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Abstract
The use of double-skin semitransparent photovoltaic (DS-STPV) windows is well recognized
as an efficient and effective approach for enhancing the building energy performance.
However, despite many studies in relation to the technology have been reported so far, there
are few investigations focusing on its use in cold regions. In this study, experimental
measurement data for a DS-STPV window in terms of power generation and surface
temperature were compared with those obtained from EnergyPlus simulations. The
measured and simulated results agreed well, which confirmed the reliability of the simulation
methodology adopted. On this basis, the energy performance of DS-STPV windows with nonventilated, inner loop, and air supply ventilation modes was analyzed by simulations
performed for winter conditions in cold regions. The results showed that as compared with
the other two ventilation modes, the use of air supply DS-STPV windows is capable of reducing
the building net electricity use by 18.5% and 20.2%, respectively. Further, an optimal control
strategy for DS-STPV windows employed in cold regions was also proposed. It was found that
with the use of the proposed strategy, the building net electricity use can be effectively
reduced by 3.5% and 12.3%, respectively. Relevant findings of the present study provide an
insight into optimal design and control of the DS-STPV windows employed in cold regions.
Further, the results presented and the simulation methodology established will also be useful
for further development of the technology for energy savings and emission reductions.
Keywords
DS-STPV, Ventilation modes, Thermoelectric performance, Net electricity use, Energy saving
potential
1. Introduction
The data show that China's total energy consumption by buildings was 857 million tons of
standard coal in 2015, accounting for 20% of the country's total energy consumption (China
Building Energy Conservation Association, 2017). Since external windows are the weakest
links in a building envelope structure, the air-conditioning load caused by the heat transfer
through external windows accounts for 25–40% of the total air-conditioning load of the
building (Liu et al., 2012). Therefore, the thermal performance of the external windows is one
of the key links for building energy savings (Sun et al., 2018, Barman et al., 2018). A
semitransparent photovoltaic (STPV) window system is a typical building-integrated
photovoltaics (BIPV) application (Lu and Law, 2013, Zhou and Chen, 2010, Karthick et al.,

2018). While fully utilizing natural light to meet the demand of indoor daylight quality, such
systems can also make use of photoelectric effects to produce clean electricity to provide
energy for the building (Li et al., 2009, Cheng et al., 2018, Olivieri et al., 2014). STPV windows
are considered an effective means to achieve the goal of energy saving related to external
windows and green building development and has received extensive attention in the field of
building energy conservation (Wong et al., 2008, Peng et al., 2015, He et al., 2011, Xu et al.,
2014, Kapsis and Athienitis, 2015, Ng et al., 2013, Brito et al., 2017, Alrashidi et al., 2020).
In recent years, increasing numbers of scholars in China and abroad have studied STPV
windows. Gao et al. (2018) conducted a simulation study on the daylighting quality and
energy-saving potential of STPV windows installed in office buildings in cold regions. The
results showed that the transmittance and WWR of the STPV façade were recommended to
fall within the ranges of 50–60% and 40–50%, respectively, for the purpose of improving the
thermal performance of STPV facades with the premise of ensuring satisfactory daylight
quality in the tested room. Didoné and Wagner (2013) used the simulation software
EnergyPlus to study the energy-saving potential of photovoltaic (PV) windows installed in
office buildings in Florianopolis and Fortaleza in Brazil. The buildings’ energy consumptions
were reduced by 43% and 39%, respectively, compared with that of buildings with ordinary
external windows installed. Chow et al. (2009) simulated and studied the energy performance
of PV glass used in an open office in Hong Kong and found that a natural ventilation doubleskin STPV window (DS-STPV) could reduce air-conditioning energy consumption by 28%
compared with a traditional single-side heat absorption window. A PV window test platform
was established by Pei et al. (2009) in Hong Kong. Through experimental research, these
authors concluded that compared with single-skin and double-skin PV windows, the indoor
heat gain of a ventilated DS-STPV window decreased by 76% and 56.4%, respectively. For the
application of STPV facades in Tianjin, China, Zhu et al. (2018) recommended that the vertical
opening size of the vents of a double-skin breathing STPV curtain wall in summer should be
0.25 m. At this time, ventilation used approximately 72.92 W of heat per unit width. The
energy performance of STPV facades adopted in Hong Kong was investigated by Chow et al.
(2007), who found that for STPV facades with a transmittance of 45% to 55%, the
comprehensive energy consumption for architectural lighting and air conditioning was the
lowest. Huang and Yu (2015) simulated and analyzed the impact of the air gap depth on the
thermal performance and indoor load of a DS-STPV ventilation window. This work indicated
that an air gap of 60–70 mm could better exert the “chimney effect”.
The abovementioned studies clarified the thermoelectric performance of PV windows and
their impact on energy-saving potential to a certain extent and could be used as a reference
for the design optimization of PV windows. However, most of the existing studies focused
only on ventilation under summer conditions (Peng et al., 2016, Cuce, 2016), while research
on the influence of DS-STPV windows on the heating energy use of buildings under winter
conditions in cold regions is rare. It should be mentioned that the different load
characteristics of office buildings in winter and summer inevitably lead to the use of different
ventilation modes for DS-STPV windows to enhance building energy-saving potential
(Skandalos and Karamanis, 2015). Therefore, the current research results on DS-STPV
windows in summer are not applicable to winter (Skandalos and Karamanis, 2016). It is
necessary to explore the influence of DS-STPV windows on building energy use under winter
conditions in cold climate regions to improve the applicability of PV windows. In this study,

the reliability of the EnergyPlus software (DOE, 2019) heat transfer and the Sandia PV power
model were verified by the measured results for PV glass surface temperature and power
generation under typical meteorological conditions. On this basis, the thermoelectric
performance of DS-STPV windows with different ventilation modes and their effects on
building heating energy use under winter conditions in cold regions were studied
comparatively. An optimal operation control strategy for DS-STPV ventilation windows was
proposed, which provided a design reference for improving the energy-saving potential of
buildings.
2. Experimental and simulation analysis
2.1. Experimental setup and measurements
As shown in Fig. 1, a test room with a dimension of 3.1 m (L) × 1.5 m (W) × 2.8 m (H) was
built on the roof of an educational building located within the campus of Taiyuan University
of Technology (N37°44′, E112°42′), China. A DS-STPV window measured 1.1 m in length and
1.3 m in height was installed on its south-facing external wall. The window-to-wall ratio was
35%. Fig. 2 shows the features of the DS-STPV ventilated window, which consists of an outer
pane of thin-film PV glass with 10% transmittance, an inner pane of 6 mm clear glass and a
middle 120 mm air ventilation cavity. The properties of the solar cell modules are listed in
Table 1. Ventilation louvers with a size of 1.1 m (L) × 0.1 m (H) were installed on the top and
bottom ends of the DS-STPV window, and the operation mode of the DS-STPV window was
changed by controlling the opening and closing of the ventilation louvers. There was no
heating system provided in the test room.
In this study, the thermoelectric performances of non-ventilated, inner loop and air supply
DS-STPV windows were measured to verify the reliability of the numerical model. The DSSTPV windows with different ventilation modes are illustrated in Fig. 3. The experimental
measurement time was from 9:00 to 17:00 every day from December to March. The
measured parameters included outdoor temperature, wind speed, solar radiation intensity,
surface temperature of PV glass and output power of solar cells. The temperature of the outer
surface of the DS-STPV window was measured by a T-type thermocouple with an accuracy of
±0.2 °C. The outdoor meteorological parameters were measured by a Jinzhou Sunshine PC-4
automatic weather station and the corresponding radiometer installed on the roof. The
output power of the PV window was measured by an MP-11 I-V curve instrument from EKO.
The specifications of the measuring instruments used in this study, including their
corresponding measurement ranges and accuracies, are summarized in Table 2.
2.2. Simulation analysis
In this study, the surface temperature and power generation of DS-STPV windows with
different ventilation modes were determined by EnergyPlus simulations using a series of builtin models, including an airflow network model, a heat transfer model and the Sandia PV
performance model. The Sandia model consists of a group of empirical relationships with
coefficients that are derived from actual testing. There are several climate and solar
orientation inputs to the model that are managed in EnergyPlus, including incident beam solar,
incident diffuse solar, incidence angle of beam solar, solar zenith angle, outdoor dry-bulb,
wind speed, and elevation (DOE, 2018). Fig. 4 illustrates the flow diagram of the EnergyPlus
simulation analysis.

2.3. Simulation verifications
To verify the reliability of the simulation results, a DS-STPV window consistent with the
experimental setup was established, as shown in Fig. 5. This study selected the data from
December 26th, March 1st and March 4th and compared the measured and simulated values
of PV power and surface temperature for different ventilation modes. The results are shown
in Fig. 6, Fig. 7, Fig. 8. The three days were selected for the analysis because they all had a
clear weather during the daytime from 9:00 am to 5:00 pm. Further, days from both months
of December and March in the space heating season were considered to enable investigations
on the effects of outdoor temperature.
As can be seen from Fig. 6, Fig. 7, Fig. 8, the measured values generally agree well with the
simulated results. However, a closer look at Fig. 6 shows that there is a relatively high
difference between simulated and measured power from 12:30 to 13:30, while that
difference is negligible for other hours. Similar observations are also found in Figs. 7 and 8,
where a larger difference in power is found during the central hours of the day. This can be
explained by the fact that in Sandia model a constant value of the empirically determined
“diode factor” is assumed for evaluating the performance of PV cells. While this assumption
is considered to be appropriate for low solar irradiance conditions, it tends to overestimate
the energy conversion efficiency of PV cells in the case of high irradiances (Long, 2017).
To further analyze the error between measured and simulated results, this paper adopted the
mean bias error (MBE) and root mean square error (RMSE) as the two error analysis
parameters (Yun and Kim, 2013, Reinhart and Breton, 2009). The simulation results were
considered reliable when the absolute value of the MBE was lower than 15% and the RMSE
was no larger than 35% (Reinhart and Breton, 2009). The errors in the measured and
simulated results for DS-STPV windows with different ventilation modes are summarized in
Table 3. This table clearly shows that the MBE and RMSE were within the acceptable range.
Therefore, it was recognized that the EnergyPlus model adopted in this paper could be used
to simulate the power generation and building heating electricity use of DS-STPV windows
with different ventilation modes.
3. Comparative analysis of different ventilation modes
In this paper, when comparing and analyzing the power generation performance of DS-STPV
windows with different ventilation modes and their influence on building heating electricity
use, simulation runs were performed for the typical meteorological year to provide a common
basis for the comparisons.
3.1. Simulation settings
A model of an office building with a dimension of 4.8 m (L) × 5 m (W) × 3.1 m (H) was
established by reference to the China standard for energy efficiency of public buildings (GB
50189, 2015) and the design code for office buildings (JGJ 67, 2006), as shown in Fig. 9. A PV
window with a size of 2.6 m (L) × 2 m (H) was installed in the south-facing external wall,
resulting in a WWR of 35%. The top and bottom ends of the DS-STPV window were equipped
with ventilating louvers of 2.6 m (W) × 0.1 m (H), and the ventilation mode of the DS-STPV
window was changed by controlling the opening and closing of the louvers. In addition,
according to the standards of office building design, the indoor temperature set point was

20 °C in winter (from November to the following March). The occupancy density was set at 4
m2/person, while the power densities of lighting and equipment were taken as 11 W/m2 and
20 W/m2, respectively. An air source heat pump system was used as the heating source, and
the heating coefficient of performance (COP) was 2.75.
3.2. Building electricity use
This paper evaluated and analyzed the electricity use of the building through the whole
heating period using the evaluation index of net electricity use for the building. The
calculation formula was as follows (Cheng et al., 2019):
𝑄𝑛𝑒𝑡 = 𝑄ℎ𝑒𝑎𝑡𝑖𝑛𝑔 + 𝑄𝑙𝑖𝑔ℎ𝑡𝑖𝑛𝑔 + 𝑄𝑒𝑞𝑢𝑖𝑝𝑚𝑒𝑛𝑡 − 𝐸𝑝𝑣
(1)
where Qnet was the net electricity use of the building; Qheating was the heating electricity
use of the building; Qlighting was the electricity use for indoor lighting; Qequipment was the
electricity use for indoor equipment and Epv was the PV power generation.
Since the lighting and equipment electricity usages of DS-STPV windows with different
ventilation modes were the same, this paper considered only the heating electricity use and
PV window power generation in the heating period when making a comparative analysis of
different ventilation modes for the DS-STPV windows. In addition, because some fresh air
could be sent into the room from the cavity under the action of thermal pressure and wind
pressure, the following formula could be used to calculate the preheating electricity use of
this fresh air:
𝑄𝑓𝑟𝑒𝑠ℎ = 𝑐𝑚∆𝑡

(2)

where Qfresh is the electricity use of fresh air preheating, c is the specific heat capacity of air,
m is the quality of fresh air entering the room and Δt is the difference between the interior
design temperature and outdoor temperature.
3.3. Results and analysis
This section presents the results of a comparative analysis of DS-STPV windows with different
ventilation modes. To facilitate the analysis, a typical winter day (i.e. December 2nd) was first
selected to enable an hour-by-hour examination. Fig. 10 shows the hourly variation in solar
irradiance on the PV windows and outdoor temperature. The data illustrated in the figure are
extracted from the EnergyPlus weather file for Taiyuan City. As can be seen, the diffuse
radiation intensity changes smoothly throughout the day, with a maximum value of 100
W/m2. The direct radiation intensity and outdoor temperature show obvious parabolic
variation through the day, and the variation range is wide. Among these values, the direct
radiation intensity peaks at approximately 1:30 pm with a maximum of 690 W/m2. The
outdoor temperature peaks at approximately 3:30 pm with a maximum of 9.9 °C.
Fig. 11 shows on hourly basis the simulated inner surface temperature of PV glass on
December 2nd. The figure illustrates that the inner surface temperatures of PV glass with
different ventilation modes have the same trend, change with the change in outdoor radiation
intensity and temperature and show a trend of increasing first and then decreasing. Among
these curves, the inner surface temperature of air supply PV glass is always lower than those
of non-ventilated and inner loop PV glass. This result occurs because the fresh air flowing

through the cavity of the air supply DS-STPV window removes the PV residual heat by
convective heat transfer, which lowers the temperature of the PV glass. In addition, with the
increases in outdoor radiation intensity and temperature, the temperature difference
between the inner surface of the air supply PV glass and the outdoor air increases gradually,
and the convective heat transfer is enhanced. As a result, the temperature difference
between the inner surface of the non-ventilated and air supply PV glass is gradually increased,
and the maximum temperature difference is 4.7 °C. Comparing the non-ventilated and inner
loop DS-STPV windows, when the inner surface temperature of the PV glass is lower than the
indoor temperature, indoor air with a higher temperature flows through the inner loop DSSTPV window cavity and heats the surface of the PV glass; the inner surface temperature of
the inner loop PV glass is thus higher than the inner surface temperature of the non-ventilated
PV glass, and the maximum temperature difference reaches 1.4 °C. When the inner surface
temperature of the PV glass is higher than the indoor temperature, air with a relatively low
indoor temperature flows through the inner loop DS-STPV window cavity and gains heat by
convective heat transfer, which reduces the inner surface temperature of PV glass. Thus, the
inner surface temperature of inner loop PV glass is lower than that of closed PV glass, and the
maximum temperature difference is 3.4 °C.
Fig. 12 shows the simulated hourly variation in the average cavity temperature of DS-STPV
windows on December 2nd. The figure illustrates that with the changes in outdoor radiation
intensity and temperature, the average air temperature of the cavity of the non-ventilated
window changes obviously, forming a parabola through the day. The maximum temperature
can reach above 35 °C, while the average air temperatures of the cavities of the inner loop
and air supply window change more slightly. The maximum temperatures are 23.3 °C and
19.1 °C, respectively, and the average air temperature of the cavity of the air supply window
is always the lowest. This result occurs because DS-STPV windows with a supply of air and an
inner loop are affected by outdoor fresh air and indoor air, respectively, flowing through the
cavities and experiencing convective heat transfer, which brings the cavity heat into the room
and reduces the cavity temperature at the same time, and the fresh air with lower
temperature and the cavity of air supply undergoes more heat transfer. In addition, with the
changes in outdoor radiation intensity and temperature, the air temperature difference
between the air supply and non-ventilated cavities first increases and then decreases, and the
maximum temperature difference can reach 17.4 °C. However, the air temperature difference
between the air supply and the inner loop cavity is decreases gradually, and the maximum
temperature difference is 7.9 °C. Comparing non-ventilated and inner loop DS-STPV windows,
when the cavity temperature is lower than the indoor temperature, the cavity of the nonventilated DS-STPV window has a lower air temperature. In contrast, the air temperature of
the cavity of the non-ventilated window is higher than that of the inner loop DS-STPV window,
and the maximum temperature difference is 13 °C.
Fig. 13 shows the simulated hourly temperature variation of the clear glass on December 2nd.
As shown in the figure, the temperature differences for the inner surfaces of the clear glass
of the PV windows with the three ventilation modes are not large, and the inner surface
temperature of the clear glass of the air supply DS-STPV windows is always the lowest. The
maximum temperature difference between the inner surface of the clear glass for nonventilated and inner loop windows is 1.3 °C, and the temperature difference between the
clear glass surfaces for non-ventilated and air supply type generally does not exceed 2.2 °C.

The temperature difference for the clear glass inner surfaces of inner loop and air supply
windows is generally approximately 1 °C. Therefore, the convective heat transfer and
radiative heat transfer between the inner surfaces of clear glass and the indoor air for DSSTPV windows with different ventilation modes are not significantly different.
Fig. 14 compares the power generation of DS-STPV windows with different ventilation modes
on December 2nd. The figure highlights the superiority of the air supply PV window, because
it can provide more electricity compared with other configurations. However, as seen from
the figure, the additional electricity is marginal. This is because amorphous silicon solar cells
that are typically of a small temperature coefficient are analyzed in this study, whereby their
energy conversion efficiency is insensitive to the PV temperature changes. It is expected that
if crystalline silicon cells are considered, the benefits associated with the air supply
configuration will become more significant (Liu et al., 2018, He et al., 2010).
Fig. 15 shows the simulated hourly variation in the heating electricity use for different
ventilation modes on December 2nd. The figure illustrates that the building heating electricity
use of DS-STPV windows with different ventilation modes shows a downward trend
throughout the day; the downward trend with time is more obvious in the morning and
gradually becomes gentle in the afternoon. Among the three window types, the heating
electricity use of the air supply DS-STPV window is always the lowest. This result occurs
because when fresh outdoor air flows through the cavity of the DS-STPV window, the residual
heat of the PV window is carried into the room by convective heat transfer, which effectively
reduces the fresh air load. In addition, this figure shows that the building heating electricity
use curves of non-ventilated and inner loop PV windows intersect. This result occurs because
when the inner surface of the PV glass and the cavity temperature are lower than the indoor
temperature, the indoor higher temperature air flows through the inner loop DS-STPV
window cavity to heat the inside of the cavity and the two glass surfaces. At the same time,
the air flow causes cooling by convective heat transfer into the room. At this time, the building
heating electricity use of the inner loop DS-STPV window increases compared with the nonventilated DS-STPV window. With increasing outdoor radiation intensity and temperature,
when the inner surface of the PV glass and the cavity temperature are higher than the indoor
temperature, the indoor air can bring the cavity and PV residual heat into the room by
convective heat transfer with the cavity of the inner loop DS-STPV window, which reduces the
heating electricity use of the building.
Note that the above analysis was carried out for a single winter day (i.e. December 2nd). In
this study, to enable an energy evaluation of different ventilation modes on a yearly basis,
simulations were extended to the entire space heating season of Taiyuan City, which includes
the months of November, December, January, February, and March. Fig. 16 compares the
power generation and building heating electricity use for different ventilation modes in the
space heating season. The results show that the use of air supply DS-STPV windows leads to
the lowest heating electricity use for the studied office building (Fig. 9). Meanwhile, the
amount of electricity generated in the space heating season for non-ventilated, inner loop
and air supply DS-STPV windows is found to be 29.21 kWh/m2, 29.5 kWh/m2 and 29.96
kWh/m2, respectively. Therefore, as compared with the other two ventilation modes, the use
of air supply DS-STPV windows is capable of reducing the building net electricity use by 18.5%
and 20.2%, respectively, which represents a high energy saving potential.

4. Optimized ventilation mode
According to the previous analysis, when the temperature of the inner surface of the PV glass
and the cavity is lower than the indoor temperature, the building heating electricity use of
the inner loop window is higher than that of the non-ventilated DS-STPV window, and closing
the ventilation louvers is more conducive to indoor thermal insulation during this period.
When the temperature of the inner surface of the PV glass and the cavity is higher than the
indoor temperature, the inner loop DS-STPV window not only reduces the building heating
electricity use but also improves the power generation performance of the PV glass. During
this time, opening the ventilation louvers is more conducive to building energy savings.
Fig. 17 shows the power generation and building heating electricity use in the space heating
season when the optimized ventilation is considered. As seen from the figure, the electricity
generated in the space heating season for non-ventilated, inner loop and optimized
ventilation is 151.9 kWh, 153.3 kWh and 152.9 kWh, respectively. Further, as compared with
the other two ventilation modes, the use of the optimized ventilation has the potential to
reduce the net electricity use of the building by 3.5% and 12.3%, respectively. Therefore, the
overall energy performance of the building is effectively improved.
The above findings are useful for providing a basis for developing an optimal control strategy
for the DS-STPV windows in order to minimize the building heating electricity use while
maximizing the PV electricity generation. Ventilation louvers may be used in practice to
enable switching between different ventilation modes. In this regard, the present study
confirms that the temperature difference between the inner surface of the PV glass and the
indoor air can be taken as the control input for determining the on/off status of the louvers.
5. Conclusions
In this study, experimental measurement data for a DS-STPV window in terms of power
generation and surface temperature were compared with those obtained from EnergyPlus
simulations. The measured and simulated results agreed well, which confirmed the reliability
of the simulation methodology adopted. On this basis, the energy performance of DS-STPV
windows with non-ventilated, inner loop, and air supply ventilation modes was studied by
simulation investigations. Relevant findings of the present study provide an insight into
optimal design and control of the DS-STPV windows employed in cold regions. Further, the
results presented and the simulation methodology established will also be useful for further
development of BIPV technology for energy savings and emission reductions. Specifically, the
conclusions drawn in this study can be summarized as follows:
1.
The DS-STPV window can generate approximately 29.5 kWh/m2 of electricity during the space
heating season in cold regions. Since the power temperature coefficient of the amorphous
silicon solar cell is small, the differences in the electricity generated by the DS-STPV windows
with different ventilation modes are small. The air supply DS-STPV window generates the
maximum electricity, while the non-ventilated DS-STPV window produces the minimum
electricity. If crystalline silicon PV modules with large power temperature coefficients are
adopted, the difference in electricity produced by the DS-STPV windows with different
ventilation modes will increase significantly.

2.
The air supply DS-STPV window cavity has a preheating effect on the fresh air sent into the
room, while the non-ventilated and inner loop DS-STPV windows need to consume energy to
preheat this fresh air before sending it into the room. The data show that when considering
the fresh air demand and fresh air load of the building, the building net electricity use of the
air supply DS-STPV window is 18.5% and 20.2% lower than those of the non-ventilated and
inner loop DS-STPV windows, respectively.
3.
When the temperature of the inner surface of PV glass and the cavity is lower than the indoor
temperature, the thermal insulation performance of non-ventilated DS-STPV windows is
better, and the electricity use for building heating is lowest. When the temperature of the
inner surface of PV glass and the cavity is higher than the indoor temperature, the inner loop
DS-STPV window not only reduces the heating electricity use of the building but also improves
the power generation performance of solar cells. Therefore, according to the difference
between the inner surface of PV glass and cavity temperature and the indoor temperature,
the optimal strategy of automatic operational control of the DS-STPV window louvers is
determined. The results show that the net electricity use of the optimized DS-STPV window
is 3.5% and 12.3% lower than those of the non-ventilated and inner loop DS-STPV windows.
It is concluded that the rational design and operation of DS-STPV windows can significantly
improve the energy-saving potential of buildings.

Regarding future works, further studies are necessary to explore the possibility of integrating
air quality considerations into the development of a control strategy for the DS-STPV windows.
This is important because when the window is operating in air supply (i.e. external ventilation)
mode, potentially contaminated outdoor air will be introduced into indoor spaces, which may
be unfavorable from an indoor air quality perspective. Therefore, the optimal control strategy
suggested in this study can be further improved by proposing a solution to maximize the
overall building energy performance without compromising the indoor air quality levels.
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Fig. 1. Photograph of the experimental setup.

Fig. 2. Schematic of the DS-STPV window.

Fig. 3. DS-STPV window with different ventilation modes.

Fig. 4. Flowchart of the simulation analysis.

Fig. 5. Schematic of the physical model for simulation verifications.

(b) Surface temperature
Fig. 6. Measured and simulated hourly values for non-ventilated configuration (1st March).

(b) Surface temperature
Fig. 7. Measured and simulated hourly values for inner loop configuration (4th
March).

(b) Surface temperature
Fig. 8. Measured and simulated hourly values for air supply configuration
(26th December).

Fig. 9. Schematic of a typical office room in the studied building.

Fig. 10. Solar irradiance on the PV windows and outdoor temperature (2nd
December).

Fig. 11. Simulated inner surface temperature of PV glass (2nd December).

Fig. 12. Simulated average cavity temperature of DS-STPV window (2nd
December).

Fig. 13. Simulated inner surface temperature of clear glass (2nd December).

Fig. 14. Simulated power generation for different ventilation modes (2nd December).

Fig. 15. Simulated hourly variation in heating electricity use (2nd December).

Fig. 16. Net electricity use for different ventilation modes in the space heating season.

Fig. 17. Net electricity use for the optimized ventilation in the space heating season.

Table 1. Dimensions and properties of the STPV module.
Parameter

Unit

Value

Width of PV panel

m

1.1

Height of PV panel

m

1.3

Thickness of PV module

m

0.008

Width of louver

m

1.1

Height of louver

m

0.1

Open circuit voltage

V

134.4

Maximum power

W

85

Short circuit current

A

1.01

Voltage at the maximum power point

V

100.3

Current at the maximum power point

A

0.85

Efficiency

%

5.9

Power temperature coefficient

%/K

−0.21

Heat transfer coefficient

W/m2K

5

Transmittance in visible lighting range

%

10

Infrared emittance

–

0.84

Table 2. Specifications of the measuring instruments used in this study.
Instrument

Measurement range

Accuracy

Thermocouple

−40 to 125 °C

±0.2 °C

Outdoor temperature,

−50 to 80 °C

±0.1 °C

Anemoscope

0 to 70 m/s

±0.3 m/s

Wind direction sensor

0 to 360°

±1°

Global horizontal radiometer

0 to 2000 W/m2

≤5%

Direct radiometer

0 to 2000 W/m2

±2%

Diffuse radiometer

0 to 2000 W/m2

±2%

I-V curve checker

10 to 1000 V; 100 mA to 30 A

±1% FS

Table 3. Errors between the measured and simulated results.
Ventilation mode

Parameter

MBE (%)

RMSE (%)

Non-ventilated

Power

0.83

6.92

Temperature

−4.4

5.84

Power

−1.11

8.52

Temperature

−4.9

7.73

Power

9.3

10.29

Temperature

−0.19

9.65

Inner loop

Air supply

