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A B S T R A C T

People are becoming more and more sensitive to the ecological consequences of global warming and
environmental devastation. The objective is to replace the use of fossil fuel energy with renewable forms of
energy. In the field of building construction, this leads to a new legislation frameworks and radical changes in
how we design our buildings. The use of renewable in the building envelope is much varied and opens many
opportunities for creative designers. Many architects have already integrated PV successfully in their buildings.
This paper reviews the present day application of BIPV and BIPV-T technologies. In addition to it thermal
modeling, energy and exergy analysis of BIPV and BIPVT system are also discussed. This study also reviews the
recent developments of the technology worldwide.

1. Introduction

Several strategies have been adopted to resolve the issues related to
global warming, CO2 emissions, depleting fossil fuel reserves which are
gaining serious concern in the current global energy scenario. The
existing renewable technologies which are based on solar energy are
considered the most promising for saving energy and reducing carbon
emissions. Among all the renewable sources the most abundant energy
source available is solar energy which is found both in direct as well as
indirect forms [1]. The solar energy can suitably be used for Solar
Thermal Collectors (STC) and Photo Voltaic (PV) panels, which today
are the most practical options for building applications [2]. Sustainable
solar technologies like PV and STC provide greater opportunity for
integration into the building roof or wall structure [3].

The photo thermal conversion technology is an important applica-
tion of solar energy for daily life, such as domestic hot water, drying
etc. Through the energy transformation of light–heat–electricity the
photo thermal conversion technology is also used to satisfy the electric
energy requirement. The photo thermal conversion technology also
collects the solar energy by using large-scale parabolic mirror arrays,
which further convert it to the thermal energy of working medium [4].

Solar photovoltaic technology is one of the simplest methods of

converting solar energy into electricity which uses the principle of
semiconductor. It is a direct conversion of sunlight into electricity
without using any interface. Solar PV systems are simple in design,
modular in the nature, rugged, requires a little maintenance and stand
alone can generate the power from microwatts to megawatts [5]. The
key component of the photovoltaic technology is the photovoltaic
module formed of one or more solar cells first connected in series
and then packed. The photovoltaic technology is not restricted by
region since the solar energy that reaches the earth is spread out over a
vast area. Moreover, photovoltaic is a reliable, pollution-free safe and
noiseless technology. Over recent years the photovoltaic technology has
obtained significant development, especially in building integrated
photovoltaic (BIPV) and building integrated photovoltaic thermal
(BIPVT) hybrid system. Research on building-integrated photovoltaic
is also increasing day by day. For obtaining specific building designs
many efforts are given at the design level [6].

The objectives of this study are as follows:

– To review the analytical expressions used for thermal modeling and
exergy analysis of the BIPV, BIPVT air and water collector.

– To identify the suitable simulation software's for BIPV and BIPV-T
systems.
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– To compare the thermal performance of new design of BIPV and
BIPVT system worldwide.

2. PV technologies for building integration

Using PV technology building integrated photovoltaic system
(BIPV) and building integrated photovoltaic thermal hybrid system
(BIPVT) can be considered as energy efficient system as well as energy
production like weatherproofing, insulation, and even structural
strength to the building [7].

The leading technology in the field of BIPV and BIPVT is the
Photovoltaic (PV). In extreme hot climatic conditions the efficiency of
the PV module can be regained by minimizing the temperature of the
module. Thus electricity and heat can be produced from the solar
energy through BIPVT system (Fig. 1).

Based on thickness, types of material, types of junction and
generation, PV technologies can be classified as:

2.1. Crystalline technology

Crystalline silicon (c-Si) is chosen as the first choice for solar cell as
it forms the base for the semiconductor technology. Its efficiency is up
to 20%. Its main advantage is that it is the second most abundant
material on the earth. The brief overviews of crystalline materials are:

2.1.1. Mono-crystalline silicon
In order to produce mono-crystalline silicon cells high purity single

crystal Si rods are prepared and then sliced them into thin wafers. To
manufacture the monocrystalline silicon crystalline Si p-n junctions are
used which are generally cut from cylindrical ingots from which a single
crystal ingot is cultivated further using the Czochralski method. The
efficiency of mono-crystalline silicon cells is between 17–18% because
of its purity. Because of its high efficiency it is worldwide in a large
scale [9].

2.1.2. Poly-crystalline silicon
Poly-crystalline cell manufacturing is started by melting silicon and

solidifying it into orient crystals in a fixed direction producing
rectangular ingot of multi-crystalline silicon which are sliced into
blocks and finally into thin wafers. However, this final step can be
replaced by cultivating wafer thin ribbons of poly-crystalline silicon.
For reducing the cost for developing PV module, poly-crystalline silicon
cell is the best suitable material and its cost is low compared to the
mono-crystalline silicon cell. Poly-crystalline silicon cell are made from
sawing a cast block of silicon first into bars and then wafers. The
efficiency of poly-crystalline silicon is in between 13–14% [10–13].

2.1.3. Ribbon cast silicon
Ribbon cast Silicon are of two types: Edge defined film fed growth

(EFG) and String ribbon.
Edge defined film fed growth (EFG) is a novel crystal growth

Nomenclature

Subscript

Tsky Sky temperature
Tout Outside ambient temperature
G Solar radiation
hi Interior heat transfer coefficient
Tairout Outlet air temperature
Ubb overall heat transfer for insulation plate
Utair overall heat transfer for duct
Tr Room air temperature
FR Heat removal factor
CP Specific heat of the collector cooling medium
F Fin efficiency
F́ Corrected Fin efficiency
M Thermal conductivity of the absorber
Uloss Overall heat loss coefficient of the collector
p Collector perimeter
t Absorber thickness
Tpm Mean collector plate temperature
hw Forced convection heat transfer coefficient
v wind velocity
hnat Natural convection loss
Ta Ambient temperature
Utop Overall top loss heat transfer coefficient
Gr Grashof number
Eẋ Exergy of the BIPV
Tmod Module Temperature

Tamb Ambient temperature
Q̇ Convective and radiative heat transfer coefficient from

photovoltaic cell to ambient
E ̇xsolar Exergy rate from the solar irradiance
Exin Input exergy (radiation exergy)
Exo Output exergy
Exth Thermal exergy
ExPVT Photovoltaic thermal exergy
Ac Collector area
N Number of covers or glazing layers
Nc Number of collectors
hw Convection heat transfer due to the wind.
S Solar radiation
Ts Sun temperature (Ts =5777 K)
Exd Exergy destruction or irreversibility
Sgen Entropy generation rate
IP Improvement potential

Greek Letters

β Collector mounting
σ Stefan-Boltzmann constant
εg Emittance of the cover or glazing
εp Emittance of the plate
εp Plate emissivity
ταT Transmittance-absorptance product of the collector ma-

terial
ψ Exergy efficiency

Fig. 1. Brief view of PV technologies [8].
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technique widely used for the growth of sapphire, silicon and LiNbO3

and other materials in different shapes likes plates, tubes and rods
[14].

String Ribbon Si wafers is manufactured with the help of a vertical
sheet growth technique. In this process a low cost Si is produced
because Si feedstock is used and ingot sawing and wafer etching are
absent. Because of this reason cost of wafer production of ribbon
wafers are low compared to others which are obtained from direction-
ally solidified and cast ingots or CZ boules. Defects in ribbon silicon
are: they are dependent on thermal history, metal precipitation are
influenced by fast crystallization → small precipitates. Gettering and
hydrogenation differs from ingot mc-si which is more effective [15].

2.2. Thin film solar cells

In thin film technology, a very thin layer of semiconductor material
ranging from nanometer level to several micrometer in thickness is
deposited on the either coated glass or stainless steel or a polymer
substrate. Thin film technology is very cheap and economic as
compared to the crystalline silicon solar cells because of its low
manufacturing cost and lesser usage of materials. To reduce the
amount of light-absorbing materials required to construct the solar
cell various thin film technology are being developed. This result in
reduction of processing cost and conversion efficiency compared to
crystalline silicon cells which is about 7–10%. Larger land and longer
collector area are required for thin film technology since their efficiency
are very less for same energy requirement. These are used where
nonproductive land is available such as Rajasthan [8–10].

2.2.1. Amorphous silicon
Amorphous silicon has no fixed crystal structure. Many covalent

bands are incomplete due to randomness of atoms. Conversion
efficiency of amorphous silicon ranges between (4.5–8.5)% which is
higher as compared to wafer/ribbon-based silicon modules. Silicon film
cell are deposited by chemical vapor deposition mainly plasma-
enhanced PE-CVD process from saline gas and hydrogen gas.
Depending on the deposition parameter it can be amorphous silicon,
polycrystalline silicon, nanocrystalline silicon. A-Si is a substitute to
single or multi-crystalline cells. The main disadvantage of this cell is its
low efficiency which is about 4% [9].

2.2.2. Cadmium telluride (CdTe)
CdTe is based on Cadmium telluride which is an efficient light

absorbing material for thin film cells. CdTe has a direct band gap of
1.44 eV. With n-type CdS and p-type CdTe thin film heterogeneous
junction is fabricated. Its efficiency is about 15%. Solemn carried out an
experiment to enhance the characteristic of solar cell which shows the
chemical heat treatment is required to produce better cells [13].

2.2.3. Copper indium gallium selenide
Since it is a new technology this material is still in development

phase and is set to compare with other silicon solar cell. Its efficiency is
about 21%. CIS has a direct band gap of 1.0 eV. A heterogeneous
junction of Ga into the CIS mixture increases the band gap beyond
1.1 eV. Main advantage of this technology is its preparation is not so
expensive and it is more stable as compared to a Si cell in outdoor
applications. It is also known for its stability for longer time [13].

2.2.4. Cu2S solar Cells
Cu2S is one of the simplest solar cells to be produced which is

produced using simple conversion technique. The highest efficiency
acquired is almost 10%. Due to the emergence of higher efficiency Si
cells, this cell lost the battle of survival. Stability of these cells due to
cuprous-cupric conversion technique is a concern [12].

2.3. Concentrating solar cells

2.3.1. Gallium arsenide (GaAs)
GaAs is known to be a lucrative PV material having a direct band

gap of 1.43 eV. It is a compound semiconductor formed by gallium and
arsenic that has almost a similar structure with silicon. Its efficiency
can be increased by alloying it with certain materials such as Al, P and
Sb which will form multi junction devices. On the other hand band gap
values will also be improved. But the production cost of GaAs is very
high due to its usage in extraterrestrial and several other applications
[13].

2.4. Hybrid solar cell

Hybrid means combining of two or more things in a single system.
In hybrid solar cell crystalline silicon cell is generally combined with
non-crystalline silicon. Organic and inorganic semiconductors are
incorporated in this cell. It have organic materials that consist of
conjugated polymers that absorb light as the donor and transport holes
in an organic material which is mixed with a high electron transport
material to form the photoactive layer and two materials are assembled
together in a hetero junction type photoactive layer, which have a
greater power conversion efficiency than a single material. Among
these two material one acts as donor and the other as photon absorber.
Efficiency of this cell is better than the other cells [8–10].

2.5. Organic solar cell

It is a new and low cost latest technology. Recently the power
conversion efficiency of the organic cell is found to be about more than
9% but further enhancement of 10% is required for commercial
purposes. Currently it is in developing phase and mostly focused
towards developing high efficiency and stable devices with both
conventional and inverted solar cell configuration based on donor
according to organic and hybrid solar cell group. Thin films (typically
100 nm) of organic semiconductors such as polymers and small-
molecule compounds like carbon fullerenes, polyphenylene vinylene,
pentacene and copper phthalocyanine (a blue or green organic
pigment). At present with the help of conductive polymers the
maximum efficiency achieved is (4−5) %; however, the main attraction
in this material exists in its mechanical flexibility and disposability
[13].

2.6. Dye- sensitized solar cell

It is a very new technology developed. Due to the many problem
faced by other solar cell such as efficiency, production cost, design, and
some environmental problems researchers have come with a new idea
of producing dye-sensitized solar cell.

The very first persons to discover dye sensitized solar cell are by
Michael Gretel and Dr Brian Oregano in the year of 1991. It is based on
a semiconductor formed between a photosensitized anode and an
electrolyte (a photo electrochemical system). It has many advantages
compared to other solar cell like high efficiency, environmentally more
suitable, low cost, easy manufacturing process, semi flexible and most
of all material used are cheap [8–10].

2.7. New & emerging excitonic cells

Some new and emerging excitonic cells are listed below:

i) Photo electrochemical (PEC) Cells: Efficiency is about 12%.
ii) Organic Plastic Cells: Polymer/polymer, Polymer/inorganic semi-

conductor junction: Efficiency is up to 9%.
iii) Multijunction and Carbon Nanotube based solar Cells [14–18]

(Table 1).
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Building-integrated photovoltaics (BIPV) are the method of incor-
porating the PV module into a new building as a source of electrical
power though they can also be retrofitted in the existing buildings.
BIPV can act as a standard building envelope material and supply
electricity at the same time. It can add to aesthetics compared to other
conventional faced or roof mounted photovoltaics (PV). But, it is
adopted very less as its market share in all PV installations is in the
order of (1−3) % worldwide [20]. There are two principal categories of
mounting building photovoltaic array systems: BIPV and BAPV.

BIPV is the method of integrating various types of PV modules
architecturally in a new building structure and the conventional roofing
materials, such as shingles, tiles, slate and metal roofing can be
replaced [21].

BAPV is an add-on to the existing building, which is indirectly
related to the structure's functional aspects. The major classification for
BAPV systems are Rack-mounted arrays and Standoff arrays. Rack-
mounted arrays are introduced on flat roofs in such a way that the
modules are at an optimum orientation and tilt for the application.
Standoff arrays are generally mounted above the roof surface and
parallel to the slope of a pitched roof [21] (Figs. 2 and 3).

The biggest obstacle in the larger adoption of BIPV modules is its
cost which is higher as compared to standard PV modules. This
problem can be overcome by lowering the installation cost and
traditional building envelope material. BIPV can be grouped into two
main categories: roofing systems and façade systems. Roofing systems
include skylights, standing seam products, tiles and shingles. Facade
systems include glazing, spandrel panels, and curtain wall products
[21] (Table 2).

BIVT system represents the combination of standard thermal
collectors and PV panel that are integrated into the building. These
systems are capable of producing electrical and thermal energy for the
building. [2] BIPVT products are considered as a replacement material
for traditional roofing or façade cladding. BIPVT system produces more
energy than the BIPV system using the same façade or roof area [20]
(Fig. 4).

BIPVT system can be integrated in various ways as thermal cooling
medium, ducts, phase change materials, water collector integrated into
the roof (Table 3).

3. Modeling and simulation of BIPV and BIPVT system

A simulation is basically done to study the feasibility of a system in
favorable climatic conditions like temperature, humidity before doing it
practically. Various parameters are tested in suitable simulation soft-
ware and the model accuracy is tested by changing the data [12]. The
experimental results of model can be compared with the results of
analytical models; both with reference situations and with experimen-
tal measures obtained in real-site test facilities (in different climatic
conditions [12].

The literature review reveals that:

1) Most of the energetic simulations are related to BIPV systems.

2) Thermal simulations of BI solar systems are mostly about BIPVT.
3) Some studies combine energetic and thermal simulation (most of

these investigations are about BIPVT) (Table 4).

4. Thermal modeling

4.1. Thermal modeling of BIPV

4.1.1. Heat transfer across the PV panel
The energy balance equation of a PV panel layer is shown in Eq. (1),
where Tout - outside ambient temperature.
G -solar radiation.

Tsky- sky temperature.
he- convective heat transfer coefficient for exterior [48,49].

−
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4.1.2. Heat transfer within air gap
The heat transfer in the air gap is governed by natural convection

although the radiation effects are considered assuming a view factor
(FRpv-pcm) of 1 between planes [50]. The convective heat transfer
coefficients inside air cavity are influenced by the operation mode of
the system (open or closed vents) [51].

For closed vents: Heat transfer coefficients are based on the
Kalogirou [50] correlation.

For open vents: The convective heat transfer coefficient is based on
Duffie and Beckman [49] correlation.

The mean air velocity in gap is obtained by solving Bernoulli´s
equation and assuming linear variation for air density and temperature
as described in Kalogirou [50].

The energy balance within the air gap is described by the following
equations:

(T − T )
−h (T −T ) − h (T −T ) = 0mpv ipv

R
2

pvac ipv ac r ipv
4

ew
4

pv
(3)

M . Cp . dT
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= h (T −T ) + h (T −T )air air
ac

pvac ipv ac wac ac ew (4)

h (T −T )−h (T −T ) − (T − T ) = 0r ipv
4

ew
4

wac ac ew
ew mw

R
2
w

(5)

4.1.3. Heat transfer across the wall
The energy balance for the PCM wall can be obtained from Eqs. (6)

and (7) where hi is the interior heat transfer coefficient based on the
Santos et al. [52] and ql is based on the Athienitis [53] approach for

Table 1
Values of Module efficiency and temperature coefficient for different PV modules: [5,16–
19].

Type of PV module Module Efficiency at STC (%)

a-Si 12.2 ± 0.3
m-Si 18.5 ± 0.4
p-Si 22.4 ± 0.6
CdTe 17.5 ± 0.7
CIGS 15.7 ± 0.5
HIT 17.00
GaAs 24.1 ± 1.0
Organic 8.7 ± 0.3 m

Fig. 2. Building Added PV system.
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PCM model: (Fig. 5).

M . Cp . dT
dt

= (T − T ) − (T − T ) + qw w
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mw iw
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i iw inw
(7)

4.2. BIPVT air collector

Fig shows an elemental area b . dx of the BIPVT system over which
solar intensity is received. The energy balance for PV module of the
BIPVT system for elemental area b . dx is given by [54,55].

[Rate of heat received by the solar cell]+[Rate of heat received by
the non-packing area]=[Rate of heat loss from PV module to air as the
top loss]+[Rate of heat loss from PV module to the back surface/
tedlar]+[Rate of electricity production]

τ [α β +(1 − β )α ]I(t)bdx = [U (T −T )+h (T −T )]bdx + η I(t)bdxG c c c T T c a T c bs ca

(8)

The solar collector temperature can be obtained by simplifying Eq.
(8):

T = h T + U T +I(t)(ατ)
U + hc

T bs T a eff

T T (9)

For elemental area b . dx the energy balance of the back surface of
the PV module (tedlar) is given by

[Rate of heat gain from PV module to the tedlar]=[Rate of heat loss
from tedlar to air side in the duct]

h (T −T )bdx = h (T −T )bdxT c bs air bs air (10)

Substituting Tcfrom Eq. (9) in Eq. (10), the surface temperature of
the back side of PV module is obtained as:

T =
h T + U T + h I(t)(ατ)

U + hbs
air air tT a p1 eff

tT air (11)

Energy balance for air flowing in the duct of the BIPVT system for
elemental area b . dx is given by

[Rate of heat received from tedlar to air side in the duct]=[Rate of
heat gain by air flowing in the duct of the BIPVT system]+[Rate heat
loss from air through insulation]

⎛
⎝⎜

⎞
⎠⎟h (T −T )bdx = ṁ C dT

dx
dx + U (T −T)bdxair bs air air air

air
bb air r

(12)

Substituting Tbs from Eq. (11) in Eq. (12) we have

⎡
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⎛
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⎞
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air air
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bb air r
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⎛
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⎞
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dx

+ bU
ṁ C

T = b
ṁ C

[U T + U T + h h I(t)(ατ) ]air L

air air
air

air air
bb r tair a p2 p1 eff

(13)

Integrating Eq. (13) with boundary condition at x=0, Tair =Tr; at x=
L, Tair=Tairout the outlet air temperature (Tairout) of the flowing air in the
duct of the BIPVT system for length L, is given by

⎡
⎣⎢

⎤
⎦⎥

⎛
⎝⎜

⎞
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− bU

ṁ C LL
air air

L
air air

(14)

The average air temperature of the air flowing in the duct of the
BIPVT system is given by
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The rate of useful thermal energy obtained for ηpv row of the BIPVT
systems is given by [66]
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Q̇ = η × ṁ C (T −T ) = η × ṁ
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4.2.1. Room temperature
The useful thermal energy from the BIPVT system is partially used

for space heating and the remaining is lost. The energy balance for the
space heating of the building is given by

⎡
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On solving Eq. (17) we have
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U

−1 1 − e

−U { U
U

1 − 1−e
L

+ 1−e
L

−1 A T

= 1
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ṁairCair

L

bb
bb

L

− bUL
ṁairCair

L

bUL
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L

− bUL
ṁairCair

L

bUL
ṁairCair

roof

(18)

The equation for room air temperature is obtained by applying
initial condition t=0, T=T and by integratingr ri Eq. (18).

T = f(t)
a

(1 − e )+T er
−at

ri
−at

(19)

Fig. 3. Building Integrated PV system.
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Table 2
Different types of integration of PV in buildings [21].

(continued on next page)
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where

⎡

⎣
⎢⎢⎢

⎧
⎨⎪
⎩⎪

⎛
⎝⎜

⎛
⎝⎜

⎞
⎠⎟

⎞
⎠⎟

⎧
⎨⎪
⎩⎪

⎛

⎝
⎜⎜

⎞

⎠
⎟⎟

⎫
⎬⎪
⎭⎪

⎤

⎦
⎥⎥⎥

a = 1
ṁ C

{(UA) +0. 33N V} − η ×ṁ C U
U

−1 1 − e

−U U
U

1 − 1−e
L

+ 1−e
L

−1 A

r air
t 0 pv air air

bb

L

− bU
ṁ C L

bb
bb

L

− L

bU
ṁ C

− L

bU
ṁ C

roof

L
air air

bUL
ṁairCair

L
air air

bUL
ṁairCair

L
air air

⎡

⎣

⎢⎢⎢

⎧
⎨⎪

⎩⎪

⎫
⎬⎪

⎭⎪

⎧
⎨⎪

⎩⎪

⎡

⎣

⎢⎢⎢

⎤

⎦

⎥⎥⎥

⎛

⎝

⎜⎜⎜

⎞

⎠

⎟⎟⎟

⎫
⎬⎪

⎭⎪
⎧
⎨⎪

⎩⎪

⎫
⎬⎪

⎭⎪

⎛

⎝

⎜⎜⎜

⎞

⎠

⎟⎟⎟

⎤

⎦

⎥⎥⎥

f(t) = 1
ṁ C

(UA) +0. 33N V T η ṁ C
U T + h h I(t)(ατ)

U
1 − e

+U
U T + h h I(t)(ατ)

U
1 − 1−e

L
A

r air
t 0 a pv air air

tair a p2 p1 eff

L

− bUL
ṁairCair

L

bb
tair a p2 p1 eff

L

− bUL
ṁairCair

L

bUL
ṁairCair

roof

[8]

Table 2 (continued)
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4.3. BIPVT water collector

For the analysis, a Flat plate solar thermal collector is considered.
Applying one dimensional steady state thermal model, following
relations are obtained [56].

The useful heat gain of the collector is as follows

Q = AF [(τα) G − U (T − T )]R PV loss 1 a (20)

Using the mass flow rate (m) and specific heat of the collector, Heat
removal factor (FR) can be determined from the Eq. (21)

⎡
⎣⎢

⎤
⎦⎥FR =

mC
AU

1 − e
F

p

loss

− AU ́
mC

loss
p

(21)

The fin efficiency is calculated by using Eq. (22)

( )
( )F =

tanh M

M

W − d
2

W − d
2 (22)

M is a factor which takes into consideration the thermal conductiv-
ity of PV cell and the absorber

M = U
K L + K L

loss

abs abs PV PV (23)

Fig. 4. BIPVT system [24].

Table 3
Different types of integration of PVT in buildings [22, 23, and 24].
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Eq. (24) is used to calculate the corrected fin efficiency (F′)

⎡
⎣⎢

⎤
⎦⎥

F ́ =
W + +

1
U

1
U (d + (W − d)F)

1
Wh

1
πdh

loss

loss PVA fluid (24)

The overall heat loss coefficient is the summation of heat loss from
the collector edge and surface losses (top & rear) [57,58]

U =
k pt

L Aedge
edge

edge collector (25)

⎧
⎨
⎪⎪

⎩
⎪⎪

⎛
⎝⎜

⎞
⎠⎟

⎫
⎬
⎪⎪

⎭
⎪⎪

U = N
T − T

N − f

+ 1
h

+
σ(T + T )(T + T )

(ϵ + 0. 000591Nh ) + −N
a

p

top
C

T
pm a

e
w

−1

pm a pm
2 2

w
−1 2N + f − 1 + 0 . 133ϵ

ϵ

pm

p

g (26)

Where p is the collector perimeter, t is the absorber thickness

C = (520 − 0. 000051 β )2

F = (1 + 0. 089 h −0. 116 h ϵ ) (1 + 0. 07866N)w w p

⎛
⎝⎜

⎞
⎠⎟e = 0.430 1 − 100

Tpm

εg the emittance of the cover or glazing, εp the emittance of the plate, β
is the collector mounting, σ is the Stefan-Boltzmann constant, N is the
number of covers or glazing layers, and hw is the convective heat
transfer coefficient due to the wind.

T = T +
F U

(1 − F )ipm

Q
A

R loss
R

collector

(27)

Eq. (28) is used to determine the radiation heat transfer coefficient
as a function of sky temperature (Ts), the mean collector plate
temperature (Tpm) and the plate emissivity (εp) [59]

h = σϵ (T +T )(T +T )pr pm
2

s
2

pm s (28)

Modified sky temperature [59] is represented by Eq. (29) as a
function of the ambient temperature

T = 0.037536T + 0.32Ts a
1.5

a (29)

The forced convection heat transfer coefficient (hw) is calculated
using wind velocity (v)

h = 2.8 + 3.0vw (30)

Natural convection heat transfer coefficient (hnat) is a function of
the temperature difference between the mean collector plate tempera-
ture (Tpm) and the ambient temperature (Ta) [59]

h = 1. 78(T − T )nat pm a
1/3 (31)

The overall top loss heat transfer coefficient (Utop) is the summation
of the convection and radiation losses

h = h + hc w
3

nat
3

(32)

The heat loss from the rear surface of the BIPVT can be calculated
using Eq. (33) [60]

Nu = 0. 286A Gr−0.286 1/4 (33)

The Grashof number is determined based on the properties at
average ambient temperature and BIPVT mean temperature.

g
Gr =

β(T − T )H
v

pm a
3

2 (34)

Grashof number is used to determine natural convection heat
transfer coefficient and the Overall heat transfer coefficient

SQ = [AF [τα ∙G − U (T−T )]] × (1 − S)[AF [τα ∙G − U (T−T )]]R PV loss I a R T loss I a

(35)

The thermal performance of the BIPVT collector can be determined
by modifying Eq. (20) with the inclusion of packing factor (S) and the
product of transmittance-absorptance of the collector material (ταT) on
to which the PV cells are laminated, as shown in Eq. (35).

The useful heat gain by the solar collector and the mean tempera-
ture of the BIPVT (Tpm) can be calculated from Eq. (35).

The electrical efficiency can be calculated based on the temperature
difference (mean temperature of the BIPVT minus Nominal Operating
Cell Temperature (NOCT)) with the following assumptions.
(NOCT=298 K, Standard efficiency of solar cell=15%,Temperature
coefficient=0.5%/°C [61]

η = 0. 15(1 − 0. 005(T −NOCT))electrical pm (36)

Finally the thermal efficiency equation of the BIPVT is developed
from the transmittance-absorptance product and the packing factor

η = F ((S × τα )+(1 − S)×τα )−F U × T − T
G

I
thermal R PV T R loss

a
(37)

5. Energy and exergy analysis of BIPV and BIPVT

5.1. Exergy analysis of BIPV system

The exergy efficiency of a system is given as

Ψ = E ̇
E ̇

x

xsolar (38)

where Eẋ the exergy of the BIPV system is mainly electrical power
output of the system [62–64]

⎡
⎣⎢

⎛
⎝⎜

⎞
⎠⎟

⎤
⎦⎥VAnd Ė = I − 1 − T

T
Q̇x m m

amb

mod (39)

where Q̇ is the convective and radiative heat transfer coefficient from
photovoltaic cell to ambient and

Fig. 5. Cross section of BIPVT system and an elementary area b.dx shows flow pattern of
air.
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Q ̇ = h A (T −T )ca mod mod amb (40)

where h = 5.7 + 3.8Vca w (41)

Vw=wind velocity.

⎡
⎣⎢

⎛
⎝⎜

⎞
⎠⎟

⎤
⎦⎥VThen Ė = mIm− 1 − T

T
[h A (T −T )]x

amb

mod
ca mod mod amb

and E ̇xsolar is the exergy rate from the solar irradiance in W/m2 is given
as [62,63]

⎡
⎣⎢

⎛
⎝⎜

⎞
⎠⎟

⎤
⎦⎥E ̇ = 1 − T

T
I Ax

amb

mod
s modsolar

(42)

Then exergy efficiency of the BIPV system can be given as [63]

⎡
⎣⎢

⎛
⎝⎜

⎞
⎠⎟

⎤
⎦⎥

⎡
⎣⎢

⎛
⎝⎜

⎞
⎠⎟

⎤
⎦⎥

Ψ =
V I − 1− (5. 7 + 3. 8v)

1− (I A )
PV

m m
T
T

T
T s mod

amb
mod

amb
mod (43)

The exergy rate of solar irradiance can also be calculated by using
Petela's formula [63,64]

⎡
⎣⎢

⎛
⎝⎜

⎞
⎠⎟

⎤
⎦⎥

⎡
⎣
⎢⎢

⎛
⎝⎜

⎞
⎠⎟

⎛
⎝⎜

⎞
⎠⎟

⎤
⎦
⎥⎥

Ψ =
V I − 1− [h A (T − T )]

1+( ) − ( ) (I A )
PV

m m
T
T ca mod mod amb

1
3

T
T

4
4
3

T
T s mod

amb
mod

amb
sun

amb
sun (44)

5.2. Energy analysis of BIPVT system

Energy analysis is based on the first law of thermodynamics.
Thermal Efficiency:

η = Net Thermal Output
Net Solar Insolation

=
∑ Q̇

∑ I(t)bLTH
i=1
T

u

i=1
T

(45)

Electrical Efficiency:

η =
∑ η I(t)bL

∑ I(t)bLE
i=1
T

ca

i=1
T

(46)

Total efficiency or PVT efficiency:
It is used to evaluate the overall performance of the system [62–64]

η = η + ηPVT TH PV (47)

Primary energy saving efficiency.
It is proposed as a performance indicator to recognize the energy

Table 4
Features of BIPV and BIPVT System design software.

Name of the software Features

SOLCEL-II i) In order to predict PV output ambient temperature, wind speed, hourly values of the horizontal and direct normal radiation and in-plane
insolation are used [25].

ii) ii) The hourly performance of the system can be simulated by employing floating battery; maximum power tracking; temperature degraded
efficiency and voltage regulator.

iii) iii) Energy analysis and performance simulation of BIPV system can be carried out [25].
PV FORM i) It can perform simulation of grid connected and stand-alone system.The input data required for simulation are: Ambient temperature, global

horizontal insolation, and wind speed [25].
i) Maximum power point tracking and part load efficiency of power conditioning unit can also be considered [27].

TRNSYS i) Dynamic simulation of a PV system can be carried out using sequential-modular simulation Transient System Simulation software [26].
ii) Algebraic differential equations are used to describe the analytical or empirical component models [26].
iii) Individual components are interconnected to perform system simulation [27].
iv) Energetic simulation can be carried [27].

CFD, ANSYS fluent i) Energetic and thermal simulation of BIPVT is done.
ii) Energetic simulation of BI solar thermal system, BI solar chimney can be done.
iii) Thermal simulation of BI skin facades, BI Trombe wall and several systems can be done.
iv) Optical simulation of BI several systems is done [28–39].

COMSOL Multiphysics Thermal simulation of BI skin facades is done using this software [40].
RADIANCE Optical simulation of several BI systems can be done [41].
MATLAB i) Thermal simulation of BI pipes can be done.

ii) Thermal and energetic simulation of BI solar thermal is also possible.
iii) Energetic and thermal simulation of BIPVT can be done [42–47].

PV f-Chart i) PV systems design and analysis can be carried out [12].
ii) Module temperature is used to calculate the array efficiency calculated [46].
iii) The total in plane solar radiation on the horizontal surface is used to calculate the performance of the PV system.
iv) Daily, monthly and annual average performance of PV system can be predicted from the weather data [47].

PVSYST i) It is used for design and performance analysis of grid-connected and stand-alone and PV systems [12].
ii) Inbuilt geographical and meteorological data is used for simulation [46,47].
iii) 3D visualization and shading effect is possible [46,47].
iv) Following losses are considered including temperature losses, mismatch losses, and reflection losses [46,47].
v) Inverter(s) configurations and load profiles can be varied and modeled [46,47].

PVSOL i) PV systems can be designed, optimized [12].
ii) The software has inbuilt PV module and inverter database [46,47].
iii) It can perform simulation by constraining the following factors: varying orientation, shading effect, partial load characteristics of inverter,

inverter sizing, and varying load profile [46,47].
iv) iv) Economic analysis can be performed for various utility tariff rates [46,47].

PVWATTS It is an internet based online tool to simulate the energy generation of grid connected photovoltaic system applicable for US location [46,47].
ENERGY−10 PV i) ENERGY−10 tool uses TRNSYS program to determine the performance of photovoltaic system [46,47].

ii) ii) It can also be used to study the hourly interaction between the PV array and building load of grid connected BIPV system [12].
PVSIM i) Modeling and study of VI characteristics of PV cell, module and array [46].

ii) ii) Effect of bypass diodes and blocking diode can be studied [47].
PHANTASM i) It is an extension of TNRSYS software developed to study the Building Integrated Photovoltaic applications [12,46,47].

ii) It uses various subroutines for performance simulation [12,46,47].
iii) Electrical parameters, NOCT, electron band gap, absorptance of PV cell, transmittance of the glazing are required for simulation.
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grade difference between thermal and electrical energy. This indicator
is often used because as it addresses both the quality and quantity of
the energy that PVT system converts.

[62–64]

η =
η
η

+ ηf
PV

p
th

(48)

5.3. Exergy analysis of BIPVT system [70]

Exergy analysis is based on the second of law of thermodynamics,
which if the effects due to the kinetic and potential energy changes are
neglected, the general exergy balance can be expressed in rate form as
given [65,66]

∑ ∑ ∑Ex − Ex = Exin o d (49)

∑ ∑ ∑Ex − (Ex +Ex ) = Exin th PV d (50)

where,

Ex = A N S[1 − 4
3

( T
T

+ 1
3

( T
T

) )]in c c
a

s

a

s

4
(51)

⎛
⎝⎜

⎞
⎠⎟Ex = Q 1 − T +273

T +273th u
a

o (52)

Ex = η A N S[1 − 4
3

( T
T

+ 1
3

( T
T

) )]PV c c c
a

s

a

s

4
(53)

Ex = Ex + ExPVT th PV (54)

where Exin is input exergy (radiation exergy), Exo is output exergy, Exth
is thermal exergy, ExPVT is photovoltaic thermal exergy, Ac is collector
area, Nc is number of collectors, S is solar radiation, Ta is ambient
temperature and Ts is sun temperature (Ts=5777 K). The exergy
destruction (Exd) or irreversibility may be expressed as [67,68]

Ex = T Sd a gen (55)

where Sgen is entropy generation rate. While the irreversibility of any
energy process is at minimum, the improvement in the exergy
efficiency is at maximum. The concept of an exergetic “improvement
potential” (IP) could be considered as a very useful tool to analyzing
systems or process more efficiently. The IP of a system or process is
given by: [68,69]

IP = (1 − η )Ėxex d (56)

where ηex is the second law efficiency may be expressed as (Table 5).

η = 1 − Ex
Exex

d

in (57)

6. Performance comparison of BIPV and BIPVT

See Table 4.

7. Conclusion

The motivation of this review is to analyze the thermal performance
of BIPV and BIPVT system according to the various modeling
techniques and simulation software. After rigorous literature review
on BIPV & BIPVT system the following key conclusions are drawn.

1. The operating temperature of both BIPV and BIPVT systems plays
an important role in the efficiency and thermal performance.

2. BIPV and BIPVT systems are capable of fulfilling the partial/
complete energy requirements of the building.

3. BIPV-T is very attractive and more preferable than BIPV as they
produce both thermal and electrical energy using the same roof or

facade area.
4. The thermal energy of BIPV-T can be converted into useful afford-

able energy. The economic -benefit of BIPV can be increased by
utilizing the thermal energy.

5. Continuous innovations in both BIPVT and BIPV technologies will
yield better cost solutions and improved building integration solu-
tions.
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