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The aim of this review was to identify the causes of postharvest losses (PHL) in fruit and vegetables in
relation to small-scale farming in sub-Saharan Africa (SSA). The reduction of PHL can improve food
security at household level. Farmers involved in small-scale production of fresh produce experience
high PHL due to physiological deterioration associated with technical, biological and environmental
factors and lack access to postharvest facilities. When these factors are contained, sufficient supplies
of fresh produce reach the consumer and improve nutrition, income and food security at household
level. This article described the PHL experienced by farmers along the cold chain and explored the
advantages and disadvantages of the use of various cooling technologies. There are already existing
modern cooling technologies but these are capital intensive and require electricity, which is not always
available to small-scale farmers (SSF). This review proposes evaporative cooling as appropriate for SSF
in SSA as it has proven to be effective under hot and dry areas and is a simpler and cheaper technology.
The review recommends that with the incorporation of a desiccating unit, evaporative cooling could be
extended to hot and humid areas. Solar and wind energy can be used to power the desiccating unit in
remote and isolated areas with no access to grid electricity. Therefore, research needs to be carried out
on developing or adapting a solar or wind powered evaporative cooling system under both hot-dry and
hot-humid conditions.

Key words: Fruit and vegetables, low-cost cooling, postharvest technology, renewable energy, small-scale
farming.

INTRODUCTION

Sub-Saharan Africa (SSA) has potential for fruit and
vegetables (FV) production as there has been annual
increases in price and quantities produced in the last five
to ten years (Sibanda, 2019). Two distinct farming
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production levels, large-scale commercial agriculture and
small-scale farming characterize the horticultural sector in
SSA. In large-scale commercial farming, farmers own
large tracts of land and have the financial capability to
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Table 1. Vegetable production per (1000t) and their average prices at major fresh produce market for 2010 and

2015 (DAFF, 2016).

Vegetables production (1000t)

Average price at major fresh produce market (R/t)

Parameter 2010 2015 2010 2015

Potatoes 1955 2423 2598 3222

Tomatoes 575 539 4 233 8310

Pumpkins 234 256 1737 1805
Green mealies 339 373 8 260 13 726
Onions 489 675 2573 2 802

Sweet potatoes 60 63 1977 3 699
Green peas 17 9 17 960 37012
Beetroot 67 78 2763 3050
Cauliflower 25 13 3777 7 752
Cabbage 141 146 2573 1963
Carrots 151 201 3 251 2132
Green beans 23 25 5634 1917
Lettuce - - 3 338 5 950

et al,, 2012). Small-scale farmers (SSF) on the other
hand on average own small land holdings of less than 1.5
ha and are characterized by low output and very little
investment in infrastructure for production (Tscharntke et
al., 2015). Despite these setbacks, SSF contribute
approximately 80% of all FV farming activities in SSA
(OECD/FAOQ, 2016).

The increasing population and shifts in consumer
demand have resulted in an exponential demand and
price hikes for fresh FV in SSA (Ntombela, 2012). For
example, the demand has seen annual price increases in
horticulture of 7% in South Africa (SAYB, 2015) and
generally increased fresh produce quantities from 2010 to
2015 as shown in Table 1. This scenario should improve
farmers’ living conditions including health and income
while at the same time ensuring food security at
household level. An increasing demand for fresh produce
at the right prices is likely to move SSF from subsistence
to commercial scale farming. The greatest challenge
constraining rural households from attaining commercial
farming status is the quality deterioration experienced in
the production cycle of fresh produce (Nkolisa et al.,
2018). The quality of fresh produce can be maintained
through provision of optimum storage conditions, which
varies with crop type and depends on intended use, the
level of quality required for the purpose, distance and
time to market. However, in SSA appropriate post-harvest
technologies for SSF have not been developed or
adapted for the proper handling of perishable
commodities (Cherono et al., 2018). With no appropriate
postharvest facilities, which may include packaging,
cooling technologies during storage and transportation,
food security is threatened. The traditional peddling of
fresh produce at farm gate at low prices to avoid losses is
not an enduring solution as it ultimately undermines
sustenance (Saran et al., 2012; Cherono and Workneh,

2019).

Furthermore, the fact that most SSF are located in
remote areas with no access to grid electricity and have
poor road infrastructure connecting them to major towns,
hinders growth and productivity in small-scale farming
(Kim and Ferreira, 2008; Korir et al., 2017). Small-scale
farmers are in many instances forced to sale their
produce to intermediaries (middle-men) that offer them
low prices rendering their enterprises unprofitable
(Cherono and Workneh, 2019; Sibanda, 2019).

Although there are a number of modern cooling
technologies developed and imported into the region,
SSF have not been able to adapt and utilise such facilities
as they are both capital and energy intensive (Ejeta,
2009; Nkolisa et al.,, 2019). Despite the numerous
researches on both production and postharvest handling
of commodities in the region, there is less adaption or
application of the research results to solve the post-
harvest handling problems under SSA conditions
particularly for small-scale farming (Stathers, 2017).
Therefore, in order to discuss appropriate low cost
cooling technologies this review has found it necessary to
explore causes mainly related to postharvest physiology
of crops since cooling mainly applies to slowing down
respiration and ethylene production and the extent of
postharvest losses (PHL). The review further considers
different types of cooling technologies and explores
alternative renewable energy options available for
possible integration with low-cost technologies to
preserve FV accessible by SSF.

Post-harvest losses

Postharvest losses are the quantifiable depression in a
given produce during harvest or along the value chain of
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Sub-region Country Estimated postharvest losses (%) References

East Africa Ethiopia 50 FAO (2005)

Central Africa Rwanda 30-80 depending on product Kitinoja et al. (2010)
West Africa Ghana 30-80 depending on product Kitinoja et al. (2010)
Southern Africa Swaziland 20-50 Masarirambi et al. (2010)

a post-harvest system (Sawicka, 2019). Fruit and
vegetables are perishable commodities and highly
susceptible to physiological deterioration in the supply
chain, which is the primary reason of high PHL
experienced in their production (Pathare et al., 2012;
Singh and Sharma, 2018). Azene et al. (2011) claim that
PHL have the potential to discourage farmers from
venturing into production and marketing of fresh produce
and thus affecting the availability and consumption of FV
in mostly urban areas. Therefore, efforts that reduce PHL,
particularly if they are economically feasible are of great
significance to farmers and consumers alike (Miller et al.,
2017). Reducing PHL, as an important component of
food security, has potential to lower food prices to
vulnerable communities in the region. In this food-scarce
part of the world, FV not reaching the intended market are
a significant waste of resources. In a survey carried out
by Mashau et al. (2012) in the Tshakuma fruit market, in
Limpopo province of South Africa showed that fresh fruits
like bananas, oranges, avocados, paw-paws and
tomatoes, experience deterioration in both quality and
quantity of 43.3% mainly due to over-ripening.

Postharvest losses in the supply chain of fresh produce
in SSA, are difficult to estimate as there is limited official
data from different countries and there is no standard
methodology to estimate the losses (Adeoye et al., 2009;
Sibomana et al., 2016; Singh and Sharma, 2018).
Postharvest losses in FV in the region estimate to over
50% though they vary from crop to crop and country to
country (FAO, 2008; Kader, 2010; Mashau et al., 2012).
Table 2 provides examples of estimated percentage PHL
of perishable commodities for selected countries in East
Africa, Central Africa, West Africa and Southern Africa.
These high losses as shown in the Table 2 are a
precursor to food insecurity for SSA communities. Small
scale farming exporters of FV in the region have
complained about these huge losses experienced during
short periods of storage (awaiting transportation) and
during transportation to markets and alleviation of these
should be a research priority (Tigist et al., 2011).

Causes of PHL

Maintenance of fresh produce quality requires precise
application of optimum cold chain conditions from harvest,
grading, packaging, storage and transportation to the
consumer and this review discusses these conditions.

Postharvest losses occur due to many factors that
include, environmental (Rayaguru et al., 2010), biological
and chemical, physiological (Joas and Lechaudel, 2008),
as well as technical factors (Kader, 2010). The main
environmental factors that result in significant PHL in FV
are temperature and relative humidity (Prusky, 2011;
Bradford et al., 2018). The biological and chemical
factors arise because FV are prone to microbial
contamination during growth, harvest and postharvest
operations (Ambaw et al, 2013a). Physiological
deterioration of fresh produce happens since FV are
living tissues (Sitorus et al., 2018). So, as lively tissues
the produce continues to transpire, respire and further
ripen even after they have been detached from the
mother plant during harvesting (Ngcobo et al., 2012;
Gupta and Dubey, 2018). As the anaerobic process
continues, it in turn increases respiration further with
even more heat generation either inside or outside the
fruit. This sustained respiration in fresh produce means
decreased food value, associated with loss of flavour,
loss of saleable weight (through loss of moisture), and
more rapid deterioration (Ait-Oubahou, 2013). The
technical factors that affect fresh produce quality are
mainly associated with mechanical damage or injury to
FV (Paull and Duarte, 2011), lack of skilled labour in
handling of fresh commodities (Beckles, 2012) and
prolonged storage time (Wilson et al., 1999).

Controlling these factors provides improved efficiency
of broader value chains and systems in fresh produce
(Sawicka, 2019). On the other hand, social factors are
associated with trends such as urbanization, where many
people from rural areas move to large cities causing a
high demand for FV at urban centres, thus increasing the
need for more efficient supply-chains (Parfitt et al., 2010).
The critical issue in all this is that the effects of the
mentioned factors are not receiving the required attention
at various control points such as harvesting, packaging,
on-farm temporary storage and transportation to the
market resulting in high PHL in the fresh produce supply
chain.

Losses during harvesting and packaging

Harvest-labour should be skilled to know when to harvest
the produce, as it is an essential requirement of industrial
postharvest handling (Beckles, 2012). According to
Bachmann and Earles (2014), harvesting of fresh
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produce should take place during the coolest part of the
day, either early in the morning or in late afternoon.
Harvesters also should be trained on how to handle the
crop carefully to avoid injury; harvesting dry whenever
possible and at proper maturity; handling each produce
no more than is necessary, while at the same time
avoiding careless handling e.g. dropping fresh produce
(Prusky, 2011). Therefore, farmers have to exercise good
harvesting practices that will not result in mechanical
injury to fresh produce.

Van Zeebroeck et al. (2007) described mechanical
damage as pausing a challenge to the quality of fresh
produce and having a potential to reduce the value of FV.
According to Basediya et al. (2011), mechanical injury
due to impact when produce is dropped/tossed during
harvesting can result in splitting of fruit and internal
bruising. Impact damage is detrimental and its effect is
not just limited to visual aspects but can also cause a risk
of fungal and bacterial contamination, which may lead to
a shorter shelf life (Tijskens, 2007). Mechanical damage
to FV may result from inappropriate packaging or
containers and over or under packaging of containers
(Vigneault et al., 2009; Mashau et al., 2012). Packaging
should ensure that produce is loaded into convenient
units for handling during distribution, storage and
marketing (Wills et al., 2007). However, many SSF in
production of tomatoes utilise traditional baskets as
packaging material (Ugonna et al.,, 2015). Whenever
fresh produce is loaded in baskets/plastic crates, it
applies a static load on itself (Adeoye et al., 2009). The
static load results in excessive pressure applied in the
lower part of the packaging material thus causing
deformation of the produce at the bottom, which may
result in bruising and breakage (Ugonna et al., 2015).
This scenario occurs when baskets are used or when
there is over-packaging. In under-packaging, the
movement of fresh produce in the container is high,
resulting in collision that damages the fruit (Prusky,
2011). In some instances, these plastic crates have rough
internal surfaces, which can injure FV by contact
(Sibomana et al., 2016).

Another cause of losses during harvesting and
packaging is due to physiological deterioration of fresh
produce as they continue respiration and ripening. The
respiration rate of a product strongly determines its transit
and postharvest life (Yahia, 2011). The higher the
temperature at harvest, the higher the respiration rate will
be, resulting in reduced shelf life (Sandhya, 2010).

Causes of losses during on-farm storage and
transportation

Fruit and vegetables in some instances are stored at the
farm gate for extended periods until either transport to the
market becomes available or local buyers/market purchase
the produce for consumption or resale (Hardenburg

et al., 1986). Often the transport and local markets are
without temperature-controlled environmental conditions
resulting in further deterioration of fresh produce (Kitinoja
and Thompson, 2010). In circumstances where on-farm
storage and transportation facilities are not kept at below
optimum environmental conditions, the ripening of FV
continues resulting in physiological deterioration as fruit
rot organisms spread most rapidly at warm storage
temperatures and low relative humidity (Maliwichi et al.,
2014; Sibomana et al.,, 2017). Physiological, chemical
and enzymatic changes are speeded up when fresh
produce is subjected to high ambient temperature and
low relative humidity during temporary storage and
transportation at the back of trucks (Fadeyibi and Osunde,
2011; Chijioke, 2017).

In some instances, the ambient temperatures in SSA
especially in tropical and sub-tropical climates can be 7-
20°C higher than the recommended 15°C for tomatoes
(Kitinoja and AlHassan, 2012; Tolesa and Workneh,
2017). These two environmental factors can result in a
significant loss of nutritional value, decreased returns due
to poor produce quality (wilting, shrivelling), loss of
saleable weight and in many cases the whole fruit or
vegetable is lost (Odesola and Onyebuchi, 2009).
Respiration rate, metabolic processes and ethylene
biosynthesis of some fruits increase with air/room
temperature within a given range (Workneh, 2010).
Respiration rates can double, triple or even quadruple
with every increase in temperature (Zagory and Kader,
1988). Therefore, the storage of FV at low temperature
immediately after harvesting will reduce the rate of
decomposition and microbial spoilage (Workneh and
Osthoff, 2010). Fresh produce shelf life can double by
reducing temperature from 10 to 5°C (Sun and Zheng,
2006). Typically, the storage temperature of FV is 0 to
12°C and most tropical and subtropical fruits require high
temperatures of 5 to 13°C according to (Paull and Duarte,
2011) and as shown in Table 3.

Relative humidity is another important aspect
considered during storage and transportation of FV.
Occurrence of high humidity during temporary storage
and transportation of fresh produce reduces water loss,
helping FV maintain weight, appearance, nutritional
quality and flavour, while wilting, softening and juiciness
are reduced (Laguerre et al., 2013). According to
Cantwell et al. (2009), the recommended storage relative
humidity for most horticultural crops is 70 to 95%. Table 3
provides a summary of recommended storage relative
humidity for selected FV. Most fresh produce under small
scale production are stored at relative humidity levels
lower than recommended resulting in excessive moisture
loss (Singh et al., 2014). Subsequently, the FV suffer
wilting, shrivelling and dryness resulting from small
moisture losses of 3-6% (Nunes et al., 2009; Okanlawon
and Olorumisola, 2017). These changes affect
marketability of produce or economic value especially if
FV are sold by weight (Yahia, 2011). Usually weight loss
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Table 3. Optimum storage temperature and relative humidity of selected vegetables (Adopted from Krishnakumar, 2002).

Product Optimum Temperature (°C) Optimum relative humidity (%)
Broccoli 0 90-95
Cabbage 0 98-100
Lettuce 0 90-100
Carrots 0 98-100
Tomatoes 13-15 =85
Guava 5-10 90
Mango 13 85-95
Potatoes 5-16 90-95
Onions 1-2 65-70
Garlic 0 65-70
Banana (green) 13-14 90-95
Cucumber 10-13 95

from perishable commodities is high if surrounding air
temperature, flesh moisture content and temperature is
high. Thus, under poor postharvest management
conditions of storage or in transit, perishable commodities
lose excessively large weight (Workneh, 2010).

Among other key contributors to high PHL in fresh
produce are demographic and socio-economic
characteristics of small-scale FV producers. Small-scale
farmers have to travel to cities to sale their fresh produce
and due to lack of transport; they tend to keep FV over
long periods at the farm gate awaiting transportation to
markets (Kader, 2003). When the waiting period at the
farm gate is prolonged, there is further mechanical
damage to produce due to over handling (Knee and
Miller, 2002). The damaged FV allow easy penetration of
microbial population into the tissue increasing chances of
decay and growth of microorganisms (Fadeyibi and
Osunde, 2011). As packaged produce applies static load
on itself the degree of deformation on FV will depend on
the period the static load is applied (Sirisomboon et al.,
2011). The longer the period, the greater the deformation
and stress effected on the produce. The stress effected
on the produce will also depend on the ripeness of
produce, as it ripens the same static load will inflict more
internal flesh damage (Sibomana et al., 2016). The injury
to produce increases if it is loaded at the back of trucks in
rough road conditions because of vibration forces
experienced (Kereth et al., 2013). For SSF in SSA, trucks
that pick up produce are not regular and if a farmer
misses the truck on a certain day it can take up to a week
before there is transport to pick up his FV to the market
(Sibanda, 2019). To eliminate this challenge, it is required
that the duration between harvest and arrival at the
markets be minimized (Sibomana et al., 2017)

Research in cold chain technologies and their costs
and benefits

The maintenance of market quality of fresh produce

through management of a cold chain is key to the
success of the horticultural industry, it is therefore, not
only necessary to cool down the product but to do so as
quickly as possible after harvest (Paull, 1999). A cold
chain is a temperature-controlled supply chain consisting
of uninterrupted range of systems that monitor or
maintain produce at a given temperature and keeps
history (Aung and Chang, 2013). According to Prusky
(2011), the requirements for maintaining quality and
safety of horticultural perishables through the supply
chain from harvest to consumption are the same in
developing and developed countries. It is clear, however,
that in SSA the challenges to be addressed go beyond
whether or the fact that no cooling technologies exist. For
SSF producing FV other factors come into play like
volume cooled per day, harvest temperature versus
recommended storage temperature, capital and operating
costs (Azene et al., 2011). To invest in modern cooling
technologies, SSF have to consider the cost-benefit
analysis as to whether there will be an increased financial
benefit associated with the chosen technology (Ejeta,
2009). Availability of electricity is one of the critical factors
to consider as an energy input to power cooling
technologies (Kitinoja et al., 2011).

Possible areas of consideration should allow low
energy cool storage facilities so that fresh produce
reaches markets at recommended storage conditions
(Chaudhari et al., 2015). Achieving this would ensure that
both the supply of fresh produce and the shelf life would
improve significantly in SSA. Kitinoja and Thompson
(2010) have previously reviewed pre-cooling systems for
small-scale producers. These authors and broader
literature have described various methods for preservation
of fresh FV immediately after harvest. These cooling
methods include among others, mechanical refrigeration
(James et al., 2009; James and James, 2011), hydro-
cooling (ASHRAE, 2011; Ambaw et al, 2013b),
evaporative cooling (Ambaw et al., 2013b) and vacuum
cooling (Wang and Sun, 2001; Zheng and Sun, 2006).
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Performance of various

technologies

types of cooling

Mechanical refrigeration, forced air cooling, vacuum
cooling, hydro-cooling and evaporative cooling of fresh
produce have previously been described in detail by
reviews that include Brosnan and Sun (2001) and
Thompson et al. (1998) who placed emphasis to the
different performance parameters of various cooling
methods. Mechanical refrigeration refers to the process
where heat absorption takes place at one point and heat
dispersion at the other (Moureh et al., 2009). This is
achieved through circulation of a refrigerant through the
system by a compressor picking heat through the
evaporator inside the fresh produce space and
dissipating it through the condenser on the outside (Zou
et al., 2006; Hera et al., 2007a). The compressor can be
powered through an electric motor. The refrigeration
system is energy intensive as electricity power is
consumed throughout the cold chain (Hera et al., 2007b).
This in turn leads to high product cost since unit energy
costs make part of the unit cost for production of a given
produce (Swain et al., 2009). However, where there is a
ready and cheaper supply of electricity, mechanical
refrigeration is the most reliable cooling technology
(Kitinoja and Thompson, 2010).

Hydro-cooling is a fast, uniform cooling process of
removing field heat from freshly harvested FV by bathing
in chilled water or running cold water over it (Gomez-
Lopez, 2012). Since the produce will be at higher
temperature immediately after harvest, the heat
movement takes place from the produce to the water
leading to cooling (Rennie et al., 2003). This process is
an efficient way to remove heat as it uses water, which
removes heat at least five times faster than air
(Bachmann and Earles, 2014). The use of water serves
as a means of cleaning at the same time. Hydro-cooling
reduces, water loss as the product is bathed in water, the
rates of microbiological and biochemical changes in order
to prevent spoilage and maintain quality and increase
shelf life (Gustavsson et al., 2011). However, hydro-
cooling has limitations in that it is only appropriate for
commodities that tolerate wetting like carrots, peaches,
asparagus, cherries etc. and is not appropriate for
berries, potatoes to be stored, sweet potatoes, bulb
onions, garlic, or other commodities that cannot tolerate
wetting (Bachmann and Earles, 2014).

Vacuum cooling is a rapid evaporative cooling method
for porous and moist foods to meet the special cooling
requirements (Zhang and Sun, 2006). In this case cooling
obtains by evaporation of moisture from the surface and
within the produce (Sun and Zheng, 2006). Evaporation is
encouraged and made more efficient by reducing the
pressure to the point where boiling of water takes place at
low temperature. The difference between vacuum cooling
and conventional refrigeration is that for the former, the
effect is achieved by blowing cold air or other cold

medium over the product, and the later describes direct
transfer of heat from a produce (Rennie et al., 2003).
Speed and efficiency are the two features of vacuum
cooling, which are unsurpassed by any conventional
cooling method, especially when cooling boxed or
palletised products (Sun and Wang, 2004). The speed
and efficiency of vacuum cooling relate to the ratio
between the evaporation surface and the mass of
produce (Prusky, 2011). Cooling time, in order of 30
minutes, ensures that strict cooling requirements for
safety and quality of foods can be met (Brosnan and Sun,
2001). Vacuum cooling is ideally for any product, which
has free water, and the product structure cannot be
damaged by the removal of such water.

Evaporative cooling or humidification of surrounding air
in FV storage involves the use of principles of moist air
properties or psychometrics (Workneh, 2007; Shahzad et
al., 2018). In this system, temperature drops considerably
and humidity increases to the suitable level for short—term
on farm storage or transportation of perishables (Jha and
Kudas Aleskha, 2006). Evaporative cooling provides cool
air by forcing hot dry air over a wetted pad (Chaudhari et
al.,, 2015). The water in the pad evaporates, removing
heat (sensible heat) from the air while adding moisture.
Evaporative cooling is regarded as a low-cost cooling
system requiring no electricity input in a passive system
or just an electric fan in a forced air system (Tigist et al.,
2011; Chijioke, 2017; Sibanda and Workneh, 2019).
Evaporative cooling has been reported for achieving a
favourable environment in storage structures for FV
where shelf life of some fresh produce like apples,
tomatoes, bananas, mangoes, potatoes and pumpkins
has been increased by factors of 1.3-5 at the same time
exhibiting good appearance (Chaudhari et al., 2015). In
the work done by Anyanwu (2004) evaporative cooling
increased, the shelf life of tomatoes by a factor of three
above open-air storage values.

Modern cooling technologies like, mechanical
refrigeration, vacuum cooling and hydro-cooling could be
used in SSA depending on, the type of fresh produce, the
rate of cooling required, energy consumption
requirements, level of production, availability of funds to
purchase the technology and availability of energy.
Regrettably, most SSF in SSA are located in areas where
there is no grid electricity for driving these modern cooling
technologies. There are also issues related to, the cost of
modern cooling technologies, performance of modern
cooling technologies, economies of scale and relevance
to small-scale production under SSA conditions
discussed in the next section.

Selection of a suitable cooling technology for
different fruits and vegetables

Where there is, uninterrupted electricity supply,
investment capital is not limited to cover purchase and
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Table 4. Summary of advantages, disadvantage and characteristics of different cooling technologies
Cooling Advantages Disadvantages Performapcg References
technology characteristics
Low capital cost; high Can maintain
energy efficient; temperatures at 10-
environmental benign; Requires a constant water 15°C below ambient; Mordi 4 Ol d
low weight loss; slow suql ~ o humidification. Can. achieve relative 20r I an orunda
deterioration in quality; anzp y,hi h  dew oint,' humidity of 90%; Can (2003)
. , suitable  for  rural g POINL ™ increase shelf life from Anyanwu (2004)
Evaporative cooling condition decreases the

Hydro-cooling

Vacuum cooling

application; requires no
special skill to operate;
can be made from
locally available
materials; and easy to
maintain.

Rapid cooling; prevents
loss of moisture during
cooling; cools and
cleans the produce at
the same time; and
simple and effective
pre-cooling method;
High energy efficient.

Rapid cooling
achievable; distinct
advantage over other
cooling methods;
cooling can achieve
uniform cooling; gives
highest energy

efficiency; and hygienic
since air only goes to
the vacuum chamber;
No potential for decay
contamination;
equipment is portable.

cooling capability; mineral
deposits leading to pad and
interior damage

Not uniform may leave “hot
spots”; not suitable for leafy
produce; not suitable for
products that do not tolerate
wetting;  not suitable for
products that can be
damaged by falling water;
water left on surface can
lead to fungus growth or
discoloration; capital cost is
relatively  high; the
equipment is not portable

Very capital cost; limited
application to large growers;
causes weight loss in the
produce; only suited for
produce with a high surface
to volume ratio; works best
only for produce like lettuce;
cabbage, mushroom

3 days to 15 days.
Typical cooling time is
40-100 h in passive
cooling and 20-100
hours in fan-ventilated
systems.

Cooling can be achieved
in 20-30 min; Water
removes heat about 15
times faster than air at
typical flow rates and
temperature difference;
Refrigeration capacity of
1.4 kW cool 500 kg
produce per hour to
achieve 11°C depression;

Rapid cooling; method and
can achieve temperatures
of 1°C; Can increase shelf
life from 3-5 days at
ambient temperature to 14
days when combined with
cold storage at 1°C; For
every 5.5°C reduction in
temperature there is 1%
weight loss;

Basediya et al. (2011)
Chaudhari et al. (2015)
Tigist et al. (2011)

Wills et al. (2007)
Brosnan and Sun (2001)
Rennie et al. (2003)
Prusky (2011)

Turk and Celik (1993)
Kim et al. (1995)

Ito et al. (1998)

Brosnan and Sun (2001)
Rennie et al., (2003)

cost of installation, availability of technical skills to
maintain and run the facility, mechanical refrigeration
would be the ideal cooling system (Basediya et al., 2011).
However, mechanical refrigeration is not suitable for
several FV; for example, banana, plantain, tomato etc.
cannot be stored in the domestic refrigerator for a long
period as such produce is susceptible to chilling injury
(Chinenye, 2011). A small scale commercial mechanical
refrigeration system with a capacity of one tonne
complete and ready for use in the USA will cost about
US$7000 for 3.5 kW (Kitinoja and Thompson, 2010). This
cost is way above what most SSF in the region can afford
for a cooling capacity of one tonne. Table 4 describes the
advantages; disadvantages and the performance
characteristics of evaporative cooling, vacuum cooling

and hydro-cooling. The selection of suitability of each
cooling technology for a certain crop will depend on such
performance characteristics and parameters.
Hydro-cooling, is only suitable for leafy produce and
has other limitations of low energy efficiency, requirement
of expensive water resistant containers to avoid cross
decay contamination (Thompson et al., 1998; Vigneault
et al., 2000). The application of hydro-cooling by SSF will
be limited by its unsuitability to cooling of root and grass
crops and vegetables like tomatoes, apples and pepper
as they have a thick cuticle (Wang and Sun, 2001).
Vacuum cooling is only suitable for fresh produce with a
high ratio of surface to volume and is unsuitable for
oranges, tomatoes and apples (McDonald and Sun,
2000). Any cooling method unsuitable for tomatoes would
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be unattractive as this fruit is a major commodity grown
for SSF in a number of countries in the region (Mashau et
al., 2012).

Both vacuum cooling and hydro-cooling are regarded
as energy intensive and expensive methods for example
it would require for hydro-cooling, 110 to 150 kWh (15-22
kWh for vacuum cooling) of energy at a cost US$22-
US$30 to cool one metric tonne of fresh produce (Kitinoja
and Thompson, 2010; Rayaguru et al., 2010; Basediya et
al.,, 2011). Vacuum cooling and hydro-cooling therefore,
need to be operated for relatively longer periods in a year
to justify an investment (Boyette et al., 1994). Brosnan
and Sun (2001) concluded that since the vacuum
chamber system for vacuum cooling was expensive then
this cooling technology was only feasible for large
growers who produce large volumes of fresh produce
throughout the year. Unfortunately, SSF in SSA do not
have sufficient volumes of fresh produce to warrant the
use of vacuum and hydro cooling throughout the year
(Kitinoja et al., 2011). As a result, these two cooling
methods are limited for products for which they are much
faster and more convenient like cherries for hydro-cooling
and lettuce, cabbage, mushroom or produce with high
surface to volume ratio for vacuum cooling (Kim et al.,
1995; Thompson et al., 1998; Brosnan and Sun, 2001;
Kitinoja and Thompson, 2010).

Another limiting factor of the use of hydro-cooling and
vacuum cooling by SSF is that both are pre-cooling
methods, refrigeration is still required thereafter between
the farm and the market. The construction and operating
costs of different cooling technologies vary from relatively
low to high depending on the level of farm management
(Kitinoja et al., 2011). Sometimes farmers would often
ignore the cost of cooling technique during selection of
technology as they transfer the cost to consumers making
selling price of the produce higher especially in developed
countries where there is a good marketing system
(Boyette et al., 1994). In developing countries where
intermediaries set prices at farm gate, SSF may find
themselves selling their produce below the production
costs (Cherono and Workneh, 2018).

Evaporative cooling could provide a solution, as the
cooling technology has low initial investment, low
installation and maintenance costs and in a passive
system can be set up without electricity (Nkolisa et al.,
2019). It is possible to construct an evaporative cooling
system of 1-2 MT at US$1,300 at an energy use per MT
of 0.7 kWh (Kitinoja and Thompson, 2010). The energy
costs to cool one MT of tropical FV using evaporative
cooling is $0.14 (Kitinoja and Thompson, 2010).
Evaporative cooling presents itself as an appropriate
cooling technology for small-scale farming of fresh
produce in SSA as it is suitable for sub-tropical and
tropical FV, the volumes for cooling per farmer per unit
time are not huge, the storage temperature is around
15°C. Chaudhari et al. (2015) reviewed the work done on
evaporative cooling from 1987 to 2010 and concluded

that this system is not harmful to the environment, has
low initial costs, can be constructed from local available
material (storage chamber, cooling chamber, water tank,
cooling pad media). Components that require
maintenance like the motor, extraction fan and heat
exchanger are repairable at low cost (Deoraj et al., 2015)
and therefore, what is only left is finding relevant and
cheap energy sources for its up scaling.

Relevance of evaporative cooling to small-scale
farmers in SSA

A number of studies have shown the attractiveness in the
use of evaporative coolers by SSF in Africa as evidenced
by the work of a number of authors; Anyanwu (2004) in
Nigeria, Ahmed et al. (2011) in Sudan, Samira et al.
(2011) in Ethiopia. The results of use of evaporative
cooling have demonstrated that coolers can maintain
cooling spaces at temperatures below ambient with a
depression reaching 12°C (Anyanwu, 2004). In
evaporative cooling, lies the solution for SSF in finding a
method appropriate that could alleviate storage
challenges, reduce losses and improve food security at
household level (Mordi and Olorunda, 2003). Should a
forced air systems be required through use of a fan, the
energy requirements are low and the cooling technology
is energy efficient and a possibility exists to integrate it
with use of alternative energy like wind or solar energy
(Sibanda and Workneh, 2020). Fossil fuels could power
the cooling methods but these contribute to greenhouse
gas emissions (Best et al., 2012).

RENEWABLE ENERGY USE
HANDLING

IN POSTHARVEST

Renewable energy technologies have a high adaptation
rate in many industries due to benefits related to climate
mitigation, ability to enter foreign markets because of
green processes, green consumer requirements and
improved corporate images of industries that use clean
energy (OECD/IEA and |IRENA, 2017). Besides
conventional energy sources there is an option of energy
provision from natural energy sources that include among
others solar and wind energy (Mentis et al., 2015). The
consideration of the role of renewable energy along the
different stages of food supply chain by providing
requisite energy supplies especially for powering the
fresh produce cold chain is important (Chaudhari et al.,
2015). This is especially true for remote, dispersed
populations with low and scattered energy demands.
Both solar and wind energy represents the largest source
of renewable energy supply compared to solid biomass,
biogas, hydro and geothermal sources (Tyagi et al.,
2012).

The consumption of fossil fuel is the major contributor



to the greenhouse gases emitted to the atmosphere thus
causing global warming (Hassan and Mohamad, 2012).
Biomass is combusted for heating and cooking and is
convertible into electricity (David et al., 2002). Direct
combustion of biomass produces steam, which turns
turbines that drive generators, producing electricity
(Ayhan, 2006). The cost of producing 1 kW of electricity
from wood biomass is US$0.058. Biomass combustion
releases different chemical pollutants, including fourteen
carcinogens into the atmosphere (Godish, 1991). Grid
electrification is expensive and yet other sources of
energy can meet all the energy requirements (Deveci et
al., 2015). Senol (2012) recognizes the need to promote
alternative energy supply especially for increased
productivity and for income generation.

Wind energy or power is the production of electricity by
turning blades on a wind turbine (Ayhan 2006). The
advantage of wind turbines over other renewable energy
sources is that they can produce electricity whenever the
wind blows (both during the day and at night). Wind
energy can be utilised if the annual energy available is at
an average speed of 5 ms™, and is 490 MJ.m” of surface
perpendicular to the wind flux (Mentis, 2013). According
to Archer and Jacobson (2005) and Mentis et al. (2015),
while Africa has an abundance of wind energy, in some
areas it is seasonal while in coastal regions is available
throughout the year.

Solar energy seems to be the most viable alternative to
fossil fuels as it is clean and renewable since it comes
from the sun (Sontake and Kalamkar, 2016). Solar energy
is the largest source of renewable energy supply,
compared to solid biomass, biogas, hydro, wind etc. and
is available in most areas of SSA throughout the year with
values in excess of 2000 kWh m? (Davis and MacKay,
2013). In this region, the average solar radiation ranges
between 4.5 to 6.5 kWh.m™? for an average of 6 -7 h
(Fluri, 2009). This, according to Saxena et al. (2013), is
enough solar radiation that is convertible to electricity.
There has been application of solar energy in generating
solar thermal or directly conversion to electricity through
photovoltaic cells (Hassan and Mohamad, 2012). There is
a lot of research work currently for absorption based
refrigeration and air conditioning systems that use solar
energy (Said et al., 2012). Solar energy has also been
integrated with evaporative cooling by many researchers
(Tiwari and Jain, 2001; Maerefat and Haghighi, 2010;
Naticchia et al., 2010) for cooling of buildings. Naticchia
et al. (2010) exploited both air ventilation and heat
exchange by use of porous insulating material as an
absorption matrix. Maerefat and Haghighi (2010)
integrated a solar system employing a solar chimney with
evaporative cooling cavity. This integrated system
enhanced passive cooling and natural ventilation in a
solar house, and the numerical experiments showed that
daytime temperatures significantly reduced at a poor
solar intensity of 200 W.m? and high ambient
temperature of 40°C. Finocchiaro et al. (2012) employed
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a solar energy assisted desiccant and evaporative cooling
system for building air conditioning. In this system, solar
energy regenerated a desiccant material that
dehumidifies moist air by vapour adsorption. The
resultant dry and warm air was then cooled in a sensible
heat exchange and then in an evaporative cooler.

Because of research work, there have been reasons for
focusing on the potential of converting solar energy
through photovoltaic systems for use in agriculture
production. This could be a basis for sustainable
agricultural production at village level in SSA. The
challenge is for researchers to find means of dramatically
reducing the cost per solar panel to deliver cheaper
energy to SSF. It is believed that this has been achieved
to a certain extent as the price of renewable energy from
solar has dropped in the last decade from US$0.18 kWh
to just US$0.03 kWh (OECD/IEA and IRENA 2017).

Relevance of solar energy in evaporative cooling of
fresh produce

Best et al. (2012) estimate that energy demand for
cooling processes and greenhouse gas emissions will
increase by 60% by 2030 compared to 2000 levels. Kim
and Ferriera (2008) have recognised that there are
energy requirements for agriculture in rural areas
addressed by using alternative sources of energy other
than grid electricity. Efforts in planning and provision of
the additional power requirements with clean energy
need to be in place. In Africa, there are more
opportunities to use renewable energy because much of
the continent has limited access to grid electricity (Szabo
et al., 2011).

Therefore, the high-energy demands on existing power
sources and global warming threats provide impetus for
research towards technological alternatives (Hassan and
Mohamad, 2012). Among these technologies, solar
energy is the most appropriate for adaptation with cooling
methods for fresh produce, as the resource is available
throughout the year (Best et al., 2012). A lot of research
in this regard has been taking place. The use of solar
energy for evaporative cooling in all the cases has been
limited to buildings and this provides an opportunity for
the extension of the same principles to the preservation of
fresh produce. The use of solar energy to power a water
pump and fan is very limited and literature was not found
providing evidence that wind energy has been used for
evaporative cooling for fresh produce.

Evaporative cooling technology if used with forced air
requires lower energy to operate water pump and fans
while it is effective in providing cold and humid air to the
storage chamber. The use of photovoltaic solar energy to
operate low-cost cooling technologies for FV has a high
potential. However, engineering design especially to
convert solar energy into electrical energy and the
storage of this energy in a battery to run the technologies
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during night remains one of the important research and
development areas that need the attention of engineers.
Similarly, wind energy is also suitable to provide sufficient
energy to operate simple low-cost cooling technology that
is appropriate for temporary storage of FV by SSF.
Hence, an integrated approach of evaporative cooling
and renewable energy as a source of power could be
highly suitable for SSF that are engaged in production of
FV in SSA. This will play a pivotal role in ensuring food
security at household level and a reliable family
sustenance through income obtained from sales.

DISCUSSION

All categories of farmers’ experience high PHL in SSA.
The deterioration in quality of FV is largely due to factors
such as technical, biological and chemical, and as well as
environmental aspects. These factors affect fresh
produce quality from harvesting, packaging, temporary
storage at the farm through to transportation to markets.
Literature shows that the introduction of appropriate
cooling technologies for SSF will ensure provision of cold
chain systems that minimize PHL from harvesting to
consumption by end user of fresh produce. The training
of harvesters and ensuring the use of appropriate
transportation containers are important to reduce the
effect of technical factors on PHL. It is evident from
literature that biological processes play a key role in
aggravating PHL if not properly controlled. The control of
temperature and relative humidity is through the
introduction of appropriate cold chain storage facilities in
the produce supply chain. This review identified a number
of modern cooling technologies available in the market
such as vacuum cooling, hydro-cooling and mechanical
refrigeration. The different modern cooling technologies
have inherent challenges in their application by SSF in
SSA as they are energy intensive, expensive, require
sustained higher volumes throughout the year and their
use is specific to certain types of FV. However, this
review showed that in developing countries like in SSA
there is lack of access to proper cold chain storage
facilities because of these aforementioned challenges.
Hence, there is a need to identify, develop or adapt
appropriate low cost cold chain facilities for access by
SSF. This is the only way SSF can rise from subsistence
farming to commercial fresh produce production. Further,
this review also recognizes that evaporative cooling is a
simple and cheap method compared to conventional
cooling technologies. Evaporative cooling also premises
on removal of sensible heat, which makes it relatively
efficient under hot and dry environmental conditions
obtained in SSA. Evaporative cooling does not
necessarily need an external power source as it relies on
velocity of natural wind through wetted pads. Evaporative
cooling is ideal, for both pre-cooling and cooling and
observations are that it increases shelf life of fresh

produce. Evaporative cooling has had a big impact in
cooling of buildings in Asia and is practiced by some SSF
in SSA. At the same time, many SSF are practicing
natural ventilated evaporative cooling as they do not have
access to grid electricity to power forced air evaporative
cooling.

Grid electricity is not available in remote and isolated
areas in SSA, while fossil fuels as energy source have a
limitation in that they emit greenhouse gases. The
immediate alternative then is the use of renewable energy
sources like solar and wind, which are abundant in SSA.
As a result, there exists a research scope in the utilisation
of wind and solar energy to support evaporative cooling of
fresh produce. This integrated system could be very
useful to SSF in SSA producing FV in ensuring that they
rise from high PHL incurring farmers to profitable farmers
who are able obtain returns enough to sustain their
families. Therefore a scope exists develop an integrated
system that involves renewable energy sources like solar
or wind combined with a cooling technology. There is no
evidence of research work on the use of wind energy as a
power source for cooling technologies. However, there is
potential in the use of solar energy to power non-passive
evaporative cooling for buildings. These success stories
in this regard provide an opportunity for the use of solar
energy to power a water pump and fan to drive non-
passive evaporative cooling. From the conclusions made
above, the proposition is carrying out a study to develop
or adapt a wind and solar powered evaporative cooling
system for temporary storage and transportation of FV.

RECOMMENDATIONS

Literature has shown that evaporative cooling is effective
in hot and dry areas but has limitations in hot and sub-
humid to humid areas because of inherent high humidity
of the local air, which leads to low dry bulb temperature
drops. It is recommended that researchers incorporate a
desiccating unit for sensible cooling of air before reaching
the cooling pads for evaporative cooling to find
expression in hot and humid areas. Therefore, from the
review, researchers can consider to develop and
evaluate a solar or wind energy powered evaporative
cooling system combined with an indirect air-cooling unit
for use in hot and humid areas for storage of fresh
produce.
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