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Abstract

Lithium-ion battery (LIB) recycling has become a key area where sustainability goals and circular
economy ambitions meet practical challenges. While research often focuses on regulatory or
technological solutions, real progress depends on stakeholder action and alignment. This paper
combines a literature review and a stakeholder survey (n = 26) to map risks, opportunities, barriers,
and interventions, formulating a roadmap for sustainable LIB recycling from the stakeholder
perspective. The literature identified 27 opportunities, 21 risks, 32 barriers, and 23 enablers across
strategic, operational, institutional, cultural, and technical domains. The study confirms that an
implementation gap persists between ambition and practice. Stakeholders know the opportunities,
but structural barriers, limited resources, and insufficient attention to cultural enablers dampen
progress. The barrier—intervention mapping and the derived roadmap show that interventions must
be sequenced strategically: securing resources first, then building data infrastructures, strengthening
know-how, to finally reduce complexity. The findings show that sustainability progress depends less
on technical capability than on sound resource management, reliable data, and institutional support
offering a transferable framework to close implementation gaps as presented in this study and
supports future research on how stakeholder alignment can accelerate sustainable transitions across
industries.

Keywords: stakeholder perspectives; sustainability governance; socio-technical transition; barrier—
intervention mapping; risk-opportunity mapping; implementation gap; circular economy; lithium-
ion battery recycling

1. Introduction

With the United Nations” Agenda 2030, the European (EU) Green Deal [1], legal frameworks [2]
and action plans [3] derived from it, countries around the world have set themselves seventeen
ambitious global sustainable development goals. These are intended to secure social prosperity and
peace globally and enable healthy economic growth for all, despite the challenges posed by the
climate crisis. In this context, the economy and the manufacturing industry are assigned considerable
responsibility for overcoming these challenges. Against this backdrop, lithium-ion battery (LIB)
recycling constitutes a strategically important locus where circular-economy ambitions encounter
implementation realities. Beyond technical efficacy, progress depends on how organizations mobilize
resources, align institutional routines, and build internal legitimacy for change. Our study speaks to
these practical conditions by eliciting stakeholder priorities and perceived constraints.
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Recycling and waste management play a central role in this. They are the link between
production, consumption, and the return of raw materials. This means that they not only contribute
to the conservation of primary resources and the reduction of emissions through proper disposal and
recycling but are also an important economic sector. However, simply implementing the right
measures, such as recycling or the production of secondary raw materials, is not enough. It is equally
crucial to implement these measures efficiently and in an environmentally friendly manner to achieve
sustainability goals and a circular economy. Without a comprehensive environmental management
system that monitors consistent compliance with environmental standards and continuously reduces
emissions and pollutants, these processes threaten to counteract their original purpose -
environmental protection.

In addition to social and environmental challenges, recycling and waste management companies
face the same economic challenges as any other business and are therefore caught between their social
mission and entrepreneurial thinking. Sustainability in waste management therefore means not only
doing the right things but also doing them right. Effective environmental and sustainability
management are the keys to combining ecological, social, and economic goals. Only through a
combination of technical innovations, stringent monitoring and responsible action can recycling and
waste management processes contribute to solving global environmental problems.

The same applies to the field of LIB production and their recycling. As production scales up,
sustainability management and responsible recycling become essential to fulfil the dual function of
returning critical raw materials to the cycle and reducing environmental impact. Life cycle
assessments (LCA) have highlighted the potential of LIB recycling to reduce greenhouse gas
emissions, energy use, and water consumption by more than 50% compared to primary extraction,
with key sensitivities related to electricity mix and chemical input [4-7]. Technological research in
this field has advanced rapidly, with numerous studies analyzing and comparing different recycling
methods, as well as emerging options [8-12]. While the performance potential of LIB recycling is
increasingly well documented, less is known about the organizational and institutional conditions
that determine whether such potential is realized in practice. We address this gap using stakeholder-
based mapping to diagnose where implementation stalls.

Despite this growing body of technical and environmental research, stakeholder perspectives
remain underrepresented when talking about sustainable recycling strategies, even though
implementation depends on coordinated action across the value chain from manufacturers to
policymakers. Academic work in this field often takes a top-down regulatory focus, yet sustainability
transitions require active stakeholder agency. Recent studies begin to address this by analyzing
stakeholder-specific sustainability trade-offs [13], social impacts along the supply chain [5], or
collaborative circularity strategies [14]. Still, systematic mappings of recycler-informed barriers and
interventions are rare. This study fills that gap. Based on systematic research into the advantages of
sustainable economic management of companies compared to neglecting it, as well as a survey of
possible company-related internal barriers and drivers, a stakeholder-related survey is conducted.
The results are a weighted list of risks and opportunities associated with sustainability in companies
presented in the form of a risk-opportunity mapping, as well as a priority-weighted barrier-
intervention mapping derived by the same stakeholders, which culminates in clear recommendations
for sustainable action for participants from the industry. The resulting roadmap links key challenges
to countermeasures across strategic, operational, and institutional levels, supporting
implementation. The method and roadmap are not only valid for stakeholders in the LIB recycling
sector but can also be used as a blueprint for other industries.

2. Materials and Methods
2.1. Data Collection

2.1.1. Systematic Literature Review

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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A structured literature review, see Figure 1, was conducted to provide an item list of four
relevant dimensions: company-related inside-out opportunities (0), risks (r), enablers (e) and barriers
(b) of sustainable strategies. All items were coded by frequency and thematic relevance. Every risk
and opportunity are categorized into one of the three sustainability dimensions (economical,
ecological, environmental). Barriers and enabler items are sub-grouped into the five domains:
strategic, operational, cultural, institutional, and technical-relevant item. This enables reading the
results not only as content lists but as proxies for organizational capability and governance attention.
Results partially build on earlier work by Rutrecht et al. 2023 [15]. The resulting lists of items form
the basis for stakeholder evaluation and both mapping approaches.

)
Records identified through Key words included: “zero waste,”
Web of Science™ data base = “sustainab*,” “risk,” and “management”
(n=124) Key words excluded: “blq*,” “iron,”
1 “anaer*,” or “plastic.”
Records after removing duplicates Records excluded
(n=124) (n=0)
-/
)
Records screened Records excluded
(title and abstract) > (n=95)
(n=31)
-/
N\ r
Full-text articles assessed for Records excluded
eligibility (n=0)
(n=31)
__
o
Studies included in research and i . i
qualitative synthesis List of opportunities (o),. risks (r),
enablers (e), and barriers (b)
(n=31)
—

Figure 1. PRISMA flow diagram of the identification process for the sample of 31 articles describing risks,

opportunities, barriers and enablers of sustainable strategies and zero waste in companies.

2.1.2. Stakeholder Survey

To contextualize the literature-based finding, a stakeholder survey was conducted, featuring a
structured online questionnaire during a study-related project workshop. Overall, the survey
engaged 26 participants from industry (n=9) academia (n=16) and regulatory institutions (n=1), of
which 21 took part at the workshop, 5 during a conference setting, at the Sardinia Symposium 2023.
All participants had technical-scientific backgrounds and held mid- to senior-level management roles
in battery production, recycling, or circular economy. The group was balanced in terms of age (25—
54+) and gender (46% female, 54% male).

The questionnaire applies a funnel structure, progressing from general to specific assessments.
In total, ten questions examine the stakeholder perspective of the four relevant dimensions in this
study: opportunities, risks, barriers, and enablers. Opportunities were assessed by ranking perceived
positive sustainability impact (high, low) and implementation effort (high, low). Risks are evaluated
on a four-tier criticality scale (low, moderate, high, critical) supported by a graphical matrix. Barriers
and enablers are rated using five-point ordinal scales (very low to very high).

Stakeholders were also asked to select the top five most relevant opportunities, risks, barriers,
and enablers in their own institutional settings to check for consistency in answering behaviour.
These rankings are used as well to surface practical salience and to triangulate aggregated scores with
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decision-facing priorities in organizations. To reduce selection bias, the list of answers is randomly
ordered for each participant.

To verify construct validity, Likert scales (strongly agree-strongly disagree) were applied, and
internal consistency of the scales was evaluated using Cronbach’s Alpha [16]. A pre-test of the
questionnaire was conducted to ensure clarity and resulted in an average completion time of 10
minutes. The full questionnaire is available in the supplementary material.

2.2. Synthesis

Risk-opportunity mapping and barrier-intervention mapping are used to synthesize literature
results and stakeholder insights of the survey.

2.2.1. Risk-Opportunity Mapping

The qualitative assessment of each risk item by a respondent is translated to a four-tier ordinal
scale: low =1, moderate=2, high=3, and critical=4. The individual scores are aggregated to calculate an
overall criticality index (c), which categorizes risks as follows: critical (c>50), high (45-49), moderate
(40-44), or low (<40). The intervals from low to critical are deliberately chosen to distinguish between
degrees of urgency. Opportunities are evaluated using a two-dimensional matrix with perceived
impact (high/low) and implementation effort (high/low) as axes, yielding into four categories: low-
hanging fruits (high impact, low effort), strategic leaps (high impact, high effort), incremental
improvements (low impact, low effort), and money pits (low impact, high effort). Post-hoc
classification of risk origin (inside-out, outside-in, dual) is used solely to interpret stakeholder ratings
through the lens of double materiality in current reporting practice, not as a formal theory test.

2.2.2. Barrier-Intervention Mapping

Barrier-intervention mapping is applied to structure internal implementation constraints and
derive targeted mitigation strategies. Barriers and enablers are rated on a five-point ordinal
scale:0=none, l=minor, ..., 4=very high. For each item, stakeholder responses are aggregated to
calculate a weighted score representing the average disabling or enabling effect of each item. Based
on these cumulative scores, barriers are grouped as very high (sb>50), high (sb=45-50), moderate
(sb=40-44), low (sb=36-40), or very low (sb<36). Following the same logic, enablers are grouped: very
high (se>66), high (se=61-65), moderate (se=56-60), low (se=51-55), and very low (se<50). The choice
of thresholds for each group was made deliberately by the authors to support meaningful discussion
across distinct levels of perceived hindrance or support.

Then, a barrier-intervention heatmap is developed by applying the following scoring logic.
Every and each enabler-barrier pair is assessed and assigned with a basic score of the expected
positive effect by the authors ranging from: 2 = strong positive effect, 1 = tentative positive effect, and
0 = no expected effect. Then, the qualitative score is multiplied by the stakeholder-derived weight of
the aggregated enabling score sb and se reflecting the degree of the perceived enabling and hindering
effect of the item. To keep the numbers small, the scores sb and se are translated to a five-tier ordinal
scale (low=1 to critical=5). According to this calculation, scores always range between 0 and 50, with
50 representing the maximum value and the highest priority. The combined results yield a priority-
ranked barrier-intervention heatmap, incorporating both weighted scores of perceived relevance and
estimated leverage. Because the basic score (0, 1, 2) reflects authorial judgment, we document the
scoring scheme and carry this interpretive choice forward into the limitations of the method to
maintain transparency. Equation 1 gives a scoring example for assessing the positive effect of any
“enabler” item on every “barrier”-item.

Score = basic score * s, * Sp (1)

2.2.3. Roadmap
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Finally, a mixed-method approach is applied to formulate a roadmap, to translate stakeholder
insights into actionable strategies towards sustainable business practices. Interventions are
developed by triangulating: (a) literature results, (b) expert input from the stakeholder survey, and
(c) authorial synthesis including an indicative timeline (short- to long-term).

3. Results
3.1. Literature Results

The structured literature review yields 27 opportunities, 21 risks, 32 internal barriers, and 23
enablers (Figure 2). Opportunities are most frequently linked to economic (41.8%) and environmental
(38.1%) benefits, whereas risks are predominantly framed in economic terms (66.2%), with social
(21.8%) and environmental (12.0%) aspects discussed less often. Below, we synthesize key thematic
clusters per category and illustrate the main mechanisms emphasized across literature.

{a) Opportunities (b) Risks
Affordable resources 3 0 0 18 Benefit loss 3 0 0
Attract and keep work force 0 0 2 Costs 0 0 16
Better Technalogy 0 0 3 16
Compliance 0 0 3 Dependency 8 0 0
Cope with climate change 0 5 0 Energy scarcity 5 0 0 14
Create jobs 0 0 2 14 Environmental impacts 0 0
Diversify revenue streams 8 0 [¢]
. Image loss 0 0 1
Energy saving 0 8 [¢] 1
Energy security 3 0 0 12 Liability risk 1 0 0
Funding and Financing 2 0 0 Loss of ability to innovate 1] 0 1
Generate profit g U Loss of financing 3 0 0 10
Human health and work safety 0 0 6
Image and PR 0 0 5 10 Loss of know-how 0 0 1
Increase production efficiency 0 ¢} Loss of licence to operate 5 0 0
Less disposal costs 8 0 0 . L0s5 of power 0 0 2 -8
New Technalogy 0 0 5 ket | 5 0 0
New business models 0 0 Market loss
Protect assets and equity 0 0 2 o Non-compliance 6 0 0 -6
Reduce environmental impacts 0 ! Non-social behaviour 0 0 6
Reduce produ.ct\on costs 8 0 0 Production downtime 4 0 0
Reduction of GHG 0 7 0 . _
Saving resources 0 0 4 Project failure 3 0 0
Secure resource supply 5 0 0 Risk to human health and work force 0 7 0
Social Equity 0 0 2 |, Supply risk 0 0 -
Superior stake-holder relations 0 0 6 N 3 o o
Sustainable decision making 0 0 3 Unadressed Defficiencies
Waste reduction 0 0 0 Uncertainty 0 0 5 0
Economic  Environmental Social/Other Economic  Environmental SocialfOther
(c) Barriers {d) Enablers
(Green) Technology 0 0 0 0 7 16 (Green) Technology 0 0 0 0
Awareness and mindset 0 0 0 0 inabl Iy chai 0 0 8 0 0
Capital in fixed assets 0 0 2 0 0 (Sustainable) Supply chain management
Complexity of systems 0 0 0 0 12 Benchmarks 0 3 0 0 0
Convert best practices 1] 0 0 4 1] 14 Best practices 0 0 4 0 0
Corruption 0 2 0 0 0 20
Dedication of management 6 0 0 0 0 Data and transparency 0 0 0 0 4
Dependency on others ] 0 3 0 0 Ecodesign 0 0 0 13 0
Difficulty to handle trade-offs 0 0 0 4 0 12 Evidentebased detisi a - = F -
Easily externalised costs 0 3 0 0 0 vidence-based decisions
Fear of eroding profits 3 0 0 0 0 Financing and support 0 0 1 0 0
Fear of power loss i 0 0 o 0 Framewaorks and standards 0 0 0 17 0
Fear of quality loss 2 0 0 0 0 10 - 15
Greenwashing 0 1 0 0 0 Industrial cooperation and networks 0 0 0 4 0
Incorrect risk perception 4 0 0 0 0 Invest in R&D 0 0 0 4 0
Inertia and everyday business 0 o EmN 0 0 8 Key performance indicators 0 0 0 0 10
Information exchange 0 0 4 1] 0
Interdisciplinarity 5 0 0 0 0 Know-how on tools and methods 0 0 0 0
X Know-how 0 0 0 0 Knowledge and data exchange 0 0 2 0 4] =10
Lack of risk managemenent 0 0 0 E 0 | ¢ .
Long time herizons 0 0 0 2 0 Mindset and awareness 0 0 0 0
Low level education 0 2 0 0 ] New business models 0 0 0 3 0
No (rellzble) data 2 o HEN 0 0 Preference for renewables 8 0 0 0 0
No comparability 1] 0 3 1] 0 4
Performance monitoring 0 0 8 0 0 B Promote awareness 3 0 0 0 0
Resources, costs and funding 0 0 15 0 0 Ravisioning 0 0 0 17 0 =5
Scope an limits of methods o 6 0 0 1] o -
Social norms and culture 4 0 0 0 0 . Risk literacy 1 0 0 0 0
Spatial isolation 0 0 3 0 0 Risk management 0 0 0 10 0
Standards and framework 0 ] 0 0 Set priorities and preferences 0 0 0 5 0
Transparency 0 5 0 0 0 3 a a a
i Stakeholder integration 11
Uncertainty 0 0 0 0 o _o
W@ Yo

Y \ A e . N A\ N N N
N R 3 @@ 0@ g
RRR L 5 xef o JE 0 e o
o \(‘5‘\{\) 092‘3 e R o \“,701\3 009'(3 T el

Figure 2. Results of the structured literature research given in frequency of mentions per item clustered in (a)
opportunities, (b) risks, (c) barriers, and (d) enablers linked to commitment or neglection of sustainability from

a business perspective.

The thorough results including source indexing are provided in supplementary material S1.
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3.1.1. Chances of Embracing Sustainability

Across studies, three clusters dominate opportunities linked to sustainability (Figure 2 (a)). First,
environmental efficiency is consistently highlighted by realizing resource savings (cited in 18 sources),
waste reduction (15), and reduced environmental impacts (15). Second, economic performance and
business resilience appears as a core theme, including profit generation (12), new business models (11),
and increased production efficiency (11). Third, technological innovation features through adoption of
new or better technologies (5 and 3, respectively) and lower disposal-related costs (8). Social and
governance-related opportunities, such as social equity (2), job creation (2), and sustainable decision-
making (3), are discussed far less frequently.

Mechanistically, the literature describes several pathways through which firms realize given
opportunities. Productivity and efficiency gains are implemented via more efficient technologies,
minimized resource and energy consumption, reduced waste generation, and avoided levies or taxes
associated with emissions and disposal; improvements in occupational safety can further diminish
downtime and indirect costs. New or diversified revenue streams are realized through product take-
back and repair, rental or service-based models, and industrial symbiosis that monetizes by-products
as secondary inputs. Enhanced resilience against market and supply volatility is strengthened
through energy and resource security strategies, portfolio diversification, and workforce
attraction/retention supported by improved working conditions.

Literature provides a rich background highlighting chances of sustainability. The following
studies give a broad overview [15-19].

3.1.2. Risks of Abandoning Sustainability

Companies that fail to exploit the potential of sustainability may enjoy short-term profits, for
example through externalized environmental costs (source: externalized costs) but in the medium to
long term perspective they will face serious challenges (Figure 2, (b)). Three clusters structure the
literature-derived risk landscape. The first is operational and financial fragility, including increasing
costs (17 sources), supply chain failure (11), and dependency on critical inputs (8). The second
concerns regulatory and institutional uncertainty, with non-compliance (6), general policy uncertainty
(5), and loss of license to operate (5). The third encompasses environmental and social risks, most
commonly environmental impacts (9), risks to human health and workforce (7), and non-social or
irresponsible behaviour (6). Downstream financial consequences such as loss of financing and project
failure (each 3) are repeatedly described as outcomes of internal and external misalignments.

The literature details several reinforcing mechanisms, of which four stand out in particular: First,
profit erosion through inefficiencies (high material and energy intensity), elevated waste and
emissions, and associated taxes/levies; reputational damage can further depress sales and pricing
power. Second, threats to company value via unplanned downtime, asset under-maintenance, and
workplace accidents or illnesses; coupled with reputational loss, these dynamics impair recruitment
and retention. Thirdly, loss of competitiveness when firms fail to meet evolving standards,
procurement requirements, or financing criteria, and when the outflow of skilled personnel
undermines innovation capacity. And finally, legal exposure via liability for environmental or health
damages and, in the extreme, loss of the license to operate.

A double-materiality logic is implicit in many accounts: inside-out risks (e.g., emissions, safety
lapses, knowledge attrition) can trigger outside-in pressures (e.g., sanctions, financing constraints,
market backlash). This coupling reinforces the need for integrated risk management that spans
operational performance, regulatory compliance, and social legitimacy. Selected key studies
[15,17,18,20-24] provide a good overview on the subject.

3.1.3. Organizational Levers and Constraints

The literature exhibits an asymmetry: enablers are broadly catalogued, yet granular discussion
of how they overcome specific barriers is rarer. Most frequently cited enablers (Figure 2, (d)) include
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know-how on tools and methods (18 publications), data and knowledge exchange (17), frameworks
and standards (17), and industry-wide collaboration and networks (14). These are followed by (green)
technology (14), process transparency (13), financing and resources (10), and research and
development (R&D) investment (10). Cultural enablers, stakeholder integration (12) and
management mindset (11), appear less frequently but feature prominently in conceptual debates on
implementation.

On the barrier side, the most frequently discussed obstacles (Figure 2, (c)) are lack of reliable
data (16), resource and funding constraints (15), and system complexity (12). Additional barriers
include limited methodological scope (9), organizational inertia (9), and insufficient risk management
structures (6). Soft barriers (e.g., social norms, limited management dedication) are less visible in
counts but may carry outsized practical influence.

Across literature, four cross-cutting mechanisms recur. They revolve around data deficits,
funding constraints, perception of complexity and know-how gaps. First, when it comes to data
deficits, manual collection, inconsistent metrics, and poor traceability come into play. They
undermine the credibility and usefulness of management in general, and sustainability tools in
particular. Secondly, funding constraints, which is especially salient for small to medium enterprises,
limit investment in digital infrastructure, training, and R&D, slowing or even inhibiting capability
buildup. Thirdly, the perceived and actual complexity of the subject, handling the multitude of tools,
standards, while addressing sometimes conflicting needs of stakeholders, creates cognitive overload
and decision paralysis when sustainability is treated as an add-on rather than embedded practice.
And last but not least, know-how gaps ranging from meaningful tool selection to result interpretation
diminish internal legitimacy and can lead to misapplication or superficial compliance. The enabler
set corresponds to these deficits: standards and data governance respond to information gaps;
collaboration and networks address fragmentation; research and development of green technologies
target technical bottlenecks; and training and leadership commitment build absorptive capacity. Yet
the literature provides fewer concrete pairings of enablers to specific barrier constellations, an
evidence gap that the stakeholder-derived barrier—intervention mapping in Section 3.4.2 begins to
close. Key publications in this area are: [15,17,18,21,22]. Broader contextual insights are provided by
[25-27]. Additional institutional and cross-sectoral perspectives are offered by [16,28].

3.2. Stakeholder Survey

The specific responses of the stakeholders to the survey can be found in the supplementary
material S2.
3.3. Risk-Opportunity Mapping

Evaluation of the answers of the stakeholder survey reveals the following insights.

3.3.1. Validated Opportunities

According to the method, four distinct categories are derived (Figure 3). Incremental
improvements (Figure 3, (c)) reflect opportunities like social equity, job creation, and basic PR
measures. Although recognized, these were not rated as transformative opportunities. Low hanging
fruits (Figure 3, (a)) include domains such as the implementation of human health and work safety,
attract and keep workforce, create jobs, sustainable decision-making and promote social equity.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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profit relations Diversify revenue Reduction of
streams production costs

Figure 3. Opportunity mapping of the stakeholder-survey results with two-dimensional categorization of
perceived impact vs. perceived effort in (a) low hanging fruits, (b) strategic leaps, (c) incremental improvements,
and (d) money pits. Cut-off threshold for results is 0.4, and 0.6 for strategic leaps to narrow down relevant

responses.

Despite being linked with low effort, image and PR, superior stakeholder relations and
compliance are seen as less impactful. [tems categorized as strategic leaps (Figure 3, (b)) are perceived
by stakeholders as core levers for transformative change, albeit requiring substantial resources. In
particular, greenhouse gas reduction is unanimously considered to demand significant effort;
nonetheless, measures in this domain are attributed the highest effectiveness. The same applies to the
research and development of new technologies, the mitigation of negative environmental impacts,
the safeguarding of resource supply, and climate change adaptation. Certain entries, such as resource
conservation, waste reduction, saving energy, funding and resource provision, and the experimental
advancement of existing technologies, stand out as particularly attractive. For these items,
stakeholders anticipate considerably higher benefits than the associated implementation efforts
would suggest. Other items are assessed as money pits (Figure 3, (d)), where the effort is expected to
be high and linked to perceived weak impact. For instance, procurement of affordable resources, new
business models and minimizing disposal costs received moderate attention but were deprioritized
due to poor perceived returns relative to effort.

The top five opportunities selected by stakeholders as most feasible within their own
institutional context were: research of new technologies, workforce attraction and retention,
improvement of existing technologies, waste reduction, and greenhouse gas reduction. A Cronbach'’s
Alpha of a=0.992 confirmed the high internal consistency of the literature-derived list of opportunity
items.

3.3.2. Consolidated Risk Landscape

Figure 4 gives an overview of the results of the risk assessment by the stakeholders, displaying
a ranked order by the aggregated criticality index c. The highest-rated risk is regulatory uncertainty
(c = 51), followed by loss of financing (c = 50) and environmental impacts (c = 49). Other high-risk
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items include market loss and loss of know-how (each c = 48), image loss, dependency, and health
and workforce risks (c = 46), as well as project failure, benefit loss, and loss of innovation capacity (c
=45). In contrast, risks such as production downtime, non-social behaviour, supply chain failure, and
liability risk were rated with lower criticality (c < 40), suggesting they are considered more
manageable under current conditions.

The stakeholder-specific prioritizations closely mirror the scoring results. The top-five items are
in a top-down order loss of financing, loss of know-how, project failure, loss of ability to innovate
and image loss.

A Cronbach’s Alpha of a = 0.990 confirms the robustness and internal consistency of the risk
construct.

3.4. Barrier-Intervention Mapping
3.4.1. Barrier and Enabler Assessment

The result of the barrier and enabler assessment is summarized in Table 1. Four items form a
structural core of constraints perceived as the primary impediments to sustainability integration in
LIB recycling. Those are namely the lack of resources and funding (s» = 56), followed by the absence
of (reliable) data and systemic complexity (each 55), and a lack of methodological know-how (53).
Additional high-ranking barriers (45-47) include limited transparency of processes, difficulties in
method application, and limited access to green technologies, reflecting concerns about both technical
readiness and strategic orientation. Moderately scored barriers (40-44) include

organizational inertia, long planning horizons, and missing benchmarks. Some items
consistently rank lower (score < 40), such as corruption, social norms, or power dynamics, and are
considered less relevant in the LIB recycling context.

Stakeholder-specific rankings confirm the salience of the top barriers: lack of funding (13
mentions), data deficits (10), complexity (9), and greenwashing or organizational inertia (7-8). The
close alignment between aggregate scores and contextual top-five prioritization suggests that these
barriers are cross-cutting and widely acknowledged.
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Figure 4. Results of the stakeholder-based risk assessment (very low to critical) of literature-derived risk items
clustered by risk origin and rank-ordered by the aggregated subjective criticality index c and risk origin (inside-

out, out-side in, both).

The enabler analysis reveals a concentrated set of high-leverage factors. Investments in R&D and
(green) technology ranked highest (each s. = 83), followed by methodological know-how (78),
industry collaboration (75), and financing and resources (73). Other strongly rated enablers (64-71)
include the use of renewable inputs, harmonized standards, and the establishment of process
transparency. Mid-tier enablers (60-63) are the use of key performance indicators (KPIs), internal
knowledge sharing, defined sustainability policies or revisioning of existing processes. New business
models, benchmarks, risk management, risk literacy and stakeholder integration score lower but are
still viewed positively.

Stakeholders most frequently select the following enablers in their own institutions as
tentatively most helpful: management mindset (11), R&D investment (10), expert know-how (9),
implementation of green technologies, going for renewables, and dedicated financing and resources
(each 8), followed by internal knowledge exchange (7) and inter-firm cooperation (6).
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Table 1. Results of the barrier and enabler assessment comparing the survey salience (se) with the number of
papers (#) mentioning the item. Highlights indicate the degree of bias toward the survey (red, -) or literature
(blue, +). S: Strategic., T: Technical., C: Cultural,, I: Institutional., O: Operational.

Weight Enabler Type thee::)tur Survey (se) Ll(t:flaatll‘l)re Survey (qual.) th; vzasljw'
o5 Invest in R&D S 4 83 Low
@5 (Green) Technology T 14 83 High Very High -1
®5 Know-how on tools and methods T 18 78 Very High Very High 0
@5 Industrial cooperation S 4 75 Low _
@5 Financing and support S 1 73 Very Low
@5 Preference for renewables C 8 71 Moderate Very High -2
@4 Frameworks and standards S 17 69 Very High Very High 0
4 Establishment of transparency I 4 64 Low High -2
4 Awareness among employees C 3 63 Low High -2
4 Knowledge and data exchange (0] 2 62 Low High -2
4 Policy with set priorities S 5 62 Moderate High -1
4 Key performance indicators I 10 62 High High 0
4 Mindset and of Management C 12 62 High High 0
4 Evidence-based decisions (O] 5 61 Moderate High -1
4 Revisioning of processes S 17 61 Very High High 1
3 Best practices (O] 4 60 Low Moderate -1
3 Supply chain management (O] 8 60 Moderate Moderate 0
3 Eco-design S 13 60 High Moderate 1
3 New business models S 3 59 Low Moderate -1
3 Benchmarks I 3 58 Low Moderate -1
3 Risk management S 10 57 High Moderate 1
3 Stakeholder integration S 11 56 High Moderate 1
1 Risk literacy C 1 46 Very Low Very Low 0
. Literatur Survey Literature Lit. vs Surv.
Weight Enabler Type e (®) (s9) (qual) Survey (qual.) (qual)
o5 Resources, costs and funding S 15 56 Very High Very High 0
o5 No (reliable) data T 9 55 High Very High -1
o5 Complexity of systems I 12 55 High Very High -1
o5 Lack of know-how S 15 53 Very High Very High 0
o4 Establishing transparency I 5 47 Moderate High -1
o4 Scope and limits of methods T 6 47 Moderate High -1
®4 Lack of (Green) technology T 7 45 Moderate High -1
@3 Fear of quality loss C 2 44 Low Moderate -1
@3 Long time horizons S 2 44 Low Moderate -1
@3 Comparability of benchmarks T 3 44 Low Moderate -1
@3 Interdisciplinarity C 5 44 Moderate Moderate 0
@3 Inertia and everyday business o 9 44 High Moderate 1
®3  Uncertainty of effects of measures S 15 44 — Moderate -
@3 Standards and framework I 16 44 Moderate
@3 Mindset of employees C 10 43 High Moderate 1
@3 Dependency on others S 3 42 Low Moderate -1
@3 Information exchange (@] 4 41 Low Moderate -1
@3 Incorrect risk perception C 4 40 Low Moderate -1
2 Easily externalized costs I 3 39 Low Low 0
2 Lack of risk management S 3 39 Low Low 0
2 Convert best practices T 4 39 Low Low 0
2 Performance monitoring (@] 8 39 Moderate Low 1
2 Greenwashing 1 1 38 Very Low Low -1
2 Capital in fixed assets o 2 38 Low Low 0
2 Fear of eroding profits C 3 38 Low Low 0
2 Dedication of management C 6 38 Moderate Low 1
2 Low level education C 2 37 Low Low 0
2 Spatial isolation (O] 3 36 Low Low 0
1 No policy to handle trade-offs S 4 35 Low Very Low 1
1 Fear of power loss C 1 31 Very Low Very Low 0
1 Social norms and culture C 4 30 Low Very Low 1
1 Corruption 1 2 23 Low Very Low 1

3.4.2. Barrier Intervetion Mapping
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Table 2 displays the combined results of the priority-ranked barrier—intervention heatmap,
which integrates both the weighted scores of perceived hindering effects and the estimated leverage
of enabling measures. Enablers that are perceived as highly effective generally act across multiple
barriers simultaneously. This implies that enabling factors are not limited to one barrier but often
provide leverage in several domains at once.

Aggregating the expected effectiveness of enabling effects across all barriers yields the following
rank-ordered list: know-how on tools and methods (score: 675), financing and resources and
establishment of frameworks and standards (both 560), industry-wide cooperation and networks
(555), and investment in research and development (480).

When looking at the four most critical barrier items individually (Table 2, B1-B4), the following
intervention patterns emerge.

Lack of resources and funding (B1)

Unsurprisingly, financing and resources (score: 50) was ranked as the most decisive enabler to
conquer lack of resources. However, know-how on tools and methods (50) is also perceived as
effective, for example as supportive trait at funding applications or to uncover alternative financing
mechanisms. Additional relevant measures include management mindset and awareness (40),
revisioning of processes (40), industrial cooperation and networks (25), evidence-based decision-
making (20), risk management systems (15), and new business models (15).

Complexity of systems (B2)

Stakeholders emphasized frameworks and standards (50), know-how on tools and methods (50),
industry-wide cooperation and networks (50), and knowledge and data exchange (40) as highly
valuable enablers. Further supporting measures are process transparency (40), key performance
indicators (40), sustainability policies with set priorities (40), and investment in research and
development (50).

No (reliable) data (B3)

This barrier closely reflects the systemic challenges of complexity. However, stakeholders rated
financing and resources (50) and revisioning of processes (40) as particularly effective in enabling
reliable data collection.

Lack of know-how (B4)

The same top enablers were considered decisive for this barrier: frameworks and standards,
financing and resources, industry-wide cooperation and networks, and investment in research and
development (all 50). They are complemented by internal knowledge and data exchange (40) and
best practice implementation (30). Cultural and institutional factors such as sustainability policies,
management and employee awareness, and process transparency (all 20) were viewed as less
effective but still positively associated.

Table 2. Barrier intervention heat map. Example reading: The positive effect of “Risk management” on “Lack of

resources and funding” is assessed with 15 out of 50 points.
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The opportunity mapping, given in Figure 3, shows that stakeholders strongly prioritize items
that fall into the category of strategic leaps. Out of 27 identified opportunities, 12 were classified in
this quadrant, including reduction of greenhouse gases, research and development of new
technologies, reduction of environmental impacts, safeguarding of resource and energy supply, and
climate change adaptation. The emphasis on emission reduction confirms the central role of LIB
recycling in achieving broader climate goals.

The findings align with literature. Opportunities which highlight environmental impact
reduction [21,26], resource and waste reduction [17,18,23,29], and increased production efficiency [27]
are assessed as highly effective but also demanding in terms of effort. Nonetheless, the recurrence of
high-effort, high-impact items among the top-five opportunities chosen in organizational contexts
suggests a strong orientation toward transformative change.

However, the mapping also reveals contradictions and divergences between literature and
stakeholder assessments. A prominent example is new business models. While the literature
frequently presents them as a key lever for advancing circular economy transitions [17,28,30-32],
stakeholders categorized them as money pits—high in effort with limited short-term payoff. This
scepticism may reflect feasibility constraints, particularly given that stakeholders simultaneously
ranked lack of resources and funding, lack of know-how, and inertia of everyday business among the
most severe barriers.

Beyond business models, other economic opportunities also received a more critical assessment
than suggested by the literature. Protection of assets and equity, diversification of revenue sources,
and procurement of affordable resources were all judged as high in effort with limited benefits. In
contrast, academic studies often highlight such business-related items as central contributions to
competitiveness and resilience [16,33-36].

This negative evaluation indicates that stakeholders place little confidence in the immediate
economic pay-off of sustainability opportunities. At the same time, it suggests that short-term
considerations dominate over potential long-term resilience gains, as highlighted in the literature’s
stronger emphasis on strategic benefits of resource efficiency and diversification [20,33]. The
consistently low ranking of risk literacy further supports this interpretation, given that the literature
explicitly notes its importance as a governance enabler [22,37,38].

A second field of divergence concerns softer management measures. Items such as legal
compliance, health and safety management, superior stakeholder relations, and image and PR are
rated positively in the literature [15,16,23,28], yet survey responses revealed more divided opinions.
While some stakeholders acknowledged their value, others regarded them as conservative measures
that at best deliver incremental improvements. This divergence reflects differing views on their
contribution: whereas literature emphasizes their importance for social and reputational objectives,
practitioners do not widely perceive them as transformative drivers of sustainability transitions.

In summary, the opportunity mapping reflects both ambition and caution. Stakeholders clearly
recognize the transformative potential of sustainability measures such as greenhouse gas reduction
and R&D of new technologies, even when these are costly and demanding. At the same time, they
remain sceptical toward new business models and many economic opportunities, which they
perceive as delivering limited short-term returns. Softer management measures divide opinion and
are not seen as strong levers of change. Overall, the analysis points to a willingness to pursue
transformative change but also highlights the constraints of feasibility, organizational capacity, and
risk perception that shape the prioritization of opportunities.

4.2. Risk Landscape

The stakeholder-based risk mapping confirms that literature-based risks such as financial
fragility [20,22,31],regulatory volatility [19,20,22],and knowledge attrition [15] are perceived as key
existential risks in the transition toward sustainable LIB recycling. The prioritizations of the top-five
risks within individual organizations closely mirrors the aggregated survey scores, which reinforces
the robustness of the overall risk landscape.
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Referring to Figure 4, a central finding is the strong emphasis placed on outside-in risks.
Uncertainty and loss of financing were consistently rated highest across respondents, indicating that
stakeholders are primarily concerned with pressures originating from markets, regulation, and
financial systems rather than with risks generated internally. By contrast, items such as energy
scarcity, supply chain failure, and increasing costs were not considered highly relevant threats in the
survey, despite their prominence in recent global events and the academic literature [15,33,34,39].
This discrepancy may partly reflect the composition of the stakeholder group, where many
participants stemmed from academia and thus face less direct exposure to market and supply chain
pressures.

Dual risks also emerged as particularly salient. Loss of know-how, project failure, and image
loss were ranked among the most critical items, representing risks that combine inside-out and
outside-in dimensions. In the LIB recycling sector, inefficiencies in internal processes (inside-out) can
rapidly trigger regulatory sanctions, financial penalties, or reputational damage (outside-in). These
compound vulnerabilities illustrate the practical relevance of the double materiality perspective as
embedded in sustainability reporting frameworks [40,41].

In contrast, inside-out risks were assigned comparatively less weight. Environmental impacts,
risk to human health, and loss of ability to innovate were acknowledged but did not rank as highly
critical like literature suggests [19,25]. This indicates that participants either perceive such risks as
objectively lower or consider them more manageable within their organizational context. An
alternative interpretation is that there is a systematic underestimation of corporate responsibility for
risk generation across stakeholder types. Again, the academic-heavy composition of the sample may
play a role, since institutional environments differ in their direct exposure to liability and operational
risks.

The dominance of outside-in and dual risks has important implications. It underlines that
stakeholders recognize the exposure of LIB recycling to external volatility, while at the same time
acknowledging the potential for internal weaknesses to escalate into external consequences.
Literature strongly recommends that such compound risks be addressed through systematic risk
management [20,37]. Measures such as energy and resource security strategies, portfolio
diversification, and improved working conditions for workforce retention are frequently highlighted
as effective approaches [26,33,34]. Strengthening risk literacy and embedding resilience into
organizational routines are therefore crucial steps for enhancing the sector’s ability to withstand
volatility and maintain legitimacy [32].

In sum, the risk landscape demonstrates that stakeholders primarily focus on outside-in
pressures, while giving comparatively less attention to inside-out risks. The prominence of dual risks
highlights the interconnected nature of vulnerabilities in LIB recycling and supports the application
of a double materiality perspective for both analysis and reporting.

4.3. Enabler and Barrier Assessment

The comparison of enablers and barriers between literature findings and stakeholder survey
results shows both substantial overlap and meaningful discrepancies. At first glance, sustainable
progress appears less a question of technical feasibility than of strategic and institutional alignment.
However, this perspective captures only one dimension of a multi-faceted problem, since system
complexity and interdependencies play a central role in shaping implementation pathways.

For enablers, several areas of convergence emerge. Both literature and stakeholder results
emphasize the importance of know-how on tools and methods and the establishment of frameworks
and standards [38,39,42] as key preconditions for advancing sustainability , see Table 1. Further
common ground is visible in the recognition of key performance indicators [43,44], management
mindset and awareness [17,28,32], and supply chain management [19,34]. These findings suggest that
technical capacities and structured governance instruments are widely regarded as necessary
foundations.
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At the same time, divergences highlight the contours of the implementation gap. Top-ranked
enablers in the stakeholder survey include investment in research and development, implementation
of (green) technologies, industrial collaboration and networks, and financing. These items revolve
around translating academic insights into concrete action and often require substantial resources. So
does literature [25], however it assigns comparatively greater weight to institutional and cultural
factors such as stakeholder integration [17,28] or industrial cooperation [16,35] and institutional
pressure [28]. This discrepancy indicates that while scholars identify soft enablers as crucial for long-
term transition legitimacy, practitioners tend to prioritize interventions that are more directly under
their control and less dependent on external actors.

For barriers, convergence is likewise evident. Both literature and survey results consistently
identify lack of resources and funding, lack of know-how on tools and methods, and complexity of
systems as core hindering factors [15,23,37]. These shared assessments underscore that financial and
methodological constraints, coupled with systemic complexity, remain central obstacles to LIB
recycling.

Differences appear most clearly in the treatment of uncertainty and inertia of everyday business.
Literature discusses these barriers more prominently [16,21,22,35], stressing the challenges posed by
external volatility and the difficulty of changing entrenched routines. Stakeholders, by contrast, gave
them lower weight, perhaps reflecting a stronger focus on immediate, tangible obstacles rather than
more diffuse or long-term dynamics. Nevertheless, the persistence of organizational inertia and
methodological uncertainty are typical of socio-technical transformations, where existing
infrastructures, sunk investments, and established routines slow down the uptake of new solutions.

Taken together, the enabler and barrier assessment highlights that both perspectives agree on
the structural bottlenecks but diverge in their prioritization of institutional and cultural factors. The
survey results suggest that practitioners gravitate toward measures that are internally manageable
and resource-focused, while the literature more strongly emphasizes the role of soft enablers for
legitimacy and long-term sustainability. Recognizing both dimensions is crucial for bridging the gap
between academic recommendations and organizational practice.

4.4. Barrier-Intevention Mapping

The barrier—intervention mapping in Table 2 shows that enablers act less as single-purpose
remedies than as multidimensional accelerators. Highly ranked items such as know-how on tools
and methods, financing and resources, frameworks and standards, industry-wide cooperation and
networks, and investment in research and development cut across multiple barriers and deliver
spillover benefits beyond their primary scope. This systemic effect underlines that interventions
cannot be confined to isolated domains but unfold their potential through interconnections.

The analysis also highlights a sequence of dependencies. Lack of resources and funding
constitutes a foundational constraint. Without sufficient resources, companies are unable to establish
data infrastructures, pursue R&D, or invest in training and capacity building. Reliable data is in turn
essential for reducing the complexity of systems, while know-how is required to interpret data and
apply sustainability tools in a meaningful way. These dependencies create cascading relationships:
resources enable data generation, data supports methodological competence, and both together
simplify complex systems. Such linkages can also lead to circular dependencies. Companies often
need resources to collect and process data, but reliable data is required to justify resource allocation
in the first place. This creates a feedback loop that can stall implementation, reinforcing the
impression of sustainability as a costly and overly complex undertaking.

The survey results therefore make clear that interventions should not be designed as isolated
countermeasures. Instead, they need to be sequenced strategically, with early emphasis on financial
governance and training to build a foundation for subsequent investments in data infrastructures
and methodological application. Once in place, these steps create the conditions for reducing
perceived complexity and embedding sustainability measures into routine operations.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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4.5. From Map to Roadmap

Translating the barrier-intervention mapping into a roadmap highlights how the identified
constraints can be addressed through coordinated and sequenced action, see Figure 5. Four barriers
stand out as particularly critical: lack of resources and funding, no (reliable) data, complexity of
systems, and lack of know-how. Their strong interdependencies mean that improvements in one area
often enable progress in others. For example, investment in digital infrastructure requires both
financial resources and trained personnel; reducing complexity depends on methodological know-
how and standardized frameworks; and the availability of resources determines whether
organizations can pursue research and development or training to support data generation and tool
uptake.

The roadmap developed from these insights therefore proposes a layered approach. Addressing
lack of resources and funding is foundational, as it underpins the capacity to act in other domains.
Beyond liquidity, this barrier reflects issues of resource governance, since sustainability initiatives
often compete with core operations in capital-intensive sectors such as LIB recycling. Establishing
dedicated budgets, applying instruments such as LCA or life cycle costing (LCC) to justify
investments, and participating in sectoral consortia or EU-level funding programs can help
strengthen the financial base.

With resources secured, the next step is to address no (reliable) data. Standardized protocols,
sensor-based monitoring, and centralized platforms can improve data availability and integration,
while benchmarking and audits support comparability. Reliable data is essential not only for
reporting credibility but also for reducing perceptions of uncertainty and enabling evidence-based
decision-making.

Reducing complexity of systems then becomes feasible. Structured tool-selection frameworks,
simplified calculators for early-stage assessments, and ready-to-use templates can lower entry
barriers. Appointing internal “method translators” can further help organizations navigate between
different tools and reporting requirements.

Finally, lack of know-how needs to be tackled through systematic capacity building. Targeted
training programs, recruitment of method specialists, and harmonization of terminology across
departments can build internal competence. Embedding training within reporting cycles, such as
those required by legal frameworks [45], creates feedback loops between compliance and learning,
strengthening the long-term integration of sustainability tools.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 5. Proposed roadmap to engage stakeholders in sustainable business practices giving a timeline for the
proposed incentives by enabler to counter the stakeholder derived top four barrier effects. Diagram created
using SankeyMATIC.

Overall, the roadmap emphasizes that interventions should be sequenced according to
organizational maturity and context. Rather than prescribing a one-size-fits-all blueprint, it provides
a flexible guide that allows organizations to prioritize interventions based on their current capacities,
while recognizing that resources, data, know-how, and complexity reduction are inseparably linked.

4.6. Transferability and Limitations

While the findings offer valuable insights for advancing sustainability in LIB recycling, they are
shaped by the specific context of the study. The stakeholder survey was embedded in the Austrian
COMET module FuLlBatteR, characterized by an innovation-driven environment and close
cooperation between academia, industry, and policy actors. This setting ensured technically
informed contributions but also introduces certain boundary conditions that affect transferability.

The composition of the survey group is a key limitation. Of the 26 participants, a large share
came from academia, while small and medium-sized enterprises (SMEs), informal sector actors, and
non-governmental organizations were underrepresented. This imbalance may have influenced the
relative weight assigned to risks, barriers, and enablers, since organizations with fewer resources and
stronger cost pressures might prioritize differently. As a result, the findings should be understood as
sector-informed rather than sector-representative.

The survey design itself also presents constraints. Although the questionnaire was pre-tested
and randomized to mitigate bias, some participants reported it as cognitively demanding and
repetitive. This raises the possibility of attention loss or satisficing behaviour. While no evidence of
rushed answering was observed, future studies could benefit from modular or adaptive designs to
reduce respondent fatigue.

Methodological considerations further shape the results. The barrier-intervention mapping
required authorial judgment in assigning basic scores to enabler-barrier combinations. Although
these decisions were transparently documented and triangulated with literature and stakeholder
input, they inevitably involve an interpretive dimension. In addition, the very high internal
consistency of the Likert-scale constructs (Cronbach’s a > 0.99) suggests overlapping themes and
multidimensionality, which supports a systems-thinking interpretation but also complicates precise
differentiation between individual items.

Finally, the transferability of the roadmap is conditioned by contextual factors. While many of
the barriers and enablers identified, such as lack of resources and funding, no (reliable) data,
complexity of systems, and lack of know-how, are systemic in nature and likely relevant in other
contexts, their specific manifestations may differ across national, industrial, or organizational
settings. Adaptation will therefore be necessary when applying the framework elsewhere.

Despite these limitations, the mixed-methods approach proved robust and generated practice-
oriented insights. By integrating literature findings with stakeholder perspectives, the study provides
a structured framework that can guide sustainability implementation in LIB recycling and may serve
as a transferable model for related resource-intensive sectors.

4.7. Overlooked but Emerging Dimensions

Cybersecurity did not emerge as a distinct risk or enabler in either the literature or the
stakeholder survey, despite the sector’s growing reliance on digital infrastructures, sensor networks,
and cloud-based platforms. This omission points to a conceptual blind spot: data systems are often
treated as neutral tools for transparency, while their vulnerability is overlooked. The neglect of
cybersecurity may stem from disciplinary silos, as IT security is rarely integrated into recycling or
sustainability frameworks. Yet, without robust safeguards, digitalization risks undermining rather
than supporting transparency and resilience. Future work should therefore explicitly include

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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cybersecurity in risk and enabler assessments, treating it as part of operational resilience to ensure
that digitalization strengthens rather than weakens system robustness.

5. Conclusions

The main findings of this study can be summarized as follows:
The will to act is there.

Risks are underestimated.

Resources are the bottleneck.

We face a socio-technical challenge.

SRS S

Closing the implementation gap is key.
Stakeholders clearly see many opportunities for sustainability in LIB recycling and demonstrate
willingness to pursue them. Items such as greenhouse gas reduction,

waste reduction, and research and development of new technologies were strongly prioritized,
even though they are resource-intensive and demanding. This shows that ambition is not the limiting
factor; rather, the challenge lies in creating the right conditions for implementation.

Risks remain underappreciated in organizational decision-making. While technical risk
management is often established, it only addresses one dimension. The broader sustainability risk
landscape includes complex interdependencies across environmental, social, and governance
domains. Outside-in risks such as uncertainty and loss of financing dominate stakeholder concerns,
but dual risks like loss of know-how and image loss reveal that internal weaknesses can rapidly
trigger external consequences. Strengthening integrated risk management and risk literacy is
therefore essential for building resilience.

Across both literature and stakeholder results, lack of resources and funding emerges as the
foundational barrier. Without sufficient financial and human capital, data collection, methodological
development, and process innovation remain out of reach. The gap is not one of awareness but of
resource governance: stakeholders recognize what is needed, but lack the means to pursue it at scale.

The findings highlight that technical solutions alone are insufficient. Cultural and institutional
factors such as management mindset, stakeholder integration, and employee awareness are
frequently undervalued in aggregate assessments, even though they prove decisive in practice. With
too much focus on technical fixes, implementation risks stalling because the human and
organizational dimensions are overlooked. LIB recycling, like other sustainability transitions, is
therefore not only a technological but also a socio-technical challenge.

The study confirms that an implementation gap persists between ambition and practice.
Stakeholders know the opportunities, but structural barriers, limited resources, and insufficient
attention to cultural enablers dampen progress. The barrier—intervention mapping and the derived
roadmap show that interventions must be sequenced strategically: securing resources first, then
building data infrastructures, strengthening know-how, and reducing complexity. Addressing these
interdependencies, while embedding cultural legitimacy and institutional trust, is key to closing the
gap and accelerating sustainable progress.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org. Table S1.1: Literature list of opportunities; Table S1.2: Literature list of risks; Table
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