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Abstract

The widespread adoption of electric vehicles (EVs) is often constrained by long charging times and limited
charging infrastructure. Battery swapping has emerged as a viable solution to address these barriers by enabling
rapid energy replenishment. However, its adoption is contingent upon multiple behavioral, technological, and
infrastructural factors. This study employs Structural Equation Modelling (SEM) to analyze the determinants
influencing users’ adoption intentions towards battery swapping in EVs. The proposed SEM framework examines
the effects of Attitude, Subjective norm, Behavioral Intention, Environmental concern, Convenience, Perceived
Risk, and Knowledge on Battery swapping adoption. The results indicate that perceived usefulness and
environmental concern significantly influence adoption intentions, while cost considerations and perceived ease
of use exert indirect effects mediated by attitude. Subjective norms were also found to have a positive and
significant impact on behavioral intention. The findings offer strategic insights for policymakers, EV
manufacturers, and battery swapping service providers to design user-centric battery swapping ecosystems that
address technological and behavioral barriers. This study contributes to the growing body of knowledge on
sustainable mobility infrastructure and provides an empirical basis for advancing battery swapping as an enabler
of EV diffusion.
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1. Introduction

Battery swapping is an alternative to EV charging where depleted batteries are quickly exchanged for fully
charged ones at swap stations, taking only a few minutes. This offers speed and convenience, reduces range
anxiety, and can support the grid by acting as energy storage. It also future-proofs EVs by allowing easy battery
upgrades and can lower the total cost of ownership (TCO) for users. However, it faces challenges such as
standardization across EV models, high initial infrastructure costs, and limited availability of swap stations. In
India, battery swapping is gaining momentum, especially for two and three-wheelers and fleet vehicles, supported
by government guidelines. (Horak et al., 2024) study says The transport industry significantly contributes to global
greenhouse gas emissions, with road transport being a major factor. To lower these emissions, there is a movement
toward utilizing electric and hydrogen-powered vehicles, backed by policies eliminating fossil fuel vehicles. As
battery electric vehicles (BEVs) gain popularity, their extensive adoption will necessitate considerable
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modifications to charging infrastructure and energy systems, particularly as electrical grids depend more on
renewable sources such as wind and solar. BEVs can aid in stabilizing renewable energy availability because of
their adaptable charging capabilities. This flexibility depends on the charging method — conventional charging
stations necessitate the presence of vehicles for charging, while battery swapping stations (BSS) enable batteries
to be charged independently from vehicle operation, providing improved opportunities to regulate energy demand.
The complete consequences and compromises among these methods, especially considering the variable nature
of vehicle charging behaviours, require further examination. The Battery Swapping Methods (BSM) is affected
by the convenience of charging, affordability, compatibility, and views on the environment. Plug-in charging is
favoured for residential use because of its convenience for overnight charging and extensive infrastructure,
whereas battery swapping provides rapid energy refill but relies on the availability of stations. Plug-in charging
typically costs less since it utilizes current electrical systems, while BSM entails greater infrastructure expenses.
BSM faces compatibility issues because of limitations related to battery size and models, unlike the uniformity of
plug-in charging. Ultimately, users who prioritize environmental sustainability prefer both approaches, with BSM
also encouraging battery reuse to minimize emissions. (Murugan & Marisamynathan, 2024)

(Adegbohun et al., 2019) explores large-scale adoption of electric vehicles (EVs), charging infrastructure and
integration with the power grid need rapid development. Current charging options, such as AC charging taking
2-3 hours or DC fast charging taking 30—-60 minutes, are still not as quick as traditional fuel refilling, which takes
only 5-10 minutes. Battery swapping stations (BSS) have been proposed to address this limitation, but they face
challenges like consumer reluctance to lease batteries and concerns about their original battery being swapped or
tampered with. To overcome these issues, the paper proposes a battery sharing station (BShS) and battery sharing
network (BShN) as novel solutions. The BShN integrates components such as battery energy storage systems
(BESS), chargers, renewable energy sources (RES), power converters, control systems, the power grid, and
participating EVs. This integrated, IoT-enabled system would enhance grid stability and improve EV energy
replenishment methods. Previous studies and patents discussed optimal configurations, battery placement, and
converter topologies for enabling effective grid-to-vehicle and vehicle-to-grid power exchanges to support such
systems.

Battery swapping at Battery Swapping Stations (BSS) involves replacing a depleted battery with a fully charged
one to keep EVs operational. The concept originated in the early 19th century with manually exchanged batteries
to extend vehicle range. Better Place was the first to commercialise battery swapping for electric cars, but due to
high infrastructure costs and low market penetration, it failed financially. Battery swapping for electric buses was
first implemented by China during the 2008 Olympics and has since expanded to countries like Japan and South
Korea. Swapping techniques vary based on battery placement, including sideways swapping (common for vans),
rear swapping (for cars with rear-mounted batteries), bottom swapping (where the battery is swapped from below
the vehicle using robotic arms), and top swapping (mainly for buses with roof-mounted batteries swapped by
robotic arms). (Ahmad et al., 2020)

(Adegbohun et al., 2019) mentioned that to achieve widespread EV battery swapping adoption, the development
of charging infrastructure and grid integration must progress swiftly, since existing charging options require 2—3
hours with AC chargers or 30—60 minutes with DC fast chargers, which do not offer the rapid refuelling ease of
conventional vehicles. Despite proposals from companies such as Tesla and Better Place for battery swapping
stations (BSS), consumer hesitation to lease batteries and worries regarding battery ownership have obstructed
their success. In place of current solutions, this paper suggests a battery sharing station and battery sharing network
to tackle these issues, enhance grid reliability, and standardize battery design. The combines elements such as
battery energy storage systems (BESS), chargers, renewable energy sources, power converters, control systems,
and the power grid, all linked through IoT to operate as an energy aggregator in the smart grid. Earlier research
examines elements like BSS architecture, battery locations, renewable energy source integration, ideal station
setups, and converter technologies for facilitating power exchanges between the grid and vehicles.

2. Objective:
e To identify and validate the key factors influencing user adoption of battery swapping technology
for electric vehicles.
e To propose an empirically validated SEM framework for policymakers and practitioners to enhance
battery swapping adoption in the EV ecosystem.

3. Literature Review:
Battery swapping for electric vehicles (EVs) requires the vehicles to be specifically designed to work with
swapping stations. The process involves the EV scheduling a swap in advance, arriving at the station, being lifted
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to access the battery underneath, removing the depleted battery using a conveyor system, and replacing it with a
fully charged battery before the vehicle is lowered and ready to continue its journey. The rising number of vehicles
has caused serious environmental and resource concerns due to reliance on fossil fuels. EVs are being promoted
as a sustainable alternative, but their success depends on efficient charging or swapping solutions for widespread
adoption. Battery swapping stations can address these challenges by providing quick energy replenishment,
reducing waiting times compared to conventional charging. This is especially useful in urban areas where private
charging is not feasible, benefiting taxis, buses, and commercial fleets by minimizing downtime. Furthermore,
centralized battery management in swapping stations can extend battery life and reduce costs. While battery
swapping is particularly effective in renewable-centric power systems to ensure balanced electricity demand and
supply, it also presents opportunities for efficient, scalable, and user-friendly EV integration into existing transport
infrastructure.

A study results that for battery swapping to be effective, an electric vehicle (EV) must be engineered to be
compatible with the battery swapping station (BSS). Prior to arrival, the EV arranges its swap to guarantee
availability. Upon reaching the location, the vehicle ascends a ramp and is accurately aligned. The vehicle's power
is switched off, and it is elevated with a lift that utilizes its jack pads. The car has horizontal doors beneath it that
open to reach the battery. A battery lift is elevated to hold the battery, and fasteners are taken off to separate it.
The empty battery is subsequently placed onto a conveyor shuttle and removed. A completely charged battery is
taken from the battery rack, positioned beneath the vehicle, elevated, aligned, and fastened with connectors. At
last, the doors shut, the vehicle is lowered, restarted, and prepared to resume its journey with the new battery in
place. (Adegbohun et al., 2019). Vehicles play a crucial role in today's fast-moving society, yet the increasing
count of vehicles has resulted in major environmental problems and management concerns. Since traditional
vehicles depend on non-renewable energy sources, it is essential to create improved alternatives for future public
transport along with effective vehicle management systems. Reliance on fossil fuels makes traditional
transportation unsustainable, since these resources are quickly diminishing and take thousands of years to
replenish, putting long-term sustainability at risk. This study aims at revolutionizing the complete automotive
industry through the integration of EVs (electric and hybrid electric vehicles). The need for EV's has arisen because
of various issues, including environmental and resource-related concerns. Nonetheless, the progress of EV
technologies must accompany the creation of effective charging solutions to guarantee their broad acceptance and
successful incorporation into current transportation systems. (Ahmad et al., 2020).

(Vallera et al., 2021) This research explores the effects of various electric transport models on future energy
systems through a national-level analysis based on Portugal’s anticipated carbon neutrality plan for 2050. In this
situation, the majority of electricity is generated from renewable resources, primarily solar and wind, along with
some hydropower and biomass. While the findings are tailored to Portugal’s energy framework, the methodology
can be utilized in other nations with comparable renewable-centric power systems. The assessment separates
overall electricity consumption into general demand (encompassing all sectors apart from transport) and road
transport demand, which is presumed to be fully electrified and represents approximately 20% of total electricity
usage. The study guarantees that electricity supply aligns with demand consistently, permitting imports and
exports to assess system equilibrium while necessitating net-zero total imports and exports annually. This implies
that transport models with lower energy efficiency, like hydrogen systems, will require greater electricity
generation capacity than more efficient electric vehicle models to satisfy equivalent mobility demands. In recent
times, battery swapping stations (BSS) have been effectively established in China by firms such as NIO and
Aulton to accommodate the increasing quantity of electric vehicles (EVs). These stations enable fast swapping of
exhausted batteries, minimizing wait times relative to conventional charging. BSS models are especially
advantageous in crowded urban areas where numerous inhabitants do not have personal parking and depend on
public charging or battery swapping services. They are particularly beneficial for electric taxis, buses, and
commercial fleets that need to minimize downtime. Moreover, battery swapping enables centralized battery
management, enhancing battery longevity and lowering expenses via efficient charging plans and rental
alternatives. In general, battery swapping is becoming a viable substitute for traditional charging methods,
providing quicker energy replenishment and benefits for electric vehicle users. (Wu, 2022)

2.1 Hypothesis:

H1: Environmental Concern to Attitude

Research indicates that environmental concern (EC) is gaining significance as individuals acknowledge nature’s
contribution to human wellbeing. Studies employing the extended Theory of Planned Behaviour (TPB) model
have discovered that EC has a positive effect on attitudes regarding environmentally friendly options, including
eco-labelled products, green hotels, and sustainable brands. In general, EC promotes the formation of more
sustainable attitudes and actions among individuals in different situations. (Fang et al., 2025)

© IEOM Society International 420



Proceedings of the Fourth Australian International Conference on Industrial Engineering and Operations
Management, Melbourne, Australia, November 25-27, 2025

This model result indicates that environmental concern has a strong and significant positive effect on attitude
towards battery swapping. Individuals with higher environmental concern tend to develop a more favorable
attitude towards adopting battery swapping technology, as they view it as an environmentally responsible choice.

H2: Environmental Concern to Subjective Norm

Environmental awareness enhances people's belief that others anticipate eco-friendly choices from them, thereby
intensifying the social pressure (subjective norm) to engage in behaviours such as using battery-swapping electric
vehicles. (Xu et al., 2025)

In this paper Environmental concern also significantly and positively influences subjective norm. People who care
about the environment are more likely to perceive that those around them expect or support the adoption of battery
swapping, increasing their sense of social pressure to engage in this eco-friendly behaviour.

H3: Environmental Concern to Perceived Behavioral Control

Perceived behavioural control (PBC) relates to a person's belief regarding the ease or difficulty of engaging in a
specific behaviour. Regarding battery swapping for EVs, people who are more environmentally conscious are
probably more inclined to embrace battery swapping, as their desire to safeguard the environment boosts their
confidence and perceived competence in participating in eco-friendly actions. For instance, individuals who are
passionate about environmental conservation might think they can readily utilize battery swapping services, as
they see it as a practical means to decrease carbon emissions and promote sustainability. Consequently,
environmental awareness positively affects perceived behavioural control regarding the adoption of battery
swapping for electric vehicles. (Tang et al., 2023)

There is a significant positive relationship between environmental concern and perceived behavioural control in
this research. Individuals with greater environmental concern feel more capable and confident in using battery
swapping technology, possibly because they are motivated to overcome any barriers to act sustainably.

H4: Knowledge to Attitude

Knowledge of supportive policies, cost advantages, and environmental benefits can influence users’ perceptions
of battery swapping. When individuals comprehend government incentives, infrastructure progress, and the larger
ecological effects, they are more inclined to form a favourable perspective on embracing battery swapping for
electric vehicles. (Wang et al., 2025)

Interestingly in this research, knowledge has a significant negative effect on attitude in this model. This suggests
that as individuals gain more knowledge about battery swapping, their attitude becomes less favourable, possibly
due to awareness of practical limitations, risks, or costs associated with it.

HS5: Knowledge to Subjective Norm

Understanding, specifically, influences how people view societal norms associated with these technologies. In
battery swapping for EVs, those with more understanding of its advantages, functioning, and ecological effects
are inclined to believe that those in their vicinity also appreciate and anticipate the embrace of such sustainable
methods. This awareness improves their grasp of social norms that favour battery swapping.(Tan et al., 2022).
Knowledge shows here in this model a negative but non-significant effect on subjective norm. This implies that
increased knowledge about battery swapping does not significantly influence people’s perception of social
pressure or others’ expectations towards adopting it.

Hé6: Knowledge to Perceived Behavioral Control

Knowledge significantly influences how individuals perceive their control over behaviours, particularly regarding
pro-environmental actions. It encompasses grasping ideas, processes, and hands-on elements acquired through
learning or experience. Insufficient understanding frequently obstructs the acceptance of innovative technologies,
as observed with energy-efficient appliances and low-carbon solutions. In the realm of battery swap technology,
those who possess a deep comprehension of its principles, satisfaction range, expenses, advantages, and potential
risks are more inclined to feel empowered and assured in embracing it.(Adu-Gyamfi et al., 2022)

Knowledge has a positive effect on perceived behavioral control, although the effect is marginally non-significant.
This indicates that having more knowledge about battery swapping slightly increases people’s confidence in their
ability to use the technology effectively.

H7: Attitude to Behavioral Intention

This research revealed that consumers' perceptions of battery recycling greatly affect their willingness to
recycle. A favourable mind-set fosters greater recycling intentions, emphasizing attitude as a crucial element in
selecting environmentally friendly actions such as battery recycling. (Dong & Ge, 2022)
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Here in this research Attitude has a positive but marginally non-significant effect on behavioral intention. This
suggests that having a favorable attitude towards battery swapping tends to increase intention to adopt it, though
this relationship is not statistically strong in the current data.

HS8: Environmental Concern to Behavioral Intention

Individuals with strong environmental concern are more likely to intend to adopt battery swapping technology, as
it aligns with their desire to protect the environment and reduce pollution. (Dutta & Hwang, 2021)
Environmental concern shows a very weak and non-significant direct effect on behavioral intention. This indicates
that while environmental concern influences other factors like attitude and subjective norm, it does not directly
translate into intention to adopt battery swapping in this model.

H9: Convenience to Behavioral Intention

Convenience pertains to the time and energy needed to engage in a behaviour, where increased convenience
signifies reduced time and effort involved. In the realm of electric vehicles, research indicates that inconvenience,
particularly concerning charging, is a significant obstacle to adoption. Battery swapping presents a remedy by
greatly minimizing the time and effort required to restore battery energy compared to conventional charging.
When users view battery swapping as a convenient choice that demands little time and effort, they are more
inclined to form a positive intention to embrace it. (Adu-Gyamfi et al., 2022)

Here Convenience has a positive effect on behavioral intention and is marginally significant. This implies that
when people perceive battery swapping as convenient and requiring less time and effort, they are more likely to
intend to adopt it.

H10: Perceived Risk to Behavioral Intention

Perceived risk denotes the possible adverse results consumers link to a product, including financial loss,
performance problems, or safety issues. When consumers recognize increased risks associated with battery
swapping or EV technologies, their likelihood of adopting these alternatives diminishes. (Hu et al., 2023)

In this result Perceived risk has an adverse but non-significant impact on behavioural intention. This indicates that
worries about possible risks slightly lower the intention to embrace battery swapping, although the impact is not
statistically significant.

H11: Knowledge to Behavioral Intention

From a behavioral perspective, knowledge plays a crucial role in shaping consumers’ intentions. Knowledge
provides consumers with the necessary understanding of the benefits, processes, and implications of adopting a
new technology. In the context of battery swapping for EVs, when consumers are well-informed about its
operational convenience, environmental benefits, cost-effectiveness, and technological aspects, they are more
confident and motivated to adopt it. This informed understanding reduces uncertainty and builds trust, leading to
stronger behavioral intentions towards using battery swapping services. (Fang et al., 2025)

In this model Knowledge has a significant negative effect on behavioral intention. This indicates that as people
learn more about battery swapping, their intention to adopt it decreases, possibly due to increased awareness of
its limitations, costs, or compatibility issues.

H12: Subjective Norm to Behavioral Intention

Subjective norms denote the societal influence or expectations individuals perceive from others and the
community. When individuals sense that their peers, along with the government and community, endorse specific
actions like battery recycling, it enhances their intention to participate in those actions. (Dong & Ge, 2022)

Here Subjective norm exerts a negative yet insignificant influence on behavioural intention. This indicates that
the perceived social pressure does not notably affect the intention to adopt battery swapping in this framework.

H13: Perceived Behavioral Control to Behavioral Intention

Perceived behavioural control (PBC) describes how simple or challenging individuals believe a behaviour is to
execute. When people see recycling as simple, their motivation to participate in it rises. Conversely, if they view
it as challenging, their motivation lessens. PBC serves as a crucial indicator of behavioural intention in
environmentally friendly behaviours such as battery recycling. (Dong & Ge, 2022)

Finally, perceived behavioral control has a significant positive effect on behavioral intention. When individuals
feel confident in their ability to use battery swapping technology, their intention to adopt it increases.
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4. Methodology

To facilitate data collection for this study, a comprehensive questionnaire was carefully developed and
administered through both online platforms and offline paper-based surveys, ensuring access to a diverse and
representative sample. The questionnaire comprised 26 socio-demographic items capturing detailed information
on participants’ age, gender, educational qualifications, monthly income, vehicle ownership, household
characteristics, and other relevant background details to build a robust profile of respondents. Additionally, it
included 40 questions focused on battery swapping, examining participants’ perceptions, technological
acceptance, operational preferences, willingness to adopt swapping services, and related economic considerations.
A total of 171 participants completed the full questionnaire, generating a substantial dataset suitable for structural
equation modelling (SEM) and other advanced quantitative analyses. This helped identify ambiguous items,
redundancies, and structural issues. Based on this feedback, revisions were made, including rephrasing unclear
items, removing redundant questions, and reorganising the sequence to improve logical flow and respondent ease.

5. Result And Discussion

The findings highlight that battery swapping provides a rapid and efficient alternative to conventional EV charging by enabling
quick battery replacements within minutes, thereby minimizing downtime and enhancing operational efficiency. This is
particularly advantageous for commercial fleets, taxis, and delivery vehicles that require continuous operation without
extended charging breaks. Battery swapping also supports the integration of renewable energy into the grid, as it allows
batteries to be charged independently of vehicle use, enabling flexible and optimized charging schedules that align with
renewable energy availability. However, the analysis also reveals notable challenges that could hinder widespread adoption.
High initial infrastructure costs for setting up battery swapping stations, including robotic systems and battery storage facilities,
remain a significant financial barrier. Additionally, the absence of standardized battery designs across different EV models
limits interoperability, reducing the scalability of swapping systems. Consumer concerns regarding battery ownership, quality
consistency of swapped batteries, and limited availability of swapping stations further impede acceptance. Overall, while
battery swapping demonstrates strong potential to accelerate EV adoption by addressing range anxiety and charging time
limitations, its success will depend on collaborative efforts to overcome these technical, economic, and policy challenges.
Standardization of battery architecture, development of effective business models such as Battery-as-a-Service, and strategic
integration of swapping infrastructure within the energy and transport ecosystem are essential to realize its full benefits and
ensure it contributes meaningfully to sustainable mobility transitions (Figure 1 and Table 1).
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Figure 1. Diagram of Battery swapping

Table 1. Result Table

NFI RFI IFI TLI
Model RMR | GFI | AGFI | PGFI Deltal rhol| Delta2 rho2

Default model | .184 | .628 601 | .586 | .632 619 784 174 782

CFI

The Root Mean Square Residual (RMR) is 0.184, which is relatively high and suggests that the average difference
between observed and predicted covariance is substantial. The Goodness-of-Fit Index (GFI) and Adjusted GFI
(AGFI) are 0.628 and 0.601, respectively, both well below the recommended threshold of 0.90, indicating that the
model does not adequately account for the observed variance and covariance in the data. Similarly, the Normed
Fit Index (NFI = 0.632) and Relative Fit Index (RFI = 0.619) fall short of acceptable levels, suggesting poor
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improvement compared to a null model. Incremental fit indices such as the Incremental Fit Index (IFI = 0.784),
Tucker-Lewis Index (TLI = 0.774), and Comparative Fit Index (CFI = 0.782) are all below the 0.90 benchmark,
indicating that the model fails to demonstrate an acceptable increase in fit relative to a baseline model. The
Parsimony Goodness-of-Fit Index (PGFI) is moderate at 0.586, suggesting some model parsimony, but it does not
compensate for the poor absolute and incremental fit. Overall, these results imply that the model does not represent
the data structure well, and substantial re-specification or modification—such as revising factor loadings,
correlations, or structural paths based on theoretical justification—will be necessary to improve the fit indices to
acceptable levels for robust interpretation and reporting (Table 2).

Table 2. Estimate Table

Estimate P
ATTITUDE < ﬁEVIRONMENTAL—CONCE 740 <0.001
SUBJECTIVE NORM < | o IRONMENTAL_CONCE 513 <0.001
PERCEIVED BEHAVIORAL CONTR ENVIRONMENTAL CONCE
_ _ - i 221 024
oL RN
ATTITUDE < | KNOWLEDGE _548 20.001
SUBJECTIVE NORM < | KNOWLEDGE ~258 181
g]iRCEIVED_BEHAVIORAL_CONTR — | xNOWLEDGE o 086
BEHAVIORAL,_INTENTION <— | ATTITUDE 401 087
BEHAVIORAL_INTENTION < E;VIRONMENTAL—CONCE 049 658
BEHAVIORAL _INTENTION < | CONVENIENCE 377 060
BEHAVIORAL INTENTION < | PERCEIVED RISK ~040 405
BEHAVIORAL,_INTENTION < | KNOWLEDGE ~858 004
BEHAVIORAL_INTENTION <~ | SUBIECTIVE NORM ~130 454
PERCEIVED BEHAVIORAL
BEHAVIORAL_INTENTION < | PESNTROL 227 005

The results show that environmental concern significantly improves attitude (8=0.739, p<0.001), subjective norm
(B=0.524, p<0.001), and perceived behavioral control (3=0.262, p=0.002). Knowledge has a small, non-significant
effect on attitude (B=0.058, p=0.297), but it significantly increases subjective norm (=0.146, p=0.018) and
perceived behavioral control (=0.366, p<0.001). Regarding behavioral intention, attitude has a moderate,
marginally non-significant positive effect (=0.383, p=0.092), environmental concern shows a very small, non-
significant effect (3=0.044, p=0.678), convenience has a significant positive effect (3=0.408, p=0.025), perceived
risk has a small, non-significant negative effect (B=-0.033, p=0.462), knowledge has a small, non-significant
negative effect (f=-0.095, p=0.269), subjective norm shows a small, non-significant negative effect (3=-0.118,
p=0.486), and perceived behavioral control has a significant positive effect (3=0.236, p=0.003). Overall, battery
swapping enhances knowledge, environmental concern influences psychological factors, and behavioral intention
is significantly driven by convenience and perceived behavioral control, while attitude shows a borderline
influence and other predictors do not directly affect intention significantly (Table 3).

Table 3. Reliability test

Cronbach's AVE f;ggﬁ;;ce
Alpha KMO SFL
ATT1 0.826641
ATT2 0.811171
ATT3 0.916 0.898 0.806606 | 0.646594 | 0.916491
ATT4 0.798301
ATTS 0.794845
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ATT6 0.786481
SN1 0.824685
SN2 0.796074
SN3 0.893 0.856 | 0.791267 | 0.627554 | 0.893843
SN4 0.77753
SN5 0.770244
PCB1 0.876215
PCB2 0.861134
PCB3 0.913 0.858 | 0.845136 | 0.680453 | 0.913852
PCB4 0.794959
PCB5 0.739422
BI1 0.888464
BI2 0.88031
BI3 0.933 0.906 0.828262 0.701716 | 0.933736
Bl4 0.814185
BI5 0.808779
BI6 0.801838
EC1 0.8463
EC2 0.839231
EC3 0.904 0.855 | 0.832579 | 0.65634 | 0.904963
EC4 0.79727
EC5 0.729615
CON1 0.796911
CON2 0.861 0.763 0.786313 0.608494 | 0.861402
CON3 0.775806
CON4 0.760751
PR1 0.890491
PR2 0.868829
PR3 0.928 0.914 0.850558 0.685974 | 0.928897
PR4 0.814633
PR5 0.772313
PR6 0.764503
KNOW1 0.949587
KNOW2 0.869 0.702 0.80584 | 0.70166 | 0.874705
KNOW3 0.744234

The table shows that all constructs demonstrate excellent reliability and validity: Cronbach’s alpha values are
high, ranging from 0.861 (Convenience) to 0.933 (Behavioral Intention), indicating strong internal consistencys;
KMO values range from 0.702 (Knowledge) to 0.914 (Perceived Risk), confirming adequate to superb sampling
adequacy. Standardized factor loadings for all items are above 0.70, with the highest being Knowledge item 1
(0.950), reflecting strong item reliability. The Average Variance Extracted (AVE) values are all above 0.50,
indicating good convergent validity, with the highest AVE for Behavioral Intention (0.702). Composite reliability
values for all constructs exceed 0.85, further confirming construct reliability. Overall, these results indicate that
each construct in the measurement model is reliable, valid, and suitable for inclusion in further SEM structural
analysis.
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6. Managerial Implication

Battery swapping offers a rapid and convenient alternative to EV charging, reducing range anxiety, supporting
grid stability, and lowering total ownership costs, particularly benefiting fleet operators and urban users without
private charging access. However, managers and policymakers must address critical challenges such as
standardizing battery designs across vehicle models, ensuring sufficient swapping station density to avoid user
delays, and developing viable business models like Battery-as-a-Service to overcome high infrastructure costs and
ownership concerns. Strategic planning for optimal station placement, efficient battery inventory management,
and integration with renewable energy systems can enhance operational efficiency and economic feasibility.
Overall, coordinated efforts in technology standardization, infrastructure investment, policy incentives, and
business innovation are crucial for scaling battery swapping as a sustainable and user-friendly EV energy
replenishment solution.

Transitioning to a low-carbon economy requires the energy and transport sectors to reduce their reliance on fossil
fuels by adopting renewable energy and electrifying transportation. However, integrating more non-dispatch able
sources like solar and wind creates power system imbalances. While electric mobility adds load to the grid, it also
offers solutions to manage these fluctuations. Among different mobility models, such as plug-in charging,
catenary systems, hydrogen vehicles, and battery swapping, battery swapping emerges as the most advantageous
despite being less explored, offering benefits for both transportation efficiency and power system stability.
Additionally, the Battery-as-a-Service (BaaS) model, where energy providers own and operate swapping stations
and offer subscription-based services, reduces upfront costs for users and ensures easy maintenance. Business
models have been developed for two-wheelers, three-wheelers, four-wheelers, and buses, with optimized
subscription pricing designed to achieve profitable returns while making EV adoption more economically feasible.
Overall, battery swapping technology presents a strategic approach for enhancing EV adoption, supporting
renewable integration, and ensuring a stable and sustainable energy and transport system.

A study (Vallera et al.,, 2021) says Shifting to a low-carbon economy necessitates that the energy and
transportation sectors diminish their dependence on fossil fuels via significant renewable energy implementation
and the electrification of transportation. An important difficulty in this transition is handling the power system
imbalance brought about by the rising proportion of non-dispatch able renewable sources like solar and wind.
Electric mobility will create extra pressures on the power grid, but it also offers opportunities to alleviate these
discrepancies. This research analyzes the effects of different future road mobility models on a decarbonized power
system, assessing and prioritizing their advantages. The examined models consist of plug-in charging, plug-in
with catenary systems, plug-in with hydrogen, and battery swapping. Results show that battery swapping, although
the least investigated among these models, surpasses the others in all evaluated semi-quantitative standards. The
article wraps up by exploring the energy policy ramifications of embracing battery swapping and underscores
public policy strategies that could encourage its adoption, offering substantial advantages for both the
transportation sector and power system regulation.

In the research (Patel et al., 2024) Battery-as-a-Service (BaaS) model, an energy provider owns and oversees
battery swapping stations (BSS), handling installation, operational, and maintenance expenses, which encompass
battery swaps and servicing. This research employs a subscription revenue model, favoured by users for its simple
maintenance and smaller periodic payments rather than large initial expenses. This study is the first to create four
distinct business models for 2Ws, 3Ws, 4Ws, and buses, enabling swaps within the same vehicle category. The
economics are examined in segments, categorizing expenses into initial capital expense, operational and
maintenance expense, mid-investment expense, and income. The cost of electricity is considered the same for
both purchasing and selling, hence it is omitted. The model determines an optimized monthly subscription price
that guarantees a 15% internal rate of return (IRR), taking into account the cost per kWh of the battery and its
capacity (2.5 kWh for two-wheelers, 5 kWh for three-wheelers, 30 kWh for four-wheelers, and 160 kWh for
buses).

7. Conclusions

Battery swapping presents a promising solution to overcome key barriers in electric vehicle (EV) adoption by
offering rapid and convenient energy replenishment, reducing range anxiety, and supporting grid stability through
flexible charging and storage integration. It is particularly beneficial for fleet vehicles, public transport, and urban
users lacking private charging facilities. However, its large-scale implementation faces challenges such as high
initial infrastructure costs, the need for standardization across EV models, battery ownership concerns, and
operational complexities. To realize its full potential, coordinated efforts are required from policymakers, industry
stakeholders, and energy providers to develop standardized battery designs, optimize swapping station locations,
implement effective Battery-as-a-Service business models, and integrate battery swapping within renewable-
centric energy systems. By addressing these technical, economic, and policy challenges, battery swapping can
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significantly contribute to sustainable transport and energy goals, enhancing the practicality and scalability of EV
adoption globally.

Advantage: Electric vehicles (EVs) have experienced swift expansion, climbing to 7.2 million worldwide by
2019 from only 17,000 in 2010, fuelled by the necessity to diminish carbon emissions and reliance on oil.
Nevertheless, the adoption of EVs encounters obstacles like elevated buying costs, battery deterioration, extended
charging durations, insufficient charging stations, and concerns about driving range. Despite the advancement of
battery charging stations (BCS) aimed at enhancing charging efficiency, they do not notably decrease charging
durations, resulting in queue problems. To tackle this issue, battery swapping stations (BSS) have been suggested,
enabling rapid battery exchanges akin to refuelling traditional vehicles. Although these benefits exist, initial BSS
efforts such as Better Place (Israel, Denmark) and Tesla (USA) struggled because of limited EV uptake then,
significant infrastructure expenses, consumer inclination for home charging, and undeveloped business models.
Currently, with increasing EV adoption and advancements in technology, BSS is reappearing as a viable
alternative energy refuelling option. (Wu, 2022)

Disadvantage: This research fills deficiencies in current studies by examining the financial aspects of battery
swapping and its ability to accelerate the acceptance of electric vehicles (EVs) in India. It specifically seeks to
create effective business models for establishing subscription fees for battery swapping among various vehicle
categories, such as two-wheelers, three-wheelers, four-wheelers, and buses. It assesses the economic viability of
battery swapping versus conventional plug-in charging, examining situations with and without government
support. The research additionally investigates how these charging alternatives can accelerate the adoption of EV
fleets and evaluates the corresponding environmental advantages under various policy scenarios. Furthermore, it
incorporates these business models into a wider analytical framework to adapt assumptions to the Indian context.
The research is organized to begin with an explanation of its methods, followed by results divided into three
sections—effects without subsidies, the influence of subsidies, and a sensitivity analysis—ending with a
discussion of the results and concluding with major insights and recommendations for further studies. (Patel et
al., 2024)

Even with the advantages of battery swapping stations (BSS), numerous obstacles prevent their broad
implementation. These consist of elevated initial building expenses, extended charging durations for exchanged
batteries, and inefficiencies in operations. In contrast to conventional charging, BSS encounters challenges like
elevated manufacturing expenses caused by battery designs suitable for swapping, dealing with battery diversity,
issues related to battery ownership, the absence of global compatibility standards, and greater infrastructure
expenditures. With the increase in EV numbers (just 1% of worldwide vehicles in 2019 but expanding), effective
planning and service models are essential. For drivers, adequate BSS density and battery access are crucial to
prevent waiting and delays. Operators require optimization in planning station locations, making initial battery
inventory choices, managing charging to balance battery health with demand, and ensuring service
responsiveness. From the power grid viewpoint, battery storage systems (BSSs) support load balancing and profit
maximization, particularly with vehicle-to-grid systems, but necessitate regulations on electricity costs, power
restrictions, and energy acquisitions. In general, coordinated approaches tackling technical, operational,
economic, and policy matters are necessary for successful BSS implementation. (Wu, 2022)

8. Future Scope

Future research on battery swapping should focus on developing standardized battery designs to ensure
interoperability across different EV models and manufacturers, which is critical for large-scale adoption. There is
also a need to explore advanced Battery-as-a-Service (BaaS) business models that can make battery swapping
economically viable for users and profitable for service providers. Integrating battery swapping stations with
renewable energy sources and smart grid systems offers significant potential for enhancing grid stability and
optimizing energy use, which warrants further investigation. Additionally, studies should assess consumer
perceptions and behavioral intentions towards battery swapping to design user-centric solutions that address
ownership, trust, and quality concerns. Technological advancements in automated swapping systems, robotic
arms, and Al-enabled station operations can further improve efficiency and reduce operational costs.
Policymakers and urban planners should evaluate the optimal deployment strategies for swapping stations in urban
and rural contexts to maximize accessibility and utilization. Overall, future work should adopt a multidisciplinary
approach involving engineering, economics, policy, and behavioural sciences to fully harness battery swapping’s
potential in achieving sustainable and scalable electric mobility.
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