ion and electron flow within the cell generates Joule heating, which adds to the overall
thermal load [59].

The design and configuration of the SOFC also play a significant role in heat generation.
For instance, the use of porous electrodes allows for better reactant distribution and heat
dissipation, but an improper design can lead to localized overheating. Moreover, the
interaction between the anode and the electrolyte can result in additional heat generation
due to concentration gradients and reaction kinetics, as highlighted by Pirkandi et al. [60].
Therefore, optimizing the fuel-cell components’ design is essential for managing heat
generation effectively.

In conclusion, the generation of heat in solid-oxide fuel cells is a multifaceted process
driven by electrochemical reactions, thermal stresses, and resistive heating. Understanding
these mechanisms is vital for improving the efficiency and durability of SOFCs. As research
progresses, advancements in materials and designs will be crucial for enhancing thermal
management strategies, ultimately leading to higher efficiency and reliability of fuel cells.
Table 1 summarizes the key points on thermal management of PEMFCs and SOFCs.

Table 1. Overview of the heat generation mechanisms, challenges, and thermal management strate-
gies for PEMFCs and SOFCs.

Aspect PEMFCs SOFCs

Heat Generation
Sources

• Electrochemical reactions converting
hydrogen and oxygen into water.

• Electrochemical oxidation of fuels (e.g.,
hydrogen or hydrocarbons) at the anode.

• Proton transport and electron flow create
Joule heating.

• High temperatures (600–1000 ◦C) enhance
reaction kinetics but generate heat.

Energy Lost as Heat • Fifty to sixty percent of energy generated is
lost as heat.

• Significant thermal energy is produced due to
inefficiencies in electrochemical processes.

Key Challenges • Poor flow field design leads to
localized overheating.

• Thermal stresses at high temperatures affect
cell components (e.g., metallic interconnects)
and generate heat.

Design
Considerations

• Flow field design impacts the distribution of
reactants and removal of heat.

• Porous electrode designs aid heat dissipation,
but improper design can cause
localized overheating.

Thermal Management
Strategies

• Liquid cooling, air cooling, and phase-change
cooling strategies.

• Managing concentration gradients and
reaction kinetics through optimal
anode-electrolyte interactions is essential.

Control Strategies • Advanced control strategies like model
predictive control for optimizing
open-cathode fuel-cell systems.

• Efficient design of components (e.g.,
electrodes, interconnects) is critical to
minimize resistive heating and stress.

Waste Heat Recovery • Heat recovery systems can enhance energy
utilization in combined heating, cooling, and
power systems.

• Utilizing waste heat through system
optimization can enhance overall
system efficiency.
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2.2. Significance of Thermal Management of Fuel Cells
2.2.1. Significance of Thermal Management of Proton-Exchange Membrane Fuel Cells

Proton-exchange membrane fuel cells’ (PEMFCs’) thermal management is of paramount
importance because of its direct effect on the performance, efficiency, and longevity of these
energy conversion devices. Effective thermal management ensures that the working tem-
perature is maintained in the range of an optimal interval, which is crucial for maximizing
electrochemical reactions while preventing the thermal degradation of the membrane and
other components.

One of the primary reasons for the significance of thermal management in PEMFCs
is the exothermic nature of the electrochemical reactions occurring within the cell. As
highlighted by Wang et al. [54], the heat generated during these reactions can lead to
increased temperatures that may exceed the fuel-cell material limits’ components, partic-
ularly the proton-exchange membrane (PEM). High temperatures can cause membrane
dehydration, which adversely affects proton conductivity and overall cell performance.
Therefore, maintaining an appropriate thermal environment is essential to ensure that the
membrane remains hydrated and functions efficiently.

Moreover, the operational efficiency of PEMFCs is closely linked to their thermal
management strategies. Ji [61] emphasizes that high-temperature PEMFCs (HT-PEMFCs)
exhibit enhanced reaction kinetics and improved tolerance to impurities, which can be
attributed to effective thermal management. By optimizing the thermal conditions, the
fuel-cell performance could be significantly enhanced, leading to higher energy conversion
efficiencies. This is mostly relevant in usages in which rapid response times, as well as high
power densities, are required, such as in automotive and portable power applications.

In addition to enhancing performance, effective thermal management also plays an
essential part in prolonging the PEMFCs’ lifespan. As noted by Hao et al. [62], the abil-
ity to manage heat effectively can mitigate thermal stresses that arise from temperature
fluctuations during operation. These stresses could result in mechanical failures and cell
components’ degradation over time. By implementing robust thermal management sys-
tems, such as advanced cooling techniques or heat recovery systems, the durability of
PEMFCs can be significantly enhanced, thereby reducing maintenance costs and improv-
ing reliability.

Furthermore, the integration of thermal management systems can facilitate better
water management within the fuel cell. Feng et al. [63] discuss how effective thermal
management can help control the water balance in PEMFCs, which is critical to maintain
optimal hydration levels in a membrane. Proper water management not only supports
proton conduction but also prevents issues such as flooding or drying out, which can
severely impact performance. In line with the discussion on proper water management in
PEMFC membranes, Figure 6a shows that water uptake decreases with increasing filler
content at both 30 ◦C and 80 ◦C, while Figure 6b demonstrates a similar decreasing trend in
swelling ratio, indicating that filler incorporation helps control hydration and dimensional
stability of the membrane.

In conclusion, the significance of PEMFCs’ thermal management cannot be overstated.
It is essential for optimizing performance, enhancing efficiency, prolonging lifespans, and
ensuring effective water management. At high current densities—necessary for large-
scale commercialization—excessive liquid water accumulation can cause flooding, block
gas diffusion, and accelerate performance degradation. Effective thermal management
supports proper water removal and distribution, ensuring stable operation and sustained
high-performance output of PEMFCs. As research continues to advance in this field, the
development of innovative thermal management strategies will be critical for the successful
commercialization and deployment of PEMFC technologies in various applications.
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Figure 6. Sulfonated poly(arylene ether nitrile (SPEN) and SPEN/GO-Ca2+-MWCNT [63].

2.2.2. Significance of Thermal Management of Solid-Oxide Fuel Cells

The importance of solid-oxide fuel cells’ (SOFCs’) thermal management is critical to
ensure the optimal performance, efficiency, and longevity of these advanced energy conversion
systems. SOFCs function at relatively high temperatures, normally from 600 ◦C to 1000 ◦C,
which presents unique challenges and opportunities for thermal management strategies.

SOFCs consist of a solid ceramic electrolyte positioned between porous anode and
cathode layers. Based on the type of species transported through the electrolyte, SOFCs
can be classified into three categories: proton-conductive, O2-ion-conductive, and mixed-
ion-conductive. In O2-ion-conductive SOFCs (Figure 7a), O2 anions transport from the
cathode to the anode, producing steam or CO2 at the anode, which helps resist carbon
deposition by promoting reforming reactions when fueled by hydrocarbons. Conversely,
in proton-conductive SOFCs, only protons are transferred to the cathode for oxidation
through oxygen (Figure 7b), increasing the risk of coking because of higher CO levels in
the anode [64].

 

Figure 7. (a) O2-ion-conductive SOFC and (b) proton-conductive SOFC [64].

One of the primary reasons why thermal management is crucial in SOFCs is the
need to maintain the working temperature in a specific range to optimize electrochemical
reactions. High operating temperatures enhance the solid electrolyte ionic conductivity,
thereby improving a fuel cell’s overall efficiency [64]. Nonetheless, excessive heat can
lead to thermal stresses that may damage the cell components, including the cracking and
delamination of the electrolyte and electrodes [65]; effective thermal management systems
are essential to mitigate these risks and ensure stable operation.

Moreover, thermal management directly influences the efficiency of energy conversion
in SOFCs. Maintaining optimal thermal conditions can significantly enhance the thermo-
dynamic efficiency of the electrochemical reactions, allowing for better energy utilization.
This is particularly important in applications where SOFCs are integrated into hybrid sys-
tems or combined heat and power (CHP) configurations since effective heat recovery can
improve overall system efficiency [66]. By managing heat effectively, SOFCs can convert a
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larger portion of chemical energy in fuels into usable electrical energy, thus maximizing
their performance.

In addition to performance and efficiency, thermal management is vital for the dura-
bility and reliability of SOFCs. Prolonged exposure to thermal cycling can result in the
degradation of material and fuel-cell components’ reduced lifespans [10]. Implementing
robust thermal management strategies can help minimize the effects of thermal fatigue,
thereby extending the operational life of SOFC systems. This is particularly important in
commercial applications where reliability and maintenance costs are critical factors.

Furthermore, effective thermal management facilitates better water and fuel man-
agement within the SOFC. Temperature control can influence the fuel-cell water vapor
content, which is vital for preserving optimal electrolyte hydration levels. Proper hydration
is crucial for ensuring high ionic conductivity and preventing issues such as flooding or
drying out, which can severely impact performance [67].

In conclusion, the significance of SOFCs’ thermal management is multifaceted, en-
compassing aspects of performance optimization, efficiency enhancement, durability, and
effective resource management. As research continues to advance, innovative thermal
management solutions will be important for successful SOFC use in various applications,
including distributed generation and renewable energy integration. Table 2 summarizes
the importance of PEMFCs’ and SOFCs’ thermal management.

Table 2. Critical role of thermal management in ensuring the efficiency, performance, and longevity
of both PEMFCs and SOFCs.

Aspect PEMFCs SOFCs

Key Importance • Ensures optimal operating temperature for
electrochemical reactions and
membrane hydration.

• Maintains high operating temperatures
(600–1000 ◦C) for ionic conductivity and
efficient reactions.

Impact on
Performance

• Prevents thermal degradation of PEM. • Enhances electrochemical reaction efficiency
by maintaining high temperatures.

• Improves overall cell performance by
optimizing reaction kinetics.

• Increases thermodynamic efficiency in energy
conversion, especially in CHP systems.

Effect on Efficiency • Effective heat management enhances energy
conversion efficiency, particularly in
high-power applications.

• Efficient heat management allows for better
fuel-to-energy conversion, maximizing
usable electrical energy.

Longevity and
Durability

• Mitigates thermal stresses, reducing
mechanical failures and
component degradation.

• Reduces thermal cycling effects that can
cause material degradation, extending
system lifespan.

Water Management • Facilitates better water management,
ensuring membrane hydration and
preventing flooding or drying out.

• Helps control water vapor content, ensuring
proper hydration of the electrolyte and
avoiding performance issues.

Advanced Strategies • Integrates advanced cooling techniques, such
as heat recovery systems, to enhance
reliability and reduce maintenance costs.

• Implements robust thermal management
systems to prevent damage to components
like the electrolyte and electrodes.

Commercial
Relevance

• Critical for high-performance, long-lifespan
applications like automotive and portable
power systems.

• Vital for reliable and efficient operation in
hybrid systems, distributed generation, and
renewable energy integration.

2.3. Methods for Thermal Management of Fuel Cells

Thermal management is a critical aspect of fuel-cell technology, especially for PEMFCs
and SOFCs. Effective thermal management techniques are essential for maintaining optimal
operating temperatures, enhancing efficiency, and prolonging fuel-cell lifespans. Various
strategies are being developed to address the drawbacks related to heat generation and
dissipation in these systems.
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One prominent technique for thermal management in PEMFCs is the use of passive
thermal management systems. According to Idi [68], these systems rely on the natural
convection of air and the thermal properties of materials to dissipate heat without
the need for mechanical components Idi (2023). This approach can be particularly
beneficial in reducing complexity and improving reliability. Furthermore, phase-change
materials (PCMs) have gained attention for their capability to absorb and release heat in
phase transitions, thus offering a stable thermal environment for the fuel cell [69]. The
integration of PCMs can help mitigate temperature fluctuations and improve overall
thermal stability.

Active thermal management techniques are also widely employed in fuel cells. These
include the use of liquid cooling systems, in which a coolant circulates through the fuel-
cell stack to absorb excess heat. This method is effective in maintaining the desired
operating temperature and preventing overheating, as highlighted by Kim and Yoo [70],
who emphasize the importance of maintaining optimal temperature ranges for improved
performance and longevity. Furthermore, advanced control strategies, such as adaptive
control systems, have been developed to dynamically adjust the cooling rates based on real-
time temperature measurements, ensuring efficient thermal management under varying
load conditions [71].

Another innovative approach involves flow channel designs’ optimization within the
fuel cell. Research by Novotný et al. indicates that the shape, along with the distribution
of flow channels, influences heat and mass transport within the cell [72]. By optimizing
these designs, it is possible to enhance the dissipation of heat and improve the fuel-cell
overall thermal management. Additionally, the use of serpentine flow patterns has been
shown to facilitate better thermal and water management, addressing common issues such
as flooding and dehydration [73].

In SOFCs, thermal management techniques often focus on the integration of heat
exchangers and afterburners to recover waste heat and improve overall system efficiency.
As discussed by Li [74], the design of these thermal management subsystems is crucial for
maximizing energy utilization and ensuring stable operation. The implementation of heat
recovery systems can significantly enhance the SOFCs’ overall efficiency, making such fuel
cells more viable for commercial purposes.

All in all, various techniques are used for fuel-cell thermal management, such as
passive and active systems, flow channel optimization, and the integration of heat recovery
technologies. These strategies are essential for maintaining optimal operating conditions,
enhancing efficiency, and prolonging fuel-cell durability. As studies continue to advance,
the development of innovative thermal management solutions will be vital, aiming at
successful fuel-cell commercialization technologies in diverse applications.

2.3.1. Thermal Management of Proton-Exchange Membrane Fuel Cells (PEMFCs)

The thermal management of PEMFCs is critical for optimizing their performance,
efficiency, and lifespan. The effective control of temperature within these systems ensures
that electrochemical reactions take place at optimal rates while preventing damage to the
components caused by excessive heat. Various techniques are being developed to address
the thermal management drawbacks pertaining to PEMFCs.

One of the primary methods for thermal management in PEMFCs is the use of active
cooling systems. These systems typically involve circulating a coolant, such as water
or a specialized thermal fluid, through channels adjacent to the stack of fuel cells. This
method helps dissipate excess heat generated during operation. According to Louis [75],
maintaining the stack temperature within an optimal range is essential, as excessive temper-
atures can lead to catalyst deactivation and irreversible damage to the membrane. Active
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cooling systems can be designed to respond dynamically to load changes and temperature,
ensuring that the fuel cell operates efficiently under varying conditions. Figure 8 shows the
optimized controller exhibiting a smaller overshoot compared to the traditional controller,
with a smoother and less volatile change curve. This contributes to more stable fuel-cell
operation at the step load current. Specifically, Figure 8a illustrates the stack temperature
response, where the optimized controller reaches the target temperature with less fluctua-
tion and reduced oscillations compared to the conventional controller. Figure 8b presents
the coolant outlet temperature response, demonstrating that the optimized controller main-
tains tighter regulation with smaller deviations, ensuring better thermal management and
improved overall system stability.

Figure 8. Temperature difference between stack and coolant at step load current [75].

Other than active cooling, passive thermal management techniques are also employed.
These methods rely on the natural heat dissipation properties of materials and the fuel-cell
design components. For instance, the use of materials with high thermal conductivity can
facilitate heat transfer away from critical cell areas, thereby maintaining a more uniform
distribution of temperature [76]. Moreover, the design of flow channels within the fuel
cell can significantly impact thermal management. Research by Deng et al. [77] highlights
that optimizing the design of a flow field could improve heat and mass transfer. This is
important for maintaining the fuel-cell performance.

Water management is another critical aspect of thermal management in PEMFCs. The
membrane of proton exchange requires a certain level of hydration to preserve its conduc-
tivity, as well as performance. However, excessive water accumulation can lead to flooding,
which impairs gas transport and overall efficiency [78]. Techniques such as bypass configu-
rations for membrane humidifiers have been developed to enhance water management
and, consequently, thermal stability [76]. Effective water management not only supports
the thermal balance but also enhances the fuel-cell electrochemical performance.

Furthermore, advancements in membrane materials have contributed to improved
thermal management in PEMFCs. High-temperature PEMs (HT-PEMs) have gained interest
because of their capability to function at elevated temperatures while maintaining perfor-
mance [61]. These membranes facilitate better thermal and water management, allowing
for more efficient operation and integration with fuel processing units. The development of
new materials, such as phosphoric acid-doped polybenzimidazole membranes, has shown
promise in enhancing both thermal stability and proton conductivity [79].
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In conclusion, PEMFCs’ thermal management is essential to optimize performance,
ensuring longevity and facilitating effective water management. A mix of active and passive
cooling methods, optimized flow channel designs, and advanced membrane materials plays
an important part in keeping the operational PEMFCs’ efficiency. As research continues to
advance in this field, the development of novel thermal management approaches will be
vital for the successful commercialization of fuel-cell technologies in various applications.

Active Cooling Methods

Thermal management is a critical aspect of proton-exchange membrane fuel cells
(PEMFCs), particularly concerning the implementation of active cooling methods. Efficient
thermal regulation guarantees that the fuel cell’s temperature stays within the ideal range,
which is vital for enhancing performance, efficiency, and durability. A variety of active
cooling strategies have been introduced to tackle the issues linked to heat production
in PEMFCs.

One of the most common active cooling methods is liquid cooling, in which a coolant,
typically water or a water–glycol mixture, circulates via channels adjacent to the stack of
fuel cells. This method effectively removes surplus heat that is generated during operation.
According to Louis [75], maintaining the stack temperature within an optimal range is
crucial, as excessive temperatures can lead to catalyst deactivation and irreversible damage
to the membrane. Liquid cooling systems can be designed to dynamically adjust the flow
rate of the coolant based on real-time temperature measurements, ensuring efficient thermal
management under varying load conditions.

In addition to liquid cooling, air-cooling systems are also utilized in PEMFCs. These
systems rely on forced air circulation to dissipate heat from the fuel-cell stack. Gan et al. [80]
highlight that air-cooled systems are compact and require low energy consumption, thus
suitable for usages in which weight and space are critical factors. The efficiency of air
cooling can be enhanced by optimizing the design of the airflow paths and incorporating
features such as heat exchangers to improve heat transfer rates.

Another innovative approach to active thermal management is the utilization of phase-
change materials (PCMs). PCMs can absorb and release heat all through phase transitions,
offering a stable thermal environment. Yan et al. [69] discuss the potential advantages of
integrating PCMs into PEMFC systems, noting that they can help regulate temperature
fluctuations and improve overall thermal stability. This method is particularly beneficial
in applications with varying power demands, as it allows for the absorption of excess
heat during peak loads and the release of stored heat during lower demand periods. It is
important to note that PCMs can be deployed in both active and passive configurations.
When integrated with forced fluid circulation or other auxiliary systems, PCMs form part
of an active cooling approach, rapidly absorbing and redistributing heat. In contrast, when
used without mechanical assistance, PCMs act as a passive system, relying solely on natural
heat absorption and release during phase transitions. The inclusion of PCMs in both active
and passive sections reflects these distinct operational contexts.

Moreover, advanced control strategies play a significant part in PEMFCs’ thermal
management. For instance, the implementation of multivariable control systems can
optimize the cell cooling circuit, ensuring that temperature is maintained at an optimal
level while minimizing energy consumption [81]. These control systems could adjust
to variations in operational conditions, enhancing the reliability and efficiency of the
thermal management process. Figure 9 depicts the illustration of a PEMFC stack-
cooling system.
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Figure 9. PEMFC stack cooling system for the PEMFC stack [81].

Furthermore, hybrid energy storage systems integrating supercapacitors with lithium-
ion batteries have shown strong potential for improving power quality and mitigating the
thermal load in renewable-integrated fuel-cell systems. Supercapacitors offer high power
density and rapid charge/discharge capabilities, complementing the higher energy density
but slower response of batteries. Experimental findings [82] demonstrate that such hybrid
configurations can smooth renewable power fluctuations, maintain stable state-of-charge
(SOC) profiles, and minimize peak thermal stress on fuel-cell stacks.

For example, in hybrid battery–supercapacitor systems, supercapacitors can achieve
response times in the order of milliseconds and cycle lives exceeding one million cycles,
while lithium-ion batteries typically provide 2000–5000 deep cycles with a higher energy
capacity. Maintaining SOC in the optimal range (40–80%) through coordinated control
reduces both battery degradation and fuel-cell thermal excursions.

In conclusion, active cooling methods are essential for effective PEMFCs’ thermal
management. Techniques like liquid cooling, air cooling, and the use of phase-change ma-
terials, along with advanced control strategies, contribute to maintaining optimal operating
temperatures, thereby enhancing performance and prolonging the lifespan of PEMFCs. As
research continues to advance in this area, the development of innovative thermal manage-
ment solutions will be vital for the successful commercialization of fuel-cell technologies in
various applications.

Passive Cooling Methods

PEMFCs’ thermal management is important for maintaining optimal operating condi-
tions, enhancing performance, and prolonging the fuel cells’ lifespan. Among the various

237



Hydrogen 2025, 6, 65

thermal management strategies, passive cooling methods have gained attention due to
their simplicity, reliability, and energy efficiency. These methods utilize natural processes
to dissipate heat without the need for external power sources, leading them to be desirable
for usages in which energy conservation is critical.

One of the primary passive cooling techniques employed in PEMFCs is the utilization
of phase-change materials (PCMs). PCMs can absorb and then release thermal energy
at phase transitions, which assists in stabilizing the fuel-cell temperature. According to
Wang et al. [83], integrating PCMs into the cooling channels of PEMFCs can significantly
enhance thermal management by providing a buffer against temperature fluctuations. This
method is particularly beneficial during periods of high thermal load, as the PCM can
absorb excess heat and release it when the temperature drops, thereby maintaining a more
uniform distribution of temperature in the fuel cell.

Another effective passive cooling strategy involves the use of enhanced thermal
conductivity materials, such as nanofluids. Zakaria [84] discusses how incorporating
nanofluids into the coolant can improve the thermal physical properties, thereby enhancing
heat transfer efficiency in liquid-cooled PEMFCs. This approach allows for a reduction in
the size of heat exchangers while maintaining effective cooling performance. The ability
to utilize nanofluids not only improves thermal management but also contributes to the
overall cell compactness.

Additionally, the fuel-cell components design plays an important part in passive
cooling. The incorporation of heat sinks, as well as optimized flow channel geometries,
can facilitate better heat dissipation. For instance, the arrangement of flow channels
can be designed to maximize surface area exposure to the coolant, enhancing convective
heat transfer [51]. This design consideration is vital for ensuring that heat is effectively
removed from critical areas of the fuel cell, thus preventing overheating and maintaining
optimal performance.

Moreover, natural convection can be harnessed as a passive cooling mechanism. In
configurations where the fuel cell is oriented to allow for natural airflow, heat can be
dissipated through convection without the need for mechanical fans or pumps. This
method is particularly advantageous in applications where energy efficiency is paramount,
as it reduces the whole system of energy consumption [85].

All in all, passive cooling methods are integral to the PEMFCs’ thermal management.
Techniques such as phase-change materials, enhanced thermal conductivity materials,
optimized flow channel designs, and natural convection contribute to maintaining optimal
operating temperatures, improving efficiency, and prolonging the lifespan of PEMFCs.
As research continues to advance in this area, the development of innovative passive
cooling strategies will be essential for successful fuel cell commercialization technologies
in various applications.

Bipolar Plates for Proton-Exchange Membrane Fuel Cells

The thermal management of PEMFCs is important for optimizing fuel cell perfor-
mance, as well as ensuring its longevity. Among the various elements involved in thermal
management, bipolar plates play a significant role. These plates not only serve as current
collectors but also facilitate heat dissipation and manage the flow of reactants and coolant
within the fuel cell stack. The design and material selection of bipolar plates are therefore
critical for effective thermal management.

Bipolar plates are typically made from materials that possess good electrical conduc-
tivity and thermal conductivity. Common materials include graphite and metal composites,
which can efficiently conduct electricity while also allowing for effective heat transfer. The
structural design of bipolar plates can significantly influence the thermal management
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capabilities of PEMFCs. Innovations such as tree-shaped fractal designs and tapered dual
serpentine channels have been shown to enhance heat dissipation and promote uniform
distribution of temperature across the membrane electrode assembly (MEA). This unifor-
mity is essential for maintaining optimal operating conditions and preventing localized
overheating, which can lead to performance degradation.

Moreover, the integration of cooling channels within the bipolar plates is a key aspect
of thermal management. These channels allow for the circulation of coolant, which absorbs
excess heat generated during the electrochemical reactions. Optimizing the flow paths
within the bipolar plates can enhance heat transfer efficiency. By designing the cooling
channels to maximize surface area and minimize flow resistance, the overall fuel-cell
thermal management could be considerably enhanced.

In addition to their thermal management functions, bipolar plates also provide stack
mechanical stability in the fuel cell. The ability of bipolar plates to withstand operational
stresses while maintaining structural integrity is vital for the PEMFCs’ durability. The
materials’ mechanical properties used in bipolar plates must be carefully considered to
ensure that they can endure the thermal cycling and pressure variations that occur during
operation. This durability is important for maintaining the fuel cell performance and
reliability over time.

Furthermore, the surface treatment of bipolar plates can enhance their thermal man-
agement capabilities. Techniques such as coating the plates with materials that improve
thermal conductivity or applying hydrophilic treatments can facilitate better heat transfer
and water management within the fuel cell. Effective water management is critical in PEM-
FCs, as such a strategy helps uphold the membrane hydration while preventing flooding,
which can adversely affect performance.

In conclusion, bipolar plates are integral to PEMFCs’ thermal management. Their
design, material selection, and cooling channel integration play a crucial part in optimizing
heat dissipation and maintaining a uniform distribution of temperatures in a fuel-cell stack.
As research continues to advance in this area, innovative designs and materials for bipolar
plates will be important to improve the performance and durability of PEMFC technologies.

Heat Recovery Opportunities for Proton-Exchange Membrane Fuel Cells

Thermal management in PEMFCs is important to optimize the performance and
ensure the longevity of the fuel cell system. One promising approach to enhancing thermal
management is through heat recovery options, which allow for the efficient utilization of
waste heat produced during electrochemical reactions. This not only improves the overall
cell efficiency but also contributes to energy sustainability.

One primary method for PEMFCs’ heat recovery involves the integration of heat
exchangers. These devices can capture waste heat produced from the cell and then transfer
it to other systems, such as water heating or space heating applications. According to
Wang [86], the integration of heat exchangers could significantly enhance the overall
system energy efficiency by utilizing the thermal energy that would otherwise be lost.
This strategy is predominantly useful in applications in which both electricity and thermal
energy are required, such as in CHP systems.

Another effective heat recovery strategy is using thermoelectric generators (TEGs).
These devices transform temperature differences into electrical energy, allowing for waste
heat recovery from PEMFC. As noted by Pourrahmani et al. [87], TEGs could be attached
to a fuel cell to harness low-grade waste heat, thereby increasing the overall energy output.
This method not only improves fuel-cell efficiency but also offers an additional source of
power, which can be particularly advantageous in remote or off-grid applications.
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Quantitatively, thermoelectric generators (TEGs) typically achieve thermal-to-electrical
conversion efficiencies of 5–8% for low-grade waste heat (<200 ◦C) available from PEMFCs,
and 12–15% for higher-grade heat (>500 ◦C) from SOFC exhaust streams. For example, in a
PEMFC operating at ~70 ◦C with a 40–50 ◦C temperature gradient across the TEG module,
each module can generate approximately 5–20 W of electrical power, depending on module
design, thermal interface quality, and heat flux. These values underscore that, while TEGs
cannot recover all waste heat, their ability to convert a fraction into useful electricity can
improve system-level energy efficiency in both stationary and portable applications.

Furthermore, the design of the fuel-cell stack itself can facilitate heat recovery. For
instance, optimizing the flow field configuration can enhance fuel cell heat transfer qualities.
Research by Tolj et al. [88] indicates that specific flow field designs can improve heat distri-
bution and reactants, thereby maximizing thermal energy utilization. This optimization
could result in better thermal management and enhance the whole PEMFC performance.
Four distinct geometries were created in Design Modeler, as shown in Figure 10. Model 1
serves as the baseline, calibrated to match an experimental PEM fuel cell, while Models 2,
3, and 4 represent various optimized configurations.

Figure 10. The computational domains for each of the models [89].

Additionally, the utilization of phase-change materials (PCMs) in conjunction with
PEMFCs presents another avenue for heat recovery. PCMs can absorb excess heat during
operation and release it when the temperature drops, helping maintain a stable thermal
environment. Yan et al. [69] highlight the potential of PCMs to enhance thermal stability
and improve the efficiency of PEMFCs by effectively managing the heat generated during
electrochemical reactions. This approach can be particularly useful in applications with
fluctuating power demands, as it allows for better temperature regulation.

In conclusion, the options of heat recovery for PEMFCs play a vital role in enhancing
thermal management and improving overall system efficiency. The integration of heat
exchangers, thermoelectric generators, optimized flow field designs, and phase-change
materials can significantly contribute to the effective utilization of waste heat. As research
continues to advance in this area, the development of innovative heat recovery strategies
will be essential for the successful commercialization of PEMFC technologies in various
applications. Table 3 summarizes the thermal management techniques in PEMFCs.
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Table 3. Key techniques and strategies in PEMFCs thermal management.

Focus Technique Type Description Advantages

Thermal Management of
PEMFCs

Active Cooling
Systems

Active Circulating coolant through channels to
dissipate excess heat.

Prevents overheating,
catalyst deactivation.

Passive Cooling
Systems

Passive Using materials with high thermal
conductivity and optimized designs to

enhance natural heat dissipation.

Energy-efficient,
improves reliability.

Water Management
Systems

Active Humidifier bypass configurations to
improve hydration and water distribution.

Enhances electrochemical
performance and
thermal balance.

High-Temperature
Proton Membranes

Advanced
Materials

HT-PEMs maintain performance at
elevated temperatures, improving

thermal management.

Enhances thermal and water
management, durable.

Active Cooling Methods Liquid Cooling Active Water/glycol coolant circulates through
stack channels.

Efficient heat removal,
adaptable to load.

Air Cooling Active Forced air dissipates heat from the fuel
cell stack.

Compact, low energy
consumption.

PCMs Active Absorb/release heat during phase
transitions to regulate temperature.

Stabilizes temperature during
fluctuating loads.

Passive Cooling
Methods

Phase-Change
Materials (PCMs)

Passive Stabilizes fuel-cell temperature by
absorbing and releasing heat.

Reduces temperature
fluctuations,

improves stability.

Nanofluids Passive Improves thermal conductivity in coolants,
enhancing heat transfer.

Increases heat transfer
efficiency, compact system.

Natural Convection Passive Heat dissipation through natural airflow
without mechanical assistance.

Energy-efficient, reduces
power consumption.

Bipolar Plates Bipolar Plate Design Design
Innovation

Tree-shaped fractal designs and serpentine
channels for better heat dissipation and

reactant flow.

Ensures uniform temperature,
prevents overheating.

Material Selection Advanced
Materials

Graphite and metal composites improve
heat and electrical conductivity.

Enhances durability and
performance.

Surface Treatments Design
Innovation

Hydrophilic coatings enhance heat transfer
and water management.

Improves thermal and water
management.

Heat Recovery Options Heat Exchangers Heat
Recovery

Transfers waste heat to other systems, such
as space or water heating.

Improves overall energy
efficiency in CHP systems.

Thermoelectric
Generators (TEGs)

Heat
Recovery

Converts waste heat into electrical energy,
enhancing energy output.

Harnesses low-grade waste
heat, increases efficiency.

Optimized Flow
Field Designs

Design
Innovation

Improves heat transfer by optimizing the
flow of reactants and heat in the fuel

cell stack.

Maximizes heat utilization,
improves performance.

PCMs for Heat
Recovery

Heat
Recovery

Absorbs excess heat and releases it during
low-demand periods to maintain

thermal balance.

Enhances efficiency and
thermal stability.

2.3.2. Thermal Management of Solid-Oxide Fuel Cells (SOFCs)

Thermal management in SOFCs is a critical factor influencing their efficiency, perfor-
mance, and longevity. SOFCs work at high temperatures, normally between 600 ◦C and
1000 ◦C, which allows for efficient electrochemical reactions but also presents challenges
related to heat dissipation and thermal stress management. Effective thermal management
strategies are essential to ensure optimal operating conditions and to avoid damage to the
components of a fuel cell.

One of the primary methods for managing heat in SOFCs is through the design and
integration of cooling systems. These systems can include active cooling methods, such
as liquid cooling, where a coolant flows via channels next to the fuel cell stack to absorb
surplus heat. According to Xu et al. [64], optimizing the cooling system design is crucial
to maintain the temperature within an acceptable range, thus improving overall fuel-cell
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efficiency. The cooling channels should be cautiously designed to guarantee uniform heat
distribution and prevent localized overheating, which can lead to material degradation.

In addition to active cooling, passive thermal management techniques are also em-
ployed in SOFCs. These methods leverage the natural heat dissipation properties of
materials and the fuel cell design components. For instance, the use of materials with
high thermal conductivity can facilitate heat transfer away from cell-critical areas, helping
keep a stable operating temperature. The fuel cell structural design, including electrodes
and electrolyte arrangement, can significantly impact thermal management. Sai et al. [56]
emphasize that the geometry of the interconnects and electrodes plays an important part in
managing thermal stresses and providing efficient heat dissipation.

Heat recovery systems are another important aspect of thermal management in SOFCs.
By capturing waste heat generated during operation, these systems can improve overall
energy efficiency. For example, integrating heat exchangers can allow for the recovery of
thermal energy for use in other processes, such as heating water or providing space heating.
This not only improves the overall SOFC efficiency but also promotes energy conservation,
as well as sustainability.

Furthermore, the use of advanced materials in the construction of SOFC components
can enhance thermal management. Research into new materials, such as advanced ceramics
and metal alloys, is ongoing to improve thermal stability and reduce thermal expansion
mismatches between different components. These advancements can help mitigate thermal
stresses and improve fuel-cell durability, ensuring reliable and durable operation [89].

In conclusion, effective SOFC thermal management is important for optimizing per-
formance, enhancing efficiency, and prolonging the lifespan of the system. The integration
of active and passive cooling methods, the careful design of fuel cell components, and the
implementation of heat recovery systems are all critical strategies in managing heat within
SOFCs. As research continues to advance in this field, the development of innovative
thermal management solutions will be vital for the successful commercialization of SOFC
technologies in various applications.

Heat Recovery Opportunities for Solid-Oxide Fuel Cells

SOFCs’ heat recovery is essential for improving the overall efficiency of these systems,
particularly in applications where both electricity and thermal energy are required. SOFCs
operate at high temperatures, normally between 600 ◦C and 1000 ◦C, which allows for
significant amounts of waste heat to be generated during operation. Effectively capturing
and utilizing this waste heat can lead to improved system performance and reduced
energy costs.

One of the most common methods for heat recovery in SOFCs is the integration of
combined heat and power (CHP) systems [90–93]. In a CHP configuration, waste heat
produced by the SOFC is recovered and utilized for the purpose of heating applications,
including water heating or space heating. Wang et al. [24] highlight that this integration
could considerably enhance the system efficiency, achieving total efficiencies of up to
90% when both electrical and thermal outputs are considered. Electrolyzer efficiency is
highly temperature-dependent; for example, PEM electrolyzers show improved kinetics
at moderate temperatures (50–80 ◦C) but may suffer from membrane dehydration or
catalyst degradation above this range. When coupled with fuel cells in renewable-powered
systems, thermal management must balance the heat recovery benefits for electrolyzer
preheating with the risk of overheating, ensuring stable hydrogen production rates and
system longevity. The high-quality heat produced by SOFCs is particularly suitable for
such applications, making CHP systems a viable option for maximizing energy utilization.
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Another effective heat recovery strategy involves the use of heat exchangers. These
devices can capture waste heat coming from SOFC exhaust and then transfer it to other
processes, such as preheating feedwater or supplying heat to absorption chillers for cooling
applications. However, Müller et al. [94] do not directly address the implementation of
heat exchangers in SOFC systems, focusing instead on waste heat recovery for dehydro-
genation processes.

Additionally, the design of the SOFC system can be optimized to facilitate heat re-
covery. For instance, Duong et al. [95] discuss the potential of integrating thermal storage
systems with SOFCs to capture surplus heat during low-demand periods and release such
excess heat during peak demand. This integration allows for better management of thermal
energy and can help balance the supply and demand for heat in various applications. By
utilizing thermal storage, SOFC systems can operate more flexibly and efficiently, adapting
to varying energy needs.

Moreover, the use of advanced materials in the construction of SOFC components
can enhance heat recovery capabilities. For example, the development of materials with
improved thermal conductivity can facilitate better heat transfer within the system, allow-
ing for more effective capture and utilization of waste heat. In conclusion, SOFCs’ heat
recovery is vital for enhancing overall system efficiency and sustainability. The integration
of CHP systems and optimization of system design contribute to effective heat recovery
strategies. As R&D in this field are continuing to progress, the implementation of innova-
tive heat recovery solutions will be vital for the successful commercialization of SOFCs in
various applications.

Possibilities to Decrease the Operating Temperature of Solid-Oxide Fuel Cells

The reduction in SOFCs’ working temperatures is a significant area of research aimed
at improving efficiency, reducing costs, and enhancing the longevity of these systems.
Traditional SOFCs work at high temperatures, normally between 600 ◦C and 1000 ◦C,
which can result in the degradation of material and increased thermal stresses. Therefore,
various strategies have been and are being developed to reduce the working temperature,
primarily focusing on advanced materials and innovative designs.

One promising approach to lowering the working temperature of SOFCs is the de-
velopment of Intermediate Temperature SOFCs (IT-SOFCs). These cells typically work
at temperatures ranging from 400 ◦C to 800 ◦C, significantly lower than conventional
SOFCs. According to Mazlan et al. [96], the use of doped barium cerate (BaCeO3) and
barium zirconate (BaZrO3) as electrolytes in IT-SOFCs has shown high proton conductiv-
ity and chemical stability, causing them to be suitable candidates for lower-temperature
applications. This shift not only reduces the thermal stresses experienced by the cell com-
ponents but also allows for the use of less expensive materials that can withstand lower
operating temperatures.

From a thermal management perspective, reducing the operating temperature from the
conventional ~1000 ◦C to intermediate (600–800 ◦C) or low-temperature regimes (<600 ◦C)
decreases the overall heat rejection requirement, thereby lowering the size and complexity
of heat exchangers and auxiliary cooling systems. The smaller thermal gradients between
the active layers and the balance-of-plant components also reduce thermal stresses, which
mitigates the risk of mechanical failure during start-up and shut-down cycles. Furthermore,
lower peak temperatures improve insulation efficiency and allow more compact system
designs, enhancing overall reliability and operational stability in both stationary and
mobile applications.

Another effective strategy involves the optimization of electrode materials and struc-
tures. Zamudio-García et al. [97] discuss the use of tunable electrode architectures, which
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can enhance the electrochemical performance at lower temperatures. By adjusting the com-
position and microstructure of the electrodes, researchers can improve the reaction kinetics,
thereby enabling efficient operation at reduced temperatures. This approach helps mitigate
the sluggish electrochemical activity that often limits performance in traditional SOFCs.

Nanotechnology plays a critical part in decreasing the working temperatures of SOFCs.
Lee et al. [98] highlight that the application of nanostructured materials can significantly
enhance the performance of SOFCs while allowing for thinner electrolytes and smaller
electrode particles. These advancements not only improve ionic conductivity but also
reduce the thermal mass of the cell, facilitating quicker thermal responses and enabling
operation at lower temperatures without sacrificing efficiency. Figure 11 depicts a thin-film
SOFC, where the gas-tight electrolyte diameter columns increase with thickness. The
white arrow designates the column diameter, which expands as the thickness gets bigger,
resulting in residual compressive stress within the film.

 

Figure 11. A thin-film SOFC where the gas-tight electrolyte diameter columns increase in thick-
ness [98].

Furthermore, the integration of metal-supported SOFCs (MS-SOFCs) offers another
pathway for reducing operating temperatures. These cells utilize a metal substrate that
provides excellent thermal conductivity and mechanical strength, allowing for rapid ther-
mal cycling and improved thermal management. Du et al. [99] note that the use of metal
supports can enhance SOFCs’ thermal shock resistance, allowing them to operate effectively
under lower temperatures while maintaining performance. This innovation opens up new
possibilities for applications in mobile and portable power applications.

Besides material advancements, the fuel cell design itself can be optimized to facilitate
lower operating temperatures. For instance, the implementation of advanced thermal
management strategies, such as improved heat recovery systems, can help maintain optimal
thermal conditions within the fuel cell. By effectively capturing and utilizing waste heat, it
is possible to lower the operational temperature while enhancing overall system efficiency.

In conclusion, lowering the SOFCs’ working temperature is a multifaceted challenge
that could be tackled through advanced materials’ development, innovative electrode
designs, and optimized system configurations. The transition to IT-SOFC, the application
of nanotechnology, and the use of metal supports are all promising strategies that could
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improve the performance and longevity of SOFCs while enabling their broader application
in various energy systems. Table 4 summarizes SOFCs’ thermal management.

Table 4. Main strategies and considerations for thermal management, heat recovery, and temperature
reduction in SOFCs.

Focus Key Points

SOFCs Thermal Management • SOFCs work at high temperatures (600 ◦C to 1000 ◦C), requiring effective
thermal management.

• Active cooling systems (e.g., liquid cooling) help manage heat and prevent
localized overheating.

• Passive methods include using materials with high thermal conductivity
and optimizing component design.

• Heat recovery systems capture waste heat for increased efficiency.

Heat Recovery Options for SOFCs • CHP systems recover waste heat for heating applications, improving
overall efficiency.

• Heat exchangers capture and transfer waste heat to other processes.
• Thermal storage systems balance heat supply and demand.
• Advanced materials with improved thermal conductivity enhance heat

recovery capabilities.

Opportunities to Decrease the
Operating Temperature of SOFCs

• Intermediate Temperature SOFC (IT-SOFCs) function at 400 ◦C to 800 ◦C,
reducing thermal stresses.

• Optimization of electrode materials and structures improves performance
at lower temperatures.

• Nanotechnology enhances ionic conductivity and reduces thermal mass.
• Metal-supported SOFCs offer improved thermal management and

shock resistance.
• System design improvements, such as advanced thermal management and

heat recovery, contribute to lower operational temperatures.

2.3.3. Machine Learning to Regulate Fuel Cells

Machine learning has emerged as a powerful tool for controlling the fuel-cell tem-
perature, especially in PEMFCs and SOFCs. The capability to accurately monitor and
manage temperature is critical for optimizing fuel cell performance, enhancing efficiency,
and prolonging fuel-cell lifespans. Numerous machine learning approaches are being
explored to develop advanced control strategies that can adapt to the dynamic operating
conditions of fuel cells.

One prominent technique is the application of reinforcement learning (RL) for tem-
perature control in fuel cells. He et al. [100] discuss how RL can be utilized to develop
adaptive control strategies that respond to the fuel cell’s nonlinear and time-varying be-
haviors. Unlike traditional control methods, which may struggle to meet the dynamic
optimization requirements, RL algorithms can learn from real-time data and adjust control
actions accordingly. This adaptability allows for more effective temperature regulation,
ensuring that the fuel cell operates within optimal thermal limits.

Another significant application of machine learning in temperature control is through
the use of deep learning algorithms. Ma [101] explores the implementation of model-free,
multiple-input, multiple-output control (MFMIMOC) centered upon deep reinforcement
learning (DRL) for managing the temperature of electrolysis cells from a proton-exchange
membrane. By leveraging the capabilities of DRL, the system can accurately simulate
complex features and dynamics, leading to improved temperature control in hybrid fuel
cell vehicles. This approach highlights the potential of machine learning to enhance the
precision of temperature management systems.
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Moreover, support vector machines (SVMs), along with artificial neural networks
(ANNs), have been utilized to predict and control temperature dynamics in fuel cells. Chat-
terjee presents an SVM for hybrid electric vehicles powered with fuel cells, emphasizing the
effectiveness of data-driven control systems in optimizing temperature management [102].
These machine learning models could examine historical data and recognize patterns,
allowing proactive adjustments to maintain optimal operating temperatures.

Additionally, the integration of machine learning with traditional control methods
can further enhance temperature management. Louis [75] discusses the use of linear active
disturbance rejection control in conjunction with machine learning techniques for enhancing
the PEMFCs temperature control. By combining the strengths of both approaches, it is
possible to achieve more robust and reliable temperature regulation, which is essential for
maintaining the performance and durability of fuel cells.

In conclusion, machine learning techniques offer innovative solutions for controlling
the temperature of fuel cells. The application of reinforcement learning, deep learning
algorithms, and hybrid control strategies could enhance the reliability and efficiency of
temperature management systems in PEMFCs and SOFCs. As research continues to
advance in this field, the integration of machine learning into fuel-cell technology has an
essential part to play in optimizing performance and ensuring the successful deployment
of fuel cells in various applications.

2.3.4. Thermal Management of Other Types of Fuel Cells

Thermal management is a fuel-cell-crucial element, affecting the efficiency, perfor-
mance, and longevity of numerous fuel cells. While PEMFCs and SOFCs are commonly
discussed, other fuel-cell types, such as molten carbonate fuel cells (MCFCs) and phospho-
ric acid fuel cells (PAFCs), also require effective thermal management strategies to optimize
their operation.

Molten carbonate fuel cells (MCFCs) work at elevated temperatures, normally be-
tween 600 ◦C and 700 ◦C. Such high operating temperatures enable the use of carbonate
electrolytes, which can facilitate electrochemical reactions. However, managing the thermal
environment is essential to prevent overheating and ensure consistent performance. Ac-
cording to Muck [103], maintaining a uniform distribution of temperature in the MCFC is
important, as temperature gradients could result in thermal stresses and the degradation of
fuel cell components. Effective thermal management systems, such as heat exchangers and
thermal storage solutions, can help regulate the temperature and improve overall efficiency.

Phosphoric acid fuel cells (PAFCs) also work at elevated temperatures, generally
around 150 ◦C to 200 ◦C. The thermal management of PAFCs is vital for maintaining
the optimal operating temperature, as insufficient heat can lead to reduced reaction rates
and overall efficiency. Muck [103] emphasizes the importance of integrating advanced
thermal management techniques, such as fiber sensing for spatially resolved temperature
measurement, to monitor and control the temperature within PAFC systems. This real-time
monitoring allows for proactive adjustments to the cooling systems, ensuring that the fuel
cells work in the range of their optimal thermal interval.

Protonic ceramic fuel cells (PCFCs) are also gaining attention for their potential to
operate at intermediate temperatures (400 ◦C to 800 ◦C). Shimada et al. [104] discuss the
development of bi-layered structures in PCFCs, which can enhance thermal stability and
performance. The ability to operate at lower temperatures compared to SOFCs while
maintaining high efficiency is a significant advantage, and effective thermal management
strategies are essential to optimize their performance.

Hybrid fuel cell systems, which combine different types of fuel cells, also present
unique thermal management challenges. For example, integrating PEMFCs with SOFCs or
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other energy systems requires careful consideration of the thermal interactions between the
components. Anselma et al. [71] propose a dynamic programming approach for optimizing
hybrid fuel-cell thermal management, making sure that each component operates within
its optimal temperature range. This integrated method could enhance the overall fuel cell
efficiency as well as its reliability.

In conclusion, effective thermal management is critical for the performance and dura-
bility of various types of fuel cells, such as MCFCs, PAFCs, and PCFCs. The implementation
of advanced thermal management methods, such as real-time monitoring, heat exchangers,
and hybrid system optimization, can considerably improve the efficiency and reliability of
such systems. As research continues to advance in this field, innovative thermal manage-
ment solutions will be essential for the successful commercialization of diverse fuel-cell
technologies. Table 5 summarizes the key points from Sections 2.3.3 and 2.3.4 regarding
machine learning techniques for temperature control of fuel cells, along with the thermal
management of various fuel-cell types:

Table 5. Main strategies, considerations, and research directions in using machine learning for
temperature control and in the thermal management of various fuel-cell types.

Focus Key Points

Machine Learning Methods to Regulate
Fuel Cells Temperature

• Machine learning enhances temperature control in PEMFCs
and SOFCs.

• Reinforcement learning (RL) adapts to dynamic conditions for better
temperature regulation.

• Deep learning algorithms improve control accuracy in hybrid fuel
cell vehicles.

• SVM and ANN predict and manage temperature dynamics.
• Integrating machine learning with traditional methods enhances

robustness in temperature regulation.
Other Types of Fuel Cells: Thermal
Management of

• Effective thermal management is crucial for various fuel-cell types:
MCFCs, PAFCs, and PCFCs.

• MCFCs: Function at 600 ◦C to 700 ◦C; uniform temperature
distribution prevents thermal stresses.

• PAFCs: Work at 150 ◦C to 200 ◦C; advanced techniques like fiber
sensing enable real-time temperature control.

• PCFCs: Work at 400 ◦C to 800 ◦C; bi-layered structures improve
thermal stability.

• Hybrid Fuel Cell Systems: Combining different types requires
optimized thermal management to enhance efficiency.

3. Conclusions: Fuel-Cell Thermal Management

In conclusion, effective thermal management is an important component of ensuring
optimal fuel cell performance, reliability, and the lifespan of various fuel-cell technologies,
specifically PEMFCs and SOFCs. The complexity of heat generation within fuel cells, driven
primarily by electrochemical reactions, necessitates a comprehensive approach to thermal
management that addresses both heat generation and dissipation.

For PEMFCs, effective thermal strategies are critical in preventing overheating, which
could result in proton-exchange membrane degradation. This degradation not only re-
duces fuel cell efficiency but also impacts its whole lifespan. In PEMFC systems, design
and flow field optimization play important roles in distributing reactants and removing
excess heat. The implementation of active cooling techniques, like liquid cooling and
phase-change materials, has been shown to be effective in regulating temperature and
enhancing fuel cell operation reliability. Moreover, the use of advanced materials that en-
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hance thermal conductivity is crucial for improving heat dissipation, thereby maintaining
optimal operating conditions.

Conversely, SOFCs, which work at significantly higher temperatures (600 ◦C to
1000 ◦C), face unique thermal management challenges. The high operating temperatures en-
hance ionic conductivity, which is essential for efficient electrochemical reactions; however,
they also introduce the risk of thermal stresses that can lead to material degradation. To
address these challenges, effective thermal management strategies must be implemented to
maintain uniform temperature distribution within the cells. Advanced cooling techniques,
such as liquid cooling systems and heat exchangers, can capture and manage waste heat
effectively, thereby enhancing overall system efficiency.

Furthermore, the heat recovery systems’ integration in both PEMFCs and SOFCs has
the potential to significantly improve energy utilization by capturing waste heat to be
used in other applications, for example, space heating or power generation. This not only
improves the overall efficiency of fuel cell systems but also promotes the sustainability of
energy use in various applications.

In addition to traditional thermal management techniques, the incorporation of ma-
chine learning approaches presents new opportunities for improving temperature control
and thermal management in fuel cells. Algorithms of machine learning, including reinforce-
ment learning and deep learning, can adapt to changing operating conditions, providing
real-time adjustments to temperature management strategies. These advancements of-
fer the potential for more robust and reliable fuel cell operation, ultimately improving
performance and extending the lifespan of the systems.

Despite the promising advancements in thermal management strategies for fuel cells,
several challenges remain that warrant further attention. The integration of advanced
cooling methods and hybrid systems often increases system complexity, which can lead to
higher installation and maintenance costs. Moreover, the scalability of these approaches
from laboratory prototypes to large-scale commercial applications is not straightforward, as
performance benefits observed at small scales may diminish under real-world conditions.
Economic feasibility remains a critical hurdle, especially for systems incorporating novel
materials or complex hybrid configurations.

Using estimation derived from reported cost ranges for hybrid supercapacitor–battery
systems and advanced cooling technologies in comparable renewable–integrated fuel cell
applications, incorporating these components can increase capital expenditure by approx-
imately 8–15%. This estimate reflects the additional costs of power electronics, control
integration, and specialized cooling hardware. However, these investments can yield
lifecycle benefits—such as extended component life, reduced maintenance frequency, and
improved operational efficiency—that offset the initial cost within a 10–15-year operational
period. Furthermore, the integration of heat recovery in combined heat and power (CHP)
configurations can enhance return on investment by monetizing thermal output in addition
to electricity generation.

Scalability considerations include thermal uniformity in large fuel cell arrays, the
modularity of hybrid storage units, and integration with grid or microgrid control systems.
Ensuring efficient thermal management at scale may require distributed cooling loops,
advanced heat exchangers, and control algorithms capable of coordinating multiple hybrid
storage modules. Economic scaling can be supported with modular designs that share
common components and standardized interfaces. Addressing these limitations through
cost-effective designs, simplified control strategies, and scalable solutions will be crucial
for the broader adoption and commercialization of fuel-cell technologies.

Recent reviews collectively show that effective fuel-cell commercialization depends
on advances in thermal management, environmental adaptability, and integrated control
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strategies across both PEMFCs and SOFCs [105–109]. The ongoing research and develop-
ment in fuel-cell thermal management will be critical for tackling challenges pertaining to
heat generation and dissipation. By continuously optimizing thermal management strate-
gies, the performance, efficiency, and lifespan of fuel-cell technologies can be enhanced,
paving the way for their extensive adoption in numerous applications, from automotive to
stationary power applications. As the energy landscape evolves toward cleaner and more
sustainable solutions, the significance of effective fuel-cell thermal management will only
grow, making it a key area of focus for future research and development efforts.

4. Future Research Direction: Fuel-Cell Thermal Management

The future of thermal management in fuel cells, particularly for PEMFCs and SOFCs,
is ready to evolve significantly, driven by advancements in technology, materials, and
computational techniques. As fuel-cell technologies become increasingly integral to the
transition to clean energy systems, a concerted effort is needed to explore and refine thermal
management strategies. Several key research directions can be identified to improve fuel-
cell performance and reliability. Figure 12 shows the summary illustration of future research
directions in fuel-cell thermal management.

Modeling and 
Simulation 

Studies

Advanced 
Materials 
Development

Long-Term 
Durability Studies

Machine Learning 
and AI

Hybrid Cooling 
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Integration with 
Renewable Energy 

Sources
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Technologies

Future Directions in Fuel Cell Thermal Management

Figure 12. Future research direction in fuel-cell thermal management.

1. Hybrid Cooling Systems

One promising avenue for future research is the development of hybrid cooling
systems that integrate both active and passive thermal management methods. Active
cooling systems, such as liquid cooling, provide immediate temperature regulation, while
passive systems leverage materials with high thermal conductivity and optimized designs
to enhance natural heat dissipation. The synergistic combination of these approaches could
lead to more efficient and reliable thermal management solutions. Research should focus
on optimizing the design and control of these hybrid systems to improve their performance
under varying operational conditions.

2. Advanced Materials’ Development
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The search for advanced materials that enhance thermal conductivity and stability is
another critical area for research. The use of nanomaterials, composites, and innovative
coatings can significantly improve heat transfer efficiency and reduce thermal stresses in
fuel cells. Investigating the properties and applications of such materials in the context of
fuel-cell thermal management will be essential for developing more effective systems. This
includes exploring materials that can withstand the extreme conditions of SOFCs while
maintaining high ionic conductivity.

3. Machine Learning and Artificial Intelligence

The integration of machine learning and artificial intelligence in thermal management
represents a transformative opportunity. Future research should aim to leverage these
technologies for the real-time monitoring and adaptive control of temperature in fuel cell
systems. Machine learning algorithms can analyze vast amounts of data from fuel cell
operations, identifying patterns and predicting performance under various conditions. By
implementing adaptive control strategies based on this analysis, researchers can optimize
thermal management systems to respond dynamically to changes in operating conditions,
thus enhancing overall efficiency and reliability.

4. Real-Time Monitoring Technologies

The development of advanced sensing and monitoring technologies will play a vital
role in improving thermal management. Integrating fiber-optic sensors, thermocouples,
and infrared imaging techniques can facilitate real-time temperature measurement and
distribution analysis within fuel cell systems. This data will be crucial to understanding
thermal behaviors, identifying hotspots, and optimizing cooling strategies. Research should
focus on developing compact and reliable sensing solutions that can be easily integrated
into existing fuel cell designs.

5. Heat Recovery Systems Optimization

Enhancing heat recovery systems is essential for improving the overall efficiency of
fuel-cell technologies. Future research should investigate innovative approaches to capture
and utilize waste heat more effectively. This includes exploring advanced heat exchangers,
thermal storage solutions, and integration with other energy systems. By optimizing the
design and operation of heat recovery systems, researchers can significantly increase the
overall energy conversion efficiency of fuel cells, making them more competitive with
traditional energy sources.

6. Modeling and Simulation Studies

Advanced modeling and simulation studies will be critical for understanding the
complex interactions within fuel cell systems. Future research should focus on developing
comprehensive computational models that can accurately predict thermal behavior, effi-
ciency, and performance under various conditions. These models will not only aid in the
design of more effective thermal management strategies but also facilitate the optimization
of fuel-cell systems as a whole. Collaborative efforts between researchers in computational
fluid dynamics, materials science, and fuel-cell technology will be essential to achieve
these goals.

7. Long-Term Durability Studies

Investigating the long-term durability of thermal management systems in fuel cells is
crucial for ensuring reliable operation. Research should focus on understanding the effects
of thermal cycling, material degradation, and operational stresses on fuel-cell performance
over extended periods. This knowledge will inform the design of more robust thermal
management solutions that can withstand the rigors of real-world applications. Long-term
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testing and evaluation will be necessary to assess the effectiveness of newly developed
strategies and materials.

8. Integration with Renewable Energy Sources

As fuel cells are increasingly utilized in renewable energy applications, research should
explore the integration of thermal management systems with renewable energy sources
such as solar and wind. Understanding how these systems interact and the potential
for synergistic benefits will be essential for developing efficient and sustainable energy
solutions. This includes exploring the use of fuel cells in hybrid systems that combine
multiple energy sources and storage solutions.

All in all, the future of thermal management in fuel cells presents numerous research
opportunities that can considerably improve the performance, efficiency, and durability of
fuel-cell systems. By exploring hybrid cooling systems, advanced materials, machine learn-
ing applications, real-time monitoring technologies, heat recovery optimization, modeling
studies, durability assessments, renewable energy integration, and standardization efforts,
researchers can pave the way for the successful commercialization of fuel-cell technologies.
As the requirement for renewable and sustainable energy solutions is continuing to grow,
these research directions will play a crucial part in advancing fuel-cell technology, as well
as its applications in various sectors.
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Abstract

Hydrogen-based Power Systems (H2PSs) are gaining accelerating momentum globally to
reduce energy costs and dependency on fossil fuels. A H2PS typically comprises three main
parts: hydrogen production, storage, and power generation, called packages. A review
of the literature and Original Equipment Manufacturers (OEM) datasheets reveals that
no single manufacturer supplies all H2PS components, posing significant challenges in
system design, parts integration, and safety assurance. Additionally, both the literature and
H2PS projects’ database highlight a gap in a systematic hydrogen equipment and auxiliary
sub-systems technology selection process, and how this selection affects the overall H2PS
Balance of Plant (BoP). This study addresses that gap by providing a guideline for available
technology options and their impact on the H2PS-BoP. The analysis compares packages and
auxiliary sub-system technologies to support informed engineering decisions regarding
technology and equipment selection. The study finds that each package’s technology
influences the selection criteria of the other packages and the associated BoP requirements.
Furthermore, the choice of technologies across packages significantly affects overall system
integrity and BoP. These interdependencies are illustrated using a cause-and-effect matrix.
The study’s significance lies in establishing a structured guideline for engineering design
and operations, enhancing the accuracy of feasibility studies, and accelerating the global
implementation of H2PS.

Keywords: balance of plant; hydrogen equipment packages; technology selection; H2PS design

1. Introduction

Excluding rare pure natural (geologic or white) hydrogen (H2), other forms of hydro-
gen are an energy carrier, not an energy source; thus, it must be produced using energy to
split it from hydrogen-containing materials such as water or hydrocarbons [1]. The inputs
of energy, the production technology and the feedstock determine the carbon footprint or
the colour code of the produced hydrogen, e.g., Green, Blue, Grey, Pink, etc. Although
hydrogen technologies are over 100 years old in principle, recent efficiency improvements,
capital costs decline [2], and awareness of global warming and climate change have acceler-
ated the role of hydrogen in the economy, called the “Hydrogen Economy” [3]. Hence, the
principle of utilising hydrogen to decarbonise the energy sectors is gaining momentum with
tremendous support from Governments, academia, research centres, and industries [4,5].
Many countries have set a target to become zero-emission by 2050, where hydrogen plays a
crucial role in achieving this target [2,5,6].

Hydrogen 2025, 6, 57 https://doi.org/10.3390/hydrogen6030057
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Using hydrogen to store Renewable Energy (RE), called Power to Gas [6], is a promis-
ing approach to decarbonise the electricity sector. Hydrogen is a superior energy carrier
due to its high gravimetric energy density (141.9 MJ/kg), significantly surpassing liquefied
petroleum (46–50 MJ/kg) and natural gas (50–55 MJ/kg) [7]. Therefore, Hydrogen-enabled
Power Systems (H2PS) are gaining accelerating momentum globally [2,8] to reduce the
cost of energy and dependency on fossil fuels [9,10]. Many remote, isolated, stand-alone
microgrids worldwide with abundant RE resources have started evaluating the feasibility
of 100% RE-H2PS, which has led to the installation of many trials and demonstrations
of H2PS, and many more are underway [11–15]. Green hydrogen is the most proposed
and used in H2PS development [15] for grid-support and off-grid power systems using
various hydrogen equipment technologies [11,16]. A typical 100% RE-H2PS comprises an
electrolyser, storage, and FC packages with all the necessary equipment for integration
into the hosting or served power systems [9,11]. The operation’s philosophy is to utilise
excess RE to split water into hydrogen and oxygen, where hydrogen is stored, and oxygen
is vented [9]. The stored hydrogen can be used to regenerate electricity via FCs when RE
resources are insufficient [6,11,17]. Hydrogen Compressed Gas (H2CG) storage technology
is the most used in the installed H2PS worldwide; however, other promising technologies
like liquid hydrogen or material-based technologies are gaining momentum [11,18].

A scan of the worldwide H2PS projects’ database and Original Equipment Manufac-
turers (OEM) products’ datasheets revealed that no manufacturer produces all parts of
the H2PS. A comprehensive literature review reveals no detailed Balance-of-Plant (BoP)
guidelines, system integration requirements, and systems engineering design procedures
from the BoP perspective. This presents challenges for feasibility studies, engineering
design, system integration, and safe operations, as the system parts and technologies’
selection determine the cost and complexity of the system [19].

This study focuses on the H2PS equipment’s packages and technologies variation
and their effect on the holistic system BoP to establish a guideline to support informed
decision-making regarding the preliminary technologies’ selection process and, therefore,
the cost estimation. In addition, an H2PS-BoP guideline is essential to facilitate a systematic
hydrogen-enabled systems’ Engineering Design and Operations (EDO).

2. Method

The study was constructed at three levels of BoP: the hydrogen components at the OEM
level, delivered packages, and the holistic H2PS from an EDO perspective, as illustrated in
Figure 1.

The H2PS-BoP at level one discusses briefly (at high-level of detail) the hydrogen
components, namely, Electrolysers and FC stacks, typical construction parts, and stacking
methods at the manufacturer’s facility, i.e., cell and stack fabrication. This level of detail
is beyond the scope of the EDO processes, as hydrogen components (equipment) are
typically designed and packaged by the OEM. However, these details are crucial for low-
level maintenance, conducted by the OEM or the personnel they trained to do so. On
the other hand, the storage equipment’s high-level detailed BoP is discussed according to
the storage technology used, as the components vary and differentiate according to the
storage technology and the specific parameters, such as operation temperature, pressure,
application, and required discharge duration.

The H2PS-BoP at level two discusses the hydrogen-delivered packages, including
the equipment, essential auxiliary, and sub-systems. This level of BoP is crucial for the
EDO and maintenance of H2PS. Therefore, from an EDO perspective, hydrogen equipment
packages’ typical components, such as functionality, interconnectivity, and interoperabil-
ity, are discussed and listed for each part of the holistic H2PS. This study discusses the

257



Hydrogen 2025, 6, 57

packages as an individual part of the holistic H2PS regardless of the assembly process and
orientation. We conducted a comprehensive review of multiple OEM product specifications
and datasheets [20–44], alongside selected knowledge-sharing reports from existing H2PS
projects [3,11,13,14,19,45–57], to identify and categorise the distinct technology packages
and solutions in use.

The holistic H2PS auxiliary and sub-systems are discussed at level three BoP. In
addition, the external support systems for feedstock supply, cooling, control, safety, and
waste management are discussed for both case-specific designed and pre-engineered-
packaged H2PS.

Figure 1. Typical H2PS: three levels Balance of Plant (BoP).

3. Water Electrolysis

Water electrolysis is the process of splitting water (H2O) into hydrogen (H2) and
oxygen (O2) by passing Direct Current (DC) through the electrolysis stack. The total
reaction is explained in Equation (1) [58].

2 H2O (liquid) + energy → 2 H2 (gas) + O2 (gas) (1)

where Energy = 237.2 kJ/mol (electricity) + 48.6 kJ/mol (heat) [59].

3.1. Electrolysis Technologies

Despite the many different types (technologies) of electrolysers, there are three well-
known types of electrolysis technologies, namely, Alkaline Electrolyser (ALKE), Proton
Exchange Membrane Electrolyser (PEME), and Solid Oxide Electrolyser (SOE) [60], as
shown in Figure 2.

These electrolysers work under the same principle but in different ways [61]. The
ALKE and PEME are the most used technologies in today’s H2PS applications, while the
SOE is gaining potential for Combined Heat and Power (CHP) applications, as the SOE
operation temperature is very high compared to the other electrolysis technologies [62].
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(a) (b) (c) 

Figure 2. Different electrolysers work in different ways [7]: (a) Alkaline Electrolyser (ALKE),
(b) Acidic, Polymer Electrolyte Membrane, or Proton Exchange Membrane Electrolyser (PEME),
(c) Solid Oxide Electrolyser (SOE).

Electrolysers Emerging Technologies

A range of rapidly developing but not commercially ready water electrolysis technolo-
gies may require different BoP and engineering controls, such as the following:

1. Anion Exchange Membrane Electrolyser (AEME) possesses the advantages of both
ALKE and PEM electrolysers technologies without their weak points [63].

2. Proton-Conducting Ceramic Electrolyser (PCCE) is another emerging high-temperature
and comparably high-efficiency technology.

3. Unitized Regenerative Fuel Cell (URFC) is an electrolyser and FC in one stack arrange-
ment, which can carry out the electrolysis of water in electrolysis mode and function
in regenerative mode as a FC. The combination of both electrolysers and FCs in a
single cell/stack requires special arrangements and engineering controls [64].

4. Capillary-fed Electrolysers (CFE) is a new category of electrolysis, introduced in 2022
by Hysata company in Wollongong, NSW, Australia. The concept was published in
an article by Hodges A. et al. (2022) [65]. The efficiency mentioned in the literature is
over 80% [65,66].

This study focuses on the most well-known electrolyser technologies and the most
mentioned emerging technologies in the literature regarding H2PS. Some selected cell and
stack specifications and properties of electrolysers are compared in Table 1.
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3.2. Electrolyser’s Cell and Stack Arrangements

This section discusses typical electrolysis cells and stack arrangements (level 1) in high-
level detail, as the cell and stack are not directly related to the EDO of H2PS. The designers
typically use pre-assembled electrolyser stacks or packages, while the maintenance team
may replace parts according to the OEM instructions and specifications. On the other hand,
high-temperature electrolysers such as SOEs are not commercially available at this time
and are not commonly used in H2PS, as they require high-quality excess heat energy [74].
Therefore, this study focuses on the AKLE and PEME cells and stacks arrangements.

The typical electrolysis cell consists of two electrodes, an anode and a cathode, plated
with a catalyst and enclosed by an electrolyte as an ionic conductor (charge carrier) [61].
The two electrodes are separated by a membrane (separator) to pass a selected ion from
one electrode side to the other side [62], as shown in Figure 3a. Typically, each electrode
with the catalyst, electrolyte/membrane, and gas diffusion layer is assembled in what is
known as the Membrane Electrode Assembly (MEA) [63], as illustrated in Figure 3b.

Figure 3. (a) General PEM electrolyser’s single cell construction components, (b) Membrane Electrode
Assembly (MEA). Pictures Source [7].

The design of the electrolysis cell complexity can vary significantly depending upon
the technology type and application [63], but, in general, several essential components
found in most electrolysis cells, as illustrated in Figure 3a,b, are as follows [63]:

1. The Membrane Electrode Assembly (MEA) consist of the following:

a. Electrodes (anode and cathode);
b. Catalyst (technology-specific);
c. Membrane/Electrolyte (technology specific);
d. Gas diffusion layer.

2. Flow plates.
3. Gaskets, clamping mechanism and seals.

The electrolyser’s hydrogen production capacity (called size) increased by cells cas-
cading, i.e., multiple cells connected in series to form an electrolyser stack, as illustrated in
Figure 4 [63]. Typically, these cells are separated with spacers (insulating material between
two opposite electrodes or bipolar plates), seals, frames (mechanical support), and end
plates (to avoid leaks and collect fluids). However, each technology requires some specific
stack arrangements, which also vary between manufacturers as compared in Table 1 above.
The manufacturing cost factor is the cost of the materials used as catalysts and the me-
chanical construction, which depends on the electrolyser’s technology and varies between
manufacturers [61,63].
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Figure 4. Basic cascading method of PEM electrolysis stack.

In general, several essential components can be found in most electrolysers’ stacks [63,75]:

1. Feed stock (water) flow interconnection and recirculate water.
2. Bipolar plates interconnecting cells back to back (anode to cathode).
3. Anode and Cathode end plates at both ends of the stack.
4. Cooling plates (coolant flow).
5. Power connection arrangements.
6. Stack mechanical arrangements, such as the following:

a. Bolts;
b. Layers’ stiffness;
c. Machining gaskets;
d. Seals;
e. Clamping mechanism.

Figure 5 shows some examples of actual electrolyser stacks.

(a) ALKE stack (b) PEME stack (c) SOE stack 

Figure 5. Examples of actual electrolyser stacks [7]: (a) ALKE, (b) PEME, and (c) SOE.

263



Hydrogen 2025, 6, 57

3.3. Electrolyser Package

The electrolyser stack requires support, auxiliary, and control systems to function,
i.e., produce hydrogen [64,70]. These systems vary depending on the technology type
and the scale. The electrolyser stack with all required sub-systems is referred to as an
electrolyser package in this study. In general, the electrolyser packages’ BoP (level 2), as
illustrated in Figure 6 (a and b), comprises (depending on the stack technology and size)
many supporting systems, such as (but not limited to) the following [60,63,76]:

1. Power supply rack (transformer and/or rectifier), Power Management System (PMS)
and production control.

2. Water supply, including storage, treatment such as desalination and/or purification
and de-ionisation, and feeding systems, such as water pumping.

3. Liquid electrolyte storage and circulating system (lye system) for the AKLE [76] or
ion exchanger circulating system for the PEME.

4. Cooling system and/or heat exchangers.
5. Pressure control system.
6. Monitor, control, and Human interface, including remote control, communication,

software, and PLC.
7. Hydrogen buffer tank.
8. Hydrogen purification system, i.e., impurities removal and deoxygenation to remove

remnant oxygen.
9. Hydrogen dryers.
10. Ventilation system.
11. Venting valves and pipework.
12. Sensors and alarm system.
13. Interconnecting wires and pipelines.

Figure 6. Typical BoP diagram of (a) Proton Exchange Membrane Electrolyser (PEME), (b) additional
sub-system for Alkaline Electrolyser (ALKE).

Most electrolysers’ packages supporting sub-systems are generally the same, while
technology-specific systems vary [76]. The feedstock (water) system complexity and
integration depend on the water source, i.e., whether the water source is desalinated,
collects rainwater, or has potable water mains [77]. Typically, the water supply system is
not considered a part of the electrolyser package, but purification (demineralisation and
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deionisation) and the feed pump are part of the package, even if some or all parts are located
outside the main package enclosure [78]. The water purity depends on the electrolyser’s
technology but is typically required to be ultrapure and deionised feedstock [79]. The
feedwater circulating system at the anode side of the stack in the PEME packages is
essential to avoid the release of metal ions over time [76]. While liquid electrolyte storage
tank and circulating system (typically pumps) can be found in the AKLE packages [80].
Also, the power supply rack may be located in the same enclosure or outside, depending
on the electrolyser package scale. The power supply system varies depending on the
power source, type, scale, and coupling with the hosting power system or grid connection
requirements.

Typically, for small-to-medium-scale electrolysers, the stack and required support sub-
systems, such as control and auxiliary systems, are delivered in one container (enclosure),
as shown in Figure 7. However, some OEMs use more than one container or locate some
sub-systems in other parts of the H2PS enclosures for safety or ease of access during
operations and maintenance [26].

Electrical con-
trol and power 
supply  

PEM stack 
and support 
subsystems  

Figure 7. Examples of electrolyser’s package BoP [7].

4. Fuel Cells

4.1. Fuel Cell Technologies

The Fuel Cell (FC) uses hydrogen as a fuel to generate electricity in the form of direct
current (DC) by an electrochemical reaction; i.e., in a reverse way compared to electrolysers,
where the anode of the electrolyser cell becomes the cathode of the FC, and the cathode
becomes the anode. However, the directions of the migration of anions and cations with
respect to current flow are unchanged [81].

The overall reaction is explained in Equation (2) [82] and as compared in Figure 8.
Whilst hydrogen gas is the feedstock (fuel), oxygen is typically obtained from the air (~21%
is oxygen).

2 H2 (gas) + O2 (gas) → 2 H2O (liquid) + Electrical and Heat Energy (2)

The FCs were used for stationary and mobile electricity generation at a range of sizes.
It is the heart of the H2PS to utilise the stored hydrogen for power regeneration, though
hydrogen can be used as a fuel for internal combustion engines or hydrogen gas turbines
to generate power [6]. The trend is to use FCs in the H2PS, as they are more efficient
compared to hydrogen-burning generators [59]. However, if the generated heat is utilised
in a combined heat and power (CHP) system, low-temperature FCs are considered less
efficient. This study focuses on FCs for power regeneration as part of the holistic H2PS BoP.
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Figure 8. Fuel cell types with ions transported and typical operational temperatures [7].

There are five well-known types of hydrogen FCs, which are distinguished by their
electrolytes and the reactions that take place on the electrodes, namely [81,83,84]:

1. Alkaline Electrolyte (AFC);
2. Proton-Exchange Membrane (PEMFC);
3. Phosphoric Acid PAFC;
4. Molten Carbonate (MCFC);
5. Solid Oxide (SOFC).

These technologies under the lens of this section are shown in Figure 8, and selected
relevant specifications are compared in Table 2.
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Fuel Cells Emerging Technologies

There are less well-known types of FCs, as they are still under development, such
as Direct Borohydride (DBFC) [81], Direct Carbon (DCFC) [81], Biological (Microbial)
MFC [81], and Reversible Fuel Cell [83]. These types of FCs are not used in the H2PS yet,
while other technologies possess promising potential, such as Anion-Exchange Membrane
Fuel Cells (AMFC) [81] and Unitized Regenerative Fuel Cells (URFC) [64].

4.2. Fuel Cell Package

This study focuses on the typical types of FCs found in existing and developing H2PS;
therefore, it does not discuss Direct Methanol Fuel Cells (DMFCs) and other liquid-fed FCs
because they do not use pure hydrogen directly to regenerate electricity. FCs fundamentally
consist of similar construction parts (in general) of the electrolyser’s stack construction
and arrangement, i.e., level 1, as shown in Figures 3–5 [81,83,95,96]. However, there are
some key differences in their BoP at levels 1 and 2 due to the fact that FCs work in opposite
directions compared to electrolysers. Individual fuel cells are typically combined in series
into a fuel cell stack to increase the single cell voltage from well below 1 V to a sufficient
voltage suitable for applications [97]. The FC stacks’ desired produced power and heat
depends upon several factors, such as fuel cell type (technology), cell size, the operating
temperature, and the pressure of the hydrogen gas supplied to the cell [83]. The FC’s
feedstock (fuel) is pure hydrogen gas, but each type of FC operates at a specific pressure
and minimum accepted hydrogen purity [81].

Key Differences Between Electrolysers and Fuel Cell Stack Designs

There are some key differences between electrolysers and FCs stack designs and
construction due to their different functions, such as the following [81,98]:

(1) Electrode materials.
(2) Electrolyte type.
(3) Operating conditions, such as operating heat and pressure.
(4) Gas management, i.e., modified, or different geometry.
(5) Auxiliary and sub-systems, e.g., air instead of water pumping system.
(6) Cell connections.

These differences are more related to the manufacturers than the H2PS designers,
as shown in Tables 1 and 2. However, the designers should consider the equipment and
supporting systems BoP for the FC package to function, i.e., regenerate electricity.

The FC stacks’ BoP requires different auxiliary sub-systems compared to the elec-
trolysers’ packages [81]. In addition, the requirements for the FC package depend on the
application; i.e., there are different auxiliary sub-systems for stationary power regenera-
tion compared to the FC in mobility applications [81]. This study focuses on stationary
power generation.

The essential auxiliary sub-systems within the FC package depend on the size (capac-
ity) of the FC stack. Figure 9 illustrates an example of PEMFC system (package) integration
and interconnections in a single line diagram. In general, the FC package comprises the
following (but not limited to) auxiliary and sub-systems:

1. Hydrogen clean-up (purification) processors, e.g., carbon dioxide separators and
sulphur removal, depend on the produced and/or stored hydrogen quality [17,81].

2. Air humidifier unit to prevent membrane dehydration [8,81,83,92].
3. Hydrogen pressure regulation (control) skid depends on the system’s storage tech-

nology and operating pressure [99,100]. Typically, FCs operate in a low-pressure
hydrogen inlet [101]; practically, it is between 8 and 16 bars [102].

4. Hydrogen recycling system for re-use of unconsumed hydrogen [81].
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5. Air delivery units, i.e., air compressor or blower with a control unit [83,92,100].
6. Water management, i.e., water removal (prevent flooding), water purge (prevents

freeze-out damage if the ambient temperature falls below zero ◦C), drainage and/or
reclaim unit, typically a condenser and water pump [81].

7. Electrolyte circulating system for FCs using liquid electrolyte, i.e., AFC, typically a
tank and pump with pipes [103].

8. Power-conditioning equipment, e.g., DC/DC converter and DC/AC inverter, to
comply with the hosting grid connection requirements [81,83,92,100].

9. Intercooling system, which depends on the FC capacity, e.g., fans for air cooled or
liquid coolant with heat exchange mechanism [90,92]. This required a third channel
in the bipolar plate [90].

10. Overall control is called Fuel Cell Control Unit (FCCU) [90].
11. Human–Machine Interface (HMI) and PLC interface for remote control [104].
12. Power supply, typically battery for small-medium scale FCs, to provide power for

controllers, valves, DC/DC converter, and pumps on start-up [81,100,104].
13. Electrical and Thermal insulation and protection [81]. This is essential for high-

temperature FCs [105,106].
14. Enclosure ventilation system to prevent hydrogen leakage (if any) from accumulating

within the closure [81].
15. Venting valves and pipework [100].
16. Sensors, safety systems [17], and alarm system [100].
17. Electrical interconnecting wires [81].
18. Pipework (hydrogen, air and water) [100].
19. Operating noise reduction mechanism [107].

Figure 9. PEMFC package integration and interconnections single line diagram.

The FC integrated system or package can be enclosed in one or more containers.
Figure 10 shows some examples of FC packages.

Figure 10. Examples of diverse types of FC packages [7].
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5. Hydrogen Storage

5.1. Technologies

Hydrogen is gaseous at Standard (Room) Temperature and Pressure (STP) with a low
volumetric energy density, i.e., a large footprint for low energy density compared to hydro-
carbon fuels [17,81]. It is difficult to store in large quantities safely and cost-effectively at the
STP. Therefore, different hydrogen storage technologies have been developed, and many
other technologies are still being developed [15]. Nevertheless, hydrogen compression
and cooling/heating are the main processes required for hydrogen storage technologies,
regardless of the type of technology and storage containers [108]. Typically, the storage
package comprises two parts: hydrogen process and storage vessels with all required
auxiliary systems.

The manufacturing process, parts of the compressors, and thermal reactions within
the storage vessel internally (at level 1) are out of the scope of the H2PS engineering design,
though they can significantly change the operations and maintenance requirements. The
system designers have no role in the level (1) BoP. Therefore, this study focuses on the
storage package BoP at levels (2) and (3).

The choice of storage technology depends on land availability (footprint), safety,
and cost-effectiveness. These different hydrogen storage technologies can be categorised
into three main categories, namely, physical-based, material-based, and chemical-based
(hydrogen carrier), as illustrated with some selected examples in Figure 11.

Figure 11. Hydrogen storage technologies (pathways).

5.2. Physical-Based Storage Technologies: BoP

Compression and cooling are the two main process requirements for all physical-
based hydrogen storage, regardless of the type of technology and storage container shape,
size, and make [17]. The physical-based technologies mean pure hydrogen is stored in
its pure form at any matter phase without chemically reacting or binding with any other
substance [108].

There are three well-known technologies to store pure hydrogen physically, which are
defined by the pressure–temperature operating regimes, as follows [109]:

1. Hydrogen Compressed Gas (H2CG) operates at high pressures, as high as 70 MPa,
and near ambient temperature.

2. Hydrogen Cryo-compressed Gas (H2CcG) typically operates at around and above
350 bars and temperatures less than −120 ◦C (150 K).

3. Liquid hydrogen (also called Cryogenic Liquid) operates at low pressures, i.e., typi-
cally less than 6 bars (<0.6 MPa) and low temperatures near the normal boiling point
of the hydrogen, i.e., −253 ◦C (20 K).

Figure 12 shows the hydrogen pressure–temperature operating regimes, phase of
matter and density at different temperatures and pressures.
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Figure 12. The hydrogen phases of matter and density at different temperatures and pressures.
Edited from [7].

The BoP for the physical-based hydrogen storage technologies at level 2 (storage
packages) depends on the compression type, cryogenic cooling system, storage container
type, and operating parameters. This section discusses the common parts, equipment, and
sub-systems for the well-known physical-based hydrogen storage technologies at level 2,
i.e., packages.

The underground hydrogen storage in salt caverns, exhausted oil and gas fields or
aquifers is acquiring attention as a physical-based pathway using H2-CG technologies [6].
However, it is geographically challenged; therefore, it is out of the scope of this study in
the context of H2PS-BoP.

5.2.1. Compressed Gas Package

The Hydrogen Compressed Gas (H2CG) package comprises two main parts: the
compressor unit and the storage vessel (typically low to 1000 bar pressure cylinders).
Depending on the size of the H2PS (i.e., stored hydrogen mass), the compressor unit may
come in one or two enclosures. In contrast, the multi-cylinder orientation arrangement
determines the footprint of the vessel. The H2CG package BoP typically comprises (but is
not limited to) the following:

1. The compressor unit (package) type depends on the required pressure, mass flow
rate, and technology’s techno-economic choice [110,111]. The compressor is the main
part of H2CG technology, which operates as an intermediate system between the
production and the storage vessel. Typically, the compressor unit is delivered from the
OEM as a fully functioning unit packaged in one or more enclosures, which includes
the following [25]:

(a) Power supply switchboard (depends on the compressor size).
(b) Bypass and pressure relief valves (manual or auto-actuated).
(c) Hydrogen and purge gas venting system.
(d) Control system and/or PLC unit (depending on the size of the system and

its integration into the holistic H2PS requirements) for operations and remote
control, if required.

(e) Safety systems, including hydrogen detectors, shut-off (stop) functions, and
alarm systems, are typically automatic.
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(f) Compressed air system and pipework if valves are air-actuated.
(g) Compressor cooling system for internal and compressed hydrogen outlet

cooling. Cooling the outlet compressed hydrogen gas depends on the mass
flow rate and the operating temperature of the storage vessel.

(h) Hydrogen pipelines.

Note: Using high-pressure electrolysers can eliminate the need for the compressor
unit unless more compression is required.

2. Storage vessels are typically cylinders where the compressed hydrogen is stored
within. The storage vessels system, in general, includes the following:

(a) Storage vessel, where its type depends on the operation pressure, footprint,
application, and cost-effectiveness.

(b) Check and shut off (isolation) valves, safety raptures, inlet/outlet valves,
and pipelines.

(c) Ventilation system in the case of enclosed storage vessels.
(d) Control system for operations and remote control (if required).
(e) Safety systems, including leak detectors, isolation valves, and alarm systems.
(f) Compressed air system and pipelines (if valves are air-actuated).
(g) Venting system for hydrogen and purging gas.

5.2.2. Cryogenic Compressed Gas and Liquifying Package

Hydrogen gas can be compressed with cryogenic cooling to be less energy-intensive
than liquified hydrogen and have more volumetric density than H2CG [17]. Hydro-
gen Cryogenic Compressed Gas (H2CcG) at high pressure, i.e., above 150 bars (typically
350 bars [109]) and temperature between the boiling temperature (−253 ◦C) and typi-
cally less than −124 ◦C [109], can have a higher density than liquid hydrogen, as shown
in Figure 12 [17]. In addition, cryogenic operations at a low temperature, as low as
−196.15 ◦C (77 K), maximise hydrogen absorption when an electrochemical compressor
is used, resulting from the possibility to compress hydrogen to a high pressure of up to
700 bar in a single step [69]. Nonetheless, a notable advantage of H2CcG over Liquid
Hydrogen (LH2) is that it requires less energy to produce, i.e., the theoretical compression
to 200 bars and cooling work to −193 ◦C (80 K) is approximately 10 MJ/kg, which is similar
to the work required to compress hydrogen to roughly 500 bars compared to 22–50 MJ/kg
of the liquefaction work [109].

On the other hand, cryogenic (refrigeration) below −252.9 ◦C (usually rounded to
−253 ◦C) [112], even with low pressure (as low as 6 bars), hydrogen becomes Liquid
Hydrogen (LH2) [109], as shown in Figure 12.

In contrast, typical H2CcG or LH2 system BoP comprises the same main parts of the
H2CG system, with the following differences:

(a) Cryogenic refrigerator is the heart of these technologies, typically one of the
technologies, depending on the scale (hydrogen mass) and the system’s cost-
effectiveness [109,113].

(b) Cryogenic and/or liquid hydrogen containers (vessels), typically made of stainless
steel and aluminium [114], are specifically designed to reduce heat leakage by thermal
insulation. The H2CcG and LH2 vessels must be specifically designed to handle
extremely low temperatures [115]. Specifically, LH2 tanks are expected to be built
at larger (capacity) units compared to H2-CG tanks, as they do not handle high
pressure [116]. Additionally, in LH2 plants, liquid hydrogen boiloff management
system is crucial to reduce the heat transfer (losses) from the surroundings when
hydrogen is stored for a long time [17,116].
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(c) Vaporisers are used to vaporise LH2 when hydrogen is needed [17]. Vaporisers use
heat to convert liquid hydrogen back into its gaseous state. Several types of vaporisers
exist, including ambient air vaporisers, steam-heated vaporisers, electric vaporisers,
and microwave-induced plasma [117].

(d) A hydrogen boiloff venting system is crucial, and safety concerns must be addressed
as vented cold hydrogen is denser than ambient air and may fall back to the plant
grounds [118].

(e) Cryogenic pumps transfer LH2 from the vessel to the vaporiser and/or the buffer
tanks [103].

Cryogenic-suitable materials of any type in contact with LH2 or H2CcG, such as
package’s sub-systems, auxiliary, valves, and pipelines, shall be embrittlement-resistant
and capable of withstanding extremely low temperatures, i.e., sufficiently flexible to provide
for the effect of expansion and contraction due to temperature changes [110,114,119].

5.3. Material-Based Storage Technologies: BoP

Material-based hydrogen storage technologies have the potential for high volumetric
density at lower pressure (close to ambient conditions), significantly improving safety [120].
Materials chemistry, structure, and properties have attracted the interest of many leading
researchers as a promising, safe, and high-density technology to store hydrogen [121].
The choice of the material to store hydrogen depends on the required storage capacity,
operating conditions, safety, and cost-effectiveness. Thermal management is at the heart of
material-based technologies that control the hydrogen loading and release rates at desired
levels [122]; some examples of hydrogen storage materials are shown in Figure 13.

Figure 13. Plot of hydrogen storage materials observed capacity (weight %) at sorption and release
temperatures [7].

The BoP in the context of a material-based hydrogen storage package in use within the
H2PS is significantly different compared to physical-based storage pathways [122]. These
technologies work on low pressure, which may eliminate the need for a compressor unit.
Also, the hydrogen uptake and control of release are managed via a thermal management
system [123]. A typical material-based storage package consists of the following:
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1. A thermal management system controls the hydrogen uptake (hydrogenation) and the
release at the required flow rate [92]. The uptake reaction is exothermic; i.e., heat has
to be removed while heat is required to enable the endothermic decomposition of the
hydride (dehydrogenation) [123]. Therefore, the released hydrogen must be cooled
and compressed to the FC inlet-specific operation pressure [124]. The required release
heat, typically, can be obtained from an external source or utilise the heat releases
from the regenerating package, i.e., the FC [123]. The external heat energy can be
obtained from burning a portion of the released hydrogen to control the release flow
rate [124], which adds complexity to the package. The H2PS-associated battery may
be used for the startup of the release process. Also, the package includes a cooling
and/or cryogenic refrigerator for the intake process and control [125].

2. The material-specific storage vessel type and specific design depend on the type of
material in use, storage size, operating pressure, and temperature range.

3. Typically, the package requires moisture sensors in addition to the H2 and O2

sensors [124].
4. A hazardous waste-materials disposal management system depends on the type of

storage material and the system operation conditions [85].
5. A low-pressure compressor might be required (depending on the storage system H2

release pressure) to pressure the released H2 to the FC inlet operating pressure [124].
6. Power supply switchboard (depends on the compressor size and the thermal manage-

ment technology).
7. Pressure relief valves (typically auto-actuated).
8. Hydrogen and purge gas (typically nitrogen) venting system.
9. Control system and/or PLC unit (depending on the system’s size and integration

requirements into the H2PS) for operations and remote control (if required).
10. Safety systems include a shut-off (stop) function and an alarm system, typically automatic.
11. Compressed air system and pipelines (if valves are air-actuated).
12. Compressor cooling system for internal cooling and the released H2 cooling

after compression.

5.4. Chemical-Based (Hydrogen Carriers): BoP

Hydrogen storage by chemically binding with other materials is a promising pathway
to efficiently and cost-effectively ease the H2 storage difficulties [124]. However, this path-
way is impractical for H2PS when hydrogen is produced on-site, as converting hydrogen
to synthetic hydrocarbon fuels, LOHC, or non-organic hydrogen carriers adds significant
complexity to the system [104]. Therefore, this H2 storage pathway is outside the scope of
this study.

6. Holistic H2PS Systems’ BoP

The literature review reveals many research studies, industry knowledge-sharing
reports, and OEM datasheets related to the H2PS parts and equipment. However, it is rare
to find publications related to the BoP of a holistic H2PS. Therefore, this study depends on
the authors’ experience, personal communications, and publicly shared information from
the implemented H2PS worldwide [11,13,14,45–57,126,127].

Typically, H2PSs comprise three main components or packages: hydrogen production,
storage, and power regeneration. Each package relies on additional auxiliary systems and
sub-systems to operate effectively. These packages are integrated and interconnected to
make a holistic H2PS. The holistic H2PS must meet the integration requirements of the
hosting power system or the system it serves, both at the input and output. Figure 14
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visually represents how the typical packages in an H2PS at level 3 (the holistic system) are
integrated with the supporting auxiliary and sub-systems.

Figure 14. The hydrogen-based power systems (H2PS) three main parts (packages), namely, electrol-
yser(s), storage, and power regeneration fuel cell(s) with supporting and auxiliary sub-systems.

The hydrogen packages are typically fully functional devices, incorporating various
supporting auxiliary, sub-systems, and peripherals from original equipment manufacturers
(OEMs). These peripherals can include control, sensors, safety devices, and essential
equipment for package functionality. The peripherals included may differ based on the
intended use of the package, the type of technology employed, and the processes followed
by the OEM company. The previous sections have covered the balance of plant (BoP)
for each package at levels 1 and 2, considering the equipment type and technology used.
The subsequent sub-sections will discuss the BoP of the holistic H2PS at level 3 from an
EDO perspective.

6.1. Non-Hydrogen Auxiliary and Sub-Systems

Typical H2PS, as shown in Figure 14, requires many non-hydrogen systems to function
effectively and operate safely. The minimum (i.e., but not limited to) requirements are
as follows:

1. Renewable Energy (RE) power generation plants, such as solar PV, wind turbines,
oceanic energy, etc., depend on the area’s RE resources availability, whilst the plant
size is related to the scale of the H2PS.

2. Water supply, storage, and purification systems and related pipework, whereby
complexity depends on the H2PS scale and water sources, i.e., seawater, underground,
or potable water.

3. The cooling system and its related pipework depend on the H2PS scale and packages’
technologies, i.e., the cooling requirements.

4. The compressed air system depends on the H2PS scale and the pneumatic devices
in use.

5. Non-product stream treatment and disposal include brine water, coolant, lubricants,
and any other waste related to specific technologies in use. The treatment and disposal
process shall follow environmental codes and regulations at all levels.

6. Point of connection switchboard and electrical connections to and from the H2PS
I/O terminals, i.e., cables, trays, converters, inverters, and protection systems. The
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electrical equipment shall be compatible with an explosive atmosphere requirement,
depending on the safe distance from the hydrogen environment.

7. Electrical buffer system to manage the load rejection and shedding, as well as the
start-ups and shutdowns of the H2PS equipment. These buffers are typically batteries
and/or supercapacitor banks. The buffer system’s size depends on the scale of the
H2PS and the hosting or served power system size and orientation.

8. Fire detection and suppression systems associated with the holistic H2PS.
9. Civil work and safeguards include concrete foundations, footpaths, heavy machinery

access, barriers, and fences. Note: Civil works are out of the scope of this study.

The non-hydrogen systems are typically designed to follow the control philosophy
and align with the holistic H2PS control system integration requirements and operational
communications protocols, such as connections to plant PLC.

6.2. Interconnections and Interoperability

The holistic H2PS typically acts as an energy storage system consisting of three main
packages and many other sub-systems amalgamated to function as one device, like a
battery bank functionality. The holistic system packages and subsystems’ interconnections
and interoperability are the main challenges for system engineering designers. These chal-
lenges depend on the package’s technology type, which determines the type of equipment
connecting any two packages and the integration into the holistic H2PS. The packages’
mutual interdependence is discussed in the following sections.

6.2.1. Production-Storage Packages’ Interconnection

The interconnection between the production (electrolyser(s)) and the storage packages
depends on the electrolyser outlet pressure and flow rate (production rate) and the specific
inlet operation pressure and control philosophy of the storage package. The required
interconnections and interoperability equipment can be summarised (but are not limited
to) as follows:

(1) Hydrogen transfer pipework with proper mechanical support and safety valves.
(2) The hydrogen buffer (bladder) tank depends on the storage package inlet operation

pressure and control philosophy.
(3) Control, sensors, and communication commands (PLCs) wiring with proper mechani-

cal support.
(4) The cooling system that is typically part of the holistic H2PS cooling system but can

be part of one or both supplied packages.
(5) A heat recovery system for CHP can be used in thermal management when material-

based or cryogenic storage technology is used.
(6) A battery bank or buffer unit can be included in the electrolyser package or the

holistic H2PS.

6.2.2. Storage-Regenerative (FC) Packages’ Interconnection

The integration and interconnection of the storage and the regenerative (FC) packages
depend on the storage outlet pressure and the FC package-specific inlet operation pressure
and operations philosophy. The required interconnections and interoperability equipment
can be summarised (but are not limited to) as follows:

(1) Hydrogen transfer pipework with proper mechanical support and safety valves.
(2) Hydrogen pressure reduction skid when high-pressure storage technology is in use or

a low-pressure compressor when using low-pressure material-based or LH2 storage
technology. The pressure regulation depends on the FC package inlet operating
pressure and the control philosophy.
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(3) Control, sensors, and communication commands (PLCs) wiring with proper mechani-
cal support.

(4) The cooling system that is typically part of the holistic H2PS cooling system but can
be part of one or both supplied packages.

(5) Heat recovery system for CHP or to control the hydrogen release flow rate when
using material-based or LH2 storage technology.

(6) Reclaimed water and transferred from the FC to the water supply system, which
depends on the FC technology, operating temperature, and water scarcity.

(7) The DC/DC converter unit can be included in the FC package or associated with the
external DC/AC inverter, which is the gateway to the point of connection.

(8) The auxiliary power supply, typically a battery bank, can be included in the FC
package or the holistic H2PS. Also, it could be an external power supply.

6.3. Off-the-Shelf Engineered-Packaged Systems

The literature reveals that many companies are offering pre-engineered assembly from
different OEM companies and packaged as off-the-shelf products (H2PS), which are ready
to be installed with fewer engineering design requirements. These systems may be provided
in one or more enclosures with all the necessary operations and safety measures [128,129].
However, these systems may require external sub-systems and/or power regulation or
inversion to match the site point of connection requirements. Typically, these systems
comprise the same three main packages and the sub-systems of the case-specific-designed
H2SP [128]. In addition, some OEM companies offer case-specific custom-built systems that
may require the system engineers or the owner’s engineer contractors’ involvement [129].
Figure 15 shows two selected examples of engineered H2PS.

Figure 15. Examples of Pre-engineered H2PS [7]: (a) 40 kWh capacity (modulable) H2PS by LAVO,
(b) small-medium scale H2PS by GKN.

6.4. Technologies’ Selection: Cause and Effect

The hydrogen equipment technologies at a high level are typically decided during the
preliminary stages, i.e., in the feasibility study stage. This requires informed decisions on
the hydrogen equipment specifications, interconnection, and integration requirements. This
study presents engineering design guidelines for the technologies’ selection and the mutual
effect of the technologies’ options on holistic H2PS BoP integration and functionality, i.e., at
level 3. The mutual impact is presented as a cause-and-effect matrix, as shown in Table 3.
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7. Conclusions and Way Forward

This study aimed to fill the literature gap concerning the Hydrogen-enabled Power
Systems (H2PS) equipment, devices, auxiliary, and sub-systems Balance of Plant (BoP).
The H2PS-BoP was researched regarding publicly available information such as manu-
facturers’ specifications and datasheets, the literature, authors’ experience, and personal
communications across three critical levels. The first (level 1) encompasses the manufactur-
ing (construction) BoP of hydrogen cells and stacks with their related devices regarding
different technologies. This level was discussed briefly as it is not directly related to the
engineering design of the H2PS projects. The packages (level 2) comprising the hydrogen
stacks and devices, along with their auxiliary and sub-systems delivered as ready-to-use
packages, were thoroughly discussed. The holistic H2PS (level 3) addressing the inter-
connection and interoperability BoP requirements were discussed from an engineering
design perspective. This comprehensive study revealed that many common auxiliary and
sub-systems are typically included in the OEM-delivered packages. However, many others
vary depending on the choice of technology, which significantly affects other packages and
the holistic H2PS BoP. The variation in technology choices’ effect on other packages was
presented as a cause-and-effect matrix. This matrix demonstrated the expected variations
in the BoP at the packages’ level 2 and the holistic H2PS level 3.

The findings of this study establish engineering design and operations guidance and
accelerate the feasibility studies and implementations of H2PS worldwide. The list of
equipment, devices, and sub-systems required to operate H2PS in this study introduced a
database of existing and developing technologies, OEM packages, and system integration
requirements. Nevertheless, expanding this study to other hydrogen systems like fuelling
stations, mobility, transport, and export, and hydrogen for green industries, is vital to
advance the Hydrogen Economy.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work reported in this paper.

Abbreviations

The following abbreviations are used in this study:

H2PS Hydrogen-based Power Systems
OEM Original Equipment Manufacturer
BoP Balance of Plant
RE Renewable Energy
H2CG Hydrogen Compressed Gas
EDO Engineering Design and Operations
DC Direct Current
ALKE Alkaline Electrolyser
PEME Proton Exchange Membrane Electrolyser
SOE Solid Oxide Electrolyser
CHP Combined Heat and Power
AEME Anion Exchange Membrane Electrolyser
PCCE Proton-Conducting Ceramic Electrolyser
URFC Unitized Regenerative Fuel Cell
CFE Capillary-fed Electrolysers
MEA Membrane Electrode Assembly
PMS Power Management System
FC Fuel Cell
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PAFC Phosphoric Acid Fuel Cell
MCFC Molten Carbonate Fuel Cell
DBFC Direct Borohydride Fuel Cell
MFC Microbial Fuel Cell
DMFC Direct Methanol Fuel Cells
HMI Human–Machine Interface
PLC Programmable Logic Controller
FCCU Fuel Cell Control Unit
STP Standard Temperature and Pressure
H2CcG Hydrogen Cryo-compressed Gas
LH2 Liquid Hydrogen
LOHC Liquid Organic Hydrogen Carrier
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Basile, A., Veziroğlu, T.N., Eds.; Woodhead Publishing: Cambridge, UK, 2016; pp. 3–25.

110. Basile, A.; Dalena, F.; Tong, J.; Veziroglu, T.N. Hydrogen Production, Separation and Purification for Energy; Institution of Engineering
& Technology: Stevenage, UK, 2017.

111. Sdanghi, G.; Maranzana, G.; Celzard, A.; Fierro, V. Review of the current technologies and performances of hydrogen compression
for stationary and automotive applications. Renew. Sustain. Energy Rev. 2019, 102, 150–170. [CrossRef]

112. Viswanathan, B. Chapter 10—Hydrogen Storage. In Energy Sources; Viswanathan, B., Ed.; Elsevier: Amsterdam, The Netherlands,
2017; pp. 185–212.

113. Zhang, S.; Feng, Y.; Zhang, D.; Jiang, Y.; Qin, J.; Bao, W. Parametric numerical analysis of regenerative cooling in hydrogen fueled
scramjet engines. Int. J. Hydrogen Energy 2016, 41, 10942–10960. [CrossRef]

114. Aziz, M. Liquid Hydrogen: A Review on Liquefaction, Storage, Transportation, and Safety. Energies 2021, 14, 5917. [CrossRef]
115. Tan, X.F.; Kim, M.; Yasuda, K.; Nogita, K. Strategies to enhance hydrogen storage performances in bulk Mg-based hydrides.

J. Mater. Sci. Technol. 2023, 153, 139–158. [CrossRef]
116. Berstad, D.; Gardarsdottir, S.; Roussanaly, S.; Voldsund, M.; Ishimoto, Y.; Nekså, P. Liquid hydrogen as prospective energy carrier:

A brief review and discussion of underlying assumptions applied in value chain analysis. Renew. Sustain. Energy Rev. 2022,
154, 111772. [CrossRef]

117. Chehade, G.; Lytle, S.; Ishaq, H.; Dincer, I. Hydrogen production by microwave based plasma dissociation of water. Fuel 2020,
264, 116831. [CrossRef]

118. Hansen, O.R. Liquid hydrogen releases show dense gas behavior. Int. J. Hydrogen Energy 2020, 45, 1343–1358. [CrossRef]
119. Rivkin, C.; Burgess, R.; Buttner, W. Hydrogen Technologies Safety Guide; National Renewable Energy Laboratory (NREL): Golden,

CO, USA, 2015.
120. Buckley, C.E.; Chen, P.; van Hassel, B.A.; Hirscher, M. Hydrogen-based Energy Storage (IEA-HIA Task 32). Appl. Phys. A 2016,

122, 141. [CrossRef]
121. Hirscher, M.; Yartys, V.A.; Baricco, M.; Bellosta von Colbe, J.; Blanchard, D.; Bowman, R.C.; Broom, D.P.; Buckley, C.E.; Chang, F.;

Chen, P.; et al. Materials for hydrogen-based energy storage—Past, recent progress and future outlook. J. Alloys Compd. 2020,
827, 153548. [CrossRef]

122. Nguyen, H.Q.; Shabani, B. Review of metal hydride hydrogen storage thermal management for use in the fuel cell systems. Int. J.
Hydrogen Energy 2021, 46, 31699–31726. [CrossRef]

123. Tong, L.; Yuan, C.; Yang, T.; Yuan, Y.; Chahine, R.; Xiao, J. Thermal management of metal hydride hydrogen storage tank coupled
with proton exchange membrane fuel cells. Case Stud. Therm. Eng. 2023, 43, 102812. [CrossRef]

124. Adametz, P.; Müller, K.; Arlt, W. Energetic evaluation of hydrogen storage in metal hydrides. Int. J. Energy Res. 2016, 40,
1820–1831. [CrossRef]

125. DOE. Materials-Based Hydrogen Storage. Available online: https://www.energy.gov/eere/fuelcells/materials-based-hydrogen-
storage (accessed on 11 June 2023).

126. European-Commission. In Focus: Renewable Hydrogen to Decarbonise the EU’s Energy System. Available online: https:
//commission.europa.eu/news/focus-renewable-hydrogen-decarbonise-eus-energy-system-2022-11-15-0_en (accessed on
11 June 2023).

127. Australian-Government. Australia’s First Large Scale Hydrogen Plant to Be Built in Pilbara. Available online: https://www.
energy.gov.au/news-media/news/australias-first-large-scale-hydrogen-plant-be-built-pilbara (accessed on 11 June 2023).

128. LAVO Website. Available online: https://www.lavo.com.au/ (accessed on 11 June 2023).
129. GreenHy2 Technology, Solid State and Low Pressure Hydrogen Storage. Available online: https://www.greenhy2.com.au/solid-

state-hydrogen-storage (accessed on 11 June 2023).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

285





MDPI AG
Grosspeteranlage 5

4052 Basel
Switzerland

Tel.: +41 61 683 77 34

Hydrogen Editorial Office
E-mail: hydrogen@mdpi.com

www.mdpi.com/journal/hydrogen

Disclaimer/Publisher’s Note: The title and front matter of this reprint are at the discretion of the

Guest Editor. The publisher is not responsible for their content or any associated concerns. The

statements, opinions and data contained in all individual articles are solely those of the individual

Editor and contributors and not of MDPI. MDPI disclaims responsibility for any injury to people or

property resulting from any ideas, methods, instructions or products referred to in the content.





Academic Open 

Access Publishing

mdpi.com ISBN 978-3-7258-6585-7


