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ABSTRACT: This study investigated the energy savings and performance of a semi-transparent photovoltaic window 

in Singapore's tropical climate.  Combining photovoltaic technology with windows allows multifunctional 

performance enhancements as electricity generation, solar heat gain reduction and daylighting contribute to overall 

energy efficiency.  The aim of the study was to improve the design of semi-transparent photovoltaic windows by 

identifying its total energy savings when installed in various orientations of a building located in the tropics.  A 

standard floor of a building with PV windows was modelled and an annual simulation was performed in EnergyPlus.  

The simulation was repeated with single and double-glazed windows, instead of the PV windows, under the same 

conditions. The results indicate that the optimum WWR for east and west facades is 30% while for north and south 

facades it is 100%. A comparison also shows that semi-transparent BIPV can potentially provide plus-energy benefits 

to tropical buildings instead of decreasing its energy efficiency. 
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INTRODUCTION 

One of the key challenges in improving building energy 

efficiency is to improve the performance of building 

envelopes and facades which are the key elements 

between the indoor and outdoor environments.  With 

photovoltaic materials capable of generating electricity, 

building-integrated photovoltaic (BIPV) have been 

proposed by many to be an emerging glazing technology 

[1,2].  BIPV, not only displace conventional building 

materials (generally lower in cost compared with BIPV), 

resulting in savings in conventional materials, but also 

provide fully integrated electricity generation while 

serving as a protective weather barrier for buildings [3].  

BIPV facades are also able to increase a building’s 

overall energy efficiency through electrical generation, 

daylight transmission and thermal insulation capabilities.  

Their application and combined energy saving potential 

have been researched in several studies [4,5,6,7]. 

 

To improve real-life applications of semi-transparent 

BIPV, designs will have to be further optimized to ensure 

that installing such systems can reap maximum electricity 

benefits.  Current research in this area includes 

optimizing opaque PV ratios in 1
st
 generation silicon cells 

and window-to-wall (WWR) ratio as well as solar cell 

transmittance for semi-transparent thin-film cells [8,9,10]. 

 

However, there is still a lack of research on the 

optimum WWR on BIPV facades that considers the 

overall performance as well as comparisons of BIPV to 

conventional glazing in tropical regions, where the 

cooling load is high throughout the year.  In this study, 

the application of semi-transparent BIPV windows under 

the climate of Singapore was studied through a computer 

simulation.  The purpose of the study was to determine 

the optimum WWR of semi-transparent BIPV windows 

for a commercially available PV module, by considering 

increase/reduction in cooling loads, daylight utilization 

and production of electricity.  The potential total 

electricity savings when installed in an office building 

was estimated and compared with that of conventional 

single and double-glazed facades. 

 

 

PROFILE OF SINGAPORE’S HOT AND HUMID 

CLIMATE 

Prior to performing the building simulation, 

Singapore’s solar radiation was analysed to understand 

the climatic conditions.  The analysis used the 

EnergyPlus weather-data file which is the typical 

meteorological year data commonly used with building 

energy performance software [11].  The data comprise of 

hourly values over a typical year, usually obtained and 

averaged from long-term measurements.  Figure 1 shows 

monthly horizontal radiation data along with diffuse and 

direct components.  It can be seen that monthly solar 

radiation in Singapore is similar throughout the year and 

the diffuse component accounts for more than 60% of the 

global solar radiation.  With such a high diffuse solar 

radiation component, vertical facades on various 
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orientations might also receive sufficient sunlight to deem 

them suitable for BIPV applications. 

 

 
Figure 1: Singapore monthly solar radiation 

 

The solar radiation received by the various 

orientations is shown in Figure 2.  The east and west 

facades receive the highest solar radiation (approximately 

670 kWh/(m
2
.yr)). This is to be expected as the sun path 

of Singapore is generally overhead, from east to west.  

The north and south facades receives relatively lesser 

solar radiation, at roughly 530 kWh/(m
2
.yr).  The diffuse 

component, which forms the majority of the vertical 

façade’s solar radiation, is generally consistent on all 

orientations.  This highlights the potential of 

implementing BIPV on all facades and not limited to 

those that face the sun path. 

 

 
Figure 2: Singapore annual solar radiation for various 

orientations 

 

 

RESEARCH METHODOLOGY 

A simulation study was adopted for this research to 

identify the potential energy savings of semi-transparent 

BIPV windows using Singapore’s typical meteorological 

year weather file.  The simulation was performed in the 

building energy simulation software EnergyPlus, which 

was developed by the United States Department of 

Energy [12].  EnergyPlus has various program modules 

that can simulate cooling/heating loads, daylighting and 

photovoltaic systems with reliable simulation results 

which have been validated through analytical, 

comparative and empirical tests.  As each version of 

EnergyPlus is tested extensively before the release, the 

latest version, ‘EnergyPlus 7.0’, was used for this study. 

 

A model was first set up with the definition of the 

building geometry, climate, façade properties and façade 

orientation.  Simulation in EnergyPlus was used to 

determine the annual cooling load, artificial lighting 

requirement and electricity generation through 

photovoltaic windows.  Heating was not considered in 

this study as Singapore’s climate is dominated by cooling 

due to high diurnal temperatures all year round.  The 

WWR was varied from 10 – 100% for the four façade 

orientations.  The annual simulation results for the 

various WWR were compared to a totally opaque wall 

(WWR of 0%) to obtain the respective net electrical 

benefits.  The optimum WWR for all orientations was 

noted and additional simulation runs were performed with 

the facades adopting conventional single and double-

glazed windows.  Comparative analysis was performed to 

explore the performance of semi-transparent BIPV 

against traditional glazing.  The simulation methodology 

is shown in Figure 3. 

 

 
Figure 3: Research and simulation methodology 

 

 

SIMULATION MODEL 

A typical office with a square floor plate and facades 

facing various orientations was used for the simulation.  

Only a standard floor was modelled in this study in order 

to reduce the computational loads.  The dimensions of the 

modelled space were 30m (L) x 30m (B) x 3m (H).  The 

space was divided into four zones with 200m
2
 each, 

facing east, west, north and south.  These zones were 

separated by internal walls which were adiabatic to 

prevent heat transfer between them.  The window aspect 

ratio was maintained at 1:10 for different WWRs, similar 

Set up of Model 

Building geometry, climate data, façade 

properties, orientations 

↓ 

Simulation with EnergyPlus 
Annual cooling load, electrical lighting, 

photovoltaic electricity generation 

↓ 

Variation of WWR for all orientations 

WWR of 0 – 100% 

↓ 

Simulation using conventional glazing for 

optimized WWR 

Single-glazed, double-glazed 
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to length-to-height ratio of walls.  An example of the 

modelled space with a 50% WWR is illustrated in Figure 

4.  The properties of the materials used for the envelope, 

and the design values of the internal heat gains and 

infiltration, are shown in Table 1 and Table 2, 

respectively.  The space was assumed to be occupied 

between 0800 – 1800hrs during the weekdays and the 

various schedules adopted for the study are shown in 

Table 3. 

 

 
Figure 4: 3D view of the building geometry 

 
Table 1: Construction and properties of exterior walls and 

interior floors 

Layers 

(outer to inner) 

Thermal 

cond. 

(W/(m.k)) 

Density 

(kg/m3) 

Specific 

heat 

(J/(kg.K)

) 

Exterior wall 

100mm brick 0.89 1920 790 

200mm concrete 1.95 2240 900 

50mm insulation board 0.03 43 1210 

Air space (Thermal resistance = 0.15 m2.K/W) 

19mm gypsum board 0.16 800 1090 

Interior Floor 

100mm concrete 0.53 1280 840 

Air space (Thermal resistance = 0.15 m2.K/W) 

Acoustic tile 0.06 368 590 

 
 
Table 2: Design values of internal heat gains and infiltration 

 Units Design Values 

Occupants (person/m2) 0.2 

Lighting (W/m2) 25 

Electric equipment (W/m2) 20 

Infiltration (air change / hr) 1.3 

 

 

 

The designed lighting level was 500 lux with 

continuous dimming to reduce lighting electricity 

consumption when daylight was sufficient.  Setpoint 

temperature was maintained at 25
o
C for all zones.  The 

characteristics of the semi-transparent photovoltaic 

module used for the calculation of electricity output, 

daylight transmission and thermal calculations are shown 

in Table 4.  The construction and optical properties of 

single and double-glazed windows used for comparison 

in the later part of the simulation study are shown in 

Table 5. 

 
 
Table 3: Schedules of internal heat gains 

 
Occupants 

(%) 

Lighting 

(%) 

Electric 

Equipment 

(%) 

0h – 5h 0 5 40 

5h – 6h 0 10 40 

6h – 7h 10 10 40 

7h – 8h 20 30 40 

8h – 12h 95 90 90 

12h – 13h 50 30 80 

13h – 17h 95 30 50 

17h – 18h 30 30 50 

18h – 20h 10 30 40 

20h – 24h 5 5 40 

 
 
Table 4: Characteristics of the semi-transparent photovoltaic 

module 

Parameter Value/Units 

Module area 0.93 m2 

Cell Type a-Si 

Short circuit current 0.972 A 

Open circuit voltage 91.8 V 

Max. power current 0.705 A 

Max. power voltage 59.6 V 

Reference insolation 1000 W/m2 

Reference temperature 25 °C 

Nominal efficiency 7.6 % 

U-value 5.076 

SHGC 0.289 

Visible light transmission 10.6 % 

 
 
Table 5: Construction and optical properties of conventional 

glazing 

Construction layer 

(outer to inner) 

Solar 

trans. 

(%) 

Solar 

reflect. 

(%) 

Visible 

trans. 

(%) 

Visible 

reflect. 

(%) 

Single-glazed window 

Clear 6mm 0.775 0.071 0.881 0.08 

Double-glazed window 

Clear 6mm 0.775 0.071 0.881 0.08 

Air 6mm - 

Clear 12mm 0.653 0.064 0.841 0.077 
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RESULTS AND DISCUSSION 

A parametric analysis was conducted to investigate the 

effect of the semi-transparent BIPV WWR on the energy 

efficiency of the building.  The influence of the WWR on 

the energy efficiency was assessed based on: 1) reduction 

of lighting electricity due to utilisation of daylight; 2) 

increase/reduction of cooling energy consumption; and 3) 

the electrical output from the semi-transparent BIPV, as 

compared to a totally opaque wall (WWR = 0%). As the 

WWR increases, the electrical output from the BIPV 

modules should increase linearly and lighting electricity 

use should reduce.  The cooling energy consumption 

however, should increase with the WWR due to increased 

solar heat gain through the windows.  The net total 

electricity saving for each WWR was calculated by 

subtracting the increase in cooling demand, from the 

BIPV electricity generation and lighting energy savings.  

The analysis was conducted for all four perimeter zones 

of the building facing different orientations. 

 

Figures 5 and 6 illustrate the simulation results when 

the WWR was varied from 10 – 90% for the east and 

west-facing zones, respectively.  It can be seen that for 

both orientations the net total savings peaked at 30% 

WWR and decreased sharply with over 70% WWR.  

When WWR reaches around 70%, the need for sufficient 

lighting is already met and any further increase in WWR 

increases the amount of solar radiation entering the room 

resulting in an additional cooling load. The additional 

generation of electricity at this stage is not able to offset 

the proportional increase.  This is verified by the slight 

increase in lighting savings when the WWR is over 70%.  

This phenomenon is noticeable on the east and west 

orientations due to Singapore’s geographical location 

close to the equator (latitude = 1.37°N) with the sun path 

almost always rising directly overhead from the east to 

west. The net total savings peaked at 2.23 and 1.70 

kWh/(m
2
.yr) for east and west zone, respectively. 

 

The results for north and south orientations, shown in 

Figures 7 and 8, respectively, show contrasting 

differences from the results for east and west orientations.  

The net total savings increases consistently as the WWR 

is increased from 10 – 100%.  At 100% WWR, the net 

total savings for the north and south orientations are 7.38 

and 8.85 kWh/(m
2
.yr), respectively.  The north and south 

facades do not receive as much solar radiation as 

compared to the east and west (and much of it is actually 

diffuse), and as such the savings in artificial lighting 

continues to increase with the WWR. 

 

 
Figure 5: Annual electricity performance and benefit for east orientation 

 

 
Figure 6: Annual electricity performance and benefit for west orientation 
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Figure 7: Annual electricity performance and benefit for north orientation 

 

 
Figure 8: Annual electricity performance and benefit for south orientation 

 

The increase in cooling demand is also lesser as 

compared to the east and west facades, as diffuse sunlight 

is ‘cooler’.  The semi-transparent BIPV’s net total energy 

savings can help in understanding the complex 

relationship of the change in WWR and integrated energy 

performance which takes into consideration the lighting, 

PV generation and cooling energy.  With 30% and 100% 

being the optimised WWR for east/west and north/south 

orientations for the application of a typical semi-

transparent BIPV, further simulations were conducted to 

compare its energy benefits with traditional single and 

double-glazed windows.  For the optimized WWR for 

each orientation, additional simulations were performed 

with the semi-transparent BIPV being replaced by single 

and double-glazed windows and the results are shown in 

Figure 9. 

 

For all orientations, the semi-transparent BIPV result 

in net electricity savings, contributed mainly by its 

electricity generation capabilities.  As compared to a 

totally opaque façade (WWR = 0%), the addition of 

traditional glazing result in an increased electricity 

consumption for east/west facing zones of 8.2 – 10.0 

kWh/(m
2
.yr) and 1.1 – 2.3 kWh/(m

2
.yr) for single and 

double-glazed windows respectively.  The increase is 

more significant on north/south-facing zones, with the 

electricity consumption being increased around 70 and 58 

kWh/(m
2
.yr) for single and double-glazed windows, 

respectively.  As the WWRs adopted were very different 

(30% vs 100%), comparisons between east/west and 

north/south facing zones should not be done.  This 

additional comparison however, allows a new 

perspective. Since glazing is prevalent in any building 

façade, due to occupants’ preference for natural daylight 

and visual connectivity to the environment, optimized 

semi-transparent BIPV is an ideal solution that can result 

in net energy savings. 

 

 

CONCLUSION 

Semi-transparent BIPV application can have multi-

pronged effects on a building’s energy consumption by 

affecting artificial lighting consumption, heating/cooling 

energy use and generating electricity.  As such, the design 

and integration of semi-transparent BIPV need to be 

optimised with applying the best WWR to achieve the 

highest energy benefits.  By investigating the multi-

functional capabilities of semi-transparent BIPV through 

a parametric study, the potential of energy savings in a 

tropical building was determined. 
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Figure 9: Comparison of traditional glazing and semi-transparent BIPV for various orientations at the optimized WWR 

 

The key findings for this study are: 

1) east/west orientations have different optimized 

semi-transparent BIPV WWR as compared to 

north/south facades. 

2) east/west facades have an optimized WWR of 

30% for the selected PV module and the net total 

savings are 2.23 and 1.70 kWh/(m
2
.yr) 

respectively. 

3) The optimized WWR for north/south facades 

was 100%, with the savings amounting to 7.38 

and 8.85 kWh/(m
2
.yr). 

4) When designed optimally, semi-transparent 

BIPV can have the potential to improve the 

energy performance of office buildings in 

tropical Singapore by providing plus-energy 

benefits. 
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