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Abstract

A diagrammatical approach for the design of new thermo-chemical cascades for heat management purposes is proposed. The two k
of this approach are: a method to automatically generate system architectures and a general approach to selecting appropriate m
based on establishing an explicit correspondence between the exergy balance around a thermo chemical system, the properties of
and the operational system parameters. A new auto thermal configuration involving two thermally coupled single effect processes is pro
suitable materials for its implementation are identified. The method is illustrated for the design of an experimental installation for the tea
thermo-chemical refrigeration system operated at distance from a heat source.
 2005 Elsevier SAS. All rights reserved.
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1. Introduction

Single effect systems based on solid–gas reactions have
demonstrated for heat pump, refrigeration and heat upg
ing applications [1,2]. Such systems exhibit inherent stor
capability and were also being investigated as heat transp
tion vector support [3–8], for example, to exploit a heat sou
located on one site to supply refrigeration needs at a dis
site. Such attributes make solid–gas reactors attractive c
dates for the management of heat from industrial waste
renewable energy sources, which are generally low temp
ture, intermittent and require some distribution means betw
distant production and application sites. However, efficien
safety or cost considerations often impose severe constrain
the temperature/pressure operational range, which, in turn,
the number of gas–solid reaction candidates suitable for a
cific application. Thermal cascade structures such as prop
by Alefeld and Radermacher [1] may be a valuable solu
to overcome these limitations. In this paper, a thermodyna
diagrammatic approach is proposed for the development o
novative thermal cascade structures for the production of
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from a low/medium temperature heat source. This is a two-
approach. First, a method for generating appropriate the
cascade structures of ideal processes is proposed. Then, g
guidelines are given for the choice of suitable reactants.
method is applied to the structural design of an installation
the testing of a refrigeration system driven from a remote h
source.

2. Ideal single effect thermo-chemical refrigeration process
and its representation with thermodynamic diagrams

The basic scheme of a single effect thermo-chemical re
erator is shown in Fig. 1. Two reactors containing differ
solids or simply a solid reactor and a gas condenser/evapo

Fig. 1. A simple effect thermo-chemical refrigerator process.
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ciated
constitute the single effect refrigeration device. This is
two phase process, each involving two steps (s-synthesis,d-
decomposition). In the cold production phase, at low p
sure, solid 1 decomposes and gas flows to reactor 2, w
it reacts with solid 2. As a result, the decomposition ene
QD1 = �HD1 (where �HD1 is the enthalpy variation du
to the chemical reaction of decomposition) is extracted fr
the cold space at temperatureTD1 and the heat of synthes
QS2 = �HS2 is discarded by reactor 2 at temperatureTS2. In
the regeneration phase, at higher pressure, the decompo
of solid 2 requires a heat inputQD2 = �HD2 from the heat
source at temperatureTD2. The gas produced is directed to r
actor 1 where the heat of synthesisQS1 = �HS1 is discarded
at temperatureTS1. The selection of reactive solids allows a
justing the temperature and pressure conditions to the pro
constraints.

As presented by Sorin et al. [9], the operation of an ideal
gle effect thermo-chemical refrigerator may be represente
a Carnot factor, (θ = 1 − T0/T ) vs. heat(Q) diagram (T0 is
the environment temperature) further referred to as aθ–Q dia-
gram. A particular case whereθS1 = θS2 = θ0 = 0 is illustrated
in Fig. 2(a). The driven heat flowQD1 is upgraded fromθD1
to θ0 due to the driving heat flowQD2, which degrades from
θD2 to θ0. The rectangular areas associated with the driven
driving heat flows represent respectively the exergy of the
duced cold and the expended exergy of the input heat. Fo
ideal system, they are equal. Furthermore, for system ana
considerations [9,10], it is convenient to split eachQ = �H

value in two terms: the latent heat necessary to evapora
condense the gas (l) and the remainder partr = Q − l. Heat (l)
is the internal energy transport vector while heat (r) is stored
within the solid during the decomposition process and relea
out of the system during the synthesis process. Fig. 2(a
lustrates the exergy variation due to the temperature cha
associated with each energy component (l or ri ) involved in
the device and shown in Fig. 1. For further reference, each
tangular area is called an exergy dipole. There are four dip
of two different types: those labeled by up going arrows
named uphill dipoles and those labeled by down going arr
and named downhill dipoles.

The correspondence between theθ–Q diagram and the
Clausius–Clapeyron diagram was noted by Sorin et al. [

Fig. 2. (a) Exergy dipole representation on the Carnot factor–heat diagram
(b) the corresponding representation on a Carnot factor–lnp diagram.
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Here, this correspondence is made more explicit by expres
the Clausius–Clapeyron as a function of the Carnot factorθ i.e.
lnp = �Hθ/RT0 + constant as illustrated in Fig. 2(b). Th
diagrammatic representation provides a convenient metho
link exergy balance design considerations and the ther
chemical properties of the reactants to the operational co
tions of the system.

For the sake of simplicity, here, it is assumed that all dipo
in Fig. 2(a) have the same width (energyr1 = r2 = l) so that
the corresponding gas–solid equilibrium lines in theθ–lnp di-
agram are parallel.

In practice, there exist a limited number of solid–gas
actions and it is unlikely that a single effect thermo-chem
process will satisfy all the temperature and pressure constra
especially for systems involving transport at distance betw
two sites, a feature that may impose severe material constr
due to efficiency and safety considerations. In this regard,
thermal cascade structures made out of thermally coupled
gle effect thermo chemical processes are proposed. The i
is to have each single effect process to meet only a subs
the constraints so as to improve the likelihood of identify
adequate gas–solid reactions.

3. Technique for cascade structure design

In gas solid reactions, the path of the energy transporte
the gas necessarily tracks the unfolding of the process. T
for thermal cascade structure design purposes, it is only ne
sary to devise new gas energy paths to automatically gen
new system structures. The intent, here, is to design such s
tures in view of extending the temperature dynamic rang
the energy currents (l) within the thermo-chemical cycle. I
this simplified representation, a single effect gas–solid re
tion is represented by a set of one uphill and one down
dipole as shown in Fig. 3(a). The thermally coupled react
otherwise called “auto-thermal reactors”, are described by
of two “compensated dipoles” having a common temperat
Each compensated dipole illustrated in Fig. 3(b) is an ass
bly of uphill and downhill dipoles linked together by an arro
representing the heat recovery. There are several ways to
bine such compensated dipole sets with the basic dipole
Fig. 3, each corresponding to a different system structure.

Fig. 3. Single effect exergy dipoles (a), and compensated dipole (b), asso
with gas transfer in the Carnot factor–heat diagram.
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Fig. 4. (a) Dipole combination involving a compensated dipole placed a
the uphill and downhill dipoles with heat recovery taking place aboveT0.
(b) A thermo-chemical cascade using three pressure levels.

Fig. 5. Architecture of a cascade with heat recovery aboveT0 (same symbol as
in Fig. 1).

Fig. 6. A thermo-chemical cascade with four pressure levels and heat rec
aboveT0 on: (a) Carnot factor–heat diagram, (b) Carnot factor–lnp diagram.

of the possible configuration is presented in Fig. 4(a). The c
pensated dipoles are placed just above the uphill and dow
dipoles. The graphical correspondence between the pres
tion in Fig. 4(a) and theθ–lnp diagram depends upon th
number of pressure levels. For example Fig. 4(b) illustrat
cascade of thermo-chemical processes using three pressu
els. The equilibrium lines 2 and 3 are the same. The differe
in the numbering only emphasizes the fact that there are
different reactors 2 and 3 containing the same reacting s
The architecture of the cascade is automatically derived f
Fig. 4(b) and is presented in Fig. 5. The net result is that
heat source at a given intermediate temperature generate
at a higher level suitable to drive a second reaction and, t
offer more flexibility in the choice of materials.

The procedure to design a four pressure level cascade
lustrated in Fig. 6. The architecture of this cascade is the s
as in the previous case but this configuration opens the pos
ity of using different gas in each section of the thermal casc
e
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Fig. 7. (a) Dipole combination involvingA compensated dipole placed bello
the uphill and downhill dipoles. (b) A thermo-chemical cascade using t
pressure levels.

Fig. 8. A thermo-chemical cascade using four pressure levels and heat rec
bellowT0 on: (a) Carnot factor–heat diagram, (b) Carnot factor–lnp diagram.

Fig. 9. The architecture of a cascade with heat recovery belowT0 (same symbol
as in Fig. 1).

Obviously the same procedure may be applied to build
cades with more than four pressure levels. It requires m
equilibrium lines in theθ–lnp diagram and, as a result, more r
actants are needed. Fig. 7 for three pressure levels and Fig
four pressure levels illustrate another structure where com
sated dipoles are placed below the uphill and downhill dipo
Contrary to the previous cases, the heat recovery takes pla
the temperature region belowθ0. The architecture of these ca
cades is presented in Fig. 9. It is similar to the one present
Fig. 5, however the sequence of reactions is different.

The general approach for choosing the reactants is an i
tive process. Referring to Fig. 5, one can see that the avai
heat source, the required refrigeration and available sink
peratures determine the operating temperatures of the rea
in contact with the source and with the cold space. So,θD2,
θD1, θS2, andθS1 in Fig. 6 are uniquely determined. Then, o
of a list of potential candidates, one can pick reactants
satisfy the pressure constraints, which are imposed on the
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responding portion of the cascade. This choice, in turn,
determines the operating pressures of the gases in the c
sponding auto thermal reactors. Since the auto thermal r
tors are in thermal contact, their temperature in the produc
and the regeneration phases are equal so thatθD3 = θS4 and
θD4 = θS3. For the case shown in Fig. 6, these temperatu
are not fixed but they must be larger than the heat source
satisfy any other imposed constraints. The final choice of
auto thermal reactants involves picking one reactant that s
fies the above pressure/temperature conditions out of the p
tial candidate list and verifying how close the other reacta
satisfy the corresponding conditions for the other auto t
mal reactor. The process is iterated for all candidates to
the combination of auto thermal reactants that presents the
fit.

4. Case study

In spite of the fact that there exist a large number of so
gas reactions, one cannot easily identify a suitable pair of s
reactions to design a single effect system that will meet all
constraints of a given application. In fact, in most applicatio
the source, sink and usage temperatures are all fixed. Th
turn, completely determines the operational conditions of a
gle effect solid–gas reactor. Failure of having a match betw
the set application temperatures and the operating point o
reactants results in a loss of exergy. Considering that additi
constraints on the gas pressure range are often imposed f
ficiency, safety or durability considerations, makes it still m
difficult, if possible at all, to identify suitable materials. Ma
ing use of the thermal cascade approach offers more flexib
on the choice of the materials.

Its application is demonstrated in Fig. 10 for the prelimin
design of an experimental installation to study the performa
of a refrigeration system at−30◦C driven by a heat sourc
at 130◦C and located in a remote site. The following nome
clature is used in Fig. 10:E-evaporation,C-condensation,D-
decomposition andS-synthesis. The heat sink at both sites
the environment at 20◦C. The pressure of the transport g
has to be constrained between 1 and 10 bars while the
sure in the other section should be confined to the 0.0
10 bars range. Furthermore, for reliability considerations, o
well proven gas–solid reactions are to be used, so that o
a few hundred available reactants, only a dozen ammonia
and hydrates were considered. In these conditions, only an
monia condenser/evaporator can be used at the refriger
site, thus imposing ammonia as a transport agent. Simil
a water condenser/evaporator receives energy from the s
at 130◦C and boils water at a pressure of 3 bars. The a
thermal reactor then consists of two thermally coupled reac
filled with a hydrate and ammonia salt. For material stabi
considerations, the maximum temperature of the auto-the
reactor is set at 350◦C. Using the method described prev
ously, MnCl2/H2O and NiCl2/NH3 were selected. In the re
generation phase, the heat source boils water at 130◦C, which
reacts with MnCl2/H2O to produce heat at 250◦C in the auto-
thermal reactor. This energy is transferred to decompose
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Fig. 10. Example of cold production using two gas–liquid and two gas–s
equilibrium lines.

NiCl2/NH3 salt. The NH3 heat of condensation is then di
carded in the environment at 20◦C. In the production phase
the evaporation of the ammonia draws heat from the cold s
at −30◦C and flows to the auto-thermal reactor where it rea
with the NiCl2/NH3 salt to supply decomposition heat to t
MnCl2/H2O salt. Water condenses at a pressure of 0.1 bar
heat is discarded at 40◦C in the environment, thus experiencin
a small temperature mismatch.

Although this example only addresses the design of a
ple ideal process, it clearly illustrates the application of
method. It emphasizes one of the interest of assembling
different fluids in such an integrated process: the higher p
sure gas (ammonia) is used at low temperature, while the lo
pressure gas (water) is used at higher temperature, allowin
integrated process to fulfill simultaneously both the tempera
and pressure constraints.

The identification of adequate materials in real syste
would follow the same basic procedure, due account b
given to the heat and mass transfer exergy losses.

5. Conclusion

This paper describes a diagrammatic design method
explicitly makes use of the correspondence between the
dynamic design considerations, the thermo-chemical prope
of the reactants and the operational parameters of the syste
involves a two step procedure whereby a suitable system
figuration is first identified out of an automatically generated
of structures. In a second step, available reaction data bas
scanned for the selection of materials that allow meeting o
ational constraints. The method is illustrated for the design
thermo chemical refrigeration system. It shows how an app
tion for which a suitable single effect reaction is not availa
could be implemented using the thermal cascade approa
could equally well be applied to the design of heat pump
heat upgrading processes.

Only thermo-chemical reactions involving ammonia sa
and hydrates were considered here but the thermal cascad
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proach lends itself to using other types of reaction such
hydrides and carbonates thus considerably enlarging the s
of gas–solid candidates and the variety of applications. Fin
only ideal systems were considered but accounting for ex
losses due to heat and mass transfer in the design of rea
tems would basically follow the same procedure. In all, i
believed that the method proposed here may prove to be a
valuable asset for the design of real systems for waste he
renewable energy valorization processes.
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