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Abstract: Energy used in buildings is mainly attributed to provide the desired thermal comfort, which
could result in an increase in carbon emission and, in turn, lead to further environmental degradation. A
Building-Integrated Photovoltaic Double-Skin Fagade (BIPV-DSF) is a promising way to maintain indoor
thermal comfort, obtained with low environmental impact and energy consumption. The appropriate
design of BIPV-DSFs can maximise indoor thermal comfort and energy efficiency for buildings. This
paper presents optimal BIPV-DSF design solutions, which are dedicated to offering comfortable and
energy-efficient buildings, through optimisation of the most important design parameters of a BIPV-DSF
under three different climate conditions in Australia. The results illustrate how thermal transmittance
(U-value) and solar heat gain coefficient (SHGC) of windows of the BIPV-DSEF, as the most important
design parameters, were optimised for application in the context of different climates, operation modes,
and orientations. The paper contributes to the matters concerning the integrated effect of BIPV-DSFs on
thermal comfort and energy performance in buildings.

Keywords: optimisation; building-integrated photovoltaic; double-skin facade; indoor thermal
comfort; thermal energy consumption; building performance simulation

1. Introduction

The impact of built environment on climate change has become significant [1], which is
responsible for 39% of global carbon emissions, far higher than other sectors [2]. Greenhouse
gases are the main driver of climate change [3], while carbon dioxide accounts for about
76% of total greenhouse gas emissions [4]. According to the statistics revealed in the 2022
World Economic Forum Annual Meeting [5], buildings as a major component within the
built environment contribute to a high 37% of carbon emissions due to energy consumption,
while office buildings are one of the substantial sources of energy consumption [6]. As a
matter of fact, a large proportion of the energy consumption goes to the maintaining of
thermal comfort in buildings [7]. Thus, the control of energy consumption and thermal
comfort in buildings is crucial in mitigating climate change [8].

As an important part of a building, facades link the interior and exterior environments,
which affects energy consumption and indoor thermal comfort in the building to a large
extent [9]. However, conventional facades can lead to an increase in energy consumption
and thermal discomfort due to their poor insulation and ventilation performance [10].
In comparison, adaptive facades can adapt to variable climatic conditions and thereby
reduce building energy consumption and improve indoor thermal comfort, and these
performances have been demonstrated in the last few decades [11-13]. Building-Integrated
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Photovoltaic Double-Skin Fagade (BIPV-DSF) is considered one of the enabling adaptive
facade technologies [14] showing the capability of reducing energy consumption and
delivering comfortable indoor thermal condition for buildings [15,16], and has received
the attention of researchers over the last ten years. However, most of the studies focused
separately on either energy or indoor thermal comfort performance of the BIPV-DSE, while
limited research has studied the combined effects [17-30].

Recently, the authors of this paper reported a sensitivity analysis [31] in which both
energy consumption and indoor thermal comfort of a BIPV-DSF-equipped office building
were investigated by identifying the most important design parameters of the BIPV-DSF.
However, the actual values of the most important design parameters were not defined in
the sensitivity analysis, which was inadequate to quantify the overall performance of the
BIPV-DSF. Basically, the most important design parameters of the BIPV-DSF were thermal
transmittance (U-value) of the BIPV-DSF’s internal window and solar heat gain coefficient
(SHGC) of the BIPV-DSF’s external window. Elsharkawy and Zahiri [32] reported that a
U-value of 0.5 W/m?K or 0.3 W/m2K for external walls could effectively reduce heating
energy demand as well as maintain indoor thermal comfort for a domestic building in
London (UK), whereas the window U-value was not evaluated. In the climate condition
of Roorkee (India), Kumar and Suman [33] found that the building cooling load could be
reduced with a lower U-value of the building envelope excluding the windows. In terms of
the external windows, Liu et al. [34] found that the window U-value of 0.3 W/m?2K could
reduce heat losses through the window itself in winter and help improve indoor thermal
comfort in summer, where an external shutter was applied. Song et al. [35] point out that
the indoor thermal comfort of buildings in both severe cold and cold zones in China could
be significantly improved by appropriately decreasing both the U-value and SHGC of
the external windows; in this case, the SHGC in particular was decreased to 0.3, which
could achieve more than 86% discomfort hours reduction. Aside from the regular building
envelope/facades context, there is a paucity of research on the optimisation of U-values
and SHGCs for DSFs or BIPV-DSFs. By means of an experimental study in Hong Kong
(China), Peng et al. [20] conclude that the respective U-values of a naturally ventilated
and a non-ventilated BIPV-DSF were 3.8 W/m?K and 3.4 W/m?K, respectively, while the
respective SHGCs for both the naturally and non-ventilated scenarios were 0.12 and 0.13.
However, these were average values for the overall BIPV-DSE.

The research presented in this paper quantitatively investigated the effect of BIPV-DSF
on the concurrent performance of energy consumption and thermal comfort in buildings by
optimising the most important design parameters of the BIPV-DSE. In terms of optimisation
method, Pareto optimality [36] has been used to determine the optimal values of the most
important design parameters from a set of feasible solutions. Pareto optimality is widely
used in the optimisation of multiple objectives for the performance of buildings and build-
ing energy systems. Maltais et al. [37] optimised the trade-offs between two objectives (that
is, annual lighting energy demand and annual glaring index) in Montreal (Canada) using
Pareto optimality. Bre et al. [38] introduced a multi-objective optimisation method based
on Pareto optimality to obtain the best trade-off between heating and cooling performance
for dwellings. Ameur et al. [39] presented a co-simulation modelling study using Pareto
optimality for the optimisation of thermal and lighting energy performance in a naturally
ventilated residential building, thereby defining the design parameters more specifically.
Chi and Xu [40] optimised the building performance of a student accommodation in
Hangzhou (China) through Pareto optimality in terms of building energy consumption and
thermal and visual comforts, where the optimal solutions of the related design parameters,
such as the dimension of the shading device, building orientation, and window-to-ratio,
were determined. In terms of the optimisation for BIPVs, Wijeratne et al. [41] demonstrated
the use of a multi-objective optimisation method of Pareto optimality for identifying the
optimal design solutions of feasible BIPV envelopes over the course of decision-making
processes in early design stages.
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In this paper, the most important design parameters of the BIPV-DSF of an Australian
office module, according to the sensitivity analysis we recently presented [31], were opti-
mised by using a specific optimisation method, namely Pareto optimality. Consequently,
the optimal design solutions of the BIPV-DSF affecting the indoor thermal comfort and
thermal energy consumption of the office module were determined for various contexts.

2. Methods
2.1. Design Parameters to Be Optimised

In general, this study was a continuation of our previous studies [26-29] and was
especially based upon the most important design parameters of the BIPV-DSF identified
through the previously conducted sensitivity analysis [31]. The parameters can be sum-
marised in Table 1. The best-performing ventilation modes of the BIPV-DSF in the context
of three distinctive climate conditions (represented by three Australian cities—Darwin,
Sydney, and Canberra) can be summarised in Table 2 as per our previous studies [28,29].
Moreover, the BIPV-DSF facing four different orientations (due north, due south, due east,
and due west) were considered in the optimisation.

Table 1. Summary of most important design parameters based on sensitivity analysis.

Design Parameter Abbreviation Type of Parameter
Thermal transmittance (U-value) of internal : .
window of the BIPV-DSF Uin Material-based
Solar heat gain coefficient (SHGC) of external .
window of the BIPV-DSF SHGCout Material-based

Table 2. Ventilation modes used for different climate conditions [28,29].

High Humidity Summer and
Warm Winter Climate
(Represented by Darwin)

Warm Temperate Climate Cool Temperate Climate
(Represented by Sydney) (Represented by Canberra)

Ventilation mode

Natural ventilation (hot months) Natural ventilation (hot months)

Natural ventilation (whole year) Non ventilation (cold months) Non ventilation (cold months)

2.2. Optimisation Methods
2.2.1. Design Parameters for Optimisation

The proposed optimisation was carried out by perturbing the important design pa-
rameters within a range of variations from their original values, and then determining the
optimal design parameter values based upon the resultant variations of indoor thermal
comfort and thermal energy consumption from the simulation modelling in TRNSYS. Fur-
thermore, the perturbation of thermal parameters of the PV glazing (external window)
could not be implemented due to the limitation of the manufacturer’s information. Thus, a
regular window with a range of thermal parameters, such as SHGC, based on the Interna-
tional Glazing Database in the TRNSYS window library, was chosen to model the external
window of the BIPV-DSF, while the PV electric power production was calculated separately.
Table 3 presents the variation space (including the original values) for the identified most
important design parameters for optimisation, where the values for perturbing the glazing-
related parameters were taken from the International Glazing Database. It should be noted
that the values of U;, and SHGC,y; were not varied regularly due to the confined capacity
of the database at the time of the study.

Table 3. Variation space of the most important parameters for optimisation.

Parameter Unit Original Value Variation Range/Values
Uin W/m?K 5.68 5.16,5.39,5.53, 5.68, 5.73, 5.8, 5.87
SHGCout - 0.624 0.432, 0.495, 0.557, 0.624, 0.683, 0.747, 0.811
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Although there is a lack of evidence showing the impact of SHGC and U-value on
the efficiency of PV glazing, a previous study [42] indicates that a PV glazing with a lower
SHGC and U-value may be more efficient as less solar thermal heat will be transmitted
than a PV glazing with a higher SHGC and U-value. On the other hand, Chen et al. [43]
demonstrated higher PV efficiencies would result in a lower SHGC. It was assumed that
there was no interference between PV efficiency and SHGC for the semi-transparent PV
glazing in this study, as the efficiency of the selected semi-transparent PV panel was not
as high as an opaque crystalline silicon PV panel. In fact, the reduced light absorbance
determines semi-transparent PVs have much lower efficiency than opaque ones [44]. As a
result, the PV efficiency under the standard test condition (STC) was fixed in this study, and
varying U-value of the PV glazing (Uyyt) was not considered in the proposed optimisation.

2.2.2. Mathematical Model

Basically, the indoor thermal comfort was evaluated by counting discomfort hours
using the “analytical comfort zone method” given by ASHRAE 55 [45]. Specifically, the
discomfort hours were calculated for the Predicated Mean Vote (PMV) comfort zone,
which can be implemented using the following equation in association with TRNSYS
simulation [45]:

EH = ZHdisc (1)

Hgisc = 1if IPMV | — 0.5 > 0 and 0 otherwise )

where EH is the exceedance hours or total discomfort hours, and Hyjs is a discomfort hour.

To estimate thermal energy consumption of the proposed office module, the follow-
ing equations based on the sensible heat gains (in terms of conduction, convection and
radiation) were used in association with TRNSYS simulation [46]:

Qs,i = 9eomb,s,i T Ss,i + Wallgain 3)

9s,0 = eomb,s,o + Ss,0 (4)

where qg; is the conductive heat flux from the wall at the inside surface, s, is the con-
ductive heat flux into the wall at the outside surface, gcomp,si is the combined convective
and radiative heat flux in the space, qcomp 5,0 is the combined convective and radiative
heat flux to the surface, Sg; is both the solar radiation and long-wave radiation generated
from internal objects, S, is the solar radiation from external surfaces, and Wallgain is a
user-defined energy flow to the inside wall or window surfaces.

In addition, PV electric power production would influence thermal energy saving for
the office module and, therefore, the net thermal energy consumption. The following equa-
tions were used in TRNSYS simulation for the calculation of PV-produced electricity [47],
which was also considered in the net thermal energy consumption simulation:

Ppy =A - (To)n - IAM - Gt - npy @)
~ (to)
AM = 75 ©)

where Ppy is the PV electric power production, A is the PV panel exposed area, T« is the
product of the PV panel’s transmittance and absorptance, the subscript n is the normal
incidence angle of the solar radiation, IAM is the incidence angle modifier, Gr is the total
incident solar radiation on the PV panel surface, and npy is the PV power conversion efficiency.

2.2.3. Pareto Optimality Method

Overall, this study looks into two objectives—discomfort hours and energy (net
thermal) consumption—for the office module on a yearly basis. Therefore, the optimal
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values of the most important design parameters could be determined using the method
of Pareto optimality [36], which is widely used in the optimisation of multiple objectives
for the performance of buildings and building energy systems [37-41]. Fundamentally,
Pareto optimality deals with multi-objective functions that are to be either minimised or
maximised, while a scenario of two objective functions can be illustrated in Figure 1.

/2 Pareto front O Dominated solutions
@ O @ Non-dominated solutions
W O o
@ O % o o°
N o ° 9
e 0° o
\\ O O
0 ©
‘e 0)
manrj >>>>>> f _""'"“'“"“-----———————-__._::_\__T_f_.
: Ideal point
min(f;) f

Figure 1. Pareto front for two contradictory objectives.

The proposed study attempted to minimise both discomfort hours (f1) and energy
consumption (f;). Given that there were 7 variations (including the original value) for Uj,
and SHGC,yt, respectively, so there were 49 solutions for the two contradictory objectives
f1 and f, for each orientation. Figure 1 shows a set of solutions including dominated and
non-dominated solutions; the non-dominated solutions lying on the “Pareto front” are
the most interesting solutions, where the optimal solution comes from [38]. The shortest
distance of the non-dominated solution to the “ideal point” is deemed to be the optimal
solution; the ‘ideal point’ is unattainable because both objectives cannot be minimised
simultaneously due to their conflicting nature [38]. The distance can be determined as [38]:

a(x) = /[ (x) — min(F)]? + [fa(x) — min(f)]? )

where x is the design variable corresponding to a U, and SHGCyyt among the 49 solutions,
f1(x) is the objective function 1 (that is, discomfort hours), f,(x) is the objective function
2 (that is, energy consumption), min(f1) is the minimum value of the objective function
1 among the 49 solutions, and min(f,) is the minimum value of the objective function 2
among the 49 solutions.

2.3. BIPV-DSF Model

The validated BIPV-DSF model in TRNSYS from our previous research [28,29] was
used for the simulation. The model was a single-room office module with a BIPV-DSF
based on a real building test bed developed by Peng et al. [20], which could be used in
the two desired operation modes for ventilation: Non-Ventilated BIPV-DSF (NoVent-DSF)
and Naturally-Ventilated BIPV-DSF (NatVent-DSF). Specifically, the office module had a
double-skin fagade structure, where an air cavity (0.4 m of depth) was located in between
the external and internal layers of the fagade, allowing for the operation of the different
ventilation modes through the ventilation louvres; a semi-transparent PV panel and a float
glass served as the respective external and internal windowpanes. TRNFlow, an external
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simulation engine of TRNSYS, was used to simulate the natural ventilation through the
air cavity. Figures 2 and 3, respectively, illustrate the proposed BIPV-DSF office module
with dimensions (the internal and external window dimensions were identical) and the
two BIPV-DSF typologies, while their characteristics are further described in Table 4.

247 m

s — ; S

F**
Figure 2. Front view of the office module with BIPV-DSE.
—~
/ Exhaust air
Indoor environment Outdoor environment Indoor environment I Outdoor environment
/ \ / Airflow \
Internal windowpane [} I|  Semi-transparent PV panel Internal windowpane || Semi-transparent PV panel
\ Outdoor air
S

NoVent-DSF NatVent-DSF

Figure 3. BIPV-DSF typologies in terms of operation modes for ventilation.

Table 4. Characteristics of the two BIPV-DSF typologies.

Operation Mode for Ventilation Characteristics

NoVent-DSF

- No air exchange between occupied zone, air cavity, and outdoor environment
- No ventilation within air cavity

NatVent-DSF

- No air exchange between occupied zone and air cavity
- Stack effect driven natural ventilation between air cavity and outdoor environment




Buildings 2023, 13, 1096

7 of 14

In addition to the important design parameters (variables), other parameters such as
occupation information, thermal loads, building fabric other than the DSF, and building
services systems for the BIPV-DSF office module were designed with fixed values (con-
stants), as this study was focused solely on the behaviour of the BIPV-DSF. These constant
values are specified in Table 5. To simplify the modelling processes, the discomfort hours
calculation was based on a whole year of 8760 h rather than the whole year’s operating
hours (that is, 2400 h).

Table 5. Design parameters with constant values.

Parameter Value Reference
Operating hours 8 a.m.~6 p.m. Typical setting for offices
Heat gain from occupant (assuming there 150 W/person Typical value for offices
was one person in the room)

Heat gain from computer 25 W/m? Typical value for offices

Heat gain from lights 5 W/m? Typical value for offices
U-value of external wall 0.51 W/m?K Building Code of Australia for office buildings [48]
U-value of roof 0.24 W/m?K Building Code of Australia for office buildings [48]

Slab on ground Adiabatic Deemed as an adiabatic surface
Heating (reversible heat pump system) Setpoint tsercrl();r?;tire: 2 0C Previous research [29]
SCoP: 2.5

Cooling (reversible heat pump system)

Setpoint temperature: 26 °C Previous research [29]

Furthermore, a perovskite solar cell-based external windowpane was used in the
optimisation in part due to its high electric power conversion efficiency in comparison
with the other types of PV cells demonstrated in our previous studies [28,29]. Although
the amorphous silicon solar cell, compared with other solar cell options, was determined
as the most appropriate option for the high-humidity summer and warm winter climate
(Darwin) in regard to the indoor thermal comfort, the discrepancy in indoor thermal
comfort performance among all the PV options investigated was very slight. Overall, the
perovskite-based solar cell possessed the best performance in controlling indoor thermal
comfort as well as thermal energy consumption for the BIPV-DSE. Table 6 presents both
thermal and optical properties of the selected semi-transparent perovskite PV panel.

Table 6. Thermal and optical properties—semi-transparent perovskite PV panel.

Parameter Values

Visible light transmittance 37.5%
Visible light reflectance (front) 4.0%
Visible light reflectance (back) 4.0%
Solar transmittance (front) 33.2%
Solar transmittance (back) 33.2%
Solar reflectance (front) 3.5%
Solar reflectance (back) 3.5%

U-value 5.59 W/m?K

Emissivity 0.89

PV efficiency (under STC) 6.64%

Temperature coefficient of power —0.3%/°C

3. Results and Discussion

In this study, the design solutions of the BIPV-DSF in relation to indoor thermal comfort
and net thermal energy consumption were refined by optimising the most important design
parameters. The results of the optimisation are presented and discussed through an integral
analysis of both objective functions based on Pareto optimality in the following sections.
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110

3.1. Optimising BIPV-DSF for High-Humidity Summer and Warm Winter Climate (Darwin)

Figure 4 shows the trade-off between the annual discomfort hours and net thermal
energy consumption based on the variations of the most important design parameters (Ui,
and SHGC,yt) for the NatVent-DSF under the year-round high-humidity summer and warm
winter climate (Darwin), where the four orientations were considered. Fundamentally,
the optimal solution was determined using the Equation (7) for the scenarios of different
orientations. For example, when the BIPV-DSF faced due north, the optimal solution refers
to the non-dominated solution point where the respective values of Uj, and SHGCyt were
5.16 W/m?2K and 0.81; in this case, the number of discomfort hours was 360, while the
energy consumption (net thermal) was about 100.37 kWh/m?.
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Figure 4. Trade-off between annual discomfort hours and net thermal energy consumption with the
variations of Uj, and SHGCyyt for NatVent-DSF (all year round, Darwin) for different orientations:
(a) North, (b) South, (c) East, and (d) West.

In addition, a set of outcomes for the optimal solution among the 49 solutions for
the BIPV-DSF (NatVent-DSF) with different orientations is presented in Table 7, which
indicates the values of the various parameters of an optimal solution including the two
objectives (f1(x) and f»(x)), minimum values of both objectives (min(f1) and min(f,)), the
shortest distance of the optimal solution (non-dominated) to the “ideal point” (d(x),;,,), and
the optimal values of the most important design parameters—Uj, and SHGC,y:. Basically,
5.16 W/m2K for Uy, and 0.81 for SHGCyyt were optimal values for most orientation
scenarios of the BIPV-DSF within the given solution space, except for the east-facing
scenario where the optimal Uj, was 5.53 W/ m2K.

Table 7. Summary of numerical outcomes for the optimal solutions—Darwin.

f1(x), Hours  min(f1), Hours  f,(x), kWh/m? 1:%1({;1)2 A sin Ui, Wm2K SHGCout
North 360 350 100.37 87.9 15.99 5.16 0.81
South 502 502 103.54 96.24 152.8 5.16 0.81
East 370 369 108.31 90.78 28.58 5.53 0.81
West 365 365 103.5 89.95 21.64 5.16 0.81
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3.2. Optimising BIPV-DSF for Warm Temperate Climate (Sydney)

Given that both NatVent-DSF and NoVent-DSF were the most appropriate ventilation
modes of the BIPV-DSF for the hot and cold months, respectively, in the warm temperate
climate (Sydney), where the hot months fall from September to May while the cold months
fall from June to August, the optimisation should take into account the two ventilation
modes for the BIPV-DSF, while the optimal U;, and SHGC,yt should be unique because the
window components of the BIPV-DSF cannot be substituted in reality. As can be observed
in Figure 5, the Pareto front is indicated based on the non-dominated solutions (the yellow
dots) within the given solution space for the combined NatVent-DSF and NoVent-DSF
operations across the year, which is apparent although both clusters of dominated and
non-dominated solutions are not dispersed to each other to a large extent for all of the
scenarios of orientation.
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Figure 5. Trade-off between annual discomfort hours and net thermal energy consumption with the
variations of U, and SHGCyt for NoVent-DSF (cold months, Sydney) and NatVent-DSF (hot months,
Sydney) for different orientations: (a) North, (b) South, (c) East, and (d) West.

Table 8 shows the details of the optimal solutions for the BIPV-DSF for different
orientations in Sydney. Apparently, 5.87 W/m?K for Uy, and 0.81 for SHGCoyt were
optimal values for most orientation scenarios of the BIPV-DSF among the given feasible
solutions, except for the south-facing scenario where the optimal Uj, was 5.16 W/ m2K. This
was possibly due to the relatively low sun exposure when the orientation of the BIPV-DSF
was fixed to due south; in this case, a lower Uj, can reduce the heating demand during
cold months and therefore reduce the overall thermal energy consumption. By comparison,
it did not make a notable difference in thermal performance for the BIPV-DSF facing north
or south in Darwin, as it is closer to the equator. Furthermore, a significantly high number
of discomfort hours can be noticed for all the scenarios of Sydney, because such a crowded
office module can impact greatly on its indoor thermal comfort [49]. However, this issue
did not affect the design parameter optimisation within the given solution space.
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Table 8. Summary of numerical outcomes for the optimal solutions—Sydney.

f1(0), Hours  min(fy), Hours  f5(x), KWh/m? 1:”‘/3;({;1’2 A i Uy, Wim?K SHGCout
North 4002 4002 4651 2892 3652.23 5.87 0.81
South 081 081 51.41 4678 393117 5.16 0.81
East 4015 4015 711 3472 3665.23 5.87 0.81
West 3809 3809 49.9 36.41 345021 5.87 0.81

Energy consumption (kWh/m?*/year)

Energy consumption (kWh/m?*/year)

60

3.3. Optimising BIPV-DSF for Cool Temperate Climate (Canberra)

Same as in the case of Sydney, both NoVent-DSF and NatVent-DSF were selected for
the Canberra case’s optimisation and the optimal values of the most important design
parameters were unique. Specifically, in this case, the NoVent-DSF mode was applied
to the cold months (falling from June to August), while the NatVent-DSF was applied
to the hot months (falling from September to May). As shown in Figure 6, the Pareto
front for the corresponding BIPV-DSF orientation scenario can be found by indicating the
non-dominated solutions through the compact distribution of the feasible solutions.
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Figure 6. Trade-off between annual discomfort hours and net thermal energy consumption with
the variations of Uj, and SHGCyyt for NoVent-DSF (cold months, Canberra) and NatVent-DSF (hot
months, Canberra) for different orientations: (a) North, (b) South, (c) East, and (d) West.

Furthermore, the details of the optimal solution for the BIPV-DSF for different ori-
entations in Canberra are given in Table 9, which shows the exact same optimal U, and
SHGC oyt values as that of the Sydney case; that is, U, of 5.87 W/ m?2K and SHGCy; of 0.81
were optimal values for the most orientation scenarios of the BIPV-DSF within the solution
space, except for the south-facing scenario where the optimal U;, was 5.16 W/ m2K due
to the low sun exposure. Although a large number of discomfort hours also can be found
for Canberra’s scenarios because of the small-sized office module, the optimal values of
Ujn and SHGC,yt were determined explicitly. In general, the SHGC,yt was supposed to be
higher for the BIPV-DSF under all the three climate zones. Furthermore, a lower Uj, of the
BIPV-DSF was desired for the hot climate (Darwin), while the BIPV-DSF with a higher Uj,
was expected for both cool temperate (Canberra) and warm temperate (Sydney) climates.
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Table 9. Summary of numerical outcomes for the optimal solutions—Canberra.
f1(x), Hours min(f1), Hours  f,(x), kWh/m? min(f,), KWh/m? A in Uin, Wm2K SHGCout
North 5277 5277 51.71 38.65 4927.13 5.87 0.81
South 5855 5855 64.47 62.88 5505.05 5.16 0.81
East 5539 5539 56.59 47.27 5189.09 5.87 0.81
West 5127 5127 55.04 46.27 4777.11 5.87 0.81

4. Conclusions

This paper presents the optimisation of a BIPV-DSF applied to an office module for
achieving the best performance of thermal energy conservation and indoor thermal comfort
for the office in the context of three distinctive Australian climate zones. In terms of
two different ventilation modes of the BIPV-DSF, namely naturally-ventilated and non-
ventilated BIPV-DSFs, the following most important design parameters of the BIPV-DSF in
the four cardinal directions (north, south, east, and west) were further optimised using the
Pareto optimality method:

e  Thermal transmittance of internal window of the BIPV-DSF (Uyj,);
e  Solar heat gain coefficient of external window of the BIPV-DSF (SHGCyyt).

Based on the optimisation results presented for the three climate zones, the respective
optimal design solutions of the BIPV-DSF-equipped office module among a set of feasible
solutions can be summarised as follows:

e In the high-humidity summer and warm winter climate zone (Darwin): naturally-
ventilated BIPV-DSF with a semi-transparent perovskite-based PV glazing either
facing north, south or west being utilised throughout the year. In this case, a Uy, of
5.16 W/m?K and a SHGC,y; of 0.81 are optimum; while the Uj, and SHGCy¢ should
be 5.53 W/m?K and 0.81, respectively, when the BIPV-DSF is east-oriented.

o Inthe warm temperate climate zone (Sydney): a semi-transparent perovskite-based PV
glazed BIPV-DSF facing north, east and west should be non-ventilated and naturally-
ventilated during the cold and hot months, respectively. In this case, a Uj, of
5.87 W/m?K and SHGCy of 0.81 are optimum. However, the U, and SHGCoyt
should be 5.16 W/m?K and 0.81, respectively, when the BIPV-DSF is south-oriented.

e In the cool temperate climate (Canberra): a semi-transparent perovskite-based PV
glazed BIPV-DSF facing north, east and west should be operated as non-ventilated
and naturally-ventilated modes, respectively, during the cold and hot months. In this
case, a Uj, of 5.87 W/m?2K and SHGCy; of 0.81 are optimum, while the respective Uj,
and SHGCyt should be 5.16 W/m?2K and 0.81 when the BIPV-DSF is facing south.

However, the optimisation presented in this paper was confined to a given solution
space for both Uj, and SHGCoyt, which was based on the International Glazing Database in
the simulation programme (TRNSYS) used during the course of the study. Future research
is needed to investigate a bigger database of the window components for the BIPV-DSF and
hence further refine the optimisation. On the other hand, a larger office building may be
considered for the future study so as to reduce the excess number of discomfort hours from
the crowded office module. In addition, further study on a multi-storey office building will
also help understand BIPV-DSF performance in the real world.
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Nomenclature

Symbols

A PV panel exposed area [m?]

A(x)in shortest distance of non-dominated solution to the “ideal point” [-]
EH exceedance hours or total discomfort hours [-]

f1(x) objective function 1 [hrs/year]

folx) objective function 2 [kWh/m?/year]

Gr total incident solar radiation on PV panel surface [kW/ m?]

Haisc a discomfort hour [-]

1AM incidence angle modifier [-]

min(fy) minimum value of objective function 1 [hrs/year]

min(f,) minimum value of objective function 2 [kWh/m? /year]

Ppy PV electric power production [kW]

Jeomb,s,i combined convective and radiative heat flux in the space [kW]
Jeomb,s,0 combined convective and radiative heat flux to the surface [kW]
ds,i conductive heat flux from the wall at the inside surface [kW]

Js,0 conductive heat flux into the wall at the outside surface [kW]

Ss i solar radiation and long-wave radiation generated from internal objects [kW]
Ss,0 solar radiation from external surfaces [kW]

SHGC solar heat gain coefficient [-]

SHGC oyt solar heat gain coefficient of external window of BIPV-DSF [-]
U-value thermal transmittance [W/m?2K]

Uin thermal transmittance of internal window of BIPV-DSF [W/m?K]
Uout thermal transmittance of external window of BIPV-DSF [W/mZK]
Wallgain user defined energy flow to inside wall or window surfaces [kW]
X a design variable [-]

Greek symbols

npy PV power conversion efficiency [%]

To product of PV panel’s transmittance and absorptance [-]
Subscripts

n normal incidence angle of solar radiation

Abbreviations

BIPV building-integrated photovoltaic

BIPV-DSF building-integrated photovoltaic double-skin facade

CdTe cadmium telluride

CIGS copper indium gallium selenide

DSF double-skin facade

NatVent-DSF  naturally-ventilated BIPV-DSF

NoVent-DSF  non-ventilated BIPV-DSF

PMV Predicated Mean Vote

PV photovoltaic

SCoP seasonal coefficient of performance

STC standard test condition
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