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Abstract: Among the explored solutions to reduce the environmental impact of the transport sector,
Vehicle Integrated Photovoltaics. Thus, we developed a simulation tool of the distance covered by
VIPV. It considers various usage patterns and vehicle types, several characteristics of the PV system
and all the losses that may decrease energy yield. Focusing on passenger car, simulations indicate
the order of influence of the parameters on the outputs of the model: geographic locality, shading,
thresholds due to extra-consumption to charge the vehicle battery from PV and frequency of re-
charge with the grid. With projections of the technology in 2030, with 30 % shading, VIPV cover up
to 1444 km yearly distance. This represents up to 12 % of the driven mileage. For the best month, it
can get up to 14 km/day. For average Europe and worst-case conditions, VIPV cover only 293 km
per year. Life Cycle Assessment (LCA) of solarized passenger car shows negative balance for low-
carbon electricity mix and average solar irradiance. In favorable conditions, the carbon footprint is
up to 489 kg COrz-equivalent avoided emissions on 13 years lifespan. Beyond km and LCA focus,

VIPV may provide useful functions in non-interconnected zones and for resilience in disaster zones.

Keywords: VIPV, passenger car; life cycle assessment, mileage, electrical architecture, thresholds,
model, losses, shading, carbon footprint

1. Introduction

Many projects on vehicle-integrated photovoltaics (VIPV) have been carried out re-
cently. Commault et al. (2021) [1] show that the number of VIPV projects is increasing,
especially car-based ones. They discussed the benefits and weaknesses of several PV cell
and module technologies and give recommendations to large-scale applications of such
technologies.

We published recently, Karoui et al. (2023) [2], our work on the evaluation of the
performances of the integration of a solar roof on electric bus. This work gives the simu-
lation results for two localities: Malaga (best-case Europe) and Paris (average Europe) and
with different shading losses and two architecture for using PV. It shows that adding
VIPV on a city bus allows covering between 3711 km and 9739 km. Life cycle assessment
shows neutral to high gains. The avoided gas emissions are up to 28 T COz-equivalent on
20 years lifetime. Thiel et al. (2022) [3] estimated the energy performances of solar integra-
tion on a personal vehicle and on a distribution van in various climatic conditions without
shading. They show that photovoltaics can give up to 35 % of the driven distance. Sagaria
et al. [4] study the interactions between solar energy for five categories of vehicle and
usage configurations for VIPV. They take into account the shading but only in the sunny
city of Lisbon in Portugal.

Other studies include the impact of shading on the performances of VIPV. Lodi et al.
(2018) [5] from the European Commission Joint Research Center show that the PV usage
factor is 58 % for passenger cars. This study allows the European commission to fix the
value of shading losses for eco-innovation to 49 % [6] to extrapolate the results in other
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locations in Europe. They call it shading share and it is equal to 100 %-PV usage factor,
which is equal to 51 %. Arun et al. (2019) [7] studied the influence of partial shading in
VIPV systems and the variation of output power with different forms of shading for a car.
They simulated the maximum power point tracker (MPPT) using or not a boost converter.
Brito et al. (2021) [8] contributed to shading studies giving an average of 52 % irradiance
loss during parking of 26 % during driving cycles in urban environment in Lisbon. They
calculate an average daily distance covered by VIPV in a year between 10 and
18 km/day/kWp.

For passenger car, there are some losses due to curvature of the solar panel. Ota et al.
[9-10] proposed a methodology to characterize commercial solar roof shapes, with a direct
link to the potential PV coverage ratio. For a radius of curvature of 1 m, the coverage ratio
is 96 %. In this configuration, the curve correction factor to apply is 0.92 for generated
energy, compared to a flat module.

The useful energy from VIPV depends also on the frequency of recharge using the
grid. Bernie et al. [11] studied the influence of plugin the electric vehicle to the grid in the
work place during the hours of daylight. They show that it may induce up to 75 % of loss
of the PV available energy from VIPV. Thus, we choose to recharge the vehicle with the
grid at night. In our calculations, we will use the frequency of recharge with the grid as a
variable parameter.

Finally, the energy loss in electronic components allowing charging the main battery
of the vehicle using PV has an influence on the VIPV performance. We have already
shown partially this influence for the city bus [2] demonstrating that in this case charging
directly PV in the main battery is better that charging first the low voltage battery and
periodically transfer energy from low voltage to high voltage battery. We will study in
the present paper more deeply this question for passenger car in the section 3.2.

The authors do not find a previous study, which takes into account all the factors that
may influence the performance of VIPV on passenger car. These factors are locations,
shading share, charge architecture, power thresholds for using PV, curvature of the solar
panel, and frequency of recharge with the grid. We will give the performance of VIPV in
term of PV energy supplied to the engine, distance covered by VIPV and CO: emissions
estimated with life cycle assessment (LCA).

This paper contributes to the state of the art by evaluating the performances of VIPV

on passenger car in European countries. It considers:

e  The daily usage patterns which may vary during the week and the year

e The monthly variations of the solar irradiance and their hourly distribution,

e  The PV panel curvature,

e  The solar panel ageing,

e  The shading,

e The system effectiveness,

e  Three architectures to transfer energy from PV to the battery,

e  The battery fullness due to the frequency of recharge with the grid and to the rest
days.

Energy/distance simulation model gives inputs to life cycle analysis process allowing

calculating the carbon avoided emissions.

We structured this article in five sections. In section 2, we describe the model, data
and parameters. Section 3 gives the simulation results with three architectures to transfer
energy from the VIPV to the main battery (through 12 V battery, by means of 48 V addi-
tional battery and directly in the high voltage battery). In the subsection 3.1, we will give
the results regarding PV energy transferred to the engine and distance covered by VIPV.
In subsection 3.2, we will give the results of the parametric study of the combination PV
peak power and thresholds for using PV. In subsection 3.3, we will give the LCA results.
We discuss the obtained results in section 4. Section 5 is the conclusions of this study.
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2. Materials and Methods

Most of the material and methods are common with the e-bus use case that we have

described in our paper [2] published in open access. The differences are:

e The curvature losses since passenger car have not a flat panel,

e The influence of frequency of recharge with the grid,

e  The Sensitivity analysis regarding the electricity consumption of the electronics and
the thresholds to use or not the PV energy,

e  Three electrical architectures for charging the battery of passenger car with PV. For
the bus, there were only two architectures,

e  The parameters of simulations, mainly PV surface, consumption in Wh per km, sys-
tem efficiency; battery size, shading and use profile,
The Figure 1 gives the inputs, outputs, parameters and the characteristics of the

model that calculated the PV energy transferred to the engine and the distance covered

by the VIPV.
Parameters
PV peak power
Battery nominal energy
System efficiency
Electrical consumption
Shading losses
Frequency of recharge with the grid
. Inputs Mathematical model Outputs
I'ime series
Monthly solar ener: Energy balance — Annual PV energ
Y = o % hTime step) u, . E,y' I
e . . . Annual mileage, daily distance
Distribution of solar irradiance Battery state of chargel
covered by VIPV
Use profile Calculations for 365 days Battery state of charge profiles

Figure 1. Energy and distance modeling.

2.1. Measurement and calculation of losses due to the curvature

We measured the losses due to the curvature in function of the sun elevation at Zenith
for two solar panels with different curvatures in Chambéry, France. For this, we did out-
door measurements of the maximum power point on one curved solar roof (radius of cur-
vature near 3 m) and one standard flat reference module. We placed the modules toward
south with 0° inclination (horizontally). From August 2019 to February 2020, we did a
measurement every 5 minutes on daytime. From this, we computed an approximation of
a linear regression of the producible loss versus the flat reference module as a function of
the sun elevation at zenith. We extrapolated this regression to compute the curvature
losses of each location and according to the sun elevation at zenith through the typical
year.

We used the declination of the sun at the 15t of each month in the equation 1 (Shival-
ingaswamy et al. [12]) to calculate the sun elevation at Zenith in function of the co-latitude
and of the declination of the sun.

@™

2 X1 X (dayNum + 284)
sun elevation at Zenith = 23.45 X sin

365

Therefore, we calculated the losses due to the curvature at the 15t of each month for each
city with the considered solar roofs.

Considering the average and the highest annual PV productions among 19 cities in
Europe, we have chosen for VIPV studies the localities of Paris and Malaga as explained
in our previous paper [2] (p.3).
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The Figure 2 shows the annual PV produced energy in Malaga and Paris in kWh per
unit of peak power with and without curvature correction. The total production respec-
tively for flat panel and curved panel is 1635 kWh/kWp and 1535 kWh/kWp in Malaga and
is 1058 kWh/kWp and 965 kWh/kWp in Paris. The losses due to curvature are 8.8 % in Paris
and 6.1 % in Malaga for a year.
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= Paris-flat panel m Paris-curved panel
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Figure 2. PV monthly production for 1 kWp for Paris and Malaga.

2.2. Electrical architectures, system efficiency and thresholds

In order to charge PV energy in the vehicle battery, we considered three electrical
architectures for passenger car. These architectures allow either charging the solar energy
directly in the high voltage (HV) battery or charging first a low voltage (LV) battery and
then intermittently transmit energy from LV battery into the HV battery.

The additional consumed energy to use PV and the system efficiency depend on the
chosen architecture for charge. For direct charge in the HV battery, this consumption is
12 W during driving and during plugin into the grid and 26 W during parking. For charge
via low voltage auxiliary battery (12 V or 48 V), this consumption is constant and is 12 W.
In this case, there is a periodic wakeup (each 100 Wh) of the vehicle calculators and HV
battery management system in order to transmit the electricity from LV battery to HV bat-
tery. The consumption is 8.5 Wh per wakeup.

The additional electricity consumption divided by the system efficiency is equal to
the thresholds applied to decide to trigger or not the PV use. The system transmits the PV
energy to the battery only if the available power during the time step is higher than these
thresholds. The model subtracted this additional electricity consumption from the PV pro-
duced energy during all computing time steps. We give more details on the thresholds in
section 3.2.1.

The Table 1 gives the efficiency of each component and the total system efficiency for each
architecture for passenger car.

Table 1. . System efficiency for VIPV passenger car (2030 projections) for the three architectures.

Components via 12 V battery via 48 V battery in main battery
DCDC (PV/LV battery) 99.1% 98.7% NA
DCDC (LV/HV) 95.5% 97.5% 97.7%
MPPT 99% 99% 99%
LV Battery 97% 97% NA
DC/AC (battery/engine) 98.7% 98.7% 98.7%
HV Battery 97% 97% 97%
System Efficiency 87% 88.5% 92.6%

2.3. Usage profile and parameters for passenger car

To estimate the consumption per km for passenger car, we used data referenced in
the website [13]. The average between the given values is 15.7 kWh/100 km and so
157 Wh/km.
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The model utilizes the usage pattern (driving, parking, plugin) to calculate the con-
sumption for all the days and all the computing time steps.

The passenger car is driven for home/work trip: one hour morning (8 am-9 am) and
one hour evening (5 pm-6 pm), 5 days per week and 48 weeks per year. Passenger car has
thus long parking periods (8 hours per day).

The battery size for passenger car is 50 kWh.

The PV peak power used in the simulations at midlife considers a lifetime of the pas-
senger car of 13 years and a PV degradation of -2 % 1t year then -0.7 % per year. It is meas-
ured using INES facilities and is comparable to that reported by Jordan et al. (2016) [14].

We consider two PV surfaces:

e  1.44 m?, value corresponding to covering 90 % of the average surface of passenger car
roofs in France (1.58 m?). This surface leads to 312 Wp at midlife with projection of
the technology in 2030. The simulations in results section will be given with this value
of PV surface

e  2m? value considered by Thiel et al. [3]. We will discuss the effect of such increase in
PV surface in section 4.3.

We evaluate the daily PV producible of the panel with 49 % and 30 % shading factors.
The value of 49 % given by the European commission [5] is mandatory to assess the poten-
tial of VIPV but includes parking inside. The value of 30 % is calculated using the loss of
energy for a year in urban driving environment compared with stationary PV.

2.4. The frequency of recharge with the grid

We consider two frequencies of recharge with the grid: every night before a driving
day and the maximal recharge frequency depending on the battery size and on the con-
sumption of the vehicle. We calculate this frequency using the following equation 2. It is
equal to five. Charging every five nights is enough for driving this passenger car for five
days.

80% = storageEnergy) 2

MaxChargeF =ROUNDDOWN<
axLhargerrequency dailyConsumption

We calculate the state of charge profile of the battery using the method described in
our previous work [2] (p.6). Such calculation allows obtaining the useful PV energy taking
into account the influence of battery saturation.

3. Results

This section gives the results of the simulations for Paris (equal to average Europe
use case) and Malaga (equal to best use case in Europe) for three architectures of trans-
mission of PV electricity to the battery: directly in the HV battery, through 12 V battery or
48 V battery.

3.1. Results regarding energy and distance covered by VIPV
This subsection treats the simulation results of the energetic mathematical model.
3.1.1. Simulation of the quotidian profiles

Figure 3 shows the electricity consumption and the PV production within % h time
step and the state of charge (SOC) for passenger car for two months. The consumption
graphs are curtailed in order to zoom on production.
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Figure 3. Examples of profiles, passenger car, direct charge in HV battery, Malaga, shading 30 %.

These graphs show that:

* In]January, the vehicle does not use the PV energy when it is lower than the thresholds
associated with the additional consumption of electricity allowing using PV,

¢ InJune, the PV production is higher than these thresholds but it is not used early in
the morning because of the fullness of the battery,

¢ The SOC profiles depend mostly on the use profile of the vehicle because the con-
sumption is much higher than the production,

¢ There is a steady increase of the SOC during the night due to recharge with the grid,

*  For passenger car, during the parking period, the battery SOC increase is very low
even in June.

3.1.2. Available energy from VIPV system

Figure 4 compares the performances of the three techniques to transfer the electricity
from the solar roof to the battery of passenger car with three values of shading share. The
black column concerns the annual photovoltaic energy correlated only to the solar irradi-
ance in the specific locality. We divided the bar graph into three portions from the left side
to the right side: the first one is for charge via 12 V battery, the second one is for transfer
through 48 V battery and the third one is for directly charging the HV battery.

The PV energies including the system efficiency are on the yellow columns. They
depend simply on the efficiency values given in Table 1. The other bars include the shad-
ing share influence and the effect of the thresholds (more detailed in subsection 3.2.1). On
these bars, we indicate two values according to including or not the losses due to the bat-
tery fullness. The battery may be full:

e  Inthe morning before driving due to plugin into the grid at night. We will present the
sensitivity of the model to the charge frequency in Figure 5,
e During the rest days because there is no consumption due to the driving

Malaga Paris
600 Main graph=without battery saturation ‘ 600

Main graph= without battery saturation

Lower values= battery saturation/charge with grid every night

= 500 |479 = s00 Lower values= battery saturation/charge with grid every night
= =
= 417 124 ]
=< 400 Z. 400
&% 337 343 i
z 3 30
£ 300 A s 300 262 z
= e 222 227 =
= — 5 a 195 199
= 200 L EI 12 153 z 200
[ 194 | — 198 - 2 124 126 S
g 132, 13s T 4 79 4 81 151 8
£ 100 3 3 = 103 105 kg 59
0 1 0 | |
Via 12 V battery Via 48 V battery Via 12 V battery Via 48 V battery Direct Charge in
) main battery
mWithout any losses Only system losses w Shading 0 %
B Without any losses Only system losses ® Shading 0 % 1Shading 30 % DShading 49 %
Shading 30 % OShading 49 %

Figure 4. Yearly PV energy in Malaga and Paris, passenger car, 0.312 kWp solar roof.

The columns corresponding to shading share 0 % (blue ones) in Figure 4 include the
additional electricity consumption to transfer PV energy that varies with the considered
architecture and with the daylight duration. It is major relatively to the annual energy
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presented in the yellow columns. It is 98 kWh (54 %) in Paris and 100 kWh (29 %) in Mal-

aga with direct charge of the HV battery from VIPV system. It is 67 kWh (34 %) in Paris

and 80 kWh (24 %) in Malaga for architectures with charge via LV battery. The percentage
is relative to PV energy with 0 % shading.
These graphs in Figure 4 show also that:

¢  The difference of energies between Malaga and Paris is about 70 %. The locality has a
the major influence,

¢  The shading share is the second effect,

e The extra-consumption to use the PV and so the thresholds have third order influence
(24 %-54 %) depending on the architecture and the location

e  The battery fullness has forth order influence (11 % - 16%).

e The architecture with transfer through 48 V battery is more effective than transfer
through 12 V battery, which is more effective than charging directly the HV battery
(except with 0 % shading in Malaga). However, its impact is fifth order (difference
between architectures is only 7 %). Changing the electrical architecture of recharge
has less influence than optimizing the thresholds. As indicated before, we will give a
sensitivity study of the influence of the tuple thresholds/peak power in subsection 3.2.
The blue bars are for shading equal to zero, which is not realistic in the case of pas-

senger car. Thus, the values up to given are for the green bars that include the system ef-

fectiveness, the additional consumption to transfer PV and a representative value of shad-
ing share. Readers can refer to the graphs to get the values with 0 % shading. Thus, Figure

4 shows also that:

e  For the best-case: Malaga, 30 % shading, charging through 48 V battery and when
battery is never full, the passenger car can gather up to 227 kWh.

¢ In Paris (~average Europe), passenger car can gather up to 126 kWh with 30 % shad-
ing, when charging through the 48 V battery and when battery is never full and down
to 46 kWh with 49 % shading with charging with PV directly the HV battery and with
battery fullness.

Figure 5 presents the sensitivity of the model to the frequency of recharge for the case
of direct transfer of the PV energy in the HV battery.

Malaga Paris
600 600
300 500

400 400

oy (kWh)

300 300

212 o5 186

200

- 1

Shading 30 %

200

Annual PV energy (kWh)

Annual PV ener;

Shading 49 % Shading 0 %

® Without any losses Only system losses ® Without any losses Only system losses
B Without battery saturation ® Max frequency of charge with the grid @ Without battery saturation @ Max frequency of charge with the grid
O Charge with the grid every night O Charge with the grid every night

Figure 5. Yearly PV energy in Malaga and Paris, passenger car, 0.312 kWp solar roof, 50 kWh bat-
tery, direct transfer in the main battery, effect of frequency of recharge with the grid.

Figure 5 shows that the effect of frequency of recharge is small, compared to other
parameters. The difference between recharging with the grid every night and every five
nights is 5 % in Malaga and 12 % in Paris with 30 % shading share.

3.1.3. Yearly distance covered by VIPV

Figure 6 presents the Yearly distance covered by VIPV system on a passenger car for
the three architectures to transfer the PV energy into the HV battery.
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Figure 6. Yearly distance covered by VIPV in Malaga and Paris, passenger car, 0.312 kWp solar roof
and 157 Wh/km electrical consumption.

Figure 6 shows that VIPV can generate up to 1444 km per year at midlife in Malaga
with 30 % shading share and with transfer of energy through 48 V battery. This distance
represents 12 % of the driven mileage (12250 km). The range extending is down to 293 km
per year in Paris with 49 % shading share, direct charge of HV battery and with battery
fullness losses. It represents about 2 % of the driven mileage. If we normalize the results
with the peak power of the solar roof, the annual mileage covered by the VIPV is up to
4628 km/kWp and down to 939 km/kWp.

Figure 7 presents the simulation results regarding the influence of the frequency of
recharge for the case of directly charging HV battery on the yearly distance covered by
VIPV. It shows that charging the battery with the maximal charging frequency (every 5
nights) allows obtaining between 36 km and 151 km more than charging every night.
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Figure 7. Yearly distance covered by VIPV in Malaga and Paris, passenger car,0.312 kWp solar roof,
50 kWh battery, direct charge in HV battery, effect of plugin frequency.

3.1.4. Daily distance covered by VIPV

Figure 8 presents the simulated average daily distance by VIPV on passenger car for
the three architectures of energy transfer. These values take into account battery satura-
tion. When analyzing daily distance, we can give values up to without shading losses.
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Figure 8. Average daily distance covered by VIPV, passenger car, 0.312 kWp solar roof and 157 Wh/km
electrical consumption with battery saturation/charge every night.

Figure 8 indicates that for June, the sunniest month, the VIPV at midlife can cover an
average distance up to 14 km/day (44 km/day/kWp) in Malaga, shading 0 % and directly
charging the main battery. The difference between architectures of energy transfer is less
than 1 km.

It shows moreover that in Paris (~ average Europe), the VIPV can cover up to 8.7 km
with 0 % shading and down to 3.3 km with 49 % shading.

3.2. Parametric study of the tuple PV peak power/thresholds related to electrical architecture
3.2.1. Values of the thresholds

In VIPV application, PV energy has to be managed all the time that means during
parking and driving phases. Due to vehicle electrical architecture, safety, or energy man-
agement reasons, dedicated electromechanical elements, Electronic Control Unit (ECU),
or Battery Management System (BMS) has to be switched-on to manage the energy flow
from PV panels to the battery. It results on power threshold values at system level: below
these values, the PV power from the panel is not available, due to a negative energy bal-
ance at system level. In this context, we consider three use cases in our energy predictions:
e 13 W during driving and parking phases. This is the most optimist hypothesis (only

electromechanical relay on main battery)

e 13 W during driving and recharge with the grid phases and 28 W during parking
phase. This is the realistic hypothesis. During parking phase, a partial wakeup is
needed, which results in 28 W

e 20 W during driving and charge with the grid phases and 40 W during parking phase.
These values were measured on a commercial electrical vehicle including VIPV.

We will study these three use cases to compare the energy performances and losses at
vehicle level.

Figure 9 presents an explanation of the thresholds effect.
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Figure 9. Explanation of power thresholds effect, schematic application onto a typical sunny day.

3.2.2. Analysis of the combination peak power/thresholds

We simulate the effect of these thresholds with 30 % shading and with 3 values of
peak power 312 W, 433 W and 205 W and without battery saturation.

Figure 10 presents the simulation results for the cities of Malaga and Paris. For the
calculation of the losses, the reference is the yellow bar including the system efficiency

and shading effects.
12000 12000 P VTPV per FW neak mer vem
Mileage covered by VIPVper kKW peak per year Mileage covered by ¥ :)I ‘, pex kW peak per year
aris
10000 9773 Malaga . R 10000
P1 =312 W (main graph) P1 =312 W (main graph)
P2 =433 W (upper values) P2 =433 W (upper values)
K000

P3 =205 W (lower values) 2 gyog P3 =205 W (lower values)
6339 E

5589 (P2)
5304 4868 (P2)
4319 4262 (P2)

6143

6000 6000

Distance (km/kW)

3984

4000 3502 2 4p00 JIJSIP,Z)?
2978
2551 (P2
2000 ( ;mumm{m}
2000 2501 (P3) 1450
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® Total (P solar energy) With shading and system losses o ® Total (FV solar energy) With shading and system losses
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Figure 10. Yearly distance covered by VIPV in Malaga and Paris, passenger car, 30 % shading,
157 Wh/km electrical consumption, with different peak power and thresholds values.

Figure 10 shows that:

e  Lower peak power induces bigger losses of PV energy and distance due to thresholds.
Therefore, even if the graphs present the distance per kW peak, the values are differ-
ent in function of peak power.

e  The losses due to thresholds are very high. The minimum is 12 % (Malaga, 433 W
peak, threshold 13 W) and the maximum is 85 % (Paris, 205 W peak, thresholds 20 W
and 40 W).

e  With the same shading level, the percentage of use of the PV depends on the location
(1t order), the thresholds (2d order) and the peak power (3 order).

e  The mileage covered by VIPV per unit of peak power in Malaga is up to 5569 km/kW
and down to 2218 km/kW depending on the peak power and the thresholds values.

e  The distance covered by VIPV per unit of peak power in Paris is up to 3243 km/kW
and down to 604 km/kW depending on the peak power and the thresholds values.
We calculate that with thresholds equal to 13 W and 28 W, a peak power of 131 W can

cover only the losses in Paris, without generating distance.

3.3. Life Cycle assessment results

We described the methodology of life cycle assessment in our paper regarding the
city bus use-case [2] (pp. 7-10). It is common to passenger car. We remind here that we
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take into account a low-carbon PV panel and that we do not consider the end of life of the
PV system. The main differences are the parameters regarding the PV surface and so the
additional weight, the life duration of the vehicle and the additional battery in the case of
charge via 48 V battery.

3.3.1. Details of the fabrication phase

Table 2 presents the results of the fabrication phase for the three architectures.

Table 2. . LCA results (fabrication phase) (kg CO2-eq).

Component via 12 V battery via 48 V battery in main battery
Total 76 139 76
PV module 62 62 62
Electronic / cable 13 27 13
Additional Battery NA 50 NA

3.3.2. Carbon footprint results

The estimation of the carbon footprint takes into account the fabrication and usage
phases of the vehicle. Regarding usage periods, we give the results with different localities
according to electricity mix and solar irradiance: Malaga, average Europe and Paris. We
consider a global warming scenario set at +2.7 °C.

The figures 11, 12 and 13 present life cycle assessment results. In each figure, the
panel on the left is for the three architectures of charge with different shading levels. The
panel on the right presents the effect of frequency of recharge with the grid for the archi-
tecture with directly transmission of the electricity in the HV battery with different shad-
ing values.

Malaga 1200 " s :
1200 g Direct charge in the main battery
Main graph = without battery saturation 1000 Malaga
1000 Vertical lines = battery saturation/charge with grid every night 5 s /300 752 6‘)'\ s ™~ e ™
T s00 p T84 239 800 N T e
= <600
- -
o 600 | WYk 489 = 6L 433 396
; 1 429 461 £ 400
S 400 298 1 1 o i 249 233 4y
e 417 356 232 396 240 g 200 i
o 200 257 3
g m . i
0
=200
200 Shading 0 % Shading 30 % Shading 49 %
Via 12 V battery Via 48 V battery Direct charge in main \_ VAN J
battery = Without battery saturation & Max frequency of charge with the grid
u Shading 0% Shading 30% OShading 49% OCharge with the grid every night

Figure 11. Avoided emissions in Malaga, 0.312 Wp VIPV, global warming scenario +2.7 °C.
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1200 g P Direct charge in the main battery
Main graph = without battery saturation 1000 Average Europe
1000 Vertical lines = battery saturation/charge with grid every night /ﬁ /ﬁ [—\
% 800
=800 4 \ 4 Y N £
= -
- o 600
[} 600 =
= E
E £ 400
el 239 ; =] 216 199
<) 177 216 o 200 167
o 200 ﬂ 122 i - B 86 77 &9
i 122 [ 16 : 10 I ?|:| ] - 10 4
2 [ = .
0 LR A 59 ' =
-39 - 5
=200 -200
Via 12 V battery Via 48 V battery Direct charge in main \_ Shading 0 % _/ Shading 30 % Shading 49 %,
k j AN /wlﬂ\ _/ wWithout battery saturation & Max [requency of charge with the grid
wShading 0% Shading 30% OShading 49% O Charge with the grid every night

Figure 12. Avoided emissions in Average Europe, 0.312 Wp VIPV, global warming scenario +2.7 °C.
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Figure 13. Avoided emissions in Paris, 0.312 Wp VIPV, global warming scenario +2.7 °C.

Figure 11, 12 and 13 show that in the case of passenger car, VIPV may have a positive
balance but not in all localities. The CO2balance depends mainly on the locality. With a
very low-carbon electricity mix in France, VIPV on passenger car is not convincing. It has
a negative COz balance in Paris with 30 % and 49 % shading losses between -2 and -102 kg
COr-eq. In best-case in Europe, it permits avoiding up to 489 kg COz-eq (Malaga, 30 %
shading and charge through 12 V battery). For average Europe in term of electricity mix
and solar irradiance, VIPV may be not interesting because avoided emissions are 122 kg
CO»-eq in the best conditions (30 % shading, charge through 12 V battery) and -39 kg CO»-
eq in worst conditions.

4. Discussion

The vehicle constructer can improve the consumption of the vehicle per km, the ad-
ditional consumption for delivering the PV electricity to the battery (and so the related
thresholds), the architecture for electricity transfer and the PV peak power.

The car driver can optimize the PV usage by recharging less frequently with the grid
and of course parking the vehicle preferably in sunny places.

Henceforward, we discuss the impact on the simulation results of considering varia-
ble shading losses instead of constant shading losses, a bigger surface of the PV and a lower
system efficiency. Finally, we will present a case study with an optimized PV surface and
energy consumption per km.

4.1. Variable shading vs constant shading

We compare here a constant shading value during a year with a variable value of
shading between months with higher shading during winter compared to summer. These
values of shading induce a loss for one year in Paris of 30 % of the PV energy. The values
are estimated by modelling with 10 m height buildings and with 11 m of route width in
urban environment. M.C. Brito et al. [8] explained the variation of shading losses during a
year saying that the lower solar elevation in winter induces higher losses due to shading
from buildings. Table 3 gives the shading values for the months of a year in Paris. The
values are between 21 % and 69 %.

Table 3. Variable shading losses between months in Paris

January February March April May June July August September October November December
69 % 59 % 29% 21% 23% 25% 24% 24 % 23 % 51 % 69 % 64 %

The Table 4 presents the simulation results with variable shading between months com-
pared to a constant shading in Paris. It shows an improvement between 0 % and 9 % of the
used energy and of the distance covered by VIPV. The improvement is only between 1 and
2 kg CO2-eq when we look at life cycle assessment results.
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Table 4. Simulation results with variable shading between months compared to constant shading of
30 % in Paris.

Shading losses Variable between months 30 % Evolution
PV useful energy per year (kWh) 1\1\:[[::( 19229 18256 i ://:
Mileage covered by VIPV per year (km) 1\1\:[[::( Ziz :ég z Z:
e 7 T
Mileage covered by VIPV (km/day) 1\1\:[[::( 6?2 5(.)7 g Z:

Another possibility to take into account the shading is to consider different values
between driving and parking. We have simulated the use cases with shading losses equal
to 26 % during driving and 52 % during parking, which are average year values for road
and parking given by M. C. Brito et al. [8].

The Table 5 presents the simulation results with different shading between driving and
parking compared to constant shading of 49 % in Paris and Malaga for the three electrical
architectures. We give the energies for a charge with the grid every five nights.

Table 5. Simulation results with different shading between driving and parking compared to con-
stant shading of 49 % in Paris and Malaga, energy in kWh.

Shading losses 26 % driving/52 %parking 49% Evolution

Pari 73 74 -1 %
Charge via 12 V battery ans ’
Malaga 139 142 2%
Paris 74 76 -3%

Ch ia 48 V batt
arge via avery Malaga 142 145 2%
Paris 51 52 2%

Direct charge in the main battery Mal 119 123 39
alaga -3 %

This table shows small influence for considering different shading losses between
driving and parking phases. This is because the usage profile of passenger cars includes
parking most of the day.

4.2. Consequence of lower system efficiency

The table 6 presents the evolution of the used PV energy if the system effectiveness is
lower than that used in our projections.

It indicates that the influence is not linear. When the system efficiency is 13 % lower, the
PV energy used by the engine decreases between 20 % and 25 %. A 23 % drop of such
efficiency makes the energy decreasing between 36 %-45 %

The difference between passenger car and city bus (our previous paper [2]: the influence
for city bus is almost linear) is the relatively high influence of the thresholds to trigger or
not the transfer of PV energy. This is because the parking period is longer and the pro-
duced energy is much lower for passenger car than that for city bus.

Table 6. Influence of lower system efficiency on useful PV energy, 30 % shading; directly charging
HV battery and battery never fully charged.

System efficiency  Locality PV energy (kWh)  Evolution

93% Paris 102 0%
Malaga 212 0 %

80 % Paris 77 -25%
Malaga 170 -20 %

70 % Paris 56 -45 %

Malaga 135 -36 %
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4.3. Influence of PV surface increase

We considered, for all simulations above, 1.44 m?2 of solar roof surface. We think that
car manufacturers may increase this surface in the future if they prefer to use the solar
roofs only on sedans with bigger roof instead of all passenger car vehicles. Thus, we sim-
ulate the effect of the solar roof surface increase to 2 m2. Thiel from the JRC et al. considers
this second value in the reference [3] as a solar roof surface for passenger cars. Thus, we
simulate all passenger car electric architectures and use cases with 2 m? solar roof surface
as well.

The Table 7 summarizes the results of simulation with both solar roof surfaces.

It shows that such increase of the surface induces an increase of the peak power of
39 %. This leads to 31 % increase of the max values of the PV useful energy and yearly
distance covered by VIPV per year and 47 % when we consider min values. For the best
month, the increase of the surface leads to 33 % of increase of the max value and 39 %
increase of the min value.

With 2 m? solar roof, for the best-case in Europe (Malaga, 30 % shading, architecture
of energy transfer through 48 V battery and without battery fullness losses), the driver gets
2078 km per year at midlife of the vehicle, which represents 17 % of the driven distance
during a year. When we consider the value of auto-generated distance for the best month:
~ 21 km in this best case, the driver has almost 42 % of the daily distance (~50 km).

Table 7. Comparison of the values for two surfaces of solar roof for passenger car.

PV surface 1.44 m? 2m?  Evolution
PV peak power (kW) 0.312 0.433 39 %
PV useful energy per year Min 46 87 47 %
(kWh) Max 227 326 30 %
Distance covered by VIPV Min 293 554 47 %
per year (km) Max 1444 2078 31 %
Distance covered by VIPV Min 3.3 5.4 39 %
Best month (km/day) Max 14 20.9 33 %

4.4. Simulation of the Lightyear use case

We have seen many factors that can influence the performances and gains obtained
with a VIPV system on passenger car. We have seen also low performances for the existing
vehicles with high level of consumption per km and high influence of the thresholds due
to extra-consumption to charge PV energy in the battery. It is interesting here to simulate
a use case with a reduction of the consumption per km, with a big surface of PV and with
a low consumption of the electrical architecture compared to PV installed power. For this,
we take into account the consumption of the vehicle Lightyear 0 [15] that is equal to
109 Wh/km. The battery size of this vehicle is 60 kWh and the solar roof peak power is
1.05 kW. In order to compare with the simulation results above, we consider the three
shading levels 0 %, 30 % and 49 % and the three electrical architectures for charging the
battery with the PV.

First, we have compared the annual energies normalized for 1 kW at midlife between
the vehicle with 0.312 kWp and Lightyear 0. We remind here that the previous vehicle is
a solarized electric vehicle, which have the characteristics of average existing electric ve-
hicles in term of consumption (157 Wh/km) and roof surface (1.44 m?) and battery size
(50 kWh). Solarizing here means adding a solar system to an existing electric vehicle
model. The Lightyear 0 is a vehicle that integrated solar since its conception. We calculate
the maximal frequency of recharge with the grid using the equation 2 in section 2.4 and
we obtain eight. Thus, the model considers a charge with the grid only every eight nights.
For the case of average solarized electric vehicle, the considered charge with the grid is
every five nights. The Table 8 gives the results of the comparison.
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Table 8. Percentage of increase of energy per kWp for a solar vehicle (Lightyear 0 main characteris-
tics) relatively to that of a solarized electric vehicle.

Only system losses Shading 0 % Shading 30 % Shading 49 %

Charge via 12 V battery 0% 10% 21% 35%
Charge via 48 V battery 0% 9% 20% 33%
Charge in the main battery 0% 27% 55% 97%

This table shows that the evolution of the useful energy is not linear. It is due to the
thresholds related to extra consumption of the vehicle to use the PV energy as explained
in 3.2. The higher peak power can even double the useful energy per kWp in the case of
high shading level and directly charging the HV battery.

Figure 14 gives the yearly distance covered by VIPV in Paris for a solar vehicle with the
main characteristics of Lightyear 0 in term of solar roof peak power, energy consumption
per km and battery nominal energy and with recharge with the grid every eight nights.

12000

.;E Main graph = 0.981 kWp (at Midlife)
> 10000 9296 Upper values = 1.05 kWp (at Beginning Of Life)
= 8089 8225 86[08
Zz 8000 I |
T 6608
b 3 6148 6187
":' 6000 S687
2 43182 4437 Aol
= 4000 = 7 68 8 045 e
2 - 1315 3l9S
= 13115 ~x7‘4 1 6 (‘ 264
= 2000 4 07(\ | 4 I“) 4 “)’
£ z xxx z 928 2 937
<
y 0
Vial2 V l).llltr_\ Via48 V h.mu_\ Direct C h.ng_,c in
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® Without any losses Only system losses m Shading 0%
& Shading 30% O Shading 49%

Figure 14. Yearly distance covered by VIPV in Paris with Lightyear 0 main characteristics
0.981 kWp (Midlife)/1.05 kWp (BOL) solar roof, 109 Wh/km consumption and 60 kWh battery.

This figure shows that the values are much higher than that of a solarized electric vehicle.
In the worst case in term of shading level and in average Europe in term of irradiance, the
solar electric vehicle with the characteristics of Lightyear 0 can cover 2888 km. This is due
to cumulated effect of high peak power, which is discussed above, and of a low consump-
tion per km. Unfortunately, the company declared bankruptcy in January 2023. We sup-
pose that it is due to high price (€250, 000) and small production volume. Solarizing exist-
ing electrical vehicles has the advantage of affordable cost and the inconvenient of low
performances. Affordable cost in the case of solarized vehicles allows higher selling vol-
umes. Therefore, we multiply the carbon footprint by a big number of vehicles and the
balance is positive in case of favorable conditions.

5. Conclusions

We analyzed the performances of VIPV on passenger car. We considered three sys-
tems to transfer the energy from VIPV to the battery: system with charging directly the
HYV battery, systems with charging 12 V or 48 V battery before intermittent transmission
of the electricity in the HV battery.

Simulations indicate the order of influence of the parameters on the outputs of the
model: geographic locality (1%t order), shading (27 order), thresholds related to extra-con-
sumption of VIPV system (3t order), frequency of recharge with the grid (4t order) and
the electric architecture (5% order). System with charging through 48 V battery allows get-
ting higher mileage but has lower performance in term of carbon footprint due to the ad-
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