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Abstract
A review of solar collector types used in solar adsorption refrigeration application is presented. These are
classified according to their shapes and/or mode of holding the adsorbent as: the flat plate box type, the flat
plate type with tubes bonded on it, adsorbent tube bonded side-by-side, concentrating and evacuated
tube collectors. The performances of adsorption refrigerators built using them are also presented. Generally,
they have low solar energy conversion efficiency with values lower than 40%. The technical problems
associated with these collectors, their performance evaluation theory and the design considerations are
discussed. Also discussed are possible ways of improving the performances of the solar collectors.
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1.0 Introduction

Adsorption refrigerators are basically thermal energy
driven; the thermal energy may be derived from fossil
fuel, biomass or solar radiation. When the thermal
energy source is solar, a special component, the solar
collector, is used to harness it. The adsorbent is then
housed in an enclosure within the collector so that
the entire assembly becomes the collector/generator/
adsorber.

Adsorption solar refrigerator appears more
attractive than those driven by fossil fuel and biomass
because solar energy is free, non-polluting and has
zero ozone depletion potential (ODP) and zero
global warming potential (GWP). Its major cost
component appears in the means of harnessing this
energy. Furthermore, with solar energy the heating
and cooling periods of the refrigerator correspond
to the natural diurnal and nocturnal solar radiation
periods, respectively. Night sky cooling eliminates
the need for the use of any mechanical means to
cool the heated adsorbent. These perhaps explain
the reason so much attention is being paid to
adsorption solar refrigerator by researchers.

Successful production of cold from solar energy
using the adsorption refrigeration cycle have been
reported by several authors. These systems utilized
different adsorbent/adsorbate pairs housed in
different solar collector configurations and presented

varying ranges of performances. Some of them are
the works by Anyanwu and Ezekwe (2003) using
activated carbon/methanol adsorbent/adsorbate pair
with the adsorbent held in the annulus space between
two concentric tubes bonded on a flat collector
plate; Pons and Grenier (1987) using activated
carbon and methanol as the adsorbent and adsorbate
with the adsorbent held in a box like container
covered with a flat plate solar collector; Tchernev
(1979) using zeolite/water adsorbent/adsorbate pair
and an adsorbent housing similar to Pons and Grenier
(1987); and Headley et al. (1994) in which a
concentrating solar collector was used. Apart from
the fact that these indicate that cold production using
adsorption solar refrigerator is possible, they also
show that the adsorption solar refrigerator can be
constructed using different solar collector
configurations. Unfortunately, the solar collectors
account for more than 50% of the entire cost of the
solar adsorption refrigerator. This is probably why
different solar collector configurations have been
applied in the study of the solar adsorption
refrigeration systems, apparently with a view to
determining the configuration that will produce best
system performance with minimum cost such that
the entire system will become economically
competitive with the now popular vapour
compression system (VCS).

The solar collector configurations can be classified
according to the shape of the collector plate and/or
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Pons and Grenier (1987) attempted solving this
problem by using a box type collector with fins to
improve heat conduction from collector plate to the
adsorbent and a “false bottom” to permit a uniform
distribution of adsorbate in adsorbent (See Figure
3) in their solar powered adsorption ice maker built
and tested in Orsay, France. The ice maker consisted
of four box type solar collectors each measuring 1.5
m2 and containing a total of 130 kg of adsorbent.
The adsorbent layer was 6 cm thick in collectors 1
and 2 and 5cm thick in collectors 3 and 4. Analysis
of experimental data on the ice maker showed the
performance to be in the range of 0.10 d” COP d”
0.12 with ice production of about 30 kg/day. Solar
collection efficiency in the range 32 – 37% was
observed.

Li et al., (2002) built and tested a solar powered
ice maker with activated carbon/methanol as the
adsorbent/adsorbate pair. The collector is of the box
type. Figure 4 shows the schematic diagram of this
system. Tests carried out with this system showed
that a COP in the range 0.12 – 0.14 is possible while
ice production was between 5 and 6 kg per m2 of
collector.

Li et al. (2005) reported their study of an intermittent
refrigeration phenomenon for solar solid adsorption
refrigeration. The refrigeration system is a valve-less
solar solid adsorption ice maker using a box type
collector/generator/adsorber equipped with fins with
an effective solar collector surface area of
approximately 0.94 m2. Results obtained from
experiments performed for different days show that
for a solar radiation intensity in the range 10.8 –
16.50 MJ/m2 obtained for solar radiation range of 6
– 8 hrs with cloud cover range of 0 – 3 hrs, COP in
the range 0.01 – 0.12 is possible with ice production
of 0.2 – 4.0 kg/m2 of collector. The best COP of
0.12 was obtained from a solar radiation intensity
of 16.28 MJ/m2 for 6.5 hrs of solar radiation with 0
hr of cloud cover while the worst COP (0.01) came
from 10.8 MJ/m2 of solar radiation intensity with 8
hrs of solar radiation and 3 hrs of cloud cover.

Lemmini and Errougani (2005) built and tested a
solar powered adsorption refrigerator using the
activated carbon/methanol working pair. The
collector/generator/adsorber is of the box type with
fins to increase the heat transfer in the adsorbent.

mode of holding the adsorbent in the collector/
generator/adsorber assembly as:

i.  the flat plate-box type collector,
ii.  the flat plate collector type with tubes
bonded on the plate,
iii. collector with adsorbent tubes bonded
side-by-side,
iv. concentrating collectors and
v. evacuated tube collectors.

Different levels of performances have been reported
using these configurations. This review therefore
looks primarily at the refrigeration systems
performances built and tested using the solar
collector configurations mentioned and the various
levels of performances obtained using them.

2.0 The Flat Plate-Box Type Collector

The box type collector was the earliest used in cold
production from solar energy using the adsorption
principle. Tchernev (1979) first reported the
successful production of cold using this principle.
He fabricated and tested a 100 dm3 zeolite/water
solar powered adsorption refrigerator. This unit used
the box type solar collector to contain 5 cm thick,
50 kg zeolite per square metre. For a solar energy
input of 6 kWh, the refrigerator produced 900 Wh
of cooling per square metre of collector area with a
coefficient of performance (COP) of 0.15. Figure 1
shows the schematic diagram of a basic box type
solar collector for the solar adsorption refrigeration
system while Figure 2 shows the schematic diagram
of Tchernev’s refrigerator. It consists of a flat plate
(for solar energy collection) covering a box type
container (housing the adsorbent). The under surface
of the container is perforated to ease adsorbate flow.

Tchernev’s work was quickly followed by the field
testing of a large scale solar energy powered cold
store of volume 12 m3, built by Grenier et al. (1984)
using zeolite/water adsorbent/adsorbate pair. Twenty
four (24) box type solar collectors, each of area
0.83 m2, were used. Evaporator temperature as low
as 2.5oC was achieved, corresponding to a solar
COP of 0.086. The interest in solid adsorption solar
refrigerator, sparked by Tchernev’s successful
testing, soon revealed that the basic box type solar
collector/generator/adsorber assembly has poor heat
transfer characteristics.
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The collector has a surface area of 0.72 m2

containing a total of 14.5 kg of activated carbon
distributed between 13 fins.  Results obtained from
14 consecutive days of testing show that COP in
the range of 4.3 – 8% (corresponding to cold
chamber temperature of 8.1 to -5.6oC) is possible
for a daily irradiation in the range of 12429 – 27308
kJ/m2. Also evident from the result is the fact that
the worst performances were obtained on days when
the sky condition was cloudy.

Works by Li et al. (2005) and Lemmini and
Errougani (2005) reveal that though addition of fins
may improve the performance of the collector/
generator/adsorber, the box type collector is not
suitable for regions with low solar radiation intensity
and predominantly (or reasonably) high level of
overcast or cloudy weather condition. Furthermore,
addition of fins, while increasing the heat conduction
from the collector plate to the adsorbent also
increases the thermal mass of the collector/generator/
adsorber. With the low solar collection efficiency
observed (32 – 37%), this increase in thermal mass
will considerably reduce the refrigerator’s
performance. This may be partly responsible for the
slightly lower overall COP obtained by Lemmini and
Errougani (2005). Guilleminot and Meunier (1989)
studied the effects of fins on the performance and
cost of adsorption solar refrigerator using a box type
collector by carrying out the thermodynamic and
economic optimization of the refrigerating system.
Figures 5 – 7 show that the optimum fin spacing and
the sensitivity of net solar COP to fin spacing increase
with increase in fin thickness.

The cost of the collector/generator/adsorber
influences the overall cost of the solid adsorption
refrigerator. Thus it is important to strike a balance
between collector cost and performance. Welding
cost, apart from adsorbent cost, is a major cost
element in box type collectors. Hence the more the
number of fins used in a collector, the higher the cost.
Consequently, for a welding cost above a certain
value, it becomes uneconomical to use fins in the
collector. Table 1 (Tchernev, 1979) gives these prices

Metal Types

Cu Al Steel St. Steel
Max. limit of welding cost (ECU/m) 2.0 1.29 0.86 0.71

for the different metals. It can therefore be seen that
with  steel, the welding price has to be quite low for
a finned collector/generator/adsorber assembly to
be used while for copper the use of fins is a lot more
realistic.

3.0 The Flat Plate Type Collector with Tubes
Bonded on the Plate

This type of collector configuration comes in two
main forms:

i. tubes bonded on top of collector plate and
ii. tubes bonded under collector plate.

While configuration;
i. is yet to be reported in the solid adsorption

solar refrigeration practice, Anyanwu and Ezekwe
(2003) reported the successful testing of a solid
adsorption solar refrigerator using configuration

ii. Six tubes containing adsorbent (activated
carbon) granules were bonded under a flat plate solar
collector with exposed surface area of 1.2 m2. The
peak plate and tube surface temperatures were
about 110 and 98oC, respectively while an
evaporator temperature in the range of 1 – 8oC was
attained, corresponding to a COP of 0.056 – 0.093.
Best useful cooling obtained was 266.75kJ/m2. Fig.
8 shows a schematic representation of the flat plate
type collector with tubes bonded under the collector
plate. With this collector type, the collector plate
acts like fins to the tubes bonded onto them by
conducting the absorbed solar radiation to the tubes
and subsequently the adsorbent contained in them.
Figure 9 shows that there is an inverse relationship
between efficiency factor and tube spacing. Reducing
tube spacing will lead to increasing the number of
tubes per unit collector width. Unfortunately this
increases further the collector/generator/adsorber
assembly thermal mass; a factor which has been
identified as one of the major causes of the poor
performance of already built solar adsorption
refrigerators (Anyanwu, 2003).

The solar collection efficiency of flat plate type
collector with tubes bonded under the collector plate
appears to be poor. Anyanwu and Ezekwe (2003)

Table 1: Maximum value of welding cost above which use of fin becomes uneconomical
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observed solar collection efficiency in the range of
11.6 – 16.4% for their refrigerator built and tested
in Nsukka, Nigeria. This may be partly responsible
for the low net solar COP obtained which was in
the range of 0.008 – 0.015.

4.0 Collectors with Tubes Bonded Side-by-
Side

Exell et al. (1987) reported a successful design,
fabrication and testing of a solid adsorption solar
refrigerator using activated carbon/methanol
adsorbent/adsorbate pair, in which the solar energy
collection was achieved by using a collector/
generator/adsorber assembly made from tubes
bonded side-by-side. An effective solar energy
collection area of 1 m2 was achieved while test result
revealed solar collection efficiency between 33 and
44% with peak temperature up to 122oC on a clear
day (Exell, 1992). This collector type (See Figure
10) may be described as a flat plate collector with a
critical tube spacing that is equal to the outer tube
diameter of the tubes bonded onto it. The inverse
relationship which exists between tube spacing and
efficiency may be responsible for the higher efficiency
obtained over the conventional flat plate type solar
collector. Further studies by Jing and Exell (1994)
revealed that the efficiency increases with increase
in daily insolation while there appears to be an
optimum outside diameter for the collector tube,
which is dependent on the local meteorological
conditions.

Hildbrand et al. (2004) also built an adsorption solar
refrigerator using the solar collector configuration
type of the tubes bonded side-by-side. The
adsorbent was silica-gel while water served as the
refrigerant. The total solar collector area was 2 m2

while the tubes were coated with selective surface.
The experiment which was carried out over a period
of 68 days revealed that for insolation higher than
20 MJ/m2 with a mean outdoor temperature
between 12 and 25oC, the COP was in the range
0.12 d” COP d” 0.25. It was not possible to measure
the mass of ice produced because ice was formed
in the evaporator. However, by noting that a cooling
charge of 440 kJ (neglecting thermal losses) can
produce 1 kg ice, they estimated the total ice
production as 4.7 kg/m2 of collector. The relatively
higher COP of about 0.25 recorded may be

attributed to the selective surface coating applied.

Considering efficiency, this type of collector/
generator/adsorber assembly has the potential of
addressing the problem of low solar energy
conversion to heat energy required to drive the
refrigerator. However cost and net solar COP are
also important. When the tubes are bonded side-
by-side, the number of tubes per square metre
increases. This results to an increase in the mass of
adsorbent and also the mass of metal components
of the assembly. Consequently an increase in the
overall thermal mass of the collector/generator/
adsorber will result. Increasing the number of tubes
per square metre as well as the adsorbent mass also
increases the cost of a square metre of the assembly.
Furthermore, construction of this type of collector/
generator/adsorber will be more difficult when
compared with the other configurations earlier
discussed, hence rendering it less attractive for use
in most regions of developing countries where
adsorption refrigerators could be effectively used to
store vaccines and also reduce post harvest losses
of agricultural products. This arises from the fact that
more tube bonding is required and the tubes must
be properly aligned. In addition, the bond thickness
should be such that the inlet and outlet headers can
be easily installed.

5.0 Concentrating Collectors

Concentrating collector is achieved by the use of
reflecting or refracting surfaces which concentrate
the incident radiation onto an adsorbent tube at the
focal line. Headley et al, (1994) first reported the
successful construction and testing of a charcoal/
methanol adsorption refrigerator using a
concentrating collector. The adsorbent tube 2.44 m
long and packed with 2.6 kg of activated carbon
was made of copper. Results obtained from the
experiment showed that 1 kg of ice at an evaporator
temperature of -6oC could be produced. This
corresponds to a net solar COP of 0.02. The
maximum cycle temperature achieved was 154oC
on a day when the ambient solar energy was 26.8
MJ/m2. Figure 11 shows the schematic diagram of
this refrigerator.

Gonzalez and Rodriguez (2007) built and tested a
prototype of a solar powered adsorption refrigerator
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using a Compound Parabolic Collector (CPC) solar
collection system. The working pair used was
activated carbon and methanol as adsorbent and
adsorbate, respectively. An array of four CPCs with
a total collection area of 0.55 m2 (measured in the
aperture plane of the concentrators) was used. A
polished aluminium foil served as the reflective sheets
which concentrated solar radiation on the tubular
receivers that acted as the generator. Ten test runs
were carried out and the results obtained showed a
COP in the range 0.078 – 0.096 for a daily
irradiation of 19.5 – 28.2 MJ/m2. Evaporator
temperature obtained was in the range of 3.4 to -
7.2oC. The authors concluded by observing that
though the COP obtained was low, it could be
improved in the actual system by taking care of some
thermal losses observed in the prototype.
Interestingly though, the best COP was obtained on
a day with the least daily irradiation. Ramos et al.
(2003) reported their progress on the design of a
zeolite/water solar adsorption refrigerator using a
concentrating collector. Their laboratory prototype
used an electric furnace to produce the required
regeneration temperature of between 200 – 300oC.
Results obtained showed that evaporator
temperature of up to -8oC is possible.

Concentrating collectors generally have high solar
collection efficiency and are relatively light when
compared to other designs. When used to power
adsorption solar refrigerator, it has the capacity to
produce ice even on overcast days as revealed by
the work of Headley, et al (1994). However, they
are expensive and complex in structure as they are
required to track the path of the sun to capture only
the direct component of solar radiation. Other
complications associated with this type of collector
include optical characteristic of concentrators, non-
uniform fluxes on absorbers, wide variations in
shape, temperature and thermal loss characteristics
of absorbers and the introduction of additional
optical factor into the energy balance (Duffie and
Beckman, 1991).

6.0 The Evacuated Tube Collector

This configuration though not extensively studied with
regards to adsorption solar refrigeration is another
collector configuration with high prospect in
adsorption solar refrigerators. This is because the

absorber is enclosed in an evacuated tube thus
reducing loses by conduction and convection from
absorber surfaces. Heat energy is normally
transferred from the absorber surfaces to the
adsorbent through a heat transfer fluid. Figure 12
shows the cross sectional view of this type of
collector. Vieira and Moreira (1997) reported on a
solar refrigeration unit with an adsorption reactor
and evacuated tube collector. The basic components
are a reactor, a set of evacuated tube solar collectors,
a condenser, a heat exchanger and an evaporator.
The collector has an area of about 2.1 m2. Energy
used for desorption is transferred from the evacuated
tube solar collector to the reactor via a vapour
thermal siphon loop. Experimental test revealed that
the refrigerator has a thermal efficiency (cooling
energy produced in relation to solar energy) of about
15%.

A report presented by Henning and Glaser
(Unpublished Report, University Freiburg) on the
performance of a solar assisted adsorption system
for a laboratory of the University Freiburg showed
that the evacuated tube collector type was effectively
utilized in the production of cold. The collector area
was 170 m2 while the adsorption chillers had a rated
capacity of 70 kW. The adsorbent/adsorbate pair
used was silica-gel/water. Though this system is
equipped with back up heat source (steam), 78%
of the required driving heat comes from solar. Test
results showed that for a driving temperature in the
range 60 – 95oC, the overall system efficiency (i.e.
net solar COP) is in the range 0.2 – 0.3.

Wang et al, (2002) reported on the combined cycle
of heating and adsorption refrigeration they
developed. This system used an evacuated tube
collector type. Though a combined cycle, it was
initially tested as a single unit of adsorption
refrigerator with electricity as the heating source.
Water was used as the heat transport fluid from the
evacuated tube to the adsorber of the refrigerator.
A heat of 61 MJ was able to raise the temperature
of 120 kg of water from 22 to 92oC, which according
to the authors, was able to produce 9 kg ice at -
1.5oC. The calculated system COP was put at
0.0591 while the cycle COP was 0.41.

Evacuated tube collectors appear to have very high
solar energy collection efficiency, usually about 1.6
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times more than that of a flat plate type, and func-
tion well in overcast conditions as well as low tem-
peratures. However, it requires very good technol-
ogy to produce hence may not be quite appropriate
in remote regions of developing countries where
solar adsorption refrigerators are needed for im-
proved quality of life.

7.0 Technical Problems

Table 2 gives the summary of some collector/gen-
erator/adsorber types so far employed in solar ad-
sorption refrigerator. The uniqueness of the collec-
tor/generator/adsorber is that it performs the same
function as the mechanical compressor of the con-
ventional vapour compression refrigerator but with-
out any moving compnents. There are no refrigerant
valves and complex heat exchangers. The rich ad-
sorbate concentrated adsorbent simply expels the
refrigerant when heated by solar energy and adsorbs
it when cooled at night. The major constraints to the
common flat plate types collector/generator/
adsorber currently employed in solid adsorption re-
frigeration application are the sealing mechanism to
avoid ingress of air, poor solar collection efficien-
cies and heat and mass transfer charactristics of the
available adsorbents arising from their low thermal
conductivity and poor porosity properties. The con-
sequence is bulky collector/generator/adsorber and
excessive heating capacity requirement. There is also
the problem of degradation of adsorbent due to ther-
mal shock after repeated cycles of operation of the
system. Possible solutions suggested by research-
ers include:

i.  Adsorbent stabilization with graphite bind
ers (Munyebvu, 1994)
ii.  Two cycles with different adsorbent/ad
sorbate pair (Critoph, 1989)
iii.  Use of regenerative cycles, in which two
adsorption cycles are operated out of phase
such that when one is being heated, the other
is being cooled (1993)
iv.  Mixing of the adsorbents with metal fil-
ings or powder to improve the adsorbent
thermal conductivity (1994)

Monolithic carbon and graphite composites with
thermal conductivities of 0.4 W/mK (Critoph and
Turner, 1995) and 5 W/mK (Guilleminot, 1998),
respectively have been reported. However these

values are still low to suggest a permanent solution
to the poor heat transfer characteristics, especially
if they are to compete favorably with the liquid ab-
sorption machines. More so, there is also the issue
of poor contact resistance between the adsorbent
and its container which actually governs the rate at
which heat energy is transferred to the adsorbent
form the collector plate during the adsorbent heat-
up and generation phases and in the opposite direc-
tion during the adsorbent cool-down and refrigera-
tion phases. Multiple glazing appears to present im-
proved solar collection efficiency but rather reduces
the adsorber cooling rate; a factor which reason-
ably affects the time for commencement of resorp-
tion and hence mass of adsorbate resorbed and
consequently the COP. Another possible solution
could be the use of selective surface coating. How-
ever, this will mean an increase in cost of production
to a level that may not permit the resulting
refrigerator’s commercialization.

The concentrating collectors apart from suffering
from the poor heat transfer issues raised for the flat
plate collectors also have the problem of requiring
tracking for effective performance since it captures
only direct component of solar radiation. Due to very
high temperatures of operation, their heat loss
coefficients are usually high. Furthermore, it has an
inherent problem of non uniform fluxes on the
absorber while requiring improved maintenance
procedure in order to retain the quality of its optical
system for long period against dirt, weather,
oxidation etc. These factors combined with the cost
may be responsible for its few reported use in
adsorption refrigeration application despite its high
solar energy collection efficiency, especially during
the winter periods. During other seasons of the year
though, the flat plate types are better than the
concentrated type collector.

Evacuated tube collector appears to have markedly
improved solar collection efficiency (Peters, 1987)
and the ability to function well during overcast
conditions. Unfortunately, not much work has been
reported on its application in solar adsorption
refrigeration to reasonably evaluate its effectiveness
and suitability. A major constraint of this type comes
from where and how the adsorbent is held. Since an
adsorbent requires rapid cooling for readsorption
to commence; when the adsorbent is held within the
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evacuated tube, its cooling rate will be greatly
reduced resulting in a late commencement of
readsorption. On the other hand, when held in a
separate container from the evacuated tube collector
then a heat transfer fluid will be required to transfer
heat energy from the collector to the container
housing the adsorbent; a process which reduces the
quantity of harvested energy that could be used in
adsorbent heat up due to heat losses along the path
between the evacuated tube and the adsorbent and
thermal resistance between the heat transfer fluid and
adsorbent housing. Furthermore, the need to circulate
the heat transfer fluid between the collector and
adsorbent housing will require either the use of a
pump or a heat pipe. In either situation, the result is
a more complex and expensive system.

8.0 Possible Advances in Solar Adsorption
Refrigeration Technology

Recent advances in solar energy technology have
shown that it may be possible to convert sunlight
into cooling power at net coefficient of performance,
COP higher than the 10 – 30% that is presently
obtainable. One of these advances is the application
of solar fibre optic mini-dish concentrator’s
technology to cooling systems. This technology
satisfies many criteria at cost that should be less than
or comparable to current high concentration solar
alternatives with an additional attraction of
modularity i.e. being able to realize practical compact
cooling plants with relatively small installed capacities
(Dieng and Wang, 2001). The improvement in
performance obtained using this technology comes
from the use of optical fibres to transport concen-
trated energy, thus reducing the conventional CPCs
collector heat loses by convection and radiation.
Optical efficiency of up to 62% has been reported
(Antón et al., 2007). However, much work on its
use/application to solar adsorption refrigerators has
not been reported.

Critoph (2001) observed that the major challenges
for adsorption cycles are to improve heat transfer in
adsorbent beds, thereby reducing size and cost and
to improve regenerative heat transfer between beds,
thereby increasing COP. He therefore proposed the
multiple bed regenerative adsorption cycle using the
monolithic carbon/ammonia pair in order to improve
the efficiency and reduce cost of adsorption

refrigeration and heat pumping Critoph (2001). The
system is based on 32 simple tubular adsorption
modules comprising each of a generator and a
receiver/condenser/evaporator. A single generator
consists of a 12.7 mm stainless steel tube lined with
2.6 mm of monolithic activated carbon. The
predicted performance of this system shows that a
cooling COP of 0.60 and a heating COP of 1.53 is
possible. When the system is optimized, it is possible
to achieve a cooling COP of about 0.91.

Wang et al., (2000) adopted a different approach
in order to increase the overall efficiency of an
adsorption ice maker. They joined a solar water
heater and an adsorption ice maker in the same
machine. The working pair used was activated
carbon/m ethanol w hile the collector w as a 2 m 2

evacuated tube type to heat 60 kg of water up to
90oC. The adsorber is immersed in the solar heated
water in the storage tank. Test result showed that
ice production of 10 kg is possible when the
insolation level is about 22 MJ/m2. Figure 13 shows
the schematic diagram of the unit proposed by Wang
et al., (2000).

Khattab (2004) built and tested a modular ice maker.
His innovative system placed the adsorbent in a glass
container, positioned between reflector panels. The
area of each panel was 0.04 m2 while the circular
adsorber was 0.2 m2. Four different bed techniques
were considered in order to achieve improved
adsorbent bed thermal properties. Test result showed
that COP in the range 0.14 – 0.16 with ice production
of 6.9 – 9.4 kg/m2 of adsorber is possible. The author
gave the advantages of this system over the
conventional ones as: low cost, high solar energy
concentration due to the utilization of plane reflectors
and better effective adsorber cooling at night since
insulation is not needed because the adsorbent is
uniformly heated during daytime. Furthermore, the
glass adsorber allows the adsorbent to receive solar
energy directly from both sides thus improving the
effectiveness of solar energy absorption.

Apart from the already reported advances in solar
adsorption refrigeration technology, one possible
approach towards managing the effect of the poor
thermal conductivity of most adsorbents is to employ
many collector/generator/adsorber components with
very thin layer of adsorbent content in each. When
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the collector/generator/adsorber type of tubes
bonded on plates is considered, this will imply using
a combination of tubes that will present a small
annulus space for holding the adsorbent. Though this
will lead to an increased size and possibly cost of
cold production using the system, an improvement
in heating and cooling times of adsorbent will be
achieved. This approach is currently being
investigated by the authors.

9.0 Performance Evaluation Theory of
Solar Thermal Collectors for Adsorption
Refrigeration Application.

The heat gain by a solar collector used for adsorption
refrigeration purpose is:

          ...1

The first term on the RHS of equation (1) represents
the sensible heat required to raise the collector
components and the adsorbent from their initial
temperature to the final temperature while the second
term represents the heat energy required for
adsorption/desorption. Thus at the start of collector
heating when adsorbate desorption is zero, this term
drops out of equation (1).

A measure of collector performance is the collector
efficiency, defined as the ratio of useful heat gain
over any time period to the incident solar radiation
over the same period (Duffie and Beckman, 1991).
In solid adsorption refrigeration studies, the useful
energy is that used for desorption. Thus, we can
write that
                                                                      ...2

Hence the collector useful efficiency is

          ...3

Equation (3) shows that the useful efficiency is zero
before the outset of desorption. The procedure is to
measure the mass of adsorbate desorbed and “I”
within an interval of time and then using eqn. (2),
Q

u,useful
 is obtained. η

useful
 is directly proportional to

the desorption rate and usually is cone shaped.
However, it is also possible to consider the overall
efficiency of the collector/generator/adsorber. This
is the ration of the heat energy obtained using
equation 1 to the total insolation. Figure 14 (Ogueke

  fgrcicfcpcu hmTTcmQ  ,,,

fgrusefulu hmQ ,

IA

Q usefulu
useful

,

and Anyanwu, 2008) shows the overall and useful
efficiencies of a solar thermal collector of the flat
plate type applied in adsorption refrigeration studies
at Nsukka, Nigeria.

Though the efficiency is a useful parameter when
considering the thermal performance of a collector/
generator/adsorber, it however does not give details
of the thermal performance characteristics of such
systems. Generally, inorder to establish the thermal
performance characteristics, such collector/
generator/adsorber should be tested in a manner
similar to that of conventional collectors. In that
regard, the refrigerant is prevented from desorption
by exposing the collector/generator/adsorber
assembly to air flow and isolating it from the
condenser/evaporator, and then monitoring its
temperature variations with the incident solar
radiation and ambient temperature. In this way the
incident solar energy appears only as the sensible
heat of the collector plate, adsorbent tubes,
adsorbent and adsorbate; and the thermal losses to
the environment of the system. The resulting
parameters, together with the instantaneous efficiency
can be used to generate the Hottel-Whillier-Bliss
characterization of such system. This is a plot of
efficiency versus                        which appears as a
straight line graph of gradient F

R
U

L
 with a positive

intercept of F
R
ta on the efficiency axis. This is so

because it is based on the equation;

                                           .

Thus it is possible to identify two important
parameters of the collector/generator/adsorber.
These are the ability of the component to absorb
energy represented by                   and the component’s
heat loss given by F

R
U

L
. Figures 15 and 16 show

such plots for the system built and tested by Tchernev
(1979) and Anyanwu and Ezekwe (2003) for their
box type and tubes bonded on plate type collector/
generator/adsorber respectively. The system
reported by Tchernev (1979) used a zeolite/water
adsorbent/adsorbate pair while that of Anyanwu and
Ezekwe (2003) used activated carbon/methanol
adsorbent/adsorbate pair. These figures reveal an
intercept of 82 and 54% from where absorptivities
of the various surfaces were estimated as 92% and
69%, respectively for the systems of Tchernev
(1979) and Anyanwu and Ezekwe (2003). Their
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respective gradients were determined as -1.04 and
-1.96.

9.0 Design of Solar Collectors for Adsorp-
tion Refrigeration.

The amount of solar energy absorbed by solar
collectors applied in solar adsorption refrigeration
is governed by the same factors which determine
the amount of solar energy absorbed by solar energy
air heaters. These factors are given as (Ekechukwu
and Norton, 1999):
   i.  the level of insolation and the solar collector
   orientation
   ii.  the absorptance of the absorber surface, and
   iii.  the transmittance of the cover material.

How these factors govern the amount of solar heat
energy absorbed and the mode of their use in the
design of solar collectors has been discussed (Li et
al, 2004). However, while the solar energy in solar
air heaters is used for air heating purposes, in
adsorption refrigeration it is used to heat an adsorbent
for the purpose of generating from it the adsorbate.
Thus apart from the three factors above, the heat
capacity of the adsorbent and the heat transfer
coefficient at the adsorbent/collector material
interface as well as the isosteric heat of sorption of
the adsorbate are also required for the appropriate
sizing of a collector for adsorption refrigeration
application. The procedure is as follows:
   i.  Determine the cooling load needed to be
   offset.
   ii.  Obtain the adsorbate mass that will be evapo-
   rated to obtain this.
   iii.  Using the adsorbent characteristics determine
   the mass of adsorbent required and hence the
   volume of space to hold the adsorbent considering
   the desired adsorbent thickness in the vessel as
   well as the adsorbent packing density.
   iv.  Choose an appropriate material and subsequ-
   ently determine the mass of the chosen material
   which will serve as the adsorbent container needed.
   v.  Determine the quantity of heat required to raise
   the temperature of the adsorbent and its container
   from ambient temperature to the desired tempera-
   ture, bearing in mind the isosteric heat of sorption
   of the adsorbate.
   vi.  Using the level of insolation and the solar
   collector orientation, the absorptance of the

absorber surface and the transmittance of the cover
material determine an appropriate collector surface
area.

10.0 Conclusion

A review of the solar collector types used in solid
adsorption refrigerator has been undertaken. From
the study conducted, it is evident that:
   i.  the collector may be grouped into five types
   depending on their shape and/or mode of holding
   the adsorbent as the flat plate- box type collector,
   the flat plate collector type with tubes bonded on
   the plate, collector with adsorbent tubes bonded
   side-by-side, concentrating collectors and evacu-
   ated tube collectors with the flat plate box type
   collector enjoying the most attention from resear-
   chers.
   ii.  the solar energy conversion efficiency of most
   of them is low, the order being less than 40%.
   iii  apart from the efficiency which is commonly
   used in assessing the solar collector performance,
   it is also necessary to establish its ability to absorb
   energy and its heat loss from the Hottel-Whillier-
   Bliss characterization.
   iv  further developmental research is required for
improvement in existing configuration or to develop
new configurations with better solar energy
conversion capability.

Nomenclature
A – Area (m2)
c

p
 – specific heat capacity (kJ/KgK)

F
R
 – Heat removal factor

h
fg
 – Isosteric heat of sorption (kJ/kg)

I – Insolation (kJ/m2)
m – mass (kg)
Q

u
 – Heat gain (kJ)

T – Temperature (K)
U

L
 – Overall heat loss coefficient (W/m2K)

h – Efficiency
a – Absorptivity
t - Transmissivity

Subscripts
am - Ambient
c – Collector components
f – Final i – Initial
r – Refrigerant useful – Useful
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Adsorbent

Insulation

Glazing Collector Plate

Adsorbate
Figure 1: Schematic diagram of a box type collector as used by reference (Tchernev, 1979)

Figure 2: Schematic diagram of Tchernev’s Refrigerator (Anyanwu, 2003)

Adsorbent

Insulation

Glazing Collector Plate

Adsorbate

Outlet

Fins

Adsorbate

Inlet

False Bottom

Figure 3: Cross sectional view of the improved Box Type Collector.
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Figure 4: Schematic diagram of the system built by (Li et al., 2002): (1) adsorbent bed (2) glass cover (3)
damper (4) insulation (5) pressure gauge (6) temperature gauges (7) valves (8) evaporator (9) condenser
(10) refrigerant reservoir (11) ice box.

Figure 5: Chart of iso-solar COP versus height (H) of the bed (y-axis) and the fin spacing (L) (x-axis) for
fin thickness, e = 0.1 mm (Guilleminot and Meunier 1989)
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Figure 6: Chart of iso-solar COP versus height (H) of the bed (y-axis) and the fin spacing (L) (x-axis) for
fin thickness, e = 0.4 mm  (Guilleminot and Meunier 1989).

Figure 7: Chart of iso-solar COP versus height (H) of the bed (y-axis) and the fin spacing (L) (x-axis) for
fin thickness, e = 1.0 mm  (Guilleminot and Meunier 1989).
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Adsorbent
Tube

Glazing Material Collector Plate

Adsorbate
Tube

AdsorbentInsulation

Figure 8: Cross Sectional View of a Flat Plate Type Collector with Tubes Bonded Under.

Figure 9: Figure showing the inverse relationship between efficiency and tube spacing (Gamari and Worth,
1992).
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Adsorbent tubes bonded side-by-sideGlazing Material

InsulationAdsorbentAdsorbate

Figure 10: Schematic diagram of a collector type with the adsorbent tubes bonded side-by-side.
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Figure 11: Schematic diagram of the refrigerator built by Headley et al.,1994.

(b)

Fluid Inlet

Selective Absorber 

Surface

Fluid Outlet

Selective Surface

(Absorber Plate)

(a)

Figure 12: Schematic diagram of an evacuated tube solar energy collector: (a) Flat Plate (b) Concentric
Tubular.

Figure 13(a) Schematic diagram of the generators of the multiple bed regenerative adsorption system
proposed by Critoph, 1994
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Figure 13(b): Diagram showing section through the generators (Critoph, 1994).
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Figure 14: Overall and Useful efficiencies of the flat plate type solar thermal collector studied by Ogueke
and Anyanwu 2008.

Figure 15: A graph of h versus (T – T
a
)/IA from Tchernev, 1979
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Figure 16: A graph of h versus (T – T
a
)/IA from Anyanwu and Ezekwe, 2003.
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