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Modeling of a Refrigerator
in Disaster Vehicle, Using
Solar Energy and Engine
Exhaust Gases Heat
In critical situations such as floods and earthquakes, the relief forces require a refrigera-
tion for pharmaceuticals and vaccines, which could operate without an electrical energy
and the alternative energies, such as solar energy, engine exhaust gases heat, and wind
energy. In this paper, a refrigeration cycle has been modeled as an adsorption refrigera-
tion cycle with an activated carbon/methanol as adsorbent/adsorbate pair and two sour-
ces of energy—solar energy and engine exhaust gases heat. The solar cycle had a
collector with area of 1 m2 and the exhaust gas cycle included a heat exchanger with
100 �C temperature difference between inlet and outlet gases. The temperature profile in
adsorbent bed, evaporator, and condenser was obtained from modeling. Moreover, the
pressure profile, overall heat transfer coefficient of collector and adsorbent bed, concen-
tration, and the solar radiation were reported. Results represented the coefficient of per-
formance (COP) of 0.55, 0.2, and 0.56 for complete system, solar adsorption
refrigeration, and exhaust heat adsorption refrigeration, respectively. In addition,
exhaust heat adsorption refrigeration has a value of 2.48 of specific cooling power
(SCP). These results bring out a good performance of the proposed model in the climate
of Iran. [DOI: 10.1115/1.4033586]
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1 Introduction

The widespread use of fossil fuels as an energy source for
human activities causes pollution, which has never been faced till
date in the history of human civilization. The pollution leads to
spreading more gases, such as carbon dioxide or methane in
atmosphere. In order to avoid the effects of polluted environment,
two main resolutions are recommended: one is to improve the
quality of consumption of fossil fuels that has less effect on envi-
ronment and the more important resolution is the replacement of
fossil fuels with renewable energy. In critical situations, such as
floods and earthquakes, the rescue forces need refrigeration for
storing pharmaceuticals and vaccines that works without using
electrical energy and the alternative energies, such as solar
energy, waste exhaust of vehicles, and wind. The most important
in storing the vaccines is to maintain the required low tempera-
ture. Some vaccines are unstable with respect to temperature
changes, especially to frost and should never be exposed to frost.
That is why, it is very important to maintain the temperature of
the refrigerator. Vaccine storage temperature is generally between
2 �C and 6 �C, which is considered to be an average of 4 �C. Some
drugs need to be kept at temperatures between 2 and 8 �C [1].
Solar and engine waste exhaust heat as the major resources of
emerges can be safely used in most places of the world without
any advance or expensive technologies. Nowadays, modern inter-
nal combustion engines have approximately 40% efficiency;
therefore, the rest of the energy from fuel combustion is wasted
heat. The output power is only 0–42% and 25–30% for diesel and
gasoline cars, respectively [2]. Therefore, the waste heat is
58–70% to 70–75% for gasoline and diesel fuel. In addition, the
heat temperatures of the exhaust are 25–45% and 30–40% in die-
sel and gasoline-powered vehicles, respectively. Generally,

engines exhaust temperature of about 550–450 �C [2]. However,
the attention to the dew point and corrosion of acid oxides of out-
put gas, and the temperature of output gas should not be less than
180 �C [3].

Iran is among circuits 25–40 deg north latitude and is located in
an area which is ranked top in solar energy worldwide. The
amount of global solar radiation in Iran is between 1800 and
2200 kW hrs per square meter per year, which is higher than the
average globally. Therefore, Iran has a good solar potential [4].

Cooling load production from heat done by sorption cycles is
classified into two categories: adsorption and absorption [5].
Depending on the adsorption system, different refrigerants are
used by activated carbon–methanol (to create a subzero tempera-
tures) or by silica gel–water and zeolite–water (for air condition-
ing applications) [5].

In recent years, much research has been done for modeling the
adsorption refrigerator. Vasta et al. [6] simulated an activated
carbon–methanol adsorption refrigeration system by using a 1.5
m2 flat collector consisting of 13 tubes filled by 37 kg of activated
carbon and 10.5 kg of methanol in Italy. The results showed a
maximum solar COP (SCOP) (0.11) in the month of January.
Moreover, Critoph [7] and Critoph and Vogel [8] found the char-
coal as a preferable and recommended adsorbent for solar cooling.
Many attempts have been reported in the literature to develop and
design a semi-continuous operation and to increase the perform-
ance and efficiency of the cycle. These developments include heat
recovery or the regeneration cycle [9–12], mass recovery cycle
[13–15], heat and mass recovery cycle [10,16], and thermal wave
cycle [17]. Zhou et al. [18] have used the activated carbon/metha-
nol in designing a solar refrigeration system. The maximum/mini-
mum produced temperature was about 110 �C/�4 �C. The system
was able to achieve a cooling capacity factor of 87–99 kJ and
SCOP equal to 0.11, respectively. Hasan et al. [19] have carried
out a theoretical simulation for solar adsorption refrigerator with a
focus on the effective conductive heat transfer in adsorbent bed
and pressure in the system. The results showed very minimal
changes in the effective thermal conductivity (between 0.5 and
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0.528 W/m K) and constant pressure in the system in the course of
adsorption and desorption.

Thermal optimization of a solar thermal cooling cogeneration
plant was investigated by Srinivas and Reddy [20] at low-
temperature heat recovery. A simple cooling cogeneration has
been developed by coupling a Kalina cycle system with a vapor
absorption refrigeration system. The analysis carried out by
Ougue and Aniano [21] on an adsorption refrigeration system
showed that a low pressure in condenser and a high pressure in
evaporator increased the process of adsorption. Li and Wang stud-
ied the adsorption transfer and mass transfer in an adsorbent bed
for ice production of adsorption by flat collectors [22]. Chekiro
et al. [23] investigated the heat and mass transfer in an adsorbent
bed filled with activated carbon and methanol. Qasim et al.
numerically optimized a solar adsorption in operating conditions
in Dhahran, Saudi Arabia [24]. Optimal results were obtained for
the systems containing 14.1 kg of activated carbon per square me-
ter of surface coated with a double-cover of collector. The SCOP
was 0.12 and 0.24 in hot and cold days, respectively.

Jacobs [25] studied the waste heat recovery potential of
advanced internal combustion engine technologies. This article
explored the relationships that may exist, both fundamentally and
in practical application, between engine parameters and the corre-
sponding effect on the maximum waste heat recovery potential of
the engine’s exhaust. Manzela et al. [26] studied the use of output
gas of an engine as the energy source to absorption system. Jabbar
[27] built a successful refrigeration system with a supply of ther-
mal energy from vehicle exhaust with an exhaust temperature
about 120 �C. His experimental work had a maximum COP equal
to 0.31. Experimental studies on the adsorption refrigeration system
using waste heat energy from the diesel engine were carried out by
Zhang [28]. In this study, zeolite–water, as working pair and double
tube heat exchanger, was used. Khaliq et al. [29] studied the exergy
analysis of an industrial waste heat recovery. In their study, a novel
industrial waste heat recovery was proposed for the combined pro-
duction of power and refrigeration based on cogeneration.

In the present research, an adsorption refrigeration system with
a heat source of solar energy and heat energy from the waste exhaust
gases of a vehicle has been modeled. To this end, a computer code in
MATLAB was established to simulate a combined solar/exhaust-heat
adsorption refrigeration cycle in Tehran zone. The study parameters
selected are temperature, pressure, and density in different parts of
the cycle to evaluate the performance of the system.

2 System and Processes Description

The adsorption system consists of three main parts: solar collec-
tor or heat exchangers with the adsorbent bed where activated car-
bon is placed, condenser, and evaporator. The system is very
similar to vapor compression refrigeration cycle. The difference is
that instead of compressor, reactor is used. The reactor of porous
environment type has the ability to absorb refrigerant formation.

The operating cycle of the system has four processes as shown
in the Clapeyron diagram in Fig. 1: (AB) Isosteric heating process
at constant concentration of the adsorbate, (BC) desorption pro-
cess at condenser pressure, (CD) isosteric cooling process, and
(DA) adsorption process at evaporator pressure. At first (point A),
reactor from the condenser is isolated by valves C and E and is in
full charging with the adsorbate. Pressure inside the reactor at the
beginning is equal to the pressure vaporizers and temperature is
equal to the environment temperature. When the reactor is heated
by sun rays or gases of exhaust of car, pressure and temperature
inside the adsorbent bed increase and this process at constant den-
sity continues till the time the pressure reaches the pressure of
condenser, which is similar to the compressed action at vapor
compression refrigeration cycle. In point (B), valve C opens and
adsorbate starts to excrete and flow in the condenser. During this
process, the fixed pressure and temperature continuously increase
and the density level of adsorbate is reduced. When the tempera-
ture of refrigerant reaches to the maximum, valve C is closed and

third phase starts. When the level of sun radiation diminishes or
the thermal exhaust source gets out of the system, methanol in
crossing from the expansion valve at a fixed density and during
special fixed volume process cools down, and its pressure is
decreased from condenser pressure to vaporizer pressure (point
D). Final step starts with an opening of e valve, which the refriger-
ant flow at the inside reactor and continuous adsorption process
with a cooling reactor at a fixed pressure of evaporators, continues
till the time that reaches the initial point (A).

3 System Modeling

The following assumptions were used for modeling:

� Homogeneous bed with the fixed porosity and adsorbent
(activated carbon) with particles in uniform size.

� Methanol vapor has the behavior similar to an ideal gas.
� The desorption and adsorption processes occur at vapor

phase of methanol.
� Temperature of methanol and activated carbon at one point

is equal.
� Temperature changes inside the reactor tubes occur in radius

direction and are small.
� Effects of transmission heat transfer at porous bed are small.
� The wall of absorber pipes is homogeneous and thin; there-

fore, the properties of thermal physics and temperature to ev-
ery point will be the same.

� Due to the vapor density on the porosity of absorber, spe-
cially absorbed or excreted heat of methanol is considered as
the specific heat of liquid methanol.

3.1 Easy Half Sinusoidal Mathematical Model to Determine
the Intensity of Sun Radiation. To anticipate the operation of
one solar energy system, determination of an easy model to the
intensity of the sun’s radiation at smooth weather is what we
need. Severity radiation of half sinusoidal is such model. The only
information necessary to this model includes: sunrise and sunset
times and solar radiation at noon, then with the help of the below
equation, the total amount of radiation intensity is calculated [30]

I ¼ Imax sin
p � t� tsrð Þ

tss � tsr

� �
(1)

In this equation, t is the time in hours (24 hrs), tsr is the time of
sunrise, tss is the time of sunset, and Imax is the highest solar radia-
tion in the afternoon, and because after sunset the model creates a
negative value, the forecast should be done in a computer program.

3.2 Adsorbent Bed-Collector at Solar Adsorption
Refrigeration Cycle. Usually at solar adsorption refrigeration
cycle, the collector and adsorbent bed components set within each
other reduce the heat loss due to the use of the working fluid.

Fig. 1 Schematic view of the adsorption process on the
Clapeyron diagram
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The overall heat transfer coefficient (UL) at the collector
according to the below equation is equal to [9]

UL ¼ Ut þ Ub þ Us (2)

where Ut; Ub, and Us are the rate of heat loss from the top, bot-
tom, and sides of the wall of collector–absorber, respectively. Us

is small and can be neglected.
Ut is calculated according to Duffie and Beckman [9]

Ut ¼
Ng

c

Tpw

Tpw � Tamb

Ngþ f

� �e þ
1

hw

2
64

3
75
�1

þ
r Tpwþ Tambð Þ T2

pw þ T2
amb

� �
epwþ 0:00591Nghwð Þ�1 þ 2Ng þ f � 1þ 0:133epw

eg
�Ng

2
664

3
775

(3)

where Ng is the number of glass cover on the collector and other
factors include

f ¼ ð1þ 0:089hw � 0:1166hwepwÞð1þ 0:07866NgÞ (4)

c ¼ 520ð1� 0:000051b2Þ 0 < b < 70 (5)

where b is the angle of collector (deg)

e ¼ 0:430 1� 100

Tpw

� �
(6)

hw ¼ 5:7þ 3:8ðVÞ (7)

epw is the emissivity of the wall of the absorber tube, eg is the
emissivity of emission glass, Tpw is the temperature of absorber
tube, Tamb is the ambient temperature, r is the Stefan–Boltzmann
constant, hw is the heat transfer coefficient of wind, and V is the
wind speed.

Coefficients of thermal dissipation of floors and walls of collec-
tor are dependent on the insulating material used and its thickness
is obtained from relations (8) and (9) [9]

Ub ¼
ki

ti
(8)

Us ¼
2

ki

ti

� �
Lc þWcð Þtc

p
2

� �
D3ð ÞLt � ntube

� � (9)

In which, ki is the conductive heat transfer coefficient, ti is the
insulation thickness, Lc is the collector length, Lt is the absorber
pipe length, Wc is the width, D3 is the outside diameter of
absorber pipes, and ntube is the number of absorber pipes. In
Eq. (3), the temperature of the outer wall of the pipe of
collector–absorbent Tpw is obtained in the following equation [9]:

mpwCpw
@Tpw

@t

� �
¼ sgapwð ÞIT tð Þ D3ð ÞLt

� UL
p
2

� �
D3ð Þ Ltð Þ Tpw � Tambð Þ

� hp D2ð ÞLt Tpw � Tr¼R2ð Þ (10)

Including the amount of energy absorbed (the first term of the
equation on the right side of the equation), the rate of heat loss to

the environment (the second term on the right side of the equa-
tion), and the rate of heat transfer to the outer layer of activated
carbon/methanol (third term on the right side of the equation), t
on the left side of equation shows the level of stored heat at the
absorber metal in less time (dt), sg is the transmittance of glass,
apw is the absorptivity of the exterior collector pipes—absorbent,
and D2 is the inner diameter of the absorber tube.

With attention to the data that is mentioned before, transmission
heat of adsorbent is at radius direction between internal tube
(r¼R1) and internal surface of the outer tube (r¼R2). This trans-
mission heat is given in the below equation:

qac Cp acð Þ þ xCpm
� 	 @T

@t

� �
¼ keff

@2T

@r2

� �
þ 1

r

� �
@T

@r

� �" #

þ qacDH
@x

@t

� �
(11)

keff is the conductivity of the effective heat from bed and r shows
the local radius from the adsorbent bed which is the difference
between internal radius tube (R1) and internal surface of the outer
absorber pipe (R2). qac, CpðacÞ, and Cpm are the density of acti-
vated carbon, specific heat of activated carbon and methanol at
constant pressure, and DH is the adsorption and desorption heat at
a mass of methanol.

In the process of adsorption and desorption, the concentration
of (x) in Eq. (12) is determined by Dubinin–Astakhov [9]

xeq T;Pð Þ ¼ x0 exp �D Tln
Psat

p

� �� �n
" #

(12)

where D, n, and x0 are the experimental coefficients and from
Table 1, different activated carbons are selected.

Psat in Eq. (12) is the saturation pressure according to the
Antoine equation, which is calculated as

log10 Pð Þ ¼ A� B

T þ c

� �
(13)

where A, B, and C are the empirical coefficients that are different
for each material and are fixed and T is the temperature in Kelvin,
and P is the pressure in mm Hg.

In adsorption kinetics, we assume that the concentration
changes of methanol in the activated carbon ð@x=@tÞ are handled
by a linear equation (LDF)

@x

@t

� �
¼ 15D0

rpð Þ2

 !
exp

�E

RT

� �" #
xeq � xð Þ (14)

where xeq is the density balance of Eq. (12), and x is the actual
value of concentration which for the activated carbon/methanol
equation constants is defined empirically as follows [31–37]:

Table 1 Characteristics of the activated carbon types

Activated
carbon

x0

ðkg kg�1Þ
D
ðk�1Þ n

q
ðkg m�3Þ

C
ðKJ kg�1 k�1Þ

AC-35 0.33 5.02�10�7 2.15 430 0.92
WS-840 0.269 9.08�10�6 1.781 420 0.93
207EA 0.28 8.45�10�7 2.08 460 0.92
Maxsorb III 1.24 4.022�10�6 2.0 281 0.93
Carbo Tech A35/I 0.58 1.37�10�5 1.76 330 0.95
G32-H 0.38 1.94�10�8 2.59 370 0.95
NRIT
R1-EXTRA

0.41 2.19�10�7 2.27 420 0.95

NORIT
RX3-EXTRA

0.425 9.06�10�7 2.06 370 0.95
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15D0

rpð Þ2

 !
¼ 0:019 (15)

�E

R

� �
¼ 906 (16)

3.3 Condenser and Evaporator. According to the first law
of thermodynamics equations, the condenser and evaporator bal-
ance are defined as

MconCp conð Þ
@Tcon

@t

� �
¼ �LconMac

@x

@t

� �
� hconAcon Tcond � Tambð Þ

(17)

MeCpe þ Mm � xMacð ÞCpm

� 	 @Te

@t

� �
¼ he�wAe�w Tw � Teð Þ

þ Ue�ambAe�amb Tamb � Teð Þ � LeMac

@x

@t

� �
(18)

where Lcon and Le are the latent heat of working factor which is
proportional to condenser and evaporator temperature and accord-
ing to Eq. (19), changes and coefficients in Table 2 have been
obtained [2]

Lcond;e ¼ d0 þ d1T þ d2T2 þ d3T3 (19)

If the evaporator temperature is below zero, cycle is capable of
producing ice. Equations (20)–(22) calculate the mass of ice cre-
ated and the evaporator temperature can be used at temperatures
below zero [9]

� If Tw > 0 �C

MeCpw ¼ he�wAe�wðTe � TwÞ þ Ue�ambAe�ambðTamb � TeÞ (20)

� If Tw ¼ 0 �C

Lsol

@Mice

@t

� �
¼ he�w;iceAe�w Te � Twð Þ

þ Uw�ambAw�amb Tamb � Tweð Þ (21)

� If Tw < 0�C

MwCp iceð Þ
@Tw

@t

� �
¼ he�iceAe�w Te � Twð Þ

þ Uice�ambAw�amb Tamb � Tweð Þ (22)

where he�w is the convective heat transfer coefficient between the
evaporator and water during and after the formation of ice and
replaced by he�w;ice and he�ice, respectively. Ue�amb is the heat
transfer coefficient between the evaporator and the environment,
Uw�amb is the heat transfer coefficient between water and environ-
ment, and Uice�amb is the heat transfer coefficient between the ice
and the surrounding environment. Initial conditions and boundary
environmental conditions and the region have important roles in
the adsorption solar refrigerators. Changes in weather conditions,

for example, changes in atmospheric temperature or change in the
amount of solar radiation from hour to hour and day to day, influ-
ence the system performance. These unstable conditions have
been considered in the present study, while the previous day step
data were used as initial conditions of new day step.

Initial and boundary conditions can be considered as
The system at the beginning (t¼ 0)

T ¼ Tpw ¼ Tiw ¼ Tamb

x ¼ xmax

P ¼ Pe

8<
: (23)

And during the disposal process

Tc ¼ Tamb (24)

Boundary conditions for the solution of Eq. (11) are as follows:

@T

@r

� �
r¼R1

¼ 0 (25)

�keff

@T

@r

� �
¼ h Tpw � Tr¼R2ð Þ (26)

3.4 Heat Exchanger-Adsorbent Bed at Exhaust Adsorption
Refrigeration Cycle. The engine is a four-stroke engine, no
turbo-charged, direct injection diesel systems, and chilled water
cooled engine. The standard speed of the engine is 1500 rpm. The
shaft power output can be adjusted at the range of 0–30 kW with
an addition up/drop load from a trap power planning, and the
speed is measured by a computer program. Performance experi-
ments of the engine have been done to investigate the fuel con-
sumption coefficient ge and the excess air coefficient a of the
engine. Then, the waste gas flow rate is estimated as [12]

mw _st ¼
Ngeme 1þ að Þ

3600 � 103
(27)

where N is the shaft output power measurement and me is the fresh
air required by unit mass of fuel for complete combustion. Experi-
mental measurements of ge correspond to 253.6, and the analysis
of the gas composition excess air coefficient is deduced as 1.24.
For diesel engine, air–fuel ratio (me) is equal to 14.36
ðkgðairÞ=kgðoilÞÞ.

Waste exhaust gas heat input rate is equal to

_Q ¼ m _wstCDT (28)

where C is the specific heat of exhaust gases and DT is a tempera-
ture change in input and output of heat exchanger that is recorded
in the equation as a heat source.

The overall heat transfer coefficient (UL) in the heat exchanger is

UL ¼ Ut þ Ub þ Us (29)

where Ut, Ub, and Us are the rate of heat loss from the top, bot-
tom, and sides of the walls of absorbent bed. Us is small and can
be neglected.

Coefficients of thermal dissipation from floor and wall
collector–absorbent, insulating material used and its thickness de-
pendent on the following relationship are:

Ut ¼ Ub ¼
ki

ti
(30)

Us ¼
2

ki

ti

� �
Lc þWcð Þtc

p
2

� �
D3ð ÞLt � ntube

� � (31)

Table 2 Coefficients of Eq. (19) to methanol

Parameters Value Value Value Value

i 0 1 2 3
di 643,984 7441.88 �10.1045 1.12,826� 10�4
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where ki is the conductive heat transfer coefficient and ti is insula-
tion thickness and during the absorber, Lc is the absorber pipe
length, Wc is the width, D3 are the outside diameter absorber tube
and the absorber pipes.

The temperature of the outer wall of the absorber tubes (Tpw) is
obtained by the following equation:

mpwCpw
@Tpw

@t

� �
¼ _Q

 �
� UL

p
2

� �
D3ð Þ Ltð Þ Tpw � Tambð Þ

� hp D2ð ÞLt Tpw � Tr¼R2ð Þ (32)

Which includes the amount of energy absorbed from the automo-
tive waste gases (first term of the equation on the right side of the
equation), the rate of heat loss to the environment (the second
term on the right side of the equation), and the rate of heat transfer
to the outer layer of activated carbon/methanol (third term on the
right side of the equation).

Other components such as the condenser, evaporator and the
initial and boundary conditions are quite similar with sun.

3.5 Performance Evaluation System. The performance of
the refrigeration system alone is described by the COP of its cycle
(COP) without including the solar collector performance. On the
other hand, both the SCOP and the effective SCOP (ESCOP) take
the solar collector field performance into consideration. The over-
all SCOP considers the total diurnal incident solar energy as the
input. The ESCOP takes into consideration only the thermal solar
energy gained by the solar collector during the heating and
desorption periods. For the exhaust system, COP and SCP are
used [9]

COP ¼ Qe

Qg
(33)

SCOP ¼ Qeðt¼sunset

t¼sunrise

AcIT tð Þdt

(34)

ESCOP ¼ Qeðt¼end of generation process

t¼sinrise

AcIT tð Þdt

(35)

ITðtÞ is the rate of energy caused by solar radiation, t is the time,
Ac is the area of the collector, and Qe is the effect of cooling, and
Qg is the heat produced by the collector.

Where Qg can be estimated from sensible and desorption heat
of adsorbent bed during the heating and desorption processes

Qg ¼
ðTsd

Ta

ðMacCpðacÞ þMacxmaxCvðmÞÞdtþ
ðTd

Ta

ðMmetalCmetalÞdTpw

þ
ðTd

Tsd

ðMacCpðacÞ þMacxCpðmÞÞdT þ
ðTd

Tsd

MacDHdx

(36)

The first term of the right amount of heat from the start of the
cycle to begin disposal operations (process1-2, heating fixed in a
special volume) is taken in the second semester of heat pipes
between the reactor cycle and the disposal process (processes 1-2
and 2-3), the third term heat rejection from the start to the end at
constant pressure (process 2-3) and fourth semester, the heat
rejection process is the utilization of methanol.

The evaporation heat is calculated by the following
equation [9]:

Qe ¼ LeMacDx (37)

That is,

Dx ¼ xmax � xmin (38)

SCP, only when the cold water is produced, can be used to evalu-
ate the system performance

Dx ¼ xmax � xmin (39)

Mac is the mass of the activated carbon and tc is the cycle interval
in seconds.

4 Case Study of Adsorption Refrigeration Cycle

The modeling done for Tehran with the following conditions:
latitude: 35�; average solar radiation at noon: 950 ðW=m2Þ ; ambi-
ent temperature: 35 �C; wind speed: 3 ðms�1Þ ; time of sunrise: 6
O’clock; and time of sunset: 18 O’clock. Disaster vehicle had a
four-stroke engine with a direct injection diesel. The average shaft
power was 15 kW. The solar cycle includes a collector with area
of 1 m2 and the exhaust gas cycle includes a heat exchanger with
100 �C temperature difference between inlet and outlet gases.
Summarized parameters have been shown in Table 3. Unfortu-
nately, the same experimental or analytical data for Tehran condi-
tions were not available to verify the model results. However, to
calibrate the present developed modeling software, the research
done by Qasim et al. [24] for Dhahran, Saudi Arabia ambient con-
ditions, was used.

5 Results and Discussion

5.1 Solar Adsorption System Modeling Results. The inci-
dent solar radiation on the collector at an angle 35 deg of collector

Table 3 The main parameters used in the case study

Parameters Value Parameters Value Parameters Value

R1 0.02 m Teva 0 �C qpw 4780 kg m�3

R2 0.02865 m Tcond 35 �C epw 0.1
R3 0.02965 m Tamb 30 �C apw 0.98
Lt 1 m Cac 920 J kg�1 K�1 h 16.5 W m�2 K�1

ntube 17 q 430 kg m�3 eg 0.88
Cpw 480 J kg�1 K�1 Mac 20 kg sg 0.95
Ng 2 V 3 ms�1 Aw�amb 0.33 m2

Ki 0.038 W m�1 K�1 b 35 deg Ae�amb 0.18 m2

ti 0.1 m Ac 1 m2 Ae�w 0.44 m2

tis 0.05 m D 5.02� 10�7 Acond 1 m2

Cpcond 380 J kg�1 K�1 n 2.15 Cpe 480 J kg�1 K�1

Mcond 20 kg x0 0.33 Me 7.4 kg
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in Tehran for over 30 hrs was calculated in Fig. 2. According to
Fig. 2, the exposure to the sun increased at 6 O’clock in the morn-
ing and reached its highest value at noon. Then it decreased grad-
ually to zero in sunset time. The system tried adapting itself
according to this curve of energy source.

Overall heat transfer coefficient of the collector (UL) according
to Eqs. (2)–(9) has been changed to the time as shown in Fig. 3.
Outer wall temperature pipes of collector–absorber (Tpw) accord-
ing to Eq. (10) can be changed with respect to time as shown in
Fig. 4. While a day was modeled in this simulation, the tempera-
ture of wall and heat transfer coefficient of collector reaches zero
after sunset. It means that, for next cycle, the initial value of those
parameters is higher than the past cycle. It can obviously help for
the better performance of the system. The overall coefficient of
the heat transfer is shown in Fig. 3, including the top, bottom, and

walls of the collector. According to this chart, by increasing in
temperature of collector, the heat transfer coefficient increases
and with the decreasing temperature due to collector going out of
the cycle, its value dropped. In Fig. 4, with sunrise and an increase
in sun radiation, the temperature continuously increases to reach
its high value at 16 pm and then decreases in the energy of sun
radiation and heat transferring to environment, its temperature
decreases to the temperature of environment. It is obvious that the
next cycle will be started by more initial wall temperature versus
first cycle (after 6 PM). Depending on the wall temperatures,
according to Eq. (2), the heat transfer coefficient changed with
radiation and after sunset.

Reaching the pressure of absorber to condenser pressure, con-
denser was added to the system by opening the valve to start a
desorption process. Therefore, the heating process continues to
increase the temperature of the condenser according to Fig. 5.
This phenomenon is according to Eq. (17). In the final step of the
cycle, the gradient of temperature is negative. However, the con-
denser will operate in higher temperature in the next cycle. To
improve the COP of the system, it is required to settle down the
temperature of condenser by an extra natural cooling for instance.

Figure 6 is a demonstration of the concentration changes of
methanol in the activated carbon. Initiating the sun’s radiation and
temperature rise in the adsorbent bed and collector, the concentra-
tion decreases gradually. When the temperature of absorber
reaches its maximum, the system has the lowest concentration of
methanol. It is according to Eq. (12) that x will decrease by
increasing T and decreasing P. Collector and absorbing solar radi-
ation and temperature rise at the beginning of concentration grad-
ually decrease and reache its maximum when the temperature
sinks, the system is capable to reach its lowest concentration of
methanol. Leaving the absorber circuit, temperature steadilyFig. 2 The incident solar radiation on collector

Fig. 3 Change in the overall heat transfer coefficient of the col-
lector (UL) along the cycle

Fig. 4 Change in the outer tube wall temperature (Tpw) along
the cycle

Fig. 5 Change in the condenser temperature (Tcond) along the
cycle

Fig. 6 Change in the concentration of methanol (x) in the acti-
vated carbon along the cycle
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decreases due to heat transfer in the environment and its ability to
attract the increases in methanol. In the absorption process, due to
the absorbent temperature, methanol concentration increases till
the cycle is ready to circulation again. According to Eq. (12), and
considering the condenser temperature, the value of x changed
based on the sun source. Fortunately, after 30 hrs, it comes back to
the set point.

Figure 7 shows that the evaporator’s initial temperature of
25 �C (298 K) till 6 PM. Immediately reaching the pressure of
cycle to the evaporator pressure, evaporator gets into the circuit.
With heat absorption of chamber cooling and the evaporation of
methanol, the temperature gradually dropped during 3 hrs. Aver-
age temperature required to keep the cold chain of drugs was
assumed 4 �C. However, this system is to consider a lower temper-
ature for modeling to reach a certain coefficient. To start the next
cycle, the system needs to reach the initial temperature according
to the equations of Sec. 3.3.

Overall system pressure, according to Eq. (13), has been shown
in Fig. 8. According to the imposed initial conditions, the cycle
pressure in the beginning (before 6 AM) was set to the evapora-
tor’s pressure. By applying a special heating process by radiation
at a constant volume in Clapeyron cycle, the pressure increases to
the condenser pressure (25 kPa). At a constant condenser pressure,
disposal process is done, and at the end, the pressure by the expan-
sion valve changes to the evaporator pressure (after 6 PM). The
output power is down by the pressure of 25 kPa to support the
system.

Parameters for assessment of solar adsorption refrigeration
system include: the COP of 0.55, the SCOP of 0.20, the ESCOP
of 0.21, and SCP of 2.42. These values are according to
Eqs. (33)–(38) and the values can be changed by considering
more cycles including the operation days. Depending on the geo-
graphical conditions and also the weather conditions during the
year, the results may slightly vary.

5.1.1 Sensitivity Analysis. To evaluate the system perform-
ance and the impact of various parameters on the performance of
different parts, the sensitivity analysis was conducted. Table 4
shows the sensitivity results in system performance to the changes
of maximum solar intensity in the mid-day sun. According to the
results, system performance is directly related to the amount of
radiation during the day, and on increasing the amount of radia-
tion leads to a better system performance where the average emis-
sions in the project of 950 (w/m2) are intended.

According to Table 5, absorber emissivity apw of walls collec-
tor has been studied, and the results show a direct effect of these
parameters on the COP, the coefficient of SCOP, and the effective
operation of the ESCOP and cool SCP. By increasing the absorp-
tion coefficient of the wall, the cycle will have a better
performance.

Table 6 shows the Impact of collector wall diffusion coefficient
(epw) on the performance of the system:

As can be seen in Table 6, the COP, the SCOP, and the effec-
tive operation of the solar factor (ESCOP) and SCP of cycle with
diffusion coefficient of wall is inversely, reduced system
performance.

Table 7 illustrates the effect of the thickness of the insulating
foam collector (ti) on the performance of the system. As shown in
the data, there is a direct correlation between the thickness with
the system performance to prevent heat loss of the adsorbent bed
and collector, and the increase in it causes increase of system
performance. Weight limit in the appropriate selection of these
parameters should also be considered.

Fig. 7 Evaporator temperature variation (Teva) with time

Fig. 8 Pressure variation (P) with time

Table 4 Effect of incident solar radiation on the system per-
formance parameters

ImaxðW=m2Þ COP SCOP ESCOP SCP

1000 0.5506 0.2120 0.2272 2.5673
950 0.5491 0.2000 0.2144 2.4197
850 0.5441 0.1739 0.1864 1.1038
750 0.5335 0.1447 0.2272 2.5637

Table 5 The effect of absorber absorptivity on the system per-
formance parameters

apw COP SCOP ESCOP SCP

0.4 0.3957 0.0387 0.0415 0.4685
0.5 0.4554 0.0640 0.0686 0.7737
0.6 0.4967 0.0927 0.0993 1.121
0.7 0.5215 0.1228 0.1316 1.4852
0.8 0.5367 0.1524 0.1633 1.843
0.9 0.5461 0.1802 0.1932 2.18
0.95 0.5491 0.2000 0.2144 2.4197

Table 6 The effect of absorber emissivity on the system
performance parameters

ePW COP SCOP ESCOP SCP

0.1 0.5491 0.2000 0.2144 2.4197
0.2 0.5491 0.1995 0.2138 2.4227
0.3 0.5490 0.1989 0.2132 2.4062
0.4 0.5490 0.1984 0.2126 2.3998
0.5 0.5489 0.1979 0.2121 2.3923
0.6 0.5489 0.1973 0.2114 2.3862
0.7 0.5488 0.1966 0.2108 2.3786
0.8 0.5488 0.1960 0.2100 2.3702
0.9 0.5487 0.1952 0.2092 2.2092
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Table 8 shows the effect of number of coating the collector
(Ng) on the system performance, which directly correlates to the
number of covers and the system performance. Increase in the
cover reduces the heat transfer in the system and enhances the per-
formance of the system.

In summary, absorber emissivity apw of walls collector and inci-
dent solar radiation have major effects on the system performance
according to Tables 4 and 5. Other parameters (absorber emissiv-
ity, adsorbent bed thickness, and glazing cover systems) have
minor effects on the system according to Tables 6–8.

5.2 Adsorption Exhausts System Modeling Results. The
purpose of this modeling was coupling the adsorption exhaust
heat system to the solar cycle. When solar radiation is not appro-
priate due to weather conditions, such as cloudy weather or at
night, the waste heat gases as a heat source can be used. All parts
except the reactor modeling are similar to the solar system by
eliminating the collector. This cycle has been modeled for the du-
ration of 1200 s in a period of the cycle time.

By passing waste gases from the engine and the heat transfer
between the absorber and absorbing gases, the temperature in the
absorber has grown over the time to reach the Celsius temperature
(Fig. 9) according to Eq. (32). The temperature reached 100 �C
near the temperature created by collector. Then getting out of the
circuit due to the heat transfer with the surrounding temperature
steadily decreases. After reaching the system pressure to evapora-
tor pressure and starting the adsorption process at constant pres-
sure of evaporator, the concentration gradually increases to the

current cycle to start again (Fig. 10). This phenomenon is based
on Eqs. (12)–(16). It can be seen that the x dramatically depends
on temperature.

Reaching the system pressure to evaporator pressure and
absorbing the heat from methanol chamber, leads to a low-temper-
ature evaporator situation (Fig. 11). The condenser has a tempera-
ture equal to the temperature of the environment. After reaching
the cycle pressure to the condenser pressure, temperature
increases and changes in the disposal process and continues till
the end of the desorption (Fig. 12). Then the temperature of the
condenser, due to heat transfer with the environment and cut
endothermic process of desorption, decreases. At first, system is
in the evaporator pressure, and during the heating process,

Table 8 Effects of glazing cover systems on the performance
parameters

Ng COP SCOP ESCOP SCP

1 0.5499 0.196 0.2100 2.3703
2 0.5491 0.200 0.2144 2.4197

Fig. 9 Change in the outer tube wall temperature (Tpw ) along
the cycle

Fig. 10 Change in the concentration of methanol (x) in the acti-
vated carbon along the cycle

Fig. 11 Evaporator temperature variation (Teva) with time

Table 7 The effect of adsorbent bed thickness on the system
performance parameters

ti COP SCOP ESCOP SCP

0.1 0.5491 0.2000 0.2144 2.4197
0.2 0.5491 0.2006 0.2150 2.4269
0.3 0.5492 0.2008 0.2153 2.4293
0.4 0.5492 0.2009 0.2154 2.4305
0.5 0.5492 0.2010 0.2154 2.4312
0.6 0.5492 0.2010 0.2155 2.4317

Fig. 12 Change in the condenser temperature (Tcond) along the
cycle
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pressure will be upgraded to the condenser pressure. The disposal
process takes place at constant condenser pressure and then meth-
anol passes from the expansion valve and the decrease in the pres-
sure close to the evaporator pressure and the absorption occur.
Figure 13 clarifies this issue. This phenomenon is completely
based on the classical behavior of a refrigeration system.

Assessment parameters for adsorption refrigeration system with
an exhaust energy source are: COP 0.56 and SCP to 2.48.

6 Conclusions

In this paper, a refrigeration cycle has been modeled supported
by two sources of energy (solar energy and engine exhaust gases
heat). This system was with an adsorption refrigeration cycle with
activated carbon/methanol adsorbent/adsorbate pair. The solar
cycle had a collector with an area of 1 m2 and the exhaust gas
cycle included a heat exchanger with 100 �C temperature differ-
ence between inlet and outlet gases. Modeling led to the tempera-
ture profile in the adsorbent bed, evaporator, and condenser. The
pressure profile, overall heat transfer coefficient of collector and
adsorbent bed, concentration, and the solar radiation were also
demonstrated. Results COP of 0.55, 0.2, and 0.56 for complete
system, solar adsorption refrigeration, and exhaust heat adsorption
refrigeration, respectively. Moreover, exhaust heat adsorption re-
frigeration has a value of 2.48 of SCP. Future works can be done
on an experimental study of the proposed system.

Nomenclature

A ¼ area (m2)
Cp ¼ specific heat at constant pressure (J kg�1 K�1)

COP ¼ coefficient of performance
D ¼ Dubinin–Astakhov constant (K�1)

D1 ¼ diameter of inner pass tube (m)
D2 ¼ internal diameter of absorber tube (m)
D3 ¼ external diameter of absorber tube (m)
D0 ¼ surface diffusion coefficient (m2 s�1)
Ea ¼ activation energy of surface diffusion (J mol�1)

ESCOP ¼ effective solar coefficient of performance
h ¼ specific enthalpy (J kg�1)
h ¼ heat transfer coefficient (W m�2 K�1)
H ¼ heat of desorption or adsorption per unit mass of

methanol (J kg�1)
IT ¼ incident solar radiation (W m�2)
k ¼ thermal conductivity (W m�1 K�1)
L ¼ latent heat (J kg�1)

Lc ¼ collector length (m)
Lt ¼ adsorber tubes length (m)

M;m ¼ mass (kg)
mm ¼ methanol uptake (kg)

n ¼ Dubinin–Astakhov constant
Ng ¼ number of glass cover

ntube ¼ number of absorber tubes
P ¼ system pressure (Pa)
Q ¼ heat amount (J)
r ¼ radius (m)
R ¼ gas constant (J mol�1 K�1)

R1 ¼ radius of inner pass tube (m)
R2 ¼ internal radius of absorber tube (m)
R3 ¼ external radius of absorber tube (m)
rp ¼ average radius of adsorbent particles (m)

SCOP ¼ solar coefficient of performance
SCP ¼ specific cooling power (W kg�1)

t ¼ time (s)/thickness (m)
T ¼ temperature (�C or K)
U ¼ overall heat transfer coefficient (W m�2 K�1)

Vw ¼ wind velocity (m s�1)
Wc ¼ collector width (m)

x ¼ concentration ratio of adsorbate inside adsorbent
(kg kg�1)

x0 ¼ maximum limit of mass adsorbed (kg kg�1)

Greek Symbols

a ¼ absorptivity
b ¼ collector tilt angle (deg)
D ¼ difference/change
e ¼ emissivity
q ¼ density (kg m�3)
r ¼ Stefan Boltzmann constant (W m�2 K�4)
s ¼ transmittance

Subscripts

a ¼ adsorption (at end cycle)
ac ¼ activated carbon

amb ¼ ambient
b ¼ back

con ¼ condenser
d ¼ desorption (at end generation)
e ¼ evaporator

eq ¼ equivalent
g ¼ generation/glass
i ¼ insulation

ice ¼ ice
is ¼ collector side insulation
m ¼ methanol

max ¼ maximum
min ¼ minimum
pw ¼ external wall of the adsorber tube

s ¼ side
sa ¼ starting adsorption

sat ¼ saturated
sd ¼ starting desorption

sol ¼ solidification
t ¼ top

w ¼ water
Wm ¼ water tank metal

1,2,3,4 ¼ processes terminal locations
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