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ABSTRACT
Keywords: Perhaps one of the most important goals of sustainable development for developing countries is to
Food technology enhance the utilization of renewable energy sources in all sectors in general and the agricultural sector
Pre-cooling in particular. The pre-cooling process helps to maintain quality and extend the shelf life of the fruits
Renewable energy and vegetables. The aim of this study was to fabricate an indirect evaporative solar precooler (IESP)
Sustainability to reduce post-harvest loss for agricultural products. Tomato crop was chosen to be pre-cooled as an
example of agricultural value chains. Experimental variables included three temperatures of cooling
water (15,10 and 5 °C)andtwoairvelocitiesthatpassedthroughthe coolingcabinet (1.5 and 2.5 ms™).
The results showed that at 1.5 m s air velocity, the actual coefficient of performance was 19.4, 25.5
and 34.7% at cooling water temperatures 15, 10 and 5 °C, respectively. At 2.5 m s air velocity, the
actual coefficient of performance was 23.1, 28.8 and 37.2% at cooling water temperatures 15, 10
and 5 °C, respectively. The performance of the IESP under these conditions was 15.4 °C, 91.5%
RH, 0.338 TR refrigeration load and 37.2% COPcyc. Total energy consumption was 6.4 kWh day™".
The solar pre-cooler performance proved a very feasible solution to the demands of small and
medium horticultural holdings, especially in cities with a very hot climate to keep vegetables and
fruits from deteriorating after harvest.
RESUMEN
Palabras clave: Quizas uno de los objetivos mas importantes del desarrollo sostenible para los paises en desarrollo
Tecnologia de los alimentos €S mejorar la utilizacion de fuentes de energia renovables en todos los sectores en general y
Pre-enfriamiento en el sector agricola en particular. El proceso de pre-enfriamiento ayuda a mantener la calidad
Energia renovable y prolongar la vida util de las frutas y verduras. Este estudio tuvo como objetivo fabricar un
Sostenibilidad preenfriador solar evaporativo indirecto (IESP) para reducir las pérdidas posteriores a la cosecha

de productos agricolas. El cultivo de tomate fue elegido para ser preenfriado como ejemplo de
cadenas de valor agricolas. Las variables experimentales incluyeron tres temperaturas del agua
de enfriamiento (15, 10y 5 °C) y dos velocidades del aire que pasé por el gabinete de enfriamiento
(1,5y2,5msT). Los resultados mostraron que a una velocidad del aire de 1,5 m s, el coeficiente
de rendimiento real fue de 19,4, 25,5 y 34,7% a temperaturas del agua de refrigeracion de 15,10y
5 °C, respectivamente. A una velocidad del aire de 2,5 m s™, el coeficiente de rendimiento real fue
de 23,1, 28,8 y 37,2% a temperaturas del agua de refrigeracion de 15, 10 y 5 °C, respectivamente.
El desempefio del IESP bajo estas condiciones fue de 15,4 °C, 91,5% HR, 0,338 TR carga
frigorifica y 37,2% COPcyc. El consumo total de energia fue de 6,4 kWh dia’. El rendimiento
del preenfriador solar resulté ser una solucidn muy viable para las demandas de las pequefias
y medianas explotaciones horticolas, especialmente en ciudades con un clima muy calido, para
evitar que las verduras y frutas se deterioren después de la cosecha.
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gypt is the Middle East and North Africa region’s

most populous country with over 92 million people

and a projected 120 million by 2050 (FAO 2019).

Rapid population growth, along with limited
freshwater resources and arable land, is placing greater
stress on Egypt’s rural and urban food systems in terms of
quantity and terms of changing food preferences towards
high-value, more perishable fruits, and vegetables. While
food needs are growing, Food Loss and Waste (FLW) in
Egypt is high, especially for perishable products. Across
the region, fruit and vegetable FLW is estimated to reach
45-55% of production annually (FAO 2019). Baseline data
estimates for quantitative loss of over 45-50% over grapes
and tomatoes, respectively, in the production, retail, and
wholesale stages of the value chain alone, along with a
serious loss of quality (Gustavsson et al. 2013). The pre-
cooling process (Removing field heat) is considered one
of the most important post-harvest processes that directly
affect the quality and production. Pre-cooling reduces
microbial activity, respiration rates, and vital heat. This
process reduces water loss and decomposition; thus, it
helps to maintain quality and extend the shelf life of the
fruits (Elkaoud et al. 2024). The energy consumption for
air-conditioning systems has recently been estimated
to be 45% of households and commercial buildings.
Moreover, the propagation of air-conditioning appliances
reinforces peak electricity demand during summer. So,
the consumption of electricity is a big problem for vapor
compression refrigeration systems (Choudhury et al. 2013).
Sorensen (2004) mentioned that in Egypt, the amount of
incident solar radiation per square meter ranges between
5.0 and 8.0 kWh per day with about 3,500 sunshine hours
per year. Solar energy has incredible potential to power our
daily lives. The reduction in temperatures has the added
advantage of decreasing the production and sensitivity of
the produce to ethylene which accelerates ripening and
senescence. Therefore, the quicker and more promptly
the field heats, after harvest temperature is reduced, the
faster these decay processes are restarted and hence the
more of the initial quality can be maintained. However,
with the increase the production of ethylene, enzymatic
activity and higher respiration rate during ripening causes
cell wall weakening and firmness loss (Senthilkumar et
al. 2015). The pre-cooling system needs to consider
the optimal temperature range for each fruit variety to
prevent damage. Fresh fruits and vegetables need low
temperatures (0 to 12.7 °C) and high relative humidities

(80 to 95%) to lower respiration and to slow metabolic
and transpiration rates. By slowing these processes,
water loss is reduced, and food value, quality, and energy
reserves are maintained (Banerjee et al. 2021). Delay in
pre-cooling of the product can cause a necessary l0ss
of quality because field temperature can be up to 30 °C
(Talbot and Chau 2002). For example, every 1-h delay
in pre-cooling strawberries harvested at 54 °C will raise
10% low in shelf life (Brosnan and Sun 2001). Removing
field heat from agricultural products could double shelf
life (Lipinski et al. 2013). Sood and Kumari (2023) found
that post-harvest losses of fruits occur due to a lack of
proper techniques for harvesting, transportation, storage,
and distribution. The freshness of fruits after harvest is
controlled by water content, respiratory rate, ethylene
production, endogenous plant hormones, and external
factors such as microbial growth, temperature, relative
humidity, and atmospheric compositions. Therefore, post-
harvest loss of fruits can be considerably reduced and
their shelf life increased by careful manipulation of these
factors. Fruits can also benefit from controlled environment
storage and regularization at low temperatures.

Elkaoud and Mahmoud (2022) are interested in the
post-harvest operations of fruits in Egypt, especially
small farms, they indicated that the total area under fruit
cultivation in Egypt is about 700,854 hectares (7,008.54
million square meters). The post-harvest storage of
perishable agricultural products is important to reduce
the gap between demand and supply. Cold storage
technologies are not popular in rural and remote areas
due to the higher initial cost and the electrical energy
requirement. Therefore, some low-cost technologies
have been developed and, among these technologies,
the evaporative cooling technology is gainingin popularity
due to its simple design and lower initial cost (Kapilan
and Patil 2023). Stand-alone cooling systems for the
storage of perishables are needed in regions of the world
lacking reliable electricity and the financial wherewithal
to make sufficient investments in on-grid cold stores. To
meet this need, an off-grid, batteryless solar refrigerated
and evaporative cooled (SREC) was structured so that
it can be self-built by smallholder farmers. Several
innovative features have been incorporated including a
“water battery” (a thermal reservoir) to provide nighttime
cooling, a dual-use refrigeration coil to cool the thermal
reservoir and interior air simultaneously, and a solar
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adaptive controller to regulate power demand by
refrigeration compressor based on available solar
energy (Chopra et al. 2023). Vala (2022) reported that
there are two principal methods of evaporative cooling:
direct cooling and indirect cooling. Direct and indirect
processes can also be combined. In the direct method
of evaporative cooling outside unsaturated air is
allowed to pass through a wet pad, due to evaporation
of water air gets cooled and humidified. Whereas, in
indirect method of evaporative cooling air is cooled as it
flows outside the tubes of the heat exchanger in which
cold water circulates. The combination of these two
systems has obtained significantly enhanced cooling
performance, with nearly 90% and a high energy
efficiency ratio of up to 80. This system is energy efficient,
environment friendly and having potential for cooling and
storage of fruits and vegetables in countries where hot
and dry weather prevails for most of the part. Sibanda
and Workneh (2020) developed an indirect air-cooling
combined with evaporative cooling (IAC + EC) system
for temporary storage of fruit and vegetables (FV) to
improve the shelf life of fresh produce under hot and
humid climatic conditions. The study aimed to investigate
the effect of IAC + EC in providing an optimum storage
environment of temperature and relative humidity (RH)
for the tomato fruit compared to storage under ambient
conditions. The cooler efficiency varied from 88.04 to
95.6%. The results in this study are evidence that IAC +
EC system can provide optimum storage conditions for
FV as well as being a low-cost technology utilizable in hot
and sub-humid to humid areas in sub-Saharan Africa.
Accordingly, this study aimed to fabricate an indirect
evaporative solar precooler to reduce the post-harvest

loss for agricultural products and to enhance food
security and sustainability.

MATERIALS AND METHODS

The indirect evaporative solar precooler (IESP) has been
fabricated and tested under an hourly solar intensity of 7
kWh m? per day or maximum solar intensity for a solar
declination angle of 45°. All the experiments were carried
out during October and November 2022 A.D.

Agricultural product

Tomato is one of the most important horticultural crops.
So, the tomato crop was chosen to be pre-cooled as
an example of agricultural value chains. Fresh tomato
fruits (F1 commercial hybrid) were obtained from a farm
close to the test location on the same day of the harvest.
The sample was collected in cages made of palm trees.
Harvesting of the tomatoes was done before 10 o’clock
in the morning. The field temperature was 27.5 °C.
Fresh tomato fruits were immediately loaded in a car
and transported to the test location. The sample was
sorted manually and infected fruits that had mechanical
damage were excluded. A sample of 50 kg was selected,
packed, and kept under ambient conditions until the start
of the experiment on the same day at 13:00 o'clock in
the afternoon. The ambient temperature was 30.66 °C.

Description of the indirect evaporative solar pre-
cooler (IESP)

Figure 1 shows a a photograph of IESP during the
experiments. IESP is fabricated from two solar photovoltaic
panels (2x1 m, 550 W) connected in parallel as the power
source.

Figure 1. The indirect evaporative solar pre-cooler (IESP) experimental setup.
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A charge controller (MPPT) of 30 Amps was used to supply
|ESP with the optimum voltage and current. To store the
electrical energy generated by the panels, two batteries
(200 Ah, 12 v) were used to operate the IESP at night.
Aninverter (1.5 kW, 170 ~ 280 V) was used to power the
pump and suction fan. A compressor (750 W) was utilized
to generate a refrigerating effect in the refrigerator that also
included a condenser, an expansion valve, an evaporator
and a tank cooler. The pre-cooling cycle consisted of a
buffer tank (100 L), a pump (19 W, 14 L min'"), a cooling
cabinet (1,400x600x600 mm), a cooling coil (34 pipes
with 160 fins), and a suction fan (12 m? min™).

Essential parts of the IESP
The IESP consists of a solar energy system (Power
source), refrigerator, and pre-cooling cycle.

Solar energy system (power source)

The power source included two photovoltaic panels,
a solar charge controller, a battery, an inverter, and a
control system. The panels were connected in parallel.
For solar arrays to produce maximum power output, they
must be at an optimal tilt angle to trap maximum radiation
(Tripathy et al. 2017). According to Morales and Busch
(2010), the optimum tilt angle correlates with latitude and
is considered equal to the latitude or latitude +15° (+ for
winter and — for summer). This system is designed to
operate all year round, so the tilt angle is set to be 30° to
correspond to the latitude of the test location.

Control system

This system is programmed to control the operation of
the effective devices (Pump + Compressor) of IESP
according to the temperature of either the buffer tank
water or the cooling cabinet. The electronic system
controls the operation of the hydraulic cycle of the pre-
cooling mechanism. It consisted of an Arduino Uno R3,
a waterproof temperature sensor, and a relay.

The buffer tank

The buffer tank is considered one of the most important
parts of the cooling system. It contains the refrigerant fluid
that is cooled directly by the evaporator (The evaporator
of the refrigeration cycle that operates with Freon). The
tank is made of a thick material to resist rust and low
coefficient of thermal conductivity so as not to lose the
heat stored in the fluid. It is isolated from the outside by a

layer of glass wool with a thickness of 40 mm to maintain
the temperatures inside the tank. The tank capacity was
100 L. The process of transferring the cooling water from
the tank to the cooling coil is done by a pump. The water
returns to the tank to equalize the degree of the cooling
medium in the tank that (operates inside the direct cooling
circuit).

The cooling cabinet

The size of the cooling cabinet was chosen to accommodate
50 kg of tomatoes to carry out the experiments. However, it
is possible to re-size the room to suit commercial purposes.
The dimensions of the cabinet were 1,400x600x600 mm.
The side walls and bottom of the cooling cabinet were
insulated by two insulating materials, namely a carbon
steel layer 2 mm thick and glass wool 50 mm thick.

Experimental setup

The water flow rate was chosen at a limit that does not
give temperatures less than required for pre-cooling. All
experiments were carried out using a 6 L min' water flow
rate of cooling water that passes through the cooling coil.
The time for each experiment was 4 h and temperature
and humidity were recorded every 20 min. The initial
temperature of the cabinet was 24 °C. As for the humidity,
it was monitored after placing tomatoes in the cabinet.
Variables of experiments are as follows: I) The temperature
of the cooling water: Experiments were carried out using
three temperatures of cooling water 15, 10 and 5 °C. Il)
Air velocity: IESP was tested under two air velocities that
passed through cooling cabinets 1.5 and 2.5 ms™.

Measurements

Refrigeration load and Heat of respiration

The heat of respiration was calculated according to (Ashrae
2002) by the following Equation (1):

(1)

- 1
Qres. =Mxhx 7 50h

Where “Qres” is the Heat of respiration (W), “m” is the
mass of tomatoes to be cooled (kg), “h” is the rate of
respiration (J'kg™), and “n” is the operation time (hours).

Field heat

According to Sibanda (2019), field heat is the heat
removed from freshly harvested tomatoes by introducing
them into the cold store by reducing the field temperature
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of the tomatoes to the desired storage temperature. Field
heat in the case of this study, therefore, is the amount
of heat removed from the tomatoes as they cool from
initial harvest temperature to pre-cooling temperature.
The mass of the tomatoes is 50 kg, and the operating
time is assumed at 4 h. The specific heat of tomatoes is
3.985 kJe(kg °C)", according to Fellows (2000). The field
heat calculated from the Equation (2):

mx cy(T2-T)

/= 7 2
3,600xn @

Qth =
Where “Q,” is the field heat (kW), “m” is the mass of
tomatoes to be cooled (kg), “Cp” is the specific heat of
tomatoes (kJe(kg °C)"), “T,” is the pre-cooling temperature
(°C) of tomatoes and “T.” is the initial tomatoes in crates
temperature (°C).

Heat leakages

There is heat transfer because of leakages between the
outside air and inside air through the walls and the roof as
a result of the temperature gradient between the outside
and inside temperature and is computed according to
Ashrae (2002) by the following Equation (3):

QL - Uf % Af x (Ta - Tc) (3)

Where “Q” is the heat leakages (W), “U;” is the overall
heat coefficient = 0.936 Wem? °C"', “A” is the surface
area of the cooling cabinet (4.08 m?), “T " is the ambient
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temperature (°C) and “T " is the temperature of material
inside the refrigerator (°C). So, the refrigeration load
was estimated by the following Equation (4):

Refrigeration load = (Heat of respiration + Field heat  (4)
+ Heat leakages) x 1.1

Where “1.1”is to compensate for the heat losses that may
result from the frequent opening of the cooling cabinet
door correspond to Thompson (2004).

Actual coefficient of performance

The solar refrigerator’s efficiency is measured as the cooling
capacity of solar energy absorbed by the solar collector
(Mansoori and Patel 1979), following Equation (5):

Q
(COPcyc) _ “YRefload (5)

actual  Protgl
Where P

1o 1S the total energy consumption (Refrigerator
+ Pump + Suction fan).

RESULTS AND DISCUSSION

Cooling cabinet temperature and humidity

At 1.5 m s™ air velocity:

It is noticeable that the cabinet temperature decreased
by decreasing the cooling water temperature from 15 to
5 °C at the same time, the cabinet humidity increased by
decreasing the cooling water temperature as well. Figure
2 shows the effect of operating duration on temperature
and humidity using 15 °C cooling water temperature.

A RH %)

R (%) = 0.14541 2 40288
A = 0.0047

L ]

. ]
= -

Cooling cabinet humidity (%)

CUZABNEAEEYNBAIHBRERG

B0 & 100 120 140 180

180 200 =0 240

Local fime (min)

Figure 2. Effect of operating duration on temperature and humidity using 15 °C cooling water temperature.
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These results indicated that the cooling cabinet
temperature dropped from 24 to 20 °C while the humidity
(RH) inside the cooling cabinet increased from 38.72 to
75.3% during 4 h of operation using 15 °C cooling water
temperatures. Under the same experimental conditions,
the temperature and humidity can be estimated from the
following Equations (6) and (7):

Cabinet temperature (°C) = 24.152x10¢%  (6)

Cabinet humidity (%) = 0.1454t + 40.288  (7)

These relationships indicate that it is possible to calculate
the temperature and relative humidity (RH) inside the
cabinet by knowing time (t) and the coefficient of correlation
is very high and closer to 1 (R?=0.99). So, the correlation
between temperature and relative humidity and between
the local time is a positive strong correlation as shown
in Figure (2).

Figure 3 shows the effect of operating duration on
temperature and humidity using 10 °C cooling water
temperature.

® Temp. (°C) A RH (%)
26 - Temp. (°C) = 23.169x107E%  RH (%) = 0.1726t + 38.447 100
R? = 0.9477 R? = 0.998 L o5
24 @ 9
2 g e

¢ ggo.g ®

!l T et [ @, e i 80
5 @y T5
18 P h 70
65
16 - 6o
14 & 55

Cooling cabinet temperature (°C
>
[

10 °C cooling water temperature

3
Cooling cabinet humidity (%)

0 20 40 60 80

T T T T T T T 0
100 120 140 160 180 200 220 240

Local time (min)

Figure 3. Effect of operating duration on temperature and humidity using 10 °C cooling water temperature.

The results showed that the cooling cabinet temperature
dropped from 24 to 18.3 °C while the humidity inside the
cooling cabinet increased from 37.52 to 81.2% during
4 h of operation with load using 10 °C cooling water
temperatures. Under the same experimental conditions,
the temperature and humidity can be estimated from the

following Equations (8) and (9):
Cabinet temperature (°C) = 22.788x1010 (8)
Cabinet humidity (%) = 0.1754 + 39.256 9
These relationships also indicate that it is possible to
calculate the temperature and relative humidity (RH)

inside the cabinet by knowing time (t) and the coefficient
of correlation is very high and closer to 1 (R?=0.9).

Figure 4 shows the effect of operating duration on
temperature and humidity using 5 °C cooling water
temperature.

These results indicated that the cooling cabinet temperature
dropped from 24 to 16.1 °C while the humidity inside the
cooling cabinet increased from 39.9 to 89.8% during 4 h of
operation with load using 5 °C cooling water temperatures.
Under the same experimental conditions, the temperature
and humidity can be estimated from the following Equations
(10) and (11):

Cabinet temperature (°C) = 21.205x100%" (10)

Cabinet humidity (%) = 0.2118t + 41.481 (11)
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Figure 4. Effect of operating duration on temperature and humidity using 5 °C cooling water temperature.

At 2.5 m s air velocity:
Figure 5 shows the effect of operating duration on
temperature and humidity using 15 °C cooling water

during 4 h of operation with aload using 15 °C cooling water
temperatures. Under the same experimental conditions,
the temperature and humidity can be estimated from the

temperature. following Equations (12) and (13):
These results indicated that the cooling cabinet Cabinet temperature (°C) = 23.816x1075%  (12)
temperature dropped from 24 to 20 °C while the humidity
inside the cooling cabinet increased from 38.72 to 75.3% Cabinet humidity (%) = 0.1477t + 40.975 (13)
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Figure 5. Effect of operating duration on temperature and humidity using 15 °C cooling water temperature.

These relationships also indicate that it is possible
to calculate the temperature and relative humidity
(RH) inside the cabinet by knowing time (t) and the
coefficient of correlation is very high and closer to 1

(R?=0.99). So, the correlation between temperature
and relative humidity and between the local time
is a positive strong correlation as shown in Figure

().
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Figure 6 shows the effect of operating duration on 4 h of operation with load using 10 °C cooling water

temperature and humidity using 10 °C cooling water temperatures. Under the same experimental conditions,

temperature. the temperature and humidity can be estimated from the
following Equations (14) and (15):

These results indicated that the cooling cabinet temperature )

dropped from 24 to 18.3 °C while the humidity inside the ~ C@binet temperature (°C) = 22.788x107=%  (14)

cooling cabinet increased from 37.52 to 81.2% during  Cabinet hymidity (%) = 0.1754t + 39.256 (19)
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Figure 6. Effect of operating duration on temperature and humidity using 10 °C cooling water temperature.

Figure 7 shows the effect of operating duration on temperature  Under the same experimental conditions, the temperature
and humidity using 5 °C cooling water temperature. These  and humidity can be estimated from the following Equations
results indicated that the cooling cabinet temperature  (16) and (17):

dropped from 24 to 15.4 °C while the humidity inside the . oy 0001t

cooling cabinet increased from 40 to 91.5% during 4 h of Cabinet temperature (°C) = 20.9x10 (16)

operation with load using 5 °C cooling water temperatures. Cabinet humidity (%) = 0.2162t + 41.851 (17)
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Figure 7. Effect of operating duration on temperature and humidity using 5 °C cooling water temperature.
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From the results, it was found that the lowest temperature
was 15.4 °C at the same time the highest relative humidity
was 91.5% at 5 °C cooling water temperature.

From the previous results, it is notable that 5 °C
cooling water temperature is considered optimal as it
achieved the lowest temperature (16.1 and 15.4 °C)
and, at the same time, it achieved the highest humidity
(89.8 and 91.5%) of the cooling cabinet during 4 h of
operation with load at air velocity 1.5 and 2.5 m s,
respectively. These climatic conditions are suitable for the

pre-cooling process and correspond to the recommended
temperature and humidity for tomato storage
(From 12 to 15 °C and RH>85%), according to Beckles
(2012).

Refrigeration load

Heat of respiration

According to Suslow and Cantwell (2009), the respiration
rates of tomatoes change with the change in storage
temperatures, so the respiration heat was calculated
according to Table 1.

Table 1. Respiration heat using the recorded temperatures under the experimental variables.

Experimental variables Pre-cooling Respiration rates’ Heat of
Air velocities Cooling water tf:;gigf:';f(;f (J-kg) res?lgz;lon
(ms7) temperatures (°C)

15 20.6 450 0.00160

1.5 10 19.4 406 0.00141

5 16.1 342 0.00120

15 20.0 427 0.00150

2.5 10 18.3 384 0.00133

5 15.4 320 0.00111

*(Suslow and Cantwell 2009).

Field heat
Field heat was calculated using the recorded temperatures

under the variables of the experiments, as shown in
Table 2.

Table 2. Field heat using the recorded temperatures under the experimental variables.

Experimental variables (T) (T) The field heat
Air velocities Cooling water Pre-cooling Initial tomatoes ino (kW)
(ms) temperatures (°C) temperatur? of crates temperature (°C)
tomatoes (°C)

15 20.6 28.50 0.110

1.5 10 19.4 30.77 0.141

5 16.1 30.35 0.197

15 20.0 29.47 0.131

2.5 10 18.3 30.03 0.162

5 15.4 30.66 0.211

Heat leakage
The heat leakage was calculated using the recorded
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temperatures under the experimental variables as
shown in Table 3.
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Table 3. Heat leakage using the recorded temperatures under the experimental variables.

Experimental variables (T) (T) The heat
Air velocities Cooling water Pre-cooling Initial tomatoes in leakage
: temperature of crates temperature (°C) (kW)
(ms) temperatures tomatoes (°C)
(°C)
15 20.6 28.50 0.030
1.5 10 19.4 30.77 0.043
5 16.1 30.35 0.054
15 20.0 29.47 0.036
25 10 18.3 30.03 0.045
5 15.4 30.66 0.058

From the previous results, the refrigeration load was
calculated by the following Equation (18), as shown in
Table 4.

Table 4. The refrigeration load under the experimental variables.

Experimental variables

Refrigeration load = (Heat of respiration + Field heat +

Heat leakages) x 1.1) x 4 operation time (18)

The refrigeration load

Air velocities Cooling water Heat of Field The heat
(ms?) temperatures respiration heat leakage (kW) (TonR.)
(°C) (kW) (kW) (kW)
15 0.00160 0.110 0.030 0.620 0.176
15 10 0.00141 0.141 0.043 0.815 0.232
5 0.00120 0.197 0.054 1.110 0.316
15 0.00150 0.131 0.036 0.740 0.210
25 10 0.00133 0.162 0.045 0.920 0.260
5 0.00111 0.211 0.058 1.190 0.338

Effect of Air velocity and cooling water temperatures
on refrigeration load

The results indicated that the refrigeration load increased
by decreasing the water temperature from 15 to 5 °C; it
also, increased by increasing air velocity from 1.5 t0 2.5
m s™. At 1.5 m s air velocity, the refrigeration load was
0.176,0.232, and 0.316 TR at cooling water temperatures
of 15, 10, and 5 °C, respectively. At 2.5 m s air velocity,
the refrigeration load were 0.21, 0.26, and 0.338 TR at
cooling water temperatures 15, 10, and 5 °C, respectively.

Actual coefficient of performance (COPcyc)

A summary of the refrigeration load and the actual coefficient
of performance under the experimental variables is shown
in Table 5.

Effect of air velocity and cooling water temperatures
on COPcyc

The actual coefficient of performance increased by
decreasing the water temperature from 15 to 5 °C and
also, increased by increasing air velocity from 1.5 to
25ms™".

At 1.5 m s air velocity, the actual coefficient of
performance were 19.4, 25.5, and 34.7% at cooling
water temperatures 15, 10, and 5 °C, respectively. At
2.5 m s™ air velocity, the actual coefficient of performance
was 23.1, 28.8 and 37.2% at cooling water temperatures
15, 10, and 5 °C, respectively. The use of 5 °C cooling
water temperature has achieved the highest COPcyc at
1.5and 2.5 m s air velocities.
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Table 5. A summary of the refrigeration load and the actual coefficient of performance under the experimental variables.

Experimental variables

The refrigeration load

s;tion (kW) (TonR.) COPcyc (%)
0.620 0.176 19.4
0.815 0.232 25.5
1.110 0.316 34.7
0.740 0.210 23.1
0.920 0.260 28.8
1.190 0.338 37.2

Air velocities Cooling water Total energy
(ms) temperatures (°C) consum
(kW
15
1.5 10
5
3.2
15
25 10
5
CONCLUSION

To achieve sustainable development of the agricultural
sector, renewable energy should be relied upon
to operate electrical energy-consuming systems,
especially in developing countries. In this study, an
IESP was successfully fabricated and tested to promote
food security. It is completely powered by solar energy
and is compact in size and transportable. The IESP
performance proved a very feasible solution to the
demands of small and medium horticultural holdings.
From the experimental results, it can be observed that
5 °C cooling water temperature is considered optimal
as it achieved the lowest temperature and at the same
time it achieved the highest humidity. Based on the
findings of this study, these climatic conditions are
suitable for the pre-cooling process and correspond to
the recommended temperature and humidity for tomato
storage. So, the pre-cooling process is considered one of
the most important techniques for handling horticultural
crops to reduce post-harvest losses. However, choosing
the appropriate pre-cooling technology is crucial to
ensuring economical operation and sustainability.
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