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Introduction

According to some estimates, by 2035, the global energy consumption rate will
have undergone a 50% rise from 1990 levels. This predicted rise will stem from
large increases in population growth and urbanization and will influence the energy
consumption of buildings. Today, buildings account for 40% of global energy con-
sumption [1-3], with nonrenewable energy being consumed for their cooling, heat-
ing, and lighting [4].

In large cities, for instance, Tokyo, San Francisco, Hong Kong, and New York,
buildings account for significantly greater greenhouse gas (GHG) emission and
energy consumption than transportation does [5]. In response, global roadmaps are
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seeking to replace the fossil fuels used to power buildings with renewable, clean
energy resources, with the goal of changing buildings with high energy consump-
tion into net zero energy ones [6, 7]. Therefore, decarbonization has become a great
environmental priority, and new buildings designed to be net zero are a focus in the
European Union (EU). The UK is hoping to achieve an 80% decline in national
emissions by 2050 and then to modify the plan for zero emission systems [8]. Japan
intends for its public and residential buildings to be net zero energy buildings
(NZEBs) by 2020 and 2030, respectively [9]. Furthermore, after 2030, new US
commercial buildings will be required to be net zero. Meeting these goals will
require the reduction of primary building energy consumption through energy-
efficient envelopes [10].

Photovoltaic (PV) systems are a promising alternative for harnessing clean, inex-
haustible, and abundant solar power for the generation of environmentally benign
energy [11]. In Italy, attempts are being made to achieve the goal of using 55%
renewable energy resources for the country’s power supply. The power production
of PV technologies is planned to increase from 25 TWh per year at the present time
to 72 TWh per year in 2030 [12]. Moreover, German PV installations have reached
a total energy capacity of 50 GW and are expected to generate up to 413 GW by
2050 [13]. The global market for PV solutions is also expected to enjoy a 1.7%
growth per year, suggesting a rise from approximately 42,000 million USD in 2019
to around 47,000 million USD in 2024 [14]. The permanent load of a building,
including concrete rooftops and walls, can be replaced with PV systems, leading to
fossil energy-free buildings and a pollution-free environment [14].

Building integrated photovoltaics (BIPVs) are solar-generating components that
can be used to replace traditional construction materials and envelopes (e.g., shad-
ing, atria, window, and roof components) with PV and so support clean power gen-
eration. Hence, BIPV provides a building envelope and supplies electricity. New
buildings can be constructed using BIPV, and existing buildings can have it retrofit-
ted. In light of its dual functionality, BIPV is an efficient and effective approach to
decreasing construction labor and material costs. In addition, BIPV helps maintain
the decorative features of buildings. Thus, the implementation of BIPV has grown
significantly in recent years. Semitransparent BIPV structures (e.g., glass-on-glass)
have become an appealing choice for architects as they can provide an excellent
exterior appearance while allowing daylight into buildings and controlling solar
gain. They are also appealing for facade glazing [15]. In a BIPV, the system pro-
duces electricity, while no heat from the panel is recovered. When there is heat
recovery from the panel, the system is called BIPV/T [16]. BIPV/T technologies
have better energy efficiency in comparison to BIPV systems. Furthermore, due to
saving more fossil fuels, they enjoy the better environmental performance as
well [17].

Having briefly introduced BIPV/T systems, this chapter next discusses their
working principles, their use in different parts of a building, and mathematical mod-
eling of BIPV/T units in both free and forced convection conditions. The net zero
goal is described as is the role of BIPV/T systems in reaching this goal.
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BIPV/T Systems: How They Work

A BIPV/T system is schematically depicted in Fig. 1. In such a system, on the one
hand, a portion of the radiation gained from the sun by PV supports electricity gen-
eration. On the other hand, air flows through the channel between the PV and build-
ing wall and absorbs a part of the irradiance that is not transformed into electricity.
The inlet air can be totally supplied from the atmosphere, or it be a mixture of
rooms’ return air and ambient air. The outlet air can also be utilized for space heat-
ing in cold seasons and desiccant regeneration in hot seasons. These options mean
energy, and consequently money, is saved, and fossil fuels need not be consumed for
space heating or desiccant regeneration, so GHG emissions are negligible [18].

In addition to installation on the sidewalls of buildings, BIPV/T systems can be
installed on roofs [19]. Over time, BIPV/T systems have gradually come to be used
in other parts of buildings as well. In fact, it is now possible to use these systems in
all parts of buildings’ exterior shells, such as roofs, facades, walls, skylights, or
special structures such as ledges and awnings [16]. Therefore, it is not too unlikely
that BIPV/T systems will soon reach cover the entire exterior of the buildings and
can be designed to be architecturally attractive as well as functional [20]. Moreover,
PV cells can be employed in the form of dye-sensitized solar cells, offering the
opportunity of using them in windows [21].

Mathematical Modeling

This section focuses on system modeling. A BIPV/T system, in addition to the air
duct behind the panels, consists of five layers: glass, top EVA (ethylene vinyl ace-
tate), silicon, bottom EVA, and Tedlar, which are further modeled. The sketch of

Outlet air

| Building wall

Inlet air
PV

Fig. 1 Working principle of a building integrated photovoltaic thermal (BIPV/T) system [17]
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Fig. 2 The sketch of BIPV/T system considered for modeling by the explained approach in part 3

BIPV/T system considered for modeling by the explained approach is illustrated
in Fig. 2.

Glass

Energy enters the glass layer through the transfer of conductive heat between the top
layer of EVA and the glass as well as the sun’s radiation. The energy output of the
glass layer is through heat transfer and radiation between the glass and the ambient
air, as seen in Eq. (1):

dT,
CPagagApg £ = agGA + QcondeVAl,g - Qconv—g,a - Qrad—g,sky (1)

dr
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where the subtitle g symbolizes glass, a is the ambient air, and ¢, 5, A, p, T, t, a, G,
Oconds Oconvs and Q4 represent the specific heat capacity, thickness, area, density,
temperature, time, absorption coefficient, solar radiation, conductive heat transfer,
convective heat transfer, and radiant heat transfer, respectively.

In Eq. (1), the terms from the left are:

e Glass energy changes

e Heat absorbed by receiving solar radiation

» Conductive heat transfer between the glass layer and the top layer of EVA
* Convective heat transfer between the glass layer and the ambient air

e Radiation from glass to the sky

The coefficient of conductive heat transfer is calculated from Eq. (2):

T, T

A Z
Qcond—EVAl,g - (2)

REVAl,g

where Rgya,, is the thermal resistance between the glass and EVA layers and can be
calculated from Eq. (3):

S, o
REVAl,g = 2k bvx +——* 3)

EVAI“2EVAL 2kgAg

where thermal conductivity is shown by k.
The convective heat transfer between the glass layer and the ambient air is
obtained from Eq. (4):

T,-T,
Qconv—g,a = R (4)
conv—g,a

where the thermal resistance and convective heat transfer coefficient are obtained
from Egs. (5) and (6) [22]:

e — 5)

Rconv—g,a A
conv—g,a

Py g0 =2.8+3U (6)
The wind speed is shown by U.
The relationship in the radiant heat transfer between the glass layer and the sky
is as follows:

T,-T,
Qrad—g,sky = g—ky (7)

rad—g,sky
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Thermal resistance and the sky temperature can be calculated by Egs. (8) and
9) [23]:

1
Rra —gsky (8)
TN e A(T] 4T3 )(T,+ T, )
T,, =0.0552T," ©)

In Eq. (8), o is the Stefan-Boltzmann coefficient, and € is the emission coefficient.

Top EVA

The input energy arrives at the top EVA layer through conduction between the top
EVA and silicon; output energy from the top EVA layer is through the conduction
heat transfer between the EVA and glass layers, as shown in Eq. (10). In the follow-
ing relations, the PV caption symbolizes the silicon layer.

dT,

EVA1
cp,EVAISEVAlApEVAl dt - Qcond—PV,EVAl - Qcond—EVAl,g (] O)

In Eq. (10), the terms are as follows:

e Top EVA layer changes
e Conduction between top EVA and silicon
* Conduction between glass and the top layer of EVA

The conduction between top EVA and silicon can be calculated from the follow-
ing equations:

T, —T
Qs v evmt = %—EVAI (11)
PV,EVAL
S 1)
R _ I EVAL (12)
PV .EVAL ZkPV APV 2kEVA 1 AEVAI

Silicon

The energy input to the silicon layer arrives through solar radiation, and the output
energy is the product of power generation and heat conduction between the top EVA
and silicon and heat conduction between the bottom EVA and silicon, according to



Using Building Integrated Photovoltaic Thermal (BIPV/T) Systems to Achieve Net Zero... 97

Eq. (13). In the following relation, is the transmissivity, and P, is the produc-
tion power.

drT,
Cp,PV6PVApPV TI;V = aPVTgGA - Pe[e - Qcond—PV,EVAl - Qcond—EVAZ,PV (1 3)

The left-to-right terms in Eq. (13) are

 Silicon layer energy changes

* Solar radiation received by the silicon layer
* Power generation of solar cells

e Conduction between top EVA and silicon

e Conduction between glass and bottom EVA

The conduction between bottom EVA and silicon, as well as the thermal resis-
tance, is calculated from Egs. (14) and (15):

T, —T,
Qcond—EVAZ,PV = PRY ks (14)
EVA2,PV
1) 9]
R — EVA2 + PV ( l 5 )
e 2kEVA 2AEvA2 2ka APV

Bottom EVA

The input energy to the bottom EVA layer is the conduction between the bottom
EVA and silicon, and the output energy is the conduction between the bottom EVA
and Tedlar, which can be calculated according to Eq. (16). The Td subtitle repre-
sents the Tedlar layer.

dTEVAZ

¢ — Xcond-EVA2,PV - Qcond—Td,EVAZ (16)

p,EVA26EVA2ApEVA2

The terms of Eq. (16) from left-to-right are

e Energy changes of bottom EVA layer
e Conduction between bottom EVA layer and silicon layers
e Conduction between Tedlar and bottom EVA layers

The conduction between the bottom EVA and silicon and the thermal resistance
is calculated from Eqs. (17) and (18).

T,

10) _ JEVA2
cond-Td,EVA2
R

TTd (17)

EVA1,Td
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1) 1)
RPV,EVAI = 2k PI‘ +2k EV:X (18)

PVZTPV EVA1“ “EVA1

Tedlar

The input energy to the Tedlar layer is through the conductive heat transfer between
the bottom EVA layers and the Tedlar, and the output energy is through the transfer
of radiative and convective heat between the Tedlar and the ambient air, shown in
Eq. (19):

dT,,

— Xcond-Td,EVA2 — Qconv-Td,a - Qrad-Td,a (19)

Cp,TdaTdApTd

The terms from left-to-right in Eq. (19) are

e Tedlar layer energy changes

¢ Conduction between Tedlar and bottom EVA
e Convection between Tedlar and air

¢ Radiation between Tedlar and surroundings

The method of calculating radiant heat transfer rate and thermal resistance is
mentioned in Eqs. (20) and (21):

T, —T
Qradde,a = RTd . (20)
rad-Td a
1
Rrad—Td,a = (2 1 )

ot ATy + 17 )(Ty +1,)

In addition, the convective heat transfer rate between Tedlar layer and air stream is
obtained according to Eqgs. (22) and (23):

T, —T
Oeom-tta = (22)
" Rconvad,a
1
Rradde,a = h A (23)

conv-Td ,a

To obtain the convective heat transfer coefficient—which is between the BIPV/T
system and the wall of the building—one must consider whether the air channel of
the BIPV/T system has forced or free convection. The governing equations for each
of these two conditions are introduced in the subsequent part.
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The Air Stream Between BIPV/T System and Wall of Building

In this part, first the governing equations for free convection are presented. It fol-
lows by presenting the governing equation for forced convection. For both condi-
tions, the heat transfer rate between panel and air (Q,, ;. ) can be determined from
Eq. (24):

QPV,air = mairCP,air (’Tair,out - Y;ir,in ) (24)

Here, i1, Cp sirs Tair, o and Ty 1, stand for the mass flow rate, isobaric heat capacity,
outlet air stream temperature, and inlet air stream temperature, respectively. In addi-
tion to Eq. (24), Q,, ,; can also be defined from Eq. (25):

A T,

T

-T,

air,mean )

(25)

QPV,air = hconvad,a PV jair (

where Apy, i, denotes the heat transfer area between PV and air stream. T}, peqn 1S the

mean temperature of air stream, which can be considered as the average of the val-
ues of inlet and outlet temperature of air stream [24]:

T. +T. .
air,out air,in
air,mean = (26)
2
Free Convection

When the convective heat transfer is free, the convective coefficient can be obtained
from Eqgs. (27) to (29) [25]:

15
Nu, =0.60(Pr.Gr; ) 7
Nu A = 1.25(NuX )X:L (28)
. 84, X" X.h
GrX = GrX_NuX =ﬁgkq—W2’ NuX — co]zv—Td,a (29)
Y

where X denotes the characteristic length. Moreover, Nu, Pr, Gr, and Gr* represent
the Nusselt number, the Prandtl number, the Grashof number, and the modified
Grashof number, respectively. The average Nusselt number is expressed as Nu,, and
B, 8. qw and y are the temperature constant of the convective coefficient, the accel-
eration of gravity, the heat flux (energy per unit area) transferred from the wall to the
air stream, and the heat capacity ratio (the ratio of isobaric heat capacity to constant
volume heat capacity, which is known as the isentropic expansion factor).
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Forced Convection

The forced convective heat transfer coefficient between the airflow and the BIPV/T
system is given by Egs. (30) to (32) [24]:

h =~ 10.0182Re" Pr* [1+ j&} (30)
D, L
j:14.3log(ij—7.9 for0 <= <60 31)
DH H
. L
j=17.5 for—>60 (32)

H

where Dy, Re, and L are the hydraulic diameter, Reynolds number, and Length of
channel.

The Electrical Model

The primary purpose of PV systems is to generate power, so modeling the electrical
power of solar PV systems is very important. There are different ways to predict the
electrical performance of PV systems. One of the relations in which the efficiency
of the solar system is determined based on the reference conditions is presented in
Eq. (33):

N =N, (] By (TPV -T, )) (33)

where 7.1, P, and T.¢ represent the efficiency, temperature coefficient, and refer-
ence temperature. The reference condition for this equation is solar radiation of
800 W.m™? and temperature of 20 °C, respectively. The reference condition should
not be confused with the standard test condition (STC), in which the irradiance and
temperature values are 1000 W.m~2 and 25 °C, respectively [26]. These coefficients
are provided in the customer catalogs of solar panel manufacturers.

The power of the solar system is calculated by Eq. (34):

P, = Nyer (1 - ﬁref (TPV - Tref ))GA (34)
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Coupling the Two Models

The discussion provided in the previous parts has shown that determining the elec-
trical power requires the PV temperature, and obtaining the PV temperature neces-
sitates knowledge of the electrical power. Therefore, the thermal and electrical
stimulation approaches should be coupled together, and the system performance
values should be obtained by trial and error. A detailed explanation is available in
previous studies by the authors, such as [27]. The trial-and-error process for finding
the temperature and electricity production of the system is depicted in Fig. 3.

It is worth mentioning that despite changing the meteorological characteristics
by time, by following the same fashion as the published research works in the field
such as [28], the equations have been solved in the steady-state condition at each
time step. For this purpose, the computer codes developed by a software like
MATLAB could be utilized.

Moreover, obtaining the temperature of the outlet air stream is done by following
the stages introduced in Fig. 4. As seen, obtaining temperature of PV using the
given flowchart of Fig. 3 is a part of that.

Achieving the Net Zero Goal Using BIPV/T Systems

The term “net zero” may refer to two concepts. One is “net zero energy building
(NZEB),” referring to a building equipped with renewable energy sources, such as
PV panels, to produce the energy required during the year. In cases in which renew-
able energy sources are not able to meet demand, energy is supplied from the grid.
If there is surplus in the generation, the excess is transferred to the network. The net
amount of energy transferred from the building to the grid is zero in NZEBs [29].
When referring to NZEBs, the term “net zero” is accompanied by the word “build-
ings” [30].

The second probable condition the term “net zero” might refer to is “net zero
emission (NZE).” Similar to NZEB, NZE means a condition in which the amount of
emissions released into the atmosphere is equal to the amount of emissions removed.
In order to remove emissions, a variety of solutions can be employed. For instance,
CO, emissions in the atmosphere can be removed using trees [31].

Using BIPV/T systems can help achieve both NZEB and NZE goals at the same
time. The PV panels used in a BIPV/T system represent a type of less fuels like
natural gas for heat provision. Moreover, using BIPV/T systems means burning less
fossil fuels in furnaces and thermal power plants.

Among related studies, Uygun et al. [32] evaluated the potential of using BIPV
systems to achieve NZEB goals in three cities in Turkey: Canakkale, Antalya, and
Rize. The EnergyPlus software program was utilized, while the values of the heat-
ing and cooling demand, as well as electricity production, were considered.



102 A. Sohani et al.

Fig. 3 The trial-and-error process for finding the temperature and electricity production of
the system

According to the results, BIPV systems were found to have the potential of meeting
the demands for all three locations, which lie in coastal regions.

In another investigation, Nallapaneni and Chopra [33] studied the performance
of algal PV for integration with a building face and fulfilling net zero targets. Hong
Kong was considered as the case study, and the application in high-rise buildings
was investigated. A conceptual design was provided, and a sensitivity analysis was
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Fig. 4 The trial-and-error process for obtaining the temperature of outlet air stream



104 A. Sohani et al.

conducted to acquire information about the impact of changing solar radiation on
system performance. Lépez and Mobiglia [34] chose a heritage building in
Switzerland and analyzed the feasibility of employing BIPV systems to reach net
zero and positive zero goals.

For a BIPV system in Montreal, Canada, Yip et al. [35] explored the impacts of
nine performance criteria, including the shape of the plan, window to wall ratio, and
tilt angle. The net energy use intensity in a year was chosen as the system perfor-
mance indicator. According to the results, the impact of some parameters, such as
orientation, was higher than that of others. Another investigation with almost the
same research team was conducted in [36].

In addition to the abovementioned studies, in which the net zero concept has
been studied directly, a number of other studies have investigated it indirectly. The
word indirect refers to investigating the energy and environmental criteria of the
system and finding ways for enhancing them, usually by either multi-objective opti-
mization or a parametric study. For instance, Sohani et al. [37] determined the best
value of phase change material for integration with a BIPV/T system in Tehran,
Iran, by taking a number of objective functions, including environmental and energy
ones. The energy generated by the system throughout the year was representative of
the energy side, while CO, saving was considered by taking the environmental
impact into account. A novel optimization method called the dynamic multi-
objective optimization approach was employed to gain a better outcome.

Multi-objective optimization was also utilized by Wijeratne et al. [38] with the
aim of identifying the best condition for roof sheets and skylights in a BIPV system.
The study introduced 7 and 14 solutions for the two aforementioned characteristics,
respectively, in the form of non-dominated answers. A passive intelligence concept
was proposed by Yoo [5] for a BIPV system, to harvest more irradiance from the
sun, as well. According to the paper’s discussion, it had a better energy perfor-
mance, producing more electricity, and was able to reduce the cooling load
significantly.

In addition to the research works already mentioned, a number of review studies
have also been published during the past years on the topic of achieving net zero
goals. Those of Gholami et al. [20], Rosa [39], Awuku et al. [40], Pugsley et al. [41],
Ghosh [14], and Wei and Skye [42] can be given as examples.

Conclusion

This work has provided an overview of using both the BIPV and BIPV/T systems to
achieve net zero targets. For this purpose, in addition to introducing the BIPV/T
concept and the simulation method under both free and forced convection condi-
tions, a number of recent studies have been reviewed in the field of both BIPV and
BIPV/T technologies. As noted in our discussion, in a number of research works,
sensitivity analysis or a parametric study has been conducted to find the impact of
different performance indicators. In another group, different locations have been
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considered to identify more suitable places for applying BIPV and BIPV/T tech-
nologies. In addition to the indicated groups, there has been one more category in
which multi-objective optimization was conducted to acquire the foremost condi-
tion for the system decision variables.

According to our discussion, both paths can be recommended for future research.
One is to consider both NZEB and NZE targets as suitable for study, with the addi-
tion of economic perspectives, like the reduction in levelized cost of energy (LCOE)
for renewable energies, to give a broader horizon. Another idea is to employ
decision-making tools like AHP, LINMAP, and TOPSIS to consider the priorities of
policy-makers and customers and not give the same importance to other perfor-
mance criteria, which is the current approach studies take.
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