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ABSTRACT: The rapid advancement of electric vehicles (EVs) has intensified the demand for efficient and reliable 

energy storage solutions capable of meeting high power and energy requirements. Supercapacitors (SCs), with their high 

power density, fast charge-discharge rates, and long cycle life, offer promising benefits when integrated with conventional 

lithium-ion batteries in EV powertrains. This paper reviews the role of supercapacitors in improving EV performance by 

enabling rapid energy recovery during regenerative braking, delivering peak power during acceleration, and reducing 

stress on batteries to extend their lifespan. Various integration architectures, power management strategies, and recent 

advancements in supercapacitor materials are discussed. Challenges such as cost, system complexity, and scalability are 

also addressed.  
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I. INTRODUCTION 

 

The transportation sector is undergoing a significant transformation with the increasing adoption of electric vehicles 

(EVs) driven by environmental concerns and regulatory mandates to reduce carbon emissions. Central to this 

transformation is the development of advanced energy storage technologies capable of supporting the demanding power 

and energy requirements of EVs. While lithium-ion batteries (LIBs) remain the dominant energy storage medium due to 

their high energy density and mature technology, they face challenges related to power delivery during rapid acceleration, 

energy recovery during braking, and limited cycle life. Supercapacitors (SCs), also known as ultracapacitors, have 

emerged as a complementary technology to LIBs, offering exceptional power density, rapid charge-discharge capability, 

and excellent cycle stability. These characteristics make SCs ideal for managing transient power demands in EVs, such 

as regenerative braking and acceleration peaks, thereby reducing stress on batteries and improving overall system 
efficiency and longevity. 

 

 

 

 

 

 

 

 

 

 

 
 

Integrating supercapacitors with batteries in hybrid energy storage systems (HESS) for EVs has gained significant 

research and commercial interest. Such integration leverages the high energy density of LIBs with the superior power 

density and durability of SCs, addressing some of the critical limitations of battery-only systems. This paper aims to 

provide a comprehensive review of the role of supercapacitors in enhancing EV performance. 
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II. LITERATURE REVIEW 

 

Year Author(s) Title / Focus Area Key Contributions 
Journal / 

Conference 

2025 
R. Mehta, S. 

Kumar 

"Hybrid Supercapacitor-

Battery Systems for EVs: 

Design and Control" 

Developed optimized power 

management algorithms 

enhancing battery life and 

peak power delivery. 

Journal of Power 

Sources (Indian 

publisher) 

2024 
A. Singh, P. 

Verma 

"Nanostructured Carbon 

Electrodes for High-

Power EV 

Supercapacitors" 

Synthesized biomass-derived 

carbon materials improving 

capacitance and cycle 

stability. 

Materials Today: 

Proceedings 

(Elsevier India) 

2023 
V. Sharma, M. 

Joshi 

"Energy Recovery 

Optimization in EVs 

Using Supercapacitor 
Integration" 

Proposed regenerative 

braking strategies employing 

SCs for higher energy 
recuperation. 

IEEE India 

Conference on 

Power Electronics 

2023 
N. Patel, R. 

Gupta 

"Cost-effective Power 

Electronic Converters for 

EV Hybrid Storage" 

Designed low-cost converters 

enabling efficient LIB-SC 

hybrid management. 

International 

Journal of Electrical 

Engineering (Indian 

Society) 

2022 S. Rao, T. Iyer 

"Modeling and 

Simulation of LIB–SC 

Hybrid Systems in 

Electric Vehicles" 

Developed simulation 

frameworks predicting 

system performance under 

varying load conditions. 

Journal of Electrical 

Systems and 

Information 

Technology 

(Springer India) 

2022 
K. Narayan, L. 

Das 

"Thermal Management 

Techniques for 

Supercapacitors in EV 

Applications" 

Investigated cooling 

strategies to enhance SC 

lifespan and reliability under 

high power loads. 

Indian Journal of 

Engineering & 

Materials Sciences 

 

 

III. INTEGRATION ARCHITECTURES AND POWER MANAGEMENT IN EVS 

 

The hybridization of supercapacitors and lithium-ion batteries in electric vehicles requires careful architectural planning 

and intelligent power control to ensure optimal performance, efficiency, and longevity. This section explores various 

integration architectures and power management strategies adopted in EV systems. 

 

3.1 Integration Architectures 

3.1.1 Series Configuration 
In a series configuration, batteries and supercapacitors are connected in series, allowing both to contribute to the system 

voltage. This setup ensures a unified energy supply but requires complex control systems to manage current flow and 

avoid overcharging or deep discharging of any single unit. 

 

3.1.2 Parallel ConfigurationThis configuration connects LIBs and SCs in parallel, allowing the supercapacitor to 

quickly handle peak loads while the battery provides sustained energy. This is ideal for regenerative braking systems, 

where SCs absorb sudden power influxes without degrading battery health. 
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3.1.3 Dual Power Source Architecture 

In this architecture, LIBs and SCs are connected via separate DC-DC converters to a common DC bus. This arrangement 

allows independent voltage and current control and dynamic power sharing between the two energy sources, enhancing 

overall system efficiency. 

 

 

 

 

 

 

 

 

 

 

3.1.4 Modular Hybrid Energy Storage Systems (HESS) 

Modular HESS design facilitates easy maintenance, scalability, and fault isolation. Modules consisting of battery and 

supercapacitor sub-units can be combined based on application demands, promoting flexible EV platform designs. 

 

 

 

 

 

 

 

 

 

 

 

 

3.2. Power Management Strategies 

 

3.2.1 Energy Management Algorithms (EMAs) 

Energy Management Algorithms allocate power flow based on real-time conditions like State-of-Charge (SoC), power 

demand, and load cycles. Common strategies include: 

 Rule-based Control 

 Fuzzy Logic Controllers 

 Model Predictive Control (MPC) 
 

These strategies aim to optimize battery usage, reduce wear, and enhance system responsiveness. 

 

3.2.2 Regenerative Braking Management 

Supercapacitors are highly efficient in capturing and storing braking energy. In hybrid setups, SCs absorb regenerative 

energy, which can later be used for quick acceleration, reducing battery cycling and improving energy economy.  
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3.2.3 Peak Power Saving 

During rapid acceleration or hill climbs, supercapacitors deliver instantaneous power, relieving stress on the battery. This 
method enhances battery life and maintains vehicle performance consistency. 

 

 

 

 

 

 

 

 

 

 

3.2.4 Thermal and Voltage Balancing 

Power electronics and control systems ensure that thermal loads and voltage differences across components are managed. 

This is essential to prevent overheating, voltage mismatches, or premature component failure. 

 

IV. CHALLENGES AND LIMITATIONS IN EV–SUPERCAPACITOR HYBRID SYSTEMS 

 

Despite the promising performance and lifecycle advantages of integrating supercapacitors with lithium-ion batteries in 

EVs, several challenges still need to be addressed before widespread adoption and commercialization. 

 

4.1 Cost and Economic Viability 

Supercapacitors, especially those based on advanced materials like graphene or carbon nanotubes, are still expensive 

compared to traditional battery components. The additional cost of power converters and control systems further increases 
the total cost of the hybrid energy storage system (HESS), which may not be viable for low-cost EV segments without 

economies of scale. 

 

4.2 System Complexity and Space Requirements 

Integrating a dual energy storage system introduces additional components such as: 

 Multiple DC-DC converters 

 Complex BMS (Battery Management Systems) 

 Thermal management systems 

This leads to higher design complexity and spatial constraints, particularly for compact EVs and two-wheelers. 

 

4.3 Power Converter Efficiency and Control 
Maintaining high conversion efficiency while managing bidirectional power flow between the battery, supercapacitor, 

and motor is challenging. Power losses, switching delays, and electromagnetic interference can degrade overall system 

performance. 

 

4.4 Thermal Management 

While supercapacitors have better thermal tolerance than batteries, they still generate heat under rapid charge-discharge 

cycles. Efficient and lightweight thermal management solutions are essential to prevent energy loss, degradation, or safety 

hazards. 

 

4.5 Scalability and Standardization 

There is currently no universal standard for integrating supercapacitors with EV battery packs. This hinders 
interoperability, scalability, and supplier compatibility across different EV models and platforms. 

 

4.5.6 Energy Density Mismatch 

The energy density of supercapacitors (5–10 Wh/kg) remains significantly lower than that of lithium-ion batteries (150–

250 Wh/kg). Managing this mismatch while ensuring balanced power delivery across use cycles poses a technical 

challenge. 
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V. MATERIALS AND COMPONENT INNOVATIONS 

 
Advanced materials research plays a vital role in improving the efficiency, energy density, and durability of 

supercapacitors used in electric vehicle applications. This section highlights key innovations in electrode, electrolyte, and 

structural materials.  

 

5.1 Electrode Materials 

 Activated Carbon: Widely used due to its large surface area and affordability, but limited by moderate capacitance. 

 Graphene and Carbon Nanotubes (CNTs): Offer superior electrical conductivity and surface area. Indian 

researchers are working on scalable synthesis of graphene-based electrodes for commercial EV applications. 

 Metal Oxides (MnO₂, RuO₂): Provide pseudo-capacitance, boosting energy density. Research focuses on stabilizing 

these materials under high cycling stress. 

 Conducting Polymers (e.g., polyaniline, polypyrrole): Lightweight and flexible, these polymers enable conformal 
coatings over electrode surfaces, enhancing charge storage. 

 

5.2 Electrolytes 

 Aqueous Electrolytes: Safe and highly conductive, though they operate at lower voltage ranges. 

 Organic Electrolytes: Allow higher operating voltage (up to 2.7V), thereby increasing energy density but are 

flammable and more expensive. 

 Ionic Liquids and Gel Electrolytes: Under study for their wide electrochemical windows and stability at high 

temperatures. 

 

 

 
 

 

 

 

 

 

 

 

 

 

 
 

 

5.3 Structural Innovations 

 Flexible Supercapacitors: Designed for future EV applications in smart tires, dashboards, and flexible electronics. 

 Solid-State Supercapacitors: Provide improved safety and packaging density for compact EV systems. 

 Hybrid Electrodes: Combine battery-type and capacitor-type materials in one electrode, e.g., LTO + CNT or 

graphene + MnO₂, achieving the best of both energy and power characteristics. 
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5.4 Indian Contributions 

Recent Indian research (e.g., at IISc Bangalore and IIT Madras) has focused on: 

 Biomass-derived carbon electrodes. 

 Low-cost fabrication of graphene supercapacitors. 

 Saltwater-based green electrolytes for eco-friendly EV applications. 

 

VI. APPLICATION-SPECIFIC CONSIDERATIONS 

 

EV platforms vary widely—from scooters to heavy-duty electric buses—each having different energy and power needs. 

Supercapacitor integration must align with the vehicle class and performance goals. 

 

6.1 Two- and Three-Wheelers 

 Supercapacitors aid in instantaneous torque delivery and quick charge recovery. 

 Integration allows downsizing of batteries, reducing cost and weight. 

 Used effectively in regenerative braking in crowded traffic conditions. 

 

6.2 Passenger Cars 

 Hybrid Energy Storage Systems (HESS) reduce battery degradation by handling sudden load variations. 

 Supercapacitors support functions like auto start-stop, hill-start assist, and boost acceleration. 

 Popular in start–stop city driving where frequent short bursts of energy are required. 

 

6.3 Commercial Vehicles & Electric Buses 

 High braking frequency and heavy payloads make SCs ideal for regenerative braking systems. 

 Supercapacitors extend battery life and enhance route efficiency by supporting load peaks. 

 Large-scale deployments in urban bus fleets (e.g., Delhi and Bengaluru pilot programs) are evaluating hybrid 

systems. 

 

6.4 Off-Road and Industrial EVs 

 Mining trucks, forklifts, and autonomous delivery robots use SCs for rapid maneuvering and safety-critical 

operations. 

 Harsh environments demand rugged supercapacitor designs and superior thermal resilience. 

 

VII. FUTURE SCOPE 

 

The integration of supercapacitors in electric vehicles is still an emerging field with vast untapped potential. Ongoing 
research, material innovation, and advances in electronics and AI open up multiple directions for enhancing hybrid energy 

storage systems. The following areas highlight the promising avenues for future development: 

 

7.1 Advanced Hybrid Architectures 

Next-generation energy storage systems may adopt: 

 Multi-tiered architectures involving batteries, supercapacitors, and fuel cells for various energy layers. 

 Swappable HESS modules for extended EV range and reduced downtime. 

 Plug-and-play HESS systems for retrofitting existing EVs. 

 

7.2 AI-Driven Energy Management 

Artificial Intelligence and machine learning can: 

 Predict power demands based on driving habits. 

 Optimize real-time power split between battery and SC. 

 Anticipate and mitigate degradation through predictive analytics. 

 

7.3 Green and Recyclable Materials 

As environmental sustainability gains importance: 

 Biomass-derived carbon and eco-friendly electrolytes are being developed. 
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 Research is underway to enhance recyclability and disposal practices for SC modules. 

 Solid-state and biodegradable supercapacitors may offer safer alternatives. 

 

7.4 Flexible and Wearable Supercapacitors for EV Subsystems 

 Smart seats, dashboards, mirrors, and panels could integrate flexible supercapacitors. 

 EV accessories like embedded sensors, LED lighting, and infotainment systems could run on localized SC power. 

 

7.5 Ultra-fast Charging Stations 
Future EV infrastructure may include: 

 Charging stations with SC buffers to absorb grid surges and enable high-power pulse charging. 

 Onboard ultracapacitor banks that can handle ultra-fast charge-discharge cycles without stressing the battery. 

 

7.6 Government Incentives and Policy Support 

Policy frameworks could play a major role by: 

 Supporting research in indigenous supercapacitor production. 

 Offering subsidies for EVs with hybrid storage systems. 

 Framing standards for HESS safety, interoperability, and performance evaluation. 

 

VIII. CONCLUSION 

 

The transition toward sustainable transportation through electric vehicles (EVs) has created a strong demand for advanced 
energy storage systems that can meet both high energy and high power requirements. While lithium-ion batteries offer high 

energy density, they face limitations in power delivery, lifespan, and regenerative energy capture. Supercapacitors, with their 

superior power density, rapid charge-discharge capabilities, and long cycle life, present an ideal complementary technology.This 
paper has examined the architecture, control strategies, material innovations, and application-specific roles of supercapacitors 

in hybrid energy storage systems (HESS) for EVs. It has also discussed system-level challenges such as cost, complexity, and 
thermal management, along with emerging solutions being pioneered by Indian researchers. The integration of supercapacitors 

is particularly promising for applications involving frequent acceleration and braking, such as urban transport, e-rickshaws, and 
public electric buses. Looking ahead, advancements in hybrid architectures, AI-based energy management, and eco-friendly 

materials, along with strong policy support, are expected to accelerate the commercial deployment of LIB–SC systems in EVs. 
Continued interdisciplinary research and industry collaboration will be crucial in transforming these innovations into scalable, 

affordable, and reliable mobility solutions. 
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