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Abstract: Concentrated solar power is capable of providing high-temperature process streams
to different applications. One promising application is the high-temperature electrolysis process
demanding steam and air above 800 ◦C. To overcome the intermittence of solar energy, energy storage
is required. Currently, thermal energy at such temperatures can be stored predominately as sensible
heat in packed beds. However, such storage suffers from a loss of usable storage capacity after
several cycles. To improve such storage, a one-dimensional packed bed thermal energy storage model
using air as a heat transfer medium is set up and used to investigate and quantify the benefit of
the incorporation of different thermochemical materials from the class of perovskites. Perovskites
undergo a non-stoichiometric reaction extension which offers the utilization of thermochemical heat
over a larger temperature range. Three different perovskites were considered: SrFeO3, CaMnO3 and
Ca0.8Sr0.2MnO3. In total, 15 vol% of sensible energy storage has been replaced by one perovskite
and different positions of the reactive material are analyzed. The effect of reactive heat on storage
performance and thermal degradation over 15 consecutive charging and discharging cycles is studied.
Based on the selected variation and reactive material, storage capacity and useful energy capacity are
increased. The partial replacement close to the cold inlet/outlet of the storage system can increase
the overall storage capacity by 10.42%. To fully utilize the advantages of thermochemical material,
suitable operation conditions and a fitting placement of the material are vital.

Keywords: thermal energy storage; thermochemical energy; packed bed; perovskites; solar energy

1. Introduction

The reduction of greenhouse gas emissions is one of the biggest challenges in today’s
societies. The production of synthetic fuels or other green hydrogen-based chemicals using
renewable energy is essential to decarbonize several industrial and transportation sectors
which cannot be decarbonized using electricity only. For example, road transportation
alone accounted for almost 72% of greenhouse gas emissions of the transport sector in
2017 [1]. Additionally, heavy industries alone account for 25% of all energy and process
CO2 emissions of which 70% take place in steel, cement and chemicals [2]. In the heavy
industry and aviation sectors, green hydrogen is one important consumable for achieving
net zero emissions by 2050 [2,3]. Therefore, hydrogen production with concentrated solar
power (CSP) in the Earth’s sunbelt region is one promising method for achieving this
goal [4].

For this study, high-temperature electrolysis (HTE) coupled with a concentrated solar
process has been analyzed. It has been shown that the high-temperature heat supply by
concentrated solar thermal (CST) process is promising for resource-efficient hydrogen
production [5–12]. Furthermore, the supply of high-temperature heat promises the highest
electrical efficiencies among the available electrolysis technologies [13]. The provision of
high-temperature heat using a CST system with an electrical energy supply from pho-
tovoltaic (PV) results in H2 production costs (LCOH) below 5 USD/kg H2 [7]. In other
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scenarios using alkaline electrolysis and CSP/PV as electrical energy sources, H2 costs
can get as low as 3.09 USD/kg with about 4000 full load hours in a 2030 scenario and
3.3 USD/kg at almost 7000 h [14]. For more efficient H2 production, the use of HTE in a CST
process is promising lower production costs due to the very high efficiency of the HTE [15].
CST is capable of providing the needed process stream at high temperatures to the HTE
and has been investigated for this study. State-of-the-art HTE uses yttria-stabilized zirconia
as an oxide ion conductor and is operated in the range of 700–900 ◦C [16]. Stacks based on
these solid oxide cells can be operated at degradation rates of +0.5%/1000 h [17]. Current re-
search focuses on steam electrolysis operated at temperatures as low as 350–600 ◦C [6,16,18].
However, higher temperatures are still offering the lowest electrical energy consumption as
a larger amount of energy to spilt H2O into H2 and O2 is provided as heat and thermoneu-
tral operation with highest electrical efficiency is possible. Furthermore, considering the
state-of-the-art electrolysis stack in process evaluation excels the maturity of such processes.

The efficiency and sustainability of processes powered by fluctuating resources such
as solar demand require cost-efficient energy storage capabilities. The potential of a storage
system in a CSP application is closely related to the solar power share of the process [19,20].
New solar-powered processes are especially affected by a reliable storage system. Cost-
efficient thermal energy storage (TES) can decrease overall system costs. CSP systems
are mostly using molten salt as a heat transfer fluid (HTF) and storage media. Molten
salt processes can be operated at temperatures up to 565 ◦C [21]. However, storing heat
at temperatures above 600 ◦C, air is suitable as an HTF, and solids and their specific
heat capacity as filler material have been of major interest in TES applications in recent
years [19,22]. Typically, a solid material is considered with sensible thermal energy storage
characteristics. The material is in particle shape and is loosely packed, thus achieving a
natural void fraction ψ of 30–40% empty volume. The void fraction allows a stream flow
through the bed and a direct heat exchange between filler material and HTF. Thus, due to
the storage filler, there is a flow through porous media which can also be described as a two-
phase system (i.e., solid and gas phase). However, this kind of TES is affected by thermal
degradation due to thermal diffusion in a cycling operation [23,24]. This degradation
decreases the volumetric storage capacity resulting in a larger TES size and investment
costs increasing. One option to mitigate thermal degradation is the use of phase change
materials. Cascading the storage with latent phase change material has been investigated
for potential thermocline improvement [25–30]. For this, phase change material is located
at the inlet/outlet boundaries of the TES and the phase change of the selected material
shall takes place at temperatures close to the hot/cold inlet/outlet temperature of the
TES. Thus, the thermocline gradient becomes steeper and the useful storage capacity is
increased. However, the latent phase change material requires suitable encapsulation and
suffers from low thermal conductivity in a solid state [19]. Another option for improving
cycling behavior is the active thermal management of the TES system [31–33]. Here, the
HTF is injected into or released from certain sections of the TES to control the thermocline.
While the active thermal management is a promising technology for increasing the useful
volumetric heat capacity, it requires a more complex system. Additional sensors, valves,
controllers and actuators are needed to adopt this technology. For the analysis of TES
operation behavior, different models can be used. Esence et al. [22] listed different types
of models. These models are described by the dimensions and phases considered for the
heat transfer evaluations (e.g., 1D–1P, 1D–2P, 2D–2P, etc. where D stands for dimension
and P for phase). Cascetta et al. [34] showed that the difference in the solution from 1D to
2D in a two phase representation can be neglected for the centerline thermocline along the
flow direction. Thus, a storage capacity estimation is achieved with low computational
costs. Furthermore, detailed process and storage simulation for techno-economic analysis
is possible with lower computational costs. In this study, a 1D–2P model is developed
to investigate the use of thermochemical materials as another option to mitigate thermal
degradation effects.
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For the efficient solar heat-supported HTE operation, a detailed analysis of the uti-
lization of thermochemical reactive material as packed bed TES filler is carried out. As
volumetric storage capacity increases, TES dimensions decrease and so do the construction
costs. Different thermochemical reactions can be used in thermal energy storage appli-
cations [35]. The solid–gas redox reaction with a gaseous HTF is interesting for several
high-temperature applications [36–38]. Besides the utilization of solid–gas thermochemical
reactions, the incorporation of gas–gas reactions into a solar-powered process is used to
reduce the emissions of carbon-based hydrogen production [39]. However, for the in-
vestigated application with on-site thermal energy storage, solid–gas reactions such as
redox reactions are more suitable, since ambient air is sufficient as an oxygen source for
oxidation [35,36]. In addition, the separation of product and reactant of the thermochemical
reaction is much easier in solid–gas reactions than in gas–gas reactions. The HTE demands
a high-temperature air and steam stream above 800 ◦C. The redox reaction of metal oxides
takes place at 350 to over 1100 ◦C [35,36]. Thus, they can be used to increase energy storage
capacity and passively control the thermocline. For an efficient process operation, the
material is to be reduced at ambient oxygen partial pressure. Stoichiometric reacting redox
pairs such as Co3O4/CoO, CuO/Cu2O and (Mn,Fe)2O3/(Mn,Fe)2O4 have been tested and
considered in solar applications [40–44]. Among these, Co3O4/CoO storing 844 kJ/kg
Co3O4 in the thermochemical reaction at a reaction temperature of 890 ◦C is a promising
candidate [44]. However, more abundant and low-cost oxides can be alternative candi-
dates containing Fe, Mn, Ca and their combinations [45]. These can often form perovskite
lattice structures due to a binary A and M ion oxide composition. Such a perovskite struc-
ture can be obtained by a huge variety of A and M ions and can be tuned in their redox
chemistry [37]. The redox chemistry reaction of a perovskite oxide AMO3−δ is

AMO3
δ(T, pO2

)
↔ AMO3−δ +

δ

2
O2 (1)

where the O2 can easily be evolved from the air, thus avoiding complex gas handling. In
contrast to stoichiometric reacting metal oxides, perovskites are limited in the number of
oxygen vacancies [36]. Moreover, the redox reaction of perovskites starts at lower tem-
peratures and extends to high temperatures above 1000 ◦C. For thermoneutral operation,
the temperature (i.e., the temperature where the used electricity is solely used for water
splitting) of solid oxide cell electrolysis (SOEC) is above 800 ◦C [17]. Thus, perovskites
and their redox reaction can help to increase storage capacity. These materials have been
considered in different solar applications as storage and/or heat transfer media [46–50].
Jackson et al. [46] investigated the use of Sr-doped CaMnO3−δ in comparison to inert
particles and other oxides in a solar particle application with a supercritical CO2 cycle. In
direct comparison to MnFeO3 and Co3O4, only CaMnO3−δ offered an adequate reduction
operating below 800 ◦C. However, an analysis of the potential use of perovskites in sta-
tionary applications is needed. SrFeO3−δ (SFO) and CaMnO3−δ (CMO) based perovskite
can be reduced at the investigated temperature range [51–54]. Other materials are often
reduced at higher temperatures or lower oxygen partial pressures [36,37]. Therefore, SFO,
CMO and Ca0.8Sr0.2MnO3−δ (CSMO) will be considered for use as a TES material in the
investigated scenario [46,51,52]. The selected materials can be reduced at ambient oxygen
partial pressure close to the operation conditions of the CST powered HTE. Moreover,
for more detailed analysis, the dilute species model is used for the determination of the
non-stoichiometric reaction extension of perovskites [52,55]. Thus, the thermodynamic
equilibrium and change in enthalpy can be considered as a function of operation conditions
and therefore as function of the non-stoichiometric reaction extension. The transient analy-
sis of storage capacity in a packed bed TES is investigated to gain a better understanding of
non-stoichiometric reacting materials in TES applications.

In the present work, a packed bed TES model is presented to investigate the effect
of a non-stoichiometric reaction on the thermocline gradient and overall TES capacity.
The use of a thermochemical reactive material promises higher volumetric energy density
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than a non-reactive material. Therefore, different perovskites will be considered based on
the operation temperature of the investigated solar HTE application. Thus, an improved
thermocline behavior is expected.

2. Methodology
2.1. Reference Process of Concentrated Solar Thermal Powered High-Temperature Electrolysis

The investigated TES is integrated into a concentrated solar thermal powered HTE
process, see Figure 1. Operation temperatures of an HTE can vary between 700 and 1000 ◦C.
However, for optimal electrical energy consumption, HTE is operated at a thermoneutral
voltage which is achieved by operating the HTE at about 800 ◦C. Thus, operation at very
high cell efficiency is possible [13]. The HTE process can be separated into a fuel and gas
side based on the process stream supply to the fuel or air electrode of the HTE. The fuel side
provides the high-temperature steam to the fuel electrode of the electrolysis. In electrolysis,
the steam is split into hydrogen and oxygen via an electrochemical reaction. The oxygen
ions are conducted through the conducting electrolyte to the air electrode and the gas side
of the process. The air electrode is fed with a hot air stream that sweeps the produced
oxygen from the electrode to avoid corrosion [56]. Both HTE feed streams are heated by
recuperation and a solar receiver system. The receiver system is able to evaporate and
superheat water and heat an air mass flow to the thermoneutral operation temperature of
the investigated HTE.
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Figure 1. Simplified schematic CSP process layout without showing heat recuperation of the high-
temperature electrolysis exit streams. Red and blue lines show the water/steam and air path, respectively.

Receiver technologies for steam evaporation have been developed and tested [57–59].
The exit streams of the receiver are used to power the indented process and charge a TES.
The storage is operated in a certain temperature range between charge and discharge.
Therefore, process streams are preheated to increase overall system efficiency. Within the
investigated process, heat from the exit streams of the HTE is recuperated to preheat the
input mass streams. Thus, TES operational temperatures are defined as 850 ◦C and 450 ◦C
on the hot and cold sides of the storage, respectively. Furthermore, a utility scale with a
100 MWel HTE is considered. The mass flow for charging the TES is 500,000 kg/h and
240,000 kg/h for discharging to maximize the operational full load hours of the HTE. The
mass flows were estimated in the process simulation by upscaling the operating parameters
of a small HTE stack.

The use of thermochemical reacting material offers higher volumetric energy capacity
due to the additional reactive heat. Therefore, TES dimensions can be decreased. Thus, con-
tainment costs can be reduced. A numerical analysis must be carried out to identify proper
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material selection and placement. For this, a packed bed thermal energy storage model
considering the heat of thermochemical reaction is developed and used for a parametric
study using different material properties.

2.2. Packed Bed Thermal Energy Storage Model

A one-dimensional (1D) two-phase model is developed to investigate the storage be-
havior. The phases can be distinguished into a gaseous and solid phase. The model is based
on a model presented by Schumann [60], which was extended by considering additional
phenomena [22]. The presented model considers thermal conduction, thermochemical
reactive heat and temperature and pressure-dependent thermophysical gas properties. The
used two-phase model consists of an energy equation for each phase:

ρg

(
ψ cp,g

∂Tg

∂t
+ψ u cp,g

∂Tg

∂x

)
= hv

(
Ts − Tg

)
(2)

ρs(1−ψ) cp,s
∂Ts

∂t
=

∂

∂x

(
λeff,s

∂Ts

∂x

)
−hv(T s−Tg) + ∆QTC (3)

where T is the temperature, ρ the density, cp the specific heat capacity, hv the volumetric
heat transfer coefficient, λeff,s the effective thermal conductivity of the bed, ∆QTC the
reactive heat, u the gas phase velocity and ψ the average bed porosity. The subscripts s and
g stand for the solid and gas phase, respectively. Here, the solid phase energy conservation
considers the energy term of the thermochemical redox reaction as it takes place in the
solid phase. In this study, the use of thermochemical reactive materials is of interest, and
therefore it is sufficient to neglect the change of thermophysical properties of the solid
material to determine the effects of reactive heat. The impact of using constant or variable
properties has been studied by Zanganeh et al. [61] and Agalit et al. [62]. They concluded
that the temperature is predicted to be high in the hot region and low in the cold region
of the TES because the specific heat capacity is predicted incorrectly. Nevertheless, the
behavior of the thermocline is representative of such systems. Since the analysis of the
thermochemical heat of a non-stoichiometric reaction is of interest, the constant material
property method is sufficient. The gas is considered ideal because the operating pressure
is close to ambient pressure. In addition, the change of oxygen concentration in the gas
flow is neglected, since the mass flow rate is high. Therefore, oxygen partial pressure pO2
is considered to be constant and equal to ambient pO2

amb. This has two effects. Firstly,
the initial redox reaction extension is minimal and this state of the reaction is considered.
Secondly, the redox reaction is only affected by temperature changes. The TES geometry
can be represented as an ideal cylindrical shape and a homogeneous bed porosity of 40%
is used. Furthermore, we consider an axial Newtonian plug flow without a radial flow
direction. To conclude, the following assumptions are considered:

• No significant radial effects (1D model is sufficient).
• Particle behavior can be described as a continuum.
• Gases can be considered ideal.
• Solid phase thermophysical properties are constant.
• Change of species in the gaseous phase is neglected.
• The reaction rate is not limiting (reaction takes place instantaneously).
• Axial plug flow.

Based on the assumptions made, we can simplify the heat transfer between the solid and
gaseous phases to a volumetric heat transfer coefficient. Equations (2) and (3) are coupled
with a volumetric heat transfer coefficient which is calculated based on a Nusselt correlation:

hv= Sv
Nu λg ψ

dp
(4)
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λg is the thermal conductivity of the HTF and dp the particle size of the solid filler.
The factor Sv is the volume-specific surface area of a particle. Assuming perfectly spherical
particles Sv = 6(1 − ψ)/dp. The Nusselt number Nu is calculated using the correlation of
Wakao et al. [63]:

Nu = 2 + 1.1Re0.6Pr1/3 (5)

The Nusselt number is a function of the Reynolds (Re) and Prandtl (Pr) numbers. For
packed beds, the Reynolds number is calculated using the empty volume velocity u0 and
the bed porosity:

Re =
u0 dp

ν ψ
(6)

The Prandtl number is defined as:

Pr =
ν ρ cp,g

λg
(7)

Based on the expected mass flows and temperatures, the Reynolds number is within
the given range of the model 15 < Re < 8500 [63]. Furthermore, thermal diffusion is
considered in the energy balance for the solid phase and uses an effective bed thermal
conductivity λeff,s which is calculated using the Zehner, Bauer, Schlünder model (ZBS
model) [64], which has a reasonably high accuracy [65]. The model considers the thermal
conductivity of both phases and, additionally, the heat transfer through radiation between
the solid particles.

For the gaseous phase of the two-phase model, the pressure drop along the bed
axis length L is calculated as the gas-specific density depends on the local pressure and
temperature. Thus, local pressure is calculated using a correlation of the Ergun type with a
correction factor proposed by Brauer [64,66]:

∆p
L

= K1
(1−ψ)2

ψ3

ν ρg u0

d2
S

+K2
1−ψ
ψ3

ρg u2
0

dS

[
ν (1−ψ)

u0 dS

]0.1
(8)

Here, K1 = 160 and K2 = 3.1 and the Sauter diameter ds = 6/Sv is used where the latter
describes the void fraction diameter. The heat of the thermochemical reaction is considered
with the volumetric change in enthalpy ∆QTC:

∆QTC =
dXR

dt

∫ δt+1

δt
∆h0 ρs

1
Ms

dδ (9)

where dXR/dt describes the reaction rate which is assumed to be not limiting for the
investigated time steps and where dδ is the change of the reaction extension, ∆ho the partial
molar enthalpy and Ms the molar mass of the reactive material.

2.3. Boundary Conditions and Numerical Discretization

Equations (2) and (3) are solved fully implicitly in a linear algebraic equation solver in
python. Since the implicit solution is stable for all timesteps, the calculated timestep can be
larger without increasing mesh element size according to the Courant–Friedrichs–Lewy
condition for explicit CFD solutions. The spatial discretization uses the finite volume
method with an upwind difference scheme for the first-order derivative and a central
difference scheme for the second-order derivative. Additionally, the following boundary
conditions apply to the TES model for charging (

·
m > 0), discharging (

·
m < 0) and standby

(
·

m = 0):

• ∂Ts
∂x = 0 for x = 0; x = L

• ∂Tg
∂t = 0 for


x = L;

·
m > 0

x = 0;
·

m< 0
x = L = 0;

·
m= 0
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• Tg(x = 0)= Thot for
·

m > 0

• Tg(x = L)= Tcold for
·

m < 0

Additionally, the temperature-dependent properties (λg, cp,g, ρg, ν) and parameters
(λeff,s, hv, p, ∆H) are calculated explicitly for each time step using the calculated temperature
of the previous time step. The gas properties λg, cp,g and ν are calculated using polynomial
fit [64] and, for the density, the ideal gas law.

Figure 2 visualizes the packed bed storage and summarizes the thermal, fluid mechan-
ical and thermochemical processes. Additionally, the TES dimensions are depicted as they
are used for spatial discretization and boundary conditions.
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Figure 2. Schematic visualization of the TES interior (a). The colored particles form a natural porosity
with a void fraction (white background) of about 40%. Furthermore, the dimensions are displayed for
a better understanding of the boundary conditions. (b) effective volumetric heat transfer coefficient
between the heat transfer media (air) and the solids. (c) effective bed conductivity along the storage
axis based on thermal conductivity and radiation. (d) pressure drop due to the porous media
flow through the packed bed. (e,f) reactive heat ∆QTC due to oxidation and reduction of the solid
redox material.

2.4. Model Verification

The numerical model and the used discretization method are verified using exper-
imental data published by Meier et al. [67] and reprocessed by Hänchen et al. [68]. The
set of data has been used regularly in the past for model verification [62,68,69]. Since the
data were derived from pure sensible thermal energy storage, the term considering the
heat of the thermochemical reaction is set to zero for comparison. For the verification of
the numerical simulation, the volumetric heat transfer coefficient is calculated using the
empirical equation of Coutier and Faber [70] using the packed bed particle diameter dp

and the mass flow rate per unit cross section G0 =
·

m/A:

hv= 700
(

G0

dp

)0.76
(10)

This correlation has been derived using experimental data of a similar setup to the
one of Meier et al.; therefore, a good agreement shall be found to verify newly developed
numeric procedures. In Figure 3, an agreement between the numerically calculated temper-
ature profile (black lines) and the experimentally measured temperature (red markers) is
achieved and the model implementation can be considered verified. However, the model of
Coutier and Faber neglects the fluid phase property change due to a change in temperature.
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Therefore, the model by Wakao et al. is used for the parametric study as it also covers a
large range of Reynolds numbers and is in the average of other correlations [22].
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2.5. Inert and Redox Material Specific Properties

For the TES evaluation, inert and reactive materials are investigated. Bauxite is used as
an inert material since it is a commonly used particle in CSP research due to its high specific
heat capacity and mechanical stability. Furthermore, this material can be used at higher
temperatures and therefore is suited for future experimental validation. For a comparison
of different reactive materials, SFO, CMO and CSMO were selected. These have different
reaction temperatures and different reaction enthalpies and entropies [37,46,47,51–54,71,72].

2.5.1. Redox Thermodynamics

For the model implementation of the reactive heat of redox reaction, the redox thermody-
namics of a non-stoichiometric reacting material need to be considered. The standard thermal
equilibrium of a reaction is in general a function of oxygen partial pressure and temperature.

∆go(p O2 , T) = ∆ho−T ∆so +
1
2

R Tln
(pO2

po

)
(11)

To obtain the partial molar entropy, Bulfin et al. [55] proposed the dilute species model
to calculate the partial molar entropy:

∆so(δ) = ∆sth+ 2aR(ln(δmax−δ)− ln(δ)) (12)

where, the thermal entropy change ∆sth stems from the entropy of oxygen. The second
term on the right-hand side of Equation (12) has been derived for the redox reaction of
ceria but was shown to be applicable for other perovskites as well [52,55]. Combining
Equations (11) and (12) gives an equation of state

(
δ

δmax−δ

)2a
=

(pO2

po

)− 1
2

exp
(

∆sth
R

)
exp

(
−∆ho

R T

)
(13)

which can be used for perovskites with constant enthalpy change. In some cases, it is
necessary to include a dependency on δ and T for ∆ho [52]. Equation (13) has been used to
carry out a parameter fit to evaluate ∆sth and a for CMO and CMSO [52], listed in Table 1.
For SFO, the same equation is used on the experimental data published by Vieten et al. [51].
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Thus, ∆sth = 105 kJ/mol and a = 2.2 are determined for a constant partial molar enthalpy
change of ∆ho = 100 kJ/mol.

Table 1. Thermophysical and thermodynamic properties for selected perovskites and bauxite.

Parameter Unit SrFeO3−δ CaMnO3−δ Ca0.8Sr0.2MnO3−δ Bauxite

ρ kg/m3 5310 [73] 4360 [74] 4530 [46] 1 3300 [46]
cp kJ/kg K 0.86 [46] 1 0.86 [46] 1 0.86 [46] 1 1.19 [46]

cv = ρ cp kJ/m3 K 4566 3750 3896 3927
∆ho kJ/molO2 100 [51] 2 161 [52] 148 [52] -
∆sth J/molO2 K 105 [51] 2 94 [52] 85 [52] -

a - 2.2 [51] 2 0.88 [52] 1.1 [52] -
1 Published data by Jackson et al. [46] for Ca0.9Sr0.1MnO3−δ is used. 2 Parameter fit to published data by
Vieten et al. [51].

In the TES model, Equation (13) is used to calculate δ for a given temperature and time
during charge and discharge. The difference of vacancies ∆δ to the previous calculated time
step is then used to calculate the reactive heat for the given change in non-stoichiometry
using Equation (9).

2.5.2. Solid Filler Material Properties

The thermophysical and thermodynamic properties of selected materials are summa-
rized in Table 1. For the reactive materials, the same specific heat capacity is used due to
their similarities in a lattice structure. Furthermore, similar specific heat capacities were
found for other perovskites [46]. Based on the thermophysical material properties, the volu-
metric heat capacities cv of the selected material are comparable. The Ca-based perovskites
CMO and CSMO have a similar high cv as bauxite. Thus, a change in storage capacity due
to the utilization of the thermochemical reactive heat can be investigated. Additionally, we
can investigate different redox thermochemistry by comparing SFO with CMO and CSMO.
The comparison can be used for future applications of the selected materials and others by
comparing their reactive behavior and thermophysical properties.

2.6. Thermal Energy Storage Analysis

Based on the process operation condition, the mass flows for charging and discharging
and their respective temperatures are defined. The charging power is assumed to be
60 MWth and the storage shall be fully charged within 9 h. For the investigated system, an
aspect ratio α = L/D = 1 with a height L and diameter D of 14 m is used, thus resulting in a
storage volume of V = 2155 m3. Considering an average bed porosity of ψ = 0.4 the specific
volumetric storage capacity can reach 5077 MJ/K (1.41 MWh/K) using bauxite.

The charging and discharging temperature and mass flows are assumed to be constant.
Thermal losses will be neglected in the parametric study, as they only occur in the near-
wall regions. Furthermore, radial thermal diffusion is low due to the low thermal bed
conductivity. The emissivity coefficient ε is assumed to be 0.85 and the same for each solid
material. ψ, λs and dp are also assumed to be the same for the selected solids. In contrast to
the geometric parameters, λs is a material-specific property but does not highly affect the
TES operation [68].

2.6.1. Operational Constraints

In the numerical simulation, different operational constraints are considered. Due to
the investigated process, the gas temperature at the outlet and inlet must be within certain
boundaries for the TES. Therefore, the dimensionless temperature θ is used.

θ =
T− Tmin

Tmax − Tmin
(14)
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Cascetta et al. [23] investigated an improvement in cycling stability for a threshold
of θhot = 0.8 and θcold = 0.2 for the hot and cold sides of the TES, respectively. As the
gas temperature during discharge shall not be below 800 ◦C for the HTE, θhot = 0.875 is
used. At the cold side, θcold = 0.2 is considered. Additionally, time constraints apply to
the investigated case. As the TES is integrated into a solar-powered process, the storage
charging time is limited by the sunshine time of the investigated location. In this study, the
maximum full load charging time tc

max is set to 9 h. Hence, the discharging time is 15 h
as long as the outlet temperature constraints are not violated. However, if the effective
charging duration is less than 9 h, the maximum discharging time td

amx is equivalent to
the difference between the total daytime of 24 h and the current duration of charging tc

end

until one of the constraint’s temperatures or maximum charging time is met.
In the numerical calculation, the TES outlet temperature is compared to θhot and θcold

during discharging and charging operations, respectively. Furthermore, the current time
step of the ongoing simulation is compared to the maximum charging or discharging time.
If either temperature threshold or maximum time is reached, TES operation is switched to
either discharging or charging the storage. Figure 4 displays the temperature profiles of
the solid phase at the end of charge and discharge, respectively, for an exemplary case. In
this figure, the flow direction for each case is visualized by the red and blue arrows and the
temperature thresholds θcold and θhot for the gaseous phase are plotted as dotted lines. The
area between both lines is the usable storage capacity.
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2.6.2. Parametric Study

In this study, the effect of replacing inert particles with reactive material is investigated
in order to evaluate the storage performance based on selected perovskite and positioning.
Therefore, 4 different combinations of inert and reactive materials are investigated and
compared to the base case (V0) with inert particles only, see Figure 5.

V1, V2, V3, and V4 have 15% of their volume replaced by selected perovskite. In V1,
the material is evenly distributed in the whole storage volume. In V2, V3, and V4, the
material is located at the bottom, top and middle, respectively. Thus, the reactive material
is charged and discharged under different operation conditions. In V2, the reactive material
is placed at the cold end and is not heated to the maximum temperature. By placing it on
top of the storage (V3), the material will never cool down to the minimum temperature.
In cases V2 and V3, the heat stored as sensible heat in the reactive material is expected
to be small compared to V1 and V4. Furthermore, it is expected that the stored sensible
heat is the highest in V4. In the center of the TES, the material will be exposed to the
maximum temperature difference between the end of charge and discharge and, therefore,
the thermochemical stored heat is expected to be the highest as well.
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Using different material properties, it is expected to see different storage behavior for
the different cases and for the sensible stored heat in the inert particles. Table 2 summarizes
the simulation parameters which are assumed to be the same for the investigated variations
(e.g., the emissivity ε, thermal conductivity λs and particle diameter dp of the solids). The
storage height is discretized in nz = 120 elements. Thus, a volume replacement of 15% can
easily be represented in the numerical model.

Table 2. Packed bed TES numeric simulation parameters. Subscripts c and d stand for charging and
discharging, respectively.

Parameter Unit Value

L m 14
D m 14
Tc

◦C 850
Td

◦C 450
·

mc kg/h 500,000
·

md kg/h 240,000
tc

max h 9
td

max h 24—tc
end

dt s 10
nz - 120
ψ - 0.4
θhot - 0.875
θcold - 0.2
ε - 0.85
λs W/m K 2.5
dp m 0.02

pO2 bar 0.18 1

1 Oxygen partial pressure corresponds to an altitude of 1000 m.

2.7. Evaluation Method

Different indicators are important for TES operation. First, discharge time shall be as
long as possible at the highest temperature. Second, storage capacity utilization should
be maximized to minimize the size of the TES and reduce investment costs. The thermal
energy storage capacity of the filler material for a pure sensible TES is

Qsens
th = m cp ∆T. (15)
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However, Equation (15) also applies to the sensible heat of a reactive material. The
total heat stored in a reactive material is the sum of the sensible heat and the chemical
stored heat of the reaction where the latter calculated as

Qchem
th = V ∆QTC (16)

with ∆QTC from Equation (9). Thus, the impact of using reactive material on the total
storage capacity Qtot

th = Qsens
th +Qchem

th can be studied.

3. Results and Discussion

To evaluate the use of thermochemical reactive material, the storage capacity of
the introduced concepts using SFO, CMO and CSMO is compared to the base case V0
with inert particles only. The temperature profile of 15 consecutive charge and discharge
cycles of V0 is depicted in Figure 6. The dashed lines show the thermoclines at the end
of charge and discharge for the previous cycles and the yellow-colored area is the one
between the thermoclines of cycle 15. With the increasing cycle number, the thermoclines
become flattered, and, therefore, the area between the thermocline at end of charge and
discharge decreases. Consequently, degradation occurs. After 15 consecutive cycles, further
degradation is negligible. Therefore, this state is referred to as a steady state and a usable
storage capacity of 331.66 MWh can be derived for V0.
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Figure 6. Thermocline in steady state condition at the end of charge and discharge after 15 cycles
(solid black line) of the base case (V0) with inert particles only. Dashed lines indicate the thermocline
before a steady state is reached.

3.1. Thermocline Behavior and Storage Capacity Analysis

The results of packed bed simulation with additional redox reactive material show an
effect on storage capacity and change in thermocline behavior. The results of the different
variations (i.e., V1, V2, V3, and V4) are compared to the base case V0. Figure 7 summarizes
the resulting thermoclines at the steady state of the four different cases (solid lines) in
comparison to the base case (dashed lines) using the different reactive materials. The
yellow-colored areas indicate a worse thermocline behavior and the blue-colored areas
show a better performing thermocline. Similarly, yellow indicates a decrease and blue an
increase in sensible stored heat compared to the base case V0. The results show that the
location of the perovskites can have a significant effect from increasing the storage capacity
by several percent to having no effect at all. Moreover, choosing a suitable material for a
location is crucial since, at the wrong location, CMO, for example, can even decrease the
overall capacity. However, the additional heat stored in the thermochemical reaction can
be sufficient to achieve higher storage capacity. The overall best performing case is V2
using SFO with an increased capacity by about 35 MWh (i.e., 10.5%). The high volumetric
heat capacity and the reactive heat affect the thermocline at the end of the charge the most.
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Hence, the thermocline gradient close to the bottom of the TES at the end of the charge is
the highest for V2 with SFO.
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Figure 7. Thermoclines behavior after 15 cycles of the four investigated storage concepts with
SrFeO3−δ, CaMnO3−δ and Ca0.8Sr0.2MnO3−δ. The dashed line shows the thermocline at end of
charge and discharge of the base case (V0) and the solid line shows the thermocline of V1, V2, V3,
and V4 for the selected perovskite. The purple and yellow area indicate an increase and decrease
of the local material utilization, respectively.The dotted lines indicate the placement of the reactive
material in V2, V3 and V4. The values in the center of each figure show the change in storage capacity
compared to the base case (V0).

As shown in Table 1, SFO has the highest volumetric heat capacity meaning that
even without reaction, SFO is capable of storing the most heat in a given volume. The
volumetric heat capacity of bauxite and CSMO differs only by less than 1% with bauxite
showing the higher storage performance. Therefore, replacing a certain amount of bauxite
by CSMO shows approximately the pure impact of the thermochemical reaction for heat
storage purposes. The highest impact of the thermochemical reaction using CSMO can be
achieved if the material is placed at the top of the TES (i.e., V3). Thus, thermocline behavior
at the end of discharge is improved increasing the storage capacity of the remaining 85%
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of non-reactive material compared to V0. We can conclude that CSMO is reacting at
higher temperatures. In comparison, CMO shows a similar thermocline behavior to CSMO.
Comparing V1 and V3 using CMO the same increase in storage capacity is achieved. In V3,
the behavior of the thermocline is improved resulting in higher storage capacity, for the
same reason as when using CSMO. In V1, the reactive material is evenly distributed and the
non-reactive material is exposed to the same temperature difference as the reactive material.
The increase in storage capacity is achieved successively through the thermochemical
reaction since CMO has a lower volumetric heat capacity than bauxite. The replacement
of 15% of the volume in the center of the TES (i.e., V4) will result in a disruption of the
thermocline in the remaining 85% of a non-reactive material. Thus, the effective storage
capacity of the bauxite is lower compared to V0.

In Figure 8 the usable storage capacity of the three perovskites for each case and
additionally the reference case is displayed. For the bar plots, the contribution of the
sensible heat of the 85% bauxite as well as the sensible and reactive heat of the 15%
perovskite is given. Overall, the main storage capacity is provided by the sensible heat
of the material and the contribution by the chemical reaction is comparatively small. The
cases using CSMO are investigated first, as CSMO and bauxite have a small difference in
sensible volumetric heat capacity. Replacing 15% of the bauxite with CSMO on top of the
TES (V3) will result in the highest increase in storage capacity using CSMO. Based on the
initial assumptions for the temperature threshold at the hot/cold in/outlet comparing V2
and V3, the reactive material in V2 is exposed to the larger change in temperature between
the end of the charge and discharge. Thus, in V2, the capacity stored in the reactive material
as sensible heat is larger. In V3, however, the reactive heat of CSMO can compensate for
the lower sensible heat capacity. Consequently, the increase in storage capacity is due to
the heat of the thermochemical reaction. In the cases using SFO, it can be seen that SFO
performs better in the colder part of the storage because of the higher usable temperature
difference and its high volumetric heat capacity. Additionally, we see a higher amount
of chemically stored heat compared to V3. Hence, V2 will result in the overall highest
increase in storage capacity. However, the overall highest reactive heat is stored in V4 as
the reactive material will be exposed to the highest temperature change. Despite the heat
storage capacity of the reactive material being utilized the most in V4, for all investigated
materials, the highest storage capacity is achieved in either V2 or V3 depending on the
used material. In V4, the reactive material has a higher heat capacity than the bauxite.
Thus, the thermocline is disrupted resulting in lower storage capacity in the remaining 85%
of the non-reactive material. The use of CMO as the reactive material results in a similar
thermocline and storage behavior to the use of CSMO. However, having a much lower cv
than bauxite, the overall storage capacity can be less than the base case. The utilization of
reactive heat is not sufficient in V2 to compensate for the difference between CMO and
bauxite in volumetric heat capacity. Thus, the storage capacity is decreased by 0.28%.

The replacement of 15% volume in the center of the TES will result in the highest
capacity utilization of the reactive material, as depicted in Figure 8. However, this results in
a disruption of the thermocline in the remaining 85% of non-reactive material which can be
identified in Figure 7. Thus, the material with higher heat capacity must be placed either at
the inlet or outlet of the TES. This behavior can be identified for all selected materials. The
highest storage capacity for the reactive material can be found in V4 but overall storage
capacity is low. We conclude this effect does occur for V1 as well. In V1, 15% of the reactive
material is distributed evenly. Nevertheless, in the center of the TES, the capacity provided
by the thermochemical reaction is the highest. Thus, the heat capacity in this area is the
highest. The difference in heat capacity from the center to the outer region will also result
in a negative behavior of the thermocline.
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Figure 8. Thermal energy stored in the different cases investigated. The dotted horizontal line shows
the thermal energy stored in the base case (V0) with an inert particle only.

In the proposed configurations and fixed TES dimensions, the storage capacity can
be increased. The use of SFO or CSMO achieves an increase in storage capacity for all
variations. In V2 using CMO, a decrease in storage capacity is investigated. V1 in general
achieves an increased storage capacity. However, the change in thermocline behavior is
neglectable small. In contrast, V2–V4 shows an impact on the thermocline behavior. V2
improves the thermocline at the end of the charge and V3 at the end of the discharge. The
thermoclines in the V4 configuration are negatively impacted even though the reactive
heat is utilized most. However, the effective charging and discharging time is increased
for the configuration with higher storage capacity. On the other hand, the TES dimension
can be decreased for the same storage capacity and operation time-saving construction
costs. However, a detailed techno-economic analysis must be carried out to identify the
best storage capacity and configuration for the lowest hydrogen production costs.

3.2. Analysis of the Reactive Material

As the impact of the analyzed perovskites differs significantly, a material analysis is
carried out to identify the potential of using perovskites for increasing the usable storage
capacity. Based on the assumption of not limiting reaction kinetics the molar oxygen supply
to the TES must be sufficient to oxidize the reduced material. During oxidation, oxygen
molecules must be present for the reaction. Based on the mass flow of 240,000 kg/h during
the discharge, the molar flow of oxygen is calculated

·
nO2 =

·
mdischarge

MAir
xO2 =

240, 000 kg/h
28.96 g/mol

·0.21 ≈ 483
mol

s
(17)

using the molar mass of air MAir and the molar fraction of O2 xO2. Based on the estimated
operation temperatures of 450–850 ◦C and using Equation (13), a maximum change of
∆δ = 0.14625, 0.02642 and 0.050435 is expected for SFO, CMO and CSMO, respectively.
Considering the different cases selected for the parametric study, a 15% replacement of the
volume by reactive material will result in a maximum oxygen amount of about 793,000 mol
for a full reaction extension between 450 and 850 ◦C using SFO. Thus, it takes approximately
1641 s to provide the needed oxygen molecules for the full reaction using the estimated
molar flow from Equation (17). However, due to the thermocline behavior of the TES and
the non-stoichiometric reaction behavior, the full reaction extension does not take place at
the same time during the cycling operation of the TES. For the used time step dt = 10 s, the
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maximum amount of oxygen cycled in the reaction is nmax = 1208.13 mol for V1 using SFO.
Thus, it is less than the supplied oxygen rate of 483 mol/s (=4630 mol in 10 s). Low oxygen
partial pressure affects the reaction rate and the non-stoichiometric reaction extension of
the perovskites [51–53,75]. Thus, oxidation can be slowed. Therefore, this assumption is
not applicable to lower mass flow rates. However, the highest change in reaction occurs
during the initial TES cycle, when the storage is charged for the first time. For the initial
cycle, the temperature difference between the heat transfer media and the storage material
is the highest and the reaction extension is expected to be the highest as well. However, the
initial cycle is not of interest in this study. In the following cycles, the maximum amount of
oxygen cycled is 445.89 mol per time step. Thus, about 10 times more oxygen is supplied
during the same time period. Therefore, the change of oxygen concentration in the gaseous
phase can be neglected in the investigated scenario.

Using the material-specific properties in Table 1, the reaction enthalpy of the selected
perovskites is calculated. Figure 9 shows the temperature-dependent change in the non-
stoichiometric reaction extension ∆δ for a temperature change of 1 K. SFO shows the largest
change per 1 K at 400 ◦C. At higher temperatures, the reaction extension decreases. For
CMO and CSMO the peak is not reached in the investigated temperature range. However,
CSMO can be reduced at lower temperatures compared to CMO.

Energies 2022, 15, x FOR PEER REVIEW 16 of 22 
 

 

using the molar mass of air MAir and the molar fraction of O2 xO2. Based on the estimated 
operation temperatures of 450–850 °C and using Equation (13), a maximum change of Δδ 
= 0.14625, 0.02642 and 0.050435 is expected for SFO, CMO and CSMO, respectively. Con-
sidering the different cases selected for the parametric study, a 15% replacement of the 
volume by reactive material will result in a maximum oxygen amount of about 793,000 
mol for a full reaction extension between 450 and 850 °C using SFO. Thus, it takes approx-
imately 1641 s to provide the needed oxygen molecules for the full reaction using the es-
timated molar flow from Equation (17). However, due to the thermocline behavior of the 
TES and the non-stoichiometric reaction behavior, the full reaction extension does not take 
place at the same time during the cycling operation of the TES. For the used time step dt 
= 10 s, the maximum amount of oxygen cycled in the reaction is nmax = 1208.13 mol for V1 
using SFO. Thus, it is less than the supplied oxygen rate of 483 mol/s (=4630 mol in 10 s). 
Low oxygen partial pressure affects the reaction rate and the non-stoichiometric reaction 
extension of the perovskites [51–53,75]. Thus, oxidation can be slowed. Therefore, this as-
sumption is not applicable to lower mass flow rates. However, the highest change in re-
action occurs during the initial TES cycle, when the storage is charged for the first time. 
For the initial cycle, the temperature difference between the heat transfer media and the 
storage material is the highest and the reaction extension is expected to be the highest as 
well. However, the initial cycle is not of interest in this study. In the following cycles, the 
maximum amount of oxygen cycled is 445.89 mol per time step. Thus, about 10 times more 
oxygen is supplied during the same time period. Therefore, the change of oxygen concen-
tration in the gaseous phase can be neglected in the investigated scenario. 

Using the material-specific properties in Table 1, the reaction enthalpy of the selected 
perovskites is calculated. Figure 9 shows the temperature-dependent change in the non-
stoichiometric reaction extension Δδ for a temperature change of 1 K. SFO shows the larg-
est change per 1 K at 400 °C. At higher temperatures, the reaction extension decreases. For 
CMO and CSMO the peak is not reached in the investigated temperature range. However, 
CSMO can be reduced at lower temperatures compared to CMO. 

 
Figure 9. Change in non-stoichiometry Δδ based on temperature change of 1K at pO2 = 0.18 bar. The 
change of SrFeO3−δ, CaMnO3−δ and Ca0.8Sr0.2MnO3−δ is visualized over a temperature range from 150 
to 1050 °C. 

The effective utilization of the heat of reaction is visualized in Figure 10. In the oper-
ational scenario between 450 and 850 °C, SFO undergoes the largest change in non-stoi-
chiometry (see also Figure 8) and therefore utilizes the highest heat of reaction. For CMO 
and CSMO, overall higher temperatures are more favorable for the use of a thermochem-
ical energy storage material. In the temperature range of 800–850 °C, CSMO has the largest 
change in enthalpy per kg oxide and SFO in lower temperature range. The redox reaction 
performance of the selected material explains the investigated thermocline and storage 
capacity behavior. Figure 9 also shows that no analyzed perovskite is ideally suited for 

Figure 9. Change in non-stoichiometry ∆δ based on temperature change of 1K at pO2 = 0.18 bar. The
change of SrFeO3−δ, CaMnO3−δ and Ca0.8Sr0.2MnO3−δ is visualized over a temperature range from
150 to 1050 ◦C.

The effective utilization of the heat of reaction is visualized in Figure 10. In the
operational scenario between 450 and 850 ◦C, SFO undergoes the largest change in non-
stoichiometry (see also Figure 8) and therefore utilizes the highest heat of reaction. For CMO
and CSMO, overall higher temperatures are more favorable for the use of a thermochemical
energy storage material. In the temperature range of 800–850 ◦C, CSMO has the largest
change in enthalpy per kg oxide and SFO in lower temperature range. The redox reaction
performance of the selected material explains the investigated thermocline and storage
capacity behavior. Figure 9 also shows that no analyzed perovskite is ideally suited for
the analyzed temperature range. However, newly developed materials from the class of
perovskites might be better suited.

Perovskite with the structure AMO3−δ is able to be tuned by varying the A and M site
ions. We presented two different perovskites (SFO and CMO) and one with an additional
ion on the A site lattice of the material (CSMO). Further, perovskites can be tuned with
two A and two M site ions resulting in

(
A′xA′′1−x

)(
M′yM′′

1−y

)
O3−δ [76]. Vieten et al. [76]

experimentally evaluated 24 different perovskite compositions for validating a perovskite
design method. Among these, CaxSr1−xMnyFe1−yO3−δ can be a promising perovskite
mixture for the investigated setup, e.g., depending on the x and y amount of A and M
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site doping, respectively, they could offer a favorable redox behavior close to the upper
boundary temperature of 850 ◦C. Thus, the change in stoichiometry could take place in
a temperature range between the investigated SFO and CMO, e.g., a hypothetical redox
behavior of a CaxSr1−xMnyFe1−yO3−δ configuration is depicted in Figure 11 together with
SFO. For this, the parameters ∆h0, ∆sth and a of Equations (11)–(13) were changed in a range
between these of SFO and CMO. Both materials have their peaks close to the boundary
temperatures of the investigated case.
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Figure 11. Change in non-stoichiometry ∆δ based on temperature change of 1K at pO2 = 0.18 bar. The
change of SrFeO3−δ and a hypothetical AMO3−δ perovskite is visualized over a temperature range
from 150 to 1050 ◦C.

Figure 12 shows the thermocline behavior of such a configuration. The hypothetical
perovskite with similar reactive behavior to SFO but at a higher temperature is located in the
top (hot area) of the TES. In the bottom (cold area) of the TES SFO is located. This combined
15% volume replacement results in an improved thermocline behavior and increases the
heat capacity of the remaining 85% non-reactive bauxite particles. Thus, the overall storage
capacity is increased by 14.19% compared to the base case V0. Nevertheless, thorough
material research must be carried out to identify the best suited real storage material.
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Figure 12. Possible thermocline behavior of a cascaded storage with 7.5% volume replacement by
SrFeO3−δ at the bottom and a hypothetical AMO3−δ perovskite at the top of the storage. In the
remaining 85% in the center of the TES bauxite was considered. Thus, storage capacity is increased
by 14.19% (local increase indicated by purple area) compared to the base case V0 (dashed black lines)
using non-reactive particles only.

4. Conclusions

A packed bed model utilizing the heat of a thermochemical reaction is developed and
analyzed to quantify the impact of thermochemical reactions at different locations in storage.
Based on the selection of three perovskites (SrFeO3−δ, CaMnO3−δ and Ca0.8Sr0.2MnO3−δ)
four different configurations of 15% reactive and 85% non-reactive materials were analyzed.
The use of reactive material can decrease thermal degradation in cyclic operation and
thereby increase the storage capacity. However, the partial replacement of inert particles
must be suitable for the materials’ reaction and perovskites are potential material candidates.
For identifying a suitable perovskite, the non-stoichiometric reaction extension at the
end of charge and discharge and the redox thermodynamics of the selected material
must be studied carefully. Furthermore, sensible thermal storage characteristics of the
perovskites such as the specific heat capacity and material density are also important for
the thermal energy storage operation. Nevertheless, the reactive heat does increase the
volumetric heat capacity and thereby increases the energy density of the storage. For the
investigated operation conditions, the storage capacity can be increased by up to 10.48% if
15% of the inert particles are replaced by the thermochemical reactive material SrFeO3−δ.
Thus, SrFeO3−δ is suited best for the investigated process. A higher share of reactive
material will increase the storage capacity further, but an optimal share must be found by a
techno-economic analysis. Furthermore, material production and material stability must
be investigated in an experimental setup.

The results and the model of this study will be used in concentrated solar-powered
high-temperature electrolysis process analysis. Due to the transient behavior of solar energy,
a detailed combined process and TES analysis is needed to determine hydrogen yield
and production costs. Furthermore, an experimental investigation of non-stoichiometric
reacting material will be carried out for experimental analysis and model comparison.
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