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Abstract

The development of vehicle integrated photovoltaics-powered electric ve-
hicles (VIPV-EV) significantly reduces CO, emissions from the transport
sector to realize a decarbonized society. Although long-distance driving of
VIPV-EV without electricity charging is expected in sunny regions, driving
distance of VIPV-EV is affected by climate conditions such as solar irradia-
tion and temperature rise of PV modules. In this paper, detailed analytical
results for effects of climate conditions such as solar irradiation and temper-
ature rise of PV modules upon driving distance of the VIPV-EV were pre-
sented by using test data for Toyota Prius and Nissan Van demonstration cars
installed with high-efficiency InGaP/GaAs/InGaAs 3-junction solar cell mod-
ules with a module efficiency of more than 30%. The temperature rise of
some PV modules studied in this study was shown to be expressed by some
coefficients related to solar irradiation, wind speed and radiative cooling. The
potential of VIPV-EV to be deployed in 10 major cities was also analyzed.
Although sunshine cities such as Phoenix show the high reduction ratio of
driving range with 17% due to temperature rise of VIPV modules, populous
cities such as Tokyo show low reduction ratio of 9%. It was also shown in this
paper that the difference between the driving distance of VIPV-EV driving in
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the morning and the afternoon is due to PV modules’ radiative cooling. In
addition, the importance of heat dissipation of PV modules and the develop-
ment of high-efficiency PV modules with better temperature coefficients was
suggested in order to expand driving range of VIPV-EV. The effects of
air-conditioner usage and partial shading in addition to the effects of temper-
ature rise of VIPV modules were suggested as the other power losses of
VIPV-EV.

Keywords

Vehicle Integrated Photovoltaics (VIPV), VIPV-Powered Electric Vehicles,
Driving Distance, PV Modules, Solar Irradiation, Temperature Rise,
Radiative Cooling

1. Introduction

Developing a vehicle powered by an onboard photovoltaics (PV) module [1] [2]
[3] is desirable and essential for reducing CO, emissions with more than 50%
reduction [4]. Although a daily driving distance of 26.6 km/day has been esti-
mated for the Toyota Prius demonstration car installed with a high-efficiency
PV module with a module efficiency of more than 30% in our previous paper
[5], practical cruise range of VIPV (vehicle-integrated)-powered electric vehicles
(VIPV-EV) is shown to be lower (17.0 km/day [6]) than the estimated values
due to some losses such as temperature rise of PV modules, partial shading due
to trees and buildings and so forth. The results suggest that various loss analysis
of PV modules such as effects of temperature rise, partial shading, usage of air-
conditioner and so forth is essential to guide the development of VIPV modules
to spread the VIPV- powered electric passenger cars.

Brief analytical results for the effects of solar irradiation and temperature rise
upon VIPV-EV have been presented at the 50® IEEE Photovoltaic Specialists
Conference [7]. This paper presents detailed analytical results for the effects of
solar irradiation and temperature rise of PV modules upon driving distance of
VIPV-EV by using our test data for Toyota Prius and Nissan Van demonstration
cars. The temperature rise of some PV modules studied in this study is shown to
be expressed by some coefficients related to solar irradiation, wind speed and
radiative cooling. Analytical results for the temperature rise of VIPV modules as
a function of solar irradiation and wind speed are compared with experimental
results. Based on analytical results for the temperature rise of VIPV modules, the
potential of VIPV-EV to be deployed in 10 major cities worldwide is also ana-
lyzed. Although sunshine cities such as Phoenix show long annual driving range
of 15,640 km in the case of no temperature rise of VIPV modules, the high re-
duction ratio of driving range with 17% due to temperature rise of VIPV mod-
ules is shown. Because the effects of wind speed are significant in Glasgow, pow-
er loss of VIPV-EV due to temperature rise of VIPV modules is only 2.2% by the
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effects of wind. The effects of air-conditioner usage and partial shading in addi-
tion to the effects of temperature rise of VIPV modules are suggested as the oth-
er power losses of VIPV-EV.

This paper provides useful analytical results for the effects of solar irradiation,
wind speed and temperature rise and radiative cooling of VIPV modules upon
driving distance of VIPV-EV.

2. Analysis of Temperature Rise of PV Modules for VIPV
Application

The conversion efficiency of PV modules is very sensitive to their temperature,
and their output power decreases with the temperature rise of the modules. For
VIPV applications requiring large amounts of electricity in a small surface area,
heat dissipation of PV modules and development of low-temperature coefficient
PV modules [8] based on analysis of temperature rise of PV modules under
sunshine conditions are significant. The temperature of PV modules is increased
with an increase in solar irradiation. Figure 1 shows the temperature rises of the
Si module (black circle) [9] and GaAs module (blue square) [9] in the case of
wind speed of 0.75 - 1.25 m/s and Si module [9] in the case of wind speed of 3
m/sec (red rectangular) as a function of solar irradiation. In the ref. 9, wind
speed and direction were recorded using a cup anemometer, irradiance was ob-
tained from both a thermopile pyranometer and silicon reference cell mounted
in-plane with the modules, temperature readings for back-of-module, box inte-
rior, and car locations were obtained using T-type thermocouples. Following
measurements have been carried out in the ref. 10: Module temperature mea-
surements by using thermo couples connected to cell backside, solar irradiance
measurements by using solar radiation intensity meters, wind speed measure-
ments by using windmill-type wind vane anemometer, and ambient temperature
measurements by using ventilation type temperature gage. Temperature rise dif-
ferences between Si and GaAs modules are attributed mainly to the difference in
module size [11] because small size GaAs module is thought to be effectively
heat-dissipated.

Because our data for temperature rise of PV modules have been fitted by using
the expression by King et al [12], following expression for the temperature rise
AT of PV modules was used in this study.

AT =T, T, = Gxe®® (1)
where T, is the module temperature [°C], T, is the ambient temperature [°C], G
is the solar irradiation incident on the module surface [W/m?], and v is the wind
speed [m/s]. a is the empirically-determined coefficient establishing the upper
limit for module temperature at low wind speed and high solar irradiation, and b
is the empirically-determined coefficient establishing the rate at which module
temperature decreases as wind speed increases.

The results for 3 cases calculated by using eq. (1), and parameters a and b
shown in Table 1 are also shown in Figure 1. The measured results indicate that

the module temperature depends on many parameters, such as solar irradiation,
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Figure 1. Temperature rise (measured temperature above ambient temperature) of Si
module [9] and GaAs module [9] in the case of wind speed of 0.75 - 1.25 m/s and Si
module [10] in the case of 3 m/s as a function of solar irradiation. The dotted lines are
calculated values using eq. (1) and parameters a and b shown in Table 1.
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Figure 2. The temperature of PV modules is decreased with increased wind speed. The
calculated temperature rise of crystalline Si solar cell modules with and without insulation
as a function of wind speed.

wind speed, type and size of modules, and others (wind direction, module
structure, module mounting configuration, shape and operating mode of car) as
shown in Figure 1.

Figure 2 shows the calculated temperature rise [8] of crystalline Si solar cell
modules with and without insulation under the solar irradiance of 1 kW/m?as a
function of wind speed. It is clear from Figure 1 and Figure 2 that the tempera-
ture rise calculated by using eq. (1), and parameters a and b shown in Table 1
shows good agreement with measured values. If the back side of the modules is

insulated, it restricts radiative and convective heat transfer from the back. Ac-
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cording to Muller’s simple model [13] to a common open-rack configuration
shows that about half of the heat is exhausted from the front surface and half
from the back surface with both radiative and convective terms being significant.
If a module is insulated on the back, the insulation restricts both radiative and
convective heat transfer to occur only out of the front of the module. It induces a
more considerable temperature rise over the ambient, as shown in Figure 2. In
the worst case, the PV module will show a temperature rise of 50 - 80°C, which
causes a considerable reduction in the conversion efficiency.

Table 1 shows empirically-determined coefficients that are thought to be at-
tributed to different module types and mounting configurations. Temperature
rise differences from Si and GaAs modules are attributed mainly to the differ-
ence in module size [11] and the difference from coefficient b due to better heat

dissipation in the case of GaAs solar cell modules, as shown in Table 1.

Table 1. Empirically determined coefficients for Si modules and GaAs modules shown in
Figure 1 and Figure 2 and our Si modules to be shown in Figure 3 and Figure 4 were
used to estimate module temperatures to be operated under various conditions as a func-
tion of solar irradiation, ambient temperature, and wind speed.

Module type Mount A b c d Reference
Simodule (Fig. 1)  close mount  —3.05 -0.25 - - 9
GaAs module
. close mount  -3.05 -0.5 - - 9
(Fig. 1)
Si module under
wind speed with 3 close mount  —3.05 -0.25 - - 10
m/sec (Fig. 1)
Si module (Fig. 2) Insulated -2.53  -0.135 - - 10
Standard
Si module (Fig. 2) (close -3 -0.17 - - 10
mount)

Our recent Si

Insulated -2.7 -0.17 -9 —-0.16  This stud
module (Fig. 3) netate 18 Sty

3. Our Recent Studies on the Temperature Rise of PV Modules

The authors have measured the temperature of Si modules as a function of solar
irradiance and wind speed in Miyazaki, Japan. The insulation material (Styro-
foam board) was attached to the module back surface and it was blocked direct
wind flow to the back surface.

Figure 3 shows the temperature rise ((module temperature) - (ambient
temperature)) of PV modules versus solar irradiance in the 3 cases of average
wind speed. The difference in temperature rise of PV modules was observed
due to the thermal time constant. The thermal time constant is defended as the
multiplication of heat capacity and thermal resistance. The PV module is gen-
erally heavy (—11 kg), and the heat capacity of it is relatively large. In addition,
the thermal resistance of the car-mounted PV module in our experiment is
higher than that of the general PV module because of the installation of the

insulation material. The increasing wind speed increases the convective heat
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transfer coefficient, then the thermal resistance decreases. As a result, the
thermal time constant became short, and the difference in temperature rise
was slight. Previously, the authors have also measured the module temperature
under driving conditions [14]. The module temperature decreased from 23.4°C
to 19.3°C due to the driving in the winter season (the ambient temperature
during the experiment was 7.6°C). The wind speed (vehicle speed) is one of the
significant factors for the module temperature of VIPV. We estimated the
module temperature of VIPV incorporated in the passenger vehicle using the
finite element method. As a result, for example, the average module tempera-
ture decreased due to the forced convection cooling by wind flow, and over 10
km/h in vehicle speed, the average module temperature was stable (as shown
in supporting information).

The difference in temperature rise of PV modules characteristics of tempera-
ture rise in the morning. In the afternoon are different, as shown in Figure 3. In
the morning, when solar irradiance of PV modules increases with time, the
temperature rise of PV modules to compensate for module temperature under
radiative cooling [15] [16] is thought to be delayed compared to increase in solar
irradiance. In the afternoon, when the solar irradiance of PV modules decreases
with time, the temperature decrease of PV modules is thought to be delayed
compared to the decrease in solar irradiance because heat dissipation [16] from
PV modules is thought to be late compared to decrease in solar irradiance. The
difference in PV modules’ temperature rise is reduced as wind speed increases,

as shown in Figure 3.

® TI1(v=3.33 m/sec)
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Figure 3. The temperature rise of solar cell modules versus solar irradiance in the 3 cases
of average wind speed.
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Figure 4. Temperature rise of solar cell modules versus solar irradiance in the 4 cases of
average ambient temperatures.

In addition, it is shown in Figure 3 that the temperature of PV modules is
lower than the ambient temperature due to radiative cooling [15] [16] [17] [18]
under low solar irradiance, especially at night. Figure 4 shows the temperature
rise of PV modules under zero solar irradiance ATL in the nighttime at ambient
temperature of around 4°C versus wind speed. In the region of zero solar irra-

diance, the temperature rise AT, of PV modules is expressed by
AT = T,-T, = cxel™) = —9xel ¥ (2)

where c is the empirically-determined coefficient establishing the upper limit for
module temperature decrease at low wind speed under zero solar irradiation,
and d is the empirically-determined coefficient establishing the rate at which
module temperature decreases as wind speed decreases. According to Zhu et al
[16], the temperature decrease of solar cells due to radiative cooling under zero
solar irradiance and wind speed of 3 m/sec was simulated to be about 6°C,
showing good agreement with the temperature decrease of 5.6°C estimated from
eq. (2) for our solar cell modules due to radiative cooling.

Figure 4 shows the temperature rise of solar cell modules versus solar irra-
diance in the 4 cases of ambient temperatures. As shown in Fig. 4, the tempera-
ture rise of PV modules due to radiative cooling [21] [22] [23] [24] is dependent
upon the ambient temperature. The higher ambient temperature shows less ra-
diative cooling of PV modules.

Figure 5 and Figure 6 show temperature rise AT relative to solar irradiance G
of PV modules under normal solar irradiation conditions versus wind speed.

Under solar irradiation, the temperature rise AT of PV modules is given by

AT = G*el®™) _ G xeal27-011) 3)

DOI: 10.4236/epe.2024.164007

137 Energy and Power Engineering


https://doi.org/10.4236/epe.2024.164007

M. Yamaguchi et al.

Total temperature rise AT of PV modules by considering effects of ambient

temperature T is given by
AT, =T, ? T, =ATL +AT = 0.1844*T,[°C]+c*e ™) + G e

4
=0.1844 = TO —Ox e(’QlGV) + G=* e(72.7—0Al7v) ( )

In this study, empirically-determined coefficients a, b, ¢, and d determined are
-2.7, =0.17, -9, and —0.16, respectively. It is clear in Figure 3 that the wind
speed also affect on radiative cooling of VIPV modules. Zhu et al. [16] have also
pointed out effectiveness of radiative cooling of PV modules. In fact, good
agreements between our results calculated by using eq. (4) (temperature rise of
37.7°C for wind speed v of 1m/s and 26.7°C for v of 3 m/s in the case of G = 800
W/m?) and results (temperature rise of 37°C for wind speed v of 1 m/s and 28°C
for v of 3 m/s in the case of G = 800 W/m?) reported by Zhu et al. [16]. The first
term of eq. (4) shows ambient temperature effects of radiative cooling of PV

modules.
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Figure 5. The temperature rise of PV modules under zero solar irradiance AT, versus
wind speed.
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Figure 6. Temperature rise AT relative to solar irradiance G of solar cell modules under
normal solar irradiation conditions versus wind speed.
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Table 1 summarizes empirically-determined coefficients a, b, a and d for Si
and GaAs modules shown in Figure 1 and Figure 2, and our Si modules shown
in Figures 3-6.

4. Analysis for Effects on Temperature Rise of PV Modules
upon Driving Distance of VIPV-Powered Electric Vehicles

This study presents the effects of temperature rise of PV modules on the driving
distance of VIPV-EV using the analytical procedure reported in our previous
paper [8].

Figure 7 shows calculated results [8] for temperature coefficients TCs of crys-
talline Si, GaAs, and III-V compound dual-junction and triple-junction solar
cells and modules as a function of its efficiencies compared with reported values
[19]-[30] and estimated values. For example, the values of the temperature coef-
ficients estimated from Figure 7 are —0.34%/°C and —0.24%/°C for Si and GaAs
modules [9] shown in Figure 1 and —0.4%/°C for Si modules [10] shown in
Figure 2. Better temperature coefficients are expected for the cells with larger
Voc because the temperature sensitivity of Voc dominates the performance sen-
sitivity. The TCs of —0.19%/°C and —0.23%/°C are expected to be realized for
InGaP/GaAs/InGaAs triple- junction solar cell modules with module efficiencies
of 37% and 31.2%, respectively, though achieved values are —0.333%/°C and
—0.337 %/°C for 23.7% and 25.2% efficient InGaP/GaAs/Ge triple-junction solar
cells. Possible TCs are estimated to be —0.20%/°C for Si, —0.14%/°C for GaAs,
—0.13%/°C for dual-junction, and —0.14 %/°C for triple- junction modules as

shown in Figure 7.

-0.1
9 -
£.02
=
2
9 -0.3
=]
g
()
E 0.4 A —SiCell Calc. = - -SiModule Calc.
s GaAs Cale.  ----- 2] Calc.
5 05 - = =3]J Calc. A SicCell
E" ' , A Si Module ® GaAs Cell
& / O GaAs Module B 2)

06 -/ ¢ 3J Est:

15 20 25 30 35 40 45
Efficiency (%)

Figure 7. The higher efficiency PV modules show a better temperature coefficient. Cal-
culated results for TCs of crystalline Si, GaAs, and III-V compound triple-junction cells
and modules as a function of the conversion efficiencies of the cells and modules in com-
parison with reported values [19]-[30] and estimated values.
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Table 2. Examples for efficiencies and temperature coefficients for and various solar cells
and modules.

Sol
L, Struct Efficiency (%) Lomperature g
cell, ructure icienc eference
YA Coefficient (%/°C)
module
. PERC 22.3 —0.35 24
Si cell
SHJ 25.1 —0.25 24
Multi-crystal 17.2 —-0.45 30
Si PERC 20.7 -0.36 30
i
IBC 22.1 -0.3 26
module
225 —0.28 27
SHJ
23.8 —0.258 25
LPE-grown
22.6 -0.24 22
GaAs heteroface
cell MOVPE-grown 274 0.18 8
double hetero ’ ’
GaAs MOVPE-grown 251 023 8
module double hetero ) ’
2-junctio MOVPE-grown
24 —0.257 23
n cell GalnP/InGaAs
MOVPE-grown
25.7 —-0.337 23
. . GalnP/InGaAs/Ge
3-junctio
MOVPE-grown
n cell 31.3 —0.232 8
GalnP/InGaAs
35.4 —0.191 8
/InGaAs

PERC: passivated emitter rear contact, SHJ: Si hetero junction, IBC: interdigitated back
contact, LPE: liquid phase epitaxy, MOVPE: metal organic vapor phase epitaxy.

Table 2 shows examples for efficiencies and temperature coefficients for and
various solar cells and modules.

Although better temperature coefficient of less than —0.2%/°C will be obtained
with PV modules, as shown in Figure 7, the current temperature coefficient for
Si modules is around —0.30%/°C as shown Table 2. The following analysis used
—0.30%/°C as the temperature coefficient of PV modules.

The following equation calculated the daily driving distance (DD) of VIPV-EV:

DD[km/day] = G| kwh/m? /day |*SE *7[%] *

(5)
(1-TC*AT)*A[m? |« EM[km/kwh]

where G is the global solar irradiation, SE is the efficiency of the PV system (ac-
cording to our previous study [31], 0.739 was used in this study), n is the effi-
ciency of the PV module, TC is the temperature coefficient of PV module, AT is
the temperature rise of PV module, A is the area of PV module, and EM is the
electric mileage of the VIPV-EV. In the calculation, 1 kW was used as the output
power of the VIVP module, and 10 km/kWh was assumed as EM.

Figure 8 shows world map, and data for ambient temperature [°C] and daily
average global solar irradiation G [kWh/m?/day] taken from the references [32]

[33] in the major cities in the world.
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Figure 8. (a) World map, (b) daily average global solar irradiation G [kWh/m?/day], and

monthly maximum, average, and minimum ambient temperature [°C] in the major cities
in the world [32] [33].

DOI: 10.4236/epe.2024.164007 141 Energy and Power Engineering


https://doi.org/10.4236/epe.2024.164007

M. Yamaguchi et al.

=
o
3
oo
o
0

B Glasgow  ++oveeeeet Glasgow : [ o= Frankfurt -eeeeeeee- Frankfurt
o &
6 o] 06E 26 | 1 06E
B . ceeeett Z 2 z
E . < g 2
= ER- S T g
g4 045 34 | T, = 1 04%
8 Tk = £
E iz £
2, I I I wiEs | { 023
= (=
I I ’ I I ’
,mll Mml, N lm,
Jan. Feb. Mar.Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec. Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec.
8 rEm New York «reveeeeer New York 0.8 8 r Tokyo — wreeeeeees Tokyo 0.8
&
26 f 068 26 [ 0.6 §
g EI =2
-~ - = @
2 EETRTTIN 33 g
24 .--" 042 24 [ jeeccssccomm, 04 §
@ s @ . . LRI TR TR L A =
& B B 2
2 R E
2, 02 Z, 02 §
I 2 &
=3
wv
0 0 0 0
Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec. Jan. Feb. Mar.Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec.
8 r B Bejjing e Beijing 0.8 8  EmEEE Sydney  cvvvvttet Sydney 0.8
< E
26 068 26 0.6
B Z E <
~ s~ o
3 $3
g 042 Z4 1 RS, 04 &
& i~ L. R B B 5
= ceennee sz E
£ g = L]
ES) 0E 22 | 02 %
= &
S
w
0 0 0 0
Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec. Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec.
8 r 0.8 8 r 0.8
B Sao Paulo weeeeeeees Sao Paulo B Phocnix -+ Phoenix
& &
26 | 068 6 | 068
2 2 z
£ < E <
@ @
) Sz 8
84 | R P 045 24 F 045
s .3 HE 3
2 X (XX XX X M : T z
= &
L 025 %, [ 4. . 028
=3 M . . . . . . . i
@ 71
0 0 0 0
Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec. Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec.
8 [ EEEE Dubai e Dubai 08 8  EEEECairo ettt Cairo 08
;i g
26 | 062 26 06 3
£ 2E g
= g = Py
» < o . ¥ <9
g4 ettt B 04 § 84 | -1 -4t 48t 04 §
« = . . = @ .o
=1 ‘Tr R E
£ £ £ E
EP 02 B2 b 02 %
2 2
3 )
0 0 0 0

Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec. Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec.

Figure 9. Average solar irradiance [kW/m?] and average wind speed [m/s] in the major
cities in the world [32] [33].

Figure 9 shows the average solar irradiance [kW/m’] and average wind speed
[m/s] taken from the references [32] [33] in the major cities in the world.

The temperature rise of VIPV modules was calculated in the cases of GaAs
module, Si module, and module insulated by using eq. (1) and parameters
shown in Table 1, and in the case of our Si module by using eq. (4) and parame-
ters shown in Table 1, and assuming —0.3%/°C as the temperature coefficient of
VIPV modules.
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Figure 10 shows annual driving distances calculated by using eq. (5) and by
ignoring the effects of wind speed and by considering power loss due to the
temperature rise of PV modules for VIPV-EV installed with 1 kW VIVP module
and electric mileage EM of 10 km/kWh under driving in major cities in the
world. Although sunshine cities such as Phoenix, Dubai, and Cairo show a more
extended annual driving range with 15,600 - 16,400 km and in the case of ignor-
ing the effects of temperature rise of VIPV modules, the high reduction ratio of
driving range with 17% due to temperature rise of VIPV modules is estimated in
the case of insulated modules. On the other hand, Sydney and Sao Paulo are
thought to keep a more extended annual driving range of about 12,300 km by
less reduction ratio of driving range with 12% even under the temperature rise of
VIPV modules. Populous cities such as Tokyo, New York, and Beijing show an
annual driving range of about 10,800 km by reduction ratio of driving range by
about 9% even under a temperature rise of VIPV modules.

Figure 11 shows annual driving distances calculated by considering power loss
due to the temperature rise of PV modules and the effects of wind speed for
VIPV-EV installed with 1 kW VIVP module and EM of 10 km/kWh under driving
in major cities in the world. It is clear that wind speed decreases the temperature
rise of VIPV modules and increases the driving distance of VIPV-EV. Mainly be-
cause the effects of wind speed are significant in Glasgow, power loss of VIPV-EV
decreases from 5.5% to 2.2% by the effects of wind speed. However, because of less
wind speed in Phoenix, the power loss of PV-EV decreases from 17.1% to 14.3%
by the effects of wind speed, and the power loss of PV-EV is still high. The power
loss of PV-EV in Dubai and Cairo is still high (11.8%).
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Figure 10. Annual driving distances calculated by ignoring the effects of wind speed and
by considering power loss due to the temperature rise of PV modules for VIPV-EV in-
stalled with 1 kW VIVP module and EM of 10 km/kWh under driving in major cities in
the world.
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Figure 11. Annual driving distances calculated by considering power loss due to the
temperature rise of PV modules and the effects of wind speed for VIPV-EV installed with
1 kW VIVP module and EM of 10 km/kWh under driving in major cities in the world.

On the other hand, Sydney and Sao Paulo are thought to keep a more ex-
tended annual driving range of about 12,900 km by less reduction ratio of driv-
ing range with about 8% even under the temperature rise of VIPV modules. Po-
pulous cities such as Tokyo, New York, and Beijing show an annual driving
range of about 11,200 km with a reduction ratio of driving range by 6% even
under a temperature rise of VIPV modules. In addition, it is shown in Figure 10
and Figure 11 that temperature rise behavior of our insulated Si solar cell mod-
ules is improved compared to the insulated Si solar cell modules reported by
Wheeler ef al. [9]. That is due to the effects of radiative cooling of PV solar cell
modules.

As shown in Figure 3, a difference in the driving distance of VIPV-EV driving
in the morning and the afternoon is expected due to the radiative cooling of PV
modules. Figure 12 shows annual driving distances estimated by considering
power loss due to the temperature rise of PV modules and effects of wind speed
for VIPV-EV installed with 1 kW VIVP module and EM of 10 km/kWh under
driving in Tokyo in the morning and in the afternoon and average driving dis-
tance. It is suggested in Figure 12 that a longer driving distance of VIPV-EV
driving in the morning is expected compared to driving distance of VIPV-EV
driving in the afternoon due to the radiative cooling of PV modules. The radia-
tive cooling of PV modules significantly impacts the efficiency improvement of

PV modules and expands the driving distance of VIPV- EV. According to
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Figure 12. Annual driving distances estimated by considering power loss due to temper-
ature rise of PV modules and effects of wind speed for VIPV-EV installed with 1 kW
VIVP module and EM of 10 km/kWh under driving in Tokyo in the morning and the af-
ternoon and average driving distance.

Muller’s simple model [13] to a common open-rack configuration shows that
about half of the heat is exhausted from the front surface and half from the back
surface with both radiative and convective terms being significant. Therefore,
radiative cooling of PV modules is thought to be useful for further reduction in
temperature rise of PV modules by improvements in module materials and con-

figuration, and installation.

5. Comments on Additional Losses for Toyota Prius and
Nissan Van Demonstration Cars

Although a daily driving distance of 26.6 km/day has been estimated for the
Toyota Prius demonstration car installed with a high-efficiency 3-junction mod-
ule with a module efficiency of more than 30% in our previous paper [5], the
actual driving range of VIPV- powered electric vehicles is shown to be lower
(17.0 km/day [6]). Using the similar procedure described above, the effects of
temperature rise of PV modules upon driving distance of Toyota Prius demon-
stration car (output power of 860 W and electric mileage EM of 9.35 km/kWh)
and Nissan Van demonstration car (output power of 1,150 W and electric mi-
leage EM of 6.6 km/kWh) were analyzed.

Table 3 shows annual driving ranges estimated by considering the effects of
temperature rise of VIPV modules for the Toyota Prius and Nissan Van demon-
stration cars and the actual annual driving range measured. Suppose one does
not consider the effects of temperature rise of VIPV modules. In that case, an-
nual driving ranges of 9,718 km (26.6 km/day) and 9,054 km (24.8 km/day) are
expected for Toyota Prius and Nissan Van demonstration cars. However, annual
driving ranges of 9,114 km (25.0 km/day) and 8,502 km (23.3 km/day) were es-
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timated considering the effects of the temperature rise of VIPV modules. How-
ever, actual driving ranges of 6,211 km (17.0 km/day) and 7,090 km (19.4
km/day) were measured for Toyota Prius and Nissan Van demonstration cars
[6] [34] [35]. Table 3 suggests additional power loss of 31.9% and 16.6% for the
Toyota Prius and Nissan Van demonstration cars.

In general, passenger cars operate under usage of air-conditioning, cooling,
and heating. As a result, the electric millage is thought to be decreased, and
thus driving distance is shortened. The power consumption of the air-condi-
tioner is changed dramatically depending on the outside temperature. Al-
though the Toyota Prius demonstration car is under test driving, an average
daily driving distance of 17.0 km/day at average solar irradiation of 4.0 kWh/
m®/day has been demonstrated [6]. The average daily driving distance of 17.0
km/day is lower compared to estimated daily driving distance of 26.6 km/day.
The effect of air-conditioner usage is thought to cause such a difference in ad-
dition to the effects of temperature rise of VIPV modules as shown in our pre-
vious paper [34].

The shading of the vehicle integrated photovoltaics (VIPV) shading has been
reported [14] [36] [37] to depend on the sun’s altitude, climate condition, loca-
tion, and shading objects such as buildings and houses, trees, poles, and others,
driving and parking conditions. Average irradiation losses by partial shading were
reported to be 0.03 on the highway, 0.07 in the suburbs, 0.23 in the Urban, about
0.5 near tall buildings, and 0.07 - 0.57 in the parking [37]. Because the driving dis-
tance of VIPV-powered electric vehicles is thought to be decreased by partial
shading, developing solar cell modules with low power loss under partial shading
is necessary. Analytical studies on the effects of air-conditioners and partial shad-

ing on the driving distance of VIPV-powered electric vehicles are in progress.

Table 3. Annual driving ranges were estimated by considering the effects of temperature
rise of VIPV modules for the Toyota Prius and Nissan Van demonstration cars and the
actual annual driving range measured. (reproduced with permission Ref. 34 [Wiley],
[2023])

Annual driving range (km)

Estimated Estimated ~ Actual  Additional

Car Location range without  range with  annual  power loss

temperature  temperature driving

rise rise range
Toyota Priustest
car (VIPV power
Nagoya 9,718 9,114 6,211 16.6%
=860W, EM =
9.35 km/kWh)
Nissan Van test
car (VIPV power
Yokohama 9,054 8,502 7,090 31.9%
=1150 W, EM =
6.6 km/kWh)
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6. Summary

The development of VIPV-powered electric vehicles (VIPV-EV) significantly
reduces CO, emissions from the transport sector to realize a decarbonized so-
ciety. Although long- distance driving of VIPV-EV without electricity charging
was expected in sunny regions, the driving distance of VIPV-EV was affected by
climate conditions such as solar irradiation and temperature rise of PV modules.
In this paper, analytical results for effects of climate conditions such as solar ir-
radiation and temperature rise of PV modules were presented by using our test
data for Toyota Prius and Nissan Van demonstration cars installed with high-
efficiency InGaP/GaAs/InGaAs 3-junction modules with a module efficiency of
more than 30%. The potential of VIPV-EV to be deployed in major cities
worldwide was also analyzed. Sydney in Australia are thought to have more ex-
tended driving range even under high sunshine conditions. It was also shown in
this paper that the difference between the driving distance of VIPV-EV driving
in the morning and the afternoon is due to the radiative cooling of PV modules.
In addition, the importance of heat dissipation of PV modules and the develop-
ment of high-efficiency PV modules with better temperature coefficients was
suggested. The effects of air-conditioner usage and partial shading in addition to
the effects of temperature rise of VIPV modules were suggested as the other
power losses of VIPV-EV.

This paper provides useful analytical results for the effects of solar irradiation,
wind speed and temperature rise and radiative cooling of VIPV modules upon
driving distance of VIPV-EV.
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