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Abstract— The rapid growth of electric vehicles in Indonesia has
intensified battery waste management challenges, while the
participation of informal repair businesses in battery recycling
services remains limited. Existing studies have largely focused
on consumers' recycling behavior, providing little
understanding of how informal actors develop the intention to
provide recycling services. This study develops a TPB-based
behavioral framework by incorporating environmental, social,
economic, and technological dimensions as contextual
determinants of intention. Survey data from informal repair
businesses in Yogyakarta were analyzed using Partial Least
Squares Structural Equation Modeling (PLS-SEM). The results
show that the environmental and technological dimensions
significantly influence intention, whereas the social and
economic dimensions do not. Intention, in turn, significantly
increases willingness to provide battery recycling services. These
findings indicate that the underlying behavioral mechanisms of
recycling service providers are driven primarily by
environmental awareness and technological readiness. This
study contributes by elucidating the mechanisms that shape the
intentions of recycling service providers, an underexplored
stakeholder group in developing countries, and offers practical
suggestions for designing interventions that strengthen battery
recycling services through environmental education, the
provision of appropriate technology, and clear institutional
support to encourage participation.

Keywords— Behavioral Intention, Circular Supply Chain,
Electric Vehicle Battery Waste, Informal Recycling Service, PLS-
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I. INTRODUCTION

The electric vehicle industry has become one of the main
focuses in supporting efforts to create environmentally
friendly transportation solutions in various countries,
including Indonesia [1]. The adoption of electric vehicles in
Indonesia has increased significantly in recent years, driven by
growing public awareness of sustainable technologies and
strong government support. Based on data from the Ministry
of Industry, the population of electric vehicles in Indonesia
continues to increase, from 1,437 units in 2019 to 116,438
units in 2023 [2]. This growth is inseparable from government
incentives and regulations, including Presidential Regulation
Number 55 of 2019, which aims to accelerate the electric
motor vehicle development program in Indonesia [3].

Electric vehicles have significant advantages over fossil
fuel vehicles, especially in terms of energy efficiency and low
emissions. By using rechargeable lithium-ion batteries,
electric vehicles are able to reduce dependence on fossil fuels
and offer an energy-efficient and environmentally friendly
transportation solution [4]. However, despite being
rechargeable, lithium-ion batteries have a limited-service life.
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In the automotive context, these batteries generally have a
lifespan of 8-10 years, after which their performance will
drastically decline [5]. This raises concerns about the
increasing volume of electric vehicle battery waste. Based on
research by the BPPT Material Technology Center, it is
estimated that by 2025, Indonesia will produce around
250,000 tons of battery waste [6]. If not properly managed,
this waste can endanger human health, pollute the
environment, and threaten ecosystems due to its content of
hazardous chemicals such as nickel, copper, and cobalt [7].

The importance of electric vehicle battery waste
management has attracted widespread attention. Various
research projects have been developed, including battery life-
cycle environmental impact assessments [8], determining
production and recycling sites [9], battery material recycling
technology and the reuse of chemical elements contained
therein [10], government-regulated management mechanisms
[11], and the selection of treatment options for informal
battery waste managers [12]. The resulting solutions not only
reduce negative environmental impacts but also increase the
sustainability of electric vehicle technology.

Various studies on the battery life cycle and the
management of vehicle waste and e-waste have clearly
demonstrated that informal actors in the supply chain play a
crucial role. A study of lead-acid batteries in Brazil shows that
despite official regulations, most collection and recycling
processes still rely on informal networks that are not always
monitored, posing risks to environmental contamination and
public health [11]. A similar situation is found in the
management of end-of-life vehicles (ELVs), where
dismantling and recovery are carried out by small workshops
or informal actors operating outside the official system [9].
Even in the context of battery swaps for electric motorcycles
in Indonesia, recent research emphasizes the need for
recycling classification before EoL because many batteries
end up in informal channels that lack adequate technical
standards [12]. Thus, the presence of informal actors remains
a crucial node that impacts the effectiveness and risks of the
overall system.

A review of these references found that electric vehicle
dealers and workshops play a strategic role as centers for the
maintenance and management of used batteries. However, a
field survey conducted in July 2024 in the Special Region of
Yogyakarta, specifically in Sleman, Bantul, and Yogyakarta
City, found that dealers and workshops were not yet prepared
to effectively handle and recycle battery waste [13].
Challenges identified include technological readiness,
technical knowledge, availability of facilities and
infrastructure, and high recycling costs.

Across studies, several factors consistently emerge as
determinants of both success and challenges in battery and e-
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waste management. First, regulatory aspects and institutional
incentives are consistently cited as key drivers, both in studies
of circular economy-based lithium-ion battery recycling and
Industry 4.0 in India [14] and in Brazil's national policy for
lithium-ion battery recycling (LABs) [11]. Second,
environmental and public health factors are a common thread:
all studies highlight the impact of heavy metal toxicity (lead,
cobalt, nickel) and the risk of ecotoxicity if improperly
managed [8], [15]. Third, socioeconomic factors such as
consumer awareness, attitudes toward recycling, and
economic incentives emerged in e-waste research in India and
China, where household behavior is heavily influenced by
financial motivation and public information [16], [17], [18].
Michael [19]adds the importance of social factors and actual
behavior in recycling practices. Fourth, technological factors
and process efficiency—whether through hydrometallurgical
recycling, reverse logistics, or SoH cut-off classification for
battery swaps—are key to closing the material loop
sustainably [14], [15], [20]. The similarities between these
factors suggest that despite differences in country contexts and
battery types, the success of a circular supply chain system
always depends on a combination of regulations, incentives,
social awareness, and technological innovation.

Several previous studies have identified environmental,
social, technological, and economic factors influencing
battery recycling [18], [20], [21], [22], [23]. While most of
these studies are based on the TPB, they focus on consumer
recycling intentions [23], [24], [25]). The role and availability
of formal EV dealers and repair shops are highly anticipated
as providers of waste battery recycling services. However,
despite their crucial role in the battery recycling supply chain,
their availability remains very limited. The TPB theory, as a
behavioral-based framework for explaining behavioral
intentions among recycling service providers, remains
underexplored. This study addresses this gap by examining the
behavioral intentions of EV dealers and repair shops to
provide battery recycling services.

This research is rooted in the Theory of Planned Behavior
(TPB) developed by Ajzen [24], in an adapted form. The TPB
emphasizes that behavioral intentions are influenced by three
key constructs: attitude toward the behavior, subjective norms,
and perceived behavioral control. Based on a literature review,
this study identifies four relevant contextual factors:
environmental, social, technological, and economic in battery
waste management. Social factors directly represent the
subjective norm dimension, while technological and economic
factors are positioned as operationalizations of perceived
behavioral control because they are related to perceived ease
of use and resource constraints. Environmental factors are
viewed as part of attitudes toward behavior, as they reflect
positive evaluations of environmentally friendly behavior.

Unlike previous TPB studies that primarily focused on
consumer recycling behavior, this study extends the
application of the TPB by examining behavioral intentions
from the perspective of EV dealers and repair shops as
recycling service providers. This perspective is crucial
because these actors operate under different operational
conditions, where technological readiness, environmental
awareness, and economic capacity directly influence their
willingness to provide battery recycling services.

This study focuses on dealers and repair shops due to their
limited availability and strategic role in the supply chain as
centers for the maintenance and management of electric
vehicle batteries. The selected method is Partial Least Squares
Structural Equation Modeling (PLS-SEM). PLS is a structural
equation modeling analysis method used to test or develop

theories for predictive purposes. This method is not only used
to confirm existing theories but is also useful for explaining
the relationships between latent variables [26].

The results of this study are expected to provide a basis for
formulating appropriate policy strategies and interventions to
encourage the mapping of behavioral mechanisms that are
prerequisites for the involvement of informal actors in the
circular supply chain system for electric vehicle battery waste.
The study's primary contribution lies in its empirical
examination of business actor behavior from the perspective
of recycling service providers, a topic rarely explored in the
Indonesian context.

II. METHODS
A. Population and Sample

In theory, population includes all elements with specific
characteristics, including subjects and objects [27], [28] The
population for this study consisted of electric vehicle dealers
and workshops located in the Special Region of Yogyakarta.
The sampling technique was selected based on predetermined
criteria [29], [30]. Respondent qualifications included electric
vehicle dealers and repair shops that did not yet offer electric
vehicle battery recycling services. Respondent selection was
based on information regarding the location of electric vehicle
repair shops in the Special Region of Yogyakarta obtained
through an online search using Google Maps.

In this study, the indicator used was a five-category Likert
scale (strongly agree, agree, neutral, disagree, and strongly
disagree), with four paths addressing the main factors of
intention and willingness to manage battery waste:
environmental, social, technological, and economic.

B. Variables

The variables in this study were identified through two
main approaches. First, questionnaires were distributed to
several electric vehicle dealers and workshops in Yogyakarta
to explore the factors influencing their decision to recycle
electric vehicle batteries. Second, a literature review was
conducted to examine factors that affect the intention to
recycle electric vehicle batteries. Based on this approach, this
study employs several key variables that are considered
influential in the decision-making process related to recycling
electric vehicle batteries. The framework of this research
model is presented in Fig. 1, while the the measurement
indicators for each variable in the study are listed in Table 1.
The questionnaire items were adapted from previously
validated instruments reported in prior studies related to EV
battery recycling, e-waste recycling, and the Theory of
Planned Behavior (TPB). The selected indicators were
adjusted to fit the context of EV dealers and workshops as
recycling  service providers. Each construct was
operationalized into measurement items while preserving the
conceptual meaning of the original instruments. The
corresponding sources for each construct are presented in
Table 1. The instruments in this study have been validated
through face validity tests by lecturers who have expertise in
related fields.
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Fig. 1. Research model framework
1. Independent variable

The independent variable is the variable whose value
affects the dependent variable [31]. In this study, the
independent variables are environment (X1), social (X2),
economy (X3), and technology (X4).

The research hypothesis used is as follows:

HI : Environmental factors have a significant effect on the
intention of electric vehicle battery recycling services

H2 : Social factors have a significant effect on the intention
of electric vehicle battery recycling services

H3 : Economic factors have a significant effect on the
intention of recycling services for electric vehicle batteries.

H4 : Technological factors have a significant effect on the
intention of electric vehicle battery recycling services

HS5 : Recycling service intention factors have a significant
effect on willing to do electric vehicle battery recycling
services.

2. Mediating variable

A mediating variable is a variable that explains the
relationship between the independent and dependent variables.
In this study, the mediating variable used is the intention to
provide recycling services. Intention is a cognitive
representation of a person's readiness to perform a certain
behavior or action, and this intention can be used as a measure
of a person's behavior or action [32].

3. Dependent variable

The dependent variable is the variable whose value is
influenced by the independent variable [31]. The dependent
variables used in this study are the willingness to do recycling
services. Willingness is defined as the actual readiness or
commitment of dealers and repair shops to implement
recycling services in practice.

TABLE 1. RESEARCH VARIABLES AND MEASUREMENT INDICATORS

Adapted

Variable
from

Indicator Measurement item

Recycling reduces pollution

and hazardous waste

Recycling can reduce the

need for mining new raw [18], [20],
materials [21]
Recycling programs

contribute to environmental

sustainability

EVMI1

Enviroment EVM2

EVM3

Community influenced to
SCL1 participate in recycling
program
Recycling is a responsibility
for businesses
Recycling programs provide
SCL3 social benefits to the
community

Social SCL2 [201, [22]

Variable Indicator Measurement item gt
from
The use of recycled materials
ECMI provides an affordable price
Economy ECM2 Recycling can increase [20], [22]
profits and revenue
ECM3 High investment cost
TCG1 Technf)logy is available and
accessible
Technology  TCG2 Possess knowledge and skills  [20], [21]
TCG3 Use. of n}odem t(?ols and
devices is essential
ITN1 Intention to recycle waste
N2 Participate in government-
Intention provided recycling programs [18], [22]
ITN3 Willing to take the time to
recycle waste
WLS1 Willing to recycle
Willing to invest in
Willingness WLS2 equipment [23]
WLS3 Willing to improve

knowledge and skills

4. Data Analysis Technique

The questionnaire used in this study was developed by the
authors, based on a review of several articles (Table 1). The
development process began with identifying research
constructs and measurement indicators from previous studies
related to pro-environmental behavior, technology adoption,
and battery recycling. Based on these indicators, questionnaire
items were independently formulated in Indonesian to reflect
the operational characteristics and terminology commonly
understood by EV repair business actors in Yogyakarta.

The data collected in this study used questionnaires.
Question items on the assessment measure used the Likert
scale from "1" to "'5. The data in this study were analyzed using
the Partial Least Squares (PLS) method with the aid of
SmartPLS 4.1 software to test the formulated hypotheses.
PLS-SEM is a multivariate statistical method that allows
simultaneous analysis of the relationship between several
independent and dependent variables. This method is widely
used in research involving small sample sizes and complex
models [33], [34].

In this analysis, the validity and reliability of research
instruments were evaluated through the measurement model,
which included tests of convergent validity, discriminant
validity, and composite reliability [35]. Hypothesis testing was
conducted using a structural model to measure the causal
relationship between variables in the study. With this approach,
the research can generate more accurate insights in
understanding the factors that influence the intention of
dealers and repair shops to provide electric vehicle battery
recycling services.

III. RESULTS

A. Evaluation of Measurement Model

Validity and reliability tests in this study were conducted
using the measurement model in PLS-SEM, as presented in
Table 2. The analysis results show that all loading factor (LF)
values are above 0.70, indicating that each indicator is valid in
representing the measured variables [30]. This suggests that
each indicator has a strong contribution in explaining the latent
variable it represents. In addition, all constructs in the model
also have an Average Variance Extracted (AVE) value above
0.50. This value indicates that more than 50% of the indicator
variance can be explained by the construct being measured.

TABLE 2. RELIABILITY AND VALIDITY
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. . Loading Alpha

Variable Indicator Factor CR AVE Cronbach
EVMI1 0.902

EVM EVM2 0.917 0.926  0.807 0.881
EVM3 0.876
SCL1 0.851

SCL SCL2 0.914 0.926  0.807 0.881
SCL3 0.928
ECM1 0.920

ECM ECM2 0.913 0.930 0.817 0.888
ECM3 0.878
TCG1 0.898

TCG TCG2 0.912 0.931 0.819 0.891
TCG3 0.904
INT1 0.908

INT INT2 0.862 0.897 0.744 0.828
INT3 0.816
WLSI1 0.852

WLS WLS2 0.910 0919 0.790 0.868
WLS3 0.902

In addition, reliability was assessed using composite
reliability (CR) and Cronbach's alpha. The analysis results

show that all constructs have CR and Cronbach's Alpha values >

0.70, which indicates that the data has met the reliability
criteria [36], [37]. This suggests that the research instrument
demonstrates a good level of internal consistency in measuring
the variables studied so that the data obtained can be trusted
and consistent for use in further analysis.

The discriminant validity results presented in Tables 3 and
4 indicate that each indicator has the highest loading value on
the construct it is supposed to measure, and no indicator has a
higher loading on any other construct. This indicates that the
discriminant validity in this model has been met well. Thus,
based on the results of the validity and reliability tests, all
indicators and constructs in this study can be considered valid
and reliable. Consequently, further data analysis can be
conducted to test the hypothesis and understand the
relationship between the study variables.

TABLE 3. CROSS LOADING

Enviroment Social Economy Technology Intention Willingness

EVM1 0.902  0.449 0.078 0.075 0.709 0.405
EVM2 0917  0.252 0.114 0.102 0.612 0.303
EVM3 0.876  0.211 0.053 0.252 0.596 0.357
SCL1 0.420  0.851 0.454 0.093 0.388 0.311
SCL2 0.205 0.914 0.458 0.106 0.316 0.404
SCL3 0.297  0.928 0.561 0.151 0.494 0.518
ECM1 0.040  0.426 0.920 0.372 0.371 0.415
ECM2 0.074  0.626 0.913 0.087 0.283 0.387
ECM3 0.135  0.480 0.878 0.384 0.334 0.275
TCG1 0.126  0.023 0.176 0.898 0.379 0.461
TCG2 0.188  0.229 0.355 0.912 0.406 0.329
TCG3 0.086  0.097 0.371 0.904 0.268 0.219
INT1 0.632  0.517 0.383 0.298 0.908 0.613
INT2 0.746  0.387 0.226 0.358 0.862 0.598
INT3 0.446  0.268 0.357 0.385 0.816 0.584
WLS1 0.279  0.227 0.339 0.374 0.490 0.853
WLS2 0.382  0.528 0.376 0.350 0.670 0.910
WLS3 0.383  0.447 0.346 0.314 0.661 0.902

TABLE 4. DISCRIMINANT VALIDITY CONSTRUCT (HTMT)

EVM SCL ECM TCG INT WLS

EVM

SCL 0.378

ECM 0.104 0.629

TCG 0.717 0.151 0.361

INT 0.821 0.513 0.429 0.455

WLS 0.445 0.502 0.452 0.427 0.805

B. Structural Model Evaluation

The structural model test in this study was used to evaluate
the research hypothesis and test the relationship between latent

variables in the research model. Hypothesis testing was
conducted using an alpha significance level of 5% so that if
the T-statistic value is greater than 1.96 or the p-value is less
than 0.05, it indicates that the hypothesis is accepted or there
is a significant effect [38][39].

The results of hypothesis esting presented in Table 5 show
that two hypotheses are accepted, while three are rejected.
Specifically, environmental variables have a positive and
significant effect on the intention of dealers and repair shops
to provide battery recycling services. In addition, the intention
variable also has a positive effect on the willingness of dealers
and repair shops to offer battery recycling services. Fig. 2
presents the structural model in Smart-PLS. Table 5 shows that
the structural model yields a coefficient of determination (R?)
of intention of 0.651 and willingness of 0.510. This study
shows that environmental, social, economic, and technological
factors can explain 65.1% of the intention to provide recycling
services. Furthermore, this intention also contributes 51% to
the willingness to provide recycling services.

- NI T2 T3
0851 0623 » s “
\

saz +—oou—ij /

L
-

\ /
\ /
sz 0508 022 psis
0 \ p
Sodial 146,
\\\ / WSt

7___0.553"*
0692 L —0510—+ w2
Tog0
T

ECM1

""o.qzo__,__ 0173 s
ECMZ 4—0913— Wilingness

r__wa""
E Economic 0asi
s

""o.&ga__,_
TR 4—0812—]

09
@ *
Technology

Fig. 2. Structural Model

The proposed behavioral model explains 65.5% of the
variance in intention and 48.0% of the variance in willingness
(Table 5). These findings indicate that environmental,
technological, economic, and social factors capture a
substantial proportion of the behavioral mechanisms
underlying informal workshops’ decisions to provide battery
recycling services. Nevertheless, 34.5% of the variance in
intention and approximately half of the variance in willingness
remain unexplained. This suggests that other factors, such as
organizational, regulatory, and institutional aspects, may also
influence future participation in battery recycling systems.

TABLE 5. R-SQUARE

Endogenous R-Square
Construct LG adjusted
Intention 0.655 0.609
Willingness 0.480 0.465

Table 6 presents the effect sizes (f*) of the exogenous
constructs, indicating their practical contributions to the
explanatory power of the endogenous variables. The
environmental variable exhibits a large effect size (f2=0.947),
indicating that environmental awareness makes a substantial
contribution to the formation of intention. Similarly, intention
has a large effect on willingness (> = 0.925), confirming its
central role in translating behavioral intention into willingness
to provide battery recycling services. In contrast, technology
(f* = 0.134), economic (f> = 0.053), and social (f* = 0.023)
factors exhibit only small effect sizes, indicating that their
practical contributions to the model’s explanatory power are
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relatively limited. These results suggest that although
technological factors contribute to the formation of intention,
their practical influence remains considerably weaker than that
of environmental awareness, while the contributions of social
and economic factors are marginal.

TABLE 6. EFFECT SIZE (F?)

Construct Intention Wilingness
Enviromental 0.947 -
Social 0.023 -
Economic 0.053 -
Technology 0.134 -
Intention - 0.925

The hypothesis testing results are presented in Table 7.
Environmental factors have a significant positive effect on
intention (f = 0.623,t=15.367, p < 0.001), thereby supporting
HI1. Technology also has a positive and significant effect on
intention (B = 0.231, t = 1.984, p = 0.047), supporting H4,
although its practical impact is relatively small, as reflected by
its effect size. In contrast, social (p = 0.116, p = 0.394) and
economic factors (B =0.173, p=0.215) do not have significant
effects on intention; therefore, H2 and H3 are not supported.
Finally, intention has a significant positive effect on
willingness (f = 0.693, t = 6.015, p < 0.001), supporting HS
and confirming that intention serves as the primary behavioral
mechanism linking contextual factors to willingness among
informal repair businesses.

TABLE 7. HYPOTHESIS TEST RESULTS

q q T- P- .
Hypothesis Coefficient Value  Value Conclusing
H1 EVM—INT 0.623 5.367 0.000 Sig
H2 SCL—-INT 0.116 0.852 0.394 Not sig
H3 ECM—-INT 0.173 1.241 0.215  Not sig
H4 TCG—INT 0.231 1.984 0.047  Sig
H5 INT-HWLS 0.693 6.015 0.000  Sig

IV. DISCUSSION

This study develops a TPB-based behavioral framework to
explain the behavioral mechanism through which informal EV
repair businesses become willing to provide battery recycling
services. The framework positions environmental [40], [41],
[42], social [43], economic [9], [11], and technological [14],
[24],[41], [44] dimensions as contextual determinants shaping
intention [24], while intention subsequently predicts
willingness to provide recycling services. Rather than merely
testing statistical relationships. the proposed framework
explains how contextual conditions influence behavioral
decisions that are essential for establishing battery recycling
services. In this respect. the study views informal actors [11],
[14] not simply as waste handlers but as key participants
whose behavioral decisions determine whether reverse
material flows can emerge within a circular battery supply
chain.

The number of respondents who qualified as electric
vehicle dealers and repair shops that did not yet offer electric
vehicle battery recycling services in the Special Region of
Yogyakarta was 35. The number of respondents available
aligns with the more flexible nature of PLS-SEM. which is
more flexible to small sample sizes compared to covariance-
based SEM. Hair et al. (2017) [37] emphasize that the 10-fold
rule of thumb allows for the use of a relatively small minimum
sample size. namely ten times the largest number of indicators
in a construct or the number of paths leading to a particular
construct. In this study. there were four entry points. so the
minimum required sample size (Hair) was 40. making 35
slightly below the threshold. However. Kock and Hadaya

(2018) [45] stated that. considering expected effect sizes and
statistical significance. stable estimates can still be produced
in samples under 50. especially when the research model is not
too complex. The models tested in this study had large path
coefficients (= 0.623 and 0.693). very large effect sizes (f> =
0.947 and 0.925). and adequate R? and Q?. making the use of
PLS-SEM with 35 respondents still justified.

The findings reveal that environmental and technological
dimensions significantly influence intention. whereas social
and economic dimensions do not. Furthermore. intention
significantly predicts willingness to provide battery recycling
services. indicating that intention functions as the central
behavioral mechanism linking contextual conditions with
service provision. These findings suggest that informal repair
businesses evaluate participation in battery recycling primarily
from the perspectives of environmental responsibility and
technological feasibility rather than social expectations or
anticipated economic benefits [24], [40]-[42], [44] In the
context of Yogyakarta. where informal repair businesses
operate independently and battery recycling systems remain
underdeveloped. practical capability appears to outweigh
normative or financial considerations [9], [11], [43].

The empirical findings indicate that environmental
awareness and technological readiness are the primary
behavioral conditions influencing informal repair businesses'
intention to provide battery recycling services [24], [40]-[42].
[44], [46] The empirical findings indicate that environmental
awareness and technological readiness are the primary
behavioral conditions influencing informal repair businesses'
intention to provide battery recycling services. This is also in
line with studies conducted in consumer or formal
organizational context [47] which highlight the importance of
contextualizing behavioral theory according to stakeholder
characteristics. This interpretation is consistent with the
current situation in Yogyakarta. where battery waste volumes
remain limited. formal collection networks are still emerging.
and institutional support mechanisms have yet to become fully
established. Consequently. economic incentives and social
norms have not yet matured sufficiently to influence
behavioral intention. This phenomenon aligns with a literature
review that highlights that aligning technology with local
cultural values. engaging stakeholders. and promoting
capacity building through culturally relevant training and
education are crucial for enhancing the effectiveness of
sustainability practices [48].

The principal theoretical contribution of this study lies in
explaining the behavioral mechanism through which informal
repair businesses develop the intention and willingness to
provide battery recycling services. Previous behavioral studies
have predominantly examined consumers' recycling intentions.
whereas this study focuses on informal actors who enable
recycling services within the reverse flow of end-of-life
batteries. By employing a TPB-based behavioral framework.
the study shifts the analytical focus from explaining individual
recycling behavior to identifying the behavioral conditions
required for integrating informal actors into circular battery
waste management systems. As summarized in Table 8. the
empirical findings can be synthesized into four sequential
stages. beginning with contextual determinants. followed by
behavioral mechanism. stakeholder integration. and system
implication. This synthesis demonstrates that environmental
awareness and technological readiness constitute the primary
contextual conditions supporting intention formation. while
intention subsequently translates into willingness that
facilitates informal actor participation in reverse logistics
activities [49]. Consequently. the proposed framework
broadens the application of behavioral theory to an
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underexplored stakeholder group and provides a behavioral
foundation for understanding how informal actors contribute
to the development of circular battery supply chains.

Beyond its behavioral contributions. the proposed
framework provides insights into the conditions needed for the
gradual emergence of a circular battery supply chain through
the participation of informal actors [11], [14], [21]). The
findings suggest that behavioral motivation alone is
insufficient to build an effective reverse logistics system.
Although informal repair businesses have shown a willingness
to participate when supported by environmental awareness
and technological readiness. the absence of significant social
and economic influence suggests that stakeholder networks
and market mechanisms remain underdeveloped.
Consequently. building a circular battery supply chain should
be seen as a progressive process rather than an immediate
outcome.  Effective  implementation also  requires
communication and coordination between informal repair
businesses. licensed recyclers. manufacturers. and local
governments to facilitate battery collection. information
exchange. technical assistance. and safe handling practices
[12]. Consequently. policy interventions should not focus
solely on regulatory enforcement but also on strengthening
institutional support that protects and empowers informal
actors through repair shop associations [14], [49],
collaborative collection networks. technical training. and
accessible financial incentives.

TABLE 8. POLICY FOR CIRCULAR BATTERY SUPPLY CHAIN FORMATION

Development  Empirical Interpretation Policy
Stage Evidence alternative
Environmental  Environment Environmental Strengthen
readiness significantly ~ responsibility environmental
influences has emerged education
intention
Technological ~— Technology =~ Workshops Provide modular
readiness significantly ~ require practical  technologies and
influences technological technical
intention capability assistance
Institutional Intention Informal actors ~ Build
readiness significantly  are ready to communication.
predicts participate repair shop
willingness associations. and
collection
partnerships
Market Social and CSC ecosystem  Create direct
readiness economic remains in an financial
factors are early incentives. EPR
not yet developmental mechanisms. and
significant stage community
engagement

Similar collaborative approaches have been successfully
implemented through community-based e-waste initiatives in
Malaysia [47], accessible recycling technologies in Brazil and
India [41], and financial support mechanisms for informal
recyclers in Nigeria and Kenya [9], [11], [46] demonstrating
that institutional support is essential for sustaining informal
sector participation. Therefore. policies should focus not only
on regulation but also on strengthening communication
platforms. repair shop associations. technical training. and
direct incentives that enable informal actors to participate as
long-term partners within circular battery supply chains.

This study provides a description of information actors in
Yogyakarta. which urgently requires further validation for
interpretation in other regions. Although the proposed TPB-
based behavioral framework demonstrates satisfactory
explanatory and predictive capabilities. future studies should
validate the framework using a larger and more geographically

diverse sample. Future research should investigate how the
behavioral readiness identified in this study translates into
actual participation as battery waste volumes increase and
institutional arrangements mature. Longitudinal studies
examining the transition from environmental motivation to
economically sustainable recycling practices would provide
valuable insights into the evolution of the circular battery
supply chain. Further research is also encouraged to integrate
governance-related  variables.  including  stakeholder
collaboration. communication mechanisms. government
support. and extended producer responsibility. to better
explain how willingness among informal actors translates into
effective reverse logistics systems.

V. CONCLUSION

This study developed a TPB-based behavioral framework
to explain how informal repair businesses develop the
intention and willingness to provide battery recycling services.
The findings indicate that environmental awareness and
technological readiness constitute the primary behavioral
conditions supporting intention formation. whereas social and
economic considerations have not yet become significant
drivers within the current context. Rather than indicating the
irrelevance of these factors. the results suggest that the battery
recycling ecosystem in Yogyakarta is still at an early stage of
development. where environmental responsibility precedes
market formation and institutional integration.

The study further demonstrates that willingness among
informal repair businesses provides an essential behavioral
foundation for integrating these actors into future reverse
logistics systems. However. willingness alone is insufficient
to establish a circular battery supply chain. Sustained
development will require stronger communication among
stakeholders. supportive institutional arrangements. accessible
recycling technologies. and concrete economic incentives that
enable informal actors to participate as long-term partners in
battery waste management. In this sense. the present study
represents an initial step toward understanding the behavioral
conditions necessary for developing circular battery supply
chains in emerging electric vehicle markets.
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