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A sustainable city relies on renewable energy, which promotes the development of electric vehicles. To
support electric vehicles, the concept of charging vehicles while driving has been put forward. Under
such circumstances, constructing solar panels on urban roads is an innovative option with great benefits,
and the accurate calculation of road photovoltaic power generation is a prerequisite. In this paper, we
propose a novel framework for predicting and calculating the solar radiation and electric energy that can
be collected from the roads. Google Street View images are collected to measure the sky obstruction of
roads which is integrated with the solar radiation model to estimate the irradiation receiving capability.
In addition to sky obstruction, we also take the impact of traffic conditions and weather situations into
consideration in the calculation. Radiation maps at different times in a year are produced from our work
to analyze the roads photovoltaic distribution. In order to test the feasibility of our framework, we take
Boston as a case study. Results show that roads in Boston can generate abundant electricity for all future
electric vehicles in the city. What’s more, main roads through Boston exhibit better power generation
potential, and the effect of the traffic condition is limited. Our calculation framework confirms that
utilizing solar panels as road surfaces is a great supplement of city power with the unique ability to
charge moving cars.
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1. Introduction

Since the concept of “sustainable city” has been put forward,
new and renewable energy resources have gained increasing
attention (Jacobson, 2009; Kenworthy, 2006). For the development
and utilization of clean alternative energy, the electric vehicle in-
dustry has matured and prospered with technical progress (Zhao
and Zhao, 2015). From the early 1990s, the world’s major auto-
mobile group companies such as Ford, GM, etc. have invested a
large amount of resources in the field of electric vehicles (Cao et al.,
2004) to achieve zero emissions of cars. The driving range which is
determined by the battery, however, is the main factor that hinders
the diffusion and popularization of electric vehicles (Kessels et al.,
2011). Compared to decades ago, the successful evolution of bat-
tery materials has extensively increased the driving range before
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needing to stop the vehicle for charging. Currently, it is facing more
challenges. Another alternative is to charge moving vehicles “on-
the-fly” based on technologies like contactless power transfer
systems (Chopra and Bauer, 2013).

Although solar power is one of the cleanest energies for a city
(Kamat, 2007), large-scale solar power generation, like building
traditional power plants (solar farms), has the following special
requirements: being built in open areas with sufficient sunshine,
and occupying a vast expand of area in suburb, which inevitably
results in long-distant electricity transmission and a waste of space.
On the contrary, urban road surfaces, which occupy a large part of
public areas (Northmore, 2014) in a city, may also get adequate
sunshine. Therefore, in terms of the energy needs for intra-city
transportation, laying photovoltaic power generation materials
such as special solar panels on the roads (Northmore and Tighe,
2012) has greater advantages of saving space and transferring po-
wer compared with the traditional solar farm system. Some
countries and regions in the world have already made efforts to
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Table 1
Current demonstration projects about photovoltaic roads.
City Year Details of solar road Production Cost
Amsterdam, Netherlands 2014 a 70-m bike path was It generated 3000 kWh in just half a year after its construction $3.7 million
(Contributor, 2016; Rooij, 2017) replaced by solar panels totally

Normandy, France (Dockrill, 2016) 2016 A one-kilometer-long solar
highway.
Jinan, China (Cooke, 2017; Liang, 2017 a 1 km stretch of solar

2017) highway

it is projected to produce 280 MWh of energy annually, with an estimated $1850, per
electrical output of 767 kWh per day.
It can generate one million kWh of clean power every year, enough to meet $458, per
the daily needs of roughly 800 households.

square meter

square meter

pave photovoltaic roads. Several projects are shown in Table 1.

Although road photovoltaic generation sounds feasible, exposed
photovoltaic panels would be subjected to dust, heavy weight,
weathering, pollution, and even acidic rain etc. Many researchers
have devoted in the advancement of solar panel material in order to
promote it to practical application of road (Gilpin, 2014; Rahman
et al., 2018; Roadways, 2018), which also requires high cost (Lee,
2016; Macdonald, 2015). Such limitation implies the accurate
calculation of road photovoltaic power generation is a prerequisite,
while there is no existing work related to the assessment of road
photovoltaic capacity yet. Additionally, the orientation, the vege-
tation and the canyon of streets could obstruct the incoming solar
radiation, which consequently would reduce the productivity of
road photovoltaic generation (Northmore and Tighe, 2012). Street
canyon here is a canyon-like environment where the street is
flanked by buildings on both sides. As a result, the high-cost
photovoltaic roads construction entails rigorous selection as well
as planning since replacing all the city roads with solar panels is
actually extravagant, and could hinder the economy during con-
struction if the efficiency of the panels does not meet energy de-
mands. Therefore, the availability of road solar radiation is an
essential issue for planning the installations of solar roads.

The research of solar radiation has attracted a lot of attention for
a long time due to its applications in many fields (Ahmad and
Tiwari, 2011; Chegaar and Chibani, 2000; Ya'u et al., 2018). Re-
searchers in different fields proposed several solar radiation
calculation methods and gained good results under diverse cir-
cumstances, like climate studies (Chou, 1992), crop growth
(Bojanowski et al., 2013), environmental thermal comfort (Gennusa
et al., 2007), photovoltaic potential assessment (Stri and Hofierka,
2010), terrain, etc. (Rich, 2000). As streets are the main space for
urban travels, many scholars studied solar radiation in street can-
yons as well (Ali-Toudert and Mayer, 2006; Alnaser et al., 2017; MKk,
2010). This derives a term called “Street View Factor” (SVF) which
represents the ratio of radiation received (or transmitted) from the
sky plane to that emitted (or received) from the entire hemi-
spherical radiation environment (Chen et al.,, 2012; Watson and
Johnson, 2010). The focus on SVF promotes the significance of ho-
rizon obstruction in solar radiation.

Since SVF plays an important role in assessing street solar
availability, many methods are proposed to calculate the street
solar radiation based on SVF. These methods can be mainly divided
into three categories (Table 2).

Table 2
Three categories of methods to calculate solar radiation with SVE.

Considering these disadvantages mentioned in Table 2, Street
View images provide a good alternative because they have an up-
ward view and can access uniform, real street images containing
trees, buildings along with all other elements that influence SVF. As
a high resolution online geospatial data source (Rousselet et al.,
2013), Google Street View (GSV) provides 360° panoramic street-
level images which are road scenes with surrounding trees and
buildings. These images constitute a huge street view database
covering an extensive area with free access (Anguelov et al., 2010),
which contributes to the advantages of using GSV to measure SVF
automatically and in batches. Since GSV has been launched in the
public, related work has emerged in various research orientations.
Notably, in environmental reconstruction, Torii et al. (2009) used
GSV to construct 3-D city models, Rundle et al. (2011) used GSV to
assess the neighborhood environment, and Zhang et al (2018) used
GSV to study human perceptions in urban scenes. Another GSV
topic is to identify visual features in street view images for analysis.
For example, Long and Liu (2017) evaluated the street greenery
from GSV, while Zamir et al. (2012) utilized the textual information
to identify the commercial entities in street view imagery. In
addition, sky extraction of street view images enables the mea-
surement of SVF and solar radiation. Carrasco-Hernandez et al.
(2015) proves that the reconstruction of urban geometries from
GSV has potential use for scientific purposes like SVF calculation.

To assess the solar radiation received by the street, traffic con-
ditions are indispensable factors to be considered as vehicles will
occupy the road surface and block the solar radiation from collec-
tion. Therefore, we need to calculate the impact of urban traffic on
the collection of solar energy. Furthermore, it is necessary to un-
derstand the relationship between the traffic speed and traffic
density for accurate results. Early in 1935, Greenshields (1935)
developed a new method which uses traffic speed and traffic
density to measure traffic flows. Since then, more studies carried
out similar methods to discover more models of road traffic, like
cellular automata (CA) traffic model (Hong-Wu, 2006), and flow-
density relation (Kim and Keller, 2008). Since the real traffic con-
dition is too complex to describe precisely, we take the traffic big
data plus Greenshield’s model and build the urban traffic model as
realistically as possible. Effectively, we simulate the urban traffic
conditions for precise and realistic analysis of road solar radiation.

In this study, we propose a novel framework to predict the
electric energy based on road photovoltaic generation. We combine
the GSV image data, the improved solar radiation model, and the

Method Advantages

Disadvantages

Geometrical Methods (Watson and

Johnson, 2010) measure the street geometry accurately.

3D Urban Model (Hofierka and Kanuk, 3D urban models with building information are

2009; Unger, 2009).
Digital Images (Cristina S. Polo Lopez

widely applied in SVF.

There are great sources of street information to
et al, 2016; Matzarakis et al., 2010) describe street geometry and SVF elaborately.

It uses measured parameters of street buildings to It ignores the important sky-shading factors such as street trees around the

buildings.

There’s a gap between the actual situation of the street and the model like
trees etc. It also has extremely high costs and long update intervals.

Such manual image collection requirement and processing are inconvenient
for batch processing automatically.
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street geometry measurement, to calculate the solar radiation ob-
tained by road accurately. Then, the traffic flow model is imple-
mented in the research while the time period in which the road can
be irradiated is also calculated. Finally, we apply the methods to
Boston by computing the photovoltaic generation capacity in the
urban street to test the feasibility of our framework. Our results can
provide an advocation and guiding for the paving of the photo-
voltaic road in cities like Boston to address the increasing popu-
larity of electronic vehicles. Since our framework is universal, the
method to assess the capacity of photovoltaic roads not only apply
to Boston but any other cities with street view.

2. Methodology

This section introduces the method of calculating the solar
irradiance received by urban streets in detail. It is divided into four
parts. The first procedure is data collection. And then is the data
processing part. The third step is to utilize the solar radiation model
with processed GSV images to calculate the net solar radiation
received by the empty road. The last part is to utilize the traffic flow
model to simulate the impact of roads’ traffic conditions on the
solar radiation received. Our research also explores the potential
applications based on our framework. Fig. 1 is the conceptual dia-
gram of our method.
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Fig. 1. The flow chart of the method.
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Fig. 2. GSV images in different directions (left) and hemispherical panorama image (right). Heading is the horizontal angle relative to the north of the camera while pitch is the

vertical angle relative to the horizontal plane of the camera.

2.1. Data collection and processing

The description of street geometry in the vertical direction is
essential to road solar radiation calculation in the street canyon.
This means an upward-looking 360-degree panorama is required.
GSV provides a suitable data source to reconstruct the street ge-
ometry at any point on streets, allowing us to build sky hemi-
spherical images in which the portion of clear view of the sky from
that point can be calculated. The sky extraction process has three
steps: the acquisition of GSV images, the generation of sky hemi-
sphere pictures, and the binarization of the sky.

2.1.1. The acquisition of GSV images

Google Maps Platform provides an open API' for users to acquire
GSV photos. Users can send requests with coordinates and other
parameters of the target position to get a static street view. We take
the road points with coordinates data extracted from the city roads
as input to acquire the real street images. In order to get the
hemispherical image of the sky, the following five 600 x 400-pixel
images with a 120-degree-view in different directions are required:
four images with heading of East, West, South and North, and one
with an upward view (Fig. 2).

2.1.2. Sky hemispherical images

We adopt PTGui software to stitch five GSV pictures together of
one point mentioned above, and a 644 x 644-pixel hemisphere sky
fisheye image is constructed (Fig. 2). Such an image processing tool
stitches pictures together by converting control points that are
similar in the contiguous two pictures to reference points to realize
image registration and hemispherical panoramas generation,
accurately and efficiently. During the image process, we utilize a
hemispherical equidistant projection to project the image in the
vertical direction to acquire a 360-degree image. The equidistant
projection with the attribution of the undistorted distance from any
pixel to the center point of the image can help simplify the further
calculation.

2.1.3. Sky element extraction through binarization

As hemispherical images represent the upward scene from the
ground, sky sections are the origination of solar light to the points
in these images as well as the source of solar radiation within street
canyons. To calculate the angles of obstruction range, extracting the
sky from hemispherical images is a prerequisite. Intuitively, several
objects like the sky, buildings, and trees in the street view images
have distinct boundaries, which means pixels show the same

! https://developers.google.com/maps/documentation/streetview/intro.

objects. In addition, they have similar visual characteristics and are
aggregated.

We first used the mean shift algorithm to detect such objects in
the image (D. Comaniciu, 2002). The mean shift clustering algo-
rithm is a non-parametric feature-space analysis technique for
locating the maxima of a density function, a so-called mode-
seeking algorithm which is capable of handling arbitrary feature
spaces and can be applied to cluster analysis in computer vision and
image processing (Cheng, 1995). And it has been used in existing
related work to extract sky from street view images, which shows
the efficacy of such algorithm (Li and Ratti, 2018; Sirmacek, 2011).
Through the algorithm, nearby pixels with similar spectral infor-
mation are aggregated into the same objects. Generally, sky is
mostly blue and as the light source is the brightest section of the
images, the sky part is brighter than the non-sky part in the blue
channel of the image. Considering the facts mentioned above as
well as the parameters recommended by previous research (Li and
Ratti, 2018), we used a modified brightness to extract sky pixels,
which reduces the weight of red band and increases the weight of
blue band. The value is calculated as follow:

Brightness = (0.5 x R+ G+ 1.5 x B)/3 (1)

Where R, G and B indicate the pixel values in red, green and blue
channel respectively. Pixels with higher brightness have a higher
possibility to belong to the sky part. To get the optimum threshold
which provides the best value to distinguish the sky pixels and non-
sky pixels, we apply Otsu’s method (Otsu, 1979). The method aims
at finding a global threshold automatically at the balance of
maximum between-class variance and minimum within-class
variance. As a result, all but the sky pixels are considered
obstruction pixels which are processed as a binarized picture later.
Each raster cell in the binarized images specifies a value that in-
dicates whether the sky direction is visible (white pixel) or
occluded (black pixel).

2.2. Solar radiation model

The calculation of street solar radiation evolved from spatial
insolation models (Flint and Childs, 1987; Rich, 1990; Swift, 1976).
Solar radiation emits through the atmosphere from the path of sun.
The energy radiated to the surface modified by topography and
other surface features are mainly divided into three components:
direct, scattered and reflected insolation. Direct light is generally
the most important source of radiation. The diffuse is the second,
while the reflection can be neglected with a limited impact. The
calculation model for global solar radiation is:


https://developers.google.com/maps/documentation/streetview/intro
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Global = Dir + Dif 2)

where Global represents global radiation; Dir is the component of
direct radiation; Dif is the component of diffuse radiation.

2.2.1. Sky viewshed calculation

The actual insolation intercepted by the surface is greatly
influenced by the obstruction of sky. In particular, it is the part
that blocks the sun track. Therefore, calculating the range of the
sky viewshed is the core algorithm of this section. In the hemi-
spherical viewshed algorithm developed by Fu and Rich (2002),
the range of the sky viewshed is derived from DEM data. We
replace it with a binarized GSV image generated from part 1. The
binarized sky hemispherical images are used directly as the 2-D
raster data of the equirectangular projection, so the zenith
angle z (angle formed by the direction of the vertical direction)
and the azimuth angle o (angle formed by the north direction) of
the visible sky in hemisphere can be inversely calculated ac-
cording to the pixel position in 2-D coordinates of the image as
Fig. 3. Combined with the position of sun and the deviation of the
sky (represented by Sunmap and Skymap respectively), we
calculate the direct, diffuse and globazl insolation of each inter-
ested position.

In Fig. 3, gray pixels represent the non-sky area, while white
represent the sky. The hemisphere radius (R) is half of the image
size: 322 pixels. The equirectangular projection transformation
formula is used to convert the raster pixel coordinates into a 3-D
hemispherical coordinates.

2.2.2. Sunmap and Skymap calculation

Sunmap (Fig. 4) is a raster representation of the sun tracks over a
certain area which is determined by latitude and varies through
times and seasons, so it’s used for the calculation of direct radiation.
Particularly, Sunmap consists of discrete tiny sectors shown in Fig. 4
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Fig. 3. Image of convert plane coordination system to hemispherical coordination
system. The point in the plane coordination system has coordinates (x, y) which can
calculate the zenith angle () and azimuth angle () in the hemispherical coordination
system using the equations in this image. R is the hemisphere radius (322 pixels) here.
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Fig. 4. (a) Sunmap for Winter Solstice to Summer Solstice; (b) Sunmap with
obstruction. Such Sunmap is from Winter Solstice to Summer Solstice for 42.3°N
latitude using 0.5 h intervals through a day and month intervals through a year.
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Fig. 5. (a) Skymap with sky sectors defined by 16 zenith divisions and 8 azimuth di-
visions; (b) Skymap covered by obstruction.

a. These sectors are defined by the position of the sun at a given day
(hours) and year (days or months) corresponding to the horizontal
and vertical intervals respectively. The two red lines in Fig. 4 are the
sun paths in June 22nd and December 22nd which are the northern
and southern boundaries of the positions of the sun in the sky
during a whole year. Additionally, the red marked sector (A) is the
range of the sun position between 9:30 am and 10:00 am in April.
Besides, locations in the same area have the same Sunmap as the
area is relatively small.

Skymap (Fig. 5) is used to calculate the diffuse radiation. The
diffuse radiation from each sky direction is the result of the
dispersing light from atmospheric components such as clouds and
particles. To calculate, Skymap is divided into a series of sectors as a
hemispherical view of the entire sky. These tiny sky sectors in Fig. 5
are defined by 8 zenith segments and 16 azimuth segments. As
shown in Fig. 5, red marked sectors (A) and (B) are two pieces of the
discrete sky. Since their positions described by the zenith and azi-
muth angles of their sector centroids are different, the diffuse ra-
diation passing through each part is different. What's more, the
obstruction covers most of Sector (B), while having no influence on
Sector (A), which increases the gap between these two sectors.
Follow the default number from the referred guidance (Rich, 2000),
we set the sector numbers as Fig. 5.

We calculate the sun path over the study area by the solar model
and plot it in a grid image with a fixed resolution and time intervals.
The map resolution and projection are consistent with the binary
image. Each sector in the Sunmap represents the position of the sun
in each month with a time resolution of 0.5 h. On both Sunmap and
Skymap, the solar track of the visible area is recorded, and the in-
tegral of direct and diffuse radiation at given time period are
calculated.
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flow which will be discussed later. G, is the surface zenith angle

Nomenclature Explanation

Nomenclature Explanation

Global global radiation (Wh/m?)

Dir direct radiation (Wh/m?)

Dif Diffuse radiation (Wh/m?)

Sconst solar constant (WM~2)

SunDur Sun duration (hours)

SunGap the sky proportion (dimensionless)

Angln the angle of incidence (degrees)

Riraffic ratio of the traffic coverage on road (dimensionless)
Ry the angle of incidence (degrees)

Weight ratio of diffuse radiation (dimensionless)

PoWgnnual the annual photovoltaic power generation (Wh)

Phoe. the photoelectric conversion efficiency (dimensionless)
N Numbers of vehicles (Vehicles)

\% speeds of vehicle (km/h)

Vs the theoretical maximum speed the same with smooth velocity

(km/h)

o«
z

azimuth angle (degrees)
zenith angle (degrees)

I atmospheric transmittance (dimensionless)

m(z) Relative optical length (dimensionless)

Elev Elevation (m)

G, surface zenith angle (degrees)

Ga surface azimuth angle (degrees)

Py proportion of global normal radiation flux (dimensionless)
Dur Sun Duration (hours)

Z1,2y the zenith angles of the sky sector bounding (degrees)
Areagor the total area of solar panels (m?)

K traffic density (Vehicles/km)

L Length of vehicle (km)

K; Blocking Density (Vehicles/km)

a, b The unknown coefficient of linear density-velocity model

(dimensionless)

Then we develop a simple transmission model for solar radia-
tion calculation (Pearcy, 1989; Rich, 1989, 1990). As mentioned
above, we calculate direct radiation (Dir ) measured by Sunmap and
the diffuse radiation (Dif) measured by Skymap, which are both the
sum of visible sectors (Dir; q, Dif; ) in the map:

Dir =" Dirzq (3)

Dif = 3" Dif,q 4)
where z is the zenith angle of specified sector; « is the azimuth
angle of the sector.

In the Sunmap, the calculation of direct radiation from each
sector (Dir; ) with a centroid at zenith angle (z) and azimuth angle
() is as follows:

Dirg o = SCOnst*ﬁm(z> *SUNDUT o +SUNGAP; o +COS (AngIn, o ) (1

- Rtrajﬁc)
(5)

m(z) = exp( — 0.000118xElev — 1.638*10’9*Elev2>/cos(z)
(6)

Angln, , = cos™(cos (z)+cos(G;) + sin(z)xsin(G;)+cos(a — Gq))

(7)

where Scons; is the solar constant referred as the solar flux outside
the atmosphere at the mean earth-sun distance. Here we adopt the
World Radiation Center (WRC) solar constant as 1367 WM™, 8 is
the atmospheric transmittance, that is, the fraction of radiation that
passes through the atmosphere (averaged over all wavelengths).
Values range from 0 (no transmission) to 1 (all transmission), and
0.5 is for a generally clear sky. m(z) is the relative optical path
length accounted for the zenith angle of solar position z and
elevation (Elev) above sea level in meters (Equation (6)), SunDur; o
is the time intervals of configuration, SunGap; . is the sky propor-
tion of each Sunmap sector, Angln;, is the angle of incidence be-
tween the centroid of sectors and the normal axis of surface
considering the influence of land surface on the radiation (Equation
(7)), Ryrqfiic is the ratio of the coverage on road resulted from traffic

referred as aspect of the surface, G, is the surface azimuth angle
referred as slope of the surface.

In Skymap, we use the uniform diffuse model which assumes
that incoming diffuse radiation is the same from all directions, to
calculate diffuse radiation. For each sector’s diffuse radiation
(Dif;.«), the calculation equations are as follows:

Difz o = Rgip*Pgip*Dur=«SkyGap; o+ Weight; 4 +cos (Anglnz o) (1

- Rtrafﬁc)
(8)
Rglb = (SConst Z<5m<z)))/<1 - Pdif) 9)
Weight, = (€0szy — c05z7)/Divg,; (10)

where Ry, is the global normal radiation (Equation (9)), Py is the
proportion of global normal radiation flux that is diffuse. The value
ranges from O (clear sky) to 1 (cloudy sky) according to atmospheric
conditions which can refer to the proportion of cloudy days to
sunny days in a city. Dur is the time interval corresponding to the
Sunmap. SkyGap; . is the sky proportion of each Skymap sector,
Weight, , is the ratio of diffuse radiation in the given sky sector to
all sectors (Equation (10)), Div,,; is the number of azimuth seg-
ments in Skymap.

The results of Equation (2) indicate the solar panels built on the
roads can receive such amount of solar radiation. It still needs
conversion to electricity by the following equation:
Pow gnnuar = Global jppyai+Areacor«Phoe (11)
where Powg,,, iS the annual photovoltaic power generation,
Global j,q is the annual global solar radiation, Areag is the total
area of solar panels, and Pho. is the photoelectric conversion
efficiency.

Areay; is determined by road width and length. For a sample
point, the length is the intervals between two adjacent points,
while the width is related to road type. We measured each type of
roads on Google Maps with the measuring tools provided to obtain
the width data.

2.3. Traffic model

Although we calculate the road net solar radiation, it is not
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actually usable for roads that are always occupied by traffic which
has negative impact on the ultimate availability of solar radiation.
Especially when there’s a traffic jam, the roads almost receive no
illumination of the sun. Therefore, it is necessary to overlay the
empty roads with the traffic conditions and obtain shielding pro-
portion of the roads by the relationship between car speed and
traffic density.

2.3.1. Acquisition of traffic flow data

TomTom? traffic online provides accurate traffic information,
including the real-time traffic conditions, traffic jams and traffic
accidents. We obtain the real-time observation speed of the nearest
road around the given point from the free Traffic flow API interface.

We dilute the original road pointset into points separated by
100m as input, send requests to the API, and then record the road
real-time speed at the time of request. The speed values of all road
segments are obtained both on the workday and the weekend at an
interval of 1 h from sunrise to sunset as representations of normal
traffic conditions.

2.3.2. Traffic flow model

Traffic Flow Model (Greenshields et al., 1934) considers the
relationship between traffic speed and trafﬁc density which refers
to the intensity of vehicles on a lane, that is, the number of vehicles
on a lane per unit length at a certain moment. Assuming that the
traffic flow is free, there are N vehicles continuously advancing on
the road section with length L at the speeds of V, then the traffic
density K (Vehicles/Km) on the L section is:

K= T (12)
We use linear density-velocity model to calculate density under
different road level and velocity condition:

V=a-bK (13)

when K =0 (free flow condition), V can reach the theoretical
maximum speed the same with smooth velocity V; , which means
a = Vy; when density reaches the maximum value K = K; equiva-
lent to V = 0, which means b = f . Here Blocking Den51ty Kj is the
density when the traffic flow is dense that all vehicles can t move.
Smooth Velocity V is the average velocity when traffic density is
almost 0, all vehicles can travel smoothly. We have:

V K
—a-bK=V,— Tk _2
V=a-bK=V; K K=Vp (1 K ) (14)
Riagic =1-K (15)
where V; is replaced by freeFlowSpeed, V is the currentSpeed, K; is
the number of 4.5-m-long vehicles on a 1-km-long unit length of
lane, K is the target value, the current road traffic density required.

Finally, we convert the traffic density into the current road occlu-
sion area ratio (Ry.) mentioned in the solar radiation model.

3. Case study
3.1. Study area

To apply our method, we chose Boston as a case study.
Boston (Fig. 6) is a famous city that leads the development of

2 https://developer.tomtom.com/.

science and culture with many famous universities. It is on the
edge of the Atlantic Ocean with an average elevation of 4m.
Additionally, the seasonal average cloud coverage percentage in
Boston shows minor fluctuation. There is a sunny season (from
the end of June to early November) and a cloudy season (the
rest part of year) in Boston annually. In 2018, about 60% days in
the sunny season are sunny while only 48% of the chance in
cloudy season. (Fig. 7a).

The daytime of Boston varies widely throughout the year
(Fig. 7b). In 2018, the shortest day is December 21st, with 9 h and
5 min of daylight; the longest day is June 21st, with 15 h and 17 min
of daylight (Cedar Lake Ventures, 2018).

3.2. Detailed method

The datasets used in the research applied in Boston are
comprised of the DEM data, Boston road data, Google Street View
(GSV) pictures, and traffic flow data from TomTom.

We collect GDEMDEM 30m image® (Fig. 6 a) of Boston in order
to get the surface condition which determines the solar radiation by
slope and aspect.

The Boston road networks (Fig. 6b) are derived from Open-
StreetMap. We remove roads which are not wide enough for ve-
hicles, like park paths, and get sample points with coordinates at an
interval of 15 m along roads.

Then we apply our methodology to acquire Boston GSV pictures
by sample points coordinates. Then these photos are used to
generate binary fish-eye images to show the sky obstruction.

We then calculate the solar radiation received by roads without
traffic. First, we compute the Sunmap and Skymap of Boston with
the configuration of Boston latitude (42.3°N) and 0.5 h intervals
through a day and month intervals through a year. Second, we
overlay these two maps with processed pictures respectively to
calculate the sky proportion of Sunmap and Skymap. Finally, with
the DEM data, we calculate the net solar radiation of each point
according to the solar radiation model. Here, we take Boston
weather condition into consideration and divide the whole year
into two parts (a sunny season and a cloudy season) with two
different Py mentioned in Equations (10) (11) to calculate
accurately.

The traffic flow data of real-time traffic conditions is firstly ob-
tained by TomTom Online Traffic API*. Then we convert the large
dataset into the roads’ percentage of usable area which can be
overlaid on the road net solar radiation. For a more accurate mea-
surement, we define two traffic modes: workday mode and
weekend mode to calculate separately. Fig. 8 shows the detailed
flow of the application to Boston of our framework.

4. Results
4.1. Sky extraction of hemispherical GSV images

Fig. 9 shows the processed images in Boston. Images on the left
are original hemispherical GSV images. We can recognize that ob-
jects in the image are mainly trees, buildings and the sky. After
binarization, we get pictures on the right which distinguish the sky
pixel from others clearly of whatever the remaining part are such as
trees, buildings, and other constructions. In Boston, 122,226 GSV
hemispherical binarized images are obtained.

3 http://www.gscloud.cn/.

4 https://api.tomtom.com/traffic/services/4/flowSegmentData/absolute/10/json?
params.

5 https://www.openstreetmap.org/.


https://developer.tomtom.com/
http://www.gscloud.cn/
https://api.tomtom.com/traffic/services/4/flowSegmentData/absolute/10/json?params
https://api.tomtom.com/traffic/services/4/flowSegmentData/absolute/10/json?params
https://www.openstreetmap.org/
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4.2. Calculation of solar radiation

The actual road solar radiation without traffic in Boston on the
special position of sub-solar point in a year is calculated as follows:
equinox (March 21st, September 21st) and solstice (June 22nd,
December 22nd) separately. Since the sun track on autumn equinox
is the same as the spring, we use spring equinox as a representa-
tion. Also, we calculate the whole year’s radiation. As for the Boston
sky clearness in a year, we assumed the Py to be 4.0 in sunny
season and 5.2 in cloudy season according to its average cloud cover
proportion (Fig. 7).

With regard to the special days of a year, the summer solstice
has the year’s longest daytime of about 15.5h known from the
Sunmap whereas the winter solstice has the shortest of 9h. We set
these days as a sunny day and interpolate grid maps (Fig. 10). The
maximum value of solar radiation is 6391.01 WH/m? on the sum-
mer solstice and is only 871.08 WH/m? on winter solstice while it’s
3499.12 WH/m? on spring equinox at a moderate level.

Spatially, the radiation distributions of the three days (Fig. 10 b,
d, f) are basically consistent with the sunshine duration distribu-
tions (Fig. 10 a, ¢, e) and are similar to each other. The radiation
received in downtown Boston (Northeast by center) is much lower
than the rural area and the eastern and northeastern coastal part of

the area has higher solar radiation remarkably compared with the
west corresponding to the sun duration distributions. Table 3
shows the difference among different dates plus the results of the
whole year.

4.3. Traffic condition in different modes

We plot the percentage of usable road area maps calculated
from the current traffic flow speed both in workday mode and
weekend mode (Fig. 11, Fig. 12). The study time of a day is from 5am
to 8pm which covers the maximum span of Boston’s daylight hours.
We then apply the real time traffic speed at each hour for
calculation.

Comparing these two modes, morning peak and evening peak
are in workdays while the traffic is busy at 8am and from 12am to
6 pm at the weekend. Additionally, there exist roads occupied with
vehicles during noon indicating that the road radiation is influ-
enced negatively.

We take the day of June 22nd as an example to illustrate the
influence on road solar radiation in different traffic modes. As the
pictures show (Fig. 13), the maximum values are the same and the
minimum values differ by only 0.002 Wh/m? between these two
modes, the distributions are distinguished between the outskirts of
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downtown area with a higher radiation in weekend mode (Fig. 13
b,Fig. 13c). We use the weight of workdays and weekends in a
week to calculate the conclusive influence of traffic on the radiation
as a representation of typical traffic mode on that day. Compared
with the road radiation in typical traffic mode (Fig. 13 d), the
original solar radiation (Fig. 13a), only considering the street ge-
ometry obstruction, differentiates more on the main road radiation
through Boston.

We calculate the radiation received in different times during a
year (Table 4), the mean radiation with traffic is clearly less than
that without traffic, and mean radiation in weekend mode is less
than that in workday mode.

4.4. Photovoltaic generation at street scale

Then we take the same street as an integral unit, rather than
considering each point in the street, to analyze the distribution of
the solar radiation and the actual photovoltaic generation in each
road. As the photovoltaic closely relates to the road area, road width
is a quite an important parameter. We measured the width of each
road type shown in Table 5.

We assume that each point represents a road segment with
solar panels whose length is 15-m-long (the interval of sample
points). The width depends on the road type to receive solar radi-
ation, and the photovoltaic conversion rate is 17% (ITRPV, 2018). We
calculate each road photovoltaic generation in typical traffic modes
and plot its distribution maps (Fig. 14).

Roughly, the pattern is inconsistent with the net solar radiation
distribution in point scale as roads in the east are more efficient in
photovoltaic generation. What's more, several main roads on the
eastern and northwestern part obviously possess stronger power
generation capacity. The values of the total and average road
photovoltaic generation in typical traffic mode are shown in
Table 6.
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4.5. Productivity efficiency at neighborhood scale

Since different neighborhoods have different road network
structures, building styles and traffic conditions, which all influence
the solar radiation, we calculate productivity efficiency of each
neighborhood which is represented by the ratio of road photovol-
taic output value to the neighborhood area and sort them (Fig. 15).
Obviously, Downtown with busy traffic and lower solar radiation
has a low productivity efficiency although it has a dense road
network. Roads in West Roxbury, Hyde Park and East Boston
receiving relative higher solar radiation yet have a low efficiency
because of their sparse road network and vast area. Neighborhoods

like Allston, West End (the residential community), Charlestown,
South Boston Waterfront (the Seaport District), all have light traffic
and present a high productivity efficiency.

5. Discussion

This paper proposes a universal framework to calculate the us-
able solar radiation in a street environment based on the solar ra-
diation model, street geometry, and traffic flow model. We take
Boston as an example to valid the feasibility of the framework. The
framework is completely independent and can be applied as long as
the road network of the study city is covered by street view.
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Results shows the immense potential of road power generation.
We compute the total solar radiation and got 1.304 x 1010 kWh.
Considering the solar irradiance-to-electricity conversion efficiency
(17%), annual photovoltaic energy generated by roads in Boston is
about 2.216 x 10° kWh. Such much electricity can power 763.1
thousand electric vehicles under the assumption that each electric
vehicle consumes 22 kWh electricity on average per hundred
kilometer in downtown area (Energy, 2018), and each household
car would run 1100km a month on average. The number of
household vehicles in Boston is about 272.6 thousand known from
the Massachusetts Vehicle Census (MAPC, 2018). The results of a
city’s road power capacity are impressive, as the conversion

efficiency will be improved in the future, which contributes to the
prospective improvement of the road photovoltaic capacity to po-
wer electric vehicles.

In order to decrease the impact of regional differences on
research results and increase the persuasiveness of our results, we
calculate each neighborhood’s feasibility of road solar energy to
supply their electric vehicles. In Fig. 16, the Supply-Demand ratio is
the ratio of the total electricity demand for the vehicles (Lima et al.,
2011) in each neighborhood to their road photovoltaic productivity.
Clearly, except Back Bay which has few roads and more footway, the
road electricity production of other any neighborhoods satisfy their
own demand including both downtown and rural areas.



Z. Liu et al. / Journal of Cleaner Production 228 (2019) 303—318 315

Table 3
Comparison of road solar radiation without traffic at different times of the year.

Date/Period Daytime (hours) Road Solar Radiation Without traffic
(Wh/m?)
max mean min
3.21 12.0 3499.12 2256.73 0.0028
6.22 15.5 6391.01 4604.90 0.0045
12.22 9.0 871.08 391.50 0.0009
A Year 8.5—-15.5 1584489.69 1045436.38 0.4898

Many different types of regions all achieve a positive result,
implying that the option of applying road photovoltaic system is
not just a beneficial case for a specific city, since different neigh-
borhoods have different characters which all influence the roads
photovoltaic generation through the building, traffic, road greening
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and so on. However, latitude is a significant factor that influences
the receiving of solar radiation which is closely related to the
location of the city. Although, Boston is a relatively high latitude
city with abundant solar energy, the universality of this method
also needs future research. In short, our framework provides a
practical methodology for the accurate estimation of road solar
power potential.

Considering the cost of solar road is too expensive currently, the
minimum is up to $458 per square meter (Cooke, 2017), what if the
most efficient roads are selected to lay solar panels which have the
maximum energy production per square meter? According to our
calculation with the methods we presented, the roads that make up
32.4% of Boston’s total road area presented in Fig. 17 satisfy the
current electricity demand for Boston domestic electric vehicles.
Since these roads are about 4.3 million square meters, the cost of
about 2 billion is quite unbearable now. However, while in the
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Fig. 13. Road radiation of Jun. 22nd without traffic (a), in workday traffic mode(b), in weekend traffic mode (c), and in typical traffic mode (d).

Table 4
Mean Radiation under different traffic condition.

Date/Period Mean Radiation without traffic (Wh/m?) Mean Radiation With traffic (Wh/m?)

workday weekend Weighted®
3.21 2256.73 2117.49 2171.78 2133.00
6.22 4604.90 4316.96 4420.35 4346.50
12.22 391.50 367.11 378.22 370.28
A Year 1045436.38 986984.57 1007188.37 992757.084

2 Weighted refers to typical traffic mode weighted according to the results of workdays and weekends. (typical=(5*workday+2*weekend)/7).
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Table 5

Road Width corresponding to Road Types.
Road Type*® motorway trunk primary secondary tertiary unclassified residential service
Road Width (m) 135 9.3 9.7 9.8 9.2 6.6 55 6.7

3 Road types are collected from OpenStreetMap.’.
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Fig. 14. The spatial distribution of solar radiation in street scale on June 22nd (a), Dec 22nd (b), Mar 21st (c).

Table 6
Road photovoltaic power generation.

Date/Period Average Road Photovoltaic Generation (Wh) Total Ideal Road Photovoltaic Generation® (Wh) Total Road Photovoltaic Generation (kWh)
3.21 36149.26 245E+7 4.77E+6

6.22 73599.70 5.70E+7 9.69E-+6

12.22 6388.67 5.92E+6 8.38E+5

A Year 15507732.5 1.304E+10 2.216E+9

¢ Total Ideal Road Photovoltaic Generation is the result assuming 100% photoelectric conversion efficiency.

future the price reduced to similar to ordinary solar panels which is
about $124 per square meter (Austin, 2018), the idea of a photo-
voltaic road will pay big dividends.
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Fig. 15. Neighborhood productivity efficiency map of Boston.

As for the distribution, roads are more suitable for photovoltaic
roads pavement in the east and northeast of Boston than the
downtown and southwestern area. Further, main roads through
Boston have much higher productive efficiency. Reasonably, in the
downtown area, the high-rise buildings would obstruct the sky and
therefore reduce the radiation. Also, the lower radiation in the
southeastern rural area is inconsistent with some other studies (Li
and Ratti, 2018) that attribute it to the dense tree canopy. In Fig. 10,
the eastern area near the ocean shows longer insolation hours, as
the coastal highways there tend to be isolated without trees and
buildings surrounding them. Main roads throughout Boston receive
more radiation because the wider road decreases the shade against
sun from the street trees and buildings. In addition, the average
traffic flow obstructing the solar panels could cut off only about 5
percent of the total street radiation without traffic, which illustrates
little impact of traffic on road power generation.

The contribution and scientific significance of this research are
as follows. First, we propose a complete methodological framework
with wide application to measure the capacity of a city’s photo-
voltaic road and assess the value of each solar road for better urban
planning. Our expectation is to realize the wide construction of
solar roads with the help of our practical computing framework.
Second, we take many factors affecting radiation into account,
including climate, seasons, daylight duration, buildings, trees,
terrain, especially traffic to quantify radiation accurately. Third,
using GSV images for calculation is more real in street simulation
with low-cost compared to 3-D urban models and high-resolution
satellite images. Also, GSV expands street view’s application in
urban construction to help decision-making.
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Although results are impressive, limitations exist in this
research. First, we only choose Boston for case study that may lack
of representativeness and persuasiveness, because different type
place’s solar radiation and traffic condition have big difference,
which will be improved in our future work. Second, images ob-
tained in our study are mainly taken in summer and result in less
calculated radiation in winter due to the fallen leaves of coverage.
What’s more, the binarization of pictures can lead to inaccuracy
because blue windows may be recognized as sky incorrectly. For a
more accurate estimation, it can be further developed by adopting a
deep learning method to recognize the sky portion which is also

one of our future work. Besides, outside our study, the development
solar road faces greater challenges like the cleaning and high cost of
panels, etc.

6. Conclusion

In favor of the development of electric vehicles, we assume to
use road surface for electricity generation. This paper proposes a
novel framework of methodology to calculate the usable solar ra-
diation in a street environment based on the street view, solar ra-
diation model and traffic flow model. We find that all the roads in
Boston can supply 763.1 thousand electric cars to travel in the
downtown area annually, which shows the strong potential of road
power generation. The average traffic flow obstructing the solar
panels cuts off only about 5 percent street radiation, which illus-
trates little impact of traffic on road power generation. Neighbor-
hoods like Allston, West End, Charlestown are more suitable for
extensive photovoltaic roads laying, while in Downtown with low
overall productivity efficiency, the main roads are recommended
for their higher production. Since paving solar panels needs high
cost, we recommend the most efficient roads for economy.

As a result, this study provides a universal scientific basis for the
policy development of a Sustainable energy city, especially for the
photovoltaic road construction. There is no doubt that urban road
surfaces are valuable resources in generating solar power. Even
more, they can support traffic energy consumption within that city
without asking for more space to build solar farms and as Sahara
(Yan Li, 2018) found, long distance transmission infrastructure.
Particularly, many projects are under way and have made a practice
(Table 1), which proves the technical feasibility of photovoltaic
road. However, the construction cost still needs struggle for a long
way to be reduced and demands more efficient solar road planning.
In brief, these problems are not our focus.

Our study can also be applied in any other cities with street view
and developed by considering the urbanization. Areas with higher
urbanization level would be in larger demand of solar energy,
compared with rural areas with less transportation. Usage of solar
energy would be more effective if we paved solar panels in the area
with large amount of radiation and high urbanization level.
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