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ABSTRACT

This study presents an analytical method for quantifying the improvement of thermal energy performance of a
building integrated photovoltaic double-skin fagade. The system was suggested as a retrofit measure for an
existing building in Tehran. The effect of thermal performance was analyzed through computer-assisted
developed codes using Engineering Equation Solver (EES) software. Three scenarios were defined and for
each scenario, temperature and velocity profiles were provided through continuity, momentum, and energy
equations. Given that the monocrystalline photovoltaic modules and the double-glazed windows are quite
common in the current condition in Tehran, the authors considered them for analysis. A comparison of results
is valuable for those cases that intend to select either glass or photovoltaic as the outer facade. The quantitative
results illustrate that the proposed system would reduce the cooling demand in the summer case by 18.5
kilowatts, which is around 8.7 percent of the current cooling load. According to the results of the sensitivity
analysis, both glass and photovoltaic facades were of greater efficiency in terms of energy saving in the
summer. By increasing the ratio between the photovoltaic outer fagade to the surface area of the glass section,
the amount of energy saving due to the total cooling load reduction will increase. The results of the analysis
showed that the application of the suggested system would reduce the thermal load by 2.1 percent in the winter

season.

1.INTRODUCTION

New designs of facades should ensure a comfortable indoor
climate, soundproof, use of daylighting, and reduced energy
demand. Nowadays, Double-Skin Facades (DSFs) have
become an increasing and important architectural element in
buildings in combination with Photovoltaic (PV) panels.

Considering the need to use more renewable energy,
investigation of Building Integrated Photovoltaic (BIPV)
systems to improve their performance is of great importance
[1]. Solar facades are designed to specifically reject or absorb
and reutilize solar heat [2]. Because PV panels are heat
sources in BIPV, such systems are often designed with the
ability to provide ventilation through the solar chimney
principle combined with a DSF design concept.

Thus, the self-ventilating and self-heat dissipation
mechanisms of BIPV are realized through natural ventilation
and buoyant force [3]. From the efficiency perspective of PV
panel, typically 5-25 % of radiated solar energy on the PV
panel front surface is transformed into electricity [4] and the
remaining is transformed into heat [5].Because the solar cell
temperature affects the generation efficiency of a PV module
[6], PV modules have evolved with advances in BIPV from
the units directly attached to a building envelope to the units
detached from it. Therefore, appropriate cooling technologies
must be used for enhancing the efficiency of panels. Recently,
some researchers have attempted to develop thermal models to
estimate the operating temperature of the PV system
considering finer details of heat transfer. The methods of
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energy transfer from the PV module to the surroundings were
theoretically modeled [7].

An investigation into the performance of a system that
integrates a PV layer into a DSF using a simulated dynamic
thermal behavior of the system leads to a reduction in the
monthly cooling energy demand between 20-30 %. This result
is particularly relevant to hot climates, where cooling loads
are seen throughout the year [8]. Zogou and Stapountzis [9]
installed a Double-Skin Facade Building Integrated
Photovoltaic (DSF-BIPV) system on the south-facing facade
of an office building and directed the channel flow heated by
the DSF to indoor areas to warm and ventilate rooms. Rabani
et al. [10] designed an air outlet in the form of DSF where the
indoor air was drawn out of the building through a solar
chimney effect and a water spraying system was installed in
the air inlet to cool the air drawn from the outdoors. Corbin
and Zhai [11] designed a Building Integrated Photovoltaic
Thermal (BIPVT) system that was integrated with PV and a
solar hot water heater, which increased the efficiency of the
solar cell by 5.3 %. Shakouri et al. [12] reviewed the electrical
and thermal performance of Photovoltaic Thermal (PVT)
systems through optimization using a genetic algorithm in
MATLAB software. Shakouri et al. [13] simulated a
photovoltaic thermal system and thereafter, evaluated the
overall performance of the system through parametric
analysis. Pantic et al. [14] analyzed the energy performance of
three different types of BIPVT systems. Outdoor air is
directed through these systems, and heated air flows over the
rock substrate where it is stored, whereas solar energy is
stored through the sensible heat capacity of the rock. The
energy performance of different types of glazing was
compared to determine the best long-term comfort conditions


mailto:noorpoor@ut.ac.ir

M. Shakouri etal. / JREE: Vol. 7, No. 3, (Summer 2020) 56-66 57

in an open-space office with the climatic conditions of Paris,
Milan, and Rome [15]. Serra et al. [16] directed air into the
air-flow channel of a double-glazed facade through
mechanical ventilation. Both clear glass and low emissivity
glass were used as the transparent building materials, whereas
Venetian blinds and polyvinyl chloride reflecting roller
screens were used as the shading louvers. Ghadimi et al. [17]
assessed the energy performance of multiple skin facade
utilizing experiments and numerical simulations. Fuliotto et
al. [18] developed the decoupling method for simulating the
thermal properties of a ventilated double-glazed fagade with a
Venetian blind. Kuznik et al. [19] developed a simulation
method using the zonal model approach and
radiative/convective heat transfers, and they investigated the
effects of airflow rates and blade angles on the heat transfer
performance of a ventilated double-glazed facade with a
Venetian blind. Mulyadi et al. [20] simulated the thermal
performance of a ventilated double-glazed facade with a light-
colored horizontal blind that extended over five stories of a
building in Indonesia. Hoseinzadeh et al. [21-23] analyzed the
energy consumption improvements of a zero-energy building
in a humid mountainous area. They reviewed the thermal
performance of electrochromic smart windows with
nanocomposite structures under different climates in Iran.
Thereafter, they have simulated and optimized a solar-assisted
heating and cooling system for a house in the Northern part of
Iran. Yousef Nezhad and Hoseinzadeh carried out their
research on the mathematical modeling and simulation of a
solar water heater for an aviculture unit using MATLAB [24].
According to the results, 80 % of the amount of electrical
energy was used for air conditioning in the building and
energy consumption decreased from 34 to 7 MW. In the case
of Return on Investment (Rol), the electricity needs to be
generated and the cost can be about $ 15,000 a year [21-24].
Multi-glazed facades can effectively cut off the conductive
and convective heat transfer of the solar heat gain and
radiative heat transfers are usually blocked through the
reflective or absorptive characteristics of the coating material
on the glass [16]. Thermal models developed so far require
further modification and they could include heat loss from PV
panel front and back surfaces into the environment, heat loss
due to radiation, variable climatic conditions, and the effect of
PV panel inclination angle on heat loss mechanisms [7].

Given that the research team has reviewed the researches
done by other researchers, they found no appropriate and
thorough analysis of the outer fagade with a combined
structure of both glass and photovoltaic modules. Thus,
authors have focused on this research gap and tried to simulate
the outer facade with the above-mentioned structure within the
studied case, which is the existing office building in Tehran.
The results of this study are interesting for both decision-
makers and design engineers as the current cooling load peak
in the summer case has become a concern for Iran. This type
of suggested energy-saving measure can be considered as one
of the proper solutions for the building sector to tackle the
issue of cooling load peak in the summer case.

The present study provides one step further in Building
Integrated  Photovoltaic Thermal Double-Skin Facade
(BIPVT-DSF) system and investigates the thermal
performance through an analytical solution. The methods of
solution applied to the current research and investigation are
borrowed from a previous study on DSF [25]. However, this
research provides a new approach to BIPVT-DSF as the
application of both glass and PV facades has been considered

as the outer layer of DSF and simulation results provide a
wide range of possibilities for energy performance. The
studied case is an office building located in Tehran, the capital
city of Iran, with the latitude and the longitude of 35.76° and
51.45°. This building consists of five floors with ten units and
a total controlled area in terms of heating, cooling, ventilation,
and air conditioning and it is 1625 square meters. Cooling and
thermal loads are calculated as 134 and 213 kilowatts (kW),
respectively. According to the simulation, the total nominal
installation capacity of photovoltaic modules of the suggested
configuration is 10 kW. According to the direction of the
buildings, it receives more radiation from the southern part. In
this respect, much of the cooling loss depends on the southern
side. To quantify the effect of different geometrical shapes of
the southern facade, this surface is divided into five parts
including sections A, B, C, D, and E, as shown in Figure 1,
and it includes a front view of the existing facade, proposed
outer facade as a retrofit solution, and a side view of the outer
fagade for summer and winter cases.

The research team aims to identify the impact of the system
in both chimney and blanket modes. The system would have
an impact in terms of energy saving both in the summer and
winter cases. Accordingly, the research team intends to review
the technical impact of the suggested structure in terms of
energy efficiency and the outer fagade has been simulated
such that occupants in the building can see the outer side of
the existing window through another window. Therefore, in
the simulated outer facade, there are photovoltaic modules
parallel to the wall for the inner facade and there are windows
parallel to the windows. The geometry of sections A, C, and E
provides proper ground for the application of both glass and
PV modules as the outer facade. Glass can be used in parallel
to glass windows of the existing facade and PV modules may
be applied in parallel to the connecting small walls between
levels. Due to the geometry of sections B and D for the
existing fagade which is a wall, the suggested outer facade is
shaped by an integrated PV module wall. A detailed
descriptive view of the existing facade with the proposed glass
and photovoltaic outer fagade is given in Figure 1.

2. MATERIALS AND METHODS

In this section, the theory of formulation behind the stated
problem is clarified. Thereafter, considering the assumptions
on the solution of the problem, the applied tool for this
procedure was defined. Finally, all the relevant input
parameters were defined. To achieve the objective of analysis,
all required heat transfer equations were determined. By
considering the Solar Heat Gain Coefficient (SHGC) of glass
and solar total radiation on a vertical surface, the heat transfer
rate of glass-based outer skin was calculated through Equation
(1). The wall surface heat transfer rate was calculated using
Equation (2). The mean temperature of the boundary layer and
the temperature coefficient of thermal conductivity were
calculated through Equations (3) and (4), respectively [26,
27].

qw: SHGC)(GtV: hcoanX(Tw _Tamb) (1)
Quan = GKV = hconvwa,, ><(Twall - Tamb) 2
T.= Tw +Tamb or TTedIar +Tamb (3)
o2 2
1
b= T,+273.15 )
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Figure 1. Front view of the existing facade (left bottom) and proposed outer facade as a retrofit solution (middle bottom); side view of outer
fagade for summer and winter cases (right bottom); side view of double fagade with outer window wall (left top) and double facade with outer PV
wall (right top).

C

temperature in mind, free convection heat transfer coefficient VA, |
of outer skin outside and sky temperature were calculated
through the experimental equations (5) and (6) [7, 28].
Temperatures of different photovoltaic layers were determined

Be keeping the amount of wind velocity and ambient Toon = Teva, " Teva, = Tredar
" Mredar —
I

Tedlar (10)
T4 Teva TevaOrediar (l 'K) G,=0

EVA,

using energy balance equations by Equations (7) to (11) [29]. } (Trear — Tors ) +Ere Fc(TT T b4)
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The selected photovoltaic (PV) module is of mono-

Pony, (T —— )+89F0(T5ky4 -T 4) crystalline type and it is characterized by better efficiency and

al 9

greater popularity in Tehran for the integrated applications to

+0,Gy, —kgm=o @ buildings. The actual efficiency of the photovoltaic cell was
ly calculated using the reference Equation (12) [30].

T-T T _T Heat transfer rate of PV module Tedlar surface was
kggliEVA‘—kEVA! Evr‘iw"ﬂgaEVAthO 8) calculated through Equation (13). Properties of air including
g EVA, thermal conductivity, dynamic viscosity, density, kinematic
Teva, — Tean Teon = Teva, viscosity, and Prandtl number for a cavity between two
AT ~Reva, leon fa(;ad_e_s were determined using the corresponding tables.
‘ ’ ) Modified Grashof number for constant heat flux was

+T, Teva (O KHogya (1-K))Gy =Gy = 0 calculated through Equation (14) [26, 27].
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ky ky? (14)

Finally, Nusselt number and natural convention heat transfer
coefficient in the cavity boundary condition were calculated
using Equations (15) and (16) for laminar flow and using
Equations (17) and (18) for turbulent flow [26, 27].

* * 0.2
10°<Gr'Pr<10" — Nu,= 0.6><(Gr Pr) (15)
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Nu, = 0.568x%(Gr Pr)*# (@
h, =1.136x MUK (18)

Transport phenomenon was applied to thermal performance
analysis of a studied building and to the development of a
temperature and velocity profile for boundary conditions of
the air cavity. Three main functions for the analysis including
continuity, energy, and momentum equations are shown in
Equations (19) to (21) [26, 27].
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The applied solution method for determining temperature
and velocity profiles was the analytical method for both
photovoltaic and glass as the external facade. Obtained
temperature and velocity functions as well as rendered spacing
and velocity functions for glass and PV outer skins were
determined in Equations (22) to (25).
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Terms Ty, and Treqgiar Must be used for glass-based and PV-
based outer skins, respectively. Considering the geometry of
the outer facade for different sections of the studied case,
three situations need to be analyzed for developing
temperature and velocity profiles below:

e Glass parts of sections A, C, and E: each section consists
of four separate levels of glass fagade with a height of
2.37 meters with different widths;

e PV parts of sections A, C, and E: each section consists of
four separate levels of PV fagade with a height of 0.53
meter with different widths;

e PV parts of sections B and D: each section consists of
one integrated PV facade with a height of 12.5 meters
with a similar width.

To compare the application of glass and PV facades and the
existing inner facade in a critical condition, cooling and
thermal losses were formulated. The effect of DSF in the
summer case in a chimney was considered. In this situation,
natural ventilation in the air cavity reduced the cooling load.

For calculation of this effect, Equations (26) to (29) were
applied. By using Equations (26) and (27), the heat loss of the
glass-based inner skin in the summer cases was obtained for
single and double-facade modes, respectively. Through
Equations (28) and (29), the heat loss of the wall-based inner
skin in the summer cases was obtained for single and double-
facade modes, respectively.

It should be noted that due to the complexity of the model,
the impact of the windows frame was neglected within the
analysis. Besides, the convective heat transfer in the air gap
was disregarded in the winter case for simulation.

Qin , 55 = SHGCXG Awm _hconvw (TW -Tin )Awm

U (Tamb Tln )'Awn (26)
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wall

On the other hand, for the winter case, the effect of DSF was
considered as an extra thermal-resistant layer, which would
reduce the heat loss from the inner side to the outside which is
a so-called blanket mode. Using Equations (30) and (31), the
heat loss of the glass-based inner skin in the winter cases was
obtained in single and double-facade conditions, respectively.
Using Equations (32) and (33), the heat loss of the wall-based
inner skin in the winter case was obtained for single and
double-fagcade modes, respectively.

1
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Finally, Equations (34) and (35) were used for calculation of
cooling and the thermal load reduction in critical seasonal
conditions in the summer and winter cases, respectively.

Qi = (Qinw_SS - Qinw_DS ) + (Qinwa"_ss - QinPV_DS ) (34)
Qout = (Qoutw_SS 'Qoutw_DS ) + (Qoutwa,,_ss _Qoutpv_DS ) (35)

To analyze the thermal energy performance of the proposed
BIPVT-DSF, computerized code was developed using
Engineering Equation Solver (EES) software. The procedure
for running the mentioned code consists of five main steps as
follows:

e Calculation of heat rate from outer to inner skin by
analyzing input weather data and constant parameters;

e Assuming a convective heat transfer coefficient for the
backside of the outer facade and calculation of all
relevant heat transfer parameters including Nusselt and
Grashof numbers for the boundary layer;

e Evaluation of convergence for calculated convective heat
transfer coefficient and resulting temperature and
velocity profiles for glass and photovoltaic outer fagades;

e Providing the temperature and velocity profile following
continuity, momentum, and energy equations;

e Calculation of cooling load and thermal load reductions
as well as the amount of energy saving.

As the most benefits of DSF depend on the geographical
positioning and the climatological condition of the building, it
is necessary to review the application of DSF according to the
critical seasonal conditions. All input parameters of critical
condition for the summer case as well as constant parameters
relevant to the geometry of outer facade and physical
properties are shown in Table 1.

Input parameters are given in Table 2 that include surface
areas, overall heat transfer coefficients, thermal resistance
values, and ambient and seasonal comfort temperatures.
Simulation outputs are presented in the results and discussion
section.

Table 1. Input parameters and weather information in the critical

condition.
Parameter (unit) Value
Acceleration due to gravity: g (m/s?) 9.81
Absorptivity of PV module ethylen vinyl asetat 0.03
(EVA) layer: agya '
Absorptivity of PV module glass layer: ag 0.02
Absorptivity of PV module photovoltaic cell 1
layer: o
Absorptivity of PV module Tedlar layer: oteqar 1
Ambient temperature: Ty, (°C) 404
Cavity depth: A (m) 0.3
Efficiency of the PV module at the standard test
» 0.1496
condition: My

Emissivity of PV module glass layer: g4 0.91
Emissivity of PV module Tedlar layer: €tegjar 0.85
Length of outer fagade for photovoltaic sections 053
A C&E:L(m) '
Length of outer fagade for photovoltaic sections 125
B &D:L(m) '
Length of outer fagade for windows sections A, 237
C&E:L(m) '
Packing factor of PV module: K 0.9
Solar heat gain coefficient: SGHC 0.42
Solar total radiation on a vertical surface: Gy, 619.2
(W/m?) '
Stefan-Boltzmann constant: ¢ (W/m%K?") 5.67x10°
Temperature coefficient of PV module: Bef 0.0045
Temperature of PV module at standard test 25
condition: T, (°C)
Thermal conductivity coefficient of PV module
ethylene vinyl acetate (EVA) layer: Keya 0.35
(W/m.K)
Thermal conductivity coefficient of PV module 18
glass layer: kg (W/m.K) '
Thermal conductivity coefficient of PV module 03
Tedlar layer: Kregar (W/m.K) '
Thickness of PV module ethylene vinyl acetate 0.0004
(EVA) layer: lgya (M) '
Thickness of PV module glass layer: |y (m) 0.004
Thickness of PV module Tedlar layer: lyegisr (M) 0.0003
Transmission coefficient of PV module ethylen 097
vinyl asetat (EVA) layer: teya '
Transmission coefficient of PV module glass 088
layer: 14 '
View factor: F 0.5
Wind velocity: Vying (M/S) 3.8
Solar total radiation on a vertical surface: Gy, 619.2
(W/m?) '

Table 2. Input parameters for calculation of cooling and thermal

losses.
Parameter (unit) Value
Ambient temperature in critical condition of a
. o 404
summer case: Tomp (°C)
Ambient temperature in critical condition of a 46
winter case: Tam, (°C) '
Comfort temperature set for a summer case: Tj,
o 21
o)
Comfort temperature set for a winter case: T,
o 18
o)
Single-fagade overall heat transfer coefficient 195
for glass inner skin: U,, (W/m?.K) '
Single-fagade overall heat transfer coefficient 0.95
for wall inner skin: U,z (W/m2.K) '
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Surface area for glass inner fagade: A, i (m?) 102.38
Surface area for glass outer fagade: A, oy (m?) 102.38
Surface area for PV outer facade for sections A, 20.29
C &E: Apy , (M) :
Surface area for PV outer facade for sections B 3975
& D: Apy 1 (m?) '
Surface area for wall inner facade: A, (M?) 60.04
Thermal resistance for single-facade glass inner 0512
skin in winter case: Ry, ss (m2.K/W) '
Thermal resistance for double-fagade glass outer 192
skin in winter case: R, ps (M*K/W) :
Thermal resistance for double-fagade PV outer 1236
skin in winter case: Rpy ps (M2.K/W) ‘
Thermal resistance for single-facade wall inner 1.05
skin in winter case: Rya_ss (m2.K/W) '

3. RESULTS AND DISCUSSION

Initial obtained results include thermal properties, Nusselt and
Grashof numbers, natural convection heat transfer
coefficients, rendered spacing for the boundary layer, and
velocity in the initial condition for glass and PV fagades, and
they are tabulated in Table 3.

Results must be analyzed for both summer and winter case
applications. Given the system description of the studied case,
DSF was considered as a chimney in the summer case and as a
blanket in the winter case.

A comparison of temperature values for the outer facade of
glass and PV-based skins showed that the glass facade had
higher values than the PV facade. The other important factor
is the natural convection heat transfer coefficient which is
lower in PV parts than glass parts. Therefore, it is expected
that the glass facade will have a higher impact on cooling load
reduction. Due to the geometrical difference of three parts, the
spacing of the boundary layer varies between 2.08 to 4.59
centimeters.

Table 3. Simulation obtained results for three different status of outer fagade.

Parameter (unit) Window (sections A, P_hotovoltaic Ph_otovoltaic
C&E) (sections A, C & E) | (sections B & D)
Cavity depth: A (m) 0.241 0.234 0.234
Free convection heat transfer coefficient: hony (W/m?.K) - 14.2 14.2
Glass based outer skin heat transfer rate: q,, (W/m?) 260 - -
Kinematic viscosity of air: y (m%/s) 0.0000186 0.0000185 0.0000186
Mean temperature for bound_ar)./ Iay(zr between inner surface 61.2 5957 5277
and cavity: T¢(°C)

Modified Grashof number for constant heat flux: Gr* 2.4888x10" 2.7153x10% 7.9893x10%
Natural convection heat transfer coefficient: h, (W/m?.K) 5.49 3.57 3.68
Natural convecttl:?t;lurllgs: ch\if?]; c(?/z\ell;fnl]czl.(:(n)t for laminar or 6.24 445 418

Nusselt number for laminar or turbulent flow: Nu, 539.04 68.65 1666.54
Photovoltaic cell efficiency: 1 - 0.1229 0.1226
Prandtl number of air: Pr 0.721 0.7223 0.722
PV module Tedlar surface hear transfer rate: gregiar (W/m?) - 108.32 103.38
Rendered spacing functiqn based on initial and boundary 0.0278 0.0208 0.0459

conditions: § (m)

Sky temperature: Tg (°C) - 22.57 22.57

Temperature coefficient of thermal conductivity: f (1/K) 0.002991 0.00307 0.003068
Temperature of PV module bottom EVA layer: Teya » (°C) - 64.77 65.15
Temperature of PV module glass layer: Ty (°C) - 63.25 63.61
Temperature of PV module photovoltaic cell layer: T, (°C) - 64.73 65.11
Temperature of PV module top EVA layer: Teya, + (°C) - 64.24 64.61
Temperature of PV module Tedlar layer: Tregiar (°C) - 64.74 65.13

Temperature on the wall outside surface: Ty (°C) - 84 84
Temperature on the windows outside surface: T, (°C) 82 - -

Thermal conductivity coefficient: k (W/m.K) 0.02782 0.02757 0.02758

Velocity function for boundary conditions: Uy (M/s) 6.18 2.12 10.32
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To investigate the shape of temperature and velocity profiles
for three sections of the outer facade, three and two-
dimensional graphs were illustrated using EES software
considering the initial cavity depth of 0.3 meter. Following the
identification of the appropriate cavity depth, comparative
integrated  temperature and velocity profiles  were
demonstrated for inlet and outlet positions of each of three
parts. Temperature and velocity profiles for glass and PV-
based different sections of the outer fagade are shown in
Figures 2 to 7.

By comparing temperature and velocity profiles, it is

understandable that both material and geometrical

T(°C)

T(°C)

T(°C)

Figure 6. Temperature profile-sections B & D (PV).

characteristics of the outer fagade will have an impact on the
thermal performance of DSF. As a meaningful result of the
analysis, the maximum temperature at the outlet of a cavity
will be reduced in the case of larger heights. However, the
maximum velocity at the outlet of a cavity reduced at smaller
heights. Given that temperature profiles and cavity depth have
a significant impact on the thermal performance of a cavity,
sensitivity analysis of these parameters must be investigated
for analyzing the thermal energy performance of the retrofit
solution.

7
6
5
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3
2
1
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Figure 3. Velocity profile-sections A, C & E (glass).

0.25
X (m)

Figure 5. Velocity profile-sections A, C & E (PV).
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Figure 7. Velocity profile-sections B & D (PV).
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According to the assumptions of this study, there are two
temperature control strategies including:

e Temperature control on the inner side of the building as
a comfort temperature protocol,

e Temperature control on the air gap between inner and
outer facades.

For the first case strategy, it is assumed that the demand side
will be responsible for keeping the comfort temperature as
constant as possible. For the second case strategy, air
temperature at skin spacing should be assumed to be at least
5 °C less than the ambient temperature for the summer case to
prevent the crisis at the temperature profile through facades.
Thus, it is required to investigate at what depth of the cavity
will this crisis be averted for each of the outer facade modes.
According to the simulation results, the temperature crisis
occurs at a cavity depth of 8.35 centimeters at the inlet of the
glass-based facade and at 9.37 centimeters, at the inlet of PV-
based sections A, C, and E, and at 9.35 centimeters at the inlet
of PV-based sections B and D. Simulation results show the
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appropriate cavity depth for glass-based and PV-based
sections A, C, and E as well as the outer fagades of sections B
and D must be 21.65, 20.63 and 20.65 centimeters,
respectively.

At the next step, comparative integrated temperature and
velocity profiles were demonstrated for inlet and outlet
positions in Figure 8.

A comparison of temperature and velocity profiles shows
the proper application of DSF based on simulations. In
accordance with the temperature profiles, outlet temperature
reduced significantly in comparison to the inlet temperature in
all cases, which led to less cooling load on mechanical or
electrical devices due to natural cooling facilitated by the
application of the outer facade. However, the effect of DSF
was significant in sections B and D with the application of PV
in terms of reduction in temperature, mainly due to the height
of the outer wall. Although the results of the analysis for
sections B and D are interesting, the effects of all elements on
sections A, C, and E for glass-based and PV-based cases must
be considered to properly conclude the results. This is because
all the illustrated graphs are for one segment of each section.
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Figure 8. Temperature and velocity profiles for inlet and outlet of sections.

According to the results, DSF with the proposed
configuration had a notable role in reducing the cooling
demand and thermal load in the summer and winter cases by
185 kW and 2.79 kW, respectively, which were not
considered in comparison to the summer case. In this respect,
DSF had a significant effect on cooling load reduction by 8.7
percent and it managed to reduce the thermal load by 2.1
percent. All of the above results were provided with emphasis
on the comfort temperatures of 21 and 18 °C for summer and
winter, respectively.

In fact, there is a great potential for greater energy saving if
comfort temperature set points would be adjusted as high as
possible in the summer case and in reverse in the winter case.
Table 4 shows the amount of cooling and thermal load
reductions considering different comfort set points at a
constant PV to glass fagade surface ratio (58.6 %).

If the comfort indoor set point for summer cases varies
between 18 and 24 °C, the total cooling load reduction will
increase from 14.2 to 22.7 kW. In the winter case, if the
comfort indoor set point varies between 15 and 21 °C, the
total thermal load reduction will increase from 2.42 to 3.16
kW.

According to Table 4, the share of glass-based and PV-
based facades on total cooling load reduction does not have a
significant difference. However, the glass facade has by far
greater impact on the reduction of the total thermal load than
the PV facade. Besides, both glass and PV fagades have a
greater effect in summer cases compared to the winter case;
however, the impact of the PV fagade is more considerable in
the summer case than that in the winter case.

The other important factor with a significant effect on
cooling and thermal load reduction is the area ratio on the
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outer facade which can be defined based on a variation of PV
surface area divided by glass surface area. Table 5
demonstrates the effect of different area ratios on cooling and
thermal load reduction.

Higher more area ratio results in a more significant
reduction in the total cooling load and an insignificant
decrease in the thermal load. However, slopes of cooling and

thermal load reduction are significantly smaller than the area
ratio. Of course, the application of more PV modules than a
glass facade will result in a greater cooling load reduction at a
constant comfort temperature (21 degrees Celsius). On the
other hand, the application of more PV modules in
comparison to the glass facade results in a lower thermal load
reduction in the winter case.

Table 4. Cooling and thermal load reductions at different indoor temperature set points.

Inner side temperature (°C) 15 18 21 24
Cooling load reduction for windows section (kW) - 7.36 9.81 12.3
Cooling load reduction for photovoltaic section (kW) - 6.86 8.65 104
Total cooling load reduction (kW) - 14.2 185 22.7
Thermal load reduction for windows section (kW) 2.25 2.6 2.94 -
Thermal load reduction for photovoltaic section (kW) 0.17 0.19 0.22 -
Total thermal load reduction (kW) 242 2.79 3.16 -
Inner side temperature (°C) 15 18 21 24
Cooling load reduction for windows section (kW) - 7.36 9.81 12.3
Table 5. Cooling and thermal load reduction at different area ratios (photovoltaic to glass).
Photovoltaic area to windows area ratio (%) 324 395 49.8 58.6
Cooling load reduction for windows section (kW) 11.75 11.15 10.38 9.8
Cooling load reduction for photovoltaic section (kW) 5.73 6.63 7.78 8.65
Total cooling load reduction (kW) 17.47 17.78 18.16 18.46
Thermal load reduction for windows section (kW) 3.11 2.96 2.75 2.6
Thermal load reduction for photovoltaic section (kW) 0.13 0.15 0.17 0.19
Total thermal load reduction (kW) 3.24 3.1 2.93 2.79

4. CONCLUSIONS

The present study analyzed the thermal energy performance of
the building integrated photovoltaic thermal double-skin
facade (BIPVT-DSF) system using glass-based and
photovoltaic-based facades as the outer facade for an existing
building in Tehran city, located in the Middle East climate
condition. To identify the amount of reduction in cooling and
thermal loads through the suggested system, thermal
performance analysis was conducted by using code
development in EES software. The solution method was based
on an analytical approach wusing heat transfer and
thermodynamics phenomenon.

In accordance with the aim of this research study, a solution
was provided using an analytical approach and the
temperature and velocity profiles for different scenarios were
investigated. The application of this approach led to analysis
of the differences between glass-based and PV-based outer
facades. Thus, the research team used the analysis results to
compare the impact of glass-based and PV-based outer
facades on cooling and thermal loads reduction and energy
saving. According to the results, outlet temperature reduced
significantly compared to the inlet temperatures in all of the
reviewed cases.

Based on the quantitative results of the study, the proposed
DSF had great impact on reducing cooling demand in the
summer case by 18.5 kW reduction. However, the amount of
thermal load reduction, i.e., 2.79 kW, in the winter case was
not considerable. In doing so, DSF reduced cooling and
thermal loads by 8.7 and 2.1 %, respectively.

Thereafter, the impact of variation of comfort indoor set
points for the summer and winter cases with the application of
BIPVT-DSF was reviewed. Finally, the effect of variation of
PV to glass surface area on cooling and thermal load reduction
was evaluated. Sensitivity analysis showed that both glass and
PV facades had a greater impact in the summer case than
those in the winter case. Additionally, the impact of the PV
facade was more considerable in the summer case than that in
the winter season. The building sector was considered as one
of the key energy sectors in Iran with the Middle Eastern
climate condition. Since Iran is facing a new challenge of the
electricity demand peak load in the summer case, the
suggested system can be considered within the process of
building retrofit solution.

According to the results of this study, the proposed BIPVT-
DSF system is an appropriate energy saving measure from the
technical perspective mostly in the summer case. Therefore, if
the government or the investors of the construction industry
can consider the financial feasibility of this energy saving
measure in their plans, it is worthwhile to apply this system to
some parts of the existing buildings and some others for the
new designs. Therefore, some part of the electricity demand in
the summer case was reduced.
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NOMENCLATURE
Apy Surface area for PV outer facade (m?)
Aw in Surface area for glass inner fagade (m?)
Aw ot Surface area for glass outer fagade (m?)
Avanl Surface area for wall inner fagade (m?)
Cp Specific heat at constant pressure (kJ/kg.K)
F View factor
g Acceleration due to gravity (m/s?)
Gr* Modified Grashof number for constant heat flux
G Solar total radiation on a vertical surface (W/m?)
Neony Free convection heat transfer coefficient (W/m*K)
h Natural convection heat transfer coefficient for laminar
" or turbulent flow (W/m2.K)
_ Average natural convection heat transfer coefficient
h (W/m?.K)
k Thermal conductivity coefficient (W/m.K)
K Packing factor of PV module
L Wall length for PV or windows as outer fagade (m)
| Thickness (m)
Nuy Nusselt number for laminar or turbulent flow
p Pressure (kPa)
Pr Prandtl number of air
Cooling load reduction in critical temperature of
Qin summer case with the application of double facade (kW)
Q. Double-fagade heat loss for PV outer skin in summer
Nev_ps case (W)
Double-fagade heat loss for glass outer skin in summer
Qinw DS
A case (W)
Single-fagade heat loss for glass inner skin in summer
Qin, 55 case (W)
Q. Single-fagade heat loss for wall inner skin in summer
Mwail_ss case (W)
Thermal load reduction in critical temperature of winter
Qo case with the application of double fagade (kW)
Q Double-fagade heat loss for PV outer skin in winter case
Outpy ps (W)
Q Double-fagade heat loss for glass outer skin in winter
Outw ps case (W)
Q Single-fagade heat loss for glass inner skin in winter
Outy ss case (W)
Single-fagade heat loss for wall inner skin in winter case
QOU[waILSS (V\D
Oedlar PV module Tedlar surface hear transfer rate (W/m?)
Ow Glass-based outer skin heat transfer rate (W/m?)
Rev os Thermal resistance for double-facade PV outer skin in
- winter case (m?.K/W)
R Thermal resistance for double-fagade glass outer skin in
DS winter case (m?.K/W)
R Thermal resistance for single-fagade glass inner skin in
wss winter case (m2K/W)
R Thermal resistance for single-facade wall inner skin in
wall s winter case (m%K/W)
SHGC Solar heat gain coefficient
T Temperature (°C or K)
T Y) Two-dimensional temperature profile (°C)
Tamb Ambient temperature (°C)
T Mean temperature for boundary layer between inner
f surface and cavity (°C or K)
Tin Comfort temperature set for summer or winter case (°C)
T Temperature of PV module at standard test condition
“ o)
Toky Sky temperature (°C or K)
u velocity (x coordinate) (m/s)
U (x,y) Two-dimensional velocity profile (m/s)
Uo Velocity function for boundary conditions (m/s)
U Single-fagade overall heat transfer coefficient for glass
v inner skin (W/m2.K)
Uwan Single-facade overall heat transfer coefficient for wall

inner skin (W/m2.K)

Vwind Wind velocity (m/s)

X,y Coordinates in the Cartesian system (m)

Greek letters

o Absorptivity

B Temperature coefficient of thermal conductivity (1/K)

Brer Temperature coefficient of PV module

Y Kinematic viscosity of air (m%s)

A Cavity depth (m)

5 Rendered spacing function based on initial and
boundary conditions (m)

€ Emissivity of PV module glass surface

Neell Photovoltaic cell efficiency
Efficiency of the PV module in the standard test

Thref condition

n Dynamic viscosity of air (kg/m.s)

p Density of air (kg/m®)

o Stefan—-Boltzmann constant (W/m?.K*)

T Transmission coefficient

v velocity (y coordinate) (m/s)

Subscripts

cell PV module cell

DS Double skin

EVA'b PV module bottom EVA layer

EVA, t PV module EVA top layer

g PV module glass

PV Photovoltaic panel

SS Single-skin

Tedlar PV module Tedlar back sheet

w Building windows facade

wall Building wall fagade
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