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a b s t r a c t

The adsorber surface density is a chief factor which is strongly coupled with other design parameters and
climate conditions. This parameter has a considerable impact on the behaviour and operation of the
intermittent solar adsorption refrigeration (SAR) system. This paper presents a theoretical investigation
of the impact of the adsorption reactor surface density on the behaviour and overall performance indices
of the intermittent SAR system. A water chiller which uses silica gel and water adsorption pair is studied
under the climate conditions of Riyadh. The mathematical model is developed and a computer program is
constructed to run the dynamic simulation of the chiller. Results obtained from the study show that the
studied water chiller will fail to complete the cycle and to produce a cooling effect when the surface den-
sity is greater than 44 kg/m2. Moreover, the coefficient of performance (COP) increases with decreasing
the surface density. Additionally, the optimum solar-to-cold conversion factor attains a value of 0.2 cor-
responding to surface density of 12.6 kg/m2 and COP of 0.43. This shows that the COP is not the accurate
gauge for the SAR system performance and the solar-to-cold conversion factor is suggested when evalu-
ating SAR system performance.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Cooling and refrigeration processes are chief requisites and vital
requirements for human beings today. Cold generating machines
contribute mostly to the drink and food preservation industry
manufacturing processes and control of the environment, to name
a few. Much more of the world’s generated electrical energy is
directed to power the traditional vapour compression cooling sys-
tems especially for environmental control in countries with warm
climates [1]. In the Kingdom of Saudi Arabia, the electrical energy
consumption in the residential sector is almost the same as all
other sectors combined [2]. The share of the residential sector in
the total electricity consumption in 2006 was 50%, followed by
the industrial sector with 23%, the governmental sector (streets,
hospitals, mosques and charity associations) with 16%, the com-
mercial sector with 9%, and the agricultural sector with 2% [3,4].
Moreover, a survey of residential-energy consumption in the east-
ern province of Saudi Arabia indicates that about 75% of the electri-
cal energy consumption was used for space cooling [5]. The Saudi
Electricity Company is facing a shortage of electricity during the
summer period mainly due to the high usage of electricity in the
air conditioning sector [6]. Additionally, the increasing demand
for electrical energy in the rapidly expanding towns, cities and
industries, greatly exceeds the growth rate of power being made
available. Therefore, it is important for local policies to be directed
towards replacing traditional refrigeration systems with alterna-
tives operated by sustainable and clean sources of energy in an
effort to protect the environment and preserve energy sources.

Energy from the sun is a vast permanent, and plentiful clean
energy source. The solar radiation captured by the earth’s surface
amounts to much higher than the annual global energy use. The
energy available from the sun (82 � 1015 W) is about 5200 times
greater than the world’s needs, as of 2006 [7]. Saudi Arabia, for
instance, receives a potent kind of solar radiation because it is
located in the heart of one of the world’s most affected solar
regions [8]. The average annual solar radiation incident on the Ara-
bian Peninsula is about 2200 kW h/m2 [2,9]. Therefore, harnessing
this large amount of energy is extremely beneficial for this part of
the world.

Recently, numerous technologies have been industrialized
which encourage heat powered cold production systems.
Fortunately, solar energy can be used as a driving heat source for
these systems. One cooling alternative is the adsorption based cold
production technology which is ideally powered by solar radiation.
This type of cooling system is recognized to be appropriate and
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Nomenclature

A area (m2)
C specific heat (J kg�1 K�1)
a total absorbtance (–)
h specific enthalpy (J kg�1)
k thermal conductivity (W m�1 K�1)
Nu Nusselt number (–)
m mass (kg)
P pressure (Pa)
Pr Prandtl number (–)
_Q heat (W)

qsh sorption heat (W kg�1)
R thermal resistance (K W�1)
Ra Rayleigh number (–)
_S solar radiation (W m�2)
T temperature (K)
t time (s)
u specific internal energy (J kg�1)
U coefficient of convection (W m�2 K�1)
8b bed volume (m3)
V velocity (m s�1)
X concentration ratio (kg kg�1)

Greek letters
b collector-bed tilt angle (deg.)
q density (kg m�3)
e bed porosity (–)
d thickness (m)
k adsorber surface density (kg m�2)
r Stefan–Boltzmann constant (W m�2 K�4)
� emissivity (–)
h adsorbate volume fraction (–)

f solar capturing index (–)
n solar-to-cold conversion factor (–)
g efficiency (–)

Subscripts
1 ambient
a adsorbate phase
con condenser
eV evaporator
g gas phase
ab absorber plate
ad adsorber
b beam
c glass cover
d diffuse
eff effective
dp dew point
r reflected
loss losses
sky sky
s solid medium, saturation
tot total
u useful

Abbreviations
COP coefficient of performance
SCOP solar coefficient of performance
SCP specific cooling power
SAR solar adsorption refrigeration

Fig. 1. Illustration of the intermittent solar-driven adsorption cooling system.
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relevant for freezing, refrigeration, and air conditioning applica-
tions. Furthermore, adsorption based cooling systems operate with
naturally benign refrigerants which have zero ozone depleting
potential. As well, adsorption refrigeration systems are regarded
as simple control machines and the absence of corrosion and vibra-
tion matter is an attractive feature for these types of systems. Addi-
tionally, the heat source temperatures that can be used, could be as
low as 50 �C, which marks these systems as very attractive when
driven by solar energy [10]. However, the dependency on the pres-
ence of the radiation from the sun makes these machines intermit-
tent in operation. There has been extensive research and studies on
the intermittent solar-driven adsorption refrigeration system [11–
21]. The flat configuration adsorption bed ice maker [22–24] and
the tubular configuration of the adsorber-collector integration
[7,25,26] were studied and discussed. Furthermore, the concen-
trated solar collector was investigated to power the system as well
[27–32].

The performance and operation of the intermittent solar-driven
adsorption cooling system depends on several factors which
include the climatic conditions and the system design parameters.
One of these design parameters is the adsorber surface density
which is defined as the mass of the adsorbent per unit area of
the solar collector. The adsorber surface density is a major param-
eter, which is strongly coupled with the other design parameters
and climatic conditions. This factor causes a considerable impact
on the behaviour, performance, and operation of the intermittent
SAR system. Therefore, the current work is devoted to explore
the dependency of the intermittent SAR system operation and per-
formance on the adsorber surface density.
2. The intermittent SAR system description

The intermittent SAR system consists of a solar collector-bed
integration, condenser, evaporator, refrigerant tank, throttling
device, and non-return valves, Fig. 1. The collector-bed integration
module has a glass covering at the top and is well insulated from
the lateral surfaces as well as from the bottom surface. An absorber
plate is attached to the top of the adsorption reactor, which
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contains the adsorbent-adsorbate pair. Furthermore, the collector-
bed set is connected to the condenser and the evaporator through
the non-return valves, Fig. 1. The operation of the system as well as
the thermodynamic operating cycle are well described and dis-
cussed elsewhere [11].

In the present study, an intermittent SAR system which has
1 m2 surface area and has one glass cover is studied. The system
is used as a water chiller and is implemented in Riyadh city, King-
dom of Saudi Arabia (latitude 24.7 N, longitude 46.7 E). The water
chiller is investigated on August 25th, 2014 for a complete operat-
ing cycle. The adsorption cooler operates with silica gel and water
adsorption pair and the collector-bed integration is facing the
south and is tilted at an angle of 6� to the horizontal plane. The tilt
angle corresponds to the optimum tilt angle of a flat-plate solar
collectors installed in Riyadh, during the month of August, accord-
ing to National Aeronautics and Space Administration (NASA) [33].
3. Mathematical modelling

The developed mathematical representation takes into account
the dynamic and transient behaviour of the intermittent SAR sys-
tem. The adsorption reactor mathematical model is derived based
on the coupled mass and energy balance relations. Moreover, the
adsorbate thermodynamic properties are calculated from the tabu-
lated values. Furthermore, the solar radiation model is based on
the ASHRAE (American Society of Heating, Refrigerating and Air
Conditioning Engineers) clear sky model. The real weather condi-
tions (ambient temperature and wind velocity) are taken from
the actual hourly recorded data. In addition, the flat plate solar col-
lector is assumed to have one glass cover and is perfectly insulated
from the bottom and the lateral sides. The heat capacity effect of
the collector and the reactor are considered in the analysis as well.

In the following subsections, the developed mathematical for-
mulations of the intermittent SAR system components and the
governing equations are introduced.

3.1. Modelling the solar radiation and weather conditions

The total solar radiation, _Stot , which is accessible to an inclined
surface, comprises mainly of three components. The first, which

has the largest effect, is the direct beam component, _Sb. The second
component is the diffuse solar radiation, _Sd. The third component is

the ground reflected solar radiation, _Sr . The calculation procedure
of these components, based on the ASHRAE clear sky model, is well
explained elsewhere [34]. The total available solar radiation, _Stot , is
given by

_Stot ¼ _Sb þ _Sd þ _Sr ð1Þ

However, the actual amount of solar radiation which could be cap-

tured by a surface, _S, is less than _Stot and depends primarily on the
optical properties as well as the orientation of the surface relative to
the incidence angle of the solar radiation. The amount of solar radi-
ation taken by a surface is expressed by [34]

_S ¼ ab
_Sb þ ad

_Sd þ ar
_Sr ð2Þ

where ab, ad, and ar are the total absorbtance of the surface for the
direct, diffuse, and reflected solar radiation, respectively. In the case
of flat plate solar collectors, the absorber surface is commonly cov-
ered by one or more covers of glass to trap the infrared radiation
and minimize thermal losses from the collector absorber plate. As
a result, multiple reflections as well as transmissions are encoun-
tered at the interfaces of the cover-plate system. The procedure
for calculating the total absorbtance of the surface for the direct,
diffuse, and reflected solar radiation is briefly demonstrated else-
where [23].

The performance and behaviour of the intermittent SAR system
during operation is influenced by the immediate changes in the
status of its surroundings. These conditions include the ambient
temperature T1, the velocity of the ambient air V1, the air coeffi-
cient of convection U1, and the sky temperature Tsky. Both ambient
temperature and air velocity are modelled based on the historical
recorded data. Fig. 2 plots the ambient temperature and air veloc-
ity changes throughout the day on August 25th, 2014 for Riyadh
city in the Kingdom of Saudi Arabia, as recorded by the King Khaled
International Airport OERK weather station. The convection coeffi-
cient of air is calculated from [35]

U1 ¼ 5:7þ 3:8V1 ð3Þ

The effective clear sky temperature is dependent on the ambi-
ent air temperature as well as the dew point temperature, Tdp,
(all in K) and is calculated from Bliss relation as follows [36]

Tsky ¼ T1 0:8þ Tdp � 273
250

� �0:25

ð4Þ

The average dew point temperature is 275 K, according to the
previously mentioned records. Consequently, the sky temperature
under these conditions equals Tsky ¼ 0:948T1.

3.2. Glass cover and the absorber plate models

The solar collector and adsorption bed integration, in the pres-
ent work, consists of one glass cover at the top, and insulation from
the bottom and the lateral sides. The collector-bed combination is
assumed to be well insulated from the bottom and from the lateral
sides. Consequently, the bottom and side heat transfer is extremely
small compared to the top heat transfer and can be neglected.
Moreover, the system operation has a dynamic and a transient
behaviour. Therefore, the heat capacity effect of the system’s com-
ponents is considered in the present analysis. Furthermore, the
glass cover and the absorber plate are assumed to have a uniform
temperature at Tc and Tab, respectively. Two different conditions of
the glass cover and the absorber plate are analysed in the following
subsections, corresponding to the two modes of operation; pre-
heating-desorption and precooling-adsorption modes.

3.2.1. Preheating and desorption mode
In this mode of operation, the adsorption bed is being preheated

and the adsorbate is being generated from the bed. This mode is
powered by the solar radiation. The optical losses from the collec-
tor-bed system have been considered previously in Eq. (2). The
additional thermal losses and the energy balance equations for
the glass cover and the absorber plate are introduced in this sub-
section. Fig. 3 describes the thermal energy flow through the col-
lector-bed integration and the corresponding thermal resistance
circuit during the preheating-generation mode. The energy balance
equation for the absorbing plate can be expressed as follows

ðmabCabÞ
dTab

dt
¼ A _S� _Q ab!c � _Q u ð5Þ

In the above equation, _Qab!c is the heat transferred in the upward
direction from the collector absorbing plate towards the glass cover
and _Qu is the useful heat in the downward direction which is

employed to generate the adsorption reactor. _Qab!c accounts for
both convection and radiation heat exchanges from the plate to
the cover and is determined from

_Qab!c ¼
Tab � Tc

RðradÞ
ab!c

þ Tab � Tc

RðconvÞ
ab!c

ð6Þ



Fig. 2. Ambient temperature and air velocity changes during the operation of the cycle, as recorded by the King Khaled International Airport OERK weather station for Riyadh
city on August 25th, 2014.
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Fig. 3. Schematic representation of the thermal resistance circuit of the collector-
reactor combination during the preheating/generation mode.
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where RðradÞ
ab!c and RðconvÞ

ab!c are the thermal resistances corresponding to
radiation and convection between the plate and the cover, respec-
tively. These resistances are given as follows

RðradÞ
ab!c ¼

ð1=�cÞ þ ð1=�abÞ � 1
rAðTc þ TabÞðT2

c þ T2
abÞ

ð7Þ

and,

RðconvÞ
ab!c ¼

dgap

ANukgap
ð8Þ

where �c and �ab are the emissivity of the cover and the absorber,
respectively. dgap is the width of the air gap and kgap is the thermal
conductivity of the air in the gap. The Nusselt number Nu is calcu-
lated from Hollands correlation as follows [34]

Nu ¼ 1þ 1:44 1� 1708ðsin 1:8bÞ1:6

Ra cos b

" #
1� 1708

Ra cos b

� ��

þ Ra cos b
5830

� �1=3

� 1

" #�
ð9Þ
The notation (�) indicates that if the quantity in the bracket is
negative, a zero value should be used. In the above equation, b is
the collector-bed tilt angle, and Ra is the Rayleigh number which
is given in terms of gap air volumetric coefficient of expansion B,
kinetic viscosity v, and Prandtl number Pr, as follows

Ra ¼
gBðTab � TcÞd3

gapPr

v2 ð10Þ

By considering a linear profile of the temperature distribution in the
adsorber, _Qu can be found from

_Qu ¼
2ðTab � TÞ

Rab!ad
ð11Þ

where T is the average temperature of the adsober and Rab?ad is the
adsorber thermal resistance which is calculated from

Rab!ad ¼
dad

Akeff
ð12Þ

The effective thermal conductivity of the adsorber keff which
includes the effect of the thermal conductivity of the solid ksm,
the mobile gas kg, and the adsorbed phase ka. The simplest expres-
sion for the effective bed conductivity can be found as a volume
averaged which is equivalent to the parallel thermal resistances
arrangement. This can be written as [37]

keff ¼ ksmð1� eÞ þ kahþ kgðe� hÞ ð13Þ

where e is the porosity of the adsorbent and h is the adsorbate phase
volume faction.

The energy balance for the glass cover can be written as

ðmcCcÞ
dTc

dt
¼ _Q ab!c � _Q loss ð14Þ

The top heat losses in the above equation _Qloss accounts for the

sum of heat losses by convection to the ambient air _Qc!1 and heat
exchange by radiation between the cover and the sky _Qc!sky. This
can be expressed as

_Qloss ¼ _Q c!1 þ _Q c!sky ¼
Tc � T1
RðconvÞ

c!1
þ Tc � Tsky

RðradÞ
c!sky

ð15Þ

where RðradÞ
c!sky and RðconvÞ

c!1 are given, respectively, by
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RðradÞ
c!sky ¼ ½�crAðTc þ TskyÞðT2

c þ T2
skyÞ�

�1 ð16Þ

RðconvÞ
c!1 ¼ ½AU1��1 ð17Þ
3.2.2. Precooling and adsorption mode
During the isosteric cooling and the constant pressure adsorp-

tion processes, the glass cover is opened to allow the dissipation
of the bed heat to the surroundings. The thermal resistance repre-
sentation for this mode is shown in Fig. 4. In this case, the glass
cover behaviour is no longer coupled with the system thermal
behaviour. The glass cover and the plate energy balance equations
under these conditions are expressed, respectively, by the follow-
ing expressions

ðmcCcÞ
dTc

dt
¼ �2 _Qloss ð18Þ

and

ðmabCabÞ
dTab

dt
¼ � _Q rej � _Q u ð19Þ

The heat rejected from the adsorption reactor _Qrej is given by

_Q rej ¼
Tab � T1

RðconvÞ
ab!1

þ Tab � Tsky

RðradÞ
ab!sky

ð20Þ

where the thermal resistances RðradÞ
ab!sky and RðconvÞ

ab!1 are given, respec-
tively, by

RðradÞ
ab!sky ¼ ½�crAðTab þ TskyÞðT2

ab þ T2
skyÞ�

�1 ð21Þ

RðconvÞ
ab!1 ¼ ½AU1��1 ð22Þ
3.3. Adsorption isotherm and adsorption heat

The adsorption equation of state for the silica gel and water
adsorption pair is used to estimate the equilibrium uptake. The
S-B-K isotherm model [38–41] is employed in the present work.
The S-B-K isotherm model can be expressed by,

X ¼ aðTÞ P
PsðTÞ

� �cðTÞ

ð23Þ
rejQ&
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Fig. 4. Schematic representation of the thermal resistance circuit of the cover and
the plate during the precooling/adsorption mode.
where

aðTÞ ¼
Xi¼3

i¼0

aiT
i and cðTÞ ¼

Xj¼3

j¼0

cjT
j ð24Þ

The coefficients ai and cj for the silica gel and water adsorption
pair are given in Table 1.

The Clapeyron–Clausius equation is used to calculate the isos-
teric heat of adsorption or desorption per unit mass of adsorbate
as follows

qsh ¼
RT2

P
@P
@T

� �
X¼con

ð25Þ

By expressing the pressure explicitly from (23) and performing the
partial differentiation, the isosteric heat can be expressed as

qsh ¼ �
RT2

P
s

1
cðTÞ�1

½aðTÞ � cðTÞ�2

" #
X2 � cðTÞ

aðTÞ �
dPsðTÞ

dT
� daðTÞ

dT

�

þs � ðln sÞ � ½aðTÞ�2 � dcðTÞ
dT

�
ð26Þ

where

s ¼ PsðTÞ �
X

aðTÞ

The specific enthalpy of the adsorbed refrigerant ha(P, T) is the
difference between the gas phase specific enthalpy hg(P, T) and
the adsorption isosteric heat. It can be found from the following
equation

haðP; TÞ ¼ hgðP; TÞ � qsh ð27Þ

Then, the adsorbed phase specific internal energy is calculated
from

uaðP; TÞ ¼ haðP; TÞ �
P

qaðTÞ
ð28Þ
3.4. Governing equations for the adsorber

The bulk volume of the adsorption bed "b consists of three com-
ponents; the adsorbent solid, the adsorbate refrigerant phase, and
the refrigerant gas phase. The mass contribution of each of these
constituents are expressed in terms of the bed total porosity e
and concentration ratio X as follows

adsorbent solid mass : ms ¼ qsð1� eÞ8b

adsorbate phase mass : ma ¼ Xms

gas phase mass : mg ¼ qg ½e� qsð1� eÞX=qa�8b

ð29Þ

The form of the conservation of mass equation for the adsorber
relies on the cycle process which the bed undergoes. For the pre-
heating as well as the precooling processes, there is no refrigerant
mass transfer into or out of the bed and the mass content of the
adsorber is fixed. Consequently, the bed mass balance for these
processes is expressed as

ms
dX
dt
þ 8b

d
dt

eqg �
qgqsð1� eÞX

qa

� �
¼ 0 ð30Þ
Table 1
Coefficients of S-B-K equation for silica gel and water pairs [41].

i; j ai cj

0 �6.5314 (kg/kg) �15.587
1 0.072452 (kg/kg) K�1 0.15915 K�1

2 �0.23951 � 10�3 (kg/kg)k�2 �0.50612 � 10�3 K�2

3 0.25493 � 10�6 (kg/kg) K�3 0.5329 � 10�6 K�3
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The corresponding energy conservation equation is given by

msCs
d�Tad

dt
þms

d
dt
½Xua� þ 8b

d
dt

eqgug �
qgqsð1� eÞXug

qa

� �
¼ _Q u

ð31Þ

When the bed is connected to the condenser and is isolated from
the evaporator during the generation process, the adsorber mass
content is reduced by the mass flow rate to the condenser, _mcon.
Hence, the mass balance and the energy balance are stated in this
process, respectively, as

ms
dX
dt
þ 8b

d
dt

eqg �
qgqsð1� eÞX

qa

� �
¼ � _mcon ð32Þ

and

msCs
d�Tad

dt
þms

d
dt
½Xua� þ 8b

d
dt

eqgug �
qgqsð1� eÞXug

qa

� �

¼ _Q u � _mconhg ð33Þ

When the bed is connected to the evaporator and is isolated from
the condenser during the adsorption process, the bed mass content
increases at a rate of _meV . Then, the mass balance equation is given
by

ms
dX
dt
þ 8b

d
dt

eqg �
qgqsð1� eÞX

qa

� �
¼ _meV ð34Þ

The energy balance is given by

msCs
d�Tad

dt
þms

d
dt
½Xua� þ 8b

d
dt

eqgug �
qgqsð1� eÞXug

qa

� �

¼ _Q u þ _meV heV ð35Þ
3.5. Performance indices

The performance indices which are used in the present work to
evaluate the intermittent SAR system operation include the solar
capturing index f, solar-to-cold conversion factor n, solar coeffi-
cient of performance SCOP, the adsorber surface density k, and oth-
ers. The solar capturing index is defined as the fraction of the total
solar energy available during the reactor heating period from the
total solar energy available during the daylight time period. This
parameter specifies the system capacity to use as much as possible
the accessible solar radiation during the day. The solar capturing
index is expressed as follows

f ¼
Z t3

t1

_StðtÞdt
� � Z tss

tsr

_StðtÞdt
� ��

ð36Þ

The solar-to-cold conversion factor n is another important
parameter which indicates the system capability to produce useful
output (cooling effect at the evaporator side) from the existing in
hand resources (the total available solar radiation during the
day). This can be expressed mathematically by

n ¼
Z t1

t4

_Q eV ðtÞdt
� �

A
Z tss

tsr

_StðtÞdt
� ��

ð37Þ

The solar coefficient of performance is given in terms of the COP
and the total efficiency of the collector gc (which includes thermal
and optical losses effect), as follows

SCOP ¼ gc � COP ¼
Z t1

t4

_QeV ðtÞdt
� �

A
Z t3

t1

_StðtÞdt
� ��

ð38Þ

where,
COP ¼
Z t1

t4

_Q eV ðtÞdt
� � Z t3

t1

_Q uðtÞdt
� ��

ð39Þ

and,

gc ¼
Z t3

t1

_Q uðtÞdt
� �

A
Z t3

t1

_StðtÞdt
� ��

ð40Þ

The solar-to-cold conversion factor can be expressed in terms of
the solar capturing index and the solar coefficient of performance
as follows

n ¼ f� SCOP ¼ f� gc � COP ð41Þ

The adsorber surface density k is the mass of the adsorbent per
unit area of the collector absorber plate and is given by

k ¼ ms

A
ð42Þ

Another performance parameter which is commonly used for
SAR system performance evaluation is the specific cooling power
(SCP). The SCP is the cooling power per unit mass of adsorbent
and is expressed by

SCP ¼
R t1

t4

_QeV ðtÞdt

24� 3600�ms
ð43Þ
4. Results and discussion

Based on the previously discussed mathematical dynamic sim-
ulation model, a Matlab computer program is developed to run the
system simulation. The simulation model resulted in a differential
coupled nonlinear system of equations. This system of equations is
solved by the 4th order Runge–Kutta method. Additionally, the
thermodynamic properties of the water as a refrigerant and the
air existing in between the glass cover and the absorber plate are
determined based on their tabulated values. The partial derivatives
of the adsorbate and gas phases of water properties are calculated
by using the high accuracy finite difference approximation method
for derivatives which is described in [42]. Several runs of the
computer code are performed in order to determine the system
performance corresponding to the variations of the surface density.
Each run represents a complete cycle of the intermittent SAR sys-
tem with the same design parameters and conditions but with a
different value of the surface density. Furthermore, Table 2 lists
the values of various parameters which are used in the simulation
and are found in the mathematical model.

Fig. 2 shows the values of ambient temperature and air velocity
which are manipulated to simulate the operation of the cycle. Fig. 5

plots the three components of the solar radiation; direct beam _Sb,
sky diffuse _Sd, and ground reflected components _Sr , based on the
clear sky model for Riyadh city during the simulation day on

August 25th, 2014. The total available solar radiation _Stot is shown
as well. The ground reflected component is found to be nearly zero
because the collector-bed tilt angle is very small, 6� from the hor-
izontal plane. Furthermore, the daylight period during the simula-
tion day is 12.64 h which starts at 5.67 AM and ends at 6.32 PM.

The impact of the adsorber surface density on the system
dynamic behaviour and operation is explained in Fig. 6 through
Fig. 9. In these figures, two cases are pronounced. The first case
is related to a normal operation of the system in which the inter-
mittent SAR machine successfully completes the four processes
of the cycle and produces cooling effect at the evaporator, Figs. 6
and 7. The second case refers to the unusual operation of the cycle
in which the adsorption cooler fails to complete the cycle and
hence no cooling effect is noticed at the evaporator, Figs. 8, 9.



Table 2
The parameters used in the simulation.

Symbol Parameter Value

Cycle design parameters
TeV Evaporator temperature 10 �C
Tcon Condensation temperature 40 �C

Adsorbent (Silica gel)
qs Particle density of the adsorbent 700 kg m�3

Cs Specific heat of the adsorbent 820 J kg�1 K�1

e Bed total porosity 0.4
ks Thermal conductivity of the adsorbent 0.198 W m�1 K�1

Solar collector parameters
b Collector-bed tilt angle 6 deg.
Aab Absorber plate surface area 1 m2

qab Density of the absorber plate (stainless steel) 7850 kg m�3

Cab Specific heat of the absorber plate (stainless steel) 500 J kg�1 K�1

tab Absorber plate thickness 3 mm
�ab Emissivity of the absorber plate (black chrome selective coating) 0.05
aab Absorptivity of the absorber plate 0.95
dgap Air gap width between the plate and the cover 10 cm
Cc Specific heat of the glass cover 820 J kg�1 K�1

qc Density of the glass cover 2515 kg m�3

dc Glass cover thickness 3 mm
�c Emissivity of the glass cover 0.88

Fig. 5. Solar radiation components for Riyadh city, August 25th, 2014.

Fig. 6. Reactor pressure development at different values of surface densities for the
normal operation cycles.

Fig. 7. Reactor temperature development at different values of surface densities for
the normal operation cycles.

Fig. 8. Reactor pressure development at different values of surface densities for the
non-working cycles.
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Fig. 9. Reactor temperature development at different values of surface densities for
the non-working cycles.

Fig. 10. Variation of the system performance indices with the surface density.
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The development of the reactor pressure and temperature cor-
responding to different values of surface densities for a number of
successfully completed operating cycles is depicted in Figs. 6 and 7,
respectively. In all cycles, the reactor pressure elevates from the
evaporator pressure, which corresponds to an evaporator temper-
ature of 10 �C, to the condenser pressure, which corresponds to a
condensation temperature of 40 �C. As expected, cycles with low
values of k are activated faster and they reach the generation tem-
perature, 54.7 �C, and the condenser pressure, 7.3 kPa, more rap-
idly compared with cycles having large k values, Figs. 6 and 7.
Furthermore, the cycle maximum temperature at the end of the
desorption-condensation process is higher for the low k systems.
This means lower values of the cycle concentration ratio at the
end of desorption phase. Therefore, systems having low surface
densities are expected to attain higher values of their COP. More-
over, low k systems show a rapid response to the precooling pro-
cess and therefore an early start of the adsorption-evaporation
phase, as shown in Fig. 6 and 7. This allows the low k adsorption
beds to adsorb more refrigerant vapour per unit adsorbent mass.
Consequently, higher cooling effect per unit adsorbent mass, and
hence higher COP, is expected for the low k systems in comparison
with those having higher k.

Figs. 8 and 9 plot the evolution of pressure and temperature,
respectively, for a number of massive SAR systems at different val-
ues of k. All the cases shown in these graphs fail to complete the
thermodynamic cycle and no cooling effect is noticed at the evap-
orator side. One of the shown cases (k ¼ 63 kg=m2) ends the
desorption-condensation phase at low final temperature, about
59 �C, and hence small amount of desorbed refrigerant is moved
towards the condenser. However, this case fails to reach the evap-
orator pressure till the end of the cycle. The reason is the large
amount of thermal energy stored in the adsorber which is slowly
dissipated to the surroundings. Besides, the deterioration of the
heat transfer coefficient inside the adsorption reactor when k
increases due to the thick adsorbent layer. Another studied case
with k ¼ 144:9 kg=m2 fails to reach the desorption temperature
and the condenser pressure, as shown in Figs. 8 and 9. That is
because this case requires large amount of thermal energy, which
is not provided by the solar radiation, to reach the activation state.
As a result, the condenser has not received any refrigerant mass
during the system operation.

The influence of the surface density on the overall system per-
formance indices is illustrated in Fig. 10. It is noticed that, SAR sys-
tems with lower surface densities show higher values of the COPs
compared with those systems having bulky beds. This is because of
the high level of maximum cycle temperature and low level of the
minimum concentration ratio of the low k beds compared with the
high k beds. That is besides the fast response to heating and cooling
in case of low k reactors. It is also noticed that SAR machines with k
value greater than 44 kg/m2 will fail in operation and will not pro-
duce cooling energy (COP = 0). The collector total efficiency shows
an increasing trend as k increases. That is due to the decreased
thermal losses from the collector plate, which is at low level of
temperatures, in case of high k values. The resultant effect of the
COP and the collector total efficiency gives the profile of the SCOP
as illustrated in Fig. 10. It is also found that, the values of SCP show
a continuous decreasing profile as the surface density increases.
This is due to the deterioration of the adsorption and desorption
capacity of the bed by the increase in the adsorbent thickness. In
other words, adsorbent layers near the absorber plate (top adsor-
bent layers) have good heat transfer and attain a higher level of
refrigerant adsorption/desorption capability compared with other
deeper layers (bottom adsorbent layers) which have poor heat
transfer. Moreover, top adsorbent layers show a more rapid
response to the generation/precooling processes compared to the
bottom adsorbent layers. Therefore, adsorbent layers near the
absorber plate acquire higher/lower temperature at the end of
the desorption/adsorption process compared to other deeper
adsorbent layers. As a consequence, the amount of refrigerant
vapour which is generated from the top adsorbent layers is larger
than that generated from the bottom adsorbent layers per unit
mass of adsorbent. Consequently, higher cooling effect per unit
adsorbent mass, and hence higher SCP, is expected for the low sur-
face density systems in comparison with those systems having
higher values of surface density. Low k adsorption beds reach the
end of generation-condensation phase earlier before the sunset
time compared with the higher k beds, as plotted in Figs. 6 and
7. This indicates the poor ability of the low k systems to capture
the available solar energy. In other words, large amount of the
available solar radiation is not used by the low k adsorbers and
therefore low solar capturing index f is expected for these systems,
as shown in Fig. 10. Moreover, the efficiency of the intermittent
SAR machine to use the available solar radiation and produce cold
is plotted in Fig. 10 in terms of the solar-to-cold conversion factor
n. Although low k systems attain high COPs, their solar-to-cold con-
version factor is low due to the low solar capturing index. Conse-
quently, the COP is not the exact indicator for the SAR system
performance and the solar-to-cold conversion factor is recom-
mended when designing SAR systems. Additionally, there is a peak
value for the solar-to-cold conversion factor at about 0.2 corre-
sponding to a certain value of k ¼ 12:6 kg=m2, as illustrated in
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Fig. 10. Although the corresponding value of the cycle COP equals
0.43, which is not the maximum, this case is considered the opti-
mum design point for the SAR system under the conditions of
the studied case.

5. Conclusion

In the present work, a theoretical study on the effect of the
adsorber surface density on the performance of the intermittent
solar-driven adsorption cooling system is introduced. The mathe-
matical formulations of different components of the intermittent
SAR system are developed. A computer code is developed in Matlab
to run the simulations and determine the system performance.

The obtained results show two cases of operation. The first is a
normal operation in which the SAR system successfully completes
the four processes of the cycle and produces cooling effect at the
evaporator. The second case is the unusual operation of the cycle
in which the cooler fails to complete the cycle and to produce cool-
ing effect. It is also shown that the studied SAR machine will fail in
operation and will not produce cold (COP = 0) for k value greater
than 44 kg/m2. Moreover, the COP and the SCP increase with
decreasing surface density. Additionally, the optimum solar-to-
cold conversion factor attains a value of 0.2 corresponding to sur-
face density of 12.6 kg/m2 and COP of 0.43. The work done showed
that the COP is not the precise measure for the SAR system perfor-
mance. The solar-to-cold conversion factor is recommended when
designing SAR systems.
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