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ARTICLE INFO ABSTRACT
Keywords: The building sector accounts for about 38 % of global carbon emissions, making the realization of zero-energy
Window type-building integrated photovoltaic buildings (ZEBs) a key step toward carbon neutrality. This requires improvements in building energy effi-

Zero energy building (ZEB)
Single-crystal silicon (C-SI)
Thermo-optical property

Energy self-sufficiency ratio (ESSR)

ciency and the integration of renewable energy sources. This study evaluates the indoor environmental and
energy performance of a horizontal solar cell-integrated window (HSC_W), a novel window-type BIPV system, to
assess its suitability as a building envelope component and optimize its visible light transmission (VLT) and solar
heat gain coefficient (SHGC). Mock-up experiments and computer simulations were conducted for Low-e win-
dows and HSC_W to analyze indoor environmental performance, photovoltaic (PV) generation, and building
energy consumption, while optimizing VLT-SHGC combinations. Mock-up results showed that HSC_W reduced
indoor illuminance relative to Low-e windows but improved the thermal environment by blocking solar radia-
tion. Simulations indicated that HSC_W increased lighting energy consumption by 6.0 % and heating by 9.5 %
compared to Low-e windows, but reduced cooling by 14.6 %, leading to a net 1.3 % decrease in total energy use.
Annual PV generation of 12,066.2 kWh further reduced net energy consumption by 21.1 %. Additional opti-
mization of thermo-optical properties achieved another 2.27 % reduction under optimal conditions (VLT: 60 %,
SHGC: 0.4). Based on the ZEB Grade 5 feasibility scale in the Republic of Korea, the energy self-sufficiency ratio
(ESSR) of HSC_W varied with VLT-SHGC combinations, with four of nine exceeding 20 %, thus meeting
mandatory ZEB requirements. These results provide a foundation for advancing HSC_W as an energy-efficient
envelope component and expanding its applications.
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1. Introduction

According to a report by the International Energy Agency (IEA),
global CO; emissions reached a record high of approximately 36.8 gig-
atons in 2021, with buildings responsible for about 38 % of the total [1].
Because the building sector represents a major source of global carbon
emissions, there is an urgent need to reduce greenhouse gas emissions
and achieve carbon neutrality in buildings. In particular, improving
energy efficiency and reducing carbon emissions during the operational
phase of buildings have been emphasized as essential measures for
building decarbonization [2].

In response to this call, many countries have introduced carbon-
neutral development policies for industry, transport, and buildings.
For example, the European Union, through the European Green Deal, is
pursuing mandatory Nearly Zero Energy Building (NZEB) standards for
all new buildings by 2030 [3] while, in the United States, the Inflation
Reduction Act has introduced large-scale investment in and incentives
for the decarbonization of buildings [4]. Japan is expanding the
deployment of zero-energy homes (ZEH) and zero-energy buildings
(ZEB), while China is promoting zero-energy buildings and strength-
ening green building certification [5,6]. In line with these trends, the
Korean government declared a 2050 carbon-neutral target in 2020,
submitted its 2030 Nationally Determined Contribution (NDC) and 2050
Long-term Low Greenhouse Gas Emission Development Strategies
(LEDS) framework to the UN, and enacted the Framework Act on Carbon
Neutrality in 2021 to institutionalize its policy vision and governance [7,
8].

For the building sector to achieve carbon neutrality, energy con-
sumption should be minimized and the remaining energy demand
should be met through renewables that do not emit greenhouse gases. To
achieve this, the Republic of Korea’s ZEB certification system, imple-
mented in 2023, is currently being expanded in phases depending on the
building size and type. The ZEB certification system categorizes build-
ings into six grades (+ to 5) based on their energy self-sufficiency ratio
(ESSR), which is defined as the ratio of renewable energy produced by
the building to its annual primary energy consumption: Grade + (>120
%), Grade 1 (>100 %), Grade 2 (>80 %), Grade 3 (>60 %), Grade 4
(>40 %), and Grade 5 (>20 %). Starting in 2025, public buildings with a
gross floor area above 500 m? and private buildings with a floor area
larger than 1,000 m? will be required to achieve at least ZEB Grade 5 [9].
The government aims to gradually expand these mandatory re-
quirements, ultimately targeting ZEB status for all buildings. The ESSR
calculations follow official Korean building energy-efficiency guidelines
and ZEB certification standards, dividing annual renewable energy
production by annual primary energy consumption. Within this frame-
work, the application of building-integrated renewable energy tech-
nologies, such as window-type building-integrated photovoltaic (BIPV)
systems, has been emphasized as a key measure for ZEB implementation
[10]. The use of renewable energy is also important for achieving carbon
neutrality and the NDC. In Korea, the proportion of renewable energy
photovoltaic (PV) generation has increased from 3.5 % in 2013 to 10.1
% in 2024, with solar power accounting for 45.0 % of the total,
recording the highest proportion [11]. However, because many solar PV
generation systems are currently installed in locations with limited
space such as roofs, the pursuit of ZEBs has structural limitations. In this
context, BIPV systems are a key technology for improving energy
self-sufficiency. Unlike conventional solar systems, the deployment of
BIPV systems requires consideration of the role of the building exterior
material, PV generation, and the aesthetics of the building. Currently,
some BIPV products are being commercialized, including specialized
modules for building-specific applications, exterior cladding materials,
and colored products [12].

Recent approaches to the development of BIPVs have shifted from
simply attaching generic PV modules to existing building components to
integrating specially designed modules consisting of building envelope
materials, such as insulation and glazing. Public, commercial, and
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educational buildings that are characterized by a high window-to-wall
ratio (WWR) are particularly well-suited for the installation of
window-type BIPV systems. Semi-transparent PV elements can outper-
form opaque alternatives by directly replacing conventional glazing
while using established curtain wall installation techniques, thus
improving constructability and enabling active on-site energy genera-
tion via the building facade [13,14].

The PV cells used in BIPVs generally have a lower conversion effi-
ciency at higher cell temperatures. To mitigate this, modules often adopt
darker tints with lower visible light transmission (VLT), which can
degrade aesthetics and outward visibility [15]. Alternative transparent
or semi-transparent technologies such as dye-sensitized solar cells
(DSSCs), cadmium telluride (CdTe), copper indium gallium selenide
(CIGS), and perovskite cells are under development, yet they still lack
sufficient long-term efficiency and durability for building applications.
While numerous studies have aimed to overcome the limitations of
existing window solutions [16-22], important gaps remain, including
comprehensive, quantitative assessments of how the thermo-optical
properties of BIPV windows affect indoor daylighting, thermal condi-
tions, and whole-building energy use [23-25]. Prior research has pri-
marily focused on PV efficiency, with few studies providing a holistic
evaluation of window-type BIPV systems as glazing components that
must simultaneously satisfy daylighting, thermal, and energy re-
quirements [26-32]. Robust evaluation frameworks that combine
mock-up experiments with building energy simulations are also needed
to improve the commercial prospects of these systems.

Accordingly, this study conducts an integrated assessment of a hor-
izontal solar cell-integrated window (HSC_W) system, focusing on its
practical feasibility for use in buildings and its potential contribution to
Korea’s ZEB obligations. We compare its indoor environmental perfor-
mance (i.e., indoor air temperature, illuminance, and the front and rear
glass temperatures) and PV generation against Low-e glazing using
mock-up experiments and quantify overall energy use and PV generation
using simulations. We also parametrize the thermo-optical properties of
the HSC_Ws to identify optimal combinations and evaluate their ability
to meet ZEB Grade 5 standards by calculating the ESSR for nine designs.
This research thus seeks to evaluate the ability of the proposed HSC_ W
system to improve building energy performance while enhancing energy
self-sufficiency and to inform the design and deployment of window-
type BIPV systems within Korea’s ZEB policy framework.

2. Structural characteristics and design principles of the HSC_W
system

In window-type BIPV systems, the most important parameters are
the VLT and PV efficiency. Transparent PVs typically limit visible ab-
sorption to increase their transparency, which reduces their PV effi-
ciency; consequently, high-efficiency single-crystal silicon (c-Si) cells
have typically been used in fixed rooftop arrays or opaque shading de-
vices rather than in windows. Nevertheless, c-Si solar cells possess
several advantages, including high photoelectric conversion efficiency,
excellent durability, and stability, suggesting that their application in
windows could potentially overcome the limitations of existing solar cell
technologies [33-37].

The HSC_Ws consisted of PV cells as the generating element and
inter-cell gaps aligned horizontally that admitted daylight. The PV cells
were c-Si with a rated output of 121.7 W under STC; detailed specifi-
cations are presented in Table 1. Fig. 1 presents a cross-sectional dia-
gram and corresponding layer photographs of the HSC_ W system. The
exterior HSC array was fabricated by cutting monocrystalline silicon
solar cells into 166 mm x 10 mm segments and connecting four seg-
ments in a single row to form a slit-shaped strip. This strip was then
arranged horizontally, parallel to the occupant’s line of sight, creating a
blind-like configuration. The gaps between adjacent cells were filled
with transparent PDMS, which was used to protect the cells from
external environmental exposure, maintain their structural alignment,
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Table 1
Electrical performance specifications for the
HSC_W system.

PV cells used in the proposed

Type Data

Cell type Crystalline silicon solar cell (c-Si)
PV module area (m?) 0.792

PV efficiency (%) 22.6

Prax (W) 121.7

Lc (A) 6.9

Voc (V) 24.3

Imp (A) 6.3

Vinp (V) 19.4

and ensure that the window was airtight. The central layer incorporated
a 13mm argon-filled cavity to enhance air tightness and thermal resis-
tance, while the interior-side Low-e glazing reduced the radiative heat
transfer and improved the overall energy performance. The mock-up
window employed in this study thus contained a three-layered IGU
system consisting of HSC (22 mm), argon (13 mm), and Low-e glazing (6
mm).

Due to this structural configuration, incident solar radiation reached
the cell surface at a favorable angle, thereby improving the PV conver-
sion efficiency, while the horizontal slits allowed both outward visibility
and VLT to be maintained indoors. Unlike conventional opaque BIPV
modules composed of front glass and a rear backsheet, where power
generation is limited to single-side irradiation and installation flexibility
is restricted, the HSC_W system adopted an open, non-opaque, dual-
sided configuration, offering greater suitability for various building
envelope conditions. Although the prototype tested in the present study
employed c-Si, the architecture can be adapted to other highly efficient
cell technologies, supporting its wider adoption. Accordingly, the pro-
posed HSC_W system is a promising candidate for use in ZEBs.

3. Experimental and simulation methodology

In this study, to verify the applicability of the HSC_W system as a
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component of the building envelope, we conducted mock-up experi-
ments in parallel with computer simulations. We first constructed a
mock-up experiment environment to measure the indoor environmental
performance and PV generation of the proposed system. We then con-
ducted computer simulations to quantitatively evaluate the building
energy performance when the HSC_W system is employed.

3.1. Mock-up environment and monitoring system

The mock-up environment was installed on the rooftop of a univer-
sity building in Seoul, Korea (37.5 °N, 127.0 °E). As shown in Fig. 2(a),
the mock-up was oriented due south and elevated 2,400 mm above the
roof deck to minimize shading and solar obstruction from the sur-
rounding structures. The mock-up dimensions were 1,410 mm (H) x
1,030 mm (W) x 1,030 mm (D). The building envelope was constructed
with EPS panels with a thermal transmittance of 0.240 W/m%K. A
window was installed on the front side, and ventilation openings
measuring 30 mm x 30 mm were placed on the right and rear sides to
prevent heat accumulation and overheating inside the test cell (Fig. 2
(b)). Both an HSC_W and a Low-e window were tested, with the latter
serving as a control for performance comparison. The tested windows
measured 720 mm x 1,100 mm and included double glazing. The
windows met Korean energy-saving design standards in terms of thermal
transmittance for the Central Region 2 climate zone [38].

This mock-up installation was designed to systematically verify
thermal and optical performance under single-variable conditions that
are difficult to isolate in real buildings, while collecting data for the
indoor air temperature, indoor illuminance, front and rear glass surface
temperatures, and PV generation. The data were used to analyze the
environmental and energy performance of the HSC W system as a
building envelope component and as a potential reference for the
planning, operation, and maintenance of future HSC_W demonstrations.

Real-time monitoring was used to track changes in HSC_W PV per-
formance, check for errors, and capture variation in the weather. The
mock-up experiment ran for approximately three months from October
1, 2024, to December 31, 2024, during which data for 17 variables were
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Fig. 1. Structural characteristics of the (a) exterior and (b) interior sides of the proposed HSC_W system.
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(a) Photograph of the mock-up installation.
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(b) Front and rear views of the mock-up.

Fig. 2. Mock-up experimental setup.

collected at 5 min intervals. The collected data were grouped into indoor
environmental variables, weather data, and electrical characteristics.
The monitoring system configuration is presented in Fig. 3.

Each sensor was connected by channel to enable measurement.
Because no inverter was installed in the test environment, only DC
electrical data were collected. For PV performance analysis, an I-V tester
with maximum power point tracking (MPPT) was used to construct I-V
curves under varying irradiance, temperature, and load conditions.
Environmental sensors measured the temperature of the front and rear
glass surfaces and the indoor air of the mock-up. Signals were digitized
using a data acquisition (DAQ) system and stored on a server. The
irradiance sensor met ISO 9060 class 2 requirements for the precise
measurement of solar radiation incident on horizontal and tilted planes
[39]. All of the equipment was connected with a data logger for
real-time monitoring. The DAQ system, server PC, and electronic load
were housed in a dedicated enclosure to protect the equipment from
outdoor conditions and to minimize thermal effects, with a controller

included to monitor the overall system and control each device.
Measured data were stored and managed remotely via software installed
on the monitoring server. A real-time dashboard was employed to
visualize the indoor illuminance, front and rear glass temperatures, in-
door air temperature, and PV generation for time-series analysis. All
data were saved to the server in CSV format and could be accessed
remotely from external PCs via a TCP/IP-based protocol.

3.2. Computer simulation software and target building settings

For building energy performance and PV generation analysis, we
used DesignBuilder (ver. 7.0.2.003) in combination with EnergyPlus
(ver. 9.2.0). DesignBuilder is a dynamic energy simulation tool based on
EnergyPlus that allows detailed analysis of hourly building energy
consumption [40]. This program supports settings for activity, con-
struction, openings, lighting, and HVAC, among others, and these inputs
are aligned with major international standards such as LEED, EN ISO
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Fig. 3. Monitoring system configuration for the mock-up environment.

13790, and ASHRAE 90.1 [41,42]. The reliability of DesignBuilder and
EnergyPlus for the evaluation of thermal and energy performance has
been demonstrated in numerous prior studies [43-46]. In the present
study, we used DesignBuilder for 3D modeling and whole-building en-
ergy analysis, while EnergyPlus was employed concurrently to evaluate
power generation by individual PV panels and shading effects.

The target building was set as a typical medium-sized public office
building with a gross floor area of approximately 2,202.2 m? across
seven stories (Fig. 4). With a gross floor area of >1,000 m?, this building
was in accordance with Korea’s ZEB obligation threshold. The building
was oriented south, with an aspect ratio of approximately 1.5:1 [47].
Each floor contained six office spaces (5.5 m x 6.4 m), and each space
had a window installed measuring 4.32 m in width and 2.20 m in height.

The thermal performance of the building envelope followed the legal
U-value requirements for the Central Region 2 climate zone (Seoul). The
heating and cooling source was an individual electric heat pump (EHP)
system typical of medium-sized offices. Setpoint temperatures and
operating periods were assigned to reflect local climate conditions. Of-
fice equipment loads were set using statistical data representative of
medium-sized office buildings [48]. The indoor illuminance followed
office-use lighting levels, and a dimming control strategy was employed
to assess the impact of the window type on lighting energy [49].
Following prior studies, we adopted the "Linear off' method within
DesignBuilder, which has been identified as one of the most effective
embedded control modes [50]. Detailed information on the target
building is presented in Table 2.

Seoul, Korea, is classified as climate zone 4A (mixed-humid) under

(a) Exterior modeling

ASHRAE categorization and is located at approximately 37.56 °N,
127.98 °E. The monthly average maximum and minimum temperatures
are about 17.9°C and 10.2°C, respectively, indicating a temperate
climate. The annual heating degree days (base 18°C) range from 2,600
to 2,800°C-day, whereas the cooling degree days (base 18°C) range from
1,200 to 1,400°C-day, indicating a heating demand that is approxi-
mately twice that of the cooling demand. The average daily solar irra-
diation is approximately 3.5-3.6 kWh/m?/day, peaking around the
spring equinox and reaching its minimum around the winter solstice.
Annual precipitation is about 1,100-1,400 mm and is concentrated
mainly in the June-September period. These climatic characteristics
were used in the thermal analysis to predict the annual energy con-
sumption. We employed typical meteorological year weather data for
Seoul provided by the International Weather for Energy Calculation
dataset [51].

To evaluate the thermo-optical performance of the HSC_W test
specimens, we used values taken from test certificates issued by the
Korea Conformity Laboratories, an accredited testing agency. The
HSC_W specimens were fabricated with horizontal PV cells embedded in
polydimethylsiloxane. Because the horizontal arrangement of the PV
cells led to a non-homogeneous assembly, a separate thermal resistance
test was required. In accordance with the test standards, a specimen size
of 300 mm x 300 mm was used for thermal resistance testing and 100
mm x 100 mm specimens were employed for thermo-optical testing.
Hereafter, "HSC" is used to denote the individual glass elements in the
window, while "HSC_W" denotes the final window system as an insu-
lating glass unit. To verify the thermo-optical performance of the
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(b) Office floor plan for the target building

Fig. 4. Overview of the simulation model.
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Table 2
Input parameters for the simulation model.
Component Parameter Information
Building Location Seoul, South Korea
summary
Latitude/longitude 37.56 N/127.98 W
Climate zone 4A (mixed humid climate)
Building type Office medium
Total floor area 314.6 m?
Ceiling height 2.8 m
Window-to-wall 45 %
ratio
U-value Infiltration 1.5 ACH
Roof 0.150 W/m*K
External wall 0.240 W/m*K
Ground floor 0.290 W/m?K
Window 1.500 /m*K
Interior heat Occupancy 18.58 m?/people
gain
Office equipment 8.07 W/m?
Lighting Office 400 Ix
Core 200 Ix
Lighting control Linear off
HVAC System VRF (DOAS)-DCV
Heating/cooling fuel Electricity from the grid
Heating/cooling COP  4.0/4.2
Heating setpoint/ 20.0°C/26.0°C
setback
Cooling setpoint/ 15.5°C/29.4°C
setback

Heating period January 1 to April 30, October 1 to
December 31

Cooling period May 1 to September 30

finished product, we conducted thermo-optical measurements and
thermal resistance testing on the HSC_W layer configuration.

The tests followed the methods KS L. 2514, KS L 2525, and KS L. 9016,
through which we evaluated 13 thermo-optical properties: VLT, inside/
outside visible reflectance, solar transmittance, inside/outside solar
reflectance, infrared transmittance, inside/outside transmittance, U-
value, emissivity, SHGC, and thermal resistance. In addition, the
shading coefficient (SC) was measured in accordance with NFRC
300:2017. Across the four test methods, we obtained 14 variables
(Table 3). Both the cell efficiency and the module efficiency applied in
this study were obtained from the I-V measurement system provided by
Chungbuk Technopark.

The measured properties were used to construct the simulation
window models by entering the glass data in DesignBuilder, which is
based on the International Glazing Database (IGDB). IGDB contains
glazing product information from approximately 2,500 manufacturers
worldwide and is an international standard database compatible with
the WINDOW 6 software developed by Lawrence Berkeley National
Laboratory [52,53]. Following ASHRAE recommended calculation pro-
cedures, we used DesignBuilder to calculate the U-value, VLT, SHGC,
and SC (Table 4). Both windows satisfied the current legal limit of 1.5

Table 3

Physical properties of the HSC_W cells.
Parameter Value
Glazing layer thickness (mm) 24.0
U-value (W/m?2K) 3.83
Solar heat gain coefficient 0.80
Shading coefficient 0.91
Visible reflectance (%) 90.0
Inside/outside visible reflectance (%) 8.0/7.9
Solar transmittance (%) 73.3
Inside/outside solar transmittance (%) 7.1/7.0
Infrared transmittance (%) 56.9
Inside/outside infrared transmittance (%) 6.2/6.1
Emissivity 0.84
Thermal resistance (m?K/W) 0.087
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W/m? K, and the properties of the Low-e window were based on certified
test values for a commercial product [54].

4. Results and discussion
4.1. Reliability verification

4.1.1. Base model reliability verification

The simulation reference building was configured based on ASHRAE,
Korea’s Building Energy Saving Design Standards, prior studies, and
statistical data. To verify the reliability of the simulation target, we
compared its electricity use with that of buildings with a similar
completion year, use, and gross floor area. Actual electricity consump-
tion data were obtained from the Architecture HUB portal operated by
the Ministry of Land, Infrastructure and Transport, a digital platform
that integrates building-related datasets and provides detailed building
information and monthly electricity use with filters by region, year of
completion, structure, use, and number of stories [55].

To assemble a statistically meaningful sample, we considered the
gross floor area, region, completion year, and primary use. The sample
was limited to office buildings located in Seoul, Republic of Korea. To
reflect differences in the heat source type and major systems, we tar-
geted mid-size buildings with a floor area of 500-3,000 m? [56]. To
account for the introduction of stronger insulation standards, the
completion year was restricted to 2017 or later.

Real buildings vary widely in their structure, occupancy, WWR, and
orientation; therefore, we employed the energy use intensity (EUI, kWh/
m?yr) as the evaluation metric, defined as the annual final energy
consumption per unit of floor area (Eq. (1)). The sample consisted of 61
buildings with an EUI ranging from 34.3 to 135.4 kWh/m?yr (mean:
82.7 kWh/m?.yr). The simulation target building had seven stories and a
floor area of 2,202.2 m? with Low-e glazing. Fig. 5 presents a box plot
comparison of the EUI for the simulation model and the sample. The box
spans the interquartile range (IQR; 25 %-75 %), and the x symbol de-
notes the mean. Outlier thresholds were set at 1.5 x the IQR from the 25
% and 75 % points. The EUI of the simulation model was 71.7 kWh/
m?.yr, which was within the IQR, indicating that the target building’s
energy use was reliable. The slightly lower EUI of the target relative to
the sample likely reflected the inclusion of elevator and base loads in the
comparison sample.

Energy consumption (kWh)

EUI =
Floor area (m?)

@

4.1.2. Mock-up and simulation reliability verification

To ensure the validity of the simulation analysis, we performed
reliability verification using the mock-up measurements as the refer-
ence. Unlike conventional commercial PV modules, the HSC_W system is
constructed by cutting PV panels into fixed sizes and modularizing them;
therefore, standardized nameplate generation data do not exist. Before
the simulation-based analysis, we compared the actual PV generation
measured in the mock-up installation with the simulated results to
confirm their validity. PV generation for the HSC_W system was

Table 4
Composition and physical properties of the HSC_W and Low-e window.

Window Layer (thickness) U-Value SHGC SC VLT Eff
Type w/ (%) (%)
m?K)

Low-e Clear glass (6 mm) + 1.25 0.59 0.56  66.1
Argon layer (16 mm)
+ Low-e glazing (6
mm)
HSC_W HSC array (22 mm) + 1.27 0.35 0.45 39.2 22.6

Argon layer (13 mm)
+ Low-e glazing (6
mm)
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simulated using DesignBuilder. Because the minimum PV cell height in
DesignBuilder is limited to 30 mm, the actual mock-up cell height of
0.79 mm could not be modeled directly [57]. To compensate for this, we
adjusted the scale of the model and then conducted the simulation so
that the results approximated the real mock-up conditions.

We refer to the model before scaling as the "authentic" model and
that after scaling as the "simulation" model. To predict the PV generation
in the mock-up environment, the PV values obtained from the simula-
tion model were corrected using the area ratio relative to the authentic
model (Eq. (2)). The power generation calculated from the PV using this
scale factor was then divided by the same scale factor to estimate the
power generation under real conditions, thus overcoming the modeling
limitations of DesignBuilder and reflecting the actual PV cell design (Eq.
(3)):

A .
Scale Factor = M 2
Simulated
P,
P corr — Sl;f (3)

where P, is the corrected electricity generation (kWh), Ppp is the
electricity generation calculated in DesignBuilder (kWh), and SF is the
scale factor.

Although the PV cell thickness was scaled up to 30 mm due to the
minimum resolution limits of DesignBuilder, this adjustment was
applied solely to the PV power calculation. All thermo-optical proper-
ties, including the SHGC, VLT, U-value, reflectance, emissivity, and
thermal resistance, were directly input using certified laboratory mea-
surements rather than values derived from the scaled geometry.
Furthermore, the scaled simulation results were validated using the
mock-up measurements, yielding a normalized mean bias error (NMBE)
of 3.5 %, which satisfied the ASHRAE Guideline 14 tolerance. Therefore,
the scaling procedure did not introduce meaningful errors to the
simulation.
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As the reliability metric, we used the NMBE, which directly evaluates
the systematic bias between predictions and measurements. Compared
with the root mean square error and the coefficient of variation of the
root mean square error, NMBE offers a clearer interpretation of bias and
is recommended by ASHRAE Guideline 14 and the IPMVP for the veri-
fication of simulations. By normalizing the error by the measured mean,
NMBE also allows for a comparison of different magnitudes of power
generation, which is useful for PV verification, where output varies by
installation and environment [58-60]. Eq. (4) was used to calculate the
NMBE:

NMBE — 2k 0k = Yi)

St 1000 @
k=1.

where y and y represent the simulation and measurement results,
respectively. ASHRAE Guideline 14 allows an NMBE of +10 % for time-
series data. Our NMBE was 3.5 %, indicating that the PV generation
measured in the mock-up environment exceeded that determined in the
simulations; nevertheless, it fell within the allowable tolerance, con-
firming that the model adequately represented the power generation
performance of HSC_W.

4.2. Mock-up experimental results

4.2.1. Indoor light and thermal environment

Fig. 6 presents the vertical solar irradiance and indoor illuminance
by window type over the measurement period. Both window types
exhibited similar temporal patterns in response to irradiance; however,
the Low-e window consistently produced higher illuminance than the
HSC_W, with the difference becoming more pronounced on clear, high-
irradiance days. Overall, indoor illuminance with the HSC_W was
approximately 48-52 % lower than that of the Low-e window, and the
maximum difference during peak irradiance hours reached about 7,800
Ix. For both window types, indoor illuminance increased from October
to December as the solar altitude decreased. Maximum illuminance
occurred on December 22 (16,116.2 Ix for the Low-e window and 8305.1
1x for the HSC_W), while the minimum occurred on October 23 (371.8 Ix
and 177.5 Ix, respectively). These results indicate that the insertion of
PV cells into the HSC_W reduced the VLT and, consequently, the indoor
illuminance.

In terms of thermal performance, the U-values were 1.25 W/m?>K for
the Low-e window and 1.27 W/m?K for the HSC_W, representing only a
1.8 % difference in insulation performance. Fig. 7(a,b) summarizes the
daily mean outdoor temperature, indoor air temperature, and front and
rear glass temperatures for both window types. The front glass of the
HSC_W was consistently warmer than that of the Low-e window, with
average differences of 1.7°C in October, November, and December. This
was attributed to the fraction of absorbed solar energy that was not
converted into electricity but dissipated as heat, which was approxi-
mately 78-85 % given typical PV efficiencies. In contrast, the rear-glass
temperature of the Low-e window was higher (by 1.2-1.4°C) because its
higher SHGC (0.59) allowed more solar heat to enter the indoor envi-
ronment than the HSC_W (0.38).

The indoor air temperature was generally about 0.8°C higher in the
space with Low-e glazing, with monthly means for October, November,
and December of 20.0°C, 13.0°C, and 4.0°C, respectively, compared
with 19.2°C, 12.1°C, and 3.2°C for HSC_W, respectively. The higher
SHGC of the Low-e glazing admitted more solar heat, raising the indoor
temperature, whereas HSC_W reduced indoor heat via PV absorption
and electrical conversion. This would be a benefit for reducing the
cooling load in summer but may increase the heating energy demand in
winter. In the mock-up, however, radiant effects from the glass were
moderated by natural ventilation through the rear ventilation opening
and by convection, so the differences in the indoor temperature were
modest. Overall, HSC_W functions as a hybrid window system that both
generates electricity and affects the thermal performance of the
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Fig. 6. Daily indoor illuminance and vertical solar irradiance for HSC_W and Low-e windows.

building. Because the seasonal impact of the SHGC differs, the selection
of window systems should consider building use and local climate
characteristics.

4.2.2. PV generation measurements

Fig. 8 presents the daily means for the vertical irradiance and PV
generation observed during the winter test period (October-December).
During this period, the mean vertical irradiance increased from 144.9
W/m? in October to 155.4 W/m? in November and 168.7 W/m? in
December (+16.4 % from Oct to Dec), whereas the mean daily PV
generation decreased from 68.3 Wh to 45.4 Wh and 37.7 Wh in the same
months (—44.8 %). Although PV systems generally exhibit a positive
correlation between solar irradiance and power generation, the inverse
trend observed in the present study was attributable to seasonal char-
acteristics specific to the winter test period. The experiment was con-
ducted during a time of short daylight hours, a low solar altitude, and an
increased incidence angle, all of which limited the effective insolation
and reduced the conversion efficiency of the vertically installed HSC_W.
In addition, frequent cloudy conditions and partial shading led to low-
light operation and string mismatch losses, contributing further to the
reduced power generation. Therefore, these findings reflect seasonal
constraints inherent to the winter-only dataset rather than the long-term
performance of the system. Indeed, the annual simulation results
demonstrated the expected positive correlation between irradiance and
PV generation, with noticeably higher generation during the summer
when the daylight hours and solar altitude increased.

The PV generation measured for HSC_W was lower than the manu-
facturer’s reported nominal efficiency. This was attributed to a decrease
in the incidence angle modifier (IAM) with seasonal changes in the solar
altitude, a reduction in the effective aperture area arising from cutting
the cells into fixed sizes and arranging them in the window system, and
partial shading and string mismatch effects, which are characteristic of
facade-integrated PV systems. These structural characteristics must be
considered in the implementation of HSC_W as a BIPV system, while
improvements in PV efficiency are also required by optimizing the cell
components and accounting for seasonal variability.

4.3. Computer simulation results

Based on the simulation model validated in Section 4.1.1, this study
analyzed the indoor environmental and energy performance of the
HSC_W system and Low-e glazing windows. This analysis focused on
daylighting and thermal conditions, energy consumption, and PV gen-
eration, with the reliability of the PV generation estimates established
through a comparison with the mock-up experimental data. By varying

the VLT and SHGC of the two window types, we quantitatively evaluated
the daylighting performance and solar heat gains and consequently
determined the expected energy-saving effects for real building
applications.

4.3.1. Evaluation of light and thermal environment performance

The daylighting performance of HSC_W was evaluated using indoor
illuminance and daylighting metrics, while thermal conditions were
monitored according to changes in the indoor air temperature due to
solar heat gains. The reference room was south-facing, on the fourth
floor, and in the central zone, where the influence of the external
environment was minimized and building-to-building distance effects
could be avoided. Artificial lighting was also excluded, with only natural
light entering through the windows considered. The illuminance for
each window type was evaluated under CIE overcast sky conditions,
with the indoor illuminance measurement points set at a working plane
height of 0.8 m. Furthermore, to determine the potential domestic and
international applicability of the proposed HSC_W system, its perfor-
mance was compared with the daylighting performance standards
established by the domestic and international ecofriendly building cer-
tification systems LEED, BREEAM, and G-SEED. LEED v4.1 evaluates
annual daylighting performance using spatial daylight autonomy
(sDA300/50 %) and annual sunlight exposure (ASE1000, 250),
requiring that the proportion of the floor area satisfying > 300 Ix for
more than 50 % of the occupancy time be at least 55 % [61]. BREEAM
requires an average daylight factor (DF) of 2 % or more and a uniformity
ratio (UR) of 0.3 or more [62], while G-SEED evaluates compliance with
a reference illuminance for particular uses [63].

The analysis results revealed that neither window met the floor area
within limits (FAWL) criterion used by LEED, which requires >55 % of
the floor area to be within the illuminance standard range (43.5 % for
Low-e windows and 29.3 % for HSC_W). The Low-e windows met
BREEAM’s requirement of an average DF of >2 % (3.58 %), while
HSC_W was only slightly below this standard (1.99 %). Similarly, the
average illuminance of the Low-e windows was close to the standard
range for G-SEED’s appropriate illuminance standards for office build-
ings [64], but HSC_W had a low average illuminance and did not meet
the standard. Both the Low-e windows and HSC_W failed to reach the
LEED minimum illuminance standard of 300 Ix (59.6 and 33.9 Ix,
respectively) and the BREEAM uniformity ratio standard of >0.3 (0.16
and 0.17, respectively), but both met the LEED maximum illuminance
standard of <2,000 Ix (1,874.0 and 1,003.0 Ix, respectively).

The limited performance of HSC_W compared to these international
certification standards was attributed to its limited illuminance due to
the low VLT of the proposed design (39.3 %). This means that additional
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Fig. 7. Daily front and rear surface temperatures and indoor air temperatures by window type.

artificial lighting systems are needed when used in actual buildings. In
particular, for HSC_W, the decrease in the VLT due to the presence of the
solar cells directly affects its lighting energy consumption, creating a
direct tradeoff between PV generation and indoor illuminance. There-
fore, when employing HSC_W, it is necessary to improve its daylighting
performance by raising both its VLT and PV efficiency. However,
because HSC_W simultaneously generates power via its solar cells,
careful assessment of both its additional lighting energy requirements
and PV generation is necessary when determining its utility.

We also examined the effect of the glazing thermal properties of
HSC_W on the indoor thermal environment. Thermal performance was
evaluated based on the solar heat gain and resulting changes in the in-
door air temperature. The solar heat gain is primarily governed by the
SHGC of the glazing, with a higher SHGC generally admitting more solar
heat. To isolate the effects of the glazing, simulations were conducted

with the HVAC system and electric lighting turned off. The resulting
analysis found that Low-e glazing produced a substantially higher solar
heat gain due to its relatively high SHGC compared to HSC_W, with an
annual total solar heat gain of 4,382.7 kWh and 1,347.8 kWh, respec-
tively, a difference of 225 %. Both window types experienced the highest
solar heat gain in winter (December—February), when the solar altitude
is low, and the lowest in summer (June-July) (Fig. 9). In January, low-e
glazing had a maximum solar heat gain of 544.7 kWh, while that of
HSC_W was 167.5 kWh, a difference of 30.8 %.

Despite the large disparity in the solar heat gain between the two
window types, the differences in the indoor air temperature were rela-
tively modest. The annual average indoor air temperature was 23.4°C
for low-e glazing and 21.8°C for HSC_W, rising to 32.5°C and 30.8°C,
respectively, in summer (June-August) and falling to 14.5°C and 10.4°C,
respectively, in winter (December-February). The smaller difference in
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Fig. 9. Monthly indoor air temperature and direct solar radiation profiles for the reference room.

the indoor temperature was attributed to the combined effects of the
boundary conditions (e.g., no HVAC operation and the exclusion of
ventilation and internal heat gain) and the buffering effect of the
structural thermal mass of the building. In addition, the difference in the
U-value between the two windows was only ~0.002 W/m? K, suggest-
ing that the SHGC had a greater impact on the thermal environment.
Overall, the indoor daylighting and thermal environment analysis
clearly highlighted the differences in the performance characteristics
and potential applications of the two window types. Low-e glazing, with
its high VLT (66.1 %) and SHGC (0.590), offers excellent natural lighting
performance and winter solar heat gain, while HSC_W, with its relatively
low VLT (39.3 %) and SHGC (0.383), has limited daylighting perfor-
mance but provides multifunctional capabilities, including a reduction
in the summer cooling load and simultaneous electricity generation. In
particular, the low SHGC of HSC_W acts as a key factor maximizing its
energy-saving effect in office buildings where cooling loads are domi-
nant, which is an important advantage when considering domestic
climate characteristics and building functions. Therefore, window se-
lection should consider the building purpose, regional climate, and
annual energy demand patterns rather than individual performance
indicators. To ensure the practical use of novel window systems such as
HSC_W, improvements in the VLT to meet daylighting performance
standards for domestic and international certification systems should be
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accompanied by optimization strategies for the thermal performance in
response to seasonal changes in solar radiation.

4.3.2. Building energy consumption

Korea’s ZEB certification evaluates the energy used for heating,
cooling, domestic hot water (DHW), lighting, and ventilation [9].
However, under Korea’s regulations for building equipment standards,
ventilation energy is excluded for office buildings with a gross floor area
below 3,000 m? [65], while DHW use is driven by occupant schedules
and is independent of the window type. Accordingly, we focused on the
use of energy for heating, cooling, and lighting in our analysis of the
building energy consumption when using the Low-e windows and
HSC_W. The proposed HSC_W system had an annual energy consump-
tion of 60,192.9 kWh, approximately 1.3 % lower than that of the Low-e
windows (61,000.7 kWh). However, when broken down by specific uses,
the heating and lighting energy was approximately 9.5 % and 6.0 %
higher for HSC_W, while the cooling energy was 14.6 % lower, con-
firming its energy-saving effect for cooling. The higher heating and
lighting energy consumption when using HSC_ W was attributed to the
lower solar heat gain due to its low SHGC and reduced natural light due
to its low VLT.

Monthly analysis revealed that the cooling energy reduction due to
HSC_W was particularly pronounced during summer (June-August)
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(Fig. 10). In August, the Low-e windows required 6,722.4 kWh, while
HSC_W used 5,882.6 kWh, a reduction of approximately 12.4 %. This
resulted from the substantially lower solar radiation entering the room
due to the low SHGC. Conversely, during winter (December—February),
the heating energy consumption was expected to increase sharply due to
the lower solar heat gain, but the analysis found that the increase in the
heating energy consumption was relatively small. This was likely
because the target building had a high cooling load ratio, and the
cooling energy savings due to the blocking of solar radiation by HSC_W
offset the increase in the heating energy. Therefore, despite HSC_ W
having a lower SHGC and VLT than the Low-e windows, it achieved a 1.3
% reduction in total energy consumption. This analysis thus suggests
that the proposed HSC_W system may be suitable for domestic office
buildings with high cooling load ratios, and its energy-saving effects
could be further enhanced by combining it with highly efficient lighting
and dynamic shading systems to address the higher lighting energy re-
quirements due to its lower VLT.

4.3.3. PV generation and net energy consumption

We also analyzed the net energy consumption to account for PV
generation by the HSC_W system. EnergyPlus was used to compute
panel-level PV generation based on PV efficiency and solar radiation,
while considering the panel temperature, tilt, weather conditions, and
orientation [66]. Although the same window size (4.32 m x 2.20 m) was
used for all orientations, the number of windows on each facade
differed. Annual PV generation was highest for the south orientation,
followed by, in order, the east, west, and north orientations. The south
facade had a monthly maximum of 893.12 kWh in March and 864.72
kWh in October due to the optimal solar altitude and higher direct solar
radiation during these months. The east and west orientations had
similar PV generation patterns, reaching approximately 70-80 % of that
of the south orientation. The north orientation had the lowest annual
generation (585.64 kWh/yr) due to limited direct solar radiation and
reliance on diffuse solar radiation. In particular, the direct solar radia-
tion peaked at 167.7 W/m? in April and 143.7 W/m? in October, while
the diffuse solar radiation remained relatively constant in the 60-80
W/m? range throughout the year.

Table 5 lists monthly energy consumption, PV generation, and net
energy consumption for the proposed HSC_W system. Noticeable dif-
ferences in the monthly net energy consumption were observed, with net
energy consumption tending to be higher in summer (June-August) and
winter (December-February) due to cooling and heating loads, respec-
tively, reaching 8,480.4 kWh in August and 8,032.2 kWh in January.
Conversely, relatively low energy consumption was recorded in

14.000

Building and Environment 290 (2026) 114116

Table 5
Monthly energy consumption, PV generation, and net energy consumption for
the HSC_W system.

Month Total energy consumption PV generation Net energy consumption
Jan. 8,480.4 891.9 7,588.5
Feb. 5,684.7 1,134.2 4,550.6
Mar. 4,293.2 1,326.5 2,966.7
Apr. 2,022.4 1,204.1 818.3
May 2,690.7 1,025.4 1,665.3
Jun. 4,658.1 935.3 3,722.8
Jul. 7,024.8 806.9 6,217.9
Aug. 8,032.2 950.3 7,081.9
Sep. 4,818.5 1,052.6 3,765.8
Oct. 1,512.0 1,234.2 277.8
Nov. 3,785.5 762.0 3,023.5
Dec 7,190.6 742.9 6,447.7
Total 60,192.9 12,066.2 48,126.7

April-May and Oct-Nov. PV generation peaked in February—-May and
September—October, with March producing the annual maximum
(1,326.5 kWh). The lower power generation in summer and winter was
attributed to the lower solar cell efficiency arising from high tempera-
tures and sunshine hour limitations, respectively.

The contrasting seasonal patterns observed for energy consumption
and PV generation directly influenced the net energy consumption. The
annual net energy consumption for HSCW was calculated to be
48,126.7 kWh, indicating that PV generation could reduce the energy
consumption by approximately 21.1 % compared to the Low-e window
system (Fig. 11). The monthly energy offset also exhibited distinct sea-
sonal variation. For example, in April, 1,204.1 kWh of the total energy
consumption of 2,022.4 kWh was replaced by PV generation, repre-
senting an offset rate of 59.5 %, while October recorded the maximum
offset rate (81.6 %; 1,234.2 kWh from a total of 1,512.0 kWh). This was
the result of smaller cooling and heating loads during the spring and fall
seasons, while the solar altitude and weather conditions optimized the
efficiency of PV generation. In contrast, the energy offset effects of PV
generation were limited during the December-January and July-August
periods when the cooling and heating loads were higher (10.5 % and
11.8 % in January and August, respectively).

Total energy consumption exhibited a complex pattern due to the
conflicting effects of the seasonal energy demand and PV generation.
Although PV generation reduced the annual energy consumption by
approximately 21.1 % compared to the Low-e windows, this was
insufficient to fully cover the building’s total energy demand. This
suggests that the PV generation performance of HSC_W alone cannot
meet the building’s total energy consumption during periods when
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cooling or heating demand is high.

4.3.4. ZEB feasibility assessment

The results of the PV generation and net energy consumption anal-
ysis indicated that the thermo-optical performance of the HSC_W system
needed to be optimized to achieve energy independence for the target
building. This is because the thermo-optical properties of windows
directly affect lighting, cooling, and heating loads. In particular, in
buildings with large cooling loads, such as office buildings, changes in
the VLT and SHGC have a pronounced influence on the total energy
demand. Therefore, the optimal combination of the VLT and SHGC was
assessed in order to evaluate the feasibility of the proposed system
achieving ZEB Grade 5 criteria.

To assess compliance with the ZEB Grade 5 requirements, the energy
independence of each window configuration was evaluated using the
ESSR. In this study, the ESSR was defined as the ratio of the annual
renewable energy generation to the annual primary energy consump-
tion, expressed as a percentage. The electricity generated by the HSC_ W
system was converted into primary energy using a conversion factor of
2.75, in accordance with the national ZEB certification framework. This
approach enabled a consistent comparison of ESSR values between
different thermo-optical configurations, thus determining whether each
case satisfied the minimum energy self-sufficiency required for ZEB
Grade 5.

The baseline properties of HSC_W (VLT: 39.3 %; SHGC: 0.383) were
approximately 40 % and 35 % lower, respectively, than those of Low-e
windows (VLT: 66.1 %; SHGC: 0.590) due to the presence of the solar
cells. Accordingly, we set Low-e windows as the base model and
analyzed the energy-saving effects for nine versions of HSC_.W with
different combinations of the VLT and SHGC (Table 6). We calculated
the ESSR based on current office building standards and assessed the
possibility of achieving ZEB Grade 5 for each case. The tested VLT-SHGC
combinations were set to gradually improve the performance gap
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Table 6

VLT-SHGC combinations for HSC_W.
Case VLT SHGC
Case 1 40 % 0.4
Case 2 40 % 0.5
Case 3 40 % 0.6
Case 4 50 % 0.4
Case 5 50 % 0.5
Case 6 50 % 0.6
Case 7 60 % 0.4
Case 8 60 % 0.5
Case 9 60 % 0.6

between HSC_W and Low-e windows. In particular, the VLT was set to 40
%, 50 %, and 60 %, while the SHGC was set to 0.4, 0.5, and 0.6. These
values also reflected the range recommended in Korea’s Building Energy
Saving Design Standards (0.4-0.6) and the cooling load characteristics
of office buildings [38].

The simulation results revealed that the total energy consumption
varied by up to 2.73 % depending on the VLT-SHGC combinations
(Fig. 12). Relative to Low-e windows, Case 7 (VLT: 60 %; SHGC: 0.4)
achieved the best performance with a 2.27 % reduction, while Cases 2
(VLT: 40 %; SHGC: 0.5) and 9 (VLT: 60 %; SHGC: 0.6) had minimal
reduction effects of 0.05 % and 0.46 %, respectively. Conversely, Case 3
led to a 1.51 % increase, which was the only case where energy con-
sumption increased compared to the base model. Analysis by energy
type found that the heating energy consumption tended to increase for
all HSC_.W combinations compared to the base model, which was
attributed to the lower solar heat gain due to the low SHGC. In contrast,
the cooling energy consumption decreased for most of the combinations,
though the degree of change was limited. The cooling energy re-
quirements actually increased for Cases 3 (VLT: 40 %; SHGC: 0.6), 6
(VLT: 50 %; SHGC: 0.6) and 9 (VLT: 60 %; SGHC: 0.6) due to their high
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Fig. 12. Energy consumption for different VLT-SHGC combinations using HSC_W and percentage difference compared to Low-e windows.

SHGC. Lighting energy consumption tended to decrease with a higher
VLT, with Cases 7 (VLT: 60 %; SHGC: 0.4), 8 (VLT: 60 %; SHGC: 0.5),
and 9 (VLT: 60 %; SHGC: 0.6) having the largest reduction effect.

To evaluate the possibility of achieving ZEB Grade 5, the ESSR was
calculated for each combination. Based on an annual PV generation of
12,066.2 kWh achieved by HSC_W, Cases 4 (VLT: 50 %; SHGC: 0.4) and
7 (VLT: 60 %; SHGC: 0.4) achieved the highest ESSR (20.2 %), while
Case 3 (VLT: 40 %; SHGC: 0.6) had the lowest ESSR (19.5 %; Fig. 13).
Overall, four combinations (Cases 1, 4, 7, and 8) met Korea’s ZEB Grade
5 standards (ESSR >20 % and <40 %).

These results confirmed that VLT and SHGC had opposing effects on
the building energy consumption. While a higher VLT reduced the
lighting energy consumption, an increase in the SHGC raised the cooling
energy required, adversely affecting the overall performance. The
optimal combinations were Cases 4 and 7, which were able to maximize
natural lighting while minimizing the cooling load. This demonstrated
that HSCW can improve building energy performance while

maintaining sufficient PV generation by optimizing its thermo-optical
properties, with its practical applicability highlighted by its ability to
meet ZEB Grade 5 standards for selected combinations of the VLT and
SHGC. Although the energy savings of the optimal combinations were
limited, using the proposed HSC_W system in office buildings with a high
WWR can contribute to improving the ESSR and achieving ZEBs.

5. Conclusions

This study aimed to evaluate the indoor thermal performance,
daylighting performance, and PV generation characteristics of an
HSC_W system through full-scale mock-up experiments combined with
building energy simulations. The mock-up measurements were taken to
observe the thermo-optical behavior and PV output of the system, while
annual heating and cooling loads and electricity production were
assessed through simulations. Furthermore, the effects of varying the
VLT and SHGC of the HSC_W were examined by configuring multiple
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performance combinations. For each case, the annual energy con-
sumption and PV generation were calculated, and the ESSR was derived
to assess the feasibility of meeting the ZEB Grade 5 criteria. The main
conclusions of this study are as follows:

(1) Evaluation of the indoor environment performance using mock-
up experiments revealed distinct differences in the luminous
and thermal characteristics of HSC_W and the Low-e windows.
Due to its lower VLT (39.3 % for HSC_W and 66.1 % for Low-e
windows), HSC_W had a markedly lower indoor illuminance,
with the maximum illuminance under HSC_W reaching only
~48.5 % of that under Low-e windows. Similarly, the lower

SHGC for HSC_W compared with the Low-e windows (0.383 and

0.590, respectively) limited the rise in the indoor air temperature

by reducing the solar heat gain. PV generation was highly

correlated with vertical plane solar radiation, but the practical
performance of the solar cells was lower than the nominal effi-
ciency due to seasonal variability and structural constraints.

Building energy performance analysis was conducted through

computer simulations. The EUI of the simulated building was

71.7 kWh/m?yr, which fell within the IQR range of 61 building

samples with similar characteristics, confirming the reliability of

the model. PV generation was also validated in a comparison with
mock-up experimental data, with the NMBE of 3.5 % satisfying

ASHRAE Guideline 14 standards. Overall, HSC_W reduced the

total energy consumption by 1.3 % by decreasing the cooling

energy consumption by 14.6 %, despite an increase of 9.5 % in
heating energy and 6.0 % in lighting energy. This indicates that,
in office buildings where cooling loads are higher, the solar ra-
diation blocking performance of HSC_W effectively contributes to

energy savings. In addition, through PV generation, 12,066.2

kWh of electricity was produced annually, reducing energy con-

sumption by approximately 21.1 % compared with Low-e win-
dows and achieving a high energy offset rate of up to 81.6 %
during the spring and fall seasons.

(3) When varying the thermo-optical properties of HSC_W, differ-
ences of up to 2.73 % in the energy consumption were observed
depending on the combination of the VLT and SHGC. Increasing
the VLT reduced the lighting energy consumption, whereas
decreasing the SHGC lowered the cooling energy consumption.
The optimal combination was found to be Case 7 (VLT: 60 %;
SHGC: 0.4), which achieved an additional 2.27 % reduction in
energy consumption relative to Low-e windows by striking a
balance between maximizing natural lighting and minimizing the
cooling load. In the assessment of ZEB Grade 5 feasibility, four of
the nine VLT-SHGC combinations achieved an ESSR of 20 % or
higher, satisfying current mandatory ZEB standards. This sug-
gests that, by improving its thermo-optical properties, HSC_W can
simultaneously achieve energy production and energy savings
while potentially meeting mandatory ZEB policies.

(2

In conclusion, the HSC_W system exhibits great promise as a
window-integrated BIPV technology capable of simultaneously
providing PV power generation and visible light transmittance, thus
reducing the energy consumption of buildings. However, despite the
horizontal arrangement of PV cells, which was designed to ensure out-
ward visibility and admit daylight, the daylighting analysis indicated
that the indoor illuminance did not meet the recommended threshold. In
addition, integrating PV cells into window systems may lead to practical
visual limitations, such as partial obstruction of outward views and
irregular indoor shadow patterns, which should be taken into account
when assessing user comfort and real-world applicability. Because the
system influences both the indoor luminous and thermal environments,
careful evaluation is required when applying it to buildings with varying
functional and spatial characteristics. The HSC_W system is currently an
early-stage technology, with the long-term objective of scaling up to full-

14
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size window applications. Achieving this goal requires further research
to address technical issues such as changes in optical and thermal per-
formance during large-area scaling, module stability, and structural
reliability. Moreover, because this study focused on a specific building
type and climate, additional research is needed to assess the applica-
bility of the proposed design under various environmental conditions.
Accordingly, future research should evaluate the performance of
HSC_W in residential, office, and educational facilities over a range of
climate conditions to develop practical design guidelines. Design alter-
natives such as optimized PV cell spacing, semi-transparent PV inte-
gration, and improved optical configurations should also be explored to
enhance daylighting performance and visual comfort while ensuring
architectural compatibility. Furthermore, economic assessments,
including system costs, energy savings, life-cycle costs, and payback
period analysis, will be conducted to further clarify the practical feasi-
bility and market potential of the HSC_W system. Overall, this study
experimentally validated the power generation, thermal performance,
and energy self-sufficiency contribution of the HSC_W system, demon-
strating its potential as an energy-active building envelope. By providing
full-scale experimental data and an integrated evaluation framework,
this study offers academic, technological, and societal contributions to
the advancement of next-generation window-integrated BIPV systems.
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