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Abstract— The transportation sector is a major contributor
to greenhouse gas emissions. While battery electric
vehicles (BEVs), hydrogen fuel cell vehicles (FCEVs), and
solar-assisted vehicles reduce emissions individually, they
face limitations in driving range, energy availability, and
infrastructure. This research proposes a multi-energy
vehicle architecture integrating battery, hydrogen, and
solar technologies into a unified electric propulsion system.
Detailed vehicle architecture, component sizes, energy
management, performance analysis, and comparisons with
existing vehicles are presented. The proposed system
demonstrates  enhanced  range, efficiency, and
sustainability, providing a feasible solution for next-
generation sustainable mobility.
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I.  INTRODUCTION

A. Background

1.Transportation contributes approximately 24% of global
CO, emissions. Internal combustion engine (ICE) vehicles
rely on fossil fuels, causing pollution and climate change.
Renewable-powered vehicles provide an alternative.

2.Battery Electric Vehicles (BEVs): Zero tailpipe emissions;
limited range and dependency on charging infrastructure.
3.Hydrogen Fuel Cell Vehicles (FCEVS): Long driving range;
fast refueling; hydrogen storage and infrastructure challenges.
4.Solar-Assisted Vehicles: Renewable energy harvesting;
limited energy due to panel area and efficiency.

Integrating these technologies into a single multi-energy
vehicle overcomes individual limitations, enhances reliability,
and improves sustainability.

B. Motivation
* Reduce dependency on a single energy source
» Extend driving range beyond conventional EV’s
* Improve energy efficiency through intelligent energy
management
* Provide a sustainable model for future mobility
Il. OBJECTIVES
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The main objective of this study is to conceptualize and design
a vehicle architecture that effectively integrates battery
storage, hydrogen fuel cell technology, and solar energy as
complementary power sources. The work further focuses on
developing a multi-source energy management system that can
intelligently control and balance power flow among these
sources to enhance energy efficiency, reliability, and overall
vehicle performance under varying operating conditions. In
order to assess the practicality of the proposed approach, a
detailed comparison will be carried out with existing Battery
Electric Vehicles (BEVs), Fuel Cell Electric Vehicles
(FCEVs), Solar Electric Vehicles, and conventional Internal
Combustion Engine (ICE) vehicles. Additionally, the study
aims to analyze the environmental impact, economic
feasibility, and operational advantages of the proposed system,
highlighting its potential to reduce emissions, lower operating
costs, and support long-term sustainable transportation.

I1l. LITERATURE REVIEW

The transition toward cleaner transportation systems has
encouraged extensive research into alternative vehicle
technologies that reduce reliance on fossil fuels. Among these,
Battery Electric Vehicles (BEVs) have emerged as the most
commercially established solution. Well-known models from
manufacturers such as Tesla, Nissan, and Hyundai demonstrate
the benefits of electric propulsion, including high energy
efficiency, smooth operation, and the elimination of tailpipe
emissions. Nevertheless, BEVs continue to face practical
challenges related to limited driving range, extended charging
durations, battery lifespan, and dependence on electrical grids
that may still rely on non-renewable energy sources.

Fuel Cell Electric Vehicles (FCEVs) offer a different approach
by converting hydrogen into electricity  through
electrochemical processes. Vehicles like the Toyota Mirai and
Hyundai NEXO illustrate the potential of this technology to
deliver longer ranges and faster refueling compared to battery-
only vehicles, with relatively high energy conversion
efficiency. Despite these advantages, widespread adoption of
FCEVs remains constrained by high system costs, difficulties
associated with hydrogen storage and transportation, and the
lack of a well-developed hydrogen refueling infrastructure.
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Solar-powered vehicles have also gained attention as a means
of incorporating renewable energy directly into vehicle
operation. By integrating photovoltaic panels on vehicle
surfaces, designs such as Lightyear 0, Aptera, and various solar
vehicle prototypes can generate small but meaningful amounts
of energy during daily use. Although the power produced is
insufficient to serve as a standalone energy source, it can
typically support a limited daily driving range and reduce
dependence on external charging, particularly in regions with
strong sunlight availability.

Recent studies emphasize the potential of multi-energy vehicle
systems that combine battery storage, hydrogen fuel cells, and
solar energy generation. This integrated strategy aims to exploit
the advantages of each energy source while minimizing their
individual limitations. Batteries ensure high efficiency and
effective energy recovery, fuel cells enable extended driving
range and rapid energy replenishment, and solar panels provide
continuous renewable energy input. Literature suggests that

B. Multi-Energy Vehicle Block Diagram

such hybrid architecture can enhance vehicle reliability,
improve energy utilization, and significantly lower
environmental impact, positioning multi-energy vehicles as a
promising pathway toward sustainable and resilient
transportation solutions.

IV. PROPOSED SYSTEM ARCHITECTURE

The proposed vehicle is fully electric, with energy supplied by
battery, hydrogen fuel cell, and solar panels.

A. Components

»  Battery Pack (primary energy storage)

»  Electric Motor (propulsion)

»  Solar Photovoltaic Panels (supplemental energy)
*  Hydrogen Fuel Cell System (backup power)

»  Energy Management System (EMS)
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Fig 1:- Multi energy vehicle block diagram

V. WORKING PRINCIPLE

e Battery Mode: Normal driving powered by battery via
inverter

e Solar Mode: Solar panels charge battery through MPPT
DC-DC converter

e Hydrogen Mode: Fuel cell supplies electricity when
battery SOC is low or additional power is needed

o Regenerative Braking: Converts kinetic energy into stored
battery power

VI. ENERGY MANAGEMENT SYSTEM (EMS)

Priority Strategy: Solar — Battery — Hydrogen Fuel Cell
Functions: Monitors battery SOC, solar output, vehicle power.
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Fig2:-Vehicle Energy Management System

VII. SUBSYSTEM DESIGN *  Hydrogen-assisted range: 400-500 km

»  Solar contribution: 5-15 km/day

»  Combined total range: 700+ km

*  Motor efficiency: ~90%; regenerative breaking adds ~10%

A. Hydrogen Fuel Cell Subsystem
»  Fuel cell stack converts hydrogen to electricity (~60%
efficiency)

«  DC-DC converter adjusts voltage for battery/motor recovery
*  Only byproduct is water vapor
IX. EXISTING VEHICLES
B. Solar Energy Subsystem Battery EVs: Tesla Model 3, Nissan Leaf, Hyundai loniq
* Roof, hood, trunk panels (3-5 m2, 20-25% efficiency) FCEVs: Toyota Mirai, Hyundai NEXO, Honda Clarity
*  MPPT controller maximizes energy harvesting Solar EVs: Lightyear 0, Aptera Solar EV, Sono Motors Sion

*  Supplements battery to reduce grid dependence

VIIl. PERFORMANCE ANALYSIS
«  Battery-only range: 250-300 km

X. COMPARATIVE ANALYSIS

Hvdrogen Proposed
Parameter ICE Battery EV v g Solar EV Multi-Energy
FCEV "
Vehicle
. Electricity +
+
Energy Sources Gasoline Electricity Hydrogen Ele(;t;llzlrty Hydrogen +
Solar
Tailpipe .
L High Zero Zero Zero Zero
Emissions
- 700+ km
Driving Range 400-800 km 350-500+ km 500-700 km 100-300+ km .
estimated
. Flexible (grid +
Refuellpg / Minutes Hours Minutes Hours hydrogen +
Charging
solar)
Infrastructure Widespread EV Charging Hydrggen EV + Solar Hybrid
Stations Infrastructure
Environmental High Low Low Low Very Low
Impact

XI. VEHICLE ARCHITECTURE, SIZES, AND LAYOUT
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A. Vehicle Dimensions

Parameter Approx. Size Notes
Length 4.6m Mid-size sedan / crossover
Width 1.85m Interior & battery layout
Height 16m Sfars:x]neanTics+solarpanel
Wheelbase 2.8m Stability with battery weight
Ground Clearance 160 mm Urban + light off-road

Table 1:- Vehicle dimensions (Approx.)

B. Component Approximate Sizes

Component Size /Volume Remark
Battery Pack 18x15%x0.25m>~0.675m" Underfloor layout
Hydrogen Tank fnz 1:2%0:3m cylinders >~0.216 Rear / under seats
Fuel Cell Stack 1.2%0.6x0.4m+~0.288m"° Frontengine bay
Electric Motor 0.5x0.4%0.4m>~0.08m’ Single or dual motor
Inverter 0.6%0.4x0.2m>~0,048 m° Integrated with motor/battery
SolarPanels 3-5m’ Roof, hood, trunk
Vehicle Cabin 25x16x1.2m3~4.8m’ 4-5 passengers
Chassis & Body 46x1.85%x1.6m Mid-size vehicle footprint

Table 2 :- Compponent size approx.

C. Weight Distribution (Approx.)

Component Weight (kg)
Battery Pack 500-600
Hydrogen Tank + Fuel 120-150
Fuel Cell Stack 100-150
Electric Motor 100-150
Chassis & Body 900-1000
SolarPanels + Electronics 50-80
Passengers + Cargo 300-400
Total 2,170-2,530

Table 3 :- Component weight size approx.
XII. ADVANTAGES e Extended driving range
e Reduced dependency on a single energy source
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e  Zero tailpipe emissions
e  Flexible, resilient energy system
e  Suitable for sustainable future mobility

XI1Il. CHALLENGES

High initial cost

Limited hydrogen infrastructure
System complexity

Limited solar panel output

XIV. FUTURE SCOPE

Advanced solid-state batteries

High-efficiency lightweight solar panels
Cost-effective fuel cell materials

Al-driven EMS for optimized energy management
Hydrogen refueling network expansion

XV. CONCLUSION

The multi-energy vehicle architecture integrating battery,
hydrogen, and solar technologies demonstrates enhanced
range, energy efficiency, and sustainability. Proper vehicle
sizing, weight distribution, and subsystem placement ensure
practicality and safety. This design provides a feasible
blueprint for next-generation sustainable transportation.
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