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ABSTRACT
Singapore’s Zero-Energy Building (ZEB) is the first
net-zero-energy-consumption building in Southeast
Asia that has been retrofitted from an existing
building. The trees around this retrofitted building
were conserved. This paper exams the effect of
shadings from the conserved trees on the energy
generation of the PV roof. Simulations were
conducted in PVsyst. The results show that only very
small portions of the PV systems on the carpark and
linkway were shaded by the trees. The study also
shows that the main roof top and the lower roof top
were basically not affected. Hence, it is justified that
the trees could be conversed, while regular pruning
of the trees around the carpark and linkway areas is
recommended.

INTRODUCTION
As Singapore is trying to tap into the current trend of
promoting the photovoltaic (PV) technology which is
presently rare in the local industry, the Zero-Energy
Building (ZEB) located at Braddell Road as the
Building and Construction Authority's flagship R&D
project under its Green Building Master Plan, aims to
showcase this very technology as a pilot project of its
kind. Seeing as to how Singapore has limited
conventional energy resources but yet possesses an
adequate supply of solar energy throughout the whole
year, it is an ideal place to implement the PV system.
Utilization of renewable energy such as solar power
has been decided as a long term policy for this
tropical state by the government in a bid to make the
city state a more sustainable and competitive place to
live in.

ZEB BUILDING
The ZEB building features a wide range of PV
technologies and the level of integration that targets
to meet the ZEB’s energy requirement to achieve netzero energy consumption. The building as shown in
Figure 1 has a 192 kWp-total-capacity PV system that
is estimated to fulfil the building’s energy
requirement of 210 MWh per annum.
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Figure 1 Rendering drawing of the Zero-Energy
Building at Braddell Road, Singapore
There are two main PV systems in the ZEB building:
190 kWp grid-connected and 1.88 kWp standalone
systems. Grid-connected systems account for most of
the PV systems in the building. Building areas that
have significant exposure to the solar radiation are
connected to grid such that PV production is
optimized. Those areas include the main roof, the
lower roof, the viewing gallery, the link way, the
sunshades and the carpark shelter. Whereas the PV
systems on the building parts that are less exposed to
the sun, but more visible to people are standalone
systems. They are a 0.38 kWp direct-coupled system
on the railings, and a 1.5 kWp system with battery
storage on a staircase façade.
Possible shading from surrounding trees
The trees around this retrofitted ZEB building were
conserved according to the local nature conservation
regulations. However, these trees are usually taller
than the PV systems installed on the roof of the
building. In Figure 3, the pictures show the
surrounding trees around the ZEB building. The
shadings casted on the PV modules by these trees are
expected to have negative impacts on the PV energy
generation. Thus simulation studies are needed to
quantify the negative effect of the shadings, and
recommendations would be given for the
maintenance of the trees based on the simulation
results.
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Table 1
Photovoltaic systems selected for simulations
PV
SYSTEM

PV main roof

INSTALLED
CAPACITY
(KWP)

PV Main
Roof
PV
Linkway
PV
Carpark
PV
Lower
Roof

Lower
roof PV

PV carpark

Figure 2 Shading casted by surrounding trees on
some roofs of the ZEB building

Selected PV roof arrays for study
The grid connected PVs on the carpark, the linkway,
the main roof and the lower roof were selected for
this study after a site visit to identify the possible
shaded areas. Table 1 gives an overview on the
capacity and type of PVs in these selected areas.
The PV modules on the main roof are mounted 300
mm above the existing metal roof following the
barrel-vaulted profile of the roof. The PV modules
not only produce energy but also help to shade the
metal roof from solar radiation. PV linkway is an

142.5
20.5
15.4
7.2

PV TECH.
Polycrystalline
silicon
Polycrystalline
silicon
Amorphous
silicon
Polycrystalline
silicon

AREA
(M2)
1,037
149
259
52

add-on to the existing linkway roof; it also serves to
shade the space below. Interconnection of the solar
modules has been laid out such that shading effect
from the existing trees are minimised. For the PV
carpark system, flexible laminate type amorphous
silicon panels are fixed onto the existing carpark
shelter roof. Expenses on balance of system are
minimal for this type of PV panel as the mounting is
a simple procedure of pasting the laminates onto the
existing metal roof. The outer lower roof array is
installed 10.25 m above the ground level, while the
inner lower roof array is 1.4 m higher than the outer
one. Both of the arrays are orientated to the true north
with 10° tilt angle to the horizontal plane. Figure 3
shows the numbering of the different PV arrays for
the various selected locations. The electrical layout
of a typical grid-connected system, the lower roof PV
arrays for example, is illustrated in Figure 3 as well.
Each array in the lower roof forms a PV string with
18 PV modules connected in series. The two PV
strings in parallel are connected to a combiner, and to
an inverter through a DC switch board. On the DC
side of inverters, certified single core double
insulated cables are used.

METHODS
PVsyst simulation
The simulations were performed in the PVsyst
version 5.31 environment. PVsyst is a dedicated PC
software package for PV systems. The software was
developed by the University of Geneva. There are
mainly 2 modes to run PV simulations, namely the
“Preliminary design” mode and the “Project design”
mode.
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Figure 3 Numbering of the PV arrays and the electrical layout of a typical selected
array (lower roof array). The locations of Pyranmometer are marked by the dots.
The “Preliminary design” mode is the pre-sizing step
of a project. In this mode, the system yield
evaluations are performed very quickly in monthly
values, using only a very few general system
characteristics or parameters.
The “Project design” mode was used for this study. It
is capable to perform a thorough system design using
detailed hourly simulations. In this mode, it is
required to input the plane orientation (with the
possibility of tracking planes or shed mounting), the
specific system components, the PV array (number of
PV modules in series and parallel), and an inverter
model.
Simulation conditions
The Singapore “Synthetic hourly data” was used as
the weather data file for the simulations. The “linear
shadings” mode was used for the shading effect
study. The rest of the key input parameters are listed
in Table 2.

The simulation geometries for each location with the
surrounding trees are shown in Figure 4. In this
study, the top of a tree was simplified and simulated
as an octagonal cylinder. Five trees were simulated 5
m away to the east façade of the main ZEB building.
They were evenly distributed along the 53m-long
stretch. The trees were 15 m tall with a 3m-high
cylinder portion. The diameter of the cylinder was
2.5 m. Seven smaller trees were evenly distributed
along the 53m-long carpark with a 3 m distance away
from the east side of the carpark shelter. The trees
were standing 4 m tall with a 1 m high cylinder
portion. The cylinder’s diameter was 1 m. Another
two 15m-high trees were simulated 2 m away to the
east end of the linkway. The octagonal cylinder parts
were 1 m high. The two trees were 7 m apart from
each other with a diameter of 2.5 m for the cylinder.
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Table 2
Key input parameters for PVsyst simulation

4. PV CARPARK ARRAY

1. PV MAIN ROOF ARRAY (E1-3A1-3, W1-3A1-3)

PV MODULE

a-Si: H triple PVL-128 T, Uni-Solar

PV MODULE

NO. OF PV
MODULES
IN SERIES

10

NO. OF PV
MODULES IN
PARALLEL

4 strings

UNIT NOM.
POWER

128Wp

U MPP

325V

I MPP

15A

MODULE
AREA

86.5m2

INVERTER

Sunny Mini Central 5000HV
246-480V, 5.0 kW AC

THERMAL
LOSS
FACTOR

20
W/m2K

WIRING
OHMIC LOSS

377mOhm
1.5% at
STC

MODULE
QUALITY
LOSS

5%

MODULE
MISMATCH
LOSSES

1% at
MPP

Si-poly PV-AD 190 MF5, Mitsubishi

NO. OF PV
MODULES
IN SERIES

18

UNIT NOM.
POWER
I MPP
INVERTER
THERMAL
LOSS
FACTOR Uc
MODULE
QUALITY
LOSS

NO. OF PV
MODULES IN
PARALLEL

2 strings

190Wp

U MPP

405V

15A

MODULE
AREA

49.8m2

Sunny Mini Central 7000HV
335-560V, 6.7 kW AC
20
W/m2K
1.5%

WIRING
OHMIC LOSS
MODULE
MISMATCH
LOSSES

446mOhm
1.5% at
STC
2% at
MPP

5. PV LINKWAY ARRAY (LWA1 and LWA2)
2. PV MAIN ROOF ARRAY (E0BA1 + E0BA2)

PV MODULE

Si-poly PV-AD 190 MF5, Mitsubishi

PV MODULE

NO. OF PV
MODULES
IN SERIES

18

NO. OF PV
MODULES IN
PARALLEL

2 strings

UNIT NOM.
POWER

190Wp

U MPP

405V

I MPP

15A

MODULE
AREA

49.8m2

INVERTER

Sunny Mini Central 7000HV
335-560V, 6.7 kW AC

THERMAL
LOSS
FACTOR

20
W/m2K

WIRING
OHMIC LOSS

446mOhm
1.5% at
STC

MODULE
QUALITY
LOSS

1.5%

MODULE
MISMATCH
LOSSES

2% at
MPP

Si-poly PV-AD 190 MF5, Mitsubishi

NO. OF PV
MODULES
IN SERIES

NO. OF PV
MODULES IN
PARALLEL

12

2 strings

UNIT NOM.
POWER

190Wp

U MPP

270V

I MPP

15A

MODULE
AREA

INVERTER

Sunny Mini Central 5000HV
246-480V, 5.0 kW AC

THERMAL
LOSS
FACTOR Uc
MODULE
QUALITY
LOSS

20
W/m2K

WIRING
OHMIC LOSS

1.5%

MODULE
MISMATCH
LOSSES

2

33.2m

298mOhm
1.5% at
STC
2% at
MPP

6. PV LINKWAY ARRAY (LWA3)
3. PV LOWER ROOF ARRAY

PV MODULE

Si-poly PV-AD 190 MF5, Mitsubishi

PV MODULE

NO. OF PV
MODULES
IN SERIES

9

NO. OF PV
MODULES IN
PARALLEL

4 strings

UNIT NOM.
POWER

190Wp

U MPP

405V

I MPP

15A

MODULE
AREA

49.8m2

INVERTER

Sunny Mini Central 7000HV
335-560V, 6.7 kW AC

THERMAL
LOSS
FACTOR

20
W/m2K

WIRING
OHMIC LOSS

446mOhm
1.5% at
STC

MODULE
QUALITY
LOSS

1.5%

MODULE
MISMATCH
LOSSES

2% at
MPP

Si-poly PV-AD 190 MF5, Mitsubishi

NO. OF PV
MODULES
IN SERIES

18

UNIT NOM.
POWER

200Wp

I MPP

15A

INVERTER
THERMAL
LOSS
FACTOR
MODULE
QUALITY
LOSS

NO. OF PV
MODULES IN
PARALLEL

2 strings

U MPP

433V

MODULE
AREA

52.9m2

Sunny Mini Central 7000HV
335-560V, 6.7 kW AC
20
W/m2K
1.5%

WIRING
OHMIC LOSS
MODULE
MISMATCH
LOSSES

484mOhm
1.5% at
STC
2% at
MPP
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Measurement
To analyse the performance of PV systems
accurately, it is essential to obtain the in-plane
irradiation onto PV arrays. A total of 27 in-plane
array standard irradiation sensors, Kipp & Zonen
CMP-3 Class B Pyranometers (response time 18s,
sensitivity of 5 to 20 µV/W/m2, spectral range from
310 to 2800 nm), were installed on all the PV arrays
to measure in-plane solar irradiance and to correlate
with the output performance of the PV systems. The
sensor has precision of +8%, range of 0 – 1500 W/m2
and resolution of 1 W/m2. The dots in Figure 3
indicate the various locations of the sensors. Data
was recorded between October 2009 and October
2010.
a)

PV main roof and PV carpark with
surrounding trees

b) PV linkway with surrounding trees

c)

Lower roof PV

RESULTS
The average values of the measured in-plane
irradiation for various PV modules and the simulated
ones without shadings over the one year period are
showed in Figure 5. The in-plane irradiation has a
direct impact on the energy generation of the PV
modules. From Figure 5, it shows that the measured
in-plane irradiations from the Pyranometers located
on each PV array were much lower than the
simulated results without shadings. Compared with
the simulated results, the measured data of all the
selected areas were generally 16% lower except the
carpark area where saw approximately 32% decrease.
The p-values (the statistically significant factor) for
all the cases between the measurement and
simulation results were bigger than 0.05, which
meant that the results were significantly different.
PV performance ratio (PR) is another evaluation
criterion for solar power plants, which is defined as
the ratio of the actual and theoretically possible
energy outputs. In this study, the actual energy
outputs were substituted by the simulated PV energy
generations with and without shadings respectively.
The simulation results were then compared in this
study to examine the shading effect caused by the
surrounding trees.
Figure 6 shows the results of the average PRs for the
simulations with and without shadings for 17 selected
typical arrays over one year period. The “Effect of
Shading” is defined as the difference between the
simulation results with and without the tree shadings.
Results for the carpark and the linkway areas reveal
that the difference between the simulation results
with and without partial shading ranged from 11% to
16%. The p-values for the cases with and without
shading were all bigger than 0.05, which meant that
these areas were affected by the shadings.

Figure 4 Simulation geometries in PVsyst
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Performance Ratio

Figure 5 Measured and simulated in-plane irradiation over one year for the PV
arrays

Figure 6 Simulated performance ratios for PV arrays with and without shadings
The main roof and the lower roof were not
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Table 3
Simulated impact of shading on the performance ratios of the PV arrays

SYSTEM

Car Park

Link Way

Lower
Roof

CPA1

EFFECT OF
SHADING
11%

E0B

EFFECT OF
SHADING
0%

CPA2
CPA3

11%

E1A1

0%

16%

E2A1

0%

LWA1

0%

E3A1

0%

LWA2

2%

HA1

0%

LWA3

10%

W3A1

2%

W2A1

0%

W1A1

1%

W2A2

0%

W1A3

6%

ARRAY

LRA1

SYSTEM

ARRAY

Main Roof

0%

The main roof and the lower roof were not
significantly affected by shadings. The PVsyst
simulations showed that the differences were less
than 6% between the cases with and without
shadings.
The effect of the shading expressed in the percentage
difference of the PRs for all the PV systems are
tabulated in Table 3.
PV system’s daily system yield is its daily energy
output per installed capacity (kWp) of all PV arrays
in the system. For example PV Linkway daily system
yield is represented by the following equation:
YLW, D = ELW, D / P LW
Where;
YLW, D = PV Linkway daily system yield (unit:
kWh/kWp)
ELW, D= PV Linkway daily system energy generation
(unit: kWh)
P LW = Sum of installed capacity of all three arrays of
PV Linkway (unit: kWp)
The daily system yields of the four systems for the
simulation cases with and without shadings were
calculated. The results are shown in Table 4.
Table 4
Average daily yield (kWh/kWp) of the PV arrays
WITHOUT
WITH
SYSTEM
SHADINGS
SHADINGS
PV Main Roof
3.0
2.9
PV Lower Roof
3.2
3.2
PV Linkway
2.4
2.2
PV Carpark
1.5
1.2
From Table 4, it shows that the overall energy
generation by the selected areas was reduced by 6%

due to the shadings casted mainly on the carpark and
linkway areas. It shows that there was no significant
impact of the shading on the overall energy
generation of the PV roofs.

DISCUSSION
The fact that the simulation results of the in-plane
irradiation without shadings were higher than the
field measurement results in Figure 5 might be
attributed to the cloudy weather in Singapore. This
would result in a general lower in-plane irradiation
that reached the surfaces of PV modules in real
situation. However, the default weather data profile
in PVsyst might not consider the cloudy weather
condition, hence the predications generated by the
software are usually higher.
Besides, in Figure 5, it is noticed that there were big
decreases for the in-plane irradiation values of the
carpark area. This concurs with the decreases
observed in Figure 6 for the carpark. Figure 6 also
shows that the PRs of the linkway area with shadings
decreased by up to 10%. These decreases might be
due to the partial shadings on the affected PV arrays
caused by the surrounding trees.
However, given the range of considerable small
decreases between 11% and 16% in PRs for the
shading-affected areas, the carpark and the linkway,
it also shows that the effect of the shading was not
significant. Compared to the conventional reported
sharp decreases of efficiencies at 20% and above for
partially shaded PV modules, this studies shows that
the shading may only affect a very small part of the
PV modules..
Regarding the other parts of the selected areas,
mainly the main rooftop and lower rooftop, the
simulation results suggested that these areas are not
affected by the surrounding trees. This might be due
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to the fact that the trees are too far away from these
areas to cast any negative shadings on the PV
modules.
Hence, it is justified that the trees could be
conversed, while regular pruning of the trees around
the carpark and linkway areas is recommended

CONCLUSION
The shading effect of the conserved trees around the
retrofitted ZEB building on the PV performance was
studied with PVsyst in this paper.
The comparison study between the measured inplane irradiations and simulated ones without
shading, as well as the simulation study with and
without shadings suggested that the carpark and
linkway were the areas affected by the shadings from
the trees with performance decreases in a range of
11% to 16%. The rest of the areas, namely the main
roof and the lower roof did not record any significant
loss, which were less than 6% decreases. And the
negative shading effect on the overall energy
generation for the entire selected areas was only 6%
difference from non-shaded situation. Given the
minor deceases from the simulation results for the
shading affected areas, it is recommended to prune
the trees regularly around the carpark and the
linkway, while conversation of these trees does not
significantly affect the performance of the PV panels.
The simulation results also indicated possible
limitation for PVsyst. It might yield higher results for
tropic cities like Singapore, which is always cloudy
during the daytime.
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