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Nomenclature

Greek letters

o heat transfer coefficient, W/(m?K)
coefficient of performance

n efficiency

Latin letters

AcH standard molar enthalpy of condensation, kJ/mol
AgH standard molar enthalpy of evaporation, kJ/mol
ArH standard molar enthalpy of reaction, k] /mol
p pressure, Pa
pt reference pressure, Pa
T absolute temperature, K
Q thermal energy, |
W work, |
Indices
en energetic
ex exergetic
& 8as
1 liquid

S solid



Nomenclature

Abbreviations

CHP chemical heat pump

DLR Deutsches Zentrum fiir Luft- und Raumfahrt e.V.
FEM finite element method

HE heat engine

HP heat pump

HT heat transformation

PCM phase change material

TES thermal energy storage

TGA thermogravimetric analysis



Kurzfassung

Thermische Energie ist nicht gleich thermische Energie: Insbesondere das Tem-
peraturniveau, auf dem beispielsweise Abwiarme aus industriellen Prozessen zur
Verfiigung steht, entscheidet dariiber, ob diese Energie direkt als Prozessenergie
reintegriert werden kann oder ungenutzt an die Umgebung abgegeben wird.
Eine weitere Einschrankung ist die zeitliche Kopplung zwischen Warmeangebot
und Warmenachfrage. Diese kann tiber den Einsatz thermischer Energiespeicher
aufgelost werden, wobei jedoch der Speichervorgang die thermische Energie in

Bezug auf ihr Temperaturniveau abwertet und so zu Exergieverlusten fiihrt.

Im Rahmen dieser Arbeit wurde ein thermochemischer Energiespeicher ent-
wickelt, der auf der umkehrbaren chemischen Reaktion von Strontiumbromid-
Anhydrat zu Strontiumbromid-Monohydrat beruht. Die Phasenumwandlung
zwischen An- und Monohydrat ermdglicht einen Speicherbetrieb im Temperatur-
bereich von etwa 150 °C bis ca. 300 °C, der insbesondere fiir die Nutzung in-
dustrieller Abwédrme interessant ist. Dabei kann die Temperaturabwertung
zwischen Beladung und Entladung mittels der sogenannten ,,thermochemischen
Wirmetransformation” kompensiert werden: Hebt man den Gasdruck zwischen
Beladung und Entladung des Speichers an, so wird die thermische Energie bei
hoherer Temperatur freigesetzt als sie zuvor eingekoppelt wurde. Thermody-
namisch entspricht dieses System der Kopplung eines Energiespeichers mit einer

thermisch betriebenen Warmepumpe.

Fiir das thermochemische Reaktionssystem SrBr, /H,O wurden die druckab-
hédngigen Reaktionstemperaturen der Hydratations- und Dehydratationsreak-
tion experimentell untersucht sowie aus thermogravimetrischen Messungen

eine empirische Beschreibung der Reaktionsrate abgeleitet. Der experimentelle



Kurzfassung

Funktionsnachweis der Warmetransformation wurde im Temperaturbereich von
180 °C (Beladetemperatur bei 1 kPa Wasserdampfdruck) und 280 °C (Entladetem-
peratur bei 560 kPa Wasserdampfdruck) im 1 kW-Mafsstab mit einem skalierbar

entwickelten Reaktorkonzept erbracht.

Die Betriebscharakteristik des Speichermoduls wurde experimentell und nu-
merisch analysiert, um die Vorgdnge im Reaktor auch quantitativ zu erkldren:
Mittels einer experimentell validierten Simulationsstudie wurde zunéchst die
mafgebliche Limitierung der thermischen Leistung des Speichers durch den
Warmedurchgang nachgewiesen. Anschlieffend wurde mittels einer Sensiti-
vitdtsstudie gezeigt, dass zum Zeitpunkt der Maximalleistung der grofite Beitrag
an der Grenzflache zwischen Feststoffschiittung und Warmetibertragerwand
entsteht — und nicht, wie vielfach fiir andere Festbettgeometrien angenommen,

innerhalb der pordsen Feststoffschiittung.

Die vorliegende Arbeit erbringt damit neben dem Funktionsnachweis fiir das
thermochemische Referenzsystem die notwendigen Grundlagen fiir detaillierte
Potentialanalysen verschiedener industrieller Speicher- und Warmetransforma-

tionsanwendungen sowie die Optimierung der Speicherintegration.



Abstract

To quantify the value of thermal energy as an “energy currency”, it needs
more than solely the energy’s amount given in Joules: the temperature level at
which, for example, excess heat is available from industrial processes determines
whether this thermal energy can directly be re-integrated as process heat or
is emitted to the ambient as waste heat. A further limitation is the temporal
coupling of heat supply and heat demand. The latter can be resolved by us-
ing thermal energy storage systems, which, however, further “downgrade” the

thermal energy in terms of its temperature level, and hence, lead to exergy losses.

In this thesis, a thermochemical energy storage system was developed based
on the reversible chemical reaction of strontium bromide anhydrate to stron-
tium bromide monohydrate. The phase transition from the anhydrous to the
monohydrous phase allows for storage operation in the temperature range from
150 °C to 300 °C, which is particularly interesting for industrial applications. The
temperature downgrade between charging and discharging can be compensated
by means of the so-called "thermochemical heat transformation": if the gas pres-
sure is raised between charging and discharging, the stored thermal energy is
released at a higher temperature compared to its transfer to the storage. Thermo-
dynamically, this system corresponds to the coupling of an energy storage with
a thermally driven heat pump.

For the thermochemical reaction system SrBrp /H,O, the pressure-dependent re-
action temperatures of the hydration and dehydration reaction were experimen-
tally investigated, and an empirical description of the reaction rate was derived
from thermogravimetric measurements. The experimental proof-of-concept was

performed with an effective thermal upgrade from 180 °C (charging temperature



Abstract

at 1 kPa steam pressure) to 280 °C (discharging temperature at 560 kPa steam
pressure), using a reactor concept scalable for large industrial applications. The
operating characteristics of the storage module were experimentally and numeri-
cally studied to quantitatively explain the performance-dominating processes in
the storage reactor. By means of the experimentally validated simulation study,
the limitation of the storage module’s thermal performance by heat transfer
was proven. Subsequently, a thermal sensitivity study was executed, which
shows that at the moment of maximum thermal power, the major contribution is
attributed to the interface between the porous bulk and the heat exchanger wall -
and not, as it is often assumed for other packed-bed storage geometries, within

the porous medium.

In addition to the proof-of-concept, the present study provides the necessary
fundamentals for detailed potential analyses of various industrial thermal energy
storage and heat transformation applications and the optimization of the storage

integration.
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Chapter 1

Introduction

Even in most optimistic future energy scenarios, where energy is generated
solely from unlimited renewable resources such as solar and wind energy, the
supply with energy — electrical energy or thermal energy — will not be free
of effort and cost. Hence, reasonable and cost-efficient energy usage, process
intensification and waste heat recovery will remain subjects for optimization in
the industrial and the private sectors. This will even more be the case during
the transition phase towards the above-mentioned scenario, with fossil energy
sources still playing a substantial role. Given this background, the present
thesis is dedicated to the development of a thermal energy storage (TES) in
the temperature range from 150 °C to 300 °C, which allows for an additional
thermal upgrade of the stored energy by up to 100 K. Its operation principle is
based on a gas-solid reaction between strontium bromide and water vapor as
thermochemical working pair. By using waste heat for steam supply, the storage

system can be applied to increase energy efficiency in industrial processes.

To date, 50% of the global final energy consumption covers the supply with
thermal energy for industrial processes, space and water heating in buildings,
and agriculture [1]. Although currently heat is the number one energy end-use,
in future energy scenarios, electrical energy is expected to play an increasingly

important role on both the source and sink side due to intensified power genera-

11



1 Introduction

tion from renewables [1]. Despite the predicted trend towards electricity-based
energy networks, there are many cases where energy is needed in the form of
process heat, and, at the same time, excess energy is released in form of waste
heat. In these cases, electrical energy storage might by a too costly option for
increased energy efficiency via energy storage. Such scenarios, which can be
identified e.g. in pulp and paper industries and chemical process industries,
illustrate the potential of TES as an energy and cost-saving option for increasing
energy efficiency. To date, there is substantial room for improvement: in the
European Union member states alone, approximately 100 TWh of waste heat
in the temperature range from 100 °C to 200 °C are emitted to the environment
every year [2]. Yet, this is only a third of the total industrial waste heat potential:
in the temperature level from 200 °C to 500 °C, industrial processes emit about
78 TWh per year, and 124 TWh per year at temperatures higher than 500 °C.
Summed up over the whole relevant temperature range, the amount of industrial
waste heat corresponds to 16.7% of the total industrial energy consumption for
the supply of process heat, or 9.5% of the total industrial energy consumption

[2].

At the same time, thermal energy storage presents an extra challenge compared
to electrical energy storage: In contrast to electrical energy, the value of thermal
energy is not only defined by its amount (e.g., given in kWh), but also by its
“exergetic quality”, namely, by its temperature level. Therefore, when storing
thermal energy e.g. in sensible or latent TES, we face the following situation:
due to at least two necessary heat transfer steps, i.e. charging and discharging,
the temperature of the heat discharged from the TES will inevitably be lower
than the charging temperature — dissipation to the surroundings due to insuffi-
cient insulation etc. not even considered. Hence, the discharged thermal energy
loses in exergetic value (temperature level), and therefore also in terms of its
economic value. TES will therefore only be an economically reasonable option in
cases where the discharge temperature is not too low for direct re-integration.
A way for implementing a TES with no or even positive temperature differ-
ences between the charging and the discharging temperature is provided by

12



1.1 Technology overview

thermochemical energy storage, where thermal energy is stored in the form of
the reaction enthalpy of a reversible reaction, e.g. of a gas-solid-reaction. The
concentration of the gas determines the reaction temperature, and hereby allows
for varying the charging and discharging temperatures of the TES.

Concluding from these considerations, the objective of this work is the develop-
ment of a thermochemical energy storage which allows a maximum of flexibility
in terms of its temperature operation range for charging and discharging, and
hence, an optimal “thermal upgrade” range. In view of later industrial applica-
tions, where steam is a common heat transfer fluid and also waste heat carrier, a
steam-based thermochemical reaction system is chosen for keeping the option of

direct steam utilization.

1.1 Technology overview

In the following, the state-of-the-art of different technological aspects of this the-
sis will be given. This includes fundamentals on the different TES technologies,
the thermodynamics of thermochemical heat transformation and chemical heat
pumps, and a literature review of steam-based thermochemical reaction systems
and corresponding storage designs. Based on this technology overview, the
specific research objectives of this thesis will be deduced in Section 1.2. Finally,
the introducing chapter will be concluded by a discussion on the experimental

and numerical methods used within the present work in Section 1.3.

1.1.1 Thermal energy storage

From the three basic technologies for TES, sensible, latent and thermochemical
TES, the first one is relatively simple to use and has been commonly utilized
by mankind since the pre-industrial age (e.g., in the form of tiled stoves for
heating). However, for certain industrial applications, the latter two technologies

have several advantages, such as the possibility of charging and discharging at

13



1 Introduction

a constant temperature. In the case of latent TES, thermal energy is stored in
form of the melting enthalpy of a phase change material (PCM). Not a physical,
but a chemical phase change is the fundamental principal of thermochemical
TES: thermal energy is stored in form of the reaction enthalpy of a reversible
chemical reaction, hence, in the form of chemical potential. This way, latent
and thermochemical TES allow for higher energy storage densities compared to
sensible energy storage in fluids or solids [3], [4], [5].

One of the challenges in both of these technologies is the heat transfer in the
solid phase, since solid salts as well as bulk phases of salt granules or powders
typically feature thermal conductivities below 1 W/(m-K) [6], [7]. A general
target of optimized storage designs is to provide large specific powers without
increasing the temperature gradient required to transfer thermal energy from
the application to the TES and reverse. Thus, in order to achieve high exergetic
efficiencies in the storage process, the storage’s overall heat transfer coefficient
needs to be maximized.

Starting with the storage material selection and optimization for both latent
and thermochemical TES, there is significant research work done along these
lines, namely, on the enhancement of the effective thermal conductivity of the
solid phase [8], [9], [5]. Different approaches are discussed, e.g. the mixing
with highly-conductive additives such as copper and graphite [10], [6], and
the implementation of heat transfer structures such as foams or fins as highly
conductive matrices [11], [12], [13]. Another approach to control the thermal
power of the TES is pursued with active concepts, i.e. the transport of the
storage material through a heat exchanger unit for discharging and charging.
Different concepts are being investigated, such as rotating drum concepts [14] or
batch-wise operation concepts [15] in the case of latent TES.

In the context of thermochemical energy storage, different moving bed reactors
(e.g. high-temperature TES based on metal oxides [16] and calcium oxide [17],
[18], low-temperature TES with strontium bromide hexahydrate [19]) and flu-
idized bed systems, e.g. for calcium oxide [20], are being investigated. These
concepts uncouple the thermal power of the storage from its capacity, and hence,

14



1.1 Technology overview

allow for constant powers during charging and discharging. However, their op-
eration requires additional auxiliary energy. For both, latent and thermochemical
TES, the above-mentioned active concepts are still in the stage of development.

Compared to latent TES, thermochemical TES adds some additional complex-
ity to the storage design and process integration since it involves two reacting
phases, e.g. a gas and a solid phase. Therefore, not only heat transfer aspects
have to be addressed during the design of the storages, but also the mass transfer
of the fluid reactant to and from the solid reactive phase. In both latent and
thermochemical TES, the temperature of the phase change is determined by the
concentrations of the different components. In latent TES, the concentration of
salts in binary or ternary salt mixtures defines the melting temperature and thus,
the necessary charging temperature [3]. The same is true for thermochemical
systems, but with one important difference: here, the concentration of the reac-
tants can be adjusted during the charging, storing, and discharging phases. For
example, in gas-solid reactions, the concentration of the gas can easily be varied
by its pressure. Hence, the temperature of the chemical phase change — the

equilibrium temperature of the reversible chemical reaction — can be controlled.

Summing up, the higher complexity and (presumably) higher costs compared
to sensible or latent TES might pay off in the case of thermochemical TES, if the
feature of controlling the reactants” concentrations can be used in a way that
allows for higher energy efficiency. This efficiency gain may be driven by the
flexibility in terms of the temperature operation range of the storage, and/or the
option of discharging the storage at higher temperatures compared to charging,
which in the present work is referred to as thermochemical heat transformation
or thermal upgrade. It allows compensating for the temperature gradient needed
to transfer thermal energy to and from the TES, and hence, enables increased

exergy efficiencies.

In Fig. 1.1, the schematic operation principle of the thermochemical TES and
heat transformer is illustrated using the example of steam-based reaction sys-
tems: in the charging phase (a), thermal energy is transferred to the hydrated

solid material, which decomposes into the dry solid and the gas. The gas is
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Figure 1.1: Operation principle of the thermochemical energy storage and heat
transformer. Here, a gas-solid reaction with condensable gas (e.g. steam or ammo-
nia) is chosen as thermochemical system. Note that during the storing phase (b,
valve closed), the temperature and pressure set points can be adjusted so that the
subsequent discharge process runs at different conditions compared to the charging
process.

condensed in the second vessel, with the system pressure being controlled by
the condenser temperature. The valve connecting the two vessels is closed in the
storing phase (b), and, accordingly, pressures and temperatures in the systems
can be changed independently. To start the discharging phase, thermal energy is
introduced into the evaporator, with the evaporator temperature hence deter-
mining the overall system pressure as soon as the valve between the two vessels
is opened. The exothermic reaction starts with the solid taking up the gas, and
the reaction enthalpy is discharged from the TES.

1.1.2 Chemical heat pumps and thermochemical heat

transformation

Basically, heat transformation processes can be thermodynamically described as
a coupled heat engine and heat pump process. Within the literature, some au-
thors distinguish between “synproportionation” processes, such as heat pumps,
and “disproportionation” processes, referring to the above-mentioned heat trans-
formation [21], [22]. Within the latter, different types of processes can be dis-

tinguished with regard to the number of temperature levels and number of

16



1.1 Technology overview

— A-H,0 (s) + AgH = A(s) + H,0 (g)
""" H,0 (g) = H,0 (I) + AH

In% . In% In%
S 'AEH ‘AE
DgH .
) 3 b ¥ by NGOt M
2 k2 . gt g 2 . _DH | o gl

p, |-A:H O p, |-A:H PG ? Pyt Bkt 0

A H L AH : e
N
Tw Tw Te 1T Tw Tw T YT Tw Tu Te Ty YT
art aT at
a) heat pump mode b) heat transformer mode ¢) heat transformer mode
(three T-levels) (four T-levels)

Figure 1.2: Classification of chemical heat pump and heat transformation processes,
with AT indicating the process-specific thermal upgrade. a) Thermally driven
chemical heat pump (CHP) for the thermal upgrade of low-temperature waste
heat. In contrast to the heat transformation processes, here, a high-temperature
heat source is required. b) Heat transformation (HT): thermal upgrade of low-
temperature waste heat. For instance, the operation of this 3-level heat transforma-
tion process was demonstrated by Richter et al. based on calcium chloride dihydrate
[24]. c) Heat transformation: thermal upgrade of high-temperature process heat,
driven by low-temperature waste heat. This 4-level process is the operation mode
of the present work, since the equilibrium lines of the chosen gas-solid reaction and
the vapor-liquid equilibrium of water lie further apart.

gas-solid working pairs [23]. The classification used in the present work is de-
scribed in Fig.1.2, which illustrates how a thermally driven chemical heat pump
(CHP) or heat transformation (HT) processes could be operated via a gas-solid
reaction. Here, the gaseous reactant is specified to steam, with the vapor-liquid
equilibrium being displayed in the Van’t Hoff diagram, see Fig.1.2 (also referred
to as Clapeyron diagram [23]).

While Fig. 1.2a depicts the chemical heat pump mode, Fig. 1.2b and c illustrate
heat transformation processes with three and four temperature levels, respec-
tively. In the chemical heat mode, the heat pump (HP) transfers thermal energy
from a reservoir of low temperature Tc to a heat sink of medium temperature

17
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Figure 1.3: Definition the chemical heat pump and heat transformation processes
based on the heat pump and heat engine Carnot cycles.

Tm- The required technical work is supplied from the heat engine (HE) operating
between the reservoir at high temperature Ty and the medium temperature
heat sink Tys. In the heat transformation process with three temperature levels
(Fig. 1.2b), the HE operates between the medium temperature reservoir Ty
and the ambient T, with the technical work driving the HP between Ty and
Ty. In the four-level process (Fig. 1.2c), the HP operates at a higher absolute
temperature level (Tys and Ty), compared to the HE (T and T¢). Fig. 1.3 gives
the thermodynamic description of the three different energy upgrade processes.

Based on the respective combinations of the Carnot machines, the coefficient of
performance of the chemical heat pump, ecpp, and the energy efficiency of the

heat transformation process, 7yt, are derived from an energy balance:

1—-Tc/Th
eCHp:%zlJr(e—l)n:ﬁ (1.1)
Qu €1  1-Tc/Ty (12)

M= 0M+Qc 1+ (e—1)y  Tu/Ta—Tc/To

Here, 77 corresponds to the energy efficiency of the heat engine, and € to the heat
pump’s coefficient of performance. Eq. (1.2) gives the efficiency of the four-level
HT process. The efficiency of the three-level HT process can either be obtained
from Eq. (1.2) with Tc = Ty, or from the reciprocal of Eq. (1.1).

18



1.1 Technology overview

The detailed evaluation of these different concepts with regard to their appli-
cation-relevant efficiencies depends on their integration. For instance, to judge
the cost-relevant energy efficiency of the heat transformation process, it needs
to be clarified if the thermal energy needed for providing the gaseous reactant
at higher pressures can be supplied for by waste heat, or demands additional
heating effort.

However, e.g. due the occurrence of a thermal hysteresis between the endother-
mic and the exothermic reaction, real thermochemical systems suffer from en-
tropy production, and thus, exergy losses. The entropy production in non-ideal
systems, e.g. caused by the temperature gradients occurring due to the heat
transfer steps required for charging and discharging a TES system, is accounted
for in an exergy efficiency analysis. For instance, the exergy efficiency of the heat
transformer is expressed by the ratio of exergy transformed by the process and
the input exergy [25], [26]:

Hox = Qu(1—To/Th)
* OMm(1—To/Tm) + Qc(1 — To/Tc)

(1.3)

In steam-based heat transformer systems, Q¢ corresponds to the energy needed
to supply steam as reactant in the chemical reaction at the steam pressure (or
evaporation temperature Tc, respectively) needed for running the discharge
reaction at the temperature Ty. Qy is the thermal energy transferred to the TES
during charging, and Qg is the energy released during discharging the TES. For
exemplary application scenarios, energy and exergy efficiencies of the developed

combined TES and heat transformer will be given in Section 3.2.

While various literature studies describe the development of heat pumps based
on gas-solid reactions (Fig. 1.2a) [23], [27], [28], fewer studies are published on the
actual implementation of single or multi-step heat transformation processes (Fig.
1.2b and c, respectively). For instance, Willers et al. describe a two-stage heat
transformer based on metal hydrides, which was operated with 130 — 135 °C heat
source and 190 — 200 °C heat sink temperatures [29]. Note that due to the usage
of three different metal alloys as reactive solids in their multi-stage experimental
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scheme, the corresponding van’t Hoff diagram features three phase transitions,
and is therefore more complex than displayed in Fig. 1.2b. The prototype was
reported to operate with a maximum thermal upgrade of 70 K. A specific power
output of 30 W/kg of metal hydride was demonstrated, with a total hydride

mass of 210 kg distributed in six thermochemical reactors.

The operation of a single-stage heat transformer (Fig. 1.2b) based on ammonia
salts between 150 °C and 200 °C is reported by Haije et. al [30]. The 1kW
prototype is assembled from six stacked units, each containing 1.8 kg of sorbent
(lithium chloride or magnesium chloride, total weight of 12 kg per unit). Due
to the safety regulations for the operation with pressurized ammonia (2 MPa),
the total mass of the storage was about 100 kg, thus being a major drawback
of the prototype [31]. However, in a techno-economic feasibility study, the
economic potential of the ammonia/salt heat transformation process for waste

heat recovery was described as promising [32].

Based on two ammonia salts and the vapor-liquid equilibrium of ammonia as
a third phase transition, Wu et al. investigated a two-stage heat transformer
process operating with four temperature levels (Fig. 6c, again multi-stage) [33].
Their prototype was operated in the range from 96 °C (condenser temperature
25°C) to 161 °C (evaporator temperature 60 °C) with a maximum thermal up-
grade by 65 K. The storage contained approximately 8 kg of strontium chloride
and magnesium chloride. However, no information on the thermal power of the

prototype is revealed.

At DLR, Richter et al. investigated a single-stage heat transformer (Fig. 1.2b)
based on the hydration and dehydration reaction of calcium chloride [24]. A
prototype was operated with an effective thermal upgrade from 130 °C charg-
ing temperature (2 kPa condenser pressure) to 165 °C discharging temperature
(75 kPa evaporator pressure). The maximum thermal power achieved was ap-
proximately 450 W. The prototype contained 0.7 kg of calcium chloride dihydrate,
hence, the specific thermal power of the storage design was significantly higher
than in the other concepts mentioned above (peak: 640 W /kg hydrated salt).

20



1.1 Technology overview

Overall, the storage required approximately 1.5h each for charging and discharg-
ing. Thus, the average thermal power based on the total storage capacity was
100 W or 140 W/kg hydrated salt.

As it can be seen from the examples above, it is quite challenging to achieve
effective thermal upgrades of several tens of Kelvins, often requiring multi-stage
concepts or the use of large pressure differences. A remarkably large temperature
lift from 80 °C to 170 °C was achieved by Lubis et al. with a two-stage absorption
heat transformer operated with a lithium bromide-water solution [34]. However,
for the targeted application range of the present work (150 °C — 300 °C), there
is no demonstration of a heat transformer reported in literature to the author’s

knowledge.

1.1.3 Steam-based reaction systems

Regarding the later integration into applications, choosing steam as gaseous
reactant in the thermochemical working pair has advantages due to its common
usage in the industrial sector. Other common gaseous reactants are ammonia,
hydrogen, oxygen, but also carbon dioxide [23]. A lot of research on steam-based
reaction system has been done in the context of low-temperature energy storage,
e.g. for seasonal storage applications for residential buildings [35]. Some of the
discussed salts form more than one hydrate phase, with the different hydrate
levels appearing in different pressure and temperature ranges. One example of
such a salt is strontium bromide, which forms a hexahydrate at temperatures
below approximately 70 °C, and a monohydrous phase, which is decomposes
into the anhydrous salt and steam at temperatures of around 150 °C [36], [37]. The
reversible reaction from the monohydrate to the hexahydrate salt is investigated
for low-temperature TES in open storage concepts, i.e. storages operated with
humid air open towards the environment [38], [39].

For the targeted temperature range of 150 °C to 300 °C, few steam-based reaction
systems are described in literature [40], [41], [42]. One basic criterion for the
material selection for TES and heat transformation applications is the reversibility
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of the chemical reaction in terms of a thermal hysteresis between the endothermic
and the exothermic reaction [43]. The occurrence of a thermal hysteresis is
reported for salt hydrate reactions at low temperatures [44], [45], but also e.g.
for metal oxides at reaction temperatures above 600 °C [46]. With regard to
its implications for the TES application, a thermal hysteresis occurring in a
thermochemical reaction system is comparable to subcooling effects in PCM
[47], [48]. If the thermal hysteresis between the endothermic and the exothermic
reaction is large, e.g. 50 K or more, it may be impossible to achieve an effective
thermal upgrade. In this case, a large fraction of the available pressure difference
is already required to reach even the same reaction temperatures for charging and
discharging, or, more extremely, the necessary charging temperatures exceed the
desired discharge temperatures. For instance, magnesium oxide was excluded
due to the large thermal hysteresis appearing between the hydration of the
oxide and the dehydration of the hydroxide. Although magnesium oxide is a
potential candidate for thermochemical TES and for the operation of a chemical
heat pump, the thermal hysteresis inhibits its feasibility for thermochemical heat
transformation [49].

Another material selection criterion is cycle stability. For instance, the hydration
of calcium sulfate to its hemihydrate and the dehydration of the latter were
reported to be subject to significant degradation within the first ten reaction
cycles [42].

These considerations have led to the selection of SrBr; /SrBr,-H>O as reference
reaction system in the present work. The salt showed promising properties in an
experimental screening based on thermogravimetric analysis measurements [42].
Two major disadvantages are associated with the usage of strontium bromide as
thermochemical TES material: firstly, the corrosiveness to steel, in particular in
very humid atmosphere close to the dissolution of the salt [50], and, secondly;,
high prices of approximately 50 USD per kg [51]. This is mainly related to the
very low worldwide production of approximately 300 kg SrBr, hexahydrate per
year. However, it is expected that costs decrease to approximately 3.55 USD

per kg for the synthesis of strontium bromide from strontium carbonate [51].
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Similarly, in the context of low-grade heat recovery applications, an analysis on
the cost-reduction potential in simplified production process resulted in a cost
estimation of 700 — 2,100 € per ton of SrBr; [52].

In the later course of the present work, the organic salt calcium oxalate, CaCyOy,
was reported to be a highly potential candidate for thermochemical TES and
heat transformation [53]. Another promising candidate could be the mineral
parascholzite, CaZn,(POy),-2H,0 [54]. Both calcium oxalate and parascholzite
can be operated in a very similar temperature and pressure range as strontium

bromide.

Please note that sorption systems, such as zeolites, were excluded from the mate-
rial screening. However, in principle, operating heat transformation processes
is possible with zeolites, provided that highly temperature-stable sorbents are
used, which at the same time are able to take up water at high temperatures and
pressures, and do not require high regeneration temperatures. In this context, it
also needs to be considered that zeolites are not characterized by a monovariant
equilibrium, but instead, their phase diagram changes with the concentration of
the absorbed substance in the sorbent [55]. Hence, the sorption enthalpy changes
with the state of charging and discharging, respectively, which is not favorable

for the targeted heat transformation process.

1.1.4 Packed-bed storage reactor designs

Concerning the operation of the gas-solid reaction in a storage reactor, there
are various design concepts published for thermochemical TES based on salt
hydrates. A basic distinction is made between open and closed systems [56],
[57], e.g. the open [58] and closed [24] operation of a TES and heat transformer
based on calcium chloride dihydrate. In this context, the terms open and closed
refer to the gas atmosphere in the storage. Open steam-based reactor systems
are characterized by the operation with mixed steam/air atmosphere, e.g. dry
air from the environment for charging and humid exhaust air for discharging.

In contrast, a thermochemical reactor system is defined as closed when no gas
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exchange with the atmosphere is enabled. In the case of steam-based reaction
systems, the water emerging from the reacting bulk phase during charging is
condensed in a separate vessel. Operating a thermochemical TES under vacuum
conditions during charging and with overpressures during discharging allows
for a larger effective thermal upgrade than compared to the open operation due
to the higher gas concentration difference.

As in the present work, higher temperature levels are addressed compared to
the above-mentioned studies on strontium bromide hexahydrate operated in
open storage systems [39], [37], steam pressures need to be raised accordingly.
Hence, closed storage concepts operated with pure steam are more eligible.
Usually, packed-bed thermochemical reactors are designed as tube bundle heat
exchangers, with the reactive material on tube side [24] or shell side [59], or
plate heat exchangers [60], [61]. Finned-tube heat exchangers, such as they are
widely investigated for latent TES [12], [62], [63], are less common in thermo-
chemical storage concepts, although they are promising with regard to high
specific thermal powers [4], [30], [64], [65], [66]. A general challenge in these
designs is providing not only sufficient heat transfer, but also sufficient gas mass
transfer to and into the porous bulk. This is increasingly important if the storage
is operated under vacuum conditions in steam-based systems, since the steam
density decreases with the pressure. Particularly during charging, this leads
to higher steam velocities and pressure losses in the packed bed. With these
multiple requirements, there is a lack of packed-bed reactor designs allowing
for high-specific thermal powers at low pressures, but explicitly consider easy
scalability for large industrial applications. Among others, scalability considera-
tions should include the often time-consuming procedures of filling the reactive
material into the reaction chamber, and also the reduction of the overall thermal

mass of the storage reactor system.

For instance, Schmidt et al. developed a packed bed thermochemical reactor
operated with calcium oxide on a 10 kW scale [67]. A peak power of 7.5 kW was
experimentally demonstrated, which corresponds to a specific thermal power

of 375 W/kg hydroxide. For comparison, Richter et al. reached a maximum
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specific thermal power of 640 W/kg hydrated salt with the tube-bundle heat
exchanger design [24], [68]. Drawbacks of both of the concepts investigated
by Richter and Schmidt are the high thermal masses of the thermochemical
storage: approximately 10 kg steel mass in the case of the calcium chloride heat
transformer (14 kg steel per kg hydrated salt), and 145 kg steel mass in the case of
the calcium oxide energy storage (7 kg steel per kg hydroxide). These numbers
demonstrate that although the concepts show promising results on lab-scale, a

scale-up of the storage design for industrial applications is hardly reasonable.

1.2 Research objectives

The research objectives of the present thesis are based on the state-of-the-art
of thermochemical energy storage and heat transformation with SrBr, /H,O
as described in the previous chapter. They can be grouped into two leading
research questions, which will be further detailed in the following:

Is SrBry/H,0 a suitable reaction system for TES and heat transformation

under conditions relevant for industrial applications, i.e., 150 °C - 300 °C?

This research question particularly includes the investigation of pressure-tempe-
rature correlations for the hydration and dehydration reaction, and the identifi-
cation of a possibly occurring thermal hysteresis. This is necessary in order to
identify suitable storage operation parameters in terms of charging/discharging
pressures and temperatures. Furthermore, the effective reaction rates need to be
determined since they give the maximum specific thermal power of the TES (a
detailed analysis on the physical reaction mechanisms is not within the scope
of this work). In contrast to the expected specific thermal power, the energy
density can be estimated from literature data on the reaction enthalpy. At last,
cycle stability over a large number of cycles is a necessary prerequisite for any
industrial storage application. This also includes microscopic and macroscopic

transformations within the reactive bulk phase, such as agglomeration.
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Additionally, in the present work, the focus is set on the development of a storage
design which features high specific thermal powers (kW/m?) rather than a high
energy storage density (kWh/m?3). In contrast to the existing work on SrBr, /H,O
with focus on long-term storage applications, the present work is motivated by
target applications in industrial waste heat recovery, e.g. for the continuous
thermal upgrade of waste heat for direct process re-integration. These go along
with a high cycling frequency and very specific re-integration demands (e.g.
process heat temperatures and thermal powers), so that the specific properties of
thermochemical TES compared to sensible and latent TES are more likely to pay
off the increased effort. This leads to the second research question:

How can a thermochemical storage unit be designed to provide high specific

thermal powers as well as easy scalability for large industrial applications?

Usually, the low thermal conductivity of loose bulks of salt hydrates is regarded
as the bottleneck for high-power applications, as in many cases, the heat transfer,
and not the reaction kinetics or the mass transfer rates are limiting the thermal
power of thermochemical TES systems. Within this work, the questions shall
be answered on how a packed-bed storage cell can be designed in order to
cope with the low thermal conductivity of the reactive medium by the use of
highly-conductive heat transfer structures. At the same time, the chosen de-
sign shall be transferable to industrial applications, which means that, amongst
other properties, it must be robust with respect to macroscopic changes in the
bulk phase. Apart from these hands-on research objectives, the performance-
dominating aspects need to be quantitatively understood in order to identify
optimization potentials. This research objective closely relates to the question
concerning which internal processes will be performance-dominating for the
storage operation in an industrial application scenario. However, even if the
above-mentioned storage characteristics allow giving some first remarks on the
storage’s benefits in different application scenarios, the quantitative evaluation
of suitable application scenarios, e.g. based on the determination of energetic
and exergetic efficiencies, is out of scope of this work.

26
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To sum up, the present work involves the investigation of a thermochemical
energy storage and heat transformer along the path from the fundamental char-
acterization of the thermochemical working pair towards the demonstration of
the technology in a lab-scale storage unit under application-relevant operation
conditions, and ends with the overall storage performance analysis. The different
methods which were used in the experimental and numerical studies are briefly

described in the following.

1.3 Methods

Since details on the different experimental setups and the numerical simulation
tool are given in the journal publications associated with this thesis, this section
gives a broader overview over the methods used. Alongside, the corresponding

journal contributions are briefly introduced.

1.3.1 Experimental material characterization

Starting point of the characterization of SrBr, /H,O as reference thermochemical
reaction system was a previous study based on thermogravimetric analysis (TGA)
measurements. This study indicated that the anhydrous strontium bromide salt
reacts with water vapor in a reversible chemical reaction, with the cycle stability
demonstrated for ten hydration/dehydration cycles [42]. Following up on this
first study, the detailed characterization of the SrBr, /H,O reaction system was

conducted by two different experimental approaches in the present work.

Firstly, two commercial thermogravimetric analysis (TGA) devices were used for
high-resolution reaction conversion measurements under defined temperature
and pressure conditions. The mass of the sample in these experiments was small
(approximately 15 mg), which allowed for the determination of the effective
rate of reaction. The atmosphere in the sample chamber, which was open to the

ambience, was set by controlling the volumetric flows of steam as reactive gas
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and nitrogen as purge gas. Secondly, a specifically designed lab-scale setup with
approximately 1kg sample mass was implemented, mainly dedicated to identify
the temperature range of the chemical reaction if operated under pure steam
atmosphere and pressures up to approximately 150 kPa. The test infrastructure
to operate the storage cell, i.e. the thermal infrastructure and steam supply, was
adopted from a previous research project on thermochemical energy storage and
heat transformation based on calcium chloride [24]. Apart from the measurement
of the bulk temperatures and the steam pressure, the reaction conversion was

monitored via a level indicator installed in the evaporator/condenser.

Based on the geometry of the measurement cell, a simplified numerical model
of the discharging process was implemented and compared to experimental
data. The main objective of this work was to prepare the implementation of
a more advanced numerical model for a complex reactor design. The results
are summarized in two journal contributions: I. Pre-study, which contains
experimental data on the hydration reaction temperatures from the lab-scale
storage cell and the results on the basic numerical study, and III. Material
characterization. The latter includes empirical correlations on the pressure-
dependent reaction temperatures of both the hydration and the dehydration
reaction from the lab-scale setup, along with the analysis of the cycle stability
over 100 cycles determined via TGA measurements. The manuscript concludes
with empirical models on the hydration and dehydration reaction rates, which
were determined from TGA measurements under varying temperatures and

water vapor partial pressures.

1.3.2 Experimental proof-of-concept

In parallel to the experimental work on the material characterization, the prepa-
rations for the experimental proof-of-concept were started based on the results
of the pre-study. A lab-scale infrastructure to provide steam as reacting gas and
a thermal infrastructure to charge and discharge the storage under application-

relevant operation conditions was designed, constructed, and brought into op-
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eration. With the setup, steam-based storage modules with thermal powers
up to approximately 5 kW can be investigated. The challenge of implementing
such a test infrastructure is the operation with steam in a broad pressure range,
from vacuum to high pressures in a closed system (1 kPa — 600 kPa). Hence,
air tightness and large pipe diameters are required, along with heater systems
to prevent condensation. For safe operation of the pressure equipment in a
broad temperature range, the setup was designed for maximum heat transfer
fluid temperatures of 320 °C in the storage module, and 170 °C in the evapora-
tor. Within the present thesis, a 1 kW prototype of a scalable storage module
was developed and experimentally characterized in terms of its thermal perfor-
mance. This prototype contained 5 kg of the reactive material. In contrast to
the lab-scale setup used for the material characterization experiments, this 1 kW
prototype is designed to achieve high specific thermal powers. It is equipped
with temperature probes within different positions in the bulk phase and the heat
transfer fluid circuit. Apart from that, the thermal powers transferred between
the heat transfer fluid and the storage module and the reaction conversion were
experimentally determined. The latter was obtained from the measurement of
the fluid level in the evaporator/condenser. The experimental results of the
1kW prototype have been published in paper II. Proof-of-concept. This paper
contains the results from the above-mentioned setup through a broad range of
charging and discharging temperatures and powers, with the main objective
being the investigation of the storage’s application range.

1.3.3 Numerical analysis of the potential and the limitations of

the storage design

Due to the complex geometry of the storage design, the performance charac-
teristics of the storage module cannot be described satisfyingly in an analytical
way. Hence, a numerical model based on the finite element method (FEM) was
implemented for the purpose of a quantitative analysis on the performance-

dominating aspects. The numerical model of the proof-of-concept reactor design
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contains the empirical reaction rate models, which were obtained from the TGA
measurements, and the correlations on the pressure-dependent reaction tem-
peratures derived from the 1kg-measurement cell. The model validation was
performed by the comparison of the simulation results with the experimental
data obtained with the 1kW prototype. It was proven that the thermal perfor-
mance of the storage module is mainly determined by the heat transfer rates.
The results of this study are summarized in the manuscript IV. Performance
analysis. This journal contribution concludes with a thermal sensitivity study,
which aims at the quantitative investigation of the different contributors to the
overall performance characteristics of the storage. It was shown that the most
important contributor is not the low thermal conductivity of the reactive bulk
phase, but the heat transfer from the bulk to the heat exchanger wall. Based on
the discussion of the heat transfer limitation and the results of the simulation

studies, design guidelines for the layout of large-scale storages are proposed.
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Chapter 2

Publications

This thesis is based on the work published in the following journal contributions:
I. Pre-Study

Jana Stengler, Julius Weiss, Marc Linder (2019): Analysis of a Lab-Scale
Heat Transformation Demonstrator Based on a Gas-Solid Reaction. Energies,
12, 2234. DOI: 10.3390/en12122234.

Contribution declaration: main author, conduction of the experimental

work and data evaluation.

This paper was invited to the Energies Special Issue "Selected Papers from Heat
Power Cycles Conference 2018", after the original paper was published in the
conference proceedings. It represents the progress of the project at an early stage.
In contrast, the three following papers were completed in short sequence during
the last year and can therefore be considered as a rather consistent trilogy.
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I1.

III.

IV.
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Proof-of-concept

Jana Stengler, Marc Linder (2020): Thermal energy storage combined with a
temperature boost: An underestimated feature of thermochemical systems.
Applied Energy, 262, 114530. DOI: 10.1016/j.apenergy.2020.114530.

Contribution declaration: main author, conduction of the experimental

work (except for the SEM imaging) and data evaluation.
Material characterization

Jana Stengler, Inga Biirger, Marc Linder (2020): Thermodynamic and ki-
netic investigations of the SrBr, hydration and dehydration reactions for
thermochemical energy storage and heat transformation. Applied Energy,
277,115432. DOI: 10.1016 /j.apenergy.2020.115432.

Contribution declaration: main author, experimental work and data evalu-

ation.
Performance analysis

Jana Stengler, Inga Biirger, Marc Linder (2021): Performance analysis of
a gas-solid thermochemical energy storage using numerical and experi-
mental methods. International Journal of Heat and Mass Transfer, 167, 120797.
DOI: 10.1016/j.ijjheatmasstransfer.2020.1207972.

Contribution declaration: main author, experimental work, numerical

model implementation and data evaluation.



Additionally, parts of this project have been published in the following contribu-

tions to international conferences:

Jana Stengler, Eva Fischer, Julius Weiss, Marc Linder (2018): Experimental Results
of a 1 kW Heat Transformation Demonstrator based on a Gas-Solid Reaction.
Heat Powered Cycles Conference 2018, Sept. 16.-19., 2018, Bayreuth, Germany.

Jana Stengler, Marie Gollsch, Julius Weiss, Marc Linder (2018): Porous media
for thermochemical energy storage: experimental investigation on structural
changes of reactive materials. InterPore 2018, May 14.-17., 2018, New Orleans,
USA.

Jana Stengler, Torsten Ascher, Marc Linder (2017): High temperature thermo-
chemical heat transformation based on SrBrp. 12th IEA Heat Pump Conference
2017, May 14.-18., 2017, Rotterdam, Netherlands.

Jana Stengler, Marius Drexler, Marc Linder (2017): Waste Heat Driven Thermo-
chemical Heat Transformation based on a Salt Hydrate. International Renewable
Energy Storage Conference IRES 2017, March 14.-16,. 2017, Diisseldorf, Germany.

Jana Stengler, Margarethe Richter, Marc Linder (2016): Thermochemical energy
storage and heat transformation based on SrBry: generic reactor concept for
validation experiments. Materials Science and Engineering (MSE) 2016, Sept.
27.-29., 2016, Darmstadt, Germany.
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2.1 Paper I: Pre-study

This article was published in Energies, 12, 2234, Copyright MDPI (2019).
https://www.mdpi.com/1996-1073/12/12/2234

34


https://www.mdpi.com/1996-1073/12/12/2234

energies MPY

Article
Analysis of a Lab-Scale Heat Transformation

Demonstrator Based on a Gas-Solid Reaction *

Jana Stengler **, Julius Weiss and Marc Linder

German Aerospace Center (DLR), Institute of Engineering Thermodynamics, 70569 Stuttgart, Germany;

julius.weiss@ise.fraunhofer.de (J.W.); marc.linder@dlr.de (M.L.)

* Correspondence: jana.stengler@dlr.de; Tel.: +49-711-6862-8238

t The original paper was presented in: Stengler, J., Fischer, E., Weiss, J., Linder, M. Experimental Results
of a 1 kW Heat Transformation Demonstrator based on a Gas-Solid Reaction. Riehl, R., PreifSinger, M.,
Eames, I, Tierney, M., Eds. In Proceedings of the Heat Powered Cycles Conference 2018, Bayreuth, Germany,
16-19 September 2018. ISBN: 978-0-9563329-6-7.

check for

Received: 27 April 2019; Accepted: 5 June 2019; Published: 12 June 2019 updates

Abstract: Heat transformation based on reversible chemical reactions has gained significant interest
due to the high achievable output temperatures. This specific type of chemical heat pump uses
a reversible gas—solid reaction, with the back and forward reactions taking place at different
temperatures: by running the exothermic discharge reaction at a higher temperature than the
endothermic charge reaction, the released heat is thermally upgraded. In this work, we report on
the experimental investigation of the hydration reaction of strontium bromide (SrBr,) with regard
to its use for heat transformation in the temperature range from 180 °C to 250 °C on a 1 kg scale.
The reaction temperature is set by adjusting the pressure of the gaseous reactant. In previous
experimental studies, we found the macroscopic and microscopic properties of the solid bulk phase
to be subject to considerable changes due to the chemical reaction-. In order to better understand
how this affects the thermal discharge performance of a thermochemical reactor, we combine our
experimental work with a modelling approach. From the results of the presented studies, we derive
design rules and operating parameters for a thermochemical storage module based on SrBr,.

Keywords: heat transformation; thermochemical reaction; chemical heat pump; thermal upgrade;
gas—solid reaction

1. Introduction

Thermochemical reactions, for example reversible reactions between a gas and a solid, have
been widely discussed in literature in the context of thermal energy storage. Compared to latent or
sensible energy storage technologies, thermochemical systems offer significantly higher energy storage
densities [1]. Another key feature of thermochemical energy storage is the possibility to control the
charge and discharge temperatures by adjusting the concentration of the reactants: if the gas pressure
is increased in a gas—solid reaction system, the reaction temperature rises. This effect can be used to
transform thermal energy from a lower temperature level to a higher temperature level, the so-called
heat transformation or chemical heat pump [2,3]. Different thermodynamic heat transformation and
chemical heat pump processes have been discussed in the literature, and a number of studies have been
published that clearly highlight the potential of heat transformers for the reduction of low-enthalpy
waste heat in industrial processes [4,5]. Although there are several lab-scale setups proposed with
different gas—solid working pairs, no technical implementation of a thermochemical heat transformer
on an industrial scale has been reported [6-8]. Regarding suitable gas—solid reactive couples, there is
a broad spectrum of chemical reactions discussed, e.g., ammonia-, hydrogen- or steam-based working
pairs, covering a wide range of operating temperatures [9].

Energies 2019, 12, 2234; doi:10.3390/en12122234 www.mdpi.com/journal/energies
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The basic concept of heat transformation generally requires three temperature levels and two
pressure stages (see Figure 1a, with water vapor being the gaseous reactant). For providing the reaction
enthalpy (ArH) of the endothermic reaction as well as for supplying the evaporation enthalpy of
the gaseous component (AyH), waste heat at a temperature of Tyaste is used. During the charging
process, the emerging vapor is condensed at ambient temperature (T ampient). In our work, we follow
a different approach to achieve thermal upgrade at a higher absolute temperature level. As depicted in
Figure 1b, the heat transformation process described in this work requires four temperature stages:
the two upper ones are related to the later application process, and the two lower ones are used
for thermal compression of the gaseous reactant. The lowest temperature level (condensation at
ambient temperature Tympient) is needed for vapor removal from the reaction chamber in order for the
endothermic reaction to reach complete turnover at a low pressure (pjow). Hence, the chemical reaction
takes place at a low reaction temperature (T}o val.), and the thermochemical storage is charged by
low-value process heat. During the exothermic discharging process, low-temperature waste heat is
used for providing steam at a higher pressure (phign) for running the chemical reaction. The available
waste heat temperature defines the vapor pressure and, thus, determines the maximum thermal
upgrade of the released high-value process heat.

— A'H,O (s) +AgH 2 A(s) + H,0 (g) — A‘H,0 (2 +AgH = A(s) + H,0 (g)
»»»»» H,0 (g) = H,0 () +AcH = Hy0 (g) = HyO () +AcH
In pyz0 In py,o
AgH_-. AgH l
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Figure 1. Van't Hoff diagrams of generic water vapor-solid reactions combined with the vapor-liquid
equilibrium of the gaseous reactant. Depending on the chosen gas—solid working pair, two modes
of operation are possible: (a) thermal upgrade of low temperature waste heat (Twaste t0 Tprocess) and
(b) thermal upgrade of high-temperature process heat (Tiow val. t0 Thigh va1.) driven by low-temperature
waste heat (operation concept of this work).

With this approach, we are able to re-use low-temperature waste heat as a driving source for
high-temperature heat pump processes. Depending on the chosen gas—solid working pair, the operating
temperatures of the heat pump process can be adapted to a specific application.

In a first study, we identified the hydration and dehydration reaction of strontium bromide (SrBr;)
as a potential candidate for thermochemical heat transformation in the temperature range above
150 °C [10]. The non-toxic inorganic salt forms anhydrous, monohydrate, and hexahydrate phases and,
prior to our study, it has been discussed in literature exclusively in the context of low-temperature energy
storage for seasonal storage applications [11,12]. For achieving low temperatures required in seasonal
storage applications, the chemical reaction is limited to the phase change from the monohydrate phase
to the hexahydrate phase, which occurs at temperatures of 50 °C to 80 °C. The reaction temperatures
can be increased significantly by limiting the phase change from the anhydrous to the monohydrous
phase, which is the focus of our work:

SrBry-H,O (s) + ARH = SrBr;p (s) + H,O (g) (@)

This reversible gas—solid reaction takes place at temperatures of 150 °C or higher, which is
very interesting for industrial heat transformation applications as it exceeds the working range of
conventional heat pumps. Although the reaction is chemically reversible and cycle stability was
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experimentally demonstrated for 10 dehydration/re-hydration reaction cycles in thermogravimetric
analysis (TGA) experiments, a thermal hysteresis of 22 K was reported in TGA measurements conducted
at a water vapor partial pressure of 5 kPa [10].

The van’t Hoff equation provides a first assumption of the correlation between the vapor pressure
and reaction temperature based on the standard molar enthalpy and entropy of reaction:

ARS AxH
log(p/p*) = =~ R7 @)

with R being the universal gas constant, and the reference pressure p* = 10% hPa. From standard molar
enthalpy and entropy of formation given in the NBS Tables [13], the reaction enthalpy and entropy is
calculated as ARH = 71.98 k]/mol and ARS = 143.93 J/(mol-K), respectively.

For confirming the p(T)-correlation, we developed a method for obtaining data from experiments
on a 1 kg scale [14]. In the experimental study, we observed that the exothermic reaction from the
anhydrous phase to the monohydrate takes place at around 229 °C when water vapor is supplied
at a pressure of 70 kPa. This value is higher than the reaction temperature expected from the van't
Hoff Equation (2), which returns a temperature of 217 °C for the same vapor pressure. During the
dehydration process at a vapor pressure of 6.5 kPa, a minimum temperature of 190 °C was found.
Calculated from Equation (2), this vapor pressure corresponds to a reaction temperature of 159 °C.
Evidently, the van’t Hoff Equation (2) does not give an exact estimation of the correlation between vapor
pressure and reaction temperature. However, this correlation is required for further investigations of
the heat transformation operation conditions with the SrBr,/H,O working pair, and therefore needs to
be experimentally determined.

When opening the reaction chamber after having conducted 11 dehydration/re-hydration cycles
with different reaction conditions, we detected agglomeration effects in the bulk. Even though this was
observed consistently during the series of experiments, the changes in the bulk structure did not affect
the reaction dynamics of the thermochemical reactor. Based on the results of these investigations, we
see very high potential in the SrBry/H,O working pair for achieving a thermal upgrade of 50 K or more
in a single-stage heat transformation process with only one working pair. Therefore, our current work
is focused on the investigation of experimental operation conditions and reaction chamber designs
that allow for heat transformation in a temperature range of 180 °C to 250 °C at high thermal powers.

2. Materials and Methods

To charge the storage system, thermal energy is transferred indirectly to the solid bulk material via
a heat transfer fluid. In the course of the endothermic chemical reaction, the gaseous reactant escapes
from the powder bulk and must be separated from the solid phase: the emerging steam is condensed
in a separate heat exchanger in order to keep the pressure low and thus to reach complete reaction
turnover. In this work, we focus on the thermal discharge process, which starts when water vapor
is introduced into the reaction chamber. The thermal energy released by the subsequent chemical
reaction is transferred from the powder bulk to the heat transfer fluid. For vapor generation, we use
a tube bundle heat exchanger. In order to calculate the reaction conversion, it is equipped with a level
indicator measuring the amount of water being consumed during the chemical reaction.

In general, there are three main processes that affect the thermal performance of a thermochemical
reactor: vapor mass transfer into the solid bulk phase, heat transfer from the solid bulk phase to the
heat transfer fluid, and the rate of the chemical reaction at the given operation conditions. To qualify
how the physical and chemical properties of the reactive material affect the thermal performance of
a thermochemical reactor and to quantify these local effects in order to identify potential bottlenecks,
we included the relevant physical processes during the chemical reaction in a model based on the finite
element method (FEM). For numerical calculations, we used solvers from the Comsol Multiphysics®
simulation software (Stockholm, Sweden). The validity of the simulation studies is verified by
comparison with experimental data from a packed bed thermochemical reactor.
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For the validation reactor, a rectangular reaction chamber configuration with indirect heat transfer
was chosen. The heat exchanger consisted of two single-embossed pillow plates that were mounted
back to back and were equally flowed through by heat transfer fluid (HTE, Purity™ FG Heat Transfer
Fluid (Petro-Canada Lubricants Inc., Mississauga, Ontario, Kanada)) at a constant rate of 2 kg/min.
The heat exchanger plates formed a 290 mm X 225mm X 20 mm volume filled with 1,050 g of SrBrp-H,O
(resulting packed bed height: 205 mm). From the top and the bottom of the reaction chamber, water
vapor was introduced into the reactive bulk. Metal filters with a mesh size of 5 pm kept the packed
bed in position and minimized undesired release of powder into the pipework of the test setup.
The thermochemical reactor was equipped with a pressure sensor and several temperature probes
that monitored the solid bulk’s temperature at different positions within the fixed bed. During the
experiment, the temperature of the heat transfer fluid was kept at a constant value. A schematic
drawing of the setup is depicted in Figure 2.
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Figure 2. Schematic reactor geometry used for both modelling as well as experimental studies: (a) side
view and (b) front view.

As 2D-model domain, we chose a cross-section through the center of the solid bulk volume.
For model implementation, the solid phase was assumed to be a homogenous porous medium. Material
properties were assessed by the means of literature data or own measurements and calculations.
A summary is given in Table 1.

Table 1. Chemical and physical properties of the SrBr,/H,O reaction system.

Category Parameter Value Reference
density SrBr, 4216 kg/m3 literature data [15]
linear interpolation between SrBr, and
i . 3 p 2
solid properties density SrBr,'H,0 3911 kg/m SrBr;-6H,0O densities from [15]
heat capacity SrBr, 75.35 J/(mol-K) literature data [13]
heat capacity SrBry-H,O 120.9 J/(mol-K) literature data [13]
. . ) experimentally determined for this specific
bu(lgr}él;ozfges bulk porosity (SrBry-HpO) 0.71 reactor setup
SrBr2~2H20) permeability 110710 m2 literature data on SrBr,-H,O [16]

thermal conductivity Aegr | 0.2-0.6 W/(m-K) | assumption based on data on SrBr,-H,O [16]

calculated from literature data on enthalpy of

enthalpy of reaction ARH 71.98 kJ/mol formation [13]
hydration reaction . ) calculated from literature data on entropy of
(SrBr to entropy of reaction ArS 143.93 J/(mol-K) formation [13]
SrBry-H,0) fit to experi 1 i
. - 10-3 perimental data from isothermal
effective rate coefficient kegf 1.6:107° 1/s thermogravimetric analysis (TGA)
measurements at 68.8 kPa (unpublished)
pressure term exponent n 2
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Movement of the solid is neglected, and the porosity is set to a constant value during the reaction.
Furthermore, a change in bulk volume or bulk permeability is not yet considered. The gas phase,
which consists of pure water vapor with ideal gas properties, penetrates the porous media according
to Darcy’s law. Local thermal equilibrium is assumed between the gas and the solid phase. As the
temperature differences within the observed volume are very small, heat radiation does not play
a significant role and is therefore neglected.

Boundary conditions concerning heat and mass transfer in the relevant model domain are depicted
in Figure 3. It is assumed that the overall heat transfer coefficient kso)ig-riTr from the powder bed to the
heat transfer fluid is determined by the heat transfer coefficient on the HTF side of the pillow plate heat
exchanger. This value is calculated from the correlations on forced convection in planar gaps given in
the VDI Heat Atlas [17] for laminar fluid flow. Assuming the pillow plates as planar gap with 1.5 mm
gap width and a HTF flow rate of 2 kg/min result in kg}ig-pTE = 365 W/(m?2K).

..... !-@ @ ﬁszﬁVpsolldzﬁﬁzﬁszo

@ G @a @ P = Pvapors 1 Vpgolig =1 VT = 0

; ®

: r_i'vpsolidz7_‘['1_7)=O
- (@ 1+ (= 2ege VT) = Ksotia—utr (T — TuTr)

Figure 3. Boundary conditions for heat and mass transfer in the 2D model domain (see Figure 2) with
v being the Darcy flux and 71 the normal vector.

The exothermic hydration reaction is implemented as a heat source with a first order rate law,

dX

T kefr (1 = X)'(

p n
1], 3
Prayd(T) ) ©

with X being the reaction conversion and p the water vapor (partial) pressure. The effective rate
coefficient ke and the pressure term exponent n given in Table 1 were fitted to isothermal TGA
experiments (temperature range 186 °C to 212 °C) at a partial vapor pressure of 68.8 kPa.

In these measurements, it is observed that the effective reaction rate decelerates with increasing
temperature, as the equilibrium pressure increases with increasing temperature, thus shifting the
system closer to the thermodynamic equilibrium. This rate-diminishing effect is modelled by the
last term in Equation (3), and generally prevents any thermal runaway. The temperature-dependent
water vapor pressure pr Hyd(T) of the hydration reaction can be obtained from thermodynamic data
on the reaction enthalpy and reaction entropy (van’t Hoff line), as described by Equation (2), or from
experimental correlations. Extending the reaction rate model to larger temperature and pressure ranges
will be part of our future work.

3. Results

We conducted several sets of experiments. Within the series, the vapor pressure and, accordingly,
the temperature of the heat transfer fluid varied: as strontium bromide forms a hexahydrate phase
(SrBry-6H,0) at high vapor pressures or low temperatures, respectively, the preheat temperature of the
anhydrous solid must be raised for high vapor pressures in order to ensure the exclusive formation
of SrBrp-H,O. Up to 15 dehydration/re-hydration cycles were performed in a row with one batch of
reactive material. Afterwards, the reactor was refilled with a fresh batch of SrBr,-H,O. The vapor
pressure was varied from 18 kPa up to 145 kPa, and the discharge temperature was set in a range
of 132 °C to 210 °C. The maximum temperature measured at the central position in the packed bed
during the hydration reaction is plotted against the set vapor pressure in Figure 4. All experiments
considered, the highest maximum temperature was 256 °C at 144 kP vapor pressure.
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Figure 4. Van't Hoff plot for the hydration reaction: experimental data and correlation based
on thermodynamic data (AgRH, ARS calculated from literature data on enthalpy and entropy of
formation [13]).

The data points shown in Figure 4 reveal that the measured temperature values clearly exceed the
temperatures derived from thermodynamic data, especially for high pressures. For this reason, a linear
regression of the experimental data points was calculated to model the temperature dependency of the
water vapor pressure pR Hyd of the hydration reaction in the FEM simulation:

3
log(pr nyd/hPa) = 8.84 — 3.02-1}/%. 4)
This correlation was also used in the reaction rate model described in Equation (3).

The simulation study results are compared with the results of the prior described experiments,
with the measured pressure curve being defined as input variable for the simulation. In Figure 5a,
the temperature progression at different positions within the solid bulk is shown for a discharge
temperature of 209.5 °C and a vapor pressure of 70 kPa (corresponding to 90 °C evaporation
temperature). The graph includes the results of two simulation studies with varying bulk thermal
conductivity Aeg. The increase in temperature indicates that the exothermic reaction is in progress.
As the reaction approaches complete conversion to the monohydrate, the temperature in the solid bulk
begins to decrease. Evidently, temperature progression in the experimental setup is not homogenous
within the bulk phase: at the lowest temperature measuring point (Thottom), @ lower maximum
temperature is observed. We assume that this effect is caused by macroscopic inhomogeneities within
the porous medium, such as cracks, which may affect the temperature measurement. In the simulation
study, the temperatures trends at the three positions proceeded identically, which is why only the
temperature at the central position of the reactor (T, ) is depicted in Figure 5a. The jumps occurring
the temperature curves (e.g., at 1.3 h experimental time) are caused by a sudden increase in pressure due
to condensation/evaporation in the setup. The pressure increase leads to a higher reaction temperature
in the solid bulk. As the measured pressure curve was used as input parameter for the simulation
study, the same effect occurs in the numerical study. In the case of the lower bulk thermal conductivity
(Aeff = 0.2 W/(m-K)), maximum temperatures in the simulation were about 7 K lower than in the
experiment. In addition, the temperature in the simulation study dropped to its initial value after 3.5 h,
whereas in the experiment it was not possible to measure a complete temperature drop even after
four hours. In the study with increased bulk thermal conductivity (Aeg = 0.6 W/(m-K)), temperatures
dropped to the initial value after two hours.
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Figure 5. Experimental and simulation results for 209.5 °C discharge temperature and 90 °C evaporation
temperature. The simulation study is based on the pressure curve measured in the experiment.
(a) Temperature profile and (b) reaction conversion.

In Figure 5b, the reaction conversion is depicted for both the simulation as well as the experiment,
where the turnover is calculated from the fluid level measurement. In the initial study with
Aeff = 0.2 W/(m'K), the experimental yield is higher than the simulation result up to a turnover
of roughly 85%. Afterwards, the progress of the experimental turnover decelerates for high reaction
yields, and full turnover is achieved about 20 min later in the experiment than in the corresponding
simulation study. Increasing the thermal conductivity of the bulk phase to A.g = 0.6 W/(m-K) leads to
significantly shorter discharging times.

4. Discussion

Although the model does not reproduce the experiments quantitatively due to the uncertainty
of the input parameters (in particular, the parameters of the reaction rate model and macroscopic
inhomogeneities), it allows for the qualitative observation and identification of the factors having
the greatest influence on the progression of the hydration reaction and thus on the discharge of the
storage module.

From the observation that the simulated temperature curves perfectly overlap for the three
different positions within the fixed bed, the conclusion can be drawn that mass transport within
the bulk material does not lead to a limitation for the given hydration reaction conditions. This is
an important finding for the design of suitable reactor geometries. Still, this effect should be further
analyzed regarding the lower absolute pressures and gas densities during the charging process of the
thermochemical reactor.

The influence of low bulk thermal conductivities on the reaction turnover curve and, hence,
the reactor’s overall performance was numerically studied. Increasing the effective thermal conductivity
from 0.2 to 0.6 W/(m-K) (f.e. by adding highly conductive additives such as aluminum) reduces the total
discharging time by 40% in the simulation study (3.5 h versus 2.1 h for 99% reaction conversion). This is
equivalent to a 1.7 times higher average thermal power. According to the experimental results of the
generic reactor geometry presented in this work, we recommend a maximum heat transport distance
of 10 mm for the design of high-power thermochemical reactors based on SrBry/H,O. Furthermore,
the effective thermal conductivity of the bulk could be increased by adding highly conductive inert
additives or by the integration of heat conducting structures.

The FEM simulation developed in this work can be used as design tool for the layout of high-power
reactor geometries. We assume that the following modifications of the first model can improve the
prediction quality of the simulation: firstly, the mathematical model of the reaction rate over-estimates
the rate at higher yields. Therefore, the development of an advanced reaction rate model is a subject
of our ongoing work. Secondly, the solid bulk is not a homogenous porous medium; therefore,
slower reaction progress can occur locally, which is not considered in the model. Moreover, in further
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experimental work, we found that the macroscopic and the microscopic properties of the solid bulk
material change considerably due to the chemical reaction: the primary particles agglomerated, which
was already observed in the experiments described above, and the overall volume of the porous bulk
increased after several dehydration/re-hydration cycles [18]. The observed structural changes could
also affect the bulk thermal conductivity and thus have an effect on the long-term thermal performance
of the storage reactor.

From the thermodynamic point of view, a discharging temperature of 250 °C is feasible with the
reaction system SrBry/H,O. To achieve this high reaction temperature, steam must be supplied with
a pressure of approx. 140 kPa or higher. This requires waste heat temperatures of at least 110 °C for
vapor generation. At the same time, the discharging temperature must not be too low: as strontium
bromide forms a hexahydrate phase (SrBry-6H,0) at high vapor pressures or low temperatures,
respectively, the minimum discharge temperature must be raised for high vapor pressures in order to
ensure the exclusive formation of SrBr,-H,O.

Taking the reaction kinetics into account, a minimal temperature difference of 10 K or more between
the reaction temperature and the temperature of the heat transfer fluid could be required in case
the chemical reaction decelerates considerably close to the thermodynamic equilibrium. This would
significantly decrease the thermal power of the storage reactor, or limit the maximum possible discharge
temperature. Quantifying the required temperature difference for high reaction rates is part of our
ongoing work.

5. Conclusions

In a previous study based on thermogravimetric experiments performed on a mg scale,
we identified strontium bromide (SrBr;) as a promising candidate for thermochemical heat
transformation [10]. The work presented here is focused on the investigation of the exothermic
hydration reaction from the anhydrous SrBr; to its monohydrate phase on a 1 kg scale. Our objective
is the identification of suitable operation conditions that allow for heat transformation with output
temperatures in the range of 180 °C to 250 °C. Our key findings are as follows:

e  The working pair SrBry/H;O allows discharging temperatures up to 250 °C when water vapor is
supplied at 110 °C (f.e. driven by low-temperature waste heat);

e  Vapor mass transfer in the porous bulk phase does not limit the thermal discharging performance
in the analyzed reactor setup;

o  The low effective thermal conductivity of the fixed reactive bed is a potential bottleneck for
high-power thermochemical storage and heat transformation modules.

Based on the experimental results and the conclusions of our simulation studies presented here,
we are currently developing a reactor setup that allows for high specific thermal powers, and which is
easily scalable for industrial applications. To increase the effective thermal conductivity of the bulk
phase, we are using heat conducting structures made from aluminum. Further design considerations
include a minimum pressure loss on the vapor side and a reaction chamber design that is robust with
respect to changes of the bulk’s macroscopic structure. With this design, we expect to achieve specific
thermal powers of minimum 0.25 kW per kg of SrBr,. Future work will include investigations with
our new test facility, allowing for heat transformation with thermal powers up to 5 kW and output
temperatures of up to 320 °C. In particular, quantifying the required temperature difference between
the solid’s reaction temperature and the discharge temperature, ensuring high reaction rates and, thus,
high thermal powers, will be part of our future work.
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Nomenclature

The following abbreviations are used in this manuscript:

eff
exp
FEM
g
HTF
Hyd
1

R

s
sim
SrBr,
TGA

effective
experimental

finite element method
gas

water

heat transfer fluid
hydration

liquid

reaction

solid

simulation

strontium bromide
thermogravimetric analysis

The following Latin variables are used:

kege

standard molar enthalpy of condensation, J/mol
standard molar enthalpy of reaction, J/mol
standard molar enthalpy of evaporation, J/mol
standard molar entropy of reaction, J/(mol-K)
effective reaction rate coefficient, 1/s

keolid—re  Solid-to-HTF heat transfer coefficient, W/(m?2K)

n

= =
+

b=

pressure term exponent

water vapor pressure, Pa

reference pressure, 103 hPa

universal gas constant, 8.3145 J/(mol-K)
temperature, K

yield of reaction

The following Greek variables are used:

Aett thermal conductivity, W/(m-K)

p density, kg/m3
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GRAPHICAL ABSTRACT

Operation principle of thermochemical energy storage with combined temperature boost: by increasing the gas
pressure before running the exothermic discharging reaction, the stored thermal energy is released at a higher
temperature compared to the endothermic charging reaction.
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ABSTRACT

The scientific community largely agrees on both the potential of as well as the need for thermal energy storage (TES) in
energy-efficient industrial processes. However, state-of-the-art TES technologies (latent or sensible) have one unsolved
issue in common: whenever thermal energy is transferred, e.g. between the heat transfer fluid in an industrial application
and the TES, the temperature of the transferred heat decreases. Consequently, even if TES systems perfectly de-couple the
temporal correlation between the availability of excess heat, and, e.g., the demand for process heat, the stored heat
cannot directly be re-integrated in the same process due to the temperature loss caused by two heat transfers.

Here, we report on the development of a thermochemical TES system based on the reversible gas-solid re-
action of strontium bromide with water vapor as a reference reaction system. This concept allows for an increase
in the temperature of the stored energy without additional process steps, and thereby for a full compensation of
the thermal downgrade. The temperature lift is adjustable by variation of the steam pressure, and hence can be
adapted to various industrial applications. For example, we charged the storage at 180 °C (1 kPa steam pressure)
and discharged it at 280 °C (560 kPa steam pressure), effectively using the module as a heat transformer in
addition to the storage function. We present a scalable TES design operating on a 1 kW-scale with 30 min
charging and discharging times and an optional temperature boost of up to 100 K.
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Nomenclature
Abbreviations

E/C-unit evaporator/condenser-unit

HTF heat transfer fluid

PCM phase change material

SEM scanning electron microscope
TES thermal energy storage
Indices

initial conditions

I, 1II storage cell I, II

A, C temperature sensor position A, C
av averaged

cond condensation

evap evaporation

norm normalized

th thermal

X based on reaction conversion

Latin variables

Cp heat capacity, kJ/(kgK)
standard molar reaction enthalpy, kJ/mol
mass, kg

mass flow, kg/s

molar mass, g/mol
pressure, kPa

thermal power, kW
energy, kJ

time, s

absolute temperature, K
reaction conversion

x~NmovTRIER
]

Greek variables

0] error contributing to propagation of measurement un-
certainties
9 temperature, °C

1. Introduction

The pulp and paper industry is a classic example of an energy-in-
tensive business with a huge potential for waste-heat recovery: its
process heat demand in the 100 °C to 500 °C range corresponds to 6% of
the European Union member states’ overall industrial energy con-
sumption [1]. At the same time, approximately 20 TWh of waste heat
between 100 °C and 200 °C are emitted to the ambient every year [2]. If
this excess heat was fully recovered, the energy-efficiency with regard
to process heat could be improved by almost 10% [1].

Reintegration of such low-grad waste heat as process heat by means
of thermal upgrading is the first driving force behind our work. There
are different approaches to achieve this, for example with heat pumps
of different working principles (e.g. compression or absorption [3]), or,
still at the stage of development, adsorption-based or thermochemical
heat transformation [4,5]. The operation principle of thermochemical
heat transformers is based on reversible chemical reactions, e.g. reac-
tions between a solid and a gas, such as the dehydration and rehydra-
tion reaction of salt hydrates. The chemical reaction proceeds along a
monovariant equilibrium. Hence, an increased concentration (or pres-
sure) of the gaseous reactant leads to a higher reaction temperature as
compared to the same reaction performed at lower pressures. In gen-
eral, there’s a broad spectrum of chemical reactions discussed in lit-
erature, e. g. ammonia-, hydrogen- or steam-based thermochemical
working pairs for different thermodynamic cycles [6] and applications
[7]. On milligram-scale, there are several studies available investigating
working materials for chemical heat pumps and thermal energy storage,
e.g. systematic screenings of binary inorganic salts [8] or mineral salts
[9]1, and detailed investigations of a variety of salts, such as magnesium
oxide [10] or calcium oxalate [11]. Likewise, in the context of low-
temperature TES, a lot of effort has been done to identify suitable sto-
rage materials, not only with respect to their thermodynamic properties
[12], but also with regard to the material costs [13]. Fewer investiga-
tions are published on actual heat transformer reactor designs capable
of handling gas-solid reactions on a somewhat larger scale [14] (e.g.
two-stage heat transformer based on metal hydrides [15], heat trans-
former based on the hydration and dehydration reaction of calcium
chloride [16], ammonia-based heat transformer with calcium chloride
[17] or manganese and strontium chloride [18]). However, these heat
transformer designs aim at providing a continuous thermal upgrade of
low-temperature waste heat, and are not applicable for storing thermal
energy with large capacities, which is another requirement for waste-

heat recovery in batch processes such as in chemical industries.

Therefore, besides the thermal upgrade, thermal energy storage
with high storage capacities and thermal throughputs is the second
starting point of our research: while sensible energy storage technology
is already well established on industrial scale, e.g. in the form of re-
generative heat exchangers, latent energy storage technology is
catching up. Higher energy storage densities and constant charging and
discharging temperatures are the major advantages of thermal energy
storage based on phase change materials (PCM) [19]. Due to the poor
thermal conductivity of most PCM storage materials in their solid state,
the main drawback associated with latent energy storages is the dis-
charging performance, which is found to be the bottleneck for high-
power applications [20,21]. Thus, a lot of effort is spent on increasing
the solids’ effective thermal conductivity, either by modifying the PCM
itself, e.g. by adding highly conductive (nano-) particles such as gra-
phite or copper [22,23], encapsulation [24] or by introducing heat
conducting foams or fins [25,26].

Still, regardless of the chosen storage technology, one issue remains
unsolved: the temperature of the transferred heat decreases due to the
temperature gradient necessary for driving the heat flux. As a con-
sequence, the discharging temperature of thermal energy storages will
necessarily be lower than the charging temperature. This effect cuts
back plenty of use cases for thermal energy storage. Concluding from
these considerations, we combine the approach of thermal energy sto-
rage in the 160 °C to 300 °C temperature range with heat transforma-
tion based on a thermochemical working pair. While the main perfor-
mance indicator for storage devices is a high specific storage density
(e.g. given in kWh/m?), the key indicator of heat transformer systems is
related to their specific power level (e.g. given in kW/m>). A thermo-
chemical storage with combined heat transformation obviously needs
to address both aspects. Unfortunately, these are partly contradictory as
high thermal throughputs require large heat exchangers, which limits
the specific storage density, and increases the specific costs.

Here, we present a thermochemical storage design which is gen-
erally suitable for a broad range of gas-solid reactions, and aims at high
performances in respect to storage density and thermal power. Despite
the generic design, we limited our experimental studies to the use of
strontium bromide (SrBry) and water vapor as reference thermo-
chemical working pair. Prior to our work, the reaction of strontium
bromide monohydrate (SrBryH,O) with water vapor has been in-
vestigated in the context of low-temperature TES at 90 °C maximum,
e.g. for seasonal storage applications [27-29]. Michel et al. report a
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specific thermal power of 2 W/kg of hydrated salt (SrBry-6H,0); the
total hydrated salt mass was 400 kg [28]. In contrast to these studies,
we operate the reaction system at significantly higher temperatures by
limiting the chemical reaction to the reaction from the anhydrous phase
to the monohydrate salt:

SrBr; (s) + H,O (g) = SrBryH,0 (s) + AHy (€8}

For example, at 144 kPa steam pressure, a hydration temperature of
256 °C was observed when no thermal power was discharged from the
reactive system [30]. The dehydration and rehydration reactions were
reported to be reversible for at least 10 reaction cycles [8]. With the
standard molar reaction enthalpy of 71.98 kJ/mol [31] and a solid
density of 4216 kg/m® (anhydrous SrBr,, 247.428 g/mol [32]), the
reaction system SrBrp/H,O promises a high storage density of 291 kJ/
kg or 102 kWh/m? (anhydrous phase; 70% porosity considered). For
comparison, the energy density of phase change materials proposed for
latent TES in a similar temperature range (210 °C to 270 °C) varies from
100 kJ/kg to 380 kJ/kg [33].

2. Experimental
2.1. Design considerations

Easy scalability for large industrial applications with both high
storage capacities and thermal powers was the general target of our
design considerations. Two dominating aspects were therefore con-
sidered: firstly, the mass transfer of steam into the packed-bed storage
material, and, secondly, the heat transfer between the storage material
and the heat transfer fluid.

Different than in sensible or latent TES, the transport of the reactive
gas (here: steam) needs to be accounted for in the design of thermo-
chemical TES. In particular under partial vacuum conditions, mass
transfer limitations within the bulk volume are an issue for two reasons:
Firstly, the existence of a large pressure drop within the solid bulk
phase might slow down the chemical reaction, for example, if the
gaseous reactant is not removed from the solid fast enough during the
endothermic charging reaction. Secondly, a higher gas concentration
(or gas pressure) in the bulk phase leads to a higher local reaction
temperature, and thereby decreases the gradient to the heat transfer
fluid (HTF). Thus, poor mass transfer within the bulk prevents not only
high thermal powers, but can also reduce the potential for large tem-
perature boosts. Our design features minimized mass transport dis-
tances in the solid bulk phase in combination with large filter areas to
achieve minimal pressure loss on the vapor side.

The second aspect is a commonality of thermochemical and latent
TES: the low thermal conductivity of the solid bulk phase is a bottleneck
for high-power storages. Fopah-Lele et al. found effective thermal
conductivities in the range of 0.3-1.3 W/(m'K) for different salt hydrate
packed beds (e.g. strontium bromide, calcium chloride) [34]. In addi-
tion, structural changes of the bulk material, e.g. by sintering due to
reaction cycling, may alter the effective thermal conductivity. In our
storage design, the thermal throughput is enhanced by heat transfer
structures, which can also handle potential structural changes of the
reactive material. Heat conducting fins made from aluminum are
chosen that were originally designed for latent thermal energy storages
[35]. Thereby, a low conductivity of the porous bulk has a minor effect
on the effective thermal conductivity of the fixed bed. Fig. 1 shows the
storage module filled with the reactive material and wrapped by
stainless steel filter fabric. When operated with SrBrs, the storage cells
feature a specific storage density of approximately 75 kWh/m?>.

Design of the storage module. In order to ensure tight thermal
contact, the extruded axial fins are mounted with steel clips on the heat
exchanger’s central tube (@17.2 X 2.3 mm, stainless steel 1.4404), see
Fig. 1b. In the largest compartment of the aluminum structure, the max-
imum distance between two surfaces is 10 mm. The fin fraction is 17 vol%,
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Fig. 1. Prototype of the scalable thermochemical storage module. (a) Lab-scale
module consisting of two cells I and II, with in total 1.25 m of finned tube filled
with 4.7 kg of the reactive material strontium bromide and wrapped with
stainless steel filter tissue, (b) cross-section of the extruded aluminum fins
prepared to be mounted on the heat transfer fluid (HTF) tube with steel clips,
and (c) positions of the temperature sensors in the porous bulk (A-D) and in the
HTF (E) at the height level indicated by the yellow arrows.

resulting in a void volume of 0.0033 m>/m tube length. The mass of the
fins (aluminum 6060) is 1.915 kg/m. The spaces between the fins are
filled with the granular storage material, and, to keep the packed bed in
position, the finned tube is wrapped with two layers of metallic filter
fabric (stainless steel 1.4404, mesh size 25 um, specific weight 0.16 kg/
m?). The geometry results in a specific filter area of 0.24 m?/m tube
length. The lab-scale setup consists of 1.25 m of finned tube divided into
two cells. The filter fabric is attached onto the fins by stainless steel cable
ties and wire. Temperature sensors are mounted at four different positions
within the solid bulk (Fig. 1c, positions A-D). They are placed symme-
trically in the two cells. The heat transfer fluid temperatures are measured
at the overall inlet and outlet of the storage module. In addition, there are
temperature probes installed in the heat transfer fluid tube at the same
height as the temperature sensors in the bulk phase (position E in Fig. 1c).

Reactive material. The bromide salt is commercially available in
its hexahydrate phase (strontium bromide hexahydrate, 99% purity,
particle size 0.2-1.25 mm; CAS 7789-53-9, abcr GmbH). It was dried at
a temperature of 70 °C in order to obtain the monohydrate salt, which is
easily pourable. By means of a funnel, the storage cells were filled from
the top as evenly as possible. In total, the two storage cells contained a
storage material mass of 5.059 kg monohydrate salt, corresponding to
3.772 kg anhydrous salt per meter of the storage cell. Based on a
SrBr,H,0 solid density of 3911 kg/m3, the effective bulk porosity is
0.68. As no literature data on the monohydrate’s solid density was
available from literature, this value is calculated from a linear inter-
polation between the known densities of SrBr,-6H,0 (2386 kg/m3) and
SrBr, (4216 kg/ms) [32]. Hence, when operated with SrBr,, the storage
cells feature a specific storage density of approximately 75 kWh/m?> or
0.3 kWh/m cell length.
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2.2. Performance characterization

Our characterization setup is designed for the investigation of
steam-based thermochemical storage modules in the pressure range
from 1 kPa to 0.6 MPa abs. and a maximum charging/discharging
temperature of 320 °C (Fig. 2). It consists of four major components: the
thermochemical storage module, the thermal infrastructure for opera-
tion with a heat transfer fluid (HTF), and two evaporator/condenser-
units (E/C-units) for steam supply and condensation. A detailed flow
scheme of the experimental setup can be found in Fig. 2a. From the HTF
flow rate (myrr) and heat capacity (cpurr), and the temperature dif-
ference between inlet and outlet (ATyrr), the effective thermal power
Py, of the storage module is calculated. Steady-state thermal losses are
considered in terms of the temperature difference AT, between the inlet
and outlet of the HTF before the start of the experiment:

By, = titgrr-cp ure (ATarr — ATy). (2)

The amount of water released or consumed by the reaction during
the charging and discharging process, Mgeaction, is determined from the
fluid level in the E/C-units, which is measured by an optical level in-
dicator. Besides, the pressure-depended mass of steam released to the
dead volume of the pipework and the storage module (mogse) is ac-
counted for in the calculation of the reaction conversion X:

X = MReaction ([) — mOffset‘
mHZO,total (3)

The total mass of steam required for full reaction conversion,
Mu20,total, iS Obtained from the amount of reactive material contained in
the storage module.

Besides the determination of Py from the heat transferred to the
HTF, the thermal power Px consumed or released by the chemical re-
action is calculated from the reaction conversion based on the level
measurement:

dx
Px = E'Qtotal, )

with the total amount of energy Qorn; being defined by the molar
amount of storage material and the standard molar enthalpy of reac-
tion:

MsrBr2-H20
Qtotal = -AHg.
Msir2-120 ()

Conversely, the reaction conversion Xy, is calculated from the
thermal power Py, by integration:
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¢ B (1)
X = —=dt.
o ‘/(: Qtotal (6)

For typical operation parameters (myrg = 0.27 kg/s, 250 °C,
AT = 1.0K, ¢, urr = 2.66 k/(kgK)), the maximum error in the thermal
power Py, is approximately + 110 W (relative error = 10-20%), and is
dominated by the error of the temperature measurement ( = 75 W). In
contrast, the reaction conversion X can be determined with a relatively
high accuracy of + 0.02 for the smaller E/C-unit I ( + 0.12 in case of E/
C-unit II, which has a large ratio of fluid volume to level change). All
relevant setup parameters, sensor specifications, and measurement
uncertainties are given in Tables 1 and 2 in the Appendix A, as well as
the details on the analysis of the maximum error propagation.

Before the start of every experiment, the storage module is preheated
to the desired charging/discharging temperature until isothermal con-
ditions are reached. Before the start of a hydration experiment, the sto-
rage module is evacuated to a pressure of approximately 0.5 kPa abs. to
remove both residual water vapor as well as inert gases.

Design of the test setup. All steam-containing pipework of the setup
(nominal diameter DN50) is equipped with a backing heater system to
prevent condensation. A thermostat operated with thermal oil is used to
introduce thermal energy into the reactive material for charging, and to
discharge thermal power during the exothermic process. The E/C-units
are built from tube bundle heat exchangers (heat transfer fluid (HTF) on
shell-side); the fluid level is measured in a bypass tube. The two units
differ in their diameter: the “smaller” unit (E/C-I) has a fluid volume to
level change ratio of 1 ml/mm, whereas the “larger” unit (E/C-II) has a
ratio of 10 ml/mm. Compared to E/C-I, unit E/C-II is designed for higher
evaporation and condensation rates, and larger steam capacities. The
pressure in the E/C-units is controlled by the HTF temperature on the
shell-side of the heat exchanger. As soon as the ball valve between the E/
C-unit and the storage module is opened, the chemical reaction starts.
The charging/discharging process is regarded to be completed when the
temperatures in the solid phase are constant. Afterwards, the ball valve is
closed, and the E/C-unit is set to 25 °C in order to remove steam re-
maining in the pipework by condensation inside the E/C-unit.

Data acquisition and processing. The measurement data are re-
corded every 2 s. When calculating the amount of water released or
consumed by the reaction from the fluid level, the temperature de-
pendency of the liquid density is taken into account. As the level indicator
shows noise due to condensation on the measurement rod in particular
during the discharging experiments, the data on the reaction conversion X
is smoothed with a 60-point moving average smoothing function before it
is further processed. The same smoothing procedure is performed with the

Fig. 2. Experimental setup with steam supply and thermal infrastructure. The evaporator/condenser-units (E/C-units, tube bundle heat exchangers) can be operated
in a temperature range from 5 °C to 160 °C, and thus supply steam as reaction gas with pressures up to 0.6 MPa. A thermal oil circulation system serves as thermal
infrastructure for the storage module and allows for running the thermochemical reaction at 320 °C maximum. (a) Flow scheme with measurement instrumentation
(FIL: flow indicator, LI: level indicator, PI: pressure indicator, TI: temperature indicator). (b) Photograph of the test rig ©German Aerospace Center (DLR).
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thermal power curves Py, with the exception of the thermal power Px
(120-points moving average smoothing due to higher noise level).
Averaged power values (Fig. 5) are calculated for 0-50% reaction con-
version (normalized to a value of 1 for every experiment). The dX/dt data
points are averaged in the range from 10 to 50% of the normalized re-
action conversion in order to avoid measurement artefacts caused by
fluctuations of the liquid level right after the start of the experiment.

3. Results and discussion

A series of 34 charging/discharging experiments was performed
under variation of several operation parameters (charging/discharging
temperature, mass flow of HTF, condenser/evaporator temperature, E/
C-unit I/II). Here, a selection of the results is presented, focusing on the
investigation of different charging and discharging temperatures as well
as the cycling performance. A summary of all discussed measurements
is given in Table 3 (charging experiments) and Table 4 (discharging
experiments) in the Appendix A.

3.1. “Isothermal” storage mode

First, we discuss the storage system performance when operating it
with no effective gradient between the charging and the discharging
temperature, i.e., when the steam pressure is adapted to compensate for
the storage’s internal gradients necessary for heat transfer.

The results from an experiment with 231 °C charging temperature are
given in Fig. 3a. Att = 0 min experimental time, the ball valve connecting
the condenser and the storage module is opened to initiate the reaction,
and the pressure in the storage module drops to approximately 5 kPa. As
the endothermic dehydration reaction starts, the temperatures in the bulk
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phase drop steeply to a minimum temperature of 187 °C. The overall time
for fully charging the storage (i.e. the solid temperatures reach their start
value) is approximately 40 min, with the temperatures in cell I showing a
temporal delay of several minutes. We assume this to be caused by the
axial temperature decrease in the HTF. This effect should be taken into
account when designing the HTF infrastructure in case of upscaling.

The thermal power Py, transferred from the HTF reaches a peak value
of 1 kW. Integration over the entire measurement time gives a total
energy amount of 1283 kJ transferred from the HTF, which is equivalent
to 94% of the energy amount required for full reaction conversion. This
value closely agrees with the maximum reaction conversion calculated
from the level measurement in the condenser, X,.x = 0.96, which cor-
responds to full reaction conversion within the measurement accuracy.
The thermal power Py, which is derived from the rate of reaction dX/dt,
indicates a similar trend within the experimental limitations.

The results of a corresponding discharging process at a HTF tem-
perature of 231 °C are depicted in Fig. 3b. Before starting the hydration
reaction, the storage module was evacuated to remove all remaining
water vapor and inert gases. Afterwards, steam was supplied at a
pressure of approximately 150 kPa. With the opening of the valve
(t = 0 min), pressure rises rapidly and the exothermic reaction starts.
After reaching a peak value of 252 °C, temperatures in the solid bulk
phase start to fall again, and reach their initial value after approxi-
mately 60 min. The total transferred energy corresponds to 82% of the
expected energy release, or 18% thermal losses, respectively. Therefore,
the reaction conversion Xy, calculated from the thermal power trans-
ferred to the HTF is normalized to a value of 1 in Fig. 3b for better
comparison. The curve shows close agreement with the reaction con-
version based on the water consumption from the evaporator’s re-
servoir, which indicates a good quality of the measurement data.

1.4
12 =z
= <
< 1.0 c
a ,g
3 08 o
2 g
o c
206 S
© c
€ 04 =)
9] ©
e ©
* 0.2 o

0.0

280_ 9HTF, IN 8I,A 9I,C = 600

[ = = " Swrour — " %A T T " Y 1
—500

(@) - —
[ ©
oy 400 &
o 1. =
2 300 @
. J S
Q wv
o 200 &
g - e S
* 200} —100

180F : : 1°

0 20 40 60

time t (min)

Fig. 3. Isothermal storage mode. The upper part of the panel contains the thermal power of the storage module and the conversion of the chemical reaction. The data
on Py, and X are smoothed with a 60-points moving average smoothing function; the raw data are plotted in grey. In the lower panel, the temperature progression at
different positions (right at the surface of the HTF tube (A), in the reactive bulk phase (C) of cell I and II) as well as the heat transfer fluid temperatures are plotted
along with the pressure measured in the storage module. (a) Charging experiment at 231 °C HTF temperature and 5 kPa steam pressure. The upper part of the graph
includes the thermal power Px calculated from the rate of reaction dX/dt. (b) Discharging experiment with 231 °C HTF temperature and 150 kPa steam pressure. For
comparison, the upper part of the graph includes the normalized reaction conversion X, norm, Which is calculated from the thermal power Py,.
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Summing up, the thermochemical storage module can be charged
and discharged at a constant temperature of 231 °C. The internal
temperature gradients occurring when heat is transferred between the
HTF and the storage module can be fully compensated by increasing the
pressure from 5 kPa to 150 kPa, therefore allowing for TES without any
thermal downgrade of the stored energy.

3.2. “Thermal upgrade” storage mode

If the steam pressure difference between the charging and the dis-
charging process is further increased, it is possible to over-compensate
the internal gradient of the storage system, and, thus, to gain a positive
effective overall temperature difference between the charging and the
discharging temperature. Here, the minimum and maximum pressures
are limited by the experimental setup (minimal condensation and max-
imum evaporation temperatures). In a later application, these limits will
be given by the lowest available cooling temperature and the maximum
steam pressure (e.g., supplied by waste heat or solar-thermal energy).

Lowering the steam pressure to 1 kPa allows reducing the charging
temperature to 179 °C, which is demonstrated in the experiment dis-
played in Fig. 4a. The maximum thermal power Py, is reduced to ap-
proximately —270 W, which goes along with 4.5 h charging time.
Again, the match with the “chemical” power Px,, = —250 W is very
close (Py ,y is based on the mean effective reaction rate of 1.8510" %1/
s, averaged over 10-50% of the maximum reaction conversion). How-
ever, integration of the thermal power Py, gives a total of only 846 kJ
transferred from the HTF, which is equivalent to 62% of the expected
value, while the reaction conversion based on the level measurement
was 94% in this experiment. This indicates that the power measurement
accuracy suffers for low absolute powers.

Fig. 4b displays the results of a hydration experiment performed
with a discharging temperature of 281 °C and a steam pressure of
560 kPa. Noticeably, the temperatures measured in the reactive
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Fig. 5. Thermal performance characteristics of the storage module. The average
thermal power Py, transferred from/to the HTF is plotted as a function of the
maximum internal temperature difference occurring during the chemical re-
action (left axis) and the corresponding effective rate of reaction dX/dt, which
is derived from the reaction conversion calculated based on the level mea-
surement (right axis). Each data point corresponds to one experiment from
Figs. 3, 4 and 8 in the Appendix A. The dX/dt data from discharging experi-
ments (AT < 0 K) have been multiplied by —1 for a better overview. Both
relevant performance indicators, thermal power and effective reaction rate,
scale linearly with the maximum temperature difference between the HTF and
the reactive bulk phase. Large internal temperature gradients enable a fast re-
action with high thermal powers, but at the downside of reduced effective
thermal upgrade.

material (position C) show a plateau at 30 min experimental time and
287 °C, before they further decrease and reach their initial values after
approximately 50 min. However, this does not affect the overall
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Fig. 4. Thermal upgrade storage mode. (a) Charging experiment at a minimum pressure of 1 kPa and 179 °C charging temperature. (b) Discharging experiment at
maximum pressure of 560 kPa and 281 °C HTF temperature. Note that the temperature scales are shifted by a value of 100 K, which clearly illustrates the large

thermal upgrade of 102 K for these operation parameters.
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reaction or the thermal power transferred to the HTF. The thermal
power reaches a maximum of 755 W, and the averaged power from
start to 50% of the maximum reaction conversion is 650 W. Again,
these numbers show close agreement with the “chemical” power cal-
culated from the averaged reaction rate (dX/dt,, = 5.110"% 1/s),
which corresponds to a power of 695 W.

The experimental results demonstrate the vast operating range of
the thermochemical energy storage. With the given experimental setup,
an effective thermal upgrade of 102 K is achieved. We expect that in
particular the discharging temperature can be further increased when
steam can be supplied at higher pressures. On the other hand, we ob-
served that the thermal power of the storage module correlates with the
thermal gradient between the reactive solid and the heat transfer fluid.
Therefore, we conclude that the storage can be discharged at lower
pressures but the same discharging temperature (281 °C), but this will
reduce the storage’s thermal power.

3.3. Key performance characteristics

In order to illustrate the relation between the thermal power and the
potential thermal upgrade, which we consider as fundamental baseline
for all application studies, we summarized all experiments into one
master plot. In particular, the experimental series reveals that the
thermal power of the storage module strongly depends on the internal
gradient of the storage, i.e. the temperature difference between the
temperature at which the chemical reaction is running (which is de-
termined by the steam pressure) and the temperature of the HTF. From
this, it follows that at constant pressure, higher thermal powers are
reached when the charging temperature is increased, and the discharging
temperature is decreased, respectively. The internal temperature gra-
dient AT is assumed as the difference between the constant HTF
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temperature and the minimum temperature in the reactive bulk mea-
sured during the endothermic process in case of charging experiments.
For discharging, the temperature difference turns negative (constant
discharge temperature minus maximum temperature in the reactive
bulk).

In the analysis of the dependency of the thermal power on AT, we
included additional experiments conducted with large internal tempera-
ture gradients (Fig. 8 in the Appendix A). The data points indicate a linear
correlation (Fig. 5): large internal gradients lead to high thermal powers
transferred to or from the HTF. The same effect is observed for the average
rate of reaction, dX/dt. Note that the plot contains experimental data from
a broad range of operation parameters, for example, steam pressure var-
iations in the range from approximately 1 kPa to 560 kPa, which results in
broadly varying conditions for steam mass transfer in the bulk phase.
Therefore, from the clearly linear relationship between the internal tem-
perature gradient and the storage’s thermal performance, we conclude that
for the given storage design, the thermal power is limited by the effective
heat transfer, and not by the steam mass transfer kinetics. With a similar
argument, we exclude that the reaction kinetics determine the thermal
performance of the storage, as no impact of the absolute temperature is
seen in the results, even though the reaction rate is expected to be highly
sensitive to both, temperature and steam pressure.

3.4. Cycling performance

While the already discussed operation temperatures, the specific
thermal power, and the capacity of the storage module are the main
features for the layout of industrial-scale TES, cycling stability is a
mandatory prerequisite. Distinctive experiments with identical operation
parameters were therefore repeated at the beginning and the end of the
experimental series with a total of 34 charging/discharging cycles.
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Fig. 6. Cycling performance. (a) Charging experiments with 208 °C HTF temperature and 5 kPa steam pressure. The plot compares results from the 4th and the 34th
dehydration cycle. (b) Discharging experiment with 208 °C HTF temperature and 70 kPa steam pressure. The plot compares results of the 2nd and 33rd hydration
cycle. In the later discharging experiment, the steam pressure was not perfectly constant, but it was observed to abruptly rise by approximately 10 kPa from time to
time, which is considered an experimental artefact likely due to condensation in the setup. This led to a higher reaction temperature, which can also be observed as
the “bumps” in the plotted temperature curves (33rd discharging cycle). For better comparison, the reaction conversion is normalized in these graphs.
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Actually, a temporal delay is found when comparing the discharging
process at the beginning and the end of the series (Fig. 6), with a short
“overshoot” and then a longer “tail” of the reaction. However, and this is
the important finding, no systematic degradation of the overall conver-
sion or thermal power is found within the experimental measurement
accuracy. E.g., we find an overall reaction conversion of 0.91 *+ 0.12
and 0.81 + 0.12 for the charging experiments (Fig. 6a, E/C unit II), and
1.02 = 0.02and 0.98 = 0.02 for the discharging experiments (Fig. 6b,
E/C unit I). In order to better understand the local effects causing the
observed differences in the temperature curves, the storage cells were
opened and the reactive bulk was investigated in more detail.

3.5. Macroscopic and microscopic particle morphology

After the 34 charging/discharging cycles, the storage module was
cooled down to 70 °C, purged with ambient air, and opened. The filter
tissue was intact, and there was no particle entrainment found in the
pipework. Even though the stainless steel and also the aluminum sur-
faces darkened due to the thermal stress (maximum temperature of
approximately 300 °C during the experimental series), no obvious
corrosion effects were observed.

The two storage cells were opened by removing the filter tissue. The
photographs in Fig. 7 show the top view onto the cross-section of a
storage cell before (Fig. 7a) and after (Fig. 7d) the experimental study.
The initially white crystals took a slightly brownish color. In both of the
storage cells, the powder bed within the largest compartments of the
aluminum fins had shrunken: the filling height in the four affected
compartments was reduced by 55-80 mm. Even though at the top layer

Fig. 7. Macroscopic and microscopic investigations of the bulk phase. (a)
Storage cell filled with monohydrate salt before the start of the experimental
series, (b and ¢) SEM images of the uncycled monohydrate granules. (d) Storage
cell filled with monohydrate salt after 34 charging/discharging cycles, with the
filter tissue completely removed. (e and f) SEM images of the agglomerated
monohydrous phase obtained after 34 charging/discharging cycles. SEM images
by courtesy of S. Afflerbach, University of Siegen.
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of the solid bulk surface single loose particles can be seen, the bulk phase
agglomerated into one large but apparently porous structure. Granules
from the uncycled material and a fragment from the cycled agglomerates
were analyzed by scanning electron microscopy (SEM, Fig. 7b, c and e, f).

In the large agglomerate, single primary granules can still be dis-
tinguished. Moreover, the surface of the now sintered particles appears
more porous than the surface of the uncycled particles. From the SEM
analysis we can confirm that the sintered solid structure is not dense,
but still a permeable phase. We therefore conclude that the overall
porosity remains on a similar level despite the sintering process, with
only the typical size of particles and voids changing. Apart from that,
we learned from the experimental series that the storage’s performance
is not significantly affected by the altered bulk properties.

In Fig. 7d, several small gaps are visible between the bulk phase and
the aluminum structure. This could lead to an additional heat transfer
resistance between the solid phase and the aluminum fins, and thus be the
root cause for the observed changes in the temperature profiles in Fig. 6b.

4. Conclusions

In this work, we present a thermochemical TES system that features
an additional thermal upgrade of the stored energy along with high
specific thermal powers, and the potential for large storage capacities
due to its scalable design. This approach has a vast potential for im-
plementation in industrial applications because it offers extreme flex-
ibility in several aspects: The experimental study proves that the TES
has a very large charging and discharging temperature range highly
relevant for industrial processes (180-280 °C with strontium bromide
(SrBr,) and water vapor as reference thermochemical working pair).
The hydration and dehydration reaction of the inorganic salt offers a
high specific energy density of 291 kJ/kg (or 81 kWh/t), which is
comparable to high-performance phase change materials in latent TES
in a similar temperature range. For the storage module containing
4.7 kg of SrBry (0.38 kWh capacity), thermal powers up to approxi-
mately 1.2 kW for charging and discharging have been demonstrated.

The dehydration and hydration reactions proceed along an equilibrium
line, which means that the reaction temperatures can be adjusted by
controlling the steam pressure. This effect can be used to perfectly match
the charging and discharging temperatures to a specific storage applica-
tion, even when those vary over time. Alternatively, this degree of freedom
can be used to set an effectively larger temperature gradient between the
storage material and the heat transfer fluid, which allows reducing the
heat exchanger size without reducing the thermal power of the TES.

Our findings confirm that the thermal downgrade, which occurs in
all TES systems due to the necessary heat transfers, can be compensated
or even over-compensated by raising the discharging temperature, re-
sulting in an effective thermal upgrade of the stored energy: the lab-
scale storage module was charged at a minimum temperature of 179 °C,
and discharged at a maximum temperature of 281 °C. This large ef-
fective thermal boost of more than 100 K is achieved by increasing the
steam pressure from 1 kPa during the charging process to 560 kPa for
discharging. For this purpose, it is necessary to supply water vapor as
reaction gas to drive the exothermic discharging reaction, e.g. at tem-
peratures at around 155 °C. The evaporation enthalpy could be pro-
vided by waste heat or solar-thermal energy. Depending on the appli-
cation, the storage can either be operated as a batch system, or
continuously with two alternating storage modules (e.g. for isothermal
TES with high storage capacities or for TES with an effective thermal
upgrade and large thermal powers, respectively).

The presented experiments reveal that for the given operation
parameters, the storage’s thermal performance is determined by the
heat transfer from the reactive material to the HTF or vice versa, and
not by the reaction kinetics or the steam mass transport kinetics within
the reactive bulk phase. Hence, although the physical processes during
the charging and discharging phase are more complex in the thermo-
chemical TES than in sensible or latent TES, the performance of the
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thermochemical TES is controlled by heat transfer limitations, and
therefore relatively easy to model. Also, the storage concept is not
bound to the chosen reference material combination, and can be
transferred to any other reaction system and temperature range, pro-
vided that the chemical reaction runs at a certain minimum rate. The
chosen design of the storage module can easily be up-scaled to larger
capacities and thermal powers, and, apart from that, existing optimi-
zation tools can be applied, e.g. for the improvement of the heat
transfer structure in terms of enhanced thermal throughput.

Besides the performance characterization, we provide evidence for the
cycle performance of the storage module: significant macroscopic changes
in the reactive material were found to already occur during the first 34
charging/discharging cycles. One might expect them to have a major effect
on the thermal performance of the storage (e.g. due to reduced steam mass
transfer). However, the latter is not the case. We were able to demonstrate
that these macroscopic changes actually do not affect the performance of
the storage in the proposed design. This is a very important finding since it
indicates the possibility to operate thermochemical materials (e.g. salt hy-
drates) without matrices, binders or any other technical means, which, on
the one side, improve the material’s applicability, but, on the other side,
reduce the energy density and increase the material costs.

We thus lay down the necessary groundwork for the development of
large-scale industrial TES modules. The demonstrated approach con-
tributes to breaking the technological hurdle in the design of scalable
high-performance thermochemical TES with combined temperature
boost. This opens up new possibilities for TES applications to be in-
dustrially established, e.g. the waste-heat driven thermal upgrade of

Appendix A
A.1. Experimental setup and measurement uncertainties

See Tables 1 and 2.
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process heat, and therefore can be a game changer in the efforts to
increase energy efficiency in industrial processes.

CRediT authorship contribution statement

Jana Stengler: Data curation, Investigation, Methodology, Validation,
Visualization, Writing - original draft. Marc Linder: Conceptualization,
Funding acquisition, Supervision, Writing - review & editing.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgements

This research was partially funded by the German Federal Ministry
for Economic Affairs and Energy (BMWi, “Bundesministerium fiir
Wirtschaft und Energie”), “TheSan” project (03ET1297A). We grate-
fully acknowledge the support of Christian Brack, Torsten Ascher,
Marius Drexler, Eva Fischer, and Moritz Wild during the conception,
installation, and the commissioning of the test setup. Also, we thank Dr.
Bernd Hachmann from F. W. Broekelmann Aluminumwerk GmbH for
providing the aluminum fins, and Dr. Sandra Afflerbach from the
University of Siegen for providing the SEM images.

Table 1

Setup specifications.
Parameter Value Uncertainty
E/C-], ratio of fluid volume to level change 1.317 ml/mm -
E/C-II, ratio of fluid volume to level change 10.364 ml/mm -
dead volume of the storage vessel 0.036 m® +0.001 m®
SrBryH,0 mass contained in the storage 5.059 kg + 0.001 kg

Table 2

Measurement equipment and uncertainties in the range of operation.

Sensor type Instrument data

Measurement uncertainty

Temperature Pt100, class A

Pressure piezo-resistive,

Endress + Hauser, Cerabar S

PMP71
HTF mass flow
Fluid level

Mass balance electronic scale

Coriolis, Wagner, RHM08
radar, Vega, VegaFlex 81

+(0.15 °C + 0.002 §/°C)
+ 0.05 K digitization error
+ 0.025% full scale
(0-600 kPa)

+ 0.2% of the measured value
+ 2 mm
+ 0.001 kg

A.1.1. Propagation of measurement uncertainties

To estimate systematic errors, a propagation of measurement uncertainties was conducted for the thermal power Py,

0B
Orityrr

ORn

Cp,HTF

OPn
OAT

cDCp,HTF + ‘

It follows from Eq. (2):

DRy = cpure AT-Pritgrr + Higrp-AT-Pcp yrr + Higre Cp utr PAT
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It is assumed that the heat capacity of the heat transfer fluid (Purity FG Heat Transfer Fluid), c, yrr, which is interpolated from the manufacturer’s
datasheet in the range of 150-320 °C, has an uncertainty of 5%. For typical operation parameters (myrr = 0.27 kg/s, 250 °C, AT = 1.0 K,
cpurr = 2.66 k/(kg'K)) and measurement uncertainties as given in Table 2, the error propagation results in + 110 W maximal error, which cor-
responds to a relative uncertainty of + 16% in the determination of the thermal power. This error is primarily determined by the temperature
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measurement uncertainty ( + 75 W), followed by the uncertainty of the HTF’s heat capacity.
Correspondingly, a propagation of measurement uncertainties was conducted for the reaction conversion X:

oxX

a""LReamion

ox

Mottt

X = ‘ DMgeaction +

and with Eq. (3):

DX = cI:”"'[Reaction + q)mOffset +X- q)mHZO

Mu20 Mu20 Mu20

The different error terms were calculated for typical operation conditions and setup parameters given in Tables 1 and 2. It was assumed that the
temperature measurement uncertainty causes an error in the determination of both the fluid density as well as the gas density, but that the
temperature-dependent density correlations itself do not have any uncertainties (fluid density based on correlation in VDI heat atlas, chapter D3

q)moffset +

Mu20

Dm0

[36], gas density based on ideal gas properties). The total error in the reaction conversion is determined by the following errors:

cI)rnReaction, E/Cunit1 = * 5.3 g
d)mReaction, E/Cunit 1 = % 41.4 g
Omofer = +05¢

(Dml—l20,total = x£0.1 g

For the smaller E/C-unit I, this results in a maximum error of ®Xg,cunit 1 = = 0.02. For the larger E/C-unit II, the maximum error propagation
results in an error of ®Xg,c.unirr = = 0.12. It is mainly determined by the large fluid volume/level change-ratio of the vessel geometry, and thus the

high uncertainty of the fluid level measurement in E/C-unit II.

A.2. Additional experimental data and summary

A.2.1. Charging and discharging with large internal temperature gradients

See Fig. 8.
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A.2.2. Summary of discussed experimental data

See Tables 3 and 4.

Table 3
Summary of discussed charging experiments. The parameter Tcharge cOrresponds to the constant HTF temperature before the start of experiment; Teonq is the
temperature measured in the condenser’s water reservoir. The given thermal power Py, ,, and reaction rate dX/dt,, are averaged in the range of 0-50% and,
respectively, 10-50% of the maximum achieved reaction conversion.
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Teharge PH20 Teond MyTe E/C-unit Xmax Xin Piav dx/dt,y Tsolid,min ATmax cycle no. Fig.
°C kPa °C kg/min - - - w 10~3/s °C K - -
207.9 5 25.3 0.240 11 0.91 0.87 —413 0.320 185.2 22.7 4 5
178.9 1 5.4 0.275 )i 0.94 0.62 -177 0.185 166.4 12.5 11 4,6
250.6 10 25.3 0.269 I 0.93 0.77 —987 1.150 200.3 50.3 22 8,6
230.7 5 25.3 0.270 I 0.96 0.94 —867 0.905 186.7 44.0 25 3,6
208.0 4 25.3 0.241 11 0.81 0.97 —465 0.389 183.7 24.3 34 5
Table 4

Summary of discussed discharging experiments. The parameter Ty;sc,. corresponds to the constant HTF temperature before the start of experiment; Teyqp is the
temperature measured in the evaporator’s water reservoir. The given thermal power Py, ,, and reaction rate dX/dt,, are averaged in the range of 0-50% and,
respectively, 10-50% of the maximum achieved reaction conversion.

Taisch. Pr20 Tevap Tiyre E/C-unit Xmax Xin Pav dX/dtyy Tsolid,max ATmax cycle no. Fig.
°C kPa °C kg/min - - - w 10~ 3%/s °C K - -
207.9 67 90.4 0.118 I 1.02 0.89 318 0.313 223.8 -15.9 2 5
230.7 146 112.5 0.270 I 1.02 0.82 593 0.541 251.5 —20.8 13 3,6
208.0 147 112.5 0.273 I 1.01 0.93 1156 1.150 251.7 —43.7 17 8,6
280.5 561 157.7 0.264 I 0.98 0.67 650 0.506 302.7 —-22.2 29 4,6
208.0 66 90.4 0.117 1 0.98 0.90 345 0.275 226.4 —18.4 33 5
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HIGHLIGHTS

SrBro/H,0 charging/discharging temperatures and reaction rates investigated.
Experimental data from thermogravimetric analysis and lab-scale setup.
Empirical rate models experimentally validated for 0-97 kPa, 150 -210 °C.
Cycle stability determined over 100 hydration/dehydration cycles.

Crucial parameters for storage design and application feasibility studies given.

ARTICLE INFO ABSTRACT

The potential of thermochemical energy storage and heat transformation has been soundly highlighted in lit-
erature. For applications in the temperature range from approximately 150 °C to 300 °C, the inorganic salt
strontium bromide, which reacts with water vapor in an exothermic reaction, is a promising candidate:

SrBr; (s) + Hy0 (8) = SrBraHy0 (s) + AgrH.

This chemical reaction offers a specific energy density of 291 kJ/kg SrBr, (or 81 kWh/t). The feasibility of a
thermochemical energy storage and heat transformer based on the SrBry/H>O working pair has already been
successfully demonstrated on a 1 kW scale in a lab-scale storage unit. Here, we report on the steam pressure-
dependent reaction temperatures of the dehydration and hydration reactions as well as the reaction rate and the
cycle stability of the reactive system over 100 reaction cycles using thermogravimetric analysis. For distinct
operating points, e.g. running the hydration reaction at 180 °C and 69 kPa, specific thermal powers up to 4 kW/
kg SrBr, were experimentally determined. Running the dehydration reaction at 210 °C and 5 kPa steam pressure
showed specific thermal powers of 2.5 kW/kg of SrBryH,0, thus proving the suitability of SrBr,/H,0 as ther-
mochemical working pair for high-power storage applications. Our results provide fundamental material-related
data for the design of high-power reactor modules as well as for numerical studies on the potential of ther-
mochemical energy storage and heat transformation based on SrBry/H»0.

Keywords:

Thermochemical energy storage
Heat transformation

Strontium bromide
Thermodynamic equilibrium
Thermal hysteresis

Gas-solid reaction kinetics

1. Introduction suitable candidates for thermochemical energy storage [4,5] and heat

transformation applications in particular [6,7]. In short, the most re-

The potential of thermochemical energy storage and heat transfor-
mation to increase the energy efficiency in industrial processes, and
thereby to reduce the carbon footprint, is widely discussed in literature
[1,2,3]. Various types of thermochemical working pairs are in-
vestigated for a wide range of operating temperatures, many of them
based on gas-solid reactions. Several material screening studies focus
on the criteria which gas-solid reactions need to fulfill in order to be

* Corresponding author.
E-mail address: jana.stengler@dlr.de (J. Stengler).

https://doi.org/10.1016/j.apenergy.2020.115432

levant criteria for industrial applications are summarized as follows:

e reversible and cycle-stable reaction in the relevant temperature
range,

o sufficient specific energy storage density (kWh/kg),

o high effective reaction rates which allow for large specific thermal
powers (kW/kg),
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Nomenclature
Greek letters

v stoichiometric coefficient
9 temperature, °C

Latin letters

Ap pre-exponential factor, 1/s
ARG Gibbs enthalpy of reaction, kJ/mol

ARH° standard molar enthalpy of reaction, kJ/mol
ARS° standard molar entropy of reaction, J/(mol-K)
E, activation energy, kJ/mol

X0 reaction model function

h(p) pressure term

k rate coefficient, 1/s

k(T) Arrhenius term, 1/s

K reaction rate coefficient, 1/s

Keq equilibrium constant

m mass, kg

n pressure term exponent

pressure, kPa
reference pressure, kPa

SIS
©

R universal gas constant, 8.314 J/(mol-K)

R? coefficient of determination

t time, s

T absolute temperature, K

X reaction conversion

Indices

0 standard conditions for temperature and pressure
(273.15 K, 1 atm)

dehyd  dehydration

eff effective

exp experimental

8 gas

hyd hydration

norm normalized

s solid

Abbreviations

DSC differential scanning calorimetry

HTF heat transfer fluid

TG thermogravimetric

TGA thermogravimetric analysis

® 1o side reactions, thermal decomposition or melting,
® non-toxic materials and commercial availability.

A promising candidate is the inorganic salt strontium bromide. The
dehydration reaction of strontium bromide hexahydrate to the mono-
hydrate was discussed in several studies, e.g. by N’Tsoukpoe et al. [8]
for thermal energy storage applications below 105 °C. Michel et al.
investigated the monohydrate-hexahydrate reaction in an experimental
study with a packed bed reactor operated with 400 kg hydrated salt,
and reported thermal powers in the range from 0.75 to 2 W/kg [9].
Besides their experimental studies, the authors developed a two-di-
mensional model for a rectangular module of the thermochemical sto-
rage reactor operated at temperatures below 100 °C [10]. The reaction
rates were assumed to depend on the reaction advancement and on the
distance from the thermodynamic equilibrium, and a first-order kinetic
law was chosen. A more detailed reaction rate model for the hydration
reaction from the monohydrate to the hexahydrate form was developed
by Esaki et al. for maximum operation temperatures of 80 °C [11]. In
another experimental study, a composite material based on strontium
bromide hexahydrate and natural graphite was investigated by Cam-
marata et al. [12]. The authors report an improvement of the hydration
reaction progression due to an increased thermal conductivity and a
reduced thermal hysteresis. However, no investigation on the cycle
stability of the composite material was conducted. Same as in the stu-
dies referenced above, this thermochemical system addresses domestic
applications with a maximum storage temperature of 100 °C. A possible
show stopper in these low-temperature storage applications are the
relatively high specific material costs of strontium bromide, since
especially seasonal storage applications require high storage capacities.
Nevertheless, the production process of strontium bromide on a large
industrial scale is not yet optimized and costs may reduce drastically
with increasing usage. This issue is addressed by Gilles et al. [13]. The
authors investigate an alternative and cost-efficient synthesis pathway
to reduce production costs, and also discuss the carbon footprint of
strontium bromide when used for low temperature energy storage
(<100 °Q).

In contrast, operating a thermochemical reactor with the reacting
couple SrBry'H,O at higher temperatures (> 150 °C) and high specific
thermal powers has not been in the spotlight of research yet. This is

possible by selecting the thermochemical reaction from the anhydrous
phase to the monohydrate,

SrBr, (s) + H»0 (g) = SrBryH,O (s) + AgrH, (€8]

instead of mono- to hexahydrate. This reaction is listed in a database on
salt hydrate pairs by Glasser [14], and thermodynamic data is given
with ARH® = 72.8 kJ/mol and AgS® = 152 J/(mo-K) (p° = 27.4 Torr,
T° = 298 K). Based on the standard enthalpy and entropy of formation
given in the NBS Tables [15], the reaction enthalpy and entropy are
71.98 kJ/mol and 143.93 J/(mol-K), respectively (p° = 0.1 MPa,
T° = 298 K), which are the values we refer to in the present work. The
reaction was identified as a potential candidate for thermochemical
heat transformation applications in a previous study by our research
group [6]. We found the reaction to be reversible, however, a thermal
reaction hysteresis was observed in thermogravimetric analysis (TGA)
experiments: at a water vapor partial pressure of 5 kPa, a difference of
22 K between the hydration and dehydration temperatures was found.
For 10 dehydration/hydration reactions, cycle-stability was experi-
mentally confirmed. Based on these screening results, we investigated
the hydration reaction of strontium bromide on a 1 kg scale [16]. This
work led to an experimental proof-of-concept for thermochemical heat
transformation with 102 K thermal upgrade and a maximum discharge
temperature of 280 °C in a 1 kW lab-scale prototype [17]. During the
discharging process, the specific thermal power of the storage module
was observed to slightly decrease with increasing discharge tempera-
ture and constant steam pressure. In addition, the granular storage
material was found to have agglomerated into larger porous structures,
thus raising questions on the cycle stability of the chemical reaction.

Therefore, to further clarify the qualification of the SrBr,/H,O
working pair for industrial energy storage and heat transformation
applications in the temperature range from approximately 150-300 °C
(e.g. waste heat recovery from batch processes in chemical industries),
in this work we present a detailed analysis of its cycle stability and
thermodynamic and kinetic properties.

2. Experimental methods and data analysis

Two different experimental methods were applied in the presented
study: firstly, thermogravimetric analyses with samples on a 15 mg
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scale, and secondly, investigations with a lab-scale test setup with
sample masses of around 1 kg of SrBro"H,O.

2.1. Sample preparation

Strontium bromide was supplied in the form of hexahydrate crystals
(strontium bromide hexahydrate, 99%, CAS 7789-53-9, particle size:
0.2-1.25 mm, abcr GmbH). The hexahydrate phase melts at a tem-
perature of 89 °C [18], and therefore was dried in a circulating air oven
at 70 °C for several hours to obtain the monohydrate form, SrBro"H,O.
Full decomposition from the hexahydrate to the monohydrate phase
was assured by recording the mass loss. The monohydrate samples were
then preserved at 70-110 °C until they were investigated with the ex-
perimental methods described in the following.

2.2. Thermogravimetric analysis (TGA)

For the kinetic and cycling investigations on milligram scale, two
different commercial TGA setups were used: a NETZSCH STA 449C
Jupiter®, equipped with a water vapor furnace and a steam generator
(aDROP by Bronkhorst), and, a NETZSCH STA 449F3 equipped with a
humidity generator (MHG32 by ProUmid) and humidity sensor. The
two devices mainly differ in the manner of vapor generation and,
thereby, in their operation range in respect to the available water vapor
partial pressure.

In both devices, a dry flow of nitrogen was used as purge and pro-
tective gas. To set the desired vapor partial pressure, the purge gas flow
was mixed with water vapor (constant total volumetric flow of 100 ml/
min). The volumetric flow of nitrogen used as protective gas stayed at a
constant level, and is not considered in the calculation of the water
vapor partial pressure (STA 449C: 50 ml/min, STA 449F: 20 ml/min).
The TGA devices operate at ambient conditions, and we assumed the
ambient pressure to be at a constant value of 97 kPa. In the case of the
STA 449C, the resulting water vapor partial pressure was calculated
from the set nitrogen volume flow and water mass flow (maximum
error = 0.5...1kPa). In case of the STA 449F, humidity data were
obtained from the humidity sensor located right before the gas inlet to
the sample chamber. Assuming a humidity sensor measurement accu-
racy of 2%, and an error in the temperature measurement in the eva-
porator chamber (Pt100, = 1 K) contributing to the maximum error
propagation, this results in a maximum error of 1.3 kPa for typical
operation conditions (85 °C evaporator temperature, 5 kPa water vapor
partial pressure). A TGA sample mass of 15 * 1 mg and platinum/
rhodium crucibles (STA 449F3, DSC sample carrier with thermocouple
Type K, measurement accuracy * 1 K) or alumina crucibles (STA
449C, TG sample carrier with thermocouple Type S, measurement
accuracy *= 1 K) were chosen. The sampling rate was set to 60 points
per minute. To reduce noise, all TGA data were smoothed using the
NETZSCH Proteus® software (Savitzky-Golay filter, smoothing factors
4-6, A).

At the beginning of each TGA experiment, the sample was heated up
to 250 °C to obtain the anhydrous phase. The hydration and subsequent
dehydration and further reaction cycles were performed under the de-
sired water vapor partial pressure and temperature conditions. From
the recorded mass change Amyga(t), the reaction conversion X(t) was
calculated based on the SrBryH,O sample mass, Mgample, and molar
weights, M:

Amrga () Msrpram20

Xnya(£) = —————————,
v Mgample MHZO (2)

Amrga () Msmiomeo

Xaehya (1) =1 —
i msample MHZO (3)

The reaction conversion is analyzed in isothermal and dynamic
(constant heating or cooling rate) experiments in the temperature range
from 150 to 210 °C and the water vapor partial pressure range from 0
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Fig. 1. Pillow plate reaction chamber. (a) Top view, (b) side view. In addition
to the aspect of minimized heat losses from the bulk phase to the ambient, the
reaction chamber was designed to be easily accessible for temperature sensors.
It consists of two single-embossed pillow plates that are mounted with their
plane sides back-to-back. This way, a 290 mm X 225 mm x 20 mm space is
formed, filled with approximately 1 kg of SrBro'H>O (205 mm filling height).
The reactive packed bed is fixed by metallic sinter filters with a mesh size of
5 pum. During the dehydration and hydration experiments, the temperature and
the flow rate of the heat transfer fluid (HTF) are set to constant values. Pt100
temperature probes are installed in the HTF inlet and outlet, and at several
positions within the SrBryH,O fixed bed. In this analysis, the temperature
measured at the central position of the fixed bed is evaluated.

to 97 kPa. For the later application, this is the operation range relevant
for thermally charging the storage at low temperatures, e.g. by using
waste heat from industrial processes. For discharging the storage at
higher temperatures, higher steam pressures are of interest. However,
due to the experimental limitations of the setups, higher pressures could
not be investigated in the available TGA devices. For this purpose, a lab-
scale test setup was implemented.

2.3. Lab-scale test setup

The lab-scale setup was designed to answer two specific questions:
Firstly, the investigation of the general feasibility of the hydration re-
action at steam pressures up to approximately 150 kPa, and secondly,
detailed investigations on the reaction temperatures of the hydration
and dehydration reactions. To investigate the bulk phase of the reactive
material, a rectangular packed bed of the reactive material is examined,
which is enclosed by single-embossed pillow plates (see Fig. 1). Via the
pillow plates, the reaction chamber is heated by thermal oil, with the
most important design consideration being the minimization of heat
losses from the SrBr, packed bed to the ambient. A detailed description
of the setup is given in [16]. The test rig that was used to operate the
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chemical reaction is adapted from former experiments on calcium
chloride [19]. The steam pressurizer, which is constructed from a tube
bundle heat exchanger with thermal oil on the shell side, serves as
condenser during the dehydration, and as evaporator during the hy-
dration process. In the present work, the relevant measurement data
recorded during the experiments are the temperature measured at the
central position of the bulk phase and the steam pressure in the setup,
which is controlled by the set condenser/evaporator temperature
(temperature sensor: Pt100 class A, measurement uncertainty + (0.15
°C + 0.002 §/°C), digitization error * 0.05 K. Pressure sensor: End-
ress + Hauser, Cerabar M PMP55, measurement uncertainty and digi-
tization error = (0.8 kPa + 0.007 p/kPa)).

The experiments are conducted as follows: before the start of a
dehydration experiment, the reactive material is preheated to a con-
stant temperature via the heat transfer fluid. Hence, steam pressure
builds up in the reactive chamber. As soon as the pressure in the re-
action chamber drops when connecting the reaction chamber with the
condenser, the endothermic reaction starts, indicated by a temperature
drop in the solid bulk phase. When the temperature in the fixed bed
reaches its initial value, the dehydration reaction is considered to be
completed, and the test setup is evacuated to remove all remaining inert
gases or steam. Correspondingly, during the hydration process, steam is
supplied at a constant evaporation temperature. As soon as the vapor
penetrates the solid phase after connecting the reaction chamber with
the evaporator, the exothermic reaction starts, thus resulting in a steep
rise in the solid temperature. Again, the chemical reaction is assumed to
be completed when the bulk phase reaches its initial temperature. For
the hydration reaction, we discussed exemplary T(p,t) curves and
pressure-dependent maximum reaction temperatures in a prior pub-
lication [16]. In this work, we present the corresponding results of the
dehydration reaction, i.e. the minimum temperatures which were
measured at the central position of the fixed bed for different steam
pressures.

2.4. Thermodynamic equilibrium and kinetic modelling of gas—solid
reactions

Before we proceed to the discussion of the experimental results, the
thermodynamic considerations for the analysis of reversible gas—solid
reactions will be discussed in brief.

Assuming ideal gas properties, the equilibrium constant K., for the
gas—solid reaction from Eq. (1) is given by the expression

p YH20
Ke T, =10 5
(T P) (p") 4)

with the stoichiometric coefficient vy50 = 1 and the reference pressure
p°. In the thermodynamic equilibrium state, the Gibbs free energy is
minimized, and Eq. (5) applies:

ARG = AgG® + RT-InKq (T, p) = 0. 5)
With the definition of the Gibbs free energy of reaction,
ARGP = ARH® — T-ARS°, (6)
we obtain the linear form of the Van’t Hoff equation for a reversible
gas—solid reaction:
_ARH 0 + ARS°
RT R’ 7)

InKey (T, p) = ln(%) =

Thus, according to Eq. (7), a In(K.q) versus 1/T graph (Van’t Hoff
plot) based on the standard molar enthalpy and entropy of the chemical
reaction (e.g. calculated from molar enthalpies and entropies of for-
mation) gives an approximation of the equilibrium line. Different
methods are established to investigate the thermodynamic equilibrium
line of gas-solid reactions, e.g. dynamic TGA measurements with
varying gas pressures or long-term pressure measurements in
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isothermal closed systems. However, in non-ideal thermochemical
systems, a thermal hysteresis can arise between the endothermic and
the exothermic reactions, e.g. due to kinetic limitations and the oc-
currence of a metastable zone in the vicinity of the equilibrium line,
resulting in two “apparent” equilibrium lines instead of a single one,
e.g. such as observed in the case of calcium chloride [20] and copper
chloride [21]. This is also the case for the SrBr,/H>0 reaction system
investigated in the present work. In this context, we therefore use the
term “pressure-dependent reaction temperature”, when we refer to the
apparent equilibrium temperature. Experimental data points on the
pressure-dependent reaction temperatures are obtained from the lab-
scale setup. These data are evaluated to determine the operation range
of the thermochemical working pair.

For the design of high-power storage reactors, not only knowledge
on the reaction temperatures is required, but also information on the
effective reaction rates, as these might limit the performance of the
storage. However, it is important to note that it is not our aim to gain a
deep understanding on the actual reaction mechanisms or the physical
processes which determine the reaction kinetics of the gas-solid reac-
tions. Instead, we set our focus on establishing application-oriented
empirical models for describing the effective reaction rate with regard
to the relevant conditions for thermochemical energy storage and heat
transformation.

For the parametrization of the empirical reaction rate models, ex-
perimental data from TGA measurements are evaluated. Based on the
general kinetic equation commonly used for describing the reaction rate
in gas-solid reactions, we consider three separate rate-determining
terms:

dx
o = K X)-h(p)

®
with the temperature-dependent term k(T) according to Arrhenius law,
a yield-dependent term f(X), and a vapor pressure-dependent term h(p).
For describing the influence of the gas pressure, we chose a term in the
form of h(p) = (1 - p/p*)", with p* referring to the equilibrium pres-
sure.

Hence, for the dehydration reaction, the reaction rate is described as
follows:

dx E, p X
&~ ae-22 ] poo1 - ,
dt 0 RT ( pdehyd) 9)

and, correspondingly, for the hydration reaction:

X _ o B o2
E —AoeXp{ RT} f(X) (phyd 1) .

(10)

The kinetic parameters (pre-exponential factor A, activation energy
E,, conversion-depending reaction model function f(X), and pressure
term exponent n) are fitted from isothermal and isobaric TGA experi-
ments. The detailed fitting procedure is described in Section 3.3.

3. Results and discussion

Using the experimental methods and data analysis procedures de-
scribed above, the thermochemical working pair SrBro/H,O is in-
vestigated with regard to its operation range for energy storage and
heat transformation. Data on the dehydration reaction temperature and
kinetics are necessary to better understand the limiting processes
during the charging phase of the storage, which we assume to take
place at temperatures as low as possible in industrial applications. In
contrast, the hydration reaction determines the maximum discharge
temperature and thermal power of the storage, given that steam is
supplied as gaseous reactant at a certain maximum pressure, e.g. de-
termined by the maximum available waste heat temperature. And,
lastly, cycle stability of the chemical reaction is a basic prerequisite in
all kinds of industrial storage and heat transformation applications.
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3.1. Investigations on the dehydration and hydration reaction temperatures

As described above, data on the thermodynamic equilibrium of
gas—solid reactions are commonly determined from dynamic (non-iso-
thermal) TGA measurements. Usually, sets of dynamic experiments
with varying vapor pressures are performed, and the onset tempera-
tures are evaluated [22]. As the onset temperature also depends on the
heating rate (dehydration) or cooling rate (hydration), respectively,
measurements are conducted at different rates. The onset temperatures
are extrapolated to a rate of 0 K/min, which gives the estimated equi-
librium temperature for a corresponding vapor partial pressure.

However, following this procedure for the reaction system SrBrs/
H-0, a kinetic limitation was found which led to unexpectedly low
hydration temperatures. For example, for heating/cooling rates
of + 0.5 K/min and a water vapor partial pressure of 19 kPa, the onset
temperature of the dehydration reaction was 211 °C, whereas for the
hydration reaction at the same vapor pressure, an onset temperature of
158 °C was found, thus resulting in a thermal hysteresis of 53 K (see
Fig. 2a).

In contrast to these dynamic TGA experiments, where a specific
temperature profile is applied on the SrBr, sample, the experiments
with the lab-scale setup are conducted at constant preheat tempera-
tures. However, no significant heat flux is introduced into or withdrawn
from the reactive material during the reaction. Hence, a characteristic
temperature plateau builds up in the bulk phase. These characteristic
plateaus correspond to a minimum temperature in the case of the en-
dothermic dehydration reaction, and to a maximum temperature in the
case of the exothermic hydration reaction.

Compared to the TGA experiments at similar vapor (partial) pres-
sures, our results from the lab-scale experiment show slightly lower
dehydration temperatures (202 °C reaction temperature vs. 211 °C
onset temperature) and significantly higher hydration temperatures
(188 °C reaction temperature vs. 158 °C onset temperature). Thus, in
the lab-scale experiment, the thermal hysteresis is reduced to 14 K
between the dehydration of the monohydrate and the hydration of the
anhydrous phase (see Fig. 2b). This finding indicates that the onset
temperatures determined from dynamic TGA experiments are domi-
nated by a kinetic limitation, and therefore do not lead to a reliable
evaluation of the thermodynamic equilibrium state. Obviously, the lab-
scale setup results are much closer to the actual thermodynamic equi-
librium. As described by Sogiitoglu et al., a metastable zone in the vi-
cinity of the of the equilibrium line can be described by nucleation and
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growth processes [21]. Based on their findings, the kinetic limitation
observed in the TGA experiments on the SrBr, hydration reaction could
be explained by the formation of nuclei, with the nucleation rate lim-
iting the overall conversion in the metastable zone. This could lead to
the lower hydration onset temperature found in the dynamic TGA ex-
periment. In contrast, in the lab-scale setup with a sample mass of
around 1 kg, the existence of nucleation sites already at the very be-
ginning of the hydration reaction is very likely, e.g. due to a remainder
of some only partially dehydrated crystals in the packed bed. These
already available nucleation sites could instantaneously trigger the
hydration reaction, thus leading to higher apparent equilibrium tem-
peratures in the lab-scale setup. Hence, to obtain the pressure-depen-
dent reaction temperatures of the hydration and the dehydration re-
actions, we use the lab-scale setup which features reaction conditions
more representative for potential storage applications.

One key finding of those lab-scale experiments is that the tem-
perature plateaus are solely determined by the steam pressure, and do
not depend on the preheat temperature of the bulk phase, which is set
via the heat transfer fluid temperature. Corresponding exemplary ex-
periments with a variation of the steam pressures and preheat tem-
peratures are presented in Fig. 3. Based on these results, we conclude
that from the temperature plateaus, the pressure-dependent reaction
temperatures of the chemical reaction can be derived in sufficient ap-
proximation.

The resulting temperature-pressure data pairs are plotted in the
Van’t Hoff graph in Fig. 4 for a total of 75 experiments, conducted with
three different batches of SrBryH,0. In this experimental series, the
steam pressures as well as the preheat temperatures were varied. The
experimental results reveal that there still is a thermal hysteresis be-
tween the endothermic and the exothermic reaction, but that it is sig-
nificantly smaller than found in dynamic TGA experiments. We assume
this hysteresis to be caused by a similar mechanism as discussed for the
TGA experiments, which is presumably more significant at lower tem-
peratures. For experimental reasons (the maximum thermal oil tem-
perature is limited to 210 °C), higher dehydration pressures could not
be investigated in the available setup. Additional experiments would
hence be needed to fully clarify if the two lines merge into one at higher
steam pressures (and thus, at higher absolute temperatures), as it is the
case e.g. for the hydration reaction of CaO and dehydration of Ca(OH),,
respectively [23].

In order to account for the drifting apart of the reaction tempera-
tures from the equilibrium line for pressures below approximately
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Fig. 2. (a) Investigation of the dynamic dehydration and hydration reaction with thermogravimetric analysis (TGA). Resulting level of hydration for p = 19 kPa and a
heating/cooling rate of +/—0.5 K/min. A hysteresis of 53 K is found between the hydration and dehydration onset temperatures (st,%). (b) Investigation of the
pressure-dependent reaction temperatures in the lab-scale setup. For a similar steam pressure as in the TGA experiments (hydration: 18 kPa, dehydration: 17 kPa), a
significantly smaller hysteresis of 14 K between the reaction temperatures (/\,A) is observed. When the pressure was lowered to 6 kPa in the dehydration process, a
reaction temperature of 189 °C was reached. In comparison to the 188 °C hydration data point, this corresponds to a hysteresis of approximately 12 kPa in terms of
the pressure offset between the back and forward reaction at the same temperature.



J. Stengler, et al.

210 —r——7F—"—T—"——"T—"—T——T7—
205 |
g i
~— 200 |~
[=,]
v i
2 195
©
5 i ] ==-- 11kpa
g 190 |- ‘\'| 7| — 6kpa |-
2 L o — 6kPa | .
185 i Praled — — 3kPa |
L b T — — 3kpa_| |
180"“"‘/""""'
0 30 60 90 120 150 180
time t (min)

Applied Energy 277 (2020) 115432

260 ——————1——T——T—T1—
240

o

< 220

(=]

ot

;; 200 -

) —— 100 kPa

£ 180 —— 100 kPa |

o] ---- 71kPa | |
160 — — 28kPa |

— — 28kPa | |

140 N 1 N 1 N 1 N 1 N

20 30 40 50 60
time t (min)

Fig. 3. Investigation of the reaction temperatures in the lab-scale setup for different steam pressures and preheat temperatures. The differing preheat temperatures
can be read from the isothermal conditions before the start of the experiment (t = 0 min). The resulting plateau temperatures (/\,A) are evaluated as a function of

the corresponding pressure data. a) Dehydration reaction. b) Hydration reaction.
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Fig. 4. Van’t Hoff plot of the experimental results on the dehydration and hy-
dration reaction temperatures. In addition to the pressure-dependent, char-
acteristic temperature plateaus found in experiments with the lab-scale setup
(/\,A), the plot contains data from dynamic TGA measurements (%, %). These
two experiments were conducted at a heating and cooling rate of +/—0.5 K/
min and, despite this low rate, reveal a thermal hysteresis which is significantly
larger than the one observed in the lab-scale experiments. The thermodynamic
data AgH® = 72.8 kJ/mol and AgS° = 152 J/(mol K) are given for the reference
pressure p° = 0.1 MPa, and temperature T° = 298 K [15].

30 kPa, the dehydration and the hydration data points were fitted by
linear regression:

103
dehydrati tion: 1 kPa) = 14.69 — 6.41- ,
ehydration reaction: 10g(pjenyq /kP2) K an
hydration reaction: log(p,,4/kPa) = 8.18 — 3 194—103
Y + (0B Pya/ KF&) = S e a2)

These correlations of the steam pressure and the reaction tem-
peratures give a first estimation of the operation range of a thermo-
chemical storage and heat transformer operated with the SrBr,/H>0O
working pair. E.g., we conclude that a minimum temperature of 170 °C
will be required to charge the storage, even if the steam pressure is kept
below 2 kPa (15 °C condensation temperature), which can be con-
sidered a lower limit in industrial applications due to the needed
cooling effort. The two p,T-correlations from Egs. (11) and (12) are used
in the analysis on the effective hydration and dehydration reaction rates

later on.

3.2. Cycle stability

After having identified the operation range of the reversible che-
mical reaction, probing the cycle stability is the next crucial hurdle to
qualify the SrBro/H,0 working pair for any industrial storage applica-
tion. As 170 °C is identified as the minimum required charging tem-
perature, this value is chosen as reference temperature for isothermal
cycling TGA experiments. In this analysis, the progression of the reac-
tion conversion is evaluated.

100 hydration/dehydration cycles were performed at the constant
temperature of 170 °C (STA 449 F3 with humidity sensor): In the hy-
dration phase, the water vapor partial pressure was set to 30 kPa (re-
lative humidity of 51% at 85 °C) for the duration of one hour. This
humidity condition was chosen as it allows for full conversion to the
monohydrate within < 10 min. Subsequently, the relative humidity in
the sample chamber was set to 0% for one hour, except for the last
dehydration phase (cycle #100), which was set to three hours under
dry atmosphere. The humidity was measured in the gas mixing chamber
next to the inlet of the sample chamber. When analyzing the recorded
humidity for the given TGA operation conditions, we observed that it
takes < 2 min to reach 80% of the set humidity during the hydration
phase, but approximately 10 min until a dry atmosphere is obtained in
the sample chamber in the dehydration phase. This temporal offset,
which depends on the TGA parameters (e.g. prior and set humidity, gas
volume flow and temperatures) causes a dead time until the reaction in
the TGA sample chamber starts, both in the case of the dehydration and
the hydration reaction.

In the analysis on the reaction conversion calculated from the mass
loss or gain during cycling, it is assumed that at the end of a hydration
phase, i.e. after 60 min under humid atmosphere, a full reaction con-
version of Xp,q = 1 is reached. The progression of the reaction con-
version from cycle #1 up to cycle #100 is displayed in Fig. 5. It is found
that the phase transition from the monohydrate to the anhydrous phase
and reverse is cycle stable, although the rate of the dehydration reac-
tion deccelerates considerably during the cycling series especially for
the “tail” of the reaction progression.

While in the 1st dehydration cycle, full conversion is already
reached within approximately 20 min, the 100th dehydration is com-
pleted only after three hours (not shown in the graph). Although the
hydration reaction was observed to slightly deccelerate too, the effect is
less significant. The first hydration reaction apparently has an offset
compared to all the later cycles, even though the qualitative trend is
very similar to the next cycles. We assume this to be caused by the
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Fig. 5. Cycle stability in terms of the reaction progression during isothermal cycling. Data from different cycles are indicated by changing colors from black to red,
with examples shown in the legend for orientation. (a) Isothermal dehydration at 170 °C sample temperature and dry nitrogen atmosphere. (b) Isothermal hydration

at 170 °C sample temperature and a water vapor partial pressure of 30 kPa.

experimental conditions in the setup, e.g. humidification of the sample
chamber walls and piping, as the equipment was purged with nitrogen
for several hours before the start of the experiment. Similarly, we
consider the larger dead times in several of the dehydration cycles to be
experimental artefacts caused by deviant humidity conditions in the
setup.

As the experimental cycle time was fixed to one hour each for the
hydration and the dehydration runs, the decomposition reaction did not
reach full yield after several cycles, and therefore the hydration reac-
tion did not start from the hydration level 0.0 mol H,O/mol SrBr, for
higher cycle numbers. The impact of the rate-decelarating effect is
quantifiable from the analysis presented in Fig. 6, which gives the ex-
perimental time until 50% and 80% of the expected full conversion are
reached. The time constants do not change for the hydration and, in the
case of 50% conversion, also for the dehydration reaction. In contrast,
the 80% time constant in case of the dehydration rises linearly. Over the
course of 100 hydration/dehydration cycles, this time constant in-
creases by approximately 60%. We assume this to be caused by mi-
croscopic changes within the SrBroH,O phase, e.g. causing inhibited
vapor mass transfer, or by some effect on the reaction kinetics of the
dehydration reaction. It is not clear from this experiment, if and when
any steady state is reached.

Please note that this cycling series was performed under “extreme”
experimental conditions, i.e. the minimum temperature required to
perform the dehydration reaction on a reasonable time scale (< 1 hin
TGA experiments). We believe this very low temperature of 170 °C to be
hardly realistic for charging the storage in an industrial application as
this requires very low steam pressures (< 2 kPa or 15 °C condensation
temperature). Therefore, in order to understand how the cycling affects
the dehydration behaviour at higher temperatures and pressures which
are likely to be more relevant in industrial applications, additional
experiments were performed with the cycled SrBr, sample and com-
pared to an uncycled sample in an identical experiment. At the begin-
ning of these experiments, the samples were treated with the usual
heating procedure up to 250 °C to ensure complete dehydration to the
anhydrous phase. Fig. 7 contrasts the results obtained for the cycled
SrBr, with the results from the uncycled SrBr». In all cases, the reaction
conversion exceeds 95%, with no significant differences between cycled
and uncycled samples (< 3%) with the given measurement accuracy.
For better comparison of the reaction progression, the conversion is
normalized to a value of 1 in Fig. 7. As the dead time varies due to the
different experimental conditions, the curves are shifted along the time
axis. The onset time t = 0 min is determined by the intercept point of a
tangent fitted at X,orm = 0.1 with the time axis. It is observed that at
higher dehydration temperatures (210 °C), the reaction conversion of

the cycled material is very similar to the behavior of uncycled material:
the progression of the dehydration reaction at 210 °C and a dry nitrogen
atmosphere, and also under a water vapor partial pressure of 10 kPa, is
not affected in any way similar to the dehydration behavior under the
cycling series conditions (170 °C, 0 kPa). This is a very important
finding since it proves that the lacking cycle stability indicated by Fig. 6
is only of little relevance under application-relevant operation tem-
peratures. Also, this observation supports the assumption that cycling
may affect the reaction kinetics of the dehydration reaction, but not the
“chemical” reversibility of the dehydration reaction.

No macroscopic changes were visible to the bare eye when the SrBr,
sample was optically investigated after the completion of the experi-
mental series. The granules did not agglomerate, but were still loose
and easily pourable. However, this does not give information on cy-
cling-induced microscopic transformations within the SrBr, particles.

Summing up, from the experimental study on the cycle stability of
the monohydrate formation and decomposition, we conclude that the
reaction is chemically reversible, although the reaction rate of the de-
hydration reaction decreases in the course of the cycling at low tem-
peratures (170 °C). Given that this degradation effect is not observed
when the cycled material is investigated at higher temperatures
(210 °C), and moreover, that the degradation could likely be eliminated
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3 A 80% conv. A 30% conv. .
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Fig. 6. Evaluation of the cycle stability in terms of the experimental time re-
quired to reach 50% and 80% reaction conversion. While the hydration reaction
can be considered to be fully cycle-stable under the given experimental con-
ditions (170 °C, 30 kPa water vapor partial pressure), a decrease of the effective
reaction rate of the dehydration reaction is found at reaction conversions larger
than 50% (170 °C, dry nitrogen atmosphere).
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Fig. 7. Progression of the dehydration reaction conversion of cycled and un-
cycled SrBry'H,0. For better comparison, the conversion is normalized and the
reaction onset time is set to O in this graph. These experiments prove the cycle
stability of the SrBr,/H,O working pair over 100 hydration/dehydration cycles.

by pretreating the SrBryH,O particles (e.g. milling to obtain smaller
primary particles) or using rate-accelerating additives, our results in-
dicate that the reaction system SrBr,/H,0 is indeed a promising can-
didate for thermochemical energy storage and heat transformation,
with applications requiring large numbers of charging/discharging cy-
cles. Besides, the progression of the dehydration reaction conversion
performed under application-relevant operation conditions (210 °C and
10 kPa, corresponding to 45 °C condensation temperature) shows that
80% of the full conversion is reached after approximately 5 min, thus
highlighting that the SrBr,/H,O working pair promises high specific
thermal powers due to fast reaction kinetics. This last point is discussed
in more detail in the following section.

3.3. Empirical models of the effective reaction rates

Not only the thermodynamic properties (i.e. pressure-dependent
reaction temperatures), but also the reaction kinetics determine a
thermochemical storage’s operation range since the maximum thermal
power of the thermochemical reactor is limited by the effective rate of
the chemical reaction. To be able to assess the maximum thermal
powers allowed by the effective rate of reaction, kinetic data on the
reaction progression are required, which include the temperature and
pressure range relevant for typical storage applications. However, due
to the operational limitations of the TGA setups, this range is restricted
to operation under atmospheric pressures and adjusting the steam
pressure by dilution with nitrogen. In the following analysis, it is
therefore assumed that running the chemical reaction at water vapor
partial pressures instead of pure steam atmosphere does not affect the
reaction progression. This is considered a valid assumption due to the
milligram sample size, so that the formation of a nitrogen boundary
layer (which could limit vapor transport) can be neglected. Please note
that the aim of this section is not to understand the reaction mechanism
in depth, but rather to provide the simplest empirical model with suf-
ficient resolution for the investigation of potential applications.

Based on the qualitative progression of the reaction conversion
presented in the investigation on the cycle stability, a single-step re-
action progression is assumed. Besides, the trends of the reaction con-
version of uncycled material suggest that a bounded exponential
growth model is appropriate to mathematically describe the effective
reaction rates. Hence, we chose the first-order rate model for both the
dehydration reaction and the hydration reaction [24]:

X () =1 — exp(—kegt). 13)

With the thereby given linear correlation between -In(1-X) and ¢,
effective rate coefficients ke exp Were determined by fitting results from
TGA experiments similar to the cycling experiments from Fig. 5
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Table 1

Effective rate coefficients keg,exp Of the dehydration reaction under isothermal
and isobaric conditions. AT gives the difference between the experimental
temperature T and the reaction temperature Tgenyq €xpected for the given water
vapor partial pressure p. R? gives the coefficients of determination of the linear
fit of the experimental data, which is evaluated in the range from X, t0 Xpax.

T P Taehyd AT Kett,exp R? Xmin Xmax
0 (kPa) (9] ) (107%/s) O] O] O]

162 0 - - 1.08 0.921 0.05 0.80
172 0 - - 1.82 0.938 0.05 0.80
185 0 - - 3.20 0.974 0.05 0.80
190 0 - - 4.20 0.987 0.05 0.80
210 0 - - 8.69 0.997 0.05 0.80
210 0 - - 9.01 1.000 0.05 0.80
185 5 185 =1 1.47 0.987 0.10 0.60
190 5 185 5 3.25 0.987 0.05 0.80
200 5 185 15 5.26 0.996 0.05 0.80
210 5 185 25 9.21 0.998 0.05 0.80

conducted under isothermal and isobaric conditions. The rate curves X
(t) are normalized to 1. In the non-normalized data, the average reac-
tion conversion is 1.00, with a standard deviation of 2%. The minimum
and maximum values range from 0.95 to 1.05. We assume that the
reaction yielded full conversion in the experiments evaluated in context
of the reaction rate determination, and attribute the error to measure-
ment inaccuracies, e.g. due to partial hydration during weighing of the
monohydrate samples under ambient conditions. The results of the
evaluation on Kefr exp are summarized in Table 1 (dehydration reaction)
and Table 2 (hydration reaction).
Considering the rate of reaction derived from Eq. (13),

dx

T kete -(1 — X) = ketr -f (X)), 14)
and the rate model proposed in Eq. (8), it follows that kg gives all the
necessary information on the activation energy E,, the pre-exponential
factor Ao, and the exponent n of the pressure term:

dehydration reaction: keg = Aoexp{— }f_;"}[l _

n
p )
pdehyd (1 5)

n
hydration reaction: ke = Aoexp{—&}{i - 1] .

RT ) \ Pryq (16)

The further reaction rate analysis is discussed separately for the
hydration and dehydration reactions in the following sections.

3.3.1. Parametrization of the dehydration reaction rate model
The dehydration reaction of the monohydrous salt was investigated

Table 2

Effective rate coefficients ke exp Of the hydration reaction under isothermal and
isobaric conditions. AT gives the difference between the experimental tem-
perature T and the reaction temperature Thyq expected for the given water
vapor partial pressure p. R? gives the coefficients of determination of the linear
fit of the experimental data, which is evaluated in the range from X, t0 Xpax-

T p Thya AT Kettexp R? Xomin Ximax
0 (kpa) €9} ®) as o ©

186 69 230 —44 12.98 0.996 0.06 0.95
192 69 230 —38 8.19 0.985 0.05 0.90
200 69 230 —-30 3.84 0.992 0.05 0.85
203 69 230 -27 2.35 0.996 0.05 0.85
207 69 230 -23 1.38 0.994 0.05 0.65
180 29 202 -22 1.54 0.997 0.05 0.85
180 36 209 —-28 3.46 0.984 0.05 0.90
180 45 216 -36 8.06 0.991 0.05 0.80
180 55 223 —42 13.20 0.986 0.05 0.95
151 45 216 —65 65.63 0.964 0.05 0.95
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in isothermal experiments performed at low water vapor partial pres-
sures (STA 449F3 with humidifier and humidity sensor). To account for
the temperature-dependency of the dehydration reaction rate, the first
parameter being assessed from an Arrhenius plot is the activation en-
ergy E,. and the pre-exponential factor Ao, see Fig. 8a. In this analysis,
data from TGA experiments in dry nitrogen atmosphere are evaluated,
since this way the vapor pressure influence on the reaction rate can be
neglected. The temperatures in the considered experiments vary in the
range from 160 °C to 210 °C, and the analysis gives the two parameters
E, = 75.7 kJ/mol and A, = 1.38:10° 1/s.

In the next step, the pressure term exponent n is fitted from dehy-
dration experiments in humid atmosphere. In this analysis, experiments
at a constant water vapor partial pressure of 5 kPa and different tem-
peratures were considered, as these values are relevant for industrial
applications and, besides, correspond to the operation conditions in-
vestigated in the proof-of-concept of the SrBr,/H,0 working pair in a
1 kW storage module [17]. From the plot given in Fig. 8b, we obtain the
parameter n = 0.25.

Hence, the empirical rate model of the dehydration reaction is
parametrized as follows:

0.25
. —1
% = 1,38.1065718)(1,{_%},(1 - X)|1- p A
dt RT pdehyd (17)

The reaction pressure pgenyq for the given temperature is derived
from the experimental results of the lab-scale setup, and can be ob-
tained from Eq. (11).

3.3.2. Parametrization of the hydration reaction rate model

The hydration reaction was investigated in isothermal experiments
performed at higher water vapor partial pressures (STA 449C with
steam generator). Following the same procedure as in the case of the
dehydration reaction, the effective rate coefficients kegexp are calcu-
lated based on a first-order rate model, see Table 2. Notably, the results
indicate that at constant vapor pressures and varying temperatures, the
rate coefficients actually decrease with increasing temperature (or de-
creasing temperature difference AT).

This is explained by the pressure term in Eq. (10) (last term): an
increased temperature leads to a higher reaction pressure phyq, thus
resulting in a smaller ratio p/ppyq, which lowers the overall reaction
rate. In the considered temperature and pressure range, this rate-lim-
iting effect of the pressure term overbalances the rate-increasing impact
of the Arrhenius term. If these k¢ data were fitted in an Arrhenius plot
(compare Fig. 8a for the dehydration reaction), this would result in a
physically nonsensical negative activation energy. This is not an

—r T T 7T
M 0 kPa, isothermal
—— linear fit

55

-6.0 -

In(Kege) (-)

65k R*=0998 _
| slope -9.11 162 °C
7.0 intercept 14.14

N 1 N 1 " 1 N 1 " 1 N
2.05 2.10 2.15 2.20 2.25 2.30 2.35
1000/T (1/K)
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uncommon phenomenon for gas—solid reactions showing a rate de-
crease in the vicinity of the equilibrium line. For instance, a virtual
negative activation energy was also observed for the hydration reaction
of calcium oxide [25]. A non-parametric modelling method such as
proposed by Birkelbach et al. is one approach to address such kind of a
reaction rate behavior [26]. However, since in this work we pursue an
application-oriented empirical correlation on the hydration reaction
rate, we set aside the determination of the Arrhenius parameters (pre-
exponential factor Ao, activation energy E,) from the experimental data.
Instead, based on the assumption of a first-order rate model, we sim-
plify Eq. (16) by replacing the Arrhenius term by a constant, and obtain
the following equation:

ket = K| £ = 1] .
DPhya 18)

Provided that this mathematical approach is valid, plotting the data
points In(kes) versus In(p/phyq-1) should result in a straight line, with
the slope n and the offset In(Kg;). Indeed, the experimental data dis-
played in Fig. 9a indicate that this simplification of the rate model is
justified. The slope of the linear fit gives the pressure term exponent
n = 1.8. The rate coefficient Kg;; = 1.60 - 102 1/s is determined from
the intercept.

Therefore, the parametrized rate model of the hydration reaction
results in:

1.8
X 60107131 — X)~(p - 1) .
dr .

DPhy, 19)

The reaction pressure py,yq for the given temperature is derived from
the experimental results of the lab-scale setup, and can be obtained
from Eq. (12). Due to the simplification of the hydration rate model, i.e.
due to omitting the rate-diminishing Arrhenius term, the model will at
some point fail to correctly reproduce the decrease of the rate with
decreasing temperatures. Instead, the model given in Eq. (19) would
predict infinitely increasing reaction rates with decreasing tempera-
tures. Hence, predicting a “cold start” of the hydration reaction from
initial temperatures of more than approximately 65 K below the ex-
pected reaction temperature (compare maximum values of AT given in
Table 2) could lead to incorrect results. Apart from that, in the parti-
cular case of the SrBry/H,0 reaction system, starting from “too low”
temperatures (e.g. ambient temperature) would lead to a hydration
reaction not only from the anhydrous salt to the monohydrate, but also
from the monohydrate salt to the hexahydrate, and then to an un-
wanted solid-liquid phase change at higher temperatures.

0.2 ————————T——T——T——T
. i W 5 kPa, isothermal 1
i 0.0 - [ — linear fit 210°C W
~
S [ m 200 °C]|
8 -02} a
=
z ! ]
o 0.4 F |
+
;E) L r
\%:) -0.6 |- R =0.963 -1
o I slope 0.25 .
£

0.8 185°C _

R P PR SR P B B

-35 -30 -25 -20 -15 -1.0 -05 0.0
|n(1'p/pdehyd) (')

Fig. 8. Dehydration reaction. (a) Determination of the activation energy E, from the slope and the pre-exponential factor A, from the offset of the linear regression
(Arrhenius plot). Only experiments conducted under dry nitrogen atmosphere are evaluated in this analysis. (b) Determination of the pressure term exponent. Here,
experiments conducted under 5 kPa water vapor partial pressure and different temperatures are evaluated.
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Fig. 9. Parametrization of the hydration rate model. (a) The pressure term exponent n is determined from the slope, and the rate coefficient Kg;; from the intercept of
the linear fit. (b) Validity evaluation of the effective rate coefficients predicted by the empirical model, which is parametrized with the values n and Kg;; determined
from the left plot. The bisectrix in the parity plot indicates an ideal reproduction of the experimental rate coefficients.

Although Eq. (19) is based on a simplified rate model approach, the
effective rate coefficients are reproduced with good accuracy. This is
indicated by the evaluation presented in the form of a parity plot in
Fig. 9b, which contrasts the predicted with the experimental rate
coefficients. The rate-diminishing effect of increased temperatures is
correctly reproduced. However, for operation parameters resulting in
larger rates, e.g. 69 kPa and 186 °C, the model slightly underrates the
experimental values.

3.3.3. Model evaluation

In a last step, the empirical models are evaluated by comparison
with the experimentally determined reaction conversions from the TGA
experiments. Fig. 10 shows the modelled reaction conversions (line
plots) versus the experimental results (scattered plots) for varying op-
eration conditions. For all of the depicted graphs, the results from the
empirical models are shifted along the time axis so that the point
Xnorm = 0.5 corresponds to the same point of the experimental curve in
order to compensate for the dead time caused by the TGA experimental
conditions.

Generally, the qualitative trends of the reaction conversions are
correctly reproduced by the empirical models. In the case of the de-
hydration, the rate-increasing impact of the temperature is clearly in-
dicated by the model (e.g. 5 kPa, 190 °C versus 210 °C). For higher
rates, e.g. 10 kPa and 210 °C, the slope of the reaction conversion is
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closely reproduced by the empirical model up to a conversion of 80%,
even though the parametrization of the rate model was implemented
based on a data set with a maximum dehydration vapor pressure of
5 kPa. For low dehydration rates, e.g. 170 °C and dry nitrogen atmo-
sphere, the model underrates the dehydration progression of SrBry"H,O.
Here, the reaction conversion follows a more sigmoidal trend and,
hence, is not closely represented by a first-order rate model.

Similarly, in the case of the hydration reaction, the empirical model
shows close agreement with experimental data for operation para-
meters which allow high reaction rates. For operation parameters closer
to the equilibrium conditions, e.g. 69 kPa, 207 °C, the experimental
reaction conversion shows a more sigmoidal progression, and hence,
cannot be fully reproduced by the first-order rate model. To prove the
validity range of the empirical model, the plot includes additional ex-
perimental data which are not considered in the determination of the
rate model parameters (97 kPa, 189 °C). Still, even for this higher water
vapor partial pressure, the empirical model predicts the reaction con-
version with sufficient accuracy.

In general, in the range from approximately 0.1 < X,omm < 0.8,
the qualitative trend of the reaction conversion is accurately re-
produced, so that the models parameterized in this work are considered
valid empirical descriptions of the hydration and dehydration reaction
rates of strontium bromide anhydrate.

o
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97 kPa, 189 °C |
45 kPa, 180 °C
35kPa, 180 °C
69 kPa, 203 °C
69 kPa, 207 °C | 1
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Fig. 10. Evaluation of the empirical rate models. The experimental data is given by the scatter plots; the corresponding results from the experimental rate models
given in Eq. (17) and Eq. (19), respectively, are displayed as line plots in the same color. (a) Dehydration reaction. (b) Hydration reaction.
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3.4. Consequences for thermochemical storage applications

The performed material characterization study provides technically
feasible charging and discharging temperatures as a function of the
water vapor pressure. In a previous study, we have demonstrated the
technical feasibility of distinct storage operation parameters, e.g. a
minimum charging temperature of 179 °C (1 kPa condenser pressure)
and a maximum discharging temperature of 281 °C (560 kPa evaporator
pressure) [17]. With the p,T-correlations presented here, the operation
parameters of the storage can be estimated for any other operation
point within this range. E.g. for a given waste_heat temperature of
120 °C (200 kPa) available for steam generation, the corresponding
reaction temperature of the hydration reaction is 270 °C, according to
Eq. (12). Assuming that a heat exchanger temperature gradient of 20 K
is required to allow for a heat flux between the heat transfer fluid (HTF)
and the storage, we conclude that the storage can be discharged at
250 °C HTF temperature. On the other hand, charging the storage e.g. at
210 °C HTF temperature (e.g. solar thermal energy or industrial waste
heat) requires the condensation of the gaseous reactant at 7 kPa, see
Eq. (11). Again, this estimation takes into account an internal gradient
of 20 K in the heat exchanger. This vapor pressure corresponds to a
condensation temperature of 40 °C, e.g. cooling with ambient air. The
given operation points therefore result in an effective thermal upgrade
by 40 K between the charging and the discharging temperature. Be-
sides, the analysis of the effective reaction rates reveals 170 °C as the
minimum temperature required for charging with technically relevant
operation conditions: although charging the storage at lower tempera-
tures is possible with moderate dehydration rates in water-free atmo-
spheric conditions, this requires additional cooling effort to condense
the water vapor emerging from the reactive material (e.g., below
15 °Q).

Our results on the effective rates of reaction imply that the SrBry/
H>0 working pair is suitable for applications which require high spe-
cific thermal powers: e.g. for the discharging reaction running at 69 kPa
and 200 °C, the effective rate coefficient 3.84 -1071/s implies that
80% of the storage’s capacity can be discharged with specific thermal
powers from 0.2 — 1.2 kW/kg SrBr,, assuming a reaction enthalpy of
72 kJ/kg, the SrBr, molar weight 247 g/mol, and the first-order rate
model described in Eq. (14). By choosing a higher steam pressure, these
values can be further increased. Alternatively, for a lower discharge
temperature and the same steam pressure (180 °C, 69 kPa), the specific
power reaches values in the range of 0.9 — 4.4 kW/kg SrBr, (effective
rate coefficients in Table 2). Correspondingly, running the charging
reaction e.g. at 210 °C and 5 kPa results in specific thermal powers in
the range of 0.5 -2.5 kW/kg SrBro'H,O (effective rate coefficients in
Table 1). However, the thermal power of an actual storage reactor is
more likely determined by its design with regard to heat and mass
transfer limitations. For instance, at distinct operating points (dischar-
ging at 208 °C, 150 kPa), the proof-of-concept storage reactor featured a
maximum thermal power of 0.26 kW/kg SrBr, [17], and hence, was
probably limited by heat transfer. Still, the empirical rate models de-
veloped and validated in this work are required to optimize the storage
performance, e.g. by performing numerical studies on the packed bed
heat exchanger design.

4. Conclusions

The hydration reaction of strontium bromide to its monohydrate
phase and the dehydration reaction of the latter were identified as a
promising thermochemical system for thermal energy storage and heat
transformation. In this study, we report on the thermodynamic and
kinetic properties and the cycle stability of the reactions. Our study
includes examinations based on thermogravimetric analysis (TGA) as
well as lab-scale experiments.

Pressure-temperature correlations describing the reaction tem-
peratures for the dehydration and the hydration reactions are derived
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from the lab-scale setup in a pressure range from 1 kPa up to 150 kPa.
The observed reaction temperatures stretch from approximately 160 °C
up to 260 °C. At a steam pressure of 17 kPa, a thermal hysteresis of 14 K
between the dehydration and the hydration reaction is observed. With
the p,T-correlations presented here, the operation parameters of a
SrBr,/H,0 thermochemical energy storage and heat transformer can be
assessed in terms of charging/discharging pressures and temperatures.
To be able to assess the maximum thermal power allowed by the
effective rate of reaction, we conducted kinetic studies in a temperature
and pressure range relevant for typical storage applications. It is found
that the rate of reaction slows down significantly when approaching
thermodynamic equilibrium conditions not only in the case of the de-
hydration, but also in the case of the hydration reaction: here, at con-
stant steam pressure, increasing temperatures effectively lead to lower
reaction rates. For instance, when discharging at 180 °C and 69 kPa
steam pressure, specific powers up to 4.4 kW/kg SrBr, were found in
the TGA experiments. Furthermore, we developed empirical models for
the hydration and the dehydration reactions which allow predicting the
progression of the chemical reactions in a storage system operated
under technically relevant operation conditions (hydration reaction: 30
—97 kPa, 150 — 210 °C; dehydration reaction 0 — 10 kPa, 160 — 210 °C).
Cycle stability is experimentally proven in an isothermal TGA ex-
periment for 100 hydration/dehydration cycles. Although the rate of
the dehydration reaction decreases for conversions larger than 50%
during cycling under low temperatures (170 °C), the reaction is fully
reversible. Although no final statement can be drawn on the more long-
term cycle stability or possible macroscopic changes when operated on
larger scale, strontium bromide is a highly promising candidate for
thermochemical energy storage and heat transformation.
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Thermochemical energy storage is not only discussed for the long-term storage of thermal energy with
large capacities, but also for applications requiring high specific thermal powers, e.g. the thermal upgrade
of waste heat via thermochemical heat transformers in continuous operation. Our work aims at the quan-
titative analysis of the dominating processes in storage designs for gas-solid reactions, which specifically
target high-power applications.
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As reference storage design, we chose a 1 kW prototype featuring axial aluminum fins for an increased
effective bulk conductivity. It was operated with strontium bromide, which reacts with steam in a re-
versible gas-solid reaction in the 160-320°C temperature range, reaching specific thermal powers up to
250 W/kg anhydrous salt. By combining our experimental work with numerical studies based on the
finite element method, we quantitatively evaluate the influence of the heat transfer-related parameters
on the storage’s maximum thermal power. Based on a thermal sensitivity study, the largest contributor
turns out to be the heat transfer coefficient between the reactive bulk phase and the heat exchanger.
The experimentally validated simulation tool allows us to draw further conclusions on the scale-up of
the current storage design for large-scale applications. In particular, it provides the necessary data to es-
timate the exergy efficiency of a broad variety of storage application scenarios of the investigated storage

system.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Various designs for closed thermochemical thermal energy stor-
ages (TES) have been investigated for a wide variety of gas-solid
working pairs, such as salts (e.g. salt hydrates or ammonium salts),
metal hydrides or metal oxides [1,2]. Usually, providing sufficient
heat and mass transfer at the same time is a challenging design
consideration, since the solid reactants are characterized by either
a low thermal conductivity when used as loose granules or pow-
ders or by low permeabilities if pressed to pellets, e.g. in the case
of metal hydrides [3]. To outbalance these contradicting effects, nu-
merous analytical and numerical models have been developed to
investigate the storage performance from a local and global per-
spective [4]. Often, the fixed-bed reactor designs in these studies
follow rather simple geometric concepts with high symmetry to
ensure straight-forward modelling, e.g. cylindrical designs [5] or
rectangular honeycomb blocks [6]. However, large industrial appli-

* Corresponding author. Tel.: +49 711 6862 8238.
E-mail address: jana.stengler@dlr.de (J. Stengler).

https://doi.org/10.1016/j.ijheatmasstransfer.2020.120797
0017-9310/© 2020 Elsevier Ltd. All rights reserved.

cations such as heat recovery from continuous processes, e.g. in
pulp and paper industries, or batch processes in chemical indus-
tries, require reactor concepts designed with explicit regard to high
specific thermal powers and easy scalability. Hence, to prove the
potential of thermochemical TES, we see the need to further im-
prove the state-of-the-art on suitable reactor concepts. However,
more complex storage designs are challenging when it comes to
the spatially resolved numerical modelling, which we see as one
of the key tools in order to analyze and systematically enhance the
reactor performance.

In this study, we focus on the aspects which determine the ex-
ergy efficiency of the thermochemical energy storage, i.e. the tem-
perature gradients needed to operate the storage at relevant ther-
mal powers. This is of particular importance in industrial applica-
tions, where each additional Kelvin lost due to the storage’s in-
ternal temperature gradient decreases the overall efficiency and
hence, the profitability of the thermal energy storage - thermal
losses to the ambient not even considered.

A common assumption in the design of thermochemical TES is
that the overall process is controlled by the rate of heat trans-
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Nomenclature

Abbreviations

EXp. experimental

HTF heat transfer fluid

Sim. simulation

TES thermal energy storage
TGA thermogravimetric analysis

Greek letters

o heat transfer coefficient, W/(m?-K)
y dimensionless parameter

£ bulk porosity

n dynamic viscosity, Pa-s

A thermal conductivity, W/(m-K)

P density, kg/m?

9 temperature,°C

Latin letters

Cp heat capacity, J/(kg-K)

h level of hydration, mol/mol

ArH standard molar enthalpy of reaction, kj/mol
ARS standard molar entropy of reaction, J/(mol-K)
K permeability, m?

k heat transfer coefficient, W/(m?2-K)
m mass, kg

m’ mass flow, kg/s

M molar mass, g/mol

n molar density, mol/m?

D pressure, kPa

P thermal Power, W

q local heat flux density, W/m?

R universal gas constant, 8.314 J/(mol-K)
t time, s

T absolute temperature, K

v velocity, m/s

1% volume, m?

X reaction conversion

Indices

dehyd dehydration

g gas

hyd hydration

norm normalized

s solid

th thermal

fer, and, more specifically, by mainly the low thermal conduc-
tivity of the reactive bulk phase, which has therefore been sub-
ject to extensive investigations and enhancement approaches. If,
however, the storage design is improved towards higher specific
thermal powers, the relative impact of the contact heat trans-
fer coefficient at the bulk/heat exchanger boundary becomes in-
creasingly important [7,8]. The contact heat transfer coefficient de-
pends on the “arrangement” of the storage material in the re-
action chamber, e.g. the shape of the reaction chamber and the
application of mechanical forces during filling [9,10]. In addition,
the wall heat transfer coefficient depends on the reactive mate-
rial's particle size [11], and hence can be subject to change in
the course of the chemical reaction. Furthermore, it might also
alter during the lifetime of the storage, e.g. due to agglomera-
tion or shrinking. E.g., Lu et al. give a conversion-dependent co-
efficient in the range of 150 to 550 W/(m?-K), assuming a higher
value for the “discharged” material (initial state of the decompo-
sition reaction, ammonia salt pellets) [12]. Similarly, for strontium
chloride reacting with ammonia, Huang et al. give a value of 249

International Journal of Heat and Mass Transfer 167 (2021) 120797

W/(m2-K) for the adsorption process, and 165 W/(m?2-K) for des-
orption [13]. They report that in the case of their cylindrical reac-
tor, the contact thermal resistance is the main limitation. At the
same time, no universally valid correlations exist for the assess-
ment of these coefficients and available literature data appear in-
consistent. Most of the given values are fitted to experiments, if
not their origin remains unclear or they are simply assumed to
be very large, and thus non-limiting. For example, for strontium
bromide hexahydrate and monohydrate, Lahmidi et al. assume a
value of 1000 W/(m2-K), concluding that the heat transfer coeffi-
cient at the bulk/heat exchanger boundary does not play a major
role in the overall heat transfer [10]. We draw a similar conclusion
in the analysis of a calcium oxide/hydroxide TES, assuming that
the low bulk thermal conductivity of the solid in a 10 mm packed
bed dominates the overall heat transfer [14]. All in all, it remains
unclear if and to what extent the heat transfer coefficient at the
bulk/heat exchanger interface dominates the overall performance
in particular in the case of high-power storage modules, which fea-
ture a complex geometry and an increased effective bulk thermal
conductivity.

In contrast to some of the mentioned works, we pursue a stor-
age design which is capable of transferring large thermal powers:
by choosing a more complex heat transfer structure, we aim at
minimizing the impact of the low bulk conductivity on the over-
all thermal performance. As a conclusion, we expect other heat
transfer coefficients, particularly the wall/solid boundary, to play
a more important role in the tuned-up storage design, so we focus
this aspect in the present publication. As a reference reaction sys-
tem, we chose the hydration and dehydration reactions of stron-
tium bromide (SrBr,), which has proven to be a potential candi-
date for thermochemical TES and heat transformation for a tem-
perature range highly relevant for a broad range of industrial ap-
plications (160-320°C). In two recent publications, we have inves-
tigated the characteristic material and reaction properties of the
thermochemical working pair SrBry/H,0 [15] and the operation of
a closed TES and heat transformer based on SrBry on a 1 kW scale
[16]. The experimental proof-of-concept showed that the storage
can be charged at temperatures below 180°C, and discharged at
temperatures above 280°C. This was achieved by raising the steam
pressure, from 1 kPa during the endothermic reaction, to 560
kPa in the exothermic reaction. It was observed that the average
thermal power of the scalable storage module correlates linearly
with the internal temperature gradient, i.e. the temperature dif-
ference between the heat transfer fluid and the reaction tempera-
ture measured in the SrBr, bulk phase. This suggests that the stor-
age’s performance is dominated by the heat transfer rate. However,
a quantitative analytical assessment of the dominating processes
is hardly possible due to the complex geometry of the reactor
design.

In this work, we link the two mentioned approaches - an ex-
perimental parametric study using the reactor design described
in [16] and the SrBrp/H,0 reaction system characterization [15] -
with a detailed simulation-based discussion on the storage’s char-
acteristic performance. We thus prove the assumption on the heat
transfer limitation, and at the same time identify limiting as-
pects and potential for further design and operation improvements.
As a tool, we establish a numerical model which includes heat
and mass transfer as well as the reaction kinetics, and which we
validate based on the experimental results. As discussed before,
from the application’s point-of-view, the most crucial optimiza-
tion problem is decreasing the internal temperature gradients of
the storage without decreasing the storage’s thermal power. We
will point out the capabilities and limits of the design chosen
in [16], and thereby provide the required information for further
up-scaling as well as hands-on data on the storage’s performance
characteristics.
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Fig. 1. Prototype of the scalable thermochemical storage module, which is divided into two separate cells arranged in series. The aluminum fins are attached on the stainless
steel tube by metal clips, and are wrapped by two layers of stainless steel filter tissue (25 pm mesh size) before they are filled with the storage material. The storage contains
a total SrBr,-H,0 mass of 5.059 kg. a) Schematic drawing. b) Photograph. The cells are equipped with temperature sensors at the positions indicated in the graph.

2. Methods
2.1. Experimental setup

The layout of the test rig and the storage module is described in
detail in our prior publication [16]. The 1 kW storage prototype an-
alyzed in this work (see Fig. 1) was developed under consideration
of two different design aspects: firstly, high specific thermal pow-
ers, and, secondly, easy scalability for larger storage capacities and
thermal powers. An important feature of the storage design are the
axial aluminum fins, which are mounted onto the heat transfer
fluid tube with steel clips. The fin geometry had originally been
developed and optimized for a latent TES operated with sodium
nitrate as phase change material for direct steam generation in the
steel tube [17]. Out of the different aluminum structures proposed
by Johnson et al., we chose the fin type “Axial-70” because of its
higher ratio of thermal power per storage capacity (kW/kWh) com-
pared to the other discussed fin types [17].

In the present study, the storage prototype contains approxi-
mately 5 kg of SrBr,-H,0. To investigate the temperature distribu-
tion within the bulk phase, the storage module is equipped with
several temperature sensors (type Pt100, see Fig. 1b: positions A-
D in the reactive medium, position E in the heat transfer fluid).
Additionally, the inlet and outlet temperatures and the mass flow
of the heat transfer fluid (HTF) are recorded, along with the fluid
level in the evaporator/condenser. From these values, the thermal
power transferred to and from the storage module and the reaction
conversion, respectively, are calculated (for details on data analysis
and measurement uncertainties, see [16]).

The setup for operating the storage is designed to test steam-
based thermochemical storage reactors in the operation range of
1-600 kPa abs. steam pressure and up to 320°C HTF temperature.
The main components of the setup are the storage and the evapo-
rator/condenser unit, all of which are heated and cooled with ther-

mal oil as HTE. All steam-containing piping is equipped with elec-
tric heat tracing and insulation to prevent condensation. The de-
sired water vapor pressure during charging/discharging the storage
is set by the condenser/evaporator temperature.

2.2. Experimental data

In this work, we discuss different aspects of the kinetics of the
chemical reaction, the steam mass transfer and the heat transfer
based on the experimental results of the 1 kW prototype. We re-
fer to two reference data sets: a charging experiment conducted at
189°C HTF temperature and 1.3 kPa steam pressure (Fig. 2a), and a
discharging experiment performed at 208°C and 66 kPa (Fig. 2b).
With regard to a later industrial application, the absolute pressure
of the discussed charging experiment is on the very low end of po-
tential operational states since it requires a very low condensation
temperature (5°C), which requires additional cooling effort. Essen-
tially, we chose this extreme pressure condition for the comparison
because if no substantial steam mass transfer limitations are ob-
served in this case, they will not occur at higher steam pressures
due to the increasing steam densities and, thus, smaller mass flow
velocities. In order to discuss the reaction progress under simi-
lar heat transfer boundary conditions for charging and discharging,
the second criterion for selecting the reference experiments was
the temperature difference between the HTF temperature and the
pressure-dependent reaction temperature. In the two chosen refer-
ence experiments, this temperature difference is approximately 20
K.

The course of these experiments will be briefly explained in the
following to give the reader a better understanding of the work-
ing principle of the TES system and the experimentally accessible
data for the performance evaluation of the system. The plots given
in Fig. 2 contain the pressure curve measured during the experi-
ment, the temperature in the HTF and at several positions within
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Fig. 2. Experimental results of the 1 kW prototype. The effective thermal power of the storage module Py, and the reaction conversion X are displayed in the upper part
of the panels. For comparison, the graphs additionally contain the reaction conversion X, norm. Which is calculated from the thermal power Py,. The lower panels display
the temperature progression at different positions in the reactive bulk phase (positions A, C of cell I and II) as well as the HTF temperatures, and the pressure measured
in the storage module. a) Charging experiment at 189°C HTF temperature (16.4 kg/min flow rate) and 1.3 kPa steam pressure. b) Discharging experiment with 208°C HTF

temperature (14.4 kg/min) and 66 kPa steam pressure.

the bulk phase (lower panel), and the thermal power transferred
to/from the HTF along with the overall reaction conversion (upper
panel). The effective thermal power of the storage module Py, and
the reaction conversion X data are smoothed with a 120 s moving
average smoothing function; the raw data are indicated in grey.

The progression of the pressure measured in the storage mod-
ule illustrates the experimental procedure: the endothermic charg-
ing reaction starts as soon as the pressure p drops when the stor-
age module is connected to the condenser (t = 0 min, lower panel
of Fig. 2a). The temperatures in the reactive bulk drop steeply, thus
indicating that the endothermic reaction is taking place. The ther-
mal energy required to provide the reaction enthalpy is supplied
from the HTF, resulting in negative power values (upper panel). Af-
ter approximately 90 minutes, the reaction conversion approaches
its maximum, and, correspondingly, the temperatures in the bulk
phase return to their initial values, and the effective thermal
power transferred from the HTF to the storage module reduces to
zero.

Reversely, in the discharging process, the temperature progres-
sion is characterized by a steep rise of the solid temperatures, in-
dicating the exothermic reaction, which starts as soon as steam is
supplied from the evaporator (Fig. 2b, lower panel). The released
thermal energy is transferred to the HTF, resulting in positive val-
ues of the effective thermal power (upper panel). After 90 minutes,
the storage module is fully discharged as the reaction conversion
approaches the value 1, and the temperatures in the bulk phase
decrease to their initial values. Please note that in this experiment,
the level indicator did not read data during the first 15 minutes
of the experiment, probably due to condensation on the measure-
ment rod. In this range, the reaction conversion was therefore es-
timated by linear interpolation from the last available data point

(t = 0 min) to the next available one. This is indicated by the dot-
ted section in the X(t)-progression.

Although the error propagation in the thermal power calcula-
tion results in relatively large errors (£ 110 W for typical opera-
tion conditions, dominated by the error of the temperature mea-
surement combined with the small temperature differences of ap-
proximately 0.5 to 2 K between the HTF inlet and outlet), the
Xihnorm Progression shows very close agreement with the reaction
conversion X obtained from the level measurement in the con-
denser/evaporator. In the calculation of Xy, nory from the integra-
tion of the thermal power over the experimental time, thermal
losses are neglected due to the scaling of Xy norm t0 @ maximum
value of 1. A more detailed discussion on the progression of the
charging and discharging processes and the operating range of the
storage module is presented in our prior publication [16].

2.3. Numerical model

In the numerical part of this work, a simulation study is con-
ducted based on the finite element method (FEM) to investigate
the characteristic storage performance. For this purpose, a 2D ra-
dial cross-section of the heat transfer structure filled with the re-
active bulk phase is implemented in COMSOL Multiphysics®. Given
the symmetrical design, a quarter of the aluminum structure is
chosen as a representative segment. We use a time-dependent
solver with a varying time step size ranging from 0.5 s during the
initial phase of the reaction to 10 s towards the end of the process
time. The 2D cross-section of the heat exchanger is resolved with
an adaptive triangular mesh with approximately 11,300 elements
and a maximum element size of 0.5 mm. While we found that the
mesh could be coarser and still give identical global results (such
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Table 1
Physical and chemical properties of the SrBr,/H,0 reaction system.
Category Parameter Value Reference
solid properties SrBr; density psp 4216 kg/m? literature data [25]
SrBr,-H,0 density psq 3911 kg/m? linear interpolation between SrBr, and SrBr,-6H,0

SrBr, specific heat capacity ~ 75.35 J/(mol-K)

densities from [25]
literature data [26]

Cps,0
SrBr, -H, 0 specific heat 120.9 J/(mol-K) literature data [26]
capacity ¢y
SrBr, molar mass Mg 247 g/mol literature data [26]
bulk properties (SrBr, and bulk porosity & 0.66 (SrBry-H,0)-0.71 (SrBr,) fitted to the SrBry-H,0 mass contained in the specific
SrBr,-H,0) reactor setup [16]
permeability K 1-10710 m2 literature data on SrBr,-H,0 [19]
thermal conductivity Apy 0.4 W/(m-K) range of 0.2-0.6 W/(m-K) given for SrBr,-H,0 [19] and
SrBr, [21] for temperatures up to approximately 70°C
hydration reaction enthalpy of reaction AxH 71.98 kJ/mol calculated from literature data on enthalpy of formation
(SrBr; to SrBr,-H,0) [26]
entropy of reaction AgrS 143.93 J/(mol-K) calculated from literature data on entropy of formation
[26]

porous medium — thermal insulation:
(SrBr,- H,0) R-VT =0
isobaric: p = Peyp

solid (aluminum)
—— noflow:

I solid (steel) R-Vp=7-5=0
heat flux:
il E; = kgn (Ts— Taw)
heat flux:

- =
7-q = aprr (Tsceel — ThTF)

—— symmetry:
A-Vp="-Vp=7-v
=7-VT=0

Fig. 3. Model domains and boundary conditions, with heat and mass transfer in the
porous medium, and heat transfer in solids (aluminum and steel). Here, 1 refers to
the normal vector. On the outer boundary of the porous medium domain, thermal
insulation, steam flux, and no transport of reactive solid are set as boundary con-
ditions. The heat flux from the porous medium to the aluminum structure is char-
acterized by the heat transfer coefficient kg,. The heat flux from the steel tube to
the heat transfer fluid is described with the heat transfer coefficient ayrr. The inner
boundary between the aluminum and the steel domains is assumed with no addi-
tional heat transfer resistance. Due to symmetry reasons, no flux is assumed at the
lower and the left boundary or symmetry axis. For details on the design and the
dimensions of the aluminum fins, please refer to Johnson et al. [17]. The positions
A-D correspond to the temperature probe positions indicated in Fig. 1b.

as the global reaction conversion), the chosen mesh resolution is
needed to avoid mesh artefacts when analyzing local effects (such
as the local rate of reaction).

The model domains and boundary conditions are described in
Fig. 3. The integral results for the 3D experimental setup are ob-
tained by scaling the 2D numerical results with the total length
of the two cells, hence, disregarding any influence of the connec-
tion pipe, and assuming the absence of axial temperature gradi-
ents. Since there are no temperature gradients in the gas phase

along the cell length, and the temperature gradients in the HTF are
small compared to the radial temperature differences in the reac-
tive bulk, this approach is justified.

In the following, we describe the underlying physics starting
with the chemical reaction model, and then proceeding towards
the mass and energy transport phenomena. The relevant physical
processes are modelled under the assumption that the bulk phase
does not change during the reaction phase in terms of its total vol-
ume and outer shape, while its “inner properties”, specifically the
porosity ¢ and heat capacity cp, depend on the hydration level. The
permeability K and thermal conductivity Ay are assumed to be
time-independent and homogenously distributed. Relevant SrBr,
and SrBry-H,O properties are either derived from literature data
or own measurements, see summary in Table 1.

2.3.1. Reaction rate model

For a distinct operation range (150-210°C, 0-97 kPa), we devel-
oped empirical first-order rate models for the hydration and the
dehydration reaction of SrBr, based on thermogravimetric analysis
(TGA) measurements, see our previous work [15]:

StBr,(s) + H,0 (g) = SrBry - H,0 (s) + AgH. (1)

In addition, the temperature-dependent reaction pressures
Ddehyd and ppyq were analyzed from experiments conducted in a
different lab-scale setup [18,15]. In these experiments, it was ob-
served that a thermal hysteresis occurs between the hydration
and the dehydration reaction. For this reason, we use the term
“pressure-dependent reaction temperature” when we refer to the
apparent thermodynamic equilibrium. The relevant empirical cor-
relations for the reaction rate models and reaction temperatures
from [15] are summarized as follows:

Dehydration reaction:

0.25
dX=(1.38~10651)exp{_75'7kj/m()1}(1_x)<l_ p ) 2)

a RT Ddehyd
with
1

3

10g(Paehya/P") = 14.69 — (6.41-10 K)T (3)
Hydration reaction:
1.8

dXx P P
= —-(160-103s 1) (1-X) [ = - , 4
a = ) (1-X) ( P (4)
with

1

3

log(prya/p*) = 818 - (3.19-10° K) - (5)
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In Eq. (3) and Eq. (5), p* refers to the reference pressure of 1
kPa. Except for Eq. (4), these equations were implemented in the
numerical model as written. The hydration rate model had to be
modified for reasons that will be discussed in the results section,
and was finally implemented in the numerical model in the fol-
lowing form:

% =3.04-107° 571 (1 =X) (T(Prya) /K= T/K)" " (6)
2.3.2. Phase transition

The solid mass of the porous bulk phase changes due to the
chemical reaction, which proceeds with the effective rate dX/dt,
and so do the density and other physical properties. Note that for
both, dehydration and hydration reaction, we follow the conven-
tion that the reaction conversion X proceeds from 0 to 1. Therefore,
in the model, all property changes are implemented as a function
of the hydrate level h to keep consistent governing equations for
both charging and discharging. Correspondingly, the hydrate level
h runs from 1 to O in the case of the dehydration reaction, and
from O to 1 during hydration:

X, hydration
h= { 1— X, dehydration - (7)

Due to the solid’s mass and density change from the monohy-
drous to the anhydrous state, the porosity ¢ is assumed to change
during the charging and discharging process, as, by our definition,
the overall bulk volume is assumed constant:

€= & +h(e1—¢o) . (8)
The porosity of the bulk in its monohydrate state g, is fitted to
match the mass of SrBr,-H,0 contained in the experimental setup.

From &1, the porosity of the bulk in its anhydrous phase is deter-
mined by:

Ps.1 Ms 0
i y , 9
Ms,l Ps.0 ( )

with the densities pg and the molar masses Mg of the anhydrous
phase (index 0) and the monohydrous phase (index 1), respec-
tively. With &g, we define the volumetric molar number of the
SrBr, molecules taking part in the chemical reaction, ng:

Ng = (1 — SO)ICISE . (]0)
S,

go=1-(1-¢1)

2.3.3. Steam mass balance

Due to the gas-solid reaction, steam is either consumed by the
bulk phase (hydration reaction) or released from it (dehydration
reaction). Hence, a steam mass source, which is linked to the effec-
tive rate of reaction dX/dt, is implemented in the porous medium
model domain:
%(&Og) +V. (Pg U) = %noMﬂzoa (11)

with v being the superficial velocity of the steam flowing in the

direction of x. Concerning the mass transfer of steam, one will
have to distinguish between two processes: the transfer of steam
within the porous bulk phase, and the transfer of steam within the
SrBrp and SrBry-H,0 granules via micro- and nano-pores. While
the first process is explicitly included in our numerical model by
the above-mentioned Eq. (11), the latter can within the experi-
ments from [15] not be distinguished from the kinetics of the re-
action itself. More specifically, it is implicitly accounted for during
the determination of the effective reaction rates, which were ex-
perimentally investigated in thermogravimetric measurements of
the same kind of granules which were also used in the 1 KW pro-
totype. The adsorption of water vapor on the particle surface or
intraparticle diffusion processes are therefore included in the em-
pirical reaction rate models.
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2.3.4. Momentum balance

As described above, our model only explicitly includes the in-
terparticle mass transfer of steam within the reactive bulk phase,
which is described as a porous solid. Usually, porous media are
characterized by their specific permeability K (m?2). For different
salt hydrate packed beds, the permeability varies in the range of
approx. 1078-10-12 m2. For SrBr,-H,0, Michel et al. report a per-
meability of 1-10-10 m2 [19], which we will use as reference in
this publication. The momentum balance is solved by Darcy’s law
for steam flowing through the porous bulk phase in the direction
of the flow [20]:

=- Xy, (12)
Ng

with ng being the dynamic viscosity of steam. According to Darcy’s

law, the average fluid velocity v is proportional to the permeabil-
ity K of the porous media and the pressure drop in the direction
of the flow. Since in the experiment, the steam pressure p is con-
trolled by the set evaporator/condenser temperature, the pressure
recorded during the experiment is defined as boundary condition
on the outer bound of the modelling domain.

2.3.5. Energy balance

The model considers the transfer of thermal energy from the
HTF to the steel tubing and aluminum structure, and then to and
within the solid bulk phase. Heat radiation is neglected as the tem-
perature differences within the observed model domains are small.
Furthermore, we assume local thermal equilibrium between the
gas and the solid phase within the porous medium. The chemical
reaction is implemented as a heat source (exothermic discharge re-
action) or heat sink (endothermic charge reaction) in the reactive
solid, with the molar reaction enthalpy of AgRH = 71.98 kJ/mol.
Here, the specific isobaric heat capacity of the solid cps, and the
reaction enthalpy are assumed to not change with the tempera-
ture:

aoT _
(Sngp,g—l-(‘l - S)Pst.s)m—i-pgcp,g(u ~VT)

dx
-V. ()\.effVT) = —E ng AgrH. (13)

The effective thermal conductivity of the porous medium is
composed of the conductivities of steam and the porous solid ma-
trix:

Aett = € Ag + Apuik - (14)

From literature data on SrBr, and SrBr,-6H,0 measured at tem-
peratures up to 70°C it is expected that the thermal conductiv-
ity increases during the hydration process of SrBr, [21]. However,
since there is no literature data available on the thermal conduc-
tivities of a SrBr, and SrBr,-H,0 bulk phase in the relevant poros-
ity and temperature range, we have simplified the model in this
regard. Hence, it does not consider changing bulk conductivities
due to the transformation from the monohydrate to the anhydrous
phase, or due to porosity changes. It will be seen from the thermal
sensitivity studies in the results section that this has a negligible
impact on the overall simulation results for the given storage ge-
ometry. In contrast, the model does consider that the solid’s heat
capacity cps depends on the hydration level, same as the density

Ps:
Cps = Cpso + h(cp,&l - Cp,s,O)s (15)

Ps = Ps.0 + h(ps,l - Ps,o), (16)

with ¢, 50 and pso being the properties of the anhydrous phase,
and ¢, jand pg; the properties of the monohydrous phase based
on the literature data given in Table 1.
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The temperature-dependent steam properties (pg, Ag, Cp.g, Ng)
are taken from the COMSOL Multiphysics® material database. The
heat exchanger domains are characterized by the physical proper-
ties of stainless steel 1.4404 and aluminum 6060 (stainless steel
1.4404: pgee; = 8000 Kg/m?, Cpgreel = 500 J/(kg-K), Agee) = 15
W/(m-K); aluminum 6060: p,, = 2700 kg/m? cp,, = 900
J/(kg-K), Ayy = 220 W/(m-K)). The stainless steel filter tissue en-
closing the aluminum fins is not considered in the model.

2.3.6. Heat transfer boundary conditions

The local heat flux density at the interfaces between the heat
transfer fluid (HTF) and the steel tube as well as between the alu-
minum fins and the reactive bulk is given by
q=a; (T -T)), (17)
for the two domains i and j. T; and T; refer to the local domain
temperatures right at the boundary, with «;; being the correspond-
ing heat transfer coefficient (see Fig. 3). ayrr is derived from the
Gnielinski empirical model for turbulent flow [22]. The HTF fluid
properties are taken from the supplier’s datasheet. Since the alu-
minum fins are tightly attached onto the steel tubing, there is no
additional heat transfer resistance assumed at the steel/aluminum
interface. Thermal insulation boundary conditions are assumed at
the outer boundary of the porous media domain. Please note that
no temperature continuity is assumed at the interface between the
aluminum fins and the reactive bulk. In the experiment, a small
gap may arise between the two domains (aluminum and porous
medium) due to shrinking and swelling of the thermochemical ma-
terial. Since the size of the gap is unknown and expected to change
during the chemical reaction, it is implemented as a discrete heat
transfer resistance at the boundary, and not as a volumetric do-
main. Hence, the heat transfer coefficient kg, at this interface has a
special role within this setting since it is crucial to understand the
overall system performance, as we will see in the later chapters.
However, there are no suitable correlations available from the lit-
erature. Therefore, the coefficient kg, is obtained empirically by fit-
ting of the numerical model with corresponding experimental data.
This will be discussed in detail in the results section.

2.3.7. Implementation of the experimental operating conditions

The experimental pressure data are included as boundary con-
dition into the model after being processed with a 120 s moving-
average smoothing function. As the pressure sensor is installed
right behind the ball valve connecting the storage vessel with the
condenser/evaporator, and not inside the reactor vessel itself, the
measured pressure increase in the case of the discharge process
is smoothed by a restricted-growth pre-factor to account for the
steam transport from the sensor position to the reactor (1/60 s!
time constant, approx. 90% of the full pressure is reached after 120
s). In case of the charging process, experimental pressure data are
smoothed with a 1440 s moving-average smoothing filter in order
to remove digitization artefacts from the 0.2 kPa readout accuracy
(starting from t = O s). The initial values for the temperatures are
derived from the experimental data (mean values of the bulk tem-
peratures). Numerical probe points are implemented at those posi-
tions where Pt100 sensors have been installed in the correspond-
ing experimental setup for direct comparison. For both cells, the
same 2D model is used, with the only difference being the HTF
temperature from the experiment that was used as input parame-
ter for the simulation.

3. Results
In the following, we discuss the analysis of the storage’s per-

formance based on the model described in the previous section. In
order to structure the discussion, we start from local aspects, such
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as the temperature and reaction propagation within the reactive
bulk and conclude with integral aspects, such as the overall ther-
mal performance of the storage during charging and discharging.

3.1. Local aspects: temperature and reaction rate progression

Except for the heat transfer coefficient kg, describing the
aluminum/bulk-boundary, all physical properties are taken from
literature values or own experimental data, see Table 1. To as-
sess the unspecified parameter kg,,, the numerical model was “cal-
ibrated” to the experiments by fitting kg, as a function of the level
of hydration, h, which proceeds from 1 to 0 in the case of the
charging process, and from 0 to 1 during discharging. It was found
that the parameter

ken = (30 + 15h) W/(m? - K) (18)

yields close agreement between the simulation results and the
experimental data, both for charging and discharging. In the Ap-
pendix (Fig. A1), we give additional simulation results obtained for
wall heat transfer coefficients independent of the hydrate level h,
which led us to the resulting correlation in Eq. (18). The depen-
dence of the wall heat transfer coefficient on h can be intuitively
understood as the solid bed swells and shrinks due to the chemical
phase change from the anhydrous state to the monohydrous state
and reverse. This behavior can be directly derived from the litera-
ture data on the density (Table 1): the decrease in density for the
hydrate with respect to the anhydrate indicates a volume change
in addition to the water uptake. Apart from that, in the experi-
ment, the solid is found to have agglomerated (see [16]), hence, it
is likely that gaps form between the reactive phase and the alu-
minum fins, with the gap size varying while the solid “breathes”
during the reaction. Unfortunately, the details of the gap forma-
tion will underlie strong local variations such as porosity inhomo-
geneities, in addition to the substantial uncertainties on the cor-
responding parameters (e.g. local volume change). Hence, we will
only include this effect via the effective behavior from Eq. (18),
knowing that the local conditions may vary significantly from the
behavior as described by our model.

Compared to the literature values mentioned in the Introduc-
tion, the obtained correlation results in relatively small values of
kqn. For example, among the cited references, Mazet et al. give the
smallest heat transfer coefficient of 100 W/(m?-K), which is experi-
mentally determined for a mixture of salts reacting with ammonia.
Based on their simulation work, they report a minor effect on the
overall thermal power of their cylindrical reactor concept [23].

3.2. Charging process

The comparison of the experimental and numerical results for
the charging process is given in Fig. 4. In the upper part, the panel
displays the local temperature propagation at the measurement
positions over time. The experimental data originates from the ex-
periment displayed in Fig. 2a. Here, the plot contains all four probe
positions of the first of the two serially arranged storage cells.
Supplementary, the reaction temperature (94epyq) is plotted, which
is determined from the experimental pressure curve and Eq. (3).
Since the pressure increases over time, so does the reaction tem-
perature. In addition to the temperatures, the numerically deter-
mined local reaction rates dX/dt are indicated in the lower panel.
While these data cannot be determined directly from the experi-
ment, they allow to better understand the local temperature pro-
gression.

Although small deviations between the experimental tempera-
ture probe positions and the numerical cut point definitions can-
not be excluded, the simulated data reproduces the overall tem-
perature trend in close agreement: as soon as the steam pressure-
induced reaction temperature 94epyg falls below the initial solid
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Fig. 4. Validation of the simulation results for the reference charging process
(188.7°C HTF temperature, 1.3 kPa average steam pressure, 16.5 kg/min HTF mass
flow). The upper panel shows the temperature progression at the different bulk po-
sitions measured in storage cell I (markers) in comparison to the simulation results
(line plots) at the corresponding locations indicated in Fig. 1b and Fig. 3, respec-
tively. For reference, the plot contains the dehydration reaction temperature ($genyd).
which is calculated from the experimental pressure curve. The lower panel gives
the reaction front propagation through the bulk phase in terms of the local rate of
reaction, which is determined from the numerical simulation.

temperature, the endothermic reaction in the bulk phase starts.
During the initial phase of approximately 30 seconds, which can
be seen as simultaneous peaks in the reaction rate curves, the re-
action proceeds simultaneously at all positions while the bed is
cooling down (see zoom into the effective reaction rates in the
lower panel). Hence, this first time regime, reaching from t = 0
min until the time when the pressure-dependent dehydration re-
action temperature is reached (approx. t = 5 min) is dominated by
the effective rate of reaction. This phase terminates when the solid
phase reaches the pressure-dependent reaction temperature.

The consecutive phases can be best understood looking at one
of the specific positions C or D (compare Fig. 3). There, after reach-
ing the reaction temperature, the reaction almost stops. This is es-
sentially caused by the effect that the bulk’s sensible thermal en-
ergy is consumed by the endothermic reaction, while at the same
time, the heat flux from the HTF apparently only drives the reac-
tion in bulk regions closer to the heat exchanger surface, e.g. posi-
tions A and B. The outer regions of the reaction bed (close to the
heat exchanger surface) “shield” the inner areas from heat transfer,
and hence, hinder the course of the reaction at these positions. E.g.
in the case of position C, this second phase takes approx. 20 min
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(t = 5-25 min) with negligible local conversion (3-5%, graph not
shown).

In the third phase, all outer sections will have reached a high
conversion level, so that the heat flux exceeds their enthalpy in-
take. Hence, the reaction proceeds at higher rates also in the inner
regions of the bulk phase that are further away from the heat ex-
changer surface (position C: approx. from t = 25-45 min, 5-50%
local reaction conversion). This phase is not occurring simultane-
ously at the different locations. Instead, it proceeds through the
reaction bed as a reaction front. Following a first-order rate law,
the effective reaction rate decreases if the local reaction conver-
sion approaches the value 1, see Eq. (2). Consequently, as soon as
the rate of reaction is smaller than the local heat transfer kinet-
ics, the temperatures start to increase at a higher rate (position C:
approx. from t = 45-75 min, 50-99% local reaction conversion).

At a certain moment, the reaction will have reached full con-
version, or, in other words, the monohydrate is fully decomposed
into the anhydrous phase and steam. In this forth and last phase,
the local temperature approaches its initial value, and sensible en-
ergy increase is the dominating process. E.g. in the case of position
C, this forth phase reaches from approx. t = 75-90 min, with no
more change in the local conversion (99-100%).

The overall reaction progression and the different phases can
be seen in the 2D plots given in Fig. 5, which display the level of
hydration, the rate of reaction, and the temperature progression at
specific time steps (10 s, 60 s, 15 min, and 45 min). Although the
temperature distribution in the first 15 min of the charging pro-
cess is rather homogenous (Fig. 5a), it is revealed that this is not
the case for the local reaction rates (Fig. 5b) and the resulting level
of hydration (Fig. 5c). At the beginning of the charging process, af-
ter the overall bed temperatures have dropped to their minimum,
the dehydration reaction proceeds following the shape of the alu-
minum structure. Even if the differences in the local distance to
the next heat transfer surface are on the mm-scale, there are still
“dead zones” in the largest compartments. Summing up the analy-
sis on the charging process, we observe the storage performance to
be mainly dominated by the rate of heat transfer. This will be in-
vestigated in more detail in the later discussion of integral aspects
of the storage performance (see section 3.2).

3.3. Discharge process

Same as in the prior discussion of the charging process, a sim-
ulation was performed with the operation parameters of the refer-
ence experiment (HTF temperature and mass flow, steam pressure,
see Fig. 2b) as boundary conditions. The parameters relevant for
the heat and mass transfer (K, X, kg,) remained at identical values
as in the charging process simulation.

However, in contrast to the prior discussed charging process, we
observed that the simulation could not reproduce the experimental
data: with the hydration reaction rate model implemented as de-
scribed in Eq. (4), the simulation results yielded in lower bulk tem-
peratures and significantly larger discharging times than expected
from the experiment. This indicates that the reaction rate model
underrates the effective rate coefficients. Therefore, based on a
maximum error estimation in the empirical model parametriza-
tion, the hydration reaction rate model was modified as given in
Eq. (6) (see Appendix for a detailed discussion). As can be seen
from the data given below and in the Appendix, the latter scenario
yields close agreement of the numerical model with the experi-
mental observations. Hence, Eq. (6) is considered valid for the re-
mainder of this study.

With the modified rate model, the qualitative temperature pro-
gression in the reactive bulk is closely reproduced by the simula-
tion, even if the maximum temperatures are slightly higher than in
the experiment (Fig. 6, upper panel). Just like it is observed in the
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Fig. 5. 2D plots of the simulation results for the reference charging process. After the temperatures have uniformly decreased towards the characteristic plateau in the first
phase of the endothermic process (t = 10 s), the chemical reaction propagates through the porous bulk starting from areas near the aluminum fins. For the specific positon
C, located in the center of the largest bulk compartment, the time steps correspond to the second phase (t = 60 s and t = 30 min), and the third phase of the charging
process (t = 45 min). a) Temperature progression. b) Rate of reaction. c) Level of hydration.

experiment, the simulated temperature curves closely follow the
“shape” of the maximum reaction temperature which is calculated
from the pressure curve. Small pressure fluctuations in the experi-
ments, which can occur due to changing evaporation temperatures,
directly appear in the temperature progression.

Notably, different than in the charging experiment, the tem-
peratures do not reach the reaction temperature expected for
the given steam pressure (approx. 229°C), but stay at a lower
plateau. This can be explained by the effective rate of the hy-
dration reaction, which drastically slows down when the bulk
phase approaches the pressure-dependent reaction temperature
(see Fig. A2 in the Appendix, AT — 0 K). Please note that if no
heat flux to the HTF is enabled (e.g. by stopping the HTF flow),
the bulk temperatures reach the expected pressure-dependent re-
action temperature (see Fig. A4 in the Appendix for corresponding
experimental and simulation results), which proves the empirical
correlation given in Eq. (5). As the occurrence of an offset between
the bulk temperatures and 9,4 is correctly described by the simu-
lation, we conclude that the numerical model reproduces a correct
ratio of the heat transfer rate and the rate of the hydration reac-
tion.

Similarly to the charging process, the discharging process can
again be interpreted as a sequence of four time regimes domi-
nated by different mechanisms: first, a reaction kinetics-dominated
regime which determines the time until the characteristic temper-
ature plateau is reached, followed by a heat transfer-dominated
time regime. Within the third phase, the effective rate of reac-
tion decreases while proceeding towards the full conversion to the
monohydrous state. Finally, the discharge process is concluded by
the cool-down phase after the chemical reaction ended. Note that
the four phases cannot be separated as clearly as this was the case
for the charging process, but the general trends remain the same.
More specifically, the local effective reaction rates at the different
bulk positions do not show a “one after the other”-behavior, but
a more homogenous distribution within the reactive bulk (Fig. 6,
lower panel). This observation is confirmed by the 2D plots dis-
played in Fig. 7 in analogy to Fig. 5. It is an interesting finding that
compared to the charging process there are no “dead zones” where
for a certain period of time the reaction rate drops to values close
to 0. To our understanding, this is explained by the overall lower
rate of the hydration reaction which is outperformed by the heat
transfer rate. Hence, since the bulk temperatures to do not reach
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Fig. 6. Validation of the simulation results for the reference discharging process
(207.8°C HTF temperature, 67 kPa average steam pressure, 14.4 kg/min HTF mass
flow). The upper panel shows the temperature progression at the different bulk
positions measured in storage cell I (markers) in comparison to the simulation re-
sults (line plots). For reference, the plot contains the hydration reaction temperature
(9nya), which is calculated from the experimental pressure curve. The lower panel
gives the reaction front propagation through the bulk phase in terms of the local
rate of reaction, which is determined from the numerical simulation.

9nyd at any time during the discharge process, “dead zones” as seen
in the charging process do not appear.

All in all, based on the comparison of the local temperature
distributions during the charging and discharging phase, it can be
stated that the numerical model can be successfully validated by
the experimental data. In this context, it is important to mention
that the sole parameter used for the fitting of the numerical model
with the experimental data is the heat transfer coefficient kg,. De-
spite the complex and also partly competing physical processes, it
is possible to correctly reproduce the storage behavior with regard
to the discussed local aspects. Thus, in the next section, we extend
the analysis to the integral performance of the storage.

3.4. Integral aspects: thermal power and overall reaction conversion

So far, we have discussed the results of a 2D simulation in com-
parison with results from experimental data based on local tem-
perature distributions in one cut plane. In the following section,
we will extend the analysis by the integral (3D) performance of the
storage module, such as the thermal power and the overall reac-
tion conversion. As described in section 2.2, there are two indepen-
dent ways to experimentally assess the global performance of the
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storage: first, the reaction conversion X, which is determined from
the fluid level measurement in the condenser/evaporator, and, sec-
ondly, the measurement of the thermal power Py, transferred to
the HTF. This is why we discuss the simulation results in these two
variables, even if they are directly corresponding to one another
in the model. The experimental thermal power curves Py, oy are
scaled so that their integral values meet the theoretical capacity
of the storage module of 1374 k], in order to account for unavoid-
able thermal losses to the ambience (which average approximately
15% of the capacity due to the relatively small set-up). Correspond-
ingly, the experimental reaction conversion Xyorm is normalized to
a value of 1 for comparison with the simulation results.

In the following sections, we focus on aspects which are not
implemented in the numerical model and therefore represent po-
tential error sources, such as local inhomogeneities within the bulk
phase, and effects due to the axial HTF temperature gradients. Ob-
viously, these effects are not limited to either the discharging or
the charging process. However, they will be discussed only once,
in the context where their impact is most prominent.

3.5. Charge process

3.5.1. Axial temperature gradients on the HTF side

Concerning the experimental conditions at the outer boundary
of the storage cells, i.e. the steam temperature and pressure, no
gradients are expected to arise along the cells’ total length. How-
ever, axial temperature gradients exist at the storage cells’ inner
boundary: In the experimental setup, the thermal power trans-
ferred to the HTF is calculated from the temperature difference
between the HTF inlet and outlet. Typical temperature differences
are in the range of approximately 0.5 to 2 K. Obviously, this ax-
ial thermal gradient is not represented in the 2D model. Exem-
plarily, in order to give an indication on the magnitude of the ef-
fect on the integral performance, the local temperature progres-
sion for the original HTF temperature (188.7°C) along with a 2 K
lower HTF temperature is displayed in Fig. 8 in the upper panel.
This graph contains the experimental temperature data recorded
in the first and the second storage cell (positions I-I,A and I-II,C).
In the experiment, we observe a delay time between cell I and II
of about 15-30 min. Judged by the simulation results, the delay
time of cell Il can be reproduced with an approx. -2 K lower HTF
temperature, indicating that the storage’s performance is sensitive
to even small axial temperature gradients. The same effect occurs
in the discharge process, where the HTF temperature increases due
to the exothermic reaction. The corresponding reaction conversions
are plotted in the lower panel.

While in this experiment, the magnitude of the axial tempera-
ture gradients is not critically impacting the overall performance,
they need to be taken into account for large-scale storages. This is
especially important for large-scale applications where the storage
is operated with sensible heat transfer fluids and larger temper-
ature differences, e.g. -10 K, as chosen in Fig. 8. For comparison,
the graph contains additional experimental data from a charging
experiment conducted at 178.7°C HTF temperature and the same
condenser settings as the reference experiment. As the plot sug-
gests a reasonable agreement of numerical and experimental data,
the model can be used as a first approximation for these effects.
However, it should be noted that the 2D model does not fully re-
flect the experimental situation: first, the HTF temperature is as-
sumed constant over time, and, second, the reaction conversion
refers to one specific cut plane of the storage cell. In this way, the
simulated reaction conversion curves with lower HTF temperatures
reflect the conversions in a 2D cross-section e.g. at the end of a
large-scale storage.

Summing up the analysis on the axial temperature gradients
with regard to designing storages for large-scale applications op-
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Fig. 7. 2D plots of the simulation results for the reference discharging process. After the temperatures have uniformly increased towards the characteristic plateau in the first
phase of the exothermic process, the chemical reaction propagates through the porous bulk starting from areas near the aluminum fins. However, compared to the charging
process, the reaction spreads more homogenously, leaving no distinctive “dead zones” where the reaction proceeds later than in the other areas. Except for the temperature
plot, the axes are scaled identically as for charging to be able to directly compare the results. a) Temperature progression. b) Rate of reaction. c¢) Level of hydration.

erated with sensible HTFs such as thermal oil, we conclude that
a parallel arrangement of several storage modules is advantageous
compared to serial arrangements. Best-case is an operation with a
phase-changing HTF, e.g. condensing steam for charging the stor-
age.

3.5.2. Macroscopic changes in the bulk phase

In the experiments, we observed that the initially loose gran-
ules of the reactive bulk agglomerate in the reaction chamber
[16]. At the same time, cracks form in the agglomerated structure
(Fig. 9). Both effects might affect the overall bulk permeability, and
cause local deviations. As these are difficult to investigate experi-
mentally, we compare the overall storage performance for differ-
ent homogenous permeability values implemented in the numer-
ical simulation. This way, we are not able to resolve local effects,
but can at least empirically describe the effect on the integral per-
formance of the storage.

Fig. 10 gives the simulation results of the reference charge ex-
periment, with the thermal power in the upper panel, and the re-
action conversion displayed in the lower panel. The permeability
is varied from 1-10~2 m2 to 1-10-"" m2. From this comparison,

1

one may get the impression that a lower effective bulk perme-
ability should have been chosen for the simulation to account for
macroscopic changes in the bulk phase. However, a permeability
lower than 1-101 m? is not indicated by the temperature pro-
gressions in the 2D cross-section of the reactive bulk (see discus-
sion of Fig. 4; corresponding data for higher and lower permeabil-
ity values are given in the Appendix in Fig. A5 and Fig. A6, respec-
tively).

While the initial phase of the charging process is reproduced in
sufficient approximation in all cases, the model over-estimates the
overall charging progression for later process times, both in terms
Of Py norm and Xnorm. However, at this point, we cannot distinguish
if this is an artefact from the experimental procedure, e.g. caused
by a blockage of the condenser vessel with non-condensable gases
which could have led to limited condensing rates (see bend in the
experimental reaction conversion data at t = 45 min).

3.6. Discharge process

In the previous case of the charging process, the unknown ef-
fective bulk permeability resulted in an uncertainty in the simula-
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Fig. 8. Impact of axial HTF temperature gradients on the simulation results for the
reference charging process. In the temperature progression displayed in the upper
panel, the additional simulation results referring to cell Il are obtained with a 2
K lower (but still constant) charging temperature compared to cell I (reference HTF
temperature of 188.7°C). The lower panel shows the experimental and numerical re-
sults on the reaction conversion for an HTF temperature which is reduced by up to
10 K. Again, the simulation assumes a temporally and spatially constant HTF tem-
perature.

tion parameters. In contrast, since the discharge process usually is
conducted at higher pressures in order to achieve higher discharge
temperatures compared to the charging process, mass transfer lim-
itations are even more unlikely to occur here. Hence, an impact of
the above-mentioned uncertainty on the simulation results can be
excluded.

Indeed, we see a very close agreement of the simulation results
with the experimental data of the reference discharging process
(see Fig. 11, black dots), judged by the comparison of the thermal
power transferred to the HTF (upper panel) and the reaction con-
version (lower panel). Towards the end of the discharging process
(X > 80%), we see a slowdown in the experiment which we do not
find in the simulation result. This might be explained by the first-
order reaction rate model, which over-estimates the effective rate
of the hydration reaction for large reaction conversions [15].

3.6.1. Storage operation with large inner heat transfer coefficients

As discussed in context of the charging process, we see ax-
ial temperature effects on the HTF side, and the same applies for
the discharging process. In the following, another aspect related
to the HTF side of the storage is discussed: the inner heat trans-
fer coefficient, ey, Which defines the heat transfer from the steel
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Fig. 9. Macroscopic effects in the reactive phase. In all photographs, the salt was in
its monohydrate state. After the end of the experimental series, the reactive ma-
terial had agglomerated in the segments of the heat transfer structure. Besides,
small gaps had formed at the aluminum/porous medium interface. a) Loose gran-
ular monohydrate salt. b) Heat transfer structure filled with the reactive solid. c)
View onto the storage cell after the end of the experimental series (34 charg-
ing/discharging cycles), with the filter mesh still attached. d) Dismantled storage
module, with the metal filter mesh still attached onto the aluminum fins (storage
cell I, right), and completely removed (storage cell II, left), respectively.

tube to the HTF. This research question is motivated by the bound-
ary conditions given from applications with a phase-changing HTF,
e.g. condensing steam/evaporating water, instead of a sensible HTF.
Apart from smaller axial temperature gradients, phase-changing
HTFs would allow for larger values of ayrg. In the present exper-
imental parametric study, the mass flow of the discharge process
was varied in the range of 3.5 to 14.4 kg/min, with the steam pres-
sure and HTF inlet temperature settings identical to the reference
experiment. These mass flow rates correspond to heat transfer co-
efficients ayrp in the range of 860 to 2840 W/(m?2-K).

The same parameter variation was implemented in the numer-
ical model (Fig. 11). Since the simulation results prove sufficient
agreement with the corresponding experiments, both in terms
of the thermal power (upper panel) and the reaction conversion
(lower panel), we conducted another simulation study with an in-
finitely large HTF mass flow. Experimentally, such a scenario with
a maximum potential performance of the storage design could
be realized by e.g. evaporating water on the HTF side. For the
given reference operation conditions, the storage’s maximum ther-
mal power could be increased by approximately 20%. This num-
ber indicates the potential of the storage design if it is operated
without limitations on the HTF side, e.g. by replacing the sen-
sible HTF by evaporating water. Notably, since the storage’s per-
formance is mainly dominated by heat transfer, it is independent
of the choice of the reactive medium, provided that the reac-
tion rates are at least as high as for the chosen reference system
Sl'Bl'z/Hzo.

4. Discussion

Based on the model validation discussed in the previous chap-
ter, we have concluded that the thermal performance of the stor-
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Fig. 10. Comparison of the simulation results with the experimental data from the
reference charging process (188.7°C HTF temperature, 1.3 kPa average steam pres-
sure, 16.5 kg/min HTF mass flow). The upper panel shows the experimental ther-
mal power (markers) in comparison to the simulation results (line plots). The lower
panel gives the reaction conversion of the dehydration reaction. Although it is not
indicated by the local temperature propagation in the porous bulk, the integral per-
formance of the storage is better reproduced with lower bulk permeabilities (e.g.
1-10-" m?, compared to the reference value 1-10-1° m?).

age is dominated by heat transfer, which therefore is the first as-
pect to be addressed if the storage’s performance shall be further
optimized. Usually for gas-solid thermochemical reactions, the low
conductivity of the solid is regarded as the “weak point” in the
heat transfer coefficients. However, in order to gain a more de-
tailed understanding to further improve the high-power storage
design, it is of interest to also quantitatively distinguish between
the different aspects contributing to the overall heat transfer lim-
itation. When we neglect a thermal contact resistance between
the aluminum fins and the stainless steel tube, there are four dif-
ferent contributors left to be considered: the thermal conductivi-
ties of the reactive bulk (A,,) and the aluminum/steel heat ex-
changer (X,1y, Astee;) With their specific heat transport distances,
and the heat transfer coefficients at the HTF/heat exchanger (o ytr)
and fin/bulk (kg,) boundaries, with their specific heat transfer
areas.

In the following, we approach this research question based on
a thermal sensitivity study with the validated simulations. Finally,
our work will be concluded by a discussion on the overall per-
formance of the storage as a function of the internal temperature
gradient, which serves as a hands-on estimation on the storage’s
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Fig. 11. Validation of the simulation results for the reference discharging process
(black dots) and additional experiments conducted with smaller HTF mass flow
rates. The upper panel shows the experimental thermal power (markers) in com-
parison to the simulation results (line plots). The lower panel gives the reaction
conversion of the hydration reaction. The mass flow rates (3.5, 7.1 and 14.4 kg/min)
correspond to heat transfer coefficients ayrr of approximately 860, 1555, and 2840
W/(m?2-K). The experimental pressure curve from the reference experiment (14.4
kg/min) was implemented as boundary condition in all four simulation studies.

performance for any application-based boundary conditions on the
charging/discharging temperatures and pressures.

4.1. Thermal sensitivity study

We have used the validated simulation tool to estimate the
quantitative impact of the heat transfer-related parameters, such
as thermal conductivities and heat transfer coefficients, via a sen-
sitivity analysis. More precisely, each coefficient A;, o and k; is
separately varied by the factor (1 + y), with y « 1. The relative
influence of the parameter A, o or k; can be expressed by the cor-
responding sensitivity o;:

_ Pu(k) = Ra(k)
YPu(k)

For steady-state heat transfer through parallel multi-layer walls
or domains, these sensitivities o; would correspond to the share of
a specific heat transfer coefficient in the total thermal resistance.
However, in our case, the system features a transient and volumet-
ric heat source/sink and a complex geometry. Consequently, the
local temperature distribution at a layer boundary may vary. Still,

(19)
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Table 2

To quantitatively assess the thermal sensitivities o; as given in Eq. (19),
the simulated maximum thermal powers in the charging and discharg-
ing processes at the reference operating parameters are evaluated for
the original and the varied sensitivity parameters k; and k;*, respec-

tively.
Charging  Discharging

Sensitivity parameter o o

kan* = (14 ¥) Kan 47% 51%

ayre* = (1+ y) aurr 20% 18%

Aaw® = (1+ ¥) Aaw 15% 13%
Asteel*= (14 ¥) Asteel

Apui® = (1+ ¥) Apuik 5% 3%

kan™ = (14 ¥) kan 86% 85%

aure® = (1+ ) ourr
)‘alu* = (1+ )/) )Lalu

)"steel* = (l+ V) )\steel
Abul” = (1+ V) Abuik

the steady-state condition can be assumed as an approximation in
the time regime where the thermal power is at its maximum (and
hence, transients are minimal).

Eq. (19) is computed from the numerical model, but in our case
its meaning is restricted to the sensitivity of the thermal power
with respect to specific contributors. We chose the point in time
with maximum thermal power transferred to or from the HTF in
the reference charging and discharging processes also because the
peak power is the most relevant storage characteristic for high-
power applications. The results obtained for the reference opera-
tion parameters are given in Table 2. Please note that, from the
application perspective, parameters such as A, and Agee cannot
be easily increased. In this case, the results should rather be in-
terpreted as an inquiry if an optimization of the fin geometry (e.g.
thicker fins) has any impact on the performance of the storage.

The results imply that the main contributor determining the
maximum thermal power is the heat transfer coefficient kg, at the
bulk/heat exchanger boundary (sensitivity of 47-51%). The prior
discussed heat transfer coefficient ayrp from the HTF to the heat
exchanger also leaves room for improvement (18-20%), same as the
design of the aluminum fins (13-15%). In contrast, the effective
bulk conductivity of the reactive phase has a neglectable impact
on the storage’s thermal performance (3-5%), at least during the
charging/discharging phases close to the maximum thermal power.
Actually, we find that the resulting sensitivities are almost con-
stant within the time regime close to the maximum thermal power
(time-resolved results not shown). Still, this conclusion cannot be
transferred to all phases of the charging/discharging process, since
e.g. in the early and late phases, sensible effects are pre-dominant.

From this analysis, it is concluded that the reactor geometry
achieves its design targets: the impact of the (low) bulk thermal
conductivity is reduced and the other contributors are balanced to
a certain degree. Obviously, the wall heat transfer coefficient kg,
at the fin surface is the dominating effect regarding the maximum
thermal power, which is not surprising, keeping in mind the dis-
cussion on the formation of gaps due to agglomeration and the re-
active material’s “breathing” behavior. In order to further improve
the design, a geometry where this material behavior does not lead
to the formation of gaps should be given high priority (e.g., by a
design using wedged reactor chambers and an external force).

Interestingly, many numerical studies on closed thermochemi-
cal TES neglect an additional thermal resistance on the bulk/heat
exchanger-boundary, assuming that the low bulk thermal conduc-
tivity is the dominating parameter. E.g., Fopah Lele et al. investi-
gated the dehydration process of magnesium chloride hexahydrate
in a closed lab-scale plate heat exchanger with only 6 mm reac-
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tive bulk depth. When implementing a corresponding 3D numeri-
cal model, no additional heat transfer coefficient is considered at
the bulk/heat exchanger boundary [24]. The sensitivity study per-
formed in this work suggests that this is no valid assumption in
the proposed high-performance reactor design. In contrast, in or-
der to achieve a notably better overall thermal performance by in-
creasing the bulk’s effective thermal conductivity, Ay, would have
to be increased by at least an order of magnitude.

An advantage of using the results of the simulation for assess-
ing the thermal sensitivities is that this analysis implicitly includes
the impact of the reaction rate and the steam mass transfer. E.g.,
pressure losses caused by mass transfer limitations result in locally
varying reaction temperatures and, thus, varying temperature gra-
dients. Similarly, the effective rate of reaction approaches a value
of 0, if the thermochemical reaction system approaches thermo-
dynamic equilibrium conditions, i.e. the solid’s temperature equals
the reaction temperature for the given steam pressure. Hence, a
certain temperature gradient is needed to drive the chemical reac-
tion. As can be seen from the last row in Table 2 (where all heat
transfer-related coefficients are varied), heat transfer accounts for
approximately 85% of the overall sensitivity with the remainder
being related to contributions from the steam mass transfer and
the rate of the chemical reaction.

4.2. Global performance: maximum thermal power

We have clearly seen in the previous section that heat transfer
is the dominating effect for the reactor’s overall performance. As
a conclusion, the reactor performance can essentially be described
in one single plot, where the operation parameters are expressed
solely in the form of a single temperature difference. More specif-
ically, every operating point of the storage is characterized by the
difference of the HTF temperature (charging/discharging tempera-
ture) and the set steam pressure, which corresponds to a specific
dehydration or hydration temperature, respectively:

AT = Tyrr — T(PH20).

which turns positive in the case of charging, and negative in the
case of discharging.

This temperature gradient is the maximum AT available to
drive the chemical reaction and for the transfer of thermal energy.
Other authors also refer to AT with the term “equilibrium tem-
perature drop”, e.g. Stitou et al. [7]. From the prior discussion on
the thermal sensitivities, we learned that the parameters related to
heat transfer account for approximately 85% of the of the overall
sensitivity of the maximum thermal power. Consequently, as heat
transfer is the dominating power limitation, the operation charac-
teristics of the present storage module can be summarized in a
master plot, with the maximum thermal power Py, plotted versus
the maximum temperature difference AT allowed by the operat-
ing parameters (9ytr, PH2o)- The corresponding graph is depicted
in Fig. 12. Here, the power is scaled to 1 m heat exchanger length.
In contrast to the power progression discussed above (Py, norm ), the
experimental data points in Fig. 12 are not normalized, and hence
include thermal losses. Since the reference discharging experiment
discussed in this work (Fig. 2b) was conducted at a lower mass
flow compared to the others (14 kg/min versus approximately 16
kg/min), we included a similar experiment with a flow rate of 16.4
kg/min instead for better comparability. In addition to the refer-
ence charging and discharging experiments chosen for the model
validation (Fig. 2), the plot contains data from storage operation
points discussed in our prior work [16]. Furthermore, we have in-
cluded the results of the corresponding simulation studies, both
for the lab-scale setup, and for storage operation at very large HTF
mass flows.

(20)
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Fig. 12. Maximum specific thermal power provided by the 1 kW prototype (kW
per meter finned tube heat exchanger). AT is the difference between the pressure-
dependent reaction temperature, which is calculated from Eq. (3) and Eq. (5), and
the set charge/discharge temperature. The data points are evaluated from the refer-
ence experiments discussed here and in our prior work [16].

As expected from the thermal sensitivity studies and the dis-
cussion on the power-dominating processes, the experimental data
points scale linearly with AT. This is especially remarkable since
the graph contains data obtained at a wide range of steam pres-
sures and HTF temperatures (charging: 1-10 kPa and 180-250°C;
discharging: 70-560 kPa and 210-280°C). Generally, we find larger
over-estimation of the experimental peak power by the numerical
model in case of the charging process than for discharging. Please
note that in particular for the hydration reaction, the empirical rate
models were determined for maximum steam pressures of approx.
70 kPa. But still, the model predicts the storage’s discharging per-
formance in very close reproduction even for higher pressures, e.g.
Yutr = 208°C, pyoo = 147 kPa (AT = -50 K).

Apparently, the linear regressions given for the experimental
data result in a similar slope for charging and discharging. In con-
trast, for the same absolute values of AT, the simulation data ob-
tained for myr — oo indicates higher peak powers for the charg-
ing process than for discharging. This could be explained with the
overall higher dehydration reaction rates, since even if the storage’s
performance is mainly determined by the heat transfer, the impact
of the reaction kinetics is not reduced to zero.

The resulting Py, (AT)-regressions are useful for the investiga-
tion of various storage applications in several ways. For instance,
to estimate suitable operating points, e.g. the needed condenser
temperature for a given storage charging temperature and power.
Apart from that, since we could prove that the storage’s perfor-
mance is scalable by verifying its heat transfer-dominated prop-
erties, the diagram can also be used as a design tool to define
the needed storage size, e.g. for a given maximum condenser tem-
perature and a minimum discharge temperature. Moreover, since
the data points correspond to the storage’s effective tempera-
ture gradients needed for charging and discharging, the correla-
tions allow to calculate the exergy efficiency of the storage pro-
cess, both for an ideal storage operation (simulation data for myrr
—o00) or in a realistic scenario (experimental data with thermal
losses).

Lastly, the main conclusions of the analysis as well as the devel-
oped tools are transferable to other thermochemical gas-solid reac-
tion systems which target high-power applications. Since the stor-
age’s overall performance is mainly determined by heat transfer,
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it will remain unchanged if the storage is operated with another
salt-steam reaction, given that the thermochemical working pair
allows for reaction rates at least as large as with the reference sys-
tem SrBr,/H,0. Again, strictly stated, this estimation is only valid
for the period of time in which the process is actually dominated
by the effective heat transport. While this will be the case dur-
ing the most interesting reaction phases from an application per-
spective, the behavior may deviate especially in the late reaction
phases.

5. Summary

In the present work, we show that the operation of a thermo-
chemical energy storage and heat transformer based on the hy-
dration reaction of strontium bromide and the dehydration of its
monohydrate can be modelled with a small number of fitting pa-
rameters. As one might expect, the overall thermal performance of
the storage is dominated by heat transfer, and not by steam mass
transfer or the reaction kinetics. From a thermal sensitivity study
based on the numerical model, we conclude that the boundary be-
tween the aluminum fins and the reactive bulk is the most im-
portant limitation to the storage’s maximum thermal power. This
means that, all in all, the finned heat exchanger effectively mit-
igates the low thermal conductivity of the porous medium, and
thus, a further increased bulk thermal conductivity would have a
low impact on the overall performance of the TES. Based on the
thermal sensitivity studies, we prove that the maximum thermal
power of the storage correlates linearly with the internal temper-
ature gradient of the storage, AT, which is defined as the differ-
ence between the charging/discharging temperature and the reac-
tion temperature for the given steam pressure. The largest influ-
ence on the maximum thermal power is attributed to the heat
transfer at the bulk/heat exchanger boundary. This is an impor-
tant finding since the bulk/wall heat transfer coefficient is usually
neglected when analyzing the storage performance, assuming that
it is larger by orders of magnitude compared to the bulk thermal
conductivity. However, we showed that this is not the case for re-
actor designs tuned up towards high specific thermal powers by
means of large specific heat transfer surfaces (m? per kg storage
material). These main conclusions as well as the developed per-
formance characterization tools are transferable to other thermo-
chemical gas-solid reaction systems which target high-power ap-
plications.

With regard to a scale-up of the proposed TES design for larger
industrial applications, we discuss the impact of axial temperature
gradients occurring in the heat transfer fluid. This is of particular
interest for the design of scaled-up storage modules operated with
sensible heat transfer fluids, e.g. thermal oil, where large HTF tem-
perature gradients are expected.

In future work, the validated simulation tool could be used to
further optimize the aluminum fin structure to meet the require-
ments of a specific industrial application, e.g. to determine the
trade-off between high specific storage capacities and the specific
thermal power, with “specific” referring to a radial cross-section of
the heat exchanger. Another model application area could be the
investigation of the impact of known degradation effects for large
number of charging/discharging cycles, e.g. lower effective rates of
reaction due to agglomeration. Moreover, the investigation of op-
eration strategies, e.g. controlling the power output by constantly
adjusting the steam pressure during the charging/discharging pro-
cess, could be of high interest.

Most importantly, we see high potential in applying the dis-
cussed performance characterization, namely the correlation be-
tween the temperature gradient needed for charging and discharg-
ing the TES and the resulting maximum thermal power, for the
identification of suitable industrial applications in detailed use-
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case feasibility studies and, in particular, the implementation of an
exergy efficiency analysis of the storage process.
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Appendix
Determination of the wall heat transfer coefficient Kg,

The wall heat transfer coefficient was obtained from separate
simulation studies on the charging and discharging process. Since
at the sensor position A, which is located right at the heat ex-
changer surface, the reaction progression is mainly determined by
the local heat transfer coefficient, this data was chosen as refer-
ence for the determination of kg,. The results of a sensitivity study
are depicted in Fig. Al. Since the variation of kg, resulted in dif-
ferent values for the charging (upper panel) and discharging pro-
cesses (lower panel), a linear correlation between the two values
was assumed, depending on the level of hydration h.

Modification of the hydration reaction rate model

If the empirical rate model given in Eq. (4) is evaluated, e.g. for
a steam pressure of 69 kPa and different temperatures, it is ob-
served that the effective rate coefficients kes reaches values below
0.005 1/s for temperatures less than 30 K from the hydration re-
action temperature at 69 kPa (230°C, calculated from Eq. (5)), see
Fig. A2.

The temperature difference in this graph is defined as AT = T-
Thyd(Phya)» and results in negative values for the hydration reaction
(the hydration reaction only starts when the solid’s temperature T
is below the reaction temperature expected for the given steam
pressure, Tpyq(Phya)). The plot additionally contains the effective
rate coefficients from thermogravimetric analysis (TGA) measure-
ments, which were used for the parametrization of the empirical
rate model as described in our previous work [15]. However, the
experiments performed with the lab-scale storage module indicate
that the TGA results cannot be transferred to the larger scaled ex-
periment: if the empirical rate correlation is used in the numer-
ical model, bulk temperatures do not reach the expected plateau
as they do in the experiment, see the simulation results plotted in
Fig. A3. In other words: the empirical rate model derived from the
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Fig. Al. Sensitivity study on the impact of kg, on the progression of the charging
process (upper panel) and the discharging process (lower panel). The plots contain
data from different simulation studies, with constant values kg, in the range of 20—
60 W/(m?-K), as well the correlation finally chosen as the best fit, ks, = (30+15h)
W/(m?-K).

TGA measurements results in too small reaction rates, when com-
pared to the experimental results from the lab-scale setup. At the
same time, the empirical pressure-temperature correlation for the
hydration reaction, which is given in Eq. (5), is confirmed by an ex-
periment conducted with stopped HTF mass flow, see Fig. A4. This
correlation is therefore excluded as a possible reason for deviations
between the simulation and the experiments.

A potential (and likely) error source is the pressure determi-
nation when the model was developed from TGA data [15]. The
lab-scale experiments discussed in the present work were con-
ducted under a pure steam atmosphere, whereas the TGA mea-
surements were performed under a mixed steam and nitrogen at-
mosphere. The commercial TGA setup features a sample chamber
design where two separate gas flows (steam/nitrogen mixture as
sample gas with a constant total volume flow of 100 ml/min, and
pure nitrogen as protective gas with a constant volume flow of 50
ml/min to prevent condensation in the mass balance) were sup-
posed to not intersperse, so that the impact of the protective gas
flow was assumed negligible in the original pressure calculation. If,
for experimental reasons, the gas flows did mix, a lower effective
steam partial pressure results than originally calculated from the
set operation parameters.

If the worst-case scenario of a completely mixed gas atmo-
sphere is assumed and the given water vapor partial pressures are
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(upper panel), the unmodified model leads to too low effective reaction rates.
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Fig. A4. Validation of the pressure-temperature correlation for the hydration reac-
tion. When the HTF flow is stopped just before the steam valve is opened and the
pressure increases, the temperatures reach the expected temperature plateau. This
is correctly reproduced by the simulation, thus confirming the empirical pressure-
temperature correlation of the hydration reaction, which is given in Eq. (5). The
simulation results were obtained from the modified hydration reaction rate model.

re-calculated with the resulting scaling factor 100/(100+50), the
resulting rate coefficient data points are shifted towards smaller
steam pressures or smaller absolute temperature differences, see
Fig. A2. This way, the empirical rate model is shifted towards
higher reaction rates when the thermochemical system approaches
the expected reaction temperature. To obtain a simple empirical
model representing these data points, we chose a power-law fit
of the data points with the “minimum pressure estimation” as a
function of the absolute value of the temperature difference, see
Eq. (6). From the simulation results on the discharging process ob-
tained with the modified rate model (Fig. 6), we conclude that the
worst-case scenario leads to a slight over-estimation of the hydra-
tion reaction, indicated by the bulk temperatures higher than ex-
pected from the experiment.

Influence of the bed permeability on the temperature progression
during charging

Under vacuum conditions, e.g. 1-10 kPa abs. during charging
the storage, a change in the bulk permeability strongly affects
the steam mass transfer within the porous medium. The tempera-
ture progression in the reactive bulk was numerically studied with
the permeability ranging from 1-10~2 m? (Fig. A5) to 1-10~11 m?
(Fig. A6), in addition to the reference value 1-10~1© m? (Fig. 4).
Judged by the temperature progression observed in the experi-
ment, no pressure drop occurs between the temperature probe po-
sitions: a pressure gradient in the fixed bed would cause a temper-
ature difference between the minimum temperatures at the posi-
tions B, C, D, and the expected dehydration reaction temperature
as indicated in the simulation results in Fig. A6. E.g. in the refer-
ence study (Fig. 4), the simulated temperature at position C slightly
deviates from the expected reaction temperature, which is not the
case in the experiment. This could be explained e.g. by a higher
local steam pressure occurring due to mass transfer limitations
in the simulation. For example, if the permeability was increased
from 1-1071° m? to 1-10~2 m?, the plateau temperatures of the po-
sitions B, C and D would coincide with 94epyq (Fig. AS). Hence, con-
cluded from the comparison of the simulation results with the ex-
perimental temperature curves, the effect of steam mass transfer
within the bulk phase is not dominating the system performance.
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Fig. A5. Results of the reference charging process (188.7°C HTF temperature, 1.3
kPa average steam pressure, 16.5 kg/min HTF mass flow). In the numerical study,
the bed permeability was increased to a value of 1-10~ mz, leading to no effective
pressure drop within the bulk phase even at the very low absolute pressure level.
This is judged by the temperature minimum in the bulk positions B, C, and D, which
correspond to the dehydration reaction temperature for the given steam pressure,
and are in close agreement with the experimental data.
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Fig. A6. Results of the reference charging process (188.7°C HTF temperature, 1.3
kPa average steam pressure, 16.5 kg/min HTF mass flow). Here, the bed permeabil-
ity was set to a value of 1-10-" m? in the numerical study. Obviously, the lower
permeability causes a pressure drop within the bulk phase, which leads to locally
differing minimum temperatures in the simulation.

Supplementary materials

Supplementary material associated with this article can be
found, in the online version, at doi:10.1016/j.ijheatmasstransfer.
2020.120797.
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Chapter 3

Discussion and Conclusions

The present work investigates a thermochemical energy storage and heat trans-
former for industrial waste heat recovery. It covers the development of a
1 kW prototype starting from the characterization of a suitable reactive ma-
terial towards the experimental proof-of-concept and a numerical analysis of the

performance-dominating process mechanisms.

In the following, the two leading research objectives described in Chapter 1.2 are
discussed based on the publications from Chapter 2, starting with the conclusions
on the suitability of strontium bromide for thermochemical heat transformation.
Afterwards, the results on the operation characteristics of the storage prototype
will be summarized and the limitations and optimization potential will be de-
duced from the results of the numerical simulation. The thesis is concluded by a
discussion of three exemplary application scenarios, which are derived from the
operation range of the developed storage technology.

3.1 Discussion

In a prior study based on thermogravimetric analysis measurements, it was ex-
perimentally determined that the anhydrous strontium bromide salt reacts with

water vapor in a reversible chemical reaction in a temperature range relevant for
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3 Discussion and Conclusions

industrial processes (> 150 °C) [42]. From this starting point, in the present thesis,
a detailed study on the reaction temperatures and pressures was conducted with
the goal of identifying technically relevant charging and discharging tempera-
tures. Technical relevance in this context means that the thermochemical system
needs to provide sufficient rates of reaction to enable charging and discharging
the storage at high power levels. This is motivated by the focus on industrial
applications with large numbers of charging/discharging cycles, possibly also in

continuous operation for continuous thermal upgrade of the stored energy.

In lab-scale experiments with approximately 1kg of the reactive material, it
was found that a thermal hysteresis appears between the dehydration and the
hydration reaction of about 14K at a mean steam pressure of 17 kPa. From these
results, steam pressure-dependent correlations for the reaction temperatures
were deduced. The thermal hysteresis is the reason why the term “equilibrium
temperature” is avoided in this context: for the same steam pressure value, the
technically relevant reaction temperatures of the hydration and dehydration reac-
tion deviate. It is expected that the two pressure-temperature correlations merge
into a single one at higher dehydration pressures (above approximately 50 kPa),
as observed e.g. for the calcium oxide/calcium hydroxide thermochemical sys-
tem [69]. However, such experiments could not be conducted within the present
work. Interestingly, when experiments on the thermodynamics of the (chemi-
cally) reversible reaction were performed in the TGA setup, a kinetic limitation
was observed. This applies to both reaction directions; however, the hydration
is more affected than the dehydration. Based on the pressure-temperature cor-
relations, empirical models on the reaction rates were determined for a limited
operation range. It was found that the effective reaction rate can basically be
described as a function of the temperature difference between the pressure-
dependent reaction temperature and the sample temperature.

Apart from that, a study on the cycling stability of the chemical reactions was per-
formed with 100 hydration/dehydration cycles in a TGA setup. It was observed
that the hydration reaction is cycle stable, whereas the rate of the dehydration re-

action slows down for higher reaction conversions (approximately > 80%) under
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3.1 Discussion

the given experimental conditions (170 °C, pure nitrogen atmosphere). However,
the dehydration is fully reversible in terms of the overall reaction conversion.

For the experimental proof-of-concept, a storage design was developed which
is dedicated to achieve high specific thermal powers, but still provides scala-
bility for large storage applications. The storage consists of a finned-tube heat
exchanger, with steam as reacting gas on the shell side, and the heat transfer
fluid on the tube side. The tube is equipped with axial aluminum fins to allow
for an increased effective thermal conductivity in the bulk phase. The used
aluminum fins were originally designed for a latent TES operated with sodium
nitrate [70], [71]. Within the present work, the storage design was adapted to
meet the requirements of a thermochemical TES.

With the 1 kW prototype, the experimental proof-of-concept for thermochemical
energy storage and heat transformation based on SrBr, /HO was successfully
demonstrated for the first time. The minimum demonstrated charging tempera-
ture is 179 °C, with the steam pressure set to 1 kPa. The maximum discharging
temperature is 281 °C. Here, the steam pressure was set to 560 kPa, which re-
sults in hydrations reaction temperatures above 300 °C. Since a pressure of
560 kPa corresponds to the maximum pressure allowed in the laboratory system,
it can be expected that, if required, the discharge temperatures can be further
raised by increasing the steam pressure. In the case of the charging reaction, the
application-relevant lower limit of the operation temperature range is reached in
the experiments: lower charging temperatures are possible by further lowering
the condenser temperature, but this requires additional cooling effort below
ambient temperature. At the same time, the reaction rate of the dehydration
reaction does not allow for high specific thermal powers at low temperatures
(approximately < 180 °C).

Apart from the identification of the maximum operation temperature range,
parametric studies on the thermal power of the storage module were conducted.
The peak power obtained during charging and discharging was approximately
1.2 kW, which corresponds to a specific thermal power of 250 W per kg of the
anhydrous salt, or 960 W per meter finned tube.
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3 Discussion and Conclusions

After the completion of the experimental series, which included 34 charging/dis-
charging runs in total, the storage vessel was opened. The reactive bulk phase
was observed to have agglomerated into a larger, porous structure, with fractures
separating it into smaller pieces. At distinct points, gaps had emerged between
the aluminum surface and the reactive phase. However, all in all, the reactor
design was found suitable for a reliable storage operation and for up-scaling for

larger thermal powers and capacities.

In a last step, the processes dominating the storage’s thermal performance were
analyzed in a numerical study. This way, the FEM-based transient 2D model
links the results of the material characterization, i.e. the TGA experiments and
the 1 kg measurements, with the proof-of-concept study. Data on the bulk’s
thermal conductivity, heat capacity and permeability were obtained from the
literature, thus, for the parametrization of the model, one single parameter
remained undefined: the heat transfer coefficient at the bulk/heat exchanger
boundary, ag,. Hence, this parameter was determined from a calibration of the
numerical model with the experimental data obtained from the 1 kW prototype.
It was found that a hydrate level-dependent correlation of ag, allows for a
close reproduction of the experimental data. With the fully parametrized and
experimentally validated model, a sensitivity study on the single contributors to
the overall heat transfer coefficient of the storage cell was performed.

These data were used to perform a thermal sensitivity analysis, since the geo-
metry of the storage cell is too complex in order to be satisfyingly described in
an analytical way. As basis for the comparison, the peak power of the storage
module obtained in a reference charging and discharging experiment was chosen.
From the sensitivity study, it is concluded that the thermal power is indeed
largely dominated by heat transfer. In addition, the single contributors were
quantified: about 50% of the overall thermal sensitivity of the storage cell relates
to the bulk/heat exchanger boundary, whereas the low thermal conductivity
of the bulk phase has a very low impact on the peak power (approximately
5% of the overall thermal sensitivity). This is a valuable conclusion since in

many numerical studies on the performance of thermochemical TES systems, the
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thermal resistance at the heat exchanger wall is neglected. This may be justified
for storage geometries designed for large specific capacities rather than for high
specific powers and/or loose granules or powders. However, this is not the case
for the presented high-power storage design, where on the one hand, the impact
of the low bulk thermal conductivity is effectively mitigated, and on the other

hand, the bulk phase agglomerates.

The proven heat transfer limitation implies that the peak power of the storage
module scales (almost) linearly with the storage’s internal temperature gradient
AT. The internal gradient is defined as the difference between the charging
(discharging) temperature and the dehydration (hydration) temperature, each
corresponding to the given steam pressures. Hence, for any given storage opera-
tion point (temperature and pressure), the performance of the proposed storage
design can be predicted based on this parameter. Moreover, this conclusion
is transferable to other steam-based reaction systems, given that the effective

reaction rates are at least as high as in the case of SrBr, /H;O.

Based on the investigated prototype and the derived performance characteristics
of the combined TES and heat transformer design, one can imagine a variety
of potential application scenarios. Three general concepts of the integration
of this technology into industrial applications will be briefly introduced in the

following, thus highlighting starting points for further research.

3.2 Application scenarios

Generally, in terms of the exergy efficiency, industrial processes with a demand
for process heat benefit from replacing the usage of electricity as a “high value
energy currency” by “lower value energy currencies” such as steam produced
from solar thermal energy [72]. The objective of this outlook is to outline first
concepts of how the technology of combined TES and heat transformation could
improve the exergy efficiency in the industrial sector using the example of three

basic application scenarios.

97
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3.2.1 TES without effective temperature gradient

In this first case, waste heat from an industrial process shall be stored without
an effective temperature gradient between charging and discharging. An use
case could be batch-processes in chemical process industries, with the storage
being charged at the end of one batch, and discharged at the beginning of the
subsequent batch (Fig. 3.1). Hereby, the discharge process could be driven by low-
temperature waste heat or solar thermal energy to supply steam as reactive gas.
In the depicted scenario, the reaction gas pressure difference between charging
and discharging needs to only compensate for the temperature gradients for
heat transfer. Since the thermal power of the developed storage module depends
on the internal temperature gradient, the effective charging and discharging
powers can be controlled by adjusting the steam pressure during charging and
discharging, respectively. The investigation of such process control strategies
could be achieved via the validated simulation tool developed in this thesis.

dischargin, )
(e.g. 210 °C) charging

(e.g. 210 °C)
e.g. 100 °C, 1 bar
supply with steam as reactant condensation at ambient temp.

Figure 3.1: Application scenario of TES with no effective temperature difference
between the charging and the discharging temperatures. The given temperatures
are exemplarily chosen. Concerning the application-side, heat transfer fluid with
a phase-change, e.g. condensing steam but also sensible heat transfer fluids are
suitable to charge and discharge the storage.
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3.2 Application scenarios

Obviously, the Carnot efficiency of this isothermal TES is 1. However, from the
operation characteristics of the 1 kW prototype, it is known that a temperature
gradient of approximately 20 K needs to be taken into account for charging and
discharging the storage with technically relevant thermal powers. Hence, the
HT-process in this exemplary application effectively corresponds to a thermal
upgrade from 190 °C (charging) to 230 °C (discharging). If thermal losses to
the ambient are neglected, this results in an effective energy efficiency of 0.76
(Eq. (1.2), Ty = 298K, Tc = 373K, Ty = 463K, Ty = 503 K).

Alternatively, the system can be characterized by the exergy efficiency based
on the reaction and evaporation enthalpies, which is 0.73 with the given values
(Eq. (1.3), Ty = 298K, Tc = 373K, Ty = 483 K, Ty = 483 K). For simplification,
temperature-independent enthalpy values are assumed (ARH = 72k]/mol, ApH
=44 k] /mol). Apart from the evaporation enthalpy, this estimation includes the
energy needed to heat the water from Tj to T¢ (heat capacity: 4.2k]J/(kg-K)).

3.2.2 TES combined with a thermal upgrade

After having discussed the basic storage scenario, it is clear that the stored ther-
mal energy can also be upgraded to even higher output temperatures, depending
on the temperature available for steam supply as gaseous reactant. Continuous
operation could be achieved by the implementation of two separate storage units,
which are separately charged and discharged. As depicted in the example in
Fig. 3.2, such a heat transformer could also be integrated between two different
processes — one emitting waste heat (“I”), and the other one demanding process
heat at a higher temperature level. By adjusting the steam pressure during
discharging, the required process-heat temperature profile of the other process
(“IT”) can be perfectly addressed.

For the given temperatures, the (ideal) Carnot energy efficiency is 0.77 (Eq. (1.2),
To = 298K, Tc = 393K, T = 463K, Ty = 513 K). By analogy with the previous
section, the effective Carnot efficiency is 0.65 when considering an internal
gradient of 20K for charging and discharging (Eq. (1.2), Tp = 298K, Tc = 393K,
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discharging
(e.g. 240 °C)

\ e.g. 120 °C, 2 bar

supply with steam as reactant condensation at ambient temp.

charging
(e.g. 190 °C)

Figure 3.2: Application scenario of thermal upgrading of a process heat flow be-
tween two processes. To achieve continuous application, two separate storage units
are required. Sensible thermal losses due to switching between the charging and
discharging process could be reduced by implementing an internal heat exchanger.

Tnv = 443K, Ty = 533 K). The exergy efficiency is 0.79 (Eq. (1.3), Tp = 298K, T¢ =
393K, Ty =463 K, Try = 513 K). Note that the exergetic efficiency is higher than

in the first example, as a parameter set with lower charging power was selected.

In a similar context of combined TES and thermal upgrade, an interesting ap-
proach is pursued by Strohle et al. for high-temperature TES for power gener-
ation in concentrated solar power plants [73]. The authors suggest combining
a sensible TES, e.g. rocks, with a thermochemical TES unit, e.g. based on the
manganese oxide/oxygen working pair (600 — 1000 °C reaction temperatures).
By adjusting the oxygen pressure during discharging the TES, the output tem-
perature of the heat transfer fluid, e.g. air, can be adjusted to temperatures equal
to or higher than the TES charging temperature.
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3.2.3 Operation as high-temperature heat pump

The last application scenario focuses on the combination of concentrated solar
power and waste heat recovery. It corresponds to a chemical heat pump op-
erated at high sink temperatures. Here, the developed storage is used for the
continuous upgrade of thermal energy driven by a high-temperature energy
reservoir. The high-temperature heat source is required to charge the storage
at high temperatures, and thus, high steam pressures (Fig. 3.3). The steam’s
enthalpy of condensation is supplied to the heat sink. In the discharge cycle,
low-temperature waste heat drives the exothermic reaction, with the enthalpy
of reaction being supplied to the heat sink, e.g. in form of process steam. The
resulting coefficient of performance of this thermochemical heat pump yields
€ = 2.3 for the given temperatures (Eq. (1.1), Tc = 363K, Tyy = 433K, Ty = 573 K).
Within the scope of the present thesis, the dehydration reaction of monohydrous
strontium bromide was not investigated at pressures high enough to enable such
a heat pump mode (e.g. 600 kPa). However, this is part of ongoing work.

Although these application scenarios are very basic examples, they illustrate
the vast operation range of the presented technology. Most importantly, the
scalable TES reactor concept developed in this work can be adapted to all of the
discussed generic use cases. Due to the flexibility in the charging and discharging
temperatures, the TES device can cope with changing process requirements, e.g.
varying synthesis temperatures in a chemical industries batch process, and thus

may pay off not only ecologically, but also economically.
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discharging
(e.g. 160 °C)

e.g. 90 °C, waste heat condensation at 160 °C

supply with steam as reactant

charging
(e.g. 300 °C)

Figure 3.3: Application scenario of a high-temperature heat pump, which pro-
vides 160 °C output temperature to a heat sink. Instead of high-temperature heat,
electrical energy could be used for the supply of thermal energy for charging the
storage.
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Chapter 4

Summary

In the present work, the fundamental research and development of a thermo-
chemical TES system was conducted, starting from the given thermochemical
working pair SrBrp /H,0O, and finally achieving the operation and quantitative un-
derstanding of a proof-of-concept storage prototype. The basis for this research
was a material screening which had identified the inorganic salt strontium bro-
mide as a potential candidate for thermochemical TES and heat transformation
[42]. The investigation at hand covers research results along the development
path from the fundamental reactive material characterization and the design
of a prototype, up to the experimental and numerical analysis of the operation

characteristics of the combined TES and heat transformer:

* The pressure-dependent hydration reaction temperatures of anhydrous
strontium bromide to its monohydrous phase and the dehydration temper-
atures of the latter were experimentally determined. These experiments
were conducted in a measurement cell containing approximately 1 kg of
the reactive material, and resulted in maximum reaction temperatures up
to 260 °C at a steam pressure of 150 kPa.

* Based on thermogravimetric analysis, the pressure and temperature de-
pendent rates of reaction of the endothermic and the exothermic reactions

were investigated, and empirical rate models were determined.
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104

Over a course of 100 hydration/dehydration cycles, chemical cycling stabil-
ity of the reaction was shown in TGA experiments with 15 mg sample mass.
Although the rate of the endothermic reaction shows a slight decrease, this
does not affect the usable energy density of the storage material.

Based on the identified operation range of the SrBr, /H,O reaction system
(approximately 150 °C — 300 °C) and the expected reaction rates, a storage

reactor was developed that is scalable for large industrial applications.

A lab-scale infrastructure was designed, implemented and commissioned
which allows for the investigation of steam-based reaction systems in a
pressure range from 1kPa — 600 kPa, and heat transfer fluid temperatures
up to 320 °C.

With a 1 kW prototype storage module, the experimental proof-of-concept
study of combined TES and heat transformation was conducted. Maximum
specific thermal powers of approximately 250 W /kg of the anhydrous salt

were obtained.

In the operation range from 180 °C charging temperature to 280 °C discharg-
ing temperature, the performance of the storage module was characterized
in terms of the thermal powers and the effective thermal upgrade.

From the comparison of the experimental results with a transient 2D FEM
model, the single contributors to the overall performance characteristics of
the storage, from the reactive bulk phase to the heat transfer fluid, were

quantitatively analyzed.

Characteristic curves were derived for the design and the operation of the
combined TES and heat transformer as it could be used in pilot applications,
leading to an outlook on several exemplary application scenarios, which

highlight the operation range of the investigated storage system.



Luckily, the end of this thesis is not the end of research on the topic. Subsequent
work included the scale-up of the storage prototype to a thermal power of 5 kW
[74]. Besides, the investigation of the cycle stability in terms of macroscopic
changes in the bulk phase over 1000 charging/discharging cycles is ongoing [74].
Apart from that, future work could include the analysis of the storage integration
in application scenarios on system level, e.g. with regard to the overall exergy
efficiency. In this context, the extension of the operating scenarios e.g. to sliding
pressures and heat transfer fluid temperatures could be investigated for thermal
power control, using the developed 2D model.

At least for the author of these lines, this raises the hope that the presented
demonstration of combined TES and heat transformation increases the research
interest for this technology and — on the long term — can thus contribute to its
industrial implementation, and thereby to the increase of the industrial sector’s
energy efficiency.
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