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Abstract: Electric vehicles (EVs) and photovoltaics (PVs) are new technologies that will play an
important role in the transportation industry over the next decade. Using solar panels on the
roofs of cars is one of the simplest ways to reduce fuel costs and increase the mobility of electric
vehicles. Solar electric cars can be charged anywhere under the Sun without additional infrastructure,
but the problem is the size of the solar panel is limited on the roof and the electricity conversion
efficiency of the panel is only 15% to 20%. This means they will not provide significant electricity to
EVs. An effective way to increase efficiency is to utilize multi-junction solar cells with concentrator
photovoltaic (CPV) technology. The challenge is that the moving sun-tracking mechanism will
reduce the stability of the vehicle structure. To solve this issue, in this research, we present a static
concentrator photovoltaic system for electric vehicles. This structure is more stable and simpler
than CPV systems using sun-tracking mechanisms and thus suitable for car roof application. The
CPV system includes solid compound parabolic concentrators (CPCs), three-junction solar cells,
and a crystalline Si cell panel. This structure allows for the manufacture of a static CPV with a
geometrical concentration ratio of 4 x for three-junction cells. The simulation results showed that the
module can achieve 25% annual efficiency. Moreover, it can be flexible to meet the requirements of
car roof application.

Keywords: static CPV; static concentrator; solid CPC; flexible solar module

1. Introduction

After a decade of rapid growth, in 2020, global electric car stock hit the 10 million
mark, which represented a 43% increase over 2019 and a 1% stock share [1]. Most car
manufacturers already have their own electric models, and the recent energy crisis has
caused demand for electric vehicles to skyrocket. Although electric vehicles have many
outstanding advantages over vehicles that use internal combustion engines, one challenge
associated with electric vehicles is the distribution of charging stations. Major car manu-
facturers not only produce vehicles but also continually expand the availability of their
charging station systems to attract more customers. Although the number of charging
stations has increased rapidly, it will likely not be enough for the growth of the number of
cars sold. Moreover, fast-charging stations require huge capacity [2], and there is a danger
of overload when many vehicles are charging at the same time [3]. It is for these reasons
that much research and many start-up projects focus on solar cars.

When a car can charge itself by relying on a solar panel on the car roof, the requirement
for charging stations can be diminished. For example, Hyundai has revealed its new Sonata,
complete with a built-in solar panel, and they estimate that, with six hours of charging in
direct sunlight per day, the Sonata Hybrid can gain an extra 1300 km of electric driving per
year, which equates to an average increase of 3.5 km/day [4]. With 70% of passenger cars

Energies 2022, 15, 6951. https:/ /doi.org/10.3390/en15196951

https:/ /www.mdpi.com/journal/energies


https://doi.org/10.3390/en15196951
https://doi.org/10.3390/en15196951
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0003-3753-0059
https://orcid.org/0000-0003-3746-6835
https://doi.org/10.3390/en15196951
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en15196951?type=check_update&version=1

Energies 2022, 15, 6951

2 0f 10

traveling less than 30 km/day [5] on average, a solar panel on a commercial vehicle can help
electric vehicles reduce energy consumption by 10-12% per day. Dutch startup company
Lightyear was set to launch a solar-powered car in 2019. They focused on increasing the
solar panel area on the car by 5 m?, improving the engine efficiency, aerodynamics, and
reducing the weight of the car. They tested and estimated the car could run an extra
70 km per day, however, new products are experimental and need more time for mass
production [6].

In all vehicles, due to the size limit of the roof area, we need to increase the photo-
voltaic conversion efficiency of the solar cells to get more power for EVs. An effective way
to increase efficiency is to use multi-junction solar cells with CPV technology. Vu et al. [7]
studied the photovoltaic system of planar concentrators using a flat solar-tracking mecha-
nism. In their method, under ideal conditions, the energy obtained could cover a trip of
37.7 km. However, the problem remained that the sun-tracking mechanism would reduce
the stability of the vehicle structure.

To solve this problem, the partially static CPV concept using a silicone lens array was
applied, as introduced by Sato et al. [8]. This structure had a concentrator ratio of 3.5x,
with the highest optical efficiency of 50% on the CPV. Although there is great potential,
the optical efficiency of 50% on a CPV is quite low and does not take full advantage of the
efficiency of multilayer solar cells. Therefore, we propose a static CPV structure for electric
vehicles as shown in Figure 1, with 78% optical efficiency on the CPV cells and a large
half-acceptance angle of 47.8°, with a concentrator ratio of 4x. The overall photovoltaic
efficiency of the module per day is 25%. Thus, when this structure is combined with
high-efficiency solar cells, it can be a viable option for electric vehicles.
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Figure 1. The proposed static CPV module for an automotive application. (a) CPV module is installed
on the car roof. (b) The detailed structure of the static CPV module.

2. Concept of Static Concentrator Photovoltaics Module for Electric Vehicles

Conventional optical concentrators can be divided into two classes: static concentra-
tors and active concentrators. Active concentrators are difficult to apply to automotive
applications because vehicles require stability. Therefore, in this study, we introduce a
new design method for a static CPV system that is completely based on a non-imaging
compound parabolic concentrator (CPC) [9]. Figure 2 illustrates the design of a static
CPV system for an automotive application with solid CPCs, three-junction solar cells (In-
GaP/GalnAs/Ge), and a Si cell panel. The CPCs encapsulate the three-junction cells atop
the Si cell panel. Since the top surface shape of the CPC is circular, when CPCs cover the
entire area of the roof, considering the area ratio between circle and square, the fill rate
becomes about 80%. The module is covered by transparent glass. This system permits entry
of diffused sunlight with a wide incidence angle range. Diffused light is collected by the Si
solar cell. Direct sunlight with an incidence angle less than the acceptance angle of the CPC
is captured by the CPC by total internal reflection (TIR) at the boundaries and absorbed in
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the multi-junction solar cells at the bottom. When the incident light exceeds the acceptance
angle of the CPC, it leaks out of the CPC and is collected by the Si solar cell at the bottom.

Glass CPV cell

o g

CPC

Si PV cell

Figure 2. Concept of the static concentrator photovoltaics module. The light (green) with an incidence
angle greater than the acceptance angle of the CPC leaks out of the CPC and enters the Si cell. The
light (red) with an incidence angle less than the acceptance angle of the CPC is captured by the CPC
and enters the CPV cells.

The compound parabolic concentrator (CPC) is a non-imaging optical device [10]. It
is composed of two parabolic curved surfaces with their axes of symmetry tilted to create
a specific acceptance angle through which divergent light is collected. The structure and
design concept of CPC are shown in Figure 3. The axis of the parabolic is inclined at angles
of 8 with respect to the symmetric axis of the collector. Light rays that come to the (din)
segment with an angle of incidence equal to 6 will focus on the focal point of the parabolic,
while rays with an angle of incidence less than 0 will reach the (dout) segment.

- i - din

symmetric axis
of the CPC

Focal point
of the Parabola

Figure 3. The structure and design concept of the CPC.

The concentration ratio (Cg) of the CPC is the area ratio of the top surface (din) to
the bottom surface of the CPC (doyt), which is inversely proportional to the sine square
of the half-acceptance angle for the standard symmetrical mirror CPC. The relationship
between the Cr and the half-acceptance angle for a three-dimensional compound parabolic

concentrator is as follows: .

R= sin2(0)

where 0 is the half-angle of the acceptance angle (of the larger aperture).

M
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The corresponding geometrical concentration ratio is approximately 2.25 for the half-
angle of the acceptance angle at 41.8°, 4 for 30°, and 6.25 for 23.5°. To reduce the CPV cell
size, we can increase the geometrical concentration ratio [11], but the acceptance angle will
be smaller. The use of a solid dielectric (acrylic) CPC could allow an extended acceptance
angle without decreasing the geometrical concentration ratio based on Snell’s law. For
example, when using a mirror CPC with a concentrator ratio of 4, if light enters the CPC at
an incidence angle of 30°, it will reach the focal point, whereas light at an incidence angle
less than 30° would go to the aperture. A solid CPC is made of dielectric material with the
same configuration as a mirror CPC. The acceptance angle of a solid CPC will be widened
due to refraction when light travels from the air to the CPC medium, while the internal
acceptance angle of the CPC is the same as the mirror CPC due to total internal reflection.
According to Snell’s law, as shown in Figure 4, a CPC made of acrylic with a refractive
index of 1.49 will have an extended acceptance angle from 30° to 44.7°; therefore, light with
an angle of incidence less than 44.7° can be refracted and then reach to the base of the CPC.

lost

To
silicon cell
Incidence angle = 0° Incidence angle = 30°  Incidence angle =45°  Incidence angle = 55°
(a) (b) () (d)

Figure 4. A ray-tracing simulation model for the solid CPC with a concentration of 4 under different
incidence angles. (a) Incidence angle = 0°, (b) incidence angle = 30°, (c) incidence angle = 45°, and
(d) incidence angle = 55°.

The use of a solid dielectric also helps to improve the overall efficiency of the system
as light with an incidence angle greater than the acceptable angle does not escape but is
captured by the underlying Si solar cell. When the incidence light exceeds the acceptance
angle of the CPC, it is collected by the Si solar cell, as shown in Figure 4c,d. Specific optical
performance is discussed in Section 3.

3. System Design and Simulation Results
3.1. System Design

We designed a system for performance simulation. The module size was 1 x 1 m.
It had solid CPCs with different concentration ratios, and the same output size of 1 cm-
diameter was chosen for comparison analysis. The 1 cm size was chosen because commer-
cial multijunction solar cells are available on the market in this size, which allowed us
to make the actual system for further experiments. The selected concentrator ratios were
Cr =2.25,Cgr =4, and Cg = 6.25. For different concentration ratios, the height and volume
of the CPCs changed. They also changed according to the output aperture size. For a small
aperture size, the number of total CPCs required for a 1 X 1 m module increased. Therefore,
there was a trade-off between the size of the aperture for a higher concentration ratio and
the number of CPCs for the module.

3.2. Optical Efficiency

To validate the module design, we simulated the dependence of the optical perfor-
mance on the angles of incidence. The optical efficiency of our designed module included
the optical efficiency of multi-junction solar cells and PV cells calculated based on the ratio
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of light captured by each type of solar cell to the total incident light power. The simulation
setup is shown in Figure 5. The incident light used had a collimation angle of 0.26° and a
spectral range of 200-2500 nm, similar to that of direct sunlight [12]. The power of the light
source was 1000 watts, and the area of the module was 1 x 1 m.

@
o
S

100 cm

Figure 5. A ray-tracing simulation setup for the solid CPC module under different incidence angles.

The optical efficiency of the module according to the incidence angle of direct sunlight
was simulated using LightTools™ software (Version 9.0, Synopsys, Inc., Mountain View,
CA, USA). The angles of incident sunlight were changed from 0° to 70° to determine the
light energy obtained by the multi-layered solar cells and the Si solar cell.

Figure 6 shows the simulation results of the dependence of optical performance of
each module on the incidence angle, with incident angle ranging from 0° to 70°. The results
showed that the simulation was consistent with the calculation of the acceptance angle of
the CPC presented in Table 1. The optical efficiency of the CPC at incident angle of 0° was
78% and remained constant when the angle of incident light was less than the acceptance
angle of the CPC. The optical efficiency of the PV panel remained constant at approximately
20% within the acceptance angle range of the CPC. The overall optical efficiency of the
module was over 97% and only decreased when the incidence angle of the light was larger
than the acceptance angle of the CPC.
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Figure 6. Simulation results: the optical efficiencies as a function of incidence angles for different
concentration ratios, (a) Cr = 2.25, (b) Cg =4, and (c) Cr = 6.25.
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Table 1. Main parameters of the static CPV module.
Specifications
Concentration ratio 2.25
Module 1 Module thickness 14 mm
Half-angle of acceptance 62.3°
Concentration ratio 4
Module 2 Module thickness 20 mm
Half-angle of acceptance 44.7°
Concentration ratio 6.25
Module 3 Module thickness 25 mm
Half-angle of acceptance 35°
Module size 100 x 100 cm
CPC material Acrylic
. CPV cell type Triple-junction (GaInP/GalnAs/Ge)
General characteristics CPV cell diameter 10 mm
Efficiency of CPV cells 35%
Efficiency of PV cell 20%

The optical loss was due to material absorption and Fresnel loss. The optical efficiency
of 78% achieved on the CPV cells can be explained as a filling ratio of CPC over the entire
module area, which was 80%. When the incident light had an angle greater than the
acceptance angle, it escaped from the CPC and went to the Si solar cell on the bottom. Small
loss occurred because light rays with too large of an angle were reflected inside the CPC

walls and exited the module. This was particularly significant when the incidence angle
reached 60°.

3.3. System Performance and Discussion

The daily power generation efficiencies of the three types of modules were evaluated
using LightTools™ software. In the simulation, two locations were selected: Phoenix
(USA) and Seoul (Korea), representing regions with high direct normal irradiance (DNI)
and low DNI, respectively. Solar radiation during the day at the two locations is shown in
Figure 7. Phoenix has a high direct solar irradiance of up to 90% of total irradiance during
the day and long sunshine hours, while Seoul represents the northern hemisphere climate
with approximately 50% of direct irradiance. The total solar irradiance during the day is
also less than in Phoenix. The contrast between climate conditions helped us evaluate the
effectiveness of the design under different weather patterns.

1000- 090
_ I,»‘”H_'_ £ S 804 —=— Direct sunlight
cg 800 o \ € —s— Diffuse sunlight
S 600- / "" = 0
o] ! —= Direct sunlight | | §
& 400 | | —e—Diffuse sunlight| | & 400
5 ‘ \ o
o ! ~ E
E 200 / \ = A
§ / \'\ E
8  0fees : 3 0

4 6 8 10 12 14 16 18 20 4 6 8 10 12 14 16 18 20

Time (hour) Time (hour)

() (b)
Figure 7. Solar irradiance during a day in (a) Phoenix (USA) and (b) Seoul (Korea) for simulation.

Since the solar module for electric vehicles is a fixed panel, in this assessment, the
power generation efficiency was compared with global horizontal irradiance (GHI), which
is the total irradiance from the sun on the horizontal surface of the earth [13]. It is the sum
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of DNI (after accounting for the solar zenith angle of the sun (z)) and diffuse horizontal
irradiance (DHI) [14]:

GHI = DHI + DNI X cos(z) )

In Phoenix, the total solar irradiance (TSI) for 1 m? measured perpendicular to the
incoming sunlight is 11,450 Wh/day, and the GHI is 8248 Wh/day. In Seoul, the TSI is
7615 Wh/day, and the GHI is 6270 Wh/day for 1 m2. We simulated the amount of solar
power coming to the static CPV modules in two different climates and calculated the power
generation of the proposed system. The InGaP/InGaAs/Ge three-junction solar cells used
in our system had a conversion efficiency of 35% [15]. The PV cell conversion efficiency
was 20%. The power conversion efficiency of the proposed system can be calculated using
the following equation:

®)

Figures 8 and 9 show the optical powers of three different modules with a size of
1 x 1 m in Phoenix and Seoul. The total energy of each type of solar cell can be calculated
by taking the integral of the output power over a day.

Psystem = 1/pv cell X Total energy to PV cell + 7cpy cenis X Total energy to CPV cells
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Figure 8. The optical powers of three different modules in Phoenix: (a) module with Cg = 2.25,
(b) module with Cg =4, and (c) module with Cg = 6.25.
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Figure 9. The optical powers of three different modules in Seoul: (a) module with Cgr = 2.25,
(b) module with Cg =4, and (c) module with Cg = 6.25.

The results showed that, in most cases, the module with Cr = 2.25 had the best effect.
For the high DNI region, the peak of optical power obtained by the CPV cell had no
significant difference. However, for the low DNI region, the peak of optical power obtained
by the module with Cgr = 2.25 was 19% to 25% higher than that of the modules with
Cr =4 and Cg = 6.25. Different modules also had different effective working times. The
module with Cgr = 6.25 with a low acceptance angle could effectively focus light on the
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CPV from 10:00 A.M. to 2:00 PM. (4 h), while the module with Cg =4 and Cg = 2.25 had an
effective working time from 8:00 A.M. to 4:00 PM. (8 h) and 6:00 A.M. to 6:00 PM. (12 h).
Thus, the module with Cr = 4 had a time quite similar to the average commute time of
7.9 h/day [16] and was also the time with the highest solar radiation of the day in most
cases [17]. This is also important information for car manufacturers to make a decision
between the production cost and the efficiency of solar panel modules.

To evaluate the effectiveness of our system, we compared the performance of our
CPV-based method with the PV method. The results are shown in Table 2. Table 2 shows
the energy generation and daily module efficiency of each system per day in Phoenix
and Seoul.

Table 2. Performance comparison among three types of static CPV modules and a conventional
PV panel.

Location Parameter Cr =225 Cr=4 Cr =6.25 PV Panel
Solar cell Three-junction cells with efficiency of 35% + Si cell Si cell with
with efficiency of 20% efficiency of 20%
Power generation by CPV cells 2.14 kWh 1.631 kWh 1.24 kWh 0
Phoenix Power generation by PV cells 0.375 kWh 0.568 kWh 0.71 kWh 1.65 kWh
Daily module efficiency 30.5% 26.7% 23.6% 20%
Power generation by CPV cells 1.57 kWh 1.10 kWh 1053 kWh 0
Seoul Power generation by PV cells 0.295 kWh 0.482 kWh 0.44 kWh 1.26 kWh
Daily module efficiency 29.75% 25.15% 23.9% 20%

There were no significant differences in performance among the module types for
the two locations. The lowest module efficiency was the module with Cr = 6.25, with a
value of 23%, and the largest was Cr = 2.25, with an efficiency of over 30%. The efficiency
results can be significantly greater when the module uses solar cells with higher efficiency,
such as tandem solar cells with an efficiency of approximately 29% [18]. CPV cells with an
efficiency of approximately 45% have been reported in recent studies [19].

An outstanding advantage of our design is the flexibility in the structure of the CPC.
The CPCs are separate so that they can be flexibly arranged based on the shape of the car
roof, as shown in Figure 10.

Figure 10. The flexible structure of the static CPV module for vehicle applications.

4. Conclusions

In this study, static CPV modules for car application were designed, simulated, and
calculated. The structure of the module included CPCs, multi-junction solar cells, and
a Si cell panel. The design can freely change the concentrator ratio of the CPC to suit
different requirements of vehicle manufacturers. The results showed that the structure
has high optical efficiency when sunlight has an angle of incidence smaller than that of
CPCs, reaching 78% in all cases. The simulation results and the system’s converted energy
calculation for different climatic conditions showed that the performance of the proposed
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system was significantly superior to that of the traditional PV-based method. With an
ordinary electric vehicle with an average consumption of 132 Wh/km [20], a module with
a size of 1 m? can help the car run from 10 to 17 km/day, and the driving distance increases
according to the size of the module. The results also showed that our design has consistent
and reliable performance in different weather conditions and locations.

Further studies will focus on the flexibility of the static CPV module, and experiments
are needed to verify the calculation and simulation results. However, current research has
revealed the huge potential of this structure to be applied to electric vehicles.
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