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Sustainability and 4E analysis of novel solar photovoltaic-thermal solar dryer under
forced and natural convection drying

Abstract:

Developing a sustainable photovoltaic-thermal (PVT) solar drying system is essential to
maintain zero carbon emission in the drying process. This work represents the drying of star
fruit in a novel PVT solar dryer to analyze the sustainability indicators based on the energy and
exergy performance with the environmental and economic evaluation (4E) under forced
convection drying (FCD) and natural convection drying (NCD). The moisture content of star
fruit in the PVT solar dryer is decreased from 10.11 (d.b) to 0.19 (d.b.) in 12.50 hr and 14.50
hr under FCD and NCD, respectively. The same has been obtained in open sun conditions with
a drying time of 22.00 hr. The PVT energy and exergy efficiencies are 69.27% and 31.12% in
FCD mode, respectively, and 43.58% and 17.89% in NCD mode. The drying efficiency of
15.27% and 13.98%, specific moisture extraction rate of 0.1786 kg/kWh and 0.6657 kg/kwWh,
and specific energy consumption of 12.37 kWh/kg and 3.57 kWh/kg are evaluated in FCD and
NCD modes, respectively. The drying system payback time is 1.40 yr and 1.70 yr in FCD and
NCD mode, respectively.

Keywords: Photovoltaic-thermal solar dryer; star fruit drying; natural and forced convection;

sustainability analysis; energy and exergy analysis.
1. Introduction

Global energy consumption is rising rapidly and affecting the earth's climate and environment.
The use of fossil fuels in heating and power generation is the leading cause to increase carbon
emissions and greenhouse gases. A sustainable alternative is required to decline the
dependency on fossil fuels. Solar energy is a promising solution of renewable energy sources
to supply both heat and electricity using photovoltaic-thermal (PVT) technology [1]. The
photovoltaic (PV) module converts a portion of the incident insolation into electrical power,
and the rest turns into heat. The PV module efficiency is affected by the operating temperature
of the solar cell [2]. In a PVT system, cooling the PV module improves the PV module
efficiency. Thus thermal energy extraction is required to reduce the temperature of the PV
module. The flowing of air or water below the PV modules is used in the PVT system to collect

thermal energy and enhance electrical efficiency.
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The PVT solar collector offers tremendous potential for reusing PV module waste heat
to improve overall energy output in the same space [3], resulting in shortened payback period.
Several designs of PVT solar collectors have been employed with the solar drying system to
reduce energy usage as well as post-harvest losses during the drying process in the non-grid
areas [4]-[10]. PVT solar dryers also improve the dried product quality as a low-cost option,
protecting it against environmental influences and substituting conventional energy sources
with free, eco-friendly solar energy [11]-[15]. The PVT solar dryer aims to acquire the most
significant amount of energy to be carried by air to the food while also removing the moisture
present in the food in the least period. In order to choose the optimal drying method for a given
product, the analysis of the impact of airflow and temperature on the system performance is
necessary [16]-[18]. As the demand for efficient and sustainable processes grows, energetic
and exergetic analysis of dryers becomes increasingly essential to enhance the design and
technical sustainability.

The energetic and exergetic investigation of the solar dryer is beneficial to
understanding the system's thermodynamic behavior. The different configurations of the solar
dryer, such as infrared convective dryer [19], mixed-mode solar dryer [20], indirect solar dryer
[21], forced mode solar dryer with thermal energy storage [22], solar convective dryer [23],
and solar dryer with phase change material [24] have been investigated based on energetic and
exergetic performance indicators. The analysis of sustainability indicators is beneficial in
attaining more efficient, ecologically friendly, long-term, and cost-effective energy
consumption in drying systems. These measures provide sufficient information about the
drying system's sustainability, thermodynamic effectiveness, and irreversibility. An optimal
dryer can be developed by decreasing irreversibility by evaluating these indicators. A variety
of studies have been conducted to assess the sustainability indicators in solar drying systems
[25]-[29]. Estimating embodied energy, environmental and economic parameters is vitally
essential to see the system's impact on industrial and practical applications. The energy
consumption for manufacturing and processing the system and recovering this energy in the
time it takes for the system to pay for itself has been found using embodied energy [24], [26],
[27]. Many researchers have studied various research on environmental parameters to

determine the scope of reducing fossil fuel consumption for the drying process.

The PVT solar dryers have been utilized in a variety of drying experiments across the
world. Veeramanipriya and Sundari [30] have developed a solar dryer with evacuated tube
(ET) collectors and PV units. The cassava has been dried up to 10.67 (w.b.) from 91.50 (w.b.)
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by keeping the dryer temperature 30-40 °C above the ambient temperature. Singh et al. [31]
carried out the experimental investigation with drying fenugreek leaves and turmeric in an
indirect solar dryer with a PV module and found the dryer thermal efficiency for fenugreek
leaves and turmeric is 34.10% and 23.60%, respectively. Daghigh et al. [32] used PVT and
ET collectors in a solar dryer to dry the Tarkhineh. The dryer efficiency is found 13.70% in
PVT mode and 28.20% in ET mode with a payback time of 2.3 yr and 2.5 yr, respectively.
Samimi-Akhijahani and Arabhosseini [33] investigated the solar drying time to dry tomato
slices for variable airflow and product thickness for a PV panel-operated sun tracker-based
solar dryer. The sun tracker solar dryer has shortened the drying timel6.60-36.60%. Hidalgo
et al. [34] compared PV-powered direct solar dryer performance in forced and natural
convection for drying green onion. The dryer efficiency and specific moisture extraction rate
were found to be 34.20% and 18.30 kWh/kg in natural and 38.30% and 16.40 kWh/kg in forced

convection, respectively.

Previous researchers have examined the energetic and exergetic performance of various
designs of solar dryers. However, the research on semi-transparent PVT collector combined
solar dryer is limited. The novelty of this system is that the semi-transparent (glass to glass
type) PV panel is not utilized as an energy collector in the conventional PVT solar dryer with
indirect mode operation. This study uses the semi-transparent PV module in a solar drying
system to enhance energy and exergy performance. Further, no analysis is available to
investigate the sustainability and 4E (energy, exergy, environmental, and economic) indicators
for drying star fruit in a semi-transparent PVT collector combined solar dryer. The improved
performance of the PVT dryer offers a solution for the effective use of this system in industrial

applications. The objectives of the study are as follows:

e To design and fabricate a semi-transparent hybrid PVT solar dryer for drying star
fruit.

e To investigate the sustainability indicators with exergy and energy analysis under
forced and natural convection.

e To compare the drying performance of star fruit in forced and natural convection
with open sun drying (OSD) and

e To evaluate the environmental and economic indicators for star fruit drying.
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2. Material and methods
2.1 Description of system with instruments

The different components of the prototype PVT collector integrated solar dryer system is
shown in Fig. 1(a). The experimental system is comprised of two glass-to-glass semi-
transparent PV modules, a PVT air collector box, a dryer cabin, two DC fans, and MS stand
for supporting the structure. Each 125 W, PV module generates electrical energy and transmits
thermal energy in the PVT air collector box. Two 12 V and 0.75A DC fans are used in the PVT
solar dryer to force the air in the dryer cabin from the PVT air collector box. A corrugated
absorber sheet (0.001 m thick) made up of aluminum with black paint is utilized to enhance
heat transfer in the PVT solar dryer. The four drying trays (0.75 m x 0.65 m) made of aluminum
mesh and wood are attached to the dryer cabin to dry the products. The wooden material is
chosen for manufacturing the system due to its high insulating capacity. The dryer cabin (0.80
m x 0.70 m x 1.00 m) and PVT air collector box (1.95 m x 0.98 m x 0.12 m) are insulated with
a thickness of 0.025 m polyurethane foam to resist the heat transmission losses.

The schematic diagram of the experimental setup is shown in Fig. 1(b). The RTD
temperature sensors are fixed in the solar dryer to measure the air temperature with an accuracy
of £0.2%. The relative humidity is calculated in the dryer cabin and ambient condition using a
Testo-605i hygrometer with an accuracy of £3%. The air velocity is measured at the location
of DC fans using a Testo-405i anemometer to obtain the mass flow rate with an accuracy of
+0.2%. The solar radiation received by the solar dryer is measured by Kipp & Zonen CMP6
pyranometer with an accuracy of £1% and recorded in the DT-85 DataTaker data logger. The
current and voltage of PV modules are calculated using a multimeter with an accuracy of
+0.1%. The product samples are weighted in the Phoenix digital balance with an accuracy of
+0.5%. The measured parameters and instruments details with specifications are summarized
in Table 1.

2.2 Experimentation

The drying experiments were conducted at NIT Silchar, India, with latitude and longitude of
24.83° N and 92.78° E, respectively, in the daytime from 8:00 to 16:00 hr (local IST time) for
star fruits in December 2020. The PVT collector was inclined at 25°(nearly latitude value) and
oriented towards the south to obtain maximum solar radiation. Two drying modes were
considered: (i) natural convection drying (NCD) and (ii) forced convection drying (FCD). The

drying results were also compared with open sun drying (OSD). The product samples were
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cleaned with water, cut into 0.005 m, and spread over the drying trays. A total of 2.5 kg of the
products were used for the drying experiment, and each drying tray contained 0.5 kg of product.
Four drying trays were kept inside the dryer cabin, and one drying tray was kept in the open
sun to compare the drying performance. After daily experiments, the product samples were
stored in the airtight box of toughened insulated plastic to be reused for the next day's
experiment. The time interval was 30 min between data collection of two consecutive readings
during the investigation. The actual view of star fruit drying in PVT solar dryer and open sun,
and after the drying is shown in Fig. 2. These figures show that the quality of the product is
obtained better in PVT solar drying than in the OSD.

2.3 Measurement of uncertainties

The measured parameters have certain uncertainties (Er) that can be evaluated using Eq. (1)
[35]. The uncertainty values of measuring parameters are seen in Table 2.

1

Ep = [(;%El)z + (;TR;EZ)Z + (;TR;E3)2 Foreri, + (%En)z]; (1)

where, E1, E2 E3 and E, are the estimated uncertainties of each measuring parameter.
y1, ¥2,y3,and yn are the independent variables of each measuring parameter. The variables y;, y2,
y3,Ya, Y5, Y6, and y7 represent the parameters of temperature, air velocity, relative humidity, solar

radiation, the mass of product, current of PV module, and voltage of PV module, respectively.

3. Performance evaluation

3.1 Drying indicators

Moisture in the product has been evaluated to investigate the drying performance of the PVT

solar dryer. The moisture content (Map) is evaluated on a dry basis (db) [36]:

)

where, m; and mq are the initial and dried mass values of the drying product,

respectively.

The moisture ratio (MR) can be defined as the ratio of moisture level available at time
't to the initial moisture level of the product. The mathematical form of MR is expressed as
[36]:
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MR = —t 3)

where, Mt and M; are the moisture values at time 't' and initial time, respectively.

The drying rate (DR) is an important parameter that can evaluate the dryer's
effectiveness. Mathematically, it can be written as [36]:

DR — Mt+dt + Mt

4
m 4)

where, Mgt IS the moisture value at t+dt time, and dt is the time interval.
3.2 Energy performance indicators

The thermal energy out (Qo) from the collector is obtained as:
Qo = mep (Toc _Tic) (5)

where, my, Cp, Toc, and Tic are air flow rate, the specific heat of air, the outlet temperature

of collector, and inlet temperature of collector, respectively.

The thermal energy in (Qi) of the collector is obtained as:
Q =Al(s) (6)
where, Ac and I(s) are collector area and solar radiation, respectively.

The ratio of energy in to the energy out of the solar collector has been defined as the

thermal energy efficiency (ye). [37]:

e =2 (7)

The electrical energy of the PV module (Epv) has been obtained as [38]:
Eoy =770 AL (S) (8)
The electrical efficiency of the PV module (npv) has been evaluated as [38]:
Moy =11, (1= B, (Toy = T)) (9)

where, 75, fs, Tey, and Ts are standard efficiency, standard efficiency factor, PV module

temperature, and standard temperature, respectively.
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The combined PVT system efficiency has been obtained by the addition of thermal
energy efficiency and electrical efficiency. The photovoltaic thermal energy efficiency (y7pvr)
has been evaluated as [38]:

Mevr = [UE + %] (10)

The drying performance of the solar dryer depends on the thermal energy required for
moisture evaporation to the thermal energy available in the solar dryer. The energy efficiency

of the drying system (»adr) has been evaluated as [39]:

hM,
Q

ndr (11)
where, M and h; are moisture removed from the drying product and the latent water

heat, respectively.

The specific energy consumption (SEC) for drying the product can be evaluated as the
proportion of the energy available in the solar dryer to the evaporation of moisture in the drying
product. The SEC has been found as [39]:

SEC = Q+E (12)
M

where, Ec is the electrical energy consumption.

The drying product's specific moisture extraction rate (SMER) has been obtained as the
proportion of the moisture evaporation to the energy needed for drying the product. The SMER

has been expressed as [39]:

MI‘
Q, +E,

SMER =

(13)

3.3 Exergy performance indicators

The exergy variation in the PVT air collector is given as [40]:

> Ex, - D EX, =Y EX, (14)

where, Exic, EXo.c, and Exic represent the exergy loss, exergy outflow, and exergy in for

the PVT air collector, respectively.
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The exergy inflow (Exic) for the PVT air collector has been expressed as [40]:

4(T,+273) 1(T,+273)
oo dBm 5|

sun sun

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

The exergy outflow (Exo,c) for the PVT air collector was obtained by adding the thermal

and electrical exergy. It can be expressed as [41]:

EX,c = EXg e + EXpy ¢ (16)

where, Exo,, and Expv, denote the thermal exergy and electrical exergy of the PVT air
collector. It is essential to mention here that the electrical exergy is the same as the electrical
energy of the PVT air collector.

The thermal exergy received from the PVT air collector (Exq,) has been described as
[41]:

(17)

T +273
Ex, =Q. —-m.c (T, +273)In| == ——
XQ,C Qo f p( a ) (Tlc+273J

The thermal exergy efficiency for the PVT air collector (7exq.c) can be obtained as [42]:

Ex

Nexoe = ?Qc (18)

i,c
The photovoltaic thermal exergy efficiency (1expvt) has been evaluated as [42]:
Mex.pvr = Mex0.c T ex v (19)

It is critical to note here that the exergy efficiency of the PV module is equal to the

electrical efficiency of the PV module.

Exergy inflow, exergy outflow, and exergy loss in the solar dryer can be described as:

Z Exi,d _Z Exo,d = Z Exl,d (20)

where, Exid, EXo,d, and Exiq are the exergy loss, exergy outflow, and exergy inflow for

the solar dryer, respectively.
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The exergy inflow for the dryer cabin (Exigq) has been expressed as [43]:

D Ex, =6, [((Tid +273)—(T, +273))—(T, +273)In %J (21)

The exergy outflow for the dryer cabin (Exo,q) has been expressed as [43]:

T, +273)
Ex =c | ((T,, +273)—(T,+273))—(T, +273 |n(°d— 22
Z o,d p{(( od ) ( a )) ( a ) (Ta+273)} ( )
The exergy efficiency of the dryer cabin (yexq) can be evaluated using the following
ratio [43]:

Exovd

—_— 23
Exiyd (23)

nEx,d =

3.4 Sustainability analysis

The parameters that influence the sustainability of the solar drying system in terms of
environmental, energy, and economically can be better understood by sustainability indicators.
The exergy variations and irreversibilities in the drying process have been evaluated to
determine the optimum drying conditions. The sustainability indicators are dependent on the
variation in the exergy losses. The improvement potential (IP), sustainability index (SI), and

waste energy ratio (WER) are evaluated using the following Egs. (24-26) [44].

IP=Ex (1_775x,d ) (24)
Slo_1 (25)
1_77E><,d
~ EX 4
WER = = (26)

i,d
3.5 Environmental analysis

The energy payback time (EPBT) of the PVT solar dryer can be evaluated as [45]:

Energy paback time = EE (27)
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where, EE and E, 1 are the embodied energy and total energy obtained from the PVT

solar dryer per year, respectively.
The COz emission per year for the PVT solar dryer has been determined as [45]:

CO, emission per year = EELX—TO% (28)
d

where, LTq is the total lifetime of the PVT solar dryer.

The CO2 mitigation per year by the PVT solar dryer has been estimated as [45]:
CO, mitigation per year =(E, xLT, —EE)x2.042 (29)

The carbon credit earned by the PVT solar dryer can be obtained as [45]:

Carbon credit earned = Net CO, mitigationxcost of mitigation (30)

3.6 Economic analysis

The life cycle saving (LCS) and payback period (Np) methods have been used to evaluate the
economic viability of the present system [46]. The economic analysis is an effective technique
to demonstrate the cost parameters for designing a PVT solar dryer for an industrial application.
. In the LCS method, firstly evaluate the saving per day of the drying product and then estimate
the annual savings of the drying product [46].

The cost per kg of fresh product to the drying product (Csq) is determined as:

mfp
Cyy =Cypx (31)

fp
dp

where, Cip, msp, and mqp are fresh drying product cost, the mass of fresh and dried

product, respectively.

The product drying cost in the PVT solar dryer (Cgs) has been evaluated by adding the
price per kg of fresh product to the drying product (Ct) and the per kg cost of drying (Cq).

Cds = Cfd + Cd (32)

The economic saving for drying the product per kg (Pkg) has been determined using Eq.
(33).

10
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Pe = Cbp —Cq (33)

]
where, Cppis the cost of the branded product.

The economic saving for drying the product per batch (Pyt) and per day (Pay) have been
estimated using Eqgs. (34) and (35).

Pbt = Pkg x mdp (34)
P

P =0 (35)
bt

where, ty is time available for drying the product in per batch.

The economic saving in a year of drying the product (Pyr) for the n®year can be obtained

as.
Py =Py x Dy X(1+i)n_l (36)

where, Dgr, i, and n are the drying days available in a year, inflation rate, and n" year,

respectively.

The payback period (Np) for the lifetime of the PVT solar dryer has been determined as
[46]:

In(l—CF‘;d(r—i)]
N = !
: (m ] (37)
Inf —
1+r
where, Ccq, P1, and r are the capital cost of the drying system, savings in the first year, and
interest rate, respectively.

3.7 Color analysis

The measuring color values illustrate the quality change of the product. The color values
variation has been measured in terms of AL, Aa, and Ab. The color change represents red to
green by Aa, yellow to blue Ab, and lightness by AL. The total color change (TCG) in the drying

product is expressed as:

1
TCG =(AL® +Aa’ + Ab )2 (38)

11
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4. Results and discussion

The sustainability and 4E (energy, exergy, environmental, and economic) indicators have been
evaluated to assess the system's thermodynamic behavior, economic viability, and
environmental impact. The analysis of results for star fruit drying in a novel PVT hybrid solar
dryer under forced convection drying (FCD) and natural convection drying (NCD) is presented

in this section.
4.1 Ambient conditions during the experiment

The ambient parameters for star fruit drying in FCD and NCD modes are shown in Fig. 3. The
comparison of both the cases is performed under similar ambient conditions during the
experiment. The average solar radiation is recorded at 692.37 W/m?for the first day and 668.02
W/m? for the second day in FCD mode. While in NCD mode, the average solar radiation is
measured at 690.95 W/m? for the first day and 680.69 W/m? for the second day. Maximum
solar radiation value is attained during solar noon. The average ambient temperature in FCD
mode is obtained at 27.14 °C and 25.99 °C for day one and day two, respectively. In NCD
mode, the average ambient temperature is observed at 26.95 °C for day one and 25.81 °C for
day two. The average relative humidity is 45.59% for day one and 51.75% for day two in FCD
mode. While in NCD mode, 50.59% and 52.23% of relative humidity are obtained for day one

and day two, respectively.
4.2 Temperature and relative humidity variations of the PVT drying system

The PVT system's temperature and relative humidity variations in FCD and NCD modes are
depicted in Fig. 4. The movement of working fluid in the PVT system is more effortless in the
FCD mode than in the NCD mode. As a result, the heat carried by the working fluid is more in
the FCD mode provide higher temperature ranges than the NCD mode in the PVT solar dryer.
The temperature of the absorber sheet is achieved more than the other temperatures of the solar
dryer. The maximum absorber sheet temperature is 73.47 °C in FCD and 67.78 °C in NCD.
The air temperature at the collector outlet ranges from 31.45 °C to 66.95 °C in FCD mode and
30.44 °C to 60.85 °C in NCD mode. The lower relative humidity allows fast moisture
evaporation in the solar drying system. The FCD mode delivers a more significant relative
humidity drop than the NCD mode. The reduction in relative humidity at the dryer inlet is
38.94% in FCD mode and 33.97% in NCD mode.

12
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4.3 Evaluation of drying indicators for star fruit

The changes in the moisture level of star fruit are examined in three drying conditions of FCD,
NCD, and OSD modes. The dehydration of the crop decreases with the reduction in moisture
values. The moisture content (d.b.) and moisture ratio variation in three different drying
conditions for star fruit are shown in Fig. 5. The moisture content is found to be 10.11 (d.b) at
the initial time and decreased to the final value of 0.19 (d.b.). The reduction of surface moisture
in FCD is more rapid than in the NCD and OSD modes. The moisture ratio drops to 0.019 from
an initial value of 1.00 with the drying time of 12.50 hr in FCD, 14.50 hr in NCD, and 22.00
hr in OSD. The time is required 176% more in OSD and 116% more in NCD than the FCD to
dry the crop.

The drying rate with time in three drying conditions for star fruit is shown in Fig. 6(a). The
high drying rate is observed in the initial stage, and later it gradually decreases. This is due to
the crop containing a lot of moisture in the beginning and allowing easy evaporation of
moisture in the initial stage. The average drying rate (kg of moisture/kg of dry solid/min) is
calculated as 0.0122 for FCD, 0.0107 for NCD, and 0.0070 for OSD. Compared to the FCD
mode, the NCD and OSD modes achieve a reduced drying rate of 12.91% and 42.55%,
respectively. The drying rate patterns with the moisture ratio of the crop are shown in Fig. 6(b).
The FCD mode provides a high temperature and velocity range in the dryer cabin to evaporate
faster moisture from the crop than the NCD and OSD modes. The drying rate in the OSD
process depends on solar radiation. The abnormal change of the drying rate is seen between the
first day evening and the second day morning. The solar radiation value noticed on the first
evening is significantly less than the second morning. Due to this, the lower drying rate is
observed in the evening session of the first day, and the drying rate has been increased on the

second day morning session.
4.4 Evaluation of energy performance indicators of the PVT system

The thermal energy variation (energy gain, energy used, energy loss) of the PVT system in
FCD and NCD modes is illustrated in Fig. 7(a). The thermal energy is significantly dependent
on the solar radiation levels and air velocity of the working fluid. The thermal energy rises with
the increase in solar radiation and vice versa. The thermal energy levels in FCD mode are
higher than in NCD mode. This is due to the higher velocity range is supplied in the FCD mode.
The NCD mode is provided 71.30% less thermal energy gain, 72.19% less thermal energy used,

and 69.75% less thermal energy loss than in the FCD mode at the same time.

13
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The electrical energy gain of PVV1 and PVV2 modules in FCD, NCD, and without convection
drying (WCD) is depicted in Fig. 7(b). In the WCD mode, the air is not moved below the PV
module, and the PVT air collector is closed from both sides. The effect of the air velocity
flowing below the PV module on electrical energy gain has been seen in the experiments.
Higher air velocity cools the PV panel more effectively, resulting in more electrical energy
generated. The enhancement is 10.61% in FCD mode and 5.87% in NCD mode compared to
WCD mode. The position of the PV panel in the PVT air collector also affects electrical energy
production. PV1 module is positioned in the lower portion, and the PVV2 module is placed in
the upper part of the PVT air collector. It has been discovered that the PVV1 module generates
more electrical energy than the PV2 module due to the lower temperature ranges are obtained
in the PV1 module. The PV1 module delivered more electrical energy by 10.00-11.00% in
FCD, NCD, and WCD compared to the PVV2 module.

The electrical efficiency of PV1 and PV2 modules in FCD, NCD, and WCD is illustrated
in Fig. 8(a). The increase in the temperature of the PV module results in reduced electrical
efficiency. The higher temperature of the PV modules is attained in WCD mode. This is due to
the fact that the WCD mode does not allow for air movement. However, a higher air velocity
is provided in FCD mode to obtain higher electrical efficiency. The electrical efficiency of
13.58%, 13.04%, and 12.55% is observed in FCD, NCD, and WCD maodes. It has been reported
that the PV1 module has better efficiency ranges in FCD, NCD, and WCD than the PV2
module. Previous works of Slimani et al. [11] and Arslan and Aktas [19] have measured the
electrical efficiency of 9.33% and 13.49%, respectively. In the present research, similar ranges

of electrical efficiency have been achieved.

The thermal efficiency and photovoltaic thermal efficiency of the PVT solar system are
evaluated for FCD and NCD modes, as shown in Fig. 8(b). The thermal efficiency of 33.70%
and 9.50% is assessed in FCD and NCD for star fruit drying. The efficacy rate of the PVT solar
system is more in FCD than the NCD. The diminution in the thermal efficiency for NCD is
71.81% than the FCD mode. The photovoltaic thermal efficiency of 69.27% and 43.58% is
enumerated in FCD and NCD modes. The overall thermal performance of the PVT solar system
in FCD mode is 58.94% higher than in NCD mode. The results indicated that the PVT solar
system is more efficient and performs better in FCD mode. Tiwari and Tiwari [5] and Slimani
et al. [11] have obtained thermal and photovoltaic thermal efficiency of 27.37% and 61.56%,
41.09%, and 67.04%, respectively. These efficiency values have good agreement with the

present research work.
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4.5 Evaluation of energy performance indicators of the drying system

The variation of drying efficiency, specific moisture extraction rate (SMER), and specific
energy consumption (SEC) is shown in Fig. 9. The drying efficiency of the PVT solar dryer
depends on the energy received by the system and energy consumed in the drying process. The
average drying efficiency of 15.27% and 13.98% is obtained in FCD and NCD modes. The
enhancement of drying efficiency is found to be 9.23% in FCD mode than in the NCD mode.
The reason is that the FCD mode allows a higher temperature range in the dryer cabin resulting
in less time for evaporation and thus making the drying process more efficient. The average
SMER of star fruit is calculated as 0.1786 kg/kWh in FCD mode and 0.6657 kg/kWh in NCD
mode. The PVT drying system can reduce energy consumption during the drying process. The
average SEC of star fruit is evaluated as 12.37 kwWh/kg in FCD mode and 3.57 kWh/kg in NCD
mode. The energy utilized in the drying system is affected by the specific energy consumption
of the product. The assessment of drying efficiency by Silva et al. [10] and Cesar et al. [20] are
6.10% and 8.20%, respectively. The SMER of 0.616 kg/kWh and SEC of 1.623 kg/kWh have
been determined by Ekka et al. [16]. Present results of energy performance indicators are well

comparable with the earlier research works.
4.6 Evaluation of exergy performance indicators of the PVT system

The exergy variation of the PVT system in FCD and NCD is depicted in Fig. 10(a). The FCD
and NCD modes have similar trends of exergy inflow. The rising exergy inflow pattern is
observed until midday, after which the decline curve is noticed. The levels of exergy outflow
in FCD mode are higher than in NCD mode. The exergy outflow is obtained as 29.93% and
16.28% of the exergy inflow in FCD and NCD modes, respectively. The enhancement of
exergy outflow in FCD is 13.65% over NCD. The FCD mode has less exergy loss than the
NCD mode. The exergy loss of the PVT system is evaluated to be 70.06% in FCD mode and
83.71% in NCD mode.

The exergy gain of the PVT system in FCD and NCD modes is depicted in Fig. 10(b). The
total exergy of the PVT system is considered high-grade energy obtained with the addition of
thermal and electrical forms of energy. The deviation of thermal exergy is more than the
electrical exergy between FCD and NCD drying modes since the low-grade energy (thermal
exergy) has more potential for improvement, and the high-grade energy (electrical exergy) has

less capacity for enhancement. Based on the exergy output better efficacy rate is observed in
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FCD mode than NCD mode. The improvement in total exergy and electrical exergy in FCD
mode over NCD mode is 82.29% and 4.73%, respectively.

The exergy efficiency of the PVT system in FCD and NCD is depicted in Fig. 10(c). The
ameliorated energy utilization in the PVT system has been seen in the FCD mode. The
movement of air to transfer the heat in the PVT system is significantly more in the FCD mode
than the NCD mode resulting in a higher thermal exergy efficiency range in the FCD mode.
The thermal exergy efficiency is evaluated to be 17.61% in FCD mode and 4.94% in NCD
mode. Apart from this, FCD mode endows better electrical exergy, due to which there is also
an increase in PVT exergy efficiency. The FCD and NCD modes offer 31.12% and 17.89%
PVT exergy efficiency. The enhancement of PVT exergy efficiency in the FCD mode is
73.93% than that of the NCD mode. The thermal exergy and PVT exergy efficiency of 17.00%
and 28.96% have been achieved by Tiwari and Tiwari [5]. Another study investigated by Ciftci
et al. [40] obtains thermal exergy efficiency of range between 2.11-2.30%. The present

obtained results are comparable with previous work.
4.7 Evaluation of exergy performance indicators of the drying system

The exergy variation of the dryer cabin in the FCD and NCD mode is shown in Fig. 11. The
energy utilized in the drying process has been identified using exergy analysis of inflow,
outflow, and losses in the dryer cabin. The exergy patterns have followed the trend of parabolic
accordingly solar radiation levels and have been influenced by airflow movement. Due to this
the temperature inside the dryer cabin changes and affects the dryer performance. In the FCD
mode, patterns of higher exergy value have been seen than in the NCD mode. This result
indicates that the NCD mode gives 27.64% exergy inflow of the FCD mode. The exergy
outflow in the FCD mode is 3.61 times of the NCD mode. The exergy efficiency of the dryer
cabin is evaluated to be 31.84% in FCD mode and 30.23% in NCD mode. The previous studies
carried out by Bhardwaj et al. [22], Vijayan et al. [26], and Khanlari et al. [29] found the exergy
efficiency of 52.20%, 28.74-40.67%, and 44.16-58.38%.

4.8 Evaluation of exergy sustainability indicators

The exergy sustainability indicators are calculated for star fruit drying in FCD and NCD modes,
as depicted in Fig. 12. The multidisciplinary areas of energy, environment and sustainability
of the system can be defined using exergy sustainability. The usage of the exergy in the dryer
cabin has been improved to evaluate exergy sustainability indicators. The improvement
potential (IP) is between 18.45-139.24 W in FCD mode and 3.62-37.54 W in NCD mode. The

16



450
451
452
453
454
455
456
457

458

459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474

475

476
477
478
479
480
481

sustainability index (SI) and waste exergy ratio (WER) are evaluated to be 1.47 and 0.68 in
FCD mode and 1.43 and 0.70 in NCD mode, respectively. The sustainability indicators depend
on the exergy of the dryer cabin lost in the environment for drying the product's moisture. It
has been observed that the FCD mode achieves higher exergy performance than the NCD
mode. As a result, the FCD mode improves the sustainability of the PVT dryer over the NCD
mode. Arslan and Akatas [19] have found the range of SI and IP between 1.23-1.02 and 392-
964 W, respectively. Mugi and Chandramohan [25] have reported the SI and WER of 5.10 and

0.41, respectively. The results of previous studies compare well with this study.
4.9 Evaluation of environmental parameters

The energy consumption for different materials used in the PVT solar dryer is seen in Table 3.
The system's total embodied energy (EE) is determined to be 3124.68 kWh. Figure 13
illustrates the share of every material employed in the fabrication of the drying system. The
major contribution in the EE by the PV module is 63.32%. The other materials (mild steel,
wood, aluminum, insulation, paint coatings, etc.) share the remaining 36.38% of the EE. The
energy payback time of the PVT solar drying system has been estimated to be 2.58 yr in FCD
mode and 5.32 yr in NCD mode. The values obtained of energy payback time are much less
than the system life (30 yr). The environmental parameters under FCD and NCD mode are
depicted in Fig. 14 (a), (b), and (c) for 10 to 30 yr system life with 5 yr time intervals. The CO>
emission has been varied 306.22-102.07 kg/yr in FCD and 297.48-99.16 kg/yr in NCD, CO>
mitigation has been varied 18.39-67.92 tonnes in FCD and 5.46-28.77 tonnes in NCD, and
carbon credit earned has been varied 275.79-1018.79 $ in FCD mode 81.89-431.61 $ in NCD
mode for system life of 10-30 yr, respectively. The findings show that the PVT solar dryer
under FCD mode has a minimal impact on the environment than the NCD mode. Similar
findings of environmental parameters have been reported by Atalay and Cankurtaran [24] and
Vijayan et al. [26].

4.10 Evaluation of economic parameters for star fruit drying

Economic sustainability is required for the developed solar dryer to be put into practice.
Considering the long-term economic benefit of the PVT solar drying system, the economic
parameters have been determined. As per the present financial conditions, the capital cost of
the developed system is 50,000/- INR. The interest rate and inflation rate have been considered
10% and 5%, respectively. The salvage value of the PVT solar drying system has been

estimated as 5,000/- INR, which is 10% of the capital cost. The annual capital cost has been
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calculated as 8136.36/- INR. The maintenance cost of the PVT solar drying system is assumed
to be 10% of the annual capital cost, which is determined as 813.63/- INR. The peak season of
star fruits at NIT Silchar, India, is September to February, and the experiments have been
conducted in December. However, the availability of star fruit in the tree throughout the year
at the experimental site. Therefore, considering all factors, 200 drying days have been taken to
assess the economic analysis for star fruits. The solar dryer takes one year to give dried star
fruit of 266.66 kg in FCD mode and 228.57 kg in NCD mode. The fresh drying product is
available at 60/- INR/kg. The market value of the dried product is 500/- INR/kg. The drying
cost of star fruit per kg in the PVT solar dryer has been evaluated as 365.72 INR/kg in FCD
mode and 371.12 INR/kg in NCD mode. The economic saving for drying per kg of star fruit is
134.28 INR/kg in FCD mode and 128.88 INR/kg in NCD mode. The financial savings in one
year have been obtained as 35807.18/- INR in FCD mode and 29457.97/- INR in NCD mode.
The payback period (Np) of the PVT solar dryer for star fruit drying is found to be 1.40 yr in
FCD mode and 1.70 yr in NCD mode, significantly less than the dryer life (30 yr). It indicates
that the investment cost can be recovered in a short duration of time. Singh et al. [31] have
evaluated the payback period of 3.70 yr, and 4.03 yr for turmeric and fenugreek leaves in PV
combined solar dryer. Daghigh et al. have determined the payback period of 2.30 yr for
tarkhineh drying in a hybrid PVT dryer. It can be seen that the payback period of solar dryers

varies according to the crop being used for drying.
4.11 Changes in color values

The comparison of the color change of star fruit in the different drying processes is shown in
Table 4. After the drying process, less lightness is seen in the PVT solar dryer than in the OSD
process. The redness is more in the OSD process than the drying in the PVT solar dryer. The
more reduction in the yellowness is obtained in the OSD process comparison with PVT solar
drying. The total color change (TCG) is measured 2.76 in FCD, 5.04 in NCD, and 12.40 in
OSD processes. It has been found that the TCG values are minimal in both FCD and NCD
modes of PVT solar dryer than the OSD mode. The comparison of present study results with

previous works is presented in Table 5.
5. Conclusions

This study comprises the photovoltaic-thermal (PVT) solar dryer sustainability analysis based
on energy and exergy performance indicators with environmental and economic parameters

(4E) for star fruit drying under natural convection drying (NCD) and forced convection drying
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(FCD) modes and compared with OSD process. The main findings of this experimental work
are listed below:

e The star fruits have been dried up to 0.19 (d.b.) moisture content in 12.50 hr under FCD,
14.50 hr under NCD, and 22.00 hr under OSD from 10.11 (d.b) initial moisture content.
The saving in drying time is evaluated to be 43.18% in FCD and 34.09% in NCD than
the OSD condition.

e The PVT energy efficiency of 69.27% and electrical energy efficiency of 13.58% are
obtained in FCD mode, while NCD mode provides PVT energy efficiency of 43.58%
and electrical energy efficiency of 13.04%. The FCD mode offers higher energy
performance indicators than the NCD mode.

e Drying efficiency, SMER, and SEC are evaluated 15.27% and 13.98%, 0.1786 kg/kWh
and 0.6657 kg/kWh, 12.37 kWh/kg and 3.57 kWh/kg, in FCD and NCD mode,
respectively.

e The FCD mode endows PVT exergy efficiency of 31.12% and dryer cabin exergy
efficiency of 31.84%, and these exergy indicators are observed to be 17.89% and
30.23% in NCD mode, respectively. These exergy values are significantly lower in
NCD mode relatively FCD mode.

e The dryer cabin improvement potential (IP) is obtained ranges between 18.45-139.24
W in FCD mode and 3.62-37.54 W in NCD mode. The sustainability index (SI) and
waste exergy ratio (WER) are evaluated to be 1.47 and 0.68 in FCD mode and 1.43 and
0.70 in NCD mode, respectively.

e The environmental findings indicate that the PVT solar dryer operating under FCD
mode has better environmental sustainability than the NCD mode. The payback period
is evaluated as 1.40 yr in FCD mode and 1.70 yr in NCD mode for PVT solar dryer.
The payback period is significantly less compared to the system's life (30 yr).

The high transmissivity semi-transparent PV modules have been utilized in the successful
prototype of the PVT solar dryer to enhance overall performance. The findings of this study
reveal that the improved system performance has been achieved than other reported studies of
the solar dryers. The minimal impact of PVT solar dryers on the environment suggests

encouraging the use of this system for drying crops in large-scale industrial applications.
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6. Future recommendations

Different varieties of research have been carried out for PVT solar dryers. The implementation

of the nanomaterials in the PVT drying system can be studied to enhance its performance. The

impact of various nanomaterials can be tested for future works in the PVT solar dryer.

Acknowledgment

The authors sincerely thank SERB, India, for supporting this research work and NIT Silchar,

India, availing of the institute's facilities.
Nomenclature

Ac Collector area (m?)

Cp Specific heat of air (J/kg K)

dt Time interval (s)

Epv  Electrical energy generation (Wh)
Ec Electrical energy consumption (Wh)
Er Measurement uncertainties (-)

Ex Exergy (Wh)

Exqc Thermal exergy of collector (Wh)
Expv,c Electrical exergy of collector (Wh)
EE  Embodied energy (-)

EPBT Energy payback time (-)

hi Latent heat of water (J/kg)

I(s)  Solar radiation (W/m?)

IP Improvement potential (-)

LCS Life cycle saving (-)

m mass of the drying product (kg)

ms Air flow rate (kg/s)
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590

591

592

593

594

M
MR
Np
Qi
Qo
Sl

T

Moisture content (db)

Moisture removed from drying product (kg/s)
Moisture ratio (-)

Payback period (-)

Thermal energy in of the collector (W)
Thermal energy out of the collector (W)
Sustainability index (-)

Temperature (°C)

WER Waste energy ratio (-)

Subscript

a Ambient

db Dry basis

d Dried mass value

od
0,C

0,d

Initial mass value
Collector inlet

Dryer inlet

Inflow of collector
Inflow of dryer cabin
loss of collector

loss of dryer cabin
Collector outlet
Dryer outlet

outflow of collector

outflow of dryer cabin
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PV Photovoltaic module

S Standard of PV module

t Value at time t

t+dt  Value at time t+dt

Greek symbol

Ps Standard efficiency factor

Ndr Energy efficiency of drying system
713 Thermal energy efficiency

nexd  Exergy efficiency of the dryer cabin

nexc Thermal exergy efficiency of collector

nexpvc Electrical exergy efficiency of collector

nexpvt Photovoltaic thermal exergy efficiency of collector

nev  Electrical energy efficiency

nevt  PVT system efficiency

s Standard efficiency of PV module
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Table 1: Measured parameters and instruments details with specifications.

Instruments used  Measured parameters Range Accuracy
RTD PT-100 Temperature 0-600 °C +0.2%
Anemometer Air velocity 0-30 m/s +0.2%
Hygrometer Relative humidity 0-100% RH  +3%
Pyranometer Solar radiation 0-2000 W/m?  +1%
Digital balance Mass of product 0-12 kg +0.5%
Multimeter PV module current and 60mV-1000V +0.1%
voltage 60uA-20A
Data logger Storage the measured data - -
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Table 2: Uncertainty of measured parameters.

Measured parameters

Calculated uncertainties

Temperature

Air velocity

Relative humidity

Solar radiation

Mass of product

Current of PV module

Voltage of PV module

Q

(0.2)° +(0.2)" +(0.2)° =+0.35
(0.2)° +(0.2)" =+0.28
(0.5)"+(0.5)" =+0.71

(2)" +(1)" =+2.24

k

(0.5)"+(0.5)" +(0.5)" = +0.87

Q

(0.1)° +(0.1)" +(0.1)" =+0.17

Q

(0.2)" +(0.2)" +(0.1)° =+0.17
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776  Table 3: Embodied energy of material used for PVT drying system [7], [26].

Material used Embodied Quantity Total embodied
energy (kg) energy (kwh)
(kWh/kg)
Mild steel 8.89 55.23 490.99
Wood 2.89 76.20 220.22
Glass 7.28 2.50 18.20
Aluminum 55.28 2.80 154.78
Insulation 4.044 6.10 24.67
Wire mesh trays 9.67 1.90 18.37
Paint coating 25.11 4.60 115.51
Fittings (hinge, screw, nut) 8.89 1.60 14.22
DC fans
i.  Copper wire 19.61 0.45 8.82
ii.  Galvanised iron 9.67 0.14 1.35
Battery - - 46.00
Solar charge controller - - 33.00
PV module 1130.60 1.75 m? 1978.55
(KWh/m?)
Total embodied energy (kWh) 3124.68
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Table 4: Changes in color values.

Drying process L a b TCG
Before drying 71.25 241 32.59 -
Forced convection drying  69.23 2.93 30.78 2.76
Natural convection drying  67.14 3.12 29.76 5.04
Open sun drying 61.78 7.68 26.57 12.40
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Table 5: Comparison of present study results with the previous works.

References  Dryer Energy Exergy Enviro-economic  Drying
configuration  performance performance performance performance
Lamraniet  Solar electrical 1eg=23.70%, - Emission CO, = -
al. [4] PVT dryer Nev=9.45-12.71%, 284 kglyr
Nevr=52.50%
Tiwari and Greenhouse Nne=27.37%, Nex.c=17.00%, - -
Tiwari [5] PVT solar Npv1=61.56% NexpvT=28.96%
dryer
Slimani et PVT collector  me=41.09%, - - -
al. [11] indirect solar Nrv=9.33%,
dryer Nev1=67.04%
Fterichetal. PVT collector ne=26-65%, - - -
[17] mixed mode Nev=7.50-12.31%
solar dryer
Ciftci et al. PVT system ne=50.25-58.16 Nex0,c=2.11- - SEC = 2.14-
[40] integrated %, npv=3.41- 2.30%, 2.91 kWh/kg
solar dryer 3.67%, Nex,pv,c=0.51-
Nev1=67.04% 0.56%,
Nexpv1=2.61-
2.86%,
Nex,d=43.04-
56.11%
Arslan and PVT collector  ng=43.75%, Nex0.c=15.03%  Mitigation CO; -
Aktas [47] convective Nev=13.49% =1.98kg/hr,
dryer Carbon
credit=2.86 ¢/hr
Present Semi- Ne=33.70%, Nex.c=17.61%,  Emission CO, = Na=15.27%,
study transparent Nev=13.58%, Nexpv,c=13.58%, 102.70 kglyr, SMER=0.665
PVT solar NevT=69.27% Nexpvt=31.12%, Mitigation CO,= 7 kg/kWh,
dryer Nexd=31.84%, 67.92 tonnes, SEC=3.57
Carbon kWh/kg

credit=1018.79 $
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788 Fig. 1. PVT solar dryer; (a) actual view; (b) schematic view of the experimental set-up.
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Fig. 2. Drying samples of star fruit; (a) in PVT solar drying; (b) in open sun drying; (c) after

PVT solar drying; (d) after open sun drying.
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Fig. 3. Ambient conditions during the experiment for FCD and NCD.
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