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ABSTRACT

The climatic profile, socio-economic conditions and energy supply situation in African

countries, with regards to how these may affect the need for and viability of solar oper-

ated refrigeration were reviewed. The technical status of solar refrigeration technologies,

worldwide, and the experiences in attempts to commercialize them were studied and com-

pared. In the face of the above, the prospects and problems attendant to the application
of solar refrigeration in Africa were examined.

The physical and socio-economic climate in the majority part of the continent indicate

a high demand for refrigeration and air-conditioning. The data revealed n continental

conventional energy supply crisis, with severe stresses in the rural areas. Thu demand for

refrigeration for such special applications as medical drug preservation, requires an energy

resource that is widely distributed and available, and in this age, environmentally friendly.

Solar energy satisfies this requirement, and hence also, solfir powered refrigeration.

The solar-to-cooling coefficients of performance of existing photovoltaic and the ab-

sorption/adsorption cooling machines are in the range of 0.3 and 0.1-0.2, respectively.

These do not compare favourably with about 1.0 or bettor for heat to cooling COP of

vapour compression machines. The latter machines are also cheaper. There are no com-

panies in Africa manufacturing the solar equipment, even though there are vendors for

the PV machines. Attempts to commercially produce and market the solar thermal re-

frigerators by, and in the technically advanced countries h;ive largely failed, even though

the PV versions continue to be in production.

These not withstanding, potentials of more than doubling the COP of the solar-

thermal and solar PV machines, and reducing other costs through research and develop-

ment, coupled with the availability, cost and environmental advantages of solar over the

conventional energy resources, indicate high potentials for the utilization of solar refrig-

eration. However, African research institutions, governments and industry must become

actively involved, more than before, in the technology and market development processes

required to realize this end.



1 Introduction

The climatic profile, socio-economic development and energy supply infrastructures in

Africa indicate a high demand for cooling applications and strongly suggest the use of

solar and renewable energy powered systems. Africa straddles the equator, and by far

the greater part of its land mass lies within the tropics. The climatic zones—(fignre-1),

range from the hot wet tropical rain forest with moderate temperatures of around 27"C'
and high relative humidities of 70+-90+% over most of the year, through the tropical

savanah with its hot rainy and cool dry seasons, to the hot and dry desert climate. The

latter exhibits very high daytime temperatures that can reach oS°C' in I he shade, and

peaks of 77"C' in the open. The remaining climatic zones, as shown in the figure, cover a

much smaller proportion of the land area. Moderate to high temperatures and humidities

call for substantial refrigeration to prevent biological and chemical spoilage of food and

drugs, and for comfort.
The availability of medical services to the populations in various countries in Africa

and in some developed countries, is illustrated in Table-1. African countries spend much

less, as percent of GNP, on health, compared to the developed countries, and only 40-

uQ % of the population in 1990 had access to medical services. This is compared to

100 % for France, USA and Japan. Average population per doctor was 22.930 in 1990

for all sub-sahara Africa, while figures for France, USA and Japan were 320. 470 and

660, respectively. More significantly, the few existing health facilities are concentrated

in the urban areas, and with a high rural population of 50-90 %, averaging about 70 %

for sub-sahara Africa, there is a very large sector of the population without access to

health services. Thus, special health programmes, involving mobile health clinics, are

required in order to reach these areas. Drug and vaccine storage technologies, which are

compatible with the logistics of such programmes,- and which make use of the energy
resources available in the rural areas, are called for.

The most common and commercially available refrigeration technologies are the vapour-

compression and the diffusion-absorption (NHa-Hj-HjO) systems. These are normally

manufactured with electricity and/or fossil fuels as the energy source for the motor or

heater of the respective refrigerator types. TabIe-2 gives the consumption of commercial

(fossil fuels and electricity) and traditional energy ( fuelwood, agricultural and animal

residues ) in the various regions and selected countries of developing Africa, including the

Republic of South Africa, RSA. It is seen that commercial fuel consumption is poorly

developed, while traditional fuels constitute by far the greater proportion of total energy

consumed in all parts of Africa, except North Africa and the RSA. While Ivory Coast

records 53 % for traditional fuels, Tanzania has 96 % for the same. The low value of 14 %



for the USA is due to its higher energy infrastructural development, while the availability

of fuelwood in iNorth Africa is limited because of the predominantly desert climate.

While several African countries have oil refineries, only 12 of the 51 countries, namely-
Henin, Ivory Coast, Nigeria, Cameroon, Congo, Gabon, Zaire. Algeria, Egypt, Libya,

Tunisia and Morocco produced any oil by 1990,- and fewer still produce enough for internal

consumption. The refineries themselves consistently produce at below capacity (<10-50 %

). due to technical and managerial problems and shutdowns. These lead to production
costs that are double the average value (S0.75/barrel) in developed countries. The selling

price is consequently high, except where it is subsidized. Total electricity production is

low, and access to electricity is less than 10 % of the population for most countries. In

Ruwanda, for example, only 0.5 % of the population has access to electricity. USA is

exceptional, with 33 % of the population having access to electricity.

The rural areas, with a much greater proportion of the population, come off very

poorly in the availability of fossil fuel and electrical energy resources. Thus, the energy
types required to run the vapour-compression and diffusion- absorption refrigerators are

either not available,-particularly in the remote areas where they are badly needed, or are

costly. It also implies that the stated refrigeration technologies, which depend on these

energy sources, are not appropriate for the regions.
Further difficulties arise for the use of fossil fuels and the chlorofluorocar- bon (CFC),

hydro-chlorofluororarbon (IICFC) and hydro-fluorocarbon (HFC) refrige- rants in vapour-

compression refrigerators. The fossil fuels and CFC have high global warming potentials,

GWP. and ozone layer depletion potentials, OOP. The HCFC and HFC, though with

lower potentials, nevertheless have unsatisfactorily high values. These further discourage

the use of vapour-compression systems.

Solar radiation and biofuel energy resources (traditional fuels) are more widely dis-

tributed and available, in situ, over the entire continent. Figure-2 shows the solar radiation

map for Africa for March, June, September and December, and indicate reasonably high

radiation levels for most parts of the continent. Furthermore, these energy sources are
renewable, have zero or low GWP and OOP, and are thus more environmentally friendly.

These characteristics thus recommend them for use as the energy source in refrigeration
(as well as in other) applications.

2 Status of Solar Cooling Technologies

Solar cooling technologies have to compete in performance, availability, environmental

friendliness and cost with the vapour-compression and the Electrolux diffusion-absorption

technologies. With regards to performance, it has been suggested, Meunier(1993), that



given a COP of about 3 for vapour- compression refrigerators, and an overall thermal

efficiency of about 5 for thermal electric power plants, the COP (heat-to-cooling) of

this type of refrigerator is about 1.0. For the Plateii-Mnnters (Electrolux) refrigerator,

the cycle COP ranges over 0.1 to 0.5. Two types of solar refrigeration technologies are

available, namely,- solar electric and solar thermal refrigerators.

2.1 Solar Electric Technology

In the solar electric refrigerator, electric power from a direct solar-electric converter or

from an indirect solar-thermal-electric power plant is utilized to drive a vapour-compression

system. The most technically and commercially developed option is the direct solar PV

.system. Photovoltaic conversion efficiencies for laboratory cells are as high as 3"2 % for ad-

vanced cells wi th multi-junctions and high solar concentration. Mar l i ( IUU. i ) , but applica-

tions experience w i t h commercial modules indicate efficiencies of about 10 %. Previ(l!)93).

With an eleclric-to-cooling COP of 3, the overall solar-to-cooling COP for the PV uni t

is about 0.3. In spite of its lower overall COP than for the heat-to-cuoling vapour-

compression units which utilize fossil fuels or biofuels as heat source, its zero G\V1' and

ODP make the solar PV system attractive. The solar energy resource is additionally
available, literally on site. Primarily based on these advantages, international organiza-

tions involved in delivering health services to rural areas in Africa, such as the WHO. are
promoting the use of solar PV refrigerators for vaccine and drug storage.

2.2 Adsorption Technologies

In adsorption refrigeration, an appropriate refrigerant is adsorbed into the porous matrix
of an adsorbent solid, at a low temperature and pressure (equal to refrigerant evaporating

pressure). By the application of heat, the refrigerant is released at an elevated tempera-

ture and pressure (equal to refrigerant condensing pressure), condensed and evaporated

in an evaporator, at the low pressure, to obtain the cooling effect, (figure I?). The evapo-

rated refrigerant is re-adsorbed, exothermically, by the adsorbent, because the adsorbent

is solid and cannot easily move round the system components, the cycle is characteristi-

cally intermittent. The same unit serves as generator during refrigerant generation, and

adsorber during its re-adsorption.
Common refrigerants are HjO, Methanol, NH.i. SO? while adsorbents are Zeolite,

Activated Carbon, Silica Gel, etc. Prefered adsorbent-refrigerant pairs should exhibit the

following characteristics:

• high adsorption capacity, m(/-,/'), which reduces adsorber bulk and increases COP.



For Zeolite and water, (NaX-rhO):

m(/J,T) = 0.2C9/)3(T)exp[-l.S x \0~~(T\u(P,(T)IPf)] (1)

For Activated Carbon-Methanol:

t»(P.T) = 0.407/>,(7')oxp[-3.22 x lir7
(Tln(/J,(Y')//')2)) (2)

• high flesorption temperature l i f t . 1'3 — Tf , to increase desorbed refrigerant mass,
and (hi-COP.

• low adsorption temperature l i f t , T\ —T,. . to increase adsorbed refrigerant mass, and
the COP.

• good stability of adsorbent and refrigerant over the operating temperature range,
particularly at the maximum desorption temperature.

It is evident that the boiling Imperatives of the refrigerant (ie its equilibrium curve),
the equilibrium curve of the adsorbent-refrigerant pair, and temperatures of the heat
source and heat sink,- all affect the temperature lifts. Melhano) dissociates above 150
"('. while low peak generation temperatures of about 100"C are adequate for the acti-
vated carbon-methanol pair system. This makes the latter pair good for use with a low
temperature heal source such as solar flat plate collectors.

A number of experimental adsorption refrigeration machines have been constructed
and tested. Meumer(1993). reported experimental cycle ('OP for intermittent activated
carbon-methanol simple systems of 0.2 (T„ = -20T) to 0.5« (T,. = 5T), recorded at the
LIMSI laboratory. Condensing temperature was about 14.,V<" , and adsorber temperature
swing was from 14.5-80 T. Uoubakri et al (1993) presented actual site test results for an
activated carbon-melhaiiol ice maker installed in Morocco, having a 1 in'2 single glazed
fiat plate collector with selective (Maxorb) surface, and natural convection air-cooled
condenser mounted below the AC chamber. Overall solar COP recorded ranged over 0.08
to 0.12. Maximum ice production was 5.2 kg/m2 wit l i an initial water temperature of
'20'C. AC-35, AC-40 and ARS adsorbents were tested with near identical performances.
Zeolite-H2O versions have also been tested in the same LIMSI laboratories, Guilleminol
& Meunier (1981). The unit reported in Grenier el al (1088) was designed to provide
cooling for a 12 in3 store house.

Tests on an AC-methanol system with 1 m2, single glazed and selective surfaced flat-
plate collector at the Asian Institute of Technology have been reported, Yuan(198S). The
condenser was stagnant water cooled. Collector efficiencies were 33-44 %. Maximum



generation temperature recorded was 122 °C with evaporation temperature range of-7 to
-12 "C. In i t ia l tests gave overall (solar) COPs of 0.1 to 0.12 and maximum ice production

of 4 kg/m2-day. Performance detoriorated with time and after six months, no ice could
be produced. This was attributed to the reaction of melhanol. at high temperatures,

with copper as catalyst to form formaldehyde and dimethyl ether. Deadly et al (I992)

reported an experimental AC-methanol uni t using a compound parabolic concentrating

solar collector. The solar COPs reported were low. being 0.01-0.016.

Improvements to Adsorption Systems

The cycle COP of 0.2 to 0.58 and overall solar COP of 0.1- 0.12 fur adsorption systems

compete well with the cycle COP of the Electrolux refrigerators of 0.1- 0.-r>. However, these

are stil l below the heat-to-cooling COP of 1.0 or more for vapour compression units. To

increase the COP of adsorption systems, a number of improvements have been tested.

These improvements however increase system complexity. Some are indicated below.

i) t{eat Recovery Regenerative System. Two intermittent systems are coupled together,

wi th the adsorbers out of phase such that one adsorber is in eudothermic heating-regeneration

phase, while the other is in exothermic cooling-adsorption phase. Part of the heat rejected
by one, Q^g, is absorbed by the other, Qm, (see figure 3). Ta — Ti, is the minimum temper-

ature difference for the heat transfer. The actual external heat inpu t for each system, for
the same refrigerant generation, is reduced, and the combined system COP is increased.

Cycle COPs for such units are as high as 0.75, Douss i- Mennier (19S8).

ii) C'ascade Systems. Multiple systems with different adsorber-refrigerant pairs are con-

pled together in a cascade. Heat rejection phase of the higher operating temperature pair

becomes the heat source for the other's heat absorption (generation) phase. An example

is a Zeolite-lI2O system with higher operating temperature, coupled to an AC-Mcthanol

system. A three adsorber cascade unit was tested and reported in Douss fc Meunier

(1989). Maximum cycle COPs were in excess of 1.0.

Hi) Pressure Equalization System. Two adsorbers, out of phase, are linked when one is

at low pressure and the other is at high pressure, such that the pressures are equalized.

The ultimate external heat input to each system is reduced, for the same refrigerant

generation, thereby increasing the combined COP. A 25 % increase in COP. or a 35 %
increase in cooling capacity is claimed, Meunier(1993).

ivj Rapid Cycle Multi-Unit System. This scheme aims at increasing the total cold (ice)



output of the refrigerator installation, over a given time (say daily), at the expence of the

COP, through rapid cycling. It is conceived that the generation process can be cut off
at less than the maximum generation temperature. The refrigerant generated per cycle,

and the cycle COP, are reduced, but the number of cycles over the period is increased.

The overall plant capacity may thereby be increased. The scheme requires a controllable

heat source such as waste heat or biofuel, and a number of refrigerators out of phase can

be coupled to the heat source. Critoph fc Gong (199'2) reported tests on a two-adsorber

plant »sing AC-NHa pair, 100-140"C steam heat source from an electrically heated boiler,

and NHj condensing temperatures of I6-3S°C. The generator was a shell and tube heat
exchanger with a 150 nun shell containing 7 tubes, each wil l) 1.04 kg of AC. Cycle COPs

were 0.31-0.30 for adsorbent heating up to steam temperatures.

A simplified system model developed from the experimental data gave the cut-off

temperature for upt imuni ice production per day as a function of steam temperature

and tube radius. For a two-shell unit. 19.9 mm tube radius and 100 "C steam source

temperature, optimal cut-off temperature was 82 °C with an ice yield of 57 kg/day. The

non optimal cycle COPs were in the range of 0.25-0.31, depending on the tube radius,

steam and cut-ofF temperatures. o

2.3 Absorption Technologies

Absorption refrigeration machines are very similar in principle to the adsorption ma-
chines.They differ in the process of refrigerant attachment to the sorbcnt. The principle

involves the exothermic absorption of a refrigerant, in a weak bond with an absorbent,
at low temperature and pressure (evaporator pressure), and its enclothermic regeneration

at high temperature and pressure (condenser pressure). Anhydrous metal salts, partic-

ularly halogen compounds of alkali metals such as CaClj, SrClj, NaCI, KC1, LiBr, LiCl

are good absorbers of refrigerants such as NH3f I^O, methylamine, ethylamine. These

salt-refrigerant pairs, among others, may be used in absorption refrigeration machines.

The absorbents may be liquids or solids. Among the pairs that have been worked on are

LiN03-NH3. LiBr-H20, NaSCN-NH3. LiCI-H20. glycol ether-R 21, I120-NH3,- for liquid

absorbent systems. Solid absorbent pairs include CaClj-NH3 , SrClj-NH3, CaClz-HjO,

and NaCl-NHa-

Liquid Absorption Systems

The liquid absorption system schematic is shown in figure-4. The significant features

are that the absorbent can circulate through the components, and hence the process can

be continuous, but may be made intermittent. A major problem with liquid absorp-



lion systems is the presence of some amount of the absorbent in the refrigerant stream

after generation. This requires rectification.The earliest and most successful liquid ab-
sorption systems is the HjO-NHa Electrolux (Plateri-Munters) diffusion refrigerator and
the LiBr-H^O absorption unit, designed to use gas, kerosine or waste heat source. Both

systems have been commercialized. Work on solar powered liquid absorption machines is

comparatively recent.
Trombe fc Foex (1957) tested HjO-NHs systems with cylindro- parabolic solar re-

flecting concentrator for heating the generator tube, located on the focal line. With a

collector projected area of 1.5 m2, ice produc- tion was '1 kg/m2 after -1-hour heating.

Chinappa (1902) used a 1.63 m2 flat plate collector with thripple glazing to produce 1.43

kg/m2-day of ice with an evaporating temperature of -12 "C. Swartman <>t al (1975) com-

pared the prformanc.es of H2O-NH3 (58-70% NH3) and NaSCN-N'Hs (47-57 % NH3) pairs

in intermittent solar refrigerators with double glazed flat plate collectors. Solar COPs

were (0.05-0.14) and (0.11-0.27) respectively, at an evaporating temperature of -12 "C.

Farber's (1970) continuous unit with a single glazed 1.49 in'2 flat, plate collector, and

a pump each for circulation of the absorbent and chilled water, produced a solar COP of

0.1, and ice production of 12.5 kg/m^-day.

More recent work on H^O-NHs intermittent solar powered refrigerator tests have been

re-ported by Exell & Kornsakoo (1981). The collectors were selectively surfaced, flat plate
and single glazed units of 1.5 m2 and 2.5 m2 areas. Ice production ranged over 4-5 kg/m2-

day. A village sized installation, having 12 x 2 m2 single glazed and selective surfaced

flat plate collectors, stagnant water condensers in ferrocemenl tanks, and movable bottom

insulation for natural circulation air cooling of the absorber, was tested. Exell el al (1984).

Equal distribution of NH3 to the multiple absorbers was automatically controlled. Results

gave an ice production of 2.7 kg/m2-day. The evaporator design seemed faulty. Estimated
payback period, depending on interest rate and price of ice, was put at 2 fi years.

For air conditioning applications, open cycle cooling systems with flat plate solar

collectors for regeneration of dessicants used in dehumidification of moist air, have been

shown to have potentials of greater efficiency than absorption or adsorption refrigerators.

The regenaration temperatures are lower, - hence the greater collector efficiency and COP.

Simulation by Nelson et al (1977) gave a COP of 0.75 for a de.ssicant cooling system
using ventilation mode. Theoretical studies for room cooling in various Indian cities by

Argawal et al , using LiBr-HjO solution, for low temperature dehumidification of fresh air,

with sensible and evaporative cooling of the dehumidified air, gave potentials of 21-4S %

reduction in power consumption when compared to the conventional vapour compression

system, Agarwal et al (1990).

An experimentally based simulation model of :\ foiiimercial LiBr-HjO solar powered



7 kw capacity water chiller, was reported in Best el al (1992). The Japanese equipment,
Yazaki Model WFC-600, equiped with a hot water tank, cooling tower and an auxilliary
gas fired boiler with 30 x 1.6 in2 flat plate collectors, showed capability of operating with
continuous production of cold for three test days of summer, without auxilliary heat. With
ambient temperatures of 27.5-42,5 "C, wet bulb temperatures of 18-26 "C and insolation
of 1000 W/rn2. the cycle COP was 0.3-0.75, and decreased with decreasing chilled water
temperature. Further reports of liquid absorption systems arc given in Tal)le-3.

Solid Absorption Systems

The solid absorption system is characteristically intermittent, l>vit similar in construc-
tion to the adsorption machine. The absorption/generation processes involve the absorp-
tion and subsequent desorption of a specified number of molecules of the refrigerant, per
mole of salt, at the corressponding equilibrium temperature and pressure for the 'reac-
tion'. The direction of the reaction depends on whether the mixture is snbcooled or
superheated wi th respect to the equilibrium temperature. For the CaClj-NHs pair at a
given pressure, the reactions are:

CaClj + 2/V//3 = C«C/j.2/V//3 ± Q{ at T, (3)

C<iO;2.2Ar//3 + 2A'//3 = CaCl7ANtla ± Q* al TI (4)

CaChANIh + 4A'//3 = CaClt.8NH3 ± Qz at T* (5)

T, > T, > T3

For this pair TI is not attainable wi th flat plate collectors. Hence, only 6 moles of NH3 per
rnole of CaClj is available for refrigeration with flat plate collectors. The thermodynamic
equilibrium pressure-temperature equations for the reactions are of the type-

For reactions 4 and 5 above, Linge (1929) and OrFernhartz (1976) give S0/R and H„/R as
(6.81, 2046) and (7.02, 2142) respectively, at one atmosphere reference pressure. Figure-
5 shows the equilibrium curves for CaClj-NHa and for Nils only. Early work on solid
absorption refrigeration machines concerned itself with the use of waste heat, gas or oil
as the heat source for the generator. Andrews (1951) reported on a CaCb-NHs system
heated with 100"C steam for commercial operation on London-Liverpool trains, between
1940 and 1945. Plauk (1959) constructed a CaCl2-NH3 system using 100"^ water as heat



source. The commercial version operated on three cycles per day at 376S--I1S7 kJ/cycle

of cooling capacity.

Attempts to use solar energy for driving solid absorption refrigerators are more recent

than for liquid absorption units. Muradov et al [as reported in Eggers-Lura et al (1975)]

tested a NaCI-iNH3 unit with double glazed 2 in2 flat plate solar collector. Cooling ca-

pacity was 1675 kj/m2 with 1 kg/m2-day ice production. A theoretical comparison of

solid and liquid absorbents with NH3 as the refrigerant, in an intermittent system, was

carried out for CaClj, SrCl?, NaSCN, LiNOs and 1I20 absorbents by Eggers- Lura et al

(1975). It showed solar COPs of 0.13-0.18 for the solid absorbents, wi l l ] C'aCI2 perform-
ing slightly better, and 0.09-0.13 as peak values for the liquid absorbents, with LiNOj

having the best values. Other activities on solid absorption refrigerators are reported in
F//.eilo(19S2), Worsoe-Schmidt (1983), De Hoartoulari & Dufour (1!)S4), Stanish & Perl-

mutter (19S1). These show that whereas cycle COI's are in the range of O.-l -1.0,— being

0.8 for C'aClj. 2H2O (2 moles), 0.5 for CaCl2.SNH3 (6 moles) and O.-l for .SrCl2.SNH3 (7
moles), — the solar COPs obtainable are of the order of 0. 1.

The requirements for a good refrigerant-absorbent pair are similar to those noted for

the adsorption system. In particular, with regards to the dependence of the absorption

and desorption processes on the salt temperature, the ahsorption/desorption rate is given

by:

(+ve for generation and -ve for absorption)

High T during generation ensures high desorption rate and high total desorption over

time. Similarly, low T during absorption ensures high absorption rate and high total

absorption over time.

A major problem with solid absorbents is the characteristic instabil i ty of the solid.

Some solids tend to become very soft and even fluid upon absorption of the refrigerant, as

in the case of the CaCb-HjO pair. With ammonia refrigerant, CaCl2 swells considerably

(up to 300 % for powdered salt), upon full absorption of the Nil», Kggers-Lura et al (1975).

It further compacts and restricts absorption. After repeated absorption/desorption cycles,
the absorbent granules disintegrate into powder. To restrict the swelling, compaction and

disintegration, while permitting good transport of NH3 through the salt, it was success-

fully treated with 20 % CaSOj, Iloeje (1986). The resulting absorbent was used in the

construction of an intermittent refrigerator, Iloeje(1985). Continued tests of the refriger-

ator over a one year period indicated undiminished performance with time, Iloeje(19S8).

With a double glazed flat plate collector but a black painted non-selective surface, the peak

performance was 0.053 actual overall solar COP and an ice production of 1.65 kg/m2-day.

10



As shown in Iloeje et al (1990), a 68 % improvement in performance is realizable with

use of selective surface coating. This should raise the performance to a COP of 0.09 and
an ice production of 2.77 kg/m2-day. Another limitation of the solid absorption machine,

which reduces its thermal performance, is the low thermal conductivity of the salt. Val-

ues of 0.087 \V/mK. Buffington(1933), and 0.12-0.23 W/mK, Nielson ct al (1977), have

been reported for powdered CaClj. Iloeje(1989) gives an effective value of 0.105 VV/mK

for granular parkings of CaClj absorbent with 20 % CaSO^, at a parking density of 621
kg/m3. and a variation with parking density of:

krjl = 1.62 x p,n for -130 < />,/, < fiGO (8)

Improvements In The Solid Absorption Refrigerator

The system improvement schemes discoursed in Section-2.2 for the adsorption ma-

chines are also applicable to the solid absorption machine. In addition, significant in-

creases in performance can be realized with improvements in the tliennophysical proper-
ties of the salt, in view of the problems discoursed above. Further improvements are possi-

ble with changes in materials, geometry and architecture of the rollector/absorber/generator,

condenser and evaporator. A parametric study, using a simulation of the CaClj-NHa re-

frigerator reported in I!oeje(19S5), which was verified with data, showed that available

solar COPs in the range of 0.15-0.2 are possible through changes in such para- meters

as plale emniissivjty, plate and tube material, absorbent granule parking density, tube

spacing and diameter, and the number of glazing, Enibe i: lloi-je (1995).

2.4 Comparison of the PV, Adsorption and Absorption Sys-
tems

System Performance: The existing solar-to-cooling COPs of practical PV, adsorption and

absorption systems are around 0.3 for PV, and 0.1-0.2 for the other systems. Laboratory

efficiencies demonstrated for advanced PV cells, with multi-junctions and solar concen-
tration ratios of 100, are as high as 32 %. Thus, by the time commercial mass production

of panels using the high performance cell designs are available, the solar-to- cooling COP

may be doubled. Laboratory efficiencies are usually not reproducible on commercial pro-

duction units. Peak cycle COP of simple adsorption and absorption systems are in the

range of 0.4-1,0, depending on the pair utilized. There is scope for increases in overall

COP. System and design improvements have been shown capable of doubling the over-

all COPs. It therefore does appear that both now and in the near future, the practical

solar-PV refrigerator will have an overall cooling efficiency of about double that of the

II



solar-thermal units. However, both systems will slill be less elficient than the vapour

compression system.
Activated carbon easily desorbs methanol in comparison to zeolite and water. At

a condensing temperature of 40 "C, possible with air-cooled condensers, it requires a

generator temperature of 110 °C to reduce the methanol content to 7 % (70 gm/kg-AC),

whereas for the same condensing temperature and water content, the zeolite-water pair

requires 205 "C. AC-methanol generators are limited to 150 °C (best around 100 °C) due
to the possibility of methanol dissociation and subsequent formation of dimethylether,

with the containing material acting as catalyst. The zeolite-water pair can be taken up

to 250-300 "C', which creates opportunity for cascading. The consequent high adsorption

temperature lift is however a disadvantage.
From Eggers-Lura et al (1975), and with 40 °C condensing temperature and -10 °C

evaporating temperature, peak COPs for the LiN03-NH3. H20-NII:, and .N'aSCN-NH3

liqxn'd absorption systems occur at generating temperatures of 120 "('. 130°f'. and 140"C
respectively. On the other hand, and for the same conditions, the solid absorbent systems,

C'aClj-NHj and SrCl2-NH3 require about 106 °C for their operation.

Thus the generating temperature needs of some of the absorption and adsorption ma-

chines are comparable, and are easily met with flat plate solar collectors (those requiring

Tj, of around 100 °C). Parabolic concentrating or evacuated tube collector designs are
required for others. Adsorption and solid absorption systems do not have the problem of

rectification and wear of moving parts which liquid absorption systems have. Furthermore,
adsorption systems are free of adsorbent instability problems such as are experienced with

solid absorbents. Continuous liquid absorption solar refrigerators require auxill iary power,

usually electrical, for the operation of the pumps, lloivrvcr, (tie availability of electricity
makes the use of the more efficient and cheaper vapour compression machines possible.

Manufacturing Technology: The basic power unit of the PV plant is the module, which
is an assembly of cells arranged, normally , in series. The cell is a photovoltaic semi-

coductor device, commonly about 100 cm2 in area, with a peak power output in bright

sunshine of about 1.5 W, Pure crystalline silicon is the most successful PV material so

far. The manufacturing technology of PV modules is very specialized and costly. The

production of pure silicon ingots from silicon ore is the most expensive part of the module

production process. Most PV grade silicon ingots are however process«! from scrap silicon

obtained from manufacturers of transistor semiconductors. From silicon scrap, PV mod-

ule production goes through four stages, namely.- ingot production, wafer production,

cell production and module assembly. - and the levels of technological sophistication and

production cost decrease accordingly in that order. One can enter the production chain



at any of the stages. The material inputs to the stage can be obtained from a special-

ized manufacturer. It is however well adviced to start from a less sophisticated and costly

stage, and integrate backwards with time. Modules are produced in power units mostly in

the range of 10 to 70 peak Watts (p\V), and are then panel-mounted and integrated with

the balance of system components to form a PV system. Tin; industrial infrastructure
for the manufacture of the balance of system components, such as batteries, controllers,

switches, connectors and cables, arc available in many African countries.

Another solar-PV technology which is now available in the- market, is that based on

I lie thin film technology. Though less efficient than panels based on pure silicon cells, they
are much easier to manufacture. It is therefore well worthwhile for African governments

and industrialists to consider the above issues before entry into the local manufacture
of PV modules and systems. Solar-thermal refrigerators are much easier and cheaper to

produce. They require old (well established and universally available) technologies, and
should pose l i t t le technological and infrastructural problems for many African countries.

Solar thermal units, in addition to lower COPs, have the disadvantage of high bulk which
makes transportation d i f f icu l t .

2.5 Commercializability of Adsorption, Absorption and PV
Solar Refrigerators

The early attempts in the 1920s to commercialize the adsorption refrigerators using silica
gel-SO2. Ilube(I929). and from the 1950s using the AC-Methauol system, Plank & Kupri-

anof (I960), but with fossil fuel based heat source, were unsuccessful due to the emergence

of the OFC based vapour compression machines, which are more efficient. A similar de-

velopment attended the initial attempts to commercialize the absorption machines using

C'aOlj-NH.L Andrews! 1951) and Plank(1959). Commercialization of the Electrolux-Servel

or the Platen-Maulers I^O-lb-NIb diffusion absorption machine, even in the face of com-
petition from the vapour compression machines, was more successful for use in remote

areas without electricity, but with gas or kerosine. The success was also for small ma-

chine capacities. As indicated above, attempts to retrofit this machine for solar energy

use, or purpose-build it for solar energy, have either been technically unsuccessful or have

produced low solar COPs (~ 0.05). The energy crisis of the 1970s, the Montreal Protocol
of 1987 and the Earth Summit of 1992, among other developments, are discouraging the

use of CFC, HFC and HCFC in refrigerators, and have given impetus to the development

of solar based refrigeration systems.
Attempts have been made to commercialize the solar powered absorption options

from the 1960s to the 1980s. The H20-NH3 system design, according to Trombe k
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Foex (1957), is an example. The Yazaki Company of Japan is marketing LiBr-H20 solar

powered water chillers in the cooling capacity range of 7-GOO k\V. The Kaplan Aps Danish

Company also began commercialization of an intermittent CaClj-Nlb solid absorption

system based on the design of Worsoe-Schmidt (19S3). With regards to the adsorption
systems, the BLM Co. of France began in 1988 to market a solar powered A('-Methanol

solid adsorption refrigerator based on the design reported in Passos e( al (19S6) and

Guilletiiinot et al (I9S7). Zeopower Co of Canada also floaled the commercialization of a
Zeolite-Water solar adsorption refrigerator. All the above designs operated successfully,

technically. However, non of the ventures was financially successful, and the productions

have been virtually phased out, with the possible exception of the Yazaki Company's

Li Br-Water machine. However, in noting the inability to prove the commercial viability
of the ventures, it may be observed that the companies operated in countries with well

developed conventional energy infrastructure, particularly for electric energy supply,- thus
making the vapour compression machines highly competitive. The experience could be

very different in Africa, given the stressed commercial energy supply situation already

described.
Solar PV refrigeration systems, particularly for the storage of vaccines and drugs, have

had a better success at commercialization than the solar- thermal systems, in spile the

former's higher cost. Vaccine storage refrigerators are sold in the markel at £60-170 per

Watt, for continuous operation, BLM(1987) and WHO(ll)SR), w i t h PV units being sold

at the higher prize range. This prize range is sustainable because of the lack of competi-

tion from alternative systems in the unique application environment, and because of the

high specific value of the product refrigerated. To satisfy the market for ice in the lake

resorts of Zambia, Harvey (1990) suggested an ice-maker cost of i'S.5/ \V (continuous),

and considered this feasible for solar-thermal plants. The successful penetration of the

solar-PV refrigerators (small sizes) is taking place under the support of the World Health
Organization which has adopted it for its various rural health programmes, including

the Extended Programme on Immunization. Also, solar-PV refrigerator manufacturers
are producing PV power for other applications as well. This helps to provide the addi-

tional production volume to sustain market viability. There are about 11-20 companies

producing PV-powered vapour compression refrigerators worldwide, according to various

estimates, Exell k K'ornsakoo (1931) and Critoph(199D).

3 Prospects for Solar Cooling

As shown earlier, the climatic and solar energy resource availability conditions in most

parts of Africa favour the utilization of solar powered refrigeration. A study was carried
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out using the CaCIj-NHs solid absorption refrigerator model reported in Enibe & lloeje

(1995a), to test the ability of the system to produce cold, at various times of the year,
in selected towns in Africa and over the different climatic zones of the continent, (see

Table-4). The results show that in the mediterranean climatic region of North Africa,
represented by Tunis and Algiers, the performances are poor in December and March,

but high in June, and moderately high in September. Cold may thus be produced in the

summer months but may be difficult to obtain in the winter months due to the reduced

solar radiation. The highest performances for the entir." continent are obtained in this

region, (luring the month of Juno, ie at the peak of the summer season. Allowing for

70 % util ization of the available cooling, at the evaporator, the performance in Algiers

indicates the possibility of obta in ing nearly 7.5 kg/in2-day of ice in June. A similarly good
result is experienced in the southern mediterranean climate, as evidenced by the results

for Maseru in Lesotho, except that they are expectedly out of phase by six months. The
peak performance at Maseru (hiring its .southern summer (deccmber) is comparable to

those of the mediterranean towns of North Africa, during their summer peak period. The

high performances are due to high solar radiation and moderate ambient temperatures,

as reduced ambient temperatures improve condenser and re-absorption performances.

In the desert and arid belt north of the equator represented by Aswan, Port Sudan.

Khartoum and Sokoto, the performances are moderate to high over the entire year, except

for the December period when it drops significantly. At this period, the sun is far into

the southern hemisphere, and solar intensity is further reduced by atmospheric dust from

tiie desert landscape. Although solar radiation is high in the region for most of the year,

corresspojidingly high ambient temperatures reduce performance. For the savanna region,

the solar radiation level in the Harare region, which is in the .southern savanna belt, is
fairly good and results in moderately good performance, except for its winter period

of June. .Iuba in the eastern savanna has moderare radiation levels and high ambient

temperatures. The available cooling are consequently reduced. Around Nairobi in the

eastern savanna, the insolation is low and results in low performance. The tropical forest
region is a low solar radiation belt due to the dense cloud cover over most of the year and

due to the shading effect of the evergreen trees. When this is coupled with fairly high
ambient temperatures, low refrigeiator performance is to be expected, as evidenced by

the results for Freetown, Accra and Port Harcourt.
The values of solar radiation used in the above calculation.1» are the monthly average

daily insolation, obtained from various sources, and converted to instantaneous fluxes in

the computer model, using the method described in Duffie fc Beckman (19SO). Futher-
more, the ambient temperatures were for most cases (lie published monthly averages,

except for Sokoto and Port Harcourt where the monthly average minimum and maximum
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values were used, with the minimum assumed to occur at midnight, the maximum at

mid-day and a linear variation assumed in between. Also, monthly mean wind speeds

were available for Sokoto, Port Harcourt and Accra. A default value of 1 m/s was used
for the other cities. More accurate calculations should use the measured hourly radiation,

ambient temperature and wind speed for the location in question. Data at closer time

intervals will of course be better. Since the performance results are particularly sensitive

to solar radiation and ambient temperature, the performances shown in Tablc-4 above

are only indicative in view of the comments above on the environmental data utilized. It

should also be pointed out that the performances are for a non-optimized collector, with
a non-selective black coated surface (a = t = 0.95) and steel collector plait- and tubes.

A 68 % increase in performance is expected with selective coating (<t = O.*)5n»«/r = 0.1).

Iloeje e.t al (1990). The above notwithstanding, it is evident that apart from the equa-

torial forest regions of west and central Africa, and the eastern savanna region of east
Africa (around Kenya), significant refrigeration is obtainable from most other regions of
t he continent over the greater part of the year.

With a favourable climate and available technology in the form of solar-PV or solar-

thermal cooling, the outstanding issues to be considered in deciding on the implementabil-

ily of solar refrigeration on the continent are issues relating to demand, implementation
feasibility, industrial infrastructure to support local manufacture and system maintenance,

and venture profitability. The existence of a high potential demand, arising from the low

level of development of conventional energy infrastructure, has already been demonstrated

in Section-1 above. Quantification of the demand, particularly for drug and vaccine stor-

age and for food preservation, is a matter for detailed feasibility studies. While venture
profitability wi l l also be determined by such studies, it is pertinent to recall the conclusion

of Harvey (1990) that a solar ice maker at £S.5/\V (continuous) was capable of satisfying

the demands of the lake resorts of Zambia, and was feasible for solar-thermal plants.

The introduction of solar cooling technology in a given African country could be

through one of three means, namely:

1. installation of imported hardware on a turnkey basis

2. installation of imported hardware with systems design and equipment selection ex-

ecuted using local expertise

3. local manufacture of the major equipment, with local systems design and equipment

selection

The first option is highly undesirable. It suggests the absence of local expertise, even

for successful operation and maintenance of the installed equipment. In such a situation,
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the sustenability of the technology is very much in doubt as the installation is likely to
breakdown and become abandoned after a few years or months of operation. If for other
compelling reasons such an option is to be undertaken, intensive training of the client's
personnel on system operation and maintenance, and/or the involvement of a competent
local consultant during project execution and in post project management, must form
part of the project contract.

A number of countries in Africa now have consulting and service companies and re-
search establishments capable of designing, installing and maintaining solar cooling in-
stallations. However very few, if any, have manufacturers of such systems. Hence, the
second option above appears to be the most attractive at this moment. Although there
is a scarcity of manufacturers of solar cooling systems in Africa, several countries have
the technological and scientific infrastructure necessary for their manufacture,- particu-
larly for the manufacture of solar thermal refrigerators,- as noted in Subsection-2.4. The
comments made there about solar-PV systems manufacture are however pertinent.

Whatever implementation option is feasible in any given country, market and public
sensitization is essential. A specific policy of government in support of commercial intro-
duction of renewable energ}1 technology into the nation's energy resource mix is found to
be a necessary condition. Such supportive policies may take the form of the setting up
of a renewable energy implementation authority, establishment of pilot projects, setting
of national targets on contribution of renewable energy in the energy mix, establishment
of rebates on investments, for both entrepreneurs and consumers, in the setting up of re-
newable energy industries and in the purchase of renewable energy conversion equipment.
Other fiscal policies are possible. Finally, it is important that the requisite manpower be
produced to support the specialized technology. To do this, renewable energy education
xvhich includes solar cooling technology, should be introduced in the polytechnic and uni-
versity curricula, while scientific and technological research should become more active in
this important area.
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Nomenclature
m adsorbed refrg. mass, kg/kg-adsorbent
P pressure, bar
T temperature, K
Ta ambient temperature, C
S entropy, kJ/kg-K
II enthalpy, kJ/kg
R gas constant, kJ/kg-K
Q heat of reaction, kJ/kg-NHs
G mass of refrg. generated, kg/kg-CaCb
K 'reaction' constant, 1/sec-K
p density, kg/rn3

a absorptivity
f emmissivity

Subscripts
c, v condensing, evaporating
s saturated liquid
o reference condition
max maximum
e equilibrium

Abbreviations
GNP Gross National Product
N,S,E,W North, South, East,West
toe tonnes oil equivalent
COP Coefficient of Performance
WHO World Health Organization
AC Activated Carbon
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Coi try /Region

Sub-Sahara Africa
Ethiopia
Nigeria
Ghana
Zambia
Cameroon
Botswana
All Developing
Countries
France
USA
Japan

Rural Pop.
as % Total #1

69
S7
65
67
50
59
72

63

Public
Health

Expenditure
as % GNP #1

1.3 #2

1.2

3.S

8.6
11.2
6.8

% Pop. with
Access to

Health Services #1

47
-Hi
•1Ü

(il
75
•11
58

6:}
100 #2
100 #2
100 #2

Pop. per
Doctor #2

22,930 #1
60,000

7,990 #1
7150

6900

320
470
660

#1 Econ. Comm. for Africa (1993) #2 World En. Council (1992)

Table-1 Availability of Medical Services
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Region/Country

W fc C Africa, 1988
E & S Africa
less RSA, 1988
\V,C,E & S Africa
less RSA, 1988
N Africa,19S8 #1
All Developing
Africa, 1990 #1
Ivory Coast
Nigeria
Burkina Faso
Tanzania
Sudan
RSA

Primary
Energy less
Electricity
17785.7

11709.5

29495.2

122400.0
1666.7
11690..r,
166.7

30431.3

Electri-
city

3523.8

2597.5

6121.3
72"2.y

13473.4
404.8
6-12.9
0.0

11410.

Total
Comm.
Energy
23690.5

14307.0

37997.5

135873.4
2071.4
12333.3
166.7

41841.3

Tradi-
tional
Energy
39000.0

09617.4

108617.4

108830.0
2285.7
22571.4
1857. 1

GS75.9

Total
Energy

63166.7

S3924.4

147091.1

244703.4
4357.1
34904.8
2023.8

48717.2

Tradi-
tional as
% Total
62

S3

74

45
53
65
92
96
76
14

; /or = 42 x 103 AIJ

#/ Eco,,. Comm. for Africa (1993)

Table-2 Commercial and Traditional Energy Consumption, '000 toe

[World En. Council (1992)]
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System
H20-NH3

Intermittent

H20-H2-NH3

Platen-Munters

H20-H2-NH3

Platen-Munters

H-iO-NHs
Continuous

Specification
Biomass heated;
Regeneration

Retrofit gas/kerosine
heating (200 "C
solar (~ 140°C)
Purpose built for
solar heating

Solar powered;
13 kw,50 m3 elec-
trically powered
solusiou pump. Tests

Results
Regeneration can
double the COP

Unsuccessful

Successful but
solar COPjO.05 due
to poor I12 flow

Unsuccessful opera-
tion it) Sudan

Reference
Harvey(1990)

Upal(19S7)
Guttierez(19SS)

ll iuotani
(I9ST)

Iniiiin ft
al (1!)S7)

Table 3. Other Reported Liquid Absorption Systems
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City

Tunis
Algiers
Cairo
Aswan
Port Sudan"
Khartoum
Juba"
Sokoto

Port-
Harcourt
Accra
Freetown
Nairobi
Harare
Pretoria'
Maseru'

Country

Tunisia
Algeria
Egypt
Egypt
Sudan
Sudan
Sudan
Nigeria

Nigeria

Ghana
Sierra Leone
Kenya
Zimbabwe
South Africa
Lesotho

Lati- Alti-
tude tude
deg m

36.50 43
36.00 22
30.08 36
23.91 192
19.58 5
16.67 375
'1.80 460

13.02

4 .85

9.60 59
8.61 25

-1.50 1662
-17.S3 1471
-25.75 1369
-29.32 1571

March Results
Ins. Ta A-CIg.
MJ/m2 C kJ/m2
16.80 12.2 76.9
14.70 11.7 0.0
17.60 17.2 2C4.0
23.36 21.1 1819.4
22.7 26.2 1535.7
24.50 26.2 2014.2
19.40 26.2 673.6
22.62 21.1 137S.4

38.2
15.23 23.6 0.0

32.4
19.80 30.5 513.7
21.33 28.0 1420.8
17.85 21.8 147.6
21.30 20.1 1122.S
20.17 23.8 704.8
20.82 23.8 849.1

Ref.
for
Ins/Ta
#a/#b
#a/#b
#c/#b
#c/#b
#d/#e
#d/#e
#d/#e
#f/#e

#g

#!>/#!>
#i/#e
#a/#e
#j/#e
#k/#e
#k/#e

#a Duffie & Beckman (1ÜSO): #b Mountjoy & Embleton( 1965); #c Kamel et al (1993)
#(l Kliogali(19S3); #e Dudley(l953); #f Ojosu(1990); #g Kuye & .lagtap (1992)

#h Akufro(l.')SS): #i MassatjuoifigSS); #j Lewis(1983) #k (;opinathan(1988)
" Temperatures for Khartoum; ' Temperatures for Durban

A-C'lg = available cooling per day,k.J/m2-day; Ins = insolation, MJ/m2-day
Table-4(a) Test Locations and Performances for January



City

Tunis
Algiers
Cairo
Aswan
P Sudan"
Khart'm
Juba"
Sokoto

PH

Accra
Freet'n
Nairobi
Harare
Pretoria'
Maseru'

June
Ins. Ta A-Clg.
MJ/m2 C kJ/m2
25.20 22.2 3121.3
31.50 20.0 4083.8
26.22 26.7 3037.3
27.93 32.2 3046.4
23.90 33.0 2067.9
23.60 33.0 1843.5
19.20 33.0 530.1
22.20 24.7 1391.5

36.4
13.74 23.0 0.0

29.6
15.96 27.9 0.0
17.10 26.8 52.4
15.75 20.8 0.0
17.20 13.8 0.0
14.12 18.2 0.0
12.27 18.2 0.0

Sept.
Ins. Ta A-CIg.
MJ/m2 C kJ/m2
18.90 23.9 909.7
20.00 21.1 1307.8
20.29 25.6 1337.2
24.08 31.1 1978.5
22.40 31.2 1490.0
22.90 31.2 15S6.G
21.20 31.2 1326.7
20.88 22.0 912.1

31.9
13.66 22.6 0.0

29.1
18.25 28.6 119.7
15.45 26.2 0.0
17.85 20.8 117.2
23.90 19.1 1632.3
20.40 19.8 545.9
20.66 19.S 548.9

Dec.
Ins. Ta A-Clg.
MJ/m2 C kJ/m2
S.40 11.1 0.0
9.50 11.1 0.0
9.21 14.4 0.0
15.00 16,7 0.0
U.-IO 22,3 0.0
20.10 22.3 9S2.6
19.20 22,3 718.6
20.78 15.4 933.2

33,7
14.95 22.8 0.0

31,2
17.16 29,2 13.0
17.55 27.4 1S4.0
15.75 21,2 0.0
21.80 20,9 1654.5
23.27 23.7 2156.2
27.19 23.7 3143.1

" Temperatures for Khartoum; ' Temperatures for Durban

A-Clg = available cooling per day, kJ/m2-day; Ins = insolation. MJ/m2-<lay

Table-4(b) Sol. Refrg. Performances, for June, Sept. and Dec.— with
Non-selective surfaced Flat Plate Collector
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Figure 5: Equilibium Diagrams For Calcium Chloride-Ammonia, and Ammonia
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