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Abstract. Replacing fossil fuel-based industrial heating systems with sustainable alternatives
such as solar thermal systems is necessary for achieving sustainable development goals. Of-
ten low-concentrated solar collectors are cheaper yet their low-temperature output limits their
applications in the industry. The thermochemical heat transformers can be integrated with
these collectors to achieve an upgraded output temperature without electricity consumption.
Furthermore, these thermochemical systems have an inherent capability of heat storage in
chemical bonds thereby mitigating the intermittency issue of solar energy sources. In this re-
search, an innovative packed-bed thermochemical reactor in a closed system configuration is
introduced and simulated numerically. The main objective of this analysis is to scrutinize how
well the proposed design operates in terms of heat and mass transfer. In this reactor, SrBr.
hydrate is used as the thermochemical material. The study indicates that the proposed design
can potentially upgrade the temperature by 100 °C and maintain it at 300 °C for about 40
minutes. This modular design, which can be scaled up easily for large applications, predicts
the full conversion of reactions and shows a flexible temperature boost of low-concentrated
collectors output.
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1. Introduction

The climate change due to burning fossil fuels, specifically over recent decades, has turned
attention toward utilizing renewable sources such as solar and wind [1]. Solar thermal collec-
tors, as a potential pathway for cleaner heat production, can be a viable alternative to supply
medium-to-high temperature industrial heat provided they are cost-effective and integrate a
storage system to mitigate the intermittency issue of solar radiation. Thermochemical heat up-
grade (TCHU) systems are uniquely situated to tackle these issues because they can boost
the low-temperature heat from a cheaper, low-concentrated solar collector or any other source
without consuming any electricity and have an inherent capability of storing heat in chemical
bonds, making them a low-cost and reliable industrial heating solution.

Applying numerical modelling is an indispensable part of understanding a system in order
to predict its behaviour under different scenarios. Indeed, experimental analysis along with
simulations leads to optimum outcomes. Stengler et al. [2] evaluated thermal upgrade of a 1


https://doi.org/10.52825/solarpaces.v3i.2446
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0001-8966-9752
https://orcid.org/0000-0002-9974-0636
https://orcid.org/0000-0002-5149-961X
https://orcid.org/0000-0003-2218-5301
https://orcid.org/0000-0003-0218-9305

Roushenas et al. | SolarPACES Conf Proc 3 (2024) "SolarPACES 2024, 30th International Conference on
Concentrating Solar Power, Thermal, and Chemical Energy Systems"

kW thermochemical energy storage using SrBr./ SrBr,.H.O as heat storage material. This in-
vestigation took both experimental and numerical analysis into account to obtain a better un-
derstanding of effective parameters on thermal power. Comparing heat versus mass transfer,
it was identified that heat transfer plays a key role in the overall thermal performance. Jinjin et
al. [3] explored a new design for thermochemical energy storage based on numerical analysis.
The salt hydrate of hexahydrate/monohydrate strontium bromide was used as the reactive
material and the research focus was to enhance heat and mass transfer and reduces the like-
lihood of salt liquefaction. The main findings highlight a 26% reduction in reaction time and a
2.5% rise in thermal efficiency. Another simulation [4] worked on topology optimization of a
closed thermochemical reactor working based on SrBro/ SrBr2.H20. They introduced a new
framework for optimizing fins structures and achieved an advancement in performance by up
to 3 times.

The focus of this study is to investigate the performance of an innovative thermochemical
reactor design. The structure is based on a plate-type heat exchanger whose modular design
can be scaled up for large applications easily. In this study, a numerical model considering
heat and mass transfer coupled with thermochemical material kinetics is developed for the
proposed design. This system can be employed for heat upgrade of low-temperature applica-
tions such as solar thermal collectors up to 300 °C and higher.

2. System Description

Figure 1 schematically illustrates the operation of the system. The introduced packed-bed ther-
mochemical heat upgrade operates in a closed configuration in which the reactive gas (pure
water vapor) is circulated in a closed loop. Therefore, there is the opportunity to pressurize the
reactive gas inside the evaporator by utilizing waste heat and without consuming electricity for
compression. Over the dehydration phase, the thermochemical material absorbs heat from
heat transfer fluid (HTF) and undergoes an endothermic reaction. The water molecules leave
the salt particles and move toward the condenser; so, their recombination is prevented. Sub-
sequently, the consumed energy is stored in the form of chemical potential. During discharging
phase, the condensed water vapor is evaporated, and finally injected into the second reactor.
The salt crystals are hydrated as they come into contact with water vapor and release the
stored heat which is absorbed indirectly by heat transfer fluid. The steam pressure supplied in
the hydration reactor acts as the driving force for the heat upgrade. As the steam pressure
increases, the hydration temperature also rises. This relationship is shown in Figure 2 which
demonstrates experimental equilibrium lines [5] and the theoretical equilibrium based on the
Van't Hoff equation for anhydrous/monohydrate SrBr. reactions.
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Figure 2. P-T diagram of the SrBr, and water.

Figure 3 presents the domains in 3D (left) and schematically in 2D (right) ignoring pipes,
connections, and other equipment. Due to the nature of the design, the streams of steam and
HTF are co-current for dehydration and counter-current for hydration reactions. Here, the water
vapor channel (1), fiberglass (2), material (3), heat exchanger plate (4), and HTF (5) are shown.
Their thickness are respectively 2 mm, 1 mm, 10 mm, 3 mm, and 6 mm. Also, each domain
has a length of 170 mm and a width of 107 mm. The reactor is connected to the conden-
ser/evaporator through a 55 mm width channel.
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Figure 3. Reactor domains for numerical modelling.

3. Modelling

To determine the performance of the proposed reactor design, a detailed numerical model of
the thermochemical heat upgrade reactor is developed. The reactor is modelled based on Fi-
nite Element Method (FEM) via COMSOL Multiphysics software. Given the symmetrical
boundary for the reactor shown in Figure 3, one layer was implemented for transient simula-
tions. Taking several criteria into account, such as reaction kinetics, operating temperature
range, non-toxicity, reversibility, cyclability, etc. led to the selection of anhydrous/monohydrate
SrBr; as the best reactive material candidate for the proposed TCHT. Water vapor desorption/
adsorption of this salt hydrate is given as:

STBry  HyO(s) + AH & STBry(s) + Hy0(4); AH = 71.98 kJ /mol (1)

3.1 Assumptions
The following main assumptions are made for modelling:

e The reactor is perfectly isolated, so no heat or mass transfer occurs with the environ-
ment.

o Energy conservation for porous mediums is modelled based on local thermal equilib-
rium

e Since the operation is at low temperatures, the radiation heat transfer is negligible;
thus, the primary methods by which the thermal energy is transmitted inside the reactor
are conduction and convection.

3.2 Governing equations

The input for modelling (e.g., salt density, salt specific heat, conductivity and reaction enthalpy)
is extracted from [2]. To predict the rates at which the chemical reactions take, equations 2
and 3 are solved for dehydration and hydration [2], respectively:

1.79
ox _ 6 Ea) (1 = --L
o = 1.38 x 10°exp (RT) 1-X (1 pdhyd) @
oy ~ 1.79
—=3.04x1075(1 - X) (Tlphyd - T) ©

where X represents the extent of reaction. E, is activation energy, R is universal gas constant,
T is the temperature and p is the pressure.
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The effect of material porosity variation due to hydrate level over charging and discharging
periods on transport phenomena and bed properties are reflected in modelling as below:

E=¢&gnt h(gmh — &an) (4)

where h is the hydrate level. Also, ¢, and ¢,,, respectively refer to porosity of anhydrous and
monohydrate salt.

The bed absorbs steam during hydration and desorb it during dehydration; hence, a mass
source based on reaction kinetics is added to the mass conservation equation. The mass bal-
ance of porous medium is defined by:

d(epy) S ax
a—tg+V. (pgv) = 9Mp,0 (5)

where p, is the density of gas, v is the velocity vector of gas, ¢ is the volumetric molar number
of salt contributing in the chemical reaction and My,, molar mass of water.

To account for the effect of the porous mediums on the flow, Brinkman equations are
implemented. The set of equations is linked with the source term of steam production/con-
sumption. The momentum equation can be described by:

PgO®) | Py s nal
- o0 T (v.V)vS =
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here, u is the dynamic viscosity, k is the permeability of the porous medium, g is the inertial
resistance coefficient based on Forchheimer parameter.

The energy balance within salt domain is expressed as follows:
oT N ax
(PCo), ;¢ PaCog(B-VD) = V. (ke fVT) = — 0 AHy 7)

where (pCp)eff and k.rr are the effective volume heat capacity and the effective thermal
conductivity, respectively.

To analyse the performance of the reactor, the thermal power consumption/generation by
the chemical reaction at a specific time can be obtained based on the reaction rate (dX/dft):

pt = (—erBrz AHR)Z—): 8)

MSrBrz

where mg,5,, and Mg, ., are the mass and molar mass of material.

4. Results and discussion

This section delves into the primary results obtained using the model described in the previous
section. The evaporator temperature is assumed to be at 170°C by solar thermal collector HTF
and the condenser operates at 15°C. Furthermore, the HTF for hydration and dehydration en-
ters the reactor at 300°C and 200°C, respectively. Under these conditions, steam with 792 kPa
is generated for the hydration process which can potentially increase the salt temperature up
to 331 °C based on figure 2.
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The mass flow rate of HTF was set to 0.04 kg/s for each unit which consists of two sym-
metrical layers. The hydration level and temperature distribution inside one symmetrical layer
at a specific time step of 1000s for both hydration and dehydration are displayed in Figure 4.
For a specific reactor pressure, lower salt temperature leads to a higher driving force for hy-
dration while a lower driving force for dehydration. Hence, for example for hydration, the re-
gions inside material which is close either to the steam inlet or HTF channel have relatively
lower temperatures and faster conversion.

Dehydration: Hydration level [-] Dehydration: Temperature [°C]
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Figure 4. Hydration level inside the reactive material (SrBrz) domain and temperature distribution in-
side the reactor at 1000s.

Figures 5 and 6 illustrate the system’s behaviour over time during the charging phase.
Once the reactor fully discharges, the endothermic reaction initiates. Figure 5 indicates that in
the beginning, the conversion from monohydrate to anhydrous salt occurs quickly, resulting in
a reduction of 37% within the first minute. Subsequently, the reaction rate gradually decreases,
approaching completion after approximately 33 minutes. Figure 6 presents the variations in
salt and HTF temperatures, along with power consumption. The salt temperature drops dra-
matically to a minimum of 175 °C because of the high rate of endothermic dehydration reaction,
and then it experiences an increment reaching the HTF temperature. Likewise, power con-
sumption starts at a peak value of 67.2 kW and decreases steeply. This initial spike is attributed
to the high level of conversion driven by the strong driving force present when the material is
first subjected to vacuum conditions.
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Figure 5. Hydration level during the charging period.
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Figure 6. Variation of temperature along with power consumption during the charging period.

During the discharging process, the charged reactor acts in its exothermic mode. The
trend of hydration level versus time is illustrated in Figure 7. According to equation 3, the lower
salt temperature has a positive effect on the conversion rate. Once the evaporator valve opens
and the reaction starts, the conversion occurs fast due to the high reaction rate; however, as
the reactive material temperature rises, the reaction rate decreases because the temperature
reaches close to the equilibrium temperature and the conversion slope falls continuously. The
results shown in Figure 8 indicate that the material temperature rises sharply, peaking at 322.5
°C after 130s, followed by a decline, reaching 300 °C after approximately 40 minutes. Further-
more, the power generated by the chemical reaction starts with a peak value of 72.1 kW and
decreases sharply, similar to the dehydration process.
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Figure 7. Hydration level during the discharging period.
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Figure 8. Variation of temperature along with power consumption during the discharging period.

These results show the potential of this heat transformer for upgrading the heat from the
solar collectors and making it suitable for various industrial processes. Depending on the avail-
ability of solar radiation and the waste heat temperature, different operating conditions can be
achieved for heating purposes, which opens up possibilities for various industrial heating ap-
plications.

5. Conclusion and outlook

The objective of this research was to investigate a novel design of a solar thermochemical heat
transformer suitable for industrial heating applications. It is based on a packed bed of particles
(SrBrz) in which heat is transferred indirectly to the heat transfer fluid. It has a compact design,
no moving components, and relatively low construction cost, making it suitable for several ap-
plications. A numerical model comprising heat and mass transfer coupled with the chemical
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kinetics was developed to assess the performance. The evaporator and condenser tempera-
tures are assumed to be at 170°C and 15°C, respectively. The inlet HTF temperature for hy-
dration and dehydration processes are assumed to be at 300°C and 200°C, respectively. A
complete conversion is predicted by the numerical model during the charging process. Based
on the thermodynamics of the reactive system, 331 °C temperature is expected to be achieved
during the discharging process. The model predicts achieving 322.5 °C temperature which
shows the efficiency of the proposed reactor. The proposed design can potentially upgrade the
temperature by 100 °C and maintain it at 300 °C for about 40 minutes. The heat effect is clearly
visible during the discharging process. In the future, this model will be used to optimize the
reactor geometry and validated against the experimental results.
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