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ABSTRACT

In this contribution, a thermodynamic model-based approach for the optimal design of a solid-
state hydrogen storage and release system utilizing the reversible iron oxide/iron thermochemical
redox mechanism is presented. Existing storage processes using this mechanism face significant
limitations, including low hydrogen conversion, high energy input requirements, limited storage
density, and slow charging/discharging kinetics. To address these challenges, a custom thermo-
dynamic model using NIST thermochemistry data is developed, enabling an in-depth analysis of
redox reaction equilibria under different conditions. Unlike previous studies, this approach inte-
grates a multi-objective optimization framework that explicitly balances competing objectives:
maximizing hydrogen yield while minimizing thermal energy demand. By systematically identifying
optimal trade-offs, the study provides new insights into improving process efficiency and reactor
design for thermochemical hydrogen storage. These findings contribute to advancing energy-ef-
ficient and scalable hydrogen storage technologies.

Keywords: Hydrogen, Hydrogen Fuel Cells, Energy Storage, Modelling and Simulations, Optimisation, Ther-

mochemical storage, Green hydrogen

INTRODUCTION

As the European Union (EU) aims to reach net zero
emissions by 2050, green hydrogen (H2) has emerged as
a clean alternative to existing mainstream hydrocarbon
fuels and even unabated hydrogen. One of the major
challenges with hydrogen, however, is that it is relatively
difficult to store at large scale. Moreover, gaseous and
liquefied hydrogen storage processes are energy inten-
sive and expensive [1]. More recently, there has been
growing interest in the development of cost-effective
and energy-efficient solid-state processes for hydrogen
storage. Thermochemical storage (TCS) is emerging as a
promising method. As defined by De Rosa et al. [2], ther-
mochemical storage is any storage method based on re-
versible chemical reactions in which heat is stored and
released during the forward endothermic and reverse ex-
othermic reactions respectively. The principle behind
thermochemical hydrogen storage is the reversible re-
duction and oxidation of a metal oxide/pure metal pair.
https://doi.org/10.69997/sct.121492

The balanced chemical equation for this reaction is writ-
ten as:

Fe;0, (s)+ 4H, (g) = 3Fe (s) + 4H,0 (g)

In the forward endothermic reaction, the solid metal ox-
ide (Fes0a) is reduced to a pure metal (Fe) with hydrogen
acting as the reducing agent. The hydrogen feed is thus
converted to steam. In the reverse exothermic reaction,
the pure metal (Fe) is re-oxidised to a metal oxide (Fes0a4)
with water/steam acting as the oxidising agent. Essen-
tially, hydrogen is stored in the reduction reaction and the
metal oxide acts a solid-state storage medium. The
stored hydrogen may be recovered in the reverse oxida-
tion reaction. Figure 1 shows the schematic of a thermo-
chemical storage system.
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Figure 1. Schematic of a thermochemical storage system
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To underscore the suitability FesOa/Fe pair, Brink-
man et al. [3] evaluated various other metal oxide/pure
metal candidate pairs such as ZnO/Zn, SnO2/Sn,
GeO02/Ge, WO2722/W, Mo0O2/Mo, for use as solid-state
storage mediums for hydrogen. Considering evaluation
criteria such as process conditions, energy requirements,
material costs, and storage density, they identified
Fez04/Fe as the optimal candidate pair. However, it is im-
portant to note that Otsuka et al. [4] were the first to pro-
pose this storage method for hydrogen fuel cell vehicles
(FCVs). Brinkman et al. [3] highlighted that the strict per-
formance requirements - such as energy density, pro-
cess conditions, and charging/discharging response
times - make it unlikely that this cyclical storage method
will adequately meet the demands of FCV applications.
Conversely, they suggested that for large-scale, long-
term storage applications, where cost and safety are the
primary concerns, the hydrogen TCS method could serve
as a viable alternative.

From this perspective, chemical reactor design, a
vital step in the development of hydrogen TCS pro-
cesses, is the overall aim of this work. Different reactor
types being studied include fixed bed or fluidised bed re-
actors.

In this contribution, Section 2 presents a novel
fixed-bed single reactor concept. Additionally, it outlines
a custom thermodynamic model developed using the
NIST Standard Reference Database 69: NIST Chemistry
WebBook [5] and details its model-based optimisation.
Section 3 presents and discusses the results. Finally,
conclusions are drawn in Section 4.

2. METHODOLOGY

2.1 Single-Reactor Concept

Most research on hydrogen TCS has been carried
out based on a two-reactor system (Figure 1) —an endo-
thermic reactor for reduction and an exothermic reactor
for oxidation [3]. To maximise energy efficiency, such
systems include heat exchangers and other equipment
units. Thus, overall, the CAPEX and OPEX outlays for
these systems are high. Thus, a fixed bed type single re-
actor concept is proposed that combines the endother-
mic and exothermic reactors into a single unit with the
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primary aim of minimising energy input through heat in-
tegration. The proposed concept consists of four main
operating modes that include: standby/factory mode;
storage process; cold storage mode; and release pro-
cess. Figure 2 illustrates the proposed operating modes.

In standby mode, the outer shell of the reactor is
packed with beds of Fe while the inner shell is packed
with beds of Fes0a. In the storage process, a green hy-
drogen feed which is available to be stored, flows into the
inner shell for reduction of the metal oxide while steam is
introduced into the outer shell to oxidise the pure metal
into a metal oxide. A portion of the thermal energy re-
leased from the exothermic oxidation reaction in the
outer shell meets the heat input requirements of the en-
dothermic reduction reaction in the inner shell. Once al-
most all the pure gaseous products of hydrogen from the
outer shell and the steam from the inner shell are re-
moved, the storage process completes, and the unit may
be allowed to cool down and enter a cold storage mode
which theoretically may be long term durations. It is im-
portant to note that once the storage process is com-
plete, the outer shell shall consist of beds of Fes04 while
the inner shell contains Fe. To initiate the hydrogen re-
lease mode, on-site hydrogen is fed to the outer shell for
reduction of Fes04 to Fe while steam is fed to the inner
shell for oxidation of Fe to Fe304. A portion of the thermal
energy released from this exothermic oxidation reaction
thus, feeds the endothermic reaction in the outer shell.
The net effect of these alternating redox reactions in the
outer and inner shells results in the minimisation of the
overall energy input required for hydrogen TCS.

Moreover, besides the comparative advantage of
lower costs, this proposal offers several other ad-
vantages such as the potential for miniaturisation for mo-
bile applications such as in FCVs. Some potential chal-
lenges with this concept may include maintainability
problems, challenges with its dynamic operations nature,
temperature controllability challenges, heat transfer
management between shells, special high temperature
materials requirement, and so on.

2.2 Thermodynamic Model

The objective of the proposed model is to predict
the reaction temperature that maximises equilibrium con-
version. Integration of thermodynamic and chemical re-
action equilibrium yields this powerful model; to predict
the reaction equilibrium constant and other key thermo-
dynamic physical properties (temperature, pressure,
etc.) as well as thermodynamic functions such as en-
thalpy, entropy and Gibbs free energy of the reacting
system. This algebraic thermochemical equilibrium model
is given as:

AG°(T) = —RT In K,y 0
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Figure 3. Operating modes of a proposed single reactor concept for thermochemical storage
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The standard change in Gibbs free energy, A,.G°, at a
fixed temperature and pressure is estimated from the re-
lation:

AGO(T) = AH® — TA,S° (2)

From the NIST Thermochemistry data [5], the mag-
nitude of the standard enthalpy change of a reaction A:H°
is the sum of the standard enthalpies of formation of the
products, each multiplied by its appropriate coefficient,
minus the sum of the standard enthalpies of formation of
the reactants, also multiplied by their coefficients. The
standard entropy change of a reaction, A,.S?, is estimated
similarly. The equilibrium constant as a function of the re-
action temperature, T, for each reaction is estimated from
the relation:

A,.G"(T))

Keq(T) = exp(_ RT (3)

Brinkman et al. [3] reported that under the idealisa-
tions similarly applied for this work, varying the reactor
pressure had no significant effect on equilibrium conver-
sion (x).

The equilibrium conversion (x) in dimensionless
units and as a function of temperature is thus, estimated
as follows:
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@ < SCy, ) [Keq (D). qn,HZ_m] @
Xp = .
’ SCHZO [qn’Hz—in + Keq (T)'qn'Hz—in]
faro(T) = (SCH20> _ [Keq - qn,,,zo_in] )
Ha0 =
’ SCH2 [q"vyzo—in + Keq(T)' q"vyzo—in]

Where SC is the stoichiometric coefficient (dimen-
sionless); K.,(Mis equilibrium constant (dimensionless)
and q,, is molar flow rate (kmol/hr). The heat flow for the
forward reduction reaction, Q((T) and that for the reverse

oxidation reaction, Q,(T), both in kW, are estimated from
the relations.

Qf(T) = Qproducts(T) - Qreactants(T) (6)

Q- (T) = Qproducts (T) — Qreactants(T) (7)

Where the heat flow for the products or reactants may be
determined from the relation:

Qi =) qui- Bh(T) (®)
i=1
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Where n is the number of chemical components. The total
enthalpy in kJ/kmol of the reactant and product streams
are estimated from the relation:

BRO(T) = D" yi- [y + ho(T)] (©)

The temperature dependent enthalpies h°(T) for
each chemical component are estimated from the com-
ponent specific NIST thermochemistry data heat capac-
ity (Shomate equation).

2.3 Optimisation Model

The purpose of the optimisation study is to identify
optimal operating conditions in the presence of trade-
offs between conflicting objectives; maximisation of
equilibrium conversion and minimisation of energy input
in both the reduction and oxidation processes. The pres-
ence of these conflicting objectives gives rise to a multi-
objective optimisation problem (MOOP).

Eq. (10) shows the general structure of a MOOP for
the forward reduction reaction with the reaction temper-
ature, T, as the decision variable.

Equation (1) sets thermodynamic boundaries on the
total energy changes occurring during the reactions.
Equation (2) establishes feasibility limits on the composi-
tion of the reaction system at equilibrium.

The decision variable, T, was constrained to operate
within a range of 25°C and bounded at approximately
80% of the melting point temperature of iron (Fe) re-
ported by [6]. In practical terms, this helps prevent melt-
ing and other forms of physical degradation of the solid
particles, such as sintering, agglomeration, and so on.

MOOP differs from a single objective optimisation
problem (SOOP), in that two or more objective functions
are required to be solved within the specified constraints
simultaneously. Moreover, whereas a unique optimal so-
lution may exist for SOOPs, a set of trade-off solutions
may typically exist for MOOPs.

max fi(T) = xy2(T)
min f,(T) = Qp(T)
s.t.
Eqn. (1)
Eqn.(3)

(10)

TLB <T <TUB

Several methods currently exist for solving MOOPs.
The epsilon(g)-constrained method (ECM) first proposed
by Haimes et al. [7] was applied in this study as it yields
the set of exact Pareto-optimal solutions efficiently. In
applying the ECM, a so-called primary objective function
is selected to be optimised while the other remaining ob-
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jective functions are converted into constraints with pre-
defined upper bounds €. The g-values were selected
based on industrial-scale constraints to guarantee feasi-
ble solutions.

Notwithstanding, it is essential to highlight that all
objectives hold the same level of importance, in that, no
weights of preference are assigned to the objective func-
tions as with some other methods. However, in general,
the successful implementation of ECM requires careful
specification of feasible ¢; values and consideration of
computational efficiency.

In the reduction step, equilibrium conversion of hy-
drogen was specified as the primary objective function in
the description of the MOOP in ECM form as shown in Eq.
(11).

min ~£,(T) = 14, (T)
s.t.
fo(T) = Qp(T) <¢
Eqn. (1)
Eqn.(3)

T8 <T, <TVP

Similarly, the ECM form for the reverse oxidation re-
action is shown in Eq. (12):

min —f(T) = —xu,0(T)
s.t.
L(T)=0Q(T) s¢
Eqn. (1)

(12)

Eqn.(3)
TLB <T,. <TYB

The gradient-based MATLAB nonlinear solver fmin-
con was used to solve the resulting SOOPs within the
practical bounds of the decision variable (reaction tem-
perature) and by systematically varying the constraints
which includes the ¢; values.

The results generated from solving the MOOP is a
set of non-dominated or Pareto-optimal solutions of the
entire feasible decision space. The superiority of the final
solution (best compromised solution) over the other so-
lutions is determined by the decision-maker mostly
based on a combination of technical and economic con-
siderations.

In this work, the fuzzy based method as proposed
by Yalcin & Erginel [8] was used to identify the best com-
promised solutions out of the set of Pareto efficient solu-
tions for each of the objective functions. For each reac-
tion, the optimum is a set of solutions that define the best
trade-off between the competing maximisation (Eq. 13)
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and minimisation (Eq. 14) objective functions.

RD-f (13)
) ="

_ fu = fi(T)
() =2l (14)

Maximum and minimum values of the maximization
and minimisation objectives are calculated from Egs. (15)
and (16) under the problem constraints, respectively.

fii = max(fi (1),  fi = min(fi (7)) (15)

fi =min(fi (1), fi = max(fi(T)) (16)

The best compromised solution being the first solution
point with the largest numerical value for u (T).

3. RESULTS & DISCUSSION

Figure 3 shows a plot of the model predicted equi-
librium conversion vs. reaction temperature for the re-
duction (red curve) and the oxidation (blue) curves.

The reduction step is favoured by high tempera-
tures; equilibrium conversion of hydrogen in the range
0.50 < xy, < 0.9999 were predicted to occur within op-
erating temperature range of 792 K < T; < 1307K, re-
spectively.

Conversely, the oxidation step is favoured by lower
temperatures; such that within similar equilibrium con-
version bounds for steam (xy,,), the predicted tempera-
turerange is 792 K < T, < 568K, respectively.

Although the results suggest that conducting the re-
duction step at high temperatures enhances conversion
rates, it is essential to account for the drawbacks of high
operating temperatures, including safety risks, increased
energy consumption, higher costs, and other related fac-
tors. Moreover, Spreitzer and Schenk [9] have reported,
referencing the Baur-Glassner diagram, that at reduction
temperatures > 570 °C, Fes0a is first reduced to wistite
(an intermediate oxide) before being further reduced to
pure Fe. While the chemical thermodynamic effects of
wistite formation was ignored in this work, it may be im-
portant to characterise its overall effect on the model.

To identify optimum operating conditions for the re-
dox reactions, Pareto front diagrams, the boundary
marked out by the set of all points plotted from the Pa-
reto-optimal set were developed.
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Figure 4 shows the Pareto front considering heat
flow (energy input) and equilibrium conversion for the en-
dothermic forward reduction reaction, while Figure 5 il-
lustrates the Pareto front considering heat flow and equi-
librium conversion for the exothermic reverse oxidation
reaction.

Furthermore, the best compromised solutions for
the endothermic reduction and exothermic oxidation re-
actions were determined and spot-lighted in Figures 4
and 5, respectively, using the fuzzy-based method.

Overall, the results obtained show that for once-
through process storage step, reduction should be con-
ducted at a temperature of about 1079 °C while oxidation
for the release step should be conducted at about 184 °C.
The results obtained also show potential for energy sav-
ings owing to configuration of the single reactor concept
through heat integration.

As highlighted by Smith [10], it is important to note
that the predicted equilibrium conversion values are in-
dependent of the reactor design and represent the abso-
lute maximum conversions of reactants in a reversible re-
action mixture at a given temperature and pressure.

4. CONCLUSIONS

In this work, the thermo-chemical feasibility of a re-
actor concept for hydrogen storage and release has been
established. Through thermodynamic modeling and opti-
mization, ideal operating conditions have been identified,
maximizing hydrogen conversion while minimizing en-
ergy input. The proposed reactor concept demonstrates
the potential for significantly lower specific energy re-
quirements compared to conventional compressed and
liquefied hydrogen storage methods, offering a promising
alternative for efficient hydrogen storage.

To further refine the system, detailed kinetic studies
using the shrinking core model have been conducted to
determine lab-scale charging and discharging times. On-
going experimental work is focused on assessing the
long-term stability of the Fe;04/Fe system and exploring
performance enhancements through the incorporation of
metal oxide/metal pairs as structural supports.

Future work includes the development of a dynamic
distributed parameter model to capture spatial and tem-
poral variations within the reactor. Further efforts will fo-
cus on improving energy efficiency, optimizing key per-
formance metrics, and advancing the scalability of this
storage technology for practical applications.
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