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A prior requirement to the design of any solar-based conversion systems is the knowledge of optimum orientation and tilt surface
at which peak solar energy can be collected. In many parts of the world, however, the solar radiation data for the surfaces of interest
are not always available. This paper presents a numerical approach to calculate the solar radiation on sloped planes by integrating
the measured sky radiance distributions. The annual total solar yield at different sloped surfaces facing various orientations and
monthly solar radiations at the optimal tilt surface and three vertical planes facing east, south, and west were determined. The
energy outputs and efficiencies were simulated using a computer package. The environmental benefits in terms of greenhouse
gases reductions and cost implications were also considered. The findings provide technical information for engineers to design
and evaluate photovoltaic (PV) systems which could contribute to the environmental, energy, and economic aspects.

Copyright © 2007 D. H. W. Li and T. N. T. Lam. This is an open access article distributed under the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

1. INTRODUCTION

With rapid economic growth and improvement in living
standards, there has been a marked increase in energy use for
many developed and developing countries [1]. Hong Kong
has no indigenous fuels and most of the imported energy
products are fossil fuels which are mainly for electricity gen-
eration. There are many immediate adverse effects on the
environment such as large amount of greenhouse gases and
pollutants emissions from the burning of fossil fuels [2].
Electricity is high-grade energy which is less efficient than
other commonly used fuels. Generally, three units of primary
energy inputs are needed to produce one unit of electricity
output, with two units being wasted as heat. It implies that
one unit of electricity saved means about three units of non-
renewable fossil fuel conserved together with the likely pol-
lutants and the greenhouse gases reductions. Renewable en-
ergy can play an essential role in meeting the ultimate goal of
replacing certain parts of fossil fuels. One of the promising
applications of renewable energy technology is the installa-
tion of photovoltaic (PV) systems that generate power with-
out emitting pollutants and requiring no fuel. A local study
on renewable energy reported that PV technologies are po-

tentially suitable for wide scale applications in Hong Kong
[3].

Conventionally, stand-alone PV systems have been used
in rural and remote areas where normal electricity supply
may not be readily accessible. In modern urban cities with
many compactly built high-rise blocks, the concept of build-
ing integrated photovoltaics (BIPV) would be an appropri-
ate alternative form to receive solar energy [4]. In design-
ing the optimal tilt angle and orientation of a fixed solar
panel for maximising its energy collection is to acquire the
maximum solar radiation availability at the required loca-
tion, a number of studies have been conducted by various re-
searchers to determine the optimum location for solar radia-
tion collection using different empirical models [5–8]. How-
ever, solar radiation varies with geographic latitude, season,
and time of a day due to the various sun positions under
the unpredictable weather conditions. Systematic long-term
data measurements are regarded as the most effective and ac-
curate method of setting up the solar radiation database. In
many parts of the world, the basic solar data for the surfaces
of interest are not always readily obtainable. It is also im-
practicable to measure the solar radiation for every tilt an-
gle to deduce the peak value. Traditionally, solar radiation
on an inclined surface is modelled using horizontal data [9].



2 International Journal of Photoenergy

Alternatively, the solar radiation of an inclined plane can be
computed by integrating the radiance distribution of the sky
“seen” by the plane [10]. Recently, a sky scanner has been in-
stalled at the City University of Hong Kong to record the so-
lar radiances of the whole sky. This study presents the work
on the prediction of solar radiation for various inclined an-
gles and orientations using the measured sky radiances. The
likely electricity generations, the environmental benefits, and
cost implications for solar panels installed at the optimum
tilt angles and orientations are computed and analyzed. The
characteristics of the findings and design implications are
discussed.

2. SKY RADIANCE MEASUREMENTS AND DATA
QUALITY CONTROLS

A measuring station was established at the City University of
Hong Kong in 1991. The instruments were installed on the
roof-top in a position relatively free from external obstruc-
tions and accessible for general inspection and maintenance.
Initially, only measurements of global and diffuse solar ra-
diation on a horizontal plane were made. In 1996, the mea-
surement was extended to record vertical global solar radia-
tion on four cardinal surfaces facing the north, east, south,
and west [11]. Totally, six pyranometers with an expected er-
ror of 3% manufactured and calibrated by Kipp and Zonen,
the Netherlands, were used for the solar radiation data mea-
surements. The radiation data were captured simultaneously
twice per second and averaged over 10-minute intervals. The
specifications for high-quality solar radiation measurements
can be found from the guide published by the World Meteo-
rological Organization [12].

In 1999, a sky scanner (EKO MS 300 LR) was installed
at the City University of Hong Kong to record the sky radi-
ance at 145 points (shown in Figure 1) of the sky by scanning
the whole skydome. The scanner was manufactured and cal-
ibrated by the EKO Company of Japan. The errors for radi-
ance sensor are 0.5% for linearity and 0.1%/◦C for tempera-
ture coefficient. The full view angle of the scanner is 11◦ with
an accuracy of pointing of 0.2◦—that allows each sky patch
to be treated as a point source with negligible error [13].
The measurement would lead to uncovered regions of the sky
and it gives sky coverage of approximately 68%. The sky grid
pattern shown in Figure 1 was suggested by Tregenza and
Sharples [14] such that the whole skydome can be consid-
ered for subsequent analysis. The important parts of the sky
scanner are housed in a weatherproof casing allowing con-
tinuous outdoor operation. Output data from the scanner
are recorded on a microcomputer located inside the labora-
tory space on the top floor. To safeguard the sensor, the scan-
ner does not record radiance data of greater than 210 W/m2sr
(≈35 kcd/m2) by using an automatic shutter. Each scanning
time is about 4 minutes and measurements are taken every
10 minutes. Data collection starts before sunrise and finishes
after sunset. All measurements are recorded in terms of true
solar-time. This facilitates the computations involving solar
altitude for the extraterrestrial radiation on unit horizontal
surface and the subsequent comparison of data for different
locations.

It is essential to ensure that the measured solar radiation
and sky radiance data for analysis are reliable. To eliminate
spurious data and inaccurate measurements, some quality-
control tests were conducted as follows:

(i) applying a shadow-ring correction to the measured
horizontal diffuse data according to the method de-
scribed by LeBaron et al. [15] (The shadow ring would
block certain amount of the sky-diffuse components);

(ii) rejecting the sky radiance data centered within 11◦ of
the sun’s position [16] (to eliminate the direct-beam
components of very large values);

(iii) rejecting all diffuse data greater than the correspond-
ing global values (diffuse data should never be greater
than the corresponding global values);

(iv) rejecting all global data greater than the corresponding
extraterrestrial solar components (global data should
never be greater than the corresponding extraterres-
trial solar components);

(v) rejecting all data with a solar altitude, α, less than 5◦ (at
very low solar altitudes, data are often unreliable due
mainly to shading and reflections from nearby objects
and the cosine effect of the sensors);

(vi) rejecting all data when horizontal global radiation data
less than 20 Wh/m2 [16] (small horizontal global com-
ponents always appear at very low solar altitudes);

(vii) rejecting all data when the direct normal values (i.e.,
(global-diffuse)/sin α) exceeded the corresponding ex-
traterrestrial solar components (direct normal values
should never be greater than the corresponding ex-
traterrestrial solar values);

(viii) rejecting all diffuse data greater than half of the cor-
responding extraterrestrial solar components (because
the shadow-ring was not properly adjusted);

(ix) rejecting all sky radiance data when the differences be-
tween the measured diffuse horizontal data and the
corresponding integrated diffuse horizontal compo-
nents from the scanner were greater than 30% [16] (to
ensure consistency between the measured diffuse com-
ponents and the corresponding sky radiances during
the scan); around 2.5% sets of data were rejected ac-
cording to this criterion using data collected in 2004.

By applying the quality-control tests, horizontal direct radi-
ation data were obtained by subtracting the corrected diffuse
components from the corresponding global values.

3. SKY RADIANCE MODEL

For stand-alone PV applications, it is necessary to know the
incident solar radiation on an inclined surface [17, 18]. It is
also desirable to have solar radiation data on vertical surfaces
for BIPV system designs [19]. The incident solar radiation on
a slope plane with an inclination angle β (IβG) can be eval-
uated as the sum of direct-beam, sky-diffuse, and ground-
reflected components. It can be given as

IβG = IβB + IβD + IβR, (1)
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Figure 1: The measurement points for the sky scanner.

where IβB is direct-beam radiation on a plane (Wh/m2); IβD
is sky-diffuse radiation on a plane (Wh/m2); IβR is ground-
reflected radiation on a plane (Wh/m2).

By giving the position of the sun and orientation of the
plane, it is quite straightforward to calculate the direct-beam
radiation on any tilt surface. For estimating the ground-
reflected radiation, it is assumed that the inclined surface
receives the global radiation reflected isotropically from the
ground. Figure 2 illustrates the solar geometry. Mathemati-
cally, IβB and IβR can be expressed as follows:

IβB =
(
IhB

sinα

)(
sinα cosβ + cosα sinβ cos

∣∣γ − γn
∣∣),

(2)

IβR =
ρIhG(1− cosβ)

2
, (3)

where IhB is horizontal direct beam radiation (Wh/m2); IhG
is horizontal global radiation (Wh/m2); α is solar altitude
(rad); γ is solar azimuth (rad); γn is azimuth angle of the
normal of the surface (rad), for example, γn = π/2 for surface
facing east.

The critical issue is the determining of the sky-diffuse
component. Owing to the strong forward scattering ef-
fect of aerosols, sky-diffuse radiation should be treated as
anisotropic. Multiple scattering due to atmospheric aerosols,
ozone and nitrogen oxide complicate the evaluation of the
hemispheric sky-diffuse components [20]. The sky-diffuse
radiation is substantially affected by the radiance levels and
sky distributions in the direction viewed from the surface. An
appropriate approach of computing the sky-diffuse radiation
on an inclined surface would be to integrate the radiance over
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φHorizontal
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North
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Figure 2: Definition of solar and sky angles.

the skydome visible to the surface. The radiation on a plane,
δI , resulting from a small patch of sky is given by

δI = Rθφ cos σδω,

δω = cos θδθδφ,

cos σ = sin θ cosβ + cos θ sinβ cosφ,

(4)

where Rθφ is radiance of a sky element at altitude θ and az-
imuth φ (W/m2sr); ω is solid angle (sr); σ is angle between
the sky element and the line normal to the surface (rad).

The sky geometry is also shown in Figure 2. By using
double integrals, IβD can be determined as

IβD =
∫ θ2

θ1

∫ φ2

φ1

Rθφ cos θ(sin θ cosβ + cos θ sinβ cosφ)dφdθ.

(5)
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The ranges for θ (θ1 and θ2) and φ (φ1, φ2) are from 0 to
π/2 and from 0 to 2π, respectively, depending on the sky ele-
ments’ positions “seen” by the inclined surface.

For all but the simplest cases (e.g., sky-diffuse radiation
from a uniform or an isotropic overcast sky on an unob-
structed surface), it is not possible to compute the above dou-
ble integrals analytically. If the sky diffuse component was di-
vided into n angular zones, then for numerical computation,
(5) can be obtained numerically as

IβD =
n∑
i=1

Riωi cos σi. (6)

The sky-diffuse radiation at a particular point can be cal-
culated by the sum of n products of R, ω, and cos σ for
each sky patch. As the scanning pattern divided the whole
skydome into 145 points, the solar radiation for any in-
clined surfaces facing various orientations can be determined
based on (6) using measured solar radiance data. It should be
pointed out that there are several causes affecting the accu-
racy of the measured sky radiance data. Firstly, the division of
the sky into 145 circular angular patches can avoid any dou-
ble counting, but it may lead to uncovered regions of the sky.
Secondly, the measured data were based on discrete results
rather than continuous analytical functions. Sky radiances
between adjoining measurement points may have varied sig-
nificantly. Thirdly, the scanning time was about 4 minutes
and the measurement interval was 10 minutes. Substantial
variations in sky radiance may have occurred between each
record. Also, for “out of range” measurements (points close
to the solar position under nonovercast skies), an estimation
of the sky radiance was made from a simple average of the ra-
diance at nearby points, and such conversion could introduce
data distortion [21]. Previous findings, however, showed that
the numerical method can provide an acceptable alternative
to determine the amount of solar radiation on a horizontal
surface and vertical planes facing the four cardinal orienta-
tions when sky radiance data are available [10].

4. RESULT ANALYSIS

Solar radiation and sky radiance data recorded during the 12-
month period from January to December 2004 were gathered
for the study. It is inevitable that there are some short pe-
riods of missing data for various reasons, including instru-
mentation malfunction and power failure. Considerable ef-
forts were made to obtain a continuous record of data and
in all about 21200 sets of 10-minute readings were recorded
simultaneously from the above measurements.

4.1. Annual solar yield

The amount of power generated by the PV system is strongly
affected by the amount of solar radiation falling on the PV
panel. Based on (2), the annual beam radiation falling upon
surfaces of various tilt angles and orientations were deter-
mined accordingly and Figure 3 displays the results. It can be
seen that the annual beam radiation at different tilt angles
and orientation varies from less than 100 kWh/m2 to over
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Figure 3: Annual beam solar radiation (kWh/m2) for various tilt
angles and orientations.

775 kWh/m2. Generally, the solar radiation decreases grad-
ually with an increasing tilt angle from horizontal to vertical
surfaces. The peak value of more than 775 kWh/m2 can be
found at the inclined angles between 10◦ and 30◦ with the az-
imuth angles from 150◦ to 210◦. Figure 3 also indicates that
the annual direct component is quite symmetrical with re-
spect to south (180◦). Owing to the sun path in Hong Kong,
south-facing planes can “see” the sun for most of the day-
time around a year, resulting in the largest amount of solar
radiation received among all cardinal surfaces. As the sun can
be visible in the morning for east-facing surfaces and in the
afternoon for west-facing surfaces, the solar radiations ob-
tained at the planes facing these two orientations are very
close to each other. With the shortest period facing the direct
sun, the solar radiation falling on the north-facing vertical
plane is the lowest.

The sky-diffuse radiation of an inclined surface was es-
timated by integrating the radiance distribution of the sky
visible to the surface. To obtain reliable diffuse component,
the scanned radiance of each sky patch over the whole sky-
dome was multiplied by a normalization ratio (NRscan) using
the measured horizontal diffuse component IHD as

NRscan = IHD∑ 145
i=1Riωi cos σi

. (7)

By putting a common ground reflectivity of 0.2 (i.e., ρ
= 0.2) [22], the diffuse and reflected components at various
sloped planes and orientations were calculated and are pre-
sented in Figure 4. The annual radiation ranges from just be-
low 450 kWh/m2 to slightly over 800 kWh/m2. Similar pat-
tern as that shown in Figure 3 is observed but with larger
values particular in high tilt angles (i.e., vertical surfaces). In
general, the variations are less than those in direct compo-
nent. The whole sky is “seen” by the horizontal surface but
the peak solar radiation was not recorded at this plane. It in-
dicates that the annual reflected radiation on an inclined sur-
face of a small tilt angle would be more than the sky-diffuse
component at low sky elevation.
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Figure 4: Annual sky-diffuse and reflected solar radiation
(kWh/m2) for various tilt angles and orientations.

0 90 180 270 360

Orientation (deg)

0

10

20

30

40

50

60

70

80

90

T
ilt

an
gl

e
(d

eg
)

1550

1575

1500

1400

1300

1200

1100

1000
900

800
700

600
500 500

700

600

800

Figure 5: Annual total solar yield (kWh/m2) for various tilt angles
and orientations.

Accordingly, the annual total solar yield was determined
and is shown in Figure 5. The peak value is 1575 kWh/m2

which is quite good for active solar applications and more
than a number of places [23]. To further examine the opti-
mum inclination, the annual solar yields for sloped angles
between 0◦ and 30◦ oriented due south (i.e., azimuth angle
= 180◦) were estimated and Figure 6 shows the findings. It
can be seen that the annual solar radiation on a horizon-
tal surface is around 1528 kWh/m2. The solar radiation rises
with the tilt angle up to about 20◦ at which the maximum
annual solar yield of 1598.4 kWh/m2 occurs. When the tilt
angle is beyond 20◦, the annual solar yield falls slightly with
increasing tilt angles. As the latitude of Hong Kong is 22.3◦N,
the finding supports the argument that the optimal tilt angle
for solar energy collection would be very close to the angle
equivalent to the latitude of the location [5, 24].
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Figure 6: Solar radiation against tilt angles for the south-facing sur-
face.

4.2. Monthly solar radiation

Proper PV system design requires accurate solar resource in-
formation. It would be cost effective for PV systems when
the utility load and solar resources profiles are well matched
[25]. This is particularly beneficial to subtropical Hong Kong
where air-conditioning loads for commercial buildings dur-
ing the hot summer months accounts for over 50% of the
total electricity consumption. It would be useful to have the
solar radiation data in individual months. The monthly so-
lar radiation for the inclined surface at the optimal angle
(i.e., inclined angle of 20◦ due south), and the three verti-
cal surfaces facing east, south, and west were determined and
are presented in Figure 7. Being installed at the optimal an-
gle, the inclined plane always receives the largest solar radia-
tion in each month, ranging from 91.2 kWh/m2 in March to
170.9 kWh/m2 in October. For vertical surfaces, the monthly
values vary from 40.3 kWh/m2 in March for the east-facing
plane to over 128 kWh/m2 in December for the south-facing
plane. In general, the monthly profiles of solar radiation val-
ues for the east-facing and west-facing surfaces are quite sim-
ilar, with the latter being slightly larger. As the sun is in the
south of low solar altitude, the south-facing vertical surface
receives quite large solar radiation between October and De-
cember. The low solar radiation data obtained from Jan-
uary to April for all surfaces are mainly due to the short
day-length in winter and the unstable weather conditions
in spring. Similar findings were reported in our previous
studies [26]. The annual solar radiation obtained for east-,
south-, and west-facing vertical surfaces are 770 kWh/m2,
888 kWh/m2, and 776 kWh/m2, respectively. The results in-
dicate that the south-facing facades are appropriate for BIPV
applications but the solar resources for this orientation are
not well-matched with the building load schedules.

4.3. Energy output

In designing and evaluating PV systems, it is necessary to
know the output energy performances. It has been reported
in the literature that the performance of a PV system is a
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Figure 7: Monthly solar radiation on inclined surfaces.

function of solar radiation received, ambient temperature
and air mass [27]. The energy output was modeled using
a computer program called TRNSYS with the “integrated”
solar radiation and ambient temperature obtained in 2004.
TRNSYS is a transient simulation program which was de-
signed to solve complex energy system issues by breaking the
problem down into a series of smaller components [28, 29].
The mathematical models for the subsystem components are
given in terms of their ordinary differential or algebraic equa-
tions. The component programs can be modified and new
components may be added without recompiling the pro-
gram. The PV panels used for simulation were Kyocera mod-
ules made up of multicrystalline silicon cells. Table 1 sum-
marizes the input data according to the manufacturer’s cat-
alogue [17]. Assuming that the PV panels were installed on
the rooftop facing south at an inclination angle of 20◦ with-
out any sky obstruction to obtain maximum annual solar ra-
diation in Hong Kong. Again, the common ground reflectiv-
ity of 0.2 (humid tropical localities) for the foreground faced
by the PV panels was used [22]. The solar radiation, ambi-
ent temperature, and angle of incidence are essential data to
the simulation of the energy generated from the PV systems.
The ambient temperature data were obtained from the Hong
Kong Observatory (HKO) which is the local meteorological
station measuring a large variety of weather data for many
years. The air mass data was computed using simple solar
geometry. The electricity generated by the PV system was
supposed to be injected into the grid for use and the battery
with associated accessories was not required. Accordingly, the
monthly PV energy generated and the corresponding effi-
ciency defined as the ratio of the output energy produced
to the solar radiation incident on the PV panels were de-
termined and Figure 8 presents the findings. The simulated
monthly output energy ranges from 8.4 kWh/m2 in March
to 15.4 kWh/m2 in October. The small energy generated in
March is mainly due to the lowest monthly solar radiation
received. The stable weather conditions together with long
sunshine hours in autumn contribute to the highest energy
generated in October. The efficiency does not differ a great

Table 1: Input parameters of PV array for energy simulation.

Parameter Input value

Module short-circuit current at reference conditions (A) 3.37

Module open-circuit voltage at reference conditions (V) 21.5

Module voltage at maximum power point (V) 16.9

Module current at maximum power point (A) 3.55

Temperature coefficient of short-circuit current (A/K) 0.00304

Temperature coefficient of open-circuit voltage (V/K) −0.0824

Number of cells wired in series in module 36

Number of modules in series in array 4

Number of modules in parallel in array 1

Individual module area (m2) 0.5

Module series resistance (Ω) 0.4

Load voltage (V) 12

Array slope (degrees) 20
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Figure 8: Monthly PV energy output and system conversion effi-
ciency in 2004.

deal, ranging from 8.8% to just above 9.3%. With low tem-
peratures in winter, the highest efficiencies appear in Decem-
ber, January and February [30]. The simulated total energy
output is 144 kWh/m2 in year 2004 representing an average
annual efficiency of 9%.

The annual total energy outputs were also simulated on a
combination of cardinal orientations and tilt in order to have
a general picture of design implications for various PV sys-
tems (i.e., stand-alone and BIPV). The selected aspects were
east, south and west. For each of the aspects, the tilt angles
were chosen from 0◦ to 90◦ in an interval of 10◦. The results
are plotted in Figure 9. As computed in previous section, the
optimal inclined angle is of around 20◦ due south. Beyond
the optimal sloped angle, the energy outputs drop gradu-
ally. Generally, the energy output decreases with increasing
tilt angles. For a given tilt angle, PV panels facing south al-
ways generate the largest energy outputs. The annual out-
put energy for the PV panels installed on a horizontal and
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Table 2: Electricity generation and gas emissions produced by
China Light and Power Company, Hong Kong, in 2004.

Electricity generated 23809 GWh

CO2 16867× 106 kg

SO2 51800× 103 kg

NOx 28600× 103 kg

Particulates 2200× 103 kg

the south-facing vertical planes are 137 and 79 kWh/m2, re-
spectively. The energy output patterns for east- and west-
facing vertical PV panels are almost identical of around
70 kWh/m2.

4.4. Emission reduction and monetary payback

The global environmental hazard posed by emissions from
burning fossil fuel has become an additional driving force for
the use of renewable and sustainable energy. Economical and
environmental issues were often employed to evaluate the de-
sign of various solar-based conversion systems [31, 32]. In
Hong Kong, electricity is largely generated from fossil fuels
by two local power companies. Greenhouse gases and pol-
lutants produced from electricity generation are considered
one of the main causes of the local air pollution. Table 2
shows the electricity generations and gas emissions by one of
the local power companies in 2004 [2]. The annual electric-
ity produced by this power company was around 23800 GWh
and CO2 was the largest greenhouse gas product with the
emission of over 16860 kton. For other pollutants, the quan-
tity was far less than that of CO2, ranging from 2.2 kton for
particulates to 51.8 kton for SO2. The environmental bene-
fits were also estimated based on the simulated results. The
annual emissions of CO2, SO2, NOx, and particulates could
be reduced, respectively, by 102, 0.31, 0.17, and 0.013 kg per
unit square meter if the PV panels were installed at the opti-
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Figure 10: Monetary payback for various tilt angles and orienta-
tions.

mal angle to generate electricity. Generally, the environmen-
tal benefits from using renewable energy are significant.

The evaluation of the economical benefits contributed
by the PV systems was determined in terms of the mone-
tary payback. The budget including the multicrystalline sili-
con PV module and the supporting electrical installation was
estimated by making reference to the capital costs of the re-
cent project [17]. The budget of the multicrystalline silicon
PV system installations was computed to be about HK$10
860/m2 (US$1 390/m2). Using an average commercial elec-
tric tariff of $0.974 (≈US$0.125) per kWh for Hong Kong
and the simulated PV energy outputs, the annual savings in
electricity fee were calculated. Figure 10 presents the mone-
tary payback for the surfaces at various tilt angles and ori-
entations. The monetary payback curves show inverse trends
to the energy output lines as demonstrated in Figure 9. The
payback year varies from 77.5 years for PV panels installed
at the optimal angle (inclined angle of 20◦ due south) to 163
years installed at east-facing vertical plane. The findings are
in a par with the monocrystalline silicon PV system located
in Edinburgh [32]. It should be pointed out that solar cells
of mono-crystalline have better conversion efficiency than
those made of multicrystalline silicon. This implies that the
potential of applying PV systems in Hong Kong is not bad
compared to the PV facility installed in Edinburgh. The in-
flation of electricity price was not considered in this study.
As the energy price is forecasted to increase in the future, the
monetary payback period would drop rapidly.

5. CONCLUSIONS

An approach of employing sky radiance model for determin-
ing an optimum tilt angle and orientation for maximizing
annual solar yield was conducted. The whole year (2004) 10-
minute horizontal radiation and sky radiance data recorded
in Hong Kong were used for the analysis. The incident solar
radiation data on various inclined surfaces facing different
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orientations were calculated. The optimum tilt angle was
found to be around 20◦ due south, which would receive the
annual solar yield over 1598 kWh/m2. The findings support
that a solar collector with the tilt angle approximately equal
to latitude of the place could receive maximum annual solar
radiation. The monthly solar radiation data on various ver-
tical surfaces were analyzed with the view to evaluate the ap-
plications of BIPV systems. South vertical surface was found
to be the optimal vertical surface to receive peak annual solar
radiation. The TRNSYS simulation tool was applied to in-
vestigate the operational performance of the multicrystalline
silicon PV system installed at the optimum tilt angle and
three vertical planes facing east, south and west. High effi-
ciencies were resulted in winter months because of the low
ambient temperature. The largest simulated energy output
was found in October which may be due mainly to the sta-
ble weather conditions and long sunshine hours. For vertical
surfaces, south-facing PV systems were computed to give the
largest energy outputs among all orientations. The simulated
PV energy outputs at east- and west-facing surfaces were al-
most identical. In environmental point of view, the annual
emissions of CO2, SO2, NOx, and particulates could be re-
duced, respectively, by 102, 0.31, 0.17, and 0.013 kg per unit
square meter of a PV panel installed at the optimal angle to
generate electricity in Hong Kong. In view of financial aspect,
the shortest monetary payback of 77.5 years was estimated
for the optimal angle (inclined angle of 20◦ due south). Re-
newable energy is one of the best solutions to provide clean
energy. The findings in this study are expected to give the de-
sign ideas for the architects and building engineers to apply
PV technology.
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