JREE: Vol. 6, No. 3, (Summer 2019) 38-49

Journal of Renewable Research
Energy and Environment Article

Journal Homepage: www.jree.ir

A Review Study About Photovoltaic Systems and the Energy Payback Time Calculation

for Selected Modules

Seyed Mohammad Emami Razavi, Mohammad Hossein Jahangir®, Soroush Mousavi

Department of Renewable Energies and Environment, Faculty of New Sciences and Technologies, University of Tehran, Tehran, Iran.

PAPER INFO

Paper history:
Received 10 August 2019
Accepted in revised form 30 December 2019

Keywords:

Solar Energy

BIPV

Photovoltaics

Energy Payback Time
Technical Analysis
Economic Analysis

ABSTRACT

The renewable energy can be utilized to satisfy the energy demand. Moreover, the solar energy as the most
abundant energy resource among renewable energies plays a crucial role to provide the energy demand. The
BIPV (building integrated photovoltaics) systems can be considered to supply the required energy demand
from renewable sources. The essential advantage of BIPV systems is that they can be utilized as building
component such as roof, window, shading systems and building facade and they can generate electricity
simultaneously. Even though the photovoltaic technologies have been improved within past few years,
however the utilization of the BIPV systems will be considered expensive. For this reason, the payback period
calculation is considered a vital parameter in evaluating the BIPV systems. In this study, the overall energy
consumption for producing one m? of a mono-crystalline photovoltaic module is calculated 1334 kWh.
Additionally, the photovoltaic module data for three companies were investigated and the annual energy
productions for one m? of each company’s product were obtained. The results showed that the average energy
payback time for 270 and 280 watt modules are 5.565 and 5.254 respectively. Moreover, the energy payback

time for 290, 325 and 340 watt modules were calculated 4.903, 5.437 and 4.965 respectively.

1.INTRODUCTION

Nowadays, the electricity portrays a key role in a modern
society. However, approximately 1.2 billion people in rural
areas in Asia and Africa don’t have access to electricity [1].
For this matter, the importance of the off-grid electricity
production in rural areas will be accentuated and the
renewable energy resources will be highlighted in this
category. According to the international energy outlook, by
2021 the 825 GW electricity capacities from renewable energy
resources will be installed in the comparison with the 2015
installed electricity capacity. Furthermore, the share of the
renewable energy in global energy demand will be increased
from 23 % in 2015 to 28 % in 2021 [2]. For the good
economy and prosperity of any nation, energy is a key role
player. However, most of the energy is obtained from fossil
fuels, which in result create pollution by emitting greenhouse
gases in the environment. In addition, these fossil-fuel
resources are limited and non-renewable as these were
prepared once in millions of years [3].

The electricity is one of the key demands for buildings that
should be provided. The energy consumption in buildings is
approximately one-third of global energy demand which
results in the higher CO, emission [4,5]. The building energy
demand is dependent on local weather condition to provide
heating or cooling loads. The building’s heating demand is
usually satisfied by the combustion of fossil fuels. The
electricity is considered as an alternative source to provide the
energy demand of the buildings and commonly provide the
cooling demand of the buildings [6]. Various sources can be
considered to provide the energy demand and consequently, a
number of scenarios can be outlined. The implementation of
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green buildings (zero energy buildings) can be a beneficial
solution [7]. However, the energy demand for green buildings
must be supplied from renewable energy sources to achieve
the globally sustainable development goals. The global
renewable energy utilization is growing and by the year 2040,
approximately 60 % of global electricity demand is supplied
from renewable energy sources [8].

The solar energy is significantly more abundant and
available in comparison to other renewable energy resources
[9]. The solar energy can be a perfect choice to satisfy the
energy demand of the buildings since the solar energy
provides both heat and electricity. The solar thermal systems
can produce heat and the photovoltaic systems can convert the
solar radiation to electricity. However, only 10 to 20 % of the
solar radiation can be converted into electricity and the
residue is available as heat in the module which results in
decreasing of the photovoltaic system’s efficiency. From the
solar radiation incident on the surface of PV cells a range of
about 80 % can be absorbed, however, only small portion of
the absorbed incident solar energy is converted into electrical
energy based on the conversion efficiency of the PV cell
manufacturing  technology [10]. The utilization of
photovoltaic thermal hybrid systems can provide heat and
electricity simultaneously.

PV cells absorb photons from the light source whose energy
is captured by the electron and results in high electric potential
resulting in electric current generation. However, all photons
do not generate electric current as photons whose frequencies
are much higher above threshold frequency are absorbed and
results in generation of heat which increases cell temperature.
As the temperature of cell rises above 25-27 °C, electrical
energy starts to decrease because of heat expansion in system.
It is reported that electrical output decreases by 0.4-0.65 %
with one degree Celsius rise in temperature [11]. The
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implementation of photovoltaic thermal systems would lead
us one step closer to achieve the zero energy building goal
[5,12]. There are some advantages concerning the
implementation of the photovoltaic systems in comparison to
other electricity production technologies such as zero
emission of CO, or other greenhouse gases which cause the
global warming and climate change [13], zero amount of
threatening by-products- Hg, Pb, NOx and SOy [14], zero
amount of radioactive wastes [15] and finally do not require
water for electricity production [16]. However, non-silicon
photovoltaic systems contain critical materials- Hydrochloric
Acid, Sulfuric Acid, Nitric Acid, and arsenic which require
the constant maintenance within their lifetime period [17].

1.1. The introduction of photovoltaic technologies
1.1.1. The crystal silicon technology

Silicon has been widely used in photovoltaic cell
technologies. The first generation of photovoltaic cells was
designed and manufactured by the utilization of crystal silicon
structure. The electrical efficiency of solar cells was reached
17 % using microelectronics technology in 1970 [18]. The
silicon crystals include regular structure and each atom is
placed in a specified location in the crystal structure [19]. The
silicon crystal structures can be categorized into mono-
crystals and poly-crystals. The most popular material in solar
photovoltaic technology is silicon for its unique characteristics
and high efficiency which results in the 80 % share of
materials used in solar cell manufacturing market [18].

1.1.1.1. Mono-crystals

The application of mono-crystalline photovoltaic panels is
more than poly-crystalline panels due to higher efficiency.
Zhao et al. [20] in 1998 reported the efficiency of mono-
crystalline photovoltaic cells with wasp nest structure as
24.7 %. It should be noted that the efficiency of solar modules
is lower than solar cells [18]. Monocrystalline modules are
considered to be the most expensive crystalline modules in the
market since the manufacturing process requires high
technology and high energy consumptions and the rate of the
process is very slow. In the past few years, the pure
monocrystalline cells have been used for semiconductor
industries which results in high expenses and long process
period and the purity of the final product is higher than
photovoltaic panels require [19]. The efficiency of the
monocrystalline cells from various companies can be unequal.
The typical efficiency of the monocrystalline cells based on
National Renewable Energy Laboratory reports varies
between 16 to 16.9 %. The highest efficiency of the
monocrystalline cells is related to an American company -Sun
Power- with the efficiency of 20 to 20.9 % and also a
Japanese company -Sanyo Electric- with the efficiency of 19
t0 19.9 % [18].

1.1.1.2. Polycrystalline

Zhao et al. in 1998 reported the efficiency of polycrystalline
with bee nest structure by 19.8 %. The efficiency of
polycrystalline cells is lower than a monocrystalline cell.
However, the polycrystalline cells own a bigger market
compared to monocrystalline cells since the cost of the
polycrystalline cells is lower. The efficiency of polycrystalline
cells alters from 15 to 16.9 %. The highest efficiency of

polycrystalline cells is related to a Taiwanese company -New
Solar Power- by 16.9 % [18].

1.1.2. Thin film technology

In the thin film technology, a thin layer of semiconductors
will be laid on a solid substrate in order to reduce the usage of
semiconductor materials and consequently, this will reduce
the capital cost of the final product in comparison to
crystalline cells. The most common materials in thin-film
technology are Cadmium, Tellurium, Gallium, Arsenic and
Titanium dioxide [9]. Barnet et al. stated that the efficiency of
the polycrystalline cell using thin-film technology can be
increased to 19 % [21]. The thin film process requires lower
process temperature compared to crystalline cells. Moreover,
another advantage of thin film technology will be the
effortless contact of semiconductor materials to both flexible
and rigid substrates such as glass, steel, and plastics. The
reasonable cost and feasible manufacturing process of
amorphous silicon technology favor in growing demand for
such technology [19].

1.1.2.1. Amorphous

The amorphous silicon-such as silicon -Carbone, amorphous
Si-Ga, and amorphous silicon nitride- is the most important
type of non-crystalline material used in solar cell and
frequently used in thin layer technology. However, in recent
year, the popularity of amorphous silicon is decreasing [9].
The efficiency of the amorphous silicon is relatively 7 % and
the amorphous silicon cell’s cost is lower than crystalline
silicon cell [19]. the efficiency can be increased to 8 to 10 %
by multi-junction design [9]. The highest efficiency of
amorphous cells is related to an American company -Stion-
with the efficiency of 13.8 % and another Spanish company -
EPS Solar- with the efficiency of 11.8 % [18].

1.1.2.2. Cadmium- Tellurium

The thin-film solar cells contain Cadmium-Tellurium (CdTe)
in order to provide the chemical stability of the solar cell. The
energy gap of the CdTe is 1.44 eV. Moreover, the Cd is
considered to be a poisonous material and it can be a potential
threat to the environment. However, the solar cell contains a
small amount of Cd which can be considered in safe range.
The highest efficiency of solar cells containing CdTe is
reported to be 17 % [19].

1.1.2.3. Copper, Indium, Gallium, Selenium

The combination of four elements Cu, In, Ga, and Se is
considered as one of the most improved technologies among
other solar technologies. The addition of such combination to
solar cell structure can improve the energy gap of the solar
cell from 1 to 1.1 eV. By 2006, the highest efficiency of the
solar modules was reported 13 %. However, in 2014 the Siva
power company reported the efficiency of 18.8 % which was
approved by the National Laboratory of Renewable Energy
[18].

1.1.2.4. Gallium-Arsenic

The structure of GaAs photovoltaic panels is similar to silicon
solar cell. However, the efficiency of GaAs solar panels is
higher and the thickness of the GaAs panels is lower than the
silicon solar cells. As the result, the GaAs panels are lighter
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than monocrystalline and polycrystalline solar cells. The band
gap energy of GaAs solar cells is 1.43 eV. The highest
efficiencies of GaAs which was achieved by researchers are
28.8 % by Radboud University, 36.9 % by Sharp Company
and 42.3 % by Spire Company (triple joint GaAs panels) [18].

1.1.3. Hybrid cells

The hybrid cell technology is based on the combination of
crystalline and non-crystalline solar cells which result in the
complexity of the production process [18]. Wu et al.
discovered the highest efficiency to cost ration of hybrid solar
cells [22]. For this reason, the highest efficiency of hybrid
solar cells was introduced by Sanyo and Panasonic companies
which introduced the efficiency of hybrid cells by 17.8 and
25.6 % respectively [18].

1.1.4. Organic (polymer) cell

The organic cells are considered a new generation of solar
cells which decreased the capital cost of solar cell’s
production [23]. Kerbs demonstrated that the cost of the one
cm? organic solar cell will be equal the 1 % of the cost of an
identical monocrystalline solar cell [24]. However, the crucial
challenges of organic solar cells are short lifetime and low
efficiency [23]. The polymer layer would be placed between
two electrodes. The aluminum is frequently used as an
electrode with the energy gap of 4.2 eV [17].

1.1.5. Photosensitive solar cells

The new solar cell technologies have been taken seriously in
recent years due to the low efficiency and economic and
environmental issues [18]. The photosensitive solar cells
contain two electrodes which at least one of them is
transparent [25]. Originally, Deb in 1978 used the titanium
oxide in photoelectrochemical process [18]. In that matter, the
glass layer will be used which covered by a conductor layer
(usually tin oxide or indium). The titanium oxide will be used
to enhance the quantity of free charge carrier (electron) and
consequently increase the electrical conductivity [26].

1.2. The introduction of integrated photovoltaic
systems (BIPV)

1.2.1. History

In late 1970, the American ministry of energy announced its
support for photovoltaic cell’s industry as building
construction material. By 1980, the related photovoltaic cell’s
companies such as Solarex, General Electric, and Sanyo
Electric were expanded their business. However, the high
manufacture cost and technical challenges led to the product
reduction [23]. Humm and Toggweiler published one of the
early papers on building integrated photovoltaic system in
1993 [27] while the US ministry of energy had proposed a
program to support BIPV (building integrated photovoltaics)
researches [28]. In 2000, a reference book on the BIPV
projects in the US was released that compared 16 different
international BIPV projects as technical and beauty point of
view [29]. Building integrated PV (BIPV) is seen as one
major opportunity for large market penetration of PV [30].
Furthermore, China introduced various support programs for
sustainable energy and environment such as a 6.5 MW BIPV
project in 2010 which is considered as one of the biggest
building integrated photovoltaic affairs in the world [31].

Today, the photovoltaic cell manufacture companies intend to
overcome the technical issues and economic barriers to
achieve the product with higher quality and more reasonable
price [32]. Taleb et al. [33], Zhai et al. [34], introduced novel
methods to implement photovoltaic systems in modern
building designs since the design of the building and windows
have the crucial impact on the building energy performance
[35,36]. The low cost of building construction material is one
of the advantages of BIPVs in comparison to the other power
generation systems which introduced the BIPVs as the pioneer
in the photovoltaic industry [37]. Jelle et al. included artistry
frame of reference to their researches and consequently
concluded that the new photovoltaic technologies will lead to
novel BIPV systems with lower cost and higher
efficiency[38].

1.2.2. Description of BIPV system

The building integrated photovoltaic system is a concept in
which photovoltaic panels are considered as power generation
element and facade’s cover simultaneously and as the result,
photovoltaic panels can be implemented in different sections
of the building such as walls, windows and roof [39] and the
BIPV systems cannot be dissembled [40]. The key parameters
such as photovoltaic panel’s temperature, inclination angle,
the shading effect and building heat capacitance should be
considered to obtain a correct analysis of the BIPV
performance [41]. Dapeng li et al. evaluated the solar potential
for several urban buildings and the revealed that the solar
potential of the building is directly related to the size of the
buildings [42]. Figure 1 demonstrates a photovoltaic system
integrated with the building. As it is shown, the air enters
from the bottom of the BIPV and exits from the top side of the
BIPV to control the temperature of the BIPV system and
increase the performance of the system. In some cases, fans
also can be implemented to moderate the temperature of the
BIPV system [43].

As it is shown in Figure 2 the BIPV systems can be
categorized based on the photovoltaic technologies,
photovoltaic system’s applications or the commercial names
of the products. The photovoltaic system technologies can be
demonstrated as silicon or non-silicon photovoltaic panels.
Moreover, the photovoltaic systems can be utilized in
building’s roof or the building’s fagade. Traditional elements
of building like roof tiles and windows can be replaced by
BIPV modules and performing the same functions as well as
generating electrical power. Finally, the photovoltaic system’s
commercial names can be divided into four categories-foils,
tiles, modules and solar cell glazings [38].

1.2.3. The applications of BIPV systems

The photovoltaic modules can be utilized as the building
facade which can be considered as modern art innovation and
they are implemented as an alternative to conventional facade
materials and the power can be generated simultaneously [7].
The BIPV used in the building facade will be usually located
vertically and the output power is not noticeable, however the
electricity generation can be considerable by implementation
of the BIPV system on the building’s roof. The former
generation of photovoltaic panels can be utilized for opaque
surfaces and the transparent and semi-transparent modules can
be implemented as windows. Moreover, the colored organic
solar cell’s interest has been increased over the past years [7].
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This module can be used as an alternative to conventional
construction materials such as bar, tile, and metallic roofs. The
BIPV systems can be implemented as curtains, shading,
windows, and roofs which can be customized for specific
applications with various transparency [45,46]. Among
different application of BIPVs, the shadings are considered to
be more efficient since it can provide electricity and decrease
the HVAC loads simultaneously [47]. However, since the
BIPVs cannot track the sun’s direction, the power generation
will vary during the day which can be considered as a

disadvantage for these systems [7]. Another disadvantage of
BIPVs is the complexity of the wire connections and the long
startup time [41]. The various application of BIPV systems are
given as Table 1. In this paper, after the overall introduction
of the BIPV system technically and economically, the energy
payback time of the system is investigated. By choosing
different modules, the amount of energy payback time per
year per square meter is compared with their energy payback
time.
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Figure 1. A schematic of a BIPV system [43].
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Figure 2. BIPV categorization [44].

2. THE BIPV TECHNICAL ANALYSIS AND ECONOMY
EVALUATION

2.1. The modeling of the BIPV

The effective parameters such as the weather condition,
temperature, humidity and other variable are considered

carefully in the simulation procedure and the sensitivity
analysis will be conducted to determine the importance of the
parameters. In addition, the experimental results will be taken
into account and both numerical and experimental results will
be examined by the reference data from experimental studies
[49].
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Table 1. Different applications of the BIPV system [48].

Type

Application

Glass roof

The utilization of glass roofs is one of the most
appealing applications of BIPV systems. This
arrangement provides the internal lighting and
electricity demand simultaneously. Moreover, the
architectural design can be very fascinating.

The curved tiles

The BIPV tiles can cover the entire roof or a part of
the roof. The appearance of the BIPV modules is very
similar to the standard building tiles.

The shading
systems

Various types of BIPV modules can be utilized as the
shading system. Moreover, in order to create proper
shading effect, the BIPV unidirectional modules
should be installed above the windows.

Building external
walls

The BIPV modules can be implemented as external
walls for buildings.

The roof modules

For this application, the BIPVs can be used as
skylights to provide the natural light demand of the
building and they can be replaced with another semi-
transparent part of the roofs.

Rooftop
installation

The roof of the buildings usually provide vast areas to
install the BIPV systems and the power generation of
BIPVs will be higher in comparison to other cases.

Semi-transparent
facade

The transparent and semi-transparent fagades will
result in the higher heat transfer rate. The semi-
transparent and transparent BIPV systems will
provide the electrical and thermal demand of the
building simultaneously.

2.1.1. Thermal modeling of the BIPV system
2.1.1.1. Heat transfer across PV panel

The energy conservation equation in a photovoltaic layer is
given in equation 1 and equation 2.

_ (Tepv - Tmpv)

Rpy - Epvo—(T(-;l-pv - Ts‘tky) - he(Tepv - Tout) =0 (1)
2
dTmpv (Tepv - Tmpv) (Tmpv - Tipv)
MpyCrp, —gqp = %v G F Rpy - Rpy ()
2 2

where Ty is the sky’s temperature, G is the solar radiation,
Tout IS the ambient temperature, o is the Boltzmann constant,
Cp,v is the photovoltaic specific heat capacitance, h, heat
transfer coefficient, a, photovoltaic cell’s absorption
coefficient, Rpy is the photovoltaic thermal resistance, €, is

the photovoltaic emission coefficient, Ty, is the photovoltaic
module’s temperature , T,,, is the final photovoltaic
temperature, T, is the initial photovoltaic temperature, Mp,,
is the photovoltaic panels weight [50,51].

2.1.1.2. Heat transfer within air gap

The heat transfer coefficient inside the air hole is relevant to
the system’s performance whether the gates are open or not.
For the closed gate, the heat transfer coefficient is calculated
based on the Kalogirou’s method [52]. For the open gate, the
heat transfer coefficient is calculated based on the Duffe and
Bechmann’s method [51]. The mean air velocity in the air gap
will be calculated by Bernoulli equation solution where the air
density is considered constant and the temperature distribution
will be assumed linear [52].
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The energy equation whining the air gap is described as
equation 3 where hy,, is the heat transfer coefficient between
the photovoltaic and the air gap, h,. is the convection
coefficient, T,. is the air gap temperature, T,,, is the external
wall’s temperature, T, is the internal wall’s temperature,
M,;, is the air mass, Cp_, is the air specific heat capacitance,
hy.c is the heat transfer coefficient between the air gap and
the wall.

(Taps = Ty) ®
% - hpvac(Tipv - Tac) - hr(Till]')v - Téw) =0
2
dT, 4
M, - CPair ' dic = hpvac(Tipv - Tac) + hwac(Tac - Tew) ( )
(Tew — Trnw) 5
hr(Ti‘;v - T:w) - hwac(Tac - Tew) - ewR—me =0 ( )

2

2.1.1.3. The heat transferred from the PCM wall

The energy equation for PCM walls can be given as equation
6 and equation 7 where h; can be calculated based on the
Santos et al. investigations and g, will be determined by
Athienitis modeless [53,54].

M,, - CPW . dzntlw — (Tew l:Wme) _ (meR; Tiw) +q (6)
2 2

(me - Tiw) (7)

- Rw hi(Tiw - Tin) =0

2

2.2. The exergy analysis

The exergy efficiency of the BIPV system can be given as
follows:
=%

Wy (8)

solar

where Ey is the BIPV exergy efficiency —mostly reveals as
electrical term- and can be shown as follows [55,20,56]:

Ex = Viglpy — [1 - (M)] Q €)

Tmod

where T, ., is the ambient temperature, Tp,,q IS the module’s
temperature, Q is the convection and radiation heat transfer
from module to the ambient air and it can be shown as
equation 10. Moreover, h., can be calculated as follows,
where Vyy is the wind velocity.

Q= hcaAmod(Tmod - Tamb) (10)
hea = 5.7 + 3.8Vy (11)

By merging the equation 10 in equation 11, equation 12 can
be given as follows [20]:

Tamb (12)

Tmod

The solar exergy can be represented as Ex__and it can be
calculated as follows [55,20]:

Ex = Vil — [1 - ( )] hcaAmod(Tmod - Tamb)

Tamb
EXsolar = [1 - (Tam )] ISAmOd (13)
mod

In addition, the exergy of a BIPV system can be calculated
as follows [20]:

Vil = [1= (7222)] (57 + 3:8Vi)Amoa (Tmod ~ Tamb)
-G

od

(14)
Finally, the exergy efficiency can be calculated by Petela

equation as follows[20,56]:

Ex = Vinlm = [1 = (222)] heaAAmoa (Tmod = Tamb)
Fov = 1\ (Tamb 2 4\ (Tamb (15)
[+ (5)(32) = () (F22)sAmoa

2.3. The economic analysis of BIPV systems

The installation of photovoltaic panels requires large areas.
However, the BIPV systems will not face this issue due to the
integration of photovoltaic panels with the building and
utilization of BIPV systems will cause a minor enhancement
of expense by 2 to 5 % [57,58]. The BIPV technology is
expensive. Moreover, as the technology of photovoltaic panels
improves, the capital cost of BIPV systems will be decreased
[59]. The present size of BIPV market is about 2.3 GW with
Europe constituting the largest market in particular due to
attractive incentives in France, Italy and Germany [60].

The rapid decreasing of the material cost of photovoltaic
panels led to significant changes in final BIPV system’s cost
due to improvement of the photovoltaic technology [61].
Koinegg et al. has estimated the cost of BIPV systems for
building’s facade and reported to be 950 to 10180 $ per m’
[62]. Paglaro et al. revealed that a 3 kW residential project in
Europe will cost about 10.8 $ per watt [63]. Bizzari et al.
showed that a 256 kW project in Italy in 1980 with BIPV
systems as windows, 24.5 $ per watt was spent [61]. Sharples
and Radhi demonstrated that a BIPV project in Middle East
would cost 4.1 $ per watt [64]. Moreover, Li et al. evaluated
the cost of transparent BIPV systems to be 1286 $/m? in China
[65]. Aristizabal et al. conducted a case study of a 840 W
BIPV rooftop system in Colombia and the cost of the project
was estimated to be 10.3 $/W [66]. Seng et al. evaluated a
BIPV case study in Malaysia and estimated the project cost to
be 8.4 $/W [67]. A similar study in Malaysia was conducted
by Rahman et al. on a 5.76 kW BIPV system and the project
cost was reported to be 8.5 $/W [68]. Chel et al. indicated the
cost of a 2.3 kW BIPV system to be 7.2 $/W in India [69].
Ikedi et al. performed a comprehensive study on PV system
integrated with bricks and reported the 18 $/W cost for a 1.57
kW project [70]. Another similar investigation was conducted
by Hammond in Britain and results revealed that the cost of
the 2.1 kW project will be 9 dollar per watt [71]. The result of
previous investigations are presented as Table 2.

3. THE ENERGY PAYBACK TIME (EPBT) OF BIPV
SYSTEM

3.1. The definition of EPBT and related parameters

The energy payback time of the BIPV systems provide an
energy analysis of BIPV systems considering the energy
consumption for BIPV production and energy generation of
the BIPV system. This analysis will demonstrate the overall
efficiency of the BIPV system in the BIPV lifetime period as
follows:

Esg +E
EPBT = —SE BOS.E (16)

Eoutput

where Eqyepue is the annual system’s energy production and
Esg + Egosg IS the total lifetime system’s energy
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consumption. The total energy consumption of the system
include the total energy required to produce the raw materials,
process energy requirement, and the transport energy
consumption and system’s installation. Egp is the energy
consumption of photovoltaic modules and Eggs g is the total
energy consumption of all utilities except the photovoltaic
module. The detailed energy consumption of the system can
be defined as follows:

ES.E = Ep + ES + EF + ET + ED (17)

where Ep is the energy consumption of purification process
for silicon, Eg is the energy consumption of a silicon ingot
process, Eg is the energy consumption of photovoltaic module

fabrication, E; is the energy required for transportation of
photovoltaic modules from factory to desired installation site,
Ep is the energy consumption of module’s destruction and
recycling.

The auxiliary utilities such as electrical cables and
convertors and other electrical utilities should be considered in
energy balance equations as follows:

Epose = Eesos *+ Emsos (18)

where Eggos iS the electrical unit energy consumption and
Emgos IS the mechanical unit energy consumption [72].

Table 2. The results of research on BIPV economic analysis.

Project type Capacity (kw) Researcher Country Cost ($/W) Cost ($/m?)

Facade [62] Not mentioned Koinegg Europe - 950-10180
Roof module [63] 3 Paglaro Europe 10.8 -
BIPV glazing [61] 256 Bizzari Italy 245 -
Unspecified [64] Unspecified Sharples & Radhi Middle-East 4.1 -

semi-transparent solar Unspecified Li China - 1286
glazing system [65]

Roof module [66] 0.84 Aristizabal Colombia 10.3 -
Unspecified [67] Unspecified Seng Malaysia 8.4 -
Roof module [68] 5.76 Rahman Malaysia 8.5 -
Roof module [69] 2.3 Chel India 7.2 -
Roof tile [70] 1.57 Ikedi Britain 18 -
Roof tile [71] 2.1 Hammond Britain 9 -

3.2. The energy consumption calculation

The production process of photovoltaic modules consist of the
melting process of silicon and a two-step conversion process -
Si to MG-Si and Mg-Si to EG-Si-. The energy consumption of
conversion processes to produce one kilogram MG-Si and
EG-Si are 20 kwh and 100 kWh respectively and the process
continues to achieve 90 % of reactant’s total mass. Moreover,
the total energy consumption to produce one kilogram of
mono-crystalline photovoltaic modules is equal to 290 kWh
where the process continues to achieve 72 % of reactant’s
total mass in previous stage. In addition, in order to produce
one m? of monocrystalline photovoltaic solar cell, 1.448
kilogram monocrystalline silicon will be required [72,73].
Therefore, the energy consumption of the purification process
of silicon per one m® of solar module can be calculated as
follows:
%

1.448 o

= . - x 272 19

Ep = 290 X 1448 + 100 X -+ 20 x 472 (19)
= 666kWh/m?

The energy consumption of cutting process for silicon bar -
Es- is estimated to be 120 kWh per 1 m? solar cell and the
energy consumption of photovoltaic module production -Eg-
is estimated to be 190 kWh per 1 m? of solar cells [74]. The
total energy consumption of photovoltaic module’s
manufacture can be calculated as follows. The recycling
process and transport energy consumption were neglected.

Esg = 666 + 120 + 190 = 976 kWh/m? (20)

The energy consumption to create supporting structure for
settlement of photovoltaic systems is 200 kWh/m? [75] and

the energy consumption of invertor production is estimated to
be 33 kWh/m?. The energy consumption of auxiliary utilities
and maintenance and etc., is estimated to be 125 kWh/m? [72].

Egosk = 200 + 33 + 125 = 358 kWh/m? (21)

Considering the equation 20 and equation 21, the following
equation can be written:

EE = ES.E + EBOS.E =976+ 358 = 1334 kWh/I‘n2 (22)

The energy consumption of BIPV rooftop systems is shown
as Figure 3. The major energy requirement is related to the
purification process of the silicon which almost covers the
half of total energy consumption for BIPV system and the
lowest energy consumption is related to inventor’s energy
consumption.

As it is shown in Figure 4, the 73 % of the total energy
consumption is directly related to photovoltaic module’s
production and the 27 % of the total energy consumption will
provide the energy requirement of sideways processes and
auxiliary utilities.

3.3. The selection of photovoltaic modules and the
payback time period calculation

In order to calculate the exact energy consumption of BIPV
systems, the desired photovoltaic system should be pinned
down. For this reason, the photovoltaic modules form three
well-known solar companies —J.A. Solar, Yingli Solar and
Jinko Solar- ware nominated. The characteristics of each
module is presented in Tables 3 to 5. The values of the tables
are achieved in STC (standard test condition) condition, 1000
W/m? solar irradiation, 1.5 A current and 25 °C temperature.
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M supporting structure for settlement of photovoltaic
systems
M invertor production
Figure 3. Consumption energy for the BIPV system.
total energy
consumption of
all utilities except
the photovoltaic
module
27%
energy
consumption of
photovoltaic
modules
73%
Figure 4. Distribution of energy consumption in the production of the module.
Table 3. Specifications of the modules studied from the J.A. Solar factory in the standard test conditions [76].
Parameters JAMG6(K)-60- JAMG6(K)-60- JAMG6(K)-60- JAMG(K)-72- JAMG(K)-72-
270/4BB 280/4BB 290/PR 325/4BB 340/4BB
Maximum power (W) 270 280 290 325 340
Maximum power voltage 30.68 30.97 31.8 37.15 37.87
(Vmp/V)
Maximum power current 8.8 9.04 9.12 8.75 8.98
(Imp /A)
Open circuit voltage (Voc/V) 38.39 38.65 39.46 45.6 46.32
Short circuit current (Isc/A) 9.29 9.49 9.57 9.33 9.6
Module efficiency (%) 16.51 17.12 17.74 16.73 175
Dimensions (m X m X m) 1.65%0.991x0.035 | 1.65%0.991x0.035 | 1.65x0.991x0.035 | 1.96x0.991x0.04 1.96x0.991x0.04
Weight ( Kg) 18 18 18.7 23 23
Table 4. Specifications of the modules studied from the Jinko Solar factory in the standard test conditions [77].
Parameters JKM270M-60 | JKM280M-60H-V | JKM290M-60 JKM325M-72 JKM340M-72
Maximum power (W) 270 280 290 325 340
Maximum power voltage 314 31.8 322 38 38.7
(Vmp/V)
Maximum power current 8.6 8.81 9.02 8.55 8.79
(Imp /A)
Open circuit voltage (Voc/V) 38.4 38.6 38.8 45.6 47.1
Short circuit current (Isc/A) 9.28 9.49 9.78 9.03 9.24
Module efficiency (%) 16.5 16.95 17.72 16.75 17.52
Dimensions (m X m X m) 1.65x0.992x0.04 | 1.665x0.992x0.04 | 1.65x0.992x0.04 | 1.956x0.992x0.04 | 1.956%0.992x0.04
Weight ( Kg) 19 19 19 26.5 26.5
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Table 5. Specifications of the modules studied from the Yingli Solar factory in the standard test conditions [78].

Parameters YL270-30b YL280CG2530L-1 YL290CG2530F-1 YL325D-36b YL340D-36b
Maximum power ( W) 270 280 290 325 340
Maximum power voltage 30.9 31.7 323 36.9 37.9
(Vmp/V)
Maximum power current 8.73 8.83 8.98 8.81 8.97
(Imp /A)
Open circuit voltage (Voc/V) V38.6 V38.8 V39.2 V46.2 V47.3
Short circuit current (Igc/A) 9.31 9.25 9.34 9.27 9.35
Module efficiency (%) 16.6 17 17.4 16.7 175
Dimensions (m X m X m) 1.64x0.99x0.035 1.66x0.992x0.06 1.666x0.998x0.032 1.96x0.99x0.04 1.96x0.99x0.04
Weight (Kg) 185 23 245 22 22

Considering the values of Table 3, 4 and 5, the energy

consumption for each module’s manufacture process can be
calculated. Moreover, the payback energy period for each
module can be calculated using equation 22 and the results
can be shown as Tables 6, 7 and 8. As it is shown, the highest
annual energy production is related to the J.A. Solar and Jinko
Solar modules with 290 W capacity and Yingli Solar modules
introduce 280 W solar panels. The lowest EPBT and highest

energy production is related to JAM6 (K)-60-290/PR with
275.612 KWh energy production and 4.84 year EPBT period.
On the other hand, the highest EPBT and the lowest energy
production is related to JKM270M-60 with 238.427 kWh
energy production and 5.595 year EPBT period. Figure 5 and
Figure 6 present the annual energy production and EPBT
period for each modules as follows.

Table 6. Generated energy per square meter and energy payback time in the modules of J.A. Solar factory.

Parameters JAM6(K)-60- | JAM6(K)-60- | JAM6B(K)- | JAM6(K)-72- | JAM6(K)-72-
270/4BB 280/4BB 60-290/PR 325/4BB 340/4BB
KWh
Produced energy per year ( = ) 238.812 256.808 275.612 245.219 268.344
Energy payback time (year) 5.586 5.194 4.84 5.44 4,971

Table 7. Generated energy per square meter and energy payback time in the modules of Jinko Solar factory.

Parameters JKM270M-60 JKM280M- | JKM290M | JKM325M- JKM340M-
60H-V -60 72 72
Produced energy per year (Km_th) 238.427 251.713 275.024 245.766 268.928
Energy payback time (year) 5.595 5.299 4.85 5.428 4.96

Table 8. Generated energy per square meter and energy payback time in the modules of Yingli Solar factory.

Parameters YL270-30b YL280CG25 | YL290CG | YL325D-36b | YL340D-36b
30L-1 2530F-1
Produced energy per year (K“":;h) 241.823 253.216 265.856 245.026 268.615
Energy payback time (year) 5.516 5.268 5.018 5.444 4.966

Produced energy (kWh)

280
270
260
250
24
23
22

o o o

210

Figure 5. Produced energy by different modules in the year.
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Figure 6. Energy payback time for different modules.

4. CONCLUSIONS

In the present study, various aspects of the BIPV systems
were investigated. The solar energy as the most abundant
renewable energy is considered an interesting alternative for
providing building’s energy demand. Moreover, the
photovoltaic systems are considered as clean energy
production systems and do not produce CO, and other
greenhouse gases which causes the global warming issues.
Furthermore, the photovoltaic systems are considered a
desired choice to utilize in zero energy buildings. The BIPV
systems is the solar photovoltaic modules which can be
integrated to the building’s fagade as an alternative for other
construction materials such as tiles. Roofs and windows. Since
the photovoltaic modules are considered as a part of the
building, they cannot be relocated or removed. Furthermore,
the key parameters such as inclination angle, the shading
effect and the thermal effect of the modules should be
considered before the installation procedure. In order to
simulate the thermal performance of the BIPV systems, three
thermal resistance layers are considered -photovoltaic layer,
air gap layer and the wall-. The efficiency of the BIPV system
can be calculated due to the input solar energy. Various
application for BIPV systems are introduced as rooftop
BIPVs, BIPV tiles, semi-transparent BIPVs and the shading
systems. The international market for BIPV systems increased
from 1.8 billion dollars in 2009 to 8.7 billion dollars in 2016.
Even though, the implementation of BIPV systems will
increase the building material’s expenses 2 to 5 % more than
common building materials, the rapid improvement of
photovoltaic technologies has led to the growing global
interest to utilize BIPV systems. Based on the previous
investigation in literature, the final capital cost to produce 1
watt electricity from BIPV windows, BIPV bricks and BIPV
rooftop systems are estimated 24, 14 and 10 $ respectively. In
the present study, the photovoltaic modules from three well-
known solar companies were studied. Additionally, the
photovoltaic module data for three companies were
investigated and the annual energy production for one m?® of
each company’s product were obtained. The results showed
that the average energy payback time for 270 and 280 watt
modules are 5.565 and 5.254 respectively. Moreover, the
energy payback time for 290, 325 and 340 watt modules were
calculated 4.903, 5.437 and 4.965 respectively. Furthermore,
the highest annual energy production is related to the J.A.
Solar and Jinko Solar modules with 290 W capacity and
Yingli Solar modules introduce 280 W solar panels. The

results showed that the lowest EPBT and highest energy
production is related to JAM6 (K)-60-290/PR with 275.612
kWh energy production and 4.84 year EPBT period. On the
other hand, the highest EPBT and the lowest energy
production is related to JKM270M-60 with 238.427 kWh
energy production and 5.595 year EPBT period.
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