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Abstract

Thermochemical systems for energy conversion are just at the interface between chemical and thermal engineering because the final aim is a
transformation of energy, while the specific tool is a thermally driven chemical reaction. Designing the efficient systems calls for appropriate choice
of chemical process, comprehensive analysis of its thermodynamics and kinetics, intensification of heat and mass transfer, intelligent integration

of components into overall heat device, etc.

This paper reviews the joint activity of the six institutes from the four countries on applying chemical reactions in modern devices for production

of cold, which are driven by solar heat.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Thermochemical (TC) systems for energy conversion are
just at the interface between chemical and thermal engineering.
Indeed, their final aim is an efficient transformation of energy,
whereas the specific tool to reach this goal is carrying out of
thermally driven chemical reaction.

Advanced systems for heating and cooling based on chemical
reactions are believed [1] to be an alternative to vapor com-
pression cycles using CFCs that are unacceptable any more
according to the Montreal Protocol of 1988. One more rea-
son concerns the effect of global warming (the Kyoto Protocol
of 1997). Having zero Ozone Depletion and Global Warm-
ing Potentials, TC chillers are environmentally friendly. Yet,
their large scale dissemination requires searching for advanced
chemical reactions, intensification of heat and mass transfer,
improvement of interplay between chemical and thermal pro-
cesses and intelligent integration of components into overall
energy device.
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The ideal cycle of a TC refrigerator includes two processes,
namely, a monovariant vapor—solid chemical reaction:

V+S=VxS (1

resulting in the formation of non-volatile complex V x S (line SV
inFig. 1) and, in the simple version, an evaporation/condensation
of pure vapor (line LV) [2]. The first process can be considered as
a sorption of the vapor by the salt; the salt acts as a solid sorbent.
Heat is consumed in the evaporator at 7, and released in the
condenser at 7, so both cold and heat are produced. The cycle
is driven by an external heat source (at temperature ), which
causes the decomposition of complex V x Sin a chemical reactor
(adsorber) at pressure P and temperature T4 (charge stage). Cold
is generated because of vapor “sucking” by a reverse reaction
of the complex formation at pressure P, and temperature 7
(discharge stage). Reaction heat is released to the environment.
A first demonstration unit was realised by Michel Faraday in
1824 using a reaction between AgCl and NH3 [1,3].

This paper presents the current joint activity of six institutes
from four countries on applying chemical reactions in modern
devices for the production of cold, which are driven by solar
energy. Solar assisted TC cooling is one of the promising ways to
transform solar heat for the preservation of food and medicine or
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Nomenclature

A area (m?)

Gy specific heat (J/kg K)

COP  coefficient of performance

F; factor introduced in Section 2.3

AF free energy of sorption (J/mol)

AH molar enthalpy (J/kg)

k rate constant (¢~1)

m equilibrium water sorbed (g)

my dry sample weight (g)

M mass (kg)

n number of water molecules in the complex
between a salt and water (S-nH;0)

N number of water molecules sorbed at equilibrium
per mole of impregnated salt (mol/mol)

P pressure (mbar)

Py saturation pressure (mbar)

r average pore radius (nm)

R universal gas constant (J/kg K)

S solar radiation flux (W/m?)

SCP specific cooling power (W/m? of a solar receiver)

STR  system thermal ratio

SWS  selective water sorbent

AS molar entropy (J/(kg K))

T temperature (K or °C)

Uy, heat loss coefficient of the adsorber
(Wm—2K 1)

Vv vapor velocity (m/s)

X weight fraction of the salt in the
adsorbent

w water uptake (g/g)

Aw water uptake variation (g/g)

Greek letters

o constant in the Darcy’s law

B heat transfer coefficient (Wm—2 K1)

€ layer porosity

n relative vapor pressure molecular weight (g/mol),
dynamic viscosity (kgm™!'s™1)

A heat conductivity of the layer
(Wm~ K1

P adsorbent density (kg/m3 )

T typical time (t = 1/k, s)

™ optical efficiency of the “solar collector-adsorber”
unit

Subscripts

a ambient

ads adsorption, adsorbent

c condenser, condensation, collector

des desorption

e evaporator, evaporation

f hydrate formation

g genetator

salt salt

w adsorbed water

0 equilibrium

Superscript
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Fig. 1. Basic cycle of a TC refrigerator.

the production of cold water and ice in areas where other sources
of energy are either not available or not economic. It is being
performed within the on-going project N 03-51-6260 “Study
of solar assisted adsorption cooling unit (SAACU) using new
adsorbent materials” supported by INTAS. The main objectives
of the project are the development of new chemisorbents, which
belong to a family of composite materials (known as selective
water sorbents, SWSs [4-6]), and the assessment of their uti-
lization efficiency in a cooling unit driven by renewable energy
sources with low temperature potential, e.g. solar energy. The
design of the chemisorption reactor and solar receiver in an inte-
grated unit is also a paramount objective. A small experimental
device is under development.

In this paper we focus on various aspects of chemical and
thermal engineering of this system:

e thermodynamic analysis for choosing a chemical reaction
appropriate for a particular cycle;

e thermodynamic, kinetic and thermal properties of new
chemisorbents;

e model of the integrated system taking into account variable
climatic conditions;

e detailed mathematical model of chemical reactor/solar
receiver unit and exergy analysis;

e designing the TC refrigerator driven by solar energy.

2. The thermochemical unit development

A solar thermochemical refrigerator consists of an adsorber
1 (Fig. 2), filled with solid sorbent and combined with a flat
solar receiver 2, a condenser 3 and an evaporator 4 integrated
with a thermally insulated cooling chamber 5, where cold is
produced. In this study water was chosen as a working fluid
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Fig. 2. Schematics of solar refrigerator.

mainly because of its ecological purity and the large heat of
evaporation. Hence, a reversible TC reaction considered here is
the formation/decomposition of a complex between a salt and
water (S-nH,0O). If such complex has a crystalline structure, it
is called a crystalline hydrate.

2.1. Thermodynamic analysis for choosing a chemical
reaction for particular cooling cycle

In the TC refrigerator the efficient production of cold is
reached by performing a thermally driven chemical decom-
position/formation of an appropriate crystalline hydrate. Here
the thermodynamic aspects of choosing such a hydrate are dis-
cussed. As this choice is specific for a particular cycle, we, first,
consider peculiarities of basic cooling TC cycle (Fig. 1).

From thermodynamic point of view the system consists of
a chemical reactor (adsorber), which is connected with three
heat sinks/sources at temperatures Te, T and Ty (Fig. 1). The
evaporator temperature 7, is completely determined by a desir-
able temperature level of the cold that has to be generated in the
evaporator. Three main cooling applications are a deep freezing
(Te =—30to —20°C), ice making (Te = —5 to 0 °C) and chilling
(Te =5 to 15 °C). Within this project the evaporator temperature
was chosen at +5 °C that is sufficient for food and medicine con-
cerns. The value of T, defines the equilibrium water pressure in
the evaporator P, as an intersection (Fig. 1) of the straight line
1/T=1/T, with line LV given by the equation:

AH, n ASe
RT R’
where AH, and AS. are the molar enthalpy and entropy of
evaporation, respectively. Eq. (2) directly follows from the

Clausius-Clapeyron equation [7]. Pressure P, once fixed, deter-
mines the equilibrium temperature of hydrate formation 7t as an

InP=-—

@

intersection (Fig. 1) of the straight line In P =In P, with line VS
of the “vapor—solid” equilibrium, given by
AHy ASt

InpP=——"142°
8 RT TR

where AHr and ASy are the standard molar enthalpy and entropy
of the hydrate formation (or decomposition). For example, to
obtain in the evaporator +5 °C (P, = 8.7 mbar) using reaction:

Na;HPO4 +2H,0 < Nap,HPO4-2H,0, 3)

it is necessary to maintain chemical reactor at T < Ty =20 °C, so
this process can be recommended for chilling in a cool climate.
Using reaction

CaCly-2H,0 + 2H,0 < CaCly-4H,O “)

such cooling can be produced in hot climate, since 7y =35 °C.
This is due to a stronger bonding of water molecules in
CaCl,-4H,0 as compared with Na,HPO4-2H,O. Thus, know-
ing AHr and ASt for various hydration processes it is possible
to select an appropriate reaction for ice formation, deep freezing
and air conditioning in any climatic zone. The equilibrium values
of Tt calculated for the TC cycle with 7. =+5 °C are displayed
in Table 1 for various salt hydrates. In addition to processes (2)
and (3), reactions

Ca(NO3)2 4+ 2H,0 < Ca(NO3),-2H,0, )
BaCl,-H,0 + H,0 < BaCl,-2H,0 (©)

can be recommended for an intermediate case of a warm climate.

Equilibrium decomposition temperature 74 can be found as
an intersection of the straight line In P =In P with line VS (Fig. 1
and Table 1). To drive the cycle, temperature T of the heat source
has to be at least equal to 73. Thus, for operating a TC cooling
unit it is necessary that Ty > T and T > T4, the temperature
equality corresponding to a reversible operation. In this case
the cooling efficiency (so-called the coefficient of performance,
COP) is maximal and, if neglect heating of inert masses, is equal
to the Carnot COP [2,8,9] (also shown in Table 1):

AH, (1/TC—1/Tg>

COP* = =
AHy 1/T. — 1T,

(N

If Tt > T and T, > Ty, there is inevitable degradation of the effi-
ciency due to the thermal entropy production caused by the

Table 1

Equilibrium temperatures of formation and decomposition of various salt
hydrates, which provide the reversible TC cycle with T, =+5 °C, and the Carnot
COP

Salt (transition) Tt (°C) T4 (°C) COP*
NayHPO; (0-2) 20 38 1.07
MgSOy (4-6) 26 51 1.02
BaCl, (1-2) 28 50 0.82
Ca(NO3); (0-2) 30 62 1.06
MgSO0; (2-4) 34 70 1.01
CaCly (2-4) 35 67 0.87
LiCl (1-2) 38 82 1.04
LiCl (0-1) 43 96 1.05
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external thermal coupling of the isothermal heat reservoirs and
sinks to the temperature varying reactor [10].

Thus, the requirements to the optimal reaction are as fol-
lows: (a) a complete decomposition should occur immediately
at temperature Tg = T, available from external heat source; (b)
complete hydration should occur immediately at temperature
Te=T; (c) the amount An of water exchanged in the cycle
should be maximal. It results from the more detailed analysis
that takes into consideration inert thermal masses of a real TC
unit [11] which have been neglected in the analysis above. As
a consequence, reaction (5) is more preferable than reaction (6)
for warm climate.

2.2. Thermodynamic, kinetic and thermal properties of new
chemisorbents

Testing of dehydration reactions under actual operating
conditions of TC unit showed that severe deficiencies in per-
formance may occur when using bulk salt hydrates [12—-15]:

(a) salt swelling/expansion during chemical reaction [12];

(b) hysteresis between decomposition and synthesis reactions
[6,13];

(c) kinetic limitations due to the formation of core on the salt
external surface [14];

(d) occurrence of the solution phase and its corrosive properties
[15].

This is also true for the reactions selected above. One of
the most efficient ways to overcome or reduce these obstacles
appeared to be a dispersion of a salt by its confinement to pores
of a host matrix as suggested in [16,17]. These new hybride
sorbents “salt in porous host matrix” (selective water sorbents,
SWSs) take an intermediate position between salt hydrates and
solid adsorbents, and can combine advantages of both these
materials. Indeed, nowadays SWSs are considered as candidates
for solid sorption cooling/heating driven by low temperature heat
[3,18-20]. Here we just briefly conclude results on the study of
various SWSs based on CaCl,, Ca(NO3),, etc., while details can
be found elsewhere [4-6,20-26]:

e three mechanisms of water sorption have been found: (a)
adsorption by the host matrix, (b) chemical reaction between
water and salt resulting in the formation of crystalline
hydrates, and (c) absorption by the salt aqueous solution in
the pores [20,21,23];

e sorption by composite is not a linear combination of that of
the host matrix and salt [6];

e the matrix can accommodate the salt swelling caused by a
chemical reaction [4];

e water—salt reaction is much faster for a confined salt than for
a bulk one, so that its rate is commonly controlled by inter-
or intrapartical water diffusion [22,25];

e inside pores, the formation-decomposition hysteresis can be
reduced or even avoided [6];

e sorption properties of SWSs can be selectively changed over
a wide range by varying (a) chemical nature of confined salt

AN

N, mol H,O/mol Ca(NO,),

T.°C

Fig. 3. Shift of the temperature of Ca(NO3),-2H, O formation in the silica pores
of different size: 1, 3.5 nm; 2, 6 nm; 3, 10 nm; 4, 12nm; 5, 5 nm; 6, bulk salt [6].

[4,5], (b) average size of pores of the host matrix [6], (c) salt
content [5], and (d) synthesis conditions [5,20].

Thus, confinement of the selected salts to the pores of a host
matrix allows not only overcoming the problems listed above,
but, as well, a nano-tailoring of new materials with controlled
or even prescribed properties [4], which is one of the main goals
of modern chemical engineering [27].

For instance, it was found [6] that for reaction (5) the for-
mation temperature 77 gradually increases when the salt is
confined to smaller silica pores (Fig. 3). This finding indicates
the variation of thermodynamic parameters of reaction (5), when
confining the salt to the pores of silica gel. This can be due
to either the increase in the surface energy of the salt nano-
crystallites or interaction between the salt and the host matrix.
Dependence of Tt on the pore size allows a fine adjustment of the
properties of real chemisorbent to that optimal for a particular
TC cycle.

By now a large set of thermodynamic [4,5,20,23,24], kinetic
[22,25] and thermal data [24,26] has been obtained for com-
posites “CaCl, confined to silica” selected for chilling in a hot
climate.

2.3. Model of the TC chiller, which takes into account
variable climatic conditions

An important characteristic of a TC chiller driven by solar
heat is the daily and seasonal variation of its working condi-
tions, first of all, the ambient temperature and solar radiation. To
carefully take it into consideration we collected, systemized and
processed climatic data for various sites (South-Eastern Asia,
Siberia, Ukraine, Sicily, Germany, North Africa) in a format
compatible with a TRNSYS software [28] which was used for
dynamic simulation of the TC chiller (see below). These data can
be also used for ranking various geographic sites as belonging to
cool, warm and hot climates. Typical Meteorological Year (Day)
was generated for Messina, Stuttgart, Kiev, Cairo, Novosibirsk,
Bangkok and Colombo.
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Fig. 4. Typical Meteorological Year (Day) generated for Messina: (a) average daily solar radiation and (b) average hourly temperature.

Fig. 4 demonstrates that the average daily solar radiation and
average hourly ambient temperature are unsteady-state, and sig-
nificantly vary during day, month and year. To design the system
response to a complex change of the input parameters, a math-
ematical model of a solar TC chiller has been developed. One
more motivation to this modelling was an ambiguous impact of
each input parameter on the system performance. For instance,
the increase in the ambient temperature, on the one hand, reduces
heat losses to the ambient and improves the efficiency of the solar
receiver. On the other hand, it makes more difficult a condensa-
tion of desorbed water, so that it appears not easy to estimate a
cumulative effect without modeling.

The aim of this step was to predict a thermal efficiency of the
unit in different climatic zones, define critical parameters affect-
ing its performance and make appropriate recommendation for
designing an integrated TC chiller. We characterised the perfor-
mance by the Specific Cooling Power (SCP) averaged through
month, season or whole year (in W/m? of a solar receiver) and the
System Thermal Ratio (STR) that is a ratio of the heat extracted
from the evaporator to the solar energy incident on a receiver.
The latter is linked through the efficiency of the solar receiver to
the Coefficient of Performance that is commonly used in thermal
engineering [1,3].

The model of solar TC chiller includes the model of flat-plate
solar “receiver-reactor (adsorber)”. The reactor is first evacu-
ated and then connected either to the condenser (diurnal mode)
or to the evaporator (nocturnal mode), therefore only water
vapor are in the gas phase of the unit. This is essential dis-
tinction from common adsorbers for water removal from wet
gases [29]. To choose the type of solar receiver we analyzed
its thermal efficiency as a function of the parameter B equal to
the receiver operating temperature above the ambient one AT
divided by the solar flux S (Fig. 5). In our case AT=50+20°C
and § = 400-700 W/m?, that gives B=0.07-0.12, so that we have
chosen a flat-plate glazed receiver. In our model (and prototype)
it is a square parallelepiped filled with material adsorbing water
vapor. The adsorbent is covered by a metal plate absorbing solar
energy. To reduce heat losses the unit is covered from the top by
pane of glass (Fig. 6).

A simple one-dimensional isothermal model of this unit is
based on the equation of heat balance:

Mads d
—[(cads + cww)Tags] = Fy, [S(ta) — UL(Tags — Ta)]
Ac ot
M, 4¢ 0
ads Hdesﬂa
Ac ot

where c,gs, cw are the specific heats of adsorbent and adsorbed
water, M,qs the adsorbent mass, w the mean water uptake,
(ta) the optical efficiency of the “solar collector-adsorber”
unit, A. the collector area, S the solar radiation flux, Uy, the
heat loss coefficient of the adsorber, 7,45 the temperature of
adsorbent, T, the ambient temperature, and Hges is the heat of
water desorption. The factor F\ was introduced to use the mean
adsorbent temperature instead of the solar flux adsorbing plate
temperature.

The Linear Driving Force model [30] was used for describing
the sorption/desorption kinetics:

ow
- = k(wo — w), ®
ot
Efficiency = % of solar captured by collector
100% ¢
unglazed are best for
o fff) _‘
80% 0 to 10°C above ambiient
70% flat-plate are best for ~ 10°C
60% l to 50°C above ambient
Q
[}

ovacuated tubes are best for
40% more than 50°C above ambien

15
L

0.1 0.2 0.3
temperature above ambient (°C)

20% |~

0%

solar radiation (W/m2)

Fig. 5. Choice of solar energy collector.
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Fig. 6. Model of the “solar receiver-adsorber” unit.

where £ is the rate constant (the model parameter), wq the equi-
librium water uptake calculated for any 7 and P from new
equation for water sorption equilibrium on “CaCl, in silica
KSK” [31].

At diurnal mode, the condensation of water occurs at
variable ambient temperature, while during nocturnal mode
the evaporator was assumed to be maintained at a constant
temperature 7, fixed as an input parameter in the range of
5-10°C. The pressure in the unit was equal to the equi-
librium vapor pressure, corresponding to 7, (day) and 7.
(night).

The model allowed a hour-by-hour simulation of the unit
performance during the year under variable climatic condi-
tions, and predicted SCP (35-60 W/m?2), STR (=0.2) and COP
(0.5-0.8) better than for common adsorbents. It is due to the
fact that the new chemisorbent exchanges larger amount of
water in TC cycle (0.15 g/g). To reach these values the spe-
cific mass of chemisorbent should be optimal (12—16kg/m?)
and the typical time 7 (7 = 1/k) for setting sorption equilibrium
in the layer should be less than 1.0-1.5 h. These findings led to
useful recommendations for designing a future prototype of TC
chiller.

2.4. Detailed mathematical model of chemical
reactor/solar receiver unit and exergy analysis

A more detailed model of receiver-reactor unit has been
developed to account for non-uniform temperature distribution
in the adsorber that causes convective vapor flux towards colder
sites in the layer. This “heat pipe” effect is usually not observed
in common adsorbers where water vapor is in mixture with an
inert gaseous component. Coupled heat and mass transfer in
such non-isothermal adsorbent layer was described by the fol-
lowing system of differential equations for energy and mass
conservation supplemented with Eq. (8) for sorption/desorption
kinetics

C 5 poHg = g aT
PsCp o Ps desMsalt o sSs

aC x 9
W 4 div(Cy V) = - 2220
ot Msalt Of

where Cy, is the molar concentration of water in gas phase, C,
the specific heat of adsorbent, pg the adsorbent density, A the
heat conductivity of the layer, x the weight fraction of the salt
in the adsorbent, V the vapor velocity, psar¢ the molar weight of
the salt, and ¢ is the layer porosity. Pressure change along the
layer obeys the Darcy’s law

grad(Py) = —aV

« is the constant (a = 150(1 — )2 /L/Sz/dz), where d is the mean
diameter of adsorbent grains, x the dynamic viscosity of vapor
(u=1100 x 10~8 kg/(mSs)),

Py, = RTC,,
The relevant boundary condition on the top of the layer:

(E)T __ P T) ___ B
3z MB+UL) -0 MB+UL)

follows from the energy balance on the interface between the
solar collector and adsorbent bed (z=0). That on the bottom
of the layer 07/0Z|,=; =0 results from neglecting the conduc-
tive heat transfer between the adsorbent bed and vapor phase.
Here 8 is the heat transfer coefficient between the metal plate of
collector and the adsorbent bed, % is the layer thickness.

These equations allow the calculation of one-dimensional
distribution of temperature and water uptake along the layer at
fixed solar flux.

The “heat pipe” effect was found to result in the increase of
heat and mass transfer in the layer of “CaCl, in silica KSK”. The
COP obtained by these calculations at 7. =5 °C, T, =35 °C and
Ty =80°C was 0.6-0.8 that lower than the Carnot COP=1.42.
This reduction is due to the heat capacity of inert masses (tubes,
flanges, etc.), restricted efficiency of the condenser (evaporator)
and irreversibilities caused by the external thermal coupling, heat
losses, etc. The model shows that the receiver-adsorber gives
the main contribution to the entropy generation that suggests
the first-priority optimization of this unit. A part of this entropy
attributed to the thermal coupling of the isothermal heat source
to the temperature varying reactor can not be avoided. It may
be estimated numerically as soon as the cycle is known, as sug-
gested in [10]. To do this, we considered the real cycle of the TC
chiller, utilizing “CaCl, in silica KSK”, which was measured in
[19], and used the isosteric heat of water sorption [17] and the
specific heat of this adsorbent [24] as function of water uptake.
Our analysis showed that the thermal coupling gives inevitable
degradation of COP by 0.30-0.32 that leads to 20% reduction
of the Carnot COP. So, still there is a room for optimisation of
the unit.

[S(r) + ULTy]

2.5. Design of the TC refrigerator driven by solar energy

As aresult of this comprehensive study a prototype of the TC
refrigerator driven by solar energy has been designed and built
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Fig. 7. View of the solar TC refrigerator.

(Fig. 7). A flat-plate glazed receiver has been chosen according
to Fig. 5. The receiver-adsorber is a steel box with the heat-
ing surface area 0.7 m?. This box is covered with black metal
plate and glass pane and placed in a thermally insulated case. To
improve the heat transfer between the solar heated metal plate
and adsorbent, a set of fins was welded to the front side of the
receiver-adsorber. For uniformity of water vapor distribution a
gap of 0.013 m between the adsorbent bed and the back side of
the unit is made. The thickness of the adsorbent layer is 0.04 m.
The total weight of the non-charged unit is 17 kg. To provide
the typical time for setting sorption equilibrium in the adsor-
bent layer less than 1.0-1.5 h the grain size was chosen between
1.2—-1.6 mm as results from [22].

The condenser is made of @310 mm copper tubes with exter-
nal aluminum fins which have the thickness of 0.2 mm and the
space of 3 mm between them. The total heat transfer area of the
condenser is about 4 m?. The heat exchange area of the evapo-
rator is about 0.5 m?. Inner walls of the evaporator are covered
with a microporous material to provide constant evaporating
surface during the process. The evaporator was integrated to a
standard cooling chamber of the commercial refrigerator of the
total volume 401.

All these specified parameters have been justified by our pre-
vious experiments and numerical optimization. The unit will be
tested in Crimea during autumn 2006.

3. Conclusions

In this paper the main attention was focused on various
aspects of chemical and thermal engineering of solar driven
thermochemical refrigerators using new chemisorbents which
are composites “salt in porous host matrix”. We discussed
thermodynamic requirements for choosing a chemical reaction
appropriate for a particular cooling cycle, studied thermody-
namic, kinetic and thermal properties of new chemisorbents,
developed simple model of integrated system “solar receiver —

chemical reactor” taking into account variable climatic condi-
tions, as well as detailed mathematical model of this unit. Based
on this comprehensive study the TC refrigerator driven by solar
energy was designed and built.
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