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Abstract
Energy cogeneration is a way to improve global efficiency of energy production systems since it consumes a unique
resource in order to supply heat and electrical power through optimal use of heat fluxes associated to power production.
Energy trigeneration enlarges the concept to the production of cold also. It consumes a unique resource to produce
electricity, heat and cold. Nevertheless, we could go more ahead by substituting a part of the primary fuel resource by
renewable energy as solar energy in order to reduce the carbon impact. This is conducted through the use of adsorption
refrigeration which needs hot water to produce cold water. However, even if energy utilities are provided with the best
efficient way, the final use of energy could make all the efforts fall. Cooling ceilings present one of the best solutions to
be coupled to solar cooling since it needs a medium range cold temperature of the fluid in order to avoid condensation if
the wall ceiling temperature drops below the ambient air dew point temperature. All these constraints need to be checked
experimentally and confronted to numerical simulation. For this purpose, an experimental platform has been developed
combining an internal combustion gas engine (cogenerator), a refrigerating adsorption machine, thermal solar collectors
and wooden construction split in two compartment, a cold one conditioned by cooling ceilings and a hot one conditioned
by heating floors. The platform is completely instrumented. In this paper we focus only on the refrigeration machine for
which we developed a simulation model that is confronted to experimental measurements.

Keywords: tri-generation, solar cooling, adsorption machine

1. Introduction

During the last decades, sorption refrigeration systems had
considerable craze due to the necessity of replacing energy
consuming and harmful classic systems to the environment [1].
The field of application of this type of refrigeration is large
(domestic, commercial and medical refrigeration, food-
processing industry).

Solar refrigeration by adsorption was studied since the sixties
[2], but it is only towards the end of the seventieth that interest
for this process increased and gave birth to prototypes using the
performances of various couples: activated carbon-methanol
[3-4], zeolite-water [5-6 ], activated carbon-ammonia [7-8],
silica gel-water [9-11]. Indeed, silica gel-water presents the
advantage of excellent physical and thermal properties of water
(high latent heat of evaporation, high thermal conductivity, low
viscosity, thermal stability in a wide range of operating

temperature and a compatibility with several materials) as well
as good adsorption property of silica gel (high
adsorption/desorption rate and low generation temperature).
The couple of silica gel-water can be classified as the best
couple for adsorption refrigeration applications [12].
In our platform, the solar adsorption refrigerator uses a silica
gel-water couple in the following operating nominal
conditions: inlet temperature at condenser/adsorber about
24°C, inlet temperature at desorber about 61°C and inlet
temperature at the evaporator about 14°C.

2. The adsorption phenomena

The adsorption process during which the molecules of a fluid
called adsorbate or refrigerant, settle on the surface of a solid
matter called adsorbent. The surface of the solid corresponds to
the external surfaces engendered by the network of pores and
cavities inside the adsorbent. There are two types of
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adsorptions, chemical or physical, according to the nature of
the binding of the molecules of gas and the energies involved.
In the chemical adsorption, the binding of the molecules of
adsorbate on the surface is made by strong chemical
connections where the energy of connection is rather high (50
to 400 kJ/mol), while the physical adsorption process results
from lower physical connections, with energies of interaction
of the order of 20 kJ/mol. This binding of the molecules of the
fluid on the surface of the solid is essentially made by means of
Van der Waals forces. Hence, the physical adsorption is
perfectly reversible: the adsorbed molecules can be easily
desorbed after an increase of the temperature.

From the thermodynamics point of view, physical adsorption is
considered as a fluid process from gaseous phase to an
adsorbed phase. This transformation is conducted at constant
temperature and pressure.

3. Sorption refrigerating machine with two beds of

adsorbents

The machine with double adsorbents beds includes two
compartments filled with adsorbent, an evaporator and a
condenser.

The adsorbent of the compartment 1 is regenerated by heating
(solar hot water), the desorbed water vapor flows towards the
condenser where it condenses. The water condensate flows to
the evaporator via an expansion valve where it evaporates (cold
production).

The adsorbent of the compartment 2 maintains the low pressure
by adsorbing this water vapor. This compartment must be
cooled in order to maintain the process of adsorption. When the
cold production decreases (saturation of the adsorbent), the
functions of the compartments are switched (Figure 1).

Figure 1 Sorption refrigerating machine operating principle

4. Experimental Results

We analyzed the evolution of the inlet/outlet/mean
temperatures at the heat exchangers (evaporator, condenser and
generator) and within the storage stratification tank as well as
the heat fluxes and coefficient of performance (COP).

The operating conditions of the adsorption machine
(manufacturer: Sortech) are:

- Turn on temperature threshold: 75°C < TG,i < 94°C

- Non operating temperatures: TG,i >  94 °C & TG,i <
60°C

Temperatures at the stratification tank

Figure 2 presents the variation of the temperatures with
respect to time for a period of 24 hours (starting from
midnight) at four levels of the stratification tank (Tb1, Tb2,
Tb3, Tb4).

We observe that:

- The stratification is marked ;

- The temperature threshold allowing the start-up of the
adsorption machine is 75°C and occurs in the middle
of day at 13:00 (780 mn) ;

- The temperature decreases with time due to the
withdrawal of hot water for the cold production
(adsorption machine).

- The temperature threshold allowing the shutdown of
the adsorption machine is 60°C and occurs at the end
of the afternoon at 16:00 (970 mn).

- The operation mode of the adsorption machine lasted
about 3 hours (190mn)

-

Figure 2 Evolution of the temperatures at four levels of the
stratification tank

Inlet/outlet temperatures of the circuits

Figure 3 presents the variation of the inlet/outlet temperatures
of each circuit of the refrigeration machine (generator’s heat
supply circuit, condenser’s heat withdrawal circuit and
evaporator’s cold production circuit).

Following this graph:

- The inlet temperature to the generator has a
monotonous evolution while the other temperatures
are fluctuating periodically with a specific cycle.
Indeed, all temperatures depend on the
adsorption/desorption cycle except the inlet
temperature of the generator which is related to the
upper level of the stratification tank.

- The cycle duration at the beginning of operation of the
refrigeration machine (804-852 mn) is about 48 mn.
This cycle becomes shorter after the stabilization of
the operation of the machine. In fact, at the beginning
of operation, the valves are all opened and both beds
desorb and adsorb at the same time.

- During the rest of the time the cycle duration is about
15 mn.
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- In a cycle, for a period of 7mn, the inlet hot water
temperature (To_Gn) gets closer to the outlet hot water
temperature, thus the heat consumed by the desorption
at this stage is rather low.

- During the operation of the machine, a temperature
variation (inlet/outlet) of the fluid of 2, 2.9 and 3°C is
observed respectively for the generator, condenser and
evaporator.

Figure 3 Evolution of the inlet/outlet temperatures of each
circuit

Temperatures at the generator, condenser and evaporator

Figure 4 shows the evolution of the desorption, condensation
and evaporation experimental temperatures which were derived
by means of the following relation:
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We notice that:

- The desorption temperature varies between 64°C and
55 °C.

- The refrigerant condenses at a temperature between
31.5°C and 29.5 °C (condensation pressure: 4,2kPa).

- The evaporation of water occurs between 11.5°C and
12.5°C (low evaporation pressure : 1,22kPa)

Figure 4 Evolution of the desorption, condensing and evaporation
temperatures

Generator heat supply

The instantaneous power is calculated by the following
relation:
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According to Figure 5 we have a chequered evolution of
the power within a specific cycle. The average thermal
power is about 20 kW for desorption, 22 kW for
condensation and 6 kW for evaporation (cooling).

Figure 5 Heat supply power, condenser heat dissipation and
evaporator cooling load

Temporal Evolution of coefficient of performance of
machine has adsorption

In order to estimate the performance of the adsorption machine
we evaluate the coefficient of performance (COP) in heating
and cooling mode:

gn

ev
cooling P

P
COP  (5)

gn

cd
heating P

P
COP  (6)

Figure 6 COP of the refrigeration adsorption machine
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We have an average performance coefficient of 0.7 in cooling
mode and of 1.7 in heating mode.

Refrigeration capacity

The refrigeration capacity is calculated by the following
relation:

a

ev

m

P
SCP  (W/kgsilica gel) (7)

According to Figure 6, the refrigeration capacity is about
90 W/kg (of silica gel).

Figure 7 SCP of the refrigeration adsorption machine

Cumulated energy histogram

Figure 8 presents the variation of the energy accumulated at the
generator (2.7 kWh), the condenser (1.8 kWh) and the
evaporator (0.8 kWh).

Figure 8 Cumulated energy

5. Numerical Model of the refrigeration adsorption

machine

The model is based on one hand on energy balance and on the
other hand on the kinetics of adsorption for the various
constituents of the machine. The operating principle of the
refrigeration adsorption with two compartments is already
available in the literature [13-16]. In this study we are
interested by two-bed adsorption refrigeration with a tubular
heat exchanger coated with silica gel. Heat exchanger surface

is pasted by means of epoxy resin (figure 9), which has the
following advantages [17]:

- Improved heat transfer rate.
- Improved vapor transport rate.
-Less volume and weight.

Figure 9 Adsorber design

The parameters used in the numerical model are presented in
Error! Reference source not found.. The main assumptions
are as follows:
- Uniform temperature and pressure in the adsorber
- No heat losses (thermal insulation of the machine)

[13,14]

Table 1 Parameters used in the model
Parameter Value

50 kg

2800 kJ/kg

2500 kJ/kg

24.28 kg

12.45 kg

0.386 kJ/kg.K

1.85 kJ/kg.K

0.905 kJ/kg.K

0.924 kJ/kg.K

4.18 kJ/kg.k

10 kg

3420 W/K

6090 W/K

3570 W/K

3290 W/K

64.04 kg

1.6 m3/h

3.7  m3/h

2  m3/h

14,3°C

24 °C

61 °C
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Isotherm of adsorption

The concentration of adsorbate (water) in the adsorbent (silica
gel) at thermodynamic equilibrium is calculated by using the
equation developed by Boelman [18].

6.1
1

* )
)(

)(
(

ss

ws

TP

TP
wSCP  (kgwater/kgsilica gel)            (8)

Where Ps(Tw) and Ps(Ts) are the pressure of saturated vapor at
respectively the refrigerant (water) temperature and adsorbent
(silica gel) temperature, the adsorption data obey the
Freundlich equation. Ps is estimated through the following
equation [13]:
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Kinetics of adsorption

In this model, the rate of adsorption or desorption is governed

by the LDF equation [16] (eq.10-12). The coefficients of the

equation of LDF (Linear Driving Force) for silica gel/water

were determined by Chihara and Suzuki [19] (

Table 2).

)*( wwavk sdt

dw
 (kg/kg.s)                     (10)

R p

DsFavk s 20 (s-1)                      (11)

e RT
Ea

DsDs


 0 (m²/s)                      (12)

Table 2 Coefficients of the LDF equation

Coefficient Value
2.54 E-4

1.7 E-4 m

4.2 E4 J/mol

15

Energy balance at the adsorbent beds

The energy balance for the adsorbent bed is given by:

)(.)()1(

)(

,, TTmw
TT

dt

dw
c pwvma

dt

dw
Hmadt

dT
c pwwmadt

dT
camacalmhex

outjinjpwev

ads

c 







(13)

Where =0 during the transient valves switching phase
and =1 during the adsorption or desorption cycle. The
subscript “j” refers to either the heating or cooling fluid
depending on the adsorption or desorption mode of the
concerned compartment. In this case, =0 if the concerned
compartment is operating as an adsorber and =1 if the
concerned compartment is operating as a desorber.

The outlet temperature of the heating water is calculated by
the mean logarithmic temperature difference:
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Energy balance at the condenser

The energy balance at the condenser is as follows:
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Energy balance at the evaporator

The energy balance at the evaporator can be expressed as:
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with:

dwdesmawadsmaM wtM w  0)( (17)

The refrigerated capacity of the system is defined by:

t
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and the heating power is:

t
TTc
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.
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Consequently the COP can be expressed as:
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.

Qh

QeCOP  (20)

6. Numerical results

Figure 10 illustrates the evolutions of the water outlet
temperatures at the adsorbent beds. The numerical results
correlate well with the experimental temperature of water
leaving the generator.

The sequence of two sorption cycles is clear on these curves:

- Phase I: adsorption in bed#2 / desorption in bed#1

- Phase II: adsorption in bed#1 / desorption in bed#2

Figure 10 Temperatures profiles at the adsorbers, condenser, and
evaporator (experimental and numerical)

Figure 11 presents the variation of the saturated water vapor
pressure in the adsorbers, condenser, and evaporator. The
condensation pressure varies between 5 and 7 kPa which
corresponds to a condensation temperature in the range 35 to
40°C. The evaporation pressure is about 1 kPa which
corresponds to an evaporation temperature of the order of
10°C.

Between these two pressures are situated both intermediate
phases of heating (pressurization) and cooling
(depressurization).

Figure 11 Pressure dynamic behavior at the adsorbers, condenser,
and evaporator (numerical values)

On figures 10 and 11, on could notice the relative accurate
representation by the model of the behavior of the machine
with respect to pressure and temperature.

Figure 12 illustrates the variation of thermal power at the
generator, condenser and evaporator with respect to time which
are in concordance with experimental results.

The coefficient of performance is about 0.65, which is
interesting for a free renewable energy resource’s cold
production system.

Figure 12 Thermal power dynamic behavior at the adsorbers,
condenser, and evaporator (numerical values)

Figure 13 presents the variation of the adsorbed mass in each
adsorbing bed with respect to time.  The average adsorbed or
desorbed mass is about 16,5g for 1kg of silica gel.

Figure 13 Adsorbed mass of water at the adsorbers (numerical
values)

7. Conclusions

The technology platform ENERBAT provided
experimental measurements allowing the tuning of a simulation
model for the operation of an adsorption refrigeration machine.
This double bed solar refrigeration machine has the advantage
of total autonomy and continuity in cold production. The model
is global and allows following the variation of the physical
parameters as the temperature and pressure in every component
of the machine as well as the mass of water vapor adsorbed
during the cold production. The COP is fair since the energy
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source (solar) is free. The numerical results from this model
correlated well with experimental measurements.
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Nomenclature

A [m2] Heat transfer area

Cp [kJ/kgK] Specific heat

COP [-] Coefficient of Performance

L [kJ/kg] Latent heat of vaporization

M,m [kg] Mass

t

[kg/s]

[s]

Mass flow rate

Time

T [K] Temperature

∆Hads [kJ/kg] Isosteric heat of adsorption

P

U

Q

w

w*

[kpa]

[kW/Km2]

[kW]

[kW]

[kg/kg]

[kg/kg]

Pressure

Overall heat transfer coefficient

Heat transfer

Power

Instantaneous mass

Equilibrium mass

Rp

R

SCP

Ds0

Ea

[m]

[J/kgK]

[kW/kg]

[m2/s]

[J/kg]

Adsorbent particles radius

Gas constant

Specific cooling power

Surface diffusion

Activation energy

Subscripts

a Adsorbent

ad Adsorber

ads Adsorption

Al Aluminum

cd Condenser

ccw Condenser Cooling water

Chw

cu

cw

cycle

des

ev

g

gn

hw

in

l

out

w

wv

Chilled water

Copper

Cooling water

Cycle

Desorption

Evaporator

Gas

Generator

Hot water

Inlet

liquid

Outlet

Water

Water vapor
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