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Abstract - This project explores a sustainable redesign of 
vehicle sunroofs by replacing conventional glass panels with 
integrated solar panel systems. The aim is to turn the roof 
from just a part of the car into a surface that can collect solar 
energy and help power things like lights, the music system, air 
conditioning, or even charge the battery in electric and hybrid 
vehicles. The study focuses on the structural and mechanical 
feasibility of this transformation by replacing the traditional 
sunroof material with a lightweight plastic alternative. To 
evaluate its suitability, the natural frequency and stiffness of 
the solar roof were analyzed using both analytical and 
simulation methods. These parameters are essential to ensure 
the roof can endure vibrations and dynamic loads during 
vehicle operation. The findings lay the groundwork for future 
integration of solar technology and energy management 
systems in a structurally sound manner. We mainly focused on 
the strength and weight analysis. Simulations were carried out 
to see how well the roof can handle stress and how much 
weight it adds to the vehicle. The goal was to find a balance 
between being lightweight and strong enough for real driving 
conditions. 

Key Words:  Glass panel, Light Weight, Natural frequency, 
Energy management  
 

1. INTRODUCTION  
 
This chapter provides a comprehensive overview of the 
project, outlining the motivation, objectives, and scope of the 
work undertaken. It sets the stage for the detailed 
exploration presented in subsequent chapters. 

1.1 Brief Overview 
 
The automotive industry has long been a hub for innovation, 
with design and functionality continually evolving to meet the 
demands of consumers and environmental challenges. One of 
the earliest automotive design features that combined 
aesthetics and utility was the sunroof simple yet effective 
way to enhance the driving experience by offering natural 
light and ventilation. Over the years, sunroofs have become a 
common feature in many vehicles, offering both luxury and 
practicality. However, as global awareness of climate change 
and the need for sustainable energy sources grows, the 
automotive industry is now looking for ways to go beyond 
traditional features. One such innovation is the integration of 

solar technology into vehicle design, which presents a unique 
opportunity to harness the sun's energy to power vehicle 
systems.  

 A sunroof is typically a movable panel on the roof of 
a car that allows light and fresh air into the cabin. 
Traditionally made from glass or metal, sunroofs were 
introduced to enhance comfort and style in vehicles. While 
they do not serve a functional purpose beyond passenger 
experience, their popularity has grown in both economy and 
luxury vehicles. Today, with advancements in materials and 
technology, this once simple feature holds potential for more 
practical applications such as integrating solar panels to 
generate clean energy for vehicle use. 

1.2 Sunroof Market Growth and Dynamics  

The sunroof market has been a prominent segment in the 
automotive industry for decades, and it continues to evolve, 
driven by consumer demand for luxury features, improved 
driving experiences, and new technological innovations. In 
recent years, the market has been significantly influenced by 
trends in vehicle customization, rising consumer expectations 
for comfort and aesthetics, and an increasing emphasis on 
sustainability.     

A. Consumer Demand for Luxury and Comfort 
B. Technological Advancements 
C. Increased Adoption in Mid-range Vehicles 

 
 
 
 
 
 
 

  
 
 
 
 
 
 
 
 
 

Fig. No 1.1 Sunroof Market [23] 
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1.3 Future Scope of sunroof in Automotive Industry 
  
The sunroof market has seen considerable advancements 
over the years, and its future looks promising due to evolving 
automotive technologies, consumer demand for enhanced 
driving experiences, and a growing focus on sustainability. As 
manufacturers continue to innovate, the sunroof concept is 
expanding beyond a simple aesthetic or comfort feature. 
Below are some key areas where the future scope of sunroofs 
lies 

A. Automated and Gesture-Controlled Sunroofs 
B. Smart Sunroofs with Advanced Technologies 
C. Integration of Solar-Powered Sunroofs 

 

1.3 Solar Sunroof: New approach 
 
A notable study in this domain is the "Numerical Study of Pre-
Ventilation Effects on Cabin Temperature Using Solar 
Sunroof," conducted by Daewoong Lee and Hoseong Lee. This 
research delves into the effectiveness of using solar-powered 
ventilation systems to mitigate the greenhouse effect in 
parked vehicles. The study employs numerical simulations to 
model the vehicle's cabin environment, integrating 
components such as a solar sunroof, DC/DC converter, and 
air handling system. The simulations, conducted using 
Dymola, are validated against experimental data to assess the 
system's performance. The findings of this study indicate that 
even a photovoltaic (PV) cell integrated into the solar sunroof 
is sufficient to power the ventilation system effectively. This 
setup facilitates the removal of hot air from the cabin by 
introducing cooler outside air, thereby reducing the indoor 
thermal load. The research also explores the impact of cabin 
volume and DC/DC converter efficiency on the system's 
performance, providing valuable insights into optimizing 
solar-powered ventilation systems for automotive 
applications. [5] 

2.  SUMMARY OF LITERATURE REVIEW 

After reviewing a wide range of research papers related to 
automotive sunroofs and roof systems, it is clear that many 
researchers have made valuable contributions in areas such 
as vibration control, structural optimization, aerodynamic 
performance, thermal management, and safety features. 
Studies have explored techniques like experimental modal 
analysis, constrained layer damping, fuzzy control systems, 
virtual prototype simulations, and solar-reflective materials. 
A significant number have focused on improving occupant 
comfort, reducing noise and heat, and enhancing energy 
efficiency in vehicles through sunroof design enhancements. 

  However, a noticeable gap in the current 
body of research is the lack of investigation into hybrid 
solutions that combine both traditional glass roofs with 
integrated solar technology. Most studies treat solar panels 
and glass roofs as mutually exclusive elements, with no 

attempt to explore their coexistence. There is also little to no 
research evaluating the practicality of replacing the rear glass 
panel of a vehicle with a solar plate. This opens up an 
innovative research opportunity to examine whether it's 
structurally and functionally viable to install a solar panel in 
place of the rear glass without compromising visibility, safety, 
or aesthetic appeal. 

3. OBJECTIVE  
 
A. To design, Model and Optimize the Solar panel Sun-Roof 
for 4- wheeler. 

B. To replace the Rear glass with sun-roof for Optimizing the 
Weight. 

C.  Compare Glass cost and Solar sun-roof Panel Cost   

4. METHODOLOGY 
 

4.1Modeling the Roof Structures 
 
Glass Roof: The first step is to create a 3D CAD model of the 
existing glass roof of the vehicle. This involves accurately 
replicating the geometry, dimensions, and surface features of 
the roof, based on real-world measurements or reference 
designs. Once the model is created, material properties are 
assigned to the glass. 

Solar Roof Panel: For the solar roof panel integration, a new 
3D CAD model is created, combining both the glass roof and 
the solar panel system. This model includes: 

4.2 FEA Work  
 
Discretizing both roof models into finite elements. Use 
appropriate element types (e.g., shell elements for thin 
structure/ Hex for Thick element) to ensure accurate results. 
In the context of the glass roof and solar panel integration, 
meshing involves dividing the 3D CAD model into a network 
of finite elements that can be analyzed for various physical   
phenomena, like stress, deformation. 

4.3 Simulation and Comparison   
 
Natural Frequency: These differences can shift the natural 
frequencies of the system, potentially causing resonance 
issues if they align with common vehicle vibration 
frequencies. To address this, different modeling approaches 
can be used, such as adjusting the material properties, 
thickness, or design of the solar panel integration, to match 
the natural frequencies of the solar roof with those of the 
glass roof. This ensures that both roofs avoid resonating at 
the same frequency. 
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Stiffness: The solar roof could be either stiffer or more 
flexible than the glass roof, depending on the materials used 
for the solar panel and its frame. For example, the addition of 
solar cells and their supporting structure may increase the 
overall stiffness of the roof, making it less prone to deflection 
under load. Conversely, if lightweight materials are used, the 
solar roof could be more flexible. Understanding and 
optimizing the stiffness is important for ensuring the roof 
can withstand external forces excessive deformation, while 

still maintaining structural integrity and minimizing noise 
or vibration during operation. 

5. MODELING AND SIMULATION 

In this project, The Author employed CATIA V5 to develop 
detailed 3D models and 2D technical drawings, essential for 
the design and manufacturing phases. The process 
commenced with creating 2D sketches, which were then 
transformed into 3D models. Each part was modeled 
separately, followed by assembling all components to ensure 
proper fit and function. The design process began with 
comprehensive research and analysis to understand the 
project's requirements and constraints. After selecting the 
optimal design and then proceeded with the CAD modeling 
phase. Author utilized parametric modeling techniques to 
create 3D models, ensuring that all components were 
accurately represented and properly constrained 

 
 

Fig.4.1 Sunroof Model [26] 
 

5.1 Boundary Conditions  

To simulate realistic behavior of the solar roof assembly 
under various loading conditions, appropriate boundary 
conditions were applied in Abaqus. The roof structure was 
attached to the vehicle body using two different types of 
connections: bolt fixation and glue bonding the bolted 
connections were modeled by constraining all six degrees of 
freedom three translational (X, Y, Z) and three rotational (Rx, 
Ry, Rz) to accurately replicate the rigid attachment typically 
provided by mechanical fasteners. These bolts were placed 
at designated mounting points where structural rigidity was 
critical 

5.2 Comparing Natural Frequency   

The simulation results showed that the Solar roof had a 
slightly higher natural frequency (30.2 Hz and 58.9 Hz for 
the first and second modes) compared to the glass roof (29.3 
Hz and 56.0 Hz). These values are above the typical 
excitation range in vehicles and are considered acceptable. 
The small increase with the plastic material suggests 
improved vibration resistance, making it a suitable and safe 
alternative to glass for the redesigned roof. 

 
Natural frequency  Glass Roof  Solar Roof 

1St Mode  29.3 Hz 30.1 Hz 

2nd Mode  56 Hz 58.3 Hz 

 
5.3 Reference paper comparison study 

In the current study, the natural frequencies of the sunroof 
system in the closed position were obtained through 
simulation, with the first and second mode shapes appearing 
at 30.1 Hz and 58.3 Hz respectively. These results closely 
align with those reported by Simok Lee and Byeongil Kim 
(2024), who identified the first and second natural 
frequencies of a standard sunroof glass panel as 34.8 Hz and 
53.1 Hz using experimental modal analysis (EMA). [1] 

Findings (for closed position): 

 1st natural frequency: 34.8 Hz 
 2nd natural frequency: 53.1 Hz 
 3rd natural frequency: 85.9 Hz 

   The slight variation in the first 
mode can be attributed to differences in boundary 
conditions, material properties, and specific sunroof 
geometry used in the current design. However, the proximity 
of both mode values to established literature confirms the 
validity and accuracy of the simulated results. These findings 
demonstrate that the redesigned sunroof maintains dynamic 
performance within industry-accepted ranges, thereby 
ensuring structural safety and comfort under real-world 
conditions. [1] 

5.4 Stiffness Calculation 

In accordance with SAE J1100 – Motor Vehicle Dimensions, 
(the standard design load weight for each passenger is 
specified as 68 kg (150 lbs). This standard provides a 
uniform set of interior and exterior dimensions for 
passenger cars, multipurpose passenger vehicles, and trucks, 
ensuring consistency in vehicle design and occupant 
accommodation assessments. [25] 

Table no. 5.1 Natural Frequency Comparison 
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 Force (N) =Mass (kg) ×9.81m/s2 

Using this calculation, the force to be applied will be: 

 68 kg × 9.81m/s2 = 667.08 N 

5.5 Iteration 1 

In the first iteration, the structural analysis was conducted 
on the current base frame design using a glass panel and an 
integrated solar panel. Under the applied vertical load of 
667.08 N, the glass panel exhibited a maximum 
displacement of 2.44 mm, while the solar panel showed a 
significantly higher displacement of 10.27 mm. This large 
difference is primarily due to the structural behavior of the 
solar panel, which, being mounted over a broader surface, 
acts as an overhanging component, especially from the 
center. As the solar panel lacks sufficient internal support, 
the central region becomes the most flexible, leading to 
excessive bending and deformation under load. 

 
 
 
 

 
 

 

5.6 Iteration 2 

The authors introduced a central reinforcement to reduce 
displacement and enhance structural rigidity. This 
modification aimed to address the identified vibration issues 
by providing additional support to the sunroof structure. 
The implementation of the central reinforcement effectively 
minimized displacement, leading to improved dynamic 
performance and reduced susceptibility to resonance 
frequencies during vehicle operation. 
 

 
 
 
 
In the second iteration, structural analysis was carried out 
on a modified base frame incorporating additional cross 
members to enhance stiffness. The same vertical load of 
667.08 N was applied to evaluate performance 
improvements. Compared to the first iteration, where the 
solar panel experienced a maximum displacement of 10.27 
mm, the revised frame design reduced the displacement to 
6.94 mm. While this marks a notable improvement in 
structural behavior due to the added support, the 
displacement still exceeds the acceptable limits defined by 
design criteria 

 
5.7 Iteration 3 
 
Previously, the frame design included only a single 
horizontal reinforcement panel. In the updated iteration, two 
intersecting panels have been added to form a cross-
structure, significantly enhancing the frame’s strength and 
rigidity. This intersecting configuration provides better 
structural support by evenly distributing the load and 
reducing flexibility in critical areas. As a result, the frame is 
expected to show improved performance under vertical 
loading conditions  

 

Fig. No 5.1 Glass Roof Displacements  

 

Fig. No 5.2 Solar Roof Displacements  

 

Fig. No 5.3 Solar Roof Displacements ITR 2 
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The third iteration incorporated a modified frame design 
with two intersecting reinforcement panels to enhance 
structural stiffness. When subjected to the same vertical load 
of 667.08 N, the updated structure exhibited a maximum 
displacement of 4.84 mm. This marks a significant 
improvement over previous iterations and brings the 
displacement well within the acceptable design limits. 

6. RESULTS AND DISCUESSION 

In Iteration 1, the base frame lacked internal reinforcements 
and supported both a glass panel and a solar panel. Under a 
vertical load of 667.08 N(68KG) the glass panel exhibited a 
maximum displacement of 2.44 mm, while the solar panel 
due to its unsupported, overhanging design showed a 
significantly higher displacement of 10.27 mm. Despite this, 
both the glass and solar panels had comparable natural 
frequencies of 29.3 Hz and 30.2 Hz, respectively, indicating 
similar dynamic behavior. To address the excessive 
displacement, Iteration 2 introduced a single cross member 
between the side rails of the frame. This modification 
improved structural stiffness, reducing the solar panel's 
displacement to 6.94 mm. However, this value still exceeded 
the acceptable safety threshold. 

In Iteration 3, a second cross member was added at the rear 
section of the frame to support the overhanging portion of 
the solar panel. This further enhanced the stiffness of the 
system, successfully reducing the displacement to 4.84 mm, 
which falls within the permissible design limits. The natural 
frequency values remained close to those observed in 
previous configurations, confirming the structure’s dynamic 
reliability 

6.1 Effective Weight Reduction  
 
In pursuit of enhancing vehicle efficiency and sustainability, 
a significant reduction in the sunroof weight was achieved by 
replacing the conventional glass panel with a solar panel. 
This modification resulted in a weight decrease from 31 kg 
to 27.6 kg, marking a 10.5% reduction. 

The integration of lightweight solar panels not only 
contributes to weight reduction but also offers additional 
benefits such as energy generation and improved vehicle 
performance. This approach aligns with industry trends 
towards adopting lightweight materials and renewable 
energy solutions in automotive design. 

 

 
6.2 Cost perspective 
 
In this project, Author replaced the rear glass section of a 
panoramic sunroof with a solar panel and evaluated the 
feasibility of this modification, focusing particularly on the 
cost aspect. The design and modeling stages confirmed that 
the integration is technically possible without major 
structural changes to the vehicle. 

From a cost perspective, replacing glass with a solar panel 
does introduce a noticeable increase in initial expenses. 
While standard panoramic glass is relatively affordable and 
readily available, solar panels especially those designed to fit 
automotive curvature and integrate with electrical systems 
are more specialized and come at a higher cost. Additionally, 
there may be added expenses for system integration, such as 
wiring, controllers, and safety measures. Despite the higher 
upfront cost, the solar panel offers long-term value by 
providing auxiliary power, reducing strain on the vehicle’s 
main battery, and potentially extending battery life. In 
electric or hybrid vehicles, it may slightly offset energy 
usage, which contributes to energy savings over time. The 
degree of cost-effectiveness ultimately depends on factors 
such as the vehicle’s energy needs, the solar exposure in the 
user’s region, and how the solar output is utilized. 

6. CONCLUSIONS 
 

6.1 Project Conclusions 
 
The iterative design process demonstrated that the 
integration of targeted structural reinforcements 
particularly intersecting and rear-positioned cross members 
substantially improves the stiffness and load-bearing 

Weight 

(KG) 

Rear 
Glass 
Panel 

Rear 
Solar 
Panel 

Base 
Frame  

Total 
Roof 

Weight  

Base Case 11 KG - 1.7 KG 31 KG 

Iteration 1 - 7 KG 1.7 KG 27 KG 

Iteration 2 

(Adding 
Reinforcement) 

- 7 KG 2.0 KG 27.3 KG 

Iteration 3 

(Optimized 
Configuration) 

- 7 KG 2.3 Kg 27.6 KG 

Fig. No 5.4 Displacement for ITR 3 

Table 6.1 Weight Comparison Table 
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capability of a solar-integrated vehicle roof. In addition to 
maintaining final displacement within safety limits and 
achieving natural frequencies comparable to conventional 
glass panels, the final design offers an effective weight 
reduction over a standard solar roof. This enhancement 
results in a balanced outcome in terms of safety, dynamic 
stability, structural efficiency, and lightweight performance. 
Therefore, the final iteration is validated as a safe and 
structurally efficient solution, well-suited for future 
applications in sustainable vehicle design. 

6.2 Future Scope 
 
While the current study focused primarily on vertical static 
loading and natural frequency analysis, there remains 
significant potential for further exploration to enhance the 
structural and functional performance of the solar-
integrated roof system. Future work could include: 

Torsional (Twisting) Simulations with Jig Support: 
Evaluating the structure’s behavior under twisting loads 
using boundary conditions that simulate real-world 
mounting scenarios. This would help assess resistance to 
torsional deformation during cornering or uneven road 
conditions. 
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