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ABSTRACT 
A solar-powered adsorption refrigerator using activated carbon1methanol.pair 
was designed and fabricated. The refrigerator has three major components: 
collector,condenser, and evaporator. A 3 mm thick flat glass was used as flat 
plate collector. The condenser was made of spirally 'coiled copper tube 
~mmersed in pool of stagnant water contained in a reinforced sancrete tank. 
The evaporator was fabricated from standgrd ' 15.6, rnm diameter copper 
tubing. The activated carbon used as adsorbent was manufactured locally 
from shells of a.palm kernel. The maximum temperature of 108OC attained in 
the solar collector was adequate for methanol generation, while maximum 
received insolation of 1000 kwlm2 was Sufjicie'fit for methanol desorption. 
The sotar coefficient of performance (COP) of the refrigerator ranged from 
0.0339 to 0.0345 compared to 0.03 to 0.055 recorded in the literature The 
study shows that a solar powered adsorption refrigerator will operate in 
Nigeria's tmpical clrmate with satisfactory coefficient of performance. 
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NOMENCLATURE 

C, = specific heat capacity, kJlkglK 
D = con&nt in Dubinin equation 

= wind heat transfer codfiient, w l m 2 / ~  
hl, = &tent heat of vapourisation, kJ&g 
k = thermal conductivity, WimIK 
h, = isosteric heat ofsorption, kJlkg 
L = length, m 
m = mass, kg 
n, = number of glass cover 
n, = num'ber of pipes 
P = pressure, bar 
Q =heat flow rate, kJ/s 
b = heat energy. kJ. 
R = specific gas constant, kJ/kg/K 
S = tiit correction fzictor 
T = tempera'ture, K 
UL = wewll heat transfer coeffic~ent. ~ l m * i K  
V,, = volume of annular space, m3 
W = width. m 
Wo = maxlmum capacity adso-nt, Ukg 
APD = adsorb~nt packing 
Density, kglm 
X = concentration, kglkg 

1.0 INTRODUCTION. 
. " 

A country like Nigeria in tropical' Africa has an 
aitractive potential for solar energy applications. 
The demand for space cooling and refrigeration 
follows the pattern of ava i l ab i  of sdar energy. It 
means that solar energy cooling is a useful 
technology in Nigeria where there is demand for 
cooling, high insolation, and .no firm electricity 
supply to .power conventional systems. The most 
promising applications are vaccine storage and 
food stocige (Anyanwu and Ezekwe. 2003). Many 
agricultural products like fruits, vegetables, meat, 
milk, fish etc can be maintained in ffesh conditions 
for significantly longer periods of time if they -are 
stored at low temperatures. Unfortunately, .in 
~ i g e r i  many of hese products .are lost annually 
due to pmr storage facilities. The worst cases are 
in rural areas where these products are produced. 
As a result of these problems, sharp differences 
exist in food supphes between the harvest and off 
harvest periods. High market value agrtcuirural 
products are usuatly abundant and cheap during 
the harvest season but scarce and expensive at 
other times. Development of an approprtate 
refrigeration system will help in reversing this 
trend. 
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Another very important area where solar 
refrigeration plays very ur?ique role is in the 
improvement of rural health care. including 
sbccessful implementation of the nafional 
immuntzatlon programme for prevention of killer 
diseases. Vaccines require refrigeration during 
transportation and storage to remain effective. The 
use of solar refrigerators instead of conventional 
kerosene or tiquefied petroleum gas (LPG) 
powered units, especially in remote areas, offers 
the folloying benefits i ~ n ~ a n w u  and Ezekwe. 
2003). " 

Elmination of fuel supply costs and 
delivery problems 
Reduced vaccine losses th~ough improved 
refrigeration 
Reduced maintenance work load for 
technicians and medical personnel 
Overalt cost -savingsfor the vaccine cold- 
chain equipment 

A survey of literature on adsorptive processes I 
sorption refrigeration has shown that, in ;he early 
years of tfus century, refrigeration wzs used as 
frequently as the economy could allow. But some 
years later, with the development of cheap reliabie 
'compressors and electrical motors, the 
irnpr?~!sment n power station and the introduction 
of ~Morofluorocarbon (CFC) in the 1930s, sorption 
refrlgeration has cawed a niche for rtself in 
sorption technology business. 

Khattab (2006) built a simple structure, low cost 
novel solar-powered adsorption refrigeration 
module with the solid adsorption pair of local 
domestic type charcoal and methanol, The module 
is unique in that it consists of a.modified glass tube 
having a generator at one end and a combined 
evaporator and condenser at the other end. A 
simple arrangement of plane reflectors to heat the 
generator was employed Glass shell was used to 
'cover the beds in winter. The time duratron during 
whrch the bed temperature is above 100°C was 
found to be 5h, with a maximum temperature of 
120°C. In winter, the corresponding values are 6h 
and 133OC.The daily ice production is 6.9 kglmZ 
and 9.4 kglm2 and net solar COP IS 0.136 and 
0.159 for cold and hot climate respectively. 

Li et al (2002) presented a no valve. flat plate 
solar ice maker on the basis of previous research 
achievements. The indoor experiments with quartz 
lamps instead of real solar radiation showed that 
the solar ice maker can produce 7-10 kq Ice when 
the total insolation accepted by 1.5 m collector 

was 28-30 MJ. The solar ice maker can produce 
about 4-5 kg of ice 6er day when the solar 
insolation received IS 18-22 M J I ~ ~ .  

Luo et al (2005) developed a solar ice maker 
with activated carbon-methanol pair for rura 
application in Kunming, China. A year round tes' 
was performed on the refrigerator. Test result: 
show that the.-COP of the solar ~ce maker ir 

. between 0.083 and 0 1 2 5 ~ 1 t h  daily Ice product101 
in the range 3.2-6.5 kglm when the solar radiatio~ 

-received falis between 15-23 MJI~'. The dail 
average ambient temperature was in range 7.7 
21. 1°C.The minimum daily solar radiation for ic 
maker t61 peffcirrn effectively in Kunming is aroun 
16 M J I ~ ~ .  

Khattab. (2006) developed a mathematic 
model to simulate and optimlze the perforniance 
a sol&-pw~ered. adsorption refrigeration mod1 

. witbX~& solid adsorption' pair of domestic type 
,charcoal and methanol. The module employed 
modified- glass tube having a circular genera 
(sorption. bed) at one end and a combin 
evaporator and condenser at the other end T 

. charcoal is mixed with small pleces of blacker 
steel to enhance the heat transfer n the sorpt 
bed. A simple arrangement of plane reflectors v 
adopted to heat the generator. The effects of 11: 
steel additives inside the sorption bed \ 

investigated The percentage increase in desor 
rnethanol ranges from 3% ln the hottest rnontl 
about 19% in the coldest month as a resul 
using a mass of steel pieces equal to about : 
of the mass of charcoal. These improvem 
increase to 7% and 43% in the hottest and col 
months respectively when glass shell is use 
the bed. The effect of cllmatic conditions or 
performance of the module showed that 28 
the cooling energy is lost as a result of cl~r 
effect in hot months and this ratio reaches 1 
in cold climate 

' 

Mohammed (2007) reported a dynamic mo 
simutate the adsorption-desorption procr 
associated with Intermittent heat pump syste 
mathematical model that is based on the c 
volume approach was first developed and 
d~scretised using the fintte difference il 
scheme The equations for the conservat 
mass, momentum, and energy in the bed 
derived. for hlgher pressure and low prl 
segments, fncluding the adsorbate (refrig 
the adsorbent, and the vessel. The pn 
temperature distribution 1 evolution IS very c 
the expercmental values. The deviatrc 
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predicted results from the experimental findings 
are withm the maximum relative error (0.8%) 

Antonio et al (2007) presented experimental 
thermodynamic cycles and performance analysis 
of a solat-powered adsorptive icemaker that uses 
activated carbon - methanol pair in hot humid 
climate. The collector - adsorber is multi-tubular 
with an opaque black radiation - absorbing surface 
which was thermally insulated by means of 
transparent insulation material (TIM). The 
maximum regenerating temperatures were 100.1, 
87.3, 92.7"C. with an ice production of 6.02, 2.10 
and 0 kg by square meter of projected area, for 
cycles of clear sky, partially cloudy and overcast 
days. 

The objective of th~s study is to develop and 
evaluate - a solar-powered refrigerator using 
activated carbon methanol pair. 

2.0 WORKING PRINCIPLE OF THE 
ADSORPTION REFRIGERATM 

Two distinct periods have been identified in 
solar adsorption refrigeration cycle; the first period 
consists of regeneration of the adsorbent by solar 
energy when the adsorbate is condensed and the 
second period occurs during the night when 
evaporatior! of the adsorbate and the adsorption 
back into the ddwrbent takes place. I'deal 
adsorpfion cycle is normally shown on Clapeyron 
diagram (I* versus -In). This cycle has four 
thermodynamic steps: isosteric (constant 
concentration) heating, isobaric (constant 
pressure) desorpt~on, isosteric (constant 
concentration) cooling, isobaric (constant 
pressure) adsorption. 

3.0 CONSTRUCTION OF THE ADSORPTION 
REFRIGERATOR 

The adsorption refriger&or consists of three 
major components: collector / generator 1 
adsorber, condenser and evaporator. .Other 
accessories that are associated with this machine 
are: liquid collector, valves, piping system and 
pressure gauges. There are three collector tubes 
each 800 x 400 x 7mm long steel pipe, having a 
coaxial perforated inner tube The perforations 
were 3 mm in d~ameter spaced 40 mm axially and 
four per circumference in an alternating manner. 
Each annular space between the inner and the 
outer tube was charged w~th locally manufactured 
act~vated carbon. Thereafter, the grill of pipes was 
positioned centrally onto the collector plate 

The collector plate and tubes assembly was 
mounted on the rear plate insulation inside a 16G 
galvanized steel box. The glazing was a clear plain 
glass while the insulation consists of 70 mm fibre 
glass and 60 mm Styrofoam chip which is capable 
of withstanding the expected temperature of about 
100°C. The top and bottom headers were 12.7 mm 
steel tube. Adsprbent eooiing during charging, 
cooling and adsorption processes was both by 
natural convection of .air over the collector plate 
and tubes and night sky radiation which was made 
possible by manually operated removable collector 
box end Each of these components (condenser, 
evaporator, and adsorbent bed) was checked to 
be sure that it is free of air. Copper tubing 

.,(@lZrnrn) was used to connect them together for 
easy flow of methanol vapour and liquid as the 
case may be. The whole system was mounted on 
a frame bracket installed with wheels for ease of 
mgvement. Valves were installed on the system 
in' order to monitor, vacuum and charge the 
system with the refrigerant. A pressure gauge was 

" installed behind the adsorbent bed so as to 
monitor and record the pressure conditions of the 
system during operation. The photograph of the 

,vwhote system is shown in Fig. 1. 

Fig. 1: Photograph of the designed solar 
adsorption refrigerator 

4.8 EXPERIMENTAL RESULTS 

Tables 1 and 2 shpw the solar insolation 
incident on the collector plate per unit area and the 
predicted plate, tube and adsorbent temperatures 
respectively on the day indicated in Ibadan, 
Nigeria. Figs. 2 and 3 show the variation of solar 
insolation with local time in lbadan on clear and 
cloudy days respectively. Fig. 4 shows the 
measured plate temperatures versus solar time on 
a relatively clear day. 
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Table 1: Solar i~sohtion (total) incident on the 
collector plate per unit area (1 7/02/2006) 

SIN Localtime Solar 
(hr) . time 

Table 2: Predicted plate, tube and adsorbent 
temperatures ( 1 7/02/2006) 
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Fig. 2: Vanation of solar insolatian with local time avlbadan on $clear day (j8/02/06) 

Fig. 3: Variation of solar insolation with local time lbadan on a cloudy day (27/03/06) 

Fig. 4: Measured plate temperature versus solar time on a relattvely clear day (18/03/06) 
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The bulk densities of the activated carbon 
samples ranged from 0.62 g/cm3 to 0.67 glcm3 ad 
the suqace area ranged from 870 m21g to 906 
m2/g, thus clas_srfiable as med~um grade carbons 
The maxtmum temperature of 108OC received in 
the solar collector was adequate for methanol 
generation, while maximum received insolation of 
1000 kwlm2 was sufficient for methanol 
desorption. Ambient temperatures during the 
adsorbate generation and adsorption ranged from 
28% to 34OG while the minimum temperature 
inside the evaporator ranged from 23OC to 26OC. 
For water initially in the temperature range of 280C 
- 34OC, this represents a 5 - 8OC cooling. 

5.0 CONCLUSIONS AND RECOMMENDATIONS 

The following conclusions. can be drawrr from the 
studies carried out on the design of solar powered 
adsorption refrigerator: 

i. A solar powered soltd adsorption with 
activated carbonlmethanol pair was 
successfully designed, fabricated and 
evaluated in the tropical dimate of Nigeria. 

t i .  This work has estabtished the fact that 
puf'eiy thermal pump can be built in tropical 

..climate using locally activatci; -wrbon for 
chitlbd water production. 

ii. Activated carbon, which is the principal 
component for this solar powered 
refrigeralor can be locally sourced without 
compromising standards, 

iv. This is an ongaing project and efforts are 
being made to improve the performance of 
the machine. 
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