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Abstract

This paper describes an original model based on The Energetic Macroscopic Representation (EMR) to
develop a control structure of an innovative compression-assisted hybrid thermochemical cooler driven by
low-grade thermal energy. Hybrid thermochemical cooler with mechanical compression have a wider
operating temperature range than conventional thermochemical processes. This makes it possible to exploit
lower grade heat sources and/or produce cold at lower temperatures. In addition, the ability to control
compressor speed increases thermochemical process controllability to respond to load or source variations.
Nodal modeling of each process component is developed according to the EMR formalism. A parametric
identification and validation of this process model is then carried out using experimental data. The deviation
from the experimental data is lower than 1 bar for the reactor, condenser and evaporator pressure, lower
than 0.1 for the reaction advancement and lower than 2 °C for the reactor wall temperature. The EMR model
is then inverted to obtain a process control law for maintaining a cold room at —18 °C. Despite the variation
in cooling demand from a minimum of 100 W to a maximum of 700 W, the compressor's control structure

was able to regulate its speed of rotation to maintain the cold room temperature at —18 + 0.5 °C for 24 h.
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Nomenclature:

Variables

A.H (J.mol™)
A, S (J.mol 1. K1)
Cv (_)
Sy.mol . K151
c, J.kg™L. K1)
m(kg.s™1)

n (mol.s™1)

v, (m3.mol™)
h (J.mol™1)

P (W)

Q (rpm)

G(-)

H ()

P (bar)

el

R(J.K lmol™)
S(J.mol" L. K1)
T (K)

t(s)

ul
UA(W.K™)

V (m3)

X()

m (kg)

n (mol)

w ()

a

&(-)

n()

v(-)

Acronyms
EMR
ENG
RMSE

Enthalpy of reaction
Entropy of reaction

Flow coefficient of a valve
Entropy flow

Mass heat capacity

Mass flow rate

Molar flow rate

Molar volume

Molar specific enthalpy
Rate of heat flow
Compressor rotation speed
Specific density

Enthalpy

Pressure

Heat

Ideal gas constant

Entropy

Temperature

Time

Internal energy

Overall heat transfer coefficient
Volume

Advancement of the reaction
Mass

Number of moles
Mechanical work

Kinetic exponent

Ratio dead/swept volume
Efficiency

Stoichiometric coefficient

Energetic Macroscopic Representation

Expanded Natural Graphite
Root Mean Square Error

Subscripts and superscripts

(o]

htf
av
kin
comp
cond
cc
dec
dv
eq
evap
exp
ext

in
int

is

out

sat
sim
synt
sys

cr

Standard conditions
Heat transfer fluid
Average

Kinetic
Compressor
Condenser
Compression chamber
Decomposition
Dead volume
Equilibrium
Evaporator
Experimental
Exterior

Gas

Inlet/Input
Interior

Isentropic

Liquid
Outlet/Output
Reactor

Salt

Saturation
Simulation
Synthesis

System

Wall

Cold room
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1. Introduction

1.1. Study framework

Within the framework of the energy transition, thermochemical systems could prove to be an interesting
way for valorizing low temperature heat sources (less than 100°C), such as industry thermal waste or low
temperature solar heat provided by simple flat plate collectors. In 2016, according to [1], 72% of the primary
energy consumption is lost and transformed into heat and 63% of this heat is rejected at a temperature lower
than 100 °C. Thermochemical systems allow to obtain different useful effects such as heat upgrading or cold
production while also providing a long term storage function with no self-discharge. Basic thermochemical
heat transformers are based on the management of a reversible chemical reaction between a reactive salt
(the sorbent) and a gas (the sorbate). They are mainly heat driven systems (electricity is only needed to power
the circulation pumps for the various heat transfer fluids) and thus allow cold production with low electricity

consumption.

Despite this obvious advantage, the most recent research is focused on the hybridization of a such
thermochemical systems with a mechanical compressor powered by electricity. This is because the latter
allows a wider range of application for thermochemical systems by making it possible to use heat sources at
lower temperatures or to produce cold at lower temperatures than basic thermochemical heat transformers.
These new hybrid systems allow, for example, to produce heat at 150°C from a heat source available only at
90°C [2], to perform an inter-seasonal storage allowing to heat a house in a cold climate with outside
temperature ranging from -5°C to -30°C) [3], to produce heat and cold simultaneously [4], [5], to use and
valorize the heat of exhaust gases of a refrigerated truck in order to help maintain the temperature of its cold
chamber [6], [7] or to make possible a cold production by recovering the heat generated by a fuel cell or/and
an electrolyzer allowing to obtain increase the overall efficiency of the electricity storage/discharge in the

form of hydrogen [8].

The original modeling approach of a hybrid compression-assisted thermochemical systems that is

proposed here, allows on the one hand to facilitate the implementation and the coupling of this process to
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other components that are modelled with the same Energetic Macroscopic Formalism (EMR) and on the other
hand makes it possible to obtain control structures for the system which enable the definition of the different
control laws to be applied to the system to achieve the desired effect. It is thus possible to set the different
control variables (flow rates of heat transfer fluids, compressor rotation speed...) to be applied to the system.
Both of these two new features are made possible by using the Energetic Macroscopic Representation (EMR)

approach, which is developed and applied for the first time to this kind of thermochemical process.

This paper is structured as follows: part 2 is about the description of the EMR and of a classical
thermochemical system. The development of the EMR model which represents the major part of the work is
presented in part 3. Part 4 concerns the validation of this model with experimental data. Part 5 presents an
example of the use of the EMR model, such as the temperature control strategy of a cold room, whose

structure is obtained by inversion of the EMR model. Finally, a conclusion is reached in part 6.

2. EMR and system description

2.1. The Energetic Macroscopic Representation

The Energetic Macroscopic Representation (EMR) is a graphical formalism that allows a synthetic
representation of multi-physical energetic systems described in [9]. A systematic deduction of control
structures can be achieved if different formalism rules are respected. The EMR design was inspired by other
types of system representations such as the Bond graph or the causal informational graph. Developed in 2000
to analyze and control electromechanical systems, the EMR formalism has been extended over the years to
cover other energetic domains. To describe physically each of these domains, a pair of kinetic and potential
variables is used to respect the action-reaction principle. This principle requires on the one hand, that any
subsystem imposing an action on another subsystem receives in return a reaction from the latter and on the
other hand, that the product of the action and reaction variables is homogenous to a power. However, for

some physical domains such as thermodynamics, it is necessary to have more than 2 variables to qualify the
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energy exchange between two subsystems. A further extension has been proposed by Agbli et al. [10] to allow
the modelling of thermodynamic systems with 3 variables. The different sets of variables that can be used

depending on the physical domain considered are summarized in Table 1.

Table 1 : Effort and flow variables that are available in EMR in function of the physical domain considered.

Domain Potential variable Kinetic variable
Electric Tension [V] Current [A]
Translational mechanics Force [N] Velocity [m.s!]
Rotational mechanics Torque [N.m] Angular velocity [rad.s]
Hydraulics Pressure [Pa] Volumetric flow rate [m3.s?]
Thermal Temperature [K] Entropy flow [W.K?]
Thermodynamic Temperature [K] Pressure [Pa] ] Molar flow rate [mol.s]

In addition to the action-reaction principle, the EMR is based on the principle of integral causality. This can
be summarized by the following observation: if any phenomenon, called the cause, generates at a given time
another phenomenon, called the effect, then it is impossible for the effect to be preceding the cause. In other
terms, the reaction of a subsystem can only occur with a certain delay regarding the action that generated it.
The integral causality goes further in the description of physical systems as it imposes then from this integral
causality, to describe the outputs of a subsystem has an integral function of the inputs. This is the natural way
to describe physical systems because if a derivative causality were used, the system would respond with an

infinite power to a step input, which is not the physical response of a real system.

The EMR is based on the description of the energy exchanges between the different components of a
complex system. Each component is represented by a given block and different blocks can be used to describe
the physics of the system. A source element is used at each bound point to represent a source or sink of power
for the system. When a subsystem accumulates energy, an accumulation block is additionally used. A mono-
physical coupling block enable the representation of a subsystem submitted to the same energetic domain on
both sides. When the domain is different on each side of the subsystem a multi-physical conversion block is
then used. The EMR also offers the possibility to represent subsystems submitted to more than 2 energy flows
by using several coupling blocks. Finally, with the extension of the EMR towards thermodynamics, several

blocs have been added in order to express the power contained in a fluid flow. In order to obtain a control



100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

structure from an EMR model it is necessary to perform an inversion of each of the blocks involved in the

control chain. These blocks are represented in blue. All these blocs are given in Figure 1.

Classical EMR blocs Bloc for the EMR extension
—> —> HE —>
A — A —> —>
Mono-physical coupling in the
Source bloc Mono-physical conversion Multi-physical conversion thermodynamic domain.
—_ / -
—_— — ¢ ¥
< |[€<—
>
N~
Accumulation bloc Mono-physical coupling Multi-physical coupling Multi-physical conversion with
between 3 energy flux between 3 energy flux the thermodynamic domain
Inversion of an Inversion of coupling Inversion of coupling bloc
accumulation bloc bloc between 3 energy flux

Figure 1 : Blocs available in an EMR model.

The EMR has two major advantages. On the one hand, it allows to easily couple different systems together
if they are all modeled according to this formalism. In addition, the EMR enables to easily find a control
structure by an inversion method of the model as well as the required number of sensors to be implemented

to operate this control. This inversion is only feasible if all the EMR principles have been correctly observed.

Since its initial use for describing electromechanical systems in 2000, the EMR has been applied many
times to model complex systems. These include for example a hybrid electric vehicle [11], a wind turbine [12],
a subway traction system [13], a diesel internal combustion engine [14], a Stirling engine [15], an electrolyzer
[16] or a fuel cell [17]. The EMR model developed in this paper is however the first one developed for a

solid/gas thermochemical system.

2.2. Thermochemical systems

Thermochemical systems can be used to store and valorize low-grade waste heat for later production of

higher temperature heat (heat upgrading) or cooling. The modeling presented in this paper is intended for a
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cold production system, but only a few modifications would be necessary to model a thermochemical heat
transformer process. A thermochemical sorption system is based on the thermal effect of the reversible solid-
gas reaction shown by equation (1). For this modeling, the reaction between a salt and a reactive gas takes
place in a single fixed-bed reactor that exchanges the reactive gas with an evaporator or a condenser according

to the direction of the reaction:

synt
b d o
So +V.G(_ S;+v.AH (1)

dec

The left to right direction in equation (1) corresponds to the synthesis phase where one mole of the
desorbed salt (So) reacts with v moles of gas (G) to form the synthesized salt (S1). A.H is the standard enthalpy
of reaction and corresponds to the rejected heat when a mole of gas is absorbed by the salt during the
synthesis reaction. The right to left direction corresponds to the decomposition phase, which is an
endothermic reaction. This reaction is monovariant so if one intensive parameter is fixed, temperature or
pressure for example, the other is set by the equilibrium state. The equilibrium can be described in a first

approximation with the Clausius-Clapeyron equation as shown in (2) and described by [18].

AH  AS
B (2)

Peq = Pref- exp< R RT
- Teq

In this equation, Peq is the equilibrium pressure of the reaction taking place at the temperature Teg. AH’
and A,S’ represent respectively the enthalpy and entropy of reaction in the standard conditions (P,s = 1 bar
and Tper = 25°C). Thermodynamic constraints in pressure and temperature different from those

corresponding to equilibrium must be imposed on the reactor for the reaction to take place.

A conventional thermochemical system with fixed-bed reactor operates according two distinct phases and
consists of 5 main components: a reactor, a condenser, a tank, an expansion valve and an evaporator. During
the storage phase, also called decomposition phase, the thermal energy from the hot source (Qgec) is
transferred to the reactor to raise its temperature. The reactor being closed, the temperature increases up to

the temperature of the hot source T}, and leads to a pressure increase due to the monovariant equilibrium
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of the reaction. This equilibrium is described by equation (2)(21). When the pressure in the reactor reaches
the condenser pressure, these two components are then connected. The pressure in the reactor is thus fixed
by the condenser and its temperature is conditioned by the heat exchange with the hot source. The reactant
is put out of equilibrium and the decomposition reaction takes place: the gas is desorbed and flows towards
the condenser. In the condenser, the gas is cooled down to the saturated vapor state (desuperheating of the
vapors) and then condenses. These two phenomena imply that a quantity of heat (Q.,,4) Mmust be evacuated

towards the environment sink. The resulting liquid is stored at ambient temperature in the liquid tank.

Before the cold production phase, also known as the synthesis phase, the valve connecting the reactor to
the rest of the system is closed to isolate it. The reactor is cooled by a heat transfer fluid to lower its pressure.
When the pressure drops below that of the evaporator, the reactor is connected to the evaporator. The gas is
then chemically absorbed by the reactive salt producing a heat of reaction (Qsyy.) that is released to the
environment. This chemical reaction between the gas and the reactive salt causes a decrease in pressure at
the evaporator and, to compensate for this decrease in pressure, the liquid in the evaporator vaporizes,
inducing an endothermic effect at temperature T.,4. The liquid in the tank is then expanded to the
vaporization pressure to feed the evaporator. The endothermic nature of evaporation allows heat to be

absorbed from the cold source (Qeyqp), Which is the desired useful effect.

Scientific research has focused on hybrid thermochemical systems using a compressor for several years
now. This enables to recover heat at a lower temperature than conventional systems [19], [20] or to produce
cold at a lower temperature [21]. The compressor can be used independently in the two phases of operation
of the thermochemical system. The operating of such hybrid thermochemical systems is described in Figure 2.
In this figure, Qcona, Qevap » Qaec and Qgyn; represent the heat exchanged in the condenser, evaporator and
reactor respectively, depending on whether the phase is decomposition or synthesis. The compressor in the
decomposition phase allows the pressure of the reactor (Py..) and the condenser (P.,,4) to be decoupled
thanks to a mechanical work (Wc‘f,fncp). The reactor can therefore desorb the gas at a lower temperature Ty,

than would be required if the reactor were directly connected to the condenser (T},;). This allows the reactor
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to operate at a lower pressure that of the condenser and the compressor allows the gas to flow towards the
condenser by overcoming the pressure difference. In the synthesis phase, the compressor allows the

evaporation pressure (P,yq;) to be decoupled from the reactor pressure (Ps,,,) thanks to the mechanical work

(VI/'CZ{,?;) and thus the evaporation pressure to be reduced. The cold is thus produced at a lower temperature

!
cold:

Evaporator

Evaporator

Figure 2 : Description of the 2 proposed compressor configurations: the assisted decomposition on top and

Several types of modeling for thermochemical fixed bed reactor have been developed in the scientific

literature. The first one was developed from the description of a small volume of salt and described the heat
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and mass transfers at this local scale [22]. At each point of the reactor the pressure, the temperature and the
advancement of the reaction is available thanks to the resolution of differential equations resulting from heat
and mass balance. These types of models enable to show the existence of two reaction fronts more or less
diffused. The first one is relative to the heat transfer inside the reactive bed and the second one to the mass
transfer. This type of model enables a detailed understanding of the phenomenon at a small scale but requires
the knowledge of many data related to the material and difficult to access. To make the computation of this
model easier, a simplification of this model has been proposed by considering sharp reactive fronts [23]. It has
also been shown in [24] that if pressure is high enough in the reactor (greater than 0.5 bar) to prevent kinetics
limitations or if the permeability of the reactive bed is high enough, then the mass transfer no longer limits
the reaction rate and the pressure can then be assumed to be uniform in the reactor. Finally, a last
simplification can be made by assuming that the temperature is also uniform in the reactor. This simplification
can be made if Expanded Natural Graphite (ENG) is used to find an optimization between heat and mass
transfers inside the reactor. This latter type of simplified model of fixed-bed solid/gas reactor is used here to

develop the EMR of the thermochemical system.

3. EMR of a hybrid thermochemical system

3.1. EMR of the solid/gas thermochemical reactor

The fixed-bed reactor, depicted on Figure 3 consists of a metallic envelop in which is contained a porous
reactive material composed of a compressed composite of salt and expanded natural graphite (GNE) allowing
to improve both the diffusion of the reactive gas and the heat transfer. The reactor tube wall is subjected to
heat exchange with a heat transfer fluid, which is usually either air or water flowing. Gas diffusers are located
in the reactive composite to distribute axially the reactive gas all along the reactor. The dead volume, which
represents the volume of the reactor that is not occupied by the reactive composite, is therefore composed
of the volume of the diffusers, the free volume of the reactor not occupied by the reactive bed as well as the

void volume constituting the porosity of the reactive composite material.
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The EMR modeling being based on a macroscopic scale of the energy transfers between the different
subsystems, the reactor is considered as a set of 3 subsystems: the reactor wall, the reactive composite and

the dead volume. Several assumptions are made to simplify the thermochemical reactor modeling:

- The heat transfer between the dead volume and the reactor tube wall is neglected.

- Thereactor shell is assumed to be thermally insulated and therefore does not exchange heat with
the environment but only with the heat transfer fluid.

- The temperature and pressure are assumed to be uniform in the reactor.

- Kinetic and potential energy variations are neglected.

- The thermal capacities of the different materials are taken constant whatever the operating
temperature.

- All solids (wall and reactive composite) are assumed to be inexpansible and indilatable.

-
Reactor shell -P\\_____ ] Heat transfer

Dead volume ‘;"""—_ — —* fuid outlet
) < ( Reactive gas
- “> - diffuser
R C
. . -
Reactive composite g e -
) o
—i
Heat transfer
- - —
N < 4 fuid inlet
o @

Mater transfer ~ Heat transfer

Figure 3 : Scheme of the reactor composed of the 3 subsystems (reactor tube wall, reactive composite and

dead volume).

The reactor environment is composed of two sources. On the one hand it is subjected to a thermal
exchange between the heat transfer fluid and the reactor tube wall and, on the other hand, to a gas exchange

through the top of the diffuser with the other components of the system (evaporator, condenser or
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compressor). These exchanges with the sources require the knowledge of the temperature of the heat transfer

fluid and the molar flow of gas exchanged between the reactor and the rest of the system.

The wall of the reactor tube as well as the reactive composite itself can accumulate thermal energy, the
dead volume can accumulate a certain quantity of gas. There are thus 3 energy accumulators in this system,
which will ultimately correspond to 3 state variables for the reactor model and thus 3 accumulation blocs in
the EMR model. A schematic representation of these different blocks to be designed, with their thermal or

mass interactions is shown in Figure 4.

Heat Heat Mass Mass
exchange exchange exchange exchange
1 1 ] I
Heat AN wal Cb Reactive <t> Dead N Mass
source/sink mixture volume source/sink
| | I
I I I
Heat Heat Mass

accumulation  accumulation  accumulation

Figure 4 : Scheme of the different subsystems representing the reactor and the different energy exchanges

between them.

From these considerations it is possible to design the EMR diagram of the reactor with the different blocs
that compose it as well as the different variables representing the energy exchanges. The complete EMR
scheme of the reactor is described in Figure 5. The various variables shown in this figure are described below
as they appear in the equations describing the behavior of the various blocks. It is also possible to refer to the

nomenclature to find the meaning of each variable if required.
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Thermal

Thermal accumulationin Gas
accumulatign in ﬂ;le the reactive accumulationin
. reactor tubes wa i he dead volume
) m;: composite t
Hzattransferﬂ)uld f D CmmmmmD
---------- ~Tw,r =Tr T
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Heat .
source/sink L =T
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Gommmee> G > Gmmmees > Comemeee>
Thermal exchange Mass exchange Compressor/Valve
between wall and between reactive
reactive composite composite and dead
volume
Variables Subscripts and superscript

T Temperature htf  Heat Transfer Fluid

P Pressure av Average

n Molar flow rate r Reactor

S Entropyflow w  Wall

M Mass flow rate

Figure 5 : EMR representation of the reactor.

3.1.1. Heat exchange between the heat transfer fluid and the tube reactor wall

The block representing the heat exchange between the heat transfer fluid and the tube reactor wall is a
monophysical conversion block as depicted on Figure 5. The inputs are the mean temperature of the heat

transfer fluid Ty¢f gy and the reactor wall T,,. The outputs are the entropy fluxes associated to the heat

. T T
exchange $,."7%” and Shey-

The entropy fluxes are computed as the ratio between the thermal power exchanged between the heat
transfer fluid and the tube reactor wall @, ,,r and the considered temperature as shown by equations (3)
and (4).

SThtf,av — q)W»htf
Thtf,av,r

q)w,htf
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The thermal power can be expressed from the knowledge of a heat exchange coefficient (UA); ¢, and
the average logarithmic temperature difference between the heat transfer fluid and the wall. It's assumed
that the temperature difference between the inlet and outlet of the heat transfer fluid is small thus the
average logarithmic temperature difference can be estimated as a first approximation by the difference
between the average temperature of the heat transfer fluid and the wall temperature. The heat flux can thus

be expressed using the equation described by equation (5).

(pw,htf = (UA)r,ext- (Thtf,av,r - Tw) (5)
The estimation of the overall heat exchange coefficient is not trivial because of the complex geometry of
the heat exchanger. For this reason, it is calculated as a power function of the heat transfer fluid flow rate
m;tf using a multiplier constant A that is determined by identification from experimental observations. The
exponent is determined from the Nusselt correlations found in the literature. The final expression is given by

equation (6).

(UA)r,ext = A. (mth)Ols (6)

3.1.2. Heat accumulation in the tube reactor wall

The block that represents the thermal accumulation in the reactor wall is an accumulation block that

T .
h‘;”]'f and the second from the reactive

receives two entropy flows, one coming from the heat transfer fluid S
composite S,."". This block output is the state variable T, ,-. This temperature is calculated from a heat balance

on the reactor wall based on the thermal mass of the reactor wall (m. Cp)wr as shown by equation (7).

dT, . .
(m.cp),,, == (Sney = S$5") T (7)

Afirst order differential equation is obtained. The block output T, ,. is expressed as an integral function of

the inputs (entropy flows). The integral causality imposed by the EMR formalism is thus respected.

3.1.3. Heat exchange between the reactor wall and the reactive composite
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This heat exchange is slightly different from the exchange between the heat transfer fluid and the wall
because here a heat exchange at the surface contact between two solids. By defining an overall heat exchange
coefficient (UA); in¢, characterizing a contact conductance between the wall and the reactive composite, it is
possible to estimate the heat flux ®,, - from the input data of the block that are the reactor wall temperature
T, and the reactive mixture temperature T,. as shown in equation (8). The overall heat transfer coefficient
will be estimated using an identification from experimental observations because there is no correlation to

compute it.

cI)w,r = (UA)r,int- (Tw,r - Tr) (8)
The expression of the entropy flux is then obtained in a similar way to what has been presented in the

equation (3)
3.1.4. Heat accumulation in the reactive composite

The block representing the thermal accumulation in the reactive composite is a block with two entropy

flows as inputs. The first one comes from heat exchange with the tube reactor wall S‘,ﬁf and the second one

from the decomposition or synthesis reaction taking place within the reactive composite S'TTr. These two
entropy flows are obtained using a first principle balance on the reactive composite as shown in equation (9).
In this balance, it is essential to note that the sensible heat of the gas arriving in the reactor during the synthesis
is neglected. This approximation allows to simplify the EMR modeling while remaining an acceptable
assumption since the sensible heat is weak in front of the reaction heat because the gas arrives in the reactor

at a temperature relatively close to it.

dUs+ENG

dt = (UA)r,int- (Tw,r - Tr) + 1. hg(Tr) (9)

In this equation, Usygng represents the internal energy of the salt and the ENG, T, , and T, refers
respectively to the reactor wall temperature and the reactive mixture temperature, 7, refers to the molar
flow rate of gas consumed (synthesis) or produced (decomposition) the chemical reaction and hg is the molar

enthalpy of the gas. The flow rate is considered positive for the synthesis reaction. It is possible to express this
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flow rate from the variation of the reaction advancement X and the total number of moles of salt in the

reactant ng by equation (10).

dX
n, = Vg —- (10)

Where v is the stoichiometric coefficient of the reaction, i.e. the number of moles of desorbed gas by

moles of reactive salt.

Since the internal energy of the reactive mixture Ug, gy is an extensive state variable, it can be expressed
as the sum of the internal energy of the salt U and the expanded natural graphite Ugy¢ as presented by the

equation (11).

dUsiovg _ 4Us | dUpyg

(11)
dt dt dt

The case of expanded natural graphite is rather simple because it is possible to assume it as an

incompressible and inexpansible solid. With the knowledge of the thermal mass of the ENG (m. Cp)ENG and

the reactive mixture temperature T, equation (12) enable the computation of the internal energy of the ENG

UENG .

dUgng darT;,
“ar - ™ )evaGr -

For the salt, it is necessary to consider its composition (proportion of charged salt and discharged salt)
which varies in time according to the advancement of reaction X. To express the internal energy of salt Uy it
is preferable to go through the calculation of its enthalpy H, because in the case where the salt is considered
as an incompressible and inexpansible solid it is possible to consider that d H; = dUs. The enthalpy of the salt
can then be decomposed as a function of the molar enthalpy of the charged salt h; and the discharged salt h,

in gas considering as shown in equation (13) where ng represents the total number of salt.

Hg = ng.[hy. (1 — X) + hy. X] (13)
The enthalpy of reaction AH,. is defined as the thermal energy released by the absorption of one mole of

gas during the synthesis reaction. This can be expressed by looking at the reaction expression (1). Equation
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(14) is thus obtained where hj and h, represent respectively the molar enthalpy of the discharged and charged
salt, v is the stoichiometric coefficient of the reaction and h, the molar enthalpy of the gas involved in the

reaction.

hg—hy+v.h
ArHZ% (14)

The enthalpy of reaction A H depends on the pressure and the temperature at which the reaction is
carried out but it is usual, taking into account the relatively weak amplitudes of temperature and pressure
undergone by the thermochemical process, to make the assumption that the enthalpy of reaction is constant,
and equal to the enthalpy of reaction in the normal conditions of pressure and temperature (P° = 1 bar and

T° = 25 °C). This defines the standard enthalpy of reaction 4, H°.
Some assumptions allow to simplify the differentiation of the expression of the salt enthalpy H; :

e The discharged salt S, can be assimilated to an indilatable and incompressible solid: dhy = ¢po.dT;..
Where hg is the molar enthalpy of the discharged salt, ¢, the molar thermal capacity of the
discharged salt and T, the temperature of the reactive mixture.

e The gas can be assimilated to an ideal gas: dhy; = ¢, 4.dT;. In this equation, hg is the molar enthalpy
of the gas, ¢, 4 the molar thermal capacity of the gas and T;- the temperature of the reactive mixture.

e The enthalpy of reaction 4,.H® is assumed to be constant as a function of temperature and pressure:

dA,H° =0

With these assumptions and thanks to equation (14), the differentiation of equation (13) gives the

equation (15).

dUs = ng. [(cpo + V. X.Cp g )-dT, +v. (hy — AH®). dX] (15)
In this equation, U, is the internal energy of the salt, n; the number of moles of salt, Cp,0 the molar thermal
capacity of the discharged gas, v the stoichiometric coefficient, X the reaction advancement, ¢, , the molar

thermal capacity of the gas, h, the molar enthalpy of the gas and A, H° the standard enthalpy of the reaction.
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An additional assumption is made on the thermal mass of the reactive salt which is taken equal to the

average thermal mass of the salt ¢, 5 4, as shown in equation (16).

s (Cpo +v.X.Cpg ) = N5 Cpsav (16)
By combining equations (12), (15) and (16) and after simplification the balance equation on the reactive

composite is expressed by equation (17).

(ng. Cpsav + Meng- Cp,ENG)-% = (UA)rine- (Twr — Tr) — 1ty A HO (17)
This equation reflects the fact that the temperature increases of the reactive composite (term on the left
hand side of the equal sign) is due on the one hand to the heat exchange with the wall (first term on the right
hand side of the equal sign) and, on the other hand, to the quantity of heat absorbed or rejected by the

chemical reaction (second term on the right hand side of the equal sign).

To respect the EMR formalism, it is necessary to express the temperature of the reactor as a function of

the two entropy fluxes supplied by the adjacent blocs. Thanks to the previous equation, it is possible to identify

these 2 entropy fluxes: one due to the heat exchange at the wall of the reactor S';;f, the other due to the heat

of by reaction SrTT. These entropy fluxes are expressed by the following equations (18) and (19).

T . AH,° (18)
r - Tr
STT _ (UA)r,int- (Tw,r - Tr)
htf — T.
r (19)

By inserting the equations described by (18) into balance equation (17), the temperature of the reactive

composite is expressed as an integral function of the entropy flows that are the inputs of this bloc.
3.1.5. Mass exchange between the reactive composite and the dead volume

The coupling between the thermal part and the fluidic part is done through a multiphysics coupling block

in which the inputs of the block are used to express the entropy flow S'rTr using equation (18). To express the
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flow of gas absorbed or released by the reactive composite it is necessary to know the variation of the rate of

advancement, and thus to introduce a kinetic law.

Several kinetic laws have been proposed in the scientific literature, which are determined either from
balances on the reactive composite as in the article by Neveu et al. [25] or empirically from experimental
observations. This second method has been chosen here because many phenomena influence the kinetic, and
it is difficult to account for them by putting them into equations. The chosen kinetic law results from the
following considerations: the kinetics of the reaction depends mainly on the deviation from the equilibrium
and the current progress of the reaction. Expression (20) from the article by Mazet et al. [26] is retained. In
this equation X is the reaction advancement, ky;, a kinetic coefficient and a an exponent which makes it
possible to account for the dependence of the kinetics on the advancement (a € [0; 2]), B- and T, the reactor

pressure and temperature and P, (T;-) the equilibrium pressure at the reactor temperature.

dX

— = k. X% In b (20)
dt — T TR (T

This expression is only valid in decomposition. For the synthesis, the term X will be replaced by (1 — X).

The equilibrium pressure is calculated with the Clausius-Clapeyron equation (21).

(21)

AH’ ArS°)

Peq(T) = P°.exp( T RT

In this equation P, (T) is the equilibrium pressure at the considered temperature T, P° is the reference

pressure (P° = 1 bar), A,.H° and A,.S° are respectively the standard enthalpy and entropy of the reaction and

R is the universal constant of perfect gases.
3.1.6. Mass accumulation in the dead volume

The amount of gas in the dead volume 7 4,, can be calculated from a mass balance on the dead volume
of the reactor. Indeed, this volume is subject to two flows of gas, on the one hand the one produced or
. in,out

absorbed by the reactive salt 11,- and, on the other hand, the one which is exchanged with the outside n,.

The quantity of gas in the dead volume can thus be expressed according to (22).
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dn .
—;t'd" = 11, + ROU (22)
The reactor pressure is computed by assuming that the gas behaves like an ideal gas. This approximation

is valid here because the gas is far enough from the liquid/vapor equilibrium to avoid the effects of fluid

saturation.

The reactor model is thus complete and allows to account for its behavior during the decomposition phase

as well as the synthesis phase by considering different parameters of the kinetic law for these 2 phases.
3.2. EMR of the other components of the thermochemical system
3.2.1. EMR of the condenser

It is assumed that the liquid level is the condenser is low and constant witch is the case when the
condenser is placed directly above the tank and the liquid flows naturally to the tank by gravity. Moreover,
the kinetics of the condensation is much higher than the kinetics of the chemical reaction. It is thus possible
to consider that the condensation is instantaneous. From these 2 considerations, it assumed that there is no
mass accumulation in the condenser since as soon as gas arrives it is instantly condensed and evacuated
towards the liquid tank. Condenser wall have been neglected in this model because of their limited impact.
Finally, the only energy accumulation in the condenser model is a thermal accumulation that sets the
condensation temperature as a consequence of entropy flows from condensation and heat exchange with the

heat transfer fluid. The complete diagram of the condenser model is available in Figure 6.
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Compressor/Valve 1 FO—S
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GrmmmeeeD Gmmeeneeees >
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the thermal and between heattransfer
fluidic parts fluid and condenser
Variables Subscripts and superscript
T Temperature htf Heat Transfer Fluid
P Pressure av Average
n Molar flow rate cond Condenser
S Entropyflow w Wall
T Mass flow rate

Figure 6 : EMR representation of the condenser. The meaning of each variable can be found using the

nomenclature.

The coupling block between the thermal and fluidic part is simple because the gas and liquid molar flows

are equal nt , = n%%  and the pressure is calculated from the saturation pressure at the condensation
temperature Poong = Psat (Teona)- In order to calculate the entropy flow related to the production of heat

due to condensation, an energy conservation balance can express the heat flow as shown in the equation (23).

The entropy flux of condensation SCTOC;’[(;"’ is then deduced in a similar way to what was presented previously in

equation (3).

q)cond,htf _ néﬁnd' (hg (TCOnd,iTl) - hl (Tcond)) (23)

Tcond Tcond

STeond _
S cond

In this equation h, and h; represents respectively the molar enthalpy of the gas and liquid phases and
T.ona refers to the condensation temperature. The calculation of the condensation temperature, carried out

in the accumulation bloc, is done by means of a heat balance on the condenser as shown in equation (24). In



388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

this equation ng is the number of moles of gas, n; the number of moles of liquid, ¢, 4 and ¢, ; are respectively

the molar heat capacity at constant volume for the gas and the liquid phases, T,,,q is the condensation

temperature. Sf;;;gd and Sgg}’_"d are respectively the two entropy fluxes due to the condensation of the gas

and the heat exchange with the heat transfer fluid.

chond —
dt

2T eon “Teon
(STcont — Syeend). Teon (24)

ng- Cv,g (Tcond) + ny. Cv,l(Tcond)- cond

For the sake of simplicity, the heat accumulation in the condenser wall is neglected here. To take this into
account, a heat exchange block between the condenser and the wall as well as an accumulation block should
be added but the wall has little impact on the global dynamic of the system because the condenser is small

(0.5 L) and thus its wall mass is low compared to the thermal mass of the reactor.

For the heat exchange between the heat transfer fluid and the condenser, the overall heat exchange
coefficient (UA) conq is calculated from a law extracted from the literature allowing to express it as a power
law of the heat transfer fluid flow rate m,ﬁg}ld as shown by equation (25). In the present case and considering
the configuration of the exchanger, an exponent of 0.8 has been chosen. This coefficient must be adjusted
according to the type of flow considered for the heat transfer fluid (laminar or turbulent) as well as according
to the geometry of the exchanger. In this equation, the constant B will be identified from the different

experimental data sets. The heat flux and the corresponding entropy flux are then calculated in the same way

as presented in equations (5) and (3) respectively.

. 0.8
(UA)cona = B. (mfclg}ld) (25)

3.2.2. EMR of the evaporator

The evaporator modeled here is a flooded type evaporator, i.e., constantly filled with liquid with only a
slight gas overhead to ensure that a liquid/gas mixture remains present. To do this, the evaporator is placed
under a small tank in which the liquid level is kept constant by means of a solenoid valve controlled by a level

sensor. As for the condenser, the assumption of instantaneous evaporation remains valid because the kinetics
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of evaporation is always much higher than the kinetics of the thermochemical reaction. As for the condenser,

the wall is neglected here. These different considerations lead to consider that there is no mass accumulation

block in the model but only a thermal accumulation block allowing to calculate the evaporation temperature.

The EMR model of the evaporator is depicted in Figure 7.

Thermal
accumulationin
the evaporator

hez-ap
thf Heattransfer fluid

Cmm D
Commmr> S.n:rfm:erap
Temp evap
Heat
T source
___-_rfl'i(___ sh:}a: Thefavevap
Teanx Thermal exchange
Liquid \_p, .5 between heattranfer
source fank fluid and evaporator
Rebap Nghap
G
Throttling valve
Coupling
between the . out
thermal and n?f.ap G D>
fluidic parts Compressor/Valve
Variables Subscripts and superscript
T Temperature htf Heat Transfer Fluid
P Pressure av Average
n Molar flow rate evap Evaporator
S Entropyflow w Wwall
h Mass flow rate

Figure 7 : EMR of the evaporator.

The first block, on the left in Figure 7, represents the expansion of the liquid through the throttling valve.

The temperature at the inlet of the valve Tig,k is the temperature of the tank. The computation of the

temperature at the outlet T,yqp in is made with the knowledge of the pressure P4, and the enthalpy

h(Ptani> Trank) because the expansion is supposed to be isenthalpic.

The coupling block between the thermal and fluidic part is quite similar to the condenser coupling bloc.

The pressure is calculated by considering the pressure as the saturation pressure at the evaporation



422 temperature, both molar flow of gas and liquid are equal, and the entropy flow is computed thanks to an

423  energy conservation balance in the evaporator.

424 The calculation of the evaporator temperature, carried out in the accumulation bloc, is done by means of

425  aheat balance on the evaporator similarly to equation (24) for the condenser.

426 Finally, the thermal exchange between the heat transfer fluid and the evaporator (UA)yqyp is made with
427  the identification of the constant parameter C which characterize the overall heat transfer coefficient as
428  shown by equation (26). In this equation mf:;?p refers to the mass flow rate of the heat transfer fluid at the

429 evaporator.

, 0.8
(UA)evap =C. (m}?t;}?p) (26)
430 3.2.3. EMR of the mechanical compressor
431 The proposed EMR model is shown in Figure 8. The compressor is located between 3 sources or sinks, one

432 gas sources at its inlet, one gas sink at its outlet and a mechanical energy source to drive it in rotation.

Reactor/Evaporator Compressor Condenser/Reactor

Variables Subscripts and superscript
T Temperature comp Compressor
P Pressure
n Molar flow rate
Q Rotation speed
r Torque
433

434 Figure 8 : EMR of the compressor.
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The molar flow rate entering the compressor 1;,, depends on the volumetric efficiency of the compressor
1y, the swept volume per second V, and the molar volume of the gas at the inlet of the compressor
Vi (Tin, Pir) @s shown in equation (27).

- Ny. I./b
" Um (Tin: Pin)

(27)

The volumetric efficiency can be estimated from the knowledge of the adiabatic coefficient of the gas
under consideration y and the ratio of dead volume V;,, to swept volume V}, expressed as e.omp = Vau/Vp as
written by equation (28). In this equation P, and P, refers respectively to the inlet and outlet pressure of
the compressor.

Poue\v
M = 1= €comp- (Fjit) -1 (28)
m

The volume swept each second can be expressed by equation (29). This is a function of the compressor

speed comp, the volume of a cylinder V,,,; and the number of chambers of compression N,.

. 1
Vo = 5—Veyt- Ne- Qcomp (29)

Finally, the molar flow rate of gas drawn in by the compressor 1n;;,, can be obtained by equation (30).

1
Pout)? 1 1
—1|.=—.V.,;. Ny O —_— 30
Pin 2. eyt Teyl:Teomp Um (Tin' Pin) ( )

Ny = |1 - Ecomp- (

The outlet temperature can be estimated using the isentropic efficiency 1;s; of the compressor as shown
in equation (31). The isentropic efficiency will be considered constant as a first approximation. Knowing the
enthalpy and the discharge pressure it is thus possible to estimate the discharge temperature using
thermodynamic relations or tabulated values. In this equation hf,sut is the molar enthalpy of the gas at the
outlet of the compressor considering an isentropic compression, h;, is the molar enthalpy of the gas at the

inlet and h,,,; the real molar enthalpy of the gas at the outlet of the compressor.
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out ~ hin (31)
hout - hin

Nis =
In order to calculate the driving torque of the compressor Iy, an energy conservation balance on the

compressor shaft is performed as shown in equation (32) using the rotation speed of the compressor Q;omyp,

the molar flow rate of the gas 1, and the molar enthalpy of the gas at the inlet h;, and outlet h,,;.

1—‘cornp- -Qcomp = 7;"g- (hout — hin) (32)

3.2.4. Valve

The equations for calculating the flow through a valve depend on the flow regime. In the case of an
expansion ratio greater than 2, we will consider that the flow is supersonic and that the flow rate is only a
function of the upstream characteristics. Otherwise, the pressure difference AP between upstream P;, and
downstream P,,,; must be considered in order to calculate the flow rate q,,. The two equations allowing to
estimate the flow are given by equation (33) and (34). In this equation G, is the specific density of the
considered gas, C,, is the heat capacity at constant volume and N is a coefficient whose value depends on the

units considered for the different quantities. With P in bar, q,, in std L/min and T in K, N is taken at 6950.

/Py 2. AP
Subsonic ( < 2) : g, =N.C,.Pi. (1 — ) (33)
out 3-Pin
Supersonic ( n> 2) i g, =0.471.N.C,.P;,. (34)

out

3.3. EMR model for the whole hybrid thermochemical system

All the components of a thermochemical system have been modeled and implemented into Simulink. For
the complete model of the hybrid thermochemical system, several flow distribution blocs have been designed
for this purpose. These blocks allow to redirect the flows according to the considered phase (decomposition
or synthesis) or to the use or not of a compressor. It can be noticed in this model, depicted on Figure 9, that
two compressors are used but, in the real system, the same compressor could drive both decomposition and

synthesis phase. This artifice allows to clarify the modeling of the complete system. This global model has 4



469 energy sources or sinks: 3 heat sources/sinks for the different heat transfer fluids (related to the reactor,

470 condenser and evaporator) and one mechanical source to drive the compressor.
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Figure 9 : EMR of the entire hybrid thermochemical system.
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4. Experimentation and model validation

The prototype used to validate the model use the BaCl,(8/0) salt which react with ammonia. This system
is described in [19] and has been modified to be able to test the compressor-assisted synthesis phase, one

dataset for each of the 4 phases was used to identify the model calibration parameters.

A system identification is made through a whitebox testing with a Particle Swarm Optimization (PSO)
algorithm to tune the calibration parameters of the model to fit the experimental observations. The operation
of this algorithm is described by Eberhart and Kennedy [27]. This algorithm is based on the generation of a
particle swarm for which the position of each particle represents a possible solution to the optimization
problem. The particles are then iteratively moved in the solution space to ensure a convergence towards a
suitable solution to the optimization problem. This type of algorithm does not ensure to obtain the optimal
solution in the mathematical sense of the term but an approximate solution which remains largely acceptable
for this optimization problem. To estimate the degree of correlation between the model and the experimental
observations the root mean square error (RMSE), defined by equation (35) is used. This indicator expresses
the average distance between the experimental points and those obtained by simulation under the same
operating conditions. In this equation, Val represents the value of the considered parameter either for the
simulation Val'™ or for the experimentation Val®*?, n represents the different timesteps and N¢ the total

number of timesteps.

Z:ﬁo(Val”'m (n) — Valexp (n))2
Ny

RMSE = (35)

Three representative variables of the thermochemical process operation are selected:

e the pressure in the reactor P.
e the advancement of the reaction X
e the condensation pressure P.,nq or the evaporation pressure Py, depending on the

operating phase considered.
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The score of a particle for a given experiment is thus calculated as the sum of the RMSE for each of these

3 variables.

4.1. Model parameters

The input data for the modeling are the design parameters of the prototype (Table 2) and the operating

conditions of the corresponding experiment:

e The temperatures of the heat transfer fluids at the reactor, condenser, and evaporator.
e The mass flow rates of the 3 heat transfer fluids.

e The rotation speed of the compressor when it is used.

Table 2 : Design parameter of the prototype used as input data of the model.
* These data come from values collected and computed by Touzain [28] and from CNRS-PROMES knowledge.
** Typical value of the average isentropic efficiency of a reciprocating compressor considering the operating

condition of this study.

Parameter Values
Number of moles of salt ng [8] 64.9 mol
ENG mass mgyg [29] 221kg
Wall of the tube reactor mass m,, ,- [29] 25.7 kg
5 Thermal capacity of the salt ¢, g g, * 76.8].mol 1. K1
(8]
g Thermal capacity of the ENG ¢, gy 800/.kg 1. K1
Thermal capacity of the tube reactor wall
pacity 502 /. kg~L. K1
CP,W,T
Standard enthalpy of reaction A H® * 38248 ). mol L. Kt
Standard entropy of reaction A,.S° * 232.4].mol™?!
§ Isentropic efficiency n;s** 0.7
(7] .
Vol f th hamber V,
g. olume of the compression chamber V.., 0.345 L
£ [30]
o
o Number of cylinders N, [30] 2
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= Condenser volume V4 [30] 05L
[72]

c

§ Volume fraction of liquid ¥;;4 cona 1%
o

o Exchange area S,,,,4 [30] 0.35 m?
5 Evaporator volume V4, [30] 05L
)

©

§ Volume fraction of liquid ¥;i4 evap 99 %
@ Exchange area S;,q; [30] 0.35 m?

However, some parameters remain unknown or are simply difficult to estimate, such as kinetic
coefficients, heat exchange coefficients or characteristics impacting the compressor operation. This set of

unknown parameters constitute the calibration parameters of the model. A total of 9 parameters are used:

e 4 parameters for the kinetic relations. For each phase (decomposition and synthesis), 2 kinetic
coefficients are needed: ky;;, and n as stated in equation (20).

e 4 parameters for the overall heat transfer coefficient, as used in equations (6), (8), (25) and (26).

e 1 parameter for the ratio between the dead volume and the swept volume of the compressor, as

characterized by equation (28).

By means of an optimization over the 4 operating phases, the values summarized in Table 3 are obtained

for each of the calibration variables.

Table 3 : Identified values for the model calibration parameters.

Calibration variables Nomenclature Value
Kinetic decomposition coefficient kcin,dec 1.1073s71
Kinetic decomposition exponent Agec 1.7 [—]
Kinetic synthesis coefficient kcin,synt 1.1073s71
Kinetic synthesis exponent Asynt 0.3[-]
Overall heat transfer coefficient salt/wall (UA)reac,int 524 W.K™1
Overall heat transfer constant htf/wall A 2500 [W.K 1. kg=06.5%6]
Overall heat transfer constant condenser B 2500 [W.K ™1 kg=08.5%8]
Overall heat transfer constant evaporator C 2800 [W.K 1. kg=08.508]
Dead volume to swept volume ratio compressor Ecomp 0.2 [—]

4.2. Comparison between numerical and experimental results
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The results of the modeling of the prototype according to the 4 phases of operation are presented on
Figure 10. The results concerning the validation of the model are presented as a distribution of the
experimental and simulated data. The solid line represents a hypothetical model that should perfectly match
the experimental observations. The pressure differences between the EMR model and the experiments are
always lower than 1 bar, the advancement is accurately estimated because the error is never higher than 0.1

and the reactor wall temperature is never estimated with an error greater than 2 °C.
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Figure 10 : Distributions of experimental and simulated results for reactor, condenser and evaporator

pressure, feed rate and reactor wall temperature.
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In order not to overload this article, the temporal evolutions of the different signals from the experiment

or the simulation are not presented here but are visible in [8].

5. Application in process control

To understand the different potential applications offered by this EMR model, an example of temperature
control of a cold room is proposed. The EMR model established previously allows, by inversion of the model,
to drive the compressor in synthesis phase to control the temperature of a cold load. The integration of a
compressor in the thermochemical process allows to reach temperatures close to -30 °C, the application
considered here is the regulation during 24 h of the temperature of a negative cold room at -18 °C, common
temperature considered for freezing applications. An illustration of the thermochemical process implemented

for this purpose is proposed and represented in Figure 11 in the cold production mode.

Tank Evaporator § Ww..
: I
=
Compressor
= )
Reactor
L 1B

e

Figure 11 : Scheme of the proposed process control for the regulation of a cold room temperature.

To model the thermal loads of the cold room during a day, a classical loss profile is used. This one has been
scaled to match the total energy lost during the day with the type of cold room used for this study. The energy

loss of the cold room over a day is calculated by considering the losses by conduction, the openings of the
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door as well as the introduction of food in the cold room. The whole calculation is detailed in [8]. The curve

representing the heat loads of the cold room during a day is shown in Figure 12.
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Figure 12 : Heat loads from the cold room on a typical day.

As stated before, a model inversion must be performed to obtain a control structure allowing to drive the
compressor to control and regulate the temperature of the cold room. This inversion can be seen as an
inversion of the physical functionality of the system. A causal relationship, also often called control chain for
this type of modeling, correspond to a series of parameters to be set to go from the control variable
(compressor speed) to the variable to be controlled (cold room temperature). This relation must be defined
from the model in function of the control the user wants to apply. This causal relationship is then inverted to
obtain a command chain to determine the control law of the compressor speed versus the cold room
temperature. This methodology allows us to identify the blocks that need to be inverted as well as the
variables to be controlled. These two chains, as well as the EMR model and its inversion are presented in Figure

13.



H.mcnv..ﬁ.: .ﬁmcnt.mz

NH; lig. - in
source 4 Peanicy Nevap
HMW_WQV _ﬁm_\.nt
o w:.ﬂc_.
Twr .T
q..ﬁ .m,%:. T u..ee_% 4— .w‘u. htf.av.r
—— m Heat
mﬁm;,mv.mz ¢ 7 sink
Ly Ry [
.W_.Hmw. .H.EH .m,.:.nﬁ H.:Q._ac_ﬂ
mﬁ.m_\.nt ,m....._mcnﬁ
2Tevap evap
S,
ass -
o B . . T, Jy -
- 1 - o Control chain = 0.0y —> 1y —> 5,07 = Tevap —> mwmwn —> T,
m«.mcnt mum;.av Dmozﬁ
| Tevap Command chain 7., — T —> Tovap —> mm.mu - 0, = Qeomp
ig evap evap
loss
5 Variables Subscripts and superscript
2
T Temperature htf Heat Transfer Fluid
Jout P Pressure av Average
zmm.nu
n Molar flow rate r Reactor
Notations m  Mass flow rate evap evaporator
X Set-point quantity S Entropy flow comp Compressor
X Mesured quantity Q0  Rotation speed cr Cold room
r Torque w wall

559

Figure 13 : EMR model of the control process and inversion of the causal relationship.
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In Figure 13, the "tilde" notations refer to set-point quantities that are found in the chain of causal
relations, while the "circumflex" notations refer to measured quantities. The control structure obtained by
inversion of the EMR model is called the maximum control structure. This structure can then be simplified to
reduce the number of measurements to be performed on the system. This step is not detailed here because
the objective is not to actually implement the control strategy obtained. However, the dotted lines in Figure
13 refer to the quantities that should be removed because they are difficult to measure. To do this, a more

robust Pl type corrector could be used to eliminate the need to measure these quantities.

The method used for the inversion of each block is described by Walter et al. [9]. Three types of blocks are
involved in the causal relationship: two accumulation blocks, a monophysical coupling block and two

multiphysical conversion blocks. The inversion reveals two correctors that need to be adjusted.

As the control loops are nested, it is essential that the time constants, chosen from the parameters of the
correctors, are consistent with each other so that the internal loop is faster than the external loop. To simplify
the adjustment, the correctors used proportional type. Their respective gains were manually adjusted to
obtain an internal control loop whose response time is about 10 times less than the external loop. For this

reason, the gain of the C1 corrector is equal to 1 and that of C2 to 10.

To facilitate the understanding of the control strategy of the system, Figure 14 represents the regulation

in a more conventional way by means of a block diagram.
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Figure 14 : Block diagram representation of the control structure.

The geometrical and thermodynamic parameters considered are those of the prototype described earlier
except for the number of reactive tubes which has been increased to 21 instead of 7. The exchange surfaces,
the mass of the walls, the reactive composite and the dead volume have been modified accordingly. The

ambient temperature is considered constant and equal to 25 °C.

The results obtained are described in Figure 15. It can be seen that the objective is reached, the
temperature of the cold room can be maintained at -18 °C for 24 hours by adapting the rotation speed of the
compressor. We also see that the choice to use 21 reactive tubes instead of 7 is justified because the synthesis
reaction is complete at the end of the day (X=1). Nevertheless, we notice that the compressor, although it is
one of the smallest powers available on the market, is here oversized compared to the refrigeration load of
the cold chamber: its rotation speed is too low to ensure a correct lubrication of it. It would therefore be
necessary to make it rotate at a higher speed which is suitable for the compressor (about 35% of its nominal
speed, as recommended by the manufacturer) and to use a by-pass to reinject part of the compressed vapors

from the discharge to the suction. Note that this type of capacity modulation is not very energy efficient.
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Figure 15 : Results for cold room temperature requlation based on compressor speed control.

6. Conclusion

The compression-assisted hybrid thermochemical cooler studied in this article make it possible to use heat
sources at lower temperatures or to produce cold at lower temperatures than conventional thermochemical
cooler. In addition, the presence of a variable-speed mechanical compressor in the process provides an extra
degree of freedom for process control. The study described in this article proposes a methodology to defined
control structures for these innovative thermochemical processes. This investigation allows to bring
thermochemical systems closer to an industrial development which would allow this type of system to find its

place in the energy transition.

The contributions and main conclusions of this study are as follows:
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- development of models of thermodynamic machine components (thermochemical reactor, compressor,
evaporator, condenser, expansion valve) in the EMR formalism. These component models could be used in

the future to model other thermodynamic machines using the EMR formalism.

- development of a complete model of a mechanical compression-assisted thermochemical process with
the EMR formalism. The unknown parameters of this model have been identified thanks to a PSO algorithm
and the model has been validated by comparison with experimental data obtained from a highly instrumented
prototype. Deviation between numerical and experimental data are lower than 1 bar for the reactor,
condenser and evaporator pressure, lower than 0.1 for the reaction advancement and lower than 2 °C for the
reactor wall temperature. This validated model can easily be used to study couplings between thermochemical

refrigerators and processes previously modeled with the EMR formalism (e.g. electrolyzer, fuel cell...).

- the inversion of the process model has enabled to establish a process control law. An application is
described to show how the compressor speed can be set to maintain a cold room at —18 °C despite significant
load variations (from 120 W to 700 W). Simulations showed that compressor speed control enabled the cold

room temperature to be maintained with a maximum difference of 1 °C from the set temperature.

- the inversion method of the EMR model could be used to implement control chain of the coupling
between thermochemical refrigerators and processes previously modeled with the EMR formalism (e.g.

electrolyzer, fuel cell...).
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