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Abstract: Building-integrated photovoltaics (BIPVs) and vehicle-integrated photovoltaics (VIPVs)
receive solar irradiance through non-uniform shading objects. Standard scalar calculations cannot
accurately determine the solar irradiance of BIPV and VIPV systems. This study proposes a matrix
model using an aperture matrix to accurately calculate the horizontal and vertical planes affected by
non-uniform shading objects. This can be extended to the solar irradiance on a VIPV by applying
a local coordinate system. The 3D model is validated by a simultaneous measurement of five
orientations (roof and four sides, front, left, tail, and right) of solar irradiance on a car body. An
accumulated logistic function can approximate the shading probability. Furthermore, the combined
use of the 3D solar irradiance model is effective in assessing the energy performance of solar electric
vehicles in various zones, including buildings, residential areas, and open spaces. Unlike standard
solar energy systems, the energy yield of a VIPV is affected by the shading environment. This, in turn,
is affected mainly by the location of vehicle travel or parking in the city rather than by the climate
zones of the city.

Keywords: EV; SEV; VIPV; BIPV; solar irradiance

1. Introduction

The solar electric vehicle (SEV) case study was conducted by experts [1–3] and car
manufacturers [4]. Typical calculations on the impact of solar energy on electric vehicles
(EVs) assumed a photovoltaic (PV) area of 3.23 m2 and a battery size of 40 kWh. Assuming
a vehicle-integrated photovoltaic (VIPV) of a capacity of 1 kW, 70% of cars (traveling less
than 30 km/day) are likely to operate on solar energy [4–6]. The likely sales would be
50 GW/year [7]. In these expectations, the solar cells are assumed to have been stabilized
with little or no degradation. On the other hand, certain solar cells, such as amorphous
Si [8], perovskite [9], crystalline Si [10], and Si modules [11], degrade over time. This aspect
should be considered in the energy value in the lifetime of the product. These devices, when
mounted or integrated with the car body, are commonly referred to as vehicle-integrated
photovoltaics (VIPVs). Moreover, VIPV systems are effective in providing auxiliary power
and extending the range of vehicles, including hybrid vehicles [12] and battery electric
vehicles (BEVs) [13]. They also serve as a research area for innovation in the utilization of
solar energy [14], particularly in auxiliary power applications [15]. Several renowned car
manufacturers, including Ford [16], Toyota [17], Karma [18], Hanergy [19], and Nissan [20],
have developed impressive demonstration cars showcasing the integration of vehicle-
integrated photovoltaic (VIPV) technology. Several demonstration programs have validated
the use of PV as an energy source for EVs. University educational programs have proposed
several innovative designs for SEVs. Sierra and Reinders examined the integration of PV
charging stations [21], and Kanz et al. designed lightweight cars [22]. Several authors have
independently analyzed the impact of SEVs on society and environment, including the
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use of energy in disaster zones [23]. Several design advances have been achieved, such as
the introduction of lightweight PV modules [24], interconnection designs [25], and vehicle
patterns [26]. Kanz et al. analyzed the environmental impact [22], Mallon discussed the
advantages of battery lifetime [27], and Pinto examined the range extension [13]. The
overall state was reviewed by Conti [28]. Lightyear [29] and Sono Motors [30] are on the
threshold of developing a new market for VIPVs.

The solar irradiance and response to VIPV performance are complex. These include
curved surfaces and non-uniform shading objects [31], partial shadings and hotspots [32],
and others [33]. They occur because of the following factors:

• The curved surface [31];
• Frequent variation in the orientation angle of a VIPV during driving [31];
• Relatively higher probability for VIPVs to be shaded by objects [31];
• Relatively small size of shading objects, such as street trees and signals, and the

consequent high influence of partial shading loss on these [31];
• Temperature variation (parking and driving) [31];
• Dynamic fluctuation of the solar spectrum [31];
• Rapid fluctuations in solar irradiance (in milliseconds) owing to dynamic partial

shading [31].

The issue of a curved surface induces ambiguity, including the inherent mismatch loss
owing to non-uniform irradiance [31], discrepancy in the aperture area [34], variation in
the cosine loss [35], correction of the curved shape [34], and coverage constraints owing to
excessive curvature [36].

This paper reports on the influence of these differences on the performance of VIPVs
and the measurement of these differences. In particular, we investigate the solar irradiance
on a VIPV using outdoor measurements.

• Solar irradiance onto the VIPV (orthogonal five orientations-roof and four sides, front,
left, tail, and right);

• Distribution of shaded objects, estimation of solar irradiance, and irradiation on an
arbitrary reference plane tangential to the curved surface of the VIPV.

Assuming these factors are independent, the VIPV power can be formulated as follows:

(VIPV Power) = (solar irradiance on the VIPV) × (rated power) × (impact of partial shading) ×
(spectrum correction) × (temperature correction) × (influence of curved surface, including self-shading loss) ×

(dynamic shading impact)

In the case of energy rating, the above factors are replaced with their expected values
by integrating these factors weighted by their probability values.

Notably, the spectral impact is crucial for building-integrated photovoltaics (BIPVs) [37].
However, this may be significant for a VIPV only when multi-junction solar cells are
used [38].

The following measurements are beyond the scope of this study, and they are not
considered in the model measurement and calculations:

• Partial shading impact;
• Dynamic shading impact (only for the VIPV);
• Testing the VIPV indoors or outdoors for rating;
• I–V curve measurement during driving (only for the VIPV);
• Influence of power on the curved surface;
• Transient output of the modules, which is affected by the capacitance and other

transient characteristics of the device (only for the VIPV);
• Temperature measurements;
• Spectrum correction.

The impact of partial shading includes the dynamic impact of the circuit conditions
similar to the impact caused by a local temperature rise (hot-spot) and junction capacitance
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caused by reverse-bias voltage affecting the transient response of dynamic partial shading.
These factors are not included in the modeling, measurement, and calculations.

In this study, we primarily focus on the VIPV. The model of this study is also applied
to other solar applications affected by non-uniform shadings, such as building-integrated
photovoltaics (BIPVs). The classical approach for designing and optimizing a BIPV installa-
tion is based on calculating direct, diffused, and diffused reflected solar irradiance using
trigonometric functions [39–43]. These are the extension to the various building surfaces,
but they do not fully consider the asymmetrical shading distribution. Furthermore, in the
case of a VIPV, consideration of the non-uniform shading environment is too complicated to
cover with the extension of the classical calculation method. To consider the impact of shad-
ing on adjacent buildings, there have been attempts to develop and integrate geographical
approaches to calculate the solar irradiance onto the building walls [44–46]. More recently,
advanced computational methods using neural networks [47], machine learning [48], and
artificial intelligence (AI) [49] have been developed. These advanced methods are mainly
for calculating the average and peak irradiance and are used for annual or seasonal and
maximum energy yields. For extending the energy prediction to non-ideal situations, such
as curved array surfaces and partial shading with small shading objects, numerical models
may not be flexible, and physical models based on the extension of the classical model may
be required. Although buildings do not move and the rotation of the coordinate system,
as in the case of VIPV applications, is unnecessary, the approaches mentioned above for
VIPVs will be helpful.

Because this work focuses on nonuniformly shaded objects, calculating the solar
irradiance on a solar panel is beyond the classical formula based on the scalar arithmetic
of trigonometric functions. This is based on the assumption that the hemispherical sky is
uniform, which is valid for the fixed-tilt installation of solar panels on a sloped surface,
thereby meticulously circumventing shading objects. Additionally, Brito studied the solar
irradiance on a car roof (horizontal plane) while driving in a building zone [50]. However,
this study does not consider the issues listed below. It addresses the remaining problems
of consistency.

• Solar irradiance in other zones such as residential and open zones;
• Solar irradiance on car sides;
• Simultaneous validation of the five orthogonal orientations (i.e., evidence on only one

axis may not be substantial);
• Pathway to the energy rating of the VIPV;
• Consistency among different shading environments, car orientations, and car sides.

The models and measurements presented in this article rely on angles. It is assumed
that the distance to the shading objects is substantially more than the size of the objects and
measurement points.

The classical calculation in solar energy systems uses arithmetic with trigonometric
functions. It works well for rooftop systems and solar powerplants that are selectively
installed, avoiding shadows. The arithmetic model is too simplified for applications such
as a VIPV and BIPV. This article presents equations for matrix calculations and validation.

2. Methods
2.1. Local Coordinate System

The orientation angle of VIPV is varied frequently during driving. Furthermore, the
performance of a VIPV system is influenced by the curved shape of the car body. To
calculate the impact of the curved surface, the irradiance influenced by the surrounding
shading structure was estimated, and the angular distribution of solar irradiance, power,
and energy were predicted. The coordinate system used to analyze the irradiance was
extended to the curved module regardless of whether it was local or global, compatible or
continuous with the coordinate system used for terrestrial irradiance on the PV module.
Moreover, the coordinate system was maintained to have continuity and compatibility with
the vehicle navigation and mapping systems.
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In this case, a local coordinate system was used instead of a global or absolute
coordinate system.

The local angular coordinate system of the VIPV used left-handed polar coordinates.
The original axis of the orientation was in the front direction, and the directional angle
increased clockwise from the top view. When the vehicle moved south, the west was
positive, and the east was negative (Figure 1).
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The local orientation angle was transformed into a global azimuthal angle using
Equation (1):

φ = mod
(

ϕ + Φ− 180
◦
, 360

◦
)

(1)

where:
φ was the global azimuth angle (0◦ in the south), expressed in the global coordinate system.
ϕ was the orientation angle in the local coordinate system.
Φ was the direction angle of the vehicle; it was generally measured using GPS and

expressed in the global coordinate system.
mod(x, y) was a function that returned the remainder when dividing x by y (x modulo

y) and had the same sign as x.
Notably, the rotation in Equation (1) was not applied to BIPV, as the building did not

move, and its orientation in the absolute coordinate system on the ground was unchanged.
However, the concept of a local coordinate system was useful, especially when the BIPV
was installed on a curved surface.

Because the vehicle roof generally used for PV panel mounting was a curved surface
and the sides of vehicles were occasionally used for PV panel mounting, the local irradiance
was acquired for at least five directions: the roof (z-direction), front (+x direction), tail
(−x direction), left side (+y direction), and right side (−y direction) (Figure 2).
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The coordinate system shown in Figure 2 is typically used for vehicle-sensing systems [51].
This differs from the car body [52] and the IEC’s standardization of VIPV technologies [53].

2.2. Solar Irradiance Measurement Influenced by Shading Objects

The orientation of the PV panel and shading objects in case of VIPV varied with time
owing to the movement of vehicles. The sun’s angle was not on the absolute coordinates, but
local to the vehicle orientation. Suppose that only the roof irradiance was the main focus; the
redundant measurement of the other four directions helped validate the irradiance model.

The measurement data from the five orientations were the basis of the angular distri-
bution of solar irradiance to the car, accurate modeling of the energy yield, and optimized
design of the solar system. Multiple pyranometers could be installed conveniently on
the car body such that the instrument assembly could shift to different measurements in
different shading environments (Figure 3).
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The pyranometer characteristics and mounting requirements are summarized in
Table 1. In addition to the pyranometer array and its data-logging system, GPS data (pos-
sibly with gyro data (position of the vehicle, orientation of the car, and vehicle speed)
synchronized to the clock of the pyranometer array) were collected. The irradiance was
compared with the global horizontal irradiance (GHI) and direct normal irradiance (DNI)
measurements at a fixed position with a synchronized clock for reference irradiance moni-
toring. The vehicle carrying the pyranometer array was located within a circle of 20 km
radius and centered at the site of the reference irradiance measurement.

Table 1. Conditions of pyranometers and their mounts.

Conditions

Pyranometer mount

The angular error should be at most 1◦.
The pyranometers should be fixed tightly to
the vehicle structure, with no vibration
resonance during driving.
The absorber of pyranometers should capture
the entire hemisphere and not be shaded by the
vehicle body.

Pyranometer performance

The time constant should be at most 5 s.
The temperature error should be at most
±5%/K.
Class B or better
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The time-based clock and triggering time were synchronized with the target mea-
surements. The recording was started or truncated approximately 1 min after sunrise and
terminated approximately 1 min before sunset.

The GPS was capable of measuring the position (latitude and longitude), time, orien-
tation, velocity, and slope angle. The time base of the data sampling was less than 0.1 s
considering the fact that a 60 km/h drive passed 1 m (typical VIPV module length in the
driving direction) in approximately 0.06 s.

The glass that covered the irradiance sensors was cleaned before half of the working
duration. Photographs of the reference measurement instrument were also obtained. The
reference irradiance measurement was selected such that the grazing angle of the shaded
object was less than 5◦. The vehicle carrying the pyranometer array was located within a
circle of radius 20 km and centered at the site of the reference irradiance measurement.

2.3. Measurement Methods of the Distribution of Shading Objects

The distribution of the shaded objects around a VIPV was essential for understanding
its performance; this also assisted with energy rating. This section describes a measurement
method using image processing for understanding the distribution.

Alternatively, the shading object distribution could be calculated using the 3D map
data along the street. The drawbacks of this calculation method included a lack of updates
and the omission of small shaded objects, such as street trees, which were crucial for partial
shading losses.

1. A fisheye image of the sky was captured. Without blue-colored structures, such as
blue signs and walls, the best capturing condition was a clear-sky day (no clouds)
with certain shading objects shading the sun. In this case, a fisheye video or camera
were used to generate the RGB images. The alternative timings were sunrise or sunset
(Figure 4). The recommended fisheye video system is the model WV-S4550L made by
Panasonic, Japan;

2. A median filter was applied to remove spot-like image noise;
3. If obtained under blue-sky conditions, decomposition into red, green, and blue images

were effective. A differential image matrix (gray-scale matrix), such as 2B − (G + R),
converted the sky into white and building walls into black regardless of whether these
reflected sunlight (Figure 4). B, G, and R represented the image matrices decomposed
from RGB images. A median image filter could erase spot-like noise by applying
the median number of five adjacent elements. Note that differential image matrix
calculations, such as 2B − (G + R), induced errors in the image, including bright-blue
walls or signs. A typical mistake was considering bright-blue objects as part of the
sky. In such cases, the image may have been replaced with the ones captured at low
sun height (dark sky condition), as shown in Figure 4;

4. The filtered fisheye images were then binarized. The best threshold was determined
conveniently using the median point of the two peaks of the brightness histogram (one
peak corresponded to the open sky and the other corresponded to shading objects)
(Figure 5);

5. The aperture matrix E was generated using a 2D histogram. The matrix elements
ranged from zero to one (0: shaded, 1: unshaded). Shading implied shading a point
in a hemispherical sky, instead of “shading the sun”. That is, the (i, j) elements,
Ei,j, were the densities of the unshaded points in the 2D bin of the elevation angles
[i◦, (i + 1)◦] (i = 0, 1, . . . . 89) and orientation angles [4j◦, 4(j + 1)◦] (j = 0, 1, . . . ., 89).
The image matrix could be conveniently converted from a polar coordinate system
to an orthogonal coordinate system before the elements were counted in 2D bins
(Figure 4). Occasionally, the reflection by a window was identified as the sky. However,
it may have been filled in black (or zero in the matrix) manually, or erosion may have
been applied using image processing.
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2.4. Definition of the Aperture (Shading) Matrix

The aperture matrix E was a 90 × 90 matrix containing the unshaded probabilities.
The matrix elements ranged from zero to one (0: shaded, 1: unshaded). Shading implied
shading a point in a hemispherical sky instead of “shading the sun”. That is, the (i, j)
elements, Ei,j, were the densities of the unshaded points in the 2D bin of the elevation
angles [i◦, (i + 1)◦] (i = 0, 1, . . . ., 89) and orientation angles [4j◦, 4(j + 1)◦] (j = 0, 1, . . . ., 89).
The values of the elements Ei,j ranged from zero to one. The structure of the aperture matrix
E is shown in Figure 6. Furthermore, the orientation angle indicated the local orientation
angle defined by ϕ in Equation (1) and Figure 1.

Occasionally, it is difficult to explain the aperture matrix. The term “aperture” may not
be familiar. Alternatively, a shaded matrix could be effective. The conversion of aperture
matrix to the shading matrix is convenient: (shading matrix) = 1 − (aperture matrix).

The fisheye image (polar coordinate system) of the orthogonal system (xi,j, yi,j) used in
the aperture matrix E was converted using Equations (2)–(6):

Ii =
2·i
89
− 1, (i = 0, 1, . . . 89) (2)

Jj =
2·j
89
− 1, (j = 0, 1, . . . 89) (3)
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y0i,j =

(
1−

∣∣∣∣Ii
Jj

∣∣∣∣)·90
◦

(4)

yi,j = y0i,j·
(
y0i,j > 0

)
(5)

xi,j = atan2
(
Ii, Jj

)
(6)

where i and j wree the index numbers of the matrix. The function atan2(x, y) returned the
angle from the x-axis to a line containing the origin and the point (x, y). The results ranged
between −180◦ and +180◦, excluding −180◦. The atan2 function was undefined at (0, 0).

Each element in the aperture matrix E was calculated using Equations (7)–(9):

f (ii, jj) =
89

∑
i=0

89

∑
j=0

((
θθii ≤ xi,j < θθii+1

)
·
(

ϕϕjj ≤ yi,j < ϕϕjj+1

))
(7)

f 2(ii, jj) =
89

∑
i=0

89

∑
j=0

((
θθii ≤ xi,j < θθii+1

)
·
(

ϕϕjj ≤ yi,j < ϕϕjj+1

)
·Bdei,j

)
(8)

Eii,jj = ( f (ii, jj) 6= 0)· f 2(ii, jj)
f (ii, jj)

(9)

where θθ and ϕϕ were vectors of the bins of the local elevation angle and local orientation
angle, respectively. Bde was a binarized image of the hemispherical sky (1: bright, 0: dark).

Using the aperture matrix E, the sky-view factor (SVF) was calculated using Equation (10):

SVF = mean(E) (10)

where the function mean (M) calculated the arithmetic mean of all the elements in matrix
M.

The diffused irradiance of the vehicle roof was expressed as the product of the reference
diffused irradiance and SVF.
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2.5. 3D Solar Irradiance Calculation Using the Aperture Matrix

The solar irradiance on a horizontal plane (car roof) influenced by substantial shading
was expressed as follows (Equation (11)):

Iz = SIz + DIz + RIz, (11)
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where Iz was the irradiance on the vehicle roof, SIz was the diffused irradiance on the
vehicle roof, DIz was the direct irradiance on the vehicle roof, and RIz was the reflected
irradiance on the vehicle roof.

The diffused irradiance on the car roof, influenced by substantial shading, was ex-
pressed using Equation (12):

SIz = SHI·SVF = SHI·mean(E) (12)

where SHI was the diffused irradiance on the unshaded horizontal plane.
The direct irradiance was expressed using Equation (13):

DIz = DD·DNI· sin(η) (13)

where DD was the discriminator of the unshaded condition (1: sun is unshaded, 0: sun is
shaded) and η was the sun’s height. DD was identified conveniently using 1) the fisheye
image and 2) the relationship between the azimuth angle and sun’s height with respect to
the aperture matrix E.

The reflected irradiance RIz was calculated using Equations (14)–(18):

θj = 0
◦
+ 90

◦ · j
MM

, (j = 0, 1 . . . MM) (14)

ϕi = 0
◦
+ 360

◦ · i
NN

, (i = 0, 1, . . . NN) (15)

αΦ =

(
mod

(
α−Φ + 180

◦
, 180

◦)
, (α−Φ ≥ 0)

mod
(
α−Φ + 180

◦
, 180

◦)
+ 180

◦
, (α−Φ < 0)

(16)

RDi,j =
(
θj > η

)
·DNI· cos(η)· cos(ϕi − αΦ)·(cos(ϕi − αΦ) > 0) (17)

RIz = Rv·
∑NN−1

i=0 ∑MM−1
j=0

(
1− Ei,j

)
· sin

(
θj+θj+1

2

)
·
( SI f +SIr+SIb+SIl

2 + RDi,j

)
∑NN−1

i=0 ∑MM−1
j=0 sin

(
θj+θj+1

2

) (18)

where α was the azimuth angle of the sun; Φ was the car orientation (origin: north,
clockwise); θ was the grazing angle from the car roof; ϕ was the orientation angle (origin:
south, clockwise); MM and NN were the number of divisions including the edge side of
elevation and orientation angles, respectively; αΦ was the local orientation angle of the car
(origin: south, clockwise); RD was the vertical direct sunlight to the opposite side; SI f , SIr,
SIb, and SIl were the solar irradiance of the front, right, back, and left sides, respectively,
given by Equation (21); and Rv was the reflectance of shading objects (=0.25).

The following equations showed the solar irradiance on four vertical planes (car sides)
influenced by substantial shading:

Iside = SIside + DIside + RIside + RISside (19)

where Iside was the irradiance on the vehicle side, SIside was the diffused irradiance on the
vehicle side, DIside was the direct irradiance on the vehicle side, RIside was the reflected
irradiance on the vehicle side from vertically shaded objects, and RISside was the reflected
irradiance on the vehicle side from the street surface.

The rotation parameter ∆ was defined in Equation (20) to discriminate the four sides
of the car:

∆ =


0
◦
, (Front side)

90
◦
, (right side)

180
◦
, (Back side)

270
◦
, (Le f t side)

(20)
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where ∆ was the rotational angle of the z-axis.
The diffused irradiance on the car roof was influenced by the substantial shading SIside

expressed in Equation (21):

SIside = SHI·
∑NN−1

i=0 ∑MM−1
j=0 Ei,j· cos

(
ϕi+ϕi+1

2 + ∆
)
·
(

cos
(

ϕi+ϕi+1
2 + ∆

)
> 0

)
· cos2

(
θj+θj+1

2

)
∑NN−1

i=0 ∑MM−1
j=0 cos

(
ϕi+ϕi+1

2 + ∆
)
·
(

cos
(

ϕi+ϕi+1
2 + ∆

)
> 0

)
· cos2

(
θj+θj+1

2

) (21)

The direct irradiance was expressed using Equation (22):

DIside = DD·DNI· cos(η)· cos(ϕi − αΦ + ∆)·(cos(ϕi − αΦ + ∆) > 0) (22)

The reflected irradiance from the shaded object RIside was calculated using Equation (23):

RIside = Rv·
∑NN−1

i=0 ∑MM−1
j=0 (1−Ei,j)·

(
SIside+180

◦+RDi,j

)
· cos

(
ϕi+ϕi+1

2 +180
◦
+∆
)
·
(

cos
(

ϕi+ϕi+1
2 +180

◦
+∆
)
>0
)
· cos2

(
θj+θj+1

2

)
∑NN−1

i=0 ∑MM−1
j=0 cos

(
ϕi+ϕi+1

2 +180◦+∆
)
·
(

cos
(

ϕi+ϕi+1
2 +180◦+∆

)
>0
)
· cos2

(
θj+θj+1

2

) (23)

where the suffix “side” referred to one of the four sides of the car (front, right, back, or left)
and suffix “side + 180◦” referred to the opposite side. For the front side, the opposite side
was the backside.

The reflected irradiance from the street surface was expressed in Equation (24):

RISside =
Rs·Iz

2
, (24)

where Rs was the reflectance of the street surface to the vertical plane (=0.08).

3. Results
3.1. Shading Probability Distribution

The shading probability is a function of the grazing angle of the shading objects. It
is assumed that the VIPV orientation is random and that these are installed only on the
roofs of the vehicles. The probability distribution can be estimated by considering the mean
of the rows of the elements of the aperture matrix E (Figure 7). Because the distribution
of shaded objects is not axially symmetrical along the street (along the x-direction), the
distribution curve varies in the x- and y-directions (Figure 7).

Energies 2023, 16, x FOR PEER REVIEW 11 of 21 
 

 

 
Figure 7. Accumulated logistic curve distribution of the shading objects; The blue line indicates 
the y-direction in Figure 2, and the orange line indicates the x-direction in Figure 2. 

The distribution function is defined using Equation (25): 𝐹(𝑥) = 1 − 11 + 𝑒𝑥 𝑝 ቀ− 𝑥 − 𝜇௦𝑠 ቁ (25)

where 𝐹(𝑥) is the shading probability, x is the grazing angle from the vehicle roof, 𝜇௦ is 
the mean shading height (grazing angle that provides a shading probability of 50%), and 𝑠 causes the curve to vary. 

The results are summarized in Figure 8. Regardless of the shading environment, the 
shading probability is approximated using Equation (25), which is the accumulated lo-
gistic curve. However, the curve shape varies in the x- and y-directions because buildings, 
houses, and trees are distributed along the street. 

Figure 7. Accumulated logistic curve distribution of the shading objects; The blue line indicates the
y-direction in Figure 2, and the orange line indicates the x-direction in Figure 2.



Energies 2023, 16, 4414 11 of 20

The distribution function is defined using Equation (25):

F(x) = 1− 1

1 + exp
(
− x−µs

s

) (25)

where F(x) is the shading probability, x is the grazing angle from the vehicle roof, µs is
the mean shading height (grazing angle that provides a shading probability of 50%), and s
causes the curve to vary.

The results are summarized in Figure 8. Regardless of the shading environment, the
shading probability is approximated using Equation (25), which is the accumulated logistic
curve. However, the curve shape varies in the x- and y-directions because buildings, houses,
and trees are distributed along the street.
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3.2. Model Validation by Measurements

The solar irradiance on the five orthogonal orientations is measured and compared
with the calculation results of Equations (2)–(24). The validation results are shown in
Figures 9–11. Figure 9 presents a representative chart of the comparison. Figure 10 compares
the types of bar charts shown in Figure 9 for various shading environments and vehicle



Energies 2023, 16, 4414 12 of 20

orientations. Figure 11 compares the measured and calculated values when distributed
along the 45◦ line.
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Figure 11. Comparison between the measured and calculated values when distributed along the
45◦ line.

The image of the sun in the fisheye photographs in Figure 10 indicates that various
orientations of the car perform the measurements and that the conversion to the local
coordinate system is effective. In addition, regardless of the shading environment, the
measured and calculated solar irradiances in each plane match well. These are distributed
along the 45◦ line in Figure 11.

4. Discussion
4.1. Categorizing the Shading Environment

The energy rating of the VIPV (which is affected substantially by the shading environ-
ment) categorizes the zones where the vehicle parks and runs are effective. The shading
probability is derived from Equation (25) using the parameters µs and s. The sky view
factor (SVF) is a standard parameter for characterizing the shading of the hemispherical
sky. It is effective to allocate the representative values of µs and s as functions of SVF.

Figure 12 compares µs and the SVF, and Figure 13 compares s and SVF. As expected,
µs has a high correlation with the SVF, although the slope varies across orientations
(between the front–rear and left–right directions). In contrast, the impact of s on the SVF is
independent of the SVF. This is likely because the height variance of the shaded objects is
independent of the orientation relative to the street.
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Figure 13. Comparison between s and SVF from the data points of Figure 8.

Table 2 lists the values of µs and s in three given categories of the surrounding envi-
ronment, namely building, residential, and open zones (with representative SVFs of 0.55,
0.75, and 0.95, respectively). Typical sky images (fisheye cameras) of the three zones are
shown in Figure 14. The probability functions of the three zones are plotted in Figure 15.

Table 2. Parameter list of the shading probability function. Typical sky view factors (SVF) for the
open, residential, and building zones are 0.95, 0.75, and 0.55, respectively.

Category Orientation SVF µs s

Open zone X
0.95

2.8◦
1.2◦Y 2.2◦

Residential zone
X

0.75
24.0◦

7.9◦Y 19.1◦

Building zone X
0.55

45.1◦
10.3◦Y 36.0◦
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Figure 15. Shading probabilities of the three zones (open, residential, and building zones). The
red and blue lines indicate the probability in the y-direction (front–rear direction) and x-direction
(left–right direction), respectively [23].

4.2. Estimation of Annual Solar Irradiance Using Shading Probability Distribution

The solar irradiation can be calculated using shading probability as follows:

SIz = SHI·SVF (26)

DIz = DNI· sin(θ)·
(

1−
Fx(θ) + Fy(θ)

2

)
(27)

RIz =
SIx + SIy + DIx + DIy

2
·Rv·(1− SVF) (28)

where Iz is the irradiance on the vehicle roof, SIz is the diffused irradiance on the vehicle
roof, SIx is the diffused irradiance on the vehicle’s front–rear sides, SIy is the diffused
irradiance on the vehicle’s left–right side, DIz is the direct irradiance on the vehicle roof, θ
is the height of the sun, DIx is the direct irradiance on the vehicle’s front–rear sides, DIy
is the direct irradiance on the left–right side of the vehicle, RIz is the reflected irradiance
on the vehicle roof, Fx(θ) is the shading probability in the front–rear direction, Fy(θ) is
the shading probability in the left–right direction, and Rv is the reflectance of the vertical
structure (generally 0.25).

The vehicle orientation is assumed to be random (uniform distribution from 0◦ to
360◦). SIx + SIy + DIx + DIy are calculated using Equations (31) and (32).

The side irradiances for the left and right sides can be calculated using Equation (30).
Furthermore, the irradiance for the other sides (front–back sides) can be calculated using
Equation (30) by replacing the subscript x with y:

Ix = SIx + DIx + RIx + RIs (29)

Iy = SIy + DIy + RIy + RIs (30)

SIx = SHI·
∫ 90

◦

0◦ (1− Fx(θ))· cos2(θ)dθ

90◦
(31)

DIx =
DNI·cos(θ)·(1− Fx(θ))

4
(32)
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RIx =
Rv·(SIx + DIx)

360◦
·
∫ 90

◦

0◦
Fx(θ)· cos2(θ)dθ (33)

SIy = SHI·
∫ 90

◦

0◦
(
1− Fy(θ)

)
· cos2(θ)dθ

90◦
(34)

DIy =
DNI· cos(θ)·

(
1− Fy(θ)

)
4

(35)

RIy =
Rv·
(
SIy + DIy

)
360◦

·
∫ 90

◦

0◦
Fy(θ)· cos2(θ)dθ (36)

RIs =
Rs·Iz

2
(37)

where Ix is the irradiance on the left–right side of the vehicle, SIx is the diffused irradiance
on the left–right side of the vehicle, DIx is the direct irradiance on the left–right side of the
vehicle, RIx. is the irradiance reflected by the surrounding structures on the front side of
the vehicle, Rs is the reflectance of the horizontal structures (roads) (generally 0.08), and
RIs is the irradiance reflected by the surrounding horizontal structures (roads).

The calculation of solar irradiance on a car roof (Equations (26)–(37)) is applied to the
entire area of Japan using the METPV-11 solar database [54,55] considering the driving
zone category (Figure 15). The calculation addresses 830 sites ranging from the subpolar
zone to the subtropical zone (N45◦ to N24◦ latitude). Unlike the standard installation of
solar panels, which are less affected by the shading environment, the energy yield of a
VIPV varies mainly according to the zone (building, residential, and open zones) instead of
the climate zone or latitude (Figure 16).
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5. Conclusions

The standard installation of solar panels prevents shading. The energy yield can be
predicted without considering the non-uniform distribution of shading objects. However,
VIPVs and BIPVs are generally shaded by surrounding objects, and their distribution is
non-uniform. A 3D model using an aperture (shading matrix) is effective in such cases.
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This study presented a measurement and calculation method for the shading matrix
and validated the calculated solar irradiance for the measurement. It was also extended to
solar panels for mobility, such as VIPVs.

The energy yield of a VIPV was examined in the three zones of the shading envi-
ronment. Unlike the standard installation of solar panels, which are less affected by the
shading environment, the solar resource of a VIPV varied mainly according to the shading
environment instead of the climate zone or latitude.
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Abbreviations

2D two-dimensional
3D three-dimensional
BEV battery electric vehicle
BIPV building-integrated photovoltaics
DC direct current
DNI direct normal irradiance
ECU electronic control unit
EV electric vehicle
GHI global horizonal irradiance
GPS global positioning system
IEC International Electrotechnical Commission
I-V current-voltage
MPPT maximum power point tracking
PV photovoltaic
RGB red-green-blue
SEV solar electric vehicle
Si silicon
SVF sky view factor
VIPV vehicle-integrated photovoltaics
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