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Abstract—This paper investigates the potential output power
of photovoltaic (PV) installations on top of battery-powered
electric vehicles (BEVs) and hybrid electric vehicles (HEVs). By
choosing different routes within urban areas, we expect different
output power levels from the vehicle’s PV installation. Hence,
we calculate energy profiles to estimate the PV energy which can
be gained during driving conditions to choose the most energy-
efficient route for BEVs and HEVs. While driving duration,
driving distance and traffic conditions are some of the criteria
within the decision-making process of routing algorithms, in this
paper, we focus on energy-efficiency of routing algorithms. We
present experimental data to highlight the importance of energy
profiles for improving and maximising of the electrical driving
distance of BEVs and HEVs.

Index Terms—algorithm, battery-powered electric vehicle, data
acquisition, energy profile, environmental data, hybrid electric
vehicle, measurement, photovoltaic energy, solar energy.

I. INTRODUCTION

In future, due to the electrification of individual human
transportation, e.g. battery-powered electric vehicles (BEVs)
and hybrid electric vehicles (HEVs), and the increase in
electricity demand of transportation, e.g. connected and au-
tonomous vehicles (CAVs), the transportation sector accounts
for a large share of society’s energy demand [1], [2]. It is
worth noting that the vast majority of electricity consumed by
BEVs, HEVs, and CAVs is produced by non-renewable energy
resources such as coal, oil, gas and nuclear power (COGN)
energy sources [3], [4]. Furthermore, the electricity needed for
charging these types of vehicles negatively affects the power
grid [2].

It is forecasted that world’s energy consumption will in-
crease by 56% between 2010 and 2040. Over the same time
period, it is estimated that global energy-related carbon dioxide
emissions will increase to 45 billion metric tons in 2040,
a 46% increase from 2010 [5]. In order to counteract these
negative future projections for humanity, solar energy is the
most promising energy resource to substitute COGN energy
sources [3], [4]. However, solar energy as a power source is
not only of enormous interest for energy production on a large
scale, but also highly attractive on a smaller scale [6], [7].

With the integration of photovoltaic (PV) cells into the roof
of vehicles, PV energy can be produced, both, under parking
and driving conditions [8]–[11]. At present, passenger vehicles
are only consuming energy and polluting our environment. In

2015, about 950 million passenger vehicles were in operation
worldwide. The number of passenger vehicles increases year
by year on a steady rate [12]. It is estimated that about 70% of
the required electricity of a passenger vehicle can be produced
by PV energy [13].

In terms of individual human transportation, Araki et al.
[13] present the required research and development (R&D)
tasks to enable photovoltaic (PV) installations on top of
BEVs, HEVs and CAVs. In their work, the importance of
PV simulation models is emphasised which allow to predict
the potential energy of a vehicle’s PV installation. Similarly,
forecasts can provide vital information to drivers as how much
energy can be obtained from a vehicle’s PV installation [13].
In order to estimate the potential PV energy, Ota et al. [14]
present a multi pyranometer array to obtain the available solar
radiation level on the roof of a stationary vehicle. The focus of
their work lies in measuring the direct and diffuse components
of sunlight.

Recently, Toyota experimented with a solar-powered Prius.
According to Toyota, the PV cells manufactured by Sharp
achieve of a conversion efficiency of 34 percent-plus and are
capable of providing 860 watts of power [15]. Altogether,
1,188 PV cells were installed on Toyota’s experimental ve-
hicle: 288 PV cells on the vehicle’s hoot, 576 PV cell on the
vehicle’s roof, and 324 PV cells on the vehicle’s rear hatch.
The PV cells manufactured by Sharp, which were used by
Toyota on their experimental vehicle, are smaller than the
normal 156x156 mm PV cells and, thus, allowing to better
utilise the available area on top of a vehicle. Even though,
wide areas of the experimental vehicle’s surface were used
for the deployment of PV cells, some areas of the vehicle’s
surface remained unused on which also PV cells could be
installed.

According to [15], drivers of electric vehicles fear to run out
of battery, similar to users of smartphones. Hence, the aim of
this research is to verify the potential PV energy which can
be obtained in driving conditions and be used for extending
the electrical driving range (EDR) of electric vehicles. While
the driving distance, driving duration and traffic conditions
are some of the criteria for choosing the best or optimal route
for a vehicle, the required energy (e.g. required power from
the vehicles’ high-voltage battery) is another parameter and of
particular interest in this research work.



By measuring and estimating the average solar radiation
level on top a vehicle which is driving within urban areas,
we wish to compare the energy profile of two different
routes. In addition, we wish to take into account different
traffic conditions such as pedestrians crossing the street and
traffic light conditions which are affecting the required energy
from the vehicle’s high-voltage battery. Depending on the
number of electric loads such as lights, air conditioning and
navigation system, entertainment system, and window wipers,
for example, an electric vehicle will consume between 25 (e.g.
systems in idle condition) and 1,000 watts or even more (e.g.
heating the passenger cabin) when coming to a standstill. With
the help of simulation models, we estimate the required energy
for driving different routes as well as the possible energy from
the vehicle’s PV installation.

II. BACKGROUND OF THE RESERACH

A. Output Behaviour of Photovoltiacs
Fig. 1 illustrates the characteristic non-linear output be-

haviour of a PV cell in the form of the I-V (Current-Voltage)
curve at a PV cell temperature (Tc) of 25 ◦C. The point on
the I-V curve, in which the product of voltage and current
becomes a maximum is referred to as the maximum power
point (MPP). While the available power in the MPP (Pmpp)
depends on Tc, as seen in Fig. 1, Pmpp also depends greatly
on the solar radiation level (λ).

Fig. 1. I-V curve of a PV cell under different solar radiation levels (λ)

Fig. 2. P-V curve of a PV cell under different solar radiation levels (λ)

B. Output Power of Photovoltaics

Fig. 2 presents the P-V (Power-Voltage) curve of a PV cell
at a PV cell temperature (Tc) of 25 ◦C. As seen in Fig. 2,
the solar radiation level (λ) determines whether less than 1
watt or more than 4 watts can be obtained from a standard
(156x156 mm) silicon-based PV cell. In previous research [8],
we demonstrated that due to shading from the surrounding
environment, when driving in urban areas, the output power
of photovoltaics will vary quickly and rapidly. In addition,
it is worth noting that the alignment and interconnection of
PV cells has an impact on the potential output power of
photovoltaics [8], [16].

III. EXPERIMENTAL SETUP AND PROCEDURE

A. Experimental Setup

Fig. 3 illustrates the measurement setup, more precisely a
map of the streets and the two possible routes between the
sports hall to the botanical garden. In the middle of the map
lies the Linnanmaa campus of the University of Oulu. Route
1 consists of route A and the common route, while route 2
consists of route B and the common route. Of course, in wide
urban areas, there are various ways to get from point A to
point B and vice versa. In this paper, we wish to utilse the
example seen in Fig. 3 to analyse the impact on the available
energy from the vehicle’s PV installation by choosing between
route 1 and 2.

Fig. 3. Map and routes of the measurements

Based on the available information from the navigation
system, route 1 and 2 result in different driving distances and
durations:

route 1:
driving distance: 1.6 km
driving duration: 3 min

route 2:
driving distance: 1.5 km
driving duration: 4 min



Starting from the sports hall in the South, the driver follows
the common route. After a turn to the right, the driver reaches
a crossing at which a choice between route 1 and 2 has to be
made. Until here, the speed limit was 40 km/h. Route 1 means
turning to the left-hand side, while route 2 results in turning
to the right-hand side. In both directions, the speed limit is 50
km/h.

Choosing route 1, the driver follows the street until a
roundabout at which the driver turns to the right, continuing
a street with a speed limit of 40 km/h. After approximately
600 m, another roundabout is reached in which another right-
turn is made. Continuing with a speed limit of 40 km/h, the
driver makes a final left-turn to the common route towards the
botanical garden. When choosing route 1, the driver can cover
distance quickly with 50 km/h. However, at the roundabout,
short waiting times can occur, due to traffic coming from
a nearby shopping centre. When driving straight, the driver
passes through an area with office facilities on the left-hand
side and institutes of the university on the right-hand side. As
the companies are mostly unaffiliated with the university, only
rarely people are crossing the street.

Choosing route 2, the driver follows the street for a short
moment, while lining up towards the left-hand side at a traffic
light. After the traffic light is passed, the driver continues
in a street with a speed limit of 40 km/h for about 800 m.
Then, a left-turn is made by a right-turn 300 m later towards
the botanical garden. When choosing route 2, the driver has
usually to wait at a traffic light. Then, the driver passes through
a street with the university on the left-hand side and student
apartments on the right-hand side. Throughout the day, people
are passing between the university and the apartments over the
various zebra crossings. There is also a primary school located
at the end of the road. Hence, waiting times are expected to
let people and school children cross the street.

In [8], we describe the measurement system used to obtain
the solar radiation level in driving conditions. In this paper,
for simplicity, we calculated the average solar radiation level
(λ̄) which was obtained on top of the vehicle’s roof for either
driving route 1 or 2. Based on λ̄, we calculated the output
power in the MPP (Pmpp) of a single PV cell. We use Pmpp

to estimate the potential PV energy for different numbers of
PV cells. However, as mentioned above, in practice, each PV
cell will potentially be aligned under a different longitudinal
angle towards the sun based on the position of the cell on
the vehicle’s roof and, thus, receive a lower or higher solar
radiation level than λ̄.

B. Experimental Model
The obtained PV energy (EPV) from the vehicle’s PV

installation in driving conditions directly depends on the
number of PV cells (ncell) embedded into the electric vehicle.
Furthermore, the power in the MPP of one PV cell depends
on the average solar radiation level (λ̄). Hence, EPV can be
obtained as follows

EPV = ncell × Pmpp(λ̄) ×
td

3600

1000
(1)

where td is the driving duration. Generally speaking, the
longer td, the larger EPV will be. Commonly, the consumption
of electric vehicle is referred in km

kWh . Driving ranges from
electricity vary from 12.5 to 17 km

kWh [13], [17]. However, as
mentioned above, while electric vehicles consume electricity
during driving, similar to vehicles with combustion engines,
electricity is also consumed during stationary conditions.
Hence, the required energy (Er) by the electric vehicle for
driving a certain route can be calculated as follows

Er = Ed + Paux ×
ts

3600

1000
− EPV (2)

where Ed is the energy consumed for driving a certain distance,
Paux the power demand of auxiliary systems, and ts the
duration in which is in stationary conditions. Depending on the
available solar radiation level and the size of the vehicle’s PV
installation, the obtained PV energy (EPV) can be sufficiently
high enough or too low to cover the demanded energy of
auxiliary systems.

In addition, it is worth noting that the driving behaviour
will affect both, the energy required from the vehicle’s high
voltage battery [18], [19] and the potential energy from the
PV installation [8], [10], [20]. Hence, during the experimental
measurements, we focused on a constant speed of the vehicle,
based on the given speed allowance and avoided any fast
acceleration and breaking during driving. Only in the case of
an event, for example a red traffic light or a pedestrian crossing
the street, the constant speed of the vehicle was changed.

C. Experimental Procedure

Generally speaking, measurements are important to under-
stand the circumstances for PV energy production on top of
moving objects. In [8], we present the measurement setup
which was also used in this research work to obtain exper-
imental data. The measurement setup itself consisted of eight
probes from which simultaneously the solar radiation level (λ)
was sampled. As the irradiation of a PV cell varies depending
on location of the PV cell on the roof (i.e. whether the PV cell
is installed on the left-hand side or on the right-hand side of the
roof, for example), we calculated the average solar radiation
level (λ̄) from the collected data to estimate the potential
energy from the vehicle’s PV installation.

D. Experimental Results

Tables I-III summarise the collected experimental results
when driving from the sports hall in the South to the botanical
garden in the North. The driving duration (td) for route 1
ranged from 175.4 s in measurement 3 (m3) to 204.2 s in
measurement 5 (m5), while the average solar radiation level
(λ̄) ranged from 424.4 W/m2 in measurement 6 (m6) to 627.0
W/m2 in measurement 2 (m2). Likewise, the driving duration
(td) for route 2 ranged from 202.8 s in measurement 1 (m1)
to 247.9 s in measurement 5 (m5), while the average solar
radiation level (λ̄) ranged from 402.1 W/m2 to 553.3 W/m2.
While the different events during driving have an impact on
td and λ̄, λ̄ is also influenced by the time of the day.



TABLE I
DATA SET 1 (12:00 P.M. TO 01:00 P.M.)

route 1 route 2
parameter m1 m2 m1 m2

td [s] 190.7 181.4 202.8 216.6

λ̄ [W/m2] 582.7 627.0 480.6 543.8

EPV [kWh] 0.0275 0.0283 0.0239 0.0290

TABLE II
DATA SET 2 (02:30 P.M. TO 03:30 P.M.)

route 1 route 2
parameter m3 m4 m3 m4

td [s] 175.4 196.6 210.1 204.5

λ̄ [W/m2] 588.0 577.3 553.3 513.1

EPV [kWh] 0.0256 0.0281 0.0287 0.0258

TABLE III
DATA SET 3 (04:00 P.M. TO 05:00 P.M.)

route 1 route 2
parameter m5 m6 m5 m6

td [s] 204.2 182.7 247.9 206.7

λ̄ [W/m2] 440.8 424.2 446.2 402.1

EPV [kWh] 0.0219 0.0188 0.0269 0.0201

route 1:
m1: waiting time from common route to route A
m2: no events
m3: no events
m4: waiting time from common route to route A,

waiting time at the first roundabout,
waiting time from route A to common route

m5: waiting time from common route to route A
m6: waiting time from route A to common route

route 2:
m1: no events
m2: waiting time at red traffic light
m3: waiting time at red traffic light
m4: waiting time at red traffic light
m5: waiting time from common route to route B,

waiting time at the school
m6: waiting time at red traffic light

Figs. 4-6 illustrate the shading due to the surrounding
environment at 12:00 p.m., 02:30 p.m. and 04:00 p.m., re-
spectively. Regarding the weather conditions during the day
of the experiments, as seen Figs. 4-6, throughout the duration
of the measurements, the sky was clear and direct sunlight was
available. However, due different solar altitudes and positions
of the sun, the available solar radiation level changed. As seen
Fig. 4, at 12:00 p.m., the vehicle’s roof was only shaded when
turning from the common route towards route B, while in Fig.
5, at 02.30 p.m., the vehicle’s roof was only shaded when

Fig. 4. Common route to route 1 and 2, situation at 12:00 p.m.

Fig. 5. Common route to route 1 and 2, situation at 02:30 p.m.

Fig. 6. Common route to route 1 and 2, situation at 04:00 p.m.

turning from the common route towards route A. As seen in
Fig. 6, at 04:00 p.m., the vehicle’s roof was shaded in both
directions.

Fig. 7 shows the available solar radiation level (λ) for
measurement 1 (m1) for both, route 1 and 2. As seen during
the first 20 s of the measurement, when following the common
route, the same λ is obtained. At and after the crossing,
when following route 1, the vehicle’s roof is exposed to
direct sunlight, while when following route 2, the available
solar radiation level changes frequently between shadow and
direct sunlight. However, there is not a major difference in the



average solar radiation level (λ̄) between the two routes due
to a similar surrounding environment of route 1 and 2. Thus,
as seen in Tables I-III, the obtained PV energy (EPV) for both
routes are similar as well.

Fig. 7. m1: Solar radiation level of route 1 and 2, 12:00 p.m.

Hence, we analysed the required difference in the average
solar radiation level (∆λ̄) to choose route 1 over route 2,
obtained as follows

∆λ̄ = λ̄1 − λ̄2 (3)

Generally speaking, route 2 (driving distance 1.5 km, Ed,2

= 0.0882 kWh) is the preferred route as the route is shorter
than route 1 (driving distance 1.6 km, Ed,1 = 0.0941 kWh). For
the simulation, we assumed that the vehicle’s energy demand
with 0.059 kWh

km (i.e. 17 km
kWh ) and the number of PV cells

(ncell) as the same as for the solar-powered Toyota Prius [15].
In addition to the needed ∆λ̄, we investigated the impact
of the traffic conditions by taking into account the energy
consumption of auxiliary systems (Paux = 200 W and 1,000
W) during standstill.

Fig. 8 shows the comparison between route 1 and 2 for
measurement 1 (m1). For ts = 10 s, without any power for the
auxiliary systems, ∆λ̄ would need to increase by an additional
50 W/m2 to produce enough extra PV energy to choose route 1
over route 2. In other words, when the average solar radiation
level in route 1 (λ̄1) remains the same, the average solar
radiation level in route 2 (λ̄2) would need to decrease by 50
W/m2. Likewise, λ̄1 would need to increase by 25 W/m2, while
λ̄2 would need to decrease by 25 W/m2 so that ∆λ̄ = 50 W/m2.
With Paux = 1,000 W, ∆λ̄ would need increase by more than
100 W/m2.

Fig. 9 presents a comparison between route 1 and 2 for
measurement 2 (m2). In here, the situation is the opposite to
the previous situation. With no stops within route 1, but a
waiting time (ts = 10 s) at the traffic light in route 2, power
which is required for auxiliary during standstill affects the
required energy for route 2 (Er,2). However, with Paux = 1,000
W, ∆λ̄ need to increase by about 75 W/m2 to make Er for
both routes equal. The reason for that is in the available solar
radiation level (λ) at standstill. In route 2, when waiting at the

Fig. 8. m1: Comparison between route 1 and 2, 12:00 p.m.

Fig. 9. m2: Comparison between route 1 and 2, 12:30 p.m.

Fig. 10. m5: Comparison between route 1 and 2, 04:00 p.m.

traffic light, the vehicle’s roof is exposed to direct sunlight,



allowing the PV installation to produce a significant amount
of energy during standstill. As seen in Fig. 10, waiting times
and stops can also occur for both routes. In route 1, ts was 10
s, while ts was 50 s in route 2.

IV. DISCUSSION AND CONCLUSION

PV installations on top of vehicles represent a new environ-
ment for PV energy systems. However, as on the example of
the solar-powered Toyota Prius and experiments in this paper,
a significant amount of PV energy (EPV) can be gained while
driving in urban areas. The gained EPV can be used to reduce
the required energy from the vehicle’s high voltage battery
(Er). It is worth noting that the experiments were carried out
during the 15th of May, 2019, in the City of Oulu, Finland.
In other geographical regions, higher solar radiation levels are
obtained, allowing to obtain a higher energy from the vehicle’s
PV installation. As a result, the obtained EPV should be taken
into account when making the decision on the most energy-
efficient route for an electric vehicle.

However, if two routes have different driving distances, the
difference in the available solar radiation level needs to be
analysed carefully. Based on the experiments in this research,
for a difference in the driving distance of 10%, about 30
to 40% more irradiation are required to make the longer
route preferable. A better efficiency of electric vehicles (i.e.
better km-per-kWh ratio) and a better performance of the PV
installation in terms of available output power can lower the
required difference in the average solar radiation level (∆λ̄).
Traffic conditions can have an impact on the comparison
of two different routes. Generally speaking, energy can be
required by the electric vehicle at standstill to supply auxiliary
systems such as lights, air conditioning and navigation system,
entertainment system, and window wipers, for example. At
the same time, with the help of the vehicle’s PV installation,
energy can be produced to supply auxiliary systems.

In particular during a longer stop or more frequent stops, the
available irradiation on top of the vehicle can affect the average
solar radiation level for the whole route. With vehicle-to-
vehicle (V2V) communication, data for example on the current
solar radiation level and traffic conditions can be easily shared
and exchanged. As electric vehicles run on a limited energy
supply which is restricted by the capacity and charge status
of the vehicle’s high-voltage battery, the potential PV energy
which can be obtained by driving different routes could be a
critical factor and, in some situations, have an impact whether
a driver reaches the destination or not. Generally speaking,
reducing the required energy of electric vehicles is possible
by maximizing the efficiency of the vehicle’s PV installation.
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