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Abstract

Waste Heat Recovery in the industrial sector often requires to upgrade the temperature of the heat fluxes in
order to make them useful for the process. Thermochemical Heat Transformer (THT) and especially 2-salt
configuration, can play a major role as they can achieve high temperature lift when compared to alternative
technologies. Despite various developments in recent years, this technology still suffers from several issues
to make it fully attractive: rapid and reliable reactive salt selection, heat and mas transfer intensification,
coupling with process heat demand, etc.

This work is focused on a new methodology to achieve a rapid screening of salt pairs for a given application
(i.e. source temperatures). Four criteria, based on thermodynamic considerations, are proposed allowing
for an example to go from 4290 possibilities to only three most promising pairs at the end.

A second part is dedicated to dynamic aspect considerations, exploring the robustness of the solution towards
changes in heat transfer and kinetic coefficients as well as to changes in heat source temperatures. Knowledge
on this last aspect is of great importance to achieve efficient integration to cover process heat demand.
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Nomenclature

¢ heat capacity, Jkg=! K R ideal gas constant, Jmol ! K1

COP coefficient of performance, (-) S dehydrated reactive solid, (-)

F,, driving force, (-) S’ hydrated reactive solid, (-)

G reactive gas, (-) T temperature, K or °C

Kein kinteic constant, s—* UA heat exchange coefficient, Wm™2K~!

M molar weight, kgmol ! X reaction advancement, (-)

m mass, k
& Greek symbols

mi, sink or source of gas, kgs™!

) Ag, free Gibbs energy, Jmol =1,

; fl te, kgs™
M mass tow rate, Xgs ARY standard enthalpy of reaction, Jmol™1,

p pressure, Pa A0

Y standard entropy of reaction, JK~!mol ™1,

: —1
Py, specific power, Wkg v stoechiometric coefficient, mol, mol~!,

¢ sink or source of heat, Ws™!

@ heat exchange, J Indices

*Corresponding author
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eq solid/gas equilibrium max maximum
exch exchanger n HT or LT salt
i inlet

htf heat transfer fluid

H high temperature

HT high temperature salt v vapor

L low temperature

o outlet

s salt

LT low temperature salt Exponents

m medium o reference

1. Introduction

Waste heat valorization is a promising solution to dramatically increase the energy efficiency of the in-
dustrial sector. As reported by Forman et al. [1], a huge amount of waste heat is available in this sector.
At the world scale 8 861 TWh/year are lost of which 42% at low temperature (<100°C). Thus, there is a
big potential for reducing costs and increasing efficiencies in this sector. However, the too low temperature
level to satisfy process requirements and the phase shift to the heat demand are the two main drawbacks to
the implementation of processes for the re-use of industrial waste heat. To overcome these problems, several
solutions such as heat storage and heat to heat conversion systems (heat pumps and heat transformers) have
been studied in the last years [2—4].

Among the systems of heat to heat conversion, three technologies are currently being considered: Electri-
cal heat pump (EHP), heat transformers (Absorption heat transformer (AHT) and Thermochemical heat
transformer (THT)). Electrical heat pump (EHP) has shown promising results in industrial heat recovery
applications, but it still suffers from various drawbacks: high price ratio of electricity to fossil fuel, limited
high temperature (EHP available on market deliver heat at 130 °C at maximum), the lack of available
refrigerants in the high temperature range with low GWP [4]. Furthermore, process integration might re-
quire to store heat to handle variations in supply or demand, which in only feasible by adding a dedicated
heat storage while AHP and THT can deliver heat storage service to the process without adding an extra
component [5].

AHT and THT use the heat involved by a reversible sorption reaction between a gas and: a liquid for AHT
(absorption reaction), a solid for THT (chemical reaction). Moreover, despite a low thermal COP (around
0.5 for a single-stage configuration), these systems present the advantage to not consume electricity. Among
the two main technologies of heat transformers, AHT has been the most studied these last years. Although
promising, these systems present several issues, as corrosion problems and use of complex cycles to achieve
a high temperature lift (>40 K) [6]. Compared to the EHP and AHT, THT is a far less mature technology:
there have been few studies on reactive pairs and only few experimental studies [7—13]. However, this tech-
nology could potentially tackle the issues of EHP and AHT by achieving both high temperature lift (>50
K) and delivered heat temperature, with 1-stage heat driven system and no crystallization or corrosion
problems [5]. Furthermore, the 2-salt technology, also called resorption heat pump, allows to reduce the
high pressure lift occurring in sorption heat transformer when high temperature [14].

Among the operating cycles of THT, the 1-salt and 2-salt rings are the two main configurations [8]. In the
1-salt cycle, the system consists of two reactors alternately connected to an evaporator and a condenser
(see fig. 1a). The 2-salt technology (fig. 1b), also called resorption heat pump, allows a reduction of the
high-pressure lift occurring in heat transformer when high temperature lifts are sought [8]. In this case, the
evaporator and the condenser are replaced by two reactors filled with a so-called low temperature salt (LT
salt). In the 2-salt systems, the management of the operating pressures, which condition the temperature
lift, can be problematic considering the differences in reaction rates of the two reactive salts [14]. Particular
attention must be paid to the dynamics evolution of such systems [6].

Furthermore, a main issue of such systems is to select the appropriate salt pair for given operating temper-
atures (T, T,, & Tg), to achieve high performance. There exist a large number of solid-gas working pairs.
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Many considerations can be taken into account for pair selection: heat of reaction, thermal conductivity,
thermal stability, toxicity, cost, etc. Salt/ammonia pairs have been extensively studied for THT applications
while there have been some evaluation of salt/methanol, salt/HoO and salt/COq pairs with encouraging re-
sults for the last two [8]. Among these couples, those using water vapor as reactive gas seem to be ideal for
THT applications for industry (low cost, non-toxicity). Thus, Richter et al. [13] identified promising pairs
(especially SrBra/H50) for 1-salt THT and for thermal upgrade temperature between 150 to 300 °C (from
a screening of 308 salt/H;0O couples). However, nowadays no screening has been done for 2-salt THT. In
these systems, using two reactive pairs coupled, the choice of the reactive couples strongly influences the
performances.

This paper proposes a methodology to identify the best salt pairs for THT using water as working
fluid for industrial waste heat recovery applications. The scope is to be able to deliver heat at 150 °C, at
least. Indeed, this temperature level corresponds to utility temperature levels (steam generation) that are
encountered in many industries: agro-food, chemistry, dyeing, etc. For this aim, a two-step approach is
proposed:

1. a salt screening for industrial waste heat upgrade (from <100°C to 150°C and above) thanks to a
static thermodynamic approach

2. an assessment the impact of the dynamic behavior on THT performance for selected pairs in step 1,
thanks to an original model, which is presented and validated in this paper.

2. Static thermodynamic approach for salt selection

2.1. Solid/gas thermochemical process

The thermochemical heat transfer is based on the thermal effect of a monovariant reversible reaction
between a solid and a gas. In this paper only hydrate/water pairs are studied.

S+vG s S +vARY (1)

The equilibrium conditions (peq, Teq) of the solid/gas reaction follow the Clausius-Clapeyron relation,
obtained by stating that the free Gibbs energy of the transformation is equal to zero at the thermodynamic
equilibrium. Assuming the reactive gas as perfect gas, the free Gibbs energy writes:

Ag, = Ag® + RT,,In (Z‘jf) = vAR® — vT.,As? + RT.,In <’]’;g> —0 (2)

p® is the reference pressure (1 bar), AR and As? are respectively the standard enthalpy and entropy of
reaction and v is the stoichiometric coefficient.
Finally, the thermodynamic equilibrium conditions are determined by only one intensive variable (the equi-
librium pressure, pey, or the equilibrium temperature, T.,):

—ARY  AS?
+
_ pOe RT,, R (3)

DPeq

2.2. Operating of thermochemical heat transformers

Among the operating cycles of THT using water as reactive gas, the 1-salt and 2-salt rings are the two
main configurations [8].

In the 1-salt cycle, the system consists of two reactors alternately connected to an evaporator and a
condenser (see fig. 1a). Thus, during the upgrade temperature phase, so-called "high pressure' phase (70
kPa for an evaporation temperature of 90°C), water vapor is produced from a waste heat source at inter-
mediate temperature (T,, at around 90°C). This water vapor allows to realize the exothermic hydration
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reaction of the reactive material at high temperature (T ), greater than T,,. The maximal temperature
lift achieved by this system for adiabatic operation (ATj;yy,,,.) and presented in the Clausius-Clapeyron
diagram (fig. 1c), corresponds to the theoretical maximum temperature lift attainable by the salt during
the temperature upgrade phase: i.e. the temperature difference between the equilibrium temperature of the
salt and the evaporation temperature at the “high pressure” (T, .. -T.,). In real systems, a gap from this
value is necessary in order to obtain a sufficient reactive power (see fig. 1d).

Once the reactive salt is fully hydrated, the charging phase (or regeneration phase) of the reactor, so-called
"low pressure" phase (4 kPa for a condensation temperature of 30°C), begins. Heat at T,, (waste heat) is
supplied to the reactor while it is connected to a condenser maintained at ambient temperature. As shown in
fig. 1c, this temperature must be inferior to Ty, . (i.e. the condensation temperature at the “low pressure”)
to allow the endothermic dehydration of the reactive solid occurs.

In order to allow to decrease the required pressure lift when high temperature lifts are sought, Goetz et
al. [15] proposed a 2-salt technology, also called resorption heat pump. In this case, the evaporator and the
condenser are replaced by two reactors filled with a so-called low temperature salt (see fig. 1b and d).
Thus, as shown on fig. 1b, during the charging phase waste heat at T,, is supplied to the HT reactor and
the LT salt is connected to a heat sink at Ty. In order to allow simultaneously the hydration of the LT salt
and the dehydration of the HT salt, the operating conditions (vapor pressure and temperature) of the LT
reactor must be in the blue zone presented on fig. 1d. Therefore, this reactor has to be connected to a heat
sink at Ty, < Tp,,,, (i.e. the equilibrium pressure of the LT salt at T must be inferior to the equilibrium
pressure of the HT salt at T,,). In the case of Ty, is higher than T, _, the operating conditions do not
allow the hydration of the LT salt and the dehydration of the HT salt. At the end of this phase, the reactive
LT salt is fully hydrated and the HT salt is fully dehydrated.

During the temperature upgrade phase, the LT reactor is connected to the waste heat at T,,. In order to
achieve the dehydration of the LT reactor and the hydration of the HT reactor, the operating condition
of the HT reactor must be in the orange zone of the fig. 1b, thus the HT reactor temperature must be
inferior to Ty, (i.e. the equilibrium pressure of the LT salt at T,, have to be superior to the equilibrium
pressure of the HT salt at Tp). Therefore, this phase allows to supply heat at high temperature (Tg), and
a temperature lift, ATj;;y = Ty — Ty, is obtained (see fig. 1d). Finally, at the end of this phase, the LT
salt is fully dehydrated and the HT salt is fully hydrated, requiring the beginning of a new regeneration phase.

2.3. Proposed criteria for salt selection
From these considerations a first screening of working pairs could consist in evaluating four successive
criteria:

1. a first simple criterion consists in checking whether the temperature conditions are satisfied, i.e. the hot
source temperature has to be lower than the HT salt/water equilibrium temperature at high pressure

(Tg < Tgy,,,,) and cold source temperature has to be lower than the LT salt/water equilibrium
temperature at low pressure (Tp < T, ) and so that reactions can occur for both LT and HT
reactors.

2. The second criterion is given by the maximal temperature lift that can be reached. The maximal tem-
perature lift is achieved for adiabatic operation and therefore corresponds to the theoretical maximum
lift attainable by the HT salt during the temperature upgrade phase: T, . -Th,.

3. The third step consists in considering the achievable performance in terms of COP. Neglecting heat
accumulation by the salts (heat capacities are low compared to reaction enthalpies) and assuming that
there are no heat losses, the theoretical maximal COP of a 2-salt THT is given by:

QHT _ AhgsHT (4)
QmLT + QmHT AhgsHT + Ah)

ST

COPpoz =

4. The fourth criterion is based on the necessary existence of an equilibrium drop for the thermochemical
reactions to occur in finite time. This parameter influences the heat and mass transfer rates and
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pairs.

therefore the reaction kinetics [16, 17]. Thus, any change in the operating temperature (T, T,, or
Tg) results in a change in the equilibrium drop and then in the reaction kinetic. However, as indicated
by Obermeier et al. [17], the equilibrium drop is not an independent parameter and equal values do
not produce the same heat and mass transfer rates for different reaction systems.

This parameter can be related to the chemical potential difference which represents the thermodynamic
driving force of the reaction. Usually, the greater the driving force, the greater the reaction kinetic
is. Under the assumptions of pure substances and ideal mixtures, the driving force can be described
by the Gibbs free energy of the reaction [17]. Thus according to the eq. (2), this parameter can be
written as:

= e = (20 o

The vapor pressure is determined using eq. (9).



3. Dynamic model

Several modeling of solid/gas reactor, with different approaches (local, global) and complexity levels

(1/2D, stationary/dynamic, ...) have been presented in the literature [18-20]. Most of the reported works
refer to cooling or heat storage applications and only few models deal with THT applications, especially for
those based on 2-salt cycles.
Thus, from modeling approaches of a solid/gas reactor developed by Lebrun et al. and Castaing-Lasvignottes
et al. [18, 21], a simple and original 0D dynamic model of 2-salt THT reactor was developed by the authors
[22]. Tt allows to study the dynamic behavior to estimate performances, mainly heating capacity, and
temperature lift. The following assumptions are made:

a Heat accumulation in the gas phase and heat losses are neglected.

b The heat capacities are considered constant during the reaction.

¢ In closed thermochemical systems (working with pure gas), the mass transfer usually does not limit
reaction kinetic. Thus, the vapor pressure is assumed uniform inside the reactor.

d The assumptions (a) and (b) imply that the salt reaction advancement (Xg) is uniform in each reactor.
X equals 0 at the end of the dehydration reaction (the solid is fully dehydrated) and 1 at the end of the
hydration reaction (the solid is fully hydrated).

e The kinetics of the solid/gas reactions depends only on the reaction advancement and on the equilibrium
drop. This drop corresponds to the difference of the operating temperature and pressure to their value at
equilibrium.

f Uniform temperature (Ts,, and Tg,,) and local thermal equilibrium between the gas and solid phases
is assumed in the reactors.

3.1. Governing FEquation

3.1.1. Energy balance
According to assumptions (a), (b) and (c), the energy balances of the HT and LT salt reactors are
respectively written as:

M, dTs, . .
ms, | 1 — (1= Xs, Vs, = | Cs,, + Meach, Cexch, = (s, + Mhtf,Chif, (Tih,tf - Toh,tf ) (6)
M, dt n n
with:
dXs m
o = —1n,, ARY =y, —n S ApD 7
Gon =t A, = Ve, =gt g =By, (7)

With m,,, the mass of salt n hydrated, 7, the source (rn,, > 0indehydration phase) or sink (ri,, <0
in hydration phase) of vapor due the reaction of the salt n.

3.1.2. Kinetics of the solid/gas reaction

According to the assumption (e), the reaction kinetic depends on the reaction advancement and on the
equilibrium drop. There are different kinetic model structures for solid-gas reaction available in the literature
[20]. Arrhenius-type laws are the most frequently used. However, for reversible reactions and because of the
temperature range used, Mazet et al. [23] have shown that the exponential term of the Arrhenius law can
be considered as constant. Furthermore, several authors shown that the kinetic law could be written as a
1% order kinetic law for this kind of application [24-28]:

dXs,

— k. Yo (1_peq(Tsn)>
dt s

Py

where: Y, = (1 — X,,) in hydration phase and Y;, = X, in dehydration phase.
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3.1.3. Operating vapor pressure

The vapor operating pressure of the interconnected HT and LT reactors, p,, is defined such as the vapor
mass flow rate caught/released by the HT salt reactor is equal to the vapor mass flow rate respectively
released /caught by the LT salt reactor. Thus, using Eq. (7) and Eq. (8), the vapor pressure writes:

Dy = ApequT (TSHT) - pelIsLT (TSLT) with A = _msHTMsLTVsHchinHT(l _ XSHT) (9)
A-1 Mes o My VsprKeingr Xspr

Thus, the vapor pressure evolves between the equilibrium pressure of each reactor. This trend has been
experimentally observed by [11] for a 2-salts THT using ammonia as working fluid.
Note that in case of the kinetic coefficients of both reactive salts are equals and if the salts masses are chosen
in a balanced way (i.e. in a way that the overall of both reactive salts could react, cf. § 3.2.3), we have
A = -1. Therefore, the operating vapor pressure is equal to the average of the equilibrium pressure of each
salt.

3.2. Model Parameters

3.2.1. Reactor heat transfer coefficient (UA)

The global heat transfer coefficient of the reactor has been identified from experimental results of [10]
obtained with a prototype of THT using CaCly/H0 as working pair. Although UA depends on the reactor
geometry and on the reactive material used, we will suppose in this paper, that the change of the reactor
scale and reactive material does not affect the heat transfer characteristics. The following empirical relation
of the specific heat transfer coefficient has been evaluated from hydration results:

A
Uds, _ 131,36 ¢-335Xs, (10)

n

ms

3.2.2. Kinetic parameter

The kinetic constant, k.;,, lumps the heat and mass transfers in the solid pores and the intrinsic kinetics
of the reaction. It was identified thanks to the experimental reaction advancement rate obtained by Esaki
et al. [10] during the hydration of a THT using CaCly. The best fit was found for a value of 68-10~% s~!
for Kein.
As shown by Michel et al. [26], this value indicates that the kinetic is not the main limitation of the
thermochemical reaction. In the following, this constant value of k.;, has been used for all the studied
working pairs.

3.2.83. Mass of salts

In order to avoid that one of the two reactive salts limits the reaction of the other one, the mass of each
salts should be chosen in a way that both reactive salts could totally react. Thus, each salt must allow to
catch (respectively release) the water vapor released (respectively caught) by the other salt:

Msyr Mspr Voo Mispr
Mygr = Mypp < VSHTM = VSLTM > Mspp = Msyp M (11)
SHT sLT VspoMspr

In this study, the mass of the hydrated HT salt (ms,,) has been chosen at 100 kg to get results easily
scalable for industrial applications.



3.2.4. System control

The system is controlled using the heat transfer fluids of each reactor (LT and HT reactors). For both
reactors, the heat transfer fluids inlet temperatures are fixed and are shifted at the beginning of each cycle
phase. Moreover, the flow rate of the heat transfer fluid of the LT reactor (ria¢ fLT) is set to a constant
value during all the cycle. Then, the outlet temperature of the heat transfer fluid of this reactor is given by:

T, —Tg
TOhthT - - fMI}A = +Tspr (12)
( o )
exp| ————

mhthT Chtfrr

For the HT reactor, during the regeneration phase the heat transfer fluid flows, with a fixed flow rate,

only when the HT reactor temperature is lower than T,,. Thus, the sensible heat of the HT salt is used to
start its dehydration at the beginning of the regeneration phase. In this case, the heat transfer fluid outlet
temperature is calculated using equation (12).
During the temperature upgrade phase, the HT heat transfer fluid flow rate is determined in order to achieve
the desired temperature difference (e.g. 5 K, 10 K, etc.) between the inlet and the outlet of the heat transfer
fluid. Thus, if the salt temperature is lower than the inlet temperature of the heat transfer fluid, the heat
transfer fluid does not flow; otherwise its flow rate is calculated using the following equation:

. _UAS
Mhtfar = = (13)
TOhtfHT —Tsyr
Chifur I |
TlhtfHT Tsyr

3.8. Model validation

The model has been validated using experimental results of a 1-salt THT prototype containing CaCls-2HO
as reactive pair [10]. This experimental set-up is out of the scope of this paper, and is only briefly described
here. The prototype consists of a thermochemical reactor, containing a packed bed of 589 g of CaCly-2H50
placed between the plate tubes of a commercial aluminum heat exchanger. The reactor has been tested in
hydration phase for an evaporator temperature of 97 °C and an inlet temperature of the heat transfer fluid
of 155 °C.
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Figure 2: Experimental and simulated results of the hydration of the THT (A type reactor, Esaki et al. [10]): a) Reaction
advancement vs. time during. b) Heat transfer fluid temperature difference vs. time.



As it can be seen on fig. 2, the difference between experimental and simulated results is small. The root
mean square deviation is of 0.029 for the reaction advancement and of 0.82 K for the related temperature.
These results demonstrate that this simple model predicts in a satisfactory way the thermal behavior of a
reactor.

Note that the presented model validation will still be valid as long as the main assumptions, and especially
that the mass transfer no limits the reaction, remain true. Although several authors verified this assumption
[12, 26], especially for THT applications, for extreme cases, with very high heat transfer, or very low mass
transfer in the reactive material, the mass transfer could become not negligible and therefore the model not
valid.

In the following of this paper the identified values from the experimental results of a THT [10] (which order
of magnitudes are realist) will be used to study the dynamic behavior of the THT and evaluated their
performances. Furthermore, a sensitivity study of these parameters will be presented in the §5.2.1.

4. Salt screening using static thermoynamic approach

In this section, the static thermodynamic approach (cf. section 2.3) is used to perform a rapid screen-
ing of available salt-HoO pairs [29, 30]. A numerical tool was developed to go through the four presented
criteria. A first selection was operated by checking whether the temperature conditions are satisfied (T}, <
Tr,.. and Tgp < Tgy . 77 pairs were identified from 66 initial reactions (which represents 4290 potential
reactive pairs). Then criteria 2 & 3 (AT nq. and COP) were calculated and evaluated for all the 77 pairs.
Finally, criteria 4 (minimal driving force) was evaluated for each promising reactive pairs.

For the sake of clarity, the work presented in this paper is focused on given heat source temperatures repre-
sentative of operating conditions suitable for heat upgrading in the industry. The cold source temperature
is chosen at Ty = 30 °C, the waste heat temperature at T,, = 90 °C and a high temperature source at Ty
= 150 °C.

Hence, a minimum temperature lift of 60 K is required. To take into account the necessary temperature
pinches in the HT reactor for the heat transfer to occur in finite time, only pairs achieving a minimum
temperature lift of 80 K are considered on fig. 3.

max )

From these results, 21 of the 77 promising reaction couples are kept. A large discrepancy between AT, qx
values is observed, from 80 K to 125 K (for the CaCly/CuSO4/H20 pair) with a COP,,4, ranging from
0.39 to 0.52. Besides the static thermodynamic considerations, dynamic aspects have also to be taken into
account in order to estimate specific heating power.
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Figure 3: Maximal COP versus theoretical maximal temperature lift, for Ty = 30 °C and T, = 90 °C.

fig. 4 presents a comparison of the minimal driving forces during the regeneration and the upgrading
temperature phases (i.e. the minimal driving force between the hydration of the HT salt and the dehydra-
tion of the LT salt (upgrade temperature phase) vs. the minimal driving force between the hydration of the
LT salt and the dehydration of the HT salt (charging phase)), for different reactive couples. Thus, reactive
pairs whose the minimal driving force is for the charging phase (point under the dotted line) correspond to
THT systems limited by this phase. Inversely, the upgrade temperature phase is limiting for the reactive
couples situated above the dotted line.
A large discrepancy between the driving force values is observed, from 0.001 to 0.35. However, promising
reactive pairs are identified, as CaCly/Ca(NQO3)2, CaCly/SrBry and CaCly/K(OH). They present high driv-
ing forces whose values are close between each cycle phase. This allows to avoid large reaction times gap
between these phases.

5. Cycle performances

This part aims at analyzing the dynamic behavior and performances of a 2-salt THT. The inlet tem-

perature of the heat transfer fluids are fixed, respectively for the LT and HT reactors, at T = 30 °C
and T,, = 90 °C during the first phase and at T,, and Ty = 150 °C during the temperature upgrade
phase. The heat transfer fluid flow rates of the LT reactor has been chosen in order to be no limiting
(ptf,r = 1.5 kgs™!) and the heat transfer fluid outlet temperature of the HT reactor (Toy.y,,,.) has been
set at 160 °C during the upgrading temperature phase. The corresponding temperature lift supplied by
the system is 70 K. Initially, each reactor is at mid-reaction (Xg, = 0.5), the LT and HT reactors are
respectively at Ty and Tgy. The simulated cycle begins by the regeneration phase and is followed by the
temperature upgrade phase.
To achieve continuous operation, THT system basically operates with two units of two interconnected reac-
tors in opposite phase, each phase lasting the same time. Hence, 20 successive cycles have been simulated
in order to characterize reactor behavior at cycle steady state. Moreover, cycle time is known to impact the
useful heating power achievable by the system. Hence, the following results are given for the optimal cycle
time at cycle steady state.
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Figure 4: Minimal driving forces during the charging phase vs. during the upgrade temperature phase (for Xg, = 0.5,
Tr =30 °C, Ty, =90 °C and Ty = 150 °C.

In order to validate the relevance of the selection criteria previously presented, two pairs, one considered
as promising and the other one not selected using the salt screening, are considered: <CaCly- 1/2H20> /
<SrBrs-1/6H50> which presents balanced driving force between LT and HT reactors and <CaCly- 1/2H,0>
/ <BaCly-1/2H50> for which the driving force during the charging step is a limiting factor (fig. 4).

5.1. Dynamic Behavior

The dynamic behavior of 2-salt THT using <CaCly-1/2H20> / <SrBry-1/6H50> and <CaCly-1/2H50>
/ <BaCly-1/2H50> reactive couples are presented fig. 5. In both cases, due to the high equilibrium drop
at the beginning of each phase (due to the quick change of the imposed reactors temperatures), we observe
that the thermochemical reactions are very fast. This leads to an important peak of specific heat power
(defined as the power supplied/released to the heat transfer fluids of the reactor, divided by the mass of the
corresponding hydrated salt) supplied/needed to the heat transfer fluid, especially for the low temperature
reactor (>1000 Wkg=!). Because of the system control (cf. 3.2.4), this peak is lower for the high tem-
perature reactor (112.4 Wkg=! and 218.9 Wkg™! respectively for the CaCly/SrBry and the CaCly/BaCly
reactive pairs). In this case, the heat of reaction is first used to heat or cool the reactive solid at the desired
temperature and then supplied to or taken from the heat transfer fluid. Thus, during the upgrading tem-
perature phase, a time gap is necessary to increase the salt temperature to the desired value and to obtain
upgraded heat at high temperature.

In agreement with the driving forces presented in the fig. 4, the reaction advancement evolution shows
that the reaction kinetic of each phase is quite balanced for the CaCly/SrBrs reactive pairs, while the
temperature upgrade phase is much faster than the other phase for the system using the CaCly/BaCly
couple (30 min instead of 1.5 h). In this last case, although the driving force of the upgrading temperature
phase is higher than for the system using the CaCly/SrBrs reactive pairs, lower average specific heat power
of the HT reactor is obtained with during this phase: 27.1 Wkg™! against 72.7 Wkg~!. Hence, for the
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Figure 5: Specific heat power and reaction advancement versus time of 2-salt THT operating with: a)

<CaClz-1/2H20>/<SrBra-1/6H20> working pairs. b) <CaClz-1/2H20>/<BaCly-1/2H20> working pairs.

CaCly/BaCly pair, the system performance is therefore limited by the charging phase, especially due to the
unfavorable operating conditions.

5.2. Kinetic reaction limitations

The THT performance directly depends to the kinetic reactions of each reactive salt. This study focuses
on the relevant parameters influencing the thermochemical reaction: transfer parameters and operating
conditions. Sensitivity studies allow identifying the different reactions limitations and the ways to reduce
them.

5.2.1. Sensitivity to the transfer parameters

The sensitivity of the transfer parameters (UA and k.;,, ) is studied for a heat transformer operating with
the <CaCly-1/2H50>/<SrBry-1/6H20> working pair. Simulations have been performed for UA and kg,
values between 10 times and 1/10 of their respective reference value (cf. § 3.2). The average specific power
released at Ty during the temperature upgrading phase for each simulation is presented in the fig. 6.
It can be noticed that both transfer coefficients influence the system performances. Thus, for values lower
or close to the reference value, the system performance increases significantly with the increase of the trans-
fer coefficients. However, this impact is more pronounced for the heat transfer parameter. For example,
an increase of the system specific power of respectively 48% and 12% is obtained when UA and k., are
increased by a factor of two. Moreover, for transfer coefficient values superior to the reference value by
five times, the kinetic parameter increase no longer impacts the system performances, unlike for the heat
transfer parameter. In this case, k¢;, no more limits the thermochemical reactions and the heat transfer
becomes the main transfer limitation.

Thus, it could be interesting to intensify the heat transfer inside the reactor. Several approaches can be
used as increasing the conductivity of the reactive materials, for example by adding a conductive binder as
developed by several authors [31], or as coating the salt/sorbent on the surface of the reactor heat exchanger
[32, 33].

5.2.2. Sensitivity to the operating conditions

Simulations have been performed to study the sensitivity of the driving forces. The operating tempera-
tures directly impact the reactions equilibrium pressures (eq. (3)) and therefore the driving forces values.
Thus, the sensitivity of the driving forces has been studied changing the operating temperature T, Ty and
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Figure 6: Influence of kc;,, and UA on the average specific reaction power released at Ty during the temperature upgrading
phase. Case of the <CaClz-1/2H20> / <BaClz-1/2H20> working pair.

T,, respectively in the range 0-40 °C, 110-160 °C and 80-130 °C. Their impact to the average specific heat
power released at Ty and the reaction driving forces is presented in the fig. 7.

Although the decrease of Ty, (or Ty ) increases the limiting driving forces during the generation phase (up-
grading temperature phase), a slight decrease in the specific power is observed. On contrary, the increase
of Ty (or Ty) leads to significantly decrease the system performance. Indeed, increasing T; or Ty by
10 K leads to decrease the average specific power respectively by 74% and 17.8%, while decreasing these
temperatures by 10 K leads to a decrease of only 19.7% and 9.1%.

As the limiting driving forces of each phase are equilibrated in the reference case, the increase of only one
of these two driving forces (due to the decrease of T or Tg) leads to making the other one the limiting
driving force of the system. Thus, the minimal driving force of the system does not change, which does not
allow to increase the average specific power. However, increasing Ty, or Ty leads to decrease of the minimal
driving force and therefore to decrease of the system performance. On contrary, fig. 7 shows that increasing
the intermediate temperature allows to increase significantly both driving forces. Moreover, for the studied
intermediate temperature range the driving forces remain equilibrated. This leads therefore to an increase
of the supplied average specific heat power.

In addition to the operating temperatures, the driving forces also depend to the reactive pair. Simulations
have been performed to study the impact of the reactive couples. The 21 reactive pairs selected in the §4
have been studied. In this study, the transfer and operating parameters have been set to the reference values
(cf. §3.2 & §5) and only the results obtained for the optimal cycle time are presented.
fig. 8 presents the average specific power as function of the limiting driving force for these reactive pairs.
Similarly to the results obtained from the sensitivity study to the operating temperatures, this figure shows
that the specific heat power depends to the limiting driving force of the system. It increases linearly with
the latter. The driving force is therefore an interesting parameter allowing to obtain simply an idea of the
system performances. It also allows to identify the limiting phase, which is subject to the most unfavorable
conditions on which it is necessary to work in priority.
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6. Conclusion

Due to the high temperature lifts obtained and the large range of operating conditions covered by
the numerous reactive couples, 2-salt Thermochemical Heat Transformer process are promising systems to
recover industrial waste heat by upgrading its temperature. However, the selection of best candidates for
the salt pairs remains an issue today.

Hence, a four criteria methodology is proposed in this work to perform a rapid screening of salt couples and
identify the best pairs for a given waste heat recovery application. The four criteria refer to comparison
between source temperature and salt equilibrium temperature, COP, maximum temperature lift and driving
forces.

A representative case was considered with a low temperature source at 30 °C, an intermediate at 90 °C
and a high temperature source at 150 °C, pairs were discriminated using the developed tool. The first step
leads to keep 77 pairs from 4290 candidates. 21 were kept considering a minimum requirement in theoretical
temperature lift (>80 K). The last step allowed to identify three promising candidates: CaCly/Ca(NO3)s,
CaCly/SrBry and CaCly/K(OH). These reactive pairs present high and equilibrated limiting driving forces
for each system cycle phase.

Cycle operation was simulated for the most promising pair (CaCly/SrBry), using a 0D dynamic model of
2-salt THT. An average specific heating power released at high temperature as high as 72 W kg~! is achieved
for a temperature lift of 70 K. Secondly, kinetic reaction limitations were identified by a sensitivity study of
the transfer parameters (UA and k.;,) and the operating temperature. In the studied range, the increase
of the heat transfer parameter play an import role on the system performances. Increasing this parameter
by a factor two increases the specific power by 48%.

Finally, the significance of the driving force has been highlighted. Especially, a linear evolution of the specific
heat power versus the limiting driving force has been observed. The driving force is therefore an important
parameter allowing to evaluate the system performances and to identify the limiting phase, which is subject
to the most unfavorable conditions on which it is necessary to act in priority.

To go further, it would be interesting to extend the proposed methodology to other working fluids (e.g.
ammonia). It would be also interesting to integrate more advanced consideration on the reactor design and
more specifically on the various mass or heat transfer resistances that can depend on the selected pairs:
salt bulk thermophysical properties, feasibility to coat the salt on reactor heat exchanger area, material
incompatibility (corrosion), etc.
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