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Abstract. The recent goal of developing new solar energy-harvesting
methods has led to the study and implementation of Building Integrated
Photovoltaic (BIPV) glazing structures integrated into building envelopes.
Thus, currently, the most energy-efficient substitute for traditional building
glazing components is the BIPV window; however, to achieve a wide level
of implementation, research is still required. This paper presents an
experimental test chamber designed to investigate the effectiveness of a
semi-transparent BIPV glazing skylight with a 40% degree of transparency.
Weather parameters were monitored using a laboratory-manufactured
weather station. At its peak, the PV power output is 36.78 W, at a global
solar irradiance of 573.69 W/m?. Values of 67.25 °C were displayed by
temperature sensors mounted on the outer glazing surface. The air
temperature reached high values near the globe thermometer signals because
of the small test cell size and thermal insulation. The interior illuminance
values during the operation stabilised at ~16.6 klx. The experimental data
were compared with findings from related research. The ranges of the results
obtained in the current study matched those of previous research.

1 Introduction

As efficient harvesting of solar energy is an important goal in building engineering, Building
Integrated Photovoltaic (BIPV) systems have become popular, taking advantage of
constructed building fagades and roof surfaces to generate photovoltaic (PV) power [1].
Therefore, the use of semi-transparent PV glazing surfaces has attracted the attention of many
researchers in the field [2]. Moreover, a review study by Mohammad et al [3] recommends
that further research should be conducted on PV windows, considering that these types
of glazing systems are the most efficient alternatives to classic window units of buildings,
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due to their capacity to incorporate the function of daylight harvesting as well as the extra
feature of producing PV energy [4]. BIPV glazing units are categorized based on the type of
PV element integrated into the module, such as amorphous silicon thin films, crystalline solar
cells, polycrystalline solar cells, Cadmium Telluride (CdTe) thin films etc. [4], [5].

An experimental investigation of different configurations of vertically mounted vacuum-
glazing units equipped with CdTe film was conducted by Huang et al. [6]. The impact of the
application of low-E coating was studied.

In Uddin et al. [7], a test cell with vertically mounted south-facing CdTe glazing units
with an 80% cell coverage ratio was employed to investigate the performance of PV windows
under summer climatic conditions. The test indicated that the exterior window surface
temperature could peak slightly above 50 °C, and the maximum interior room temperature
was approximately 34 °C. Electrical power generation can reach a maximum of ~30 W, and
indoor lighting levels reach peak values close to 400 Ix.

Wu et al. [8] studied a single-glazing window equipped with monocrystalline silicon PV
cells with a cell coverage of 55%. The unit was mounted vertically and south-oriented. The
experiment was conducted under exterior conditions with maximum global solar irradiance
values between 400-500 W/m?2. The peak power output was slightly above 60 W, and the
surface temperature of the PV cell reached values above 40 °C.

Concentrating Photovoltaic modules were implemented in a prototype proposed by
Ghoraishi et al. [9], equipped with a ventilated layer for heat recovery. Experiments were
performed under laboratory conditions to validate numerical simulation methods. The
solution was then numerically investigated, revealing that the power output could range from
63.32 t0 92.56 W/m?.

A PV window with an integrated vacuum layer that serves a full-scale experimental room
was investigated by Tan et al. [10] and employed to validate a multi-physics model. The
study concluded that a 40% PV coverage should be considered for the optimal design of PV
windows.

Wang et al. [11] employed an experimental method to compare the efficiency of different
BIPV window configurations with classic solutions. High temperature differences between
the external and internal surfaces of the unit were observed when the radiative-cooling
coating was applied. The indicated difference was 22.22 °C almost twice as high as that of
the PV window version without coating.

The coupling of vacuum-enhanced monocrystalline PV windows and thermoelectric
elements was studied by Yang et al. [12]. The PV cells cover 60% of the glazing elements.
The module's thermal performance is studied, and it is concluded that the system produces a
temperature decrease of 9.6 °C and an increase of 6.2 °C during summer and winter,
respectively.

This paper presents an experimental study conducted on a BIPV skylight tilted at an angle
of 30° using a CdTe film for solar harvesting. The experimental rig consisted of a test
chamber that monitored the external and internal temperatures measured by two arrays of
digital sensors mounted on the glass surfaces. Interior parameters such as air temperature and
lighting level were measured and studied.

Weather parameters were monitored using a laboratory-manufactured local weather
station, located near the experimentation site.

2 Experimental methodology

An experimental test cell manufactured out of plasterboard exterior sandwich walls with
polystyrene thermal insulation and designed to test a semi-transparent BIPV skylight system
was employed in the current study. A 1200 x 600 mm triple-glazing unit was tested. The unit
consisted of an external 7 mm thick CdTe glazing element with a transparency of 40%, two
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4 mm glass layers, and external and internal air layers with thicknesses of 12 and 8§ mm,
respectively. The term “transparency” refers to the area of the PV glass surface that permits
light transmission. Therefore, a transparency of 0% indicates that the glass is completely
opaque and 100% indicates full transparency. Transparency is an important characteristic to
factor into PV glass selection, as it plays a significant role in windows’ PV power output, as
well as the possibility of ensuring daylighting.

The experiment was conducted in Cluj-Napoca, Faculty of Building Services
Engineering, Technical Universiy of Cluyj -oca, Romania, as illustrated in Fig. 1.
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Fig. 1 Experimentation site.

Fig. 2 shows the experimental rig at the testing site. The rig was equipped with 2x9
DS18B20 digital temperature sensors mounted on the outer (o) and inner (i) surfaces of the
skylight unit. A DAV 6450 solar radiation sensor was mounted next to the skylight at a 30°
tilt angle to measure the global solar irradiance (Iy [W/m?]) with a spectral response of (400-
1100) nm, covering the spectral response range of the CdTe thin film that is situated within
~ (400-900) nm [13]. An identical solar radiation sensor was mounted within a shadow ring
for diffuse solar irradiance measurements (Iqir [W/m?]). A lux probe was placed in front of
the cell to measure the natural light level (Eyex [1X]).

Within the test cell, at the centre of the chamber floor, a shaded DS18B20 digital
temperature sensor for air temperature measurements was placed (Tqin [°C]) and a Globe
Thermometer @ 150 mm equipped with a Type K thermocouple (GT [°C]). A TESTO lux
probe to assess the level of lighting within the interior (Ev i [Ix]) was also added.
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Fig. 2 Experimental rig (a) Exterior view, (b) outer PV glass temperature sensor network (c) interior
view, (d) solar radiation sensor in shadow ring, (e) weather station anemometer, and (f) weather
station interior.
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An identical network of sensors was mounted on the internal surface of the skylight,
considering the same numbering system, and position, further noted with the index “i".

The interior air temperature was measured by a digital sensor protected from solar
radiation, within a small white interior cell that also allows circulation of surrounding air as
indicated in international standard ISO 7243 [14] and shown in Fig. 2¢c. Based on the globe
thermometer readings, the mean radiant temperature (MRT), noted as T, [°C], was estimated.
The MRT is approximated using the method given in ISO 7726 [15] factoring in the
convection effect produced by the surrounding air. Due to the small dimensions of the test
cell and the absence of any mechanical ventilation within the chamber, the MRT was
estimated considering natural convection occurring between the globe and the interior air,
using the following equation [15]:

0.25 0.25
T, =|(1, +273.15)" + 0'2:08 ' (|Tg_2a'im|) (T, - Ta,int)] —273.15 (1)

where T, [°C] is the globe temperature considered equal to GT [°C] according to [14], [15],
€,=0.95 [-] is the emissivity of the globe (matt black paint) and D=0.15 m is the diameter of
the globe. The employed globe thermometer is in compliance with standard ISO 7243.

Aside from the level of solar radiation and daylight, which were monitored with
equipment attached to the test rig, a laboratory-manufactured weather station was placed in
the vicinity of the rig to measure the exterior air parameters. The analytical breakdown of the
measuring equipment is presented in Table 1.

Table 1. Characteristics of the equipment

Notation Characteristics

Temperature sensor DS18B20, Type: Digital, Range: -55+ +125 °C,
Accuracy: £0.5 °C

Lux probe, Type: Digital, Range: 0+100000 lux, Accuracy: F1 =6 % =
Ev V(Lambda) adjustment; F2 = 5% cos-like weighting (in compliance with
DIN EN 13032-1 and class C according to DIN 5032-7)

Globe thermometer, @ 150mm, Type K thermocouple, Type: Digital,

T

GT Range: 0+ 120 °C, Accuracy Class 1 (in compliance with ISO 7243 and
ISO 7726)
Solar Radiation Sensor DAV-6450, Type: Analog, Range: 0+1800 W/m?,
I Sensitivity: 1.67 mV per W/m?, Accuracy: +5%, Spectral Response

(10% points): 400-1100 nm (same as CdTe film)
Temperature and humidity sensor SEN0334, Type: Digital, Range:
-40°C+125°C/0+100%, Accuracy: +£0.2°C/+2%

T/RH

w Three-cup anemometer, Type: Analog, Range: 0+30 m/s, Accuracy: +3%

An Arduino UNO board processes the digital and analogue inputs from the temperature
sensors, mounted on the glazing surfaces, and from the solar radiation sensor, respectively.

A voltage divider with two resistors having electrical resistances of 120 Q and 5 Q,
respectively, was used as a load for PV power output (Ppv [W]) measurements and to convert
the measured values within the Arduino UNO input range.

The Arduino UNO was powered by a laptop behind the test cell, which also received and
stored data at 30s intervals.

The lux probes and globe thermometer are connected to a Testo IAQ Data Logger that
receives data at 5-minute intervals. The Data Logger was programmed using a Testo 400
Universal device, which also saved the measurements stored by the Data Logger, at the end
of the measuring period, and transferred them to the laptop for further processing using the
Testo DataControl software.
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3 Results and Discussion

3.1 Weather parameters

The experiment was conducted on August 25, 2024. The outdoor air temperature, relative
humidity, and wind speed are shown in Fig. 3. A hot period was selected for the experimental
study. The outdoor air is characterised by high temperatures, reaching a maximum of 34.87

°C, at 03:20 PM, and low relative humidity.
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Fig. 3 The weather parameters during a 24h period, between 25-26.08.2024.

The global solar irradiance was measured on the surface tilted at 30° and presented in
Fig. 4, for the 12h period of the experiment, from approximately 08:00 AM to 08.00 PM.
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Fig. 4 Global solar irradiance on a 30° tilted surface.
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Fig. 4 shows the time interval when solar radiation was available for PV power

generation.

3.2 PV power and glass temperature measurements

3.2.1 Generated PV power

Fig. 5 shows the PV power generated by the CdTe element. Before noon, very little cloud
coverage was present, compared to the afternoon, when variations and drops in solar radiation

intensity could be observed.
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Fig. 5 Voltage and PV power generated by the CdTe glazing unit, and the global solar irradiance on

the tilted surface of the skylight.

The PV power output peaked at 36.78 W, at 02:02 PM, when the sensor indicated a global
solar irradiance of 573.69 W/m?2. The voltage measured at this time was 67.8 V.

In the afternoon, the PV power output dropped before the global solar radiation sensor
readings indicated that solar energy was no longer available. This is because the CdTe glass
panel is partially shaded by the building west of the cell, while the global solar radiation
sensor is still exposed to the sun for an extra 17 min.

3.2.2 Variation of measured temperatures

To assess the effect of the skylight on the interior environment of the cell, the temperatures
measured by the sensors mounted on the external and internal glass surfaces are presented in
Fig. 6, as measured by the column of sensors: T4o, Tso, Teo, Tai, Tsi, and T;.
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Fig. 6 Temperatures measured by the sensors mounted in positions 4, 5, and 6, on the outer (o) and

inner (i) skylight surface.

Between 12:33 PM and 04:19 PM, the temperature sensors on the outer surface indicated
values above 65 °C because of the prolonged exposure of the glass surface to the sun.

Within the test cell, the globe thermometer readings, air temperature and estimated mean
radiant temperature are presented in Fig. 7 for analysis.



E3S Web of Conferences 608, 01013 (2025) https://doi.org/10.1051/e3sconf/202560801013
EENVIRO 2024

Temperature [°C]
~ w - n =)
> > > > >

—
=

i

R R R R L R R R

AN r eSS SSSSSAARE RS R X

SmenenesneoeNeoSoS QA QY

gLF2SSs-c-S=22d3388383338Lss¢s+8
Tajint [°C] ——GT [°C] ——MRT [°C]

Fig. 7 Measured temperatures within the test cell.

As can be observed, due to the thermal insulation of the exterior opaque elements, the
high exterior temperatures, transmitted solar radiation and the small dimensions of the cell,
the interior air and mean radiant temperatures reach high values.

3.2.3 Level of lighting

During the operation period, the level of exterior lighting was high, reaching values of
approximately 90 kix. The lighting level within the setup was relatively stable at ~ 16.6 klx,
between 12:19 PM and 03:09 PM. During 09:00 AM and 05:00 PM, the skylight glazing
structure led to a reduction of 86.52% of the natural lighting level. Fig. 8 shows the variations
in the exterior and interior lighting levels during the operation of the test rig.

100000
90000
80000
70000
60000
50000
40000
30000
20000
10000

0

Lighting level [Ix]

?

P
P N T T e N NN NN
B B B I B B B~ Br Iy B Sy e iy Sr B By S T e vy B
2373282382323 3R3RARQY
N % BARNS S A m NN - =N N @A T TN SO~
- =
Ev,int [Ix] Ev,ext [Ix]

Fig. 8 Level of interior and exterior luminous flux during the experiment

3.2.4 Results analysis and discussions of the PV performance

The experimental results presented in this study were compared with those of similar studies
in the literature. The comparison is presented in Table 2.
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Table 2. Comparison of current and similar studies.

Mono-
ele‘;};n . crystalline CdTe
PV cells
Mounting \Y v \Y *30°
PPV, max 65.7W ~30 W - 36.78 W
Size 1644x986x8 1100x600x3 300x200 1200x600x7
mm mm mm mm
To,max - >50 °C - 67.25 °C
PV cell/Glass o 39.10— o
Timax ~42.5/37.5 °C ~40°C 54.83 °C 36.94°C
o 48.82- o
Ta,mt,max - ~34 C 3320 OC 44 C
Ev,int - ~400 Ix 1.6-25.0 ~16.6 klx
klx
Ref. [8] [7] [16] This study

*Tilt angle.

The results of the current study and those presented in [7] were obtained in similar periods
of the year, July and August, respectively, employing similar PV properties of the
investigated model, thus, resulting in similar power output. Also, the outer temperature
measured values at the surface level of the PV were similar. In very similar meteorological
conditions as the present work, Wu et al. [8] investigated the performance of monocrystalline
cells integrated in a semi-transparent glazing unit, resulting in approximately double the
power output compared to the CdTe film. Monocrystalline cells are known to produce
significantly higher amounts of electrical energy than CdTe elements, thus explaining the
difference. Also, the model presented in [8] operated at lower temperatures, such as inner
temperatures measured at the surface of the glazing unit of T;=40 °C, compared to Ti=56.94
°C as measured in the present study. Moreover, the efficiency of monocrystalline cells is
more sensitive to temperature variations, being characterized by a power temperature
coefficient of -0.36+-0.38 %/K [17], [18], while the CdTe film has a temperature coefficient
of -0.214 %/K [19]. Shi et al. [16] experimentally investigated the influence of CdTe PV
widows on the thermal environment and lighting performance within a test cell. The
parameters measured in this study are in agreement with the values presented in [16]. Shi et
al. [16] conducted a simulation study to assess the impact of PV energy production, relative
to the energy consumption of the studied building.

4 Conclusions

This paper presents an experimental test cell manufactured to analyse the operation of a PV
skylight system for buildings. An overview of the equipment used to measure the studied
parameters was presented.

A weather station was used simultaneously with the experimental trial to assess the
exterior conditions of operation. Solar radiation as well as the exterior level of natural lighting
were also monitored.

The parameters of interest of the test cell were PV power output, temperatures measured
with sensors mounted on the inner and outer glazing surfaces, interior temperatures measured
with a globe thermometer and a shaded digital sensor, and interior lighting level.
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The PV power output reached a peak value of 36.78 W (15=573.69 W/m?).

The temperature sensor mounted on the outer glazing surface exhibited values of
maximum 67.25 °C.

The variation of interior temperatures is also presented; the air temperature reaches high
values, relatively close to the globe thermometer indications, due to the small size of the test
cell and thermal insulation.

The interior lighting levels were 86.52% lower than the outdoor environment and
stabilised at ~16.6 klx during the afternoon.

The experimental data were compared with results from similar studies. Thus, certain
deductions can be made regarding the advantages and disadvantages of the implementation
of such skylight systems. The studied module has generated comparable PV power to a
similar system. However, in comparison to PV power generation resulting from employing
monocrystalline cells in windows, the power output of the current study is naturally lower,
thus the analysis of different PV solutions in windows is essential.

Further research is required to achieve better PV performance from both electrical and
thermal perspectives. Methods for cooling PV glazing for better power generation efficiency
and higher interior thermal comfort represent future research directions. The implementation
of phase change materials and heat recovery systems will represent future research topics of
the authors.
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