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Abstract

This paper introduces a hybrid building-integrated photovoltaic fagade that brings together
a 240 Wp mono PERC photovoltaic (PV) module and an electrically switchable Polymer
Dispersed Liquid Crystal glazing unit within a single layered component. The main novelty
of the proposed system is that the PV module and the smart glass layer are not treated as
independent facade elements; instead, they are integrated to create a direct optical and
functional interaction within the same building envelope component. The design enables
controlled interaction between solar radiation, the PV cells, and the interior environment.
By adjusting the optical state of the glazing, the facade can influence the amount of light
entering the building while also affecting the irradiance received by the PV cells. In this
way, the proposed facade provides two adaptive operating modes: a transparent mode that
supports daylight transmission and indoor visual comfort, and a non-transparent mode
that enhances effective irradiance on the PV cells through diffuse reflection. Experimental
investigations carried out under real outdoor conditions, together with finite element
thermal modeling, are used to evaluate electrical output and temperature behavior. Unlike
conventional BIPV or smart glass applications, the proposed structure simultaneously
addresses electricity generation, daylight regulation, and thermal management in a single
multifunctional fagade system. The results indicate that the integrated configuration yields
nearly 4% higher energy production compared to a reference PV module, and that electrical
output increases by about 5% when the glazing is in its non-transparent state. These
findings highlight the potential of the proposed system to enhance both on-site electricity
generation and indoor environmental performance in sustainable building applications.

Keywords: building-integrated photovoltaic; energy efficiency; polymer dispersed liquid
crystal; smart glass thermal management

1. Introduction
1.1. Motivation and Background

A country’s ability to meet its energy needs through its own resources is no longer
viewed solely as an economic necessity, but also as a fundamental component of strategic
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independence and national security. The continuous growth in global energy demand, the
limited availability of fossil fuel reserves, and the adverse impacts of carbon emissions
on climate change have made the transition toward renewable and low-carbon energy
technologies unavoidable [1,2]. In this context, the effective utilization of sustainable
energy resources has become critically important from both environmental and economic
perspectives. Among renewable energy sources, solar energy stands out due to its high
potential and its wide geographical availability. The fact that solar radiation reaches
almost every region where life exists, either directly or indirectly, makes this energy source
a scalable and practical option. These advantages have led to the rapid expansion of
solar energy technologies; in particular, photovoltaic (PV) systems have gained prominence
thanks to their technological maturity and their adaptability to various application areas [3].

In recent years, Building-Integrated PV (BIPV) systems, which enable the application
of PV systems at the building scale, have been considered an important solution for
sustainable energy generation, particularly in urban areas. These systems are generally
designed to operate in connection with the grid. The building’s energy demand is supplied
by the grid when solar irradiation is insufficient, while the excess electricity generated is fed
back into the grid when solar conditions are suitable. This bi-directional energy flow makes
BIPV systems a flexible and effective structure in terms of both energy production and
energy management [4,5]. User comfort, visual comfort, thermal performance, and indoor
environmental quality in addition to energy generation have become increasingly important
in modern building design [6]. In this context, technological developments in glass-based
building components have drawn significant attention. Since the 1950s, advancements in
glass and glass-based materials have enabled building envelopes to evolve from purely
passive elements into active and functional components [7]. One of the most notable
examples of these developments is the emergence of systems whose light transmittance can
be adjusted through electrical stimulation, commonly referred to in the literature as smart
glass or switchable glass [8]. Smart glass technologies are generally classified into two main
groups as passive and active systems. Passive systems respond to environmental stimuli,
while active smart glass can be electrically controlled and dynamically adjusted through
user input or sensor-based systems. This controllability makes smart glass an important
building component for improving indoor visual and thermal comfort [9].

On the other hand, Polymer Dispersed Liquid Crystal (PDLC) smart glass is an
electrically switchable glazing material in which liquid crystal droplets are dispersed within
a polymer matrix. In the absence of an electric field, the liquid crystal droplets are randomly
oriented, causing incident light to be scattered and giving the glass an opaque appearance.
When an electric field is applied, the droplets align with the field direction, allowing light
to pass through the material and resulting in a transparent state. Therefore, the optical
behavior of PDLC glass is mainly governed by the electrically controlled transition between
light scattering and light transmission. In the proposed system, this property enables the
facade to dynamically regulate indoor daylight while also influencing the amount of solar
radiation reflected back toward the PV cells.

1.2. Literature Quverview

Dias et al. [10] examined the use of building thermal mass to mitigate short-term
BIPV output fluctuations caused by passing clouds. Cloud regimes were identified, and
the impact of deactivating the cooling system was evaluated. The thermal mass acted as a
low-cost storage, resulting in a 60% reduction in grid energy demand. Rajoria et al. [11]
evaluated BIPV-integrated thermal systems using experimental data. It was found that sys-
tem efficiency depended on design and climatic conditions. Water-based systems showed
better performance than air-based ones, increasing electrical efficiency by up to 20% and
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reducing thermal energy consumption by nearly 60%. Hendinata et al. [12] developed an
integrated PV—electrochromic system to improve building energy management. A tungsten
oxide layer was used within the electrochromic structure. It was reported that the combined
system maintained optical performance while enabling significant transmittance variation,
supporting both energy efficiency and dynamic light control. Saura et al. [13] presented
a design for self-powered portable electrochromic devices. Scalable deposition methods
and materials such as PEDOT-PSS, V,0s, and organic PV were investigated. A control
strategy was implemented, and material optimization and scalability were examined. The
applicability of the system to automotive glazing was also evaluated. Huang et al. [14]
developed a PV-EC device with an electrochromic layer placed between transparent and
semi-transparent substrates. Light-induced photopotential triggered redox reactions and
color change. The system was observed to regain transparency under low light, while the
generated energy was utilized within the device. Ma and Chen [15] proposed an integrated
system combining BIPV and smart glass to optimize indoor lighting conditions. The smart
glass was controlled based on the voltage generated by the PV module, maintaining a
stable illumination level. However, the feasibility of the design depended on developing
alternative materials due to the scarcity of indium. A PV-assisted electrochromic smart
window system targeting net-zero energy buildings was developed in [16]. The system
supplied the energy demand of the electrochromic layer through PV and enabled energy
recovery. The results indicated an 18% reduction in building energy consumption and
an annual saving potential of 318.4 MJ/m?. The work [17] developed a modular smart
window integrating PV and electrochromic technology. The transmittance of the window
was dynamically controlled using the energy generated by the PV system. Improved indoor
daylight uniformity and visual comfort were observed, while energy consumption was
reduced by 10-15% compared to conventional systems. The paper [18] proposed a BIPV
window system integrating crystalline silicon PV modules with electrochromic glass. Ad-
vanced control strategies were implemented, and solar radiation was reduced by more than
80%, leading to lower thermal loads. The results indicated that annual energy consumption
could be reduced by over 60%. Wu et al. [19] developed a smart window system integrating
PV and electrochromic glass. The energy generated by the PV module was directly used to
control the glass, enabling dynamic adjustment of indoor lighting. Electrical generation
and illumination performance were jointly evaluated under different conditions through
experimental testing. A layered system integrating PV and electrochromic technologies was
developed in [20]. PV, electrochromic, and transparent regions were separately designed
to optimize performance. Simulation results indicated a useful daylight ratio of 79.88%
and energy savings of approximately 13.7% under high irradiance conditions. The energy
performance of semi-transparent PV and electrochromic glazing systems were compared
in [21]. Experimental analyses showed a strong dependency on irradiance and temperature.
It was also reported that existing testing standards were insufficient for accurately evaluat-
ing such systems. Naturally ventilated photovoltaic wall panels by considering air-cooled
channel dimensions, temperature distribution, and airflow behavior were analyzed by
Zheng et al. [22]. The study mainly focused on improving PV cooling performance through
ventilation-channel design.

Based on the critical review summarized in Table 1, it is evident that studies integrating
PV technology with smart glass are still limited and present several gaps. Existing appli-
cations mainly include smart glass systems with small embedded PV cells that generate
electricity for their own consumption. Beyond this, vehicle and building glass applica-
tions have mostly been investigated at an experimental level. As shown in the table, a
key limitation is the low efficiency of combined PV-smart glass systems, where the gen-
erated electricity is often only sufficient to meet the internal demand of the smart glass.
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In addition, most studies lack detailed thermal modeling and analysis, while some rely
solely on simulations. Overall, there is a clear need for a comprehensive, interdisciplinary
approach that considers the system as a whole and aims to improve overall performance.
In this study, the identified gaps in the literature are addressed by considering integrated
system design, detailed thermal analysis, and both simulation and experimental valida-
tion, thereby improving overall efficiency and enabling a more comprehensive PV-smart
glass application.

Table 1. Taxonomic table for the related literature works.

Reference M;rr?:;?n:lnt Cflfg:;;?; Smart Glass PV Module PV Efficiency A‘I::?lt:;;?ilty
[10] v v X v High v
[11] v v X v High v
[12] X * v v Low v
[13] X * v v Low v
[14] X * v v Low v
[15] X * v v Low v
[16] X * v v Medium v
[17] X * v v Medium v
[18] v v v v Medium v
[19] X * v v Medium v
[20] X * v v Medium v
[21] v v v v Medium v

This Paper v v v v High v

(*) For only internal electricity demanded by the smart glass.

1.3. Contribution and Organization

In this study, a novel hybrid fagade system is proposed in which a PV module and an
electrically controllable Polymer Dispersed Liquid Crystal (PDLC) smart glass panel are
integrated into a single building component. In the light of the BIPV works presented in
the literature, the major contributions of the paper are as follows:

1. Unlike conventional approaches, the PV module and the smart glass are not only
placed within the same building element, but also interact with each other optically in
the proposed system. Through this approach, the system can operate in two distinct
modes as an energy mode, in which the opaque state prioritizes electricity generation
and helps maintain thermal balance, and as a comfort mode, in which the transparent
state enhances daylight utilization and visual comfort.

2. Compared with previous PV-smart glazing and PV-electrochromic studies, the tech-
nical contribution of this study lies in the prototype-level integration of a high-power
mono PERC PV module and a PDLC smart glass unit within a single facade compo-
nent. The proposed structure enables the optical state of the PDLC layer to influence
the effective irradiance received by the PV cells. In addition, the study combines out-
door electrical testing, module-level thermal monitoring, and ANSYS-based thermal
validation to evaluate the electrical-thermal behavior of the integrated system.

The remaining parts of the paper is organized as follows: system description is
presented in Section 2, simulation and experimental results are compared and discussed in
Section 3, and finally, the conclusion of the study is evaluated in Section 4.

2. Preliminaries and Overview of the Proposed Structure

The developed integrated system has a multilayer architecture that combines PV
generation with user-controlled light and thermal management within a single building

https://doi.org/10.3390/en19143321


https://doi.org/10.3390/en19143321

Energies 2026, 19, 3321

50f13

component. The proposed system consists of a multilayer structure including a 3.2 mm
tempered outer glass, a 48-cell mono PERC PV panel with a total EVA thickness of ap-
proximately 0.6 mm and a rated power of 240 Wp, a 4 mm tempered inner glass, an air
gap of about 2 mm, and an 11 mm laminated PDLC smart glass panel. The system is
installed within an aluminum frame with internal dimensions of 1750 x 980 mm and is
supported by a PDLC driver and control units, a Maximum Power Point Tracking (MPPT),
and a grid-connected inverter. In addition, sensors and measurement devices that monitor
ambient conditions enable continuous tracking of system performance and environmen-
tal parameters.

The detailed cross-sectional structure of the system is presented in Figure 1. This
architecture is designed to enable optical and thermal interaction between the PV module
and the PDLC layer. From the exterior to the interior, the structure consists of a laminated
BIPV module, an air gap of approximately 2 mm, and a laminated PDLC smart glass panel,
and it operates in two different modes. When the PDLC smart glass switches to the opaque
mode, it behaves as a diffuse reflector and reflects a portion of the solar radiation that has
passed through the PV module. This effect increases the effective irradiance reaching the
rear surface of the PV cells and activates the photon recycling mechanism.

EVA Film EVA Film

Tempered Solar Panel Tempered ‘ Tempered EVA Film ‘ EVA Film

Glass Glass Air Gap Glass PDLC Tempered
Smart Glass Glass

Figure 1. Cross-sectional structure of the system.

The PV module consists of 48 half-cut mono PERC cells, each rated at 5 Wp and
measuring 210 x 105 mm, and the cells are electrically connected in series as demonstrated
in Figure 2. Under standard test conditions (1000 W/m?, AM 1.5, 25 °C), the module
delivers a maximum power of 240 Wp, with an open-circuit voltage of 32.5 V, a short-circuit
current of 9.11 A, a maximum power point voltage of 27.7 V, and a maximum power point
current of 8.67 A. The cell layout geometry is presented in Figure 3, and the gaps between
the cells account for approximately 38% of the total surface area.

As a result of integrating the PV module with the PDLC smart glass, the effective
irradiance incident on the PV cells and the corresponding cell temperature are altered.
In particular, when the PDLC operates in the opaque mode, a portion of the radiation
transmitted through the PV module is diffusely reflected back, thereby increasing the
effective irradiance received by the cells. The effect of the increase in cell temperature on
electrical performance has been evaluated using (1) and (2) that describe the temperature-
dependent changes in current and voltage, respectively. Based on these calculations, the
electrical compatibility between the PV module and the inverter has been verified.

kvac
Voe(t) = Voo + (VOC X <100 x (t— tst))> (1)
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Figure 2. The cell layout geometry.

Figure 3. ANSYS-based model (2025 R2).

In the experimental studies, solar irradiance, current, voltage, power, and temperature
parameters are measured simultaneously. The thermal behavior of the system is continu-
ously monitored using an infrared thermal camera. Comprehensive thermal and electrical
measurements are carried out to evaluate in detail the effects of irradiance intensity, current,
voltage, and temperature. Current and voltage values are measured both at the output of
the PV module and at the grid connection point. During the measurements, solar irradiance
and ambient temperature are recorded simultaneously, while the thermal response of the
system is continuously observed through thermal imaging. The tests aim to reveal the
impact of smart glass integration on the electrical output of the PV module as well as the
resulting change in thermal load on the module. In this context, the proposed PV-smart
glass module is manufactured in accordance with the defined architecture and tested under
real solar radiation at different irradiance levels. The system response under varying
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irradiance conditions is analyzed, and variations associated with different MPPT behaviors
of the inverter are also observed.

When the smart glass operates in the opaque mode, the electrical output of the PV
module reaches its maximum level, while the transmission of solar radiation to the indoor
environment decreases to a minimum. In this operating mode, the solar-based thermal
energy entering the interior is reduced to negligible levels. When the smart glass switches
to the transparent mode, a partial decrease in PV power generation is observed, whereas
solar transmittance and the associated thermal gain reach their maximum level. The PV
cells cover approximately 62% of the module surface, and the remaining 38%, consisting
of the gaps between the cells, allows solar radiation to pass into the indoor space when
the smart glass is in transparent mode. Since the amount of radiation transmitted directly
through the PV cells themselves is very low, this effect is neglected.

An ANSYS finite element model representing the multilayer structure of the system
is developed. In the model, the PV module, the air gap, and the PDLC layer are defined
as separate layers, and the opaque and transparent modes of the PDLC are modeled
using an effective irradiance approach. Table 2 summarizes the parameters used in the
ANSYS model for each layer. Parameters that do not affect the results are neglected in this
study such as the light transmittance of the air gap. Additionally, Figure 3 presents the
ANSYS-based modeling of the system.

Table 2. Material properties.

Density Thermal Conductivity = Specific Heat Absorptance Transmittance Reflectance

Glass1 & Glass2 2405 kg /m? 0.98 W/m-°C 1250 ] /kg-°C 0.045 0.951 0.004
EVA1 & EVA2 945 kg /m? 0.35 W/m-°C 2090 ] /kg-°C 0.02 0.95 0.03
Cell 2330 kg/m?> 148 W/m-°C 700]/kg-°C 0.97 0 0.03
Air Gap 1.2 kg/m? 0.026 W/m-°C 1005 J /kg-°C 0 1 0

Glass3 & Glass4 2405 kg/m3 0.98 W/m-°C 1250 J/kg-°C 0.045 0.951 0.004
EVA3 & EVA4 945 kg /m? 0.35 W/m-°C 2090 ] /kg-°C 0.02 0.95 0.03
PDLC (Transparent) 960 kg/m? 0.19 W/m-°C 1800 /kg-°C 0.12 0.78 0.1

PDLC (Opaque) 960 kg /m? 0.19 W/m-°C 1800 J/kg-°C 0.25 0.2 0.55

3. Test and Results

The experimental studies aim to analyze the electrical performance and thermal
behavior of the system under different solar irradiance levels. Figure 4 presents images
from the testing stages of the PV—-smart glass module. The tests are conducted separately
for the opaque and transparent operating modes of the smart glass. In addition, a reference
PV module, identical in technical specifications but without smart glass integration, is
included in the experimental process for comparison. All tests are carried out under
identical environmental and operating conditions, and three different measurement results
are obtained for each test scenario.

During the experiments, ambient temperature, PV module temperature, current and
voltage at the maximum power point, maximum output power, solar irradiance incident
on the module surface, and the amount of energy delivered to the grid are measured.
The obtained experimental data are evaluated through comparison, and the results are
summarized in Table 3. Gray rows indicate the transparent mode of the smart glass. Blue
rows represent the opaque mode. Green rows show the results of the reference PV module
without smart glass integration. When the opaque and transparent operating modes of
the smart glass are compared, electricity generation is observed to be approximately 5%
higher in the opaque mode. In addition, when the PV module without smart glass is
compared with the PV module integrated with smart glass operating in opaque mode,
the smart glass-integrated structure produces approximately 4% more electrical energy.
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These results indicate that smart glass integration, when operated in an appropriate mode,
can positively influence the overall electrical performance of the PV system. Furthermore,
from a circuit-modeling perspective, the measured data in Table 3 can be used to obtain an
approximate one-diode or two-diode representation of the PV-PDLC panel. The irradiance,
ambient temperature, PV temperature, maximum power point current, maximum power
point voltage, and DC power provide the main operating-point information required for
parameter estimation. In a simplified one-diode model, the photocurrent can be approxi-
mated from the irradiance-dependent current, while the MPP values can be used as fitting
points for estimating the diode saturation current, ideality factor, and series resistance. For
a two-diode model, an additional recombination current branch may be included; however,
accurate extraction of all parameters would require complete I-V curve measurements
under different irradiance and temperature conditions.

Figure 4. Transparent and opaque states in the testing phases of smart glass PV modules.

Table 3. Smart glass PV module test results.

Type Iac Vac Pac Irradiance Luppt Viuppt Py Tomp Tpy “On” Mode Benefit

PV + Smart glass/Transparent ~ 0.803 A  231.60V ~ 185939W  948W/m? 6.890A 29.690V 20456 W  28.0°C  40.0°C 0.950 —5.0%
PV + Smart glass/Opaque 0.845A 231,60V  195.733W  948W/m?> 7170 A  30.040V  21539W  28.0°C  43.0°C 1.000 4-5%

PV 0.807A 231,60V  186.827W  948W/m?2 6.920A  29.707V ~ 20557W  28.0°C  39.0°C 0.954 —4.6%

PV + Smart glass/Transparent ~ 0.628 A 231.65V  145390W 887 W/m? 6410A 25167V  161.32W  30.0°C  54.0°C 0.942 —5.8%
PV + Smart glass/Opaque 0.667 A 231.65V 154.489 W 887 W/m? 6.710 A 25.521V 171.25W 30.0°C 61.0°C 1.000 5.0%

PV 0.638 A  231.65V  147.853W  887W/m? 6480A 25302V 16396 W  30.0°C  52.0°C 0.957 —4.3%

PV + Smart glass/Transparent ~ 0.336 A 231.50 V 77.820 W 487W/m?>  3.640A  25.078V 91.28 W 30.0°C  55.0°C 0.953 —4.7%
PV + Smart glass/Opaque 0.352 A 23150V 81.552 W 487 W/m? 3.770 A 25412V 95.80 W 30.0°C 61.0°C 1.000 4.0%

PV 0340 A 23150V 78.703 W 487W/m?  3.670A  25.183V 92.42W 30.0°C  52.0°C 0.965 —3.5%

PV + Smart glass/Transparent ~ 0.415A 23145V 96.012 W 585W/m?  4370A 25219V 11021W  30.0°C  56.0°C 0.960 —4.0%
PV + Smart glass/Opaque 0432 A 23145V 99.897 W 585W/m?  4530A 25343V 114.80W  30.0°C  60.0°C 1.000 4.0%

PV 0417 A 23145V 96.403 W 585W/m?  4380A 25302V 110.82W  30.0°C  54.0°C 0.965 —3.5%

PV + Smart glass/Transparent ~ 0.302 A  231.45V 69.830 W 513W/m2  3380A 24797V 83.81 W 30.0°C  55.0°C 0.955 —4.5%
PV + Smart glass/Opaque 0319 A 23145V 73.891 W 513W/m?  3520A 24943V 87.80 W 30.0°C  58.0°C 1.000 4.0%

PV 0307 A 23145V 71.147W 513W/m?  3400A 24910V 84.69 W 30.0°C  52.0°C 0.965 —3.5%

PV + Smart glass/Transparent 0260 A 231.45V 60.225 W 432W/m? 2860 A  24.721V 70.70 W 30.0°C  53.0°C 0.954 —4.6%
PV + Smart glass/Opaque 0276 A 23145V 63.820 W 432W/m?  2970A 24957V 7412W 30.0°C  56.0°C 1.000 4.0%

PV 0.266 A 23145V 61.610 W 432 W/m? 2.880 A 24908 V 71.74W 30.0°C 51.0°C 0.968 —3.2%

Furthermore, Figure 5 illustrates the DC power output of three different PV con-
figurations as a function of solar irradiance ranging from 432 W/m? to 948 W/m?. As
anticipated, a strong linear correlation is observed between solar irradiance and power
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generation across all systems. Notably, the PV+Smart glass (Opaque) configuration consis-
tently outperforms both the standalone PV and the transparent counterpart across the entire
irradiance spectrum, reaching a peak output of 215.39 W at 948 W/m?. This performance
enhancement can likely be attributed to the reduced light transmission in the opaque state,
which increases photon absorption or optimizes thermal management within the integrated
layer. Conversely, the PV + Smart glass (Transparent) integration exhibits a minor reduction
in power output compared to the reference PV system, a trade-off primarily driven by the
optical losses inherent to the transparent glass layer. These findings highlight the trade-offs
between optical transparency and electrical efficiency in BIPV.

2201 —— PV + Smart Glass (Transparent)

—— PV + Smart Glass (Opaque)
200 - PV

180 A

160 A

140 A

Power (W)

120 A

100 -

80 -

400 500 600 700 800 900

Irradiance (W/m?)

Figure 5. DC power output of three different PV configurations.

To quantitatively validate the ANSYS thermal model, the simulated PV surface tem-
peratures are compared with the experimental temperature measurements for each panel
configuration in Table 4. The coefficient of determination (R?) and the root mean square
error (RMSE) are used as validation indicators. For the PV-smart glass transparent mode,
the calculated (R?) and RMSE values are 0.82 and 2.35 °C, respectively. For the opaque
mode, the corresponding values are 0.76 and 3.03 °C. For the reference PV module, the
(R?) and RMSE values are 0.594 and 3.19 °C, respectively. Considering all validation points
together, the overall (R?) and RMSE values are 0.783 and 2.88 °C. These results indicate
that the ANSYS model represents the thermal behavior of the proposed PV-smart glass
structure with acceptable accuracy. The relatively lower (R?) value for the reference PV
case is attributed to the limited number of experimental points and the narrow temperature
variation range.

Table 4. Temperature values under different irradiance levels.

948 W/m? 887 W/m? 487 W/m?> 585 W/m? 513 W/m? 432 W/m?

PV + Smart glass/Transparent 40 °C 54°C 55°C 56 °C 55 °C 53 °C
Real PV + Smart glass/Opaque 43 °C 60 °C 61 °C 60 °C 58 °C 56 °C
PV 39°C 52°C 52°C 54 °C 52°C 51°C
948 W/m?> 887 W/m”> 487 W/m*> 585 W/m? 513 W/m? 432 W/m?
PV + Smart glass/Transparent 42°C 55°C 54°C 53 °C 52°C 50 °C
ANSYS PV + Smart glass/Opaque 44 °C 58 °C 57 °C 56 °C 55 °C 53 °C
14Y% 41°C 50.4 °C 49.5°C 49 °C 48.5°C 47.7 °C
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During the tests, the thermal behavior of the PV module is continuously monitored
using a thermal camera. According to the obtained results, when the smart glass operates in
the opaque mode, the PV module temperature increases by approximately 7% compared to
the transparent mode. Figure 6 presents a sample thermal image obtained from the thermal
camera measurements. Figures 7a, 7b and 7c show the results of the ANSYS analysis of
PV module, transparent mode of BIPV, and opaque mode of BIPV, respectively. Since each
layer is separately defined in the ANSYS model and the material properties are introduced
in detail, the theoretical results show good agreement with the experimental findings.

01/01/00
01:19

Figure 6. Thermal camera measurement of the smart glass—integrated PV module.

X
0000 0500 1.000 (m) e
—— E—
0250 0.750

(b) ©

Figure 7. (a) ANSYS analysis of PV module, (b) ANSYS analysis of transparent mode of BIPV,
(c) ANSYS analysis of opaque mode of BIPV.

When low and high irradiance levels are compared at similar module temperatures,
the difference between the opaque and transparent modes becomes clearer. The opaque
mode provides a more pronounced increase in electricity generation under high irradiance
conditions. This indicates that, at increased irradiance levels, the opaque mode enhances
the effective irradiance on the PV cells, making power generation at the maximum power
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point more advantageous. The results demonstrate that the operating mode of the smart
glass is a critical parameter that directly influences not only indoor comfort but also the
electrical performance of the PV module.

4. Discussion

The uncertainty of the experimental results is mainly associated with the measurement
accuracy of the irradiance sensor, electrical measurement units, and thermal camera. Since
the tests were performed under real outdoor conditions, variations in solar irradiance and
ambient temperature may also contribute to the uncertainty of the measured power and
temperature values. However, all configurations were tested under identical environmental
and operating conditions, and the results were evaluated comparatively. Therefore, the
relative differences between the transparent mode, opaque mode, and reference PV module
provide a reliable indication of the performance trend of the proposed system.

On the other hand, although the proposed system shows promising electrical and
thermal performance, this study has some limitations. The experimental tests were con-
ducted under real outdoor conditions but at discrete irradiance levels. Therefore, long-term
seasonal performance, daily operating stability, and degradation effects were not evaluated.
The analysis was also limited to a prototype-scale PV—smart glass module. In addition, the
thermal model was developed using selected material properties and simplified boundary
conditions. Economic feasibility, life-cycle performance, and large-scale facade integration
were not considered in this study. These issues should be investigated in future studies to
better evaluate the practical applicability of the proposed system.

It should also be noted that this study focuses on the electrical output and module-level
thermal behavior of the proposed PV-smart glass system. Indoor building-performance
indicators were not directly measured. Parameters such as indoor illuminance, glare index,
solar heat gain, room thermal load, and occupant comfort were outside the scope of the
present experimental study. Therefore, the indoor comfort-related discussion should be
interpreted as a potential benefit of the controllable optical behavior of the PDLC layer, not
as a directly validated indoor performance result. Future studies should include room-scale
experiments or building energy simulations to evaluate daylight availability, glare risk,
indoor thermal load, and occupant comfort in detail.

5. Conclusions

In this study, a novel BIPV technology based on the integration of smart glass and a
PV module was proposed, combining energy generation and user comfort within a single
building component. The system was based on the integration of a 240 Wp PV panel
and an electrically controllable laminated smart glass into one module. This structure
enabled both electricity generation and the dynamic management of indoor lighting and
thermal comfort.

Thanks to its adjustable transparency, the smart glass not only improved user comfort
but also supported PV performance by contributing to the redirection of radiation that
did not directly reach the cells. Experimental results showed that the integrated system
generated approximately 4% more energy than a conventional PV application, and that
electricity production in opaque mode was about 5% higher than in transparent mode.

From a manufacturing perspective, the main additional complexity of the proposed
PV-PDLC panel is related to the integration of the PDLC glazing layer, electrical connec-
tions, air gap control, and multilayer frame assembly. The overall cost is expected to be
mainly affected by the PDLC glass area, lamination quality, control electronics, and instal-
lation requirements. In future studies, long-term performance analysis of the proposed
system under different climatic conditions, its scalability, and the optimization of manu-
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facturing processes can be investigated. In addition, further development of the system
architecture through alternative design variations and a more detailed evaluation of the
cost—performance balance will enhance the commercialization potential of the technology.
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