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Abstract

Electric two-wheelers (E2Ws) are promoted as lower-emission options in emerging
economies. Their long-term cost competitiveness depends mainly on battery durabil-
ity and how batteries are managed at the end of their life. This research examines Li-ion
and nickel-cobalt-manganese (NCM)-type batteries versus the previously common lead-
acid batteries in these markets. The study uses a 12-year total cost of ownership (TCO)
framework that includes battery degradation, estimated first-life duration, and alternative
lifecycle pathways. It covers three sensitivity analysis cases: conservative, base case, and op-
timistic. Three scenarios are evaluated: (1) no lifecycle management, (2) refurbishment for
first-life extension, and (3) integrated lifecycle management with refurbishment, second-life
utilisation, and recycling. Results show that managing the battery lifecycle can reduce TCO.
The amount of reduction depends on first-life duration, ownership horizon, refurbishment
cost, downstream residual value, and use intensity. The greatest TCO gains are found in
battery categories with short first-life duration, allowing substantial residual value recovery
during ownership. Batteries with first-life durations of 12 years or more provide smaller
benefits. These findings support optimising lifecycle pathways for maximum residual
value. Improved TCO performance, along with supportive infrastructure, policies, and
market development, is critical for broader E2W adoption.

Keywords: electric vehicle; total cost of ownership; battery lifecycle management; battery
refurbishment; second-life cycle; retired battery recycling

1. Introduction
Decarbonization of road transport is widely recognised as a cornerstone of sustainable

development strategies and climate change mitigation efforts [1,2]. Road transport decar-
bonization increasingly depends on primary zero-emission vehicle technologies, specifically
battery-electric vehicles (BEVs) and fuel-cell vehicles (FCVs). Both are widely recognised
as sustainable approaches for addressing global environmental challenges, beyond their
role in transportation [3,4]. EVs offer zero tailpipe emissions, lower operating costs, and
better energy efficiency from regenerative braking [5].

In the transport sector, though their suitability varies by vehicle class, infrastruc-
ture availability, and energy system characteristics [4,6]. In emerging economies across
Asia, Africa, and Latin America, however, the widespread adoption of EVs continues to
encounter significant barriers, including affordability, limited infrastructure, ambiguous
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regulatory frameworks, and low public awareness [7–10]. Financial obstacles are largely
due to high battery costs and end-of-life battery replacement expenses, both of which
substantially increase the TCO [11–13]. Amid slow global economic growth, limited public
understanding of TCO, and the prevalence of used ICE vehicles (ICEVs), these factors
further discourage consumers from transitioning to EVs [14,15].

Following the enactment of Presidential Regulation No. 55 of 2019, public interest
in E2Ws has steadily increased in Indonesia [16,17]. In 2020, only 1947 E2Ws were regis-
tered [18]. The implementation of Coordinating Minister for Finance Regulation No. 26
of 2023, which introduced EV subsidies, contributed to significant growth in 2023, with
registrations reaching 107,841 units, up from 33,461 units in 2022 [18,19]. By June 2025,
196,051 E2Ws had been recorded, representing 71.34% of the total of 274,802 EVs in Indone-
sia [20]. Despite recent growth, EV penetration remains limited in Indonesia’s two-wheeled
vehicle market, which comprises over 150 million motorcycles [21].

A promising approach to overcoming this barrier is to develop a business model
for EV battery lifecycle management (LM) systems. EVs require a battery with a state
of health (SoH) exceeding 70% to 80% for effective mobility [22,23]. Refurbishing and
repurposing retired EV batteries with residual capacity can add value and create new
business opportunities. Additionally, implementing a lifecycle management-based system
may reduce EV replacement costs [24,25].

Although efficient battery repair, recycling methods, and second-life battery applica-
tions have received increasing attention [24–26], few studies have systematically examined
the impact of lifecycle management of retired EV batteries on affordability in emerging
economies. Recent research has primarily focused on the four-wheeled EV market in de-
veloped countries [22,27], resulting in a limited understanding of the unique dynamics of
EV adoption in regions such as Southeast Asia. While battery lifecycle management offers
environmental benefits, its economic implications, particularly regarding the reduction in
consumer TCO in emerging economies, remain insufficiently explored. This paper seeks to
address this research gap.

This study is motivated by the potential to reduce battery replacement costs and
pursues two primary objectives. The first objective is to quantify the impact of battery
residual value, generated through refurbishment, second-life use, and recycling, on the TCO
of E2W vehicles in Indonesia. Four scenarios are analysed: no lifecycle management (S1);
refurbishment (S2); and refurbishment, second-life use, and recycling (S3). The second
objective is to provide policy-relevant insights into how developing a circular battery
economy can reduce affordability barriers, accelerate electric vehicle adoption, and support
Indonesia’s long-term climate and energy goals. By integrating circular economy concepts
into TCO modelling, this research offers a novel perspective on literature and ongoing
policy discussions in developing countries.

The structure of this paper is as follows. Section 2 provides a review of the literature
and methodology related to EV adoption, the lifecycle management of retired EV batteries,
and TCO modelling. The subsequent section details the methodology and data sources
employed for the scenario analysis. Section 3 presents findings from a case study of EV two-
wheelers in Indonesia, while Section 4 discusses results across four residual value scenarios.
Section 5 concludes with recommendations for policy, social, and industry implications,
and outlines directions for future research.
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2. Materials and Methods
This section outlines the conceptual and methodological framework utilised in the

present study.

2.1. Electric Vehicle Adoption and Affordability Challenges

The global adoption of EVs has accelerated over the past decade, driven by declin-
ing battery costs, stricter environmental policies, and the influence of the global climate
agenda [28,29]. Despite this overall growth, adoption patterns vary significantly between
developed and emerging economies. In established markets such as Europe, North Amer-
ica, and China, EV penetration is facilitated by comprehensive incentives, well-developed
charging infrastructure, and robust industrial ecosystems [30,31]. In contrast, factors such
as affordability constraints, policy uncertainty, and insufficient infrastructure continue to
impede EV adoption in emerging economies [7,32,33].

Affordability has emerged as a key determinant of EV adoption in low-income coun-
tries. Recent studies have shown that consumers in emerging markets are highly sensitive
to both initial purchase price and lifecycle costs [32,34,35]. In Indonesia, motorcycles serve
as the predominant mode of private transportation, and surveys reveal that the higher
upfront cost of EVs compared to ICEVs constitutes a significant barrier to adoption, despite
potentially lower long-term operating expenses [12,14]. Similar patterns are observed in
Vietnam and India, where consumer willingness to adopt electric two-wheelers is closely
linked to perceptions of battery affordability [15,36].

A significant challenge for E2Ws is the widespread perception among consumers
that the battery represents both the most costly and the most uncertain component. The
potential need for mid-life battery replacement substantially increases TCO, thereby intro-
ducing psychological and financial barriers [27,37,38]. Addressing these concerns requires
interventions that lower replacement costs or establish mechanisms to capture the residual
value of batteries at the end of their mobility service life.

2.2. TCO in EV Adoption

The TCO framework has been widely used to evaluate the comparative economics of
EVs and ICEVs, accounting for purchase price, fuel or electricity expenses, maintenance,
insurance, taxes, and depreciation [12,39,40]. Literature indicates that EVs typically exhibit
higher TCO, primarily due to higher battery costs; however, the ongoing decline in lithium-
ion battery prices has reduced this disparity [41,42]. Recent studies demonstrate that the
TCO of EVs can reach parity with that of ICEVs when favourable electricity tariffs and
policy incentives are in place [37,39,40].

Previous research emphasises the importance of adopting a life-cycle perspective
when evaluating competitiveness [43–45]. Additionally, subsidies and fiscal incentives play
a critical role in influencing TCO outcomes [11,12]. TCO analyses frequently overlook the
potential residual value derived from refurbishment, second-cycle reuse, or recycling. Re-
cent studies demonstrate that accounting for residual value enhances the competitiveness
of EVs, particularly in fleet or shared mobility applications [22,24,46]. Nevertheless, the
majority of research remains focused on the four-wheeled EV market in developed coun-
tries. The E2Ws segment, especially in Southeast Asia, is comparatively underexplored,
representing a significant research gap addressed in this paper.

2.3. EV Batteries Lifecycle Management

Retired EV batteries are increasingly managed according to a circular economy hier-
archy that emphasises value retention through refurbishment (first-lifecycle extension),
reuse or repurpose in a second life, and recycling. SOH serves as a practical triage indicator
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for decision-making. The literature frequently cites an SOH of approximately 70–80% as
the conventional end-of-first-life threshold for mobility services; however, many batter-
ies remain technically viable beyond this threshold, depending on specific performance
requirements and degradation modes [46–48]. Therefore, SOH should be regarded as
an initial screening metric and supplemented with assessments of resistance or charge
capability, cell imbalance, and safety diagnostics to minimise failure risk and uncertainty
when reallocating batteries to repair, second-life, or recycling pathways [47,49].

Estimating battery SoH using remaining capacity and, when possible, verifying with
internal resistance growth, provides a practical assessment method. These are the most
established indicators for lithium-ion batteries and are widely used in second-life screening.
For Indonesian electric two-wheelers, this approach is especially suitable. It is more feasible
than full electrochemical or data-intensive methods in real operating conditions. It also
captures degradation relevant to high-temperature, variable-duty urban use. Advanced
impedance- or machine-learning-based methods are promising but usually require more
controlled data and specialised testing infrastructure [50,51].

Retired EV batteries often retain significant residual performance, meaning they can
still store and deliver electricity, even if they are no longer suitable for long-distance
driving. This creates opportunities in the circular battery economy, which maximises
battery value during and after initial use. High battery replacement costs undermine
EV affordability, but repair, reconditioning, and refurbishment reduce these costs and
address a key barrier to adoption [52]. Many retired EV batteries still have enough capacity
for less-demanding stationary applications, such as battery energy storage systems for
renewables, uninterruptible power supply systems, and street lighting [38,53]. Deploying
batteries in these second-life uses extends battery lifespan and resource efficiency while
generating economic value before final disposal or material recovery, especially since
stationary systems require less stringent performance standards. Once batteries are unfit
for reuse, recycling recovers valuable materials for new battery production, reducing
reliance on virgin resources and environmental pressure from battery waste [26,53].

This study employed an SOH-driven decision framework. SOH quantitatively mea-
sures a battery’s condition, usually as a percentage of its original capacity. This framework
was developed as a decision architecture to assess the suitability of applications for battery
circularity systems. Rather than assuming a battery is fit for second-life applications at
a fixed SOH threshold, recent research advocates for a more nuanced approach. Second-
life feasibility depends on the battery’s actual health indicators—such as power delivery
capability, thermal stability, reliability, and projected remaining lifetime—matching the
operational needs of the intended use [51,54]. Thus, reaching the end-of-first life in EV use
should not be equated with end-of-usefulness. Instead, it marks a transition point where the
battery must be re-evaluated against new requirements [55,56]. This framework integrates
SOH into a decision structure that combines non-destructive diagnostics, usage history, and
pathway-level assessment—such as the evaluation of further use or recycling options. This
approach enables stakeholders to distinguish between batteries suited for refurbishment,
repurposing in second-life systems, or recycling [56,57]. The chief advantage is treating
battery retirement as a relational judgement between condition and use case, rather than
a universal threshold. This perspective strengthens the theoretical basis for sustainable
and economically efficient retired battery management [54,58]. Figure 1 presents the flow
diagram of the SOH-driven decision framework utilised in this study.
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Figure 1. Flow diagram of the SOH-driven decision framework. Adopted from the source [56,57].

For refurbishment or first-life extension. Targeted module or cell replacement, rebal-
ancing, and battery management system (BMS) or thermal repairs can restore performance
uniformity and extend service life. However, the feasibility of these interventions depends
heavily on pack design and the effort required to dismantle them. Recent techno-economic
studies indicate that pack architecture and dismantling complexity significantly influence
total dismantling costs, which in turn affect the economic viability of repair or reuse [47,59].
For second-life reuse, retired EV battery packs can still deliver meaningful service in sta-
tionary storage. Nevertheless, second-life business models are constrained by high testing
and assessment costs, variability in battery history, and the need for reliable sorting and
regrouping to ensure consistent performance and warranty outcomes [47,49].

The recycling process involves recovering valuable materials through mechanical
pretreatment, followed by pyro- or hydrometallurgical methods, with growing research
interest in direct recycling approaches [26,60]. Recent system-level analyses highlight that
the optimal combination of reuse and recycling pathways depends on both economic and
environmental objectives. These findings have led to the development of decision-making
frameworks that explicitly optimise routing under uncertainty, rather than relying on a
single SOH threshold [27,45,61].

2.4. Mathematical Formulation

This method uses the battery’s life cycle management framework to calculate all
costs in present value (PV) terms, applying a discount rate r. Literature underscores the
importance of using a life-cycle cost and discounting approach when comparing alternatives
over a specified time horizon. The present value of each cost component for year t, where t
ranges from 0 to N, is calculated by discounting annual costs as follows [11,61]:

PV(Ct) =
Ct

(1 + r)t

The total discounted Total Cost of Ownership (TCO) is calculated as follows [11,61]:

TCOPV = C0 +
N

∑
t=1

CEnergy,t + CMain,t + CTax + CIns

(1 + r)t − RVN

(1 + r)N + CRep (1)
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CRep =
fi<N

∑
t=i

(C Bat − RBat)

(1 + r)t (2)

with:
C0: initial cost, which is the on-the-road price of the motorcycle in Jakarta.
CEnergy,t: energy costs, such as fuel or electricity.
CMaint,t: costs for maintenance and repairs.
CTax,t: annual fees for taxes or licences.
CIns,t: annual insurance fees.
RVN : the residual value at the end of year N.
CRep,t: costs to replace components, especially the battery.
Battery degradation in mobility applications is conceptualised as a usage-dependent

process, since battery ageing in electric vehicle contexts is influenced by both temporal fac-
tors and cumulative operational demand. Additionally, annual distance travel is a primary
determinant of ownership cost and battery utilisation intensity [62–64]. Cumulative battery
use up to a year t is measured in equivalent full cycles (EFC) as follows [62,65]:

Nt =
t

∑
i=1

Miei
Cap0

(3)

where Nt denotes the cumulative EFC, Mi denotes annual mileage driven in the year
i, ei specifies the electricity consumption per kilometre for the vehicle in a year i, and
Cap0 corresponds to the initial usable battery capacity. These definitions align with prior
studies [62,65]. This formulation explicitly allows battery life to vary based on vehicles’
annual mileage and operating conditions. Such consideration is crucial for evaluating
electric motorcycles that experience different riding intensities [62,66].

The battery SOH is represented using a reduced-form exponential degradation model,
which aligns with the nonlinear ageing behaviour commonly observed in lithium-ion batter-
ies for transport applications [50,65,67]. The SOH trajectory is expressed as follows [50,65]:

SOHt = SOH∞ + (SOH0 − SOH∞)e
−(κ

Nt

Cli f e
)

(4)

where SOH0 is the initial SOH. SOH∞ is the lower asymptotic bound. Nt is the cumulative
equivalent of full cycles. Cli f e is the rated battery lifecycle in cycles. κ is the degradation-
shape parameter [50,65].

Batteries with higher lifecycle ratings, such as 1000 or 1200 cycles, wear out more
slowly than those with 800-cycle ratings, even if driven the same number of miles. This is
because the same number of EFCs is a smaller portion of the total cycle rating in higher-rated
batteries [50,66]. So, for otherwise identical vehicles, a higher cycle life means the battery
lasts longer in its first use. However, more annual miles accelerate EFC accumulation
and shorten the battery’s lifespan [62,66]. To maintain consistency between the lifecycle
specification and the replacement threshold, calibrate κ. This ensures the battery reaches
the designated end-of-life (EOL) condition at its rated cycle life [66,67].

κ = −ln
(

SOHEOL − SOH∞

SOH0 − SOH∞

)
(5)

SOHt is equal to SOHEOL specifically when Nt equals Cli f e [66], highlighting the relation-
ship between these variables. Assuming constant battery use, the first-life battery service
duration can be approximated as follows [66]:
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Ybat ≈
Clife Cap0

Mann ē

where Ybat battery lifetime in years, Mann represents annual mileage, and ē indicates average
electricity consumption per kilometre during first-life operation [62,63]. This expression
demonstrates that battery lifetime is positively correlated with battery lifecycle specification
and negatively correlated with annual mileage. Consequently, motorcycles with higher
usage deplete their first-life battery value more rapidly, even when battery chemistry and
pack size remain constant [62,64].

The effect of the degradation pathway on electricity costs is clearer when modelling
how electricity use per kilometre rises as battery SOH drops. This approach shows the links
between lithium-ion battery ageing, capacity loss, and higher resistance [68,69]. To quantify
this relationship, the following formula defines the effective electricity consumption for the
year [68]:

et = e0[1 + λ(1 − SOHt)] (6)

where et is the electricity consumption per kilometre in a year t, e0 is the beginning-of-life
electricity consumption, and λ is an efficiency-degradation coefficient [68]. The annual
electricity cost Ce,t and its present value over the ownership horizon T are defined as
follows [70]:

Ce,t = Mt et Pe,t (7)

where Mt is the annual mileage in the year t and Pe,t is the electricity tariff or the gasoline
tariff in the year t [70].

Annual gasoline cost is calculated by multiplying annual fuel consumption by the
gasoline price in year i, a standard practice in vehicle total cost of ownership (TCO) analyses
that treat fuel as a recurring operating cost [70]. Here, Mt denotes annual mileage in the
year t (km/year), fuel economy ηt is in kilometres per litre (km/L), and Pg,t is the gasoline
price in year i (USD/L). The annual gasoline cost can thus be expressed as [70]:

Cg,t =
Mt

ηt
× Pg,t (8)

Project year t gasoline price from the base-year price Pg,t using a constant annual
escalation rate eg as described in the literature [70]:

Pg,t = Pg,0

(
1 + eg)

i−1 (9)

Substituting the escalated fuel price yields [70]:

Cg,t =
Mt

ηt
× Pg,0(1 + eg)

t−1 (10)

A vehicle’s value declines with age. The selling price decreases due to depreciation
(dV) over its period of use (N). The residual value at the end of the period (RV N) can be
represented as:

RVN =
(

1 − dV)
N × C0 (11)

This relationship is especially important for the TCO analysis of E2Ws in Indone-
sia. Annual mileage directly affects the degradation rate, replacement schedule, and
present value of users’ electricity costs [11,64]. Secondary data were gathered from offi-
cial automotive manufacturer websites, sales agents, and newspapers to determine initial
purchase costs, energy costs for gasoline and electricity, battery replacement and life-cycle
costs, and maintenance expenses. We also collected supporting data, including taxes and
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assumptions on discount rates, insurance, depreciation, increased energy consumption,
and mileage, from government websites, energy companies, newspapers, and previous
studies [11,12,61,71].

2.5. Vehicle Archetypes and Scenario Design

Table 1 summarises archetypes of Indonesian E2W and ICE, developed using publicly
available specifications to determine battery capacity, performance parameters, and upfront
purchase cost:

• Entry-level E2W include the Volta 401, which is equipped with 1.34 kWh lithium ferro-
phosphate (LFP) batteries, 1.90 kW motor, a top speed of 60 km/h, and an upfront
purchase cost of USD 1140.63. This model provides a maximum range of 60 km after
five hours of full charging and has 800 battery lifecycles [72].

• Mid-range E2W include the Volta Mandala X, which features 2.69 kWh LFP batteries
with 1200 lifecycles, 4 kW motor, maximum range of 150 km after five hours of full
charging, top speed of 70 km/h, and an upfront purchase cost of USD 1493.75 [73].

• High-end segment comprises the Charged Rimau, which offers 3.89 kWh nickel-
cobalt-manganese (NCM) batteries with 1300 lifecycles, 4 kW motor, maximum range
of 200 km after five hours of full charging, top speed of 95 km/h, and an upfront
purchase cost of USD 3906.25 [74]. In addition, this segment also includes the Alva
Cervo Q as a representative model in the premium E2W category in Indonesia. The
vehicle is equipped with a 3.6 kWh NCM battery, a mid-drive motor with a maximum
power output of 9.8 kW, a maximum range of up to 125 km per charge under the
manufacturer’s stated test conditions, a top speed of up to 103 km/h, and a purchase
cost of USD 3093.75 [75].

Table 1. Archetypes of E2W and ICEVs in Indonesia were examined in this study.

Specification
Entry-Level Mid-Range High-End

E2W ICE Used ICE
#1

Used ICE
#2 E2W ICE E2W

#1
E2W

#2 ICE

Brand and Type Volta
401

TVS Neo
XR

Yamaha
Mio 5

Years-Old

Honda Beat
5 Years-Old

Volta
Mandala X

Yamaha
Mio M3

Charged
Rimau

Alva
Cervo Q

Vespa
Primavera
i-get 150

Cylinder capacity
(cc) n/a 110 125 110 n/a 125 n/a n/a 154.80

Motor capacity
(kW) 1.90 n/a n/a n/a 4 n/a 4 9.8 n/a

Battery capacity
(kWh) 1.34 n/a n/a n/a 2.69 n/a 5.4 3.6 n/a

Battery chemistry LFP n/a n/a n/a LFP n/a NCM NCM n/a
Battery lifecycles 800 n/a n/a n/a 1200 n/a 1300 1000 n/a
Maximum range
(km) 60 172 199.20 255 150 199.20 95 103 275

Top speed (km/h) 60 110 105 94 70 105 200 125 98
Charging time (h) 3 n/a n/a n/a 5 n/a 5 4 n/a
Battery
replacement (USD) 375 n/a n/a n/a 750 n/a 1812.50 859.75 n/a

Upfront Purchase
Price (USD) 1140.63 918.75 562.50 687.50 1493.75 1162.81 3906.25. 2806.25 3437.50

References [72] [76] [77] [78] [73] [79] [74] [75] [80]

For comparative purposes, the TCO of ICEVs in the Indonesian market was also
calculated. In the entry-level segment, the analysis included the TVS Neo XR, which has
an upfront purchase price of USD 918.75, a 110 cc engine, a top speed of 110 km/h, and
a maximum range of 172 km [76]. The study also included used ICE motorcycles that
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are widely utilised by low-income consumers, specifically the five-year-old Yamaha Mio
Gear and Honda Beat CBS models. The five-year-old Yamaha Mio Gear features a 125 cc
engine, a top speed of 110 km/h, a maximum range of 199.20 km, and a purchase price
of USD 562.50 [77]. The five-year-old Honda Beat is equipped with a 110 cc engine, a top
speed of 94 km/h, a maximum range of 255 km, and a purchase price of USD 687.50 [78].

In the mid-range segment, the study evaluated the brand-new Yamaha Mio M3,
which has an upfront purchase price of USD 1162.81 [79]. For the high-end segment,
the Vespa Primavera i-get 150 ABS, equipped with a 154.80 cc engine, a top speed of
98 km/h, a maximum range of 275 km, and a purchase price of USD 3437.50, served as a
comparison [80].

2.6. Assumptions

The analysis of the cost of ownership for two-wheeled vehicles requires several as-
sumptions, including usage profile, time horizon, discount rates, energy tariffs, mainte-
nance, residual value, circular value credit, battery replacement, and relevant policies.
Table 2 summarises the assumptions obtained from secondary data sources that inform the
TCO calculations for each E2W battery life-cycle management scenario. A 12-year own-
ership horizon was evaluated, enabling the observation of battery lifecycle management
schemes within the E2W segment. The vehicle depreciation rate (dv) is 7.08% per annum,
and the discount factor (r) is 12.78% [11]. This value is multiplied by the maximum distance
achievable per charge and then divided by the annual travel distance. The exchange rate
applied is 1 USD to 16,000 IDR [81]. The increase in electricity costs for E2W results from
battery degradation, which is determined by battery capacity and lifecycle [71,82]. The
escalation rate for energy tariff and maintenance costs is assumed to be 5% per year [83,84].

Table 2. Main assumptions applied in this study.

Assumption Value Unit

Horizon 12 Years
Exchange rate (1 USD) 16,000 IDR

Discount factor 12.78%
Vehicle depreciation rate 7.08%

Escalation rate for energy and maintenance 5%

Annual fees are calculated by aggregating taxes, licences, and insurance costs. Insur-
ance expenses are set at 1.5% of each vehicle’s residual value [11]. Tax and licence fees are
determined according to annual and five-year tax schedules. The Indonesian government
provides a 1% value-added tax (VAT) relief for eligible locally produced electric vehicles
that meet domestic content requirements. In 2024, additional government-borne VAT and
luxury tax relief measures were introduced, further enhancing upfront affordability. These
policies were continued and updated in conjunction with the 2025 VAT changes.

This study considers four TCO calculation scenarios for E2W: (S1) without lifecycle
management; (S2) with battery refurbishment to extend the first lifecycle; and (S3) with
integrated lifecycle management. In addition, the analysis examines the strategic policy
framework supporting EV battery lifecycle management. The EV ecosystem is shaped
by Presidential Regulation 55/2019, which accelerates the EV programme, infrastructure,
and incentives, as well as the Bappenas circular economy roadmap (2025–2045). The latter
explicitly targets circular inputs, including battery refurbishment, second-cycle use, and
recycling, which underpin the battery replacement cost scenarios in this study.
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In the first scenario, which excludes lifecycle management, the full replacement cost is
incurred because the residual value of retired EV batteries is not considered. The second
scenario, involving battery refurbishment to extend the first cycle life by half, achieves
a 40% reduction in battery replacement costs [59]. In the third scenario, the value of a
second-life battery and recycling. This second-life battery value is incorporated into the
EV battery depreciation calculation as a factor in the replacement cost. The fourth scenario
integrates EV battery refurbishment, second-life battery use, and recycling.

2.7. Sensitivity Analysis

The sensitivity analysis was structured to evaluate the robustness of the TCO results.
It did so by incorporating specific uncertainties relevant to real-world vehicle use in
Indonesia: household electricity category, prevailing fuel type, urban travel intensity
(measured as average daily distance travelled), and potential for recovering residual battery
value through second-life utilisation and recycling [48,61,85]. Rather than relying solely
on generic modelling variations, this approach addresses variables that are particularly
significant in Indonesia. For instance, charging costs and motorcycle usage patterns are
shaped by diverse urban conditions across cities, while the economic benefits of battery
second life and recycling depend on the maturity of downstream value chains [11,86].

The sensitivity analysis was deliberately limited to seven parameters: electricity tariff,
fuel price, annual mileage, refurbishment cost, extended first-life after refurbishment,
second life and recycling value. The battery pack cost and discount rate remained fixed
at their baseline values. The objective was not to capture all possible techno-economic
uncertainties. Instead, the focus was on assessing the robustness of TCO outcomes under
contextual uncertainties most relevant to users in Indonesia during the use phase and
the post-first-life stage. This targeted approach aligns with established TCO literature. In
these studies, sensitivity parameters are typically selected based on decision relevance,
contextual uncertainty, and policy significance. They are not chosen through exhaustive
variation in all model inputs [70,85].

Annual mileage is a significant source of uncertainty in Indonesia, as it varies consid-
erably between cities and directly influences how quickly the higher upfront cost of electric
motorcycles can be balanced by savings on operating costs. To address this, city-specific
empirical mileage data from Indonesia were used. For the low-mileage scenario, Makassar
is selected, where motorcycle travel is 30 km per vehicle per day [87]. The medium-mileage
scenario is represented by Semarang, with an average daily motorcycle travel of 40 km [88].
In contrast, Jakarta presents a high-mileage scenario: a study measuring daily travel for
both ICEs and E2Ws reports 54.55 km for the medium mobility commuter profile [71],
reflecting Jakarta’s more intensive metropolitan travel patterns compared to Bandung and
Semarang. This value is thus used as the high-use benchmark in our analysis, enabling
clear city-to-city comparisons.

Electricity tariffs in Indonesia are differentiated by representative household customer
groups: 900 VA (IDR 1352 or 8.45 cents USD per kWh), 1300–2200 VA (IDR 1444.70 or
9.03 cents USD per kWh), and 3500 VA (IDR 1699.53 or 8.45 cents USD per kWh). This
differentiation reflects variations in the affordability of home charging among household
classes [89]. Fuel prices were analysed for both subsidised gasoline, Pertalite with research
octane number (RON) 90 (IDR 10,000 or 0.63 USD per litre), and non-subsidised gasoline,
including Pertamax RON 92 (IDR 12,200 or 0.77 USD per litre) and Pertamax Green RON 95
(IDR 12,900 or 0.81 USD per litre), to address uncertainty in operational cost comparisons
between electric motorcycles and internal combustion engine motorcycles [90].
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In the sensitivity analysis, the post-refurbishment extension of battery use in mo-
bility applications is represented as a percentage of the initial fresh-battery service life,
rather than as an absolute number of years. This approach enables consistent application
across battery classes with varying nominal cycle-life ratings. Refurbishment costs are
set at USD 76.67/kWh for the conservative case, USD 59.82/kWh for the base case, and
USD 55.47/kWh for the optimistic case, within the range reported by previous research [91].
The post-refurbishment life-extension assumption is adapted from literature [52], who used
2, 4, and 6 years as lower-, central-, and upper-bound sensitivity values for reconditioned
EV batteries in continued vehicle use. To convert these values to a relative form, an 8-year
fresh-battery reference life is used, consistent with the 8–10-year EV battery warranty
range summarised in the literature [53]. Accordingly, the additional mobility life after
refurbishment is defined as 25% of the initial fresh-battery life in the conservative case,
50% in the base case, and 75% in the optimistic case. Refurbishment remains a recognised
life-cycle management pathway for EV batteries prior to second-life deployment or final
recycling; however, its economic viability depends on retained battery condition, repair
intensity, and market context.

The sensitivity analysis parameterised the economic value of second-life utilisation
using a three-case structure to address uncertainty in the market value of repurposed
retired EV batteries, as reported in prior techno-economic and lifecycle studies [43,92,93].
The conservative case applies a second-life value range of USD 44–72/kWh, with an
average of USD 58/kWh, representing lower-bound market conditions where repurposing
revenues are constrained by battery degradation, testing and reconfiguration costs, or
deployment in lower-value stationary applications [43,92]. The base case uses a value range
of USD 72–116/kWh, averaging USD 94/kWh, to reflect moderate market conditions and
values consistent with recent estimates of second-life battery economics under commercially
plausible repurposing scenarios [43,93]. The optimistic case adopts a value range of USD
116–180/kWh, with an average of USD 148/kWh, representing favourable conditions in
which retired batteries maintain strong residual performance and are suitable for higher-
value stationary energy storage applications after repurposing [43,92].

Unlike sensitivity tiers, recycling value was set by battery chemistry, such as lithium
iron phosphate (LFP) or nickel-cobalt-manganese (NCM). The economic return from end-
of-life recycling depends on material composition and the value of critical metals [94].
Recycling value was set at approximately USD 15/kWh for LFP batteries and USD 42/kWh
for NCM batteries. This reflects the higher recovery value of nickel- and cobalt-containing
chemistries, such as NCM, compared to LFP [94]. This approach allows the model to
separate uncertainty in second-life market valuation from variation in chemistry-specific
end-of-life recovery value. As a result, it supports better evaluation of lifecycle management
strategies for retired EV batteries within the TCO framework [43,93,94].

Table 3 summarises the assumptions used in the case-based sensitivity analysis for
conservative, base-case, and optimistic conditions. These assumptions account for vari-
ations in electricity tariffs, fuel price comparators, annual mileage, refurbishment cost
and post-refurbishment mobility life, second-life value, and recycling value, all specific to
Indonesian conditions. The conservative case reflects less favourable operating conditions.
In contrast, the optimistic case represents more favourable ones. The base case reflects
the central model assumptions. These cases are applied across Scenarios 1, 2, and 3. This
enables the assessment of the robustness of TCO results and the evaluation of whether the
relative benefit of lifecycle management persists under varying real-world conditions.
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Table 3. Assumptions used in the case-based sensitivity analysis.

Parameter Conservative Base-Case Optimistic Source

Daily mileage High urban use
(Jakarta) 54.55 km/day

Medium urban use
(Semarang) 40 km/day

Low urban use
(Makassar) 30 km/day [71,87,88,95]

Electricity tariff
High-tariff household Medium-tariff household Lower-tariff household

(3500 VA) (1300–2200 VA) (900 VA) [89]
Cent USD 10.62/kWh Cent USD 9.03/kWh Cent USD 8.45/kWh

Refurbishment cost USD 55.47/kWh USD 59.82/kWh USD 76.67/kWh [91]

Extended first-life
after refurbishment 25% of fresh battery life 50% of fresh battery life 75% of fresh battery life [52,53]

Second-life value
Low Expected High

[43,92,93]USD 58/kWh USD 94/kWh USD 148/kWh

Recycling Value NCM (USD 42/kWh) NCM (USD 42/kWh) NCM (USD 42/kWh)
[94]LFP (USD 15/kWh) LFP (USD 15/kWh) LFP (USD 15/kWh)

Gasoline price Pertamax Green RON 95 Pertamax RON 90 Pertalite RON 90
[90]USD 0.81/litre USD 0.77/litre USD 0.63/litre

3. Results
3.1. Summary of Results Across Sensitivity-Analysis Cases and Lifecycle-Management Scenarios

Table 4 reports the 12-year TCO for all vehicle classes across three sensitivity analysis
cases: conservative, base case, and optimistic. These results are further analysed across three
lifecycle-management scenarios. Scenario 1 represents the absence of lifecycle management;
Scenario 2 involves refurbishment to extend the first life cycle; and Scenario 3 incorporates
integrated lifecycle management, including refurbishment, second-life utilisation, and
recycling. Table 5 provides the approximate first-life years for each E2W battery category.

Table 4. Recapitulation of 12-year TCO for all cases and scenarios.

Case Conservative Base Case Optimistic

Scenario S1 S2 S3 S1 S2 S3 S1 S2 S3

Subsidised Entry
Level E2W 1282.69 1226.17 1216.67 1109.70 1059.20 1049.70 1078.02 1023.63 1014.13

Entry Level E2W 1777.91 1640.39 1630.88 1604.93 1449.00 1439.50 1484.87 1307.57 1298.07

Used Entry Level
ICE #1 1701.76 n/a n/a 1402.83 n/a n/a 1131.71 n/a n/a

Used Entry Level
ICE #2 2133.31 n/a n/a 1739.50 n/a n/a 1382.33 n/a n/a

Entry Level ICE 2568.10 n/a n/a 2146.82 n/a n/a 1764.73 n/a n/a

Subsidised
Mid-Range E2W 1470.76 1470.12 1460.61 1404.91 1267.85 1258.34 1202.47 1202.47 1192.97

Mid-Range E2W 1877.61 1876.70 1867.20 1811.76 1674.70 1665.19 1609.32 1609.32 1599.82

Mid-Range ICE 2769.57 n/a n/a 2375.77 n/a n/a 2018.60 n/a n/a

Subsidised
High-End E2W#1 3401.00 3237.86 3202.23 3030.71 2820.76 2785.12 2992.09 2778.45 2742.82

High-End E2W#1 3823.14 3627.48 3591.85 3452.85 3242.90 3207.26 3414.23 3200.59 3164.96

Subsidised
High-End E2W#2 3624.03 3624.03 3570.59 3516.52 3516.52 3462.57 3478.55 3478.55 3425.10

High-End E2W 4030.62 4030.62 3983.02 3938.66 3938.66 3884.71 3900.69 3900.69 3847.24

High-End ICE 5559.39 n/a n/a 5002.00 n/a n/a 4496.47 n/a n/a

Table 4 indicates substantial variation in overall TCO across the different cases and sce-
narios. The lowest TCO is recorded for the subsidised entry-level E2W under the optimistic
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case and Scenario 3, at USD 1014.13. In contrast, the highest TCO is found for the high-end
ICE under the conservative case and Scenario 1, at USD 5559.39. These findings demon-
strate that the 12-year ownership cost is influenced by both the underlying assumptions of
the sensitivity analysis cases and the implementation of lifecycle management strategies.
Specifically, Table 4 reveals a general trend of decreasing TCO from the conservative to the
base-case and further to the optimistic case, as well as from Scenario 1 to Scenario 2 and
Scenario 3 for most E2W categories. However, the magnitude of this decline is inconsistent
and is strongly affected by the battery’s approximate first-life years, as discussed below.

The three sensitivity-analysis cases are defined by distinct combinations of assump-
tions regarding operating costs, battery-reuse economics, and post-refurbishment perfor-
mance. The conservative case applies the highest electricity tariff, the highest daily mileage,
the highest refurbishment cost, the shortest post-refurbishment life extension, and the
lowest second-life value, representing the least favourable economic conditions for E2Ws
and lifecycle interventions. In contrast, the optimistic case features lower electricity tariffs,
daily mileage, and refurbishment costs, as well as longer post-refurbishment extensions
and higher second-life values, resulting in more favourable TCO outcomes. The base case
represents an intermediate scenario. These assumptions influence not only TCO levels
but also the timing of battery depletion and the practical significance of refurbishment,
second-life utilisation, and recycling over the 12-year ownership period.

Table 6 summarises that the economic impact of battery lifecycle management differs
significantly across vehicle segments and case assumptions. Across all applicable E2W
categories, Scenario 3 consistently results in greater TCO reductions compared to Scenario 2.
The most substantial improvement occurs in the entry-level E2W segment, where the
percentage reduction increases from 7.74–8.27% in the conservative case to 9.72–10.31% in
the base case and 11.94–12.58% in the optimistic case. This trend indicates that lifecycle
integration becomes increasingly valuable under more favourable operating conditions.
A similar, though less pronounced, pattern is observed for subsidised entry-level E2Ws
(4.41–5.15%, 4.55–5.41%, and 5.05–5.93%) and high-end E2W #1, where reductions range
from 4.80–5.84% for subsidised models and 5.12–6.05% for non-subsidised models in the
conservative case, rising to above 8% in the optimistic case for subsidised models. In
contrast, the mid-range E2W segment exhibits a highly case-dependent response, with only
marginal reductions in the conservative and optimistic cases (0.00–0.79%) but substantially
larger gains in the base case, reaching 9.76–10.43% for subsidised and 7.57–8.09% for non-
subsidised models. High-end E2W #2 shows the smallest gains, at only 0.00–1.54%. All
ICE comparators remain inapplicable, confirming that the lifecycle scenarios are specific
to battery-based vehicles. In summary, Table 5 indicates that the TCO benefit of lifecycle
management is most significant in entry-level E2Ws and selected high-end models, while
its effectiveness in other segments is highly dependent on the underlying case assumptions.

Table 5. Recapitulation of 12 years approx. first-life years for all cases and scenarios.

E2W Segment Conservative Base case Optimistic

Subsidised Entry Level E2W 2.41 3.29 4.38
Entry Level E2W 2.41 3.29 4.38
Subsidised Mid-Range E2W 9.05 12.34 16.46
Mid-Range E2W 9.05 12.34 16.46
Subsidised High-End E2W#1 6.28 8.56 11.42
High-End E2W#1 6.28 8.56 11.42
Subsidised High-End E2W#2 13.06 17.81 23.74
High-End E2W 13.06 17.81 23.74
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Table 6. Percentage differences in 12-Year Total Cost of Ownership across all cases and scenarios.

Case Conservative Base Case Optimistic

Scenario S1 S2 S3 S1 S2 S3 S1 S2 S3

Subsidised Entry Level E2W Baseline Case 1 4.41% 5.15% Baseline Case 2 4.55% 5.41% Baseline Case 3 5.05% 5.93%

Entry Level E2W Baseline Case 1 7.74% 8.27% Baseline Case 2 9.72% 10.31% Baseline Case 3 11.94% 12.58%

Subsidised Mid-Range E2W Baseline Case 1 0.04% 0.69% Baseline Case 2 9.76% 10.43% Baseline Case 3 0.00% 0.79%

Mid-Range E2W Baseline Case 1 0.05% 0.55% Baseline Case 2 7.57% 8.09% Baseline Case 3 0.00% 0.59%

Subsidised High-End E2W#1 Baseline Case 1 4.80% 5.84% Baseline Case 2 6.93% 8.10% Baseline Case 3 7.14% 8.33%

High-End E2W#1 Baseline Case 1 5.12% 6.05% Baseline Case 2 6.08% 7.11% Baseline Case 3 6.26% 7.30%

Subsidised High-End E2W#2 Baseline Case 1 0.00% 1.47% Baseline Case 2 0.00% 1.53% Baseline Case 3 0.00% 1.54%

High-End E2W Baseline Case 1 0.00% 1.18% Baseline Case 2 0.00% 1.37% Baseline Case 3 0.00% 1.37%

3.2. Role of Approximate First-Life Years in Mediating Lifecycle-Management Effectiveness

Table 5 shows notable variation in estimated first-life years across vehicle classes.
Entry-level E2W consistently has the shortest first-life durations, increasing from 2.41 (con-
servative), to 3.29 (base), and 4.38 (optimistic) years. Mid-range E2W displays much longer
first-life spans, ranging from 9.05 to 16.46 years, depending on the scenario. High-end
E2W#1 exhibits intermediate values from 6.28 to 11.42 years. High-end E2W#2 stands
out with the longest first-life durations, ranging from 13.06 to 23.74 years across scenarios.
These patterns indicate that higher-priced models deliver greater initial battery longevity.
Figure 2 presents the 12-year projected total cost of ownership (TCO) for all battery lifecycle
management scenarios and motorcycle segments.

 
Figure 2. 12-year projected TCO for all battery lifecycle management scenarios and motorcycle segments.

A comparison of Tables 4 and 6 shows that approximate first-life years are a key
explanatory variable for TCO patterns across scenarios. Without these interventions,
battery replacement would be necessary during the ownership period. In these cases,
Scenarios 2 and 3 can substantially reduce TCO through refurbishment and value recovery.
Conversely, as the battery’s first life approaches or exceeds 12 years, the incremental TCO
benefit of lifecycle management is limited. The battery remains serviceable for most or all
of the ownership period. Results in Table 4 should be interpreted alongside Table 5. The
cost impact of lifecycle management depends on the timing of first-life exhaustion relative
to the analysis horizon. This relationship is especially pronounced when comparing vehicle
classes. Entry-level E2Ws exhibit a short first-life duration, leading to repeated battery-
related lifecycle costs over the 12-year period. Thus, Scenarios 2 and 3 are particularly
impactful for this class. High-end E2W#2 has extended first-life duration, so replacement
within the ownership horizon is less likely, limiting direct TCO gains from refurbishment.
Mid-range E2W and high-end E2W#1 are intermediate cases. Their economic significance
for lifecycle management is more sensitive to specific case assumptions.
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3.2.1. Results for the Entry-Level Segment

Table 4 shows that the subsidised entry-level E2W consistently achieves the low-
est TCO among entry-level alternatives across all sensitivity analysis cases and lifecycle
management scenarios. In the conservative case, its TCO decreases from USD 1282.69 in
Scenario 1 to USD 1226.17 in Scenario 2, and to USD 1216.67 in Scenario 3. In the base case,
the TCO values are USD 1109.70, USD 1059.20, and USD 1049.70 for Scenarios 1–3, respec-
tively. Under the optimistic case, the TCO further declines to USD 1078.02, USD 1023.63,
and USD 1014.13. These findings demonstrate that, even for an already cost-competitive
subsidised entry-level E2W, incorporating lifecycle management pathways further en-
hances long-term ownership economics.

The non-subsidised entry-level E2W also exhibits a significant TCO reduction across
scenarios, although it remains more expensive than the subsidised variant in all cases.
Under conservative assumptions, its TCO decreases from USD 1777.91 in Scenario 1 to
USD 1640.39 in Scenario 2 and USD 1630.88 in Scenario 3. In the base case, the TCO values
are USD 1604.93, USD 1449.00, and USD 1439.50, while under the optimistic case, they are
USD 1484.87, USD 1307.57, and USD 1298.07. When considered alongside Table 5, these
results align with the short first-life duration of the entry-level battery, which ranges from
2.41 to 4.38 years across the three cases. Because this first life is substantially shorter than
the 12-year ownership horizon, refurbishment and integrated lifecycle management are
critical for reducing cumulative ownership costs.

The percentage-difference results extracted from the calculation workbook further
support this interpretation. From Scenario 1 to Scenario 3, the subsidised entry-level E2W
achieves cumulative TCO reductions of 5.15%, 5.41%, and 5.93% under conservative, base-
case, and optimistic assumptions, respectively. For the non-subsidised entry-level E2W,
the reductions are even greater at 8.27%, 10.31%, and 12.58%. These findings indicate that
lifecycle management interventions are most economically significant in battery categories
with the shortest initial first-life. Thus, Tables 4 and 5 together suggest that the entry-level
segment is most sensitive to lifecycle strategy, as its battery first-life is depleted relatively
early during the analysis period.

3.2.2. Results for the Mid-Range Segment

The mid-range segment shows greater variability in TCO across different lifecycle
management scenarios. For the subsidised mid-range E2W, Table 4 presents TCO values
of USD 1470.76, USD 1470.12, and USD 1460.61 for Scenarios 1–3, respectively, under the
conservative case. In the base case, the corresponding values are USD 1404.91, USD 1267.85,
and USD 1258.34. Under the optimistic case, the TCO values are USD 1202.47, USD 1202.47,
and USD 1192.97. The non-subsidised mid-range E2W exhibits a similar trend, with TCO
values of USD 1877.61, USD 1876.70, and USD 1867.20 in the conservative case; USD 1811.76,
USD 1674.70, and USD 1665.19 in the base-case; and USD 1609.32, USD 1609.32, and
USD 1599.82 in the optimistic case.

Table 5 indicates that the estimated first-life duration of the mid-range battery is
9.05 years in the conservative case, 12.34 years in the base case, and 16.46 years in the
optimistic case. The percentage-difference analysis reveals that the cumulative reduction
in TCO from Scenario 1 to Scenario 3 for the subsidised mid-range E2W is 0.69% in the
conservative case, 10.43% in the base case, and 0.79% in the optimistic case. The non-
subsidised mid-range E2W displays a comparable trend, with reductions of 0.55%, 8.09%,
and 0.59%, respectively.
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3.2.3. Results for the High-End Segment

Table 4 presents two distinct patterns in the high-end segment, each corresponding to
a specific battery-performance configuration. For high-end E2W#1, the subsidised variant
records TCO values of USD 3401.00, USD 3237.86, and USD 3202.23 in the conservative
case for Scenarios 1, 2, and 3, respectively, clearly showing a declining trend as scenarios
progress. Similarly, in the base case, these values change from USD 3030.71 in Scenario 1 to
USD 2820.76 in Scenario 2 and to USD 2785.12 in Scenario 3, while in the optimistic case, the
TCO shifts from USD 2992.09 in Scenario 1 to USD 2778.45 in Scenario 2 and to USD 2742.82
in Scenario 3. The non-subsidised high-end E2W#1 also demonstrates a decline, with
TCO values decreasing from USD 3823.14 in Scenario 1 to USD 3627.48 in Scenario 2 and
USD 3591.85 in Scenario 3 in the conservative case. The base case follows this pattern,
dropping from USD 3452.85 to USD 3242.90 and then to USD 3207.26, while the optimistic
case shows a reduction from USD 3414.23 to USD 3200.59 and then to USD 3164.96 from
Scenario 1 to Scenario 3.

For high-end E2W#2, TCO changes across scenarios are less pronounced. The sub-
sidised high-end E2W#2 records TCO values of USD 3624.03 in both Scenarios 1 and 2, and
USD 3570.59 in Scenario 3 under the conservative case, indicating little change until the
final scenario. In the base case, values remain at USD 3516.52 for Scenarios 1 and 2, then
decrease to USD 3462.57 in Scenario 3. Similarly, the optimistic case holds at USD 3478.55
for Scenarios 1 and 2, then lowers to USD 3425.10 in Scenario 3. The non-subsidised
high-end E2W#2 exhibits a similar trend, with reductions becoming noticeable only from
Scenario 2 onward.

Table 5 indicates that the approximate first-life duration of high-end E2W#1 is
6.28 years under conservative assumptions, increases to 8.56 years in the base case, and
reaches 11.42 years in the optimistic scenario, reflecting a progression across the scenarios.
In contrast, high-end E2W#2 achieves 13.06 years in the conservative scenario, extending
to 17.81 years (base-case) and 23.74 years (optimistic). This disparity is also evident in the
percentage-difference results: from Scenario 1 to Scenario 3, the cumulative TCO reduction
for the subsidised high-end E2W#1 reaches 5.84%, 8.10%, and 8.33% for conservative,
base-case, and optimistic scenarios, respectively. For the subsidised high-end E2W#2, the
reduction remains limited to approximately 1.47–1.54% across scenarios. A similar pattern
is observed in the non-subsidised variants.

3.3. Comparative Analysis with ICE Motorcycles

For the high-end segment, Table 4 identifies two distinct patterns corresponding to two
battery-performance configurations. For high-end E2W#1, the subsidised variant records
USD 3401.00, USD 3237.86, and USD 3202.23 in the conservative case for Scenarios 1–3, re-
spectively. Under the base case, the values are USD 3030.71, USD 2820.76, and USD 2785.12,
while under the optimistic case, they are USD 2992.09, USD 2778.45, and USD 2742.82. The
non-subsidised high-end E2W#1 likewise declines from USD 3823.14 to USD 3627.48 and
USD 3591.85 in the conservative case, from USD 3452.85 to USD 3242.90 and USD 3207.26 in
the base-case, and from USD 3414.23 to USD 3200.59 and USD 3164.96 in the optimistic case.

4. Discussion
4.1. Lifecycle Pathway Optimisation Framed as a Residual-Value Problem

The present findings indicate that retired electric motorcycle batteries are best eval-
uated using a lifecycle pathway optimisation model, which maximises residual value
through first-life extension, second-life utilisation, and final material recovery, rather than
adhering to a fixed end-of-life rule. Within this framework, the selection among continued
first-life use, refurbishment, second-life deployment, and recycling is determined by the

https://doi.org/10.3390/su18094428

https://doi.org/10.3390/su18094428


Sustainability 2026, 18, 4428 17 of 27

interplay of technical condition, retirement timing, remaining useful life, and downstream
economic return [53,57]. The importance of this optimisation perspective is demonstrated
by the three sensitivity-analysis cases in this study. The conservative case constitutes
the least favourable optimisation environment, combining higher electricity costs, greater
usage intensity, increased refurbishment costs, shorter post-refurbishment extension, and
reduced downstream value recovery. The base case serves as an intermediate optimisation
environment, while the optimistic case offers the most favourable value-capture scenario, as
more battery value is retained through lower operating costs, less expensive interventions,
and enhanced post-first-life recovery potential. Thus, the sensitivity analysis not only alters
TCO magnitudes but also affects the economic feasibility of the pathway optimisation
problem itself [57,63].

Within this framework, Scenario 1 represents a non-optimised baseline where bat-
tery value is primarily realised during initial mobility use. Scenario 2 reflects a partial
optimisation strategy focused on refurbishment and extended first-life service. Scenario 3
constitutes the most comprehensive optimisation pathway, as it integrates refurbishment,
second-life utilisation, and recycling. The empirical results in Section 3 demonstrate that
transitioning from Scenario 1 to Scenario 3 yields the greatest economic benefit when
the battery retains significant recoverable value that can be monetised within a 12-year
period. This finding aligns with pathway-optimisation studies, which argue that reuse and
recycling decisions should be assessed collectively as value-retention strategies rather than
as isolated technical endpoints [57]. It also aligns with EV battery life-cycle management
literature, which underscores the need to embed end-of-life management within the EV
ecosystem to maximise total battery and material value [53].

4.2. The Impact of Sensitivity-Analysis Cases on Lifecycle Management

The findings demonstrate that approximate first-life years are the primary variable
determining whether lifecycle pathway optimisation can significantly reduce TCO during
the ownership period. When first life is short relative to the 12-year horizon, the battery
reaches a decision point early enough for refurbishment and downstream reuse to influence
owner-level economics. Conversely, when first-life exceeds the ownership horizon, most
of the battery’s usable value is realised in the original application, resulting in a smaller
incremental gain from intervention within the ownership period. This interpretation aligns
with recent optimisation research on retired lithium-ion batteries, which indicates that
pathway selection should be based on the balance between remaining functional value and
the economic or environmental returns from alternative downstream uses [57]. Similarly,
research on cascading applications demonstrates that lifetime extension across stages is
determined by state of health and remaining useful life, rather than by a universal post-
retirement rule [96].

This optimisation logic is clearer when considered alongside the three sensitivity-
analysis cases, which contrast in their impacts. In the conservative scenario, higher mileage
accelerates the approach to the first-life boundary, limiting the recoverable residual value
due to higher refurbishment costs and reduced downstream value. By contrast, in the
optimistic scenario, first life typically extends, so downstream value capture becomes more
attractive. Yet if the battery lifespan already surpasses the 12-year horizon, this does not
yield substantial TCO reductions during ownership because switching pathways cannot
occur early enough. The base case lies between these extremes, as it often reflects scenarios
in which first life is relevant to the ownership horizon and residual-value recovery remains
viable. Therefore, the study concludes that lifecycle pathway optimisation is not simply
a monotonic function of improved assumptions; instead, it depends on how scenario
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assumptions reposition the battery relative to the ownership horizon, thereby reshaping
the value-maximising pathway [57,63].

4.2.1. Entry-Level E2Ws: A Compelling Case for Lifecycle Integration

The entry-level segment most clearly demonstrates the necessity of integrating life-
cycle management directly into TCO modelling, rather than addressing it solely as an
end-of-life consideration. Since the estimated first-life of entry-level batteries is consistently
shorter than the 12-year ownership period across all scenarios, owners encounter battery-
related cost pressures early in the vehicle’s lifespan. In these circumstances, refurbishment
and integrated lifecycle management significantly reduce cumulative costs by distributing
battery value across multiple stages, rather than relying on a simple replacement or disposal
approach. This perspective aligns with the literature [53] which conceptualises EV bat-
tery management as a comprehensive life-cycle system encompassing reuse, repurposing,
remanufacturing, and recycling, rather than as a limited disposal decision. It also aligns
with broader circular-economy literature, which identifies value retention as the principal
economic justification for post-first-life battery pathways [97,98].

This consideration becomes clearer when compared to low-cost used ICE motorcycles,
which often serve as the main benchmark in lower-priced market segments. In these
segments, customers typically consider a depreciated used ICE vehicle, not a new one,
as their primary alternative. This raises the competitiveness threshold for EVs, making
affordability crucial. In this context, circular battery strategies do more than support
sustainability; they directly help keep E2Ws cost-competitive with used ICE motorcycles.
The findings suggest that, especially in cost-sensitive markets, E2W adoption depends as
much on preserving downstream battery value through refurbishment, second-life use,
and recycling as on initial purchase subsidies. This is consistent with TCO studies that
show EV competitiveness in low-cost segments is highly sensitive to usage patterns and
assumptions about residual value [63,99].

4.2.2. The Mid-Range Threshold Effect

The mid-range segment shows a more complex economic mechanism. Here, lifecycle
management delivers the most value when the first-life duration matches the ownership
horizon, and refurbishment assumptions are favourable enough to shift costs within that
period. In the conservative scenario, the battery degrades during the 12-year window.
However, high refurbishment costs and limited extension after refurbishment restrict
economic returns. In the optimistic scenario, the first life exceeds the ownership horizon,
so no intervention is needed within that period. As a result, the base case is the most
relevant context for lifecycle intervention. In this case, battery durability and downstream
economics are balanced. Refurbishment and lifecycle management can then strongly
influence ownership costs.

This threshold view aligns with the existing refurbishment and circularity literature.
The literature shows that refurbishment economics depend on how the cost structure,
market conditions, and process timing interact [91]. It is not a simple replacement decision.
Studies on circular battery systems also find that reuse and repurposing values depend on
battery condition, chemistry, application matching, and the organisation of the downstream
market [97,98]. The mid-range findings in this study show this logic. Lifecycle management
brings the most savings in the intermediate range. Here, first-life duration closely matches
the ownership boundary, and refurbishment economics justify intervention [91].

4.2.3. Distinction Between High-End E2W#1 and High-End E2W#2

The distinction between high-end E2W#1 and high-end E2W#2 is significant. It
demonstrates that maximising residual value does not always require earlier or more
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frequent interventions. High-end E2W#1 continues to benefit from Scenarios 2 and 3. Its
first-life duration remains within or near the ownership horizon across conservative, base,
and optimistic scenarios. In this context, refurbishment and downstream utilisation modify
the owner’s cost structure as the battery approaches the stage at which its residual value
can be redeployed. In contrast, high-end E2W#2 realises most of its value through extended
first-life use. It is estimated that first-life surpasses the 12-year horizon in all scenarios.
Therefore, the optimal strategy is to prioritise continued first-life service, followed by
subsequent second-life use or recycling. This finding aligns with optimisation research.
The preferred pathway is determined by the point of greatest total retained value, rather
than a universal preference for early reuse [57].

This interpretation is further supported by recent research on battery reconditioning.
A recent study demonstrates that the effectiveness of reconditioning depends on both the
availability and suitability of batteries entering the reconditioning stream. It also depends
on the prevailing market and stakeholder conditions [52]. The present findings reflect this
conclusion. High-end E2W#2 does not benefit less from lifecycle management because cir-
cular pathways are inherently less important. Instead, the original battery’s performance is
high enough that extending first-life value is the most economically advantageous strategy.
Therefore, pathway optimisation for long-life batteries should focus on determining the
best timing for transferring residual value from first life to subsequent stages. Accelerating
refurbishment is not always the priority.

4.2.4. Sensitivity Analysis and the Hierarchy of Residual-Value Pathways

The results show a hierarchy: refurbishment, second-life use, and recycling each cap-
ture distinct layers of residual value. The sensitivity analysis compares the relative appeal
of these layers under three scenarios. In the conservative scenario, higher refurbishment
costs and lower downstream value reduce economic benefits for all post-first-life pathways,
with optimisation gains only strong for batteries with a clearly short first life. When mov-
ing to the base scenario, a better cost-value balance makes refurbishment and integrated
pathway design more attractive for a wider range of batteries. In the optimistic scenario,
downstream value capture is most attractive; however, this benefit depends on whether the
battery reaches pathway switching within the ownership horizon. Thus, the case structure
not only affects residual values but also changes the ranking of alternative pathways within
the optimisation framework.

This hierarchy matches the battery life-cycle management literature. Refurbishment
primarily extends the use of the original application and captures residual mobility value.
Second-life deployment takes advantage of the remaining functional value of a battery after
it is no longer fit for mobility use. Recycling recovers material value after other uses are
no longer justified [53,97]. Scenario 3 in this study comes closest to a complete life-cycle
pathway optimisation model. It aims to monetise value at several stages and avoids leaving
value after first-life retirement. Scenario 3 performs best for short- and intermediate-life
batteries. Value maximisation is greatest when recoverable value remains after first use
and when sensitivity assumptions support effective value capture.

4.3. Methodological Implication: TCO Models Should Endogenise Residual-Value Pathway Choice

A key methodological implication of this study is that TCO models should move
beyond representing residual value as a single exogenous salvage parameter. Instead,
residual value should be treated as the outcome of lifecycle pathway optimisation. In
this framework, residual value is determined by factors such as degradation timing, first-
life duration, refurbishment economics, second-life marketability, and recycling recovery,
rather than being imposed as a fixed terminal assumption. This perspective aligns with
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studies that model reuse and recycling decisions as pathway choices to optimise economic
and environmental outcomes, as well as with research advocating for the integration of
reuse and recycling into the broader EV ecosystem rather than treating them as isolated
downstream events [53,57].

This implication is further underscored by the sensitivity analysis. In the conserva-
tive scenario, higher usage intensity and weaker downstream value recovery reduce the
economically recoverable residual value, so the optimal pathway may remain close to the
baseline unless the first life is sufficiently short. In the base scenario, the balance between
degradation timing and recoverable downstream value is more favourable, allowing path-
way optimisation to materially affect TCO. In the optimistic scenario, downstream value
recovery is strongest, but the economic benefit from intervention still depends on whether
the battery reaches the relevant switching point within the 12-year horizon. Thus, the con-
servative, base, and optimistic assumptions not only alter total cost levels but also shift the
economically optimal residual-value pathway. This interpretation is consistent with TCO
literature, which shows that EV ownership economics are highly sensitive to use-intensity
and cost assumptions, particularly distance travelled and residual-value conditions [63].

The results substantiate the need for a segment-specific optimisation framework.
Short-life batteries, such as those in the entry-level category, should prioritise early value-
retention strategies because a significant portion of battery value can be captured during
the ownership period. Intermediate-life batteries require case-specific optimisation, as the
preferred pathway depends on the balance between intervention costs and recoverable
value. Long-life batteries may prioritise extended first-life use, with second-life utilisation
and recycling as subsequent value-maximising stages. This argument aligns with recent
circular-battery research, which emphasises that EV battery pathways should be tailored
to technical condition and downstream application potential rather than governed by a
universal rule [57,97].

In summary, the methodological contribution of this study is not only the incorpora-
tion of post-first-life pathways into TCO analysis, but also the demonstration that these
pathways should be treated as endogenous optimisation choices under varying sensitivity
settings. The optimal strategy is therefore not fixed across battery classes; instead, it is
the pathway that maximises residual value under the specific technical and economic
conditions defined by the conservative, base, and optimistic scenarios [53,57].

5. Conclusions, Policy Implications, Limitations, and Future Research
5.1. Conclusions

This study investigates the impact of battery degradation, estimated first-life duration,
and alternative lifecycle pathways on the 12-year TCO of E2Ws under conservative, base-
case, and optimistic sensitivity-analysis scenarios. The findings demonstrate that effective
lifecycle management can reduce TCO; however, the extent of this reduction depends
heavily on battery durability during the ownership period and on the economic viability of
refurbishment, second-life use, and recycling. Specifically, the analysis indicates that TCO
benefits are maximised when the battery reaches the end of its first life early enough to
allow residual value recovery within the ownership period, whereas the marginal benefit
diminishes as the horizon extends.

A central conclusion of this study is that the economic relevance of lifecycle man-
agement is conditional rather than universal. Refurbishment, second-life utilisation, and
recycling do not contribute equally across all battery classes; instead, their value depends
on four key drivers: battery first-life (the duration and quality of initial use), use intensity
(how heavily the battery is used), intervention cost (the expenses involved in refurbishing
or repurposing), and downstream value recovery (the benefits gained from subsequent
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use or recycling). Given these factors, the study supports a lifecycle-pathway-optimisation
perspective. Specifically, the preferred pathway is the one that maximises residual value
under particular technical and economic conditions. This approach contrasts with a fixed
rule that assumes refurbishment or second-life deployment is always optimal. Notably,
this interpretation aligns with recent research, which suggests that pathway selection for
retired batteries should be an optimisation problem considering both economic and envi-
ronmental objectives, rather than a single predetermined route [57]. It also complements
the battery lifecycle management literature, which views reuse, repurposing, and recycling
as interconnected stages of value retention rather than isolated end-of-life decisions [53].

This study diverges from existing TCO literature in two key ways. First, previous
keyways usually treat battery residual value as a static assumption. Here, TCO is directly
linked to battery degradation, estimated first-life duration, and post-first-life pathway
selection. Second, instead of considering only an average scenario, this analysis evaluates
lifecycle pathways under conservative, base-case, and optimistic sensitivity settings. This
reveals that a single battery may have different economically preferred pathways depending
on operating and market conditions. Thus, the framework moves beyond standard first-
life vehicle costing to offer a more structured, circular-economy view of ownership costs.
Findings require caution: the study does not find a universally optimal pathway for all E2W
batteries. Instead, it shows how pathway attractiveness shifts under different technical and
economic assumptions.

The scientific justification for this research is to address a significant gap between
battery degradation modelling and ownership-cost modelling. Existing studies on EV
adoption and TCO show that ownership economics are influenced by factors such as usage
patterns, infrastructure availability, perceived value, and policy context. However, these
studies also indicate that TCO alone does not fully account for adoption outcomes [11,12,70].
This study advances the field by integrating battery first-life timing and lifecycle pathway
design into TCO analysis in a more endogenous manner. This approach clarifies the
economic relevance of post-first-life interventions. Socially, the research is justified by
the need to enhance the affordability and sustainability of E2W transitions in emerging
economies. In these regions, consumers are highly price sensitive. Downstream battery
management affects waste reduction, resource efficiency, and the broader legitimacy of
electric mobility transitions [100–102].

5.2. Policy Implications

The policy implications of these findings requires careful consideration. First, the
battery circularity policy should be customised by battery class and expected first-life
duration, rather than applied uniformly to all E2Ws. Shorter first-life batteries require
increased support for refurbishment and downstream use, while longer-life batteries need
policies that maintain first-life value and build effective second-life and recycling markets.
Second, supporting E2W adoption must go beyond purchase incentives. Where affordabil-
ity is a barrier, especially in lower-cost segments competing with used ICE motorcycles,
complement policies to reduce refurbishment costs, develop second-life markets, and boost
recycling systems to enhance E2W economic viability. Third, since adoption depends
on more than ownership cost, address charging infrastructure, consumer awareness, per-
ceived reliability, and other social or infrastructural barriers identified in the electric vehicle
adoption literature [14,103].

5.3. Research Limitations

The study’s limitations are threefold. First, it relies on scenario assumptions for
refurbishment costs, life extension, second-life value, and recycling value rather than
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observed market transactions; these factors are likely to differ across battery technologies,
firms, policy contexts, and market maturity. Second, while approximating first-life years is
analytically useful, actual battery decisions depend on factors such as state of health, safety,
warranty, user behaviour, and technical criteria. Third, although lifecycle management can
reduce TCO in some cases, lower TCO alone may not drive E2W adoption; instead, broader
research shows EV uptake is influenced by infrastructure, range anxiety, attitudes, policy,
awareness, and social factors [14,100,103].

5.4. Future Research

Future research should expand the current framework by using empirical market
data on refurbishment, second-life utilisation, and recycling. This will help assess how
robust scenario results are under real commercial conditions. Integrating TCO model with
consumer-adoption frameworks would allow examination of cost competitiveness and its
relationship with infrastructure, behavioural intention, social acceptance, and institutional
support. Further studies could develop a formal lifecycle pathway optimisation model.
This model would consider switching decisions among refurbishment, second-life use, and
recycling, based on state of health, risk, market value, and environmental performance [57].
Comparative analysis across emerging economies are also needed, as adoption conditions,
policies, and business models may differ greatly [15,32,104]. These findings indicate that
lifecycle management can enhance the ownership-cost profile of E2Ws. However, its
impact on broader market adoption will depend on technical, behavioural, institutional,
and infrastructural factors not addressed in this study.
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Abbreviations
The following abbreviations are used in this manuscript:

BEV Battery electric vehicle
BMS Battery management system
E2W Electric two-wheelers
EFC Equivalent full cycles
EOL End-of-life
EV Electric vehicle
FCV Fuel-cell vehicle
ICEV Internal combustion engine vehicle
IDR Indonesian rupiah
LFP Lithium Ferro-Phosphate
LM Lifecycle management
NCM Nickel-Cobalt-Manganese
RON Research Octane Number
RUL Remaining useful life
RV Resale value
SOH State of Health
TCO Total cost of ownership
USD United States dollar
VAT Value-added tax
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