
Academic Editor: Sandeep Jagtap

Received: 10 June 2026

Revised: 13 July 2026

Accepted: 27 July 2026

Published: 29 July 2026

Copyright: © 2026 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license.

Article

Operationalising Circular Futures: Scenario-Based Modelling of
WEEE Supply Chains
Rebecca Fussone 1,2 , Rachele Fussone 2,3 , Enrico Favazza 2, Azar Mahmoum Gonbadi 4 , Paz Perez Gonzalez 2,
Jose Manuel Framinan 2,5 and Salvatore Cannella 1,*

1 DICAR—Department of Civil, Industrial Engineering and Architecture, Università degli Studi di Catania,
95123 Catania, Italy; rebecca.fussone@unict.it

2 Industrial Management Research Group, Universidad de Sevilla, 41092 Seville, Spain;
rachele.fussone@phd.unict.it (R.F.); efavazza@us.es (E.F.); pazperez@us.es (P.P.G.); framinan@us.es (J.M.F.)

3 Department of Physics and Astronomy “Ettore Majorana”, Università degli Studi di Catania,
95123 Catania, Italy

4 School of Business, Operations and Strategy, University of Greenwich, London SE10 9LS, UK;
azar.mahmoumgonbadi@greenwich.ac.uk

5 Laboratory of Engineering for Energy and Environmental Sustainability, University of Seville,
41092 Seville, Spain

* Correspondence: cannella@unict.it

Abstract

Background: Circular economy transitions challenge conventional supply chain design
and require decision-support tools that remain valid across multiple plausible futures.
However, futures thinking in circular supply chain research is still used mainly as a narra-
tive device, with limited guidance on how to translate scenario insights into model-ready
assumptions. Methods: This paper proposes a four-step framework that converts quali-
tative circular-futures narratives into modelling factors and parameterised assumptions
for waste electrical and electronic equipment supply chain simulation and optimisation.
Four plausible circular futures, defined along economic-orientation and governance axes,
are translated into operational and circularity factors and then into numerical parameters
or structural modelling choices. The framework is illustrated through three applications:
circular Supply Chain Resilience, electric-vehicle battery remanufacturing, and regional
collection and treatment optimisation. Results: Circular strategies create value only when
reverse flows, capacity and allocation choices are coherently aligned. Higher return rates
improve resilience and material recovery but can destabilise upstream inventories when
remanufacturing capacity and return shares are unbalanced. Different scenario priorities
lead to distinct trade-offs across cost, emissions, resilience and circularity. Conclusions: This
paper offers a replicable pathway for embedding plausible futures into quantitative circular
supply chain models and supports more transparent decision-making under uncertainty.

Keywords: circular economy; waste electrical and electronic equipment; futures thinking;
circular supply chains; remanufacturing; reverse logistics; decision support; scenario
analysis; simulation

1. Introduction
The transition towards circular economy (CE) is increasingly framed as a complex

challenge involving the design and governance of supply chains (SCs), requiring systemic
coordination and innovation. Circularity depends not only on technologies for repair,
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reuse, remanufacturing and recycling, but also on the configuration of forward and re-
verse flows, the allocation of responsibilities among actors, the availability of recovery
infrastructure and the policy mechanisms that shape incentives across the SC [1–3]. These
issues are of particular relevance to the Waste Electrical and Electronic Equipment (WEEE)
sector, where fast product obsolescence, limited critical raw materials, hazardous compo-
nents and fragmented collection systems make circularity both urgent and operationally
complex [4–6].

WEEE is among the fastest-growing waste streams globally. Recent estimates indicate
that e-waste generation may reach 82 million tonnes by 2030 [4]. Electrical and electronic
equipment contains valuable materials such as copper, aluminium, gold, lithium, nickel
and cobalt, but also hazardous substances that require safe treatment. The sector therefore
represents a suitable domain for the implementation of CE strategies: extending product
lifetimes, recovering critical components, increasing formal collection, improving repairabil-
ity and redesigning the reverse logistics can reduce pressure on virgin resources and limit
the environmental impact [7,8]. At the same time, the design of WEEE SCs is subject to
various sources of uncertainty. For instance, future regulations may become stricter or
remain unevenly enforced; consumers may return products through formal channels or
informal pathways; and recovery infrastructure may centralise around large facilities or
decentralise through local loops.

In this context, futures-thinking approaches are widely adopted to explore and struc-
ture possible developments and support long-term decision-making. However, existing
studies predominantly treat it as a narrative or conceptual tool, with limited attention
to how scenario insights can be formally translated into modelling features. This creates
a gap between exploratory analyses and quantitative decision-support tools, limiting the
ability to systematically test the implications of alternative futures, assess the robustness
of strategies under uncertainty and support evidence-based decision-making in com-
plex systems. Accordingly, the methodological problem addressed in this paper is that
futures-thinking outputs are often expressed as qualitative narratives, whereas SC models
require operational parameters, factors and assumptions. Although structured “scenario-
to-parameter-to-model” translation is already well developed in adjacent fields—including
climate and energy-systems modelling, transport and policy planning, and robust SC opti-
misation [9–11]—these approaches are not tailored to the structural and circularity-specific
requirements of WEEE SCs, an issue we develop and position the present framework
against in Section 2.

Scenario narratives can effectively describe plausible future worlds by outlining co-
herent developments across technological, economic and regulatory dimensions, but sim-
ulation and optimisation models require these narratives to be translated into formal
representations based on quantifiable inputs and decision variables, including demand
patterns, lead times, return rates, capacity constraints, information-sharing structures and
performance indicators. This translation is not straightforward, as it involves converting
qualitative insights into consistent numerical assumptions and policy parameters that can
support rigorous analysis and decision-making. As a result, a gap emerges between the rich-
ness of narrative-based scenarios and the structured data requirements of analytical models,
posing a significant methodological challenge. Without an explicit translation step, scenario
work risks remaining disconnected from quantitative decision support, while modelling
risks exploring only narrow sensitivity ranges that do not reflect plausible futures.

This paper positions futures thinking as a methodological bridge between CE transi-
tion and SC modelling. The approach explores four plausible circular futures for WEEE
SCs and converts them into parameterised modelling assumptions. This paper aims to
address the following research questions:

https://doi.org/10.3390/logistics10080170

https://doi.org/10.3390/logistics10080170


Logistics 2026, 10, 170 3 of 26

1. How can plausible circular futures be translated into operational and circularity-
related modelling factors for WEEE SCs?

2. How do alternative circular futures, once parameterised, affect resilience, operational
stability and network design in WEEE SCs?

This study makes three main contributions. First, it introduces a framework that
translates qualitative future narratives into model-ready assumptions for circular SC
modelling. Second, it demonstrates the applicability of this framework across differ-
ent modelling paradigms, including simulation and optimisation. Third, it derives both
scenario-dependent and scenario-robust insights for the design and governance of WEEE
SCs under uncertainty.

2. Background
The foundation of this paper lies at the intersection of futures thinking and WEEE

SC modelling. This section reviews these two areas, positions the paper with respect
to adjacent scenario-to-model translation approaches developed in neighbouring fields,
and shows that neither futures thinking nor WEEE SC modelling, on their own, provide the
translation layer that links them. In doing so, it clarifies the methodological gap addressed
by the paper and motivates the three contributions stated in the Introduction.

Futures thinking and scenario analysis offer a way to engage with uncertainty. Their
purpose is not to predict the most likely future but to examine multiple plausible future
contexts and stress-test decisions against them [12,13]. In CE research, this is especially use-
ful because circular transitions involve socio-technical change: regulation, market structure,
consumer norms, business models, technology and infrastructure co-evolve. Scenario nar-
ratives can effectively describe plausible future worlds by outlining coherent developments
across technological, economic and regulatory dimensions. For SC modelling, however,
the challenge is to convert such narratives into assumptions that can be implemented in
simulation or optimisation models. Recent SC research has recognised the value of scenario
planning for long-term strategic decisions, SC adaptability, regulatory disruptions and
transformative SC design [14–16]. Scenario-based modelling has also been used to support
robust strategic capacity planning under uncertainty [17]. However, these contributions
mainly use scenarios to frame strategic alternatives, assess future industry conditions or
generate uncertainty cases.

The idea of translating scenario narratives into model inputs is not new in itself,
and our contribution can be positioned against adjacent traditions in which this translation
is comparatively mature. In climate and energy-systems research, the Shared Socioe-
conomic Pathways explicitly pair qualitative storylines with a small set of quantified
drivers—population, GDP and urbanisation—that are then fed into integrated assess-
ment models [9,18], and subsequent work has formalised the linking of storylines with
multiple operational models [19,20]. This demonstrates the feasibility of narrative-to-
parameter translation, but it operates at a macro, exogenous-driver level and does not
descend to the operational and structural design variables of an SC. In robust and stochas-
tic SC optimisation, by contrast, “scenarios” denote discrete realisations of uncertain
parameters—demand, returns, disruptions—characterised by probability distributions or
uncertainty sets and generated or reduced to compute expected-value or robust solu-
tions [11,21,22]. Here, scenarios are statistical constructs for hedging against parameter
uncertainty rather than socio-technical narratives of alternative futures. Finally, exploratory
scenario and scenario-discovery approaches in transport and policy analysis use plausible
narratives to stress-test strategies [10], but the narratives typically inform a single appraisal
or model and are rarely formalised into a reusable parameterisation layer. Against this
backdrop, the contribution of this paper is not the general idea of narrative-to-parameter
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translation but a translation layer that is, at once, specific to circular and WEEE SCs, explicit
about combining numerical parameters with structural modelling choices, and transferable
across both simulation and optimisation.

WEEE represents a critical domain for CE implementation because electrical and
electronic products have short life cycles, generate rapidly growing waste streams, and
contain both hazardous substances and valuable recoverable materials. Effective WEEE
management can therefore reduce environmental and health risks while supporting the
recovery of metals and components that would otherwise require extraction from virgin
resources [2,3,6–8]. As a result, WEEE represents not only a waste-management challenge
but also an SC design and coordination problem involving manufacturers, retailers, con-
sumers, collection facilities, waste management companies, repair and reuse operators,
recyclers, producer responsibility organisations, and policymakers [3,5].

Research on WEEE SCs has developed along several complementary streams. Early
work focused mainly on reverse logistics network design, collection routing and facility
location, balancing transportation costs, collection points, processing centres and environ-
mental impacts [23–25]. Other contributions examined specific recovery processes, such
as mobile-phone remanufacturing, photovoltaic-module recycling, repair and refurbish-
ment or the economic viability of different treatment pathways [7,26–29]. More recent
studies have expanded the modelling scope towards stochastic and multi-objective reverse
logistics, environmental impact assessment, inventory planning, pricing decisions and
policy-sensitive network design [30–34]. In WEEE systems, decision problems typically
involve collection design, return-flow forecasting, facility location, flow allocation, capac-
ity planning, recycling and remanufacturing planning, pricing and coordination among
multiple actors [3,5,6].

The modelling literature recognises that WEEE SCs include multiple stages: collection,
sorting, disassembly, repair, refurbishment, remanufacturing, recycling, secondary-market
redistribution and disposal. Recycling remains the most widely modelled recovery func-
tion, often through third-party or multi-recycler configurations, while repair, reuse and
refurbishment have received increasing attention because they extend product lifetimes
and preserve embedded value [2,7,35,36]. Secondary markets are also relevant because
they provide an outlet for recovered products and components, while disposal remains
necessary for non-recoverable fractions that must be treated safely and in compliance with
environmental regulations [37–39].

Some studies focus on cost minimisation or isolated environmental indicators, while
fewer models jointly explore trade-offs among cost, emissions, circularity, compliance and
operational feasibility [40–43]. Moreover, closed-loop (CL) and circular SC (CSC) studies
show that reverse flows can stabilise or destabilise operational performance depending on
their magnitude, timing and allocation across echelons [44,45]. This makes WEEE circularity
a performance question rather than a purely normative objective: the same circular principle
may improve service level, emissions or material recovery in one configuration and create
operational instability in another.

To address these decision problems, different methodological approaches have been
used. Mathematical programming, especially mixed-integer linear and nonlinear pro-
gramming, is common in strategic network design and cost–environmental optimisa-
tion [25,30,33]. Heuristic and approximate methods, including genetic algorithms, fuzzy
logic and multi-criteria decision-making approaches, are often used when the network
structure or objective space becomes complex [6,24]. Game-theoretic models are frequently
adopted for pricing, coordination and regulatory problems, especially when manufacturers,
recyclers, retailers or third-party collectors interact strategically [32,34,46]. Simulation
approaches, including system dynamics, agent-based simulation and discrete-event sim-
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ulation, support the analysis of inventory, returns, capacity bottlenecks and disruption
behaviour, although they are still less common in WEEE operational studies than strategic
optimisation models [47]. Recent work also stresses the role of digital technologies, trans-
parency and information sharing in improving reverse-logistics efficiency and decision
support [48,49].

Overall, the literature shows that futures thinking can structure uncertainty, while
WEEE SC modelling can evaluate operational, economic and environmental performance
under different configurations. However, limited guidance is available on how qualitative
circular-futures narratives can be systematically translated into model-ready SC parameters,
constraints and structural assumptions for simulation and optimisation. This creates
a methodological gap between the richness of narrative-based scenarios and the structured
data requirements of analytical models.

This paper addresses this gap by introducing a parameterisation layer between sce-
nario narratives and SC models. Qualitative scenario features are translated into modelling
factors and then operationalised as numerical parameters, constraints or structural assump-
tions to evaluate performance under different circular futures.

Taken together, the two bodies of work reviewed above remain largely disconnected,
and this disconnect motivates the three contributions of the paper. The absence of a system-
atic translation layer motivates the first contribution, the futures-to-parameters framework
itself; the paradigm-bound character of existing scenario-modelling work, which typi-
cally remains confined to a single modelling family, motivates the second contribution,
the demonstration of the framework across both simulation and optimisation; and the ob-
servation that reverse flows can either stabilise or destabilise operational performance—so
that circularity is a performance rather than a purely normative question—motivates the
third contribution, the derivation of scenario-dependent and scenario-robust insights for
the design and governance of WEEE SCs.

3. Materials and Methods
The proposed four-step framework for operationalising circular futures is summarised

in Figure 1: (i) defining plausible circular futures, (ii) translating, for each scenario, their
key operational and circularity features into modelling factors, (iii) parameterising the
corresponding modelling assumptions, and (iv) exploring their implications through com-
plementary simulation and optimisation case-studies.

Figure 1. Four-step methodological workflow used to translate futures-thinking narratives into
model-ready assumptions and scenario-based decision support.

Figure 1 presents the overall framework.
The scenario framework was developed within Exploring Plausible Circular Futures

(ExPliCit), a Horizon Europe Marie Skłodowska-Curie Actions (MSCA) Staff Exchanges
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project bringing together academic and non-academic partners to explore alternative CE
futures and their implications for production and supply networks.

First, plausible circular futures were grounded in the project’s futuring work and
structured along two main axes: the economic orientation of the system, ranging from
unrestricted growth to limits to throughput, and the governance structure, ranging from
centralised to decentralised coordination. This construction follows the intuitive-logics
(“2 × 2 matrix”) tradition of scenario planning [12,50,51], in which two critical uncer-
tainties are placed on orthogonal axes to generate four internally consistent, exploratory
futures [13].

This first step built on a preceding ExPliCit work package that reviewed and classi-
fied techniques of futuring for CE research [52] and subsequently applied the resulting
methodological portfolio through a project workshop and follow-up questionnaire [53]. In
that process, eight candidate dichotomous dimensions were considered—including gover-
nance, technology, innovation, business models, scale of production, means of production,
product ownership and growth orientation—before governance and growth orientation
were selected as the two most relevant uncertainties for structuring the CE scenario space.
The workshop involved academic and non-academic ExPliCit partners, and the follow-
up questionnaire was completed by participants who had taken part in the workshop.
The scenarios should therefore be understood as exploratory, internally coherent futures in
the scenario-planning sense, rather than as probabilistic forecasts or statistically validated
predictions. Their credibility rests on triangulation between the futuring literature, itera-
tive project consultation, workshop/questionnaire feedback and subsequent WEEE-sector
case-study work, where the same scenarios were projected onto circular SC mechanisms
and modelling factors [54].

Crossing these two axes produces four plausible futures for WEEE SCs, as illustrated
in Figure 2. The four scenarios are named according to the futures framework adopted
in this study, while their position in the scenario space is defined by the combination of
economic orientation and governance structure.

• Scenario 1 (S1)—Centralised circularity uptake (unrestricted growth and centralised
governance): States and large corporations promote circular innovations mainly as
technical solutions to support continued economic growth. CE practices focus on
material efficiency, large-scale recycling, energy recovery and the substitution of
primary materials with recycled inputs. However, fast product turnover, planned
obsolescence and global multi-echelon SCs remain dominant. As a result, circularity
may improve selected environmental indicators, such as greenhouse gas emissions,
while leaving high consumption and broader ecological limits largely unchallenged.

• Scenario 2 (S2)—Planned circular loops (limits to growth and centralised governance):
States, large corporations and international organisations coordinate the transition
towards lower societal throughput. Decision-making is concentrated in a limited
number of actors, who impose stronger controls on production, consumption and
resource use. CE strategies are implemented through standardised products, product-
as-a-service models, sharing systems, rationing mechanisms, taxation and centrally
planned investments. SCs become more localised as global logistics become more
costly, and circular districts may emerge to organise controlled material flows.

• Scenario 3 (S3)—Bottom-up circular loops (limits to growth and decentralised gover-
nance): In this scenario, citizens, communities and local autonomous organisations
increasingly question the social and environmental consequences of growing consump-
tion. Circularity is driven from the bottom up by small-scale actors and meso-level
governance structures, which promote sufficiency-oriented practices, fair resource use
and locally embedded circular loops. SCs become shorter and more closely linked
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to local production and consumption systems. CE is understood broadly, extending
beyond material and energy flows to include biogeochemical, social, care, power,
and resource-governance cycles. Circular strategies prioritise refuse, reduce, rethink,
repair, reuse and product-life extension over recycling. However, decentralised coor-
dination may create operational challenges, especially in aligning production, prices,
capacities, resource-sharing agreements and regional material flows.

• Scenario 4 (S4)—Decentralised circularity uptake (unrestricted growth and de-
centralised governance): In this scenario, environmental limits are recognised, al-
though no strict constraints are imposed on throughput or economic activity. Cir-
cular practices emerge from distributed firms, local actors and decentralised organ-
isations, supported by mild regulatory measures such as subsidies, eco-taxes and
anti-monopoly policies. Economic activity becomes more dispersed, reducing the
dominance of large corporations and encouraging local competition, distributed in-
novation and new circular business models. CE strategies aim to retain materials
and energy within the economic system, improving supply security and resource
efficiency. Nevertheless, weak coordination, persistent externalities and low-cost
long-distance transport may sustain complex global SCs and limit the effectiveness of
larger circular initiatives.

Figure 2. Scenario space for the four plausible circular futures according to economic orientation and
governance locus. The horizontal axis distinguishes growth-based and limits-to-growth societies,
while the vertical axis distinguishes centralised top-down and decentralised bottom-up governance.

As a second step, we translate each future circular scenario into SC modelling fac-
tors with the aim of creating a flexible CSC model. The identified modelling factors
can be grouped into operational and circular features (see Table 1). Operational features
characterize the linear production and processes, such as demand level and variability,
manufacturing capacity constraints, number of echelons and forward lead times. Circular-
ity features characterize the CSC archetype, i.e., the circular flows and R-imperatives such
as remanufacturing share, reverse-flow lead time, reverse-flow priority rules, reverse flow
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to retailers, industrial symbiosis, information sharing and consumption lead time. This
step provides the conceptual link between qualitative futures-thinking narratives and the
operational dimensions required by simulation and optimisation models.

These factors follow systematically from the position of each scenario on the two axes,
which keeps the parameterisation internally consistent. The governance axis (centralised
vs. decentralised) primarily drives the scale of the system—mean demand, the number of
echelons and the extent of information sharing—so that centralised futures (S1, S2) exhibit
higher mean demand and more echelons than decentralised ones (S3, S4). The growth axis
(unrestricted growth vs. limits to growth) primarily drives demand variability and the
intensity of reverse flows, with growth-oriented futures (S1, S4) showing higher demand
variability and limits-to-growth futures (S2, S3) showing higher remanufacturing and
reverse-flow intensity. Tables 2 and 3 make this axis-to-parameter mapping explicit, so that
the parameterisation can be traced scenario by scenario.

Table 1. SC modelling factors used to operationalise the circular futures.

Feature Modelling Factor Notation

O
pe

ra
ti

on
al

fe
at

ur
es

Supply-chain structure Number of nodes/echelons N
Transportation lead time Forward transportation lead time LTi

Market demand
Mean demand µD

Demand variance σ2
D

Collaboration Information sharing ε

Efficiency of forward process
Coefficient of variation of lead time cvLi

Maximum forward production rate Smax

Efficiency of reverse process Coefficient of variation of reverse lead time cvLRi

Replenishment policies Cycle policy –

Environmental constraints
Constraints on emissions Emax

Constraints on waste/by-product generation Wmax

C
ir

cu
la

r
fe

at
ur

es

Degree of circularity
Mean return rate αi
Coefficient of variation of the return rate cvα

End-of-life dynamics
Closed-loop or open-loop configuration –
End-of-life cycles R-imperative

Industrial symbiosis Waste rates ωi
Lifecycle of the product Consumption lead time Lc

Quality of end-of-life products Mean reverse lead time µLRi

Quality of treated products Demand from the secondary market –

Then, in the third step, the identified factors are parameterised into model-ready as-
sumptions. This step assigns either qualitative states or numerical values to the modelling
factors defined in the previous step. Some assumptions can be directly expressed as quanti-
tative model inputs, such as demand mean and variability, treatment capacity, return rate,
recovery share and lead times. Other assumptions are represented as structural modelling
choices, including the activation of information sharing, the adoption of a centralised or lo-
calised network structure, the prioritisation of remanufactured products and the modelling
of industrial symbiosis either as a continuous input or as a backup option.

Finally, the parameterised assumptions can be explored through modelling applica-
tions. The purpose of this step is not to reproduce the full complexity of each future but to
show how futures-informed assumptions can be embedded into different decision-support
models and used to assess operational, environmental and network-design implications.
In this study, we developed three modelling applications, presented in the paper as case
studies, in which we cover different analytical perspectives: dynamic resilience under
disruption, Closed-Loop Supply Chain (CLSC) stability and material recovery, and regional
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WEEE network optimisation. The three case studies are not intended as separate contribu-
tions, but as complementary instantiations of the same futures-to-parameters logic across
different modelling paradigms, which strengthens the internal coherence of the framework.

Table 2. Translation of plausible futures into qualitative SC modelling assumptions.

Future Demand Capacity and
Lead Times Reverse Flows Circular Policies Network

Coordination

S1: Centralised
circularity up-
take

High mean,
high variability

No capacity limit;
high forward LT;
short, stable con-
sumption LT

Low remanu-
facturing, low
retailer returns;
high reverse LT

Priority to
virgin prod-
ucts/materials;
low IS

Many echelons;
info sharing on

S2: Planned CLs High mean,
low variability

Capacity con-
strained; low for-
ward/reverse LT;
long, variable con-
sumption LT

High remanu-
facturing, high
retailer returns

Priority to reman-
ufacturing/waste;
high IS

Few echelons;
info sharing on

S3: Bottom-up
CLs

Low mean,
low variability

Capacity con-
strained; high for-
ward/reverse LT;
long, variable con-
sumption LT

High remanu-
facturing, high
retailer returns

Priority to reman-
ufacturing/waste;
medium IS

Few echelons; lo-
cal info sharing

S4: Decen-
tralised circu-
larity uptake

Low mean,
high variability

No explicit capacity
limit; low forward,
moderate reverse
LT; short, stable
consumption LT

Moderate re-
manufactur-
ing, medium
retailer returns

Remanufacturing
for returns, vir-
gin inputs for IS;
low IS

Few eche-
lons; limited
info sharing

Note: LT = lead time; IS = industrial symbiosis.

Table 3. Operationalisation of selected modelling factors from futures analysis and industrial context.

Future Orientation Demand Capacity Reman./Returns Policy Rule Information
Sharing Model Scope

S1 Planned growth
Mean 100,
variability
50

No con-
straint

Low reuse (about
2%); about 60% clas-
sified for recovery

Pull Yes CSC

S2 Planned limits to
growth

Mean 100,
variability
10

45–50
t/day
(contex-
tual)

High return
(up to 55%) Push Yes Forward SC + reuse/recycling

S3
Decentralised
limits/bottom-up
loops

Mean 50,
variability
10

Capacity-
constrained

High return
(up to 55%) Push Yes Forward SC + reuse/recycling

S4 Decentralised
growth

Mean 50,
variability
25

No hard
constraint

Moderate returns
(up to 30%)

Push (re-
man.);
pull (IS)

No Forward SC + reuse/recycling

Note: t/day = tonnes/day; reman. = remanufacturing; IS = industrial symbiosis. “Forward SC + reuse/recycling”
denotes a forward SC augmented with reuse and recycling flows.

Case Studies Description

Across the three case studies, the same logic is retained: futures-derived assumptions
are first translated into qualitative modelling factors and then into numerical parameters
or structural modelling choices. Rather than testing all four scenarios in every case study,
each analytical application is deliberately matched with the future configurations most
relevant to the operational question under study, aligning scenario logic, model structure
and decision relevance. The resilience case is therefore used as a stress test for high-
circularity configurations associated mainly with planned circular loops (S2); the EVB
remanufacturing case focuses on S2 and S3, where high remanufacturing and reverse-
flow intensity make dynamic stability especially relevant; and the Andalusian WEEE
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optimisation case is explicitly aligned with S2, where centralised governance, regional
coordination and regulatory oversight are core features. It is worth clarifying what these
applications are designed to demonstrate. The claim they support is the transferability of
the futures-to-parameters logic across modelling paradigms—that the same translation
procedure can be instantiated in simulation and in optimisation—rather than an exhaustive
comparison of all four scenarios in each model. The scenario space itself is covered at
the framework level, through the mapping of all four futures onto modelling factors
and parameters in Tables 2 and 3, while each case then instantiates the futures most
relevant to its operational question. For this reason, demonstrating one consistent method
operating across three different decision problems and paradigms is sufficient to establish
transferability; the corresponding limitation—that this focused coverage does not support
claims about the comparative performance of every model under every possible future—is
stated explicitly in Section 6.

The first case study examines resilience in a CSC, through a simulation approach, com-
paring a traditional forward SC, characterised by the absence of circular flows, with config-
urations that integrate End-of-Life (EOL) returns and industrial-symbiosis by-products [55].
This case study can be interpreted as representative of more coordinated circular scenarios,
especially planned CLs (S2), where reverse flows are actively managed and aligned with
forward operations. This scenario is characterised by high remanufacturing and high
reverse flow, and policies prioritise both remanufacturing and waste through industrial
symbiosis. The model is therefore used as a stress test of whether circular flows can act as
operational buffers during sudden demand peaks in a system that is relatively centralised,
characterised by low variability and highly dependent on coordinated recovery flows.

In this analysis, a discrete-event simulation model is used to introduce a disruptive
event in the form of a sudden demand spike and study Supply Chain Resilience (SCR),
thus allowing the analysis to focus on how different SC configurations respond under
stress. The model is subject to iid normal customer demand Dt. In the baseline condition,
demand has mean µ = 100 and a coefficient of variation of 10%; the disruption is modelled
as an abrupt increase in the mean demand from µ = 100 to µ = 500, while maintaining the
same coefficient of variation. The simulation experiments were conducted in a MATLAB
(version R2023b, The MathWorks, Inc., Natick, MA, USA) environment, following the im-
plementation details reported in the technical case-study material [54]. The model evaluates
SCR through the resilience curve derived from the temporal evolution of a performance
measure, which serves as a proxy for system performance under disruption. Specifically,
to provide a customer-focused approach, the service level of SC customers is used as the
performance measure, using the Fill Rate (i.e., the percentage of customer demand that
is immediately satisfied from available inventory). Based on this curve, a set of resilience
metrics is computed, namely absorptive duration, endure duration, recovery duration,
failure ratio and recovery ratio [56,57]. The distinction across the studied configurations
lies in the availability and intensity of circular flows, captured by the EOL return rate α and
the by-product rate ω, which are tested at moderate and high levels. These parameters
reflect the extent to which circular strategies are embedded within the SC. They should not
be interpreted merely as technical variables, but rather as proxies for broader structural
and governance conditions, such as the degree of coordination, infrastructure development
and industrial symbiosis. Overall, the case study provides a controlled setting to examine
how different circular configurations, mapped to plausible future scenarios, affect resilience
performance. In particular, it highlights the role of reverse flows as potential buffers against
disruptions when effectively integrated into the system.
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More formally, the resilience performance measure is the fill rate of node i in SC k
at period t, computed as the ratio between the volume delivered to the customer and the
corresponding demand:

FRt,i,k =
Ct,i,k

Dt,k
, 0 ≤ FRt,i,k ≤ 1, (1)

where Ct,i,k is the quantity delivered and Dt,k is customer demand. The resilience curve
is therefore the time path FRt,i,k before, during and after the demand spike. Absorptive
duration, endure duration and recovery duration are measured from the transition times
of this curve, while failure ratio and recovery ratio quantify the share of performance lost
and restored with respect to the pre-disruption fill-rate level. This formalisation makes
the first case study distinct from the other applications because the output of interest is
not a cost or inventory optimum but the dynamic degradation and restoration of service
performance under disruption [54].

The second case study focuses on electric-vehicle battery (EVB) remanufacturing and
examines how different levels of reverse-flow integration affect the dynamic behaviour
of a CLSC. This case study aligns primarily with Scenario 2 (planned circular loops) and
Scenario 3 (bottom-up circular loops). Both of these scenarios prioritize remanufacturing
and waste management, featuring high remanufacturing percentages and high reverse
flows to retailers. The model represents three remanufacturing echelons, namely battery,
module and cell remanufacturing, which reflect different levels of product disassembly
and recovery. This case study is particularly relevant for circular futures in which return
flows, remanufacturing capacity and material recovery become central to SC design. Low
return-rate settings can be interpreted as representative of weakly coordinated circularity,
whereas high return-rate settings approximate futures with stronger reverse logistics and
greater retention of critical materials.

The model follows a dynamic CLSC structure, simulated in MATLAB R2024, in which
customer demand is generated stochastically according to a normal distribution with
mean µD = 100 and standard deviation σD = 30. Replenishment decisions are governed
by a periodic-review order-up-to policy. Return rates α are varied across 0%, 20%, 50%
and 80% to capture alternative degrees of circularity and reverse-flow availability [58].
Returned batteries are allocated across the cell, module and battery echelons through
echelon-specific return shares, representing the different technological and operational
capabilities required to recover value at each level. Since remanufacturing at the battery,
module and cell levels involves different processing requirements and lead times, the case
study allows the analysis to capture how the position of reverse flows within the SC affects
operational stability.

Demand forecasting and order generation are explicitly modelled for each echelon i.
The demand forecast is updated through exponential smoothing:

D̂i
t = aOi+1

t + (1 − a)D̂i
t−1, (2)

where a = 0.2 is the smoothing parameter and Oi+1
t is the order received from the down-

stream echelon. The replenishment quantity follows a periodic-review order-up-to rule:

Oi
t = max

{
D̂i

t +
(

TNSi
t − Ii

t

)
+

(
TWIPi

t − WIPi
t

)
, 0
}

, (3)

where Ii
t and WIPi

t denote available inventory and work in progress, while TNSi
t and TWIPi

t
are the corresponding target net-stock and target pipeline levels. The simulation covers
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8870 daily periods, including a 3030-period warm-up, and each scenario is replicated
30 times, improving reproducibility of the dynamic indicators [54].

Performance is assessed through three dynamic indicators: the order rate variance
ratio, the bullwhip effect and net stock amplification. These indicators capture complemen-
tary aspects of SC behaviour, namely the variability of orders relative to market demand,
the amplification of demand signals across echelons and the instability of inventory levels.
In addition, the operational analysis is complemented by an environmental assessment of
critical-material recovery and associated CO2 savings, focusing on materials such as cobalt,
lithium and nickel [59,60]. Overall, this application provides a controlled setting to exam-
ine how alternative return-rate and reverse-flow allocation assumptions influence CLSC
dynamics. In particular, it focuses on the role of return allocation, remanufacturing lead
times and echelon-specific dynamics in shaping operational stability and environmental
recovery potential.

The three dynamic KPIs are computed as

BWEi =
Var(Oi)

Var(Oi−1)
, OrVrRi =

Var(Oi)/µOi

Var(D)/µD
, NSAmpi =

Var(Ii)

Var(D)
. (4)

Thus, the second case study differs analytically from the resilience case because it
evaluates endogenous operational amplification across echelons rather than disruption
recovery at a single performance curve.

The third case study concerns regional WEEE collection and treatment in Andalusia,
Spain, focusing on the FAEL–RECILEC configuration. It aligns primarily with planned CLs
(S2), where circularity is supported by stronger regulatory oversight, regional coordination,
regional self-sufficiency and the planned organisation of recovery flows. A multi-objective
mixed-integer linear programming (MILP) model is used to optimise a circular CLSC
network under Extended Producer Responsibility (EPR) and Right-to-Repair (R2R) con-
straints. The model jointly considers total system cost, transport and operational CO2

emissions, and circularity, defined as the share of collected WEEE directed towards repair,
reuse or recycling rather than disposal. In this case, the modelling focus is on how coor-
dinated implementation of EPR and R2R can operationalise the planned circular loops
vision by balancing economic, environmental and circularity objectives within a regional
WEEE system.

The network includes forward flows from manufacturers to retailers and customers
and reverse flows from customers, retailers and municipal clean points to warehouses, waste
managers, repair and reuse facilities, recycling plants and disposal sites. The main decisions
concern facility activation, transport-link selection and flow allocation across the network.
Capacity, service-radius, flow-conservation and policy-compliance constraints are included
to represent regional accessibility, operational feasibility and regulatory requirements.

A weighted-sum approach is adopted to explore different combinations of economic,
environmental and circularity priorities. Four optimisation scenarios are considered:
a cost-led baseline, an emissions-led configuration, a circularity-led configuration and
an integrated policy-driven configuration. Overall, this application provides a controlled
setting to examine how policy constraints, infrastructure assumptions and optimisation
priorities shape regional WEEE network design and the trade-offs among cost, emissions
and circularity.
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The Andalusian case is formalised as a deterministic MILP with continuous forward
flows x f

ij, reverse flows xr
ij, processed quantities ui, binary facility-opening variables yi and

binary link-activation variables zij. Its three objective functions are

Z1 = ∑
(i,j)∈N

tij

(
x f

ij + xr
ij

)
+ ∑

i∈N
fiyi + ∑

i∈N
viui + α ∑

i∈N,j∈Nd

xr
ij − ∑

(i,j)∈N
rij

(
x f

ij + xr
ij

)
, (5)

Z2 = ∑
(i,j)∈N

eij

(
x f

ij + xr
ij

)
+ ∑

i∈N
ϕiui, (6)

Z3 = 1 −
∑i∈N,j∈Nd

xr
ij

λ
, (7)

where Z1 minimises total cost net of revenues, Z2 minimises transport and process emis-
sions, and Z3 maximises circularity by reducing the share of collected WEEE sent to
disposal. In the weighted formulation, the model minimises Z = w1Z1 + w2Z2 − w3Z3,
with w1, w2, w3 ∈ [0, 1].

The main constraints ensure demand satisfaction and WEEE return generation; for-
ward and reverse flow conservation; facility activation and capacity feasibility; link activa-
tion; maximum service radius; EPR compliance; R2R compliance; and variable domains.
Representative policy constraints are

∑i∈Nwm ,j∈Nru∪Nrc xr
ij

λ
≥ γ, RP ≥ δ, (8)

with γ ≥ 0.85 for EPR recovery and δ ≥ 0.80 for the R2R repairability threshold. The optimi-
sation was implemented in Python (version 3.10, Python Software Foundation, Wilmington,
DE, USA), using the Pyomo modelling language (version 6.6) within a Jupyter Notebook
(version 6.5) environment. The regional scale is based on data from the FAEL–RECILEC
Andalusian WEEE system, with transport distances parameterised in the 10–120 km range
within the Andalusian network and policy parameters reported in [54]. This third case
study is therefore structurally different from the two simulation cases: it optimises network
configuration and policy-constrained flow allocation rather than dynamic recovery or
order-amplification behaviour.

4. Results
A primary result of this study concerns the parameterisation process itself, namely

the systematic translation of futures-thinking outputs into model-ready assumptions.
Tables 2 and 3 synthesise this translation by linking qualitative scenario features with
quantitative and rule-based modelling choices. This demonstrates the feasibility of op-
erationalising scenario-based insights into a structured set of inputs that can be directly
employed within simulation models. The results indicate that this translation does not
require a uniform level of numerical precision across all parameters. Instead, assumptions
can be operationalised at different levels of quantification, depending on their character-
istics. In particular, several factors can be consistently represented through quantitative
inputs, including demand mean and variability, treatment capacity, return rates and re-
covery shares. These variables can be readily incorporated into the modelling framework
as numerical parameters. At the same time, the evidence highlights that other factors
are operationalised through categorical or rule-based representations. This heterogeneity
allows the model to incorporate both well-characterised numerical inputs and less struc-
tured qualitative assumptions within a unified framework. In particular, Table 2 identifies
the qualitative dimensions, such as demand patterns, capacity constraints, reverse flows,
circular policies and network coordination, that differentiate the scenarios, while Table 3
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formalises their quantitative and rule-based operationalisation (e.g., demand levels and
variability, return rates, capacity limits and policy rules such as push or pull mechanisms).
These elements jointly define distinct SC network configurations, ranging from highly
centralised to decentralised circular setups. Overall, the results demonstrate that hetero-
geneous futures-thinking outputs can be systematically organised into a coherent set of
model-ready features and factors, thereby providing an explicit and traceable linkage
between scenario development and model-based analysis. More broadly, these findings
reinforce the role of modelling as a tool to support the understanding and decision-making
of complex SCs and processes. In this respect, the identified features and factors are not
tied to a specific modelling paradigm but can be readily employed across different mod-
elling approaches, including simulation as well as mathematical optimisation models, thus
enhancing the transferability and applicability of the proposed framework.

The values reported in Tables 2 and 3 should therefore be read as traceable operational
assumptions rather than hypothetical parameter choices. Their rationale is based on
a triangulation between industrial evidence, European policy targets, established modelling
benchmarks and the internal business-model logic of each scenario. Capacity-related
parameters are anchored in technical information collected through the project case studies
and partner evidence reported in [54]. For instance, the 45–50 tonnes/day value used
as a contextual capacity for FR1 treatment reflects the operational processing capacity
observed for large appliances, while the regional scale of the Andalusian optimisation
model is informed by the WEEE collection and treatment volumes managed through
the FAEL–RECILEC system. Similarly, recovery and disposal assumptions are calibrated
against industrial evidence on waste-stream classification, including recoverable and non-
recoverable fractions observed in partner operations.

Circularity-related parameters are linked to policy targets and real WEEE collection
evidence. In the MILP case, the EPR recovery requirement is represented as a binding
minimum recovery threshold of γ ≥ 85%, consistent with the recovery logic of Directive
2012/19/EU as operationalised in the case-study material. The R2R condition is represented
through a repairability threshold of δ ≥ 80%, reflecting European policy initiatives aimed
at extending product lifetimes and increasing repairability. Return-rate assumptions are
also informed by the FAEL–RECILEC collection context, including the observed growth
of WEEE collection in Andalusia from approximately 1500 to more than 2200 tonnes per
year over the analysed period. These values are not used as universal constants but as
scenario-consistent inputs for translating different circularity ambitions into model-ready
parameters [54].

The demand parameters follow the same traceability logic. Baseline demand settings,
such as the mean value of 100 units and the coefficient-of-variation assumptions used in
the simulation cases, are consistent with established CLSC simulation practice and EVB
remanufacturing studies, while the consumption lead-time assumption reflects evidence on
EVB use and replacement cycles [58,61]. High variability in S1 and S4 represents growth-
oriented and more open-market configurations, where product replacement, short life
cycles, continuous product introduction and less coordinated demand signals can generate
stronger fluctuations. By contrast, lower variability in S2 and S3 reflects circular futures
in which Product-as-a-Service, sharing-based models, producer responsibility and longer
product-use cycles stabilise flows and reduce replacement-driven demand peaks. This
rationale explains why the same modelling factor, such as demand variability or return
rate, receives different values across scenarios: each value is selected to remain coherent
with the underlying scenario narrative, industrial evidence, modelling literature and pol-
icy context. This traceability is particularly important because the three analytical cases
use different mathematical structures—resilience simulation, dynamic CLSC simulation

https://doi.org/10.3390/logistics10080170

https://doi.org/10.3390/logistics10080170


Logistics 2026, 10, 170 15 of 26

and MILP network optimisation—and therefore require different formula designs and
parameter interpretations.

This result is further highlighted by the case study analysis, in which the parameter-
isation logic is applied across diverse contexts through different modelling approaches
and targets diverse performance indicators, while maintaining consistency in the under-
lying feature–factor structure. In the CSC resilience case study, parameterisation is used
to analyze and compare alternative SC configurations, enabling a direct assessment of
how different circularity patterns affect system performance under disruption. Specifically,
in this case study, the comparative analysis demonstrates that the circular configurations
generally outperform the forward benchmark when a sudden shock in demand occurs.
When EOL returns and by-product flows are introduced, the SC exhibits a clear improve-
ment in both absorptive and recovery dynamics for the retailer and the manufacturer. It
means that the reliance on circular flows to meet high or volatile demand (such S2) be-
comes crucial, leveraging the enhanced resilience of the CSC model. The results highlight
a general pattern: increasing the availability of circular flows enhances the system’s absorp-
tive and restorative capacities, reducing the duration and severity of disruption impacts.
Thus, the introduction of EOL returns and by-products shortens the endure duration by
increasing the recovery, i.e., the SC performance levels remain at a suppressed state for
a shorter duration and begin to recover at an earlier stage. For instance, as shown in Table 4,
when moderate values of the circular rates are considered (e.g., (ω, α) = (0.4, 0.4)), the en-
durance duration decreases while the recovery duration increases. Similarly, with higher
circular rates (e.g., (0.4, 0.7)), the endurance duration further declines to 10, and recovery is
achieved earlier; moreover, an improvement in the absorptive duration is also observed.
This behavior is consistent with more structured circular configurations, such as those
described in planned CL futures, where high remanufacturing rates and coordinated re-
verse flows provide additional sources of supply. At the same time, the benefits are not
uniform across the SC. The positive impact of circularity depends on how returns and
by-products are distributed across SC nodes. Both the retailer and the manufacturer can
benefit from increased circular flows, but resilience gains materialize only when these flows
are accessible at the appropriate echelon.

Table 4. Selected resilience metrics from the CSC case study (case study 1).

Node (ω, α) ad ed rd fr at te rr at ts + 1

Retailer (0, 0) 0 14 3 0.00 0.16
Retailer (0, 0.4) 1 12 3 0.20 0.42
Retailer (0, 0.7) 1 9 5 0.20 0.10
Retailer (0.4, 0) 0 13 4 0.00 0.85
Retailer (0.7, 0) 0 12 4 0.00 0.95
Retailer (0.4, 0.4) 0 12 5 0.00 0.79
Retailer (0.4, 0.7) 1 10 4 0.30 1.00
Retailer (0.7, 0.4) 0 11 4 0.00 1.00
Retailer (0.7, 0.7) 1 12 2 0.50 1.00

Manufacturer (0, 0) 0 14 2 0.00 0.47
Manufacturer (0, 0.4) 0 14 2 1.00 0.08
Manufacturer (0, 0.7) 0 14 2 1.00 0.54
Manufacturer (0.4, 0) 0 13 2 0.00 1.00
Manufacturer (0.7, 0) 2 11 2 1.00 1.00
Manufacturer (0.4, 0.4) 0 13 4 0.00 0.86

Note: ad = absorptive duration; ed = endure duration; rd = recovery duration; fr = failure ratio; rr = recovery ratio.
Durations are expressed in simulation time units and ratios are expressed as percentages.

In the EVB remanufacturing case, the proposed futures-informed methodology is
applied by translating different circular futures into alternative return-rate and reverse-
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flow assumptions. Low return-rate settings represent futures in which circularity remains
marginal or weakly coordinated, whereas high return-rate settings approximate futures
with stronger reverse logistics, higher remanufacturing intensity and greater material
retention. The model therefore acts as a dynamic test of how circular assumptions affect
both operational stability and environmental performance.

Operationally, increasing return rates generally reduces the bullwhip effect, as shown
in Figure 3a. The bullwhip effect describes the amplification of demand or order fluctuations
as they move upstream along the SC: even small variations in final demand can generate
larger oscillations in orders, production and inventory at upstream echelons. In this
case, the reduction is especially visible at the module echelon, where the intermediate
SC position and a high return share allow reverse flows to buffer demand fluctuations.
The order rate variance ratio complements this interpretation by assessing how strongly
the orders issued by each echelon fluctuate relative to final market demand, as reported in
Figure 3b. In qualitative terms, it shows whether an echelon is translating market demand
into stable replenishment behaviour or into more volatile ordering patterns.

Battery and module echelons show relatively stable order-rate variance under in-
creasing return rates, suggesting that remanufacturing at these levels can be introduced
without strongly amplifying operational instability. The cell echelon is more sensitive
because it is upstream and receives a lower share of returns. In this case, higher return
rates can inflate the order rate variance ratio even when absolute order variance does not
increase substantially because average upstream demand is reduced by the availability of
reverse flows.

The inventory-side indicator, net stock amplification, captures how strongly inven-
tory positions fluctuate across the SC, as shown in Figure 3c. Qualitatively, higher net
stock amplification signals greater oscillation between excess stock and shortage risk.
Results show that this risk is more pronounced at the cell echelon, where lower return
allocation and longer remanufacturing delays limit the stabilising effect of circular flows.
The environmental assessment points in the opposite direction: higher return rates in-
crease the recovery of cobalt, lithium and nickel and generate larger CO2 savings. From
2029 onward, annual nickel recovery from the Model Y case under an 80% return rate
exceeds 1 million kg/year. The case therefore shows that high remanufacturing is desirable
for material recovery, but its operational value depends on how returns are allocated across
echelons and whether upstream capacity and lead times are planned consistently with the
circular future being modelled.

The regional WEEE collection and treatment case study operationalises scenario-
specific assumptions through the definition of alternative optimisation priorities and policy
constraints, which directly shape the model’s objective functions, capacity settings and
admissible flows across the SC network. These modelling choices mirror the translation
of qualitative factors into quantitative and rule-based inputs, allowing four optimisation
scenarios (cost-, emissions-, circularity- and policy-led) to be interpreted as distinct sys-
tem configurations.

The cost-led baseline favours a centralised and economically efficient network: it
opens one warehouse, uses one repair centre and one reuse centre, and leaves 14% of
WEEE to disposal. This configuration minimises fixed and operational costs but limits the
exploitation of higher-value circular pathways. The emissions-led scenario shifts towards
a more decentralised network by opening two warehouses and using two reuse centres.
This reduces transport intensity, lowers disposal to 9%, and cuts emissions by 26% relative
to the baseline, although total cost increases by 12%.

The circularity-led scenario produces the strongest recovery-oriented configuration. It
opens two warehouses, uses two repair centres and three reuse centres, reduces disposal
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to 4% and reaches 94% circularity. However, this improvement comes with higher system
complexity: total cost increases by 18% and emissions rise by 9% relative to the baseline,
mainly due to additional handling and routing towards specialised recovery facilities.
The integrated policy-driven scenario provides a more balanced outcome. By combining
landfill-tax incentives with enhanced repair and reuse capacity, it opens two warehouses,
uses two repair centres and two reuse centres, reaches 91% circularity, reduces emissions
by 18% and limits the cost increase to 10%.

Figure 3. Dynamic operational indicators for the EVB remanufacturing case under different return
rates α: (a) bullwhip effect; (b) order rate variance ratio; and (c) net stock amplification.

Overall, the regional WEEE case shows that cost, emissions and circularity priorities
lead to materially different network designs. Cost minimisation favours centralisation,
emissions reduction favours spatial decentralisation and circularity maximisation requires
additional repair and reuse capacity. The policy-driven configuration suggests that balanced
policy packages can improve circularity and emissions performance without the stronger
cost and operational penalties observed in single-objective strategies. Thus, the second
research question is addressed by showing that plausible futures and policy priorities not
only shape performance outcomes but also the underlying infrastructure, routing and
recovery configuration of the WEEE network. The resulting network configurations and
performance indicators are summarised in Table 5.

Table 5. Regional WEEE network configuration and performance by optimisation scenario (case
study 3).

Scenario Warehouses Repair
Centres

Reuse
Centres

Disposal
Share Cost Index Emissions

Index Circularity

Cost-led baseline 1 1 1 14% 1.00 1.00 86%
Emissions-led 2 1 2 9% 1.12 0.74 88%
Circularity-led 2 2 3 4% 1.18 1.09 94%
Integrated
policy-driven 2 2 2 6% 1.10 0.82 91%

Note: Cost and emissions are normalised to the cost-led baseline.
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The corresponding material-flow and environmental–economic outcomes are reported
in Table 6.

Table 6. Material flow and environmental-economic outcomes in the regional WEEE case (case study 3).

Scenario Repair (t) Reuse (t) Recycling (t) Disposal (t) Total Cost
(EUR Million)

Emissions (t
CO2/Year)

Cost-led baseline 8500 4000 73,500 14,000 52.3 12,400
Emissions-led 9200 5100 76,700 9000 58.6 9200
Circularity-led 12,000 8500 75,500 4000 61.8 13,500
Integrated
policy-driven 10,800 6300 76,900 6000 57.4 10,300

Three general findings emerge. First, circularity improves system performance only
when reverse-flow capacity, timing and allocation are designed together. Higher return
rates are not automatically beneficial: they improve resilience and material recovery but can
increase inventory amplification upstream if remanufacturing capacity and return shares are
unbalanced. Second, recovery infrastructure is a recurring bottleneck. In the regional WEEE
case, increasing repair and reuse capacity is the main driver of circularity improvements;
in the battery case, upstream cell remanufacturing becomes the critical stability point;
and in the CSC case study, access to returns and by-products determines resilience gains.
Third, policy packages outperform single levers. Landfill taxation, EPR/R2R thresholds,
service-radius constraints, information sharing, and capacity investment should be aligned
because each lever affects a different performance dimension.

5. Discussion
This study demonstrates that futures thinking can extend beyond a purely narrative

exercise within CE research when systematically translated into modelling factors and
assumptions. In this perspective, futures become a structured means to explore how CSC
may behave under different socio-technical scenarios/configurations. This shift is particu-
larly relevant in the context of WEEE SCs, where strategic and infrastructural decisions,
e.g., development of warehouses, treatment facilities, digital traceability systems, repair
capacity and remanufacturing partnerships, are inherently long term and exhibit limited
adaptability once implemented. Integrating futures-based assumptions into modelling
frameworks enables a more nuanced evaluation of SC performance under uncertainty.
Specifically, it supports the assessment of whether a given circular strategy remains robust
across alternative future conditions or whether its effectiveness is contingent upon specific
assumptions, thereby revealing potential structural fragilities. In this respect, the find-
ings highlight that demand, capacity constraints, return rates, lead times, priority rules,
information sharing and network structure provide a practical and operational vocabulary
for bridging futures thinking and modelling. While some assumptions can be directly
quantified based on industrial evidence—such as recovery rates, treatment capacities and
return share—others are more appropriately represented as structural modelling choices,
including push versus pull policies, the presence of industrial symbiosis or the number of
echelons in the network. The proposed approach therefore relies on a balanced operational-
isation, enabling both numerical and structural representations to coexist within a coherent
modelling architecture.

The validity and practical relevance of the proposed framework are strengthened by
its implementation in three complementary case studies. These applications show how
the futures-to-parameterisation pathway can be operationalised across different modelling
contexts: CSC resilience under demand disruption, EVB remanufacturing dynamics and
regional WEEE collection and treatment optimisation. The three cases represent different
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decision problems and modelling paradigms within WEEE circularity. The first case isolates
resilience mechanisms by focusing on return flows α and industrial-symbiosis flows ω as
buffers against demand shocks. The second case focuses on dynamic stability and critical-
material recovery, where return rates, remanufacturing lead times and echelon-specific
allocation are the most relevant factors. The third case addresses strategic network design,
where facility location, routing, capacity and policy-compliance constraints determine
whether EPR and R2R objectives can be implemented regionally. In this sense, the case stud-
ies provide analytical grounding for the framework, demonstrating that futures-informed
assumptions can be translated into diverse model structures, performance indicators and
decision-support problems while preserving consistency between scenario narratives and
modelling choices.

Beyond demonstrating applicability, the case studies generate substantive insights
into how circular strategies behave under different futures-informed assumptions. As sum-
marised in Table 7, some findings are closely linked to specific futures, while others have
broader validity across the explored scenarios. The aim is to demonstrate analytical trans-
ferability: the same framework can guide factor selection, parameter calibration and model
design across simulation and optimisation settings. This distinction is relevant because it
shows that the framework can support both context-specific analysis and the identification
of more robust managerial and policy implications.

The CSC resilience case study and the EVB remanufacturing case study are especially
informative for futures characterised by stronger circular-loop integration, such as planned
CL futures and bottom-up circular loops. In these contexts, high reverse flows, remanu-
facturing intensity and coordinated recovery infrastructure become central to SC design.
The results indicate that circular flows can improve resilience, reduce demand amplification
and increase critical-material recovery. However, these benefits depend on the coherent
planning of capacity, lead times, return allocation and echelon-specific remanufacturing
capabilities. Therefore, the value of circularity is not determined by the return rate alone
but by the extent to which reverse flows are operationally integrated into the SC.

The regional WEEE collection and treatment case complements this perspective by
showing how different policy and infrastructure priorities lead to distinct network configu-
rations. Cost minimisation favours a more centralised and economically efficient network,
emissions reduction favours spatial decentralisation, and circularity maximisation requires
additional repair and reuse capacity. The integrated policy-driven configuration provides
a more balanced outcome, suggesting that combined policy packages can improve circular-
ity and emissions performance without the stronger cost and operational penalties observed
in single-objective strategies. These results reinforce the usefulness of the framework for
assessing how future-oriented assumptions affect not only performance outcomes but also
the underlying infrastructure, routing, and recovery configuration of the WEEE network.

Table 7 provides a cross-case synthesis of these findings. The table shows how each
case study operationalises a specific subset of the futures assumptions, identifies the most
sensitive SC nodes and supports a distinct class of decisions. Taken together, the cases
illustrate why circular strategies should be evaluated as coherent configurations of flows,
capacity, lead times and policy mechanisms rather than as isolated interventions.

Across the three case studies, a set of common insights becomes apparent. First,
circular strategies improve performance only when reverse flows, capacities and alloca-
tion choices are coherently designed together, rather than treated as separate adjustments.
Second, recovery infrastructure and coordination mechanisms are central conditions for cir-
cularity to generate operational and environmental value. Third, integrated policy packages
are more effective than isolated levers in improving circular WEEE system performance
because they jointly influence flows, capacities and behavioural incentives.
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Table 7. Cross-case synthesis of future alignment, operational mechanisms and decision-support
implications.

Case Study Most Relevant
Futures Factors and Indicators Sensitive Nodes Decision-Support

Implication

CSC resilience
Planned circular
loops; bottom-
up circular loops

End-of-life return rate α
and industrial-symbiosis
by-product rate ω un-
der a demand spike.
Resilience is assessed
through absorptive, en-
dure and recovery dura-
tions, failure ratio and
recovery ratio.

The retailer benefits from
product returns, while
the manufacturer benefits
from by-products used as
alternative inputs.

Circular flows can
strengthen absorptive
and restorative capacity.
Returns and industrial-
symbiosis processes
should be designed jointly
and made available to
the nodes that need them
during disruptions.

EVB remanufac-
turing

Planned circular
loops; bottom-
up circular loops

Return rates α of 0%,
20%, 50% and 80% are
allocated across battery,
module and cell echelons.
Indicators include bull-
whip effect, order rate
variance ratio, net stock
amplification, material re-
covery and CO2 savings.

The cell manufacturer is
the most sensitive node
because it is upstream
and receives a lower
return share. The mod-
ule echelon shows the
strongest stabilising effect.

High returns improve
critical-material recovery
and can reduce demand
amplification. Return-
share allocation, reverse
lead times and upstream
capacity must be planned
together to avoid inven-
tory instability.

Regional WEEE
collection and
treatment

Planned
circular loops

A multi-objective net-
work model evaluates
EPR and R2R thresholds,
landfill taxation, recovery
capacity and service-
radius constraints. Out-
comes include cost, emis-
sions, circularity and
disposal rates.

Repair and reuse cen-
tres are critical under
circularity-led configu-
rations. Waste managers
and logistics providers
are affected by network
decentralisation.

Integrated policy pack-
ages provide the most
balanced results. Fis-
cal disincentives for
disposal should be
aligned with recovery-
capacity investment and
spatial planning.

The main implications of the findings are primarily managerial and are closely con-
nected to the futures-informed nature of the proposed framework. Managers can use the
framework to evaluate circular strategies under multiple plausible futures, rather than
optimising decisions for a single expected trajectory. This is particularly important for
investments in reverse logistics, repair capacity, remanufacturing infrastructure, digital
traceability and local recovery networks, whose value depends on future demand patterns,
regulation, consumer behaviour, technology availability and governance structures. In this
sense, futures thinking supports managerial decision-making by revealing which circular
strategies remain robust across alternative scenarios and which strategies are conditional
on specific future assumptions.

The analysis also suggests that managers should not treat return-rate maximisation as
an isolated target. Instead, its effectiveness is conditional on the SC’s ability to inspect, allo-
cate and process returns at the echelon where value recovery is maximised and operational
instability is minimised. Moreover, infrastructural capacity has a critical role in enabling
the operational feasibility of circular strategies. Producer responsibility organisations and
waste managers should prioritise infrastructure bottlenecks, especially repair and reuse
capacity, as circularity targets may remain unattainable in practice if not supported by
adequate physical and organisational capabilities. This underscores the importance of
aligning strategic objectives with operational constraints.

From a policy perspective, this study points to the need for coordinated interven-
tions that combine regulatory measures with capacity development and spatial planning.
For instance, fiscal disincentives for disposal, such as landfill taxes, may effectively reduce
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disposal rates, but in the absence of sufficient recovery capacity, they risk primarily shifting
costs rather than improving circular outcomes. Similarly, service-radius constraints may
reduce emissions, but without balanced facility placement they may increase fixed costs.
R2R and EPR thresholds can stimulate recovery, but without traceability and information
sharing they may be difficult to implement. Overall, these findings reinforce the importance
of adopting a systemic perspective, in which performance targets, infrastructural capacity
and policy instruments are jointly configured to ensure both the effectiveness and feasibility
of CE strategies.

A further implication concerns the dual role of circular flows within SCs. On the one
hand, they can act as buffers during disruptions, enhancing SCR; on the other hand, they
may introduce additional variability due to the inherent uncertainty in return timings,
quantities and quality. Consequently, CSCs should be evaluated through a multidimen-
sional set of performance indicators. Metrics such as service level, recovery time, material
recovery, emissions, cost, stock amplification and compliance capture distinct system prop-
erties and cannot be meaningfully collapsed into a single circularity score without losing
decision-relevant information.

From a methodological perspective, these findings suggest that futures thinking
should be embedded early in the SC modelling process. Rather than developing a model
first and subsequently applying generic sensitivity analyses, futures-based scenarios can
be used to define internally consistent and decision-relevant combinations of parameters.
This approach helps prevent unrealistic configurations of assumptions, such as combining
high local self-sufficiency with globally hyper-specialised lead times, or imposing strong
repair mandates in the absence of adequate recovery capacity. Evidence from the case study
applications further highlights how futures thinking can guide not only the selection of
parameter values but also the structuring of modelling choices and evaluation criteria.

At the same time, anchoring modelling decisions in scenario narratives enhances
the transparency and interpretability of assumptions, thereby facilitating communication
with industrial and policy stakeholders. By making underlying hypotheses more explicit
and contextually grounded, futures-informed modelling supports more robust, credible
and actionable decision-making in complex CSC systems. This occurs because modelling
inputs are no longer presented as isolated technical assumptions but as assumptions that
can be traced back to explicit future contexts. Stakeholders can therefore understand
why a model assumes, for example, high reverse-flow availability, decentralised recovery,
stronger information sharing or constrained treatment capacity. This traceability makes as-
sumptions easier to discuss, validate and revise, strengthening the credibility and practical
usefulness of the modelling process.

6. Conclusions
This paper proposed a futures-to-parameters framework that translates qualitative

circular futures narratives into model-ready assumptions for WEEE SC simulation and
optimisation. The specific analytical conclusion is that circularity improves SC performance
only when reverse flows, recovery capacity and allocation rules are designed as a coherent
system. Circular strategies are therefore not universally beneficial by default; their value
depends on where returns enter the SC, how quickly they can be processed, and whether
the infrastructure and policy setting are consistent with the future being modelled.

The resilience case shows that CSC configurations with end-of-life returns and industrial-
symbiosis by-products generally outperform the forward benchmark during demand shocks.
Circular flows improve absorptive and restorative capacities, reducing the time spent at
degraded performance levels and enabling earlier recovery for the retailer and manufacturer.
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This supports the conclusion that circular flows can act as operational buffers, especially in
planned circular-loop futures where reverse flows are actively coordinated.

The EVB remanufacturing case shows a second, more conditional conclusion. Higher
return rates increase material recovery and CO2 savings, and they generally reduce the
bullwhip effect, particularly at the module echelon where reverse flows buffer demand
variability. However, the benefits are not uniform across the chain. The cell echelon remains
more vulnerable to inventory instability and net stock amplification because it is upstream,
receives a lower return share and faces longer remanufacturing delays. High circularity
therefore requires echelon-specific planning of return allocation, remanufacturing lead
times, and capacity, rather than simply maximising the aggregate return rate.

The regional WEEE optimisation case identifies explicit trade-offs among cost, emis-
sions and circularity. Cost-led optimisation favours centralised networks and higher
disposal. Emissions-led optimisation favours spatial decentralisation and shorter transport
distances. Circularity-led optimisation requires more repair and reuse capacity but in-
creases handling complexity and cost. The integrated policy-driven configuration provides
the most balanced result: by combining landfill tax incentives with repair/reuse capacity
expansion, it reaches 91% circularity, reduces emissions by 18% relative to the cost-led
baseline, and limits the cost increase to 10%. This supports the conclusion that integrated
policy packages outperform isolated single-objective levers.

Methodologically, the case studies show that the proposed framework can link sce-
nario narratives to quantitative model design without forcing all assumptions into a single
modelling structure. The framework helps avoid unrealistic combinations of assumptions,
such as high local circularity with globally extended lead times or strict repair mandates
without recovery capacity. Its main contribution is therefore a transparent and replicable
pathway for moving from plausible futures to model-ready assumptions, while preserv-
ing internal consistency between future narratives, parameter values, constraints and
performance indicators.

From a managerial and policy perspective, the findings emphasise the need to jointly
consider circularity objectives, infrastructural constraints, and system variability. CSCs
introduce not only additional value recovery opportunities, but also new sources of uncer-
tainty. Consequently, performance should be assessed through multi-dimensional metrics
capturing service levels, recovery dynamics, costs, emissions, and resilience.

Methodologically, embedding futures thinking early in the modelling process enables
the construction of more coherent and decision-relevant scenarios, overcoming the lim-
itations of generic sensitivity analyses. This approach also enhances transparency and
improves communication with industrial and policy stakeholders by making modelling
assumptions more explicit and contextually grounded.

Despite these contributions, some limitations remain. First, the parameterisation is
necessarily semi-hypothetical. Although the models are anchored in operational profiles,
material flows, and industrial evidence from the eleven partner organisations analysed
in the ExPliCit case study work, including FAEL, RECILEC and FG Recycling, these
data are projected into future contexts that do not yet exist. The resulting parameters
should therefore be interpreted as informed estimates for exploring structural robust-
ness and decision sensitivity, rather than as exact forecasts of future WEEE SC behaviour.
Second, the selection of the two scenario axes—economic orientation and governance
structure—involved a degree of judgement by the research team. This introduces some sub-
jectivity, mitigated through the preceding participatory futuring process, including a work-
shop with 14 academic and industrial participants and a follow-up questionnaire completed
by nine participants, which supported the internal coherence of the selected dimensions [53].
Third, this study does not perform a full cross-scenario test of every analytical model across
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all four futures. The analysis focuses on the technically most relevant and transforma-
tive circular configurations for the WEEE sector, especially planned circular loops, rather
than combinations with weaker policy or industrial relevance. This focused coverage
allows the paper to derive more specific decision-support insights for circular transition
planning, but it limits claims about the comparative performance of every model under
every possible future. Fourth, the models rely on simplified behavioural assumptions—in
particular, fixed return shares and rule-based ordering rather than adaptive consumer or
firm behaviour—and they do not propagate parameter uncertainty through the analysis:
scenario parameters are treated as point values rather than distributions, so the results
characterise structural sensitivity rather than probabilistic risk.

Future research can extend the approach in several directions. New futures could
be developed around geopolitical material scarcity, informal-sector integration, digital
product passports, AI-enabled sorting or consumer sufficiency norms. The models could
be expanded to include uncertainty, learning effects, investment timing and category-
specific WEEE flows. The methodology could also be tested by extending the framework
to additional sectors, for example, in textiles, packaging, construction materials, medical
devices or automotive components, where circularity likewise depends on the interaction
between future regulation, infrastructure, product design and SC coordination.

Further work could also explore hybrid approaches combining simulation and optimi-
sation to support robust decision-making in highly uncertain and evolving CE contexts.

Author Contributions: Conceptualization, R.F. (Rebecca Fussone), S.C. and J.M.F.; methodology,
R.F. (Rebecca Fussone), S.C., A.M.G. and J.M.F.; software, R.F. (Rachele Fussone) and A.M.G.; for-
mal analysis, R.F. (Rebecca Fussone), A.M.G. and P.P.G.; investigation, R.F. (Rebecca Fussone),
R.F. (Rachele Fussone), E.F. and P.P.G.; writing—original draft preparation, R.F. (Rebecca Fussone)
and S.C.; writing—review and editing, all authors; supervision, S.C. and J.M.F.; project administration,
S.C. and J.M.F.; funding acquisition, S.C. and J.M.F. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was supported by the European Commission, under the project ExPliCit
(grant agreement No.101086465—HORIZON-MSCA-2021-SE-01-01), the Spanish Ministry of Science
and Education under the project ENSURE (ref. PID2022–142062OBI00) and by the University of
Catania, through the PIA.CE.RI 2024-26 program, under the project ISTRICE and by the UKRI
Horizon Guarantee programme, grant number EP/X039676/1.

Institutional Review Board Statement: Ethical review and approval were waived for this study by
the Institutional Committee due to GDPR Article 89, as the study is non-biomedical and minimal-risk,
involves only academic and industrial project partners in their professional role, collects no med-
ical interventions, biological samples, health data, or other sensitive personal data, and uses only
non-identifiable, aggregated insights in the manuscript, with full compliance through data minimisa-
tion and anonymisation.

Informed Consent Statement: Verbal informed consent was obtained from the participants. Verbal
consent was obtained rather than written because participation was voluntary and restricted to
academic and industrial project partners, all participants were verbally informed about the purpose
of the study, the use of aggregated, non-identifiable insights for scenario development and modelling,
and their right to decline or withdraw, and no sensitive personal data or identifying information are
reported in the manuscript.

Data Availability Statement: The raw data supporting the conclusions of this article will be made
available by the authors on request.

Acknowledgments: During the preparation of this manuscript draft, AI-assisted tools were used
to support language drafting, structuring and LaTeX formatting. The authors are responsible for
reviewing, validating and editing all content before submission.

https://doi.org/10.3390/logistics10080170

https://doi.org/10.3390/logistics10080170


Logistics 2026, 10, 170 24 of 26

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations
The following abbreviations are used in this manuscript:

CE Circular Economy
SC Supply Chain
SCR Supply Chain Resilience
CL Closed-Loop
CSC Circular Supply Chain
CLSC Closed-Loop Supply Chain
WEEE Waste Electrical and Electronic Equipment
EOL End-of-Life
EPR Extended Producer Responsibility
EVB Electric Vehicle Battery
MILP Mixed-Integer Linear Programming
R2R Right-to-Repair

References
1. Genovese, A.; Acquaye, A.A.; Figueroa, A.; Koh, S.C.L. Sustainable supply chain management and the transition towards a

circular economy: Evidence and some applications. Omega 2017, 66, 344–357. [CrossRef]
2. Bressanelli, G.; Saccani, N.; Pigosso, D.C.A.; Perona, M. Circular Economy in the WEEE industry: A systematic literature review

and a research agenda. Sustain. Prod. Consum. 2020, 23, 174–188. [CrossRef]
3. Pan, X.; Wong, C.W.Y.; Li, C. Circular economy practices in the waste electrical and electronic equipment (WEEE) industry: A

systematic review and future research agendas. J. Clean. Prod. 2022, 365, 132671. [CrossRef]
4. Baldé, C.P.; Kuehr, R.; Yamamoto, T.; McDonald, R.; D’Angelo, E.; Althaf, S.; Bel, G.; Deubzer, O.; Fernandez-Cubillo, E.; Gray, V.;

et al. Global E-waste Monitor 2024; Technical Report; International Telecommunication Union and United Nations Institute for
Training and Research: Geneva, Switzerland; Bonn, Germany, 2024.

5. Islam, M.T.; Huda, N. Reverse logistics and closed-loop supply chain of Waste Electrical and Electronic Equipment (WEEE)/E-
waste: A comprehensive literature review. Resour. Conserv. Recycl. 2018, 137, 48–75. [CrossRef]

6. Marinello, S.; Gamberini, R. Multi-Criteria Decision Making Approaches Applied to Waste Electrical and Electronic Equipment
(WEEE): A Comprehensive Literature Review. Toxics 2021, 9, 13. [CrossRef] [PubMed]

7. Kouloumpis, V.; Konstantzos, G.E.; Chroni, C.; Abeliotis, K.; Lasaridi, K. Does the circularity end justify the means? A life cycle
assessment of preparing waste electrical and electronic equipment for reuse. Sustain. Prod. Consum. 2023, 41, 291–304. [CrossRef]

8. Shi, J.; Chen, W.; Verter, V. The joint impact of environmental awareness and system infrastructure on e-waste collection. Eur. J.
Oper. Res. 2023, 310, 760–772. [CrossRef]

9. O’Neill, B.C.; Kriegler, E.; Ebi, K.L.; Kemp-Benedict, E.; Riahi, K.; Rothman, D.S.; van Ruijven, B.J.; van Vuuren, D.P.; Birkmann, J.;
Kok, K.; et al. The roads ahead: Narratives for shared socioeconomic pathways describing world futures in the 21st century. Glob.
Environ. Chang. 2017, 42, 169–180. [CrossRef]

10. Bryant, B.P.; Lempert, R.J. Thinking inside the box: A participatory, computer-assisted approach to scenario discovery. Technol.
Forecast. Soc. Chang. 2010, 77, 34–49. [CrossRef]

11. Klibi, W.; Martel, A.; Guitouni, A. The design of robust value-creating supply chain networks: A critical review. Eur. J. Oper. Res.
2010, 203, 283–293. [CrossRef]

12. Schoemaker, P.J.H. Scenario planning: A tool for strategic thinking. Sloan Manag. Rev. 1995, 36, 25–40.
13. Amer, M.; Daim, T.U.; Jetter, A. A review of scenario planning. Futures 2013, 46, 23–40. [CrossRef]
14. Melkonyan, A.; Gruchmann, T.; Lohmar, F.; Kamath, V.; Spinler, S. Scenario and strategy planning for transformative supply

chains within a sustainable economy. J. Clean. Prod. 2019, 231, 144–160. [CrossRef]
15. Phadnis, S.S.; Darkow, I.L. Scenario planning as a strategy process to foster supply chain adaptability: Theoretical framework

and longitudinal case. Futur. Foresight Sci. 2021, 3, e62. [CrossRef]
16. Phadnis, S.S.; Joglekar, N.R. Configuring Supply Chain Dyads for Regulatory Disruptions: A Behavioral Study of Scenarios. Prod.

Oper. Manag. 2021, 30, 1014–1033. [CrossRef]
17. Poirier, A.; Oger, R.; Martinez, C. A Scenario Generation Method Exploring Uncertainty and Decision Spaces for Robust

Strategic Supply Chain Capacity Planning. In Proceedings of the Innovative Intelligent Industrial Production and Logistics; Springer:
Berlin/Heidelberg, Germany, 2023; pp. 126–148. [CrossRef]

https://doi.org/10.3390/logistics10080170

http://dx.doi.org/10.1016/j.omega.2015.05.015
http://dx.doi.org/10.1016/j.spc.2020.05.007
http://dx.doi.org/10.1016/j.jclepro.2022.132671
http://dx.doi.org/10.1016/j.resconrec.2018.05.026
http://dx.doi.org/10.3390/toxics9010013
http://www.ncbi.nlm.nih.gov/pubmed/33477516
http://dx.doi.org/10.1016/j.spc.2023.08.008
http://dx.doi.org/10.1016/j.ejor.2023.03.011
http://dx.doi.org/10.1016/j.gloenvcha.2015.01.004
http://dx.doi.org/10.1016/j.techfore.2009.08.002
http://dx.doi.org/10.1016/j.ejor.2009.06.011
http://dx.doi.org/10.1016/j.futures.2012.10.003
http://dx.doi.org/10.1016/j.jclepro.2019.05.222
http://dx.doi.org/10.1002/ffo2.62
http://dx.doi.org/10.1111/poms.13290
http://dx.doi.org/10.1007/978-3-031-49339-3_8
https://doi.org/10.3390/logistics10080170


Logistics 2026, 10, 170 25 of 26

18. Riahi, K.; van Vuuren, D.P.; Kriegler, E.; Edmonds, J.; O’Neill, B.C.; Fujimori, S.; Bauer, N.; Calvin, K.; Dellink, R.; Fricko, O.; et al.
The Shared Socioeconomic Pathways and their energy, land use, and greenhouse gas emissions implications: An overview. Glob.
Environ. Chang. 2017, 42, 153–168. [CrossRef]

19. Trutnevyte, E.; Barton, J.; O’Grady, Á.; Ogunkunle, D.; Pudjianto, D.; Robertson, E. Linking a storyline with multiple models: A
cross-scale study of the UK power system transition. Technol. Forecast. Soc. Chang. 2014, 89, 26–42. [CrossRef]

20. Robertson, E. Reconciling qualitative storylines and quantitative descriptions: An iterative approach. Technol. Forecast. Soc.
Chang. 2017, 118, 293–306. [CrossRef]

21. Govindan, K.; Cheng, T.C.E. Advances in stochastic programming and robust optimization for supply chain planning. Comput.
Oper. Res. 2018, 100, 262–269. [CrossRef]

22. Bertsimas, D.; Sim, M. The price of robustness. Oper. Res. 2004, 52, 35–53. [CrossRef]
23. Ayvaz, B.; Bolat, B. Proposal of a stochastic programming model for reverse logistics network design under uncertainties. Int. J.

Supply Chain Manag. 2014, 3, 33–42.
24. Cao, S.; Zhang, K. Optimization of the flow distribution of e-waste reverse logistics network based on NSGA-II and TOPSIS. In

Proceedings of the International Conference on E-Business and E-Government; IEEE: Piscataway, NJ, USA, 2011; pp. 1427–1431.
25. Lee, D.H.; Dong, M. A heuristic approach to logistics network design for end-of-lease computer products recovery. Transp. Res.

Part E Logist. Transp. Rev. 2008, 44, 455–474. [CrossRef]
26. Franke, C.; Basdere, B.; Ciupek, M.; Seliger, G. Remanufacturing of mobile phones: Capacity, program and facility adaptation

planning. Omega 2006, 34, 562–570. [CrossRef]
27. Choi, J.K.; Fthenakis, V. Economic feasibility of recycling photovoltaic modules: Survey and model. J. Ind. Ecol. 2010, 14, 947–964.

[CrossRef]
28. Yu, H.; Solvang, W.D. A stochastic programming approach with improved multi-criteria scenario-based solution method for

sustainable reverse logistics design of waste electrical and electronic equipment. Sustainability 2016, 8, 1331. [CrossRef]
29. Krikke, H.R.; Sayers, M.; Smith, L. Should Recovery Strategies Be Reuse or Recycling Based? A Case Study on Discarded

Electronics in Melbourne, Australia. Logistics 2025, 9, 58. [CrossRef]
30. Moslehi, M.S.; Sahebi, H.; Teymouri, A. A multi-objective stochastic model for a reverse logistics supply chain design with

environmental considerations. J. Ambient Intell. Humaniz. Comput. 2021, 12, 8017–8040. [CrossRef]
31. Forkan, M.; Rizvi, M.M.; Chowdhury, M.A.M. Multiobjective reverse logistics model for inventory management with environ-

mental impacts: An application in industry. Intell. Syst. Appl. 2022, 14, 200079. [CrossRef]
32. Liu, Y.; Xia, Z.J.; Shi, Q.Q.; Xu, Q. Pricing and coordination of waste electrical and electronic equipment under third-party

recycling in a closed-loop supply chain. Environ. Dev. Sustain. 2021, 23, 12077–12094. [CrossRef]
33. Tosarkani, B.M.; Amin, S.; Zolfagharinia, H. A scenario-based robust possibilistic model for a multi-objective electronic reverse

logistics network. Int. J. Prod. Econ. 2020, 224, 107539. [CrossRef]
34. Qu, Y.; Zhang, Y.; Guo, L.; Cao, Y.; Zhu, P. Decision strategies for the WEEE reverse supply chain under the “Internet + recycling”

model. Comput. Ind. Eng. 2022, 172, 108570. [CrossRef]
35. Song, H.; Li, Q.; Liu, K.; Li, Y. The recycling strategy of closed-loop supply chain considering CSR under the government’s

reward–penalty policy. Sustainability 2022, 14, 14228. [CrossRef]
36. Wang, W.; Zhou, S.; Zhang, M.; Sun, H.; He, L. A closed-loop supply chain with competitive dual collection channel under

asymmetric information and reward–penalty mechanism. Sustainability 2018, 10, 2131. [CrossRef]
37. Achillas, C.; Vlachokostas, C.; Aidonis, D.; Moussiopoulos, N.; Iakovou, E.; Banias, G. Optimising reverse logistics network to

support policy-making in the case of electrical and electronic equipment. Waste Manag. 2010, 30, 2592–2600. [CrossRef] [PubMed]
38. Singh, S.K.; Chauhan, A.; Sarkar, B. Supply chain management of e-waste for end-of-life electronic products with reverse logistics.

Mathematics 2023, 11, 124. [CrossRef]
39. Tong, X.; Tao, D.; Lifset, R. Varieties of business models for post-consumer recycling in China. J. Clean. Prod. 2018, 170, 665–673.

[CrossRef]
40. Andersen, T.; Halse, L.L. Product lifecycle information flow in e-waste handling: A means to increase circularity? Circ. Econ.

Sustain. 2023, 3, 1941–1962. [CrossRef] [PubMed]
41. Senna, P.; Marujo, L.G.; Santos, A.C.S.G.; Ferreira, A.C.; da Silva, L.A.A. E-waste supply chain risk management: A framework

considering omnichannel and circular economy. Benchmarking 2024, 31, 3429–3458. [CrossRef]
42. Isernia, R.; Passaro, R.; Quinto, I.; Thomas, A. The reverse supply chain of the e-waste management processes in a circular

economy framework: Evidence from Italy. Sustainability 2019, 11, 2430. [CrossRef]
43. Lowe, B.H.; Genovese, A. What theories of value could underpin our circular futures? Ecol. Econ. 2022, 195, 107382. [CrossRef]
44. Cannella, S.; Bruccoleri, M.; Framinan, J.M. Closed-loop supply chains: What reverse logistics factors influence performance? Int.

J. Prod. Econ. 2016, 175, 35–49. [CrossRef]
45. Fussone, R.; Dominguez, R.; Cannella, S.; Framinan, J.M. Bullwhip effect in closed-loop supply chains with multiple reverse

flows: A simulation study. Flex. Serv. Manuf. J. 2024, 36, 250–278. [CrossRef]

https://doi.org/10.3390/logistics10080170

http://dx.doi.org/10.1016/j.gloenvcha.2016.05.009
http://dx.doi.org/10.1016/j.techfore.2014.08.018
http://dx.doi.org/10.1016/j.techfore.2017.02.030
http://dx.doi.org/10.1016/j.cor.2018.07.027
http://dx.doi.org/10.1287/opre.1030.0065
http://dx.doi.org/10.1016/j.tre.2006.11.003
http://dx.doi.org/10.1016/j.omega.2005.01.016
http://dx.doi.org/10.1111/j.1530-9290.2010.00289.x
http://dx.doi.org/10.3390/su8121331
http://dx.doi.org/10.3390/logistics9020058
http://dx.doi.org/10.1007/s12652-020-02538-2
http://dx.doi.org/10.1016/j.iswa.2022.200078
http://dx.doi.org/10.1007/s10668-020-01158-2
http://dx.doi.org/10.1016/j.ijpe.2019.107557
http://dx.doi.org/10.1016/j.cie.2022.108532
http://dx.doi.org/10.3390/su142114228
http://dx.doi.org/10.3390/su10072131
http://dx.doi.org/10.1016/j.wasman.2010.06.022
http://www.ncbi.nlm.nih.gov/pubmed/20696562
http://dx.doi.org/10.3390/math11010124
http://dx.doi.org/10.1016/j.jclepro.2017.09.032
http://dx.doi.org/10.1007/s43615-023-00258-1
http://www.ncbi.nlm.nih.gov/pubmed/36844893
http://dx.doi.org/10.1108/BIJ-05-2023-0341
http://dx.doi.org/10.3390/su11082430
http://dx.doi.org/10.1016/j.ecolecon.2022.107382
http://dx.doi.org/10.1016/j.ijpe.2016.01.012
http://dx.doi.org/10.1007/s10696-023-09486-x
https://doi.org/10.3390/logistics10080170


Logistics 2026, 10, 170 26 of 26

46. Feng, D.; Yu, X.; Mao, Y.; Ding, Y.; Zhang, Y.; Pan, Z. Pricing decision for reverse logistics system under cross-competitive
take-back mode based on game theory. Sustainability 2019, 11, 6984. [CrossRef]

47. Llerena-Riascos, C.; Jaén, S.; Montoya-Torres, J.; Villegas, J. An optimization-based system dynamics simulation for sustainable
policy design in WEEE management systems. Sustainability 2021, 13, 11377. [CrossRef]

48. Rodrigues, S.P.; Gomes, L.d.C.; Peres, F.A.P.; Correa, R.G.d.F.; Baierle, I.C. A Framework for Leveraging Digital Technologies in
Reverse Logistics Actions: A Systematic Literature Review. Logistics 2025, 9, 54. [CrossRef]

49. Bø, E.; Baxter, J. Transparency as a Driver for Logistical Efficiency in WEEE Collection and Transport. Logistics 2020, 4, 14.
[CrossRef]

50. Schwartz, P. The Art of the Long View: Planning for the Future in an Uncertain World; First Published 1991, Doubleday; Currency
Doubleday: New York, NY, USA, 1996;

51. Ramírez, R.; Wilkinson, A. Rethinking the 2 × 2 scenario method: Grid or frames? Technol. Forecast. Soc. Chang. 2014, 86, 254–264.
[CrossRef]

52. Pinyol Alberich, J.; Sobczak, K.; Haluskova, K.; Suarez Eiroa, B. D1.1 Techniques of Futuring: Portfolio of Techniques and Critical
Reflections. Deliverable D1.1, ExPliCit Project, 2023. Horizon Europe Marie Sklodowska-Curie Staff Exchange, Grant Agreement
No. 101086465. Available online: https://ec.europa.eu/research/participants/documents/downloadPublic?documentIds=08
0166e5fde048db&appId=PPGMS (accessed on 30 May 2026).

53. Suarez Eiroa, B.; Alonso Rodriguez, A.; Calzonari, T.; Soto Onate, D.; Haluskova, K.; Sobczak, K. D1.2 Techniques of Futuring
for the Circular Economy Foresight. Deliverable D1.2, ExPliCit Project, 2023. Horizon Europe Marie Sklodowska-Curie
Staff Exchange, Grant Agreement No. 101086465. Available online: https://ec.europa.eu/research/participants/documents/
downloadPublic?documentIds=080166e506a009ee&appId=PPGMS (accessed on 30 May 2026).

54. Fussone, R.; Cannella, S.; Fussone, R.; Favazza, E.; Mahmoum Gonbadi, A.; Perez Gonzalez, P.; Framinan, J.M. D3.2 Selected Case
Studies. Deliverable D3.2, ExPliCit Project, 2025. Horizon Europe Marie Sklodowska-Curie Staff Exchange, Grant Agreement No.
101086465. Available online: https://zenodo.org/records/20701091 (accessed on 30 May 2026).

55. Neves, A.; Godina, R.; Azevedo, S.G.; Matias, J.C.O. A comprehensive review of industrial symbiosis. J. Clean. Prod. 2020,
247, 119113. [CrossRef]

56. Bruckler, M.; Wietschel, L.; Messmann, L.; Thorenz, A.; Tuma, A. Review of metrics to assess resilience capacities and actions for
supply chain resilience. Comput. Ind. Eng. 2024, 192, 110176. [CrossRef]

57. Poulin, C.; Kane, M.B. Infrastructure resilience curves: Performance measures and summary metrics. Reliab. Eng. Syst. Saf. 2021,
216, 107926. [CrossRef]

58. Huang, S.; Lu, H.; Lin, J.; Ponte, B. On the dynamics of return collection in closed-loop supply chains. Int. J. Prod. Res. 2024,
62, 909–932. [CrossRef]

59. Orangi, S.; Manjong, N.; Clos, D.P.; Usai, L.; Burheim, O.S.; Strømman, A.H. Historical and prospective lithium-ion battery cost
trajectories from a bottom-up production modeling perspective. J. Energy Storage 2024, 76, 109800. [CrossRef]

60. Peiseler, L.; Schenker, V.; Schatzmann, K.; Pfister, S.; Wood, V.; Schmidt, T. Carbon footprint distributions of lithium-ion batteries
and their materials. Nat. Commun. 2024, 15, 10301. [CrossRef] [PubMed]

61. Huster, S.; Glöser-Chahoud, S.; Rosenberg, S.; Schultmann, F. A simulation model for assessing the potential of remanufacturing
electric vehicle batteries as spare parts. J. Clean. Prod. 2022, 363, 132225. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/logistics10080170

http://dx.doi.org/10.3390/su11246984
http://dx.doi.org/10.3390/su132011377
http://dx.doi.org/10.3390/logistics9020054
http://dx.doi.org/10.3390/logistics4030014
http://dx.doi.org/10.1016/j.techfore.2013.10.020
https://ec.europa.eu/research/participants/documents/downloadPublic?documentIds=080166e5fde048db&appId=PPGMS
https://ec.europa.eu/research/participants/documents/downloadPublic?documentIds=080166e5fde048db&appId=PPGMS
https://ec.europa.eu/research/participants/documents/downloadPublic?documentIds=080166e506a009ee&appId=PPGMS
https://ec.europa.eu/research/participants/documents/downloadPublic?documentIds=080166e506a009ee&appId=PPGMS
https://zenodo.org/records/20701091
http://dx.doi.org/10.1016/j.jclepro.2019.119113
http://dx.doi.org/10.1016/j.cie.2024.110176
http://dx.doi.org/10.1016/j.ress.2021.107926
http://dx.doi.org/10.1080/00207543.2023.2175174
http://dx.doi.org/10.1016/j.est.2023.109800
http://dx.doi.org/10.1038/s41467-024-54634-y
http://www.ncbi.nlm.nih.gov/pubmed/39604365
http://dx.doi.org/10.1016/j.jclepro.2022.132225
https://doi.org/10.3390/logistics10080170

	Introduction
	Background
	Materials and Methods
	Results
	Discussion
	Conclusions
	References

