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ABSTRACT 
 
The climate of most zones of Ethiopia is characterized as high ambient temperature 
combined with low relative humidity, which has a negative effect on fruit and 
vegetables quality during harvesting, transportation, storage and marketing. Low-cost 
natural and forced ventilation evaporative coolers have been developed for fresh fruit 
and vegetables storage under arid and semi-arid conditions. The coolers were found to 
be effective in maintaining micro-environmental conditions for fresh fruit and 
vegetables storage. This research was aimed at investigating the feasibility and 
economics of using forced ventilation low-cost evaporative cooling to improve the 
indoor air conditions such as temperature and relative humidity. To reduce the indoor 
temperature and raise relative humidity, low-cost forced air ventilation evaporative 
cooler of 2.6 m2 floor area was fabricated and tested at Haramaya University, Fruit 
and Vegetables Research Station, on the storability of banana, papaya, orange, 
mandarin, lemon, mango, tomato and carrot. A fixed operating air flow rate of 4.3 kg-

1 was used to evaluate cooling performance and energy efficiency ratio of the cooler. 
The results showed that the indoor dry bulb temperature significantly (P < 0.001) 
drops parallel with a significant (P < 0.001) rise in relative humidity during storage. 
The energy efficiency ratio (varying from 55 to 84%) was found to be high as the 
evaporative cooling system requires small electric power only for operating fan and 
water pump. The economic analysis indicates that the payback period of the 
evaporative cooling system is less than 1.2 years. The results clearly demonstrate that 
the forced ventilation evaporative cooling system should be recommended for use in 
developing countries in order to maintain better quality of produce. These results 
demonstrated the relevance of the use of this low-cost adiabatic cooling technology 
for shelflife extension of fruits and vegetables and thereby encourage organized 
women groups to involve in this perishable commodity handling and processing as a 
source of income. 
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INTRODUCTION 
 
Fruit and vegetables production can improve farmers’ living conditions. Horticultural 
production gives a higher net value return to farmers in developing countries 
compared to other crop farming [1]. The climatic and soil conditions in Ethiopia allow 
growing a wide range of fruits and vegetables. With the variety of altitudes and 
microclimates, and the long growing season and accessible irrigation sources in 
Ethiopia, anything can grow well [2, 3]. The report [2, 3] showed that nearly every 
fruit and vegetable is already available locally, but sufficient for everybody. Among 
several reasons responsible for limited availability and poor postharvest fruits and 
vegetables management are lack of economic power to purchase and install the 
expensive package house equipment, mechanical refrigeration system, proper means 
of transportation and technical knowledge. Also, the predominantly organic character 
of the Ethiopian agriculture provides a potential advantage to its produce at 
international markets [4]. However, the perishable nature of fruits and vegetables 
needs effective postharvest handling systems, the main reason for high postharvest 
losses in the tropical regions of Africa. In Ethiopia postharvest loses of vegetables is 
estimated from 25-40% [2, 5]. 
 
In principle, fresh commodities need proper postharvest management to reduce loss 
and maintain quality. However, at present there is no improvement over traditional 
postharvest handling methods of fruits and vegetables in Ethiopia, throughout the 
market channel. The peasants have no storage facilities at their disposal and the fruits 
and vegetables they harvest are usually exposed to high temperatures and low relative 
humidity until wholesaler or retailers collect them. The trade also does not operate 
any intermediate storage for carrying oversupply to obtain better prices [6, 7]. No 
cooling facilities or packaging houses at any stage of product line from farm to 
consumer or exports market are currently available. As a result, nutritional loss and 
postharvest decay are found to be the serious issues [2]. Reduced temperature 
decreases physiological, biochemical, and microbiological activities, which are the 
causes of quality deterioration (flavour, texture, colour, and nutritive value). 
 
Temperature of the surrounding air and produce can be reduced by forced air-cooling, 
hydro cooling, vacuum cooling, ice cooling, and adiabatic cooling [8]. However, these 
cooling methods, with the exception of adiabatic cooling, are expensive for small-
scale peasant farmers, retailers, and wholesalers in Ethiopia, as they require high 
initial cost and electrical sources. In spite of that, however, it is essential to control 
storage temperature and relative humidity during storage as they are the main causes 
of fruit and vegetable deterioration during ripening and storage. As an alternative, 
introduction of simple and low cost psychrometric units at different stages starting 
from farm to the retail market should be the solution. Evaporative cooling systems are 
commonly used in countries where the climate is hot and dry, as found in most zones 
of Ethiopia. Several studies have been devoted to the application of evaporative 
cooling principles in the field of fruit and vegetables preservation mostly in India and 
the USA [8 - 13]. The potential energy savings envisaged by replacing conventional 
refrigerated systems by evaporative systems is ~ 75% [14]. Evaporative cooling is an 
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adiabatic cooling process whereby the air takes in moisture which is cooled while 
passing through a wet pad or across a wet surface showed that evaporative cooled 
storage is more energy efficient than a mechanical refrigeration system [8]. Under 
Ethiopian climatic conditions, relatively low temperature and high relative humidity 
were achieved by using less expensive methods of cooling such as evaporative 
cooling [15, 16]. This paper presents an investigation on the feasibility and economics 
of using evaporative cooling in improving the shelf life of fruits and vegetables. 
 
ANALYSIS 
 
Cooling Efficiency and Enthalpy Change in Air 
Analysis of the moist air properties is important to look at the suitability of a given 
modified air condition for fruit and vegetables storage in hot climate. Cooling 
efficiency η  is an index used to assess the performance of a direct evaporative cooler. 

Cooling efficiency in percentage can be defined as follows [17]: 
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where: dT  and wT  are the dry and wet bulb temperatures of the ambient air and cT  is 

the dry bulb temperature of the cooled air in 1oC. 
The enthalpy change in air H∆ can be calculated as follows: 
 

( )cdpa TTMCH −=∆  (2) 

 
where: Cpa is the specific heat of moist air in kJ kg-1K-1; and M is the air mass flow 
rate in kg s-1. 
 
Energy Efficiency Ratio 
Energy efficiency ratio (EER) was developed by the industry to evaluate the rate of 
energy consumption for air conditioning units [18]. The Energy efficiency ratio 
represents a measure for rating air conditioning units. The energy efficiency ratio is 
defined as the net thermal energy removed from air for cooling purposes per watt of 
energy expended. That is 
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where ∆H is difference in the enthalpy of the inlet and outlet air streams through the 
cooling pad and P is input electrical power in kW of the exhaust fan and water pump. 
The value of EER is calculated by determining the difference in the enthalpy of the 
inlet and outlet air streams through the cooling pad and the input power. 
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MATERIALS AND METHODS 
 
Experimental Evaporative Cooler  
Figures 1 and 2 show a schematic diagram of the forced air evaporative cooler [15].  
The inner dimensions of the unit were 2 m x 2 m x 1.3 m, to hold a capacity of about 
0.5 t fruits.  The frame was constructed from 25 mm x 25 mm x  4 angle iron.  The 
side and top surfaces of the cooler were covered by sheet metal (1-mm thickness).  In 
order to obtain good strength, the sheet metal was properly welded, both along the 
vertical and horizontal angled iron pieces.  The cooler consisted of three major units, 
viz., an air conditioning unit, a watering system, and a storage chamber.  The water 
distribution system was designed so that water was continuously pumped to the top 
surface of the cooler and to the cooling pad.  The top surface of the structure was 
designed to enable water to run down over the four surfaces by gravity and back into a 
holding tank.  The water tank (A) was placed below ground level and a vertical water 
pipe was installed to withdraw water from the tank during operation (B).  During 
operation, water was sprinkled by a small 0.20 KW water pump (C) over the top 
surface, to wet the top surface and all four sides of cooling pad layers through, vertical 
water pipe (E), by a horizontal perforated pipe (F).  The hose (D) was connected from 
a vertical pipe (E) to sprinkle water continuously on the cooling pad filled with 
charcoal (H) into the evaporative cooling chamber, to effectively increase the relative 
humidity, while the temperature was decreased.  The fan (G) derived air through the 
evaporative cooling pad.  In Fig.1, the directions of the arrows show the airflow 
pattern after passing through the cooling pad (H).  To minimize bruising of produce 
and improve airflow, three equally spaced shelves (J) were inserted. The dry bulb air 
temperature was monitored by thermocouples (Jenway-digital psychrometer 5105, 
U.K.) at the centre of the cooler (I).  An air vent was inserted in the top of the cooler 
(N).  The three side surfaces and the door were covered with a thin layer pad of 5 mm 
jutie sack (M), which was sandwiched between sheet metal from inside (K) and mesh 
wire (L) on the outside, facing the ambient air, to allow evaporation.  In this way, the 
surface area from which evaporation of water can take place was maximized. 

 
Figure 1: Plan view of the evaporative cooling unit 
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Figure 2:  Schematic diagram of an experimental evaporative cooler: A, water 

tank; B, vertical pipe connected to water pump; C, water pump (0.5 
hp); D, water hose to cooling pad; E, vertical water pipe; F, perforated 
horizontal water pipe; G, fan; H, cooling pad (charcoal); I, location of 
thermocouple and hygrometer; J, storage chamber; K, sheet metal; L, 
mesh wire; M, wet jetty sack layer; N, ventilation port; O, water 

 
Temperature and relative humidity measurement 
 
The air temperature and relative humidity were controlled throughout the 23 days 
period. Temperature and relative humidity were recorded using digital psychrometer 
units (Jenway-digital psychrometer 5105, U.K.) attached to thermocouples located in 
the evaporative cooler as indicated by letter I in Fig. 1 and outside of the evaporative 
cooler to record ambient temperature. The readings were made at 2-h intervals during 
the day-time period from 500 h to 1800 h for 23 days. The average indoor and 
ambient temperature and relative humidity were calculated from the 23 days data 
separately for each time. The power consumption of the fan and water pump was 
measured using power meter (Hioki model 3286, Japan). 
 
Economic evaluation 
The fixed costs of the evaporative cooler remained constant for all the fruits and 
vegetables. The reason for this was that expenses associated with costs of materials 
used for construction and air conditioning equipments were the same. Workshop 
technologist and other labour costs during the construction period were also included 
in this cost component. There was no additional fixed cost for a specific fruit or 
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vegetable. In the variable cost component all the variable expenses such as fruit and 
vegetable samples, maintenance, electricity, water and labour costs were included. 
 
RESULTS 
 
Temperature and Relative Humidity Fluctuation 
Figure 3 shows the changes in the air temperature during forced air evaporative 
cooling. The evaporative cooling system significantly (P < 0.001, where P is the level 
of significance) reduced the air temperature. The data clearly showed that the 
evaporative cooling system maintained the average temperature approximately 
constant during the day time as shown in Figure 3. While the average ambient air 
temperature continuously increased during 500 h to 1200 h and decreased thereafter 
from 1200 h to 1800 h. The evaporative cooled storage chamber air temperature 
decreased from 36 to 16.4ºC while relative humidity increased from 25.4 to 91.1%, 
which is appropriate for reducing postharvest losses of fruits and vegetables due to 
physiological weight loss [19]. Similarly, the data presented in Figure 4 clearly 
revealed that the evaporative cooling system maintained the relative humidity 
approximately constant when compared with the ambient relative humidity that was 
fluctuating during the experiment. The results in this study indicate that the 
evaporative cooling system significantly (P < 0.001) increased the relative humidity 
of the air as shown in Figure 4, hence indicate possible reduction in physiological 
weight loss from fruit and vegetables [15]. 
 
The cooling efficiency is affected by several factors, such as pad design, thickness of 
pad, air flow rates and outside air temperature and relative humidity [20]. Using a 
fixed 10 cm thickness of pad, the cooling efficiency varies between 55% and 84%. 
This result agreed well with that presented in Lertsatitthanakorn et al. and Watt [20, 
21]. 
 
The power consumption in kWh for a fixed 4.3 kgs-1 air mass flow rates were 1.13. 
The energy efficiency ratio was 26.3 at air mass flow rates of 4.3 kg-1. This is due to 
the evaporative cooling effect, which prevails over power consumption during the 
experiment. 
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Figure 3: The effect of day time on dry-bulb average environmental and 

evaporative cooler temperature (ºc). Data are means of 23 replications; 
bars are standard deviation. -□-, cooler and -▲-, ambient  

 
Figure 4: The effect of day time on the average environmental and evaporative 

cooler relative humidity (%).  Data are means of 23 replications; bars 
are standard deviation. -□-, cooler and -▲-, ambient  

 
Fruit and vegetable storage-demonstrative application 
The general question of feasibility of the evaporative cooler and its application in 
developing countries has not been addressed in the previous studies [15, 16, 19]. 
Experiments performed on the evaporative cooling system for storing several fruits 
and vegetables including banana, papaya, orange, mandarin, lemon, mango, tomato, 
carrot are used to illustrate a possible application. The evaporative cooled storage has 
shown to maintain the fruits and vegetables 100% marketable for at least 15 days [15, 
16, 19]. Under hot climate conditions of Ethiopia, these perishable commodities will 
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became unmarketable within 15 days period, while those stored in the evaporative 
cooled chamber remained 100% marketable even after two weeks of storage. The 
reason for this was attributed to the fact that the evaporative cooling system was 
capable of reducing the temperature and increasing the relative humidity as required 
for short period fruit and vegetable storage during marketing (Fig. 2 and 3). 
Consequentially, an alternative evaporative cooling system was proposed for 
application at farmer, retailer and wholesaler level along the market flow channel until 
the product reaches the consumer. Consequently, as the experiments revealed, the 
evaporative cooling system should be recommended. 
 
Economic Evaluation 
In this section, a cost analysis of the evaporative cooling is evaluated. A payback 
period is employed to determine the period of time required for a project that could be 
attributed to using the evaporative cooled storage for fruit and vegetables retail or 
wholesale. The payback period is defined as the investment of time required for the 
project of an investment to equal the cost of the investment [22]. The 100% 
marketable shelflife of banana, papaya, orange, mandarin, lemon, mango, tomato, 
carrot is 15 days or above. Assuming 500 kg of a given fruit or vegetable is sold 
within 15 days, while there is no risk of losses in the evaporative cooled storage, the 
total amount of a fruit or vegetable becomes 1000 kg per month. If a fruit or vegetable 
is continuously produced throughout the year the total quantity of a produce that a 
retailer can handle may reach 12000 kg per year. However, mango, papaya, mandarin 
and lemon are available only for 3 to 4 months in a year. Banana, tomato, carrot and 
orange are available 12 months or throughout the year. Thus, the economic 
computation is based on the number of months that each fruit or vegetable is available 
in market. Thus, assuming the percentage marketability of the produces was 100%, 
the total quantity of mango, papaya, banana, tomato, carrot, orange, mandarin, lemon 
that can be handled using a 0.5 tonne evaporative cooled storage are 3000, 4000, 
12000, 12000, 12000, 12000, 4000, 4000 kg per year, respectively. During 2006, the 
purchase price of mango, papaya, banana, tomato, carrot, orange, mandarin, lemon in 
the local market from the producer by either retailer or wholesaler were at 1.50, 2.50, 
2.50, 1.75, 0.80, 2.75, 2.75, 3.00  Birr per kg, respectively. The retailer sells mango, 
papaya, banana, tomato, carrot, orange, mandarin, lemon in the local market at 4.00, 
5.00, 3.50, 3.50, 2.00, 4.50, 4.00, 5.00 Birr per kg, respectively. The resulting annual 
income would have been varied with the produce as shown in Table 1. Fixed costs for 
the evaporative cooler, including those for construction cost, fan, pump, piping and 
cooling pad, were 438.82 USD. Variable costs, mainly the fruit or vegetable and other 
input, power cost would have been varied with the fruit and vegetable as shown in 
Table 1. These costs, summation of variable and fixed expenses, divided by the 
annual income give a payback period of approximately 1.0, 0.9, 0.9, 0.7, 0.8, 0.8, 1.1, 
0.8 years for mango, papaya, banana, tomato, carrot, orange, mandarin and lemon 
respectively. The summary of economic evaluation is given in Table 1. Therefore, the 
use of evaporative cooled system in fruit and vegetable storage should be promoted as 
an alternative technology for the household farmer, retailers, wholesalers and 
exporters of perishable produces. Additional cost savings could be recognized in 
larger scale operations.  
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DISCUSSION 
 
Ethiopia has high fruit and vegetable production potential [3, 4, 23], although, the 
annual yield is limited partly due to the reluctance of farmers to involve on these 
perishable produces. The forced ventilation evaporative cooling system was designed 
such that the temperature could be significantly reduced below ambient temperature, 
while maintaining a relative humidity up to high. As a result, storage in this 
evaporative cooler increases shelf lives of most fruits and vegetables to more than two 
weeks, compared to less than one week shelf life when stored at ambient conditions. 
Thus, it is clear that these low-cost and appropriate storage facilities should be 
installed at different centres throughout the hot arid and semi-arid tropical regions in 
order to promote fruit and vegetables production on private, cooperative or public 
basis. Evaporative cooling would be used to solve the problem associated with 
cooling fruits and vegetables. 
 
The evaporative cooling has several economic advantages when compared with 
mechanical compression refrigeration system [14], for application in developing 
countries like Ethiopia. The advantages of evaporative cooling over mechanical 
compression systems are mainly due to low initial investment, low installation and 
maintenance costs, and reduction in insulation requirement and can be used by micro 
and small scale enterprises dealing with fruit and vegetable marketing. In general, the 
cost of mechanical refrigeration system for fruits and vegetables storage by small to 
medium scale entrepreneurs is obviously very high and this adiabatic cooling 
technology could help to encourage the entrepreneurs. 
 
CONCLUSION 
 
The feasibility and economics of reducing the indoor temperature and raising the 
relative humidity of the evaporative cooled fruit and vegetables storage chamber by 
using direct evaporative cooling was investigated. An experimental forced ventilation 
evaporative cooler was built. The study was conducted in Dire Dawa, Ethiopia. It was 
found that the evaporative cooling system was capable of significantly (P < 0.001) 
reducing the temperature and significantly (P < 0.001) increasing the relative 
humidity as required for short time storage of selected fruits and vegetables such as 
carrot, mango, papaya, banana, mandarin, orange, lemon and tomato. Consequently, 
as the experiment indicated, the evaporative cooling system should be recommended 
for use by small scale farmers, retailers, wholesalers and exporters to nearby 
neighboring countries. 
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Table 1: Summary of economic evaluation of the evaporative cooling system 

Item 

Value, Birr 

Fruit and Vegetables 

Mango Papaya Banana Tomato Carrot Orange Mandarin Lemon 

Fixed Cost 5968 5968 5968 5968 5968 5968 5968 5968 

Variable Cost 5458 11279 33833 24832 13428 36835 11276 9280 

Income 12000 20000 42000 42000 24000 54000 16000 20000 
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