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Abstract

The transition to a circular economy remains a systemic challenge. Despite decades of pioneering work and initial policy efforts, large-scale
implementation is still in its infancy, mainly due to persistent, unresolved barriers. This paper introduces and systematically defines one such
critical barrier: the ‘Next Neighbor Problem’. We discuss two core dynamics that hinder circular economy progress. First, circular
interventions, such as reuse, remanufacturing, or recycling, can unintentionally impose environmental or economic burdens on adjacent life
cycle stages or actors, reducing overall effectiveness. Second, actors in complex value networks often focus circular solutions on direct
upstream or downstream partners, neglecting broader systemic opportunities. Using real-world examples, we advocate for a shift from static to
dynamic, life cycle-based decision-making and propose a range of mitigation strategies grounded in life cycle theory. These include the
refinement of circular product-service systems, the application of dynamic and prospective life cycle assessment, the enhancement of digital
traceability and data-sharing infrastructures, as well as enhanced cross-sectoral coordination mechanisms. Future research should focus on a
more detailed description of the characteristics, patterns of occurrence and classifications of the problem in a temporal-dynamic context, the
model-based investigation of cross-actor and -sector dependencies in evolving complex circular value creation systems as well as the more
detailed derivation of recommendations for action for both individual economic units and political decision-makers.
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1. Introduction this systemic view has increasingly gained traction in policy

frameworks, most notably through initiatives such as the

The concept of a circular economy (CE) is commonly
regarded as a major pillar for a sustainable industry [1-3].
Although the concept dates back to the late 1980s / early
1990s [4-7], for long it was primarily interpreted as an end-of-
pipe waste management approach, emphasizing recycling and
disposal efficiency at the end of a product’s life. [8]. While the
scientific community has long emphasized the need for a
broader perspective that also includes early life cycle phases,

2212-8271 © 2026 The Authors. Published by Elsevier B.V.

European Green Deal and the Circular Economy Action Plan
[9,10].

Despite this conceptual evolution, empirical evidence
shows that the systemic implementation of CE principles
remains limited [11,12]. In addition to well-known challenges
such as regulatory uncertainty and well-documented adverse
consequences like rebound or leakage effects [13-16],
practical implementation often reveals deeper structural
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barriers. In particular, two recurring manifestations point to a
shared underlying deficiency: inadequate circular life cycle
thinking across value networks.

First, circular interventions such as reuse, remanufacturing,
or recycling can unintentionally shift environmental or
economic burdens to adjacent life cycle stages or actors,
thereby reducing overall system effectiveness. These burden-
shifting dynamics lead to decisions that appear circular in
isolation but are suboptimal in systemic terms. [17,18] For
instance, remanufacturing processes may require significant
cleaning, disassembly, or transport efforts that increase energy
use and emissions compared to producing a new part (e.g.
electric motors, batteries). [19] Similarly, plastic recycling can
result in material downcycling, limiting product quality and
leading to shorter subsequent lifespans. [20] Even reuse
strategies, such as extending the lifetime of electronics, can
delay the adoption of more energy-efficient technologies,
resulting in higher cumulative energy consumption over time.
[21]

Second, in complex and often fragmented value networks,
CE efforts tend to focus narrowly on immediate upstream or
downstream partners because (i) information and coordination
capacities are limited, (ii) existing governance and contracting
structures are primarily dyadic, and (iii) incentives and
monitoring mechanisms weaken across additional tiers.
[22,23] As a result, firms focus on actors with whom they
already maintain formal control, data access, and established
relationships, while more distant network partners remain less
actively involved. Empirical evidence from circular supply-
chain studies (e.g., remanufacturing programs coordinated
mainly via OEM-dealer relationships; circularity initiatives
targeting Tier-1 suppliers or end-customers) consistently
documents this pattern and highlights that systemic
opportunities  often  require  additional  coordination
mechanisms beyond existing value-chain structures. [24,25]
As a result, broader systemic opportunities for collaboration,
innovation, and synergetic value creation are frequently
overlooked. [26,27] This narrow orientation not only limits the
transformative potential of circular strategies but also
reinforces siloed thinking that is opposing to life cycle-based
decision-making. For example, in the construction sector,
circular practices often focus on recycling construction and
demolition waste at the contractor level, while overlooking
critical design-stage decisions made by architects or material
suppliers that would enable true circularity through design-
for-disassembly or modular construction. [28] Similarly, in the
electronics industry, producer responsibility schemes often
prioritize take-back systems without sufficiently involving
component suppliers or service providers, limiting the
scalability of reuse and remanufacturing loops. [29] This
siloed, actor-centric approach restricts the transformative
potential of circular strategies and is fundamentally
misaligned with the principles of life cycle-based and systems-
oriented decision-making. [26,30]

In this paper, we summarize both under the term ‘Next
Neighbor Problem’ (NNP) and address three major research
questions: (1) How can NNP be terminologically defined and
theoretically distinguished from adjacent concepts in circular
economy and life cycle thinking? (2) Which characteristics

and typologies describe the temporal and spatial manifestation
of NNP in circular value networks? (3) Which mitigation
strategies appear effective in addressing NNP? We employe a
desk research approach based on systematic literature review
and selective use of generative Al tools to support preliminary
exploration and linguistic refinement, while all conceptual
reasoning and conclusions were developed independently
through logical analysis of the reviewed academic sources.

2. Terminology

The term NNP is not new and appears in various scientific
contexts, most prominently in computational sciences and
physics. In computer science and machine learning, the
Nearest Neighbor Problem refers to the task of efficiently
identifying the closest data point(s) within a high-dimensional
space. This represents a major issue in pattern recognition and
clustering. [31] In physics and material science, nearest
neighbor typically denotes interactions between immediately
adjacent particles or atoms in a lattice, used for modeling local
dependencies in systems such as the Ising model. [32] In these
fields, the term describes a technical challenge of local
optimization or interaction. However, to the best of our
knowledge, NNP has not yet been conceptualized or
systematically defined within sustainability science or CE
research.

We thus propose a novel interpretation of NNP as systemic
coordination failures when transitioning from linear to
circular industrial solutions in complex value creation
networks. These predominantly include unintended burden-
shifting as well as limited actor collaboration resulting from a
narrow focus on immediate supply chain partners, rather than
broader life cycle interdependencies. This understanding
expands the term beyond its original technical contexts and
embeds it within the temporal logic of life cycle theory (LCT).
[33] Fig. 1 illustrates NNP as an individual decision problem
qualitatively.

Real success of
CE intervention

Too little
collaboration

Decision
maker

. Perceived success
of CE intervention

Unintended
burden-shifting

Fig. 1. Perceived vs. real success of CE intervention.
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3. Characteristics and Typology

As a fundamental systemic failure, NNP is rooted in how
organizations define system boundaries, manage complexity,
and make decisions under uncertainty. Drawing on insights
from decision theory, complexity science, and systems
thinking, NNP reveals why many CE initiatives remain
fragmented, suboptimal, or even counterproductive.

From a decision-theoretical standpoint, actors in complex
value networks operate under delimited rationality, making
decisions based on narrow, local information, typically only
within direct buyer-supplier relationships. [34] This limited
perspective fosters coordination failures, leading to system-
level inefficiencies or resource leakage. [35] By applying
insights from complexity science, this understanding is
reinforced. Circular value networks are non-linear, dynamic,
and interdependent systems, in which small changes in one
part can have cascading effects across others. Defining a
narrow system boundary can result in disregard of key
interactions, such as excluding the extraction phase or post-
consumer recovery. As a result, decision-makers may
underestimate environmental impacts or overestimate the
effectiveness of interventions [10]. This becomes particularly
evident with regard to the effects of today's actions that lie far
in the future, e.g. long-term environmental consequences of
early-stage design decisions or material recovery feasibility
after decades of product use.

In the context of LCT, Miehe argues that value in CE
systems should not be understood statically at a single point in
time (e.g. sales, production), but as a dynamic and distributed
phenomenon across multiple life cycles. [33] According to
this perspective, the inability of actors to access or evaluate
upstream and downstream lifecycle data results in
systematically distorted value perceptions, e.g. components
designed for recyclability may never reach recycling due to
missing infrastructure knowledge or reverse logistics, leading
to illusory circular value. Examples from industrial practice
further highlight how NNP manifests in real-world effects.

In the automotive sector, various OEMs have integrated
design-for-recycling principles into battery modules.
However, local dismantlers and recyclers often lack the
technical data or tools required to disassemble these
components efficiently, leading to high recovery losses. The
recyclability designed upstream is therefore not realized
downstream, a typical case of NNP driven by information
asymmetry and missing reverse logistics coordination. [36]

In the electronics industry, Fairphone promotes modular
smartphones to enhance reparability and reuse. However, due
to incompatible aftermarket service structures and fragmented
collection systems, many used devices still end up in generic
e-waste streams. The circular intention embedded in the
product design becomes decoupled from its actual end-of-life
pathway, illustrating a disconnect between design-stage
innovation and systemic recovery infrastructure. [10]

In construction, companies like Saint-Gobain have piloted
material passports to enable future reuse of building
components. Yet, demolition companies, often not involved in
early design phases, lack incentives or information to preserve
materials for reuse. Thus, optimized components are treated as

waste, reflecting a coordination failure across temporally
distributed actors. [37]
Similarly, textile brands such as H&M invest in garment
recycling technologies but rarely address fiber composition
diversity at the design stage. This leads to sorting and
separation challenges in recycling facilities, where blended
materials (e.g. polyester-cotton) remain unrecyclable. Here,
bounded rationality and short-term cost focus during design
collide with the long-term needs of recyclers, showcasing
NNP in practice. [38]
These real-world examples demonstrate that NNP is not an
abstract construct but a deep systemic issue that affects
diverse sectors. As such, NNP represents not only an
informational gap, but a temporal and structural misalignment
between real value creation and perceived business potential,
that revolves around five key characteristics:
1. Narrow scope: Focus on direct supply chain partners
neglects wider life cycle and network effects [35].

2. Data gaps: Incomplete (ex-ante) information on other
life cycle stages hinders holistic decisions [33, 39].

3. Coordination issues: Misaligned goals and local
optimizations undermine system efficiency [33].

4. Short-term orientation: Immediate gains outweigh
long-term circularity objectives [2].

5. Systemic complexity: High uncertainty impedes cross-
actor collaboration [34].

In order to better understand and address NNP in complex
circular value networks, we propose a structured typology.
This classification distinguishes NNP subtypes along four
analytical dimensions: directionality, temporality, system
boundaries, and decision dynamics (table 1).

Table 1. NNP subtypes along four analytical dimensions.

Dimension Subdimension Example
Upstream NNP Electronics: cobalt
. . mining in Democratic
(lack of integration or .
visibility regarding I.{ep.ubhc.o‘f Cpngo -
environmental or social | limited visibility
impacts of upstream beyond Tier-1
L activities, e.g. in the suppliers = untracked
Directional context of raw material | social &
NNP extraction, tier-n environmental
(life cycle suppliers) impacts
stage of
problem Downstream NNP )
oceurrence) | (failure to fully consider | L1cCtronics: modular
downstream smartphones —
implications, e.g. in the | fragmented
context ofproduct use collection/recycling =
phase, end-of-life circular design not
processing, recovery realized at end-of-life
feasibility)
Construction: multiple
Temporal Intra-temporal NNP | .. (< on
NNP (coordination failures building site —>
(timing of among concurrently uncoordinated
cause-effect operating actors, material use = parallel
relationships leading to parallel inefficiencies and
and systemic inefficiencies or goal .. . .
responses) misalignment) misaligned circularity
goals
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Inter-temporal NNP

(temporal misalignment
between design and
impact realization;
consequences emerge
years or decades later,
e.g. recyclability of
long-lifetime
infrastructure)

Automotive: battery
modules —> design-
for-recycling
principles = recovery
losses emerge decades
later due to missing
dismantling
infrastructure

Intra-sectoral NNP

(occurs within a single
industry or supply chain
when actors fail to
account for second- or

Automotive: OEMs
redesign engine
components for
recyclability — Tier-
2 suppliers not
informed or unable to

Sectoral third-tier effects, e.g. d P .
NNP partial circular adapt “(liarcllu ?Ctulrmg
(organizational redesiggs in g mt;ri © tc ;r(i'il o
or sectoral automotive) enl'e 13 not tully
realize
scope of CE
intervention) | Inter-sectoral NNP | Taytiles: Blended
(emerges across fibers (e.g. polyester-
different sectors when | cotton) —> recycling
dependencies are facilities cannot
overlooked, e.g. rocess mixtures =
chemical recyclability p tended circularit
constraints in textile or Intended circu ar.l y
packaging industry) across sectors fails
Packaging: replacing
conventional plastics
with bioplastics —>
Perceptional NNP assumed to improve
(results from simplified c1rcular1ty =
mental CE models, e.g. overlooking of limited
assuming material industrial composting
Functional substitution inherently | infrastructure and low
NNP increases sustainability) | actual recyclability,
(underlyin resulting in
decisim}l, J overestimated circular
making or value.
iinff(_m,na“onal . Food & beverage:
eficit) Operational NNP packaging (glass,

(results from lacking
infrastructure, digital

plastic, aluminum) —>
lacking collection and

traceability, or digital tracking
interoperable data, systems = reduction
limiting the practical .

of recycling

feasibility of systemic
CE strategies)

efficiency and
material recovery.

4. Mitigation Strategies

As a significant systemic barrier to the large-scale
implementation CE, mitigation strategies exist for several

NNP.

A fundamental mitigation

dynamic,

strategy lies
life cycle-based decision-making frameworks.

in adopting

Traditional linear or static approaches, often limited to single
stages or direct partners, fail to capture the temporal and
spatial complexity of material flows, technological potentials
and environmental impacts in CE systems. [40] The

application of dynamic, prospective, and consequential life
cycle assessment (LCA) methods enables stakeholders to
anticipate and evaluate impacts across multiple consecutive
life cycles, e.g. by considering future scenarios and system
evolutions. [41]. By shifting from static to dynamic modeling
as a standard for environmental and/or true cost accounting,
decision-makers may increasingly identify potential burden
shifting before it occurs, which in turn enables mitigation of
unintended negative consequences and more balanced circular
interventions. [2,33,42]

Digital traceability, data-sharing infrastructures, and agent-
based approaches are of similar importance to NNP
mitigation, by representing the most promising strategy to
overcome informational asymmetries (i.e. lack of sufficient
data about materials, components, or processes beyond their
immediate interactions). [39] Many authors have highlighted
the general potential of digital technologies such as
blockchain, Internet of Things, and interoperable product
passports to facilitate real-time tracking of materials and
transparent communication across organizational boundaries.
[43,44] Yet, it remains an issue to effectively manage the
resulting influx of additional data and to translate them into
better decisions in product design, supplier selection, and
value creation networks. Al-based agent systems will need to
play a significantly greater role as decision support tools in the
future. [45] Without such infrastructure, attempts to scale CE
risk perpetuating siloed views and local optimizations
characteristic to NNP.

Another critical mitigation strategy is the refinement of
circular product-service systems (CPSS). CPSS models, which
integrate products and services to deliver value, can be
designed to incentivize circular behaviors such as reuse,
refurbishment, and recycling. [46] When aligned with life
cycle assessment, CPSS can help internalize externalities and
reduce burden shifting by encouraging design for longevity,
modularity, and disassembly. [10] Yet, CPSS designs must
transcend firm-level boundaries and be coordinated with
supply chain partners and policymakers to realize systemic
improvements and avoid suboptimal local trade-offs. [33]

Cross-sectoral ~and  multi-stakeholder  coordination
mechanisms further mitigate the NNP by facilitating shared
understanding and joint action across diverse actors. CE
systems span multiple industries, sectors, and regulatory
environments, making isolated efforts insufficient. [35]
Governance frameworks have to be further refined and
harmonized to promote collaboration among businesses,
governments, researchers, and civil society without too much
bureaucracy, align incentives, and foster innovation diffusion.
[1] For example, industrial symbiosis networks that encourage
resource exchanges beyond immediate partners exemplify
how broader systemic connections can be leveraged to
optimize resource use and minimize waste. [47] Such
platforms help overcome fragmented perspectives and support
adaptive management of CE systems in dynamic contexts. A
recent example for this is the German ‘Circular Valley
Initiative’.  Start-ups with CE focus and established
sustainability leaders are connected by a Circular Competence
Matrix. The match making is not limited to start-up - industry
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connections but also allows cross-start-ups and in particular
cross-industry CE innovations. [48]

Not least, capacity building and education on systems
thinking and LCT are vital to embed a circular mindset
throughout organizations. The complexity and
interdependencies underlying NNP demand cognitive and
institutional shifts toward recognizing long-term, systemic
impacts rather than short-term, siloed optimizations. [2]
Training programs, cross-disciplinary collaboration, and
integrated decision support tools can empower decision-
makers to operationalize life cycle theory in their strategies,
improving both awareness and practical implementation of
mitigation measures. [33]

5. Discussion and Conclusion

This paper intended to define and discuss the ‘Next
Neighbor Problem’ (NNP) as a systemic barrier to effective
circular value creation, addressing three core aspects: (1)
terminology, (2) defining characteristics and typology of
occurrence, and (3) general mitigation strategies. Grounded in
complexity science, decision and life cycle theory, the paper
systematically described NNP as a distinct structural
phenomenon. It occurs when actors in complex value
networks focus their circular economy (CE) strategies solely
on direct upstream or downstream partners, often neglecting
broader life cycle stages and systemic interdependencies. The
paper shows that NNP is characterized by narrow system
boundaries, bounded rationality, information asymmetries,
misaligned incentives, and short-term decision horizons. It
also demonstrates that NNP can undermine circular intentions
by creating coordination failures, delaying the realization of
long-term value, or even causing burden-shifting and various
adverse effects.

Unlike more established sustainability challenges such as
rebound or leakage effects, NNP does not primarily describe
an unintended side effect. Rather, it is a root-level structural
challenge of system design and inter-organizational alignment
that revolves around a misalignment between the spatial-
temporal complexity of circular value creation and the
simplified decision heuristics and organizational silos that
dominate current industrial practice. Its introduction to and
discussion within the life cycle engineering community thus
adds conceptual depth to the broader discussion around CE
implementation failures.

To mitigate NNP, the paper proposes a range of strategies
grounded in life cycle theory, including the adoption of
dynamic, prospective, and/or consequential life cycle
assessment, the design of refined product-service systems,
digital data-sharing infrastructures, agent-based decision
support tools and cross-sectoral coordination mechanisms.
These approaches aim to bridge informational and structural
gaps and support a shift from static, firm-centric circular
strategies toward dynamic, system-oriented decision-making.

However, this study is subject to several limitations. The
analysis is based exclusively on desk research. While
supported by real-world examples from various industrial
sectors, it lacks empirical validation or quantitative
generalization. No sector-wide estimation of the magnitude or

sustainability impact of NNP has yet been made. Future
research should aim to quantify the prevalence and impact of
NNP across industries and supply chains, ideally via model-
based approaches that capture the temporal and spatial
dynamics of circular value flows. Moreover, the psychological
and behavioral dimensions of decision-making under limited
rationality, which likely contribute significantly to the
persistence of NNP, remain underexplored. In-depth empirical
studies are needed to understand how cognitive biases,
organizational routines, and incentive structures shape the
emergence of the problem. To this end, stronger integration of
behavioral economics is needed to complement systems-based
analyses with insights into actual decision-making processes
and the often fragmented perception of life cycle
consequences across organizational boundaries.

Additionally, further research is required for the validation
of mitigation strategies through industrial case studies and
experimental settings. It remains to be seen how proposed
solutions such as lifecycle-integrated decision-support tools or
inter-organizational ~ data-sharing  platforms can  be
operationalized across sectors with differing levels of digital
maturity and regulatory pressures. Another crucial focus topic
for subsequent action is the integration of NNP awareness into
sustainability competence development. Educational curricula,
management  training programs, and  policymaking
frameworks currently lack the conceptual tools to recognize
and address NNP, despite its cross-cutting relevance.

In conclusion, NNP represents a critical but previously
underdefined obstacle to the realization of robust and scalable
CE systems. It exemplifies how systemic inefficiencies can
arise not from a lack of intention, but from structural
misalignment, cognitive limits, and fragmented governance.
By offering a conceptual framework and strategic entry points
for mitigation, this paper aims to support researchers,
practitioners, and policymakers in closing one of the most
persistent gaps between CE ambition and implementation.
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