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Abstract  In  this study, the operation and performance of a solar–powered adsorption based freezing unit under Egypt’s 
weather conditions is investigated. A dynamic simulation model is developed to simulate the cooling system considering 
the real variat ion of solar radiat ion, ambient temperature, and wind speed. Activated carbon and methanol are used as the 
working pair. Moreover, a 2m×1m flat  plate solar co llector is used to power the adsorption ice–maker. The freezer is 
studied under the climat ic conditions of Cairo city, Egypt and in the June 23ed, 2012. It is found that the ice machine attains 
a coefficient of perfo rmance of 0.618. Furthermore, the adsorption cooling system produces daily ice o f 27.82 kg at a 
temperature of -5 ℃ and from water at a source temperature o f 25 ℃ . 
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1. Introduction 
Cold  production (cooling, freezing, and air–conditioning) 

is an expensive industry which requires considerable 
amount of electrical energy. The rapid growth of economy, 
human prosperity, and propagation of the conventional air 
conditioning machines cause a shortage of grid–electricity 
especially during summer season.  Approximately 10–20% 
of all the electricity p roduced in the whole world  is 
consumed by various kinds of the refrigeration and 
air–conditioning machines[1]. However, the development of 
refrigeration technology presents the thermally  driven cold 
production systems. These systems are considered good 
alternative for the electricity powered vapor compression 
mach ines in terms o f electricity consumption as well as 
environmental issues. Recently, the booming progress in the 
field of green cooling technology offers cooling systems 
which can be powered by renewable and green energy 
sources like solar energy.  

Except nuclear, geothermal, and tidal energy, all of the 
global energy sources originate from the solar radiat ion. 
The total solar radiation transmitted to the earth's diametric 
plane area is approximately 1.74 × 1017 W[2],[3]. However, 
the amount of actual incoming solar radiation to the earth's 
surface is affected by the reflect ion and scattering, and 
absorption by the earth's atmosphere[4]. Therefore, about 
47.2 % of actual incoming solar radiat ion is absorbed by the 
earth 's  su rface[5]. Th is  amount  is  larger than  the  
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energy requirements of the world in year 2008. Only 1% of 
this energy, when converted at an efficiency of 10% would 
generate approximately  five times of the world's total 
requirements of energy. In another perspective, the sun 
offers more energy than the human race uses in a whole 
year in just less than two hours. From this perspective, the 
problem of energy is not due to shortage of sources, but it is 
due to the lack of a cost-effective technology that can be 
used to convert the abundant energy lies around us into 
usable forms[6]. 

In Egypt at least 32 % of the electrical energy used by the 
domestic sector is for air–conditioning[7]. Furthermore, 
primary energy requirement in Egypt increases by 2.6% 
every year[8]. The growth of electrical energy demand in 
the expanding towns and industries  exceeds the growth of 
the available power.  Therefore, it is important for local 
policies to be directed towards replacing tradit ional 
refrigeration systems with environmentally friendly 
technologies that can be operated by sustainable, continuous 
supply, and clean sources of energy in  order to  protect the 
environment and preserve energy sources. In fact, Egypt 
enjoys an abundant amount of solar radiat ion which is much 
more than other renewable energy sources. This makes 
solar powered cooling systems attractive green cooling 
technology in Egypt. Particularly, the excellent matching 
between the high availability  of sunshine and the peaks of 
requirements in cold and refrigeration needs. Moreover, 
solar refrigerat ion is a suitable alternative for people who 
live in remote areas with insufficient electricity. 

One of these promising thermally  driven cooling 
technologies which can  be powered  by solar radiation  is the 
adsorption refrigeration  technology[9]. This type of cold 
producing system operates with environmentally benign 
refrigerants which have zero ozone depleting potential. The 
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wide range of heat source temperatures that can be used,  
50℃  to 600℃ , and the low operation and maintenances 
costs make these systems highly attractive[10]. Many 
researches and studies on the solar adsorption cooling 
system have been widely investigated[11–14]. Moreover, 
experimental work, transient simulation, different working 
pairs, and system designs were introduced[15–20].  

While going through the material we find that, solar 
adsorption cooling system has its own merits and demerits 
in application depending on the application area, the driving 
heat source temperature, and  the climat ic conditions at the 
location of the application. To the best of our knowledge, 
there is not any published study that  has been devoted to 
study the performance of such cooling system under the 
Egypt climat ic conditions. From this mot ivation, this work 
is devoted to investigate the operation and performance of a 
solar powered adsorption freezer under weather conditions 
of Egypt. 

2. The Solar Adsorption Cooling System 
The solar adsorption cooling system is similar to the 

traditional vapour compression refrigeration system with  
the electricity driven compressor is replaced with a thermal 
powered one, Figure 1. The adsorption container is 
integrated with a flat plate solar collector and contains a 
porous adsorbent medium. The solid  adsorbent has the 
affinity to adsorb the refrigerant vapour[16]. Furthermore, 
the thermodynamic cycle of the adsorption refrigeration 
system is illustrated on Clapeyron diagram, Figure 2. The 
cycle consists of four processes; pressurization preheating 
process at a constant concentration (isosteric heating 
process 1Õ2), desorption at constant pressure (isobaric 
heating process 2Õ3), depressurization at constant 
concentration (isosteric cooling process 3Õ4), and 
adsorption at constant pressure (isobaric cooling p rocess 
4Õ1)[16]. 

During the daytime period, the adsorption reactor is 
isolated from both the condenser and the evaporator by 
valves c and e and is completely saturated with the 
refrigerant. The pressure inside the reactor initially equals 
the evaporator pressure evP and its temperature is uniform 
and equals the ambient temperature ambT , state 1 on Figure 
2. The pressure and the temperature inside the bed increase 
when the reactor is heated by the solar radiat ion. This 
process continues till the pressure approaches conP  at state 
2. At the end of this process valve c opens to allow the 
refrigerant vapour desorbed from the bed to flow towards 
the condenser while the adsorption reactor is still being 
heated by the solar radiation. The pressure inside the bed is 
fixed at the condenser pressure while the temperature 
continues to increase. Furthermore, the refrigerant content 
inside the reactor continues to decrease as more adsorbate is 
being freed from the reactor. The condensed refrigerant   
is then collected and stored in the refrigerant storage 
tank[16].  

When the adsorbate temperature reaches the maximum 
allowed value maxT  at state 3 or the incident solar radiation 
starts to decrease at the end of the nocturnal period, valve c is 
closed in order to start the bed cooling process 3Õ4. This 
process takes place when the glass cover of the flat plate 
solar collector is opened to allow convective and radiative 
heat transfer to the ambient. Both temperature and pressure 
drop till the pressure reaches the evaporator pressure at state 
4. At this point, valve t  is opened to allow the liquid 
refrigerant, which is previously stored in the storage tank, to 
pass through the expansion device. Moreover, valve e opens 
and the refrigerant vapour flows towards the reactor. This 
process consists of the refrigerant adsorption within the 
reactor in parallel with the production of cooling effect 
inside the evaporator. The reactor is being cooled during this 
period in order to remove the heat of adsorption. The 
evaporation-adsorption process takes place at the constant 
evaporator pressure and continues till the adsorption bed 
retains its higher cycle isoster at state 1[16]. 

 
Figure 1.  Schematic diagram of the solar adsorption cooling system[16] 

 
 

Figure 2.  The thermodynamic adsorption cooling cycle 

3. The Adsorption Model  
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The adsorbate concentration ratio x  is the amount of 
adsorbate per unit mass of the adsorbent. The 
Dubinin–Astakhov (D–A) equation is used to calculate x as 
follows 
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The constant oW is the maximum adsorption capacity 
and D , n are constants which depend on the 
adsorbate–adsorbent pair. )(Taρ and )(TPs are the 
adsorbate density and the saturation pressure corresponding 
to the bed temperature. The adsorbate volume fraction θ  
is the adsorbate volume per unit volume of the adsorbent 
material and is given by 
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Where, smρ  is the adsorbent density, and ε  is its 
porosity. The isosteric heat per unit mass of adsorbate shq  
is calculated from Clapeyron equation 
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Where, ),( TPgρ  and )(Taρ  are the density of the gas 
and the adsorbate refrigerant phases, respectively. 

4. Mass and Energy Balance  

 
Figure 3.  The adsorption reactor control volume 

The mass balance equation for the adsorption reactor 
shown in Figure 3 can be expressed as follows 
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Where, bV  is the adsorption bed volume, evm and 

conm  are the refrigerant mass flow rate from the evaporator 
and to the condenser, respectively. The evaporator flag evσ  
equals 1 during the adsorption process and 0 otherwise. The 
condenser flag conσ  equals 1 during the desorption process 
and 0 otherwise. The energy balance equation can be written 

as: 
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Where, smC  is the porous media specific heat, and evh  
and gh  are the specific enthalpies of the refrigerant vapour 
from the evaporator and to the condenser, respectively. The 
net heat transfer rate to or from the adsorption bed netQ is 
calculated from the solar collector energy balance. 

5. The Solar Collector Energy Balance 
The mathematical model of the flat plate solar collector is 

based on the energy balance for the collector absorber plate. 
The total solar radiat ion sG  incident on the flat plate solar 
collector has three components: direct beam solar radiation

bG , ground diffuse radiation gG , and sky reflection 

radiation dG . However, this amount of radiation is reduced 
by optical losses of the flat plate solar collector. The actual 
amount of radiation from the sun that is availiable for the 
collector G  is given by 

ddggbb GGGG )()()( τατατα  ++=          (5) 
Where, b)(τα , g)(τα , and d)(τα  are the 

transmittance–absorptance product for beam, ground, and 
sky diffuse radiat ion, respectively[21]. The useful amount 
of radiation netQ that goes to the adsorption bed is reduced 

by heat losses to the ambient lQ . For a co llector of plate 

area A , the useful heat netQ  is calcu lated from the 
following equation 

lnet QGAQ  −=                 (6) 
Heat loss from the solar collector is expressed in terms of 

the overall heat transfer loss coefficient U as follows 
)( ambl TTUAQ −=               (7) 

Heat transfer from the lateral and bottom surfaces of the 
solar collector are negligib le compared with heat losses 
from the top surface of the collector. The heat transfer 
coefficient is calcu lated from method presented by[22] and 
is discussed by[21] as follows 
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where, plε  is the absorber plate emissivity, gcε  is the 
glass cover emissivity, N  is the number of g lass covers, 
σ  is the Stefan–Boltzmann constant. The wind convection 
coefficient wU  is calcu lated in terms of the wind velocity 

wV from the fo llowing equation[23] 

ww VU 8.37.5 +=                  (9) 
When the collector flat p late solar co llector glass cover is 

opened during the isosteric cooling and the adsorption 
processes, the overall heat transfer coefficient is given by 

wambambpl UTTTTU +++= )()( 22σε       (10) 

6. The Condenser and the Evaporator 
The rate of heat removal at the condenser is given by 
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Where, )( ambl Th  is the specific enthalpy of the saturated 

refrigerant liquid  at the ambient temperature. Therefore, the 
total heat removed at the condenser side is given by: 
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The cooling rate in the evaporator can be expressed by 
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The cooling effect at the evaporator is given by: 
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7. System Performance Parameters 
The coefficient of performance of the adsorption cooling 

system COP is given by 
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The total amount of heat absorbed by the adsorption 
reactor during the preheating and the generation process 

netQ is calculated from 

dtQQ
t

t
netnet ∫=

3

1

             (16) 

The cooling capacity CC  of the system is the rate at 
which cooling effect is produced and is given by 
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The effective refrigerant mass effm  is the total mass of 
the desorbed refrigerant from the adsorption reactor which 
is circulated through the condenser and the evaporator. This 
refrigerant mass is responsible fo r provid ing the cooling 
effect inside the evaporator and is given by the following 
equation 

)( 41 xxmm smeff −=               (18) 
The total amount of ice production icem at a temperature 

of evT  from in itial temperature of wT  is given in kg/cycle 
by 
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Where, wC , fusL , and iceC  are the specific heat of 
water, the latent heat of ice fusion, and the ice specific heat of 
ice respectively. 

8. The Case Investigated 
The case investigated in the present study is a cooling 

system which is used as an ice–maker with an evaporator 
temperature of -5℃. The freezer works under Egypt’s 
weather conditions and uses activated carbon–methanol as 
the working pair. The condensation temperature is set to  
40 ℃  and the maximum cycle temperature is set to 130℃. 
The liquid and vapour thermodynamic properties of 
methanol have been calculated from the methanol equation 
of state reported by the IUPAC[24]. Furthermore, the flat 
plate solar collector is 2m × 1m surface area and has two 
glass covers and is placed at a  tilt angle of 30° and is facing 
to the south. The total mass of the charcoal within the bed is 
50 kg with a total porosity of 0.75.  

The time variat ions of the incident solar radiation, the 
real ambient temperature, and the real wind speed are taken 
in consideration. The selected location is Cairo city (lat itude 
30.04 °N, longitude 31.23 °E) and the system is considered 
to operate a full cooling cycle which starts at the sunrise 
time of June 23ed, 2012. Moreover, the real hourly 
temperature and wind speed variations for the location 
under consideration during the specified operational period 
are taken from the historical records[25].  

9. Results and Discussions 
Based on the developed  dynamic simulation model and 

the case study parameters, a computer program was 
constructed in order to simulate the adsorption chiller. The 
water chilling system, under the climat ic conditions 
associated with the location and time in the year under 
consideration, is found to acquire a cooling COP of 0.618. 
Other performance parameters obtained are 255.6 W and 
5.11 W/kg fo r the cooling capacity and the specific cooling 
power of the system, respectively. The refrigerat ion effect 
produced inside the evaporator during is estimated to 12.49 
MJ. Th is cooling  effect  corresponds to a total daily  ice 
production of 27.8 kg at -5 ℃ from water at a source 
temperature of 25 ℃. Therefore, every  kg  of act ivated 
carbon inside the adsorption reactor produces a daily ice 
mass of 0.556 kg of ice and at a  temperature of -5 ℃. 
Furthermore, the total refrigerant mass in the system is 



 International Journal of Energy Engineering 2013, 3(1): 21-29 25 
 

 

estimated to 13.44 kg o f methanol. About 82.85% of this 
mass, 11.13 kg  is an effective mass which circulates in the 
condenser and the evaporator and produces the refrigeration 
effect. 

The sun rises at about 5.034 hour in the morning, which 
is the starting time of the cycle, with the daylight length of 
13.93 h. The components of the solar rad iation incident on 
the flat plate are illustrated in Figure 5. These include the 
direct irradiation, the sky diffuse irradiat ion, and the ground 
reflected solar radiat ion. It is noticed that, the total solar 
irradiation absorbed by the solar collector is reduced by the 
amount of the transmittance–absorptance product. The total 

available solar energy is found to be 24.18 MJ/m2. The solar 
collector uses about 58.6% of the total available solar 
energy along the operational cycle, 14.17 MJ/m2. Moreover, 
the amount of useful solar energy absorbed by the 
adsorption bed is found to be 10.11 MJ/m2. 

Figure 6 p lots the ambient temperature changes during 
the cooling system working cycle. Also, Figure 7 gives the 
real recorded speed of wind at every hour within the 
operational time range. Both of the ambient temperature 
and the wind speed at any instance of time can be calculated 
by interpolating the corresponding given data. 

 
Figure 5.  Components of the incident solar radiation to the flat plate collector 

 
Figure 6.  The real ambient temperature profile during the operational cycle 
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Figure 7.  The real wind speed profile during the operational cycle 

Figure 8 demonstrates the relation between the 
adsorption bed pressure and temperature for the cycle. The 
adsorption bed pressure rises from the evaporator pressure 
at 2.91 kPa to the highest cycle pressure at the condenser, 
35.23 kPa, during the pre–heating process. It can be also 
seen that, the temperature in this process elevates from   
27 ℃ to 76.63 ℃ at which the adsorbent starts the 
generation process. Then the bed pressure remains steady 
during the generation process till the maximum cycle 
temperature, 130 ℃, is reached. In process 3Õ4, the 
pressure and temperature values show a decreasing trend till 
the evaporator pressure is reached. The adsorption process 
starts at a temperature of 71.55 ℃.  

The time variations of the temperature and pressure 
inside the adsorption bed during a complete cycle of 
operation are shown in Figure 9 and Figure 10, respectively. 
During the isosteric heating phase, the adsorption reactor 
continues to absorb the continuously increasing solar 
radiation and a rapid increase in the adsorption bed 
temperature and pressure is noticed. At the end of this 
process, the pressure of the bed approaches the condenser 
pressure and the temperature reaches a value of 76.63 ℃. 
Due to the endothermic behaviour of the desorption process, 
the rate of temperature increase at beginning o f this p rocess 
is lower than the preheating process. Then, a dramat ic 
decreasing rate in the reactor pressure and temperature takes 
place due to the cooling process that continues till the first 
half cycle ends. At beginning of the adsorption process, the 
bed temperature decreases slowly due to releasing the latent 
heat of adsorption. A nearly fixed temperature difference 
between the reactor and the ambient is maintained as a 
driving potential to reject the isosteric heat.  

Figure 11 demonstrates the time integration of the 
refrigerant mass desorbed from the reactor as well as 
adsorbed within the reactor. Figure 12 depicts the time 
integration of the heat absorbed by the adsorption reactor 
during the heating processes as well as the time integration 
of the waste heat rejected to the ambient during the cooling 
and the adsorption processes. By the end of the desorption 
process, the total amount of heat absorbed by the adsorption 
bed is found to be 10.1 MJ/m2. About 16.23 % of this heat 
is consumed in  the preheating process. Whereas, the total 
amount of heat rejected by the adsorption bed is found to be 
9.39 MJ/m2. About 12.53 % of this heat is rejected during 
the sensible cooling isosteric process. 

 
Figure 8.  P–T relation for the reactor along a complete cycle of 
operation 
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Figure 9.  Variation of the reactor temperature versus time 

 
Figure 10.  Development of the reactor pressure versus time 
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Figure 11.  Time integrated refrigerant vapor mass into and out of the reactor 

 
Figure 12.  Time integrated heat added to and rejected from the reactor 

10. Conclusions 
In Egypt, the cconventional cooling and air conditioning 

systems consume large amounts of the electricity. Since the 
solar radiation is abundant in this area of the world, the 
solar powered cold  producing systems are good alternative 
for the vapour compression machines. In the present work, 
an adsorption based freezer performance is investigated 
under Egypt’s weather conditions is investigated. Activated 
carbon and methanol are used as the working pair. It is 
found that, the freezer attains a coefficient of performance 
of 0.618 and produces daily ice o f 27.82 kg at a  temperature 
of -5 ℃ and from water at a source temperature of 25℃ .  
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