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Abstract

Windows are one of the weakest building components concerning high thermal losses. Traditional windows cannot adapt to external
and internal environmental conditions. On the other hand, smart windows such as electrochromic (EC) windows do not emit greenhouse
gases and adapt to environmental conditions and increase indoor environmental quality. The combination of EC windows and building
integrated photovoltaic system (BIPV) is called photovoltachromic (PVC) windows. This paper aims to find optimal window to wall
ratio (WWR) ranges of PVC windows in a high-rise office building model in four different cities in Iran. This paper uses several
simulations to find the optimal WWR ranges of PVC windows using Radiance and EnergyPlus. First, the minimum acceptable WWR
value in each climate condition was identified using several simulations without any optimization tools. Afterward, traditional windows
were replaced with EC windows and results indicated that energy consumption of the building reduced up to 15.94%. In the next stage,
BIPV was combined with EC windows, and results indicated that BIPV reduced energy consumption of the building up to 7.55%.
Finally, simulation results showed that PVC windows reduced energy consumption of the building up to 16.31% in Kermanshah, 19.69%
in Tehran, 18.59% in Yazd and 17.36% in Bandar Abbas. Also, the optimal WWR range of PVC windows in Kermanshah was 80-90%,
while it was 70-80% in Tehran, Yazd and Bandar Abbas. Simulation results indicated that cooling degree days (CDD) of the site, where
buildings were located, effected on the optimal WWR range of PVC windows in high-rise office buildings. An analytical approach was

used to validate simulation results, and it showed that simulation results had 1.60-6.22% error.

© 2021 The Author(s). Published by solarlits.com. This is an open access article under the CC BY license

(https://creativecommons.org/licenses/by/4.0/).

1. Introduction

Building and construction sector consume near 36% of the total
energy consumption of the world [1]. This large amount of energy
consumption has created new policies around the world to mitigate
both energy consumption and greenhouse gas emissions [2]. The
building envelope can regulate solar heat gain and light
transmittance entering into the building. High-rise buildings
consume a large amount of energy, and it is essential to reduce
energy consumption of these building types as much as possible.
On the other hand, an office building is occupied during
specific hours, and since solar energy is always available during
working hours, it receives significant amount of solar energy.
Solar energy can have benefits, while an additional amount of heat
can increase cooling demand. Therefore, high-rise office buildings
use a large amount of energy and receive solar energy during
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occupied hours, and several researches have tried to mitigate
energy consumption of these building types.

The average energy use intensity (EUI) of office buildings in
Iran is about 350 kWh/m?2.year, which is more than the global
average [3]. Therefore, it is essential to mitigate the energy
consumption of these building types as much as possible.
Optimization can be defined as finding the best solution among
lots of possible answers [4], and it is essential to choose the right
thermal and optical properties of windows. Smart windows are the
new generation of windows capable of adapting to environmental
conditions in a dynamic way [5-7]. These windows can be
categorized according to their thermal and optical performance [8—
12]. Each smart window has some advantages and disadvantages.
Several researches have discussed different types of smart
windows and their effect on energy consumption and daylighting
performance of buildings in different climate conditions.

Active shading devices (electrochromics, suspended particle
devices and liquid crystals) are more efficient in comparison with
passive shading devices (phase change materials, thermotropics,
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thermochromics, gasochromics) and electrochromic (EC) window
is the best choice for building application among active shading
devices [5]. These new technologies, such as EC windows, are
expensive. If designers do not find optimal solutions to mitigate
the costs of these windows, these new technologies can have more
disadvantages than their advantages [13]. EC windows belong to
active shading systems that react to environmental conditions in
an active way [6]. These windows are made of five thin layer
coatings (Fig. 1) [10]. The most effective parameters that can
improve thermal and optical performance of EC windows are
overall heat loss coefficient (U-value), solar heat gain coefficient
(SHGC) and visible transmittance (Tvis) [7,12,14]. Photovoltaic
(PV) technology is a practical renewable energy resource that its
application is increasing in buildings and can be combined with
buildings in two types, including building attached photovoltaic
systems (BAPV) and building integrated photovoltaic systems
(BIPV) [15,16]. BAPVs cannot be combined with windows due to
lack of visibility and blocking view to outside, but these systems
can be used in other parts such as roofs [17,18]. On the other hand,
BIPVs can be integrated with windows and provide view to
outdoor simultaneously [19,20].

EC smart windows showed great energy saving potentials for
Swiss office buildings and showed 11% energy saving potential in
lighting and cooling demand [21]. Fang et al. [22] evaluated
thermal performance of an EC window and results of their
research showed that EC windows could absorb 60% of solar
radiation in their tinted state. DeForst et al. [23] assessed thermal
performance of near-infrared electrochromic windows (NEC) in
16 different climate regions of the United States and their research
showed that the best performance locations included medium
offices and midrise residential buildings. EC windows reduced
approximately 48% of monthly peak solar heat loads in winters
and about 53% in summers compared to double-glazed windows
with no shading devices [24]. Lee et al. [25] evaluated the effect
of EC windows on energy consumption of medium-sized
commercial buildings in different climate conditions. They
indicated that using EC windows with optimal control type
reduced 17.40% of annual heating and cooling demand.

Salameh et al. [26] showed that using BIPV system in Sharjah,
United Arab Emirates (UAE) reduced 27.69% of annual electricity
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Fig. 1. Different layers of an EC window.

consumption. Qiu et al. [27] evaluated a proposed vacuum PV
insulated glass unit using various experiments and indicated that
this proposed glass unit achieved a very low U-value (around 1.5
W/m2K) and cooling load reduced up to 14.20% [27].
Abdelhakim et al. [28] evaluated the effect of BIPV windows on
energy consumption of an office building. They indicated that
these windows reduced the cooling demand of the building and
provided thermal comfort during the summer season.

According to thermal and optical properties of EC windows and
BIPVs, the combination of these technologies can be very
effective in window applications. These windows are called
photovoltachromic (PVC) windows. Wu et al. [29] reported these
novel devices (PVC windows) for the first time and indicated that
these windows were composed of EC electrode and dye-sensitized
TiO, NP photoanode. In a recent research, thermal and optical
properties of PVC windows were identified using experiments
[30]. In this research, authors proposed a novel architecture for
PVC windows and demonstrated that coloration intensity of EC
devices had direct relation with the voltage applied. For the first
time, Cannavale et al. [31] indicated that perovskite PVC windows
with self-adaptive transparency had 16-26% average visible
transmittance and 3.70-5.50% maximum light power conversion
efficiency. Fiorito et al. [32] showed that PVC windows reduced
energy consumption of office buildings up to 20% in cooling
dominated regions and reduced energy consumption up to 32% in
heating dominating regions. Favoino et al. [33] assessed active
control strategies of PVC windows in an office room and it was
found that these control strategies reduced energy consumption of
the test case model between 2-12% in comparison with static
alternatives. Pierucci et al. [34] evaluated environmental impacts
of PVC windows in different climate conditions. They compared
PVC windows with traditional windows in two office buildings
and indicated that using PVC windows reduced the environmental
impacts between 41-44%. Cannavale et al. [35] improved
photovoltaic performance of PVC windows from 3.26% to 6.55%.
They investigated the effect of the electrolyte composition on both
photoelectrochromic (PEC) and PV performances of PVC devices
by tuning the iodide content in the electrolyte.

Window to wall ratio (WWR) values can reduce or increase
energy consumption of a building [36]. Optimal WWR values
depend on various parameters such as lighting power density,
climate, window orientation and the insulation features of the
envelope [37,38]. Chi et al. [39] evaluated different WWR values
between 10-90% in rural residences in China using daylight factor
(DF), air temperature and air velocity parameters under different
building orientations. Marino et al. [38] evaluated the effect of
several factors, including various climates, thermal features of the
building envelope, the installed lighting electric power and EC
smart windows on optimal WWR value of office buildings in
various climate conditions in Italy. They indicated that the optimal
WWR value did not change considerably when the effect of each
parameter was assessed individually. Xue et al. [40] evaluated
thermal and optical performance of external shading devices in a
hotel building in China to find the relation between daylight
performance and energy consumption of the building [40]. This
research tried to find optimal WWR ranges that could be used in
other researches and other climates. Goia [41] searched for
optimal WWR in office buildings in different European climates.
This research indicated that optimal WWR range varied between
30-45% in various climate conditions and orientations. Pino et al.
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[42] assessed the effect of WWR on thermal and lighting behavior
of office buildings in Chile and indicated that a WWR of 20% was
adequate to reach useful daylight at 80% of the time throughout
the year. Yeom et al. [43] determined optimal WWR for office
buildings in South Korea to improve workers’ task performance
and energy performance and demonstrated that the optimal WWR
was 60%, where the highest task performance was achieved.
Phillips et al. [44] compared different WWR values in a 12 story
office building under various climate conditions in the United
States. They indicated that there was a direct relation between
WWR values and environmental impacts, occupant dissatisfaction
and life cycle cost [44].

It is essential to improve visual and thermal performance of
windows simultaneously. Previous studies assessed visual
performance of office buildings [45-50], and each one used
specific daylighting metrics. Karlsson and Roos [51] assessed
visual performance of EC windows in a real window using
experiments and used direct solar transmittance, Tso, Tvis and
angular dependence parameters to evaluate the performance of EC
windows and concluded that the optimal performance of these
windows was largely dependent on the application and site’s
location. Piccolo et al. [52] evaluated optical performance of EC
windows with respect to daylighting control in indoor
environments using field measurements. They indicated that the
angular selectivity of the glazing combined with its active
switching effect allowed a wide range of visible transmittance
according to the latitude and orientation of a building in various
climate conditions. Page et al. [48] assessed visual performance of
EC windows using an integrated system that used both EC
windows and an anidolic daylighting system. They showed the
potential of using this integrated system to control daylight flux
entering a working place and indicated that EC windows could be
effectively combined with other systems to benefit from other
systems as well as these smart windows. Wu et al. [53] designed
and conducted an experiment for a building to evaluate the effect
of an integrated EC glazing automation system on daylight
provision and inconvenient glare for occupants. This research
demonstrated that about 83% of working hours for work-plane
illuminance (WPI) and 95% of the time for daylight glare
probability (DGP) remained in comfort spectrum using EC glazing
automation system under clear sky conditions while under clear
sky with thin clouds WPI remained about 68% and DGP about
94% of the time within the comfort range and in partly cloudy
skies, WPI was within desired range during 62% and DGP about
85% of the time. Cannavale et al. [54] evaluated the effect of PVC
windows on useful daylight illuminance (UDI) and DGP using
experiments (a standard test room) and simulations (DAY SIM
software). This paper indicated that average UDI for a typical
room increased up to 71.80% when traditional windows were
replaced with PVC windows while intolerable glare levels (DGP
higher than 0.45) decreased down to 12%.

It can be concluded that previous studies evaluated the effect of
EC smart windows, BIPV and PVC windows on energy
consumption of various buildings using both experiments and
simulation methods. Also, some previous studies indicated the
effect of WWR on energy consumption of buildings. On the other
hand, several researches improved thermal and optical properties
of these smart windows using various interesting methods.
According to these previous studies about EC windows, BIPVs
and PVC windows, it can be concluded that it is important to find

a relation between WWR and thermal and optical properties of
PVC windows. Therefore, this paper tries to find optimal WWR
ranges of PVC windows in a high-rise office building model in
four cities in Iran. This paper indicates the relation between WWR
and energy consumption of high-rise office buildings before and
after using PVC windows. The novelty of this paper is that it
evaluates the effect of latitude and cooling degree days (CDD)
parameters on energy consumption of high-rise office buildings
before and after using PVC windows with various WWR values.
This paper uses a unique simulation method to find optimal WWR
values of PVC windows that can be used in other researches and
various climate conditions.

2. Methodology
2.1. Research method

This paper uses several simulations to find optimal WWR ranges
of PVC windows in a high-rise office building model in four
climate conditions in Iran. This paper aims to evaluate the effect
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Fig. 2. Flowchart of the simulation process.
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of CDD and latitude of a city on energy consumption of PVC
windows in high-rise office buildings. Therefore, four cities were
selected according to their CDD and latitude value, including
Kermanshah, Tehran, Yazd and Bandar Abbas. First, architectural
plans and 3D form of the building are designed. Then, the 3D
model is imported to DesignBuilder to begin the simulation
process, and the overall simulation process is shown in Fig. 2. All
required inputs are entered in DesignBuilder simulation software
according to both international standards [55,56] and Iran National
Construction regulations [57-62].

Also, weather data of four cities with different climate
conditions in Iran are used during the simulation process. These
data were collected from weather files and Iran national building
code number 14 [58]. Table 1 indicates the climate data of four
climate zones and their properties.

Afterward, daylighting simulations are performed using
Radiance to find minimum acceptable WWR input in each climate
condition. Among daylighting metrics, spatial daylight autonomy
(sDA) and UDI have been used in this paper to find the minimum
acceptable WWR value in each climate condition. Radiance can
use annual daylighting simulations to calculate sDA and UDI
amounts for a building. According to LEED v4 certificate,
sDA3001ux/50% should achieve at least 55% of the occupied floor area
in new constructions and UDI30-3000x should achieve 75% of
occupied floor area in new constructions. In this paper, a new
daylighting simulation method is used to find minimum WWR
value of the building. After daylighting simulations, WWR values
that pass minimum daylighting requirements will be used during
the simulation process.

EnergyPlus simulation software is used to calculate energy
consumption of the building during the optimization process.
Primary simulations are performed to calculate energy
consumption of the building with various WWR values in each
climate condition. In the next stage, traditional window is replaced
with EC smart window. In this section, simulation results are
compared with previous results without EC windows to indicate
the effect of EC windows on energy consumption of the building
in various climate conditions. Afterward, BIPV is combined with
EC window and PVC window is created here. In this section,
several simulations are performed, and the effect of PVC windows
on energy consumption of the building is evaluated. Then, optimal
WWR range of PVC windows in each city is identified. In the end,
daylighting simulations are performed to indicate that optimal
WWR ranges of PVC windows provide the minimum illuminance
value according to LEED v4 certificate.

Table 1. List of four climate zones and their properties.

S. Fathi & A. Kavoosi / Journal of Daylighting 8 (2021) 134-148

2.2. Architectural design

In this section, a 17-storey office building is designed for typical
office works. Eleven different floor plan types (Fig. 3) are
designed, including basement, ground floor, six different office
floor plans, thirteenth floor for restaurant, cultural exhibition and
one library. Finally, two upper floors, including fourteenth and
fifteenth floors are designed as sky lobbies that provide view to
outdoor.

The building has two different heights. The height of the
basement is 3.15 meter, and the heights of other floors is 2.83
meters. The basement is designed for parking arca and one
mechanical room. The ground floor has three different parts,
including lobby, restaurant and conference room. Architectural
plans of office floors divided into two major types, including
office floors from first to sixth floors and second type from seventh
to twelfth floors. The building form is considered to be circular
since it is an aerodynamic shape and is more effective [63]. Due
to the lack of previous studies about optimal form of high-rise
office buildings, this paper just uses a circular form to focus on its
main objectives. Future studies can find optimal form of these
building types. In the next step, architectural plans are exported to
DesignBuilder to begin the simulation process. A similar model is
created with the same plans and heights (Fig. 4).

2.3. Simulation

In this stage, several inputs are entered as primitive values to the
model like building activity, working schedule, heating and
cooling set point and window parameters. Also, daylighting
simulations need accurate inputs to perform simulations, and
Table 2 shows thermal and optical properties of the window for
energy and daylighting simulations using EnergyPlus and
Radiance.

The first part of the simulation process uses daylighting
simulations to identify the minimum acceptable WWR value in
each city. During daylighting simulations, the work-plane is
considered to be 0.75 m above the floor level. According to Iran
National Construction Regulation No. 13 [59], the recommended
illuminance level for office activities is 500lux. Therefore, the
minimum sDA value is considered 500lux to provide adequate
daylighting during occupied hours. Also, UDI range is considered
between 500-1000 lux, which is different from LEED v4
certificate (UDI300-30001ux). The minimum UDI value (500 lux) is
recommended by Iran National Construction Regulation No. 13

Location Koppen-Geiger classification ASHRAE Heating Cooling Latitude (°) Longitude (°)
Main climates Precipitation = Temperature classification degree days  degree days
Kermanshah Csa 3B 2300 415 34.35 47.16
C: warm temperate s: summer dry  a: hot summer
Tehran BSk 3B 1810 865 35.68 51.32
B: arid S: stepped k: cold arid
Yazd BWh 2B 1405 1130 31.90 54.28
B: arid W: desert h: hot arid
Bandar Abbas BSh 1B 50 2505 27.22 56.37
B: arid S: stepped h: hot arid
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[59] for general office activities. Also, this minimum value is used
in previous studies [41,50,64], which shows that the minimum
acceptable illuminance value can change the minimum UDI value.
On the other hand, the maximum UDI value is considered 1000Iux
for several reasons. First, this paper used two daylighting metrics,
including sDA and UDI, while annual sun exposure (ASE 1000/250hr)
metric should be considered to evaluate visual comfort. According
to LEED v4 certificate, ASEioo0250n indicates excessive sunlight
exposure when receiving direct sunlight of 1000 lux or more than
this value for more than 250 hours. It should not exceed 10% of
the space area, and it is preferred not to be more than 3% to avoid
possible visual discomfort. The second reason is that some
previous studies used 1000 lux as the maximum amount of
perceptible daylighting [65,66]. According to these two studies,
the human eye has the capability to adapt to higher illuminance

2383-8701/© 2021 The Author(s). Published by solarlits.com. This is an open access article under
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levels, while illuminance values between 1000-2000 lux can
cause disturbing glare.

Here, a new method is used to identify the minimum WWR
value for the simulation process. Two southern office rooms on
each floor (first, third, fifth, seventh, ninth and eleventh floors) are
selected, which receive direct solar radiation during working hours
and daylighting performance of these office rooms are simulated
using Radiance. Figure 5 shows these rooms which are used
during daylighting simulations to find the minimum WWR value.
Here, sDA and UDI metrics are used to find the minimum
acceptable WWR range and Eq. (1) shows how sDA daylighting
metric is used to assess daylighting performance of the office
rooms and is:

f(K) = sDAsoomx/s0% X K (D

K=1  if sDAsoonxss00%> 95%

the CC BY license (https://creativecommons.org/licenses/by/4.0/).
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D

Fig. 4. Building model for the simulation process.

Table 2. Thermal and optical properties of the windows during the simulation process.

No. Design parameter Value

1 Window thermal resistance (WTR) (m?.K/W) 1.216

2 Tuis 0.744

3 SHGC 0.691

4 U-value (W/m2K) 1.960

5 Glazing type (layers / color / thickness / insulation) Double-glazed / Clear glass / 3mm x 3mm / Filled with air

6 Working plane height (m) 0.750

7 sDA (lux) 500

8 UDI (lux) 500-1000

9 Grid size (m) 0.300

10 Ambient bounces 5

11 Ambient accuracy 0.200

12 Ambient resolution 512

13 Ambient divisions 2048

14 Number of ambient super-samples 1024
K=1 if80% < sDAsoonss0% < 95% and UDIsp0-1000mx > 80% percentage is equal or more than 80%, the K value is 1. When
K=0 if sDAsoonxss00 < 80% sDAsoowxss0% percentage is less than 80%, the K value is 0. Also, f

where sDASooxs50% 1s the minimum acceptable illuminance level
(500lux) for office rooms in this building for more than 50% of
occupied hours, and K is a variable that can be 1 or 0 according to
sDAsooxs0% percentage of an office room. UDIsgo-10001x
percentage indicates illuminance level that is within “perceptible
threshold” (500-1000 lux) [66,67].

LEED v4 certificate gives 3 points to new constructions that
their sDAsoowwsow percent is more than 75%. In this paper,
sDAsoowxs0% percentage should be 95% or more to provide
sufficient daylighting in office spaces as much as possible. Also,
sufficient daylighting in office spaces reduces electricity demand
of the building since there is no need to use artificial lighting for
office spaces when sufficient daylighting is available. According
to Eq. (1), when the sDAsoowx/s0% percentage is more than 95%, the
K value is 1. When it is between 80-95% and UDIs00-10001ux

(K) is calculated in each office room (southern office rooms), and
if one office room fails to meet the minimum daylighting
requirement, that WWR value will be removed from the
simulation process. Eq. (1) is used to find the minimum WWR
value in each city, and the mentioned process calculates the
minimum WWR value in each climate condition separately.
After daylighting simulations, several simulations are
performed to identify energy consumption of the building before
using smart windows. These results demonstrate energy
consumption of the building in each climate condition. Afterward,
traditional glazing type (double-glazed window) is replaced with
EC smart window. EC windows are active smart shading devices
that use different control types. Here, solar control type is used to
control EC windows. This control type reacts to extra amounts of
diffuse solar radiation and changes the color of the window to
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block additional solar radiation. In the next stage, BIPV is
combined with EC windows to create PVC windows. BIPVs
generate electricity that can be used for changing EC color states
and this can reduce electricity demand of buildings. According to

Office Area 3
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Office Area 1
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555
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Fig. 6, transparent PV film (a non-silicon based thin film) is
sandwiched between electrolyte layers. In this section, PVC
windows are modelled using thermal and optical properties shown
in Table 3.

2383-8701/© 2021 The Author(s). Published by solarlits.com. This is an open access article under the CC BY license (https://creativecommons.org/licenses/by/4.0/).


http://creativecommons.org/licenses/by/4.0/

141 S. Fathi & A. Kavoosi / Journal of Daylighting 8 (2021) 134-148

Electrolyte ;
Electrochromic film (nickel oxide)

Transparent conductor

PV non-silicon based thin film
Electrolyte
Electrochromic film (WQO3)

/ Transparent conductor

-
i
o
i
o
-
"
-
Glass <.
Fig. 6. Different layers of the proposed PVC window.
Table 3. Thermal and optical parameters of PVC windows.
No. Design parameter Value Reference / Further information
1 Electrochromic pane type Generic ECREF-1 DesignBuilder library - www.iqglassuk.com
COLORED
2 Electrochromic thickness 6mm www.iqglassuk.com
3 Electrochromic conductivity (W/m.K) 0.90 www.iqglassuk.com -
www.smartfilmsinternational.com
4 Electrochromic solar transmittance 9.90% www.smartfilmsinternational.com
5 Electrochromic visible transmittance 15.50% www.iqglassuk.com -
www.smartfilmsinternational.com
6 Electrical power needed to change electrochromic windows between clear 2 www.smartfilmsinternational.com
and tinted state (W/m?)
7 The time needed to switch between clear and tinted state (Minute) 20 www.smartfilmsinternational.com
Total electricity needed to switch between the dimmed and clear state for 52240.76 Calculation
the entire building (Wh/year)
9 Photovoltaic film U-value (W/m*K) 20 www.chinagrandglass.com
10 Photovoltaic film efficiency (%) 15 www.chinagrandglass.com
11 Photovoltachromic efficiency (%) 5 EnergyPlus simulation report

It is worth mentioning that the energy efficiency of PVC
windows is 5% and is calculated using EnergyPlus simulation
reports. Other inputs are entered before simulations using cited
references. In this stage, optimal WWR ranges of PVC windows
in four climate conditions are identified. Afterward, simulation
results are compared with primary results and energy saving
potential of PVC windows is demonstrated in four climate
conditions in Iran.

In the last part of this paper, daylighting simulations are
performed using Radiance to indicate daylighting availability in
office rooms. LEED v4 certificate is used to show that PVC
windows provided the minimum acceptable sDA3oowx/s0%
percentage in office rooms. During daylighting simulations, PVC
windows are considered to be tinted entirely during all occupied
hours. Meanwhile, it is clear that these windows change their color
during occupied hours several times and adapt to their
environment according to their control type.

3. Results and discussion
3.1. Daylighting simulations

This section is the first simulation step and aims to remove WWR
values that do not meet minimum daylighting requirements. In this
section, Eq. (1) is used to identify the minimum acceptable WWR
value in each city according to Iran National Construction
Regulation No. 13 [59]. According to Fig. 7, daylighting
simulations indicate that cities that have more latitude can have
fewer WWR values. Solar radiation angle identifies the minimum
acceptable WWR value according to sDA and UDI metrics.
Results indicate that the minimum acceptable WWR is 40% in
Kermanshah and Tehran (heating dominated climates) and 50% in
Yazd and Bandar Abbas (cooling dominated climates).

3.2. Primary simulations

Results of this section indicate that energy consumption of the
building has a direct relation with WWR and a higher WWR leads
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Fig. 8. (a) Energy consumption of the building with different WWR values in four climate conditions; (b) Cooling Degree Days of the cities.

to an increase in energy consumption of the building in all climate
conditions (Fig. 8). Meanwhile, results indicate that energy
consumption of the building has a direct relation with CDD of the
cities. Figure 8 shows that high-rise office buildings consume less
energy in heating dominated climates. Accordingly, cooling
dominated cities, including Yazd and Bandar Abbas consume
more energy. It can be concluded that since office buildings need
more cooling demand than heating demand, energy consumption
of the building in cooling dominated cities is higher than heating
dominated cities.

3.3. EC smart windows

In this section, EC smart windows are added to the simulation
process that can change optical and thermal properties of windows.
The main purpose of using these windows is to control additional
solar radiation entering indoor spaces and provide as much view
to outdoor spaces as possible. These smart windows can control
the color state of windows without blocking view to outdoor
spaces in three states, including clear, tinted and intermediate
states (between tinted and clear states) [8]. Figure 9 indicates the
effect of different windows (traditional, EC and PVC) and
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Fig. 9. Energy consumption of the building using various glazing types.

different WWR values on energy consumption of the building in
four climate conditions. According to the simulation results,
Tehran demonstrates the most energy saving potential (15.94%) at
80% WWR. Results indicate that energy consumption of the
building reduces up to 13.21% (80% WWR) in Yazd. Also, results
show that energy consumption reduces up to 13.03% (80% WWR)
in Kermanshah and reduces up to 10.61% (80% WWR) in Bandar
Abbas. On the other hand, results indicate that energy
consumption of the building using EC windows has a direct
relation with CDD and cities which have more CDD (cooling
dominated regions) consume more energy. Also, the optimal
WWR value is 80% in all climate conditions and this value shows

that lower WWR values save less energy than higher WWR values.

It can be concluded that WWR values that are less than 80%
reduce energy saving potential of PVC windows, while higher
WWR values (90% WWR) increase cooling demand of the
building since office spaces receive more solar energy. However,
this optimal WWR value is just identified for this paper and
optimal WWR value of PVC windows depends on the climate
conditions of the sites where buildings are located. It is worth
mentioning that EC windows were not added to northern office
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spaces and only various WWR values were applied in northern
office spaces during the simulation process.

3.4. Building integrated photovoltaic system

BIPVs can be integrated with windows without blocking view to
outdoor environment and generate electricity using solar energy
simultaneously. The combination of BIPVs and EC windows
creates a window that can react to outdoor environment, change
its color in a few minutes and produce electricity simultaneously.
In this section, CdTe BIPV thin film is sandwiched between two
electrolytes of EC window. DesignBuilder uses thermal properties
of BIPVs and combines them with thermal and optical properties
of EC windows to create PVC windows. EC windows can operate
with various control types to switch between clear and tinted states.
The optimal control type of EC windows should change the color
of these windows efficiently to reduce energy consumption of the
building and increase electricity generation as much as possible.
After BIPVs are combined with EC windows in the DesignBuilder
environment, several simulations are performed and results are
compared with the previous glazing type (EC windows). It is
important to note that this building uses EC sensors to change the
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color state of PVC windows and electricity generation using
BIPVs changes as the color state of PVC windows change. Four
different set points were imported into the DesignBuilder
environment to control PVC windows. These set points were
identified using weather data of these cities. The solar set point
(diffuse solar radiation amount) is 140 W/m? in Kermanshah, 150
W/m? in Tehran, 200 W/m? in Yazd and 230 W/m? in Bandar
Abbas.

According to Fig. 9, adding BIPV reduces energy consumption
of the building up to 3.92% (90% WWR) in Kermanshah, 4.48%
(90% WWR) in Tehran, 6.19% (80% WWR) in Yazd and 7.55%
(80% WWR) in Bandar Abbas. Simulation results show that
higher WWR values generate more electricity using BIPVs.
Simulation results indicate that higher WWR values reduce more
cooling demand of the building using EC windows increase the
electricity generation of BIPVs simultaneously. This fact
demonstrates that higher WWR values of PVC windows are more
efficient in high-rise office buildings. Meanwhile, simulation
results indicate that there is no direct relation between WWR value
and energy saving potential and increasing WWR value is not
always an effective solution. For instance, simulation results
indicate that 90% WWR value increases energy consumption of
the building in all climate conditions before and after using PVC
windows (Fig. 9). Figure 9 demonstrates that the efficiency of
BIPVs is more in cooling dominated regions and their
combination with EC windows increases electricity generation in
higher air temperatures.

Comparison between final simulation results and primary
simulation results indicates that both EC windows and BIPVs can
reduce energy consumption of the building and their properties

22

match with each other. Results show that using PVC windows
with optimal WWR value reduces energy consumption of the
building up to 16.31% in Kermanshah, 19.69% in Tehran, 18.59%
in Yazd and 17.36% in Bandar Abbas. According to Fig. 9,
simulation results indicate that CDD of the site has a direct relation
with energy consumption of the building before and after using
EC and PVC windows and cities that have less CDD (Kermanshah)
consume less energy than others. Therefore, it is essential to
consider CDD of the site to evaluate the energy saving potential
of PVC windows. On the other hand, there is no relation between
the latitude of the site and energy consumption of the building
using PVC windows (Fig. 10) and these windows reduce energy
consumption of the building up to 19.69% in Tehran, 18.59% in
Yazd, 17.36% in Bandar Abbas and 16.31% in Kermanshah.
According to Fig. 10, optimal WWR ranges of PVC windows are
identified in each city. In Kermanshah, where it has the least CDD,
the optimal WWR range is between 80-90%, and in other cities
(Tehran, Yazd and Bandar Abbas), the optimal WWR range is
between 70-80%.

It can be concluded that CDD of the site effects on WWR value
and optimal WWR range of PVC window, while there is no
relation between latitude of the site and WWR value and optimal
WWR range of PVC windows in high-rise office buildings. Future
studies can investigate the effect of more items such as various
control types of PVC windows and optimal WWR range of these
windows simultaneously in various climate conditions.

It is possible to calculate energy consumption of the building
(using EnergyPlus) before and after using EC windows and BIPVs.
Meanwhile, it is not possible to run Radiance simulations to
evaluate the effect of EC windows on daylighting availability in
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Fig. 10. Energy saving potential of PVC windows using different WWR values in various climate conditions.
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Table 4. Daylighting performance of PVC windows in the tinted state using various WWR values.

Floor Office room SDA3p01uns0% in range (%)
Kermanshah Tehran Yazd Bandar Abbas
WWR 80% WWR 90% WWR 70% WWR 80%  WWR 70% WWR80% WWR70% WWR80%
First Oftfice room 1 78 100 61.50 91 60.90 90.70 57.80 86.30
Office room 2 88.50 100 66.30 100 65.10 99.70 57.40 96.20
Third Office room 1 79.30 100 67.30 92.20 66.80 91.20 65 86.60
Office room 2 93.10 100 73 100 70.20 100 64.10 96
Fifth Office room 1 90.30 100 78.40 100 77.80 100 73 97.30
Office room 2 99 100 79.70 100 79.20 100 73.40 100
Seventh  Office room 1 54.60 100 84* 63.10 83.70* 62.40 81.70* 59.80
Office room 2 59.90 100 69.30* 66.70 70.20* 66.70 70.10%* 65
Ninth Office room 1 57.50 100 85.40* 68.20 84.60* 68.20 85.40* 66.10
Office room 2 61.80 100 66.90* 71.30 68.70* 72.40 70.50* 69.80
Eleventh Office room 1 62.60 100 55.80 73.80 81.30* 74.30 81.30* 72.30
Office room 2 64.70 100 58.60* 77 58.60* 78.30 59.10%* 77
Table 5. List of previous similar researches.
Author  Simulation software Climate Building Description Simulation Errors (%)
[69] DesignBuilder BWK A real office building validation in Iran using experiments and simulations 1.60
[72] EnergyPlus Cfb An empirical validation of building energy simulation programs using shading 5.80
devices in a test cell
[73] EnergyPlus Dwa A real office building validation in South Korea using experiments and 5.08
simulations
[71] EnergyPlus Csa Validation of EnergyPlus thermal simulation using a test cell 6.22
[74] EnergyPlus (Honeybee plugins BSk Evaluating the effect of BIPVs in a high-rise office building in Tehran using  3.93

in Rhinoceros)

simulations and experiments

the DesignBuilder environment. Therefore, a new glazing type is
created in DesignBuilder using optical properties of PVC windows
in the tinted state to run daylighting simulations. During
daylighting simulations, solar transmittance of PVC windows is
9.90%, and their visible transmittance is 15.50%.

In the last part of the simulation process, daylighting
simulations are performed to show that these optimal ranges pass
LEED v4 certificate minimum requirement. Table 4 shows that
sDA3ooixs50% percentage is more than 55% in all office rooms of
the building. This indicates that PVC windows reduce energy
consumption of the building and provide the minimum
illuminance level at the same time. Although these windows are
considered to be permanently tinted during working hours, they
provide sufficient sDAsoowxsow percentage and pass LEED v4
certificate. Accordingly, a new window is created with the same
optical properties as PVC windows using Table 3 inputs.

3.5. Results validation

There are three different ways to validate the results of a
simulation software, including analytical, laboratory and actual
techniques. An analytical validation approach is used to compare
simulation results with other similar researches. Previous studies
used DesignBuilder to create their energy models and used
EnergyPlus to evaluate thermal and optical performance of
buildings. EnergyPlus mostly overestimates energy consumption
of a building [68-70] and runs simulations that can be used in
design and research contexts [71]. Table 5 shows some previous
researches that are similar to the inputs of this research.

According to Table 5, two previous studies [69,74] are more
similar with the inputs of this paper. These inputs are compared
with the inputs of this paper to find simulation errors. Fathalian et
al. [69] used DesignBuilder software and EnergyPlus to predict
the energy consumption of a 3-story office building in Semnan,
Iran. This office building had a rectangular form with an east-west
orientation. Results of this research demonstrated that the
maximum simulation error was about 1.6%. Hoseinzadeh et al.
[74] used Honeybee plugins to evaluate energy consumption of a
high-rise office building in Tehran. They designed a 20-story high-
rise office building with a rectangular form and north-south
orientation. In the end, they validated their simulation results using
a case study in Mashhad. The difference between Ladybug
monthly average simulation results (501.3 kWh) and experimental
data (482.3 kWh) indicated that the maximum error was about
3.93%. Here, two previous studies are compared with the inputs
of this paper in Table 6. According to Table 6, all these three
buildings are offices and all are in Iran. Finally, it can be
concluded that the simulation results of this paper have a minimum
of 1.60% and a maximum of 6.22% error.

4. Conclusion

Improving thermal performance of windows reduces energy
consumption of a building. Also, it is essential to reduce energy
consumption of high-rise buildings more than other buildings
since these buildings consume more energy than other building
types. High-rise office buildings have more wall to roof ratio than
other building types and receive more solar energy during
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Table 6. Comparison between inputs of two similar researches and inputs of this paper.

Design parameters Inputs of this paper

Building type Office building in Iran

WWR 10-90%

SHGC 0.691

U-value (W/m2K) 1.960

Solar transmittance Inner pane: 0.837 Outer pane: 0.740

Outside solar reflectance Inner pane: 0.075 Outer pane: 0.090

Inside solar reflectance Inner pane: 0.075 Outermost pane: 0.100

Visible Transmittance Inner pane: 0.898 Outermost pane: 0.820

Outside visible reflectance Inner pane: 0.081 Outermost pane: 0.110

Inside visible reflectance Inner pane: 0.081 Outermost pane: 0.120

Infra-Red transmittance 0

Outside emissivity 0.840

Inside emissivity 0.840

Offices working hours 8am.-16 p.m.

[69] [74]
Office building in Iran Office building in Iran
(Semnan) (Tehran)
50% 30%
- 0.687
- 1.024
Glazing Unit: 0.691 0.780 -
- 0.070 -
- 0.070 -
Glazing Unit: 0.744 0.880 0.711
- 0.080 -
- 0.080 -
0 -
0.840 -
0.840 -
7 am. -16 p.m. 7 a.m. -16 p.m. (9 hour)

occupied hours. Therefore, it is important to consider the effect of
windows on energy consumption of high-rise buildings, and
finding best solutions can save energy as much as possible in these
building types. The effect of PVC windows with various WWR
values on energy consumption of a high-rise office building was
assessed using several simulations. Daylighting simulations were
performed to identify the minimum acceptable WWR value in
each climate condition using sDA and UDI daylighting metrics.
Afterward, primary simulations with various WWR values were
performed, and energy consumption of the building without any
optimization tool indicated that energy consumption of the
building had a direct relation with CDD. In the next stage,
simulation results showed that EC windows reduced energy
consumption of the building up to 15.94% in Tehran, 13.03% in
Kermanshah, 13.21% in Yazd and 10.61% in Bandar Abbas.
Results demonstrated that energy consumption of the building
using EC windows had a direct relation with CDD of the site.
Adding BIPVs reduced energy consumption of the building up to

3.92% in Kermanshah, 4.48% in Tehran, 6.19% in Yazd and 7.55%

in Bandar Abbas. These results indicated that the efficiency of
BIPV windows had a direct relation with CDD of the site.
Afterward, final simulation results were compared with primary
results, and energy consumption of the building reduced up to
16.31% in Kermanshah, 19.69% in Tehran, 18.59% in Yazd and
17.36% in Bandar Abbas. In this stage, optimal WWR ranges were
identified in each climate condition. Results indicated that the
optimal WWR range was 80-90% in Kermanshah and 70-80% in
other climate conditions. It can be concluded that CDD of the site
should be considered to identify optimal WWR range of PVC
windows in high-rise office buildings. Also, results indicated that
there is no direct relation between latitude of the site and energy
consumption of high-rise office buildings. Daylighting
simulations indicated that PVC windows provided minimum
acceptable sDAsoowx/s0% percentage using solar control type.

This paper used just one control type to evaluate the effect of
PVC windows on energy consumption of high-rise buildings.
Future studies should evaluate the effect of various control types
on WWR range of PVC windows. Future studies can find optimal
WWR ranges of PVC windows in the zone level of a high-rise

office building and compare energy consumption of the building
in zone level before and after using PVC windows. Also, future
studies can find optimal WWR range of PVC windows at the zone
level. Furthermore, future studies should consider building
orientation, form and other building types to evaluate energy
saving potential of PVC windows.
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