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a b s t r a c t

This work aims to develop a standalone hybrid solar greenhouse dryer (GD) integrated with a PV system
and solar collector for smallholder processors of tomatoes postharvest. Evaluate the thermal perfor-
mance of forced convection mixed-mode GD using a mathematical model. Investigate different pre-
treatments on fresh tomatoes (full, halves, slices, with and without blanching, with and without sugar)
before drying, identify the best pretreatment and compare the quality of final product with open sun
drying. Blanching tomatoes in hot water for 15 min before drying showed a higher initial drying rate
compared to non-blanching treatments. Based on thermal energy analysis of the hybrid GD, the useful
heat gain ranged from 6.45 to 26.62% of insolation available over the GD. The daily average heat gain that
was used for drying tomatoes inside the GD reduced from 60% at the beginning to 5% at the end of the
drying process. The average overall efficiency of the hybrid GD reached up to 17.96%.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Tomato (Lycopersicon esculentum) is one of the most commonly
produced vegetables in the world with a productivity of about
182301395 tonnes from 4848384 ha. China, USA, India, Turkey, and
Egypt are the top five tomato producers in the world. Egypt and
Saudi Arabia produced about 7,297,108 tonnes and 306,389 tonnes
of tomato in the year of 2017, respectively [1]. The drying process is
one of the developed applications which can be used to extend the
shelf life of tomato crop after harvest as followed by many local
processors.

Taking into consideration energy shortage, costs, environmental
concerns, and decreasing resources of fossil fuel, the energy con-
sumption and management methods should be optimized to
ensure sustainability. To avoid the negative effect of using fossil
fuels on the environment and health, solar drying systems are
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considered a viable technology among the techniques developed so
far. Solar drying techniques have been applied for drying fruits and
vegetables such as drying potato slices [2], red pepper [3], cherry
tomatoes [4], banana slices [5,6], and tomatoes [7e10]. Limited
studies have carried out on drying cherry tomatoes using solar
energy [11,12]. Some researches were carried out to determine the
balance of heat and mass transfer for hybrid solar dryers and some
other researches for solar greenhouse dryers [13e15].

Patil and Gawande [16] reviewed different developed tech-
niques on the solar tunnel and greenhouse dryers based on natural
and forced convection operation. Solar drying using tunnel and
greenhouse is one of the most suitable applications in rural areas.
Using such kind of dryers save a massive amount of fuel and
improve the quality of products in terms of color, aroma, and taste.

Improving the quality of dried agricultural products is most
important, and this can be achieved through pretreatments [17]
which can be used to preserve the products and improve the dried
product appearance [18]. Osmosis is one of the easy and good
pretreatments that can be applied for fruit before drying. It is a
cost-effective method to remove some water from products by
immersing it in the solution [19]. Osmosis pretreatment has an
impact on the quality and drying kinetics of cashew apple where it
increased the drying rate compared to non-pretreated fruits [20].
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Energy analysis for solar dehydration of jackfruit leather inside a
solar tunnel dryer was investigated by Tawon et al. [21]. The
average energy efficiency for the collector and dryer was 34.98%
and 50.5%, respectively. Tiwari and Tiwari [22] have analyzed the
exergoeconomic of PV-thermal mixed-mode greenhouse solar
dryer. Also, developed thermal modeling to calculate the temper-
ature of the greenhouse, product, cell, and output air. This model
was used to determine annual thermal efficiency where the
payback period of the system was about 1.23 years based on the
total thermal energy value. Lakshmi et al. [23] experimentally
investigated the drying of Stevia leaves in the mixed-mode forced
convection solar dryer. The overall dryer efficiencywas about 33.5%.
The estimated payback period of the developed dryer was found to
be about 0.65 years.

Some literature investigated the hybrid solar drying system that
included a flat plate solar collector, greenhouse dryer (GD), and PV
system under forced thermal convection drying mode. No research
used the mathematical model to describe the thermal performance
of the proposed hybrid solar drying system. Therefore, this work
aims to develop a standalone solar greenhouse dryer for drying
tomatoes after harvesting. Use the mathematical model to evaluate
the thermal performance of hybrid forced convection mixed-mode
GD under load (with tomatoes) which connected with solar air
collector and operated by the PV system. In addition to investi-
gating different pretreatments on fresh tomatoes to determine the
best pretreatment which improves the quality of final dried to-
matoes compared with open sun drying.

2. Materials and methods

The experiments were carried out at the College of Agricultural
and Food Sciences, King Faisal University, Saudi Arabia (25�180 N
Latitude and 49� 290 E Longitude).

2.1. Greenhouse dryer description

The developed drying system consisted of GD which integrated
with flat plat air solar collector (FPASC) and operated by solar PV
system under active mixed mode at different pretreatments of to-
matoes. The PV system included PV panel (ASEM, 100 W, 18 V, 5.55
Fig. 1. Schematic diagram of the P
A); charge controller (12 V/24 V and load current up to 20 A); and
battery (12 V at 17 A h rated current). The PV panel was inclined
with 30� due south. The PV systemwas used to operate a DC fan to
enhance the drying process.

The FPASC of 1.2 m2 area and 0.20 m depth was inclined with
30� and used to supply the GD with auxiliary heat. The FPASC has a
black painted galvanized corrugated sheet of 0.0015 m thick, which
was used to absorb thermal solar radiation. The absorber plate was
insulated from the backside with 0.10 m fiberglass. The top of the
FPASC was covered by 0.004 m normal glass sheet keeping a gap of
about 0.10 m between the glass and absorber sheet to allow the air
passage. The hot air moves up from the collector towards the GD
through an insulated tube of 0.15 m diameter.

The gable-even-span GD of 2.0 m2 area (2.0 m length x 1.0 m
width) made of 0.002 m thick transparent plexiglass sheets. The
longitudinal axis of GD was directed to North-South and the roof
inclined with a tilt angle of 30� towards East and West.

The GD was equipped with a stainless-steel mesh to carry the
product to be dried. A DC fan of 12 V and 80W power positioned on
the downward side of the GD and used to create a forced thermal
convection mode. The product was heated up by direct and indirect
thermal heating; meanwhile, the process was enhanced by forced
hot air mass flow. The schematic diagram and experimental setup
are shown in Figs. 1 and 2. More details can be found in Eltawil et al.
[14].

2.2. Experimental parameters of PV-solar collector integrated with
greenhouse dryer

The developed GD was placed outdoors for performance eval-
uation. The GD was evaluated without load and with load (to-
matoes). The preliminary tests were conducted at different airflow
rates (2.1, 3.12, and 4.18 m3/min) with the help of the DC speed
controller which was used to control the DC fan flow rate. The best
airflow rate of 3.12 m3/min was selected for drying tomatoes. Fresh
tomatoes purchased from the local wholesale market, graded
manually and small sizes (0.015e0.035 m diameter) were selected.
The drying process was conducted based on batch mode. The GD
capacity of about 9.0 kg of single layer fresh tomatoes. The selected
fresh tomatoes were cleaned and pre-conditioned before drying.
V powered greenhouse dryer.



Fig. 2. Experimental setup of solar PV operated the greenhouse dryer for drying tomatoes.
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Fresh tomatoes were used as full fruits, cut into halves and cut
into slices then treated osmotically by sugar and non-osmotically
thereafter dried in the developed GD, and compared with open
sun drying. The pretreatments of tomatoes according to the drying
methods were:

2.2.1. Greenhouse dryer (GD)

i) Treat. A: fruits cut into halves (control inside the dryer).
ii) Treat. B: fruits cut into halves with dipping in 40% sucrose

solution for 72 h.
iii) Treat. E: fruits cut into slices (control inside the dryer).
iv) Treat. F: fruits cut into slices with dipping in 40% sucrose

solution for 72 h.
v) Treat. K: Full fruits with blanching for 5 min and thereafter

dipping in 40% sucrose solution for 72 h.
vi) Treat. L: Full fruits with blanching for 15 min and thereafter

dipping in 40% sucrose solution for 72 h.
2.2.2. Open sun method

i) Treat. C: fruits cut into halves (control in the open sun).
ii) Treat. D: fruits cut into halves with dipping in 40% sucrose

solution for 72 h.
iii) Treat. G: fruits cut into slices (control in open sun drying).
iv) Treat. H: fruits cut into slices with dipping in 40% sucrose

solution for 72 h.
v) Treat. M: Full fruits with blanching for 5 min and thereafter

dipping in 40% sucrose solution for 72 h.
vi) Treat. N: Full fruits with blanching for 15 min and thereafter

dipping in 40% sucrose solution for 72 h.

Tomatoes with different treatments were kept on drying mesh
inside the GD and on polyethylene sheet under the open sun.
Recording data for the dehydration process began at 7.00 am and
stopped when the moisture loss almost ceased.

2.3. Measurements

All ambient weather conditions that influence the drying
process, as well as different parameters of GD, were measured with
the help of the following instruments:

Solar radiation (W/m2) was measured by using a pyranometer
on a horizontal surface (the same plane of GD, i.e. Idryer) and on the
same tilt angle of both PV panel and FPASC (Iinc).

Temperature (�C) of ambient air (To) and different components
of PV-FPASC that were integrated with GD were measured by LM35
temperature sensors and digital temperature indicators, as shown
in Fig. 1.

Relative humidity (%) of ambient air (RHout) and inside the
dryer (RHdryer) were measured by Amprobe THWD-5.

Airflow rate (m3/min) of the dryer and wind speed (m/s) were
measured by airflow meter/Hotwire anemometer.

Tomatoes moisture content was measured by an electric oven
dryer which was set at 70 ± 1 �C [24]. The initial (M0), final (Mf) and
instantaneous (Mt) moisture contents were calculated based on dry
bases as follows [25]:

M0 ¼
W0 � Wd

Wd
(1)

Mf ¼
Wwet � Wd

Wd
(2)

Mt ¼
�ðM0 þ 1ÞW0

Wt
�1
�
¼ ðWt � WdÞ

Wd
(3)
2.4. Analysis of thermal energy balance

Energy analysis of the tomatoes drying process by PV-solar
collector integrated with GD is presented in this work. The en-
ergy equations in the steady-state used for energy analysis of to-
matoes drying process based on hourly to optimize the drying
conditions [26]:

The energy balance for each unit in the developed drying system
based on a small elemental area in the same direction of airflow has
considered as shown in Fig. 1.

The net energy balance between the inlet (Ein) and outlet (Eout)
is expressed as:
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X
Ein ¼

X
Eout (4)
2.4.1. Thermal balance for the solar collector

Ein;coll: ¼ Eout;coll: (5)

Ein;coll: ¼
�
Eout;coll: þ Eheat transfered, þ Einfltration,

�
(6)

Eu;coll: ¼ Ein;coll: �
�
Eheat transfered, þ Einfltration,

�
(7)

The hourly energy input to the FPASC (Eu, coll) and the heat gain
(net) from the solar collector to the dryer (Eu,coll) are computed as
[27e29]:

Ein; coll ¼ Esolar:coll ¼ Acoll

ðt
0

Icoll (8)

Eu;coll, ¼ma$Cp;a
�
Ta; in� Ta;out

�
(9)

ma ¼ ra Va ¼ ra ua Acoll (10)

where ma is the mass flow rate of air (kg/s).
Acoll is the collector area (m2), ua is the air speed (m/s), and ra is

the air density (kg/m3).
Thus, collector efficiency (hcoll) is calculated by:

hcoll ¼
E u; coll

Ein:coll
(11)

The heat loss from the FPASC (Eloss) is calculated as:

Eloss ¼ Eheat transfer þ Einfiltration (12)

Eheat transfer ¼ E wall þ E ground þ E loss; tube (13)

The heat losses from surfaces of the solar collector (glass and
absorber) could be determined using the following equation [30]:

E heat transfer ðsurfacesÞ ¼ Ucoll;surf Acoll;surf dT (14)

Where Ucoll, surf is the overall heat transfer coefficient for the sur-
faces of the solar collector (W/m2K), Acoll, surf is the area of walls and
ground of solar collector (m2), and dT is the temperature difference
(K).

Ucoll;surf ¼
1 

1
hconv; abs�g

þ x1
hrad;abs�g

þ 1
hrad; g�amb

þ x1
hconv; g�amb

! (15)
2.4.1.1. Heat losses from the walls and ground of the collector to air.
The overall heat transfer coefficient by convective and conductive
resistances is given as:
Ucoll;wg ¼
1�

1
hi
þ x1

k1
þ x2

k2
þ x3

k3
þ 1

h+

	 (16)

where.
hi and ho are the internal and external heat transfer coefficients

(W/m2K), respectively
xi ¼ thickness of layer i (m),
ki ¼ thermal conductivity of layer i (W/mK).
Similarly, the heat losses from walls and ground of solar col-

lector could be determined from the following equation

E heat transfer ðwall; groundÞ ¼ Ucoll;wg Acoll;wg dT (17)

Where Ucoll,wg is the overall heat transfer coefficient (W/m2K),
Acoll,wg is the area of walls and ground of solar collector (m2), and dT
is the temperature difference (K).
2.4.1.2. Heat transfer by convection from the collector “Qconv, coll”.
Convective heat transfer coefficient (hg-amb, coll) from the glass
cover of the collector to ambient due to the wind (WS) is computed
as [29]:

hg�amb; coll ¼ 2:8 þ 3:0 Ws (18)

The conditions of airflow over the absorber of collector were
determined by calculating the Reynolds Number (Re) and Nusselt
number (Nu), then the convective heat transfer coefficient “habs-a,in”
for air over absorber surface can be calculated as following [31]:

Re¼ua;coll * ra Dh;coll

na
(19)

Nu¼h conv;abs�a* Dh

ka
¼ 0:0158 Re 0:8 (20)

hconv;abs�a ¼
ka * Nu
Dh;coll

�
W

m2:+C

	
(21)

Where “Dh,coll” is the hydraulic width of air passes (m) which
calculated as follows [32]:

Dh;coll ¼
4 D * H
2 ðDþ HÞ (22)

Where Dcoll and Hcoll are the actual width (1 m) and height (0.08 m)
of air passes inside the collector.

Dh is characteristic width of air passes (m), v is the kinematic
viscosity of air (m2/s), Tabs is the mean temperature of the absorber
(65 �C ¼ 338 K), and Tamb is the surrounding air temperature
(31 �C ¼ 304K). Therefore, hconv, abs-a ¼ 1.746W/m2.K; and heat loss
below the absorber is obtained from:

Econv;ðabs�aÞ ¼ Aabs * hconv; abs�a * ðTabs � Tamb Þ (23)

Where:
Aabs is the contact area between absorber and air inside collector

(m2).
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2.4.1.3. Heat transfer by radiation from the collector (Erad, coll).
The radiation heat transfer coefficient between the collector glass
cover and sky (hrad,g-s), and between the collector glass cover and
absorber (hrad,abs-g) are expressed as [29]:

hrad;g�s
¼ εg s

�
T2g þ T2s

� �
Tg þ Ts

�
(24)

hrad;abs�g
¼
s
�
T2abs þ T2g

� �
Tabs þ Tg

�
1
εabs

þ 1
εg

� 1
(25)

Where:
εabs is the absorber surface emissivity (taken as 0.98), εg is the

glass surface emissivity (taken as 0.92) and s is Stefan-Boltzmann
which equal to (5.67 � 10�8 W/m2.K4).

The sky temperature (Ts) is computed as [29]:

Ts ¼0:0552 ðTambÞ1:5 (26)

where Ts and Tamb are both in Kelvin.
The same sequence was used to determine the losses by con-

vection and radiation from the insulation layer surrounding the
sides and bottom of the solar collector using Eqn. (17).
2.4.2. Heat losses from the insulated connection tube between
collector and GD

The insulated connection tube between the collector and GD
was made from tin and insulated by fiberglass, hence the overall
heat transfer coefficient for the tube " Utube " is given as:

Utube¼
1�

1
rihi

þ x1
k1

þ x2
k2

þ 1
r+h+

	 (27)

Where: ri and ro are the inner-outer radius of layer (m),
respectively.

The heat losses from the connection tube (Eloss, tube) is given as:

Eloss;tube ¼2PL
ðTi � T+Þ

�
1
rihi

þ
ln
�
r2
r1

�
k þþ 1

r+h+

	 (28)

Where ho ¼ hd is the conductive heat-transfer coefficient across the
insulation (W/m2.�C) and can be estimated by:

hd ¼
Kgf

di
(29)

Kgf ¼ 0.043 W/m�C for fiber glass and di is the average of insu-
lation thickness (0.05 m).
2.4.3. Thermal balance for greenhouse dryer (GD)
The heat balance and theoretical analysis applied on the GD

during experiments used to predict the thermal performance of the
dryer for drying tomatoes as follows [33,34]:

Ein; dryer ¼
�
Enet; coll þ ESol; dryer

�
Eout; dryer ¼ �

Eevap þ Eloss
�

E net; dryer ¼ ESol; dryer þ E net; coll � �
Eevap þ Eloss

� (30)
2.4.3.1. Heat gain to GD. The available solar energy inside the GD
(ESol, dryer), can be calculated in terms of the solar radiation that
penetrated the cover and the net surface area of the dryer as:

ESol; dryer ¼ Idryer: Adryer (31)

Where Idryer is the horizontal insolation on the GD (W/m2), and
Adryer is the GD area (m2).

The useful heat gain from the collector to the GD can be
expressed as:

Enet;coll ¼ Eu; coll � Eloss; tube (32)

2.4.3.2. Heat evaporated from GD. The total thermal energy for
evaporation (Eevap) includes sensible heat (Esens) which used to raise
the temperature of tomatoes to the desired temperature and latent
heat energy, which used to vaporize water from tomatoes (Elatent):

Eevap, ¼ Esens, þ Elatent* (33)

Sensible heat to raise tomatoes temperature (Esens) can be esti-
mated by [35]:

Esens ¼ mt cp;t DTt ¼ rt Vt cp;tDTt (34)

Where:

mt is the rate of fresh tomatoes; ðkg=sÞ:
cp;t is the specific heat of tomatoes ¼ 4:08 kJ=kg: +C ½35�
rt is the density of tomatoes ¼ 672:78 kg=m3 ½36�
Tt;in is the tomatoes inlet temperature to the dryer;

�+C�
Tt;out is the tomatoes outlet temperature from the dryer;

�+C�
Latent heat to vaporize water from tomatoes ðQLatentÞ
ELatent ¼ mw lw

(35)

Where:

mw is the rate of water removed from tomatoes; ðkg=sÞ
lw is the Latent heat of water vaporization¼ 2300 kJ=kg ½32�

Thus, dryer efficiency (hdryer) given as:

hdryer ¼
E evap

Ein:dryer
(36)

2.4.3.3. Heat losses from GD. Convection and radiation heat losses
from GD were determined as follow:

i By convection

Similar equations (19)e(22) were used to determine the con-
vection heat loss coefficient from GD (hconv,a,dryer).

ii- By radiation

Similar equations (24) and (25) were used to determine the
radiation heat transfer coefficient among the greenhouse cover to
the sky as well as between cover and tomatoes.

Heat losses by radiation from the cover surface “Qrad,f ”.
Some thermal radiation losses arise from the dryer cover
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surfaces and the surface of the dried product. Radiant heat losses
were small because of the low surface temperatures involved.

Erad;f ¼ Af εf Fc�d d
h�

Tf ;out
�4 � �

Ta;out
�4i (37)

Where:
εf is the surface emissivity (taken as 0.1 for cover).
Fc-d is the plexiglass cover surface of the dryer wall [31].
Heat losses from the fan through the GD.
The indirect heat losses through the transparent glazing are very

small in comparison with direct heat loss through the exhaust vent
in case of forced convection GD system [36].
2.4.4. Thermal balance for PV panel

Enet,; pv, ¼ Egain, � Eloss, (38)

Eloss, ¼ Eoperating, þ Einfiltration, (39)

The PV efficiency (hPV) is expressed as follows [14]:

hPV ¼ E out;PV

Ein:PV
¼ V max;PV X I max;PV

Ins:PV x A:PV
x 100 (40)

The overall efficiency (hoverall) of the total solar system is
expressed as follows:

hoverall ¼
E out;dryer

Ein:coll þ Ein:dryer þ Ein:fan
x 100 (41)
2.5. Modeling of drying kinetics

The moisture content of tomatoes (%, w.b.) was expressed as kg
water per kg dry matter. The experimental data for drying tomato
were fitted to the thin layer drying models that given in Table 1 by
using nonlinear least-squares regression which was solved by a
Quasi-Newton numerical method. However, the moisture ratio
Table 1
The commonly used thin-layer drying curve models.

No. Model name

1 Newton
2 Page
3 Henderson and Pabis
4 Logarithmic
5 Two term
6 Wang and Singh
7 Modified Henderson and Pabis
8 Lewis

Table 2
Uncertainty of different parameters used in the present study [adapted from 49].

Parameter Device/Equipment

Temperature [Solar collector inlet and outlet, Solar
drying tunnel inlet and outlet, Ambient air]

Arises from LM35, digital tem
reading errors

Mass loss measurement Digital balance
Air velocity measurement Digital anemometer [Amprob
Relative humidity of air measurement (thermocouples and reading)
Insolation measurement Pyranometer, model LP02-LI1
PV module tolerance
Volts Unit-T multimeter, Model DT
Amps
PV module temperature Fluke 62 MAX IR thermomete
PV module efficiency
(MR ¼ M/M0) was considered instead of MR ¼ (M � Me)/(M0 - Me)
for mathematical modeling of the solar drying curves because of
continuous fluctuation of the drying air relative humidity during
solar drying [37].

The determination coefficient (R2), mean relative percent error
(P), root mean square error (RMSE), and reduced chi-square (c2)
which obtained for these equations were used for comparison be-
tween the experimental data, hence identify the best treatment.
These parameters can be calculated as follows:

P¼ 100
N

XN
i¼1



MRexp;i � MRpre;i




MRexp;i
(42)

RMSE¼
"
1
N

XN
i¼1

�
MRexp;i � MRpre;i

�2#1 =

2

(43)

c2 ¼
PN

i¼1
�
MRexp;i � MRpre;i

�2
N � n

(44)

Where, MRexp,i is the ith experimentally observed moisture ratio,
MRpre,i is the ith predicted moisture ratio, N is the number of ob-
servations, and n is the constants number [45,46].

The best model describing the drying behavior of tomato was
chosen as the model with the highest R2 and the least of both P and
RMSE. Also, reduced c2 was used to determine the fit goodness. The
lower values of the reduced c2 the better good of the fit.

2.6. Uncertainty analysis

Uncertainty values are important for experimental work to
evaluate different variables. Uncertainty occurs due to instruments,
observation, calibration, reading, environment, etc. The indepen-
dent parameters measured in the experiments were the tempera-
ture of the air at inlet and outlet locations, PV module temperature,
different collector walls, the mass flow rate of air, and insolation.
Uncertainty values for different devices used in these experiments
are listed in Table 2 [47e49]. According to standards, devices with
an uncertainty of less than 5% are reasonably acceptable.
Model References

MR ¼ exp(-kt) [38]
MR ¼ exp(-ktn) [37]
MR ¼ aexp(-kt) [39]
MR ¼ aexp(-kt) þ c [40]
MR ¼ aexp(-k0t) þ bexp(-k1t) [41]
MR ¼ 1 þ at þ bt2 [42]
MR ¼ a exp(-kt) þ b exp (-gt) þ c exp(-ht) [43]
MR ¼ exp(-kt) [44]

Unit Uncertainly

perature indicators, thermocouples, and oC ±0.38 to ±0.58

g ±0.14
e e MA 4201-A - Data Logging Anemometer] ms�1 0.058

% ±0.14
9 V/(W/m2) ±0.21 � 10�6

% ±0.3
830B, and Fluke 175 True RMS Multimeter % 0.011

% 0.01
r % ±3.11

% 3.8



M.M. Azam et al. / Energy 212 (2020) 118764 7
3. Results and discussion

3.1. Effect of different parameters on the drying process

During experimental days, the effect of ambient conditions on
the developed environment inside the GD for tomatoes treatments
of A, E, I, and J is represented in Fig. 3. The variation of average
insolation and wind speed is shown in Fig. 3a. The insolation was
measured on horizontal (Iho ¼ Idryer) and inclined (Iinc ¼ Icoll ¼ IPV)
surfaces, and it is clear that the measured insolation on the tilt
angle was higher than that on the horizontal level. During drying
experiments, the daily values of ambient air temperature varied
from 23.6 to 37.2 �C, relative humidity varied from 7.8 to 36.1%,
wind speed varied from0 to 3.2m/s, and solar radiation varied from
91 to 1103 W/m2.

Fig. 3b shows the variations of average temperatures and rela-
tive humidities in the developed drying system. The recoded drying
temperatures inside the GD was higher than the surrounding
temperature (Tamb), while the relative humidity inside the GD
(RHdryer) was lower than the outside relative humidity (RHamb).
This emphasized that the drying rate inside the dryer was higher
than the open sun drying.

The mathematical calculation is depending on the thermal
analysis for the solar drying system which includes solar collector,
greenhouse dryer, and PV system. Generally, there is a reverse
relationship between air relative humidity and temperature during
the drying time. The air relative humidity during early and late
Fig. 3. Variation of average ambient and deve
hours of the day is higher than at noon. The ambient relative hu-
midity entered the collector with relatively high value in the
morning and started to decrease with the increase of temperature
till mid-day, then started to increase again with the reduction of
temperature. Increasing the drying air temperature with time
causes a reduction in the RHdryer, and leading to a higher drying
rate. This observation is in agreement with Vengsungnle et al. [47]
and Chaouch et al. [50]. Therefore, air temperature is the main
factor in this mathematical calculation. Also, Al Ahsa region, Saudi
Arabia is characterized by dry weather (i.e. low values of air relative
humidity).

As shown in Fig. 3b, the ambient relative humidity (RHamb) was
around 36% in themorning and decreased with the increase of solar
radiation and ambient air temperature to about 17% at noon, then
increased again gradually due to decrease of solar radiation and
reached about 27%, at end of the day. The average RHamb was about
26.5% while the average RHdryer was about 14.5%. The RHdryer fol-
lowed the same trend of RHamb due to the same conditions.

Fig. 4 shows the variation of tomatoes moisture contents versus
time of the day for treatments A, E, I, and J during the drying pro-
cess. The moisture content of tomatoes decreased by increasing the
drying time. Data analysis indicated that the drying process of
different treatments of tomatoes takes place in a constant drying
rate and falling drying rate.

As shown in Fig. 4, the primary (final) values of tomatoes
moisture content based on w.b. which dried inside the developed
GD without any sugar solution treatments were 92.2% (8.30%), 92%
loped conditions for the drying system.



Fig. 4. Variation of tomatoes moisture contents for non-osmosis treatments A, E, I, and
J that dried inside the developed GD.
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(8.34%), 92.4% (8.24%) and 92.3% (8.02%) for treatments A, E, I and J,
respectively.

Fig. 5 shows the effect of ambient conditions on the developed
environment in the GD in case of tomatoes treatments of B, F, K, and
L. The variation of average insolation and wind speed is shown in
Fig. 5a. While Fig. 5b shows the variations of average temperatures
and relative humidities in the developed drying system.

The primary (final) values of tomatoes moisture content that
dried inside the GD and treated with sugar solutions were 91.7%
(8.44%), 92.2% (8.21%), 92.3% (8.40%) and 92% (8.20%) for treatments
Fig. 5. Variation of average ambient and dev
B, F, K, and L, respectively (Fig. 6).
The initial (final) moisture content values of tomatoes which

dried under open sun conditions were 91.4% (8.90%), 92.4% (8.82%),
91.8% (8.45%), 91.8% (8.22%), 92.2% (8.44%) and 91.7% (8.24%) for
treatments C, D, G, H, M and N, respectively (Fig. 7).

The absorption of moisture during the pretreatment process of
tomatoes may cause differences in initial moisture content. The
dried tomatoes had reached the equilibrium moisture content
(EMC) inside the developed GD after 1020e1920 min for non-
osmotically treatments and from 1020 to 2460 min for osmoti-
cally treatments. As shown in Figs. 4, 6 and 7 the Treat. E (as a non-
treated sample inside the drier) was reached the equilibrium
moisture content (EMC) at 1020 min from the beginning of the
system operation, and Treat. F (as a treated sample inside the drier)
was reached the EMC at 1020 min, while Treat. G and H (as a non-
treated and treated) reached the EMC at 1320 and 1620 min,
respectively. Solar GD had a shorter drying time compared to open
sun drying. Depending on weather conditions, the developed solar
GD reduced one day from the drying time of tomatoes as compared
with open sun drying. The decrease in the drying time could be due
to the values of higher temperatures and lower relative humidity
that achieved inside the developed GD. Similar results have been
reported for banana [51], for fish [52] and pineapple [53].

The ability of the air passing over the tomatoes to be dried to
carry moisture is the most important factor in the dehydration
process. The ability of the air to evaporate water determines the
drying rate and drying time. Fig. 8 indicates that the highest drying
eloped conditions for the drying system.



Fig. 6. Variation of tomatoes moisture contents for osmosis treatments (sugar solution) of B, F, K, and L that dried inside the enhanced GD.

Fig. 7. Effect of osmotic (sugar solution) and non-osmotic treatments of tomatoes on
the moisture content under open sun drying.
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rate recorded at the beginning of the drying process when the
moisture content was high for all treatments, then decreased
rapidly until all reached a similar rate after 1020 min. This occurred
due to the unbound moisture near the surface of tomatoes, which
was removed, early in the drying process. The initial drying rate of
tomatoes slices was higher than that of halves and full fruits. The
treatments of blanching in hot water for 15 min before drying
showed the highest initial drying than non-blanched treatments.
This indicates that blanching has an impact on the drying rate of
dried tomatoes, which causes softening the textures and a reduc-
tion of drying time when compared with the non-blanching
treatments.

According to the results in Fig. 8, pretreatments have a domi-
nant effect on the drying time. The slices samples of treatment F
have a shorter drying time compared to the rest of the treatments.
The longest drying time was recorded for treatment M, and this
may be referred to as the tomato waxy skin that represents a high
resistance to mass transfer. Also, sucrose solutions allow the for-
mation of a sugar surface layer, which became a barrier to the
removal of water from the treated tomatoes. A similar result has
reported by Azoubel and Murr [54].
Fig. 8. Variation of tomatoes drying rate versus solar drying time for different treat-
ments of tomatoes.
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3.2. Useful heat gain and heat losses

The daily average useful heat gain by the GD during the exper-
imental period varied from 1350 to 1850 Wh. The amount of useful
heat obtained varied during the experimental period due to the
variations inweather conditions [55]. By increasing the ambient air
temperature (Tamb), the useful heat gain was reduced due to a
decrease in the temperature difference between hot air inside the
GD and air passing from collector to the GD. The useful heat gain
was 6.45, 8.10, 11.13, and 26.62% of the solar radiation available over
the GD for the 4th experiment, 3rd experiment, 2nd experiment,
and 1st experiment, respectively. The daily average heat gain that
was used to evaporate moisture from tomatoes inside the GD
reduced from 60% to 5% at the beginning to end of the dehydration
process, respectively. The rest of the heat was lost from the drying
system by conduction, convection, and radiation. It should be noted
that, increasing the difference of temperature between inside the
GD and surrounding air led to an increase the heat losses and vice
versa.

3.3. Thermal balance of the GD

Several factors are affecting the thermal balance of a GD during
daylight, and these factors include insolation that converted into
useful heat gain, the forced convection heat transfer coefficient, air
Table 3
The mean values of different parameters used in the mathematical equations for the sol

Item Value Item

Acoll 1.2 (m2) Dconnect tube

Adryer 2 (m2) dtube insul

Cp,t 4080 (J/kg�C) Wcoll

Cp,a 1006 (J/kg�C) Lcoll
Cp, fiber gl 835 (J/kg�C) Hcoll

Cp,wood 1380 (J/kg�C) mpr

Cp, Plexiglas sheet 1470 (J/kg�C) u’’amb

Pr 0.7 V00
a, coll

G 9.81 (m/s2) ra
agl 0.92 ε wood

a,c, dryer 0.91 ε alum foil

ε,gl 0.92 ε bl metal

ε black metal 0.98 ε Plexiglas sheet

Ta 304 K Thickness (black steel sheet)
Thickness (glass) 5 mm depth of the collector
Afan 0.18 m2 Adryer

Table 4
The mean calculated energy input, energy output, energy loss, and energy efficiency for

Drying period, h Energy input, Wh

Solar collector
1st experiment 15 858.55
2nd experiment 23 894.08
3rd experiment 37 601.80
4th experiment 28 820.91
Developed drye
1st experiment 15 1437.05
2nd experiment 23 1574.20
3rd experiment 37 1177.10
4th experiment 28 1783.67
PV system
1st experiment 15 468.30
2nd experiment 23 487.58
3rd experiment 37 328.25
4th experiment 28 447.77

1st experiment (slices and halves Tomatoes) non-osmosis treat. at maximum drying per
2nd experiment (halves and full Tomatoes) non-osmosis treat. at maximum drying peri
3rd experiment (halves and full Tomatoes) with osmosis treat. at maximum drying peri
4th experiment (slices and halves Tomatoes) with osmosis treat. at maximum drying pe
temperature inside the GD, and the surrounding air temperature.
Therefore, it is imperative to identify these factors to check the
difference between the actual heat energy gained and lost in
addition to determine the heat energy required to enhance the
drying air temperature inside the GD. The values of different pa-
rameters used in mathematical equations for the developed drying
system are listed in Table 3. The mentioned information concurs
with the information given by Duffie and Beckman [22] and ASH-
RAE [56].

The energy values were calculated based on the parameters
listed in Table 3 and using the mathematical equations (4)e(41) for
the solar drying system. The developed drying system was evalu-
ated through mathematical equations and the obtained results are
presented in Table 4. The infiltration heat fromGD through the door
and connections was a very small amount, therefore it was
neglected. The rest between the useful energy output from the PV
module and the required energy to operate DC fan could be stored
in the battery to use at the cloudy hours if any through the drying
experiments.

3.4. Overall thermal efficiency

The drying system was evaluated in terms of energy analysis,
and the time-dependent change of energy loss and energy effi-
ciency in the four experiments are shown in Figs. 9e12. The input,
ar GD.

Value Item Value

0.15 (m) rpr 672 (kg/m3)
0.05 (m) rgl 2500 (kg/m3)
1 (m) r Plexiglas sheet 1190 (kg/m3)
1.2 (m) ka 0.027 (W/m�C)
8 cm kgl 0.8 (W/m�C)
5 (kg) kwood 0.1 (W/m�C)
1.03 (m/s) kfiber gl 0.04 (W/m�C)
0.003 (m3) kalum foil 218 (W/m�C)
1.106 (kg/m3) kabsorber 50 (W/m�C)
0.82 k Plexiglas sheet 0.19 (W/m�C)
0.07 lw 2300 kJ/kg
0.19 Fc-d 1
0.86 Ts 292.6 K
2 mm Thickness (Plexiglas sheet) 2 mm
18.6 cm Vdryer 1.29 m3

2.145 m2 Na, fan 83.72

developed drying systems under different treatments.

Energy output, Wh Energy loss, Wh Energy efficiency, %

654.03 204.53 73.93
648.08 245.81 68.73
359.58 242.21 60.23
565.71 255.20 64.51

395.47 1041.58 26.62
183.20 1360.15 11.13
57.34 1119.76 8.10
123.86 1659.81 6.45

50.62 417.68 11.82
59.30 428.28 13.39
44.19 284.07 13.54
58.11 389.66 14.35

iod of 15 h.
od of 23 h.
od of 37 h.
riod of 28 h.



Fig. 9. First experiment: The calculated energy input (Ein), energy output (Eout), energy loss (Eloss), and energy efficiency for collector, dryer, and PV in case of non-osmosis treatment
of slices and halves tomatoes.

M.M. Azam et al. / Energy 212 (2020) 118764 11
output, and losses of energy as well as efficiency for different
components of the developed drying system are shown in
Figs. 9e12. The overall thermal efficiency is the ratio of the useful
heat gain to the solar energy available over the solar greenhouse.
The average overall efficiency for the 1st, 2nd, 3rd, and 4th exper-
iments was 17.96%, 12.93%, 6.14%, and 11.86%, respectively. The 1st
experiment was the best due to the shortest drying time (15h),
while the 3rd experiment was the worst ones due to the longest
drying time (37 h) which may refer to the osmatic (sugar) treat-
ment (Table 5 and Figs. 9e12).
The input energy and efficiency for different components of the
drying system decreased due to some clouds which scattered the
solar radiation. Increasing the difference between output and input
energy led to decrease efficiency. The best mean efficiency for the
collector was found in the 1st experiment and decreased until the
4th experiment.

On the other hand, the best mean efficiency for solar GD has
followed the same trend as solar collectors. This result is related to
the drying time which was the shortest for the first experiment,
followed by the second, the third, and finally the fourth



Fig. 10. Second experiment: The calculated energy input (Ein), energy output (Eout), energy loss (Eloss), and energy efficiency for collector, dryer, and PV in case of non-osmosis
treatment of halves and full tomatoes.
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experiment. It was noticed that the efficiency on the first day for the
collector was the best value and it decreased continuously in the
second, the third, and the fourth days. The reason for that referred
to the decrease in the drying rate with the advance of drying time
which began with high value, then decreased slowly with time till
the end of the experiment.

However, the best mean efficiency for the PV systemwas found
in the fourth experiment, followed by the third, the second, and
finally the first experiment. This may be related to the incident solar
radiation on the PV panel during the total time of the experiment.
Generally, Figs. 9e12 are depending on the thermal analysis for

the solar system, (collector, dryer, and PV), which is related to the
weather conditions and the solar radiation in the day time of the
experiment. The energy inputs in (Ein) these figures are depending
on the solar radiation in the time of the experiment. The energy
output (Eout) for the drying system is the energy that goes out from
each part after using it inside. The Eloss is the difference between the
Ein and Eout.



Fig. 11. Third experiment: The calculated energy input (Ein), energy output (Eout), energy loss (Eloss), and energy efficiency for collector, dryer, and PV in case of osmosis treatment
(with sugar) of halves and full tomatoes.
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For the solar collector (Figs. 9a to 12a), the energy input (Ein) is
the energy gain from the solar radiation, it is increased gradually
from morning till 1:00 p.m. and then decreased gradually till the
end of the day. The energy output (Eout) is the energy that goes out
through the outlet after the energy losses (Eloss) from the sides,
bottom, and cover. The Eout began daily as a small value, then
increased according to the intensity of solar radiation till the peak
value, thereafter decreased to the end of the day. The efficiency of
the solar collector has an opposite trend of energy loss (Equ. 11). It
may also differ according to the differing in the weather conditions.
For the dryer (Figs. 9b to 12b), the Eout is the energy that goes out
from it after evaporating the moisture from the tomatoes, where it
began with a high value, then decreased according to the moisture
content of tomatoes till the solar drying process ceased. It was high
value on the first day due to the higher removal of moisture content
from tomatoes. Then, it decreased on the second day due to the
decrease of tomatoes moisture content and reached the lowest
value on the third day when themoisture content became very low.
The efficiency of the dryer differs according to the Ein to the dryer
and energy required for evaporation (Equ. 36). Therefore, efficiency



Fig. 12. Fourth experiment: The calculated energy input (Ein), energy output (Eout), energy loss (Eloss), and energy efficiency for collector, dryer, and PV in case of osmosis treatment
(with sugar) of slices and halves tomatoes.

Table 5
Summary of four experiments, duration, and different tomato treatments.

Experiment No./
Fig. No

Treatments Duration

1st/Fig. 9 Non-osmosis, slices and halves tomatoes Two days (6 h for the first day, 9 h for the second day)
2nd/Fig. 10 Non-osmosis treatment for halves and full tomatoes Three days (6 h for the first day, 9 h for the second day, 8 h for the third day)
3rd/Fig. 11 Osmosis treatment (with sugar) for halves and full

tomatoes
Four days (9 h for the first day, 10 h for the second day, 9 h for the third day, 9 for the
fourth day)

4th/Fig. 12 Osmosis treatment (with sugar) for slices and halves
tomatoes

Three days (8 h for the first day, 10 h for the second day, 9 h for the third day)
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Table 6
Estimated parameters and comparison criteria of moisture ratio (MR) for non-osmotic treatments of tomatoes that dried inside the developed GD.

Model No. Treat a b C g h k Z n R2 P, (%) RMSE x 10�2
c2

1 A 0.142 97.58 12.51 5.42 0.0031
E 0.220 98.26 26.29 6.59 0.0047
I 0.090 97.69 13.91 5.28 0.0029
J 0.109 98.25 8.76 4.99 0.0026

2 A 0.145 0.990 97.58 12.38 5.49 0.0034
E 0.281 0.856 99.14 17.36 7.59 0.0067
I 0.067 1.118 98.11 9.97 4.35 0.0020
J 0.096 1.056 98.36 8.08 4.55 0.0023

3 A 0.938 0.133 98.26 12.28 6.09 0.0041
E 0.908 0.198 99.75 21.35 7.48 0.0065
I 0.977 0.087 97.77 15.26 5.55 0.0033
J 0.960 0.104 98.53 10.54 5.48 0.0033

4 A 1.043 �0.14 0.097 98.93 19.78 5.69 0.0038
E 0.888 0.032 0.219 99.88 16.35 7.62 0.0073
I 1.151 �0.22 0.057 99.02 14.75 4.48 0.0022
J 1.068 �0.14 0.077 99.24 13.64 4.80 0.0026

5 A 0.469 0.469 0.133 0.133 98.26 12.28 6.09 0.0047
E 0.916 0.0007 0.206 �0.28 99.91 14.49 7.50 0.0077
I 0.488 0.488 0.087 0.087 97.77 15.26 5.55 0.0036
J 0.480 0.480 0.104 0.104 98.53 10.54 5.48 0.0036

6 A �0.11 0.003 96.86 16.25 4.84 0.0026
E �0.17 0.008 95.60 33.52 6.48 0.0048
I �0.07 0.0013 98.59 7.65 3.64 0.0014
J �0.09 0.002 98.38 12.00 3.89 0.0017

7 A 0.312 0.312 0.312 0.133 0.133 0.133 98.26 12.28 6.09 0.0054
E 0.0007 0.383 0.533 0.206 0.206 �0.27 99.91 14.52 7.54 0.0095
I 0.326 0.326 0.326 0.087 0.087 0.087 97.77 15.26 5.55 0.0039
J 0.319 0.319 0.319 0.104 0.104 0.104 98.53 10.54 5.48 0.0040

8 A 0.122 98.83 12.24 2.76 0.0008
E 0.220 98.26 26.29 6.59 0.0047
I 0.082 97.25 21.40 4.45 0.0021
J 0.098 98.03 16.10 3.70 0.0014
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was low value when the energy of evaporation was high at the
beginning of the drying process, then increased due to the rapid
decrease of moisture content with the increase of solar intensity.
Thereafter, it increased later during the rest of the first day ac-
cording to the decrease of solar intensity and smooth decrease of
moisture content. The process could be repeated in the rest of the
drying days according to the drying time for different treatments.
Also, efficiency may be varied according to the variations of
weather conditions.

For PV (Figs. 9c-12c), the behavior followed the operation of
solar collector, but the efficiency of PV was in the opposite trend of
energy input and energy loss (Equ. 40). Also, it may differ according
to the differing in the weather conditions.

No doubt that the useful energy is that used to dry the tomatoes
in the drying system by reducing the moisture content of tomatoes
with time to the safe level. Therefore, the useful solar energy was
decreased too with time. Results showed that the Eloss was
increased with drying time every day until mid-day then
decreased. One of the most important factors influencing the Eloss is
the air temperature in addition to the amount of moisture con-
tained in the air. Also, Eloss in these experiments was observed as
high value at the beginning of these experiments.

Results showed that energy efficiency was higher during the
first day compared to the last day because the losses were increased
with drying time. Also, the temperature difference caused an in-
crease in the Eloss due to regular convection and radiation heat
transfer between the inside cover and other components of the GD.
This considerable temperature difference between the air inside
and outside the GD indicated that the selected structure for the GD
had an efficient performance. The low-temperature difference be-
tween the product, ground, and inside air showed that the heat
transfer between the GD components occurs appropriately.
Therefore, the proposed structure was beneficial for the product
arising due to the temperature uniformity at different points of the
GD.

The Eloss values associated with the processes of heat and mass
transfer during 7:00e16:00 are illustrated in Figs. 9e12. As shown
in Figs. 9e12, the Eloss value related to the convection heat transfer
was more than that of the other processes. This was because of the
high temperature difference between the air outside the GD and
the out layer of the cover. Therefore, to decrease the Eloss value
associated with the convection heat transfer between GD cover and
outside air, this temperature difference should be decreased. Also,
as depicted in Figs. 9e12, the Eloss associated with the tomato
properties and dryer conditions [57].

The mean Eloss through the solar collector, developed dryer, and
PV system for four drying experiments were ranged from 204.53 to
255.20 Wh, 1041 to 1659.81 Wh, and 284.07 to 428.28 Wh,
respectively. This revealed that the amount of dried tomatoes and
tomatoes treatments (full, slices, and halves) significantly affected
energy loss and showed that higher solar radiation value caused
more energy loss. The mean energy efficiency through the solar
collector developed dryer, and the PV system for four drying ex-
periments was ranged from 60.23 to 73.93%, 6.45e26.62%, and
11.82e14.35%, respectively. Results of the energy performance of
the developed drying system were given in Table 4.

It should be mentioned that the drying process continued for
2e4 days based on the treatments, where the process started in the
morning and stopped at the night and started again in the morning
of the following day. Also, the variations of the measured param-
eters are depending on the weather conditions.

3.5. Modeling of drying kinetics

The tomato moisture ratio (MR) versus drying time was fitted to
the eight thin layer drying models. The resulting values of model



Table 7
Estimated parameters and comparison criteria of moisture ratio for osmotic treatments of tomatoes that dried inside the developed GD.

Model No. Treat a b c g h k Z n R2 P, (%) RMSE x 10�2
c2

1 B 0.090 96.38 23.62 4.96 0.0026
F 0.149 97.35 19.801 4.40 0.0021
K 0.064 97.35 20.20 4.34 0.0019
L 0.068 96.83 22.88 4.67 0.0023

2 B 0.047 1.267 98.52 11.76 3.17 0.0011
F 0.084 1.289 99.88 4.29 0.95 0.0001
K 0.034 1.227 98.88 8.72 2.82 0.0008
L 0.037 1.223 98.34 11.50 3.38 0.0012

3 B 1.066 0.097 97.00 20.60 4.52 0.0023
F 1.139 0.170 99.21 10.38 2.41 0.0007
K 1.052 0.067 97.70 17.44 4.04 0.0017
L 1.042 0.071 97.08 20.76 4.49 0.0022

4 B 1.714 �0.75 0.037 99.66 6.53 1.51 0.0003
F 1.198 �0.11 0.133 99.70 7.29 1.47 0.0003
K 1.252 �0.27 0.041 99.17 11.85 2.44 0.0006
L 1.433 �0.47 0.034 99.35 10.14 2.12 0.0005

5 B 0.533 0.533 0.097 0.097 97.00 20.56 4.52 0.0025
F 0.570 0.570 0.170 0.170 99.21 10.38 2.41 0.0008
K 0.526 0.526 0.067 0.067 97.70 17.44 4.04 0.0019
L 0.521 0.521 0.071 0.071 97.08 20.76 4.49 0.0023

6 B �0.067 0.001 99.55 5.43 1.76 0.0003
F �0.115 0.0035 99.70 4.86 1.47 0.0002
K �0.049 0.0006 99.44 7.22 2.00 0.0004
L �0.051 0.0006 99.24 7.20 2.30 0.0006

7 B 0.355 0.355 0.355 0.097 0.097 0.097 97.00 20.56 4.52 0.0029
F 0.380 0.380 0.380 0.170 0.170 0.170 99.21 10.38 2.41 0.0010
K 0.351 0.351 0.351 0.067 0.067 0.067 97.70 17.44 4.04 0.0020
L 0.347 0.347 0.347 0.071 0.071 0.071 97.08 20.76 4.49 0.0025

8 B 0.090 96.38 23.62 4.96 0.0026
F 0.149 97.35 19.75 4.40 0.0021
K 0.064 97.35 20.24 4.34 0.0019
L 0.068 96.83 22.90 4.67 0.0023
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parameters are presented in Tables 6e8 in addition to the mean
relative percent error (P), the root mean square error (RMSE), and
the reduced c2. To achieve a good fit, the high values of the coef-
ficient of determination (R2) and low values of c2 and RMSE should
be obtained [58,59].

The results of non-osmotic treatments of tomatoes that dried
inside the developed GD noted in Table 6 show that the experi-
mental data fits remarkably well with the Logarithmic model, the
Page model, and the Two-term model, based on high values of R2,
and the low values of the RMSE and c2. The Logarithmicmodel gave
higher R2 and lower P, RMSE, and c2 values than other models. For
most of those models, R2 values were higher than 95% which in-
dicates a good fit. The values of R2, P, RMSE and c2 for eight models
ranged from 95.60 to 99.91%, 7.65e26.29%, 2.76 � 10�2 to
7.62 � 10�2 and 0.0008 to 0.0095, respectively.

The results of osmotic treatments of tomatoes that dried inside
the developed GD presented in Table 7 show that the experimental
data fits remarkably well with the Logarithmic model, the Wang
and Singh model, and the Page model, based on high values of R2

and the low values of RMSE and reduced c2. For most of those
models, R2 values were higher than 96% which indicates a good fit.
The values of R2, P, RMSE and c2 for eight models ranged from 96.38
to 99.88%, 4.29e23.62%, 0.95 � 10�2 to 4.96 � 10�2 and 0.0002 to
0.0029, respectively. The Logarithmic model gave higher R2 and
lower P, RMSE, and c2 values than other models.

The results of osmotic and non-osmotic treatments of tomatoes
under open sun drying presented in Table 8 show that the exper-
imental data fits remarkably well with the Logarithmic model, the
Wang and Singh model, and Pagemodel, based on high values of R2

and the low values of RMSE and c2. For most of those models, R2

values were higher than 95% which indicates a good fit. The values
of R2, P, RMSE and c2 for eight models ranged from 95.60 to 99.69%,
3.63e23.28%, 1.47 � 10�2 to 5.35 � 10�2 and 0.0002 to 0.0036,
respectively. The Logarithmic model gave higher R2 and lower P,
RMSE, and c2 values than other models.

The results of non-osmotic (Table 6) and osmotic (Table 7)
treatments of tomatoes that dried inside the developed GD as well
as results of osmotic and non-osmotic treatments of tomatoes
(Table 8) under open sun drying indicated that the Logarithmic
model gave higher R2 and lower P, RMSE and c2 values than other
models. Therefore, the Logarithmic model was considered the best
model to represent the thin layer solar tunnel drying behavior of
osmotic and non-osmotic treatments of tomatoes for both inside
the GD and under open sun drying.

4. Conclusion

In this research, a solar air collector and a small PV systemwere
integrated with a greenhouse dryer (GD) for drying tomatoes. The
GD was developed to increase the amount of solar radiation
transferred into useful heat gain. The thermal efficiency of this solar
drying system under forced convection mixed-mode was investi-
gated. Different pretreatments before drying in GD and comparison
with open sun drying were investigated to identify the best treat-
ment. A mathematical model was employed and verified. Also,
energy for different components of the hybrid GD was analyzed.

Results indicated that the dried tomatoes have reached the
equilibrium moisture content inside the GD after 1020e1920 min
and 1020e2460 min for non-osmotically and osmotically treat-
ments, respectively. The initial drying rate of tomatoes slices was
higher than that of the halves and full fruits. The tomato slices that
dipped in 40% sucrose solution for 72 h and dried inside the GD
showed the shortest drying time compared to other treatments.
The full tomato that blanched for 5 min and dipped in 40% sucrose
solution for 72 h under open sun showed the longest drying time.
Increasing the difference between output energy and input energy



Table 8
Estimated parameters and comparison criteria of moisture ratio for osmotic and non-osmotic treatments of tomatoes under open sun drying.

Model No. Treat a b c g h k z n R2 P, (%) RMSE x 10�2
c2

1 C 0.077 95.97 22.70 5.22 0.0028
D 0.071 96.00 23.28 5.21 0.0028
G 0.136 97.63 11.62 4.46 0.0021
H 0.120 98.48 10.70 4.32 0.0020
M 0.065 97.69 17.79 3.98 0.0016
N 0.090 98.56 15.51 3.12 0.0010

2 C 0.039 1.259 97.93 11.64 3.74 0.0015
D 0.035 1.262 98.00 12.10 3.69 0.0015
G 0.173 0.888 98.19 12.23 5.19 0.0030
H 0.130 0.963 98.53 11.10 4.59 0.0023
M 0.036 1.217 99.16 7.35 2.40 0.0006
N 0.062 1.146 99.29 9.95 2.19 0.0005

3 C 1.049 0.081 96.32 20.61 4.98 0.0027
D 1.051 0.075 96.39 21.10 4.96 0.0027
G 0.906 0.122 99.38 11.44 5.35 0.0032
H 0.933 0.112 99.27 11.82 5.07 0.0028
M 1.049 0.069 98.04 15.30 3.67 0.0014
N 1.043 0.094 98.77 13.43 2.88 0.0009

4 C 1.793 �0.84 0.029 99.30 8.92 2.17 0.0005
D 1.823 �0.87 0.026 99.39 8.76 2.03 0.0005
G 0.965 �0.08 0.101 99.64 13.20 5.03 0.0030
H 0.997 �0.09 0.091 99.63 13.62 4.66 0.0025
M 1.321 �0.34 0.039 99.64 6.78 1.58 0.0003
N 1.103 �0.10 0.074 99.29 12.12 2.20 0.0005

5 C 0.525 0.525 0.081 0.081 96.32 20.60 4.98 0.0030
D 0.525 0.525 0.075 0.075 96.39 21.10 4.96 0.0029
G 0.453 0.453 0.122 0.122 99.38 11.44 5.35 0.0036
H 0.467 0.467 0.112 0.112 99.27 11.82 5.07 0.0031
M 0.525 0.525 0.069 0.069 98.04 15.26 3.67 0.0015
N 0.521 0.521 0.094 0.094 98.77 13.44 2.88 0.0010

6 C �0.06 0.0008 99.08 7.09 2.50 0.0007
D �0.05 0.0007 99.17 7.15 2.38 0.0006
G �0.11 0.0032 95.60 17.26 4.63 0.0024
H �0.09 0.0024 97.47 14.52 3.93 0.0017
M �0.05 0.0007 99.69 3.63 1.47 0.0002
N �0.07 0.0013 99.67 4.63 1.50 0.0002

7 C 0.349 0.349 0.349 0.081 0.081 0.081 96.32 20.60 4.98 0.0033
D 0.350 0.350 0.350 0.075 0.075 0.075 96.39 21.10 4.96 0.0032
G 0.302 0.302 0.302 0.122 0.122 0.122 99.38 11.44 5.35 0.0041
H 0.311 0.311 0.311 0.112 0.112 0.112 99.27 11.82 5.07 0.0035
M 0.350 0.350 0.350 0.069 0.069 0.069 98.04 15.30 3.67 0.0017
N 0.348 0.348 0.348 0.094 0.094 0.094 98.77 13.44 2.88 0.0011

8 C 0.077 95.97 22.70 5.22 0.0028
D 0.071 96.01 23.28 5.21 0.0028
G 0.119 99.31 9.70 2.05 0.0004
H 0.107 99.05 12.27 2.48 0.0006
M 0.065 97.69 17.80 3.98 0.0016
N 0.090 98.56 15.50 3.12 0.0010
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led to decrease efficiency. The best mean efficiency for the PV
system was found in the fourth experiment (slices and halves To-
matoes with osmosis treatment at maximum drying period of
28 h). The average overall efficiency varied from 6.14% to 17.96%
based on the experimental conditions. The Logarithmic model was
considered the best model for thin-layer solar greenhouse drying
behavior for different treatments of tomatoes for both inside the
GD and under open sun drying.
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