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Abstract: This research paper delves into the potential use of solar energy as an alternative energy
source for future vehicles. The study introduces a system that overcomes the limitations of traditional
solar panels by achieving a reduced thickness of less than 35 mm, while acknowledging the challenges
faced by vehicles, such as the inability to maintain a fixed orientation towards the sun and frequent
shading from surrounding objects. To tackle these challenges, our system incorporates the design of
an asymmetrical and extended polynomial lens and optimizes it to widen the acceptance angle of
incident sunlight, enabling the solar panels to capture a wider range of solar radiation, even when the
vehicle is not ideally aligned with the sun. The goal of this innovative design is not only to maximize
energy output in urban conditions, ensuring efficient solar utilization despite shading challenges, but
also to maintain a compact, lightweight structure suitable for installation on vehicle rooftops and
competitive with ordinary PV panels. Additionally, our system is a tracking and heat spreader-free
structure. This simple structure enables cheaper mass production and the lightweight nature of the
structure results in affordable manufacturing and assembly processes. Through collaboration with
micro-fabrication, macro-electronic industries, and micro-LED technologies, our system is a strong
candidate for a low-cost, high-efficiency system. The results show an optical efficiency of around
52.53% for incident rays at a 45◦ angle, with the remaining rays captured by adjacent lenses resulting
in a total optical efficiency around 76%.

Keywords: micro-CPV; CO2 emission; optical efficiency; solar-powered vehicle

1. Introduction

Global efforts to combat climate change and reduce reliance on fossil fuels are driving
the push for renewable energy and increased energy efficiency. Governments worldwide
are supporting clean energy growth and promoting innovative practices to improve energy
efficiency, particularly in the transportation industry, a major contributor to greenhouse
gas emissions, with a 25% share. The shift towards electric vehicles (EVs) is a promising
step, but for a meaningful reduction in emissions, the electricity powering EVs must come
from cleaner energy sources. Solar energy, especially in countries with high sun radiation
like Morocco, is being explored as a solution for powering EVs. Several automobile
manufacturers have shown interest in using photovoltaics (PV) as an energy source for
vehicles [1–6], with studies indicating potential energy savings and increased solar energy
production [7–10]. Incorporating PV panels on car roofs has been shown to result in
significant energy savings and reduced CO2 emissions [11].

Nonetheless, achieving a significant reduction in greenhouse gas emissions is difficult
due to the low efficiency of traditional flat PV panels and the space limitation of the vehicles
(2.5 m2 for the hood and roof) [12], leading many automotive manufacturers to abandon
plans for solar-powered cars. To improve solar energy harvesting, increasing the efficiency
of PV systems is necessary, with multi-junction solar cells showing promise. These cells
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have a wide spectral sensitivity and can convert a large fraction of sunlight wavelengths.
Efficiency milestones have been reached [13], with plans to produce even more efficient cells
in the future [14,15]. While these cells are more expensive than silicon cells, concentrator
photovoltaic technology allows for the use of smaller, high-efficiency cells. This technology
uses optical systems to concentrate sunlight onto smaller solar cells, reducing the area
needed for expensive multi-junction (MJ) cells while maintaining high power output [16].

Several studies have been conducted to study the applicability of this technology in
the automotive sector [11,17,18]. Araki et al. [19] discussed the market potential of car roof
PV installations and the suitability of static concentrator photovoltaic (CPV) systems for
this application. Sato et al. [20] presented the design of a partial CPV module specifically
designed for car roof applications. The system is based on a low-concentration static
III-V/Si module that results in an annual efficiency of 27.3%. This efficiency allows for
driving a distance of 27 km/day, assuming the best currently reported cell efficiency of the
three-junction and Si cells. Despite the self-shading effect of the curved car roof, which
causes non-uniformity in power generation. Also, the system presented reflection losses
that also reduced the power generated by the system, resulting in a capability of collecting
only 46.6% of the annual solar radiation incident on the car rooftop surface. Meanwhile,
they used a hybrid structure with a Si solar cell incorporated that helps collect 36.4% of
the annual incident solar radiation. This hybrid structure improved the power generation
performance to match conventional Si PV systems. Vu et al. [21] emphasized the use
of MJ solar cells with a flat CPV system to increase efficiency, noting the challenge of
maintaining stability in vehicle structures due to sun-tracking mechanisms. Although their
system shows a higher concentration ratio, and its suitability for high-DNI regions and
employs an innovative structure based on spectrum splitting to improve performance. It
acknowledges several limitations, including irradiance uniformity due to mirror usage
and the need for additional features such as anti-reflection coatings that add more cost
to the overall cost of the system, dependency on direct normal irradiance, and scalability
challenges. Due to the complexity of the sun-tracking mechanism proposed, especially
in automotive applications, space and design constraints are critical. Additionally, Vu
et al. [22] introduced a static flexible concentrator photovoltaics module for electric vehicles,
further exploring the potential of CPV systems in automotive applications. Vu et al. explore
the use of the CPC as a concentrator. Although the system showed 25% annual efficiency, it
still presents several limitations, namely the non-homogeneity of the irradiance and optical
losses resulting from the TIR nature of the CPC concentrators. Although the CPCs present
a wider acceptance angle than traditional lenses, they still require proper alignment with
the sun for optimal performance (they perform poorly under cloudy or diffuse lighting
conditions), which necessitates additional tracking mechanisms. Kenji et al. [23] calculated
the minimum power conversion efficiency required for photovoltaic systems on car roofs
to support the energy needs of electric vehicles, considering factors like vehicle mileage per
kilowatt-hour of electricity. Furthermore, focus and efforts are going toward utilizing CPV
systems for car roof applications, focusing on efficiency, standardization, and innovative
design approaches to maximize solar energy utilization in electric vehicles. In this sense,
micro-concentrator photovoltaics (MCPV) has been proposed as a promising alternative to
leverage the technical achievements of CPV technology, while aiming to reduce costs by
designing thinner modules with simplified manufacturing processes [24].

MCPV systems utilize smaller cells and optics compared to conventional CPV mod-
ules, with solar cell sizes less than a millimeter and concentrator optics a few centimeters
thick [25–28]. This approach offers several advantages and addresses challenges faced by
traditional CPV systems [27]. On the one hand, reducing the size of solar cells leads to
lower heat input and temperatures, making thermal management easier without requiring
external systems. Conductive interconnects help dissipate heat, and the lower total current
received by each cell ensures that electrical performance is not greatly affected by any
uneven flux distribution [29]. On the other hand, in this configuration, using full lenses
instead of Fresnel lenses increases optical efficiency by omitting their draft angles or rip
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rounding losses [28]. One last innovation MCPV brings is integrated tracking, which elimi-
nates the need for bulky external structures [25,30,31]. All these make the MCPV system a
suitable alternative for rooftop and car roof markets that were otherwise inaccessible with
traditional CPV technology.

This research paper explores the potential application of solar power as an alternative
energy source for future automobiles. The study introduces a system that addresses the
limitations of traditional solar panels by achieving a reduced thickness of less than 20 mm.
Recognizing the inherent challenges vehicles face, such as the inability to maintain a fixed
orientation relative to the sun and the frequent shading from surrounding objects like
buildings and trees, our proposed system is designed to cover all these factors.

To overcome these obstacles, our system incorporates the design of an asymmetrical
extended polynomial lens. This is different to traditional symmetrical lenses that struggle
with variations in solar angles and irregular surface geometries, leading to inefficiencies
in light capture. Our asymmetrical lenses offer tailored control over focal length and spot
size, minimizing optical aberrations, ensuring precise control over the distribution of solar
irradiance, improving energy capture efficiency.

The asymmetry also serves to expand the acceptance angle of incident sunlight, allow-
ing the solar panels to capture a broader range of solar radiation even when the car is not
ideally positioned relative to the sun.

Furthermore, a key aspect of our proposed system is its emphasis on maintaining
a thin structure. We recognize the importance of reducing weight and ensuring aerody-
namic efficiency in automobiles, which directly impacts their performance and energy
consumption. Our system aligns with these objectives by enabling a compact, lightweight
concentrator system (thickness of less than 20 mm) without sacrificing optical performance.

This paper is organized as follows: In Section 2, the methods and specifications
are outlined, including the targeted cars and site of use, as well as the determination of
solar irradiance. Section 3 provides a detailed description of the proposed MCPV system.
Section 4 discusses the conducted simulation and the achieved results. Finally, Section 5
presents the conclusions drawn from the study.

Our research methodology and the organization of our paper are presented in Scheme 1.

Energies 2025, 18, x FOR PEER REVIEW 4 of 18 
 

 

 

Scheme 1. Flow chart illustrating the research methodology and the organization of the paper. 

2. Methodology and Specifications 
2.1. Targeted Car and Site of Use 

In this research, a micro-photovoltaic concentrator was developed and optimized for 
a Dacia Spring vehicle, which is a city car manufactured by Dacia. The reason behind this 
car choice was firstly because the Dacia Spring is so affordable in comparison to other 
ones, and it is the most predominant car in the Moroccan market. Furthermore, the Dacia 
Spring features a spacious and level rooftop that is ideal for accommodating an MCPV 
system. The rooftop of the Dacia Spring measures 2.4 m2. The Dacia Spring is equipped 
with lithium-ion batteries of 26.8 kWh, which allow the car to travel 8.3 km per kWh [32]. 
A survey conducted to assess Moroccan attitudes towards electric cars found that the ma-
jority of the population relies on personal vehicles for daily commutes, with many travel-
ing less than 30 km per day. By dividing 30 km (daily traveled distance) by 8.3 km/kWh, 
the vehicle would require 3.61 kWh of electricity per day, equivalent to an average of 1318 
kWh/year annually. Furthermore, the study was performed in the Fez region (latitude: 
33°59′58″ N, longitude: 4°59′22″ W, and altitude: 450 m). Fez, in northern Morocco, offers 
medium-to-high solar energy potential, with annual Global Horizontal Irradiance (GHI) 
averaging 5.5–6.0 kWh/m2/day and exceeding 7.0 kWh/m2/day in summer due to clear 
skies and optimal solar angles. Direct normal irradiance (DNI) is similarly robust, peaking 
at 7.0–8.0 kWh/m2/day during the summer months, making the region suitable for solar 
power systems, including concentrated photovoltaics. While Diffuse Horizontal Irradi-
ance (DHI) is relatively low at 1.5–2.0 kWh/m2/day, Fez surpasses coastal areas and moun-
tainous regions in solar potential, with fewer environmental challenges such as Sahara’s 
sandstorms or coastal humidity. These conditions reduce system maintenance require-
ments, enhancing long-term performance and usability. Fez’s hot, dry summers and abun-
dant clear-sky days further solidify its viability for sustainable solar energy deployment. 

In order to guarantee the effectiveness of our system, it is essential to achieve a high 
electricity conversion efficiency that is sufficiently high to support driving distances well 
beyond typical daily trips. To do so, first, we need to define the solar irradiance received 
on the car roof. However, as the car’s orientation is not related to the position of the sun 
and the car roof is often shaded by the surrounding environment (buildings and trees), 
there is no direct relationship between the sun’s direction and the direction of the panels. 
Thus, it is vital to redefine the incident angle of sunlight received by the car roof for an 
accurate design of the optic concentrators. 
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2. Methodology and Specifications
2.1. Targeted Car and Site of Use

In this research, a micro-photovoltaic concentrator was developed and optimized for
a Dacia Spring vehicle, which is a city car manufactured by Dacia. The reason behind this
car choice was firstly because the Dacia Spring is so affordable in comparison to other
ones, and it is the most predominant car in the Moroccan market. Furthermore, the Dacia
Spring features a spacious and level rooftop that is ideal for accommodating an MCPV
system. The rooftop of the Dacia Spring measures 2.4 m2. The Dacia Spring is equipped
with lithium-ion batteries of 26.8 kWh, which allow the car to travel 8.3 km per kWh [32]. A
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survey conducted to assess Moroccan attitudes towards electric cars found that the majority
of the population relies on personal vehicles for daily commutes, with many traveling
less than 30 km per day. By dividing 30 km (daily traveled distance) by 8.3 km/kWh,
the vehicle would require 3.61 kWh of electricity per day, equivalent to an average of
1318 kWh/year annually. Furthermore, the study was performed in the Fez region (latitude:
33◦59′58′′ N, longitude: 4◦59′22′′ W, and altitude: 450 m). Fez, in northern Morocco, offers
medium-to-high solar energy potential, with annual Global Horizontal Irradiance (GHI)
averaging 5.5–6.0 kWh/m2/day and exceeding 7.0 kWh/m2/day in summer due to clear
skies and optimal solar angles. Direct normal irradiance (DNI) is similarly robust, peaking
at 7.0–8.0 kWh/m2/day during the summer months, making the region suitable for solar
power systems, including concentrated photovoltaics. While Diffuse Horizontal Irradiance
(DHI) is relatively low at 1.5–2.0 kWh/m2/day, Fez surpasses coastal areas and moun-
tainous regions in solar potential, with fewer environmental challenges such as Sahara’s
sandstorms or coastal humidity. These conditions reduce system maintenance requirements,
enhancing long-term performance and usability. Fez’s hot, dry summers and abundant
clear-sky days further solidify its viability for sustainable solar energy deployment.

In order to guarantee the effectiveness of our system, it is essential to achieve a high
electricity conversion efficiency that is sufficiently high to support driving distances well
beyond typical daily trips. To do so, first, we need to define the solar irradiance received on
the car roof. However, as the car’s orientation is not related to the position of the sun and
the car roof is often shaded by the surrounding environment (buildings and trees), there is
no direct relationship between the sun’s direction and the direction of the panels. Thus, it
is vital to redefine the incident angle of sunlight received by the car roof for an accurate
design of the optic concentrators.

2.2. Solar Irradiance Determination

First, the hourly irradiance data for a full year in the Fez region of Morocco were
obtained from the National Solar Radiation Database (NSRDB). For car roof applications,
when designing an optical concentrator, it is important to consider diffused sunlight as
there is no tracking system, unlike traditional concentrators.

However, to accurately calculate the irradiation on the car roof, the vehicle-specific
environment must also be considered. Vehicles face challenges in maintaining a consistent
orientation towards the sun due to their dynamic and independent orientation relative to
the sun’s position. Additionally, they are often shaded by surrounding objects while in
motion or parked. As a result, a new model is needed to accurately estimate the amount of
sunlight received by a vehicle roof, accounting for both the vehicle’s specific operational
environment and physical obstacles present in urban settings, which may lead to losses for
both direct and diffuse components.

Since there is no correlation between the sun position and the car direction, it is further
assumed that the diffuse irradiance is isotropic and depends only on the sky view factor,
which represents the visible fraction of the sky. This dependency excludes factors like sun
position, latitude, time of year, and street orientation. The irradiance losses can then be
estimated based on the sky view factor, obstruction angle, and height–width ratio. In this
study, we assumed an urban area close to obstructive sources such as buildings and trees,
as depicted in Figure 1, assuming an infinite urban canyon with a specific orientation. For
the sake of simplification, mean values were assumed for the height of buildings (hbuil),
road width (droad), vehicle width (dcar), and height (hcar). The following values were used:
h_buil of 17.5 m and d_road of 15 m [12,33].
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As presented in Figure 1, in the context of an infinitely long canyon, the obstruction
angles for cars moving in the middle of the street (α) and those parked at the edge of the
street (β) depend on the azimuth angle γ [34]. By applying trigonometric relationships, the
obstruction angles for cars driving (in the middle of the street) (α) and those parked (at the
edge of the street) (β) can be calculated as follows:

For moving cars,

α = tan−1 Hbuil

W/2
√
(1 + tan γ)

(1)

For parked cars,

β = tan−1 Hbuil

W
√
(1 + tan γ)

(2)

The total diffuse irradiance ID is the irradiance that would be received by a completely
unobstructed horizontal surface. However, obstructions such as buildings or trees reduce
the amount of diffuse light reaching the surface. This reduction can be quantified by the
percentage loss (C) given by the following:

C = 1 − SVF (3)

For moving cars,
SVF = cos2 αavg (4)

αavg is the average of the obstruction angle for cars in motion.
For parked cars, it will be as follows:

SVF =
1
2

cos2βavg (5)

βavg is the average of the obstruction angle of parked cars.
The actual diffuse irradiance received by the vehicle roof, Id,car roo f , can then be calcu-

lated as follows:
Id,car roo f = Id × SVF (6)

On other hand, when it comes to direct irradiance, two key aspects have to be checked
in order to analyze the reduction in the solar energy received by the vehicles and to assess
the shading effect, whether they are in motion or parked. These key aspects are the sun’s
position in the sky and the orientation of the street in the city.
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To assess the solar potential lost due to shading from the surrounding environment,
we first had to assess the maximum solar energy available under ideal conditions. For this,
we estimated the daily unobstructed horizontal irradiance IB,Horizontal as follows:

IB,Horizontal =
∫ ws

wr
IB0 × cos θdw (7)

IB0 represents the direct normal irradiance (DNI); wr, ws are the sunrise and sunset
angles, respectively; and θ is the incident angle given by the following equation:

cos θ = sin δsin φ + cos δcos φcos w (8)

φ is the latitude of the location, δ is the declination angle, and wr,s (sunrise and sunset
angles, respectively ) are calculated as follows:

wr,s = cos−1
(
− sin δsin φ

cos δcos φ

)
(9)

The daily irradiance for a canyon can be given by Equation (10), which incorporates
sunrise and sunset angles (wr, ws, respectively), the incident angle (θ), and direct normal
irradiance (DNI) denoted as IB0.

Moreover, to ensure accuracy, this calculation filters irradiance to include only the
periods when the sun’s position exceeds the obstruction angle, derived from Equation (11).
The obstruction angle (defined above in Equations (1) and (2)), determines the threshold
beyond which sunlight is blocked. By applying this filter, the model accounts for only the
usable, unobstructed solar irradiance.

IB =
∫ ws

wr
f (w)× IB0 × cos θdw (10)

f (w) =

{
1, i f θ > α
0, otherwise

(11)

The losses in the daily direct irradiance received by car roofs can be calculated
as follows:

C =
IB,H − IB

IB,H
(12)

In our case, on the one hand, the resulting diffuse irradiance losses were about 60%,
which means that 60% of the diffuse irradiance is not received by the car roofs because
they are shaded by nearby obstacles (represented by an angle of around 50◦) throughout
the day. On the other hand, 22% of the direct irradiance was lost due to the obstruction
of buildings. The resulting hourly values of solar radiation received by the moving cars’
roofs are presented in the Figure 2. The figure illustrates a comparison of irradiance
received on a vehicle’s roof in an obstructed environment versus an unobstructed surface
throughout the day on June 21 in Fez. The solid blue line shows the sunlight on the car
roof with obstructions, while the dashed orange line represents the unobstructed sunlight.
The shaded area between the two lines indicates the loss of sunlight due to obstacles
like buildings and trees. The analysis demonstrates that sunlight losses are highest in
the hours after sunrise and before sunset when the sun is low in the sky. During these
times, obstructions create longer shadows, reducing the sunlight reaching the vehicle’s roof.
Conversely, around solar noon when the sun is highest in the sky, direct sunlight can reach
the car’s roof more easily, reducing the shading impact. However, even at peak hours, the
sunlight on the vehicle is still lower than on an unobstructed surface, showing the ongoing
influence of surrounding structures.
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Figure 2. Comparison of irradiance on a vehicle’s roof in an obstructed environment versus an
unobstructed surface.

Furthermore, to validate the findings, theoretical annual calculations were compared
to results from solar radiation analysis in ArcGIS Pro (V.3). First, the annual solar data of
the region were obtained and extracted from NREL datasets. Then, the city map of the
Fez region was obtained from Open Street Maps. Then, these data were clipped to specific
areas, namely road networks and building zones, to identify the shaded regions accurately.
Furthermore, the digital elevation model of the clipped area and ArcGIS area solar radiation
model were used to analyze the city’s solar energy potential, considering shadows from
buildings and topography (see Figure 3). The calculated loss of 60% diffuse irradiance
closely matched the ArcGIS results, confirming that areas with higher obstruction angles
experienced greater reductions in solar radiation. This alignment between theoretical
calculations and ArcGIS data enhances the reliability of the analysis, demonstrating the ef-
fectiveness of these calculations and data in quantifying shading losses. By combining these
methods, we can improve the accuracy of solar energy assessments and make informed
decisions about solar infrastructure placement in urban settings.

Figure 3 presents the distribution of solar radiation received by roads in Fez city. The
map uses a color gradient to indicate varying levels of irradiance, with the darkest red
areas representing the highest levels. These red-marked roads are likely wide streets with
minimal shading, allowing for optimal exposure to sunlight throughout the day. The
increased sunlight could be also linked to the alignment of the roads with the sun’s path,
maximizing solar exposure.

Areas with yellow shading (1060–1460) have moderate levels of solar radiation due
to potential obstructions from nearby buildings or trees. Roads in this category may be
affected by changes in the sun’s position throughout the year or occasional shading from
obstacles. Solar technology in these areas may be slightly less effective compared to the red
zone. Blue and lighter shaded areas (450–1050) have progressively less exposure to sunlight,
likely due to urban obstructions such as buildings. These streets are significantly impacted
by shading from tall buildings or closely spaced urban structures. The lightest areas (below
450) receive minimal irradiance, indicating strong shading or less direct sunlight, possibly
due to narrow streets or tall buildings obstructing sunlight.
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2.3. Specifications

Once the solar irradiance captured by the car has been defined, to guarantee the
effectiveness of the system, it is essential to have a high electricity conversion efficiency
that can power the vehicle for longer distances than the average daily trip. A calculation
of the trip distance dependency on the conversion efficiency was conducted to estimate
the required conversion efficiency of the system. Our calculations assumed that an MCPV
system with dimensions of 2 m × 1.2 m was installed on a Dacia Spring car. Figure 4
illustrates the relationship between the trip distance and the conversion efficiency. The
calculation was based on the following equations:
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Energy needed =
Travled distance

Autonomy
(13)

Solar energy collected = Surface × mean Irradiance × Insolationhours (14)

onversion e f f icency =
available Energy

Collected Solar energy
(15)

The conversion efficiency calculation results indicate that MCPV-powered vehicles
equipped with a 34% efficiency module can travel an average of 30 km per day. This
efficiency is achievable and promising. With the utilization of high-efficiency MCPV panels
surpassing 34%, it becomes possible for the majority of households to power their cars with
solar energy instead of relying on gasoline. This presents an exciting prospect for a cleaner
and more sustainable society. One way to achieve this goal is by utilizing III-V cells, which
have been demonstrated to be cost-effective while maintaining a high conversion efficiency.
Furthermore, incorporating a concentrator can further reduce costs by decreasing the total
cell area, making a static concentrator ideal for automotive applications. Concentrators
with III-V cells provide various other benefits, including the ability to be mounted on a
3-D curved surface [35], which provides resistance to partial shading. In the next section, a
detailed description of the proposed concentrator will be provided.

3. Proposed CPV System for Automotive Applications

In car rooftop applications, installing a tracker on a vehicle roof can be challenging.
Therefore, a static concentrator is an excellent solution for automotive applications. Static
concentrators with III-V cells provide numerous advantages [36], resistance to partial shad-
ing, and a potential improvement in aerodynamics by implementing suitable structures.

To be competitive, our module height should be minimized and within or less than
the range of a typical PV flat panel, around 35 mm. For cost-effectiveness, plastic materials
are preferred for mass production. Using plastic enables the lens array to be molded,
reducing production costs. In our system design, the concentrator is based on a poly-
methyl methacrylate (PMMA) single lens. Additionally, given the moving nature of the
car and the lack of correlation between the sun position and car direction, as well as the
existence of potential obstructions on the road, the acceptance angle of our optical elements
must be wide enough to intercept solar irradiance at shallow angles.

This study aimed to develop a photovoltaic concentrator system to cover the roof of
a Dacia Spring car with dimensions of 2000 mm × 1200 mm × 35 mm. In order to keep
the system thickness within 35 mm, the parameters of a single lens were selected with
a lens size of D = 10 mm and a curvature radius of r = 17.15 mm. Moreover, the energy
generation decreased as the concentration ratio increased due to the etendue law; for this,
a concentration ratio of 10x was chosen for our system. What is more, since the module
is to be mounted on a car roof, it is necessary to have a higher acceptance angle, and to
ensure it has a larger cell for this, we opted for a three-junction solar cell of 3 mm. To
achieve full coverage of the EV roof, a rectangular array of 200 × 120 lenses is required,
using the chosen parameters for each individual lens. The different parameters of a single
lens, namely the size of the lens D, the radius of curvature r, and the focal length, which is
at the same time the thickness of the lens array, are presented in Figure 5.
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The parameter values for the initial lens profile were achieved through the application
of the edge ray principle where, for extreme rays, the Snell law will be expressed as below
in Equation (16) (see Figure 6):

sin(θ) = nsin r (16)

tan(r) =
d

2 f
with d =

D√
Cg

and f# =
f
D

(17)

sin(θ) = nsin

(
tan−1

(
1

2 f#
√

Cg

))
(18)

where Cg is the geometrical concentration ratio, n is the refractive index of the medium, f#
is the F-number of the lens, defined as the ratio between the focal lengths, d is the cell
diameter, and D is the diameter of the lens.
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4. Simulation and Results

While designing an optical system, three major criteria have to be taken into consid-
eration. First is the optical efficiency ηopt that serves as a crucial measure of the system’s
overall quality. It is defined as the ratio of light power at the concentrator output (receiver)
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to the light power at its input. Another eminent feature of concentrators is the homogeneity
of the concentrated light profile on the solar cell both spectrally and spatially. Non-uniform
illumination leads to local overloaded current densities and efficiency losses due to the
exceeded irradiation levels of some regions as well as increased series resistance [37]. Ad-
ditionally, it might affect cell reliability due to thermal issues or limitations of the tunnel
junction. The last figure of merit is the acceptance angle representing the system’s tolerance
to the misalignment between its optical axis and the axis of the incident solar radiation. The
latter represents the ability of the system to capture higher incident angles; in our case, this
incident angle gathers both direct and diffuse irradiance. This acceptance angle is generally
defined as the incidence angle where the output power reduces to 90% of its maximum
value (the optical efficiency measured at normal incidence 0◦).

To assess the efficiency of our system, we considered the above-mentioned criteria
with the aim of setting the optimal balance between maximizing the optical efficiency,
ensuring the uniform distribution of the flux all over the cell surface, and achieving a wider
acceptance angle.

Our system’s modeling, design, and performance evaluation were carried out using
Zemax Software (V.13). To achieve full coverage of the EV roof, a rectangular array of
200 × 120 lenses was required. However, for time saving and simplicity’s sake, the simula-
tion was performed on a 10 × 10 array with optical power detectors strategically positioned
at the focused areas. The simulations were also based on the use of the irradiance data of
the studied region in order to realistically model the efficiency of our system. Furthermore,
the simulation accounted for various optical losses, such as Fresnel reflection losses and
material absorption. However, certain losses that occur in real-world conditions, such as
misalignment between optical elements, impurities in optical material, and degradation,
were not accounted for in the simulation. These factors will be taken into consideration in
future work when developing the prototype and conducting experiments.

Figure 7 demonstrates the impact of sunlight incident angles on optical efficiency
through simulations conducted at angles ranging from 0◦ to 7◦ with 0.5◦ increments. The
optical efficiency decreases as the sunlight direction increases. As the angle of incidence
increases, the light rays tend to spread out more, making it challenging for the lens to
effectively direct them onto the solar cell. In addition, the cosine law indicates that the
quantity of light striking the surface diminishes in proportion to the cosine of the angle of
incidence. This leads to a significant drop in optical efficiency at higher incident angles.
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Our proposed system showed an optical efficiency of 85.53%, as demonstrated in
Figure 7, which displays the simulated optical efficiency as a function of the incident angle.
The results show that an increase in incident angle leads to a decrease in optical efficiency,
as some sunrays are not captured by the optical system. Furthermore, the acceptance angle,
which is defined as the angle at which the output power decreases to 90% of the optical
power measured at normal incidence (0◦), (θ 90% is approximately 1◦ for our system.

Meanwhile, the irradiance distribution uniformity is generally determined in terms
of variation in the value of a quantity Peak-to-Average Ratio, or PAR, which is defined as
the maximum irradiance divided by the average irradiance of the cell surface. In our case,
the PAR was around 1.2. The distribution of irradiance over the surface of the cell was
non-uniform, as certain areas exhibited peaks while others had lower levels, as shown in
Figure 8, where the irradiance distribution is presented.
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Figure 8. Irradiance distribution over the solar cell.

Our goal is to capture a wider beam of light and increase the acceptance angle of our
system. Based on Equation (18), we suppose that our system accepts rays incident with
θ = 45◦. This value was chosen based on the fact that the studied region has a mean incident
angle of around 34◦; therefore, we opted to construct a model with an incidence angle
exceeding this value to ensure the reliable capture of higher incidence that may originate
from any surrounding obstacles (diffused with higher incident angle). This was the aim
of our optimization process where the radius of curvature and the focal length both were
optimized in a way that our system’s acceptance angle with 45◦, also in a way that lost rays
from the first cell are captured by the following one.

First, an extended polynomial was selected as one of the simplest asymmetrical lens
equations to respond to our goal. Unlike conventional symmetrical lenses that face difficul-
ties with changes in solar angles and irregular surface shapes, resulting in inefficiencies in
light collection, our asymmetrical lenses provide customized control over focal length and
spot size. This helps reduce optical aberrations and ensures precise management of solar
irradiance distribution, enhancing energy capture efficiency. Furthermore, the asymmetry
helps widen the acceptance angle of incoming sunlight, enabling solar panels to gather a
wider spectrum of solar radiation, even when the vehicle is not optimally positioned in
relation to the sun. Furthermore, the primary values of the lens curvature and focal length
were optimized by the orthogonal descent method optimization algorithm provided by ray
trace software.

Figure 9 presents a schematic view of the optimized lens. The optimization results
in an extended polynomial lens with a radius of curvature of 8.1 mm and a shorter focal
length in the range of 16 mm.
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Figure 10 illustrates the optical efficiency of the optimized structure. The findings
reveal that the optical efficiency of the first lens is in the range of 52.53% when the rays are
incident with 45◦; this value is significantly lower than the one obtained before optimization.
However, our structure ensures that the rays missed or not captured by the first lens are
captured by the adjacent one. The adjacent lens in our simulation has an optical efficiency of
around 24%, which results in a total optical efficiency of around 76%, only around 10% less
than the on-axis efficiency obtained by the non-optimized lens, with a higher acceptance
angle of around 45◦.
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Figure 10. The optical efficiency obtained at a 45◦ incident angle with different lenses—the non-
optimized lens, the optimized one, and the adjacent one—to check the rays missing from the opti-
mized lens that were captured by the adjacent lens.

Our system demonstrated its potential by achieving an optical efficiency of approx-
imately 52.5% at an incident angle of 45 degrees using only 3j solar cells, without the
need for additional SI cells or hybridization. It is lightweight and utilizes smaller solar
cells and optics, showcasing its promise compared to the existing literature. For example,
Sato’s work [20] achieved an optical efficiency of 46.6% with larger solar cells and optics,
as well as a hybrid system incorporating SI solar cells to increase the efficiency to 27.3%.
In comparison to flat concentrators like those presented by Vu et al. [21], which utilize MJ
solar cells and a spectrum-splitting prism to achieve an electricity conversion efficiency
of 32.88%, our system stands out for its efficiency and lightweight design. The flat CPV
system presented by Vu et al. was bulky and heavy, with limitations such as irradiance
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uniformity and the need for additional features like anti-reflection coating adding to the
overall cost. Additionally, their sun-tracking mechanism was complex, particularly in
applications with space and design constraints, such as automotive applications. Our
system, on the other hand, offers a lightweight design, high efficiency, and does not require
a complex sun-tracking mechanism. A prototype is all that is needed to test its efficiency
under real-world conditions, showcasing its potential in comparison to flat concentrators
and hybrid systems.

In terms of irradiance distribution, the special non-uniformity of illumination intensity
on the cell’s surface results in a non-uniform current density, i.e., the appearance of lateral
currents between areas of high illumination and less enlightened ones. These lateral
currents generate ohmic losses in series resistance, leading then to a decrease in the fill
factor (FF) [37]. Figure 11a illustrates that the concentrated light is expanded at the focal
plane at this incident angle. The figure shows that the irradiance distribution is not over
the whole surface since it is broadened by the incident angle; it is not homogeneously
distributed over the whole surface, and a hot spot was noticed around the cell side. The
broadening of the concentrated light explains the dependency of the characteristics of the
concentrated light, namely its shape, size, and position on the incident angle. Moreover,
in Figure 11b, it can be noticed that the part of irradiance missed on the first lens was
successfully captured by the adjacent one. Nevertheless, it is worth mentioning that the
broadening of the acceptance angle is achieved at the cost of the on-axis performance (the
optical efficiency as well as the uniformity of the irradiance distribution).
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Furthermore, the resulting structure of the system becomes thinner, which on the one
hand makes it more competitive to flat ordinary PV panels, and on the other hand makes
the lens manufacturing process easier as one can quickly mold it into the shape of the
car roof. The most commonly used arrangement for high concentrators is a honeycomb
for its closeness to a circular disk. Nevertheless, for our application, we opted for a grid
arrangement, which is smoother than a honeycomb and can be easily assembled into the
vehicle roof.

Overall, while our system shows promising results in terms of optical efficiency,
lightweight design, and wide acceptance angle, it is crucial to validate its performance
under real-world conditions. To achieve this, we are currently developing a prototype that
will allow us to assess the system’s effectiveness and reliability in practical settings. This
validation process is essential to ensure that the system performs as expected in diverse,
real-life scenarios.
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5. Conclusions

This research paper explores the potential application of solar power as an alternative
energy source for future automobiles. The study introduces a system that addresses the
limitations of traditional solar panels by achieving a reduced thickness of less than 20 mm.
Recognizing the inherent challenges faced by vehicles, such as the inability to maintain a
fixed orientation relative to the sun and the frequent shading from surrounding objects like
buildings and trees, our proposed system is designed in a way to cover all these factors.

To overcome these obstacles, our system incorporates the design of an asymmetrical
extended polynomial lens. This lens serves to expand the acceptance angle of incident
sunlight, allowing the solar panels to capture a broader range of solar radiation, even when
the car is not ideally positioned relative to the sun.

Furthermore, a key aspect of our proposed system is its emphasis on maintaining
a thin structure. We recognize the importance of reducing weight and ensuring aerody-
namic efficiency in automobiles, which directly impacts their performance and energy
consumption. By utilizing a slim design, our system aligns with these objectives while still
maximizing solar energy conversion.

Overall, this research paper presents a comprehensive investigation into the feasibility
of integrating solar power into future automobiles. Our proposed system addresses the
challenges associated with orientation variability and shading, offering a solution that
incorporates a specific lens design to expand the acceptance angle of sunlight and increase
the energy yield. By maintaining a thin structure, our system aligns with the require-
ments of modern vehicles, aiming to pave the way for sustainable and energy-efficient
transportation solutions.

While our system demonstrates promising results, several areas require further im-
provement. Specifically, the irradiance model needs revising to account for shading caused
by trees and other urban features that cast shadows, as well as the reflected irradiance
from surrounding buildings. Partial shading conditions, which are common in real-world
environments, also need to be incorporated into the model. Additionally, the design of the
whole module needs amending to enable it to fit inside a three-dimensional curved car
roof surface.

A future study will focus on validating the structure under real-world conditions by
developing a prototype of the system and conducting both indoor and outdoor tests.
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Nomenclature

Cg Geometrical concentration ratio
CPV Concentrator photovoltaics
d_car Vehicle width
d_road Road width
DNI Direct normal irradiance
PV Photovoltaics
EV Electrical vehicles
h_buil Height of buildings
h_car Height
h_tree Tree height
MCPV Micro-concentrator photovoltaics
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n_i Refractive index of the incident ray
n_POE Refractive index of the primary optical element
n_SOE Refractive index of the secondary optical element
n_t Refractive index of the transmitted (refracted) ray
PCB Printed Circuit Board
PMMA Polymethyl methacrylate
POE Primary optical element
P_out Absorption losses
PV Photovoltaics
R_f Fresnel losses
SC Static concentrator
SOE Secondary optical element
VIPV Vehicle-integrated PV
θ_(90%) Acceptance angle measured at 90% of the maximal
η_opt Optical efficiency
η_pp Conversion efficiency
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