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Abstract:

Thermochemical processes are promising systems for heat storage purpose. Such storage systems
involve a reversible chemical reaction between a solid and a gas and one of their development
challenge is the choice of the reactive pair. This pair has to fulfill a number of criteria, especially
good thermodynamic properties, a good stability, low cost... Nevertheless, at present no reactive
material fulfills all of these criteria. However, it can be interesting to combine several reactive pairs
in order to take advantage of their respective qualities.

This paper investigates the thermodynamic functioning of an open thermochemical reactor
containing a fixed bed of several salts. To this end, the sharp front model has been extended to a
multisalt thermochemical reactor. This analytical model is based on the hypothesis of reaction
fronts moving in the reactive bed crossed by moist air. It allows studying the operating of multi-
salts thermochemical reactors, highlighting the interest of such systems and evaluating their
reaction times (and therefore the power supplied/received). As an illustration, the case of a reactive
bed of two salts (SrBr,/CaCl,) has been studied. This multisalt bed allowed the air temperature
increase up to six times compared to that obtained with a reactive bed of only CaCl..
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1. Introduction

Thermochemical processes are promising systems for thermal storage purposes [1]. Such systems
have numerous advantages, especially a high storage density : around 200 to 500 kWh.m™; as a
matter of comparison, the energy density is about 90 kWh-m™ for latent storage and about 54
kWh'm™ for sensible heat storage (water, AT= 70 °C, 25% heat losses [2]). They also present
negligible heat losses between the storage and release periods (the energy is stored as a chemical
potential). Furthermore, these systems can cover a wide range of power (W/m? to several kwW/m®)
and temperatures (30 to >500°C), allowing their use in many applications (house heating (2-4 kW,
30-60°C) [3,4], district heating (kW-MW, 60-180°C) [5], CSP (kW-MW, >300°C) [6], ...).
Solid/gas thermochemical systems involve a reversible monovariant chemical reaction between a
porous solid and a reactive gas:

A+vG S B+ v(AhD) (1)
The synthesis of the solid (A — B) is exothermic (heat recovery/discharge period), while its

decomposition (A < B) requires a heat input (storage/charging period). The equilibrium conditions
(pesse, Tesse) OF such solid/gas reactions follow the Clausius—Clapeyron relation:
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Where p° is the reference pressure (1 bar). Thus, the thermodynamic equilibrium conditions can be
determined using only one intensive variable: the equilibrium gas pressure pegsc or the equilibrium
temperature of the bed Tegsc.

Thermochemical systems using a hydrate/water pair can operate in two different modes: the closed
and the open mode. In a closed thermochemical reactor, the salt reacts with pure water vapour
(usually at low pressure), while in an open system the reactive solid bed is crossed by a moist air
flow, at atmospheric pressure. For this specific case, the thermodynamic equilibrium conditions are
related to the partial pressure of water in moist air.

One of the key points of thermochemical systems is the choice of the reactive pair. This pair has to
fulfill a number of criteria, especially a high energy density, a low environmental impact, good
thermodynamic properties (low (high) charge (discharge) temperature), a good stability and a low
cost. Numerous reactive pairs have been proposed in the literature. Nevertheless, up to now, no
reactive material fulfills all of these criteria [7,8]. Thus, it can be interesting to combine several
reactive pairs in order to take advantage of their respective properties. For example, an expensive
salt with good thermodynamic properties could be combined with a cheaper salt with less
interesting thermodynamic properties.

The operating principle of thermochemical processes using multisalt reactors has already been
studied for systems operating in a closed mode [9,10]. Promising results have been obtained.
Especially, such processes allow using a wide range of charging temperatures and they have
different operating temperatures for a given same working pressure. Nevertheless, no study deals
with the functioning principle of thermochemical multisalt reactors operating in an open mode.

This paper focuses on the analysis of the thermodynamic functioning of an open thermochemical
reactor using a packed bed containing several salts. Thus, the heat and mass transfers in such
systems are investigated. To this end, from thermodynamic considerations of open thermochemical
systems, the sharp front model, validated in a previous work for open thermochemical systems
using a packed bed of one salt, is extended to multisalt thermochemical reactors. This analytical
model is based on the Darcy’s equation in a porous reactive bed crossed by moist air and the
hypothesis of reaction fronts moving in the reactive bed. It allows to study theoretical cases of
multisalt thermochemical reactors and to highlight the operating and the interest of such systems.

2. Open thermochemical storage system: functioning analysis
An open thermochemical heat storage system works with moist air and includes a solid/gas reactor
containing a porous fixed bed of reactive solid. In such system, the reactive media is crossed by
moist air. Thus, during the hydration (dehydration) phase, cold (hot) and humid air at T; and py;
(input conditions) is supplied to the system. The exothermic (endothermic) reaction leads to an
increase (decrease) of the air temperature and to a decrease (increase) of the air humidity. Thus, the
system rejects hot (colder) and less humid (more humid) air at T; and p,; (output conditions).

The operating principle of such system using a fixed bed reactor of one or several salts is presented
in this section.

2.1. The sharp front model

A model of transformation of an open thermochemical fixed bed reactor containing one salt has
already been applied and validated in a previous work [11]. This model allows estimating the
reaction time of the salt during hydration or dehydration. Only the most important aspects of this
model are presented below.

The main assumption of this 1D analytical model is the existence of a sharp front where the

thermochemical reaction takes place. Indeed, an open thermochemical storage system using a fixed
bed requires a high bed density and large quantities of non-reactive fluid (dry air) passing through



it. Thus, in such systems, the mass transfer is usually the main limitation of the reaction [12]. Heat
transfer and kinetic limitations can therefore be neglected. In consequence, this working mode leads
to a reaction front moving axially along the bed, according to gas diffusion in it. The reactive bed is
then separated into two layers, one hydrated and the second dehydrated (see Figure 1).

In such reactive bed, the reaction front position, Z;, can be directly related to the bed thickness Z
and the reaction advancement X as: Zr = (1 — X)Z; in hydration and Z; = XZ; in dehydration.
Furthermore, neglecting Kinetic limitations implies that the reaction front is at the thermodynamic
equilibrium.
Additional simplifying assumptions are used:

a)  mass transfer is unidirectional

b)  there is no accumulation of heat or gas in the porous volume

c) the transformation of the reactant is quasi-static (between the reaction advancement X and

X + dX, all physical quantities are constant)
d)  moistair is considered as an ideal gas
e) theair front conditions (pys and Tr) correspond to the output air conditions (py; and T;).

Thus, for a constant air flow crossing the reactive bed and knowing the input air conditions, it is
possible to determine the time needed to achieve a given reaction advancement X:

ty =X vSmSZ’i oy in hydration case (3)
ThhiMS<1_ (1 pztf)>
TP
and ty = (1 —X) VSmSZIiM> in dehydration case. (4)
mhiM5<1— pI:ff >
(-%7)

The moist air conditions at the reaction front (pyr and T¢) are determined using the charge/discharge
operating line. Indeed, from energy balances on the moist air and the reactive bed, assuming
stationary operation and neglecting heat losses, previous works [13,14] have defined and validated a
simple linear relationship between the input and output air conditions (Ti, pvi, Tj, py;) of an open
thermochemical fixed bed during reaction:

Tw) = 22 (w; — w)) + T ©)

(cmatwiCmp)vMy
Thus, according to the monovariance of the equilibrium and assuming that the reaction front is at
thermodynamic equilibrium, it is possible to define the moist air conditions at the reaction front.
These correspond to the intersection between the equilibrium line of the reaction (defined by Eq.
(2)) and the charge/discharge operating line (defined by Eq. (5)). Thus, the output air conditions
depend only on the characteristics of the solid/gas reactive pair and the input air conditions.
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Figure 1: Schematic representation of a reactive bed crossed by a flow of moist air.

2.3 — Multisalt reactor modeling: the multisalt sharp fronts model

The thermodynamic functioning and modeling of an open thermochemical reactor containing
several types of hydrate salts mixed in a homogenous fixed bed, is described and analyzed in this
section. As the hydration and dehydration cases functioning are similar, only the hydration case is
presented below. Furthermore, the functioning principle of such system can be easily extended to a
reactor composed of a succession of reactive beds of one salt (cascade reactors).

2.3.1. Reaction fronts

Using the assumptions of the sharp front model (cf. §2.2), we can consider that in a multisalt
reactive bed, each salt reacts along a sharp front moving axially through the bed. Thus, in a system
using two reactive salts, two reactive fronts separate the bed into three layers: the first one where
both salts are hydrated, the second one where one salt is hydrated and the other is dehydrated and
the last one where both salts are dehydrated. Thus, for a system using “n” reactive salts, the reactive
bed is separated into “n+1” layers. A schematic representation of the reactive bed of “n” salts (and
“n” reaction fronts) is presented in Figure 2a.

Furthermore, in such system the charge/discharge operating line can be easily extrapolated. In this
case, the air conditions at each reaction front (output air conditions) depend on the air conditions of
the previous front (input air conditions). Thus, as shown in Figure 2b, the air conditions of each
reaction front are coupled and the global output air conditions depend on the different types of salts
used in the reactor. The knowledge of the front positions is therefore necessary to estimate the bed
reaction rate and the system performances (power, temperature).
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Figure 2: a) Schematic representation of the multisalt reactive bed, crossed by a flow of moist air
during hydration. b) Equilibrium lines of the “n” reactive salts and their charge/discharge
operating lines, represented in a Clapeyron diagram.

2.3.2. Fronts positions

At the beginning of the hydration phase, the reactive salts are all in their dehydrated state.
Hydration conditions are imposed to the reactor, i.e. cold and humid air is supplied to the reactive
bed. The salt with the biggest equilibrium drop (difference between the operating temperature and
pressure and the equilibrium thermodynamic values, as the salt S, cf. Figure 2b), reacts first on a
front which moves axially along the moist air flow direction and is at position Zs, (Figure 2a). For
Z>Zs,, the air is at the thermodynamic equilibrium temperature and vapour pressure of the salt S,
corresponding to dehydrated conditions for the other salts. Thus, the other salts can not react in this
area. Afterward, the salts Sp.;, then Sy, ,... and Sy, react each after the other on a sharp front.

Thus, the “n” reactive fronts are distributed in function of their thermodynamic equilibrium
position. The reaction front of the leftmost salt on the Clapeyron diagram, is located the nearest to
the air inlet. Follow, in order, the other reaction fronts until the rightmost salt in the Clapeyron
diagram, which is located nearest to the air outlet (Figure 2a).

Inversely, in dehydration the reactive front of the salt S; is nearest to the air outlet and the S, front
IS nearest to the air inlet.

From the knowledge of the reactive fronts order, it is then possible to evaluate the thermodynamic
equilibrium at each front and to determine the output air conditions and the reaction time of each
salt.

2.3.3. Reaction time of the multisalt bed

The sharp front model has shown that the reaction front evolution depends only on the
characteristics of the solid/gas reactive pair and the input air conditions. Similarly, in a multisalt
reactive bed, we consider that each reaction front behaves like a sharp front of a reactive bed of one
salt. In this case, the reaction front evolution of each salt depends to the air conditions of the
previous reaction front instead of the input air conditions. Therefore, although the reaction times of
each salt are coupled, knowing the air conditions at each reaction front and the front orders in the
bed (cf. 82.3.1 and 82.3.2), it is possible to define the reaction time of the salt Sk as:
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Furthermore, let’s recall that the air conditions after crossing the reactive front of the salt Sy (at the
thermodynamic equilibrium of the salt Sy) do not allow the reaction of the salt Sy.;. In such system,
the reaction time of the salt Sy.;, and more generally of the salt Sy, is necessarily higher than or
equal to the reaction time of the salt Sx. Thus, the reaction time of the salt Sx.; can be limited by the
reaction time of salt Sy.

In this particular case, the salt Sy.; is crossed by most vapour that can react, and the thermodynamic
equilibrium is not reached at the Sk front. The water partial pressure at this reaction front (pyf, _.)
is calculated such that tg =tg, .. The front temperature Tg.; is then deduced with the
charge/discharge operating line.

In order to avoid that one reactive salt limits the others, and thus to use the properties of each
reactive salt during all the reaction, it is necessary to correctly size the multisalt system. Especially,
all reactive salts have to react until the end of the reaction in the multisalt bed. Thus, the optimal

size of the reactive bed corresponds to the mass of each salt such as: ts, = t5, = ts, . Let:
Vglm_gth _ ngmngh _ Vsnmsth (8)
(1-22t) B (1_%) B (1_””1‘711—1)
i, _ Pt ; Pt - _ Pt
mthsl 1 (1_%> mhiMSk 1- —pvfk mthSn 1 (1_%)
Pt =2 Pt
From this equation, we can deduce the following relation for the salt “k” and “I”*:
(-"5)
vSlMSk 1- ) Doy
mSk _ ( B Pt )
ms, 1-%) ©)
Pt
VSkMSl 1- 71’17]‘[
(=)
Note that pyr, = pyi.
It is also possible to determine the optimal mass fraction of the salt “I” as:
mSl 1
mTot = Z msk (10)
k mSl

Note that the optimal mass fraction of the salt “I” depends on the input air conditions, on its
solid/gas reaction characteristics and on the characteristics of the others solid/gas reactions
involved.



3. Case study: mix of CaCl, and SrBr

This case study presents the functioning of a multisalt reactive bed composed of a mix of two
reactive hydrates: the SrBr,/H,0 pair and the CaCl,/H,0 pair. These two reactive pairs have been
largely studied and seem promising for low temperature thermal storage applications [11,13,15].
The thermochemical reactions are:

<SrBry-1H,0> + 5(H20) <> <SrBr,-6H,0> + 5Ah0r_3r|3r2 (11)
<CaCl»'1H,0> + 1(H20) — <CaCl,-2H,0> + Ahor_(;aqz (12)

Their standard enthalpy and entropy of reaction are: Ah gz, = 6400 Jmol™, / As? =175
Jmol™, K™ [16] and AR (¢, = 47000 J-mol ™y / As? = 104 J-mol™,-K™ [17] respectively for the
SrBr,/H,0 pair and the CaCl,/H,0 pair.

The functioning and the design of this multisalt reactive bed are presented in this section, for the
hydration phase.

3.1 — Functioning and parametric study

The operating and equilibrium conditions of the two reactive pairs are presented in the Clapeyron
diagram in Figure 3. Thus, for input air conditions of 20°C and 1500 Pa (realistic input conditions
for a storage system for house heating application), and using the multisalt sharp fronts model, the
output air temperature can be calculated. A temperature of 44.4°C (T;wmix) is obtained.

Compared to the output air temperature of a reactive bed of one salt of SrBr, or CaCl, (respectively
38.4°C (Ttsmr2) and 41.3°C (Tj cacr2)), the multisalt bed thus allows to increase this latter at least of
3.1°C, for the studied case.

In general, the output air temperature difference between the multisalt reactive bed and the bed of
the rightmost reactive salt in the Clapeyron diagram (CaCl, in the case study: AT=T; mix -Ticacl2),
depends only on the characteristics of the solid/gas reactions and the input air conditions.

A parametric study of the influence of the input air conditions (in the range of 0-40°C and 500-2500
Pa) on the temperature difference is presented in Figure 4 for the SrBr,/CaCl, multisalt bed. The
maximum temperature difference is for the lowest inlet temperature and the highest inlet water
partial pressure. Which means that AT of 6.8°C is obtained for T;j = 0°C and p,; = 2500 Pa.
Inversely, the lowest temperature difference is obtained for the highest inlet temperature and lowest
water partial pressure. In this case the AT is null. This corresponds to input air conditions that do
not allow the hydration of the SrBr,/H,O reactive pair. Therefore, it is important to know the input
air conditions of the open thermochemical system in order to evaluate its performances.
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Figure 3: Equilibriums lines and charge operating lines of the solid/gas reactions (SrBr,/1-6H,0)
and (CaCl,/1-2H,0).
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Figure 4: Map of the influence of the input air conditions (Ti, pyi) on the output air temperature

difference between the multisalt reactive bed and the bed of CaCl, (47=T; wix -Tjcaci2)-



3.2 — Optimal salts masses

As shown in 82.3.3, in order to avoid that one reactive salt limits the others, it is necessary to
correctly size the mass fraction of each reactive salt of the multisalt bed. Let’s recall that this
optimal mass fraction depends of the reactive pairs characteristics and the air input conditions (see
Eg. 10).

A color map of the optimal mass fraction of SrBr, in the multisalt reactive bed as function of the
input air conditions is presented in the Figure 5. The optimal mass fraction of SrBr; varies widely
with the input air conditions. Thus, in the studied range (0-40°C for the input air temperature and
500-2500 Pa for the input water partial pressure), the optimal mass fraction changes between 0 and
0.9. As an example, for the input air condition of 20°C and 1500 Pa, the optimal mass fraction of
SrBr, is 0.52.

The mass fraction of SrBr; is high for low input air temperatures and water partial pressures. On the
contrary, for high temperatures and low water partial pressures, the optimal mass fraction of SrBr,
is low. Note that the side where the mass fraction is equal to O corresponds to air conditions not
allowing the SrBr,/H,0 reaction.

Optimal mass fraction
of SrBr2
0.9
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Figure 5: Map of the influence of the input air conditions (Ti, p.i) on the optimal mass fraction of
SrBr; in the reactive bed of two salts (SrBr;, CaCly).

4. Conclusion

This work investigates the operating principle of an open thermochemical storage containing a
multisalt reactive bed. This paper focuses on the reactive bed transformation and thermodynamic
analysis during hydration/dehydration reactions.

First, using the assumption of sharp reaction fronts moving axially along the moist air flow in the
bed, the operating principle of such system has been studied. Furthermore, a simplified model has



been developed. This model allows estimating the reaction time and the power supplied/received by
the reactive bed as function of the input air conditions and the characteristics of the solid/gas
reactions. This model also allows to determinate the optimal mass fraction of each reactive salt in
the multisalt bed.

Using this model, a case study of a reactive bed of two salts (CaCl,/SrBr;) has been investigated
during the hydration phase. This study has shown that using a multisalt reactive bed could increase
the performances of the storage system. Indeed, the CaCl,/SrBr, multisalt bed allowed increasing
the output air temperature (and therefore the power supplied) up to six degree compared to that
obtained with a reactive bed of only CaCl,. Furthermore, the optimal mass fraction of each reactive
salt has been determined. Finally, we observed that the system output air temperature and the
optimal mass fractions strongly change with the input air conditions.

Thus, the open thermochemical reactors containing a multisalt reactive bed are promising systems
for heat storage applications. Furthermore, the multisalt sharp front model is a simple tool allowing
the pre-design of such systems.

Nomenclature
dehydrated reactive solid
hydrated reactive solid
Reactive salt

mass flow rate, kg-s™
masse, kg

molar mass, kg-mol™
pressure, Pa

gas constant, J-mol™-K™
temperature, K
temperature, °C

reaction time, s

mass water content, kg./kga
reaction advancement
reaction front position, m
Zs  reactive bed thickness, m

Xz 744303353 0v0>p

N

Greek symbols

Ah? standard enthalpy of reaction, J-mol™g
As? standard entropy of reaction, J-mol™g-K™
v stoichiometric coefficient, molg-mols™

Subscripts

eqSG solid / gas equilibrium
at the reaction front
gas

moist air

inlet of the porous bed
outlet of the porous bed
k™ reactive salt

I reactive salt

n™ reactive salt

S —x— =0



S salt

t total

Y, water vapor

X  reaction advancement
Superscripts
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