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Abstract: To maximize the direct insolation received by flat-plate photovoltaic (PV) modules, the tilt
angle is usually the site’s latitude and the modules are oriented towards the equator. However,
this may not be the optimal placement, as the local climatic conditions will influence the optimal
orientation and tilt angle. Transposition models can be used to simulate the insolation on planes
with various tilts and azimuths, using a single set of (horizontal) global and diffuse irradiance
measurements. Following this method, five maps including optimal orientations, tilt angles,
maximum annual tilted irradiations, percentage improvements of the optimally-tilted PV installation
versus the conventional latitude-tilted PV installation, and annual diffuse fraction were plotted over
the geographical area of Japan. Spatial patterns in these maps were observed and analyzed. The key
contribution of this work is to establish a database of optimal PV installations in Japan. Compared
to the conventional rule of thumb of tilting the module at latitude facing south, it is shown that the
optimally tilted surface receives up to 2% additional annual solar irradiation.
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1. Introduction

After the Fukushima nuclear disaster in 2011, the Japanese government announced plans to
expand the solar photovoltaic (PV) installations to reduce reliance on nuclear power. Following the
implementation of Japan’s renewable energy feed-in-tariff (FIT) scheme in July 2012, photovoltaic (PV)
installation has grown rapidly [1]. In this paper, the optimal orientation and tilt angle for maximizing
in-plane solar irradiation in Japan was studied to understand the potential of PV adoption in Japan.

The orientation (azimuthal rotation) and tilt angle for fixed array installation are critical
parameters that affect a photovoltaic (PV) system performance, directly determining the solar radiation
received by the PV modules. Various studies have been carried out to determine the optimal orientation
and tilt for different locations [2–8]. Khoo et al. studied the optimal orientation and tilt angle
for maximizing in-plane solar irradiation for fixed-tilt PV modules in Singapore [8]. Using the
methodology from previous work and the publicly available countrywide weather data in Japan,
this paper presents a visual database of optimal orientation and tilt angles in Japan and correlates it to
local climatic conditions such as irradiation intensity and diffuse fraction.
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2. Materials and Methods

This section briefly describes the data set used, the model used for the transposition, and method
of determining the optimal orientation and tilt angle.

2.1. Data Collection

The global horizontal irradiance (GHI) and diffuse horizontal irradiance (DHI) are the required
inputs for determining the optimal orientation and tilt angle. GHI and DHI for locations across
Japan were obtained from Japan’s New Energy and Industrial Technology Development Organization
(NEDO), using meteorological test data for photovoltaic systems (METPV-11) [9]. The dataset consists
of post-processed hourly meteorological data for a 1-year period (similar to a typical meteorological
year dataset) at 837 locations extracted from ground measurements spanning 20 years (1990–2009).
Similar to typical meteorological year (TMY3) data from the National Solar Radiation Data Base
(NSRDB), METPV11 data accurately represent the long-term solar resource distribution across Japan.
To promote ease of use of the data for different sites in Japan, NEDO provides a user-friendly web
interface app [10]. The locations covered in this study are shown in Figure 1, whereby each colored
pixel denotes a station, with the color indicating the annual solar irradiation.
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Figure 1. Geographic locations of the 837 weather stations in Japan used for this study. Each colored
pixel denotes a station, while the color indicates the annual global horizontal irradiation value
in kWh/m2.

2.2. Transposition Model to Convert Horizontal Irradiance to Tilted Irradiance

To determine the optimal orientation and tilt angle of a flat-plate PV module, first we converted
the GHI and DHI into tilted irradiance using a transposition model. The direct beam radiation on
a tilted surface can be calculated using geometric relations, whereas the conversion for the diffuse
radiation is more complex and has been approached using different models, for example Liu and
Jordan [11], Klucher [12], Hay and Davies [13], and Perez et al. [14], etc. For this study, the Perez et al.
transposition model is used due to its proven accuracy [8,15–21].
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The Perez et al. model [14] is an empirical model based on a detailed statistical analysis of the
sky’s diffuse components. The model breaks the diffuse irradiance into the three components of
isotropic background, circumsolar and horizon zone:

Id,tilt = Id

(
1 + cos β

2

)
(1 − F1) + F1

cos θ

cos θz
+ F2 sin β (1)

where Id,tilt is the total tilted diffuse irradiance, β the tilt angle, θ is the angle of incidence, and θz the
zenith angle; F1 and F2 are complex empirically fitted functions to describe circumsolar and horizon
brightness [14].

2.3. Determining the Optimal Orientation and Tilt Angle

For each location, the hourly GHI and DHI data over the 1-year period were used as an input to
the Perez et al. transposition model to calculate the hourly tilted irradiance for all possible orientations
(0◦ to 360◦) and tilt angles (0◦ to 90◦). The hourly tilted irradiance was summed to get the annual
tilted irradiation for the different orientations and tilt angles. The results are then represented as a
polar contour plot, as can be seen in Figure 2, using Tokyo city as an example. For Tokyo (35.69◦ N,
139.76◦ E), a maximum annual tilted irradiation of 1847 kWh/m2 is achievable through a surface
oriented around 179◦ SE with a tilt angle of 35◦. Extending the same methodology across 837 locations
in Japan, the optimal orientation and tilt angle that yield the highest annual tilted irradiation were
then determined, see Figures 3–5.
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Figure 2. Polar contour plot of annual tilted irradiation for different tilts and orientations in Tokyo,
Japan. A surface facing 179◦ SE with a tilt angle of around 35◦ receives the highest annual irradiation
of 1847 kWh/m2, shown as the ‘x’ in the polar contour plot.

3. Results

Conventional rule of thumb suggests that the PV array should be installed facing the equator and
tilted toward the sun’s average elevation, i.e., having a tilt angle equal to the latitude of the array’s
location. For Japan, as seen in Figure 3, different locations’ optimal orientations are indeed mostly
facing south, within ±10◦ of true south. However, from Figure 4 we see that the optimal tilt angles for
different locations do not necessarily follow the conventional wisdom of using latitude as the tilt angle;
the deviation can be up to 15◦ from the latitude-tilt values. Comparing Figures 1 and 4, an interesting
phenomenon is observed: the western side of Japan (which has lower annual irradiation) tends to have
lower optimal tilt angles compared to the eastern side of Japan. To further investigate this observation,



Sustainability 2019, 11, 2016 4 of 8

the annual diffuse fraction for all locations were investigated and plotted in Figure 6. The diffuse
fraction is the ratio of diffuse horizontal irradiance (DHI) and global horizontal irradiance (GHI).
Figure 6 shows that at a similar latitude, the western side of Japan has a higher annual diffuse fraction
compared to the eastern side of Japan. It can be seen that the optimal tilt angle is correlated with
annual irradiation and diffuse fraction. Locations with lower annual irradiation are associated with
higher precipitation and hence higher annual diffuse fractions (see Figure 6). When the diffuse fraction
of the irradiance is high, it is more optimal for the PV module to have a larger viewing area of the sky
(i.e., be inclined at a lower tilt angle) to capture a larger proportion of the diffuse irradiance. This effect
is also shown in recent studies [22,23]. Comparison of Figures 5 and 6 shows that the locations with a
higher annual diffuse fraction tend to have lower annual tilted irradiation, and vice versa.
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The results are represented as the deviations from the south orientation. A negative (positive) angle
means that the module faces slightly eastwards (westwards).
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Next, the percentage increase in annual irradiation on a fixed-tilt PV module surface mounted
at the optimal orientation and tilt angle compared to a south-facing latitude-tilted PV module was
determined (see Figure 7). As can be seen, the increase in annual tilted irradiation for an optimally
oriented and tilted PV module is up to 2%. The gain is highest in the northwestern region of Japan.
This is because the optimal tilt angles in this region deviate more from latitude, due to the high annual
diffuse content.
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In the real world, the ultimate parameter of interest is the energy output of the PV systems.
To accurately calculate the energy output, many loss mechanisms have to be included, as shown in a
detailed model by King et al. [24]. To simplify the modeling, the optimal orientation and tilt angle was
determined solely from the annual tilted irradiation received by the PV modules. This approach is
reasonable because a PV system’s electrical output is proportional to the annual irradiation it receives.

4. Conclusions

METPV-11 provides very comprehensive representative weather conditions across different
locations in Japan. Modeling was performed using hourly measured global horizontal irradiance (GHI)
and diffuse horizontal irradiance (DHI) from METPV-11 to calculate the hourly tilted irradiance for
different orientations and tilt angles for 837 locations in Japan. The flat-plate PV modules’ optimal
orientation and tilt angles were then determined by finding the value for which the total radiation on a
particular orientation and tilt was the highest. While the optimal tilt angle was found to deviate by
up to 15◦ from the conventional latitude tilt, the increase in annual tilted irradiation for an optimally
oriented and tilted PV module is up to 2%. It was also found that annual diffuse fraction plays a
major role in determining the optimal tilt angle. For the same latitude, compared to locations with a
lower annual diffuse fraction, locations with a higher annual diffuse fraction were found to have a
lower optimal tilt angle. It was hypothesized that for locations with a high diffuse fraction, it is more
advantageous for PV modules to be tilted at a lower angle, to “see” a larger sky area for capturing the
diffuse irradiance.

As there are uncertainties in the data and transposition model, which were not investigated in
this study, the percentage gain value presented in this study should only be used as an indication
on how to optimally orient and tilt the PV system at the location of interest. For accurate PV system
performance modeling, onsite measurements should be carried out.
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