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The up-gradation of the conventional indirect mode forced convection solar dryer to
Photovoltaic thermal (PVT) based solar dryer is advantageous in terms of energy-
saving ability, efficiency, self-sufficient design, and ability to work without any additional
electrical energy requirement. However, there is a requirement for a comprehensive
analysis of the energy, exergy, and environ-economic parameters for developing an
efficient and sustainable PVT solar dryer. In this study, a PVT based indirect mode
solar dryer has been fabricated and investigated in the environmental conditions of
North-East India (Silchar latitude of 24.83°). Experiments were performed to compare
the drying characteristics of tomatoes (solanum lycopersicum) under open sun and
solar drying conditions. A new mathematical drying model was proposed to predict the
drying characteristics of tomato under both the modes of drying. The average PVT
dryer efficiency was found to be 34.98%, higher than some of the published works of
indirect mode solar dryer conducted under similar experimental conditions. The
calculated values of drying effectiveness, collector efficiency factor, coefficient of
performance, and heat utilization factor were 1.12-1.58, 0.011-0.029, 0.71, and 0.29,
respectively. Furthermore, CO 2 emission, CO 2 mitigation, carbon credit earned
parameters were evaluated for 10, 20, and 30 years of system life.
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g Abstract:
10 ) ) _ _
11 The photovoltaic thermal (PVT) based solar dryer is advantageous in terms of energy-saving
13 ability, efficiency, self-sufficient design, and ability to work without any additional electrical
14 : . . . .
15 energy requirement. However, there is a requirement for a comprehensive analysis of the energy,
is exergy, and environ-economic parameters for developing an efficient and sustainable PVT solar
ig dryer. In this study, a PVT-based indirect mode solar dryer with forced convection has been
20 fabricated and investigated in the environmental conditions of North-East India (Silchar latitude
21
22 of 24.83°). Experiments have been performed to compare the drying characteristics of tomatoes
23 . . . . " . :
24 with quality analysis under the open sun and solar drying conditions. A new mathematical drying
gg model is proposed to predict the drying characteristics of tomatoes under both modes of drying.
% The average PVT dryer efficiency is 34.98%, higher than some of the published works of
gg indirect mode solar dryers conducted under similar experimental conditions. The calculated
31 values of drying effectiveness, collector efficiency factor, coefficient of performance, and heat
32
33 utilization factor are 1.12-1.58, 0.011-0.029, 0.71, and 0.29, respectively. Furthermore, CO>
34 - e .
35 emission, CO2 mitigation, carbon credit earned parameters are evaluated for 10, 20, and 30 years
36 .
37 of system life.
38
39 Keywords: PVT solar dryer; exergy; environ-economic analysis; drying effectiveness; carbon
40
41 emission
42
43 :
an 1. Introduction
45 _ o
46 Solar energy is a promising source of energy to reduce dependence on non-renewable energy
47
48 sources. Solar energy systems are the need for society, and they contribute to society by fulfilling
gg the energy demands and mitigating carbon emissions. Solar energy can be converted into thermal
g; and electrical energy [1] in a single system using a photovoltaic thermal collector (PVTC), which
gi is an alluring adaptation in the field of solar energy [2]. The PVT systems have been widely
55 adopted in numerous fields to improve the overall energy output [3].
56
gg Drying with the open sun is utilized indiscriminately in many developing countries as a
28 conventional open sun drying process [4]. However, the possibility of crop spoilage increases in
g; the open sun drying (OSD) process. This can be overcome by adopting the solar drying process.
63
64 1
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Various solar dryers, namely mixed-mode [5], indirect mode [6], direct mode [7], greenhouse
solar dryer [8], PCM based solar dryer [9], solar dryer with heat storage [10], and PVT based
solar greenhouse dryer [11] have been investigated by different researchers. Among these solar
drying systems, PV T-based solar dryers have enormous potential as these systems have a faster
drying rate, higher energy output, and better temperature control, and provide better quality
products. Previous studies showed that the permissible temperature range for the drying of
different crops could be achieved by varying the packing area of the PV module [12], air mass
flow rate [13], and absorber design [14].

The drying performance of the PVT-based solar dryer developed by various researchers was
investigated to determine the suitability of the solar drying system for practical applications.
Samimi-Akhijahani and Arabhosseini [15] proposed a PV-operated solar dryer with sun tracking
to dry tomato slices. The drying time was shortened from 36.60% to 16.60% by using a sun
tracker in the solar drying system. The selection of the PVT collector is one of the significantly
essential criteria for developing the PVT solar dryer. Kong et al. [16] performed solar dryers
integrated with PVT air collectors for turnips drying. The system's average thermal and electrical
efficiency was calculated as 46.80% and 5.70%, respectively, for amorphous silicon type PVT
collector, and 40.70% and 6.80%, respectively, for polysilicon type PVT collector. Dorouzi et al.
[17] investigated the drying performance of tomatoes by changing drying temperature and
relative humidity range of air in indirect mode solar dryer combined with PV panel. This study
obtained 27.00% less drying time by changing relative humidity from 28.00% to 18.00% and
temperature from 60°C to 70°C. Daghigh et al. [18] dried tarkhineh in evacuated tube and PVT
collector mode solar drying. Results indicated that the dryer efficiency was found to be 28.20%
in evacuated tube solar dryer and 13.70% in PVT solar dryer mode.

The drying mode also affects the performance of the solar drying system. The performance
was compared in different drying modes. Chauhan and Kumar [19] compared PV integrated
solar dryer performance in the open sun, passive mode, and active mode. More accurate
statistical parameter results of drying kinetics were achieved by Prakash and Kumar model [19]
under passive mode with 41.00% less drying time than OSD mode. Cesar et al. [20] compared
the solar dryer performance in the mixed-mode and indirect mode for tomato drying. The
collector efficiency, dryer efficiency, and drying time for the mixed-mode and indirect mode of
drying were 55.45%, 52.30%, and 18 h, and 10.66%, 8.80%, and 27 h, respectively. Wang et al.
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[21] reported that the dryer thermal efficiency was calculated to be in the range of 30.9-33.8%
for mango drying. The temperature ranges of 40°C, 44°C, 48°C, and 52°C were used for
studying the drying kinetics with the decreased drying time achieved at 52°C, and better
prediction for all temperature ranges was found in the Page model. Dejchanchaiwong et al. [22]
investigated rubber sheet drying performance with dryer efficiency of 13.30% and 15.40% in

indirect mode and mixed-mode drying, respectively.

The research work done on energy, exergy, and techno-economic analysis for the solar dryer
by various researchers is discussed in detail. Tiwari and Tiwari [23] studied PVT solar
greenhouse dryers' energetic and exergetic performance with varying PVT air collectors from 1
to 5. As the no. of PVT collectors increased, the energy and exergy efficiency decreased. Tiwari
and Tiwari [24] developed a solar PVT greenhouse dryer to examine the performance of slurry
heating. The total generation of energy was 1.65 kWh considering both thermal and electrical
energy sources. Chauhan et al. [25] proposed a PV integrated greenhouse dryer using an
innovative solar collector. It was found that the maximum energetic and exergetic efficiencies
were 16.80% and 21.40%, and 18.40% and 24.50%, respectively, for with and without solar
collector mode. Rabha et al. [26] found an exergy efficiency of 47% and 63% for drying ginger
and ghost chili pepper, respectively, for an indirect solar dryer. An indirect mode solar dryer
energy and exergy efficiency for drying medicinal herb was measured as 26.10% and 0.81%, and
9.80% and 0.41%, respectively, for with and without sensible heat storage material by Bhardwaj
et al. [27]. The exergy efficiency of a solar dryer operating in mixed mode for drying turmeric
was found to be 49.12% by Karthikeyan and Murugavelh [28]. Hatami et al. [29] found that the
exergy flow was high at higher air velocity with lower irreversibility. The maximum exergy
efficiency was obtained to be 22.00%, and there was no influence of the mass of the product on
the exergy efficiency of the solar dryer. Tiwari and Tiwari [30] developed a PVT-based solar
greenhouse dryer and investigated the dryer performance for different sunshine hours on a
monthly basis. The energy payback time, CO2 emission, CO, mitigation, and carbon credit were
1.23 years, 170.08 kg/year, 81.75 tonnes, and 817.50 $, respectively, over a 25-year lifetime.

Previous literature reveals that PVT-based solar dryers are finding major importance in solar
drying applications due to their energy-saving ability and self-sustainable design, especially in
rural areas with no grid connectivity. The solar dryers operated with indirect mode have better

dryer performance. There is a possible up-gradation of indirect mode forced solar convection
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dryer into PVT-based solar dryer to work without any electrical requirements. The improved
performance of drying can be achieved using a forced convection PVT solar dryer compared
with an indirect mode solar dryer. Limited number of studies have been reported on PVT-based
solar dryers of indirect mode [16], [18], and mixed-mode [11], [23], [24], [30]. None of these
studied drying kinetics of tomatoes in indirect mode forced convection PVT solar dryer with
energy, exergy, and environ-economic parameters evaluation. The present work aims to improve
the drying Kkinetics validation for tomato (Solanum Lycopersicum) drying using a new proposed
drying model along with energy, exergy, and environ-economic analysis of an indirect mode

forced convection PVT solar dryer.
The objectives of this study are as follows:

() To determine the thermal performance and energy parameters of the PVT-based indirect

mode forced convection solar dryer.

(b) To indicate the useful energy achieved by the PVT system using exergy analysis for

tomato slices drying.

(c) To develop a new drying model to predict the moisture values of tomato slices and

improve the drying process compared to the available drying models.
(d) To perform environmental impact and economic analysis of the developed prototype unit.

2. Materials and Methods
2.1. Description of the experimental set-up

The designed photovoltaic thermal solar dryer (PVTSD) was mainly comprised of a photovoltaic
thermal air collector (PVTAC), dryer cabin, blower, and connecting pipe. The tests were carried
out in NIT Silchar, India (latitude of 24.83° N). The schematic diagram of the experimental set-

up is shown in Fig. 1(a), and specification parameters are summarized in Table 1.
2.1.1. Photovoltaic thermal air collector

The photovoltaic thermal air collector (PVTAC) was constructed with a polycrystalline PV
module, glass cover, wavy-shaped absorber plate, plain base plate, galvanized iron sheet, and
insulation material. The dimension of the PVTAC was 1.10mx0.72mx0.20m. The PVTAC was
oriented in the south direction with an inclination of 24.83°. The PV panel (100 Wp) was used in
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PVTAC to run the blower and to transfer thermal energy for drying purposes. The PV module
dimension was 1.06mx0.67mx0.015m. The glass cover (0.005 m thickness) was used as a
glazing layer, 0.03 m below the PV module. A wavy shape absorber plate with a selective coated
black paint and thickness of 0.001 m was used to collect the thermal energy. The base plate was
placed at the bottom of the PVTAC, 0.03 m below the absorber plate. Polyurethane foam was
used as an insulating material having a thickness of 0.05 m and 0.025 m. The cross-sectional
view of the PVTAC is illustrated in Fig. 1(b). The circulation of ambient air into the PVT air
collector was done with the help of a blower with a capacity of 40 Wp. A control valve was

attached to regulate the air mass flow rate.
2.1.2. Dryer cabin

The dryer cabin with dimensions of 0.47mx0.47mx0.96m was fabricated with MS sheet. The
drying cabin included 05 no. of drying trays. The dimension of each tray was 0.40mx0.40m and
made of wooden material and aluminum mesh. All sides of the dryer cabin were insulated with
0.05 m of polyurethane foam, and a door was provided to allow loading/unloading of the
product. A space of 0.016 m was given between the drying trays to maintain the equilibrium
moisture removal. The moisture of the product was removed by blowing and extracting hot air
through the lower and upper end of the dryer cabin, respectively.

2.2. Experimental procedure

The experiments were carried out from 18" to 20" September 2019 at NIT Silchar, Assam, India,
over an 8-hr period during a day (8:00 hr to 16:00 hr). The tomato was selected as a drying crop
due to its high moisture content and easy availability. For uniform moisture, tomatoes were cut
into thin slices with a thickness of 0.005 m. Total 5 kgs of tomatoes were used for drying within
the PVT solar dryer, and each drying tray contained 1 kg of tomatoes. For comparison of the
drying sample in PVTSD and OSD, 200 gms of tomato samples were placed in outdoor
conditions. The weight of the sample was measured at a time interval of 15 minutes. The
experimental procedures were continued until the samples reached their targeted moisture level.
The product samples were stored after the daily experiment, and in next day the drying
experiment was started with these samples. Drying trays were interchanged every 30 minutes for

removing equal moisture of the product in the dryer cabin.

2.3 Instrumentation
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The global solar radiation was recorded using a pyranometer (Kipp & Zonen-CMP6). The RTD
(PT-100) type temperature sensor was used to measure the temperature readings at different
positions of the experimental set-up. Ambient air, dryer inlet air, and dryer outlet air relative
humidity were recorded by a thermo-hygrometer (Testo-605i). The air velocity in the different
positions of the experimental set-up was measured using a hot wire anemometer (Testo-405i).
The digital balance (Wensar-TTB3) was used to check the product weight at every 15 minutes
interval. The data collected by the various instruments were recorded in the data acquisition
system (DataTaker-DT85). Table 2 summarizes the measured parameters and instrument

specifications recorded by the various instruments during the experiments.
2.2.1.  Experimental uncertainty

Uncertainty and error can arise in the experimental procedure from measurements of various
parameters [31]. The uncertainty calculation of the various parameters measured in the
experimental procedure is given in Table 3.

oR 2 °R ? R 2 %
UR = [[a—ZlU]_J +[£U2J + ... +[EUnJ] (1)

where, U is the total uncertainty u,, u, ... U, are independent uncertainties, and Z;, Z, ...
z, are independent variables.

3. Performance evaluation

An energy and exergy analysis was undertaken to indicate the useful energy achieved and
estimate the losses in the system. The drying analysis was carried out to evaluate the moisture
parameters and drying rate of the sample. Drying models were compared using statistical

analysis. To perform the energy balance following assumptions were made:

e The heat transfer process is one dimensional and steady-state
e Specific heat of air is constant.
e Thermal properties of air remain unchanged during the entire process.

e Thermal losses are neglected.
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3.1. Energy modeling

The thermal efficiency of PVTAC (7rvrac) was calculated by dividing the net amount of heat
generated (Qg) by the PVTAC by the total energy available (Qav) on the PVTAC surface [32]:

Y
PVTAC Qav (2)

Mass flow rate and difference in temperature of working fluid affect the heat generation.

The heat generated by the PVTAC was evaluated as [32]:

Qg = mWprWf (Tco _Tci) 3)
where, mws is working fluid mass flow rate, cpws is working fluid specific heat, Teo and Tej are
collector outlet and inlet air temperature, respectively.

The amount of energy available mainly depends on solar radiation intensity. The total energy
available on the surface of the PVTAC is estimated as [32]:

Q. = ALl(s) 4)
where, 1(s) is solar radiation intensity, and Amis module area.

The PVT dryer efficiency (npvp) is described as the fraction of the heat utilized for evaporation
of sample moisture (Q¢) to the heat available for evaporation (Qav) in the PVT dryer. The blower
consumption is not considered for the calculation of PVT dryer efficiency due to the use of a

self-driven blower [33].

Q.
Q., (%)

Mevip =

The heat required to evaporate the sample moisture is expressed as [33]:
Q. = mh, (6)

where, me is mass of evaporation, and hy is the latent heat of vaporization.
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Heat utilization factor (HUF) is the proportion of the heat used in the dryer cabin to the heat

obtained in the collector box. Heat utilization factor is expressed as [34]:

HUF = @ )

where, Taco and Tqci are dryer cabin inlet and outlet temperature, respectively.

The coefficient of performance (COP) is the proportion of the total heat used in the system to the
total heat obtained by the system. The coefficient of performance is expressed as [34]:

COP — (Tdco - Tdci) + (Tco - Tci) (8)

(Teo - Ta)

The relation between HUF and COP is described as:
HUF + COP = 1 ©)
Drying effectiveness (DE) is the proportion of the relative humidity of the dryer cabin outlet to

the relative humidity of the dryer cabin inlet. Drying effectiveness is expressed as [34]:

DE = [ie (10)
Y dci

where, ydco and yaci are the relative humidity at the dryer cabin outlet and inlet, respectively.

The collector efficiency factor (AT/I1) is the proportion of the temperature difference of PVT air
collector box to the available solar radiation. The collector efficiency factor is expressed as [31]:

Tco - Tci
AT/ = e (11)

The electrical performance of PVTAC is also measured. The solar cell or PV module electrical

efficiency (ysc) is calculated as [35]:

Nse = Mste |:1 - :Bo (Tsc - TO ):| (12)

where, 7stc 1S standard solar cell efficiency, fo is standard efficiency factor, To is standard test
temperature of the solar cell, and Ts is solar cell temperature.
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Electrical energy (Ee) produced by the PV module is evaluated as [35]:
Eel = Tgﬂcﬂscp\nl (S) (13)

where, f.is the packing factor of PV panel, and zg4 is the transmissivity of glass.

The overall energy collected by the PVTAC (Qov) is the collection of thermal energy and

conversion of electrical energy into thermal energy, which is calculated as [35]:

Ee
Qu = Q+ag (14)

where, 0.38 is taken as a conversion factor for changing the energy theoretically from electrical
to thermal and vice-versa [35].

The overall efficiency of PVTAC (70v) is calculated evaluated by adding electrical and thermal
efficiency [35]:

TTov = Tlpvtac T 0.38 (15)
where, the electrical efficiency is converted into thermal efficiency by using an efficiency
conversion factor value of 0.38 [35].

3.2. Exergy modeling

The second law of thermodynamics describes the phenomenon of exergy analysis. The system
achieves the quality of the work in the reversible process. The exergy loss, exergy inflow, and

exergy outflow obtained from the process are explained by following Eqg. (16) [36].

ZQPVTAC,ex,Ioss = ZQPVTAC,eX,in - ZQPVTAC,ex,ov (16)

where, Qpvtac.exloss IS the exergy loss from the PVTAC, Qpvracexin IS the input exergy to the

PVTAC and Qpvrac.exov is the overall exergy output obtained from the PVTAC.

The thermal exergy of the PVTAC (Qpvrac.exth) IS expressed as [36]:

T, + 273]

Qevrac et = Mus Cput (T 'T-)'mWfC wt (T +273)|n[
ex p co cl p a TCI +273

(17)
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where, Qpvrac,exth is the thermal exergy obtained from the PVTAC.

The overall exergy output (Qpvtac.exov) is the sum of electrical and thermal exergy and expressed
as [36]:

Qrviac.exov = Qpvrac,ex.th+Eel (18)

The exergy input to the PVTAC (Qpvrac.ex,in) IS calculated as [36]:

a(1,+213)) [ 1T, +278)
Qevrac,exin = Anl (3) 1({5[ T, J]J{g( T, J H (19)

where, Ts and Ta are the temperature of the sun and ambient, respectively.

The exergy efficiency of the PVTAC (7pvtacex) is the fraction of thermal exergy to the input

exergy, which is calculated as [36]:

_ QPVTAC,ex,th
TpvTac.ex =
Qex,in

(20)

The overall exergy efficiency of the PVTAC (70vex) is the sum of the exergy and solar cell or

electrical efficiency, which is calculated as [36]:

770v,ex = 77PVTAC,ex +775c (21)
3.3. Drying evaluation parameters

The moisture content is calculated to describe the product drying behavior at different stages of
the experiment. The final product dried mass is achieved from the hot air oven method. The

moisture content on a dry basis (MCqy) can be evaluated by Eq. (22) [37]:

_omy-my
MC, = o (22)
where, mo and mgq are the product (original and dried) mass, respectively.
The drying rate (DR) can be expressed as [37]:
— MCt+dt i MCt — d_M
bR = dt t (23)
10
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where, MCi+¢t and MC; are moisture content at time t+dt and time t, respectively.

The moisture ratio (MR) signifies the crop moisture level. It can be determined by [37]:

(24)

where, M;j is initial moisture content, M; is moisture content at time t, and M. is moisture content

at equilibrium stage.

The model values of the predicted moisture ratio (MR)) are compared to the

experimental moisture ratio (MR, ). The proposed [38] drying models for the prediction of

moisture ratio are given in Table 4. All models are calculated for OSD and PVTSD. The
comparison of various models of drying is based on the values of coefficient of determination (

R?), chi-square (»*), and root mean square error ( RMSE ), expressed as in Egs. (25)-(27) [39]:

’ MRp,i 'MRe,i i
Z‘?(_ )2 (25)
Zi:l(MRp ; MRe'i)

Z;(MRPJ “MR,;)

Z-17

RZ:]__

;(2:1_

(26)

RMSE = \/%Z:iz_l(llep,i “MR,,) @7)

where, MRy, and MRe; are predicted and experimental moisture ratio, respectively; Z and z are

total observations and constants in the model.
3.4 Environ-economic evaluation parameters

The environmental impact and economic viability of this system are determined by calculating
the following parameters:

3.4.1 Embodied energy

Embodied energy defines the energy needed to manufacture any part of the system. The
embodied energy assessment is carried out to identify the total energy consumed by the materials

to develop the system [40].
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3.4.2 COzemission

The CO. emission describes embodied energy consumption in manufacturing all parts of the
system in proportion to the system life. An extent of 0.98 is the average value of CO2 emission in

kg for generating the electricity per kwWh from coal [40].

CO, emission per year = IIE_—‘x 0.98 kg

(28)
where, Ej is embodied energy and Ls is system life.

3.43  CO2 mitigation

Total CO2 mitigation throughout the system life= E x L, x Z (29)

where, Eo is annual energy output by the system, and Z is CO, mitigation in kg per unit KWh.

Total CO2 emission by the system = E, x Z (30)
1 1
and, 7 = x x 0.98 kg/kWh (31)
1- Lal 1- L[I

where, La is appliances losses, and Ly is transmission losses.

The net CO2 mitigation by the system is calculated by [40]:

CO, mitigation = (E, x L, - E ) x Z kg (32)
3.4.4  Carbon credit earned

The earning (carbon credit) from the experimental set-up is evaluated accordingly international
standard of CO> mitigation traded at 10 $ per ton [40]:

Carbon credit earned = CO, mitigation x 10 US($) (33)

3.4.5 Energy payback time (EPBT)

The time taken by the system for payback is the equivalent energy in comparison to the energy
consumed for manufacturing the experimental set-up. The energy payback time is expressed as
[40]:
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EPBT = E— (34)

3.5  Quality analysis

The color indices, total phenolic content, and total flavonoid content are evaluated to analyze the
quality of the dried product.

3.5.1 Evaluation of color indices

Color indices are the most significant parameters for the evaluation of the quality analysis of the
drying samples. The values of L", a*, and b" define the product’s color change. The color indices
values should be closer to the original values of the fresh product to obtain a better quality of the
dried product. The color changed in the product (AE) is obtained using the following Eq. (35)

[9].

AE = AL +AQ” +AD” (35)

where, L” represents lightness in color, a” denotes a color change from red to green, and b”

represents a change in color from yellow to blue.
3.5.2  Evaluation of total phenolic content

The process of Folin-Ciocalteu has been implemented to found the total phenolic content in the
drying samples [9]. The quantity of 0.1 ml Folin-Ciocalteu solution mixed with the 0.1 ml of
aliquot. After three minutes’ reaction, 0.3 ml of 2% sodium carbonate (Na.CO3) has been mixed
with the solution. The solution is placed under dark light for 2 hours to obtain the absorbance
value in the spectrophotometer at 760 nm. The measured value is presented in mg gallic of acid
equivalent/gm of dry sample (mg/gm).

3.5.3  Evaluation of total flavonoid content

Lakshmi et al. [9] has been applied to evaluate the total flavonoid content in the drying sample.
The drying sample solution of 0.25 ml is taken for mix with the 1.25 ml of distilled water. After
5 minutes, the solution of 0.075 ml NaNO> is added with the 0.15 ml AICIs solution and mix

with the previous sample. The solution of 2 ml NaOH and 0.6 ml distilled water are added after 6

minutes. The solution is well-mixed, and absorbance is found at 510 nm in the
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spectrophotometer. The result of total flavonoid content is described in mg quercetin/gm of dry

sample (mg/gm).

4. Results and discussions
4.1  PVT air collector and dryer performance

The experiments were conducted in the month of September under the climatic conditions of
North-East India. Fig. 2(a) shows the measured solar radiation and ambient air temperature
during test periods. The average solar radiation was 705.00 W/m? and varied from 198.00 W/m?
to 975.00 W/m?. Ambient air temperature values were ranging between 28.65 °C and 37.39 °C.
The peak solar radiation was reached during noon, and the ambient temperature gradually
increased over the test period. The relative humidity was also measured to analyze the influence
of this parameter on the drying performance. The humidity level of air in the dryer cabin outlet
and inlet was lower than ambient conditions. This is a suitable condition for achieving a better
drying rate in the PVT solar drying system. Fig. 2(b) shows the measured humidity level at the
dryer outlet and inlet and also in the ambient air. The measured ambient air humidity was in the
range of 47.88% to 77.21%. The humidity at the dryer’s inlet was between 16.21% and 45.74%,
and at the dryer’s outlet was 21.83% to 58.32%. This was due to the absorbance of moisture
from the crop. In general, a lower humidity level was attained in the dryer cabin by supplying hot

air to extract a higher level of moisture from the crop.

Fig. 3(a) represents the temperature of the PV panel (Tpy), PVT air collector inlet (Tci)
and outlet (Tco), and dryer cabin inlet (Tqci) and outlet (Taco), respectively, when the air mass flow
rate was 0.015 kg/s. The temperature of the PV panel was ranged between 38.50 °C and 65.24 °C
and increased with respect to incident solar radiation on the surface. The PVT air collector inlet
and outlet temperatures were in the range from 30.85 °C to 38.64 °C, and 35.21 °C to 64.91 °C,
respectively, and the dryer cabin inlet and outlet temperatures were varied from 33.46 °C to
59.38 °C and 31.85 °C to 51.64 °C, respectively. Thermal energy collected in the PVT air
collector increased the inlet air temperature. The hot air was supplied to the dryer cabin.
Temperature reduction between the collector outlet and dryer inlet occurred due to some
convection losses in the connecting pipe. The temperature variations within the PVT system

depend on the level of solar radiation on the absorber surface. Fig. 3(b) shows the PVT air
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collector outlet and inlet temperature difference and the solar radiation variation with time. After
the start of the experiment, the temperature difference increased rapidly with the changes in solar
radiation level and decreased linearly with the reduction in solar radiation level. The maximum
temperature difference was recorded as 28.64 °C on the first day and 26.89 °C on the second day
of the experiment. The same hot air from the collector was then supplied to the dryer cabin. The
average temperature difference between the inlet and outlet of the collector was found to be
17.88 °C. The solar radiation levels affected the temperature ranges of the solar dryer. The heat
flow in the dryer cabin was varied by changing the temperature range of the solar dryer. A higher
heat transfer is required in the PVT solar dryer to remove faster moisture evaporation from the

crop.

Heat utilization factor (HUF) variation and coefficient of performance (COP) variation with
time is presented in Fig. 4(a). The values of HUF and COP are estimated in the range from 0.24-
0.39 and 0.61-0.76 on the first day, and the same ranges from 0.24-0.36 and 0.64-0.76 on the
second day of the experiment. Results show that both the parameters are affected by each other
as an increase of one parameter decreases the other parameter and vice versa. The higher value
of HUF is preferred for drying purposes due to the more heat that may be utilized in the drying
cabin. The average value of HUF and COP are achieved as 0.29 and 0.71, respectively. Similar
trends of HUF and COP have been observed by Chauhan et al. [25], which was in the range of
0.11-0.79 and 0.22-0.88, respectively. Fig. 4(b) shows the variation of PVT solar dryer efficiency
(nevD), drying effectiveness (DE), and collector efficiency factor (AT/I) variation during the test
period. Higher dryer efficiency values are obtained on the first day compared to the second day.
This may cause more moisture to be present on the crop surface, and thus more water mass
evaporation takes place from the crop in the initial period. The PVT dryer efficiency values are
calculated in 40.21-63.13% on the first day and 6.20-53.02% on the second day of the
experiment, respectively. The average value of PVT dryer efficiency is found to be 34.98%. The
results obtained from this study are compared with various reported studies conducted on similar
types of drying systems (indirect mode) with similar experimental conditions and similar crop
types. For example, the dryer efficiency of 12.00% under similar outdoor conditions was
reported by Lakshmi et al. [9]; within 8.80-10.66% by Cesar et al. [20]; within 12.92-27.84% by
Bhardwaj et al. [27]; within 30.90-33.80% by Wang et al. [21], and 19.00% by Vijayan et al.
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[33]. Furthermore, the results indicated a higher dryer efficiency value in PVT solar dryer

compared to the conventional dryer used in the earlier studies.

In addition, the drying effectiveness (DE) and PVT collector efficiency factor (AT/I) were
measured to evaluate the performance of PVT solar dryer. The higher the dehumidification in the
dryer cabin, the higher is the drying effectiveness: Maximum drying effectiveness is seen in the
afternoon of the day due to the higher solar radiation availability. The drying effectiveness varied
from 1.12 to 1.48 and 1.27 to 1.58 on the first and second days. The collector efficiency factor
was found to vary within the same range (0.11 to 0.029) over two test days, indicating that the
PVT system adequately utilized the energy for both days. The higher temperature difference is
preferable to obtain a higher collector efficiency factor, and it has been achieved in the present

study.
4.2 PVT solar dryer energy analysis

The energy parameters (electrical, thermal, and overall thermal) are investigated in the PVT solar
dryer to evaluate the system's performance. The effect of modification of the PVT air collector in
the solar dryer has been tested. It can be seen from Fig. 5(a), the PV module temperature varied
between 35.82 °C to 65.24 °C and 37.24 °C to 64.34 °C, on the first and second day, respectively,
and the PV efficiency ranged between 12.28% to 14.27% and 12.34% to 14.17% on the first and
second day, respectively. The efficiency of the PV module is inversely proportional to the
module temperature. The results obtained in this related to PV efficiency is comparable with
other reported study (Tiwari et al. [13]; Tiwari and Tiwari [23]).

PVT air collector allows the reduction of heat losses and enhances the energy utilization rate
in the system. PVT solar dryer energy gain is presented in Fig. 5(b). The energy gain is directly
influenced by available solar radiation. The estimated electrical energy (Ee) ranged from 20.53
W to 67.05 W, and 32.37 W to 66.55 W, on the first and second day, respectively, and the
thermal energy varied from 65.73 W to 431.75 W, and 69.19 W to 405.37 W, respectively. The
higher thermal energy was achieved at a higher temperature difference. The overall thermal
energy (Qov) was found to be between is estimated in the range from 129.40 W and 608.19 W
and 154.39 W to 573.02 W, on the first and second day, respectively. The total generation of
overall thermal energy, thermal energy, and electrical energy from the PVT solar dryer was 5.48
kWh, 3.64 kWh, and 0.70 kwWh. These values are compared with the study conducted by Tiwari
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and Tiwari [23] with values obtained as 3.24 kWh, 2.63 kWh, and 0.23 kwWh and by Tiwari and
Tiwari [24] with corresponding values reported as 1.65 kWh, 0.60 kwWh, and 0.40 kWh. More
generation of energy by the PVT system is achieved in this study compared to previous studies.

Variation of PVT air collector efficiencies with time is depicted in Fig. 5(c). Results indicate
that higher ranges are achieved for thermal and overall thermal efficiency compared to electrical
efficiency. This is attained with the effective use of available solar radiation and by overcoming
the PVT system's losses. The thermal efficiency (ypvrac) is varied from 24.88-62.37% and 23.89-
61.99% for the first and second day, respectively. The overall thermal efficiency (0v) is ranged
between 62.24-94.69% and 61.18-94.50% for the first and second days, respectively. The
average efficiency of electrical energy output, thermal energy output, and overall thermal energy
output is 12.99%, 50.79%, and 84.99%. In the present study, significantly efficient results are
obtained compared with the previous study of Tiwari et al. [13], in which the corresponding
efficiency values as 11.26%, 26.68%, and 56.30% were obtained. The present results are
comparable to the previous study performed by Tiwari and Tiwari [23], who reported the
corresponding efficiency values as 11.80-13.20%, 27.37%, and 61.56%. Similarly, the present
results are again in line with the results of Tiwari and Tiwari [24], who measured the
corresponding efficiency ranges as 12.22-14.21%, 5.84-13.44%, and 39.05-47.04%.

4.3  PVT solar dryer exergy analysis

The actual amount of utilization of energy by the PVT solar dryer is examined by using exergy
analysis. The exergy gain from the PVT solar dryer is depicted in Fig. 6(a). Solar radiation is the
main cause of exergy generation. The electrical exergy (Ee)) was found to be calculated within
20.53 W to 67.05 W and 32.37 W to 66.55 W on the first and second day, respectively, and the
thermal exergy (Qpvracexth) was from 37.51 W to 253.30 W and 39.37 W to 237.23 W,
respectively. The overall exergy (Qpvracexov) ranged between 63.56 W to 320.35 W and 71.75 W
to 300.94 W, on the first and second day, respectively. The total overall, thermal, and electrical
exergy generation by the PVT solar dryer is 2.82 kWh, 2.12 kWh, and 0.70 kWh, respectively. It
is essential to mention that the higher thermal exergy extraction from the PVT solar dryer had
accelerated the drying process. Furthermore, the assistance of electrical exergy is attained for

operating the D.C. fan in the PVT solar dryer.
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The exergy efficiency of the PVT solar dryer is illustrated in Fig. 6(b). With the increase in
the temperature of the PVT solar dryer, the electrical exergy efficiency decreases, and thermal
and overall exergy efficiency increases. The electrical exergy efficiency is changed from 12.28%
to 14.27% and 12.34% to 14.17% for the first and second day, respectively, and the thermal
exergy efficiency is ranged from 15.23% to 39.27% and 14.58% to 38.94%, respectively. The
overall exergy efficiency ranged from 29.42% to 51.56% and 28.75% to 51.29% for the first and
second days. The average electrical, thermal, and overall exergy efficiency of the PVT solar
dryer is 12.99%, 31.67%, and 44.66%, respectively. These values are comparable with the study
conducted by Tiwari and Tiwari [24], and the reported values were 11.96%, 17.00%, and
28.96%. The variation of PVT solar dryer exergy is revealed in Fig. 6(c).

The deviation between the exergy input and overall exergy output is more at the initial stage,
and after that, the deviation is noticed for both days. However, high exergy output and exergy
losses are recorded at high solar radiation. This is due to more exergy input received during this
time. The average value is calculated as 476.65 W for exergy in, 208.73 W for exergy out, and
267.92 W for exergy loss. Similar trends of exergy have also been observed by Vijayan et al.
[10] and Karthikeyan and Murugavelh [28].

4.4  Drying analysis

Drying is necessary to ensure that the moisture content remains within the acceptable limit for
the safe preservation of the crop. Moisture content variations of tomato in open sun drying
(OSD) and PVT solar dryer (PVTSD) are depicted in Fig. 7(a). After the drying test, the
moisture contents in the samples were reduced from 20.74 (d.b.) to 0.39 (d.b.) in 21 hr for OSD
and 13 hr for PVTSD, indicating that PVTSD is more efficient than OSD process. The reduction
of the moisture amount is higher on the first day compared to the second day due to higher
moisture presence in the crop on the first day. The drying time of the PVSTD process in this
study is better than other reported system studies (26 hr for ISD and 17 hr for MSD by Cesar et
al. [20]).

Variations of moisture ratio for OSD and PVTSD processes are shown in Fig. 7(b). It can be
seen that the moisture ratio falls rapidly in PVTSD compared to OSD due to the continuous
supply of heated air in the dryer cabin, while in the OSD, it depends on the availability of solar

radiation and ambient conditions. The moisture ratio of tomatoes is decreased from 1.00 to 0.019
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for OSD and PVTSD, respectively. Further, the present results indicate that the drying time is
decreased by 38.09% using the proposed efficient PVT solar drying system.

Solar radiation and moisture present in the crop are dominant factors that influence the
drying rate. The drying rate of tomatoes for OSD and PVTSD is presented in Fig. 7(c). In the
initial period of the experiment, a high drying rate is instated for both drying modes due to the
crop’s higher moisture level. Furthermore, the drying time for PVTSD mode is relatively shorter
than the OSD mode due to the increased drying air temperature supplied by PVTSD. The
maximum drying rate is calculated at 2.69 (g of water/g of dry matter. hr) and 1.91 (g of water/g
of dry matter.hr) for PVTSD and OSD. This proposed PVT solar drying system achieves the
improved results of drying rate compared to other reported studies (Samimi-Akhijahani and
Arabhosseini [15] and Dorouzi et al. [17]).

45  Proposed drying model for evaluation of drying kinetics

A new drying model is proposed to predict drying kinetics and drying performance and
compared with the previously developed drying models and regression analysis. The best-fitted
model was determined with the help of R? 42, and RMSE values. Based on the results obtained,
the proposed model has better predicted the moisture ratio than the other drying models for OSD
and PVTSD. The statistical results obtained from different drying models are summarized in
Table 4 for OSD and PVTSD.

The statistical parameters’ values for the proposed model for OSD are calculated as
R2=0.99977, x*=2.05474E-5, RMSE=0.00453, and Adj. R?=0.99977. The variance of predicted

using the proposed model and experimental moisture ratio for OSD is presented in Fig. 8(a).
The predicted moisture ratio obtained from the proposed drying model for OSD is

calculated as follows.

.038110022 1038110022 038110022
MR = -0.283670085 e/ 220544 1 375000534 gf 0P g ggpaazasg el TN )

The statistical parameters’ values are estimated to be R?=0.99998, »?=6.08529E-6,
RMSE=0.00270, and Adj. R?=0.99997 for PVTSD by the proposed model. The variance of
predicted using the proposed model and experimental moisture ratio for PVTSD is presented in
Fig. 8(b).
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The predicted moisture ratio obtained from the proposed drying model for PVTSD is

calculated as follows.

1161230594 11611230594 1161230594
MR =-0.004230685 (79853 41 51391148 ¢ (0034350254 0513081477 ¢ 0TI o0

The comparisons of sample quality are presented using actual views of tomato before
drying, after drying by OSD, and PVTSD in Fig. 9.

4.6 Environ-economic analysis

The reliability and sustainability of the system are significantly important for meeting energy
demands. Table 5 provides an embodied energy calculation of the components used in the PVT
solar dryer. The environmental parameters are estimated for different system life (10 years, 20
years, and 30 years). PVT solar dryer energy payback time is estimated to be 1.45 years. The
CO- emission of the PVT system decreases to 136.97 kg/y for 10 years, 68.48 kg/y for 20 years,
and 45.65 kgl/y for 30 years of the system life. At the same time, CO. mitigation of the PVT
system increases to 18.24 tones for 10 years, 39.58 tones for 20 years, and 60.91 tones for 30
years of the system life. Carbon credit earned by the PVT system is 182.4 $, 395.8 $, and 609.1 $
for 10, 20, and 30 years of the system life. CO2 emission, CO> mitigation, carbon credit earned,

and energy payback time (EPBT) calculations are shown in Table 6.
4.7 Industrial applications of PVT drying

The drying operations require an enormous amount of energy and modification in the present
PVT dryer design leading to cost reduction and improvements in product quality, which will
undoubtedly benefit the industries. Many food industries use conventional dryers, which are very
expensive, energy-intensive, and unsuitable for a sustainable environment. The PVT drying
offers promising solutions in various food processing industries, especially in agricultural crop
drying, timber drying, industrial waste drying, dairy industries, and preserving fruits and
vegetables. This PVT drying system is suitable for reducing post-harvest losses and increasing
farmers’ income sources in non-grid-connected areas. The flow chart of the PVT drying process
for industrial applications is shown in Fig. 10.

20



O©CO~NOOOTA~AWNPE

4.8 Quality analysis

The quality of tomatoes has been evaluated in PVT solar drying and OSD conditions. The color
changes in the drying samples are defined by measuring color indices. The comparison of color
values of tomatoes has been made between the before and after drying. It is revealed that the L"
value decreases, a” value decreases, and b value increases after the drying for tomatoes
compared to before drying. The total change in the color indices is evaluated at 5.61 for PVT
solar drying and 14.11 for open sun drying. The results indicate that the color change in PVT
solar drying is 60.24% less than in the open sun drying. The total phenolic content (mg gallic of
acid equivalent/gm of the dry sample) of tomatoes is determined 271.55, 226.28, and 184.64
before drying, after PVT solar drying, and after open sun drying, respectively. In PVT solar
drying, the phenol content remains close to that of the samples before drying. The reduction in
phenolic content is measured at 16.67% in PVT solar drying and 32.00% in open sun drying. The
total flavonoid content (mg quercetin/gm of the dry sample) of tomatoes is calculated 218.47,
168.59, 147.24 before drying, after PVT solar drying, and after open sun drying, respectively.
The decline of the flavonoid content is estimated at 22.83% in PVT solar drying and 32.60% in
open sun drying from the original value. The findings of the quality analysis of the tomato drying

are seen in Table 7.
5. Conclusions

This experimental work represents the energetic, exergetic, and environ-economic investigation
of newly developed indirect mode solar photovoltaic thermal (PVT) dryer with forced

convection for tomato drying and the following conclusions of this study are follows:

e The drying time of tomatoes for the proposed system was 61.54% shorter than the OSD
process indicating a more efficient drying process compared to the traditional method.

e The proposed mathematical model provided a more accurate predicted moisture ratio
than the other drying models for both OSD and PVT solar drying systems.

e The average PVT solar dryer efficiency is 34.98% which is higher than similar types of
the system previously developed.

e The average heat utilization factor (HUF) and coefficient of performance (COP) are 0.29

and 0.71, respectively.
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The drying effectiveness (DE) and PVT collector efficiency factor (AT/I) are obtained in
the range of 1.12-1.58 and 0.011-0.029, respectively.

This proposed system's electrical, thermal, and overall thermal efficiency are obtained as
12.99%, 50.79 %, and 84.99%, respectively.

Total exergy in, exergy out, and exergy loss of the PVT solar dryer is calculated as 25.74
kWh, 11.27 kWh, and 14.47 kWh, respectively.

The average thermal and average overall exergy efficiencies of PVT solar dryers are
observed to be 31.67% and 44.66% for exergy, respectively.

The estimated PVT solar dryer energy payback time is 1.45 years.

Nomenclature

Qu
Q.
Q
Qo

QPVTAC ,ex,in

QPVTAC ,ex, loss

Module area (m?)

Working fluid specific heat (J/kg K)
Embodied energy (W)

Electrical energy (W)

Solar radiation (W/m?)

System life (Y)

Mass of evaporation (kg/s)

Moisture content on dry basis (d.b.)

Moisture content on wet basis (w.b.)

Total energy available on PVTAC surface (W)
Heat required to evaporate the sample moisture (W)
Heat generated by PVTAC (W)

Overall energy generated by PVTAC (W)
Exergy input to PVTAC (W)

Exergy loss from PVTAC (W)
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QPVTAC ,eX,0V

QPVTAC ,ex,th

T

a

T

co

T

ci

T

dco

T

dci

T

sC

Overall exergy obtained from PVTAC (W)
Thermal exergy obtained from PVTAC (W)
Ambient air temperature (°C)

Collector outlet air temperature (°C)
Collector inlet air temperature (°C)

Dryer cabin outlet air temperature (°C)
Dryer cabin inlet air temperature (°C)

Solar cell temperature (°C)

Greek letter

Moy Overall efficiency of PVTAC (%)

Noviac Instantaneous efficiency of PVTAC (%)

TovTAC ox Exergy efficiency of PVTAC (%)

Movex Overall exergy efficiency of PVTAC (%)

Novo PVT dryer efficiency (%)

N Solar cell efficiency (%)

Vo Relative humidity at dryer outlet (%)

Vi Relative humidity at dryer inlet (%)
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Table 1

Specification and material used of various components for PVT solar dryer.

Components Materials Measurements
Photovoltaic thermal air G.l. sheet 1.10 m x 0.72 m x 0.20 m (Ixwxh)
collector (PVTAC)
Dryer cabin Mild steel sheet 0.47 m x 0.47 m x 0.96 m (Ixwxh)
Drying tray Wood and aluminum 0.40 m x 0.40 m (Ixw)

mesh
Glass cover Transparent glass 1.06 m x 0.67 m x 0.005 m (Ixwxh)
PV module Polycrystalline 1.06 m x 0.67 m x 0.015 m (Ixwxh)
Absorber plate G. I. sheet 0.001 m (t)
Base plate G. I. sheet 0.001 m (t)
Insulation Polyurethane foam 0.025 and 0.050 m (t)
Inlet and outlet pipe P.V.C. 0.05 m (d)

28



O©CO~NOOOTA~AWNPE

Table 2

Measured parameters and instrument specifications.

Instrument name and Measuring Parameter Range Accuracy
model

Pyranometer Solar radiation 0-2000 W/m? +1%
(Kipp & Zonen CMP6)

Data acquisition system  Data collection +0.01%
(DataTaker DT85)

Thermo-hygrometer Relative humidity 0-100% RH +3%
(Testo 605i)

Hot wire anemometer Air velocity 0-30 m/s +0.2%
(Testo 405i)

Digital balance Weight 0-3 kg +0.1%
(Wensar TTB3)

RTD Temperature - 200-600 °C +0.2%
(PT-100)
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Table 3

Uncertainty calculation for various parameters.

O©CO~NOOOTA~AWNPE

Parameters  Uncertainty calculation Uncertainty value
Solar ~ = 1
rad|a_t|0n WSR = [(\prranomeler) + (\Nreading)]2 WSR — [(1)2+(1)2:|2 =141
Temperature L L

Wr = [(WRTD)2 + Weonnection point)2 + (V\/rea\dir@,)zJ2 W = |:(.O.l)2 +(0.1)2 +(0.1)2:|E =0.17

Relative , T , -
humldlty WRH = |:(Wthermo—hygrometer) + (Wreading) :| Wen = [(0'1) +(0'1) } =014
Air velocity 1 1
2 2 2
Way = |:(Wh0t wire anemometer )2 + (Wreading) :|2 Way = [(0'1) +(0.9) :|2 =014
Moisture loss , o , -
WML:[(Wdigital balance) +(Wreading) } Wi = [(0'01) +(0.01) } = 0.014

N

uncertainty WrotaL =

+(W )? +(0.14)% + (0.014)°

Total 2 2 2 2 2 2 2 ;
ota l:(WSR) + (W )+ (W ) +(WA\/):l Wt = [(1.41) +(0.17)" +(0.14) ]2 s
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Table 4

Calculated drying model constants, statistical parameters of proposed and established drying models [38] for OSD and PVTSD.

Drying Model equation Drying model constants Statistical parameters
model OsD PVTSD OSD PVTSD
Newton MR = oKD k=0.029581196 k=0.045521497 R?=0.99381, R?=0.98896,
- v*=4.19448E-4, v>=7.62149E-4,
RMSE=0.02048, RMSE=0.02761,
Adj. R?=0.99374 Adj. R?=0.98874
Page MR = ekt k=0.009643781, k=0.011851156, R?=0.99888, R?=0.99949,
n=1.308066353 n=1.422265052 v*=1.01572E-4, v*=5.09778E-5,
RMSE=0.01008, RMSE=0.00714,
Adj. R?=0.99886 Adj. R?=0.99948
Modified MR = e k0™) k=0.029581196, n=1  k=0.045521497, n=1 R?=0.99381, R?=0.98896,
Page v?=4.19448E-4, v>=7.62149E-4,
RMSE=0.02048, RMSE=0.02761,
Adj. R?=0.99374 Adj. R?=0.98874
Henderson  \ir— g eCk0 k=0.032582026, k=0.05100606, R?=0.98902, R?=0.98204,
and Pabis a=1.101278958 a=1.120932138 ¥?=9.22317E-4, ¥*=0.00161,
RMSE= 0.03037, RMSE=0.04008,
Adj. R?=0.98889 Adj. R?=0.98170
Modified MR =a et 4 peltd) et  k=-0.009847678, a =- k=0.014373024, R?=0.99973, R?=0.99901,
Henderson 0.03277925, a=1.606882912, b=- ¥?=2.44152E-5, ¥*=9.8386E-5,
and Pabis b=1.211906511, c=-  0.214658127, c=- RMSE=0.00494, RMSE=0.00992,
0.184188403, 0.230489271, g=- Adj. R?=0.99973 Adj. R?=0.99900
g=0.030547494, 0.041231883, h=-
h=0.157210138 0.039529082
Two-term MR = a ekot) 4 p gtkat) ko=0.041372112, ko=0.080988349, R?=0.99820, R?=0.99930,
k1=0.090943307, k1=0.061714863, v?=1.59315E-4, ¥?=6.84861E-5,
a=1.64515551, b=- a=3.003680939, b=- RMSE=0.01262, RMSE=0.00828,
0.655819888 1.113950974 Adj. R?=0.99817 Adj. R?=0.99928
Logarithmic  \ o _ 5 o(k) | k=0.023027993, k=0.051006091, R?=0.99830, R?=0.98204,
a=1.217539938, c=- a=1.21753299, c=- v?=1.54825E-4, ¥*=0.00161,
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Wang and
Singh

Two-term
exponential

Verma et al.

Diffusion
approach

Midilli-
Kucuk

Proposed
model

MR=1+at+bt?

MR=a e('kt) + (1_ a) e(—kat)

MR =a e™ 4 (1-a) 9V

MR =a et 4 (1- a) eV

MR =a e 1 pt

MR =axe™ ") hxele") | ¢xelht)

0.167986064

a=-0.022038745,
b=0.000124653

a=1.861609139,
k=0.043092843

k=-0.001530751, a=-
1.011326149,
0=0.023124429

a=0.828294109,
k=0.027365759, b=-
0.12359954

a=1.004957028,
k=0.012407596, b=-
0.000505558,
n=1.219775754
k=0.0065444, a=-
0.283670085,
b=1.375290534, c=-
0.098447358,
9=0.02117463,
h=0.208287206,
n=1.038110022

0.082666616
a=-0.033247878,
b=0.000273655

a=1.955138818,
k=0.069830788

k=0.121027721, a=-

1.454122335,
9=0.038166935

a=-1.688269303,
k=0.1147823,
b=0.658807038

a=0.993785599,

k=0.012701457, b=-

0.000502935,
n=1.383208274

k=-0.019852305, a=-

0.004230685,

b=1.513911848, c=-

0.513081477,
g=0.034356254,
h=0.069658793,
n=1.161230594

RMSE=0.01244,
Adj. R?=0.99828
R?=0.99877,
v*=1.08035E-4,
RMSE=0.01039,
Adj. R?=0.99875
R?=0.99828,
v*=1.53341E-4,
RMSE=0.01238,
Adj. R?=0.99826
R?=0.99649,
¥>=2.97766E-4,
RMSE=0.01726,
Adj. R?=0.99645
R?=0.99485,
¥*=4.40714E-4,
RMSE=0.02099,
Adj. R?=0.99478
R?=0.99966,
¥*=3.07157E-5,
RMSE=0.00554,
Adj. R?=0.99966
R2=0.99977,
¥2=2.05474E-5,
RMSE=0.00453,
Adj. R2=0.99977

RMSE=0.04008,
Adj. R?=0.98170
R?=0.99739,
v*=2.40618E-4,
RMSE=0.01551,
Adj. R?=0.99734
R?=0.99812,
v*=1.83161E-4,
RMSE=0.01353,
Adj. R?=0.99808
R?=0.99839,
¥>=1.57797E-4,
RMSE=0.01256,
Adj. R?=0.99836
R?=0.99853,
v?=1.42783E-4,
RMSE=0.01195,
Adj. R?=0.99850
R?=0.99990,
¥?*=9.71098E-6,
RMSE=0.00312,
Adj. R?=0.99990
R2=0.99998,
¥2=6.08529E-6,
RMSE=0.00270,
Adj. R2=0.99997
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Table 5

Embodied energy calculation for various materials used in PVT solar dryer.

SI. No. Material Quantity (kg) Embodied Total embodied
energy energy (kwWh)
(kWh/kQ)
1.  Galvanized iron 35.70 8.89 317.37
2. Aluminum 1.20 55.28 71.86
3. Wire mesh steel tray 0.80 9.67 7.74
4. Glass 4.20 7.28 30.58
5. PVC pipe 2.60 19.44 50.54
6.  Accessories
Handle 0.09 55.28 4.97
Latch 0.06 55.28 3.32
Hinge 0.27 55.28 14.92
Steel screw 0.24 9.67 2.32
7. Solar charge controller - - 33.00
8. Battery - - 46.00
9. D.C. fan
a) lIron 0.84 8.89 7.47
b) Copper wire 0.25 19.61 4.90
10. PV panel 0.71 m? 1130.60 802.72
(kWh/m?)

Total (KWh) 1397.71
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Table 6

Estimated environ-economic parameters for PVT solar dryer.

SI. No. Parameters name PVT dryer life (Years)
10 20 30
1.  CO:zemission (kg/yr) 136.97 68.48 45.65
2. CO2 mitigation (Tones) 18.24 39.58 60.91
3. Carboncredit earned ($) 182.4 359.8 609.1
4. EPBT (Years) 1.45
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Table 7

Quality analysis of tomato drying samples.

Drying L* a* b* AE Total Total

sample phenolic flavonoid
content content
(mg/gm)  (mg/gm)

Before 41.24 33.75 20.14 - 271.55 218.47

drying

PVT solar 38.38 30.47 23.69 31.54 226.28 168.59

drying

Open sun 33.54 25.12 28.23 199.21 184.64 147.24

drying
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Fig. 1(a) Schematic view of the PVT solar dryer; (c) cross-sectional view of PVT air collector.
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Fig. 2. Variation of (a) solar radiation and ambient air temperature; (b) relative humidity during
the test period.
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Fig. 3. Variation of (a) temperatures of PVT solar dryer; (b) temperature difference of PVT air

collector and solar radiation during the test period.
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Fig. 5. Variation of PVT air collector (a) solar cell temperature and solar cell efficiency; (b)
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Fig. 6. Variation of (a) exergy gain; (b) exergy efficiency; (c) exergy in, exergy out, and exergy
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20 —o— Open sun drying—=— PVT solar drying
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Fig. 7(c)

Fig. 7. Variation for OSD and PVTSD processes (a) moisture content (b) moisture ratio (c)
drying rate.
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Fig. 8(a)

T

0.9

R’=0.99977, 1°=2.05474E-5, RMSE=0.00453

094 =
Adj. R™=0.99977

Predicted moisture ratio (MR/:)

T T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Experimental moisture ratio (MR )

Fig. 8(b)

0.9

1.0

Fig. 8. Variation of moisture ratio by the proposed model (predicted and experimental) for (a)

0SD (b) PVTSD.
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Before drying

oeP %9 @OV

After open sun drying After PVT solar drying

Fig. 9. Tomato samples before and after drying.
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Industrial applications
(PVT drying)

Benefits

Industries

Cost reduction

Agricultural crop drying

Improved product quality

Timber drying

Less energy consumption

Industrial waste drying

Reduction in post-harvest
losses

Dairy industry

Suitable for sustainable
environment

Preserving foods

Fig. 10. Industrial applications and benefits of PVT drying.
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