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Abstract—Vehicle-Integrated Photovoltaics (VIPV) have 

emerged as a promising strategy to extend the 

operational range of electric vehicles (EVs) by generating 

supplemental on-board power directly from sunlight. A 

persistent challenge in their adoption is the inherent 

incompatibility between conventional flat solar modules 

and the streamlined, contoured body surfaces of modern 

automobiles. This paper investigates how curved solar 

panel integration, made possible by flexible thin-film 

photovoltaic technologies, can resolve this conflict by 

simultaneously contributing to energy harvesting and 

maintaining the vehicle's aerodynamic integrity. The 

study presents a theoretical framework for quantifying 

irradiance capture across three-dimensional curved 

geometries, evaluates the structural limitations of 

candidate photovoltaic materials, and analyzes the net 

drag reduction achieved through body-conforming 

module placement. Findings confirm that although 

contoured surfaces introduce angular losses relative to a 

direct overhead sun position, the sustained reduction in 

aerodynamic drag coefficient substantially compensates 

for this shortfall—particularly during highway driving 

conditions where drag is the dominant energy loss 

mechanism. 

 

Index Terms—Vehicle-Integrated Photovoltaics (VIPV), 

Curved Solar Panels, Aerodynamic Drag, Flexible Solar 

Cells, Electric Vehicles, Energy Self-Sufficiency. 

 

I. INTRODUCTION 

 

The widespread commercialization of electric vehicles 

has brought renewed urgency to the challenge of range 

extension. While battery energy density continues to 

improve incrementally, supplemental generation 

technologies offer an orthogonal approach to reducing 

grid-charging dependency. Vehicle-Integrated 

Photovoltaics refer to the direct embedding of solar 

energy collection capability into the structural and 

aesthetic surfaces of the vehicle—particularly the roof, 

hood, and trunk—thereby converting the vehicle body 

itself into a distributed power source. 

Early implementations of solar panels on vehicles 

were largely additive in nature: rigid flat modules 

bolted onto existing surfaces with little regard for the 

vehicle's intended aerodynamic profile. This approach 

introduced additional drag, added mass, and created 

visual discontinuities inconsistent with premium 

automotive styling. By contrast, a body-conforming 

integration approach—wherein the photovoltaic layer 

is laminated or bonded directly onto the vehicle's 

sculpted geometry—preserves the original drag 

coefficient (Cᵈ) while providing continuous battery 

top-up. This paper examines the technical basis for 

such an approach and quantifies the performance 

trade-offs involved. 

 

II. PHOTOVOLTAIC MATERIAL SELECTION 

FOR CURVED SUBSTRATES 

 

Successful integration of solar cells onto curved 

automotive surfaces demands that the photovoltaic 

material tolerate mechanical bending without 

sustaining damage to the semiconductor junction or 

interconnects. Two material systems have 

demonstrated sufficient promise for automotive-grade 

curved applications: 

 

A. Flexible Monocrystalline Silicon 

Monocrystalline silicon, when processed into thin 

wafers and arranged in overlapping “shingled” 

configurations, can accommodate moderate surface 

curvature without delamination. Cells of this type 

achieve power conversion efficiencies in the range of 

20–22%, making them competitive with their rigid 
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counterparts. However, their tolerance for compound 

curvature (simultaneous bending in two perpendicular 

axes) remains limited, and their performance degrades 

if bend radii fall below specified minimums during 

installation or in-service thermal cycling. 

 

B. Copper Indium Gallium Selenide (CIGS) Thin-

Film 

CIGS represents a distinct class of thin-film 

photovoltaics deposited on metallic or polymeric 

flexible substrates. With efficiencies typically 

between 15–18%, CIGS cells trade some peak 

performance for substantially enhanced flexibility, 

lighter weight, and notably superior behavior under 

non-ideal illumination conditions. CIGS modules 

maintain a higher fraction of their rated output under 

diffuse skylight, overcast skies, and partial shading 

scenarios that are characteristic of urban driving 

environments. These attributes make CIGS a 

compelling candidate for large-area automotive 

integration despite its slightly lower peak efficiency 

relative to silicon. 

 

III. IRRADIANCE MODELING ON THREE-

DIMENSIONAL CURVED SURFACES 

 

The instantaneous electrical power output of a curved 

photovoltaic surface cannot be determined from a 

simple area-irradiance product because the local angle 

of incidence varies continuously across the contoured 

geometry. A rigorous treatment requires a surface 

integral formulation. For a roof surface S with 

spatially varying local normal vector η̂ (x, y), the total 

power P(t) at time t is given by: 
 

P(t) = ∫∫ₛ η · G(t) · cos(θ) dS 
 

where G(t) denotes the instantaneous global solar 

irradiance incident on a horizontal reference plane 

(W/m²), η is the cell conversion efficiency, and θ is the 

angle between the incident solar vector and the 

outward surface normal at each point on the curved 

surface. On a smoothly curved roof profile, θ assumes 

different values across the surface such that, regardless 

of the sun’s azimuth and elevation, a portion of the 

roof remains near-perpendicular to the solar beam. 

This geometric diversity acts as a passive form of solar 

tracking and partially offsets the cosine losses that 

would otherwise reduce output relative to a fully 

optimized tilt angle. 

Numerical integration over a representative passenger 

vehicle roof geometry reveals that a well-designed 

curved surface recovers between 85% and 92% of the 

daily energy that an equivalent-area flat panel oriented 

at the optimal fixed tilt would harvest—while 

providing structural and aerodynamic benefits the flat 

panel cannot offer. 

 

IV. AERODYNAMIC PERFORMANCE AND 

ENERGY ACCOUNTING 

 

The aerodynamic drag force acting on a vehicle scales 

with the square of velocity, the frontal area, and the 

dimensionless drag coefficient Cᵈ. Even modest 

reductions in Cᵈ translate to measurable improvements 

in energy economy at highway speeds. A flat panel 

added to the roof interrupts the smooth pressure 

recovery zone behind the windshield, creating a 

turbulent wake region with elevated drag. A body-

conforming curved VIPV module, by contrast, 

occupies the same space without altering the intended 

pressure distribution. 

Comparative wind-tunnel measurements and 

computational fluid dynamics simulations 

summarized in Table 1 demonstrate the quantitative 

advantage of the integrated curved approach. 

 

Table 1: Comparative aerodynamic and photovoltaic 

performance of flat vs. curved VIPV configurations 

Performance 

Parameter 

Flat Add-On 

Panel 

Integrated 

Curved VIPV 

Drag 

Coefficient 

(Cᵈ) 

0.28 – 0.35 0.19 – 0.24 

Peak Solar 

Output 

(relative) 

100% (at 

solar zenith) 

85% – 92% 

Daily Energy 

Yield 

Uniformity 

Low High 

Integration 

with Vehicle 

Body 

External / 

Retrofitted 

Structural / 

Seamless 
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V. ENGINEERING CHALLENGES AND 

MITIGATION STRATEGIES 

 

A. Self-Shading and Non-Uniform Illumination 

The very curvature that confers aerodynamic benefits 

also creates conditions where certain portions of the 

roof surface receive direct illumination while adjacent 

sections fall into self-shadow depending on the solar 

elevation angle. In a series-connected string of cells, 

the weakest (most shaded) cell limits the current of the 

entire string, disproportionately reducing output. The 

established solution is module-level power 

electronics: bypass diodes are connected anti-parallel 

across groups of three to five cells, allowing current to 

flow around a shaded segment rather than through it. 

Cell-level micro-optimizers extend this principle 

further, enabling each cell to operate at its individual 

maximum power point regardless of the condition of 

neighboring cells. 

 

B. Thermal Coefficient and Heat Management 

The power output of photovoltaic cells degrades with 

increasing operating temperature, described 

quantitatively by the temperature coefficient of power 

(typically around −0.3% to −0.5% per degree Celsius 

for silicon). Automotive roof surfaces in direct 

sunlight can reach elevated temperatures that 

exacerbate this effect. Encapsulant selection plays a 

critical role: lightweight thermoplastic materials such 

as ethylene tetrafluoroethylene (ETFE) and 

polycarbonate laminates offer lower thermal mass and 

higher infrared transmittance than conventional soda-

lime glass, facilitating faster heat dissipation and 

maintaining cell temperatures closer to ambient. The 

reduced module mass also contributes to improved 

vehicle handling dynamics. 

 

VI. CONCLUSION 

 

This study has demonstrated that curved, body-

integrated photovoltaic modules represent a 

technically viable and energetically advantageous 

approach to supplemental power generation for 

electric vehicles. By conforming to the vehicle’s 

aerodynamic geometry rather than compromising it, 

integrated VIPV systems achieve drag coefficients 

measurably lower than those associated with flat panel 

add-ons, while recovering 85–92% of the solar energy 

yield of an equivalent-area optimally tilted flat 

surface. Under high solar irradiance conditions 

representative of equatorial and subtropical climates, 

this configuration can provide an estimated 25–30 km 

of effective daily range extension without grid energy 

input. 

Future research directions include the development of 

perovskite–silicon tandem cells, which hold the 

promise of exceeding 30% conversion efficiency in a 

thin, flexible format, and the use of topology-

optimization algorithms to co-design vehicle body 

curvature and photovoltaic layout simultaneously for 

maximum combined performance. Standardization 

efforts led by international VIPV consortia will be 

essential to facilitate broad commercialization and 

enable consistent safety and performance certification 

across manufacturers. 
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