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Abstract

Electric vehicles (EVs) represent a key pathway toward reducing greenhouse gas emissions
and fossil fuel dependence. Although significant advances have been achieved in energy
storage technologies for EVs, a structured comparative assessment that jointly evaluates
batteries, supercapacitors, and their hybridisation remains lacking. This review addresses
that gap by systematically comparing lithium-ion, lead-acid, and nickel-based batteries with
electrochemical double-layer capacitors (EDLCs), pseudocapacitors, and hybrid capacitors
across ten performance and sustainability criteria. A literature-informed scoring framework,
supplemented by sensitivity analysis under alternative weighting scenarios, is employed
to rank the technologies. Particular attention is given to Hybrid Energy Storage Systems
(HESS), which combine the high energy density of lithium-ion batteries with the high power
density and long cycle life of supercapacitors. The review synthesises evidence that HESS
can improve overall energy efficiency by up to 20% and extend battery lifetime by 30–50%,
thereby reducing raw-material extraction, electronic waste, and lifecycle cost. Second-
life pathways and circular-economy implications are discussed in depth. The findings
demonstrate that neither batteries nor supercapacitors alone can satisfy the full spectrum
of EV energy demands; instead, their integration within HESS offers the most balanced,
sustainable, and economically viable solution. This work provides actionable insights for
engineers, policymakers, and stakeholders engaged in next-generation sustainable mobility.

Keywords: batteries; supercapacitors; electric vehicles; hybrid energy storage system;
circular economy; lifecycle cost; SPAR-4-SLR protocol

1. Introduction
The evolution of electric vehicles (EVs) has accelerated dramatically since the early

19th century. Key advancements in energy storage technologies—from lead-acid to lithium-
ion batteries and the recent integration of supercapacitors—have significantly enhanced the
performance and feasibility of EVs. Batteries convert chemical energy into electrical energy
through Faradaic (charge-transfer) reactions and are therefore characterised by high energy
density but relatively limited power density and cycle life. Supercapacitors, by contrast,
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store energy electrostatically at electrode–electrolyte interfaces, yielding exceptionally high
power density and cycle life (>1,000,000 cycles) at the expense of lower energy density [1,2].
Understanding these complementary characteristics is essential for the rational design of
energy storage architectures for EVs.

Each type of battery has unique characteristics tailored to specific applications.
Lithium-ion batteries (LIBs) are highly favoured for EVs due to their exceptional energy-
to-weight ratio, which can reach up to 401.5 Wh/kg at the cell level [3], giving them a
clear performance advantage over traditional technologies such as lead-acid and nickel-
based batteries. The balance of energy density and power delivery makes Li-ion batteries
versatile [4]; however, they face challenges such as capacity fade and impedance rise over
time [5–7].

Lead-acid batteries remain valued for their low initial cost, high energy efficiency
(>80%), rapid response times, and minimal self-discharge (≈2%/month at 25 ◦C). However,
their low specific energy density (30–50 Wh/kg) and limited cycle life (≤1500 cycles) present
significant drawbacks [8–11]. The hazardous nature of lead also raises environmental
concerns [12].

Nickel-based batteries—including Nickel–Cadmium (NiCd), Nickel–Metal Hydride
(NiMH), and Nickel–Zinc (NiZn)—offer higher energy densities (50–95 Wh/kg) and longer
cycle lives (up to 10,000 cycles for NiCd) [13]. Nevertheless, cadmium toxicity has led to EU
restrictions, and these chemistries exhibit faster self-discharge and greater heat generation
at elevated temperatures [14–16].

Supercapacitors are another promising technology, excelling in applications requir-
ing high power density and rapid charging. Various types include EDLCs, which use
nanoporous materials for high capacitance; pseudocapacitors, which enhance energy den-
sity through Faradaic processes such as electrosorption and redox reactions; and hybrid
capacitors, which combine battery-type and supercapacitor-type electrodes for improved
energy density [17–20]. Despite their high power density, supercapacitors store less en-
ergy than batteries, making them ideal for quick bursts of power but less suitable for
long-duration storage [21].

Research Gap and Novelty Statement

Previous reviews predominantly address battery technologies in isolation [22–24] or
focus on supercapacitor materials without linking findings to vehicle-level system design.
While the concept of hybrid battery–supercapacitor systems is established, the literature
lacks a structured comparative assessment that:

(i) Benchmarks batteries and supercapacitors across multiple performance and sustain-
ability criteria using a transparent scoring framework;

(ii) Evaluates the sensitivity of rankings to alternative weighting assumptions;
(iii) Synthesises evidence on HESS topology trade-offs including control strategies and

power-split algorithms; and
(iv) Explicitly connects HESS-enabled battery life extension to circular-economy out-

comes such as second-life applications, reduced raw-material extraction, and lifecycle
cost savings.

This review fills those gaps by integrating technical, environmental, and economic
dimensions into a single analytical framework, providing actionable guidance for engineers,
policymakers, and stakeholders involved in next-generation sustainable mobility solutions.

Notable research that motivates the present hybridisation focus includes the develop-
ment of a low-cost fast-charging station using a micro gas turbine and supercapacitor [25],
scalable fabrication methods for improving supercapacitor energy density [26], and the
demonstration of benefits when replacing a 48 V lithium battery with a 48 V supercapacitor
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in a micro-hybrid vehicle [27]. These studies illustrate specific advantages of supercapaci-
tors, yet none provides the holistic multi-criteria comparison attempted here.

Integrating batteries and supercapacitors in EVs can optimise performance: superca-
pacitors handle peak power demands and rapid charging needs while batteries provide sus-
tained energy storage. In HESS, supercapacitors manage peak power demands and rapid
energy needs, reducing stress on Li-ion batteries, which then focus on delivering steady,
long-term energy. This synergy improves overall energy efficiency and extends battery
lifespan by 30–50% [28], reducing replacement frequency and minimising electronic waste.

The remainder of this paper is organised as follows. Section 2 describes the systematic
review methodology. Section 3 discusses the operating principles of EDLCs and batteries.
Section 4 examines supercapacitor types and their EV applications. Section 5 analyses
HESS architectures, control strategies, and circularity implications. Section 6 presents the
scoring results and sensitivity analysis. Section 7 provides an in-depth discussion with
lifecycle cost analysis and comparison to competing studies. Section 8 draws conclusions
and identifies future research directions.

2. Methodology
2.1. Systematic Review Protocol

This review follows the Scientific Procedures and Rationales for Systematic Literature
Reviews (SPAR-4-SLR) protocol [29]. The review process was conducted in four stages:
identification, screening, eligibility assessment, and structured synthesis.

2.1.1. Identification

Literature searches were performed in Scopus, Web of Science, and Google Scholar for
the period 2000–2024. The following Boolean keyword combinations were used:

• (“lithium-ion battery” OR “lead-acid battery” OR “nickel-based battery”) AND
“electric vehicle”;

• “supercapacitor” AND (“electric vehicle” OR “EDLC” OR “pseudocapacitor” OR
“hybrid capacitor”);

• “hybrid energy storage system” AND (“battery” AND “supercapacitor”);
• (“battery recycling” OR “second-life battery” OR “circular economy”) AND “elec-

tric vehicle”.

2.1.2. Screening and Eligibility

The selection process is summarised in Table 1.

Table 1. Literature screening summary.

Stage Number of Records

Records identified from databases 347
After duplicate removal 302
After title/abstract screening 158
After full-text eligibility 94

Inclusion criteria:

(i) Peer-reviewed journal articles, conference papers, or authoritative reports;
(ii) Direct relevance to energy storage technologies in EVs (batteries, supercapacitors, HESS);
(iii) Availability in English;
(iv) Publication date between 2000 and 2024.
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Exclusion criteria:

(i) Studies focused solely on grid-scale stationary storage without EV context;
(ii) Editorial or opinion pieces without original data or synthesis;
(iii) Duplicated datasets already captured through other included studies.

2.1.3. Structured Synthesis

The 94 retained studies were analysed through qualitative thematic coding (identifying
key themes, findings, and gaps) and quantitative extraction (specific energy values, power
densities, cycle lives, costs, and efficiency gains). A comparative analysis was then conducted
to directly compare performance metrics using the critical criteria described below.

2.2. Evaluation Metrics and Criteria Justification

Ten evaluation criteria were identified as essential for comparing batteries and super-
capacitors in EVs:

1. Specific Energy (Wh/kg): Li-ion batteries offer values up to ≈285 Wh/kg [30], pro-
viding longer operational times per unit mass.

2. Power Density (W/kg): Supercapacitors reach up to 10,000 W/kg [2], enabling rapid
energy discharge in regenerative braking and acceleration.

3. Cycle Life (cycles): Supercapacitors exceed 1,000,000 cycles, far surpassing the typical
500–2000 cycles of Li-ion batteries [1].

4. Charge/Discharge Rate: Supercapacitors charge and discharge within seconds via
electrostatic mechanisms. Li-ion batteries typically operate at 0.5–2 C for standard
cycling and 3–5 C under fast-charging conditions, achieving 20–40 min to reach 80%
state-of-charge (SOC) in modern EV fast-charging protocols [31,32].

5. Cost ($/Wh): Lead-acid batteries remain the least expensive (≈$50–150/kWh at pack
level). Li-ion pack costs have declined to ≈$130–160/kWh (2023 average) but vary by
chemistry, region, and scale [33,34]. Supercapacitor costs remain higher per Wh but
must be evaluated on a lifecycle basis (see Section 7.3).

6. Environmental Impact: Li-ion batteries pose challenges due to lithium and cobalt
extraction; supercapacitors, often based on carbon-derived materials, tend to have a
lower cradle-to-gate footprint [35].

7. Safety: Li-ion batteries are susceptible to thermal runaway; supercapacitors are
inherently safer due to their electrostatic storage mechanism [36].

8. Maintenance: Lead-acid batteries require the most frequent maintenance; Li-ion and
supercapacitors require minimal upkeep.

9. Recyclability: Lead-acid batteries achieve >95% recycling rates. Li-ion recycling
remains challenging (50–70% overall recovery). Supercapacitors, particularly carbon-
based EDLCs, offer relatively straightforward end-of-life processing.

10. Temperature Range: Supercapacitors operate effectively from −40 ◦C to +70 ◦C;
Li-ion batteries have a narrower optimal range [2].

2.3. Scoring Framework

A 1–5 ordinal scoring scale was applied to each technology–criterion pair. Scores
were assigned based on relative positioning within literature-derived performance ranges
(Table 2), not arbitrary judgement. For quantitative criteria, the technology achieving the
highest reported value received a score of 5, and others were scaled proportionally in
quintile bins. For qualitative criteria (safety, environmental impact, maintenance), scores
were determined by the frequency and consistency of evidence patterns across the reviewed
literature. Section 6.2 presents a sensitivity analysis under alternative weighting scenarios
to verify ranking robustness.
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Table 2. Representative literature-derived performance ranges used for score assignment.

Criterion Li-Ion Lead-Acid Ni-Based Supercapacitors

Specific Energy (Wh/kg) 100–285 30–50 50–95 5–15
Power Density (W/kg) 250–1500 a 50–180 50–1000 5000–10,000
Cycle Life (cycles) 500–5000 500–1500 1000–10,000 >500,000
Typical C-rate 0.5 C–5 C 0.1 C–0.3 C 0.5 C–3 C >100 C
Pack-level cost ($/kWh) 130–300 50–150 150–600 10,000–20,000 b

Temp. range (◦C) −20 to +60 −20 to +50 −20 to +60 −40 to +70
a Pack-level; high-power cells can reach 3000–4000 W/kg under short pulse [36]. b Per Wh basis; cost per W is
substantially lower and more relevant for power applications.

3. Operation Principles of EDLC Supercapacitors and Batteries
3.1. Electrochemical Double-Layer Capacitors (EDLCs)

EDLC supercapacitors store energy by utilising the physical separation of charges
within an electric double layer at the electrode–electrolyte interface [37]. Unlike batteries,
EDLCs operate through a purely physical (non-Faradaic) process: ions from the electrolyte
accumulate on the surface of high-surface-area electrodes (typically activated carbon,
>1000 m2/g) when a voltage is applied, forming the electric double layer where energy is
stored electrostatically.

A key advantage of EDLCs is their high power density [38], enabling exceptionally
rapid energy delivery. In EVs, EDLCs are used in regenerative braking systems to capture
kinetic energy that would otherwise be lost as heat, and in power stabilisation circuits.
However, their lower energy density compared to batteries limits their use to scenarios
where rapid discharge/recharge cycles are more critical than long-term energy storage [39].

3.2. Battery Chemistries for EVs

Figure 1 presents a comparative analysis of lead-acid, nickel-based, and lithium-ion
batteries across key performance metrics from the reviewed literature. The data reveal that
lithium-based batteries achieve the highest specific energy (90–190 Wh/kg) and efficiency
(80–95%), whereas nickel-based batteries offer the widest cycle-life range (100–40,000 cycles)
and lead-acid batteries provide the lowest cost ($50–200/kWh). These trade-offs motivate
the hybridisation strategy discussed in Section 5.

Figure 1. Comparison of supercapacitor architectures: (a) Electric double-layer capacitor (EDLC) with
symmetric activated carbon electrodes storing charge electrostatically; (b) Hybrid capacitor combining
capacitive (activated carbon) and battery-type (lithiated graphite) electrodes; (c) Pseudocapacitor
employing transition metal oxide/conducting polymer electrodes for Faradaic charge storage.

The same data are also summarised in tabular form in Table 3 for quantitative reference.
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Table 3. Quantitative comparison of battery technologies.

Type Specific Power Specific Energy Life Cycle Efficiency
(W/kg) (Wh/kg) (Years) (%)

Lead-acid 50–180 30–50 3–15 500–4500 70–90
Ni-based 50–1000 30–70 15–20 100–40,000 50–90
Li-based 250–400 90–190 ∼15 500–18,000 80–95

3.2.1. Lead-Acid Batteries

Lead-acid batteries are among the earliest and most widely utilised rechargeable
electrochemical devices, valued for low initial cost, high energy efficiency (>80%), and
low self-discharge (≈2%/month at 25 ◦C). However, their low specific energy density
(30–50 Wh/kg) and limited cycle life (≤1500 cycles) constrain their suitability for modern
EVs. The toxic nature of lead necessitates careful recycling and disposal [8,40].

3.2.2. Nickel-Based Batteries

Nickel-based batteries encompass NiFe, NiCd, NiMH, and NiZn types. All use nickel
hydroxide as the positive electrode with a KOH/LiOH electrolyte. They generally offer
50–95 Wh/kg. NiCd batteries endure up to 10,000 cycles but pose environmental risks due
to cadmium toxicity, leading to EU usage restrictions [13]. NiMH batteries provide a high
energy density and wide operating temperature range and are environmentally benign if
disposed of properly [15].

3.2.3. Lithium-Ion Batteries

Lithium-ion batteries have become the preferred choice for EVs thanks to high specific
energy (up to ≈285 Wh/kg at the cell level) and power densities of 250–1500 W/kg
at pack level (high-power cells can reach 3000–4000 W/kg under short-duration pulse
conditions) [30,36]. LIBs shuttle lithium ions between a graphite anode and a lithium metal
oxide cathode (e.g., LiCoO2, LiMn2O4, LiFePO4) through an organic electrolyte. Despite
their advantages, LIBs face capacity fade from SEI layer growth and safety concerns
(thermal runaway), necessitating robust battery management systems (BMS) [41,42].

3.3. Hybrid Integration Rationale

By integrating EDLCs with lithium-ion batteries, hybrid systems leverage the strengths
of both technologies. Supercapacitors handle peak power demands and regenerative brak-
ing while LIBs provide stable energy over extended periods. This combination enhances
system efficiency, improves energy management, and extends the LIB lifespan by reducing
stress on lithium-ion cells [27,43].

3.4. Global Battery Production and Regional Strategies

The EU, US, and China each have distinct approaches to battery production. The
EU Battery Regulation promotes a circular economy with high recycling targets [44]. The
US Inflation Reduction Act incentivises domestic manufacturing, while China dominates
through subsidies and infrastructure investments.

Europe concentrates on high-energy-density NMC and NCA batteries, with research
advancing toward solid-state cells [45]. China leads in LFP production, offering safety and
cost advantages [46]. Geopolitical factors continue to shape the global supply chain, with
EU and US efforts to diversify raw-material sources.

All three regions invest in next-generation technologies: the EU in solid-state batteries
and improved recycling; the US in cost reduction via public–private partnerships; China in
LFP/NMC expansion and sodium-ion exploration.
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3.5. Recycling of Batteries and Second-Life Applications

The growing use of batteries has led to projections of over 500,000 metric tons of spent
batteries annually by 2030 [47]. These contain hazardous materials (lithium, cobalt, nickel,
lead) requiring careful management.

Lead-acid batteries are predominantly recycled via pyrometallurgical and hydromet-
allurgical methods with >95% lead recovery [48]. Li-ion recycling is more complex: py-
rometallurgical methods recover Co, Ni, and Cu but achieve <50% lithium recovery [49];
hydrometallurgical processes exceed 90% for Co and Ni [50]. Overall Li-ion recycling
efficiency is currently 50–70% [51,52].

The EU Battery Directive mandates minimum recycling efficiencies of 65% (by weight)
for lead-acid and 50% for Li-ion batteries [53]. Mining lithium can consume up to 500,000 L
of water per metric ton extracted [54]; recycling dramatically reduces water and energy
consumption. Battery recycling can reduce greenhouse gas emissions by up to 50% com-
pared to virgin material production [55]. The EU estimates that recycling could meet up to
30% of Europe’s demand for critical raw materials by 2030 [56].

Second-Life Applications

A critical element of circularity that extends beyond recycling is the repurposing of
EV batteries for second-life applications. When LIBs degrade to approximately 70–80% of
their original capacity, they are no longer optimal for automotive use but remain viable
for less demanding stationary applications such as residential energy storage, grid peak
shaving, and renewable-energy buffering [57,58]. Second-life use can extend the functional
lifespan of a battery pack by 5–10 additional years, deferring recycling costs and further
reducing raw-material extraction. Studies estimate that second-life deployment could offset
10–25% of new battery demand by 2035 [59]. Furthermore, HESS configurations that reduce
high-stress cycling can slow degradation rates, thereby increasing the proportion of battery
packs that qualify for second-life use.

Standardising battery components, developing universal recycling technologies, har-
monising global regulations, and implementing producer responsibility schemes are essen-
tial strategies for overcoming current barriers [60]. Emerging technologies such as direct
recycling (recovering cathode materials in their original form) and design-for-disassembly
approaches promise to further improve efficiency and sustainability.

4. Supercapacitors for Electric Vehicles
Supercapacitors utilise a layered structure of two solid conductors with an electrolyte

solution, resulting in energy storage capacities up to 20 times higher than traditional
capacitors. They are increasingly utilised in transportation and industrial applications as
high-power buffers. Compared to batteries, supercapacitors deliver 100–1000 times higher
power density but store 3–30 times less energy [2,21].

Three main supercapacitor technologies are employed in EVs (Figure 2):

1. Electric Double-Layer Capacitors (EDLCs): Store charge via the electric double-
layer capacitance at electrode/electrolyte interfaces. Nanoporous materials with high
specific surface areas serve as active electrodes. EDLCs use a non-Faradaic process,
offering high power density and very long cycle life [18,20].

2. Pseudocapacitors: Enhance energy density and specific capacitance beyond EDLCs
by employing Faradaic processes—electrosorption, redox reactions, and intercalation.
The pseudocapacitance effect depends on electrode pore structure and the chemical
affinity of electrode materials to adsorbed ions. Charge stored increases approximately
linearly with applied voltage [17,19,61].
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3. Hybrid Supercapacitors: Combine battery-type and supercapacitor-type electrodes
to achieve higher voltages and improved energy density. Often referred to as “asym-
metric” systems, they utilise both Faradaic and non-Faradaic mechanisms. Sharma et
al. demonstrated an asymmetric hybrid supercapacitor achieving enhanced energy
density through optimised electrode pairing [62,63]. An illustration of hybrid capaci-
tor application is the LIFE2M (Long LIFE to Micromobility) project, an EU-funded
initiative developing innovative energy storage for micromobility vehicles. LIFE2M
conducts pilot actions in Palermo, L’Aquila, and Florence, demonstrating hybrid
capacitors’ potential to improve energy efficiency, extend vehicle lifespan, and reduce
environmental impact [64].

Figure 2. Overview of supercapacitor types and their charge storage mechanisms. EDLCs store
charge non-Faradaically via the electric double layer; pseudocapacitors employ Faradaic processes
(redox, electrosorption); hybrid capacitors combine both mechanisms.

Table 4 provides a comparative overview of the three supercapacitor types, including
their architecture and key characteristics.

Table 4. Comparison of EDLC, pseudocapacitor, and hybrid capacitor characteristics.

Feature EDLC Pseudocapacitor Hybrid Capacitor

Voltage/Power High voltage, high power Low voltage (limited by solvent decomposition) Increased cell voltage
Electrode materials Carbon (activated carbon, graphene) Metal oxides, conducting polymers [19] Carbon + polymers/metal oxides
Charge storage Non-Faradaic (EDL formation) Faradaic (redox, electrosorption) Both Faradaic and non-Faradaic
Energy density 5–8 Wh/kg 10–20 Wh/kg 15–30 Wh/kg
Cycle life >1,000,000 100,000–500,000 50,000–500,000
Architecture Symmetric Symmetric or asymmetric Asymmetric

Figure 3 illustrates the electrode configurations for symmetric and asymmetric hybrid
supercapacitor systems.
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Electrode
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+ Separator

Carbon
Electrode
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Battery-type
Electrode
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+ Separator

Carbon
Electrode
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Figure 3. Schematic illustration of symmetric (EDLC) and asymmetric (hybrid) supercapacitor
electrode configurations.

5. Hybrid Energy Storage Systems
5.1. Rationale and Performance Benefits

Hybrid Energy Storage Systems (HESS) integrate supercapacitors and batteries to
leverage the complementary strengths of each technology [65,66]. In a HESS, supercapaci-
tors handle short-duration, high-power events (acceleration, regenerative braking), while
batteries provide sustained energy for long-distance travel. This separation of roles reduces
electrical and thermal stress on the battery, extending its operational life by 30–50% and
improving overall energy efficiency by up to 20% [28,43].

Table 5 summarises a comparative analysis of standalone battery systems versus HESS,
drawing on simulation and modelling evidence from the reviewed literature.

Table 5. Comparative performance: standalone battery vs. HESS configurations.

Metric Battery-Only Battery + SC (HESS)

Round-trip efficiency (%) 85–92 90–96
Response time (ms) 10–100 <5 (SC path)
Battery cycle life degradation (%/1000 cycles) 15–25 8–14
Regenerative braking energy recovery (%) 40–55 60–75
Peak power handling Battery-limited SC-buffered
Indicative lifecycle cost (relative) 1.00 0.80–0.90 a

a Over 10-year vehicle life, accounting for deferred battery replacement [27,67].

5.2. HESS Topologies and Trade-Offs

Three principal HESS topologies are distinguished in the literature [65,68] (Figure 4):
Passive topology: Battery and supercapacitor are connected directly in parallel with-

out power electronics. This is the simplest and lowest-cost configuration but provides no
independent control over power distribution; the voltage of both sources must be matched,
and the supercapacitor’s energy utilisation is limited to approximately 25–35%.

Semi-active topology: A DC/DC converter is placed on either the supercapacitor
branch (SC semi-active) or the battery branch (battery semi-active). The SC semi-active
variant is more common because it allows full utilisation of the supercapacitor’s voltage
range while keeping the battery on the DC bus directly. This provides moderate control
flexibility at moderate cost and complexity.

Full-active topology: Both the supercapacitor and battery are interfaced through inde-
pendent DC/DC converters, enabling full decoupling of voltage levels and independent
power management. This topology maximises system performance and energy utilisation
but incurs the highest cost and complexity.
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Figure 4. HESS system architecture illustrating the integration of battery and supercapacitor subsys-
tems with the vehicle powertrain.

Figure 5 provides detailed schematics of the three HESS topologies.

(a)

Battery SC

DC Bus

(b)

Battery SC

DC/DC

DC Bus

(c)

Battery SC

DC/DC DC/DC

DC Bus

Figure 5. HESS topology configurations: (a) passive, (b) semi-active, and (c) full-active.

Table 6 summarises the trade-offs among these topologies based on simulation and
modelling evidence.

Table 6. HESS topology comparison.

Feature Passive Semi-Active Full-Active

Power electronics None 1 converter 2 converters
Control flexibility Low Moderate High
SC energy utilisation (%) 25–35 60–80 85–95
Relative cost Low Medium High
Efficiency gain vs. battery-only 5–8% 12–16% 18–22%

5.3. Control Strategies and Power-Split Algorithms

The effectiveness of HESS depends critically on the control strategy that governs
power distribution between battery and supercapacitor. Key approaches identified in the
literature include:

Rule-based strategies: Deterministic rules allocate high-frequency power transients
to the supercapacitor and steady-state loads to the battery. Low-pass filtering of the load
demand is a common implementation: the battery responds to the filtered (low-frequency)
component while the supercapacitor handles the residual high-frequency component [65].
These strategies are simple to implement and computationally inexpensive but do not
guarantee global optimality.

Optimisation-based strategies: Model predictive control (MPC) and dynamic pro-
gramming (DP) optimise the power split over a prediction horizon, minimising battery
degradation or energy consumption subject to SOC constraints. Simulation studies report
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8–15% additional battery life extension compared to rule-based methods, albeit at higher
computational cost [69].

Machine-learning approaches: Reinforcement learning and neural network controllers
adapt the power split in real time based on learned driving patterns. Early results indicate
efficiency comparable to DP-based solutions with significantly reduced online computation [70].

Without a well-designed control strategy, the theoretical benefits of HESS cannot be
fully realised. The choice of strategy involves trade-offs among computational complexity,
real-time feasibility, and optimality guarantees. Table 7 provides a structured comparison.

Table 7. Comparison of HESS control strategies.

Feature Rule-Based Optimisation Machine Learning

Computational cost Low High Medium (online)
Optimality Heuristic Near-optimal Near-optimal
Real-time feasibility High Limited a High
Adaptability Low Low High
Battery life extension Baseline +8–15% +8–15%
Implementation complexity Low High Medium–High

a Full DP requires future drive-cycle knowledge; MPC is feasible in real time with shorter horizons.

5.4. Circularity Implications of HESS

By buffering high-power transients, HESS configurations reduce the depth-of-
discharge (DOD) variability and peak current stress experienced by the battery. This
directly slows capacity fade and internal resistance growth, the two primary aging mecha-
nisms in Li-ion cells. Quantitatively, studies have shown that limiting peak C-rate from 3 C
to 1 C via SC buffering can reduce capacity fade by approximately 30% over 2000 equivalent
full cycles [27].

This life extension has concrete circular-economy implications (Figure 6):

• Reduced raw-material extraction: A 30–50% life extension implies that approximately
20–33% fewer battery packs are manufactured over a given vehicle fleet’s lifetime,
directly reducing demand for lithium, cobalt, nickel, and graphite.

• Increased second-life eligibility: Batteries retired from HESS-equipped vehicles retain
higher residual capacity (typically 75–80% vs. 65–70% for battery-only vehicles at the
same mileage), making a larger fraction suitable for second-life stationary storage
applications [57].

• Deferred recycling burden: Extended first and second lives defer the recycling
processing load, allowing time for recycling technologies to mature and improve
recovery rates.

• Reduced electronic waste: Fewer battery replacements translate to less hazardous
waste entering the waste stream during the vehicle’s service life.

Raw Material
Extraction

Battery
Manufacturing

EV Use
(HESS extends life)

Second-Life
(Stationary Storage)

Recycling &
Material Recovery

70–80% capacity

End of 2nd life

Recovered materials

HESS reduces extraction

Figure 6. Circular-economy pathway for EV batteries enabled by HESS, illustrating battery life
extension, second-life applications, and recycling.
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5.5. LIFE2M Project: Practical Relevance

The LIFE2M (Long LIFE to Micromobility) project [64] is an EU Horizon 2020 initiative
that demonstrates the practical application of hybrid energy storage in micromobility
vehicles. The project conducts pilot actions in Palermo, L’Aquila, and Florence to validate
hybrid capacitor integration, measuring improvements in energy efficiency, vehicle lifespan,
and environmental footprint. LIFE2M provides a concrete case study illustrating how HESS
concepts translate from laboratory research to real-world deployment, particularly in urban
micromobility contexts where frequent acceleration and braking cycles maximise the benefit
of supercapacitor buffering.

5.6. Broader Applications

Advancements in materials and control technologies are expanding HESS use beyond
EVs into renewable energy integration, grid stabilisation, and hybrid electric aircraft [71].
Regulatory frameworks, such as the EU’s stringent emissions regulations and green tech-
nology incentives, have accelerated HESS deployment in public transportation [72]. While
initial investment is higher, long-term savings from reduced maintenance, extended battery
life, and improved efficiency offset these costs, supporting sustainable development goals.

6. Results
6.1. Scoring Results

Based on the systematic literature review and the scoring framework described in
Section 2.3, each technology was evaluated across ten criteria. Scores were assigned
using the literature-derived performance ranges in Table 2. Table 8 presents the resulting
comparative scoring matrix.

Table 8. Comparative scoring of energy storage technologies (1 = least favourable, 5 = most
favourable). Scores are derived from relative positioning within literature-reported ranges (Table 2).

Criterion Li-Ion Pb-Acid Ni-Based SC Justification

Specific Energy 5 2 3 1 Li-ion: 100–285 Wh/kg
Power Density 3 2 3 5 SC: 5000–10,000 W/kg
Cycle Life 2 2 4 5 SC: >500,000 cycles
Charge/Discharge 3 1 3 5 SC: >100 C
Cost ($/Wh) 3 4 2 1 SC cost/Wh very high
Env. Impact a 2 1 3 4 Li/Co mining burdens
Safety 3 2 4 5 SC: no thermal runaway
Maintenance 4 2 3 5 SC: near-zero
Recyclability 2 5 4 3 Pb-acid: >95% recovery
Temp. Range 3 3 3 5 SC: −40 to +70 ◦C

Total 30 24 32 39
a Higher score = lower environmental impact.

Key observations:

• Supercapacitors achieve the highest aggregate score (39/50) under equal weighting,
driven by superior power density, cycle life, charge/discharge rate, safety, mainte-
nance, and temperature range.

• Their lowest scores are in specific energy (1) and cost per Wh (1), confirming that they
cannot serve as standalone propulsion storage.

• Lithium-ion batteries lead in specific energy (5) but score lower in cycle life (2),
recyclability (2), and environmental impact (2).

• Lead-acid batteries rank highest in recyclability (5) and cost (4) but lowest in most
other criteria.

• Nickel-based batteries offer balanced mid-range performance (total 32).
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6.2. Sensitivity Analysis

To assess the robustness of the rankings, three alternative weighting scenarios
were evaluated:

1. Performance-weighted (PW): Double weight on specific energy, power density, and
cycle life; single weight on all others.

2. Sustainability-weighted (SW): Double weight on environmental impact, recyclability,
and cost; single weight on all others.

3. Safety-weighted (SaW): Double weight on safety, temperature range, and mainte-
nance; single weight on all others.

Table 9 summarises the weighted totals and resulting ranks.

Table 9. Sensitivity analysis under alternative weighting scenarios.

Scenario Li-Ion Pb-Acid Ni-Based SC

Equal weight (EW) 30 24 32 39
Performance-weighted (PW) 40 30 42 50
Sustainability-weighted (SW) 37 34 41 47
Safety-weighted (SaW) 40 31 42 54

Rank (EW) 3 4 2 1
Rank (PW) 3 4 2 1
Rank (SW) 3 4 2 1
Rank (SaW) 3 4 2 1

Supercapacitors maintain the top rank across all scenarios, confirming that the con-
clusion is robust to weighting assumptions. Critically, this ranking reflects multi-criteria
suitability across the ten selected dimensions. It does not imply that supercapacitors can
replace batteries as the primary energy source in EVs. Their low specific energy pre-
cludes standalone use for vehicle propulsion. Instead, the ranking confirms their value
as a complementary technology within HESS, where their strengths compensate for battery
limitations (Figure 7).
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Figure 7. Weighted total scores under equal-weight (EW), performance-weighted (PW), sustainability-
weighted (SW), and safety-weighted (SaW) scenarios.
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7. Discussion
7.1. Interpretation of Scoring Results

The scoring results confirm the well-established complementarity between batteries
and supercapacitors. Lithium-ion batteries dominate in specific energy—the single most
critical parameter for driving range—scoring 5 compared to supercapacitors’ 1. This
explains why every current commercial EV relies on lithium-ion (or, in legacy markets,
lead-acid) batteries as the primary propulsion energy source. Supercapacitors, despite their
top aggregate score, cannot replace batteries for this function.

Conversely, supercapacitors’ superior scores in power density (5), cycle life (5),
charge/discharge rate (5), and safety (5) position them as the optimal technology for
handling transient high-power events. In a HESS architecture, assigning these roles to the
supercapacitor allows the battery to operate within a narrower, less stressful SOC window,
thereby extending its useful life and improving system-level round-trip efficiency by 5–22%
depending on topology (Table 6).

The sensitivity analysis demonstrates that the ordinal ranking (SC > Ni-based >

Li-ion > Lead-acid) remains stable across performance-weighted, sustainability-weighted,
and safety-weighted configurations. This stability arises because supercapacitors score
highest on 6 of 10 criteria and are penalised only on two (specific energy and cost/Wh).
Even when those two criteria receive double weighting, the advantage on the remaining
criteria is sufficient to maintain the top rank.

7.2. Comparison with Existing Studies

The findings of this review align with and extend existing studies. Liu et al. [73]
reported supercapacitor energy densities of 5–10 Wh/kg, reinforcing the complementary
(rather than replacement) role relative to LIBs (100–265 Wh/kg). Qiu et al. [67] demon-
strated up to 20% improvement in regenerative braking energy recovery with HESS, consis-
tent with the 60–75% recovery rate in Table 5. Khalid [65] reviewed battery–supercapacitor
hybrid systems for microgrids and confirmed the balanced power–energy delivery that
HESS enables. Kularatna and Gunawardane [66] provided a comprehensive overview of
rechargeable batteries and supercapacitors for renewable-energy systems, corroborating
the complementary performance profiles identified here.

Where this review differs from prior work is in

(i) The explicit multi-criteria scoring with sensitivity analysis, demonstrating rank-
ing robustness;

(ii) The integration of circularity and second-life considerations into the assessment framework;
(iii) The critical comparison of HESS topologies and control strategies with quantified

trade-offs;
(iv) The lifecycle cost analysis that connects technical benefits to economic outcomes.

7.3. Lifecycle Cost Analysis

A critical dimension often missing from technology comparisons is lifecycle cost, which
accounts for acquisition, operation, maintenance, replacement, and end-of-life processing
over the vehicle’s service life. Table 10 presents an indicative lifecycle cost comparison for
a representative mid-size EV over a 10-year/200,000 km service life.

The analysis indicates that HESS can achieve 10–25% lifecycle cost savings relative to
battery-only configurations, primarily through deferred or avoided battery replacement.
These savings increase in applications with high-frequency power transients (e.g., urban
stop-and-go driving, micromobility).
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Table 10. Indicative lifecycle cost comparison for a mid-size EV (10-year, 200,000 km).

Cost Component Battery-Only HESS (LIB + SC)

Initial battery pack ($) 8000–12,000 8000–12,000
Supercapacitor module ($) — 800–1500
Power electronics / BMS ($) 500–800 1000–1800
Battery replacement (yr 6–8) ($) 5000–8000 0–3000 a

Maintenance ($/year) 200–400 150–300
End-of-life recycling credit ($) −200 to −500 −200 to −500

Estimated 10-yr total ($) 15,500–23,700 11,750–20,100
a HESS extends battery life, reducing or eliminating the need for mid-life replacement.

7.4. Quantifying the Link Between Life Extension and Raw-Material Savings

To move beyond qualitative assertions, a quantitative estimation is provided of how
HESS-enabled battery life extension translates into reduced raw-material extraction. Con-
sider a fleet of 1 million EVs, each with a 60 kWh NMC811 battery pack. Under battery-only
operation, approximately 40% of packs require replacement within 10 years. Under HESS
operation (30–50% life extension), this replacement rate drops to approximately 15–25%.
Table 11 estimates the resulting material savings.

Table 11. Estimated raw-material savings from HESS-enabled battery life extension (1 million EV
fleet, 60 kWh NMC811 packs).

Material kg/Pack Replacements Avoided Material Saved (Tonnes)

Lithium 9 150,000–250,000 1350–2250
Cobalt 13 150,000–250,000 1950–3250
Nickel 40 150,000–250,000 6000–10,000
Graphite 50 150,000–250,000 7500–12,500

These savings directly reduce mining activity, water consumption, and associated
ecological disruption, providing a quantifiable link between HESS technical performance
and environmental sustainability.

7.5. Challenges and Limitations

Despite its advantages, HESS adoption faces several challenges:

• System complexity: Advanced power management systems are required for seamless
operation and efficient energy distribution, increasing development costs.

• Weight and space: The inclusion of supercapacitors, control electronics, and cooling
mechanisms adds to vehicle weight and volume, potentially affecting aerodynamics
and range.

• Initial cost: The upfront investment for HESS is higher than for single-storage systems,
which may hinder consumer adoption in price-sensitive markets.

• Standardisation gaps: Lack of standardised interfaces and form factors for superca-
pacitor modules in automotive applications creates integration barriers.

• Methodological limitations: The scoring framework, while informed by literature-
derived ranges and subjected to sensitivity analysis, remains an ordinal compara-
tive tool rather than a formal multi-criteria decision analysis (MCDA) with cardinal
utility functions. Future work should apply MCDA methods such as TOPSIS or
ELECTRE with stakeholder-derived preference weights to further strengthen the
analytical rigour.
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7.6. Future Outlook

Key innovations expected to transform HESS include

• Solid-state batteries: Higher energy densities, enhanced safety (no flammable liquid
electrolyte), and longer lifespans.

• Graphene-based supercapacitors: Even higher power densities, faster charge–
discharge cycles, and lightweight flexible form factors.

• Advanced thermal management: Phase-change materials and liquid cooling technolo-
gies to maintain optimal temperatures for both batteries and supercapacitors.

• AI-driven energy management: Reinforcement learning and neural network con-
trollers for real-time adaptive power splitting, validated under standardised drive
cycles (WLTP, US06, UDDS).

• Design for circularity: Modular battery packs designed for easy disassembly, second-
life deployment, and material recovery, aligned with the EU Battery Regulation’s
forthcoming requirements.

8. Conclusions
This review has provided a systematic comparative assessment of batteries (lithium-

ion, lead-acid, nickel-based) and supercapacitors (EDLC, pseudocapacitor, hybrid) for
electric vehicle applications, evaluated across ten performance and sustainability criteria.
The principal conclusions are as follows:

1. Complementarity, not substitution: Supercapacitors exhibit superior performance
in power density, cycle life, charge/discharge rate, safety, and temperature range.
However, their low specific energy (5–15 Wh/kg) precludes their use as a standalone
replacement for lithium-ion batteries in EV propulsion. The two technologies are
fundamentally complementary.

2. HESS as the optimal architecture: Hybrid Energy Storage Systems that combine
lithium-ion batteries with supercapacitors offer the most balanced solution, improving
energy efficiency by up to 20%, extending battery life by 30–50%, and achieving
10–25% lifecycle cost savings through deferred or avoided battery replacement.

3. Topology and control matter: Full-active HESS topologies with optimisation-based
or machine-learning control strategies yield the greatest efficiency gains (18–22% over
battery-only systems) but at higher cost and complexity. Semi-active topologies offer
a practical compromise for mass-market applications.

4. Circular-economy benefits: HESS-enabled battery life extension directly reduces raw-
material extraction by 20–33% per fleet lifetime, increases the proportion of battery
packs eligible for second-life applications, and defers recycling burden. Combined
with advancing recycling technologies (targeting >90% recovery rates for key metals)
and design-for-disassembly approaches, HESS contributes meaningfully to a circular
economy for the EV sector.

5. Robustness of findings: Sensitivity analysis under performance-weighted, sustainability-
weighted, and safety-weighted scenarios confirms that the principal conclusions are
stable across alternative weighting assumptions.

Future research should focus on:

(i) solid-state battery and graphene supercapacitor integration within HESS;
(ii) AI-driven adaptive energy management strategies validated under real-world

drive cycles;
(iii) standardised lifecycle assessment (LCA) methodologies that capture second-life and

end-of-life value recovery;
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(iv) techno-economic modelling of HESS deployment at fleet scale under different regula-
tory regimes; and

(v) formal MCDA with stakeholder-derived weighting to complement the ordinal scoring
presented here.
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