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Abstract—This paper investigates the potential output power
of a photovoltaic (PV) installation on top of battery-powered
electric vehicles (BEVs) and hybrid electric vehicles (HEVs).
Firstly, we discuss the available area on the roof of BEVs and
HEVs for deploying PV cells. Secondly, we verify the impact of
the curved surface on the available output power of photovoltaics.
Furthermore, we discuss the impact of the curved surface and
the ambient conditions on the possible alignment of PV cells.
Here, we present a method of calculating the effective area of
PV cells, useful for PV simulation models and calculating the
available output power of PV cells with different longitudinal
angles. Finally, we verify our method within experiments and
present the results of them, showing that the model predicts the
output power of PV cells with an accuracy better than 2.5%.

Index Terms—battery-powered electric vehicle, data acquisi-
tion, environmental data, hybrid electric vehicle, measurement,
photovoltaic energy, simulation, solar energy.

I. INTRODUCTION

At present, solar energy is the most promising energy source

[1], in particular to substitute energy gained from fossil fuels

such as oil, coal and gas [2]. In future, the opportunity is

given to integrate photovoltaic (PV) cells into the roof of

battery-powered vehicles (BEVs) and hybrid electric vehicles

(HEVs). As a result, the electrical driving range of these types

of vehicles can be extended remarkably [3]–[6]. Similarly,

photovoltaics can be used to power a charging station for

BEVs and HEVs, for example [7].

Due to the technical development of automobiles, their

electricity consumption has grown significantly over the past

years and electronic control units (ECUs) have become the

key components in automotives [8]. Their objectives include

the control of the power train, as well as safety and comfort

requirements. In the case of HEVs, an additional demand of

100 Watts electrical power increases the fuel consumption by

0.1 to 0.2 litres per 100 kilometres [8], [9]. Similarly, in the

case of BEVs, the electrical driving distance is reduced by

electronics. In order to maximize the operational range of

HEVs and BEVs, alternative energy harvesting methods such

as photovoltaics are considered.

It is clear that the available output power obtainable from

photovoltaics is too low to provide enough energy for the

propulsion of BEVs and HEVs directly [10]. Hence, we

propose to use PV energy as an energy range extender (ERE)

and, thereby, reduce the amount of electricity which has to be

provided by the alternator or energy demanded from the power

grid for charging the high-voltage battery [11]. PV energy can

be supplied to non-critical systems within the on-board power

grid when driving. Likewise, the high-voltage battery can be

charged by the PV installation when the vehicle is parked. The

available area on top of BEVs and HEVs is limited and the

curved shape of the roof has an impact on the available output

power of the PV installation on top of BEVs and HEVs [3]–

[6]. To optimize the ERE performance in these circumstances,

more sophisticated methods and models are needed in order

to estimate the power generation of photovoltaics.

II. EXPERIMENTAL SETUP

A. Photovoltaics within Experiments

Since the available space on top of BEVs and HEVs is lim-

ited we suggest using superior PV cells with high efficiencies

and high output currents. As a result, a significant amount

of PV energy can be produced and provided to the on-board

power supply of vehicles. Thus, a monocrystalline silicon

(mono-Si) PV cell was used in experiments and simulations.

The dimension of one PV cell is 156 x 156 millimetres. Table

I summarises the most important output parameters obtained

from the datasheet of the manufacturer Blue Chip Energy

GmbH.

TABLE I
DATA OF THE BLUE CHIP PV CELL

Parameter Value

Pmpp 4.140 W

Vmpp 0.515 V

Impp 8.039 A

Voc 0.613 V

Isc 8.602 A

AM1.5; λ = 1,000 W/m2; Tc = 25 ◦C; standard test conditions (STC)

B. Possible Number of PV Cells

Fig. 1 shows the experimental vehicle, a Toyota Prius,

which was used for measurements and analysing the impact of

different alignments and orientations of PV cells towards the

sun. In addition, the experimental vehicle was used to study

the impact of ambient conditions on the output performance

of PV cells. Fig. 2 illustrates the available area for PV cells

on the roof of the Toyota Prius.



Fig. 1. Experimental vehicle with integrated PV cells

Fig. 2. PV installation on top of the experimental vehicle

Due to the curved shape of the roof of the Toyota Prius,

it is not possible to utilise 100% of the roof’s area for the

installation of PV cells [4]. On average, the available area on

the roof of BEVs and HEVs varies between 1.5 and 2 m2.

The roof of the Toyota Prius is wider at the front than at the

back, while it is even smaller in the middle. Hence, we have

chosen a number of 45 PV cells (ncells,row = 9, ncells,line = 5), as

illustrated in Fig. 2. PV cells are connected in series or parallel

in order to increase the output power. When connecting PV

cells in series, the open-circuit voltage (Voc) increases, while

in parallel structures, the short-circuit current (Isc) increases.

C. The Effective Area of PV Cells

As a result of the curved shape of the roof of the Toyota

Prius, the five PV cells in each row have a different orientation

towards the sun. Table II summarises the longitudinal angles

(β) of the PV cells from row number (1) to (9). The street

represents the horizontal plane. Based on these longitudinal an-

gles, there is a difference in the orientation of 24 ◦ between the

PV cells in row number (1) and row number (9). Fig. 3 shows

the effective PV cell area (Aeff [%]) based on the different

orientation of PV cells at different solar altitude angles (α). Aeff

was calculated in MATLAB® by using the perpendicular area

without taking diffuse irradiation and possible total reflections

into account, as follows

Aeff = cos(α+ β − 90 ◦)× 100 (1)

Fig. 3. Effective PV cell areas at different solar altitude angles

Table III presents the effective area (Aeff) calculated at

different solar altitude angles. As seen in Table III, there is

a significant difference in Aeff between row (1) and row (9).

Furthermore, the difference in Aeff depends on the solar altitude

angle (α). At α = 90 ◦, the difference in Aeff between row (1)

and (9) is less than 5%, while at α = 20 ◦ and α = 160 ◦

the difference in Aeff is about 40%. Table IV shows effective

areas for typical solar radiation altitudes in the City of Oulu,

Finland, on the 3rd of June.
In Table IV, it can be seen that the orientation of the PV

cells towards the sun is not optimal on top of the Toyota Prius.

For a better comparison, the calculated values for the effective

area are normalised. The highest value in each row at a given

solar altitude is considered to be 100% (Aeff,max), as obtained by

Equation (2). In other rows, lower values are obtained due to

the different orientation of the PV cell towards the sun. Table

V presents the normalised effective area (Âeff) for typical solar

altitude angles in Oulu, Finland.

Âeff =
Aeff,i

Aeff,max
whereas i = 1, 2, . . . , 8, 9 (2)

D. Output Behaviour of Photovoltaics
Fig. 4 illustrates the characteristic non-linear output be-

haviour of a PV cell from the manufacturer Blue Chip Energy

GmbH in the form of the I-V (Current-Voltage) curve and

P-V (Power-Voltage) curve. The point on the I-V curve, in

which the product of voltage and current, the power, becomes

a maximum is referred to as the maximum power point (MPP).

The available power in the MPP (Pmpp) varies with changing

ambient conditions such as the solar radiation level (λ) and

the PV cell temperature (Tc) [12].



TABLE II
LONGITUDIAL ANGLES OF PV CELLS ON THE ROOF OF THE TOYOTA PRIUS

row (1) row (2) row (3) row (4) row (5) row (6) row (7) row (8) row (9)

angle 15 ◦ 12 ◦ 9 ◦ 3 ◦ 2 ◦ 0 ◦ – 3 ◦ – 7 ◦ – 9 ◦

TABLE III
CALCULATED EFFECTIVE AREA OF PV CELLS (Aeff) AT DIFFERENT SOLAR ALTITUDE ANGLES (α), α = 20 ◦ TO 160 ◦

solar altitude angle (α)

20 ◦ 40 ◦ 60 ◦ 75 ◦ 90 ◦ 105 ◦ 120 ◦ 140 ◦ 160 ◦

row (1) 57.36% 81.92% 96.59% 100.00% 96.59% 86.60% 70.71% 42.26% 8.72%

row (2) 51.50% 77.71% 94.55% 99.76% 98.16% 89.88% 75.47% 48.48% 15.64%

row (3) 48.48% 75.47% 93.36% 99.45% 98.77% 91.35% 77.71% 51.50% 19.08%

row (4) 39.07% 68.20% 89.10% 97.81% 99.86% 95.11% 83.87% 60.18% 29.24%

row (5) 37.46% 66.91% 88.29% 97.44% 99.94% 95.63% 84.80% 61.57% 30.90%

row (6) 34.20% 64.28% 86.20% 96.59% 100.00% 96.59% 86.60% 64.28% 34.20%

row (7) 27.56% 58.78% 82.90% 94.55% 99.76% 98.16% 89.88% 69.47% 40.67%

row (8) 20.79% 52.99% 78.80% 92.05% 99.03% 99.25% 92.72% 74.31% 46.95%

row (9) 17.36% 50.00% 76.60% 90.63% 98.48% 99.62% 93.97% 76.60% 50.00%

TABLE IV
CALCULATED EFFECTIVE AREA OF PV CELLS (Aeff) AT DIFFERENT SOLAR ALTITUDE ANGLES (α), α = 38 ◦ TO 44 ◦

solar altitude angle (α)

38 ◦ 39 ◦ 40 ◦ 41 ◦ 42 ◦ 43 ◦ 44 ◦

row (1) 79.86% 80.90% 81.92% 82.90% 83.87% 84.80% 85.72%

row (2) 75.47% 76.60% 77.71% 78.80% 79.86% 80.90% 81.92%

row (3) 73.14% 74.31% 75.47% 76.60% 77.71% 78.80% 79.86%

row (4) 65.61% 66.91% 68.20% 69.47% 70.71% 71.93% 73.14%

row (5) 64.28% 65.61% 66.91% 68.20% 69.47% 70.71% 71.93%

row (6) 61.57% 62.93% 64.28% 65.61% 66.91% 68.20% 69.47%

row (7) 55.92% 57.36% 58.78% 60.18% 61.57% 62.93% 64.28%

row (8) 50.00% 51.50% 52.99% 54.46% 55.92% 57.36% 58.78%

row (9) 46.95% 48.48% 50.00% 51.50% 52.99% 54.46% 55.92%

TABLE V
NORMALISED EFFECTIVE AREA OF PV CELLS (Âeff) AT DIFFERENT SOLAR ALTITUDE ANGLES (α), α = 38 ◦ TO 44 ◦

solar altitude angle (α)

38 ◦ 39 ◦ 40 ◦ 41 ◦ 42 ◦ 43 ◦ 44 ◦

row (1) 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00%

row (2) 94.50% 94.69% 94.87% 95.05% 95.23% 95.40% 95.57%

row (3) 91.58% 91.86% 92.13% 92.40% 92.66% 92.92% 93.17%

row (4) 82.15% 82.71% 83.26% 83.79% 84.31% 84.82% 85.32%

row (5) 80.49% 81.09% 81.69% 82.26% 82.83% 83.38% 83.92%

row (6) 77.09% 77.79% 78.47% 79.14% 79.78% 80.42% 81.04%

row (7) 70.02% 70.90% 71.76% 72.59% 73.41% 74.21% 74.99%

row (8) 62.61% 63.66% 64.69% 65.70% 66.68% 67.63% 68.57%

row (9) 58.78% 59.93% 61.04% 62.12% 63.19% 64.22% 65.24%

III. AVAILABLE OUTPUT POWER OF PV INSTALLATIONS

A. PV Simulation Model

Simulations are helpful for determining the potential output

power of photovoltaics under different solar radiation levels.

Commonly, the single diode model is used as an equivalent

electric circuit for the simulation of one PV cell [14]–[17]. The

short circuit-current of the PV cell (Isc) is directly proportional

to the solar radiation level (λ). In the case of the single-diode

model, the output current (Iout) can be obtained as follows



Fig. 4. I-V curve and P-V curve of a PV cell with parameters

Iout = NpIph −NpIs(e
q(NpVout+NsIoutRs)

NpNsAkTc − 1)

−
Np

Ns
Vout + IoutRs

Rsh

(3)

where Np is the number of PV cells connected in parallel

with one other; Iph is the photo current; Is is the saturation

current; q is the charge of an electron; Vout is the output

voltage of the PV cell; Ns is the number of PV cells connected

in series with one other; Rs is the series resistance of the

equivalent circuit; A is the ideality factor of the p-n junction,

k is Bolzmann’s constant; and Rsh is the shunt resistance of

the equivalent circuit, which is shown in Fig. 5. It is worth

noting that there are several more equations required to fully

describe and calculate the equivalent circuit of a PV cell.

For the PV installation on top of the Toyota Prius, PV cells

can be connected in series and/or parallel with each other to

form a PV panel [4], as illustrated in Fig. 6. For a single

PV cell, Ns and Np are equal to 1. In PV simulations, one

coefficient for the solar radiation level (λ) and one for the cell

temperature (Tc) are applied. In other words, the assumption

is made that each cell of the PV panel is exposed to an equal

amount of sunlight and operates at the same temperature level.

This assumption can be made in the case of conventional PV

panels which are mounted onto flat surfaces, for example on

the roof of a house.

If photovoltaics are mounted onto curved surfaces such as

the top of a vehicle, each cell of the PV panel will obtain

a different amount of sunlight and operate at a different

temperature. The variation in output power depends on the

solar altitude and alignment of individual PV cells of the

panel towards the sun. This situation is comparable to partial

shading of PV panels, which can occur temporarily during

cloudy days or in the proximity of shading objects like trees

[13]. In this paper, we focus on the effective area (Aeff) to

consider different longitudinal angles of PV cells towards the

sun in PV simulation models.

B. Experimental Verification of the Effective Area

In the experiments, the front of the vehicle was orientated

towards the sun. We collected data by measuring the charac-

teristic I-V curves. Fig. 7 illustrates the block diagram of the

measurement setup, while Fig. 8 shows the schematic diagram

Fig. 5. Equivalent circuit of a PV cell

Fig. 6. Equivalent circuit of a PV panel

Fig. 7. Block diagram of the measurement setup

TABLE VI
MEASURED SOLAR RADIATION LEVEL (λ) IN ROW (6)

α λ

38 ◦ 570 W/m2

39 ◦ 590 W/m2

40 ◦ 620 W/m2

41 ◦ 630 W/m2

42 ◦ 640 W/m2

43 ◦ 650 W/m2

44 ◦ 660 W/m2

of the measurement circuit. Data was collected under outdoor

environmental conditions. For that reason, we also measured

the consistency of the environmental situation, meanwhile

the operating voltage of photovoltaics was altered. For the

obtained measurement results, an uncertainty (type A and type

B) of ± 3% is considered. Table VI shows the measured solar

radiation level (λ) for the PV cell in row (6) with β = 0 ◦

at different solar altitude angles (α). Table VII summarises

the obtained power in the MPP (Pmpp) for the PV cells in the

different rows at different solar altitude angles.



TABLE VII
OBTAINED POWER IN THE MPP (Pmpp) AT DIFFERENT SOLAR ALTITUDE ANGLES (α), α = 38 ◦ TO 44 ◦

solar altitude angle (α)

38 ◦ 39 ◦ 40 ◦ 41 ◦ 42 ◦ 43 ◦ 44 ◦

row (1) 3.12 W 3.21 W 3.42 W 3.39 W 3.36 W 3.42 W 3.47 W

row (2) 2.90 W 3.03 W 3.19 W 3.18 W 3.21 W 3.28 W 3.31 W

row (3) 2.84 W 2.91 W 3.12 W 3.12 W 3.09 W 3.17 W 3.25 W

row (4) 2.61 W 2.65 W 2.85 W 2.85 W 2.86 W 2.92 W 2.98 W

row (5) 2.52 W 2.64 W 2.79 W 2.81 W 2.85 W 2.88 W 2.96 W

row (6) 2.42 W 2.51 W 2.65 W 2.69 W 2.74 W 2.78 W 2.83 W

row (7) 2.14 W 2.25 W 2.42 W 2.43 W 2.48 W 2.60 W 2.63 W

row (8) 1.96 W 2.08 W 2.28 W 2.29 W 2.35 W 2.35 W 2.41 W

row (9) 1.86 W 1.94 W 2.03 W 2.10 W 2.18 W 2.18 W 2.29 W

TABLE VIII
NORMALISED POWER IN THE MPP (P̂mpp) AT DIFFERENT SOLAR ALTITUDE ANGLES (α), α = 38 ◦ TO 44 ◦

solar altitude angle (α)

38 ◦ 39 ◦ 40 ◦ 41 ◦ 42 ◦ 43 ◦ 44 ◦

row (1) 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00%

row (2) 92.88% 94.33% 93.10% 93.71% 95.39% 95.73% 95.32%

row (3) 90.93% 90.54% 91.33% 91.89% 91.91% 92.49% 93.65%

row (4) 83.63% 82.62% 83.36% 84.09% 85.15% 85.37% 85.79%

row (5) 80.78% 82.27% 81.59% 82.87% 84.81% 84.03% 85.28%

row (6) 77.58% 78.19% 77.40% 79.37% 81.40% 81.30% 81.45%

row (7) 68.51% 70.04% 70.80% 71.68% 73.72% 76.11% 75.59%

row (8) 62.81% 64.72% 66.73% 67.48% 69.97% 68.53% 69.41%

row (9) 59.61% 60.46% 59.29% 61.89% 64.85% 63.60% 66.06%

Fig. 8. Schematic diagram of the measurement circuit

Similar to the calculation of the effective area, the values

for measured power were normalised. Here, 100% represents

the highest value for the power in MPP (Pmpp), which was

measured in a particular row (i), calculated as follows

P̂mpp =
Pmpp,i

Pmpp,max
whereas i = 1, 2, . . . , 8, 9 (4)

Table VIII presents the normalised power in the MPP

(P̂mpp). This table is used for the comparison of the exper-

imental results with the calculated normalised effective area

(Âeff). An error ε between Âeff and P̂mpp is calculated for every

row, as calculated in Equation (5). Fig 9 shows the obtained

mean value of the error (ε̄) between Âeff and P̂mpp for different

rows of PV cells. As seen in Fig. 9, there is a good agreement

between the calculated effective area and the obtained power

the MPP. The error including the standard deviation is less

than 2.5%. In this way, the effective area can be used for

considering different longitudinal angles of PV cells on top of

curved surfaces and calculating the output power at different

longitudinal angles.

εi = Âeff,i − P̂mpp,i whereas i = 1, 2, . . . , 8, 9 (5)

By calculating the effective area, there is no need to measure

the ambient conditions for PV cells with different longitudinal

angles. For example, the conditions can be measured for the

PV cell in row (6) with β = 0 ◦, and then the differences can

be estimated for PV cells in other rows. Similarly, the power

in the MPP needs to be obtained only from one PV cell in one

row and can then be estimated for other rows. As BEVs and

HEVs have varying roof shapes and allow different amounts

of PV cells with different longitudinal angles, the effective

area is helpful to investigate the mismatch in terms of output

power between PV cells. Here, the effective area can be used

as an indicator to determine suitable interconnections of PV

cells to form a PV panel.



Fig. 9. ε̄ between Âeff and P̂mpp for different rows of PV cells

IV. CONCLUSION

On top of flat surfaces, each PV cell of a PV panel faces the

sun under the same angle. Hence, the solar radiation level is

equal for every PV cell. In a PV simulation model, the output

power of one PV cell is calculated and then multiplied by the

factors Ns and Ns for different series/parallel configurations.

However, if PV cells are mounted onto the top of curved

surfaces such as the roof of BEVs and HEVs, each PV cell in a

row of the installation is oriented under a different longitudinal

angle towards the sun.

We demonstrated that the effective area is a simple way

to estimate the available power in the MPP of PV cells with

different longitudinal angles and can be used for PV simulation

models. By normalising values, we were able to compare the

values of the calculated effective area and the obtained power

in the MPP with each other. We presented experimental results

for typical solar altitude angles in the City of Oulu, Finland.

In our analysis, we found a strong correlation between the two

different parameters. Errors were in the range of less than ±
2.5%.
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