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Abstract

Semi-Transparent Photovoltaic panels (STPV) have become an important element in the building integration of
photovoltaic panels (BIPV). STPV panels can be integrated on double skin facades (DSF) and insulating glazing units
(IGU) acting as their exterior layer, generating electricity, controlling the solar heat gains and utilizing daylight. In
addition, a mechanically ventilated DSF integrating STPV panels (DSF-PV), can cool down the PV panels, increase
their efficiency but also use the preheated air to enhance the thermal efficiency of the mechanical system connected
to the DSF-PV. Two virtually identical STPV are integrated on a DSF-PV and a IGU-PV respectively and their
electrical performance is evaluated experimentally. Under the same exterior and interior conditions, it is found that
the DSF-PV has a 3% greater electrical performance than the IGU-PV and if the cavity of the DSF-PV is selectively
ventilated, the DSF-PV can generate more than 9% of electric power than the IGU-PV.
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1. Introduction

It is very common for both commercial and residential modern buildings to use curtain wall systems as part of their
envelope design. A well-designed curtain wall system is able to seal the building, protect it from weather phenomena
and provide to the building the modern architectural aesthetics. The large transparent facades are preferred due to the
reduced cost and the great appreciation of daylighting, as the sun light can penetrate deeper into the building. This
architectural tendency is likely to remain, due to the low cost of the curtainwall application and the fact that more
studies link daylight and view to the outdoors with increased worker productivity, well-being (Veitch and Galasiu
2011) and reduced lighting loads (Tzempelikos and Athienitis 2007). Highly glazed facades may maximize the
daylight potentials of the building but they may require an oversized mechanical system, as excessive solar gains may
lead to increased cooling loads during the day and low insulation may lead to increased heating loads during the night,
adding to the thermal and visual discomfort of the occupants.

The disadvantages of highly glazed facades may be minimized or overcome by either integrating photovoltaics (PV)
on windows or by adding an additional exterior layer forming in this way a double skin fagade (Miyazaki, Akisawa,
and Kashiwagi 2005). Solar cells may be used instead of reflective coating or ceramic frits to reduce the solar gains,
forming in this way semi-transparent photovoltaics (STPV) that could be integrated on parts of the fagade of the
building (James, Jentsch, and Bahaj 2009; Qiu et al. 2009). As a result, solar heat gains may be reduced, maintaining
at the same time adequate levels of daylight, provide view to the outdoors (Vartiainen 2001) and generate electricity.

When PV cell overheating is of concern, instead of a window with a sealed cavity (IGU), a ventilated one can be
utilized, turning the facade into a Double Skin Facade integrating photovoltaics (DSF-PV). The possibility of
recovering the heat from within the DSF-PV, along with the electricity generation and the daylight transmission, gives
the opportunity to the creation of an active fagade (Gaillard, Giroux-Julien, et al. 2014). As the air circulates behind
the PV cells, it cools down the cells through convection, reducing the temperature of the cells and increasing their
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electrical efficiency.

STPV fagades could have a substantial effect on the daylighting/lighting performance as well as energy and peak
power demand reduction on highly-glazed office buildings. The objective of this study is to experimentally investigate
the energy performance of two prevailing STPV facade configurations: i) curtain wall systems incorporating STPV
insulated glazing units (IGU-PV), ii) Double Skin Facade incorporating STPV technologies on the outer skin (DSF-
PV). The study focuses on offices in a continental climate region (Northeastern United States and Southeastern
Canada) and it is part of a bigger effort to provide input to the design guidelines for the utilization of advance
fenestration technologies that will help to achieve net-zero energy building performance targets and beyond, through
energy conservation and renewable energy generation.

2. Literature review on experimental investigation

A series of experiments have been held to characterize the performance of windows and double skin facades
integrating photovoltaic panels. Single, double and ventilated windows have been investigated, while the majority of
the studies used amorphous silicon (a-Si) photovoltaic panels. The experiments were mainly focused on the electrical
performance of the integrated photovoltaics, but many studies focus as well on the thermal and daylight performance
of such systems.

2.1 Windows integrating Photovoltaic

To assess the electrical performance of amorphous silicon STPV modules, the Sandia model was first validated
experimentally by Peng et al, with indoors and outdoors experiments (Peng et al. 2015b). It is reported that Sandia
model is able to predict the electrical output of the STPV modules on a sunny day but in order to predict the electricity
production on an overcast day a spectral correction should be applied to correctly simulate the performance of the
STPV windows. It is reported that a comprehensive spectral correction function is needed to be developed in the
future.

An experiment was set-up by Robinson and Athienitis (2009), integrating STPV on a double glazing window in
Montreal (Robinson and Athienitis 2009) focusing on its electrical and daylight performance. A design methodology
for optimizing the electricity generation and the daylight utilization was validated showing the potentials of south
facing STPV facades.

In addition to the electrical performance, the thermal performance of a double glazing STPV module was studied
under standard test conditions and outdoor conditions (Park et al. 2010). For an increase of 1°C of the PV module, it
is observed that the temperature coefficient (B) is 4.8% and 5.2% under STC and outdoor conditions respectively
(irradiance of 500W/m?). It is also reported that the type of glass used at the STPV window does not affect the electrical
performance of the module but affects the thermal performance of the system.

A comparison is held between an a-Si STPV double glazing unit and common single and double glazing units in terms
of their electrical and thermal performance (Liao and Xu 2015). Liao and Xu focused mainly on the room and facade
dimensions to develop a model and later validate it with field experiments in order to simulate it with the use of Energy
Plus. Amorphous silicon STPV windows are found to be better suited for small rooms with high WWR or tall rooms.
It is also found that they perform better than single and double-glazing units, mainly because they reduce the cooling
loads of the interior zone.

The SHGC of STPV modules and STPV windows was measured using a calorimetric box in a solar simulator (Chen
et al. 2012). Three laminated and two double glazing units with amorphous and micromorph are tested in the Solar
Simulator and it is reported that it is sensitive to the spectrum of the solar simulator and the reflection properties of
the absorber plate. It is also reported that the SHGC reduces significantly for incident angles greater than 45°.
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In addition, a hot-box is used by He et al. (He et al. 2011) to compare an amorphous single-glazing PV window to a
ventilated double-glazing PV window. With an electrical efficiency of less than 5% and with a packing factor of 0.8
the SHGC of the IGU integrating STPV is 46.5% in comparison to the single glazing STPV. A CFD analysis is held
using ANSYS FLUENT and RNG k-epsilon turbulence model. The difference between the experiments and the model
created, for the total heat gains, is 11.7% and 2.7% for the ventilated double-glazing PV window and the single-glazing
respectively and the estimated temperature difference is less than a degree C for both cases.

A ventilated thin-film PV window is experimentally assessed and verified using a developed ESP-r simulation model
that is then used to compare the STPV window with a simple absorptive glazing (Chow, Qiu, and Li 2009). For an
electrical efficiency of less than 5%, the STPV window is compared to an a-Si STPV product available in the market
and an to absorptive glazing. It is shown that the see-through PV installation can reduce the consumption of the HVAC
by 28%.

An exterior experimental facility was set up by Olivieri et al (2013), to assess the electrical, thermal and daylighting
and behavior of an STPV window (Olivieri et al. 2014). It is reported that the transparency of the PV window is not
the most important factor concerning the electrical performance. Four a-Si STPV modules with visible transmittances
between 0.1 and 0.4 have been experimentally compared to a reference glass. All four modules present higher SHGC,
approximately 40% larger heat losses and the U-values are almost double in comparison to the reference glass.

The optimal packing factor of STPV windows for office buildings in central China was investigated, for different
room lengths, WWRs and orientations (Xu et al. 2014), analyzing its electrical, thermal and daylighting performance.
A parametric analysis is performed, using Energy Plus, to identify the impact of different cell coverages into the
energy consumption of the zone, stating that the selection of the optimal configuration can reduce the energy
consumption up to 13% in comparison to the least favorable configuration.

2.2 Double Skin Facades integrating Photovoltaic

The integration of PV on DSF is an idea that has recently received the attention of the academic community. The
majority of the research is focused on naturally ventilated DSF integrating STPV made out of amorphous silicon.

Peng et al, set-up an experimental facility in Hong Kong, consisting of a DSF integrating see-through a-Si PV (Peng
et al. 2015a; Peng, Lu, and Yang 2013). The DSF has a cavity width of 400mm that is created between a double glazed
see-through PV and the interior window and inlets at the top and the bottom, both at the exterior side. Four different
operation modes of the dampers and the interior window were experimentally investigated showing that the
temperature of the air at the outlet can be more than 2°C higher than the one at the inlet. It is also reported that the
SHGC for the different operation modes are between 0.1 and 0.13.

The same experimental facility was later used to validate a developed simulation model, based Energy Plus (Peng et
al. 2016). For a cool-summer Mediterranean climate zone, a thickness between 0.4m and 0.6m could be recommended
as the optimal cavity width while the DSF-PV, used 50% less net-electricity than other glazing systems. In addition,
it is highlighted that the future of the DSF-PV is promising because of the decrease of the prices and the increase of
the efficiencies of the PVs.

Three prototype DSFs integrating semi-transparent photovoltaics are tested and a comparison between the thermal
response of the semi-transparent photovoltaics and the air inside the cavity is presented (Gaillard, Ménézo, et al. 2014).
The two-storey West North-West DSF of the building is designed to increase the electrical performance of the semi-
transparent photovoltaics installed by utilizing the stack effect (Gaillard, Giroux-Julien, et al. 2014). As reported by
the experimental data collected under real conditions, in a span of a year, the behavior of the system can be predicted
by using simple relationships.

An experimental facility was built in Hong Kong to compare the energy performance of a Double Skin Facade (DSF)
and an insulation glass unit (IGU) integrating semi-transparent photovoltaics (Wang et al. 2017). The thermal
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performance of the IGU integrating STPV was found to be better by 2% than the naturally ventilated DSF integrating
photovoltaics (DSF-PV), although the authors mentioned that an appropriate ventilating mode for the DSF-PV would
potentially result into better thermal performance.

In Table 1, the available state of the art is shown, presenting the experimental research performed on windows and
double skin facades integrating semi-transparent photovoltaics. The available literature is also analysed presenting the
different type of PV utilized, the types of windows used and whether the DSF is mechanically or naturally ventilated.
In addition, the focus of the study is presented along with whether any simulation models are used. The last row states
the location of the experimental facility, if it is an exterior one, or if the experiments are performed on a solar simulator.

Table 1 Available literature on experimental research perfromed on windows and DSF integrating PVs
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F. Chen et al. (2012) v VI viv viv Solar Simulator
W. He et al (2011) v vivi |V ViV v [Hefei
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Olivieri et al (2014) v v vIviv Madrid
S. Xu et al (2014) v Vivivly |V Wuhan
J. Peng et al (2013) v | |V Hong Kong
L. Gaillard et al (2014) v 1 |V |V Toulouse
J. Peng et al (2015) v 45404 Hong Kong
M. Wang et al (2017) v v IViviv] |V Hong Kong

Based on the Mataro Library in Barcelona, Mei et al, developed a dynamic thermal model on TRNSYS for a DSF
integrating STPV (Mei et al. 2003). For a 15% transparency and an assumed as constant transmittance-absorptance of
0.8 STPV panel a thermal model was developed. It is reported that the air at the outlet of the DSF-STPV can reach
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50°C in summer and 40°C in winter and this preheated air can be introduced into the HVAC system to reduce the
heating load by 12%. Based on the same building the potential to use a desiccant cooling machine in combination with
the DSF-PV is investigated (Mei et al. 2006). The 70°C heated air within the DSF can be fed into the desiccant cooling
machine and regenerate the sorption wheel, resulting into an average COP of 0.518 during the summer season. The
approach of four different terms describing the ventilation gains, the transmission losses and the temperature
components are used in a steady state analysis to simulate the Mataro Library DSF-PV (Infield, Mei, and Eicker 2004)
(Infield et al. 2006). In this way, monthly U and g values have been derived and the energy thermal gains have been
calculated.

An integral (electrical, thermal and daylight) simulation model is used to carry out an annual performance study for
an architype office building located at Toronto, Canada (Kapsis and Athienitis 2015). The model is experimentally-
verified. The analysis demonstrates that the use of STPV facades have the ability to generate enough electricity to
cover the annual electricity demand of the building on electric lighting and plug loads. In case of STPV/T or double
skin facade, a significant amount of heat (in the form of preheated outdoor air) could be also generated. The heated
air could be used to a solar assisted air-source heat pump that could be used to partially cover the heating and cooling
demands of the building. Moreover, the use of STPV/T or double skin facade reduces the heat losses through the
building skin during the heating season.

3. Experimental set-up

Two virtually identical semi-transparent photovoltaics (STPV) are used for this experimental set-up, located in
Montreal, Canada (45° 30' N / 73° 35” W). The first STPV is used as the exterior layer of a DSF forming in this way
a DSF-PV and the second one is used as the exterior layer of an Insulating Glazing Unit (IGU-PV). For each STPV,
48 cells of 17.80% nominal efficiency are used and are distributed in 8 rows with 6 cells in each row. In Figure 1, the
experimental test cell is presented, showing the IGU-PV on the left side and the DSF-PV on the right. An automated
damper with a Belimo actuator (0-5V) is integrated underneath the DSF-PV and is controlled to ventilate the DSF-
PV. The test cell faces towards the south, while the south view of the facade is shown on the panoramic picture of
Figure 1. It can be seen that most of the days of the year, the sky-scraper at the east, south-east shades the test cell, in
the early morning and for a couple hours after the solar noon the test cell is shaded by the building that is located at
the south, south-west.

The characteristics of the STPV modules are presented in Table 2 and the layers of the first and the second STPV are
show in Figure 2. Both the STPV have the same layers: glass, Ethylene-vinyl Acetate (EVA), PV cells, EVA and
glass. The dimensions of both the STPV panels is 1.968m by 0.992m and the PV cells used are square and have sides
of 15.6cm, while the seven transparent strips have a width of approximately 10.3cm. In this way, 63.4% of the area is
covered by the cells and the remaining 36.6% is transparent. The insulating glazing unit is assembled with a hard low
emissivity coating at the back of the STPV. The space between the STPV and the double glazing is vacuum and 13mm
wide.

The cavity of the DSF-PV is 17cm wide and the back layer of the DSF-PV extends from the bottom of the test-cell to
a height of 1.90m. The top of the DSF-PV is sealed and a plenum is used to collect the air and drive it through a
manifold (Figure 3). A rectangle FLST 25.4cm by 25.4cm (10in by 10in) flow meter by Dwyer is flashed at the middle
of this manifold and its location is selected to be at distance from previous and later elbows that could affect the flow.

Both the systems are integrated on the test-cell using mullions and pressure plates that are mainly used in curtainwall
applications. On the interior side of the DSF-PV, the double glazing that is used as the interior layer of the DSF-PV,
is mounted following the same principal. In this way, the mullion in its width acts as the spacer between the internal
and external layer of the DSF-PV and makes it easy for the integration on buildings.

Thermocouples (T-type) are place on the interior side of the STPV and on both sides of the clear IGU of the DSF-PV.
In addition, thermocouples are placed in the middle of the cavity, approximately 8.75cm from each side and in the
vertical direction. The thermocouples are placed at the same heights in all layers and are evenly distributed along the
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height of the DSF-PV (Figure 3). Because the dampers are located underneath the exterior layer of the DSF-PV, the
thermocouples on the DSF-PV start at the second height level. Similarly, because of the manifold, the thermocouples
on the interior layer stop before the last height level. In Figure 3, all sixteen of the height levels of the thermocouples
are shown with each color indicating a different layer.

Figure 1 A) View from the south facade of the test-cell, where the STPV are integrated. B) The IGU-PV is installed on the left and the
DSF-PV is on the right. The mechanical dampers are shown under the DSF-PV installation.

Table 2 Electrical data of the STPV integrated on the DSF-PV and the IGU-PV

STPV #1 (DSF-PV) STPV #2 (IGU-PV)
I 855A 857 A
Voe 2990V 2998 V
Prnax 186.39 W 187.95 W
eff 10.6 % 10.7 %

*under Standard Test Conditions
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Figure 3 Layers of the STPV used at the DSF-PV Figure 3 Thermocouples are placed on four layers on the
(Left) and of the IGU-PV (Right). DSF-PV (Left) and on the IGU-PV (Right).

For the IGU-PV, thermocouples were installed on the side of the IGU that faces the room, distributed in the same way
as they are on the DSF-PV. The data acquisition system used is the LabView using national instruments (NI). For the
thermocouples the NI 9213 module is used (National-Instruments 2016). For the accurate measurement of the power
output of the DSF-PV and the IGU-PV, an identical electric assembly was set up for each PV module. This assembly
consist of a charge controller with maximum power point tracker (MPPT) a battery of 12 V and 110 Ah and a dump
load (TE Connectivity 2005). The multi-stage MPPT solar charge controllers used are the Solar Boost SB3024i (Blue
Sky Energy Inc. 2009) and the battery is the 8A31DT AGM sealed (MK Battery 2015). The voltage of each PV
module is measured with a NI 9223 module (National Instruments 2016) and a shunt resistor (Riedon Inc. 2018) is
used to measure the current flowing from the PV. The electrical configuration and connections are shown in Figure 4.
The selection of shut resistor was based on the range and precision of the voltmeter. In our case a NI 9213 was used
to measure the voltage difference (range of +78 mV) and using a safety factor of two (2) over the short circuit current
from the PV (~16 A), the value of the shunt resistor was calculated to be 5 mQ. For the selection of the battery, an
empirical rule was used to calculate the battery capacity (Ah), which is equal to the watt peak of the STPV multiplied
by the daily solar exposure and the days of battery autonomy of the system, divided by the battery loss factor, the
depth of discharge and the battery voltage. In order the MPPT to supply the battery with the maximum current possible,
the battery should not be full and this is why a single day of battery autonomy was preferred. Assuming that the PV
average daily solar exposure is three hours, the battery loss is 0.85 and the depth of discharge is 0.5 the battery capacity
is calculated to be approximately 110 Ah. A resistor is used as dump load to release, in the form of heat, the total
electricity generated by the STPV and stored at the battery, during the night, when the heating loads from the resistors
will not interact with the STPV experiments. For a 1 Q resistor and a 12 V battery supply, a 144 W resistor should be
used, instead a 300 W resistor was selected to avoid the overheating of the resistor.



Z. loannidis / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

-'n P30 W

! NN
A | r
+ - R=5mQ0.25% | | | |
P=12W 7
>
2255
s B | + -
< S
m M 12V 110Ah
Maximum Power Point Tracker

with Charge Controller

Figure 4 Schematic showing the electrical connection between the STPV, the MPPT and the batteries. The location of the shunt
resistors used for the current measurement and the resistors used as a dump load is shown.

4. Experiments and result discussion

The test-cell and the experimental set-up described earlier, is used to characterize the electrical performance of the
DSF-PV and the IGU-PV. In addition, a comparison is held between their performance under the same exterior and
interior condition.

Experiments that are presented in this paper are for a series of eight (8) consecutive days, under different weather
conditions and under different ventilation strategies for the cavity of the DSF-PV. The average velocity within the
cavity and the incident solar radiation for these days are presented in Table 3. From Table 3, it can be extracted that
for all the monitored days, the DSF-PV out-performs the IGU-PV by a 3% to 10% difference, depending on the
strategy selected for the ventilation of the cavity of the DSF-PV.

From the same table, it can be seen that clear sky days are Day 1,4,6,7 and 8 and the overcast days are Day 2, 3, 5. If
the cavity is ventilated, the electricity production of the STPV integrated on the DSF is greater than this of the IGU-
PV by 7.27% to 9.20%. The days that the cavity is ventilated but the sky is overcast (Day 2 and 3), the electrical
performance of the DSF-PV is approximately 4.5% greater than the IGU-PV. Lastly, when the cavity is closed, the
difference between the electricity generated by both the STPV, is the smallest encountered but is still between 3.6%
and 4.1%. On the last column of Table 3, the percentage of the time that the power of the DSF-PV is greater than the
Power of the IGU-PV is presented showing that more than 87% of the time, the DSF-PV performs better than IGU-
PV

In Figure 5, a comparison of the power produced and the current generated by the DSF-PV and the IGU-PV is depicted
for Day 1 between 7:00 AM and 2:40 PM. The shaded with different colors zones, represent time-periods where
different average velocities within the cavity were measured, due to different fan operation.

As it can be seen, the power generation between 7:30AM and 8:00AM drops and this is because of the shading that is
provided to the test-cell by the sky-scraper presented in Figure 1. For the same reason, the power drops after 2:15PM,
where the building located at the south-west shades the test-cell. The power of the IGU-PV drops first, as it is located
on the west side of the test-cell.

When the cavity of the DSF-PV starts to be ventilated, the power generated by the DSF-PV starts to be greater that
this of the IGU-PV. The current generated by both the STPVs is almost identical, and this is because the STPV are
similar and under the same incident solar radiation. On the other hand, the difference of the power generated by the
integrated STPVs should be correlated to the voltage difference created by each system and thus the temperature their
cells, as the operating voltage of the STPV panels is dependent on the temperature of the cells.

For the same day (Day 1), the power generated by the DSF-PV and IGU-PV and the voltage at which this power is
generated is shown in Figure 6. It can be seen that the DSF-PV operated at a higher voltage of about 2 V than the
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IGU-PV. Consequently, the power generated by the DSF-PV is approximately 10 W higher than this of the IGU-PV,
for the majority of the time, resulting in the average 9.20% difference presented in Table 3.

Table 3 Experimental data for eight (8) consecutive days in Montreal.
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Figure 5 Power production and current of the STPV panels integrated on the DSF and the IGU on Day 1, with an average velocity
within the cavity of approximately 1.25m/s.
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Figure 6 Power production of the STPV panels integrated on the DSF and the IGU in comparison to their voltage output on Day1, with
an average velocity within the cavity of approximately 1.25m/s.

5. Conclusions

This study is focused on assessing the electrical performance of two similar STPV panels under the same exterior and
interior conditions, integrated on different systems. An exterior experimental facility is set up to monitor the electrical
performance of the STPV panel integrated on the exterior layer of a DSF and on an IGU, forming in this way a DSF-
PV and an IGU-PV.

It should be noted, that the study presents some limitations. One of these is the short duration of the experiment. In
the contrary, these days are around the September equinox and thus makes it easier for the results to be used for future
studies and simulations. Also, the eight (8) monitored days that are presented in this manuscript are part of a longer
experiment that is set-up to run for a whole year, in Montreal (Canada). Annual results can be later used, with more
confidence to simulate IGU-PV and DSF-PV under different climatic conditions.

During the monitored days, the STPV integrated on the DSF out-performs the one integrated on the IGU. For all the
eight (8) monitored days that the experiment lasted, the electrical performance of the DSF-PV presented increased
values between 3% and 9% depending on the ventilation strategy of the cavity of the DSF-PV and the incident solar
radiation. Even when the DSF-PV is not ventilated and acts as a buffer zone, the electrical performance of the STPV
panels is 3% to 4.5% greater than this of the IGU-PV.
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