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Abstract: To study Semi-Transparent photovoltaic (STPV) windows, experiments were conducted
to test the energy potential of STPV window installed in buildings. Two identical rooms were
built up as experimental units; one was fitted with amorphous silicon (a-silicon) photovoltaic (PV)
windows, and another was fitted with a conventional window. The interactional influence was
analyzed among air conditioning energy consumption, lighting energy consumption, and energy
generation. It can be concluded that STPV windows could provide 0.26 kWh/per day and save 29%
on comprehensive building load on a typical sunny day. In order to further investigate, buildings
installed with STPV windows in four typical cities with different climate environments in southwest
China were simulated and analyzed. The cooling load of the buildings were all decreased while the
heating energy consumption and lighting energy consumption were lightly increased. The energy
generation of STPV windows was highest in Lhasa at 402.1 kWh/year. The energy saving potential
of STPV windows was predicted with good values; 54% in Kunming.

Keywords: STPV window; energy generation; building integrated photovoltaic (BIPV); electricity
consumption; southwest China

1. Introduction

The use of PV to meet the demand for electricity has been widely recognized. It is a key
developmental step of the renewable energy plan in China [1]. The application of PV technology in
the construction field is particularly important. The current building energy consumption accounts
for around 30% of the total energy consumption [2]. Windows may be considered as the least energy
efficient component of a building [3]. The research and development in the application of PV windows
can potentially improve building energy conservation in Southwest China.

In Southwest China, solar energy application is being encouraged to develop at a rapid pace
owing to an abundant availability of solar radiation and sparsely populated land [4]. For building
related practice and research, the climatic conditions in China have been divided into five climatic
zones, and southwest China houses three of those, Hot Summer Cold Winter Zone, Cold Zone, and
Temperate Zone. Four cities were chosen for simulation: Lhasa, Kunming, Guiyang and Chengdu.
Each city represents a different climate and solar radiation condition [5].
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Research on the thermal performance of PV technology development was studied by Fung et al. [6].
It was found that solar heat gain is the major component of the total heat gain. The area of solar cell in the
PV module has a significant effect on the total heat gain while the solar cell energy efficiency and the PV
module’s thickness have minimal effect. Nuria Martin-Chivelet et al. [7] tested the optical and electrical
properties of STPV modules and it was discovered that STPV windows are efficient in an indoor lighting
environment. Martin-Chivelet et al. [8] rebuilt the building and applied the PV module to the building,
which achieved a good energy saving effect. Costanzo et al. [9] set up a method to analyze energy
performance of building integrated photovoltaics, whilst keeping the urban context in mind. It was found
that the BIPV system can achieve the renewable energy directive target of 20%. Cucchiella et al. [10] used
the net present value (NPV), internal rate of return (IRR), discounted payback period (DPbP), discounted
aggregate cost benefit ratio (BCr), and reduction of emissions of carbon dioxide (ERcd) to evaluate the
environmental impact and economics of building integrated photovoltaic systems in Italy.

For the application of PV on windows and glazing, prototypes had been made of crystalline
silicon solar cells (e.g., Mono-crystalline (mono c-Si), poly-crystalline (poly c-Si)), thin film solar cells
(e.g., amorphous silicon (a-Si), and organic solar cells (e.g., organic PV (OPV)). As shown in Figure 1,
crystalline silicon modules have the highest power generation efficiency but are opaque. Thin film
modules have good transmittance, but the power generation efficiency has only been reported within
a range of 4.1–12% [11]. In recent years, the new generation of photovoltaics- organic photovoltaic
(OPV), have been encouraged in the market. They are more economical and flexible but with lower
electrical efficiency (e.g., module efficiencies for OPV devices are in the range of 3–7.6%) [12].
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In recent years, semi-transparent PV (STPV) windows have attracted the attention of many
researchers. Wong et al. [13] studied STPV as the roof of residential applications. The experimental
results showed that PV roofs can save indoor energy consumption. Liao et al. [14] compared amorphous
silicon glass with traditional glass in different buildings. Considering the influence of building
conditions, it was shown in the experiment that STPV windows are more advantageous than traditional
glass windows.

To consider the energy performance of STPV windows, He et al. [15] compared the performance
of single-layer PV windows and double-layer PV windows in Hefei, China. Based on the test results,
double-layer PV provided better thermal comfort. Peng et al. [16] set up the experimental units
in Hong Kong to test the heating performance of STPV windows in winter. Chow et al. [17] built
an experimental system for a typical office environment in Hong Kong for the verification of the
simulation models. In the simulated results, it was demonstrated that innovative natural ventilation
photovoltaic double glazing can significantly reduce indoor energy consumption by 28%.

To further explore the performance of PV windows, researchers set up a simulation model
and analyzed their performance. The simulation model set up by Peng [18] for an optimized
double-skin PV window showed that the annual power output could be doubled even with ventilation.
Vartiainen et al. [19] found that if the solar panel coverage of solar cells increased, the annual average
daylight autonomy (DA) of buildings increased significantly. Olivieri et al. [20] studied the relationship
between photovoltaic cell transmittance and building interior lighting by establishing an ideal model.



Energies 2018, 11, 3239 3 of 13

The results showed that when the transmittance of STPV windows were reduced from 40% to 10%,
the indoor lighting coefficient gradually reduced but the uniformity of illumination improved.

According to the previous study, most of the studies were focused on electricity performance tests
and used numerical simulation to evaluate the energy consumption. However, the comprehensive
energy saving potential is complicated. It should include the interactional influence among air
conditioning energy consumption, lighting energy consumption, and energy generation. And the
southwest region is in a complex climate zone, the application of PV windows in different regions of
Southwest China should be further investigated. This article aims to evaluate the potential for saving
and generating energy in buildings using semi-transparent photovoltaic windows. Experimental tests
were carried out to analyze the energy consumption of semi-transparent PV windows in summer, and
the coupling relationship between air conditioning energy consumption, lighting energy consumption,
and power generation. With the aim to investigate further, STPV windows installed in buildings of
four typical cities of Southwest China, each with different climate conditions, would be simulated,
analyzed and thus the energy-saving potential of STPV windows will be predicted.

2. Investigation Methods

2.1. Parameters of PV Module

The double-layer STPV window was designed and produced by our research team and the
Hanergy Company. As shown in Figure 2, the double-layer STPV window consists of one layer of
single STPV windows, and one layer of conventional window with a vacuum air layer. The key
characteristics of the PV module are shown in Table 1.

Table 1. Physical and electrical properties of STPV window and conventional window.

a. Physical properties of STPV window

Layer/Property thickness (mm)
Glass-tempered 6

Air gap 9
Single STPV window 10

b. Physical properties of conventional window

Layer/Property thickness (mm)
Glass-tempered 8

Air gap 9
Glass-tempered 8

c. Electrical properties of STPV window

PV module type a-SiGe
Maximum power under STC (W) 50

Photoelectric conversion rate 6.7%

d. Other properties of windows

Dimension of each STPV window and conventional window 1.24 m (L) × 0.64 m (W)
Visible transmittance of the STPV window 20%

Weight density of the double-skin STPV window 40 kg/m2
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2.2. Test Methods

The analysis of the building with integrated PV windows were divided into two parts: energy
consumption and electricity generation. The energy benefits of the BIPV systems are based on three
aspects, electricity saving of the artificial lighting system, the HVAC system, and electricity generation
from the PV. According to the “Design Code for Heating Ventilation and Air Conditioning of Civil
Buildings” in China, the indoor temperature should be set to 18–26 ◦C, and 26 ± 1 ◦C was chosen for
the test [21].

To test the performance of the double-skin STPV window, a test rig was built in Sichuan University
in Chengdu, as shown in the Figure 3. The test rig included two identical test units (3 m × 3 m × 3 m)
and a 75 mm thick sandwich rock wool board was used as the material for the wall and roof to meet
the requirements of the thermal insulation. The windows were installed on a south facing wall.
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Measurement instruments of the test rig are shown in Figure 4. The wireless lighting illuminance
sensors were used to measure the daylighting illuminance on the working surface. The measuring
points were arranged 1 m from the wall and 0.75 m from the floor. The double-skin window
related parameters like I–V curves, solar radiation upon south façade, and generation power were
measured by the outdoor PV testing equipment. The indoor temperature was tested by the wireless
temperature sensors. The experimental data, except the electrical parameters, were collected by
wireless multi-channel data recorders with an interval of 1 min. As for the indoor energy consumption,
STPV windows not only generated electricity, but also influenced the indoor light environment and
thermal environment. To get a comprehensive analysis of the indoor energy consumption, the power
consumption of the indoor air-conditioner and lighting had been collected by the electric quantity
recorder. The quantity recorder made by BULL can transfer data through a wireless network. All the
key instruments and their specifications [22] are shown in Table 2.
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Table 2. The key instruments and their specifications.

Equipment Manufacturer Function and Model Range/Sensitivity Number

Outdoor
multi-channel PV

test equipment
Ceyear AV6595A

PV testing (three 500
W module and one

10 kW module)
0 W–10 kW, 1% 1

Solar radiation test
equipment AV87110

Testing the solar
radiation upon the

south façade
0–1800 W/m2; ±3% 1

Weather station J.t Weather condition
recorder

Temperature: ±0.5 ◦C,
humidity: 0.1%, ±2%;
atmospheric pressure:

1 mbar; wind rate: 0.1 m/s;
wind direction: ±5%

1

Multi-channel data
recorder J.t Data collector The minimum resolutions

are 1 µV and 0.1 ◦C 1

Thermocouples J.t Temperature test
(T type thermocouple)

−20 ◦C–100 ◦C; 0.1 ◦C;
±0.5 ◦C 24

Light meter J.t - 0–100,000 lux; 1 lux; ±4% 8

Electricity recorder BULL Record electricity
consumption 0–3000W, ±1% 4

2.3. Building Model

In order to simulate a comprehensive performance of a double-layer a-silicon windows in
Southwest China, a three-factor model of lighting-heat-electricity was established with the Thermal
balance model, the Daylighting model, and the Sandia PV model in EnergyPlus.

This study focuses on the overall energy performance of different windows, the simulation model
of test units was simplified [23]. The room model, which has the same dimensions as the test units,
is shown in Figure 5. In winter, the indoor temperature was maintained at 18 ◦C, while in summer,
it was maintained at 26 ◦C.
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3. Experimental Results and Analysis

In summer, experiments were conducted to test the building electricity consumption of two units
in different weather conditions from June to August. The electricity performance of STPV windows
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were evaluated. The average outdoor ambient temperature was around 24 ◦C. The average radiation
upon the south face of the units was about 200 W/m2/per day. STPV windows can generate an
average 0.17 kWh/m2/per day of electricity, and its conversion efficiency may reach 13.8%. During
the test period, three continuous days (sunny to cloudy) from 21 June, 22 June (Summer Solstice) and
23 June were selected to analyze the energy saving potential in Chengdu. According to the record of
weather conditions, the other days were similar to the selected days. To simplify the analysis of energy
consumption, only the electricity consumption of air conditioning and lighting were analyzed.

3.1. Air-Conditioning Electricity Consumption Test

The air-conditioning electricity consumption for the two units are shown in the Figure 6.
On a sunny day, the average electricity consumption of the test unit and comparison unit was
0.181 kWh and 0.214 kWh. On a cloudy to sunny day, the average electricity consumption of the
test unit and comparison unit was 0.189 kWh and 0.206 kWh. Since the shade of solar radiation by
STPV windows increased the air conditioning load of the unit, it’s shown in the experiment that
the electricity consumption of the test unit was less than that of the comparison unit. On cloudy
days, the average electricity consumption of the test unit and comparison unit was 0.105 kWh and
0.106 kWh, respectively, which is essentially the same.
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3.2. Lighting Electricity Consumption Test

When the illuminance does not meet the preset requirement of 300 lx [24], the lighting was turned
on automatically and the electric power meter was used to record the electricity consumption of the
lighting. As per the observations in the experiment, on sunny days, STPV windows would not affect
the indoor daylighting requirement and the average illuminance in both the test unit and comparison
unit reached up to 1583 lx and 3897 lx; thereby eliminating the consumption of electricity by the
lighting. On a cloudy to sunny day, the average illuminance in the test unit was 287 lx in the morning
but 1437 lx in the afternoon. On cloudy days, the average illuminance in the test unit and comparison
unit were 207 lx and 832 lx, respectively.

In Table 3, the test results of lighting on a sunny day, cloudy day, and cloudy to sunny day have
been shown. As can be seen in the table, the unit with STPV windows needed to turn on daylight
when the nature lighting did not meet indoor lighting required. The electricity for lighting on cloudy
days were about 0.3 kWh per day, and 0.1 kWh per day on a cloudy to sunny day. Compared to the
experiment tests of the daily lighting, indoor lighting would be reduced due to the shading of STPV
windows, and electricity consumption would slightly increase.

Table 3. Lighting test results.

Test unit

Date Weather Maximum
illuminance

Average
illuminance

Total lighting electricity
consumption

21st June Sunny 1205 lx 983 lx 0 kWh
22nd June Cloudy to sunny 1078 lx 763 lx 0.1 kWh
23rd June Cloudy 419 lx 207 lx 0.3 kWh

Comparison unit

Date Weather Maximum
illuminance

Average
illuminance

Total lighting electricity
consumption

21st June Sunny 3505 lx 2683 lx 0 kWh
22nd June Cloudy to sunny 2178 lx 1763 lx 0 kWh
23rd June Cloudy 2119 lx 832 lx 0 kWh

Difference from test and comparison unit

Date Weather Maximum
illuminance

Average
illuminance

Total lighting electricity
consumption

21st June Sunny 34% 36% -
22nd June Cloudy to sunny 49% 43% -
23rd June Cloudy 19% 24% -
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3.3. Energy Saving Potential Analysis

As shown in Figure 7, the energy saving analysis for the two units were carried out to compare
the energy consumption and generation. On a sunny day, the energy generation of a STPV window
was 0.26 kWh. As for the energy consumption in two units, only the air-conditioning consumption
in test unit with 1.37 kWh was lower than that in comparison unit with 1.93 kWh. The total energy
saving rate was 29%. On the cloudy to sunny day, there was minimal energy generation and the
energy consumption in the two units remained the same. On the cloudy day, due to the shade of STPV
windows, the test unit turned on the lighting, unlike the comparison unit. The energy consumption
in two units were 1.24 kWh and 0.95 kWh, respectively. The test unit needed additional energy
consumption as opposed to the comparison unit.
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4. Simulation Analysis of Energy Saving Potential in Typical Cities in Southwest China

According to the test results, the PV surface temperature and power generation test data were
used to validate the simulation model. To assess the accuracy of the simulation model, ASHRAE
Guideline 14 suggests that if the mean bias error (MBE) and the coefficient of variation of the root mean
square error (Cv(RMSE)) of a building energy simulation model fall within 10% and 30%, respectively,
it can be regarded as an acceptable model in accuracy [25]. For the validation of the photovoltaic
window outer surface temperature, The MBE was 3.8%, and the Cv(RMSE) is 5%. For the power of PV
panel electricity generation, the MBE is 7.6% and the Cv(RMSE) is 20.39%. It can be verified that the
simulation model can simulate the real operation of a room.

For further study of energy saving potential, four typical cities in Southwest China were selected
for simulation analysis [26]. Locations and climatic conditions of four cities are shown in Table 4.
Lhasa, a representative city of the abundance of solar energy resources in southwest China, is located
in the plateau area. The solar radiation in Kunming is also high, and its ambient temperature is mild all
year round. Chengdu, the economic and political center of Southwest China is located in the Sichuan
Basin while Guiyang is located in the central part of Yunnan Guizhou Plateau. It has a mild climate,
and the solar radiation of both the cities is relatively low.

Table 4. Radiation and temperature of four cities.

Locations Climatic Zone Global Solar
Radiation (MJ/m2)

Average
Temperature in
Summer (◦C)

Average
Temperature in

Winter (◦C)

Chengdu/Capital
of Sichuan

Hot Summer
Cold Winter 6.67 27.8 5

Guiyang/Capital
of Guizhou

Hot Summer
Cold Winter 10.72 23.2 4.6

Lhasa/Capital of
Tibet Cold Zone 21.92 15.5 1

Kunming/Capital
of Yunnan Temperate 18.91 20 10

The building load and energy saving potential for STPV windows were predicted in the four
chosen cities. As shown in Figure 8, Lhasa has the largest energy generation with 402.1 kWh and
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Guiyang has the lowest energy generation with 216.5 kWh. The energy generation in Chengdu and
Kunming were 233.55 kWh and 314.1 kWh, respectively. Cooling loads of building with STPV windows
in Chengdu, Kunming, Lhasa and Guiyang had reduced to 285 kWh, 393.9 kWh, 369.1 kWh, and
227.4 kWh, respectively. The cooling load of all the buildings decreased, while the heating energy
consumption and lighting energy consumption increased slightly. This was caused by the partially
blocked solar radiation by STPV windows and different climatic conditions. It was calculated that
Kunming had the largest energy saving rate with 53% and Guiyang had the lowest energy saving rate
with 24%. The energy saving rate in Chengdu and Lhasa were 30.3% and 34% respectively. According
to the simulation results, STPV windows presented good energy saving values in Southwestern China.
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5. Conclusions

In this article, based on the test and simulation research work, good energy saving potential
of STPV windows in Southwest China can be found. The research conclusions in this article were
collected as follows:

• The experimental tests of the energy consumption and generation of STPV windows in summer
were carried out in two caparison units, and interactional influence amongst air conditioning
energy consumption, lighting energy consumption, and energy generation were analyzed. Due
to the shading of STPV windows, air-conditioning and lighting energy consumption would be
lower in the test unit than that of the comparison unit. The comprehensive energy saving could
reach up to 29% on sunny days.

• For further investigation, buildings installed with STPV windows in four typical cities with
different climatic conditions in southwest China were simulated and analyzed, and the highest
energy saving potential of STPV windows was predicted in Kunming with 54%. Guiyang had the
lowest energy saving rate with 24%. The energy saving rate in Chengdu and Lhasa were 30.3%
and 34%, respectively.

• According to the simulation results, after buildings were installed with STPV windows, the energy
generation of STPV windows was highest in Lhasa at 402.1 kWh/year, while Guiyang had the
lowest energy generation at 216.5 kWh. The cooling load of all the buildings was decreased, while
the heating and lighting energy consumption increased slightly, owing to the partially blocked
solar radiation by STPV windows and different climatic conditions.

The research results in this paper could be contributed to support optimal BIPV design in
Southwest China.
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