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Figure 16 Examples of open-sun drying in Nigeria.

3.17.6.2 Solar Dryer Types

The different types of solar energy crop dryers [43] are classified taxonomically as shown in Figure 17.

The distinguishing features of different types of solar energy dryers are shown in Figure 18.

The advantages of solar dryers over traditional open-sun drying include (1) a smaller area of land in order to dry similar amounts
of crop, (2) relatively high quality of dry crop, because insects and rodents are unlikely to infest it during drying, (3) shortened
drying period, (4) protection from sudden rain, and (5) low capital and running costs.

Simple integral-type natural circulation solar energy dryers are cheaper to construct than distributed-type solar energy dryers of
similar capacity. However, as natural circulation solar energy dryers are liable to localized overheating and show relatively slow
overall drying rates, a solar chimney is often employed to provide enhanced buoyant force on the airstream [44], thereby increasing
the rate at which dry air enters. Drying times to achieve safe storage moisture content for a variety of tropical crops have been shown
experimentally to be reduced by over 20% when greenhouse drying with a solar chimney is compared to open-air drying under
Brazilian conditions [45]. Detailed studies have been undertaken of passive solar dryers incorporating an air heating solar collector,
transparent-walled drying chamber, and solar chimney [46].

Cabinet dryers are, usually, relatively small units used typically to preserve domestic quantities of fruits, vegetables, fish, and
meat. Solar radiation is transmitted through the cover and is absorbed on the blackened interior surfaces as well as by the product
itself. Holes located at both the upper and base of the cabinet'’s sides allow warmed moist air to leave and replenishing fresh air to be
drawn in, respectively, under the action of buoyant forces. Shallow layers of the product are placed on perforated or mesh trays
inside the enclosure. Cabinet dryers are almost invariably constructed from materials available locally. As cabinet dryers can exhibit
poor air circulation, poor moist air removal results in both slow drying rates and very high internal temperatures of between 70 and
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100 °C, which can spoil perishables, fruits and vegetables, by overheating. Relatively large air inlet and outlet ducts, so as to incur a
low pressure drop, together with the addition of a solar chimney are recommended to ensure adequate air circulation.

Natural circulation solar energy greenhouse dryers are larger than most cabinet dryers and are characterized by extensive, usually
plastic, glazing on their sides. Insulating panels may be drawn over the glazing at night to reduce heat losses and heat storage may
also be provided; although in practice, both these features are rare. A solar greenhouse dryer is more appropriate for large-scale
drying, as it gives greater control over the drying process than the solar cabinet dryer.
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3.17.6.3 Practical Issues in the Use of Solar Dryers

The performance of natural circulation solar dryers can be compromised by very high ambient humidity during the wet season [47]:
as can be seen in Figure 19, at night the ‘dry’ air temperature can fall below the prevailing ambient temperature.

This leads, as shown in Figure 20, to relatively moist air being entrained into the dryer and nocturnal reabsorption of moisture
by the product.

For crops that require low safe storage moisture contents, drying times can be many days as shown in Figure 21 depending on
the dryer’s operating temperature.

Direct absorption of solar radiation enhances the proper color ‘ripening’ of greenish fruits by allowing, during dehydration, the
decomposition of residual chlorophyll. For certain varieties of grapes and dates, exposure to sunlight is considered essential for the
development of the required color in the dried products. A period of exposure to sunlight of Arabica coffee is thought to give full flavor
in the roasted bean. However, insolation entering a process chamber can directly (1) cause different rates of heating due to internal
radiant temperature asymmetry and (2) shorten the durability of internal components due to ultraviolet exposure and overheating. For
some fruits, exposure to sun reduces the vitamin content considerably. Color retention in some highly pigmented commodities can
also be affected adversely by direct exposure to sunlight, although solar tunnel dryers have been used to dry, and retain color in, chillies
[48]. The limited concentration of incident insolation provided by reflection from an inclined north wall (at latitude 30.56 °N)
reduced drying time when drying bitter gourd slices in a greenhouse solar dryer [49]. Greenhouse dryers have employed
photovoltaic-powered ventilation [50] and incorporated photovoltaic/thermal collectors [51]. A photovoltaic array has also been
employed to power the fan and control systems in dryers with separate air heating solar collectors [52]. Dynamic control is essential if a
crop dryer is to achieve the desired process conditions under varying insolation. In solar wood drying, it is necessary to control the
interactions of insolation, ambient humidity, wood species characteristics, and variability in the initial moisture content [28, 53].

3.17.6.3.1 Analysis of solar dryers
A mathematical model elaborated here follows that developed by Janjai et al. [50] for predicting the performance of a greenhouse
dryer. In developing the model, the following were assumed:

. There is uniformly mixed air inside the dryer.

. Crop drying behavior can be represented by thin-layer drying correlations.

. Specific heat capacities of air, cover, ground, and product are constant.

. The fraction of solar radiation lost through the north wall is negligible and absorptivity of air is negligible.

G s W N =

. A time interval is employed in the numerical solution of the system of equations that ensures that constant air conditions prevail.

The rate at which energy is stored in the cover is equal to the convective heat energy transfer rate between the air inside the dryer and
the cover, plus the rate of radiation heat transfer between the sky and the cover, the thermal convecture heat transfer rate between the
cover and ambient air, the radiation heat transfer rate between the crop and the cover, and the rate of solar radiation absorbed by the
cover. This energy balance of a greenhouse dryer cover [50] is expressed as
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Figure 19 Typical diurnal variation of temperatures in a natural circulation solar dryer in Nigeria in September.
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dT.
mccpc T: = Achc‘cfa(Ta - Tc) + Achr,cfs(Ts - Tc) + Achw(Tam - Tc) + Aphr,pfc(Tp - Tc) + Acocly [1}

where C, is the specific heat capacity of the cover (J kg’1 K’l); mc is the mass of the cover; T,, Tom, To, Tp, and T are the
temperatures (K) of the internal air, ambient, cover, product, and sky, respectively; A. and A,, are the areas (mz) of the cover and
product, respectively; h is the relevant heat transfer coefficient (W m™ K') (with radiative heat transfer coefficient, h,, calculated
by iteration for the applicable temperature range); I is the insolation (W m™2); and o is the absorptance of the cover. The energy
balance of the air within the layer is equal to the rates of convective heat transfer between the crop and air and floor and air, plus
the sensible heat transfer from the crop to air plus the heat associated with flow of air in and out of the dryer taking account of
heat loss from air in the layer to ambient and solar energy collected as in eqn [2] where m, and C,,, are the mass and specific heat
of airin kgandJ kg'1 K, respectively; M, p, Ay, Dy, Tp, and C p,,, are the mass, density, area, depth, temperature, and specific heat
capacity of the product in kg, kg m™, m?, m, K, and J kg™' K', respectively; a;, Ag, and T;apply to the floor; Vi, and Vi, are the
inlet and outlet flow rates (m> s™"), respectively; and T;, and Toy, are the corresponding temperatures (K). F,, is the fraction of
insolation incident on the product and I; is the insolation incident.

dr, dm
MaCpa—— = Aphe pa(Tp = Ta) + Athe ga(Tr = Ta) + ApDyp Coup, (Tp - Ta)d—tp

dr 2]
+(pavoutcpaToul _pavincpaTin) + UCAC(Tam _Ta) + [(1 _Fp)(l _af) + (1 _ap)Fp]IlAcTc

The rate at which thermal energy is stored in the crop is equal to the sum of the rate, of thermal energy convective heat transferred to
the crop, the rate of thermal energy received from cover by the product due to radiation, the rate of thermal energy lost from the crop
due to sensible and latent heat loss from the crop, and the rate of thermal energy absorbed by the crop [50]:

dT,

dm
mp (Cpp + CPIMP)T = Aphep-a(Ta = Tp) + Aphe ,p~<(Te = Tp) + ApDppy, [Lp + Con (T = To) | d_tp + FpopliActe 3]

where L is the latent heat of vaporization of moisture from the product (J kg™"). The conductive heat flow into the floor is equal to
the rate of solar radiation absorption on the floor plus the rate of conductive heat transfer between the air and the floor.

dT,
—keAs Ef = (1-Fp)ash Acte + Arhe ra(Ta = Ty) (4]

where k¢ is the thermal conductivity of the floor (W m™" K™'). The rate of thermal energy flow into the floor due to conduction is

dT;
—keAs o Athq rg(Tr - Tw) 15

where T., is the temperature at a depth for which it is interseasonally invariant [54]. The rate of moisture accumulation in
the air inside the dryer is equal to the rate of moisture inflow into the dryer due to entry of ambient air minus the rate of
moisture outflow from the dryer due to exit of air from the dryer plus the rate of moisture removed from the crop inside the
dryer; that is,

dM,

dH
PaVE = paHinVin = paHouVour + ApDppy, T (6]

where H is the humidity ratio, with suffixes ‘in" and ‘out’ referring to the dryer inlet and outlet, respectively. The radiative heat
transfer coefficient from the cover to the sky (h;_) is given by [7]

ey = eco (T2 + T2)(Te + Ty) [7]

where . is the emittance of the cover, ¢ is the Stefan-Boltzmann constant (W m™~> K™*). Radiative heat transfer coefficient between
the crop and the cover (h;_c) is given by [7]

hep-c = gpa<T§ n Tf) (T, +To) 8]

where g, is the emittance of the crop. As (h;, ._s) and (h,, ,_c) are functions of temperature, these are computed iteratively at each time
during a simulation. The sky temperature (T5) is

T, = 0.552T.> [9]

Convective heat transfer coefficient from the cover to ambient due to wind h,, is [7]
hy = 5.7 + 3.8V, [10]
Convective heat transfer coefficient inside the solar greenhouse dryer for either the cover or product and floor (h.) is computed from

Nu k,

hc,f—a = hc.c—a = hctp—a = hc = Dy,

[11]
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where Dy, is given by

4WD

Dp=—— 12
" T 2(W+D) [12]
where W and D are the width and height of the dryer (m), respectively, and the Nusselt number is
0.8 . DV,
Nu = 0.0158Re™", Reis the Reynolds number, Re = —— [13]

a

where V, is the air speed in the dryer and v, is the kinematic viscosity of air. The overall heat loss coefficient from the greenhouse
dryer cover (U.) is computed from

U, =-¢ (14]

where k. and J. are the thermal conductivity (W m™' K™') and the thickness (m) of the cover, respectively.
Thin-layer drying correlations are obtained for particular crops by determining experimentally the best fit to an equation of the
form

M(t)-M. z
MM = X exp(-Yt*) [15]

where M(t), M,, and M. are the moisture contents (as percentage of dry bulb) at time ¢, originally, and at equilibrium respectively. X,
Y, and Z are constants. Different values for X, Y, and Z are found for different crops and often for different methods of crop
preparation before drying. For example, for peeled longan (in a single layer), the following thin-layer drying correlation has been
obtained [50]:

M - M,
— % —exp(A 16
My~ M, SPAE) [16]

where
A; = -0.213 788 +0.010 164 0T - 0.001 37rh
By =1.108 816 -0.000 521 0T - 0.000 061rh

where T is the air temperature in °C and rh is the relative humidity expressed as a percentage.
For banana, the thin-layer drying correlation

4

M _ L
MM, A, exp(-B}) [17]

has been obtained [55] where

A, = 1.503 574 + 0.005 054 55rh - 0.013 27T - 0.000 214 17th? + 0.000 09472
B, = 0.187 4 + 0.001 93rh - 0.006 35T-0.000 079 78rh? + 0.000 8172

Similarly, empirically derived equations have been determined experimentally for equilibrium moisture content (M., %db) of
crops; for peeled longan [50], this is

Ay = ! [18]
v [bo + m} b
14 | =——
M.
where a,, is the water activity, b, =79.9826, b; =-0.8277, and b, =2.1867, and for banana this is [55]
e = 74.660 23 = 1.144 253T + 37.072 24a,, + 0.001 166T? 4+ 51.553 74aV2V [19]

3.17.7 Solar Furnaces

Solar materials processing involves effecting the chemical conversion of materials by their direct exposure to concentrated solar
energy. Solar furnaces can reach higher temperatures (up to 3800 °C) than combustion or electric furnaces and avoid product
contamination from the carbon electrodes of the latter. A diverse range of approaches are being researched for applications related
to high-added-value products such as fullerenes, large carbon molecules with major potential commercial applications in
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Table 2 Primary factors affecting the microclimate inside a greenhouse

Greenhouse microclimatic Ambient climatic
characteristics parameters Structural parameters Operational parameters
Temperature Air temperature Transmittance of cover to insolation and Ventilation rate
long-wave thermal radiation
Wind speed Thermal storage and heat-transmission properties Heating and cooling systems
Insolation of greenhouse Presence of shades and
thermal screens
Photosynthetically active Insolation Photosynthetically active radiation transmittance Presence of shades
radiation intensity Obstruction by opaque structural framework Supplementary lighting
Atmospheric constituents Levels of humidity, CO,, Air tightness of the structure Ventilation rate
NO,, SO, Humidity control

€0, supplementation

be used for heat storage by ducting warm exhaust air from the greenhouse under the ground’s surface [66]. Solar ponds have also
been used for greenhouse heating.

In temperate climates, greenhouse cooling is achieved by increasing the rate of ventilation by opening ridge vents in conven-
tional rigid-structured greenhouses to provide wind-induced and buoyancy-driven ventilation. On hot, calm days, fan-assisted
ventilation is often used. On days of very high insolation, ventilation rates of over 60 air changes per hour may be necessary.
Evaporative cooling techniques are often used in greenhouses, by either (1) directly wetting the air inside the greenhouse or
(2) wetting the ground surface or the external cover of the greenhouse. A wide range of heating, cooling, and energy storage
technologies are available for use in greenhouses [67, 68]. To reduce high solar gains, shades should be fitted externally, rather than
internally, to reject their absorbed heat to the ambient environment. The use of an insulating glazing material that becomes opaque
during periods of high insolation is technologically feasible, although currently not commercially viable [69].

3.17.9 Heating and Ventilation of Industrial and Agricultural Buildings
3.17.9.1 Solar Air Heating

Solar energy may be used for the space heating of agricultural buildings. The guiding economic principles are to first conserve
energy, then adopt passive means of solar energy collection, distribution, and storage, and only then consider active solar
technologies. The use of active solar technologies has been aided where the construction of farm building roofs can be modified
readily to house air heating solar collectors. Low-cost roof-based air heating solar collectors are fabricated either from a transparent
plastic film cover over a black plastic or metal absorber or from metal with glass covers. Farm-built metal solar air heaters range from
unglazed low-temperature units for animal husbandry through to double-glazed medium-temperature systems for crop drying [38].
The principal attractions of farm-built roof-mounted air heating collectors are the low initial investment required giving low-cost
availability of heated air for drying [70]. The disadvantages are that potentially suboptimal design of system components and poor
fabrication quality lead to poor performance.

When a roof-space collector is formed by glazing the south-facing slope of a pitched roof, it enables the passive collection
and active distribution of solar heat. Warmth is stored, to some extent, within the structural members of the roof-space
collector. A roof-space collector can have a low initial capital cost as its physical construction may not differ greatly from
that of a conventional pitched roof. In addition, a reduction in additional cost can arise when a roof-space collector is a
preheater from the employment of components (i.e., fans and controls) that would be already present in an auxiliary air
heating system.

Isolated gain collectors such as the thermosiphoning air panel [71] and transpired collectors overcome some of the disadvan-
tages of indirect gain collectors by dispensing with heat storage and relying totally on convective heat gain. Heat input is almost
immediate, while heat losses during nongain periods when the collector is isolated from the heated space are low. This design is
suited to providing daytime heating in cool or cold climates. A thermosiphoning air panel operates in the same manner as the
natural convection mode of a Trombe-Michel wall. However, the absorber is often made of metal, usually aluminum or steel, and
the unit is insulated to prevent heat loss to, or from, the building. Heat output from a thermosiphoning air panel is controlled by
full or partial manual closure of an inlet or existing vent.

3.17.9.2 Direct Solar Gain and Thermal Mass

Successful solar energy use is reconciled harmoniously with the diverse set of physical constraints (e.g., site and internal arrange-
ment) and functional requirements (e.g., structure and use) that a particular industrial and agricultural building must satisfy. The
immediate effect of direct solar gain can be ameliorated by thermal mass acting at different times as (1) primary mass is the wall and
floor surfaces (masonry features or elements containing water or a phase change material) insolated directly by diurnal sun patch
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motion across the floor and the lower zones of the walls, (2) secondary mass irradiated by diffuse and reflected insolation and
long-wave thermal radiation from directly insolated, primary mass surfaces, and (3) tertiary mass to which heat is transferred by
solar heated air. For efficient overall operation, the auxiliary heating system must respond readily both to provide heating when the
direct solar gains to particular zones cease and to switch off when solar gains resume.

3.17.10 Solar Cooking
3.17.10.1 Types of Solar Cooker

A classification of solar cookers is shown in Figure 23. In focusing cookers, a solar energy concentrator directs solar radiation on to a
focal area at which the cooking vessel is located. In these cookers, the convection heat loss from the cooking vessel is large and the
cooker utilizes only the direct solar radiation. Hot-box cookers consist of an insulated box painted black internally and double
glazed. To enhance solar gain, plane sheet reflectors (single or multiple) may be employed. The adjustment of the cooker toward
the sun is not required as frequently as in the case of focusing-type solar cookers. In most hot-box cookers, cooking can take a long
time and many dishes cannot be prepared with this cooker as, depending on the weather, temperatures only in the range 50-80 °C
are achieved. With indirect cookers, the problem of cooking outdoors is avoided as the solar heat is transferred directly to the
cooking vessel in the kitchen. The cookers use either a flat-plate or focusing collector [72] from which collected solar heat is
transferred to the cooking vessel. Methods for the design and characterization of solar cookers have been developed |73, 74]. Solar
cooking has been advocated in many rural developing country contexts as a means of avoiding the use of wood for fuel, thereby
limiting further deforestation and land erosion.
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Figure 23 Classification of solar cookers.
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3.17.10.2 Analysis of Solar Cookers

An energy balance of a simple solar cooker is [73]

e, d(Tg;Ta)

where m is the mass of the pot (kg), ¢, is the specific heat capacity at constant pressure (J kg™ K ™), (T, - T,) is the temperature
difference between the temperature of the pot content and the ambient temperature (K), 7, is the optical efficiency, I is the global
solar radiation (W m?), U is the overall heat loss coefficient (W m™ K™'), and A is the aperture area (m?). The temperature rise above
ambient at time ¢ is thus given by

= {n,I-U(Tp-T,) }A [20]

(Ty-Ta): :m(l—e”’“/’"c) [21]
Under conditions of constant insolation, the overall heat loss coefficient can be calculated from a heat loss test [73] as

U= mcp In (Ty = Ta) start [22]
Lend — Lstart (Tp - Ta ) out

where ty,, and t.,q are the times (in seconds) the test commenced and concluded, respectively. Alternatively, the overall heat loss
coefficient can be determined for stagnation conditions under constant insolation from

23]

3.17.11 Solar Desalination
3.17.11.1 Solar Desalination Systems

Pollution of the rivers and lakes by industrial effluents and sewage has made freshwater scarce in parts of the third world and is
becoming the single largest cause of freshwater shortages. About 79% of water available on the earth is salty, 20% is brackish, and
only 1% is fresh. Many diseases are caused by unhygienic drinking water [75]. Over 2000 million people do not have ready access to
an adequate supply of safe water. Conventional distillation plants are intensive users of fossil fuel energy. Many arid regions have
underground brackish water resources or are close to seawater and have high annual levels of insolation. The production of potable
water using solar energy has thus been well researched |76, 77] and in remote or isolated regions has been adopted practically.
Among the most common solar desalination systems are (1) basin solar still shown in Figure 24, (2) multistage flush evaporation
[77] shown in Figure 25, (3) reverse osmosis shown in Figure 26, and (4) multieffect evaporation shown in Figure 27.

Potable water extraction processes using solar energy include (1) passive solar stills and (2) multistage flash evaporation shown
in Figure 22.
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Figure 24 A single-slope basin solar still.
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In a vapor compression system, water vapor is compressed adiabatically producing a superheated vapor. This is first cooled to
saturation temperature and then compressed, using mechanical energy, at constant pressure. In a reverse osmosis system, a pressure
gradient across a membrane causes water molecules to pass from one side to the other, but larger mineral molecules cannot
penetrate the membrane. A low-temperature solar organic Rankine cycle system for reverse osmosis desalination that operates
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continuously under intermittent solar energy has been shown experimentally to be a technically feasible concept [78]. In electro-
dialysis, a selective membrane containing positive and negative ions separates water from minerals using solar-generated electricity.
A desalination system comprising a concentrating photovoltaic thermal collector and multieffect evaporation desalination plant
[79] has been proposed. A feedback linearization control strategy has been developed and applied to a solar collector field
supplying process heat to a multiple-effect seawater desalination plant [80]. Solar desalination systems are competitive economic-
ally when the solar collector field cost is very low and electricity prices are very high. These circumstances (particularly the latter)
prevail in remote arid regions due to the low cost of land and distance from grid-connected electricity. Long-term economic viability
is however dependent on effective operation and maintenance. Solar distillation may also be used for the treatment of brackish
water withdrawn from wells using photovoltaic-powered pumps [81, 82].

3.17.11.2 Passive Basin Stills

Various diverse forms of passive basin stills using single-effect distillation can be used to supply water to isolated communities or for
small supplies of water such as required for emergency drinking water, washing, and battery charging. A typical basin-type solar still
consists of an insulated shallow basin lined or painted with a waterproof black material containing a shallow depth (5-20 cm) of
saline or brackish water to be distilled and covered with a single-sloped glass aperture, as shown in Figure 24, or a double-sloped
one, sealed tightly to reduce vapor leakage. A condensate channel along the lower edge of the glass pane collects the distillate. The
still can be fed with saline water either continuously or intermittently, but the supply is generally kept at twice the amount of
freshwater produced by the still, depending on initial salinity. Solar radiation transmitted through the transparent cover is absorbed
in the water and basin causing the temperature of the water to be raised above that of the cover. Still temperatures above 70 °C
reduce bacterial concentrations significantly [83]. The water loses heat by evaporation, convection, and radiation to the cover and by
conduction through the base and edges of the still. The evaporation of water from the basin increases the moisture content in the
enclosure and condensation ensues on the underside of the cover; the condensate is then collected via the condensate channels [84].
For passive basin stills, up to 20% of the potable water production can occur at night [85]. Models have been developed to calculate
the solar fraction of single-stage passive solar stills [86].

Passive solar stills for water desalination can be self-operating, of simple construction, relatively maintenance-free, and avoid
recurrent expenditure for fuel. The first system, built in Chile in 1872 [87], produced potable water for about 40 years. The
advantages of simple passive solar stills are, however, offset by the small amounts of freshwater produced, approximately 2-3 1 m™2
per day for the simple basin-type solar still [88] and the need for regular flushing of accumulated salts [76]. The performance of the
simple basin-type solar still can be improved by integrating the unit with a water heating solar collector. Passing solar-heated water
under the basin increases the evaporation rate by increasing the temperature difference between the saline water and the glass cover
of the still [89]. Yields can be increased further using a concentrating collector; due to its smaller absorber surface area, thermal
losses are reduced significantly resulting in increased thermal efficiency and higher productivity [90]. When a separate flat-plate or
concentrating collector is used to increase the water temperature in a still, either pumped or thermosiphonic circulation may be
employed to convey water between the still and the collector [91]. Passive solar distillation systems can have an overall efficiency
higher than active solar distillation systems [92].

Integral systems replace both separate reflector and still components and their joining pipework with a single multifunctional
fabrication leading to lower initial system costs and reduced heat losses. Extensive studies of inverted absorber solar concentrator
systems for fluid heating applications [92-96] have shown that their performance can match that of comparable noninverted
concentrators. For an inverted absorber solar distillation unit, a double-effect still has also been used successfully to improve
output; latent heat of vaporization in the lower vessel was reused to heat the water mass in the upper vessel, which also
enhanced condensation in the lower vessel as lower surface temperatures ensued [97]. The incorporation of a basin-type still with
an inverted absorber line-axis asymmetric compound parabolic concentrating collector can achieve higher temperatures by
minimizing thermal losses by convection suppression. Such systems have been fabricated and characterized experimentally in
northern India [98]. An inverted absorber passive basin still as shown in Figure 28 has been found to produce higher water
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Figure 28 Inverted absorber CPC augmented basin solar still.
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temperatures than comparable direct passive solar stills, thus increasing evaporation and condensation and ultimately producing
more potable water based on the same basin area [84]. These higher water temperatures may also have the additional benefit of
possibly eliminating more harmful bacteria.

3.17.12 Solar Refrigeration
3.17.12.1 Types of Solar Refrigeration

The solar operation of conventional electrical refrigerators, working on a compression cycle, requires the conversion of solar
energy into electricity or the conversion of the direct current output of a photovoltaic array using an inverter to an
alternating current.

Intermittent vapor absorption refrigeration plants work on a 24 h cycle comprising heating and refrigeration processes
matched to the diurnal operation of the sun: undergoing heating process during the day and producing ‘cooling’ at night [99].
Porous solids, termed adsorbents, can physically and reversibly adsorb large volumes of a vapor, termed the adsorbate. The
concentration of adsorbate vapors in a solid adsorbent is a function of the temperature of the ‘working pair’ (i.e., mixture of
adsorbent and adsorbate) and the vapor pressure of the adsorbate. The dependence of adsorbate concentration on temperature
under constant pressure conditions making it possible to adsorb or desorb the adsorbate by varying the temperature of the
mixture forms the basis of the solar-powered intermittent vapor sorption refrigeration cycle [100]. An adsorbent-refrigerant
working pair for a solar refrigerator requires the following characteristics: (1) a refrigerant with a large latent heat of vaporization;
(2) a working pair with high thermodynamic efficiency; (3) a small heat of desorption under the envisaged operating pressure
and temperature conditions; and (4) a low thermal capacity. In addition, the operating conditions of a solar-powered refrigerator
(i.e., generator and condenser temperature) vary with its geographical location. Water-ammonia has been the most widely used
sorption refrigeration pair. The efficiency of such systems is limited by the condensing temperature. For example, cooling towers
or desiccant beds have to be used to produce cold water to condense ammonia at lower pressure. Among the other disadvantages
inherent in using water and ammonia as the working pair are the following: heavy gauge pipe and vessel walls that are required to
withstand the high pressure, the corrosiveness of ammonia, and the problem of rectification (i.e., removing water vapor from
ammonia during generation).

When solid absorption using calcium chloride as the absorbent and ammonia as the refrigerant is employed, a reversible
chemical reaction takes place when the refrigerant is absorbed by the solid absorbent. To overcome swelling of the volume of up to
400% when ammonia is absorbed into calcium chloride, a small quantity of another salt is added to the calcium chloride and then
mixed with ammonia to prepare a paste, to be heated subsequently in a controlled manner to produce a new granulated absorbent.
As the heat of adsorption and desorption for the working pair is high, almost twice the latent heat of evaporation of ammonia, a
large combined solar collector/absorber area is required.

Solar refrigeration is employed to cool vaccine stores. The need for such systems is greatest in peripheral health centers in rural
communities in the developing world [101, 102]. In the absence of grid-connected electricity, the vaccine cold chain can be
extended to these areas with autonomous solar energy vaccine stores. Most of this provision is met by compression cycle
refrigerators powered by photovoltaics. Solar thermal refrigeration systems have been the subject of extensive research [103, 104]
but have, to date, only rarely led to commercially produced systems.

3.17.12.2 Uses of Solar Refrigeration

An example of practical solar ice making for commercial food storage in rural Mexico [105] illustrates the use of solar energy in
remote, non-grid-connected areas. The system consists of seven double intermittent ammonia-water absorption cycle ice makers,
three of which are ground-mounted to generate ice for processing fish and transporting it to market, and four, mounted on the root
of the storage building, to provide ice to cool a storage tank. Each double intermittent ammonia-water absorption cycle device is
supplied with heat by a 12 m? aperture area parabolic trough concentrating solar collector and has produced about 68 kg of ice daily
since late 1992. The 84 m? total parabolic trough solar collector area provides annually a 519 GJ heat input giving an annual 72.8 GJ
of refrigeration.
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