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Abstract
In this paper, the performance of a PVT (photovoltaic thermal) air collector with V-groove absorber in the air channel is
theoretically and experimentally examined under different climate conditions of Ghaziabad city, India, in summer, June 2019.
A low power brushless DC fan is fixed at the input of the air-channel to ensure the circulation of air through the V-groove. The
energy balance equation is developed with the matrix-inversion method to estimate the PV (photovoltaic) cell and air output
temperatures. The theoretical results obtained using mathematical modeling has been compared with that of the real-time
experimental results. The electrical, thermal, and overall efficiencies for the theoretical and experimental studies are found in
the range of 10.39–10.26%, 41.78–41.57%, and 52.17–51.81%, respectively. It has been observed that the theoretical results are
coherent with experimental results for the proposed model achieving an accuracy of 98.98%, 99.43%, and 99.31% for electrical,
thermal, and overall efficiencies, respectively.
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Nomenclature
Ac Collector area (m2)
Ht Collector top loss coefficient (W/m2 oC)
Hb Collector back loss coefficient (W/m2 oC)
Tc Cell temperature (oC)
d Channel depth (m)
Dc Equivalence diameter of channel (m)
Exin Exergy input
Exout Exergy output
Tf Fluid Temperature (oC)
m Mass flow rate (kg/s)
Am Module area (m2)
Nu Nusselt number
Pr Prandtl number

Re Reynolds number
I Solar radiation (W/m2)
Cf Specific heat (J/kg oC)
Tin Temperature at the channel inlet (oC)
Tout Temperature at the channel output (oC)
Tsun Temperature of the sun (oC)
k Thermal conductivity (W/m oC)
Qt Usable heat (W)
W Width of the channel (m)

Abbreviations
PV Photovoltaic
PVT Photovoltaic Thermal
HTC Heat transfer coefficients

Greek symbols
α Absorption coefficient
ρ Air density (kg/m3)
ϵp Emissivity of PV
ɳele Electrical efficiency,%
ɳEx Exergy efficiency, %
ɳoverall Overall efficiency, %
σ Stefan Boltzman constant
β0 Temperature coefficient of efficiency
µ Viscosity (kg/ms)
ɳth Thermal efficiency, %
τ Transmission coefficient
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Subscripts
a ambient
b backplate
f fluid
p photovoltaic
r radiative
s sky
w wind

1 Introduction

The growth trajectory of any developing country cannot be
projected without studying the rise in its electricity require-
ments. India’s story of development is no more different, con-
sidering the exponential surge in power requirement over the
last decade. However, the national grid infrastructure has
struggled to keep pace with power generation. India is work-
ing on all fronts to reduce its reliance on traditional fossil-
based fuels, replacing them with renewable energy to encoun-
ter the energy challenges.

With the upsurge in power demand over the coming decade
and rapid installation of renewable power sources such as
wind and solar, India’s existing grid network will require a
significant expansion in a very short duration. The develop-
ment in the renewable energy sector ensures reduced carbon
emission, uninterrupted energy supply, job opportunities,
clean energy production, and electricity in rural areas. In
India, exponential growth has been observed in the generation
of power using solar photovoltaic technology and reached up
to 31.5 GW, which is 8.73% of the overall installed capacity
as estimated at the end of June 2019 [1]. The state-wise allo-
cation of solar PV installed capacity until September 2019 is
shown in Fig. 1. Around 73% of rooftop solar installation is
meant for a commercial and industrial segment, while the rest
of 27% is for residential purposes [2]. The overall installed
capacity of solar PV rooftop in India at the end of 2019 is
5252 MW.

Tomar et al. [3] experimentally verified the thermo-
electrical performance of five various types of PV-modules,
i.e., monocrystalline silicon (m-Si), polycrystalline (p-Si),
amorphous thin film (a-Si), cadmium telluride thin film
(CdTe), and copper indium gallium de-selenide (CIGS) inte-
grated with a thermal management system. Monocrystalline
silicon holds the maximum market share as it offers better
performance compared to various silicon-based PV technolo-
gies. The higher cost of m-Si opens the path for the commer-
cialization of p-Si and the latest thin-film technologies.
Among all the latest thin-film technologies, amorphous thin
film (a-Si) technology gains significant popularity due to its
low cost and its effectiveness in low-temperature regions [4].

Photovoltaic technology uses sunlight to generate electrical
energy, thus eliminating the dependency on conventional

energy sources. In solar thermal systems, the solar collector
is an elementary element that converts the sunlight into ther-
mal energy. The high operating temperature of the PV-module
causes structural damages and reduced electrical conversion
efficiency [5]. Hence, PV-modules must be coupled with a
thermal management system to maintain the working temper-
ature within the permissible limits. Previous research shows
that the heat extracted using the PV-module can be reused for
various domestic and commercial purposes. Thus, the hybrid
PVT technology consisting of solar PV and thermal manage-
ment system is used to improve the electrical output by draw-
ing the heat from the module using air/water as a coolant in the
channel below the PV-module [6]. The PVT collector is wide-
ly used for converting solar energy into thermal and electrical
energy simultaneously, as shown in Fig. 2. The hybrid system
is highly efficient than the solar PV-system and requires less
space, material, and cost of installation.

The working temperature is reduced using both natural and
forced circulation of fluid (air/water) via the channel below
the PV-module. This helps in the cooling of the PV-module,
resulting in increased electrical efficiency (ɳel) [7, 8].

Recently, many studies have been carried out to test the
effect of glazing on the efficiency of the PVT-system, as
shown in Table 1. Kazemian et al. [9] experimentally verified
the impact of the additional glass cover and different working
fluid (water, ethylene glycol/water, and pure ethylene glycol)
on the efficiency of glazed and unglazed PVT-system. It is
found that the unglazed PVT-system is preferred when elec-
trical efficiency is the prime interest, while the glazed PVT-
system has opted when higher overall efficiency is desired.
The impact of solar cell emissivity on the ɳth of the PVT-
system has been investigated by Lammle et al. [10] by using
a selective coating on the cell. A significant reduction in heat
losses has been observed by using the selective coating over
the solar cell.

Air as a cooling fluid in the channel ensures simplicity in
the design, along with greater safety. Still, at the same time, it
offers low thermal conductivity and specific heat, which re-
sults in low ɳth. That’s why most of the researchers diverted
their studies towards the use of water along with nano-fluids
as a heat transfer medium. The inclusion of nanoparticles with
the base fluid in the channel raises the thermal efficiency of
the PVT-system. A number of research works are performed
to examine the effect of size, volume fraction, and a suitable
concentration of nanoparticles with base fluid. Abbas et al.
[13] presented a detailed analysis to show the effect of nano-
particles upon the PVT-system’s efficiency. It is observed that
the organic fluids offer better thermal conductivity concerning
water when used as a base fluid. A comparative study on PVT,
PVT with nano-fluid, and PVT-PCM system have been con-
ducted by Sardarabadi et al. [14]. The outcomes showed that
ηEx of the PVT with nano-fluid is better as compared to other
PVT- systems. Ali et al. [15] examined the impact of carbon-
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Solar rooftop PV
installed capacity in
September 2019

5252 MW

Maharashtra

799MW

Tamil Nadu

458MW

Karnataka

388MW

Gujarat

361MW

Uttar Pradesh

289MW

Rajasthan

482MW

Haryana

271MW

Madhya

Pradesh

263MW

Punjab

136MW

West Bengal

111MW

Union Territory
303MW

North East
54MW

Total solar rooftop PV system installed capacity
September 2019

Bihar 21MW
Jharkhand 40MW

Chhattisgarh 42MW

Fig. 1 State-wise allocation of
solar rooftop PV-system in India
[2]

Glass cover

Absorber

Fluid flow channel ToutTin

Tb
Convective transfer to the coolant

Convective loss to ambient

Convective loss to ambient

Fig. 2 Typical PVT air-collector
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based nanoparticles, especially SiC, on the ɳth of the PVT-
system.

Singh et al. [16] formulated a mathematical model of the
PVT-system considering the effect of the absorber plate shape
factor and mass-flow rate. From the analysis, it has been con-
cluded that the absorber plate shape factor is an important
factor that influences the efficiency of the PVT-system.
Jones et al. [17] presented a novel mathematical model on a
two-node approach to estimate the thermal and electrical effi-
ciencies of the PVT-collector.

Exergy analysis is a useful technique for estimating the
efficiency of PVT-systems as it helps in suppressing the inef-
ficiencies in the system and enables to estimate the amount of
loss in the system. Fudholi et al. [18] investigated the
exergetic performance of ∇- groove absorber installed in the
channel of the PVT-system. Salem et al. [19] presented an
experimental description of the hybrid PVT-system with
straight and helical aluminium plates for cooling. The average
ɳEx of the hybrid system was 11.1% and 13.5% for experi-
mental and theoretical studies, respectively. Tadesse [20] ex-
perimentally examined the PVT air-collector with a V-groove
absorber in a channel below the module. The performance of
the PVT-collector is significantly enhanced by using V-
groove in the channel. A comparison of the present work with
the existing state-of-art is shown in Table 2.

Dust and pollution significantly affect both the productivity
and conversion efficiency of a PV module. Accumulation of
the dust on the upper surface of PV modules results in energy
loss and damage of the upper layer [31]. Dust includes bird
droppings, sand, microfiber, hair, and plant products. The dust
accumulation on the upper surface of the PV module is a
function of the physical and chemical properties of dust par-
ticles such as size, weight, and shape. Ecological factors such
as temperature, moisture, wind direction, wind speed, and
rainfall also affect the dust deposition to a large extent [32].
The optical, thermal, and electrical characteristics of the PV
module are also affected by the amount of dust deposition.
Molki [33] conducted an experimental study to investigate
the impact of the deposition of ground clay (bentonite) over
the performance and efficiency of the PV module. The

outcomes show that the overall efficiency decays with a rise
in the deposition of bentonite. Kazem et al. [34] investigate the
effect of sand, ash, silica, and calcium carbonate deposition on
the performance of the PV module. The study reveals; maxi-
mum loss in PV voltage occurs with the deposition of ash over
the surface of the PV module.

Dust deposition not only affects the thermal and electrical
performance of the PV module but also reduces its lifetime.
Therefore, the cleaning of dust is necessary for the perfor-
mance and lifetime enhancements of the PV modules. There
are various methods of cleaning, such as natural cleaning
(rainfall, wind), manual cleaning (washing), and automated
cleaning. In the present work, manual cleaning (water and soft
cloth) has been opted to clean the PV module.

1.1 Main contribution

& In this study, V-groove is inserted in the PVT air collector
channel to raise the thermal conductivity.

& The efficiency of the PVT air-collector is evaluated in
terms of ɳth, ɳel, and ɳT.

& The energy balance equation has been derived with the
help of the matrix inversion method to predict the PV
and air output temperatures.

& The exergy efficiency of the proposed system is analyzed
based on real-time data.

& The experimental results are compared with theoretical
results based on mathematical modeling using the same
weather conditions to validate the proposed model.

The Section 1 includes the latest research conducted in the
PVT air-collector accompanied by the impact of channel mod-
ifications on the PVT-system performance. The Section 2 in-
corporates the mathematical modeling of the proposed system
with the energy balance equation. In the Section 3, the spec-
ifications of the PVT-module have been discussed in detail. In
the Section 4, the experimental and theoretical results have
been analyzed. The Section 5 concludes the paper with justi-
fied references.

Table 1 Impact of glazing on the
PVT-system Author Year Type of coolant Electrical efficiency

(ɳel)
Thermal efficiency
(ɳth)

Glazed Unglazed Glazed Unglazed

Rejeb et al.[11] 2015 water 13.90% 16.00% 58.00% 40.00%

Yazdanifard et al. [12] 2016 water 11.50% 10.50% 57.00% 67.00%

Kazemian et al. [9] 2018 water

water/ethylene glycol

pure ethylene glycol

13.15%

11.36%

10.20%

14.35%

14.13%

13.16%

70.89%

68.27%

53.75%

63.37%

59.95%

44.68%
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2 Mathematical modeling

The energy balance equation to predict the PV and air output
temperature in the proposed system has been developed based
on the following assumptions:

1) The system is assumed in a steady-state.
2) The specific heat of the fluid remains invariable in the

channel.
3) The convective heat transfer coefficients across the air

channel, and the air remains constant and equal.
4) Ohmic losses from the PV-module remain constant.
5) The useful heat gained by the fluid remains constant

throughout the channel length.

The cross-sectional view of the PVT air-collector with V-
groove absorber in the air channel is shown in Fig. 3.

The energy balance equation can be derived as:
For PV-module

��I ¼ HtðTp � TaÞ þ hAðTp � Tf Þ þ hrpbðTp � TbÞ þ ηpvI þ Qt

ð1Þ

Energy balance equation for the channel

mCf ðTo � TiÞ ¼ hAðTp � Tf Þ þ hBðTb � Tf Þ þ Qt ð2Þ

At the back surface

hrpbðTp � TbÞ ¼ hBðTb � Tf Þ þ HbðTb � TaÞ ð3Þ

Where,

Hb ¼ kt
lt

ð4Þ

Ht ¼ 1

hw þ hrpa

� ��1

ð5Þ

hrpb ¼
σ Tp þ Tb
� �

T2
p þ T2

b

� �
1
"p
þ 1

"b
� 1

� � ð6Þ

Table 2 Comparison of the present work with current state-of-art

Author Year Description of the PVT-system Exergy efficiency, ɳEx (%)

Experimental Theoretical

Fudholi et al. [18] 2018 PVT air-collector with ∇-groove absorber installed in the channel 12.66 12.91

Salem et al. [19] 2017 PVT air-collector with aluminum plates in the channel 11.1 13.5

Khanjari et al. [21] 2016 PVT water collector with silver as a nano-fluid 15 -

Hazami et al. [22] 2016 PVT air-collector system 14.8 -

Jahromi et al. [23] 2015 PVT water collector 9.6 9.7

Ibrahim et al. [24] 2014 PVT water collector 12.0 14.0

Gholampour and Ameri [25] 2016 Flat plate PVT air collector 8.66 -

Wu et al. [26] 2011 Heat pipe PVT hybrid system 10.26 -

Sarhaddi et al. [27] 2010 Flat plate air-based PVT collector - 10.75

Khaki et al. [28] 2017 BIPV/T system - Unglazed: 10.81
Glazed: 10.75

Agrawal and Tiwari [29] 2011 Hybrid micro-channel PVT air- collector 9.38 18.03

Das et al. [30] 2018 PVT air-collector with the inclusion of thermal contact resistance 8.89 10.03

Present Study 2020 PVT air-collector with V-groove absorber 12.70 12.94

Tb

Hb

hrpa

hrpb

Tf

hA

hB

HtατI

Tp

PV module

Insulation 

V- Groove absorber

Tin
Tout

Fig. 3 Schematic representation
of heat transfer characteristics
across PVT air-collector

669Heat Mass Transfer (2021) 57:665–679



hrpb ¼ "pσðT 2
p þ T2

s Þ Tp � Ts
� � ð7Þ

Ts ¼ 0:0522T 1:5
a ð8Þ

The equation for convective heat transfer coefficients was
calculated according to the formula used by Fudholi et al.
[35].

h ¼ k
Dc

Nu ð9Þ

Dc ¼ 4Wd
2 W þ dð Þ ð10Þ

The Nusselt number (Nu) depends on the Reynolds number
(Re) and can be calculated as:

Laminar flow region (Re < 2300)

Nu ¼ 5:4þ 0:00190 RePr Dc
L

� �� 	1:71
1þ 0:00563 RePr Dc

L

� �� 	1:17 ð11Þ

Transition flow region (2300 < Re < 6000)

Nu ¼ 0:116ðRe
2=3

� 125ÞPr
1=3

1þ Dc

L

� �2=3
" #

μ
μw

� �0:14

ð12Þ

Turbulent flow region (Re > 6000)

Nu ¼ 0:018Re
0:8
Pr
0:4 ð13Þ

Where Re and Pr are the Reynolds number and Prandtl
number respectively and calculated as:

Re ¼ mDc

Acμ
ð14Þ

Pr ¼ μCf

k
ð15Þ

The equations for physical properties of fluid circulated in
the channel (air) is taken from Fudholi et al. [35]

ρ ¼ 1:1774� 0:00359ðT � 27Þ ð16Þ

Cf ¼ 1:0057þ 0:000066ðT � 27Þ ð17Þ
k ¼ 0:02624þ 0:0000758ðT � 27Þ ð18Þ
μ ¼ ½1:983þ 0:00184ðT � 27Þ�10�5 ð19Þ

The temperature of the fluid (Tf) is the mean of inlet air
temperature and outlet air temperature.

Tf ¼ Tin þ Toutð Þ
2

ð20Þ

To calculate the temperature vector, the Eq. (2)-(3) can be
written in the form of a matrix

A½ � T½ � ¼ B½ � ð21Þ

Z1 �Z2 �hrpb
Z4 Z5 h2
hrpb h2 Z7

0
@

1
A Tp

Tf
Tb

2
4

3
5 ¼

Z3
Z6
Z8

2
4

3
5 ð22Þ

Where

Z1 ¼ Ht þ hA þ hrpb þ ðNAnhcηnÞ ð23Þ
Qt ¼ NAnhcηn Tp � Tf

� � ð24Þ
Z2 ¼ hA þ ðNAnhcηnÞ ¼ Z4 ð25Þ
Z3 ¼ ��I þ HtTa � ηpvI ð26Þ
Z5 ¼ �½hA þ hB þ 2mCf þ ðNAnhcηnÞ� ð27Þ
Z6 ¼ �2mCf Tin ð28Þ
Z7 ¼ �ðhB þ hrpb þ HbÞ ð29Þ
Z8 ¼ �HbTa ð30Þ

ηn ¼
tanhMH
MH

ð31Þ

Where,

M ¼ 2hc
knAcn

� �1=2

ð32Þ

hA ¼ hB ¼ hc ð33Þ

At first, the heat transfer coefficients are estimated
based on initial predicted values of temperature across var-
ious layers of PVT air-collector, i.e., ambient, air, PV, and
backplate. The temperature vector is calculated according
to Eq. (20).

T½ � ¼ A½ ��1 B½ � ð34Þ

The numerical values of designed parameters used in the
study were: L = 53.7 cm, W = 45.7 cm, α = 0.9, τ = 0.92,
ϵp= 0.7, ϵb = 0.9, Ta = Ti = 27oC and Vf = 1 m/s. The
temperature matrix obtained from Eq. (34) can be named
as matrix [T1] and compared with the initial predicted
values of temperature [T]. The value of the iteration is set
by comparing the previous matrix with a new matrix. If the
difference between the two sets of values is lower than
0.001, then the iteration stops, and the old temperature
values are changed by new values of Ta, Tf, Tp, and Tb.
The iterative process used to obtain the theoretical results
has been shown in Fig. 4. Further, it has been observed that
adequate convergence for the temperatures was accom-
plished in three to four iterations.
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2.1 Performance parameters of PVT air-collector

The performance of the PVT air-collector is measured in the
form of electrical (ɳele), thermal (ɳth), and exergy efficiency
(ɳEx). The overall efficiency of the PVT is the aggregate of
electrical and thermal efficiencies [36]

ηoverall ¼ ηth þ ηele ð35Þ

The ɳth of the PVT-collector is written as

ηth ¼
Qt

IAc
ð36Þ

Where Qt is the collected heat, which may be written as

Qt ¼ mCf ðTo � TiÞ ð37Þ

The ɳele of PVT air-collector depends upon the temperature
of the solar cell, temperature coefficient of efficiency, and the
ambient temperature

ηele ¼ η0 1� �0ðTcell � TaÞ½ � ð38Þ

Apart from these, exergy efficiency (ɳEx) is also taken as a
parameter for evaluating the efficiency of the PVT-system as
it helps in reducing the inefficiencies of the system [37].

ηEx ¼
Exout
Exin

� 100 ð39Þ

The exergy balance in a PVT air-collector is calculated
according to Das et al. [30].

Exout ¼
X

Exth þ
X

Exel ð40Þ

Start

Enter input data Cf, Dc, Lc, d, W, Ac,
I and Ta

Calculate Tsun and hw

Calculate the values of heat transfer

coefficients such as Hb and Ht

Setup the matrices A, T and B as

represented in Eq.21

Compute the inverse of matrix A

Calculate new set of matrix T
according to Eq. 34

If

the difference between

two set of values is <

0.001

No

Yes

Replace the old temperatures values

[T] with [T1]

Calculate the output temperature

according to Eq. 20

Calculate the t h , e l e , T and E x

S t o p

Fig. 4 Flowchart representing the
process of theoretical solution
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Where,

X
Exth ¼ Qt � mCf Ta ln

To
Ti

ð41Þ
X

Exel ¼ ηIAc

1000


 �
ð42Þ

The input exergy is calculated according to the relation
presented by Kalogirou et al. [38]

X
Exin ¼ AcNcI 1� 4

3

� �
Ta
Tsun


 �
þ 1

3

� �
T4
a

T 4
sun


 �
 �
ð43Þ

3 Methodology

3.1 Study area

The experimental study is conducted in Ghaziabad City, India,
with the coordinates of 28.667856o N and 77.4538o E. It re-
sides close-in location and latitude to New Delhi. The climatic
conditions of Ghaziabad are similar to the national capital of
New Delhi. The estimated ambient temperature ranges be-
tween 21 and 40oC, with an average wind speed of 2.4 m/s
and approximate humidity of 67.7%. The city receives its
maximum rainfall in July and August, with an average of
236.2 mm of precipitation. The approximated hour of sun-
shine ranging between 200 and 300 h. Since the city receives
good sunshine hours throughout the year, steady growth in
solar photovoltaic projects has been observed in the last de-
cade. The climatic conditions are favorable for performing the
experimental investigation on PVT technology.

3.2 PVT air-collector description

Figure 5 represents the schematic of the experimental set-up of
PVT air-collector with the V-groove absorber in the channel.
The experimental set-up consists of a PV-module, V-groove,
low power brushless DC fan, and data acquisition unit to
record the observations. The PV-module employed in the fab-
rication of PVT air-collector was developed by Central
Electronics Limited (CEL) India. The size of the module is
537*457*35 mm with open-circuit voltage and short circuit
current of 21.8 V and 2.74 A, respectively. The other specifi-
cations of the PV- module are mentioned in Table 3.

The V-groove used in the channel of the PVT air-collector
works as an absorber and installed at the backside of the 40W
PV-panel. The length, vertex angle, and height of each side of
the individual groove is 53.2 cm, 60o, and 3.5 cm, respective-
ly. Thermal grease was used to fix the V-groove in the channel
to avoid the heat loss into the surroundings. Experiments were

performed on 7th June 2019 for the climatic condition of
Ghaziabad, India.

3.3 Measuring instruments

The solar radiations were measured using a class 2
pyranometer; A J-type thermocouple was employed to esti-
mate the temperature across the various layers. The solar ra-
diations and ambient temperature are recorded at 30 minutes
interval, and the experiment performed between 07:00 a.m. to
5:30 p.m. An anemometer (PCE-VA 11) is employed to esti-
mate the air velocity at the inlet and outlet of the channel. The
measuring instruments used for the experiment are specified
in Table 4.

3.4 Uncertainty analysis

To ensure accurate results and avoid errors in the measure-
ment, it is essential to conduct the uncertainty analysis. During
experiments, while measuring air velocity, temperature, and
sunlight intensity, specific errors and uncertainties can occur
in the results due to the selections of the instrument, calibra-
tion, handling of instruments, and recordings. These uncer-
tainties may slightly alter the experimental results from the
theoretical results obtained from mathematical modeling.
The uncertainties can be estimated by using the relation:

XR ¼ x1ð Þ2 þ x2ð Þ2 þ x3ð Þ2 þ � � � � � � þ xnð Þ2
h i1=2

ð44Þ

Where,
XR is the uncertainty in the experimental result.
x1; x2; :::::::xn ¼ Uncertainties in the individual variables.
The error analysis (e) was performed to validate experi-

mental and theoretical models.

e ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP

eið Þ2
N

s
ð45Þ

Where,

ei ¼ xi � yi
xi

� �
� 100 ð46Þ

Xi, Yi are the theoretical and experimental figures of the
variable.

The accuracy among the theoretical and experimental out-
comes was measured according to Eq. (45).

4 Results and discussion

In this paper, the performance of PVT air-collector with low-
cost V-groove absorber in the channel is experimentally as
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well as theoretically investigated for the climate of Ghaziabad
City (28.667856o N, 77.4538o E), India in June 2019. To
justify its applicability and acceptability, various parameters
such as ɳele, ɳth, ɳoverall, and ɳEx have been calculated for the
proposed model. A mathematical model is formulated to pre-
dict the thermal and electrical efficiencies of the proposed
system, and the outcomes are verified with the experimental
results. The parameter of proposed PVT-setup, such as solar
radiations (W/m2), ambient temperature, fluid temperature,
and inlet-outlet temperatures of the channel has been mea-
sured regularly at an interval of 30 minutes. Therefore, the
analysis of experimental observations relied on a half-hour
average measurement.

The deviation in climatic parameters, viz. global solar ra-
diations, and ambient temperature during 07:00 a.m. to 5:30
p.m. for a day in June 2019 is shown in Fig. 6. The data for

solar radiations and ambient temperature is recorded for a
particular day (7th June 2019) at an interval of 30 minutes.

As demonstrated in Fig. 6, the ambient temperature (Ta)
increases with time. The average Ta is 35.40oC. The solar
radiation is maximum at around 12:30 p.m., which is
907W/m2. The PV-cell temperature is an important parameter
that directly affects the performance of PV-systems. It has
been mentioned that the electrical efficiency (ɳele) of the PV-
system decreases on the rise in temperature of cells [37].
Therefore, it is always essential to keep the cell temperature
within limits. Figure 7 shows the hourly variation of ɳele with
time on 7th June 2019. It has been observed from the figure
that a reasonable value of ɳele is obtained, although the condi-
tions are not very favorable. The proper functioning of the
channel below the PV-module ensures that the rise in PV-
cell temperature is not very high and still within the acceptable
limits. A noticeable decrement in ɳele is observed from 3:00
p.m. to 4:00 p.m., and during that particular period, the cell
temperature reached its highest value.

It has been observed that the average ɳele is 10.39% and
10.26% for theoretical and experimental analysis. Hence, the
theoretical results are coherent with experimental results with
an accuracy of 98.8%, as illustrated in Table 5.

Figure 8 provides a comparison of PV, outlet, and inlet
temperatures obtained from both the theoretical and experi-
mental models. It has been observed that the theoretical results
obtained using the mathematical model were coherent with
experimental results obtained in real outdoor conditions with
an accuracy of greater than 90% in each case.

DC fan

Air inlet Air outlet

Pyranometer

Battery

A

V

Variable load
Data Acquisition

Anemometer

Charge Controller

Insulation Layer

Fig. 5 Schematic diagram of the
Experimental set-up of PVT air-
collector with V-groove absorber

Table 3 PV-module Specifications

Specification Value

Current at Pmax 2.20A

Dimensions of the channel 537*457*35 mm

Nominal Power (Pmax) 40Wp

Open circuit voltage (Voc) 21.8 V

Short circuit current (Isc) 2.74 A

Temperature coefficient of eff. (β0) 0.004

Type Polycrystalline

673Heat Mass Transfer (2021) 57:665–679



The thermal efficiency (ɳth) of the PVT-system depends upon
the temperature difference between the PVT-collector output and
input (T0-Ti), as mentioned in Eq. (36)-(37). T0-Ti also indicates
that temperature in the PVT-collector is successfully absorbed by
the air. Figure 9 shows the deviation of ɳth with the temperature
difference between the input-output of the collector. It has been
observed that the ɳth is high when an appreciable temperature
difference T0-Ti is obtained.

Table 6 depicts the theoretical calculation of temperatures
along with thermal efficiency variations. The average ɳth is

41.78% and 41.57% for theoretical and experimental studies,
respectively. The mathematical modeling results are coherent
with the experimental results with an accuracy of 99.43%.

Figure 10 shows the hourly variation of overall efficiency
(ɳoverall) obtained both theoretically and experimentally.

The average value of ɳoverall obtained for the theoretical
and experimental model were 52.21% and 51.88%, respec-
tively. Further, it has been observed that the accuracy between
both models is greater than 95%. It is noticed that minimal
variation is observed in ɳoverall as compared to thermal and

Fig. 6 Global solar radiations and ambient temperature on an hourly basis

Table 4 List of instruments used
for measurement Instrument Measured parameter Type Operating range Accuracy

Thermocouple Upper surface temperature Type J -210oC to 760oC 0.4%

Anemometer Air velocity PCE-VA 11 0.4 m/s to 30 m/s ± 3%

Pyranometer Intensity Class 2 0-2000W/m2 5%

Multi-meter Voltage and current Digital (0-600volt) AC/DC

(0-10A) AC/DC

0.8%

Fig. 7 Electrical efficiency variation with temperature
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electrical efficiencies because of the compensating effect of
one parameter over the other. i.e., when one parameter shows
increasing behaviour, the other shows decreasing behaviour.

The electric power output from the experimental set-up
varies linearly with solar radiation. Based on the analysis,

the maximum electrical power obtained from the experimental
set-up is 37.96 W, obtained when the intensity is 890 W/m2.
Figure 11 demonstrate the deviation in voltage and current of
the proposed experimental set-up. It is evident that the voltage
of the PV-collector drops sharply with the rise in solar

Table 5 Comparison of theoretical and experimental results for electrical efficiency

Time Solar
Intensity (W/m2)

Ambient
temperature (oC)

Electrical efficiency (%)
(Theoretical)

Electrical efficiency (%)
(Experimental)

Error (%)

7:00 243 27.2 10.99 10.85 1.29

7:30 350 28.9 10.91 10.80 1.01

8:00 405 30.0 10.87 10.76 1.01

8:30 563 31.1 10.84 10.72 1.11

9:00 658 32.2 10.76 10.68 0.75

9:30 702 32.8 10.67 10.56 1.03

10:00 779 32.8 10.64 10.49 1.41

10:30 813 33.9 10.58 10.43 1.42

11:00 843 33.9 10.55 10.42 1.23

11:30 868 35.0 10.46 10.36 0.97

12:00 890 36.1 10.43 10.25 1.73

12:30 907 36.1 10.39 10.21 1.25

13:00 890 37.2 10.27 10.17 0.98

13:30 868 37.2 10.24 10.14 0.99

14:00 843 37.8 10.18 10.07 1.01

14:30 779 38.9 10.03 09.96 0.70

15:00 702 40.0 09.93 09.86 0.71

15:30 612 41.1 09.82 09.74 0.82

16:00 511 40.0 09.84 09.76 0.81

16:30 459 38.9 09.97 09.81 1.61

17:00 296 38.9 10.03 09.83 1.99

17:30 201 38.9 10.06 09.85 2.09

Average error 10.39 10.26 1.18

Fig. 8 Theoretical and experimental variation of temperature

675Heat Mass Transfer (2021) 57:665–679



radiation and PV temperature. The numerical value of Voc and
Imax obtained from the experimental set-up were 19.62V and
2.25A, respectively.

The thermal and electrical efficiencies are not the only per-
formance parameters for hybrid PVT- systems; an exergy
analysis is also performed to evaluate the overall efficiency
of the system. The exergy efficiency is evaluated by

calculating the thermal and electrical exergies separately.
Figure 12 shows the exergy efficiency (ɳEx) of the PVT-
system with V-groove in the channel evaluated both theoret-
ically and experimentally.

The average ɳEx of the PVT air-collector with V-groove
absorber is 12.94% and 12.70% for theoretical and experi-
mental studies, respectively, as shown in Table 7. It has been

Fig. 9 Thermal efficiency variation with temperature difference

Table 6 Experimental and
theoretical variation of thermal
efficiency

Time Temperature (oC) Thermal efficiency (%ɳth)

Ta Tcell Ti To To - Ti Theoretical Experimental Error

7:00 27.2 28.4 23.0 27.05 4.05 41.15 41.05 0.243

7:30 28.9 29.4 23.3 28.5 5.2 41.29 41.12 0.411

8:00 30.0 30.3 23.8 29.8 6.0 41.34 41.18 0.387

8:30 31.1 31.4 23.9 31.3 7.4 41.52 41.25 0.650

9:00 32.2 32.9 24.1 31.9 7.8 41.76 41.39 0.886

9:30 32.8 33.5 24.6 32.8 8.2 41.83 41.48 0.836

10:00 32.8 34.6 24.7 33.2 8.5 41.98 41.56 1.000

10:30 33.9 35.4 24.9 33.8 8.9 42.03 41.76 0.642

11:00 33.9 36.7 25.3 34.4 9.1 42.08 41.84 0.570

11:30 35.0 38.1 25.8 35.0 9.2 42.15 41.93 0.521

12:00 36.1 38.9 26.7 36.1 9.4 42.28 42.04 0.567

12:30 36.1 39.4 27.6 36.9 9.3 42.37 42.06 0.731

13:00 37.2 40.1 27.9 37.5 9.6 42.26 42.02 0.567

13:30 37.2 40.3 28.3 37.7 9.4 42.15 41.87 0.664

14:00 37.8 40.8 28.7 38.0 9.3 42.14 41.82 0.760

14:30 38.9 41.5 28.9 38.1 9.2 42.08 41.69 0.926

15:00 40.0 43.4 31.8 39.9 8.1 41.94 41.66 0.667

15:30 41.1 43.5 32.6 40.0 7.4 41.67 41.54 0.320

16:00 40.0 43.1 32.8 40.3 7.5 41.55 41.43 0.288

16:30 38.9 42.6 31.9 39.8 7.9 41.34 41.21 0.314

17:00 38.9 42.4 29.6 37.6 8.0 41.26 41.18 0.194

17:30 38.9 41.8 29.8 36.2 6.6 41.07 41.00 0.122
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Fig. 10 Variation in overall efficiency with time

Fig. 11 Voltage and current variation of PV-collector with time

Fig. 12 Exergy efficiency variation with time
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concluded that the results obtained usingmathematical model-
ing were coherent with the experimental results obtained in
real outdoor conditions with an accuracy of approximately
98.17%.

5 Conclusion

In this paper, a PVT air-collector is designed with V-groove in
the air channel and investigated experimentally in real outdoor
conditions with detailed mathematical modeling. The manu-
script is best concluded as:
& A matrix-inversion method has been adopted to solve the

temperature equations.
& Mathematical model results are validated with the exper-

imental results with the help of error analysis.
& The average overall efficiency of the proposed system is

52.21% and 51.88% for theoretical and experimental stud-
ies, respectively.

& The theoretical and experimental values of exergy effi-
ciency are 12.94% and 12.70%, respectively, with an ac-
curacy of 98.17%.

& A significant improvement has been observed in the ener-
gy and exergy efficiencies of the PV-panel using the pro-
posed set-up.

& The temperature of the PV-cell was highest among all
other components of the PVT-setup. Also, the overall ef-
ficiency and exergy efficiency is maximum on optimum
solar intensity.

& The thermal efficiency of the proposed system is 41.78%
and 41.57% for theoretical and experimental studies,
respectively.

& The overall efficiency of the proposed PVT-system has
been considerably improved with the V-groove in the
channel.
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