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Abstract
Solar-assisted electric mobility has emerged as a promising pathway toward reducing greenhouse gas
emissions, improving energy efficiency, and enhancing transportation sustainability. This paper
presents a comprehensive review and conceptual framework for sustainable hybrid vehicle architectures
integrating photovoltaic systems, battery storage, intelligent energy management, and electric
propulsion. Drawing on recent developments through 2026, the study synthesizes findings from major
research streams including vehicle-integrated photovoltaics, hybrid energy systems, battery
optimization, artificial intelligence-based control, and lifecycle sustainability assessment. A structured
review methodology and framework development approach are employed to identify critical trends,
technological barriers, and opportunities. Results indicate that solar-assisted systems can contribute
meaningful auxiliary energy, improve vehicle range under favorable conditions, reduce charging
frequency, and support decarbonization objectives. However, limitations associated with photovoltaic
efficiency, weather variability, battery degradation, system integration complexity, and economic
viability remain significant challenges. The paper proposes a conceptual model linking solar energy
harvesting, intelligent energy management, battery performance optimization, and sustainable mobility
outcomes. Practical implications are discussed for automotive manufacturers, policymakers, fleet
operators, and energy planners. Future research directions include advanced materials, Al-driven
optimization, vehicle-to-grid integration, digital twins, and circular economy approaches. The study
contributes theoretically by integrating fragmented literature into a unified framework and
technologically by outlining next-generation design principles for solar-assisted mobility systems.
Keywords
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1. Introduction into vehicle architectures and associated
The global transportation sector is undergoing a
profound transformation driven by climate

charging ecosystems.

concerns, energy security challenges, and rapid
advances in electrification technologies.
Electric vehicles have emerged as a central
component of sustainable mobility strategies.
Nevertheless, challenges related to charging
infrastructure, battery range limitations, and
renewable energy integration continue to
influence adoption rates. Solar-assisted electric
mobility offers an innovative solution by
integrating photovoltaic generation directly

Recent advances in lightweight solar panels,
high-efficiency photovoltaic materials, energy
management  algorithms, and  battery
technologies have renewed interest in solar-
assisted transportation. Researchers and
automotive manufacturers increasingly view
solar integration as a complementary source of
energy capable of extending driving range,
reducing grid dependence, and lowering
lifecycle emissions. The emergence of
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commercial solar electric vehicles
demonstrates growing industrial confidence in
the concept.

This paper develops a comprehensive
framework for understanding sustainable
hybrid vehicle architectures that combine solar
energy harvesting, battery storage, intelligent
control systems, and electric propulsion. The
study synthesizes developments through 2026
and evaluates opportunities and constraints
associated with solar-assisted mobility.

2. Literature Review

The literature on solar-assisted electric mobility
can be grouped into several thematic domains.

Vehicle-integrated photovoltaics represent one
of the most active research areas. Studies have
examined rooftop photovoltaic integration,
body-mounted solar modules, and advanced
flexible  solar  materials. = Researchers
consistently report that photovoltaic systems
can provide supplementary energy for auxiliary
loads and limited propulsion support.

Battery and energy storage research highlights
the importance of efficient energy utilization.
Multiple studies demonstrate that battery
performance, charging efficiency, thermal
management, and degradation characteristics
significantly affect overall system
sustainability. Advanced lithium-ion
chemistries and emerging solid-state batteries
offer promising improvements.

Energy management systems have evolved
from rule-based approaches to artificial
intelligence-driven  optimization. ~Machine
learning  algorithms, predictive  control
strategies, and  reinforcement learning
frameworks have shown potential to improve
energy allocation decisions under dynamic
operating conditions.

Lifecycle assessment research indicates that
solar-assisted vehicles can reduce operational
emissions  while introducing additional
manufacturing considerations. Sustainability

outcomes depend on regional solar resources,
electricity generation mix, vehicle usage
patterns, and component recycling practices.

Recent literature also explores vehicle-to-grid
integration, smart charging ecosystems, digital
twins, and connected mobility platforms. These
developments support a broader vision of
integrated sustainable transportation systems.

Table 1: Summary of Previous Studies

Sr. | Study Area Key Findings

No.

1 Photovoltaic Improved auxiliary
(PV) energy support
Integration through the
Studies utilization of

renewable solar
energy.

2 Battery Enhanced  energy
Optimization | efficiency and
Studies battery performance

through  optimized
sizing and
management
strategies.

3 Al-Based Achieved better
Energy energy  allocation
Management | and operational
Studies efficiency using

intelligent decision-
making algorithms.

4 Lifecycle Reduced
Assessment environmental
Studies impact by evaluating

and optimizing the
sustainability of
energy systems.

5 Vehicle-to- Improved grid
Grid  (V2QG) | interaction and
Studies energy exchange

between electric
vehicles and power
grids.

Table 1. Summary of major research areas and
their key contributions toward improving the
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performance, sustainability, and efficiency of
hybrid electric vehicle energy systems.

Table 2: Comparison of Existing
Approaches
Approach | Strengths Limitations

Photovoltai | Provides Highly

c (PV) | renewable dependent on
Integration | energy weather
generation | conditions and
and reduces | solar
dependence | irradiance

on availability
conventiona
1 energy
sources
Battery Improves High initial
Optimizatio | energy investment
n storage and
efficiency, | replacement

battery life, | costs
and overall

system
performanc
e
Al-Based Enables Requires
Energy intelligent significant
Managemen | control, computational
t predictive resources and
operation, complex
and algorithm
optimized development
energy
utilization
Vehicle-to- | Supports Requires
Grid (V2QG) | grid advanced
Systems stability, infrastructure,
demand communicatio
response, n systems, and
and energy | regulatory
trading support
opportunitie

S

Table 2. Comparative analysis of existing
approaches employed in hybrid electric vehicle
and smart energy management systems,

highlighting their strengths and associated
limitations.

Critical analysis reveals that many studies focus
on isolated components rather than integrated
architectures. Furthermore, real-world
performance data remain limited, particularly
across diverse climatic conditions.

3. Research Gap and Problem Statement
Despite substantial progress, existing literature
remains fragmented. Many investigations focus
independently on photovoltaic  systems,
batteries, or energy management algorithms.
Few studies provide a holistic framework
connecting  energy  generation, storage,
optimization, and sustainability outcomes.
Additionally, limited attention has been given
to the interaction between solar energy
availability, battery health, user behavior, and
intelligent control strategies.

The central problem addressed by this paper is
the absence of a comprehensive design
framework capable of guiding future
development and assessment of solar-assisted
hybrid vehicle architectures. The study seeks to
integrate technical, economic, environmental,
and operational dimensions into a unified
conceptual perspective.

4. Methodology

This research adopts a hybrid review and
conceptual framework methodology. Relevant
literature published in leading journals,
conference proceedings, books, and industry
reports was synthesized. Studies covering solar
vehicles, electric mobility, photovoltaic
integration,  battery systems, energy
management, sustainability assessment, and
intelligent transportation were examined.

The framework development process involved
identifying recurring constructs, mapping
relationships among technological components,
and developing an integrated conceptual model.
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5. Results and Discussion

The analysis suggests that solar-assisted
architectures can contribute positively to
transportation  sustainability.  Photovoltaic
systems provide renewable energy directly at
the point of use, reducing dependence on
external charging infrastructure. While current
photovoltaic technologies cannot fully power
most passenger vehicles, they can meaningfully
support auxiliary loads and extend driving
range.

Battery optimization emerges as a critical
determinant of system effectiveness. Intelligent
charging strategies, thermal management
systems, and  predictive = maintenance
approaches improve battery longevity and
operational efficiency. Al-enabled energy
management  systems  further enhance
performance by dynamically allocating energy
resources according to driving conditions and
solar availability.

Economic considerations remain important.
The cost of photovoltaic materials, integration
processes, and advanced control systems
influences commercial viability. However,
declining solar module costs and improvements
in manufacturing efficiency are steadily
improving the business case.
Environmental analysis indicates substantial
potential benefits. Reduced grid electricity
consumption, lower fossil fuel dependence, and
improved renewable energy utilization
contribute to emission reductions. Lifecycle
sustainability —assessments emphasize the
importance of responsible material sourcing
and recycling.

Industrial applications include passenger
vehicles, delivery fleets, public transportation,
agricultural  mobility, and remote-area
transportation systems. Fleet operators may
benefit particularly from predictable usage
patterns that facilitate optimized solar energy
utilization.

Table 3. Challenges and Opportunities in
Solar-Powered Electric Vehicle Systems

Sr. | Challenge Associated

No. Opportunity

1 Limited Development of
photovoltaic advanced
(PV) photovoltaic
conversion materials and high-
efficiency efficiency solar cells

2 Weather Application of
variability and | predictive analytics
intermittent and intelligent
solar  energy | energy forecasting
availability models

3 Battery Implementation of

degradation intelligent  battery
and reduced | management
lifecycle systems (BMS) and
performance health  monitoring
techniques

4 Complexity in | Adoption of digital
integrating engineering  tools,
solar, battery, | digital twins, and
and vehicle | integrated  system
subsystems design approaches

5 High initial | Cost
investment and | through economies
economic of scale,
barriers technological
advancements, and

reduction

supportive policies
Table 3 highlights the major challenges
associated with solar-powered electric vehicle
systems and the corresponding opportunities
for technological and operational improvement.
Addressing  these  challenges  through
innovation and strategic planning can
significantly enhance the feasibility, efficiency,
and sustainability of future solar-assisted
transportation systems.

Table 4. Contributions of the Study
Contribution | Description
Type
Theoretical The study integrates
Contribution

fragmented literature into
a unified framework that
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establishes  connections
among photovoltaic
energy generation, battery
storage systems,
intelligent energy
management, and

sustainability outcomes.

Managerial The proposed framework

Contribution | provides practical
guidance for automotive
manufacturers,
policymakers, and
mobility  planners in
evaluating and
implementing solar-

assisted transportation
investments and strategies.
Technological | The research identifies key
Contribution | enabling technologies,
including Al-based energy
management systems,
advanced  photovoltaic
technologies, smart
battery  systems, and
digital optimization tools.

Sustainability | The framework supports

Contribution | decarbonization goals by
encouraging  renewable
energy integration,
reducing carbon
emissions, and promoting
lifecycle sustainability
assessment within

transportation systems.

Table 4 summarizes the multidimensional
contributions of the study. The findings
contribute to theory development, managerial
decision-making, technological innovation, and
sustainability advancement, thereby supporting
the transition toward cleaner and more energy-
efficient mobility solutions.

6. Future Research Directions

Future research should explore high-efficiency
photovoltaic materials, solid-state batteries, Al-
enabled predictive control, digital twins, and
vehicle-to-grid ecosystems. Longitudinal field

studies are needed to evaluate performance
across climatic regions. Researchers should
also investigate circular economy models,
battery recycling strategies, and sustainable
manufacturing processes.
Emerging opportunities include perovskite
solar cells, connected mobility platforms,
autonomous electric transportation systems,
and integrated renewable energy ecosystems.
Collaboration among academia, industry, and
policymakers will be essential for accelerating
commercialization.

7. Practical Implications

Automotive manufacturers can use the
proposed framework to guide technology
development and product design decisions.
Fleet operators may employ solar-assisted
architectures to reduce operating costs and
improve sustainability performance.
Policymakers can support adoption through
incentives, standards, and infrastructure
development. Energy planners can integrate
solar-assisted mobility into broader renewable
energy strategies.

The framework also highlights the importance
of cross-disciplinary collaboration among
electrical engineers, mechanical engineers,
computer scientists, sustainability experts, and
transportation planners.

8. Conclusion

Solar-assisted electric mobility represents a
promising pathway toward sustainable
transportation. Although photovoltaic
integration alone cannot fully replace
conventional charging systems, it can provide
meaningful supplementary energy and enhance
overall vehicle efficiency. The proposed
framework integrates solar harvesting, battery
optimization, intelligent energy management,
and sustainability assessment into a coherent
model suitable for future research and industrial
implementation.

Advances in photovoltaic materials, artificial
intelligence, energy storage technologies, and
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smart mobility ecosystems are expected to

accelerate

progress. Continued research,

supportive policy environments, and industry
collaboration will be essential for realizing the
full potential of solar-assisted hybrid vehicle
architectures in the global transition toward
sustainable mobility.
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