
Chapter 12 
Applications of Solar Energy 
for Enhancing Sustainable Food 
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Abstract The population is increasing worldwide and is expected to surpass 9 billion 
individuals by 2050, and at the same time, the global demand for food will increase 
dramatically and this will affect food security, which will negatively affect sustain-
able development. Recent developments in urbanization and Agricultural industri-
alization exerted pressure on agriculture, which played a crucial role in meeting 
the worldwide food demand. Adapting new and efficient methods for the sustain-
able agri-food sector is more crucial. The supply chain of agri-food mostly depends 
on fossil fuels which contribute to global warming and greenhouse gas emissions 
(GHGE). Several scenarios or strategies have been applied to minimize the GHGE 
by replacing renewable energy sources instead of fossil fuels. The utilization of solar 
energy technology is presently growing and has the potential to be incorporated into 
various agricultural industrialization activities. This has the ability to provide an alter-
native and sustainable solution in comparison to current practices. The aim of using 
solar energy advancements in the sustainable food industry is to help both society 
and agricultural communities in different areas and sizes improve their productivity 
and sustainability. This chapter addresses typical problems by introducing recent 
solar energy technologies that are utilized in drying systems, greenhouse cultivation, 
solar heating and solar refrigeration. The purpose of this chapter is to act as a guide
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for scientists, engineers, and stakeholders who are dedicated to sustainability and are 
involved in projects concerning food security, energy, and climate change. Applying 
solar-based agriculture projects in Saudi Arabia, outlining the key challenges and 
benefits, and presenting them will bridge the gap in knowledge between producers 
and researchers in the field. 

Keywords Sustainability · Fruits and vegetables · Greenhouse · Solar drying ·
Solar cooling · Photovoltaic 

1 Introduction 

It is important to monitor and decrease food waste during all stages of harvesting, 
handling, promotion, and distribution in order to guarantee sufficient access to food 
for the increasing global population. Improper handling procedures and storage facil-
ities can cause the overall quality of food items to decrease. As a result of these issues, 
many developing countries experience significant losses in agricultural food produc-
tion and related items. Postharvest losses in vegetables and fruits are estimated to 
account for 30% to 40% of the total production, significantly contributing to the rise 
in agricultural product prices (El-Sebaii and Shalaby 2022; Nukulwar and Tungikar 
2021). 

The intricate process of drying, which includes the exchange of mass and heat, is 
one of the primary methods employed to preserve agricultural produce. It requires a 
higher rate of energy, and as a result, scientists have undertaken extensive research 
to increase energy efficiency, accelerate the drying process, and maintain product 
quality. In recent times, the popularity of solar-powered dryers has increased because 
solar energy is an inexpensive and readily available source of power. Methods for 
storing thermal energy can enhance the dependability of solar energy for drying, 
allowing the utilization of stored energy when there is no solar exposure. Never-
theless, these experiments have incurred significant expenses due to the intricacy of 
every step involved in the solar drying process. 

Multiple studies have supported utilizing advanced computer simulation tools 
to tackle this issue. These researches have yielded positive results and shown the 
efficiency of these techniques in various solar dryers. Hence, our objective in this 
chapter is to introduce parameters, examine different dryer types, and emphasize the 
significance and tactics for thermal energy storage (Barbosa et al. 2023). 

The greenhouse industry is regarded as a sector that consumes a significant amount 
of energy and depends on fossil fuels, resulting in significant emissions of greenhouse 
gases (GHGs). Since the early 1960s, the global population has doubled and is 
projected to reach 9.8 billion by the year 2050. The worldwide problem of “Food 
Security,” which is regarded as one of the most important sustainability factors, is 
made worse by this increase. Despite the fact that undernourishment is declining 
globally, hunger rates have been rising since 2014. Consequently, the number of 
individuals suffering from undernourishment grew from 784 million in 2015 to 821
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million in 2017. Investments in the agricultural industry are required to provide 
food security, combat global hunger, and eradicate poverty. (Gorjian et al. 2020d; 
United Nations 2019). The “World Food Summit” (WFS) provided a comprehensive 
definition of food security in 1996, which was widely acknowledged as the following 
(Hassanien et al. 2016): “Food security is a situation in which all people, at all times, 
have physical, social and economic access to sufficient, safe and nutritious food 
which meets their dietary needs and food preferences for an active and healthy life”. 

Based on the latest information from FAO in 2019, food systems globally use 
approximately 30% of the total energy utilized worldwide. Additionally, Around 19– 
29% of the annual greenhouse gas (GHG) emissions are caused by these systems’ 
excessive reliance on fossil fuels. Agricultural greenhouse energy use has recently 
become a problem due to the increasing energy prices and environmental issues 
associated with the use of traditional energy sources. In order to lessen the reliance 
of greenhouses on non-renewable energy sources, the quest for alternate and clean 
energy sources as well as energy-saving technologies has been greatly encouraged 
(Marcelis and Heuvelink 2019). 

Ensuring access to sufficient food is a difficult task in developing countries, even 
though there is a large amount of food being produced. This challenge may be 
due to significant losses that occur after crops are harvested, as well as uncertainty 
surrounding agricultural and food policies implemented by governments (Godfray 
et al. 2010; Munir et al. 2021). Consideration should be given to the seasonality 
of agricultural products in order to prevent spoiling. Certain fruits and vegetables 
are only available for a brief period each year and require special attention to avoid 
spoilage, particularly during storage. Post-harvest losses occur due to inadequate 
storage and transportation facilities on the farm, as well as frequent power outages 
during food processing and handling (Maphosa 2020). 

The absence of facilities for processing crops after they are harvested at the 
farm level results in the deterioration of a considerable amount of perishable goods. 
To solve the issue of food security, it is imperative to address the loss that occurs 
after harvest. The cooling or freezing preservation method is utilized to effectively 
store perishable products at low temperatures in order to decrease microbial activity 
and prevent product deterioration and shrinkage. However, traditional cold storage 
systems require a high rate of energy for refrigeration. They are not frequently 
embraced by the farming community because of their excessive energy consumption. 
Furthermore, commercial cold storage facilities are only widely available in areas 
where grid electricity is accessible. 

Solar energy can be used for cooling or refrigeration to preserve food. Utilizing 
solar energy for cooling is appealing because when there is a greater need for cooling, 
the sun is at its strongest. This, combined with the need to ensure thermal comfort for 
individuals residing in hot regions and the need for food preservation facilities, can 
serve as a motivating factor for further research and development in the field of solar 
cooling systems. The primary applications include vapor compression refrigeration, 
absorption refrigeration, and passive cooling. These applications may differ in terms 
of conditions, such as the use of continuous or intermittent cycles, energy storage
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on the hot or cold side, various control strategies, different temperature ranges of 
operation, and a range of collectors. 

Reducing the losses that occur after the harvest of horticultural produce, which 
currently ranges from 25 to 30%, could significantly improve the availability of 
fruits and vegetables for consumers. Storage plays an important role in the handling 
of horticultural produce since it is constantly subjected to spoilage due to different 
endogenous and exogenous factors. The endogenous factors such as hormones, which 
are produced within the fruit itself, cause ripening and senescence. External factors 
such as the growth of microorganisms, temperature, relative humidity, air move-
ment, and physical damage lead to significant losses in both the quality and quantity 
of the produce. The storage life can be prolonged by days, weeks, or even months 
by inhibiting these undesirable changes with either chemical treatments or modifi-
cation of the storage environment. Refrigerated storage, which is one of the most 
effective methods for storing fruits and vegetables in their fresh state, is accessible in 
industrialized countries due to the presence of electricity. However, it is not readily 
available in the majority of the world. 

The cold storage industry has developed rapidly in recent years. Despite the 
progress made, the industry has been facing numerous problems lately affecting its 
further growth. The major problems faced are inadequate supply of electricity, which 
is the basic raw material of the industry, uneconomical rentals fixed by different states, 
non-recognition as a priority industry, and denial of financial benefits at concessional 
rates, on electric tariffs. The primary technical issue with solar refrigeration is that 
the system relies heavily on environmental factors such as the temperature of the 
cooling water, air temperature, solar radiation, wind speed, and more. Conversely, 
its energy conversion efficiency is low. 

Therefore, in the absence of a traditional energy source, the presence of vapor 
compression refrigerators connected to photovoltaic panels could offer a potential 
solution to this issue. 

2 Some Solar Applications 

2.1 Solar Drying Technologies 

Energy plays a crucial role in the sustainable development and economic growth 
of every nation. The energy demand is increasing in almost every sector to achieve 
economic development. The recognition of the global energy crisis has motivated 
scientists and engineers to pursue the utilization of renewable energy in agriculture. 
The need for energy in all forms around the world is constantly increasing due to rapid 
industrial development. Fossil fuels, including those needed in the process of drying, 
continue to meet the majority of the world’s energy needs (REN21 2018). Never-
theless, the adverse effects on the environment and the depletion of their resources



12 Applications of Solar Energy for Enhancing Sustainable Food 267

significantly restrict their usage. Renewable energy sources have emerged as essen-
tial alternatives for attaining a more environmentally friendly and dependable energy 
future as a result of rising environmental consciousness and the implementation of 
sustainable energy policies (Achkari and Fadar 2020). 

Solar energy is becoming popular due to having the highest energy potential out of 
all renewable sources, being cost-free, limitless, accessible, and diverse. Optimizing 
drying processes is important both economically and environmentally. The search 
for solar-powered dryers has gained popularity recently, with many countries still 
relying heavily on non-renewable energy sources (Bekkioui et al.. 2020). Despite the 
impending environmental impact, conventional fossil fuel-based dryers and kilns are 
still used. Solar dryers have numerous advantages over conventional kilns and dryers, 
in addition to their positive impact on the environment. They are easy to set up and 
use, can lower overall drying expenses by up to 80%, and encourage the production 
of higher-quality finished goods. Furthermore, they emit no greenhouse gases (Jain 
et al. 2023). Even though solar dryers have been shown to have positive economic 
and environmental effects, more studies should always be done to optimize solar 
energy’s capture, conversion, and use. Optimizing solar energy-based dryers offers 
the potential for faster drying and more efficient use of energy, enabling a greater 
quantity of products to be dried. 

One of the primary steps in the processing chain for farmers is drying, as noted 
by Ihediwa et al. (2022) and Ndukwu et al. (2022a, b). This process is used to 
either prepare products for further processing or extend their shelf life for storage. 
Regrettably, it has been found that the process of drying is a significant user of 
energy, making up 12–15% of energy usage in agriculture globally. (Catorze et al. 
2022; Ihediwa et al. 2022, Samimi-Akhijahani and Arabhosseini 2018). Furthermore, 
it is reported that the process of drying necessitates anywhere from 6 to 30 times 
more energy in comparison to cooling or freezing. (Machala et al. 2022). Since fossil 
fuels are often utilized to provide the heat needed for drying, they also contribute 
significantly to carbon emissions (Ndukwu et al. 2023). Therefore, there is currently 
an increasing agreement to transition from dryers that rely on fuel to ones that are 
fueled by renewable energy sources” (Chowdhury et al. 2020; Kumar et al. 2023) to  
conserve the environment and its natural resources. 

To achieve Sustainable Development Goals, clean technologies are being imple-
mented across the entire energy spectrum, particularly in rural farming areas (Messina 
et al. 2022). These technologies aim to conserve resources, combat climate change, 
and reduce air pollution. The following list of renewable energy sources, as provided 
by Rahman et al. (2022), is as follows: “Geothermal energy, solar thermal energy, 
wind energy, and solar photovoltaic energy”. 

Reviews on solar drying can be categorized into a variety of subcategories. The 
use of thermal storage to accelerate drying, hybrid technologies, solar greenhouses, 
energy efficiency, exergy efficiency, economic evaluations, environmental evalua-
tions (4E), software applications, crop quality attributes, and solar biomass drying 
are some of the topics covered in thorough reviews that cover every facet of solar 
drying research. The results of these evaluations are then critically analyzed, as shown 
in Fig. 1.
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Fig. 1 Classification of thematic reviews for solar drying of agricultural products (Ndukwu et al. 
2023) 

Drying is a means of preserving food that involves extracting moisture from 
harvested goods to prevent the growth of microorganisms. Open sun drying is one 
of the oldest known methods for processing and preserving agricultural products, 
harnessing the sun’s readily available and abundant energy. On the other hand, the 
agro-industry utilizes thermal processes for food processing and storage (Erkmen and 
Bozoglu 2016). Agricultural products can be solar-dried inside structures, which is 
an effective way to lessen quality loss and post-harvest losses that are common with 
conventional sun-drying methods. Advancements in sustainable growth have been 
made possible by the limitations of conventional energy sources and the benefits of 
solar energy, including its efficiency and cost-effectiveness. Solar radiation is globally 
available and has now replaced the conventional method of drying to preserve fruits 
and vegetables for longer periods. Food drying is a challenging process that involves 
irregularities in mass and heat transport as well as physical and chemical interactions 
that may have an impact on the product’s quality. The adjustment and regulation of 
moisture levels in solid substances through drying is a crucial stage in the production 
of several types of chemical goods. 

The field of food drying is diverse because different foods require various drying 
procedures. To remove excess water and increase the moisture content to the desired 
level, a product can be dried, whether it is natural or synthetic. This process requires
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a lot of energy to run. Foods usually have higher water contents than what is suitable 
for long-term storage, making it crucial to reduce their moisture levels. When food 
has less moisture, it takes longer for enzymes, bacteria, yeasts, and molds to form. 
This allows food to be preserved and stored for longer periods without going bad. 
Another example of drying food is removing all moisture until there is none left. 
Once the dried food is ready for use, it is rehydrated and takes on its original form 
(Izadi et al. 2022). A cost-effective strategy for preserving excess agricultural output 
is solar energy drying, particularly for crops grown in moderate to small quantities. 
It is environmentally friendly and is employed to dehydrate food items, agricultural 
products, and crops ranging from individual households to small businesses. Conse-
quently, numerous solar drying techniques have been developed, such as direct, and 
indirect sun drying, and mixed-mode sun drying (Ndukwu et al. 2022a, b). 

The use of artificial dryers results in an enhanced quality of dried products because 
it enables control over the drying air’s velocity and temperature. However, these 
dryers also require a significant quantity of energy is required to warm and move the 
airflow, leading to increased capital and operational expenses (Janjai et al. 2009). 

The diagram in Fig. 2 shows the different groups of solar dryers. This has greatly 
augmented the revenues of small agricultural farms and communities. 

Phadke et al. (2015) identified two types of solar dryers: forced circulation dryers 
and natural circulation dryers. Sharma et al. (2021) stated that solar dryers can be 
categorized according to the method of air circulation or operation, the manner in 
which heat is transferred to the product, and the design of the dryer (Fig. 3).

Fig. 2 Process classification for solar drying (Suresh et al. 2023) 
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Fig. 3 Solar dryer classification (Sharma et al. 2021) 

Direct solar dryer: The item that is supposed to be dried immediately absorbs sun 
energy. Hot air is provided by solar collectors and is used in the drying unit. Through 
a translucent sheet covering the east and west sides of the chamber, the product is 
exposed to solar energy. Due to direct solar exposure, this method has the potential 
to produce low-quality products with a black surface (Fig. 4).

Indirect solar dryer: The air that passes through the product being dried is heated 
by sun radiation in the system. Normally, solar radiation captured by separate solar 
collectors is converted into thermal energy and used to heat the air (Figs. 5 and 6). 
The sides of the drying chamber are insulated in this working mode to block solar 
radiation and simultaneously minimize heat loss through the sides (Eltawil et al. 
2012).

Solar natural convection dryer: A temperature gradient causes the heated airflow. 
Due to the heated air’s natural tendency to travel around, it is frequently referred to 
as a passive dryer. The addition of a chimney, where the exhausting air is heated even 
more, may improve the results of the solar dryer. 

Forced convection dryer: “The air is pushed through a device that collects solar energy 
and the material being dried by a fan or blower, commonly known as an active 
dryer. Dryers with forced circulation typically result in quicker drying, increased 
airflow, and improved control over the temperature of the heated air. The dryer can
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Fig. 4 Natural or direct solar drying process (Suresh et al. 2023)

Fig. 5 Indirect solar dryer (cabinet–dryer) (Suresh et al. 2023)
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Fig. 6 Dryer with thermal storage (Chichango et al. 2023)

be customized to accommodate various volumes based on the user’s requirements 
and the availability of open space”. 

Actually, the idea of forced or natural air circulation underlies the operation of 
these dryers. The mixed-mode natural convection solar crop dryer may be the most 
efficient, according to tests comparing these basic ideas. It performs especially well 
in humid tropical regions where the climate is ideal for drying agricultural items in 
the sun (Eltawil et al. 2012). 

Due to the unreliable or nonexistent power supply in villages, natural convection 
solar dryers are favored over forced convection solar dryers for drying a variety of 
agricultural products at the farm level. 

The benefits and drawbacks of various solar dryers, including natural, indirect, 
and mixed-mode drying methods, are listed in Table 1. This includes information 
about their construction level, dehydration rate, and economic factors.

Difficulties and Challenges 

Figure 7 illustrates a number of factors that have an impact on the design, devel-
opment, use, and assessment of solar dryer systems (Suresh et al. 2023) which 
include:



12 Applications of Solar Energy for Enhancing Sustainable Food 273

Ta
bl
e 
1 

T
he
 p
ro
s 
an
d 
co
ns
 o
f 
di
ff
er
en
t s
ol
ar
 d
ry
er
s 
(a
da
pt
ed
 f
ro
m
 S
ur
es
h 
et
 a
l. 
20
23
) 

S.
 N

o.
 
Ty

pe
 o
f 
th
e 

dr
ye
r 

Pr
os

C
on
s 

1
N
at
ur
al
 o
r 

di
re
ct
 s
ol
ar
 

dr
yi
ng
 

• 
E
as
y 
co
ns
tr
uc
tio

n,
 s
im

pl
e 
in
 lo

ad
in
g/
un
lo
ad
in
g 

• 
It
 p
ro
te
ct
s 
th
e 
pr
od
uc
ts
 to

 b
e 
dr
ie
d 

• 
A
gr
ic
ul
tu
ra
l p

ro
du
ce
s 
ca
n 
be
 d
ri
ed
 d
ur
in
g 
th
e 
ni
gh
t o

r 
in
 r
ai
ny
 

co
nd
iti
on
s 

• 
T
he
 c
le
ar
 li
d 
of
 th

e 
en
cl
os
ur
e 
re
du
ce
s 
pr
od
uc
e 
co
nt
am

in
at
io
n 

• 
T
he
 q
ua
lit
y 
of
 th

e 
dr
ie
d 
pr
od

uc
es
 is
 b
et
te
r 
in
 c
om

pa
ri
so
n 
to
 s
un

 
dr
yi
ng
 o
ut
do
or
s 

• 
T
he
 r
od
en
ts
, b

ir
ds
, a
nd
 o
th
er
 a
ni
m
al
s 
m
ay
 d
am

ag
e 
th
e 

pr
od
uc
ts
 

• 
T
he
 d
eg
ra
da
tio

n 
oc
cu
rs
 d
ue
 to

 e
xp
os
ur
e 
to
 d
ir
ec
t s
un
 r
ay
s,
 

ra
in
, d

us
t s
to
rm

s,
 a
nd
 d
am

pn
es
s 

• 
T
he
re
 is
 a
ls
o 
po

llu
tio

n 
fr
om

 u
nd

es
ir
ab
le
 w
ea
th
er
 p
ar
am

et
er
s 

su
ch
 a
s 
w
in
d-
bo
rn
e 
de
br
is
, d

ir
t, 
an
d 
du
st
 

• 
T
he
 d
am

ag
e 
ca
n 
al
so
 r
es
ul
t f
ro
m
 e
xc
es
si
ve
 d
ry
in
g.
 

A
dd

iti
on

al
ly
, t
he
re
 m

ay
 b
e 
in
se
ct
 in

fe
st
at
io
ns
 a
nd

 th
e 

de
ve
lo
pm

en
t o

f 
m
ic
ro
be
s 

• 
Fu

rt
he
rm

or
e,
 th

er
e 
ar
e 
ad
di
tio

na
l l
os
se
s 
du
ri
ng
 s
to
ra
ge
 d
ue
 

to
 u
ne
ve
n 
dr
yi
ng

(c
on
tin

ue
d)



274 M. A. Eltawil et al.

Ta
bl
e
1

(c
on
tin

ue
d)

S.
N
o.

Ty
pe

of
th
e

dr
ye
r

Pr
os

C
on
s

2
In
di
re
ct
 

so
la
r 

dr
yi
ng
 

• 
T
he
 c
om

m
od

iti
es
 to

 b
e 
de
hy
dr
at
ed
 a
re
 s
lig

ht
ly
 e
le
va
te
d 
an
d 
fla
t p

la
te
 

ai
r 
so
la
r 
co
lle

ct
or
s 
ar
e 
us
ed
 a
nd

 a
ch
ie
ve
d 
a 
hi
gh

er
 d
eh
yd

ra
tio

n 
pe
rf
or
m
an
ce
 

• 
T
hi
s 
m
et
ho

d 
is
 s
ui
ta
bl
e 
fo
r 
sm

al
l f
ar
m
s 

• 
T
he
 u
til
iz
at
io
n 
of
 th

is
 m

et
ho

d 
he
lp
s 
to
 a
vo
id
 th

e 
co
nt
am

in
at
io
n 
of
 th

e 
dr
ie
d 
pr
od
uc
t 

• 
In
 c
om

pa
ri
so
n 
to
 th

e 
di
re
ct
 m

et
ho
d,
 it
 is
 a
 s
ol
ar
 d
ry
in
g 
te
ch
ni
qu
e 
th
at
 

is
 s
ub

st
an
tia

lly
 m

or
e 
ef
fe
ct
iv
e 

• 
To

 m
ai
nt
ai
n 
th
e 
qu

al
ity

 o
f 
th
e 
pr
od

uc
t, 
ex
po

su
re
 to

 d
ir
ec
t s
ol
ar
 

ra
di
at
io
n 
sh
ou

ld
 b
e 
av
oi
de
d 

• 
T
he
 d
ry
in
g 
tim

e 
m
ay
 v
ar
y 
de
pe
nd
in
g 
on
 th

e 
pr
od
uc
t 

• 
T
he
 fi
na
l c
on
di
tio

n 
of
 th

e 
pr
od
uc
t i
s 
no
t d

et
er
m
in
ed
 b
y 
na
tu
ra
l 

ph
en
om

en
a 

• 
H
ig
h 
co
st
s 
fo
r 
co
ns
tr
uc
tio

n 
• 
It
 n
ee
ds
 m

ai
nt
en
an
ce
 a
ft
er
 a
 c
er
ta
in
 ti
m
e 

3
M
ix
ed
 

m
od
e 
su
n 

dr
yi
ng
 

• 
Sp

ee
d 
up

 th
e 
dr
yi
ng

 p
ro
ce
ss
 w
hi
le
 m

ai
nt
ai
ni
ng

 s
af
e 
m
oi
st
ur
e 
le
ve
ls
 

• 
C
om

pa
re
d 
to
 a
lte

rn
at
iv
e 
dr
yi
ng

 m
et
ho

ds
, t
hi
s 
m
et
ho

d 
si
gn

ifi
ca
nt
ly
 

re
du
ce
s 
th
e 
re
qu
ir
ed
 d
ry
in
g 
tim

e 

• 
T
he
 c
ap
ac
ity

 o
f 
th
e 
dr
ye
r 
w
ith

 a
gr
ic
ul
tu
ra
l f
oo

d 
is
 v
er
y 
lo
w
 

• 
T
he
 q
ua
lit
y 
of
 g
ra
in
 d
ri
ed
 o
ve
r 
a 
ye
ar
 is
 w
or
se
 in

 
co
m
pa
ri
so
n 
to
 g
ra
in
 d
ri
ed
 u
til
iz
in
g 
an
 in

di
re
ct
 d
ry
er
 

• 
T
he
 c
os
t o

f 
m
ai
nt
en
an
ce
 is
 h
ig
h 

• 
T
he
 c
ap
ita
l e
xp
en
se
 is
 m

or
e



12 Applications of Solar Energy for Enhancing Sustainable Food 275

Fig. 7 Proposed factors that affect the solar dryers progress (Suresh et al. 2023) 

(a) Structure (Khanlari et al. 2021; Sharma et al. 2009a, b; Solangi et al. 2011), 
(b) Political and social issues (Benmarraze et al. 2015; Das and Parvathy 2022) 
(c) Economic provision (Chandel et al. 2014) 
(d) Marketing, 
(e) Environmental condition (Das and Parvathy 2022) 
(f) Knowledge and efficiency
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2.1.1 Some Drying Applications: 

The presence of a combination (direct/indirect) multi-tray product drying system 
connected to photovoltaic modules could offer a potential solution for preserving 
fruits/vegetable products and extending their storage duration. Eltawil and Imara 
(2005) designed a multi-tray and mixed-mode dryer that operated using a PV system. 
The designed system is suitable for rural areas. The experimental setup consisted of 
a solar PV module, battery, plastic solar collector, and multi-tray dryer structure 
fabricated and installed outdoors. Figure 8 shows an experimental multi-tray crop 
drying setup powered by solar photovoltaic (SPV). 

Working principles: The warm air from the plastic solar collector is being pushed 
into the drying chamber from the bottom by a DC fan powered by an SPV (solar 
photovoltaic) panel. The crop receives heat from the air as it then contacts the first 
tray. Additionally enhancing the temperature of the crop directly, some of the solar 
radiation that strikes the front glazing also makes its way into the drying chamber. 
As a result, the dryer operates in a mixed mode. The item must be dried for two to 
four straight sunny days. Both batch mode and semi-continuous mode can be used 
to dry the product. Drying takes place from 8:00 AM to 6:00 PM. Three labeled 
samples were used to track the drying data. Each sample was weighed separately, 
then placed in the middle and on either side of each tray. When the samples’ weight 
loss had almost come to an end, the dehydration process was paused. 

To evaluate the drying system’s effectiveness, a fig fruit (Ficus carica) was dried. 
The study examined three drying techniques: direct and indirect natural convection

Fig. 8 Schematic diagram for SPV-powered multi-tray dehydration system for rural areas (Eltawil 
and Imara 2005) 
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drying, and drying in an electrical oven. Mixed mode forced dehydration with three 
distinct airflow rates (1.52, 2.15, and 3.25 m3/min). For each treatment, the figs were 
treated differently, such as with 1% sodium hydroxide, 1.5% sodium metabisulfite 
in water, followed by drying, or drying following blanching-drying and soaking in a 
70% sugar solution. 

Results outcomes are summarized as follows (Eltawil and Imara 2005):

• The amount of sunlight that is being observed is sufficient to justify the investment 
in a mixed-mode multi-tray crop drying system that is operated by a SPV system 
outdoors. This system is particularly beneficial in remote areas.

• The recorded data shows that at 13:00, the average maximum power output of 
139.35 W, and the corresponding average maximum insolation of 963.12 W/m2 

on the panel surface.
• It has been discovered that when the module temperature increases, the short-

circuit current increases while the open-circuit voltage slightly decreases.
• The average daily PV conversion efficiency of 8.76% corresponding to an average 

panel temperature of 47.55 °C was recorded for clear sunny days. By 16.61 °C, 
the daily average panel temperature was greater than the outside temperature.

• On clear sunny days, a daily average PV conversion efficiency of 8.76% was found, 
which corresponds to an average panel temperature of 47.55 °C. Additionally, the 
average daily panel temperature was found to be 16.61 °C higher than the ambient 
temperature.

• For varied airflow rates of 1.52, 2.15, and 3.25 m3/min, respectively, the average 
daily panel energy output of 1.28 kWh per day exceeded the daily load energy 
demand by 50.4, 44.3, and 39.61%.

• The maximum stagnation temperature attained in the dryer was 67.4 °C for an 
empty mixed mode natural convection dehydration system when the dryer outlet 
was closed. The results observed indicate that the obtained dryer temperature can 
be used for drying horticulture products since a drying temperature within the 
same range is needed.

• Under natural convection for an empty drying system (i.e. drying under shaded 
conditions) and the air outlet of the dryer was opened, the variation of temperature 
was limited to one degree.

• Under the batch mixed mode forced convection system, it was found that the 
highest and minimum values of air temperature inside the plastic solar collector 
and the dryer were recorded at airflow rates of 1.52 and 3.25, m3/min, respectively. 
So, it is recommended to increase the area of the plastic solar air collector hence 
variation of air temperature inside the collector can be minimized.

• The best pretreatment for the dehydration of figs was with a 1.5% aqueous solution 
of sodium metabisulfite since it required the shortest dehydration time to reach 
the equilibrium and safe moisture content.

• Rehydration process revealed that the lowest and highest rehydration ratio 
was observed with pretreatments of 1% sodium hydroxide followed by 1.5% 
aqueous solution of sodium metabisulfite and 1.5% aqueous solution of sodium 
metabisulfite only, respectively.
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• It has been possible to construct multiple regression equations that can be utilized 
to forecast SPV and other dehydration system performance. 

Potato chips are highly popular fried snacks. Their distinctive crispy texture is one 
of the most crucial factors determining the quality of the final product. This texture is 
primarily influenced by the quality of the raw materials and the parameters used in the 
technological processing (Kita 2002). The temperature at which frying is done and 
the type of oil used have a known impact on the dried potato crisps. Decreasing the 
frying temperature can be beneficial in preventing certain negative qualities like the 
creation of acrylamides, which are known to potentially be cancer-causing substances 
(Gertz and Klostermann 2002). 

Peppermint oil is a highly popular and commonly used essential oil due to its 
key components: menthol and menthone. It finds applications in flavoring pharma-
ceuticals and oral preparations. Consequently, the appropriate method of conserving 
peppermint through dehydration is crucial in preserving its properties. 

A solar cabinet dryer (SCD) that combines solar and wind energy was conceived, 
manufactured, and tested by Eltawil et al. (2012) to dry horticulture items and medic-
inal herbs. To improve the airflow, they added a flat plate solar collector and a vertical 
solar chimney that had been blackened. To further enhance the circulation, they added 
a suction axial fan that was powered by wind. The researchers evaluated the perfor-
mance of the SCD with and without a load, using potato chips and peppermint as 
examples. To compare results, they also dried the products separately using traditional 
methods: open sun drying, the SCD, and an electric oven. 

Passive solar cabinet dryer: A solar collector is used to capture solar energy, which 
is then directed into the cabinet in the solar cabinet dryer. The heated air is then used 
to heat a larger volume of air, which is then moved by natural convection through a 
drying chamber. As a result, the product receives direct and indirect heating from the 
sun’s light. As shown in Fig. 9, this solar dryer was created, built, and assembled. A 
solar cabinet, a flat plate solar collector, air vents, and dryer stands are some of its 
numerous parts. A hardwood drying chamber, two shallow perforated trays made of 
0.5 cm mesh stainless steel wire screen stacked one on top of the other, a clear glass 
cover (5 mm thick glass sheet), and a chimney equipped with a suction axial fan 
that can be powered by wind are all parts of the solar cabinet drier. A flat plate solar 
collector is connected to the cabinet drying chamber at the bottom (plenum chamber) 
from the front side. The front glazing of the cabinet allows some sun radiation to 
enter the drying chamber, raising the warmth of the crop even further. As a result, 
the dryer operates as a mixed mode type by fusing components from both direct and 
indirect solar drying systems.

The top of the cabinet drying chamber was connected to a vertical cylindrical 
solar chimney that was constructed of galvanized iron and painted matte black. 
Convectional airflow was facilitated and controlled. Through natural convection, 
this design increases airflow throughout the entire building by reducing the density 
of the air in the chimney. The solar chimney was equipped with an axial fan to 
improve airflow even further. This fan uses wind energy to run, which produces a 
suction effect. The suction fan was driven by a little windmill. The chimney’s center
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Fig. 9 Schematic diagram for the newly created solar-wind ventilation cabinet dryer (Eltawil et al. 
2012)

held a vertical steel shaft with a 1 cm diameter on which the windmill was mounted. 
Three lightweight stainless steel cups with a diameter of 10 cm each made up the 
windmill and were fastened to the top of the steel shaft. These cups form a rotor 
with a diameter of 115 cm by rotating horizontally on a vertical pivot shaft. A metal 
lid with a 50 cm width in the shape of an inverted parabola covers the top of the 
chimney to keep dust and rainfall from entering the drying compartment. In order to 
reduce frictional resistance, ball, and footstep bearings were used. With the aid of a 
wind draft, the shaft of the suction fan is immediately rotated. Figure 9 shows the 
chimney’s specifics in detail. 

The bottom of the solar cabinet drying chamber is where the warm air from the 
solar collector is directed. When it hits the first tray, the crop absorbs its heat. The 
product on the second (higher) tray receives the air’s sensible heat after which it is 
transferred before naturally exiting the cabinet at the top. Some of the sun energy 
that strikes the cabinet’s front glazing enters the drying chamber and directly raises 
the temperature of the crop. During the dehydration process, the airflow rate can be 
increased by using a suction axial fan that relies on the natural wind for assistance. 
As a result, the dryer operates as a mixed mode type.
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A full day of sunny, clear weather is needed for the product to dry, potentially 
less. Although it was done in batches, drying can also be done in a semi-continuous 
manner. Drying lasts from 9:00 am to 6:00 pm, or until the samples’ weight loss 
almost ceases. Three weighed, labeled samples were weighed and placed in the 
middle of each tray to serve as a drying progress indicator. 

According to the findings, the collector’s tilt angle of 60° produced the maximum 
temperature for drying air, which was then followed by the dehydration system’s 
tilt angle of 30°. The created solar collector dehydrator (SCD) proved capable of 
drying the chips and peppermint to a safe moisture level in around nine to ten and six 
hours (about one sunny day), respectively. With a 15-s fry time, the chips’ best color 
was obtained. The panelists enjoyed the fried chips and dried peppermint. Superior 
quality for the dried goods is ensured by the SCD. The increased SCD is regarded 
as a viable method for drying potato chips and peppermint when taking into account 
elements like electricity requirement, frying time, health conscience, and exploitation 
of solar energy. 

2.2 Greenhouse Technologies and Applications 

Sunlight passes through the cover and strikes the opaque surfaces inside a greenhouse, 
which is an enclosed enclosure covered with materials like glass, fiber-reinforced 
plastic (FRP), and polyethylene film. This sunlight is then transformed into heat 
to some extent. Due to the heat trapped within the greenhouse, the air temperature 
increases, creating optimal conditions for plant growth (Syed and Hachem 2019). 
High production and efficiency arise from safeguarding the cultivated plants from 
severe outside conditions, pests, and diseases. 

According to multiple factors, including size, orientation (east–west or south-
north), coverage/shading and building materials, applications, and the technology 
employed to regulate the microclimate (methods either on-site or remote) (Ghani 
et al. 2019; Sahdev et al. 2019), Greenhouses can be classified into two categories: 
greenhouses for crop cultivation and greenhouses for crop drying. The purpose of 
crop-drying greenhouses is to produce dried crops of higher quality compared to the 
traditional method of drying under the sun. (Khanlari et al. 2020), Crop production 
greenhouses allow for year-round growing of vegetables, fruits, and flowers, even 
during the off-season (Yano and Cossu 2019). 

In 2019, the United Nations’ “Food and Agriculture Organization” (FAO) 
published the Early Warning Early Action (EWEA) report. The paper offers a thor-
ough examination of the major dangers to the agricultural sector and global food 
security. According to this report, political unrest and climate-related calamities have 
a cumulatively harmful impact on food availability and production in several nations 
and areas. There is increasing evidence that climate change is presently affecting 
agriculture and food security, especially in nations with agricultural systems that 
are more susceptible to damage. Based on specific studies (Gorjian et al. 2020c; 
Veldhuizen et al. 2020), it has been found that the expansion of the agricultural
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sector is up to 3.2 times more efficient in reducing poverty compared to the growth 
of other sectors. The agricultural industry is also facing another important concern, 
which is the creation of “Sustainable Food Systems” (SFSs). These systems require 
a consistent energy supply to address the problem of unpredictable fuel expenses and 
improve food security (Nguyen 2018; Vadiee and Martin 2013). Agriculture’s social, 
economic, and environmental goals, as well as those of other economic sectors, must 
all be recognized and balanced for agricultural and food systems to be sustainable 
(Compassion in World Agricultural 2008). All stages of the food chain rely on energy, 
including crop cultivation, forestry, dairy production, post-harvest applications, food 
storage, processing, transportation, and distribution. (Gorjian et al. 2020d). 

Recently, renewable energy sources have shown significant potential for integra-
tion with traditional greenhouse designs. Solar energy can be considered a feasible 
option for integrating with agricultural greenhouses because it is a sustainable, 
expandable, and reliable renewable energy source that has no adverse environmental 
effects. By lowering the energy dependency of greenhouse agriculture systems on 
conventional resources in this way, the adoption of solar technology can help to reduce 
GHG emissions. Until recently, several academics have investigated certain solar 
technologies used in greenhouse buildings to perform studies on solar greenhouses. 

2.2.1 Energy Consumption of Greenhouses 

According to Acosta-Silva et al. (2019) and Golzar et al. (2018), the energy consump-
tion in greenhouses can account for up to half of the production costs and be a factor in 
the second-highest operational costs. Heating, cooling, ventilation, fogging, appro-
priate shading, lighting mechanisms, and CO2 enrichment systems are required to 
create the ideal growing conditions within the greenhouse (Hassanien et al. 2016). 

All these pieces of equipment consume energy but heating and cooling applica-
tions demand about 65–85% of the supplied energy (Ahamed et al. 2019; Yano and 
Cossu 2019). Therefore, incorporating energy-saving technologies is a difficult task 
in greenhouse applications. The search for more dependable and sustainable alter-
native energy sources has been prompted by the drawbacks and high costs of fossil 
fuels (Mostefaoui and Amara, 2019). “In commercial greenhouses, the energy input 
is accounted for both directly and indirectly, and the energy output is equal to the 
product’s energy value.“ According to Djevic and Dimitrijevic (2009) and Pahlavan 
et al. (2012), the Energy Ratio (ER), a measure of how efficiently energy is used in 
greenhouses, can be computed as follows: 

ER  = 
Energyoutput

(
MJ/

m2

)

T otalgreenhouseenergyinputs
(
MJ/

m2

) (1) 

The energy productivity (EP) can also be utilized for comparing the produc-
tivity of commercial greenhouses under various energy management scenarios in the
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following manner (Djevic and Dimitrijevic 2009; Pahlavan et al. 2012): 

EP  = Greenhouse Producti vi t y  yield
(
kg/m2

)

T otal  greenhouse energy inputs
(
MJ/m2

) (2) 

Also, the Net Energy (NE) output can be used to compare the commercial 
greenhouses as follows (Djevic and Dimitrijevic 2009): 

Net Energy (NE) output = Total greenhouse energy output (MJ/m2 ) 

− Total greenhouse energy input (MJ/m2 ) (3) 

2.2.2 Solar Greenhouses Technologies 

Solar energy is now a competitive substitute for carbon-based conventional fuels 
thanks to several impressive breakthroughs in solar technology (Loni et al. 2020; 
Mirzamohammadi et al. 2020). Solar thermal and PV technologies are the two 
primary categories of solar energy technology. In solar thermal technology, flat-
plate and concentrating solar collectors convert solar radiation’s energy into heat, 
which can then be stored for use in a variety of domestic, residential, and commer-
cial applications (Mekhilef et al. 2011). PV systems can convert sunlight directly 
into electricity because they use semiconductors. 

Thermal and PV applications in agriculture both aim to increase profitability in 
this sector through enhanced yields, decreased losses, quicker production, and better 
resource management (Mohsenipour et al. 2020). Passive greenhouses and active 
greenhouses are the two types of solar-powered agricultural greenhouses. 

By integrating solar systems like PV, PVT, or solar thermal collectors, active 
solar greenhouses (ASGs) are intended to increase the absorption of solar energy. In 
contrast, passive solar greenhouses (PSGs) seek to enhance solar energy absorption 
(Gorjian et al. 2020d). Using thermal energy storage (TES), the overall thermal 
performance of the greenhouse may be increased in either design. 

Compared to active solar greenhouses, PSGs feature more straightforward archi-
tecture. Conversely, according to Shukla et al. (2016), active solar greenhouses have 
reduced capital and operating costs. Active greenhouses do, however, have better 
thermal performance, which can help offset some of the expenditures and boost their 
profitability.
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Fig. 10 Schematic view of a 
typical passive solar 
greenhouse (PSG) (Solar 
Greenhouses 2020) 

2.2.3 Passive Solar Greenhouses (PSGs) 

Li et al. (2018) claim that depending on where the sun is in the sky, different amounts 
of solar radiation are absorbed by the greenhouse in PSGs. The length of the south-
facing wall is extended along the east–west axis, as shown in Fig. 10, to maximize 
the amount of wall area that is exposed to the sun. 

To prevent heat loss and produce shadows inside the greenhouse, the east and west-
facing walls’ areas have been lowered (Çokay et al. 2018). PSGs frequently include 
thermal collecting elements, allowing the greenhouse to absorb solar radiation during 
the day and send any surplus heat to heat-storage materials including water, rock bed, 
soil, and phase change materials (PCMs), so maximizing the solar gains. According 
to Gorjian et al. (2021), the water heat storage units-which frequently resemble water-
filled plastic bags-are placed either outside or indoors on the ground between rows 
of crops and along the north side of greenhouses. A PSG’s overall effectiveness is 
influenced by a number of variables, including the size of the greenhouse, the mate-
rials used for the cover, the type of cultivation, and the location of the greenhouse’s 
installation. 

2.2.4 The Greenhouse Integrated PV 

An emerging technique that helps greenhouses lessen their dependency on fossil fuels 
is the usage of PV systems. Similar to how they are connected to buildings, solar 
PV modules can be attached to greenhouses, but this requires different techniques 
because sunlight must enter the greenhouse through transparent cladding (Allardyce 
et al. 2017). Furthermore, a consistent and dependable energy source is needed for 
greenhouses. Distributed energy resources (DER) like solar and wind power systems 
would be suitable alternatives as a result (Callejon-Ferre et al. 2011).
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The two main types of solar PV systems connected to agricultural greenhouses 
are on-grid and off-grid systems. The electricity generated by the PV modules in 
on-grid PV systems is used directly by the greenhouse, with any extra energy being 
fed into the power grid (Fig. 11a). Off-grid methods can be utilized to generate 
electricity when utility power isn’t accessible (Gorjian and Shukla 2020). This kind 
of PV system often uses a backup battery bank in addition to a fossil-fueled generator 
(Fig. 11b). In greenhouses, grid-connected photovoltaic (PV) systems are the most 
commonly used. However, integrating with off-grid systems is the optimal choice 
for installing in areas where the electric grid is inaccessible due to long distances or 
challenging topography (Eltawil and Zhao 2010; Perez-Alonso et al. 2012).

2.2.5 Greenhouse Integrated PV Thermal 

The Greenhouse Integrated PVT (GHIPVT) Solar PV modules are capable of 
converting sunlight into energy with an efficiency of 15% to 18%. The quantity of 
solar energy wasted as heat as a result of this process, however, significantly reduces 
power generation and raises the surface temperature of the PV module (Debbarma 
et al. 2017; Shakouri et al. 2020). Being both an electrical generator and a thermal 
collector has advantages for a hybrid PVT module. By removing excess heat from 
the PV module through the use of the cooling medium, which is frequently air or 
water, this hybrid collector boosts overall electric efficiency. The extracted heat can 
then be used for low- to medium-temperature applications (Gorjian et al. 2020b). 
Figure 12 gives an overview of PVT modules.

Concentrating PVT (CPVT) modules use curved reflectors or refractors (Fig. 13) 
to direct solar energy onto the multijunction (MJ) or non-silicon solar cells, with 
potential efficiencies approaching more than 40%. The exceptional optical and 
thermal efficiencies of CPVT modules make them among the most effective hybrid 
collectors (Daneshazarian et al. 2018).

2.2.6 Greenhouse-Integrated Solar Thermal Collectors 

Solar thermal applications have attracted considerable attention due to their remark-
able energy conversion efficiency and energy storage density. Solar collectors and 
thermal energy storage units are the two primary parts of solar thermal systems 
(Ketabchi et al. 2019). Thermal collectors are utilized in greenhouse applications to 
absorb solar radiation and generate heat, which can then be transferred to the interior 
of the greenhouse. This provides an optimal thermal environment for the plants culti-
vated within. (Gorjian et al. 2020a). Additionally, the generated thermal energy may 
be saved in an energy storage system for usage at night or on overcast days. According 
to Sethi and Sharma (2008), there are two basic types of solar thermal collectors: 
non-concentrating and concentrating varieties. Figure 14 depicts a categorization of 
non-concentrating solar thermal collectors.
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Fig. 11 Typical configurations of a GHIPV system; a on-grid GHIPV system, b off-grid GHIPV 
system with a backup generator and batteries

2.2.7 Solar Greenhouses with Thermal Energy Storage Integrated 

Thermal Energy Storage (TES) devices enhance the performance of solar-powered 
greenhouses, according to Kant and colleagues (2016b, 2017). These systems accom-
plish this by storing the extra heat generated during daytime operations, then using 
the energy throughout the night and on overcast days. For this reason, some individ-
uals believe that a capable and reasonably priced TES is a crucial component of solar 
greenhouses. Sensible, latent, and chemical energy storage are the three fundamental 
ways to store heat, according to Hosseini et al. (2018). A list of the fundamental TES



286 M. A. Eltawil et al.

Fig. 12 Classification of solar PVT modules, from (Diwania et al. 2019)

Fig. 13 Different types of solar concentrators which are used in CPVT modules (Gorjian et al. 
2021)
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Fig. 14 Classification of non-concentrating solar thermal collectors (Fortuin and Stryi-Hipp, 2012)

methods is shown in Fig. 15. Solar flat plate collectors (FPCs) were used by Bargach 
et al. (1999) to create a heating system that enhanced the environment within a 
greenhouse (Fig. 16). 

Fig. 15 TES system classification, modified from Sharma et al. (2009a, b)
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Fig. 16 The greenhouse tunnel equipped with a solar flat plate collectors (FPCs) heating (Bargach 
et al. 1999) 

2.2.8 Greenhouse Cooling 

The recognition of the global energy crisis has led scientists and engineers to focus 
on harnessing alternative energy sources. Solar energy is one such promising source, 
and efforts are being made to utilize it for domestic, agricultural, and industrial 
purposes. 

Due to its many advantages, solar photovoltaic (SPV) technology has a huge poten-
tial for capturing solar energy. These benefits include simple and environmentally 
beneficial solar cell electricity generation. In order to reduce carbon dioxide (CO2) 
emissions and give off-grid rural populations access to high-quality electricity, SPV 
must be developed and widely used. However, it is important to considerably lower 
the cost of SPV electricity in order to reach broad use. 

In tropical and subtropical locations or in places with difficult climatic conditions, 
a greenhouse is an effective method for sustaining food output. When it’s hot outside, 
a greenhouse’s internal temperature rises and goes above optimal levels as a result 
of the heat that enters the structure. 

The crops, soil, and greenhouse construction elements (shown in Fig. 17) absorb 
the solar radiation that enters the greenhouse. Subsequently, these warm objects 
release the energy back outwards. The extent of heat loss through radiation depends 
on the glazing material used, the surrounding temperature, the cooling/heating 
systems employed, and the level of cloud cover present.

The exchange of energy between a greenhouse, which contains a crop, and 
its surroundings can be achieved through various cooling systems. These systems 
include ventilation shading and evaporative cooling. Evaporative cooling, in partic-
ular, is commonly used in greenhouses due to its simplicity and controllability. There
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Fig. 17 Energy transfer between the environment and a greenhouse with a crop produced inside

are several methods of evaporative cooling currently utilized, including fogging, the 
fan-pad method, and misting. These methods work by increasing heat and mass 
transfer rates by using fans to force air movement across a larger surface area of 
liquid water, promoting evaporation. The porous pad used in the fan-pad method can 
be wetted either by water flow or by dripping water onto its upper edge. However, 
commercially available pad cooling materials tend to be complex, expensive, and 
not easily accessible. As a result, it becomes necessary to investigate and assess the 
suitability of locally available materials in agricultural areas for use as alternative 
cooling pads. Various researchers have studied the feasibility of such alternative 
cooling pads for greenhouse use. 

Helmy et al. (2013) built a greenhouse with an evaporative cooling system to 
minimize the effects of heat stress. They designed and installed two small-scale 
greenhouses on the roof of a house. Both greenhouses utilized a fan-pad system for 
cooling. However, they experimented with a hybrid system in one of the greenhouses 
by applying a thin water film on the roof between two layers of polyethylene cover and 
fan-pad. This setup aimed to analyze the impact of the roof water film on the cooling 
effectiveness, as shown in Figs. 18 and 19. The identical circumstances were used 
to compare the two cooling systems. Cyperus alopecuroides Rottb (Samar), Cyerus 
alternifolius (Purdy), and Cyperus Rotundus l (Nut-grass or Se’d) were three new 
materials for evaporative cooling pads that were gathered from the field, modified, 
and tested. The different characteristics of the newly adapted cooling pad materials 
are given as follows: Cyperus Rotundus l (Nut-grass or Se’d) is available in the agri-
cultural field, triangle in shape, and hollow structure. Cyerus Alternifolius (Purdy) 
is available in ditches, channels, and drainage; semi-circle in shape, and spongy 
structure. Cryperus Alopecuroides Rottb (Samar) in the agricultural field, triangle in 
shape, and solid structure.



290 M. A. Eltawil et al.

(A) ) Roof water flow system with fan-
pad system 

(B) Fan-pad system. 
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Fig. 18 The two experimental greenhouses that will be cooled are shown in a schematic diagram 
(Helmy et al. 2013) 
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Fig. 19 Picture and schematic diagram of hybrid cooling systems arrangement (dimensions in cm) 
(Helmy et al. 2013)
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To examine the cooling performance, two different thicknesses of 10 and 15 cm 
were used, with air velocities on the pad faces ranging from 0.45 to 1.01 m/s. Each 
greenhouse had a vertical evaporative cooling pad attached to it. The second green-
house combined roof water flow and a fan-pad system, whereas the first one ran on 
a fan-pad system. 

The researchers measured and recorded the dry and wet bulb temperatures at nine 
locations within each greenhouse. They also measured the energy consumption of the 
cooling system under various operating conditions. Additionally, they recorded the 
environmental parameters outside the greenhouse, including outside solar radiation, 
dry bulb temperature, wet-bulb temperature, and relative humidity. 

The greenhouse cooling efficiency can be calculated as follows (Koca et al. 1991): 

ηcool = (To − Ti) 

To − Towb 
× 100 (4) 

where: 
ηcool = the greenhouse cooling efficiency, % 
Ti and To = the dry temperatures of air inside and outside the greenhouse, °C, 

respectively, and Towb = wet bulb temperature of outside air, °C.” 
According to the findings, the suggested cooling pads in the evaporative cooling 

systems might keep greenhouse model microclimates at a tolerable range. Particu-
larly, it was discovered that the Se’d pad material reduced temperature more success-
fully. The temperature within the greenhouse was found to be lower than that of a 
fan-pad greenhouse in the morning and afternoon by about 1.1–5.44 °C, respectively, 
when operated using a combination of roof water flow and a fan-pad system. The 
air relative humidity increased due to the cooling system, which prevented excessive 
transpiration and crop damage. The Se’d, Purdy, and Samar pad materials were able 
to attain daily average cooling efficiencies of 88.4, 83.1, and 79.6% over testing days 
in the hybrid system at a 15 cm pad thickness and 0.45 m/s pad face air velocity. In 
comparison to other materials, the Se’d pad material showed the maximum efficiency 
and might be used as an alternative. 

2.3 Solar Refrigeration Applications 

Solar cooling can play an important role in the handling and usage of agricultural 
products, such as crop storage. (Eltawil and Samuel 2007a, b; Eltawil et al. 2023), 
medicine storage, and vaccine or drug preservation (Abdul-Wahab et al. 2009), ice 
making, and air conditioning. 

Solar cooling can be classified into two primary methods: PV-powered cooling 
systems (Eltawil and Samuel 2007a, b; Eltawil et al. 2023; Saidur et al. 2008), and 
adsorption, desiccant, and absorption (Kalkan et al. 2012). Figure 20 shows different 
cooling cycles incorporated with PV systems.
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Fig. 20 Different cooling cycles incorporated with PV systems (Alsagri 2022) 

The foregoing section showed the main cooling cycles, so solar cooling based on 
these processes has been pointed out. 

2.3.1 Absorption Refrigeration 

Because the solar absorption cooling cycle is classified as solar thermal refrigeration 
cycles, to supply the thermal energy needed for refrigeration, solar collectors, photo-
voltaic thermal collectors (PVT), and concentrating photovoltaic thermal collectors 
(CPVT) must be used (Maidment et al. 1999; Zhai et al. 2011). As pointed out in the 
literature absorption cooling was applied for vaccine storage. According to Siddiqui 
and Said (2015), the PVT is used in hybrid absorption processes such compression 
absorption refrigeration and ejector-absorption systems as well as absorption cooling 
cycles. 

2.3.2 Adsorption Refrigeration 

The process of adsorption, when using the right adsorbents, is comparable to that 
of absorption (Sah et al. 2015). Metal–organic frameworks (MOF) were examined 
by Rafique (2020) as promising adsorbents for solar cooling applications and it 
was discovered that the MOF might enhance the cooling cycle’s efficiency. But the
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reduced COP makes this method less workable. Therefore, this system can be used 
for air conditioning and ice maker facilities as mentioned by (Dieng and Wang 2001). 

2.3.3 Desiccant and Ejector Refrigeration 

An experimental investigation on the dehumidifier and regenerator of a liquid desic-
cant cooling air conditioning system was carried out by Yin et al. in 2007. They  
emphasized that air conditioning is the primary use for desiccant cooling. Concerning 
thermal energy, ejector refrigeration is considered a low-grade technology, but 
because of its simplicity, the usage of this technology has become applicable. 
Several research works investigated the integration of ejectors with compression 
or absorption cycles (Braimakis 2021; Chen et al. 2013). 

2.3.4 Vapor-Compression Refrigeration 

One of the appliances that uses a substantial quantity of electricity is a refrigerator. 
Therefore, in order to lower greenhouse gas emissions and the price of PV systems, a 
decrease in energy consumption and efficient systems are crucial (Ekren et al. 2011; 
Mohammed et al. 2022). 

PV systems as an alternative source of energy can be used to operate vapor-
compression refrigeration. This application can be used for preserving vaccines, 
domestic refrigerators, icemakers, and cold storage. The combination of compres-
sion refrigeration with PV systems showed better economic potential compared to 
other solar refrigeration options (Ferreira and Kim 2014). In their review, they specif-
ically examined thermodynamic and economic studies. Therefore, the significance 
of utilizing vapor compression refrigeration powered by PV can be seen. 

Refrigeration in remote areas that away from the electricity grid need an off-grid 
power system. Solar energy (Photovoltaic) is considered an important power source 
for operating off-grid refrigeration. Recently, due to a reduction in PV system cost, 
therefore, solar-powered refrigerators have become more economical (Ayadi and 
Al-Dahidi 2019; Gao et al. 2018). During day time, the refrigeration system can be 
operated on PV modules but, the batteries are required to store extra energy during 
the daytime for usage at night (Li and Uckun 2016). 

2.3.5 Solar PV-Powered Vapor Compression Refrigeration for Potato 
Storage 

In order to create the ideal conditions for preserving potatoes, Eltawil and Samuel 
(2007a, b) conceived and constructed a solar PV-powered cooling system that use 
vapor compression refrigeration. The system had 490 W worth of PV panels, a lead-
acid battery, and an inverter. Along with its primary parts, the vapor compression
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refrigeration system had a drier-cum-filter, an AC compressor, a condenser, an expan-
sion device, an evaporator, an exhaust device, and evaporator fans. A cold storage 
structure with a capacity of 2.50 m3 was built outside and properly insulated. Addi-
tionally, a storage structure with a capacity of 1.0 cubic meter, cooled by evaporation, 
was used for curing potato tubers. Figures 21, 22, 23, 24, 25 and 26 show the struc-
tural details of the constructed PV-powered cold store. The Kufri Chandermukhi 
variety of dried potatoes was kept in storage for five months. The performance of 
the designed system was evaluated. The potatoes’ shelf life and the economics of 
the system were evaluated under different operating conditions. The potato tubers 
that had been stored were separated into two groups. The first group was used as a 
control and was allowed to sprout freely, while the second group underwent manual 
desprouting. The shelf life of the potato was determined by measuring the loss of 
moisture, dry matter, sprouting, rotting, sugar content, starch, and the quality of 
chipping. 

The specifications of the vapor compression cooling system used in the experi-
mental work are given in Table 2

The obtained results can be summarized as follows:

Wall Windows and door 

Fig. 21 Construction of the cold store’s walls, windows, and door (Eltawil and Samuel 2007a) 

Fig. 22 Construction of ceiling (roof) (Eltawil and Samuel 2007a)
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Fig. 23 Vapor compression cooling system for cold storage, schematic diagram driven by solar 
PV (Eltawil and Samuel 2007a)
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Fig.24 Solar photovoltaic powered cold store (Eltawil and Samuel 2007b) 

Fig.25 Curing of potato tubers using evaporatively cooled rice straw pad structure (Eltawil and 
Samuel 2007a)

• The average daily PV efficiency was about 11.73%, while the PV power output 
was 84.91 W.

• The average daily conversion efficiencies of PV modules were recorded as 8.90%, 
7.77%, and 10.74% for module temperatures of 317.7 K, 318.3 K, and 299.1 K, 
respectively. These measurements were taken on clear sunny days during the 
summers of 2001 and 2002, and the winter of 2002.

• In order to charge the battery and run the cooling system over night, the solar 
panel supplied 490W of power. It was discovered that the energy supply from the 
panels decreased by 33.6% when the system was under full load. Additionally, it 
was determined that the output power was, on average, 26.53% higher than what 
the cooling system required when operating at full load.
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Fig. 26 Inside view of cold store structure without load and loaded with cured potato tubers (Eltawil 
2012)

Table 2 Specifications of vapor compression cooling system 

Item Specifications 

Drier Silica gel 

Compressor • Reciprocating sealed compressor, model number AE7 ZA7, 230 V, 1.4 A, 
50 Hz, IP-LRA-9-R12 

• 33.096 kN/m2 is the suction pressure, while 1241.1 kN/m2 is the discharge 
pressure 

Condenser • 24 tubes (18 main tubes + 6 secondary tubes), 17.90 m length, 0.3374 m2 area 
• Fixed at 0.10 m behind the West wall (windward direction), ambient air is used 
for cooling the condenser 

Evaporator • 6 copper tubes of 1.0 cm dia, 0.2230 m2 area, 7.10 m length 

Chiller • A chiller (tray) was kept under the evaporator to collect the condensed moisture 
from the air 

Refrigerant • A refrigerant of Freon-12 (250 ml) was utilized to serve at different operating 
temperatures 

Expansion 
device 

A 3.0 mm diameter capillary tube of 2.0 m length was connected to the evaporator 
exit tube in order to sub-cool the condensate 

Thermostat For controlling temperature, a mechanical type thermostat was used
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• The cooling system, when operating at full capacity with stored goods and air-
circulated cold storage, produced an average daily SPV power output of 5.60 kWh/ 
d and had an energy consumption of 4.115 kWh/d.

• During the testing sunny days, the loaded and air-circulated cold storage struc-
ture’s coefficient of performance (COP) varied from 2.83 to 3.62, with an average 
daily COP of 3.25.

• Taking into account various losses, the overall efficiency of the entire system was 
about 5.97%.

• For the conditions of empty and non-air circulated, empty and air circulated, and 
loaded and air circulated, respectively, the average temperatures inside the storage 
structures during the experiment were recorded as 285.39, 280.94, and 283.13 K, 
along with the corresponding inside relative humidities of 73.94, 81.21, and 86 
percent.

• The overall expense of preserving and storing 1.0 kg of potatoes in a 2.5 cubic 
meter cold storage facility powered by a subsidized photovoltaic system, taking 
into account the 6% reduction in potato weight, is estimated to be 9.02 Rupees 
(1 US dollar = 46 Rupees). Conversely, if the system were operated using grid 
electricity (at 3.5 Rupees per kilowatt-hour) or a petrol-kerosene generator (at 
10.47 Rupees per kilowatt-hour), the total costs per kilogram of potatoes would 
amount to 7.66 and 14.63 Rupees, respectively.

• The power output and temperature of the PV panel can be predicted using a number 
of multiple regression equations that have been developed. These equations can 
also forecast how much energy the cooling system would need and how well it 
will work. 

3 Case Study in Saudi Arabia 

3.1 Developed Solar Drying 

Eltawil et al. (2018a, b) conducted a study on a solar tunnel drier (STD) that utilized 
a solar PV system to dry potato chips and peppermint. Figures 27 and 28 illustrate 
that the STD comprises a flat plate solar air collector and an axial DC fan, which 
were implemented to enhance thermal efficiency and maintain the drying chamber 
at an elevated temperature. The performance of the STD was assessed with and 
without a load, as well as with and without a thermal curtain placed on top of potato 
slices on sunny days. They investigated different levels of airflow rates (2.1, 3.12, 
and 4.18 m3/min) and pre-treatments for potato slices. With an airflow velocity of 
3.12 m3/min, the PV-powered STD was able to produce chips with a safe moisture 
level in 6 and 7 h, respectively, without and with the use of a thermal curtain. The 
frying time for potato chips was reduced to only 15 s. Using a black thermal curtain 
placed above the slices, 1% sodium meta-bisulfite produced the best chips in terms 
of color. Several thin-layer drying models were used to compare the predicted and
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Mixed mode without shade on the potato 
slices 

Mixed mode with shade on the potato slices 

Mixed mode without shade on the 
peppermint 

Open sun drying for peppermint 

A B 

C D 

Fig. 27 The experimental setup involves a solar photovoltaic (PV) powered tunnel dryer designed 
for potato chips and peppermint. Two scenarios were tested: drying without shading and drying 
with a black thermal curtain on the product (Eltawil et al. 2018a, b)

experimental moisture ratios of chips using the developed STD. At an airflow of 
0.0786 kg/s, the maximum drying efficiencies of 28.49 and 34.29% were achieved 
when a thermal curtain was not used. 

Eltawil et al. (2018b) investigated a hybrid portable solar tunnel drier for drying 
peppermint using a flat plate solar collector and solar photovoltaic system, as shown 
in Figs. 28 and 29. The solar tunnel dryer can function in both direct and indirect 
thermal heating modes. A DC fan powered by the solar system runs in forced mode. 
A thermal curtain is also included to shade the mint and protect it from the sun’s rays. 
The efficiency of the solar tunnel dryer was compared with open-air sun drying using 
one, two, or three layers of mint. Predicted and experimental moisture ratios of mint 
leaves dried in the solar tunnel drier were compared using several thin-layer drying 
models. The energy and environmental impacts of the hybrid solar tunnel dryer 
were also studied. The results indicated that the solar tunnel dryer took between 
210 and 360 min to dry peppermint, whereas open-air sun drying took between 
270 and 420 min. Among the models tested, the two-term model proved to be the 
most effective in simulating the thin-layer drying process of peppermint. The dryer 
efficiency, daily average photovoltaic efficiency, and total efficiency were 30.71%,
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Fig. 28 The complete experimental setup’s schematic diagram (Eltawil et al. 2018b)

9.38%, and 16.32%, respectively. The energy payback time was 2.06 years, and the 
lifetime net carbon dioxide (CO2) mitigation was 31.80 tons. Peppermint dried in 
the solar tunnel dryer with a black thermal screen has better quality than peppermint 
dried in direct sunlight because it maintains its natural color and appearance. This 
technology is suitable for farmers and individuals living in distant locations without 
grid access. According to Eltawil et al. (2018b), drying peppermint using a black 
thermal curtain in a sun tunnel drier results in a higher standard of drying compared 
to drying it outside. 

Azam et al. (2020) sought to create a standalone hybrid solar greenhouse dryer 
(GD) for small-scale tomato postharvest processors that incorporates a PV system 
and solar collector. To evaluate the thermal performance of the GD, which employs 
forced convection mixed-mode drying, the researchers used a mathematical model.

Fig. 29 Experimental setup of a solar PV-powered greenhouse dryer for drying tomatoes (Azam 
et al. 2020) 
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In order to find the best pretreatment and compare the final product’s quality to open-
air drying, they looked at a variety of pretreatments on fresh tomatoes, including full, 
half, and sliced, with and without blanching, and with and without sugar. The findings 
showed that compared to treatments without blanching, drying tomatoes in hot water 
for 15 min prior to drying resulted in a higher initial drying rate. According to the 
thermal energy analysis, the hybrid GD could capture useable heat gain from 6.45 to 
26.62% of the solar energy that was available. The average daily heat gain dropped 
from 60 to 5% during the drying process. It was discovered that the hybrid GD’s 
average total efficiency may reach 17.96% (refer to Fig. 29 for more details). Lastly, 
the technology is suitable for farmers without grid access, as it preserves the natural 
aspect and hue of the sun under shadowing. 

3.2 Solar Display Refrigerator 

Eltawil et al. (2023) developed and assessed an intelligent control system (ICS) for 
solar-powered display refrigerators (SPDRs) using machine learning and artificial 
neural networks (ANN). Figure 30 demonstrates the block diagram employed in the 
solar display refrigerator. while Fig. 31 shows the different components of the exper-
imental setup. The refrigerator components and their specifications are summarized 
in Table 3. The SPDR was first run at a constant 60 Hz frequency. The proposed ICS 
combined with a variable speed drive based on ANN technology was then used to 
operate it at varied frequencies between 40 and 60 Hz. The necessary energy was 
provided by a standalone PV system. The performance of the developed SPDR was 
assessed and compared to its performance under a traditional control system (TCS) 
when operated at refrigeration temperatures of 1, 3, and 5 °C, which correspond to 
ambient temperatures of 23, 29, and 35 °C.

Figure 32 compares the SPDR with a modified ANN-based control system (MR) 
and the SPDR with a traditional control system (TR) in terms of their average daily 
power usage at a daily average temperature of around 29 °C and a product temperature 
of 3 °C. The Figure makes it clear that the MR uses less electricity than the TR and 
works the refrigeration system extremely smoothly. At average ambient temperatures 
of 23 °C, 29 °C, and 35 °C, respectively, the MR saved about 32.9, 33.4, and 35.5% 
more power when aiming for a product temperature of 5 °C than the TR. The solar 
PV system enables the operation of refrigerators in rural areas without relying on 
the electricity grid. The MR is expected to serve as the foundation for designing and 
optimizing PV-powered refrigeration systems. The results indicate that the power-
modified control system (MCS) enhances the energy consumption and coefficient 
of performance (COP) of the SPDR. The ANN-based regression model is a more 
efficient and reliable control method that can be implemented in other refrigeration 
systems. To assess the effect of this improved solar-powered display refrigerator with 
the created ANN control system on the preservation of chilled fruits and vegetables, 
additional research is required.
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Fig. 30 The solar-powered display refrigerator’s block diagram (Eltawil et al. 2023)

3.3 Date Fruits Syrup (Dibs) Extraction Using 
Electro-Thermal Solar Energy 

Dates are an important crop in the Kingdom of Saudi Arabia due to their high 
quality, which may not be available in other global markets. Dates possess nutritional 
value, including carbohydrates, proteins, and mineral elements. They also provide 
the human body with the necessary thermal energy, as they contain sugar, which can 
make up around 80% of ripe dates. (Aleid et al. 1999; Siddiq et al. 2014). Dates are 
among the crops that can be processed to produce some desirable products like dates 
dibs and dates paste. 

Dibs (date syrup) is defined as “a concentrated diabetic liquid extracted from the 
fruits of some dates varieties, which is the aqueous and condensed extract by the heat
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Fig. 31 Different components of the experimental setup. A The control panels and display refrig-
erator, B the operation control panel including inverter, C the solar PV array located outside the 
building. (1) The display refrigerator front view, (2) the multichannel temperature meter, (3) moni-
toring data using PC, (4) the frequency control panel, (5) the panel of electrical switches, (6) the 
panel of PV control, (7) variable frequency drive (VFD), (8) Arduino Mega and relay, and (9) PV 
modules (Eltawil et al. 2023)

of the natural contents of the fruit of the date, free of fiber, sediments, impurities, 
and foreign bodies, and is directly consumed or used in the manufacture of sweets 
and pastries” (Ibrahim 2014). 

Some challenges or difficulties face the traditional method (TM) for dibs (Syrup) 
extraction such as long extraction period and low productivity. The insufficient pres-
ence of specialized factories and businesses has hindered the technological advance-
ment of date conversion industries. The traditional method of dates syrup (Dibs) 
extraction is still in use, where it relies on heavy weights above the dates bags, and 
waits a long period until the extraction of syrup. Eltawil et al. (2021) designed a new 
electro-thermal solar energy method to extract date syrup. Two different methods 
of date syrup extraction were used and compared with the traditional one. In the 
traditional method (TM) the syrup was extracted by keeping the dates inside the
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Table 3 Different specifications of the solar display refrigerator (Adapted from Eltawil et al. 2023) 

Device/item Number of units/specifications 

Evaporator • A copper tube with a 0.01 m diameter and 18.40 m length 
• The suction pressure as maximum value is 34.5 Pa 

Evaporator fans • Three fans (20 W power and 0.115 m diameter each), 220 V, and 0.12 
A 

• The overall dimensions are 0.04 m in height × 0.12 m in width × 
0.12 m in length 

Condenser Wire on the tube, there is a steel tube with a diameter of 0.01 m, a 
thickness of 0.001 m, and a length of 18 m 

Condenser fans Two fans, each measuring 0.25 m in diameter, with a power of 30 watts, 
operating on a voltage of 220 V and drawing a current of 0.19 amperes 

Led light Two LED lights, each with a power output of 20 watts 

Capillary tube The length of the copper is 3.49 m, with an outer diameter of 2.5 mm 
and an inner diameter of 1.0  mm  

Drier cum filter The diameter is 0.04 m and the length is 0.10 m 

Compressor • The text should be converted to proper English as follows: The model 
QB91C24GAX0 features a motor type RSIR (Resistance Start 
Induction Run) 

• A single phase, and maximum power output of 300 W at 220 V 
• A 9.07 cm3 volumetric capacity and COP is 1.26 
• An oil charge cooling system with a capacity of 250 cm3 

• The refrigerant is R134a, with a weight of 710 g 
• This model is manufactured by “Panasonic Industrial in Kuala 
Lumpur, Malaysia.” 

Cooling Cabinet of 
display refrigerator 

• The dimensions of the cabinet are 1.50 m in length, 0.70 m in width at 
the bottom, 0.19 m in width at the top, and 1.37 m in height 

• 4 shelves. The main body of the cabinet, front, back, and side walls 
are also made from tempered vacuum-insulated glass 0.02 m thick 

• The overall heat transfer coefficient is 0.7 Watts per square meter 
Kelvin 

• The top and bottom of the cabinet are insulated with 30 mm of foam. 
The total effective capacity of the object is 0.580 cubic meters 

PV Array Maximum Power is 330 Watts, Open Circuit Voltage (Voc) is 45.9 V, 
Short-Circuit Current is 9.26 Amperes, Maximum Power Voltage is 
37.3 V, Maximum current is 8.85 Amperes, power tolerance is 0 to 
positive 3 percent, and the dimensions are 1956 mm × 992 mm × 
40 mm.“ 

Charge controller • The PC16-4015 A charge controller was utilized 
• The battery’s nominal voltage was 12/24 VDC 
• The Voc of the PV system was about 145 VDC when operating at 24 V 
• The maximum input power from the PV system was 1200 W when 
operating at 24 V 

• The low-voltage protection point was set at 10.0 VDC/20.0 VDC. 
Consequently, the peak conversion efficiency reached an impressive 
98%

(continued)
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Table 3 (continued)

Device/item Number of units/specifications

Batteries • Six deep-cycle batteries (12 V, 200 Ah each) manufactured by Hefei 
Greensun Solar Energy Tech Co., Ltd., with the model FM250-12 
were utilized 

• Two batteries were connected in series for each group, resulting in 
three groups in total. In order to achieve a final outlet string voltage of 
24 V, which is connected to the inverter’s input, the outlets of these 
three groups were then connected in parallel 

• The batteries’ efficiency in charge and discharge is about 0.8. The 
daily energy use and required number of autonomous days can be 
used to calculate the energy storage capacity (ESC) 

Solar inverter • The MKS-3000 (3000 V-amps or 2400 W), a device made by Sunpal 
Power Co., Ltd. in Hefei, China, was used to convert the DC into AC 
which is required for refrigerator operation 

• The DC input is 24 V and 100 A, while the AC output is 230 VAC, 
60 Hz, and 13 A 

• The maximum voltage from solar modules is 145 VDC 

Control System Phase 1: “Used a traditional control system that relied on a digital 
temperature controller (model 230 V, XR06CX, Dixell, Pieve d’Alpago, 
Italy) with a fixed compressor speed (FCS) set at 230 V/60 Hz” 
Phase 2: “Utilize an ANN-based control system (ANN-BCS) to regulate 
the variable compressor speed (VCS) and fan operation of the SPDR. 
The block diagram of the ANN-BCS and electrical circuit of the PV 
system can be found in Fig. 32. The control system, when integrated 
with the solar PV system, consisted of a PV array, charge controller, 
batteries, power supply, variable speed drive system, and control panel” 

Fig.32 The solar display refrigerator (SPDR) with a modified ANN-based control system (MR) 
and the SPDR with a conventional control system (TR) were compared for their average daily power 
usage (Eltawil et al. 2023)
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Fig. 33 Extraction of date 
syrup using the conventional 
(TM) method at room 
temperature 

extraction tank and putting heavy weights above the cover of dates bags without any 
thermal treatment (at room temperature) as shown in Fig. 33. 

Solar thermal energy was utilized to heat the syrup extraction medium, while solar 
electric energy was employed to operate and circulate the heating medium. Addi-
tionally, a manual hydraulic piston was employed to generate the required pressure 
(6 ± 1 and 7 ± 1 bar) to compress the dates, offering an alternative to the traditional 
method of using weights. Two solar heating methods were employed in the experi-
mental setup, which consisted of a solar water collector or solar air collector along 
with a thermally insulated storage tank containing a rocky bed, a tank for extracting 
the syrup surrounded by a hot water jack or hot air jack, a water pump, and a PV 
system. 

The first, was by heating with a solar water bath (Figs. 34 and 35), in which water 
was used as a medium for storing solar thermal energy. The second uses a solar air 
bath (Figs. 36 and 37) as a medium for heating with storing solar thermal energy 
in a rocks storage bed for use during the night. Furthermore, in both scenarios, the 
hydraulic piston was utilized for the process of squeezing the dates. The extraction 
process made use of solar thermal energy as a catalyst, which is not only renewable but 
also clean and environmentally friendly. To evaluate the developed heating methods, 
both methods were compared with the traditional extraction method used by farmers 
to produce date dibs.
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Fig. 34 Date syrup is extracted using a hybrid solar thermoelectric system (hydraulic pressure 
integrated with water bath heating)

The extraction tank was designed and manufactured from galvanized sheet and 
has a double-layer cylindrical shape (Fig. 38). The tank was isolated from the outside 
with foam. The space between the outer and inner diameter is utilized as a hot water 
bath or hot air bath to facilitate the process of extracting dibs (syrup). A cylindrical 
mesh basket, made of stainless steel, is placed inside the extraction tank to act as a 
filtering unit for the pressurized dates.

The extraction tank cover was made of heavy metal with a suitable diameter that 
allows it to move smoothly inside the cylindrical mesh up and down. The hydraulic 
jack was positioned above the tank cover and equipped with a handle to move the 
piston in the pressing direction, providing the necessary pressure (6 ± 1 and 7 ± 
1 bar). The PV system comprises a PV module, charge controller, battery, and inverter. 
This system was used to supply the operational equipment with the required energy.
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Fig.35 Hybrid solar thermoelectric system experimental configuration for making date syrup 
(water bath heating integrated hydraulic pressure)

3.3.1 The Extraction Process 

1. Second-class Khalas dates were washed and sun-dried for about 3 hours, then 
packed and loaded into the extraction tank. Heavy weights were kept above the 
dates bags as in the traditional method (TM) while hydraulic pressure was used 
in the case of the electrothermal developed method 

2. The water bath was filled with water that was heated using either a solar heater 
or hot air from a solar air collector and rocks storage bed. 

3. It took around 10 hours for the dates in the extraction tank to warm up to a 
temperature of about 50 °C after being heated in a hot water bath (or hot air 
bath). The pressure started after that. 

4. Two levels of hydraulic pressure (6 bar ± 1 and 7 bar ± 1) were employed for 
squeezing the dates. At first, the pressure was changed often; afterwards, it was 
changed every six hours in response to the pressure drop. 

5. To maintain the temperature between 50 and 55 °C, the water in the water bath 
(or air in the air bath) was periodically circulated with the assistance of a control 
system. 

6. Dibs extraction, also known as squeezing, continued until production ceased or 
decreased. 

7. Daily collections of the created dibs were made, and they were kept in the refrig-
erator at a temperature of 4–5 °C. After then, samples were gathered to assess 
the production’s dibs’ quality. 

The outcomes can be summarised as follows:

• The average daily PV efficiency was about 11.73%, while the PV power output 
was 84.91 W.
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Fig.36 Using a hybrid solar thermoelectric system to make date syrup (thermal rocky bed- Air 
bath integrated with hydraulic pressure)

• The average power consumption of the water pump was 44.02 W while the power 
consumption of the air pump was 53 W.

• For the developed dates extraction systems, the temperature inside the compressed 
dates varied from 49° to 54°.

• The efficiency of heating dibs extraction medium using a solar water bath 
was 48.87%. In contrast, with a solar air bath, it was approximately 13.16%. 
Consequently, using a water bath is recommended.

• The developed systems shortened the extraction process period and saved 
approximately 38% of the time compared to the traditional method.

• In the case of water bath heating, the syrup productivity increased by approxi-
mately 28.75% and 36.66% at a pressure of 6 ± 1 and 7 ± 1 bar, respectively.
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Fig.37 Solar thermoelectric system experimental setup for making date syrup (Air bath with a 
thermal rocky bed integrated with hydraulic pressure)

(a) 
(b) 

Fig.38 Dates syrup extraction tank. a Empty tank surrounded by the thermal bath, b The tank filled 
with perforated cylinder (extraction mesh) and some dates before squeezing

• In the case of air bath heating, the productivity was improved by 24.27% and 
29.31% at a pressure of 6 ± 1 and 7 ± 1 bar, respectively.

• Increasing the squeezing pressure under the same thermal treatment led to an 
increase in productivity.

• The moisture content of dibs ranged from 12.8 to 13.9% (dry basis).
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• The sugar content for the traditional method was 82.5%, while it ranged from 
79.7 to 81.5% at a pressure of 6 bar ± 1 and from 78.9 to 82.3% at a pressure of 
7 bar ± 1 in the case of heating with the water bath.

• The findings demonstrated that all procedures and treatments yielded dibs (syrup) 
with good color, ranging from red to yellow.

• A new method that makes use of renewable energy sources and yields high-quality 
date syrup is offered by the developed solar electro-thermal energy system in 
combination with hydraulic pressure for the extraction of date dibs, which is 
beneficial for remote areas. 

4 Recommendations for Future Research

• Using the PV system on-grid/off-grid is advised for large-scale cold storage.
• Using both the PV system and a smart IoT-based control system is recommended 

for remote management of cold storage facilities.
• It is recommended to use the integration of PV systems and machine learning/ 

artificial intelligence for smart farming.
• It is recommended to use solar greenhouses and IoT for precision farming and 

verticle farming (hydroponic and soilless cultivation)
• It is recommended to use machine learning and intelligent control system for 

enhancing the refrigerators’ performance and saving energy.
• Applying a thin film roof water flow over the external cover of a greenhouse oper-

ated under the fan-pad system can lead to an additional reduction in temperature 
with considerable energy consumption and costs.

• Soil-less cultivation makes it possible to produce, with only little water consump-
tion and a small amount of physical work but with great dedication and constancy, 
fresh and healthy vegetables in small spaces. Also this technique gives promises 
to solve land shrinking in cities out of cultivated lands and without increasing 
costs.

• Because of a lack of water, the salty or wastewater can be utilized for irriga-
tion using a straightforward method involving solar stills that can be installed 
in furrows between ridges. Implementing solar stills for irrigation can help miti-
gate erosion caused by irrigation and decrease the amount of water needed for 
irrigation, while also allowing for the reuse of waste or salty water.

• To generate the necessary pressure for dibs extraction, it is advised to employ solar 
energy to run a fully automated hydraulic compression system. Also, to maximize 
syrup productivity the seedless dates (without inside kernel) should be used.



312 M. A. Eltawil et al.

References 

Abdul-Wahab SA, Elkamel A, Al-Damkhi AM, Ishaq A, Al-Rubai’ey HS, Al-Battashi AK, Al-
Tamimi AR, Al-MamariKH, Chutani MU (2009) Design and experimental investigation of 
portable solar thermoelectric refrigerator. Renew Energy 34(1): 30–34 

Achkari O, El Fadar A (2020) Latest developments on TES and CSP technologies—energy and 
environmental issues, applications and research trends. Appl Therm Eng 167:114806 

Acosta-Silva Y de J, Torres-Pacheco I, Matsumoto Y, Toledano-Ayala M, Soto-Zarazúa GM, 
Zelaya-Angel O, Mendez-Lopez A (2019) Applications of solar and wind renewable energy 
in agriculture: a review. Sci Prog 102:127–140. https://doi.org/10.1177/0036850419832696 

Ahamed MS, Guo H, Tanino K (2019) Energy saving techniques for reducing the heating cost 
of conventional greenhouses. Biosyst Eng 178:9–33. https://doi.org/10.1016/j.biosystemseng. 
2018.10.017 

Aleid SM, El-Shaarawy MI, Mesallam AS, Al-Jendan SI (1999) Chemical composition and nutritive 
value of some sugar and date syrups. Minufiya J Agric Res 24:577–587 

Allardyce CS, Fankhauser C, Zakeeruddin SM, Greatzel M, Dyson PJ (2017) The influence of 
greenhouse-integrated photovoltaics on crop production. Sol. Energy 155: 517–522. https://doi. 
org/10.1016/j.solener.2017.06.044 

Alsagri AS (2022) Photovoltaic and photovoltaic thermal technologies for refrigeration. Arab J Sci 
Eng 47:7911–7944. https://doi.org/10.1007/s13369-021-06534-2 

Ayadi O, Al-Dahidi S (2019) Comparison of solar thermal and solar electric space heating and 
cooling systems for buildings in different climatic regions. Sol Energy 188:545–560 

Azam Mostafa M, Eltawil Mohamed A, Amer Baher M (2020) Thermal analysis of PV system 
and solar collector integrated with greenhouse dryer for drying tomatoes. Energy 212:118764. 
https://doi.org/10.1016/j.energy.2020.118764 

Barbosa EG, Viana ME, de Araujo A, Laviola C, de Oliveira M, Martins A (2023) Thermal energy 
storage systems applied to solar dryers: classification, performance, and numerical modeling: 
an updated review. Case Stud Therm Eng 45:102986 

Bargach M, Dahman A, Boukallouch M (1999) A heating system using flat plate collectors to 
improve the inside greenhouse microclimate in Morocco. Renew Energy 18:367–381. https:// 
doi.org/10.1016/S0960-1481(98)00803-9 

Bekkioui N, El Hakiki S, Rachadi A, Ez-Zahraouy H (2020) One-year simulation of a solar wood 
dryer with glazed walls in a Moroccan climate. Renew Energy 155:770–782 

Benmarraze S, Itskhokine D, Benmarraze M, Alasis E, Tawalbeh M, Shahin W (2015) Status of 
implementation of the first Linear Fresnel solar thermal power plant in the Middle East–WECSP 
solar project in the Kingdom of Jordan. Energy Proc 69:1586–1596. https://doi.org/10.1016/j. 
egypro.2015.03.113 

Braimakis K (2021) Solar ejector cooling systems: a review. Renew Energy 164:566–602. https:// 
doi.org/10.1016/j.renene.2020.09.079 

Callejon-Ferre AJ, Velazquez-Martí B, Lopez-Martínez JA, Manzano-Agugliaro F (2011) Green-
house crop residues: energy potential and models for the prediction of their higher heating value. 
Renew Sustain Energy Rev 15:948–955. https://doi.org/10.1016/j.rser.2010.11.012 

Catorze C, Tavares AP, Cardao P, Castro A, Silva ME, Ferreira DW, Lopes S, Bras I (2022) Study 
of a solar energy drying system—energy savings and effect in dried food quality. Energy Rep 
8:392–398. https://doi.org/10.1016/j.egyr.2022.01.070 

Chandel M, Agrawal GD, Mathur S, Mathur A, A (2014) Techno-economic analysis of solar photo-
voltaic power plant for garment zone of Jaipur city. Case Stud Therm Eng 2:1–7. https://doi. 
org/10.1016/j.csite.2013.10.002 

Chen X, Omer S, Worall M, Riffat S (2013) Recent developments in ejector refrigeration 
technologies. Renew Sustain Energy Rev 19:629–651 

Chowdhury T, Chowdhury H, Chowdhury P,Sait Sadiq M, Paul A, Ahamed JU, Saidur R (2020) A 
case study to application of exergy-based indicators to address the sustainability of Bangladesh

https://doi.org/10.1177/0036850419832696
https://doi.org/10.1016/j.biosystemseng.2018.10.017
https://doi.org/10.1016/j.biosystemseng.2018.10.017
https://doi.org/10.1016/j.solener.2017.06.044
https://doi.org/10.1016/j.solener.2017.06.044
https://doi.org/10.1007/s13369-021-06534-2
https://doi.org/10.1016/j.energy.2020.118764
https://doi.org/10.1016/S0960-1481(98)00803-9
https://doi.org/10.1016/S0960-1481(98)00803-9
https://doi.org/10.1016/j.egypro.2015.03.113
https://doi.org/10.1016/j.egypro.2015.03.113
https://doi.org/10.1016/j.renene.2020.09.079
https://doi.org/10.1016/j.renene.2020.09.079
https://doi.org/10.1016/j.rser.2010.11.012
https://doi.org/10.1016/j.egyr.2022.01.070
https://doi.org/10.1016/j.csite.2013.10.002
https://doi.org/10.1016/j.csite.2013.10.002


12 Applications of Solar Energy for Enhancing Sustainable Food 313

residential sector. Sustain Energy Technol Assess 37:100615. https://doi.org/10.1016/j.seta. 
2019.100615 

Çokay E, eOztamer M, Kocar G, Eryasar A, Godekmerdan E, eOzgul S, Duzenli M (2018) A 
prospect on integration of solar technology to modern greenhouses. Dokuz Eylül Üniversitesi 
Mühendislik Fakültesi Fen ve Mühendislik Derg. 20: 245–258. https://doi.org/10.21205/deu 
fmd.2018205820 

Compassion in World Farming (2008) Sustainable farming—a short report by compassion in world 
farming 

Daneshazarian R, Cuce E, Cuce PM, Sher F (2018) Concentrating photovoltaic thermal (CPVT) 
collectors and systems: theory, performance assessment and applications. Renew Sustain Energy 
Rev 81: 473–492. https://doi.org/10.1016/j.rser.2017.08.013 

Das P, Parvathy CV (2022) A critical review on solar chimney power plant technology: influence 
of environment and geometrical parameters, barriers for commercialization, opportunities, and 
carbon emission mitigation. Environ Sci Pollut Res 29:69367–69387. https://doi.org/10.1007/ 
s11356-022-22623-7 

Debbarma M, Sudhakar K, Baredar P (2017) Comparison of BIPV and BIPVT: a review. Resour. 
Technol 3:263–271. https://doi.org/10.1016/j.reffit.2016.11.013 

Dieng A, Wang R (2001) Literature review on solar adsorption technologies for ice-making and 
air-conditioning purposes and recent developments in solar technology. Renew Sustain Energy 
Rev 5(4):313–342 

Diwania S, Agrawal S, Siddiqui AS, Singh S (2019) Photovoltaic-thermal (PV/T) technology: a 
comprehensive review on applications and its advancement. Int J Energy Environ Eng https:// 
doi.org/10.1007/s40095-019-00327-y 

Djevic M, Dimitrijevic A (2009) Energy consumption for different greenhouse constructions. 
Energy 34: 1325–1331. https://doi.org/10.1016/j.energy.2009.03.008 

Ekren O, Yilanci A, Cetin E, Ozturk HK (2011) Experimental performance evaluation of a PV-
powered refrigeration system. Elektronika Ir Elektrotechnika 8:7–10 

El-Sebaii AA, Shalaby SM (2022) Solar drying of agricultural products: a review. Renew Sustain 
Energy Rev 16:37–43. https://doi.org/10.1016/jrser.2011.07.134 

Eltawil M (2012) Solar photovoltaic powered cooling system for potato storage. ISBN 978-3-8484-
2379-8). LAP LAMBERT Academic Publishing GmbH & Co. KG, Germany. www.lap-publis 
hing.com 

Eltawil MA, Imara ZM (2005) Utilization of photovoltaic array in a multi-tray fruits drying system 
for rural areas. Misr J Ag Eng 22(4):820–845 

Eltawil MA, Samuel DVK (2007a) Vapour compression cooling system powered by solar PV Array 
for potato storage. Agric Eng Int CIGR E-J. Manuscript EE 06 003. Vol. IX. June 2007 

Eltawil MA, Samuel DVK (2007b) Performance and economic evaluation of solar photovoltaic 
powered cooling system for potato storage. Agric Eng Int CIGR E-Journal. Manuscript EE 06 
008. vol IX. November 2007 

Eltawil MA, Zhao Z (2010) Grid-connected photovoltaic power systems: technical and potential 
problemsda review. Renew. Sustain. Energy Rev. 14: 112e129. https://doi.org/10.1016/j.rser. 
2009.07.015 

Eltawil MA, AbouZaher SE, El-Hadad WZ (2012) Solar-wind ventilation to enhance the cabinet 
dryer performance for medicinal herbs and horticultural products. Agric Eng Int: CIGR Journal 
12(4):56–74 

Eltawil MA, Azam Mostafa M, Alghannam Abdulrahman O (2018a) Solar PV powered mixed-mode 
tunnel dryer for drying potato chips. Renew Energy 116:594–605 

Eltawil MA, Azam Mostafa M, Alghannam Abdulrahman O (2018b). Energy analysis of hybrid 
solar tunnel dryer with PV system and solar collector for drying mint (Mentha viridis). J Cleaner 
Prod 181:352–364 

Eltawil MA, Algonaian AA, Amer Baher M (2021) Innovative extraction process for date fruits 
syrup (Dibs) using electro-thermal solar energy. Sol Energy 221:521–535

https://doi.org/10.1016/j.seta.2019.100615
https://doi.org/10.1016/j.seta.2019.100615
https://doi.org/10.21205/deufmd.2018205820
https://doi.org/10.21205/deufmd.2018205820
https://doi.org/10.1016/j.rser.2017.08.013
https://doi.org/10.1007/s11356-022-22623-7
https://doi.org/10.1007/s11356-022-22623-7
https://doi.org/10.1016/j.reffit.2016.11.013
https://doi.org/10.1007/s40095-019-00327-y
https://doi.org/10.1007/s40095-019-00327-y
https://doi.org/10.1016/j.energy.2009.03.008
https://doi.org/10.1016/jrser.2011.07.134
http://www.lap-publishing.com
http://www.lap-publishing.com
https://doi.org/10.1016/j.rser.2009.07.015
https://doi.org/10.1016/j.rser.2009.07.015


314 M. A. Eltawil et al.

Eltawil MA, Mohammed M, Alqahtani NM (2023) Developing machine learning-based intelligent 
control system for performance optimization of solar PV-powered refrigerators. Sustainability 
15:6911. https://doi.org/10.3390/su15086911 

Erkmen O, Bozoglu TF (2016) Food preservation by reducing water activity. In: Erkmen O, Bozoglu 
TF (eds) Food microbiology: principles into practice. Wiley, London, pp 44–58 

FAO (2019) Early Warning early action report on food security and agriculture. https://www.fao. 
org/publications/card/en/c/CA6372EN/ 

Ferreira CI, Kim DS (2014) Techno-economic review of solar cooling technologies based on 
location-specific data. Int J Refrig 39:23–37. https://doi.org/10.1016/j.ijrefrig.2013.09.033 

Fortuin S, Stryi-Hipp G (2012) Solar Collectors solar collector, non-concentrating solar collector 
non-concentrating. In: Meyers RA (ed) Encyclopedia of sustainability science and technology. 
Springer, New York, pp 9449–9469. https://doi.org/10.1007/978-1-4419-0851-3_681. 

Gao Y, Ji J, Guo Z, Su P (2018) Comparison of the solar PV cooling system and other cooling 
systems. Int J Low-Carbon Technol 13:353–363 

Gertz CH, Klostermann S (2002) Analysis of acrylamide and mechanisms of its formation in 
deep-fried products. Eur J Lipid Sci Tech 104(11):762–771 

Ghani S, Bakochristou F, ElBialy EMAA, Gamaledin SMA, Rashwan MM, Abdelhalim AM, Ismail 
SM (2019) Design challenges of agricultural greenhouses in hot and arid environments e a review. 
Eng Agric Environ Food 12:48–70. https://doi.org/10.1016/j.eaef.2018.09.004 

Godfray HCJ, Beddington JR, Crute IR, Haddad L, Lawrence D, Muir JF, Pretty J, Robinson S, 
Thomas S, Toulim C et al (2010) Food security: the challenge of feeding 9 billion people. Science 
327:812–818 

Golzar F, Heeren N, Hellweg S, Roshandel R (2018) A novel integrated framework to evaluate 
greenhouse energy demand and crop yield production. Renew Sustain Energy Rev 96:487–501. 
https://doi.org/10.1016/j.rser.2018.06.046 

Gorjian S, Shukla A (eds.) (2020) Photovoltaic solar energy conversion: technologies, applications 
and environmental impacts, 1st ed. Elsevier, London. https://doi.org/10.1016/C2018-0-05265-2. 

Gorjian S, Ebadi H, Calise F, Shukla A, Ingrao C (2020a) A review on recent advancements in 
performance enhancement techniques for low-temperature solar collectors. Energy Convers 
Manage 222:113246. https://doi.org/10.1016/j.enconman.2020.113246 

Gorjian S, Ghobadian B, Ebadi H, Ketabchi F, Khanmohammadi S (2020b) Applications of solar 
PV systems in desalination technologies. In: Photovoltaic Solar Energy Conversion. Elsevier, 
Amsterdam, pp 237–274. https://doi.org/10.1016/B978-0-12-819610-6.00008-9 

Gorjian S, Minaei S, MalehMirchegini L, Trommsdorff M, Shamshiri RR (2020c) Applications 
of solar PV systems in agricultural automation and robotics. In: Gorjian S, Shukla A (eds.) 
Photovoltaic solar energy conversion. Elsevier, London, pp 191–235. https://doi.org/10.1016/ 
B978-0-12-819610-6.00007-7. 

Gorjian S, Singh R, Shukla A, Mazhar AR (2020d) On-farm applications of solar PV systems. In: 
Gorjian S., Shukla A (eds), Photovoltaic solar energy conversion. Elsevier, London, pp 147–190. 
https://doi.org/10.1016/B978-0-12-819610-6.00006-5 

Gorjian S, Francesco C, Karunesh K, Shamim Ahamed Md, Benedetta C, Najafi G, Zhang Z, Aghaei 
M, Shamshiri RR (2021) Review—a review on opportunities for implementation of solar energy 
technologies in agricultural greenhouses. J Cleaner Prod 285:124807 

Hassanien RHE, Li M, Dong Lin W (2016) Advanced applications of solar energy in agricul-
tural greenhouses. Renew Sustain Energy Rev 54: 989–1001. https://doi.org/10.1016/j.rser.2015. 
10.095 

Helmy MA, Eltawil Mohamed A, Abo-shieshaa RR, El-Zan NM (2013) Enhancing the evaporative 
cooling performance of fan-pad system using alternative pad materials and water film over the 
greenhouse roof. Agric Eng Int: CIGR Journal 15(2):173–187 

Hosseini A, Banakar A, Gorjian S (2018) Development and performance evaluation of an active 
solar distillation system integrated with a vacuum-type heat exchanger. Desalination 435:45–59. 
https://doi.org/10.1016/j.desal.2017.12.031 

Ibrahim AO (2014) Dates honey industry (Dibs): 1–4 (Arabic). www.iraqi-datepalms.net

https://doi.org/10.3390/su15086911
https://www.fao.org/publications/card/en/c/CA6372EN/
https://www.fao.org/publications/card/en/c/CA6372EN/
https://doi.org/10.1016/j.ijrefrig.2013.09.033
https://doi.org/10.1007/978-1-4419-0851-3_681
https://doi.org/10.1016/j.eaef.2018.09.004
https://doi.org/10.1016/j.rser.2018.06.046
https://doi.org/10.1016/C2018-0-05265-2
https://doi.org/10.1016/j.enconman.2020.113246
https://doi.org/10.1016/B978-0-12-819610-6.00008-9
https://doi.org/10.1016/B978-0-12-819610-6.00007-7
https://doi.org/10.1016/B978-0-12-819610-6.00007-7
https://doi.org/10.1016/B978-0-12-819610-6.00006-5
https://doi.org/10.1016/j.rser.2015.10.095
https://doi.org/10.1016/j.rser.2015.10.095
https://doi.org/10.1016/j.desal.2017.12.031
http://www.iraqi-datepalms.net


12 Applications of Solar Energy for Enhancing Sustainable Food 315

Ihediwa VE, Ndukwu MC, Abada UC, Ekop Inemesit E, Bennamoun L, SimoTagne M, Abam 
FI (2022) Optimization of the energy consumption, drying kinetics and evolution of thermo-
physical properties of drying of forage grass for haymaking. Heat Mass Tran 58(7):1187–1206. 
https://doi.org/10.1007/s00231-021-03146-2 

Izadi M, Hajjar A, Alshehri HM, Sheremet M, Galal AM (2022) Charging process of a partially 
heated trapezoidal thermal energy storage filled by nano-enhanced PCM using controllable 
uniform magnetic field. Int Commun Heat Mass Tran 138:106349. https://doi.org/10.1016/j.ich 
eatmasstransfer.2022.106349 

Jain D, Tiwari P (2015) Performance of indirect through pass natural convective solar crop dryer 
with phase change thermal energy storage. Renew Energy 80:244–250. https://doi.org/10.1016/ 
j.renene.2015.02.012 

Jain R, Paul AS, Sharma D, Panwar NL (2023) Enhancement in thermal performance of solar dryer 
through conduction mode for drying of agricultural produces. Energy Nexus 9:100182 

Janjai S, Lamlert N, Intawee P, Mahayothee B, Bala BK, Nagle M, Muller J (2009) Experimental 
and simulated performance of a PV-ventilated solar greenhouse dryer for drying of peeled longan 
and banana. Solar Energy 83(9):1550–1565 

Kalkan YE, Celiktas A (2012) Solar thermal air conditioning technology reducing the footprint of 
solar thermal air conditioning. Renew Sustain Energy Rev 16(8):6352–6383 

Kant K, Shukla A, Sharma A (2017) Advancement in phase change materials for thermal energy 
storage applications. Sol Energy Mater Sol Cells 172:82–92. https://doi.org/10.1016/j.solmat. 
2017.07.023 

Ketabchi F, Gorjian S, Sabzehparvar S, Shadram Z, Ghoreishi MS, Rahimzadeh H (2019) Exper-
imental performance evaluation of a modified solar still integrated with a cooling system and 
external flat-plate reflectors. Sol Energy 187:137–146. https://doi.org/10.1016/j.solener.2019. 
05.032 

Khanlari A, Seozen A, Sirin C, Tuncer AD, Gungor A (2020) Performance enhancement of a 
greenhouse dryer: analysis of a cost-effective alternative solar air heater. J Clean Prod 251: 
119672. https://doi.org/10.1016/j.jclepro.2019.119672 

Khanlari A, Sozen A, Afshari F, Tuncer AD (2021) Energy-exergy and sustainability analysis of a 
PV-driven quadruple-flow solar drying system. Renew Energy 175:1151–1166. https://doi.org/ 
10.1016/j.renene.2021.05.062 

Kita A (2002) The influence of potato chemical composition on crisp texture. Food Chem 76(2):173– 
179 

Koca RW, Hughes WC, Christianson LL (1991) Evaporative cooling pads: test procedure and 
evaluation. Appl Eng Agric 7:485–490 

Kumar M, Sahdev SRK, Tawfik MA, Noureddine E (2023) Natural convective greenhouse vermi-
celli drying: thermo-environ-econo-kinetic analyses. Sustain Energy Technol Assess 55:103002. 
https://doi.org/10.1016/j.seta.2022.103002 

Li G, Tang L, Zhang X, Dong J, Xiao M (2018) Factors affecting greenhouse microclimate and its 
regulating techniques: a review. IOP Conf Ser Earth Environ Sci. 167:012019. https://doi.org/ 
10.1088/1755-1315/167/1/012019 

Li N, Uckun C, Constantinescu EM, Birge JR, Hedman KW, Botterud A (2016) Flexible operation 
of batteries in power system scheduling with renewable energy. IEEE Trans Sustain Energy 
7:685–696 

Loni R, Askari Asli-Areh E, Ghobadian B, Kasaeian AB, Gorjian S, Najafi G, Bellos E (2020) 
Research and review study of solar dish concentrators with different nanofluids and different 
shapes of cavity receiver: experimental tests. Renew. Energy 145:783–804. https://doi.org/10. 
1016/j.renene.2019.06.056 

Machala Michael L, Tan Frederick L, Andrey P, Khan Mohammad I, Benson Sally M (2022) 
Overcoming barriers to solar dryer adoption and the promise of multi-seasonal use in India. 
Energy Sustain Dev 68:18–28. https://doi.org/10.1016/j.esd.2022.02.001 

Maidment G, Zhao X, Riffat S, Prosser G (1999) Application of combined heat-and-power and 
absorption cooling in a supermarket. Appl Energy 63(3):169–190

https://doi.org/10.1007/s00231-021-03146-2
https://doi.org/10.1016/j.icheatmasstransfer.2022.106349
https://doi.org/10.1016/j.icheatmasstransfer.2022.106349
https://doi.org/10.1016/j.renene.2015.02.012
https://doi.org/10.1016/j.renene.2015.02.012
https://doi.org/10.1016/j.solmat.2017.07.023
https://doi.org/10.1016/j.solmat.2017.07.023
https://doi.org/10.1016/j.solener.2019.05.032
https://doi.org/10.1016/j.solener.2019.05.032
https://doi.org/10.1016/j.jclepro.2019.119672
https://doi.org/10.1016/j.renene.2021.05.062
https://doi.org/10.1016/j.renene.2021.05.062
https://doi.org/10.1016/j.seta.2022.103002
https://doi.org/10.1088/1755-1315/167/1/012019
https://doi.org/10.1088/1755-1315/167/1/012019
https://doi.org/10.1016/j.renene.2019.06.056
https://doi.org/10.1016/j.renene.2019.06.056
https://doi.org/10.1016/j.esd.2022.02.001


316 M. A. Eltawil et al.

Maphosa B (2020) Investigation on post-harvest processing of fruits using a solar-bio-energy hybrid 
dryer 2020. North-West University South Africa Report. Available online: https://repository. 
nwu.ac.za/bitstream/handle/10394/35592/Maphosa_B.pdf?sequence=1 

Marcelis L, Heuvelink E (eds) (2019) Achieving sustainable greenhouse cultivation. Burleigh Dodds 
Science Publishing. https://doi.org/10.1201/9780429266744 

Mekhilef S, Saidur R, Safari A (2011) A review on solar energy use in industries. Renew Sustain 
Energy Rev 15:1777–1790. https://doi.org/10.1016/j.rser.2010.12.018 

Messina S, Gonzalez F, Saldana C, Pena-Sandoval GR, Tadeo H, Juarez-Rosete CR, Nair PK 
(2022) Solar powered dryers in agricultural produce processing for sustainable rural development 
worldwide: a case study from Nayarit-Mexico. Cleaner Circular Bioeconomy 3:100027. https:// 
doi.org/10.1016/j.clcb.2022.100027 

Mirzamohammadi S, Jabarzadeh A, Shahrabi MS (2020) Long-term planning of supplying energy 
for greenhouses using renewable resources under uncertainty. J Clean Prod 264:121611. https:// 
doi.org/10.1016/j.jclepro.2020.121611 

Mohammed M, Riad K, Alqahtani N (2022) Design of a smart IoT-based control system for remotely 
managing cold storage facilities. Sensors 22:4680 

Mohsenipour M, Ebadollahi M, Rostamzadeh H, Amidpour M (2020) Design and evaluation of 
a solar-based trigeneration system for a nearly zero energy greenhouse in arid region. J Clean 
Prod 254:119990. https://doi.org/10.1016/j.jclepro.2020.119990 

Mostefaoui Z, Amara S (2019) Renewable energy analysis in the agricultureegreenhouse farms: a 
case study in the mediterranean region (sidibel abbes, Algeria). Environ Prog Sustain Energy 
38: e13029. https://doi.org/10.1002/ep.13029 

Munir A, Ashraf T, Amjad W, Ghafoor A, Rehman S, Malik AU, Hensel O, Sultan M, Morosuk 
T (2021) Solar-hybrid cold energy storage system coupled with cooling pads backup: a step 
towards decentralized storage of perishables. Energies 14:7633. https://doi.org/10.3390/en1422 
7633 

Ndukwu MC, Imagwuike Ibeh M, Elijah U, Inemesit E, Promise E, Donatus I, Fidelis A, Bilal L, 
Tagne Merlin S, Lyes B (2022a) Environmental sustainability and exergy return on investment of 
selected solar dryer designs based on standard and extended exergy approaches. Energy Sources 
Part A Recov Util Environ Eff 44(4):10647–10664. https://doi.org/10.1080/15567036.2022.215 
6636 

Ndukwu MC, Ibeh M, Ekop I, Abada U, Etim P, Bennamoun L, Abam F, SimoTagne M, Gupta A 
(2022b) Analysis of the heat transfer coefficient, thermal effusivity and mathematical modelling 
of drying kinetics of a partitioned single pass low-cost solar drying of cocoyam chips with 
economic assessments. Energies 15:4457. https://doi.org/10.3390/en15124457 

Ndukwu MC, Bassey B Okon, Fidelis I Abam, Lamrani Bilal, Bekkioui Naoual, Wu Hongwei, 
Bennamoun Lyes et al (2023) Energy and exergy analysis of solar dryer with triple air passage 
direction collector powered by a wind generator. Int J Energy Environ Eng 14 (1): 63–77. https:// 
doi.org/10.1007/s40095-022-00502-8 

Nguyen H (2018) Sustainable food systems: concept and framework. FAO 
Nukulwar MR, Tungikar VB (2021) Recent development of the solar dryer integrated with thermal 

energy storage and auxiliary units. Therm Sci Eng Prog 29:101192. https://doi.org/10.1016/j. 
tsep.2021.101192 

Pahlavan R, Omid M, Akram A (2012) The relationship between energy inputs and crop yield in 
greenhouse basil production. J Agr Sci Tech 14:1243–1253 

Perez-Alonso J, Perez-García M, Pasamontes-Romera M, Callejon-Ferre AJ (2012) Performance 
analysis and neural modelling of a greenhouse integrated photovoltaic system. Renew Sustain 
Energy Rev 16:4675–4685. https://doi.org/10.1016/j.rser.2012.04.002 

Phadke PC, Walke PV, Kriplani VM (2015) A review on indirect solar dryers. ARPN J Eng Appl 
Sci 10:3360–3371 

Rafique MM (2020) Evaluation of metal–organic frameworks as potential adsorbents for solar 
cooling applications. Appl Syst Innov 3(2):26

https://repository.nwu.ac.za/bitstream/handle/10394/35592/Maphosa_B.pdf?sequence=1
https://repository.nwu.ac.za/bitstream/handle/10394/35592/Maphosa_B.pdf?sequence=1
https://doi.org/10.1201/9780429266744
https://doi.org/10.1016/j.rser.2010.12.018
https://doi.org/10.1016/j.clcb.2022.100027
https://doi.org/10.1016/j.clcb.2022.100027
https://doi.org/10.1016/j.jclepro.2020.121611
https://doi.org/10.1016/j.jclepro.2020.121611
https://doi.org/10.1016/j.jclepro.2020.119990
https://doi.org/10.1002/ep.13029
https://doi.org/10.3390/en14227633
https://doi.org/10.3390/en14227633
https://doi.org/10.1080/15567036.2022.2156636
https://doi.org/10.1080/15567036.2022.2156636
https://doi.org/10.3390/en15124457
https://doi.org/10.1007/s40095-022-00502-8
https://doi.org/10.1007/s40095-022-00502-8
https://doi.org/10.1016/j.tsep.2021.101192
https://doi.org/10.1016/j.tsep.2021.101192
https://doi.org/10.1016/j.rser.2012.04.002


12 Applications of Solar Energy for Enhancing Sustainable Food 317

Rahman A, Omar F, Mejbaul HM (2022) Environmental impact of renewable energy source 
based electrical power plants: solar, wind, hydroelectric, biomass, geothermal, tidal, ocean, and 
osmotic. Renew Sustain Energy Rev 161:112279. https://doi.org/10.1016/j.rser.2022.112279 

REN21 (2018) Renewable energy policy network for the 21st century. Renewable energy global 
status report, 2018. Disponível em, Acesso em: 18, fev. https://www.globalwomennet.org/wp-
content/uploads/2019/06/gsr_2019_full_report_en.pdf 

Sah RP, Choudhury B, Das RK (2015) A review on adsorption cooling systems with silica gel and 
carbon as adsorbents. Renew Sustain Energy Rev 45:123–134. https://doi.org/10.1016/j.rser. 
2015.01.039 

Sahdev RK, Kumar M, Dhingra AK (2019) A comprehensive review of greenhouse shapes and its 
applications. Front Energy 13:427–438. https://doi.org/10.1007/s11708-017-0464-8 

Saidur R, Masjuki HH, Hasanuzzaman M, Mahlia T, Tan C, Ooi J, Yoon P (2008) Performance 
investigation of a solar powered thermoelectric refrigerator. Int J Mech Mater Eng 3(1):7–16 

Samimi-Akhijahani H, Arabhosseini A (2018) Accelerating drying process of tomato slices in a 
PV-assisted solar dryer using a sun tracking system. Renew Energy 123:428–438. https://doi. 
org/10.1016/j.renene.2018.02.056 

Sethi VP, Sharma SK (2008) Survey and evaluation of heating technologies for worldwide agricul-
tural greenhouse applications. Sol Energy 82:832–859. https://doi.org/10.1016/j.solener.2008. 
02.010 

Shakouri M, Ebadi H, Gorjian S (2020) Solar photovoltaic thermal (PVT) module technologies. In: 
Photovoltaic solar energy conversion. Elsevier, pp 79–116. https://doi.org/10.1016/B978-0-12-
819610-6.00004-1 

Sharma A, Chen CR, Lan NV (2009a) Solar-energy drying systems: a review. Renew Sustain Energy 
Rev 13:1185–1210. https://doi.org/10.1016/j.rser.2008.08.015 

Sharma A, Tyagi VV, Chen CR, Buddhi D (2009b) Review on thermal energy storage with phase 
change materials and applications. Renew Sustain Energy Rev 13:318–345. https://doi.org/10. 
1016/j.rser.2007.10.005 

Sharma M, Deepali A, Kumar A (2021) Recent advancements of PCM based indirect type solar 
drying systems: a state of art. Mater Today Proc 47:5852–5855 

Shukla A, Sharma A, Kant K (2016) Solar greenhouse with thermal energy storage: a review. Curr 
Sustain Energy Reports 3:58–66. https://doi.org/10.1007/s40518-016-0056-y 

Siddiq M, Aleid SM, Kader AA (2014) Dates, postharvest science, processing technology and 
health benefits, 1st edn. Wiley, London, p 325. 

Siddiqui MU, Said SAM (2015) A review of solar powered absorption systems. Renew Sustain 
Energy Rev 42:93–115. https://doi.org/10.1016/j.rser.2014.10.014 

Solangi KH, Islam MR, Saidur R, Rahim NA, Fayaz H (2011) A review on global solar energy 
policy. Renew Sustain Energy Rev 15:2149–2163. https://doi.org/10.1016/j.rser.2011.01.007. 

Solar greenhouses—green houses and Sunrooms [WWW document]. . Accessed 10 Aug 20. URL. 
https://www.greenhousesandsunrooms.com/building-solar-greenhouses.html 

Suresh BV, Shireesha Y, Kishore TS, Dwivedi G, Haghighi AT, Patro ER (2023) Natural energy 
materials and storage systems for solar dryers: state of the art. Sol Energy Mater Sol Cells 
255:112276 

Syed AM, Hachem C (2019) Review of construction; geometry; heating, ventilation, and air-
conditioning; and indoor climate requirements of agricultural greenhouses. J Biosyst Eng 1–10. 
https://doi.org/10.1007/s42853-019-00005-1 

Vadiee A, Martin V (2013) Energy analysis and thermoeconomic assessment of the closed green-
house: the largest commercial solar building. Appl Energy 102: 1256–1266. https://doi.org/10. 
1016/j.apenergy.2012.06.051 

Veldhuizen LJ, Giller KE, Osterveer P, Brouwer ID, Janssen S, van Zanten HH, Slingerland MA 
(2020) The missing middle: connected action on agriculture and nutrition across global, national 
and local levels to achieve sustainable development goal 2. Glob Food Sec 24:100336. https:// 
doi.org/10.1016/j.gfs.2019.100336

https://doi.org/10.1016/j.rser.2022.112279
https://www.globalwomennet.org/wp-content/uploads/2019/06/gsr_2019_full_report_en.pdf
https://www.globalwomennet.org/wp-content/uploads/2019/06/gsr_2019_full_report_en.pdf
https://doi.org/10.1016/j.rser.2015.01.039
https://doi.org/10.1016/j.rser.2015.01.039
https://doi.org/10.1007/s11708-017-0464-8
https://doi.org/10.1016/j.renene.2018.02.056
https://doi.org/10.1016/j.renene.2018.02.056
https://doi.org/10.1016/j.solener.2008.02.010
https://doi.org/10.1016/j.solener.2008.02.010
https://doi.org/10.1016/B978-0-12-819610-6.00004-1
https://doi.org/10.1016/B978-0-12-819610-6.00004-1
https://doi.org/10.1016/j.rser.2008.08.015
https://doi.org/10.1016/j.rser.2007.10.005
https://doi.org/10.1016/j.rser.2007.10.005
https://doi.org/10.1007/s40518-016-0056-y
https://doi.org/10.1016/j.rser.2014.10.014
https://doi.org/10.1016/j.rser.2011.01.007
https://www.greenhousesandsunrooms.com/building-solar-greenhouses.html
https://doi.org/10.1007/s42853-019-00005-1
https://doi.org/10.1016/j.apenergy.2012.06.051
https://doi.org/10.1016/j.apenergy.2012.06.051
https://doi.org/10.1016/j.gfs.2019.100336
https://doi.org/10.1016/j.gfs.2019.100336


318 M. A. Eltawil et al.

Yano A, Cossu M (2019) Energy sustainable greenhouse crop cultivation using photovoltaic 
technologies. Renew Sustain Energy Rev 109: 116–137. https://doi.org/10.1016/j.rser.2019. 
04.026 

Yin Y, Zhang X, Chen Z (2007) Experimental study on dehumidifier and regenerator of liquid 
desiccant cooling air conditioning system. Build Environ 42(7):2505–2511 

Zhai X, Qu M, Li Y, Wang R (2011) A review for research and new design options of solar absorption 
cooling systems. Renew Sustain Energy Rev 15(9):4416–4423

https://doi.org/10.1016/j.rser.2019.04.026
https://doi.org/10.1016/j.rser.2019.04.026

	12 Applications of Solar Energy for Enhancing Sustainable Food
	1 Introduction
	2 Some Solar Applications
	2.1 Solar Drying Technologies
	2.2 Greenhouse Technologies and Applications
	2.3 Solar Refrigeration Applications

	3 Case Study in Saudi Arabia
	3.1 Developed Solar Drying
	3.2 Solar Display Refrigerator
	3.3 Date Fruits Syrup (Dibs) Extraction Using Electro-Thermal Solar Energy

	4 Recommendations for Future Research
	References


