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Abstract- The modeling and simulation of a solar powered adsorption refrigeration system using flat plate solar collector, with
activated carbon/methanol as the adsorbent/adsorbate pair has been undertaken in this study. A study of the adsorption bed was
carried out to determine the effects of generation, evaporation and condensation temperatures on the performance of the
cooling system. This was then used in the optimization of the solar thermal system in the sizing of the collector area and hot
water storage tank volume. A transient simulation of the cooling system with an evaporator temperature of 0°C and condenser
temperature of 25°C was subsequently carried out with the TRNSYS 16 software over a period of a typical year for Kano,
Nigeria.The Flat plate collector powered adsorption refrigeration system gave average values of refrigeration effect as 4814.83
kJ, solar coefficient of performance (COPs) of 0.024, a cooling coefficient of performance (COP) of 0.608 and a heating

efficiency of 0.46. The system was able to achieve a cold room temperature of about 1°C.
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1. Introduction

Refrigeration plays an important role in our world,
primarily for the preservation of food, healthcare materials
(storage of vaccines, blood and medicine), and human
thermal comfort (air conditioning and temperature
regulation).

Cooling in industrial countries depends heavily on grid
electricity which is supplied continuously and reliably to
every part of the country. In contrast, refrigeration is required
in developing countries to boost agricultural production and
commerce, in large areas without reliable source of
electricity supply; hence an alternative method of powering
refrigeration is necessary.

Alternatives to hydrofluorocarbons as refrigerants are
naturally occurring substances like ammonia, carbon dioxide,
methanol, water and air. These can be used in sorption
processes to produce refrigeration and have been studied for
the last twenty years as a technological alternative to vapor
compression systems. Sorption cooling systems have the

advantage of being environmentally friendly as they employ
safe and non polluting refrigerants.

Adsorption is a surface phenomenon occurring at the
interface of two phases, in which cohesive forces act between
the molecules of all substances irrespective of their state of
aggregation. The solid and the fluid adsorbed in the solid
surface are referred to as the adsorbent and the adsorbate
respectively. Adsorption however may be due to a physical
process  (physisorption) or a chemical process
(chemisorption) with the heat of adsorption small in
physisorption and large in chemisorption. Adsorbent
substances are usually restored to their original state by a
desorption process involving the application of heat though
some chemisorption process maybe irreversible.

From the literature review, various combinations of
adsorbate/adsorbent pairs and configurations have been
reported as designed, constructed and tested. At the moment
absorption refrigeration cycles are most promising
technologies, however, the adsorption cycles have the
distinct advantage over the other heat driven refrigeration
cycles in their ability to be driven by heat of relatively low
temperature [1-6]. For food storage and freezing the
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adsorption system still remains the most viable for solar
powered refrigeration though the COP theoretically possible
(0.3-0.8) is yet to be achieved in systems so far developed [7-
19]. Two adsorbent/adsorbate pairs are however for now
predominant in refrigeration systems - Zeolite/water and
activated carbon/methanol. Zeolite/water is usually used for
cooling systems while activated carbon/methanol is used in
ice making systems.

The objective of the present research is to model a solar
powered refrigeration system powered by a flat plate solar
collector using activated carbon-methanol pair with Kano
(latitude 12.05°N, longitude 8.31°E), Nigeria as its location
of operation. The simulation is carried out to determine the
optimal parameters of the system its performance studied.

2. System Description

The solar powered adsorption system proposed is a
hybrid system capable of heating and cooling to achieve
higher efficiency and better usefulness in practice. The
system is to operate on an activated carbon-methanol
adsorption pair. The system consisting of the following
components as shown schematically in Figure 1 below: solar
collector, water tank, adsorbers, hot water storage tank,
condenser, an evaporator and valves for control of flow can
be grouped into two subsystems - the solar collector
subsystem (heating) and the refrigeration subsystem.

In the solar heating subsystem, solar energy gained
through the solar collector during daylight hours is
transferred to the water in the pipes below it and accumulated
in the water tank. As the solar irradiance increases, the
temperature of the water tank rises, and consequently the
temperature of the adsorbent bed which is immersed in the
water tank also rise with an attendant rise in pressure from
the evaporator. The temperature of the adsorbent bed is
assumed to reach a level very close to the water temperature
in the tank (an ideal process). When the temperature of the
adsorbent bed reaches the desorption temperature (condenser
temperature), desorption of the refrigerant from the
adsorption bed is started in the refrigeration subsystem. As
the heating of the adsorbent bed progresses, the refrigerant
continues to desorb at constant pressure until the adsorbent
bed reaches its maximum temperature. The desorption ceases
at this temperature and the refrigerant vapor will be
condensed into liquid in the condenser. The liquid adsorbate
is then transferred and stored in a liquid receiver from where
it is passed to the evaporator. At the end of desorption, the
circulation through the collector is stopped with a gate valve
then the hot water in the first water tank is drained and stored
in the hot water storage tank for domestic use. The water
tank is then filled with cold water which rapidly cools down
the adsorber; this initiates the cooling-adsorption-evaporation
process. The adsorbent bed temperature drops with a
reduction in system pressure to Pe, the evaporator pressure.
When the adsorbent bed reaches the evaporating pressure,
the bed will begin to adsorb the refrigerant from the
evaporator. The liquid refrigerant in the evaporator vaporizes
by absorbing heat energy from the water stored in the
evaporator, thereby cooling the water and producing ice.

The resulting sensible heat of the adsorber and heat of
adsorption preheats the cold water in the tank (heat
recovery), thus making more efficient use of the solar energy
gained from the collector.

It
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Fig. 1. Schematic view of the solar water heating and cooling
system: 1. Solar collector; 2. Hot water storage; 3. Adsorbent
bed; 4. Evaporator; 5. Condenser; 6. Methanol liquid
receiver.

The adsorbent bed is the heart of the adsorption cooling
system and thus, its characteristics are the most influential
factors in the efficient operation of such systems. An
efficient adsorption system requires that the adsorber have
good heat collecting and heat releasing properties. The
arrangement of the adsorbers in the adsorbent bed is in the
manifold arrangement. This arrangement increases the
contact area between adsorbent bed and water as well as
obtaining uniform heating. Activated carbon is packed in the
annular space between the two co-axial pipes of the bed. The
inner pipe is perforated to allow for the flow of desorbed
methanol. The vapor is collected from the individual inner
pipes into a header pipe on one end which leads to the
condenser with the outer pipe sealed. At the other end, the
inner pipe ends are sealed while the outer pipe ends are
connected to a header pipe which supplies methanol vapor
from the evaporator to the adsorbent bed.

3. Mathematical Model

3.1. Combined Heat and Mass Transfer Equation in the
Adsorbent Bed

The following assumptions are made in the development
of the model:
(i) The pressure is uniform in the adsorbent bed.

(if) The adsorbent bed is considered as a continuous
medium whose conduction heat transfer can be
characterized by an equivalent thermal conductivity.

(iii) Headers provide uniform flow to and from the
adsorber tubes.

(iv) The adsorption/desorption process is an isobaric
process.

(v) All phases are continuously in thermal and chemical
equilibrium.
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(vi)The thermophysical properties of the adsorbate are
those of the bulk liquid and the gaseous phase
behaves as an ideal gas.

(vii)The condenser and evaporator processes are ideal
processes; Tcon and Tev are constant during the
isobaric phases.

(viii)The heat transfer in the adsorbent is radial and the
convection heat transfer due to radial mass transfer
is neglected.

Assuming negligible heat losses from the tank due to
insulation, the useful heat from the collector Q, is supplied as
input heat required to heat up (i) the water in the tank (Q),
(ii) the metallic storage tank (Q,), (iii) adsorber tubes and
adsorbent mass (Qs), (iv) the adsorbate mass before
desorption (Qg4) i.e. sensible heat of adsorbate, (v) desorb a
differential amount of adsorbate (Qs), (vi) the adsorbate mass
as desorption starts (Qg), i.e. sensible heat of the adsorbate
left in the adsorbent.

Qu:Q1+Q2+Q3+Q4+Q5+Q6 1)
But
T3
- J‘T1 m,c, dT )

m,, is mass of water in tank (kg), cpw is the specific heat
capacity of water (kJ/kgK)

T
Q,= J'T M, Cy, dT (3)

my; is mass of water tank (kg), cpwt is the specific heat
capacity of water tank (kJ/kgK)

QS:.[ (m Cp, TMyCp )dT 4

Mag IS the mass of adsorber tube (kg), mac is the mass of
activated carbon in adsorber tube (kg), cpad is the specific
heat of adsorber tube (kJ/kgK),and cpac is the specific heat
capacity of activated carbon (kg).

T
Q4 = IT Xmax mac Cvm dT (5)

Xmax 1S Maximum quantity of methanol adsorbed (kg) per kg
of activated carbon and cvm is the specific heat at constant
volume of methanol (kJ/kgK).

T dx
QS = '[Tz L1 hd ﬁdT (6)

hq is heat of sorption (kJ/kgK) for activated carbon-methanol
pair is calculated from the Clausius-Clapeyron equation as

T
H=RA_— 7
T ()

S
where R is the gas constant for methanol with a value of 260

JIkgK, T is the sample temperature K, Ts is the saturation
temperature corresponding to the gas pressure P. A is a

constant corresponding to the slope of the saturation curve on
a plot of InP vs. (-1/Ts) and for methanol A = 4666 [20].

T3
Qﬁ:ITZ x(T,P,)m,.c, dT (8)
Comv IS the specific heat of methanol vapor (kJ/kgK).

=Q,= j m,c dT+J m,C dT+J (mc +m, ¢

ac ™ Py

)dT +
C)]

max”"ac™V, ac ™ Py,

jx mch+J h dT+j X(T,P)m.c, dT

The adsorption equation of activated carbon-methanol is
calculated from the Dubnin-Astakhov equation as in [21]

X=X,exp _k(Tl_ J (10)

S

The useful energy in equation (1) can also be expressed
as

dT
(mW CPW + thprx )E = QU - hcw,ad (TW Tad )Aad (11)

where h, ., s the heat transfer coefficient between water

and adsorber tubes of diameter d, and can be evaluated using
the following correlation given by Deaver [22] as

k
L= Nudgl (12)
And Nu, =0.48Raj* for 10%( Ra, (10" (13)
d*(T,— c
The Raleigh number Ra, = 9s ( 7 Tas P (14)
v

Then the energy balance between the hot water in the
tank, adsorber tubes and content is

) dT,,

(mad Cpad +m,, Cpac + Xia at

« M. C

ac “vp

(15)

dx
= hcw,ad (Tw - Tad )Aad —My hd E

In the evening, the hot water is drained and replaced
with cold which cools the adsorber. The sensible heat of the
adsorber and heat of adsorption rejected from the adsorbent
bed will cause the temperature of the water in the tank to rise
by a few degrees.

Heat rejected from the adsorbent bed into the water tank
and heat recovered by the water can be expressed with the
following heat balance equation:
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Qu= ITO m,C,,

+m,.C

ac ~ Pac

= TT;(madc
7 dx
+J'ij h, s

Xmin 1S the adsorption capacity after desorption(kg/kg) and ha
is the heat of sorption.

)dT + LTs Xin My C, AT (16)

de (T,P,)m,.c, dT

The cold water to fill the tank in the evening enters at a
temperature To, which can be expressed as

T1 = To + & 7)
chpW

3.2. Refrigeration Effect and System Efficiency

The desorbed refrigerant collects and is condensed in the
condenser from where it flows into the evaporator. At night,
with the introduction of cold water into the water tank, the
temperature and subsequently the pressure of the adsorbent
bed drops to below the evaporation pressure, causing the
refrigerant liquid in the evaporator to vaporize resulting in
the refrigeration effect. The refrigeration effect is measured
by the system performance efficiency. It is described by the
coefficient of performance (COP) as

COP= Qs ~Q:e (18)
Q

g

The amount of refrigeration is calculated as
Qref :Axmac Le (19)

Le is the latent heat of vaporization of the adsorbate.

Qcc is the amount of energy assumed to be utilized in
cooling the refrigerant liquid from the condensing
temperature T, to the evaporation temperature Te. Q. is
estimated as

Qref :Axmac Le ' (20)

Qg is the heat required for the regeneration of the
adsorption bed and it is calculated the equation below.

Q=Q-(Q+Q,) (21)
=Qy=Q;+Q, +Q;+Q;

Q, j (MyyC,, +MyeC, )dT+LzjmaxmaCchdT+
j;Smachd%dT

The specific cooling power

T
+ ITZ x(T,P,) m,.c, dT

SCP = ?ref Qcc (22)

cycle

The gross solar coefficient of performance is

Qref Qcc

OF. = IAC I(t)ot

(23)

4. Adsorption Refrigeration System Simulation

The simulation of the adsorption refrigeration system
was carried out in TRNSYS, with the TYPE 155 component
used to model the adsorption unit. This TRNSYS type
implements a link with Matlab. The modeling equations for
the adsorption unit developed in chapter four are written in
Matlab code that can be read by the TRNSYS software. The
connection with the Matlab engine using Type 155 is
launched as a separate process, the FORTRAN routine
communicates with the Matlab engine through a Component
Object Model (COM) interface.

Table 1 below gives the specification of the flat plate
collector used in the simulation.

Table 1. Parameters for the flat plate single glazing collector

Parameter Value

Gross Area 2m?

Frame Anodized Aluminum

Quter cover Low iron tempered glass

Absorber plate Copper fin

Absorber tube Copper

Absorber coating MDdEl’E.t.E].‘j’ selective
black paint

Insulation Polvisocvanurate

Intercept Efficiency 0.80

First . order  loss 5 Wim? K-!
coefficient

Secondl order loss 0014 Wim? K-2
coefficient

Tested Flow rate 0.0111 kgm? s
Specific  heat  of

4190 klkg K

working fluid

Table 2 below shows some of the parameters used in the
simulation of the adsorption unit. The thermodynamic
properties of methanol are as obtained from Methanex
Corporation information guide [23].

The maximum quantity of methanol adsorbed by the
activated carbon at 250C (starting temperature) given the
above conditions is 0.311kg/kg [24]; Xmin gives the quantity
of methanol left in the adsorbent as the generation
temperature increases. The change in Xmin and generation
temperature as well as the COPsolar and COP attained by the
system for four months of the year are presented in Figures 2
-9
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Table 2. Parameters Used in the Simulation of Adsorption 0.025

c T 0.70
Unit o
& + 060
Symbol Paramester Valus Tt ’
: E 002 e
(=] =
Activated t T05 &
Carbon E: E
. Specific  heat  of _ . T o 0.015 1 =
e activated carbon 0711  kikeK ] 0.40 2
Denzity of activated s z e
P N - 2000 kgm o 1 =]
carbon E 0010 030 «
Masz of actwated ..., L o c
m. 2607 kg o 2
carbon = O 1 o
Methamol e 020 &
i Specific heat of liquid 5 o2, 700 e 0005 2
= methanol <3 £ w tomw ©
Specific  heat of
Com methanol waper a2t 1820 EXkegK
constant pressurs 0.000 ' ' ' 0.00
Specific  heat of 50.00 60.00 70.00 80.00 90.00
Cm methanol  vapor =t 1360 klkzK Adsorotion Bed T ture (°C — e
constant pressure sorption Bed Temperature (°C) SR
Stamless
SIE“-\_]. - - - -
Adsorber Fig. 3. Effect of Adsorption Bed Temperature on Coefficient
tubes Specific  heat  of of Performance (FPC Jan)
Fe=t zdsorber tuhe material 0480 klkgK
o Density of adsorber 8055 kem 80.00 { T 035
= tube material = —_ ——T
Mass  of adsorber ) ® 70.00 + 030 oer
m.; 4 kg 2 !
tubes - = @ X 1IN
Dizmster of sach of 5 60.00 - 1 025
D. the  outer co-sxizl 0.0508 m 3] '
Adsorber tubes g 50.00 1 lo20 B
Dizmester of each of E ' =
D, the fmer co-mxid 00254 m e 40001 2
Adsorber tubes b 30.00 7O 3
Length of Adsorber m - a
L . ! m c + 010
tubes S 20.00 - : E
N Number of Adsorber 10 = ) 2
I - o
tubes = i T+ 005 2
5 1000 <
Evaporator Temperature rC & ®
CondenserTemperzmirs 25*C < 0.00 T ; 0.00 8
2500.00 2505.00 2510.00 251500
_ Time (hr)
9O 90.00 0.35 _ - ,
2 80.00 —— Tgen Fig. 4. Variation of Adsorption Bed Temperature and
'E 70'00 T030| e nin Desorbed Mass with Time (FPC Apr)
GE:_ 60.00 1 0.25 = i 0,025 0,70
S 50.00 - 1020 3 2 1080 g
5 = S 0,020 | £
2 40.00 1 T 0.15 @ 5 1080 E
| © = S
g 30.00 + 010 E £ 0,015 4 losg @
g 2000 - T s T
S 10.00 1005 £ 5 som0 | low 2
] 5 2 o010 E
2 000 . : 000 & E Low 8
385.00 390.00 395.00 400.00 a S 0005 B
Time (hr) 5 o1 ©
[=]
- - - - w
Fig. 2. Variation of Adsorption bed Temperature and 0.000 - - 00 T CoR s
Desorbed mass with Time (FPC Jan) = = = —=—CcoP

Adsorption Bed Temperature (°C)

Fig. 5. Effect of Adsorption Bed Temperature on Coefficient
of Performance (FPC Apr)
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Fig. 6. Variation of Adsorption Bed Temperature and
Desorbed mass with Time (FPC Jul)
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= COP Solar
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Fig. 7. Effect of Adsorption Bed Temperature on Coefficient
of Performance (FPC Jul)

0,030 0.70

0,025 T 080
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0,020
1 040
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1020
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Coefficient of Performance
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Solar Coefficient of Performance
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g COP Solar
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Fig. 9. Effect of Adsorption Bed Temperature on Coefficient
of Performance (FPC Oct)

5. Discussions

In the flat plate collector powered system (figs. 2 - 9),
heating of the adsorbent bed started on the average at about
8am with desorption starting about 1lam and reaching a
maximum generation temperature between the hours of 2-
3pm. The period between 8 - 11lam represents the isosteric
heating phase, where the adsorbent bed continuously absorbs
heat from the hot water tank. This results in a rapid increase
in the adsorption bed temperature (as shown in the figures)
from about 25°C to about 55°C in a time period of about 3
hours after which methanol starts to desorb from the
activated carbon and flows to the condenser. The rate of
heating and its associated adsorbent bed temperature rise is
however lower for the isobaric desorption phase. Table 3
shows the highest generation temperature recorded for this
system as 94.4°C in the month of February (high insolation
month) with the lowest peak temperature of 73.37°C
recorded in the month of April (low insolation month). This
system also recorded appreciable desorption of methanol
(0.123 - 0.211 kg/kg of activated carbon) resulting in a

100.00 7 0385 refrigeration effect ranging from 3329.27 kJ to 5704 kJ
| within an average desorption time of 234mins (3hr 54mins).
90.00
T 030
O 80.00 - Table 3. Simulation Parameters of the Adsorption
% 000 4 103 % Refrigeration System
L = Ax DesorptionTime
b G0.00 4 ] 0
g + 0.20 E MOI’]th Tgen( C) (kg/kg) (mln)
e %00 | = January 79.89 0.155 195
e 4000 01 £ February | 94.40 0.211 240
. low 2 March 90.38 0.197 255
E | -° April 73.37 | 0123 225
e 20 | 005 May 81.72 | 0.163 240
< 10001 June 88.97 0.192 255
0.00 . . 0.00 | === Tgen July 81.86 0.163 210
6800.00 6805.00 6000.00 6005.00 | e=sill== Xriin August 84.48 0.174 210
Time (hr) September 94.06 0.210 270
. o ) October 89.34 0.193 270
Fig. 8. Variation of Adsorption Bed Temperature and November 8567 0.179 205
Desorbed mass with Time (FPC Oct) December 8509 0177 210
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The system achieved an average cooling process COP of
0.608, COPg,, of 0.024 and efficiency for the heating
process of 0.47 as shown in Table 4.

Table 4. Simulated Performance Parameters of the
Adsorption Refrigeration System

Month Qe (kJ) COP | COP, | Efficiency
Jan 4177.96 0.603 0.023 0.42
Feb 5704.82 0.613 0.025 0.47
Mar 5328.60 0.613 0.025 0.50
Apr 3329.27 0.589 0.021 0.51
May 4398.02 0.606 0.024 0.49
Jun 5189.30 0.612 0.025 0.46
Jul 4413.64 0.607 0.024 0.44
Aug 4713.57 0.610 0.024 0.45
Sep 5670.69 0.613 0.025 0.47
Oct 5226.20 0.612 0.025 0.49
Nov 4844.88 0.611 0.024 0.47
Dec 4780.96 0.610 0.024 0.43

Average 4814.83 0.608 0.024 0.46

6. Conclusion

The study showed that for appreciable desorption of
methanol from activated carbon in a cooling system with 0°C
and 25°C evaporator and condenser temperatures
respectively, a temperature of at least 80°C is required by the
adsorbent bed. These parameters were then used in the
transient simulation of the cooling system over a period of a
typical year.

The FPC system gave average values of refrigeration
effect of 4814.83 kJ, solar coefficient of performance (COPSs)
of 0.024, a cooling COP of 0.608 and a heating efficiency of
0.46.

This study shows that solar powered adsorption
refrigeration can be effective, economic, practicable and an
eco-friendly option for Kano in the northern region of
Nigeria with abundant sunshine.

References

[1] E.U. Onochie, “Design and construction of a 100% solar
powered vapor absorption refrigerator”. National Solar
Energy Forum. 22-25th April 1987, Akoka, Lagos.

[2] P. Erhard, K. Spindler and P. Ehahne, “Test and
simulation of a solar powered solid sorption cooling
machine”. International Journal of Refrigeration, 21(2):
133-141. 1998

[3] G.A. Florides, S.A Kalogirou, S.A. Tassou and L.C.
Wrobel, “Modeling and Simulation of an absorption solar

cooling system for Cyprus”. Solar Energy, 72: 43-51.
2002

[4] AJ. Bula, L.F. Navarro, D.L. Herrera and L.A. Corredor,
“Thermodynamic simulation of a Solar Absorption
Refrigeration System Generator - Heat Exchanger”.

iies.faces.ula.ve/AMSE
2000_Bula.pdf

[5] V. Mittal, K.S. Kasana and N.S. Thakur, “Modeling and
Simulation of a Solar Absorption cooling system for
India”. Journal of Energy in Southern Africa, 17(3). 2006

2000/papers/simulation/MSN

[6] O.C. Tloeje, “Design, construction and test run of a solar
powered solid absorption refrigerator”. National Annual
Solar Energy Forum (NASEF), April 1983, Bida. Niger
State, Nigeria.

[7] S.O. Enibe and O.C. Ileoje, “Design optimization of the
flat plate collector for a solid adsorption solar
refrigerator”. Solar Energy, 60(2): 77-87. 1997

[8] E.E. Anyanwu and C.I. Ezekwe, ‘“Design, Construction
and test run of solid adsorption solar refrigerator using
activated carbon/methanol as adsorbent/adsorbate pair”.
Energy Conversion and Management, 44(18): 2879-2892.
2003

[91 E.E. Anyanwu and N.V. Ogueke, “Thermodynamic
design procedure for solid adsorption solar refrigerator”.
Renewable Energy, 30(1): 81-96. 2005

[10] A. Boubakri, M. Arsalene, B. Yous, L. Ali-Moussa,
M. Pons, F. Meunier and J.J. Guillemiot, “Experimental
study of adsorptive solar-powered ice-makers in Agadir
(Morocco)-2. Influences of Meteorological parameters”.
Renewable Energy, 2(1): 15-21. 1992

[11] K. QOertal and M. Fischer, “Adsorption cooling
system for cold storage using methanol/silicagel”.
Applied Thermal Engineering, 18(9):773-786. 1998

[12] Z.F. Li and K. Sumathy, “A solar-powered ice-
maker with solid adsorption pair of activated carbon and

methanol”. International Journal of Energy Research,
23(6): 517-527. 1999

[13] C. Hildebrand, Ph. Dind, M. Pons and F. Buchter,
“A new solar powered adsorption refrigerator with high
performance”. Solar Energy, 77: 311-318. 2004

[14] M. Li and R.Z. Wang, “A study of the effects of
collector and environment parameters on the performance

of a solar powered solid adsorption refrigerator”.
Renewable Energy, 27(3): 369-382. 2002

[15] AP.F. Leite, M.B. Grilo, R.R.D. Andrade, F.A.
Belo and F. Meunier, “Experimental data on a Solar-
Powered Adsorption Refrigerator for Ice Production
using Activated Carbon-Methanol Pair”. ECOS 2004 -
17th International Conference on Efficiency, Costs,
Optimization, Simulation and Environment Impact of
Energy and Process Systems. July 7-9, 2004 -
Guanajuato, Mexico.

[16] M.H. Rahman, A.R. Akhanda and A.K.M. Sadrul
Islam, “Study, Design and Fabrication of a Solar Powered
Adsorption Refrigeration System”. ISESCO Science and
Technology Vision, 2(1): 10-13. 2006

[17] S. Waszkiewicz, H. Saidani-Scott and M. Tierney,
“Analysis of adsorption Refrigeration System using
Zeolite and Methanol”. Heat Powered Cycles

663



INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH

Rekiyat Suleiman et al., Vol.2, No.4, 2012

Conference, conservatoire national des arts et métiers,
Paris. 5-7th September, 2001.

[18] N.H.A. Hamdih and M.A. Al-Muhtaseb,
“Optimization of Solar Adsorption Refrigeration System
Using Experimental and Statistical Techniques”.
GCREEDER 2009, Amman-Jordan, 31 March - 2 April
2009.

[19] H.Z. Hassan, A.A. Mohamad and R. Bennacer,
“Simulation of an adsorption solar cooling system”.
Energy, 36: 530-537. 2011

[20] N.M. Khattab, “Simulation and optimization of a
novel solar-powered adsorption refrigeration module”.
Solar Energy, 80: 823-833. 2006

[21] L.W. Wang, R.Z. Wang, Z.S. Lu, C.J. Chen, K.
Wang and J.Y. Wu, “The performance of two adsorption
ice making test units using activated carbon and a carbon
composite as adsorbents”. Carbon, 44: 2671-2680. 2006

[22] F.K. Deaver and E.R.G. Eckert, “An interferometric
investigation of convective heat transfer in a horizontal
fluid cylinder with wall temperature increasing at a
uniform rate”. Proceedings of 4th International Heat
Transfer Conference Paper N.C. 1.1. 1970

[23] Methanex Corporation. “Technical Information and
Safe Handling Guide for Methanol”. Version 3.0,
September, 2006

[24] R.B.O. Suleiman, “Modeling and simulation of a
solar powered adsorption refrigeration system”. Doctoral
Thesis, Ahmadu Bello University, Zaria, Nigeria. 2011

664



