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Abstract: Vehicle-Integrated Photovoltaics (VIPV) in urban environments face challenges in
accurately estimating solar resource due to dynamic shading effects. This research presents
a methodology for evaluating VIPV solar resource by analyzing imagery and detecting shade
conditions along driving routes. Street image mapping services and obstacle detection algorithms
are utilized to determine the shaded or sunny condition of the vehicle at each point. The approach
enables the calculation of solar irradiance, considering direct and diffuse components, and
identifies energetically optimal driving routes. The methodology provides valuable insights for
optimizing MPPT algorithms and assessing VIPV performance in urban settings. It offers a
practical tool for sustainable mobility and renewable energy integration.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

European mobility statistics show that the number of European urban trips (trips of less than
100 km within the same urban area) represent a substantial proportion of daily short-distance
mobility. Mainly, on an average day (work or non-work) persons travel up to 19 km and do
so mostly (60-70%) by car as a driver or passenger [1]. The growing fleet of electric vehicle
makes the integration of photovoltaics in the vehicle surfaces (VIPV) relevant for the future of
mobility [2] as the added solar range of the vehicle could cover a large part of the mobility needs
depending on the model [3].

For the proper development of VIPV technology, certain advancements in modeling and
characterization techniques of these types of systems are required [4], considering characteristics
such as surface curvature, partial and dynamic shading, and movement. In this regard, we have
previously proposed a new tool that provides insight into the solar resource on the curved surface
of the car roof [5]. The present work unveils another relevant challenge, the evaluation of the
solar resource for VIPV in an urban environment.

Previous approaches that estimate shading effects on PV systems as in BIPV are not valid for
VIPV since the system is in movement, so a dynamic and step by step methodology is necessary
considering the solar position and surrounding obstacles every moment. A diverse collection of
obstacles cast a complex shadow over the roof of the vehicle, that is changing slowly during the
whole day. However, it becomes a real complex challenge when the vehicle is moving following
aroute. In this case the shadow is not only changing throughout the day but also at the speed of
movement caused by obstacles at every step of the trajectory. Therefore, factors that affect the
irradiation seen by a VIPV surface are the concrete location, the free-obstacle irradiance that is
function of the date and time, the vehicle orientation and the obstacles that block the sunpath at
every step of the route.
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There are different approaches to evaluate the shadows profiles on the vehicle when modelling
the solar resource in VIPV. For example, using LIDAR data to reconstruct the 3D surrounding
environment can be an accurate method for dealing with shadows for the vehicle in movement
[6]. Nevertheless, LIDAR data are not always available, and the needed computational effort
implies processing times greater than those required for real time applications. Another way to
evaluate shadows over the vehicle is the processing of near imaginary. For this purpose, it is
very convenient to have a collection of photographs of the surroundings of the vehicle along the
driving route [7,8].

Including shadow effects when modelling VIPV can provide valuable insights to address
some current open questions. This includes examining the types of shadows that are commonly
produced, not only considering the irradiance pattern over the vehicle but also the frequency of
shading. This can help to study the optimal MPPT algorithms for VIPV. Additionally, analyzing
the solar resource available for a specific route can shed light on the actual potential of VIPV in
urban environments.

In this study, we propose a methodology for the determination of the sunny/shaded condition
of the vehicle at each point of the trajectory from photographs. Considering the orientation and
the solar geometry a sunpath can be projected over the resultant photography and the losses by
shading can be estimated. For simplicity, the photovoltaic system is considered to be a point
system, so the resolution for estimating whether it is shaded at each instant is on/off, however,
irradiance patterns over the vehicle could be also gathered allowing also partial shading analysis.

This paper is structured as follows. In “Methodology”, a procedure is presented to obtain
whether the vehicle is shaded or not in an urban environment based on photographs of the
surrounding along a given route. In these images, the solar trajectory is projected together with
an obstacle detection between Sun and vehicle. From this information the solar irradiation during
a trajectory is calculated considering equally spaced sampling points. The “Results” section first
presents a validation of the solar path projection on photographs using the above procedure. In
addition, to show a concrete application of the described methodology, an example to show how
to find out the most energetic route for a journey in the city is presented.

2. Methodology

For the calculation of shadows in urban environments and its impact on the available solar
resource in VIPV, a methodology based on images from mapping services is proposed. For a
specific urban environment where the VIPV is located, the position of the Sun (given by the
azimuth and solar elevation angles) is projected in the image of the surroundings for a specific
moment. Shadow condition on the vehicle is evaluated whether there is any obstacle blocking
the Sun in the image. The same operation can be done for different moments throughout the day,
allowing the projection of the Sun’s trajectory during a certain time interval onto the image. If
an obstacle coincides with the position of the Sun, the direct and circumsolar diffuse components
will not be taken into account for the calculation of the available solar resource. In turn, the
diffuse component will be affected by a sky view factor (SVF) [9-11], which can also be obtained
from the hemispheric projection of the images of the evaluated environment. In some specific
conditions where solar altitude, building albedo and distance from the vehicle favor reflections,
the reflected irradiance may have some relevance. However, the weight of the reflected component
in the cumulative irradiance over the total path is expected to be low and is therefore neglected in
this study.

2.1.  Procedure to obtain irradiance from images

The proposed procedure to obtain the irradiance over the VIPV system on an urban driving route
follows the next steps:
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1. Set the energetically representative sampling frequency of the route to be evaluated. The
appropriate frequency for a particular route may be determined by the maximum speed
of the road and the traffic on it. A sampling frequency close to 1 image per second is
considered convenient, a value that Wetzel et al. [12] see as the threshold for most of
the changes in VIPV irradiance. However, if a higher sampling rate is needed it may be
convenient to obtain intermediate points by interpolating between photographs.

2. Obtain the street mapping image of each sampled point on the route, with the proper
orientation and field of view of the camera (section 2.1.1), so that it contains the solar
position for the instant time under investigation. The camera should be preferably oriented
to equator (south/north in north/south hemisphere) to capture most of the moments of the
sunpath.

3. Project the solar coordinates (azimuth and solar elevation) on the image (section 2.1.1).

4. Extract the shadow profile (obstacles) of the surrounding from the image by processing
with masks (section 2.1.2).

5. Calculate the SVF from the images that cover the upper hemisphere (section 2.1.3).

6. Calculate the irradiance on the vehicle considering whether the Sun is shading or not by
means of steps 3 and 4 (section 2.1.4).

7. Repeat from 2 to 6 to cover all the points sampled along the whole route.

2.1.1. Sun projection on street image mapping services

Street image mapping services [13] can be an interesting option due to its massive coverage, with
the relevance that the images are taken from the point of view of the vehicle. Some examples
of street image mapping services are Google Street View (GSV) [14] and Apple Look Around
[15] both based on their own collection of images, and Mapillary [16] and KartaView [17],
two crowdsourced services that relay on their users to obtain their images. It is remarkable
that currently there are several disciplines that use these services with objectives as estimation
of spatial data infrastructure [18], greenery [19], building height [20,21] or sky view factor
[11,22,23].

Among these services, GSV is a ubiquitous public option, an image service that provides
photographs of the streets of many cities around the world covering more than 85 countries and
10 million miles at the moment [14]. GSV obtains images by placing cameras at the roof of a
vehicle, usually a car, at a height of 2.5 m [24]. GSV API expects the following parameters:
Field of View (FOV) (at a maximum of 120°), geographical coordinates of the location, pitch
and heading of the camera, and image size (640 x 640 pixels maximum).

Figure 1 shows some examples of GSV images in which the pitch (p) and the heading (h) of
the camera have been modified. To maximize the sky seen in the photograph and to discard
obstacles below horizon, GSV’s pitch can be fixed to 45°. Different orientations can be selected
by using the heading parameter on GSV API; therefore, we can obtain the necessary images to
cover the Sun trajectory during certain period. Note that the image obtained by GSV corresponds
to a particular instant of the year, and the position of the Sun in the image, if it is present, is
irrelevant since the Sun must be located for the instant under investigation.

The position of the Sun relative to an observer on the Earth’s surface is described by the
azimuth and the solar elevation angles (ys, Ys), that can be obtained following astronomical
formulas. To project the Sun’s path onto an image, the azimuth and the solar elevation angles
must be converted into pixels on the photograph (u, v). Additionally, the optical axis of the
camera is defined by the angular coordinates (h, p), which correspond to the heading and pitch of
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(a)
Fig. 1. Images taken from GSV at parking of the Solar Energy Institute, Madrid (Spain)
with FOV =90°. (a) pointing to the south, heading = 180°and pitch = 0°, (b) pointing to the
south, heading = 90°and pitch =45°, (c) pointing to the east, heading = 90° and pitch = 45°,
(d) pointing to the west, heading =-90°, and pitch = 45°

the images in GSV. This point is coincident with the center of the photograph and serves as a
reference point. A formal approach to project objects in a photograph, such as locating the Sun
coordinates (u, v) for a given instant, requires the calibration of the camera [25] to account for
the sensor and optics performance.

A GSV image contains certain paths of the Sun, which vary depending on the location and
moment of the year being considered. Additionally, whether an image covers more or fewer solar
positions (elevation and azimuth) also depends on the FOV, and camera optical axis (pitch, and
heading) as shown in Fig. 2.

Fig. 2. (a) Schema of the image coordinates as seen by the camera (origin), pointing vector
of the camera (h=180°, p=45°), solar coordinates (yg=127.2°, yg =65.2°), and image
pixels (u=190, v = 60, image size 640 x 480 pixels); (b) Proyected solar trayectory in the
image, given by the solar coordinates translated to pixels, for June 15th, at 12h50.

In Fig. 3, black lines represent the solar coordinates (sunpath) along one year. For a pitch of
0° and south oriented (heading = 180°), only half of the view is covering the upper hemisphere
(blue area); changing to a pitch of 45° more sunpath is covered, and the view is maximized (red
area); the rest of the sunpath, not seen by aiming to the south, is covered by modifying heading
to east and west (180°+90°). Lower solar elevations are not energetically relevant and in urban
scenarios are almost always covered by the cityscape.

2.1.2. Shadow profile from image processing based on masks

To detect obstacles blocking direct sunlight, the sky must be distinguished from other objects such
as buildings or vegetation in the image. There are basically two main approaches: threshold-based
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Fig. 3. Sunpath of Madrid (black lines) in cylindrical projection. In blue, the portion of view
defined by a camera pointing as in Fig. 1(a), showing that only half of the view is covering
the upper hemisphere; in red changing pitch to 45° (Fig. 1(b)) so more sunpath is covered,
and the view is maximized; and in green heading is aiming east and west (Fig. 1(c) and (d))
to cover the rest of the sunpath not seen by aiming to the south. Lower solar elevations are
not energetically relevant and in urban scenarios are almost always covered by the cityscape.

algorithms and machine learning-based algorithms [26]. While the first are simple to implement
and require little computational load, those based on machine learning, although they may have a
better response, require training based on a large previous database [19,27,28].

To validate the concept we have implemented a threshold-based algorithm with a mask using
OpenCV [29], a Computer Vision library. A series of masks are applied to the GSV photographs
for sky identification, based on hue search in various color models, contour and edge detection,
along with subsequent smoothing to diminish poorly processed pixels. Given the geographic
coordinates of any location, the evolution of the solar trajectory over a given day can be plotted
over the images of that location, as seen in Fig. 4.

At a given moment, the sunny or shady condition at the site is determined by the intersection
of the solar trajectory with buildings, urban furniture, or vegetation. For example, in Fig. 4, the
vehicle parked in the position where the GSV image is taken, is in the shade from dawn until
around 12:25.
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Fig. 4. Obstacle’s maks example (a) from a GSV image (b), differentiating sky from the
rest of objects that block the sunlight. Red dots show the sunpath for a given day, different
instants of time, as seen from the camera’s point of view.

2.1.3. Estimation of the SVF

The SVF calculation requires the image of the location pointing to the sky (pitch = 90°) and, at
most, four additional images of the cardinal points, with FOV =90°. From the rectilinear images
a hemispherical equisolid angle projection can be obtained, where the image will retain the same
area over any viewing angle. The SVF will be then obtained from counting the sky area from the
total, as shown in Fig. 5.

Fig. 5. (a) Representation of the location of Fig. 1(a) in a cubemap, an unfolded cube
with 6 views: (p=0,h=0), (p=0,h=90), (p=90,h=0), (p=0,h=180), (p=0,h =270),
(p=-90,h =0, not required, shown for illustrative purposes only) and (b) the corresponding
hemispherical transformation. The SVF in this case is 0.63.

2.1.4. Modeled irradiance on a driving route

The calculation of solar irradiance in the plane of the vehicle requires estimating the global
irradiance (G) at each position and time of the trajectory. To do this, the direct (B) and diffuse
(D) components must be estimated, the latter in turn consisting of circumsolar and isotropic
irradiance. In addition, to account for the effect of shading on the vehicle, an estimated shading
factor SF has to be considered. The SF is defined as a boolean value that is zero in case of
shading or one if sunlight is not blocked at the time considered.
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The corresponding SF is applied to the direct and circumsolar diffuse components for all
intermediate points along the route to calculate the solar irradiance on the vehicle (Groyte,s). On
the other hand, the isotropic diffuse component arriving from the sky vault will be blocked by
the set of the obstacle profile. The sky view factor, SVF, accounts for the portion of visible
hemisphere discounting the part hidden by obstacles.

Gmute?s = f;l,fe[;?:atian[(B(t) + Dcircumsolur(t))SF(t) + Disotropic(t)SVF(t)] -dt [W m—2 h] (1)

One way to estimate the degree of shading of a given route is to consider the irradiance ratio
with respect to the same route without taking into account the associated urban obstacles (SF=1

for all the moments of the route), Groyee_ns- S0, we can define the dynamic urban shading factor
(DUSF,gute) of a route as

Groute N
DUSF,oute = = [%] )
route_ns
The DUSF,, allows estimate the efficiency of a route in terms of collecting of solar energy. In
addition, if two routes have similar arrival times, it allows comparing which is more convenient
for electricity generation.

3. Results
3.1. Validation of sunpath projection on photographs

To validate the proposed procedure, the actual Sun position has been compared with the obtained
sunpath based on the processing of a GSV image. To account for the actual Sun position, a set
of photographs have been taken during time intervals of one particular day at a specific site,
the parking lot of the Institute of Solar Energy in Madrid (lat = 40.45374°, long = —3.72687°).
Subsequently, the sunpath has been projected on the images as described in the previous section
to see if the Sun position estimation is coincident with the one in the image. As the proposed
procedure is expected to be used with GSV, the used photographs reproduce the same scenery
than the one given by GSV image for the same geographical location. For doing this, the images
are taken with the camera at the same height (2.5 m) than GSV does and selecting the highest
FOV available from the camera (96°) to cover the maximum scene in the image. To adjust
elevation (pitch) and orientation (heading) in the camera, a side-by-side comparison is performed
as shown in Fig. 6, setting the same FOV in GSV.

0 0
100 + 100
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400 { — = 400
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0 200 400 600 200 400

(a) (b)

Fig. 6. (a) Image from GSV service at experimental point, (b) image taken from the same
point with a camera, with the same height (2.5 m), heading (180°) and pitch (0°) resulting the
same objects with the same pixel coordinates. FOV of the camera (96°) has been previously
obtained and then set in GSV API.
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With the camera in static mode, photographs are taken at different times to capture the sunpath,
in this case on February 23rd. The images are overlapped to show the sunpath together with the
path estimation (dots in red) obtained following the procedure described above, as presented in
Fig. 7, with a maximum deviation between the Sun’s position and the projected sunpath of 3°.
The experiment has been repeated based on images acquired with different orientation, tilt and
FOV of the camera, with the same results as presented in Fig. 7.

Fig. 7. (a) Prove of the procedure to translate angles to image pixels on the same image
parameters from Fig. 6(b) during several moments to capture the actual sunpath while the
calculated solar trajectory is overlaid with red dots. (b) Pitch increased to 41° proving that
the procedure works at different heading and pitch angles.

Using the FOV together with the orientation and pitch of the GSV camera, it is possible to
determine which image contains the solar coordinates that need to be evaluated. Figure 8(a)
shows Sun trajectories of four different days (February 23rd, solstices, and equinoxes) and shows
the positions of the Sun at four different times on February 23rd. The complete sunpath is
represented in Fig. 8(b) together with the portion of view of the camera with the same pointing
angles as was introduced in Fig. 6(b).
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o
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o
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(b)

Fig. 8. (a) Photography taken on February 23 from the same GSV point analyzed in Fig. 6,
but changing both pitch (25°) and heading (215°) and overlapping sunpath of the day and
solstices & equinox. (b) the same sunpaths on cylindrical projection plus the portion of view
defined by the camera at those angles.
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Fig. 9. Urban route between two points in Madrid with two possible trajectories (blue and
red). These trajectories have been selected because they have the same estimated time and
are therefore energetically comparable, although with different DUSF. Source: Google Maps

It can be seen that if it is necessary to overlap the solar path of the whole year, the process
of obtaining the shadow profile of a location can be done by sweeping through several images
that include the solar path from sunrise to sunset of the whole year, as shown in Fig. 8(b), where
sunpaths on cylindrical projection are plotted for the point of study plus the portion of view
defined by the camera sweeping heading (90°, 180° and 270°=—-90°) and pith fixed at 45°. For
elevations higher than 10°, the annual sunpath is then covered by only 3 images with FOV =90°.

3.2.  Application example: most energetic route calculation

To obtain the routes, the Google Maps (GM) service has been used through its API. In this way a
list of points between origin and destination is obtained, with the peculiarity that the points given
by GM are indications of when to change direction, so they are not equally spaced. However,
in order to calculate the integrated irradiance during the trajectory according to the formula
presented in Eq. (1), the segments of the trajectory are interpolated so that points every 10 m
are considered to estimate the irradiance. The exact position within the road in this experiment
is fixed by where the GSV service took the closest photograph but taking into account that in
average these photographs are spaced every 10 m too.

In this example, some considerations are performed when implemented the proposed method-
ology. First, a constant speed is assumed although a more realistic approach would include real
velocity considering stops mainly due to traffic lights and the exact position of the vehicle at each
instant. Second, to model the irradiance, for simplification, it has been decided to take 0.50 for
the SVF during the whole route, a typical value for urban environments [22].
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As an example, and possible use case of the estimation of the irradiance of a route, we can
see the scenario in which different alternative trajectories are presented to go from the same
origin to the same destination in the city of Madrid as shown in Fig. 9. Specifically, two different
trajectories (blue and red) are shown in the city of Madrid, on May 13 at 11:50 am, with identical
origin and destination, and which have been chosen among the various options because they both
last 16 minutes, even if there are differences in length or waiting times. The fact that they last the
same time is important because we are going to compare irradiations.

Taking into account the metric defined in Eq. (2) (dynamic urban shading factor, DUSF, ),
the blue DUSF,qy¢e is 51% while red DUSF;oy¢e is 65%, meaning that red option, while it takes
the same time, yields more irradiation than the blue one.

It takes 10 to 15 seconds to process each image (which is a 10-meter run) on a 2020 office
desktop PC, where the mask calculation is the bottleneck. This is a very conservative approach
based on a proof of concept developed in Python language that has not been optimized for speed.

4. Conclusions

The estimation of the solar resource is fundamental for a PV system and becomes especially
laborious for VIPV systems as they are mobile systems. In an urban environment it is even more
relevant due to 1) the large number of obstacles that cause shading and 2) the shading profile
changes as the vehicle moves. Therefore, for the calculation of irradiance on an urban route it is
required to be able to establish for a place and time whether it will block solar radiation. This is
where street images can offer great support due to the large coverage of cities they offer. Based
on street image mapping services, the proposed method places the solar path of any day of the
year on a GSV image while detecting the profile of obstacles so that jointly it can be known at
each location and instant if the Sun is shaded.

A new procedure has been established to obtain the irradiation during an urban route. For this
purpose, masks of the sky in GSV images are obtained to determine when the Sun is blocked at
a given point and time. Thanks to this, a uniformly interpolated route can be obtained and the
irradiation along this route can be determined. When insolation is considered in the case of urban
routes for a VIPV, we can suggest that it influences the route chosen, as some may provide more
energy for the vehicle than others. Solar irradiation could then be added to relevant parameters
such as traffic, arrival time or journey length when planning an urban route.

The whole procedure is also valid to estimate routes in advance using any image source
other than GSV type services such as own measurements considering that the images must be
geolocalized and considering the FOV of the camera used. Some tuning of the mask algorithms
is to be expected due to different levels of brightness and hue.

This study presents a proof-of-concept procedure, consequently there are some points that can
improve the accuracy of the method as well as others that require greater depth:

1. The sampling frequency along a route, as discussed in Methodology, is in fact an open
question in the VIPV community. Considering the limitation of imaging every 10 m of the
GSV service and an urban speed of 50 km/h (13.88 m/s), the sampling frequency is close
to 1 image per second.

2. The complete calculation of the isotropic diffuse irradiance requires that it is also estimated
from the mask over the images, although in this case it is applied over the corresponding
set of images spanning 360°.

3. The calculation of masks for obstacle detection is not a trivial matter as it generates both
false positives and negatives and can take considerable time depending on the method
applied. The use of machine learning in other similar studies, specifically neural networks
should improve this process.
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