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To provide food supply chains, reduce losses from various crops after the harvesting 
process, and also to preserve vegetable and fruit crops purchased for consumption 
from rotting and not being wasted. The drying process is one of the most appropriate 
ways to solve such problems. In this research, several simple thermal modeling 
methods were proposed to perform the drying process through open sun drying 
(OSD) under forced pressure (FGD) and natural convection (NGD). This study 
was conducted at the King Faisal University Training and Research Station (25.4° 
latitude). North, longitude 49.6° east, height 142 meters above sea level). The thermal 
performance analysis of the models was evaluated by calculating the amount of solar 
radiation, air temperature, product temperature, moisture evaporation rate, and wind 
speed. The results obtained showed that drying inside the greenhouse is the best 
alternative to drying under direct sunlight, so that the maximum temperatures were 
obtained, ranging between 55 to 52 in FGD and 40−45 inside NGD. Also, the heat 
transfer coefficient was highest in the amount of moisture removed from the product, 
reaching its maximum. The weight of the product was reduced to 83%, 80 and 73%, 
in GFD, NGD and OSD, respectively Accordingly, it was found that drying gave the 
highest expected results, and the temperature of the product ranged between 9.25 
to 14.36 and 4.93 to 10.32, and the correlation coefficient ranged between 0.95−0.52 
and 0.95. −0.89 at OSD and NGD respectively. Moisture evaporation from the product 
is 28.92−2.77 at NGD and moisture evaporation exerted for FGD is 31.35 and the 
correlation coefficient for the product at FGD ranges from 0.93−0.84. The product and 
greenhouse temperature range are between 0.99−0.96. The moisture evaporation 
rate indicating that the values obtained were well matched. Finally, the economic 
analysis of the different methods of drying was done through a mathematical model.
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Highlights

 • A detailed explanation was provided about the use of greenhouses as a tool for solar 
drying, in addition to the fact that they protect the product from other factors such as 
dust and insects.

 • The thermal performance was analyzed with the heat transfer coefficient of the product.
 • Experimental investigations on OSD, FGD, and NGD were conducted in three different 

modes of working.
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 • Potatoes are considered one of the crops that contain a high 
percentage of moisture, as the initial humidity reached about 
89%, which exposes them to rapid spoilage, so they were dried 
using simple greenhouse dryers to reduce the loss of the product.

 • Use inexpensive techniques economically.
 • Lack of research in the field of potato drying, especially on the 

climate of the Kingdom of Saudi Arabia.
 • Reducing crop losses through drying helps achieve food security 

and environmental sustainability.

1 Introduction

Drying of agricultural products is gaining great importance as an 
effective method for preserving fruits and vegetables, as well as reducing 
high energy consumption, thus reducing the cost of the product and gas 
emissions harmful to the environment to achieve the goals of food 
security and environmental sustainability (Vasileios et al., 2022). Drying 
is one of the most important processes for preserving agricultural 
products as they are preserved for long-term storage through the process 
of removing moisture. Drying enhances foods by reducing loss, wastage, 
and spoilage in many food products such as tomatoes, dry grapes, 
potatoes, peas, cabbage, meat, fish, nuts, tea, and coffee (Kanti and 
Ganguly, 2016). To increase the effectiveness of drying and maintain the 
food quality of many dried crops and reduce spoilage, especially those 
with high vitamins, antioxidants, and phenolic content, pretreatments by 
plasma are carried out with the help of ultrasound (Ashtiani et al., 2022). 
In tropical, subtropical, and hot regions, solar radiation is estimated at 
12 h per day, and it can be harnessed as an energy source for sustainable 
drying operations. Thus, solar-based systems, such as greenhouses, have 
received much research attention recently (Tong et al., 2018). One of the 
traditional methods used to dry crops is direct sunlight drying, which 
involves sunlight falling on the surface of the crop, absorbing it, and then 
evaporating the moisture. The amount of sunlight falling on the crop 
surface is examined through several stages, such as reflection, radiation, 
convection, or conduction. These solar dryers use clean, environmentally 
friendly and cost-effective energy for the sake of sustainable development 
and environment, which stimulated the production and design of these 
dryers so that they work with high efficiency to dry crops and fruits with 
high quality without affecting the components of the food material to 
ensure that it is preserved from spoilage (Öztürk et al., 2024). The drying 
rate that can be achieved by solar drying depends on several external 
factors such as wind speed, relative humidity, and the ambient sunlight 
temperature; other internal factors also affect the drying rate, such as 
initial moisture content, crop type, and degree of absorption the crop, as 
well as the mass of the crop per unit area exposed to sunlight (Singh and 
Kumar, 2023). Greenhouse systems are structures closed with 
polyethylene plastic sheeting because they allow the passage of short 
wavelengths of solar radiation. Such systems provide climatic conditions 
by preserving infrared radiation in the environment (Prakash and 
Kumar, 2004; Chauhan and Kumar, 2016). Solar energy is considered one 
of the most important sources of renewable energy, and it plays a major 
and fundamental role in ensuring sustainability, especially environmental 
sustainability, which makes it suitable for future generations and 
sustainable development. In addition, systems that use solar energy are 
of great importance, such as greenhouses (Kamil and Mehmet, 2019). 
The use of greenhouses as a dryer is one of the modern methods of 

temperature and humidity control; this feature makes it a suitable choice 
for drying applications (Tiwari, 2003).

The process of heat and mass transfer in the greenhouse happens 
through perceived heat, which happens when the product’s temperature 
rises, and latent heat through moisture evaporation (Rovense, 2015). Tawfik 
et al. (2023) investigated different techniques developed in solar tunnel 
greenhouse dryers based on the natural and forced convection process. This 
type of dryer is considered very suitable in rural areas, saves fuel 
consumption, and improves the condition of the product in terms of taste, 
color, and smell. Solar drying using tunnels and a greenhouse is one of the 
most suitable applications in rural areas. The quality of dried agricultural 
products is important and can be achieved through pretreatments. By using 
it, the product can be preserved and its appearance improved. The most 
important methods of thermal modeling in greenhouses for air circulation 
in the drying room are carried out in two different ways, one of which is 
greenhouse dryers with natural convection, and is carried out through the 
passage of sunlight into the greenhouse to heat the crop to be dried (it is 
carried out based on physical influences) (Singh and Kumar, 2012). The 
other method of drying in greenhouses is forced convection, which 
contributes to the removal of moisture from the crop to be  dried by 
increasing the air through a fan (Chauhan et al., 2015).

Solar drying reduces energy consumption by contributing to 
increasing temperatures. However, there are some factors that need 
improvement, such as reducing relative humidity and air movement, 
which are controlled through ventilation and air circulation. For example, 
in industrial drying, the air is circulated using fans that consume a large 
amount of electricity and energy for its work (Ye et al., 2021). Radwan 
et al. (2016) demonstrated that an analytical study was conducted to 
evaluate and analyze the thermal performance of three different designs 
of protected type solar dryers that can be used for drying dates. The 
different shapes are Quonset shape (SD1), double gable (SD2), and 
pyramid shape (SD3). The different dryers tested were operated under 
conditions of three different air speeds at 0.5, 1, and 1.5 m/s. The thermal 
performance analysis of the dryers was performed on the basis of heat 
balance equations. The results obtained showed the overall thermal 
efficiency of the three different solar dryers (SD1, 2, and 3) and found that 
the expected thermal energy of the three solar dryers is very close to that 
measured during the experimental period. Among the three different 
shapes, the study recommended that the Quonset shape (SD1) is the best 
shape for the solar dryer due to the largest observed surface area, largest 
amount of solar radiation, and increased solar energy and dry air 
temperature (Hemant et al., 2021). Solar drying is considered one of the 
important processes and effective ancient methods for preserving food 
and agricultural products. By inhibiting and removing bacterial growth 
and moisture in the process, it preserves food products for longer. Solar 
dryers are classified on the basis of drying methods such as air circulation 
and type and arrangement of solar air collectors. In this study, an indirect 
type food dryer powered by solar energy was designed and developed. 
The dryer design consists of a solar collector plus an absorber consisting 
of an expanded aluminum sheet surface with a platform, a drying 
chamber with three columns per rack, a chimney for exhaust air, and a 
solar-powered fan. The dryer manifold and drying chamber are 
connected by a hose pipe installed at both ends. The solar dryer project 
model consists of a monitoring unit to record constantly updated 
parameter data such as temperature inside the dryer, temperature in the 
ambient condition, humidity inside and outside the dryer, and 
atmospheric pressure. To verify the effectiveness of the solar dryer’s 
performance, the parameters mentioned above are used.
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The natural convection greenhouse system is designed to dry 
crops. To estimate the temperature and air temperature inside the 
sheltered house, the amount of humidity, and solar radiation, the 
obtained results were validated with experimental results. Bala et al. 
(2003) studied a solar dryer from tunnel-type greenhouses and 
reported impressive results; the crops were also protected from 
external factors that lead to damage. Simple and multiple regression 
techniques were used by Goyal and Tiwari (1998) to study the 
convection mass transfer coefficient for wheat and gram; the results 
showed that the values when using the simple regression approach 
were 12.68 and 9.62 W/m2C°, respectively, and using the multiple 
regression technique, the values were 9.67 and 10.85 W/m2C°, 
respectively. Anwar and Tiwari (2001a) studied the coefficients of 
mass and heat transfer of some crops under the simulation of forced 
load in the open state and open indoor; the cat values of the 
coefficients were 1.31–12.8 W/m2oC in the required range.

Potatoes are among the vegetables and foods that are consumed daily 
all over the world to a very large extent. Vegetables are considered one of 
the most important basic elements in a healthy diet. The majority of 
health and nutrition experts recommend eating appropriate portions of 
them daily (Głąbska et al., 2020). One of the advantages of potatoes is that 
they are produced and consumed on a large scale around the world and 
are easily available in the markets. Therefore, it is considered a vital crop 
for food security (Devaux et al., 2019). To preserve potatoes, the most 
appropriate method is drying because it reduces the rate of 
microbiological, physical, and chemical decomposition reactions 
(Krokida et al., 2001). Potatoes are one of the most important vegetable 
crops in the Kingdom of Saudi Arabia, as the area cultivated with potatoes 
reached 19.15 thousand hectares, representing 22.3% of the total area of 
exposed and protected vegetables. Potato production reached 482.31 
thousand tons, representing 24.42% of the total vegetable production in 
2018 (Ministry of Environment, Water and Agriculture, 2019). The 
country was compelled to import potatoes and their derivatives (fresh 
potatoes, seeds, potato chips, potato starch, and frozen potatoes) from 
overseas since domestic production could not keep up with consumer 
demand, leading to the importation of 263.26 thousand tons of potatoes 
at a cost of 259.86 $.

The Kingdom of Saudi Arabia is considered one of the countries 
whose climate is characterized by being hot and dry, and this 
characteristic causes a rapid and noticeable deterioration in potato 
tubers, whether produced or imported; hence, potatoes are preserved 
as dried flakes. In the Kingdom of Saudi Arabia (KSA), the location 
of the study, there has been a lot of research done on drying different 
types of crops as products (Azam et al., 2020). A detailed study was 
conducted on the thermal analysis of the photovoltaic system and the 
solar energy collector, an integrated greenhouse dryer for drying 
tomatoes, and the result was that the overall average efficiency ranges 
from 6.14 to 17.96%. Depending on the experimental conditions, the 
logarithmic model was the best model for thin-bed solar greenhouse 
drying for different treatments of tomatoes both within the GD zone 
and under drying in open sunlight. Amer and Chouikhi (2020) 
designed a software application on the smartphone to avoid and 
reduce errors. It works and applies mathematical operations for 
drying and verifies some of the mathematical equations that were 
used in the research. The application is installed on mobile phones. 
It was integrated using the visual programming language for the 
Android system to save time and effort. It was developed to calculate 
mathematical modeling for calculating drying.

Amer and Albaloushi (2021) designed an advanced design to 
improve the performance of a solar dryer supported by reasonable 
heat storage and a photovoltaic unit for drying cantaloupe. This 
advanced design of the solar drying system helped reduce post-harvest 
losses of vegetables and fruits to a large extent, in addition to saving 
energy and time. It provides protection for vegetables and fruits from 
damage and improves quality. It enhances food security and enables 
farmers and merchants to produce dried vegetables and fruits 
themselves, which leads to reducing dependence on imported dried 
products. Almuhanna (2012) evaluated the feasibility of using a solar 
greenhouse as a solar dryer for drying dates and attempted to analyze 
the thermal performance and thermal balance of the solar 
greenhouse in KSA.

The steady increase in the world’s population has led to the 
search for ways to save food and reduce famine and disease, which 
in turn enhances global food security. From this point of view, 
researchers began to conduct studies related to food and 
conservation by reducing losses in harvesting and processing some 
crops by various conservation methods to reduce damage caused by 
poor storage, wind, rain, high temperatures, and humidity, as well 
as damage caused by insects. The methods of preserving crops after 
harvesting may include drying them in ways that are less expensive 
and highly efficient. The main objective of this research was to 
develop three simple thermal models for improving the 
performance of greenhouse dryers and predicting crop drying 
temperatures through the three models (open sun drying, natural 
and forced convection) using Excel 2016 program and SPSS 
statistical analysis (regression and correlation).

2 Research method

2.1 Experimental setup

To carry out the research, a small-scale Gable—even span greenhouse 
dryer—is constructed at the King Faisal University Training and Research 
Station (latitude 25.4oN, longitude 49.6°E, and altitude 142 m above sea 
level). The dryer was covered with a transparent polyethylene plastic film 
designed for the determination of heat transfer coefficient (convection) 
during drying in the greenhouse. The greenhouse bottom surface was 
covered with PVC to decrease the heat loss through the ground. The 
dimensions of the greenhouse dryer were a height of 0.40 (cm), a length of 
1.20(cm), and width of 0.80(cm), the greenhouse floor was covered with 
PVC to decrease the heat loss through the ground, and this dimensions of 
dryer is in line with Jain and Tiwari (2004). The roof of the greenhouse was 
sloped at 25° as that of the latitude of the place (i.e., 25.4° of Al-Ahsa) for 
maximum trapping of solar rays. The greenhouse orientation was north–
south during the experiment. The drying tray is made of black wire mesh 
for absorbing maximum solar radiations with an effective area of 20 × 20 
(cm2) used to dry potatoes. For the air entrance inside the dryer, circular 
holes of diameter 25 (cm) are provided on the greenhouse roof over the tray 
position. One AC exhaust fan of 14.2 × 39.4 × 38.2 (cm) and 2,400 (rpm), 
3 speed control and 20 (W), is provided in the upper side portion of north 
wall of the dryer for removing the air in forced convection mode. Other 
parameters were set the same as for the inclined roof greenhouse dryer. The 
drying procedure was performed in three different modes: open sun 
drying, simple greenhouse dryer, and modified greenhouse dryer under 
forced convection (active mode). Figures 1, 2 show the experimental setup 
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FIGURE 2

Experimental setup.

and instruments used and the tools used. There were nine replications for 
each design with six treatments. Ambient parameters were solar radiation, 
temperature, relative humidity, wind speed, product temperature, and heat 
transfer coefficient (hc).

2.2 Instruments used

A digital balance was used to measure the potato weight 
before drying and after drying. The environmental parameters 
affected by the drying process were measured using the relevant 
instruments: A pyranometer was used to measure solar radiation 
(W/m 2) on a horizontal surface; the temperature was measured 

by digital temperature indicators; relative humidity (%) outside 
and inside the setup were measured using Amprobe THWD-3; an 
airflow meter/Hot Wire anemometer was used to measure the 
airflow rate and wind speed of the dryer. The experimental 
records were taken from 7 a.m. at every hour of continuous 
drying, and the drying process was repeated 4–5 times.

2.3 Products

Fresh potatoes of 500 g were procured from the local market of 
Al-Ahsa, KSA. Then, all fresh potatoes were washed by water to 
remove the soil and dirt from the skin of the potatoes. After that, they 

FIGURE 1

Arrangement of different modes dryer (FGD, NGD, and OSD).
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were cut into a thin layer of 15 mm thickness. Equal quantity of potato 
flakes was kept on the wire mesh dryers. The initial humidity ranged 
between 78 and 89%.

2.4 Drying procedure

The drying of potato flakes is performed in open sun drying, 
simple greenhouse dryer, and modified greenhouse dryer under 
forced convection modes. The experiment is performed between 
7 am and 5 pm, and this time was chosen because the amount of 
solar radiation is high to benefit from in removing moisture and 
activating the drying process and the dryer in June 2023. The 
dryer is kept on the ground which is far from the shade of the 
buildings and trees. All the experimental observation is carried 
out on hourly basis, and the drying process was repeated 4–5 
times. The temperature of the product rises through the sunlight 
falling through the greenhouse cover dried on it in drying trays, 
as it absorbs part of it and is responsible for heating and raising 
the temperature of the product, helps in the evaporation of 
moisture from it, and raises the temperature of the greenhouse 
through forced convection, and the remaining part of the rays 
is reflected. Microsoft Excel was used to calculate the thermal 
performance of solar dryers using the previous equations as well 
as a data set containing fixed parameters (Table 1). The data 
were measured, stored in microcomputer files, and statistically 
analyzed using Excel, and a significance level of 0.05 has 
traditionally been accepted as the minimum level of significance. 
If levels higher than significance were found, these values were 
included in the text (p ≤ 0.01 and p ≤ 0.001).

3 Mathematical modeling

3.1 Determination of convective mass heat 
transfer coefficient

Under natural convection coefficient (hc) by Eq. (1) (Tiwari, 2003).

 
hc Kv

X
C Gr n= ( )Pr

 
(1)

where Gr and Pr are Grashof and Prandtl numbers, and C and n 
are constant to be determined. Kv and X are thermal conductivity of 
vapor characteristic length. The rate of heat to evaporate moisture is 
given as follows:

 qe hc P Tc P Tc= ( ) − ( ) 0 016. γ  (2)

where P and γ are partial vapor pressure and relative humidity.
The convective heat transfer coefficient shows an overprediction 

of 16% if the experiment is vortexed. The deviation between the 
experimental results and the model is larger at higher operating 
temperatures. Jamil and Akhtar (2017) reported a 30% increase in 
prediction compared to their experiments. In other studies, different 
values have been proposed for the constant values in the Eq. (3). To 
improve the accuracy of estimates, the modeling method relies on a 
set of mathematical equations that explain the drying process and the 
energy that controls and regulates the operation of the dryer. The main 
goal of modeling is to search for the best method and operating 
conditions for drying the desired product. The application of modeling 
is known as a very valuable and useful tool to predict the performance 
of the drying system and the drying behavior of agricultural products 
under different conditions (Daliran et al., 2023).

From Eqs 1, 2.

 
q K

X
C Gr p T P Te

v n
c e= ( ) ( ) − ( )0 016. Pr [ γ

 
(3)

The moisture evaporated Is calculated By dividing Eq. (3) By 
latent heat of vaporization(λ) and multiplying area of The tray (At) and 
time interval (t).

 

M q A t Kv
X
C Gr P T p T

A t RC GrPR

ev
e
t

n
c e

t
n

= = ( ) ( ) − ( ) 

= ( )
λ λ

γ0 016. Pr

 
(4)

where: R K
X

P T P T tAv
c c t= ( ) − ( ) 0 016.

λ
γ

 
M
R

C Grev n= ( )Pr
 

(5)

 γ == +mX Co o

The convective mass heat transfers under forced convection

TABLE 1 Constants and input values of crop and fan parameters were 
used of mass and heat transfer models.

Parameters Values Parameters Values

Ca 1,053 J/kg °C T 3,600 s

Cd 0.512 V 1.5 m/s

g 9.81 m/s αg 0.6

hb, hgr 6.2–7.86 W/m2 °C λ 2.26x106J/kg

hw 5.7–3.8v W/m2 °C ɛ 0.9

Mc 0.500 kg σ 5.67×10−8W/m2k4

N 60 τ 0.9

Fn 0.5 Fc 0.15

Fs 0.2

R1 397.52

R2 −7926.92 h 1 m

K1 38.3583 b 2 m

K2 −0.905 I 3 m

A1 −0.9334 tfan 10 h

A2 0.0636 PF 0.9

ƞfan 0.87

∆Pfan 0.5i nhes of water 

column
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hc K

X
C R Pv

e r
h= ) )
 

(6)

where (Re) is Reynolds number.

 
Y M

R
m nev= 





=ln , ,

 X R P C C and C ee r
c

0 0
0= [ ] = =ln , ln  (7)

The Equations from (1, 7), evaluate the values of Transfer 
coefficient under convection and forced mode from some Parameters 
such as moisture evaporation rate, crop temperature, relative humidity, 
and temperature above the crop surface are known then the values of 
(Y) and (X0) can be computed to put into the liner from find out the 
(m) and (C0) now the m and (C0) give the values of n and C, then to 
calculating the physical properties of humid air such as specific heat 
(Cv), thermal conductivity (Kv) density (pv) and dynamic viscosity (μv) 
and the partial vapor pressure (P), and V(a) and (Ti) was taken as mean 
of the average crop temperature (Tc) and average temperature just 
above the crop Surface (Tc or Tr) to obtain the physical properties of 
humid air. Exponential curve fitting (two-term) has been used to do 
regression analysis on a number of mathematical models for thin-layer 
solar drying in the following ways: The convective mass transfer 
coefficient determines the drying time (T in hours).

 h A K T A K Tc = ( ) + ( )1 1 2 2exp exp  (8)

These formulas were used to compute the constants (A1, A2, K1, 
and K2). Using Eq. (8), it was possible to estimate the relationship 
between the convective heat transfer coefficient and drying time. The 
correlation coefficient and the mean square of the variation together 
determine the quality of fit (Yaldiz et al., 2001). A1 and A2 are the 
constants, while K1 and K2 are the expression coefficients whose values 
for the selected product (potatoes) for drying in the greenhouse under 
forced convection mode are obtained from the literature (Jain and 
Tiwari, 2004) and are shown in Table 1.

The average crop temperature (Tc) and the temperature above the 
surface of the crop (Tc or Tr) for the crop inside the greenhouses were 
calculated hourly for evaporated moisture. The physical 
characteristics of moist air were estimated for the average temperature 
(Tc and Te or Tr), while the C and n values were derived using a linear 
regression technique at increasing monitoring times. The hc values 
were then determined at the appropriate drying hours. The computer 
program was set up in Excel 2016 and used a two-term exponential 
curve model to fit the time variations in the convective heat transfer 
coefficient during the experiments. The correlation coefficient and 
the mean square deviation of the experimental hc over the expected 
were calculated to fit the model.

3.2 Exponential curve

A two-term exponential curve was used to fit the experimental 
heat transfer coefficient as a function of the drying time (h); the 

equation and R2 as well as the mean square of deviation X2 showed that 
the model was well fit (r = 0.99 in most of the cases). However, the 
more deviation observed in the case of GHD natural convection and 
GHD forced convection were within experimental error.

3.3 Determination of experimental error

The determination of the experimental error was based on the 
percent uncertainty (external and internal) for the rate of moisture 
evaporation (which is the most sensitive parameter).

3.4 Internal uncertainty

The percentage of internal uncertainty has been determined for 
all the modes of drying using Eq. 3.9.2.

3.5 External uncertainty

External uncertainty has been calculated by considering the least 
count of instruments used in taking observation. Therefore, the 
possibility of errors in taking measurements of crop and air 
temperature, air relative humidity, and weight of moisture evaporated 
has been considered. So, the external uncertainty may be as follows:

% Error measuring crop temperature = 0.523%, Error measuring 
air temperature = 0.134%, Error measuring air relative humidity 
=0.121%, Error measuring moisture evaporated =0.143%, Total 
percent external uncertainty = 0.9%. Similarly, the percentage 
uncertainties of experiments with different modes of drying for 
potatoes have been evaluated and are given in Table 2.

4 Thermal model

4.1 Basic assumptions and energy balance

To evaluate the mass transfer for moist air and to develop the 
thermal model, the following assumptions have been made for 
predicting the crop temperature and moisture evaporation during 
greenhouse drying under forced and natural modes, as well as during 
open sun drying mode:

 i Thin-layer drying (Potato crop).
 ii Surface area of crop.
 iii Heat capacity of the cover is neglected.
 iv The greenhouse is east–west oriented.

4.2 For moisture evaporation

 

α

λ

c t c e t c c

e a t c c

I t A hce T T A h P T

cP T T A M C dT
dt

( ) − −( ) − ( )

− −( ) =

0 016. [

 
(9)

where I(t) is solar energy falling on the crop, At is the trays’ area, 
αc is the crops’ absorptivity, Tc, Te, and Ta are the temperature of the 
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crop, moist air above the crop, and air, Mc and Cc are mass and specific 
heat of crop, hce, hc, and hb are the total convective and relative heat 
transfer from crop to moist air. An overall bottom heat transfer 
coefficient from crop to ambient through tray (λe) is relative humidity 
between crop and moist air.

4.3 For moist air above the crop

 

h T T A h P Tc P T

A h T T A
ce c e t c c e

t w e a t

−( ) + ( ) − ( ) 
= −( )

0 016. γ

 (10)

where hw is the total convective and radiative heat transfer 
coefficient from moist air to ambient air. A higher value of the 
convective heat transfer coefficient (hc) indicates faster evaporation 
of moisture and is one of the important parameters that determine 
the rate of heat transfer and mass of the dried crop and the 
moisture rate in the dried crop, as it varies from one crop to 
another, as well as with the drying method. These differences were 
obtained when measuring the hourly convective heat transfer rate 
of potatoes from a two-term exponential expression (Jain and 
Tiwari, 2004).

4.4 For moisture evaporated

  
M h P T P T A tev c c e t= ( ) − ( )0 016. [

λ
γ

  
(11)

where λ = 2.24×106 is the latent heat of evaporation, and t is the 
time in seconds.

The solar drying temperature ranges between 25 and 55°C; hence, 
the partial vapor pressure can be expressed linearly as follows:

  P T R T R( ) = +1 2 (12)

where R1 and R2 are constants derived from the linear regression 
analysis. From the recorded values of hourly solar energy intensity on 
a horizontal plane and with the help of Liu and Jordan’s equation, the 
average hourly solar radiation intensity over the north and south 
canopy of the greenhouse (Ii) was calculated. ∑IiAiτi represents the 
amount of solar radiation per hour transmitted through the 
greenhouse cover. Fn refers to the fraction of solar radiation lost 
through the north wall of the greenhouse, while Fs is the fraction of 
solar radiation blocked due to nearby structural obstacles. The term 
Fc represents the proportion of solar radiation received by the dried 
crop, while αc represents the absorption capacity of the dried crop. 

The values of Fn, Fc, and αc were obtained from the literature (Tiwari, 
2003) and are presented in the Eq. (13) and Table 1.

 

h T T h R T R h
R Te R h T T
ce c e c c c e

w e a

−( ) + +( ) −
+( ) = −( )

0 016 0 0161 2

1 2

. [ . γ

 (13)

 
T

h h R T R h h T
h h Re

ce c c c e w c

ce c e
=

+ + −( )  +

+

0 016 0 016 1

0 016

1 2. ) .

.

γ

γ 11 + hw  
(14)

 
M h R T R R T R A tev

c
c e e t= +( ) − +( ) 0 016 1 2 1 2.

λ
γ

 
(15)

4.5 Crop surface

 

(
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where Fn is the solar function for the north canopy cover, Fc is the 
function of incidence solar radiation on the crop, and αc is the 
absorptivity of the crop.

LHS is the rate of thermal energy on the surface of the product, 
while RHS in the first term is the rate of thermal energy stored in the 
product, the second term is the rate of thermal energy lost due to 
convection, and the third term is the rate of thermal energy lost as a 
result of moisture evaporation. Convection heat transfer coefficient 
(hc) it determines the rate of heat and mass transfer of product. 
Depending on the moisture content in the product. But it varies from 
one product to another, as well as the drying method. If its value is 
high, it indicates that moisture evaporates faster. Hourly variations in 
potato convective heat transfer were measured from a two-term 
exponential expression (Brewster and Li, 2020).

4.6 Ground surface

1 1 1 0−( ) −( ) −( ) ∑ = −( )
+ −( ) −( )
F F Fs I A h T T

A h T T A A
n c g i i i gh g

g g g r g t

α τ

 (17)

where hgb represents the total bottom heat transfer coefficient 
from the floor of the greenhouse to the ground at large depth, and T0 
and hg represent the overall heat transfer coefficient from the floor of 

TABLE 2 Experimental percent for potato under different mode of drying.

Mode of drying Potato drying

internal uncertainly% external uncertainly% Total un-certainly%

Open sun drying 63.52 0.7 64.33

Greenhouse natural mode drying 55.64 0.7 56.23

Greenhouse forced mode drying 63.55 0.7 64.37
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the greenhouse to the greenhouse room air. Ag is the area of the 
ground floor and also represents the ratio of latent heat to heat, that 
is, the heat lost in the ground to the heat received on the surface of 
the ground due to convection and radiation (Kanti and 
Ganguly, 2016).

4.7 Greenhouse chamber
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(18)

The diffusion coefficient and the variation in partial pressure 
were used to account for variations in the greenhouse chamber’s air 
and temperature. In Eq. (17), the first term represents the thermal 
energy rate in the greenhouse air, the second term represents the rate 
of received thermal energy (convection) from the dried crop, the 
third term represents the rate of received thermal energy due to 
moisture escape from the crop, and the fourth term represents the 
rate of received thermal energy from the dried crop due to convection, 
which are all representations of latent heat. Owing to radiation and 
convection, the earth receives thermal energy. The latent heat rate is 
divided into two terms: the total heat loss rate from the greenhouse 
air to the surrounding air and the rate of heat energy loss from the 
greenhouse air to the surrounding air due to forced convection.
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(19)

Equations (12, 18, 19) were used to determine the greenhouse air 
temperature under forced convection which can be  given by the 
following equation:
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The first term in the LHS is the rate of heat energy in the 
greenhouse air, the second term is the rate of heat energy from the 
product due to convection, the third term to the rate of heat 
energy is the evaporation of moisture from the product, and the 
fourth term is the rate of heat energy radiated from the ground 
due to convection and radiation. In RHS, the first term is the rate 
of heat energy lost from greenhouse air to ambient air due to 
forced convection, while the second term refers to the total heat 
loss rate from greenhouse air to ambient air (Sarbu and 
Sebarchievici, 2018).

Where:

 I F F F I Aeffc n c c c i i= −( ) ∑1 α τ  (22)

 I F F I AeffG n c g i i i= −( ) −( ) ∑1 1 α τ  (23)

 I F F I AeffR n c g i i i= −( ) −( ) −( )∑1 1 1 α τ  (24)
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Equation (26) arranged below results from the assumption that 
the temperature of the Earth’s interior (T∞) is the same as the ambient 
air temperature (Ta) (Tiwari, 2003).
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Equation (26) determines to predict the crop drying temperature, 
which can be represented as follows:
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where
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(29)

The moisture evaporation rate can be determined from Eq. (29) 
after crop temperature was determined. From Eq.  28, Tco is 
determined for the initial product temperature at the beginning of 
the drying process (t = 0) and f(t) is the same as the average value of 
f(t) during the specified time period. Jain and Tiwari (2004) found 
that the initial temperature of the crop is lower than the greenhouse 
air temperature. In the present study, this was assumed to be 2°C 
lower than the greenhouse air temperature. The values of the different 
parameters used in the thermal model are given in Table  1. The 
difference in vapor pressure between the crop and the surrounding 
air in the greenhouse determines the moisture evaporation rate; it can 
be expressed as follows:
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The expression of coefficient of diffusion under natural mode is 
as follows:
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Energy balance for greenhouse drying under forced mode is 
as follows:
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From linear regression, the partial vapor pressure at Tr and Ta was 
estimated from Eq. (12), and then Eq. (32) was solved to determine 
the greenhouse room temperature by assuming the initial value of the 
crop temperature, such as follows:
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From the ventilation rate and pressure drop, the estimated 
theoretical power of induced draft fans (Pfan) can be  estimated as 
shown in Ganguly and Ghosh (2009).
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where.
ΔPfan is the pressure drop across the fan, and ηfan is the drive 

efficiency of the fans. Fan operation and daily electrical energy 
consumed (Ah) is given by Ganguly and Ghosh (2009).
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where tfan is the daily designed duty hour of fan operation (i.e., the 
drying period). PF is the power factor of AC load, and Vsystem is the 
system voltage of the PV array shown in Table 1.

5 Economic model of the proposed 
greenhouse dryer

The capital invested in drying technology in greenhouses is not 
economical, whether in terms of initial cost or operating cost. It is 
important that the cost of drying is low so that entrepreneurs and 
emerging small companies can achieve profits. Therefore, from a 
commercial point of view, the economic feasibility of the proposed 
greenhouse dryer must be  justified. To establish the yearly cost 
method in terms of the payback period for the greenhouse dryer, the 
cost analysis of the proposed greenhouse dryer is described in this 
part. It is based on the payback period, operating cost, life of the 
dryer, and its salvage value. The present net value of the designed 
dryer in this study can be  given as follows (Barnwal and 
Tiwari, 2008):
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(37)

In (Equation 37), Pi is the initial investment cost of the greenhouse 
dryer which is calculated from the different components and 
presented in Table 1. ‘n’ is the expected life of the dryer which is 
presumed to be 20 years. Rm is the annual maintenance cost, which is 
1% of the initial investment cost. The term Rp refers to the replacement 
cost which includes the cost of replacing the UV-protected 
polyethylene sheets, while “i” is the payable interest rate to any 
financial institution and the money was borrowed from De and 
Ganguly (2016).

The present net value can equally be given in terms of annual cash 
flow and payback period as follows (Barnwal and Tiwari, 2008).
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(38)

In Eq. (38), CF expresses the net cash flow generated at the 
end of each operating year. It is assumed that the costs for the raw 
product (fresh potatoes) and the dried product (dried potatoes) 
are (US$)1.25/(kg) and (US$)0.353/(kg), respectively, in the local 
market. It was found that approximately 6 kg of dried potatoes 
per day can be obtained from 10 kg of fresh potatoes. So, the cash 
flow is ($)1.622/(day). If the greenhouse dryer is kept in operation 
for 310 days per year, the annual cash flow is ($)784.92. The 
payback period (np) can be expressed as follows (Barnwal and 
Tiwari, 2008):
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Table 3 represents the cost of greenhouse dryer.
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6 Results and discussion

6.1 Variation of different parameters with 
time of the day and different dryer modes

There are many ambient factors that play a fundamental role and 
have a major impact on the drying process of any type of dryer. These 
factors include the intensity of solar radiation, the ambient air 
temperature, as well as the temperature inside the dryers, the air 
speed, meaning the amount of air flow, as well as moisture content and 
the geometric characteristics of the dryers, because these parameters 
are involved in evaluating the efficiency and performance of dryers 
and the thermal model of the solar greenhouse.

Regarding to Amer and Albaloushi (2019) during the drying 
period, the intensity of solar radiation, temperature, and humidity 
change, the air speed is constantly changing with sunlight, and the 
moisture content and drying rate of agricultural products also varies 
constantly with time. The rate of their decrease depends on weather 
conditions, and it is important to take these factors into consideration 
because they affect the quality of the solar dryer.

Figure 3 mentions that during the experimental period, the sky 
was clear and there were no clouds, and the daily average of solar 
radiation energy was 5,731(kWh). These rays are considered the 
source of energy for drying inside the greenhouse and have a 
significant impact on the drying process. As the radiation increases, 
the air temperature increases, reaching 52(C°) in the FGD. It reached 
46(C°) in NGD, while the OSD was 38(C°). Based on the data from 
the greenhouse, the temperature rose by 15.3(C°), which led to a 
decrease in the humidity percentage to 37.7(%) and the abscess by 
11.4(%). There are differences and variations in the amount of solar 
radiation during the daylight hours as the maximum temperature 
reached at 1(pm). This confirms that the temperature of the 
greenhouse air from the outside contributed significantly to the drying 
process, although it was slow in the beginning due to the high initial 
humidity, and over time, with the rise in sunlight and temperature, the 
drying process increased due to the presence of the direct relationship 
between the change in temperature and solar radiation. This result 
agrees with Purusothaman and Valarmathi (2021) who reported that 

increasing the intensity and amount of solar radiation falling on the 
dryers leads to an increase in the temperature inside the dryer, which 
leads to rapid removal of moisture from the products inside the dryer.

Tables 4, 5 and Figure 4 are also showing data for the product to 
be dried as well as the greenhouse and predict the hourly values of 
the product temperature, greenhouse air temperature, and convective 
heat transfer coefficient during the drying period. The warm 
temperature ranged from 52(°C) to a maximum of 55(°C) at 1(pm). 
The FGD temperature ranges from 52 to 55(°C), and the NGD 
temperature ranges from 45(°C) to 48(°C). Ambient temperatures 
range from 39 to 42(°C). Initially, the drying process was low due to 
the product containing a high degree of moisture, and the drying 
process gradually began to increase due to the continuous removal of 
moisture from the product. This resulted in the line with the previous 
study (Kondori and Saravia, 1998; Jimoh et al., 2023) who conducted 
some analytical tests to study the moisture content in dried red 
pepper in greenhouses using two different methods of forced 
convection and simulation using a drying chamber. The results 
showed significant improvement in drying efficiency, that is, 90% 
(Ndirangu et al., 2020) The temperature changes with solar radiation 
over time. It was observed that the average temperature is during the 
first 5 h of drying. The temperature changes increase with the increase 
in solar radiation and also decrease with the decrease in solar 

TABLE 3 Cost of greenhouse dryer.

Items Quantity Cost (US$)

Polyethylene sheet 10m2 20$

Exhaust fan 3 60

Charge 4 60

balance 1 15

pipe 3 15$

Miscellaneous (wire mesh trays, wiring, etc. 3x 10$

Total 180$

1$ = 3.75 RS.
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Variation of solar radiation with time of the day.
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radiation. It was also found that sunlight has a direct effect on the 
temperatures of the dryers.

6.2 Variation of relative humidity with time 
of the day and different dryer modes

Figure 5 shows the variation in relative humidity value over 
time. The relative humidity of the air ranged from 38 to 24(%), the 
NGD dryer ranged from 35 to 20.1(%), and the FGD dryer ranged 
from 32.1 to 19.4(%). It turns out that the relative humidity within 
the FGD area is lower than that of NGD, and the atmospheric 
relative humidity is considered a suitable condition for drying the 
crop with NGD and open sun. As a result of the decrease in density, 
the hot air moves upward. In FGD, the humid air is on the upper 
side, where the extractor fans constantly draw it in and remove it. 
The relative humidity inside the NGD area is lower than the outside 
relative humidity, but it is higher than the FGD, and because there 
is no fan to be able to remove the humid air, this result is consistent 
with Almuhanna (2012). To validate the refractory model, 
parameters listed in Table  1 are used. Figure  5 shows hourly 

changes in product temperature and greenhouse air temperature, 
and they reached their maximum values approximately 1 (pm). It 
was also noted that the rate of increase in the temperature of the 
greenhouse air is higher than the temperature of the product. This 
is due to the loss of heat (in the form of latent heat) from the 
product due to the evaporation of moisture. Thus, the temperature 
difference between the product and the greenhouse air increases. 
As the rate of moisture evaporation from the product decreases, 
the temperature difference is also significantly reduced, which is 
observed during the late afternoon hours. This result agrees with 
Sahu et al. (2024).

Figure 6 shows the change in wind speed over time because it has 
an important role in drying potato chips. It was observed that at a 
speed from 1 to 2.5 (m/s) at 1 (pm), the wind speed and solar 
radiation are at the highest value. At this speed, the ambient 
temperature of the NGD and FGD dryer decreased slightly. There is 
also a slight decrease in relative humidity. It was found that the 
ambient temperature was highest at 1 (pm), and the wind speed at 
that time was quite low, that is, 1.2 (m/s). The internal space of FGD 
for drying crops is a little big compared to NGD due to the slope of 
the roof and the presence of the extractor fan. So, the air is circulated 

TABLE 4 Temperature of product and moisture content under open sun drying and natural convection greenhouse drying.

Drying 
Time(h)

T(C°) Open sun drying Natural greenhouse drying

Tc(C°) Te(C°) γ(%) Mev(g) Tc(C°) Tr(C°) γ(%) Mev(g)

1 31 30.7 34 66 38.4 30 32 73 31.3

2 32 33 36.7 67.9 41 33 33.2 66.6 33.5

3 34 35 35.9 64 38.4 38 37 67.6 34

4 35.8 38.9 37 64.3 27 39.4 37.2 65.4 30

5 36.3 42 36.8 69 20 42 39.6 55 25

6 37.6 40 36.6 55 15 43 38 54.5 21.6

7 39.5 38.4 39 56.8 9.3 44.8 38.7 51 14.9

8 39.8 35 37 67 4.7 40 33 60.9 11.8

9 36 35 35 65.4 3.3 39.3 33.6 64 5.8

10 33 34 35.5 68 1 35 32 66 3.2

TABLE 5 Temperature of product and moisture content under open sun drying and forced convection greenhouse drying.

Drying 
Time(h)

T(C°) Open sun drying Forced greenhouse drying

Tc(C°) Te(C°) γ(%) Mev(g) Tc(C°) Tr(C°) γ(%) Mev(g)

1 31 30.7 34 66 38.4 30 32 73 31.3

2 32 33 36.7 67.9 41 33 33.2 66.6 33.5

3 34 35 35.9 64 38.4 38 37 67.6 34

4 35.8 38.9 37 64.3 27 39.4 37.2 65.4 30

5 36.3 42 36.8 69 20 42 39.6 55 25

6 37.6 40 36.6 55 15 43 38 54.5 21.6

7 39.5 38.4 39 56.8 9.3 44.8 38.7 51 14.9

8 39.8 35 37 67 4.7 40 33 60.9 11.8

9 36 35 35 65.4 3.3 39.3 33.6 64 5.8

10 33 34 35.5 68 1 35 32 66 3
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inside. It is also noted that the relative humidity increases with 
increasing wind speed, then decreases in temperature, and decreases 
with decreasing wind speed and increasing temperature. Temperature 
with lower relative humidity is a suitable condition for drying any 
type of crop which is achieved with FGD compared to NGD and 
drying in the OSD. This result agrees with Abuelnuor et al. (2023) 
who reported that the use of fans enhances the drying process; if the 
air flow inside the tunnel dryer increases greenhouse type with a 
certain rate, the drying rate can be  increased by approximately 
12–13(%), and if the flow rate increases above a certain rate, it has no 
positive effect on the drying process. Air flow is achieved with the 
help of fans. If the air speed is constant, it leads to an increase in 
temperature and a decrease in energy consumption and drying time 
(Kaveh et al., 2021).

Figure  7 shows the variation of the convective heat transfer 
coefficient (hc) of the product with time of day. It was found that there 
was a decrease in the heat transfer coefficient by convection with time, 
and the value of the heat transfer coefficient by convection reached 
approximately 36 (W/m2) at the beginning of the drying process in the 
morning at 7(am), and it gradually decreased to approximately 13 (W/
m2) at the end of drying at 5(pm). This is due to the dependence of the 
convective heat transfer coefficient on the instantaneous value of the 

moisture content in the product and also because the surface of the 
product contains a high percentage of moisture at the beginning of the 
drying period, which gradually decreases as the drying process 
continues. Therefore, the value of the convective heat transfer 
coefficient of the product gradually decreases.

Figure  8 shows the change in moisture evaporated from the 
product every hour of the day during the drying process. The value of 
moisture evaporated from the product was approximately 100 gm at 
the beginning of the drying process at 1(pm). With the rate of 
moisture evaporation increasing as drying continued, the maximum 
value reached approximately 320(gm) at 1(pm), and then, it began to 
decrease because the rate of moisture evaporation from the product at 
any time depends on Initial product humidity, absorbed solar 
radiation, ambient conditions, and air speed as stated by De and 
Ganguly (2016); in such an experiment, the speed of the air flowing 
over the product must be constant during the drying process. It is also 
found that maximum moisture removal occurs in the first 6 to 7 h of 
drying. This drying period falls within the fixed rate of drying 
classification. The amount of moisture evaporated from the product 
during the drying period is also evaluated on an hourly basis. As 
shown in Figure 5, there is a large variation in product temperature 
during open solar drying OSD and natural convection drying NGD 
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in the greenhouse due to the high initial moisture content and the 
moisture evaporation (Mev). Equation (4) mentions the wet surface of 
the product because the rate of moisture evaporation is constant, and 
since hc is a function of Mev, this period is the minimum constant 
drying rate. This means that the maximum rate of moisture 
evaporation occurred in the first 6 h from the beginning of drying. 
This result is consistent with the previous study (Sahu et al., 2016; 
Pringal et al., 2024).

6.3 Economic model of the proposed 
greenhouse dryer

Effect of interest rate on the payback period of the proposed 
greenhouse dryer for a given value of total cost It was found that there is 
an increase in the payback period of the dryer from 5.7 years to 15 years 
with an increase in the interest rate from 5 to 13 (%). It turns out that as 
the interest rate increases, the net present value of the dryer decreases 
significantly. This result is in line with De and Ganguly (2016).

7 Conclusion

In this research, three models were designed, and their 
performance was evaluated for drying potatoes in a greenhouse 
under an open sun dryer and natural and forced convection to 
predict the product temperature, the greenhouse air temperature, 
and the convective heat transfer coefficient. The importance of the 
convective heat transfer coefficient lies in the speed and movement 
of drying, due to the difference in temperature of the air and the 
product to be dried. Finally, an economic analysis of the dryer was 
performed to estimate the payback period. The results were 
as follows:

 1 At the beginning of drying, the value of the convective heat 
transfer coefficient was higher compared to the end of drying, 
and the first 10 h of drying are considered the maximum for 
moisture removal.

 2 The maximum temperatures in FGD, NGD, and OSD are 
55(C°), 45, and 39(C°), respectively.
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 3 The maximum temperature of potato slice was 52 (°C) which 
is in FGD whereas in NGD, OSD with value of 19.4 (%) and 
20.1 (%) respectively. NGD is suitable for high moisture 
content crops because relative humidity can be maintained by 
exhaust fan.

 4 The drying in FDG is found to be faster as compared to NGD 
and OSD.

 5 The initial moisture content of the product was 89(%)  
and the final moisture content removed was 82.1(%)  
in the FGD and 80(%) and 73(%) in NGD and OSD,  
respectively.

 6 Based on the economic analysis, it was found that the total cost 
of manufacturing greenhouse dryers is not high, which 
encourages community members, businessmen, and small 
farmers to adopt it and calculate the payback period for 
the dryer.

 7 The correlation coefficient values ranged from 0.95 to 0.52 
for yield and protected room air temperature and from 0.99 
to 0.96 for moisture evaporation rate, indicating that the 
values obtained were well matched.

The current study focuses on analyzing the thermal model and 
testing the solar dryer in a specific environment. Several 
recommendations for future studies are given as follows:

 1 The solar photovoltaic system to operate the dryer must 
be designed to make greater use of the sun’s energy, in addition 
to introducing modern renewable energy technologies.

 2 Increasing the area of the dryer by increasing the dimensions 
of the dryer, thus increasing the amount of dried product and 
diversifying the types of dried crops

 3 Develop, design, and study a mathematical model for 
economic analysis to calculate the annual interest rate because 
it has a significant impact on the payback period of the dryer 
and the interest rate.

 4 Conducting studies in which several techniques are used to 
analyze the quality of the dried product, such as change in 
color, appearance, nutritional content, texture analysis, 
structure analysis, sensory evaluation, statistical analysis, and 
how to avoid unwanted effects.

Strength of research

Analyzing mathematical models of dryers to evaluate their 
performances helps in determining how dryers work better, more 
effectively, and with less cost and effort. Encouraging the adoption of 
this type of technology contributes more in reducing food loss during 
harvest and after harvest, and even in the markets and points of sale, 
as well as for the individual. It contributes more to food security and 
environmental sustainability.
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