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Abstract

Circular economy goals under the Furopean Green Deal require business
models that make recyclability financially attractive, yet this alignment be-
comes fragile when eco-design effort is hidden and secondary-market prices
are volatile. This paper develops a formal model of the wind-turbine blade
(WTB) value chain to examine when closed-loop systems can internalise eco-
design incentives. In a Stackelberg game between a manufacturer and a re-
cycler, we show that reintegrating recovered Glass Fiber Reinforced Polimer
(GFRP) into new WTBs can endogenously reward eco-design by linking ma-
terial recovery to cost savings. However, this self-alignment weakens un-
der risk aversion and competitive leakage, when recyclers divert material to
more profitable external markets. We derive a robustness-adjusted subsidy
threshold that ensures closed-loop stability and quantify how it varies with
eco-design leverage, price uncertainty, and technology choice. Numerical re-
sults for pyrolysis and solvolysis highlight how technological maturity and
market risk shape feasibility.

Keywords: Circular Governance, Closed-Loop Recycling,

*Corresponding author
Email addresses: onieto@mondragon.edu (Oscar Nieto-Cerezo),
jmfernandez@mondragon.edu (Joan Manuel F. Mendoza)



10

15

20

25

30

Performance-Based Subsidies, Game Theory, Leakage Risk, Sustainability
Strategy

1. Introduction

The transition to a circular economy is widely recognised as essential for
reducing resource dependence, carbon emissions and waste generation. Yet in
practice, circularity frequently falls short of policy ambitions, as structural
frictions, behavioural responses and market uncertainties undermine recy-
cling and eco-design measures (Korhonen et al., 2018; [Stahel, |2016). These
implementation gaps highlight a broader issue of circular governance: how
to structure institutions, incentives and coordination mechanisms that align
firm behaviour with circular outcomes under real-world constraints.

WTBs are a critical test case. They are large, composite-intensive prod-
ucts with rapidly growing end-of-life (EoL) volumes but limited high-value
recycling pathways. Despite EU targets to eliminate blade landfill by 2025
(European Commission, 2020b, 2019) and industry pledges of “fully recy-
clable” blades (Siemens Gamesa Renewable Energy, |2021; Vestas Wind Sys-
tems A /S, 2023), most decommissioned WTBs continue to be used in low-
value applications such as cement co-processing (Rosa et al., 2021; |[Beauson,
2022; [Sproul et al., 2023|). The competitiveness gap between virgin and
secondary composites remains substantial. Although voluntary take-back
schemes and design-for-recyclability initiatives have expanded under the EU
Circular Economy Action Plan (WindEurope, 2020)), large-scale closed-loop
recycling remains rare. This persistent gap between ambition and outcomes

suggests that technological advances alone are insufficient: economic, be-
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havioural and institutional frictions continue to constrain circular transitions.

Subsidies for eco-design and recycling are among the most widely used in-
struments to support circularity. Cost-based subsidies offset processing costs
but offer weak incentives for innovation, whereas performance-based schemes
reward realised circular outcomes (Yu et al., 2021} Zhao et al. 2024). Yet
even performance-based subsidies face major challenges. Eco-design effort
is difficult to observe, creating scope for greenwashing and subsidy misallo-
cation. High-profile announcements of “fully recyclable” blades often over-
state actual progress, with most EoLL composites still routed to cement kilns
(Beauson|, 2022; |Sproul et al., 2023; WindEurope, |2023). These dynamics il-
lustrate that circular transitions are fundamentally shaped by firms’ strategic
behaviour under sustainability constraints, because incentives and informa-
tion asymmetries ultimately determine whether circular practices materialise
in practice. Beyond informational asymmetry, market volatility, risk aversion
and diversion of recovered GFRP to higher-value external markets further
weaken policy effectiveness. Similar issues arise in renewable energy support,
carbon offset markets and biofuel mandates, where unverifiable claims and
weak monitoring have enabled rent-seeking and overstated environmental
performance (Altenburg and Engelmeier, 2013; (Calel et al., |2025; |de Gorter
et al., [2013)). Extended producer responsibility (EPR) systems show com-
parable gaps between reported and actual recycling rates (OECD) [2016).
Collectively, this evidence underscores how informational asymmetries and
risk imbalances shape circular economy performance.

A growing literature highlights that circular transitions are hindered by

market failures, misaligned incentives and coordination problems along value
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chains. Firms often struggle to reconcile environmental and economic objec-
tives, and circular practices fail to scale when cooperation is weak or value dis-
tribution is uncertain (Enciso-Alfaro and Garcia-Sanchez, [2025; Boukhatmi
and Van Opstal, 2025). At the firm level, circular investments depend crit-
ically on decision-making under uncertainty, as volatility in material prices,
technology performance, and regulatory signals shapes how companies bal-
ance environmental and economic objectives. Recent reviews show that the-
oretical advances remain fragmented, with the field lacking analytical frame-
works that explain strategic behaviour, incentive formation and governance
mechanisms in circular systems (Aryee, 2025). While game-theoretic and
optimisation approaches have shed light on cooperation in industrial sym-
biosis (Yazan et al., [2020), coordination in re-commerce systems (Agrawal
et al.}2023) and incentive-based product recovery (Gautam and Bolial, [2024),
this work primarily addresses operational or bilateral pricing issues. It does
not consider deeper governance challenges such as hidden effort, strategic
underinvestment or competitive leakage. Analytical models of policy incen-
tives in recycling remain limited. For instance, Bimonte et al. (2022) analyse
eco-innovation support using a Stackelberg framework but do not capture
eco-design effort or closed-loop coordination, while work on digital platforms
addresses market failures (Boukhatmi and Van Opstal, 2025) without mod-
elling vertical governance in manufacturing.

As a result, there is still no analytical framework that integrates hidden
eco-design effort, endogenous recycling decisions, performance-based subsi-
dies, uncertainty and leakage into a unified model of closed-loop governance.

This gap limits our understanding of when circular systems become self-
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enforcing and when policy intervention is required to stabilise them.

This paper addresses this gap by developing a governance-oriented ana-
lytical framework that treats circularity as a strategic coordination problem
between manufacturers and recyclers. By linking governance design with
circular business model strategy, the framework shows how institutional ar-
rangements and incentive structures jointly determine the viability and sta-
bility of closed-loop systems.

The recycling value chain is represented as a Stackelberg game in which
the manufacturer chooses the eco-design effort and the buy-back price, an-
ticipating the recycler’s optimal response. Eco-design effort is modelled as
hidden from the policymaker, capturing a key governance friction, but re-
mains observable to the recycler within the bilateral exchange. To examine
how incentives can be realigned under real-world conditions, we introduce a
performance-based subsidy that rewards realised circular outcomes and anal-
yse its effectiveness under volatility, risk aversion, and competitive leakage.
The model formalises how closed-loop systems can endogenously reward eco-
design, and how this alignment weakens when recyclers divert materials to
external markets or when uncertainty discourages investment.

The analysis yields several implications for circular economy governance
and business strategy. A key result is the identification of a robustness-
adjusted subsidy threshold that determines whether circular systems can
be sustained without additional intervention. This threshold increases with
technological volatility, eco-design leverage and material-retention require-
ments, suggesting that static subsidy levels may be insufficient under risk.

These results inform the design of performance-based policies and highlight
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the need for complementary instruments, such as procurement commitments,
monitoring systems and traceability, that reduce information asymmetries
and limit leakage. For firms, the model offers strategic insight into how con-
tractual arrangements and risk-sharing schemes can stabilise circular part-
nerships under uncertainty.

Building on these implications, this paper makes three strategic contribu-
tions to the literature on circular economy governance and business strategy.

First, it conceptualises circularity not simply as a technological or op-
erational challenge, but as a strategic coordination problem between manu-
facturers and recyclers operating under hidden eco-design effort, uncertainty
and competing market opportunities. By framing circularity as an incentive-
alignment issue, the analysis highlights why circular systems that appear
viable on paper often fail to stabilise in practice. Second, the paper charac-
terises the conditions under which closed-loop systems become endogenously
self-governing, that is, capable of sustaining eco-design and material reten-
tion through internal cost-saving feedbacks, versus those under which they
remain dependent on policy support, particularly when firms are risk-averse
or when leakage to external markets is profitable. Third, the paper intro-
duces a robustness-adjusted subsidy threshold that links performance-based
policy design to technological characteristics, market volatility and leakage
risk, offering a governance-relevant metric for assessing when subsidies alone
are sufficient and when complementary instruments are required.

While the model is calibrated to WTBs recycling, the underlying mech-
anisms apply to a broad class of circular value chains, such as composite-

intensive manufacturing, electronics and construction materials, where eco-
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design effort is difficult to observe, secondary markets are volatile, and long-

term circular coordination is strategically fragile.

2. Analytical Framework

This section presents an analytical framework to study circular gover-
nance in the WTB value chain. The model considers two strategic actors, a
manufacturer and a recycler, engaged in a closed-loop relationship. Rather
than constructing a fully specified principal-agent contract, the model fo-
cuses on characterising the strategic interdependence between manufacturers
and recyclers and on assessing how governance mechanisms can support cir-
cular performance. The interaction is represented as a Stackelberg game in
which the manufacturer, acting as leader, chooses an unobservable eco-design
effort and a buy-back price, anticipating the recycler’s optimal response. The
recycler observes these choices and decides the recycling rate, which deter-
mines the share of EoLL material reintegrated into the production of new

WTBs (see Figure |1)).

Step 0 Step 1 Step 2 Step 3 Step 4
Manufacturer sets Recycler Recycler chooses Recycling Transfers occur:
eco-design (e) and observes (e, A) recycling rate p outcomes buy-back payment
buy-back price (A) realised and subsidy S(e)

Figure 1: Decision timeline in the Stackelberg model: the manufacturer (leader) chooses
eco-design effort and the buy-back price, anticipating the recycler’s (follower) recycling

decision.

This structure reflects industry practice, i.e., design standards are de-

termined ex ante, while recycling decisions are made ex post, and captures
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institutional asymmetries in information and control. It also operationalises
an ecological economics perspective by examining how circularity emerges
endogenously under imperfect monitoring rather than assuming perfect en-
forcement. Model outcomes include eco-design effort, recycling rates, firm
payoffs, and the subsidy level required to sustain full material retention in
the closed-loop system.

Government support for eco-design is modelled as a linear performance-
based subsidy, reflecting performance-based policy schemes that reward re-

alised circular outcomes while remaining simple and transparent
S(e) = deq, (1)

where e > 0 denotes eco-design effort, 6 > 0 the subsidy rate, and ¢ > 0
the number of WTBs manufactured in the periodﬂ. Linear performance-
based schemes are consistent with emerging extended producer responsibility
(EPR) principles and reflect current EU momentum toward linking design
choices to EoL outcomes (WindEurope, 2020; OECD) 2016; European Com-
mission, |2008)).

Figure 2] situates the model within the WTB value chain, illustrating the
material flows, strategic decisions and informational frictions that motivate
the analytical structure.

Eco-design effort e captures increasingly complex design modifications,
such as modular interfaces, reversible adhesives and traceable components

(Sardana et al., [2024; Martinez Leal et al., [2020|). While higher effort raises

'In a closed-loop context, ¢ also represents the number of WTBs re-entering the system

at end-of-life.
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Hidden Eco-design Effort (Informational Asymmetry)
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#
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‘ Recycler }‘7!50!_ WTBs SEJ'EA{ Decommissioner

Figure 2: Structure of the WTB recycling value chain showing the Stackelberg interaction

between the manufacturer and recycler under hidden eco-design effort and informational

asymmetry.

manufacturing costs, it also enhances the quality and recovery of composite
materials at EoL. The manufacturer also sets a buy-back price A, interpreted
as a per-ton payment to the recycler to secure the return of recovered fibres

and prevent diversion to external markets, thereby enabling their reintegra-

tion into the production of new WTBs (Sproul et al., 2023; Pender et al.|

. The recycler responds by choosing a recycling rate p € [0, 1], deter-
mining the fraction of composite material returned to the closed-loop sys-
tem. As p approaches full circularity, marginal recycling costs rise due to
contamination limits, sorting complexity and diminishing-quality fractions.

Decommissioners and asset owners, while not modelled as strategic actors,
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influence material flows through dismantling and transport decisions. Their
role forms part of the institutional infrastructure that shapes the effective-
ness of closed-loop recycling systems (Ferrell and DeVuyst, 2013; Beauson,
2022).

Eco-design incurs a quadratic cost:

¢(€) = 5 (2>

reflecting increasing marginal costs of design improvements as more advanced
eco-design features, e.g. modular architectures, reversible bonding, or trace-
ability requirements, are implemented. At EoL, higher eco-design effort in-
creases the mechanical performance of recovered fibres to hys+ Ae, where hy, is
the baseline tensile strength and A captures the marginal effect of eco-design
effort on material tensile strength. Tensile strength is the key mechanical
property determining whether recycled composite fibres can be reintegrated
into structural WTB production rather than downcycled?

The manufacturer’s revenue is therefore:

7(e) = Blhus + Ae)q, (3)

where 3 is a stochastic price capturing fluctuations in demand, raw material
costs and policy uncertainty (McKinsey & Company, 2023; |Rahman and
Shakeel, |2025; [Thapa and Missoum), 2022]).

Recycling is economically attractive only when the closed-loop value of

2Tensile strength measures the maximum stress a fibre can withstand before failure.
Higher tensile strength increases the likelihood that recovered fibres meet structural per-

formance thresholds for WTB manufacturing (Tapper et al., 2018)).

10
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recycled material exceeds the buy-back price:
A> A,

where A denotes the per-unit closed-loop value associated with reintegrating

recycled material into production E| Net savings are:
R(A) = (A—-A)Mpqv, (4)

where M is the GFRP content per blade and v denotes blade mass.

The manufacturer’s payoff is given by:
P(e, A) = 7i(e) + 5(e) + R(A) —¥(e), ()

combining revenue, subsidy income, cost savings and eco-design costs.

The recycler’s gross profit from material recovery is:
I(p) = (A— B — Cypp, + 0e) Mpqu, (6)

where B captures upstream decommissioning costs associated with WTB dis-

assembly and cutting, C,.,, denotes the recycler-side per-unit recycling cost,

including transport and the recycling process (e.g., pyrolysis or solvolysis),

and fe represents the per-unit cost reduction induced by eco-design effort. E|
Increasing the recycling rate imposes rising marginal costs:

i

plp) =~ (7)

3This value reflects, among other components, avoided energy use and raw material

extraction relative to virgin GFRP (Oliveux et al.| [2015]).
4Eco-design can reduce chemical inputs, energy demand and process complexity. For

example, through reversible adhesives or modular interfaces (Oliveux et al., 2015)).

11
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reflecting economic limits to full circularity. Recycling costs are assumed to
be convex in the recovery rate, capturing increasing marginal costs associated
with higher material recovery, such as quality losses, processing complexity,

and capacity constraints. The recycler’s net payoff is:

P (p) =1L(p) — p(p). (8)

These payoff functions allow us to examine how informational, behavioural
and structural frictions shape circularity outcomes. While the model is cali-
brated to the WTB recycling context, several elements of the framework are
not specific to this application. In particular, the treatment of eco-design
as a hidden effort, the use of performance-based subsidies, the role of price
uncertainty and risk aversion, and the possibility of leakage to alternative
markets capture governance challenges that are common to a wide range of
circular value chains. By contrast, the specific parameter values, cost struc-
tures, and recycling technologies considered in the numerical analysis reflect
characteristics of the WTB sector.

To assess how circularity behaves under increasing real-world complexity,

we extend the model in three stages, illustrated in Figure [3

12
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Stage 1: Closed-loop (Risk Neutrality) - Section 3 Stage 2: Closed-loop (Risk Aversion) - Section 4
Assessment of how subsidy levels influence eco-design | Demonstraies that uncertainty reduces eco-design effort,
effort, recycling performance, and sustainability trade-offs |  increasing the subsidies required to maintain recycling
across recycling methods performance
| Government | Government | | Government |
- P -
Subsidy on Eco-design Subsidy on Eco-design Subsidy on Eco-design
Hidden Eco-design Effort (Informational Asymmetry) Hidden Eco-design Eifort (Informational Asymmetry) Hidden Eco-design Effort (Informational Asymmetry)
P s P
Risk Neutral i Tr Wind Farm ‘ Risk Averse ey Wind Farm ‘ Risk Averse }_ WTBs Sale Wind Farm
Manufacturer Owner Owner Owner
~ -
Eco-design Effort Eco-design Effort ] Eco-design Effort
Buy-back Price Buy-back Price 1 Buy-back Price
1
Recycling Recycling | | Recyeling
Rarte Decommisioned Rare Decommisioned Rate Decommisioned
N ) WTBs hY . WTBs 1 W W WTBs
Risk Neutral Risk Neutral = Risk Neutral
Competifion
Recycler | Recycler | v | Recycler ‘
1
1
Eol WTBs sale EolL WTBs sale Buy-back price Eol WTBs sale
N v ¥ 7 N h 4
| Decommissioner | Decommissioner | | Car \ \ i
[ Stakeholders in the value chain Material or financial flow label Decision or strategic variables [_] Hidden eco-design efiort Competition for recycled GFRP/ICFRP

Figure 3: Model extensions: (1) risk-neutral closed loop, (2) risk-averse closed loop, and

(3) closed loop with competitive leakage.

We begin with a benchmark risk-neutral closed loop without leakage.
This provides closed-form solutions for eco-design and recycling under ideal
alignment. We then incorporate manufacturer risk aversion under stochastic
WTB prices, reflecting real exposure to market volatility and policy uncer-
tainty. Risk reduces eco-design effort and increases the subsidy required
to sustain circularity. Finally, we introduce competitive leakage, allowing
recyclers to divert recovered fibres to external markets. This extension cap-
tures systemic challenges associated with open material flows and enables
the derivation of a robustness-adjusted subsidy threshold required to retain
material within the WTB value chain.

Together, these stages align ecological economics insights on bounded ra-
tionality, uncertainty and leakage with firm-level incentives and circularity
targets, illustrating when circularity can be self-enforcing and when comple-

mentary policy intervention becomes necessary.

13
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3. Risk-Neutral Closed-Loop Benchmark

We begin with a benchmark case in which both manufacturer and re-
cycler are risk-neutral and all recovered material is fully reintegrated into
new WTBs, with no leakage to external sectors. Although uncertainty is
present through market volatility in blade prices, risk-neutral agents max-
imize expected profits and are unaffected by variance. In our Stackelberg
game framework, the strategic interaction between the manufacturer and
the recycler unfolds in two stages. The manufacturer, as the leader, first
sets the eco-design level (e) and the buy-back price (A). The recycler, as
the follower, then determines the optimal recycling rate (p) in response. The
game is solved by backward induction, starting from the recycler’s decision
and moving backward to the WTB manufacturer’s decision, ensuring that
both parties’ strategies are optimized given the sequential nature of the in-
teraction.

Throughout this section, hidden effort refers, as in Section [2] to the in-
centive misalignment that arises when the manufacturer’s eco-design effort
is unobservable to the policymaker.

We measure system-level circularity through the recycling rate (p). Full
circularity (p = 1) means that 100% of recovered GFRP is reintegrated into
new W'TBs by the original manufacturer. This outcome corresponds to the
industry-led ambitions for “full blade recyclability” and the elimination of
landfill disposal under circular economy roadmaps (European Commission,
2020b|, 2019; WindEurope, [2020). Partial circularity (p < 1) occurs when
only part of the recovered material returns to blade production due to tech-

nical limits or prohibitive marginal costs.

14
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We now turn to the recycler’s decision problem. Substituting Eq. [ and
Eq. [7]into Eq. [§] the recycler’s pay-off becomes:

k
P(p) = (A= B = Cpp + ) vgMp — 2p” 9)

where B denotes the decommissioning payment paid to the decommis-
sioner, and C,,, denotes the recycler-side per-unit recycling cost, fe repre-
sents the per-unit cost reduction induced by eco-design effort, v the WTB
mass, ¢ the number of decommissioned blades, and M the GFRP content

per WTB. Formally, the optimization problem reads

max P,(p). (10)

0<p<1

Lemma 1. The recycler’s decision problem has a unique interior solution

p*, which is determined by the first-order condition (FOC)
kp® = (A— B — Cppy, + Oe)vgM. (11)

Moreover, the optimal recycling rate p* = p*(e, A) is strictly increasing in

both e and A.

Proof. The proof of Lemma 1 is provided in the Appendix.

Lemma [I] indicates that stronger buy-back commitments by manufactur-
ers and higher eco-design effort directly incentivize recyclers to raise recovery
rates, thereby reinforcing the closed-loop structure.

Substituting the expressions for revenue, subsidy income, recycling sav-
ings, and eco-design costs into the WTB manufacturer’s payoff, and using the

recycler’s best response p*(e, A), the manufacturer’s payoff can be written as

15
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. ~ d
P(e, A) = B(hs + Xe)q + deq + (A — A)p*quM — 562 (12)

For consistency, we refer to P(e, A) as the WTB manufacturer’s stochastic
payoff, and under risk neutrality we maximise its expected value.

The distribution of the unit revenue coefficient can be approximated by
a log-normal PDF, § ~ LN(ug,aﬁ), because it ensures positive prices, re-
flects right skewed market price fluctuation, and accounts for multiplicative

economic uncertainty E|

1169) = 5y e - 2T

— 0 13
= R (13

Replacing p* by the FOC in Eq. |11} and f(5) by the log-normal PDF in
Eq. [13] the expected profit of the WTB manufacturer takes the form:

E[P(e, A)] = /OOO B(hss + Ae)q + deq
(14)
(A — A)(A—B—Cpp + e)v*’¢*PM*  d
+ 2 ~ 3¢ ] f(B)ds

Since f(f3) is the PDF of g, the expectation only affects terms containing /3.
0,2
Under the log-normal distribution, E[3] = exp (,ug + 2"), so the first term

5The price of recycled WTBs is influenced by multiple factors following a normal distri-
bution, whose product results in a lognormal price distribution (Fonte and Xydis, [2021)).
Due to the underdeveloped market and uncertain demand, prices exhibit high variability

and skewness (Chen et al., 2019).

16
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2
E[f’(e, A)| =exp(ps + %)(hts + Xe)q + deq
(15)
N (A= A)(A =B~ Cpp + )0’ M>  d ,

k 2

Anticipating the recycler’s optimal response (p*), the WTB manufacturer

strategically chooses the levels of eco-design (e), and the buy-back price (A).
These decisions are chosen to maximize the WTB manufacturer’s expected
payoff.

max E[P(e, A)] (16)

€,
Lemma 2. The manufacturer’s optimal decisions for eco-design effort e*

and buy-back price A* are characterized by the FOC:

2
dke* = qu | MPqul (A — A*) + k (5 + Aexp <,u5 + 0;))] (17)

2A* = A+ B+ C,,, — fe* (18)

Equation |17 shows that e* rises with the subsidy rate 0, the tensile-strength
gain from eco-design A, and the profitability of recycling (A — A*). Equa-
tion [18 shows that, as eco-design improves, the manufacturer can offer a
lower buy-back price and still make recycling attractive for the recycler, since

better design reduces the recycler’s effective costs.

Proof. The proof of Lemma 2 is provided in the Appendix.
Lemma [2] shows that subsidies, technological improvements in GFRP
quality, and the profitability of recycled versus virgin material are the key

levers that stimulate eco-design

17



Combining Lemmas[I]and [2, we derive the unique closed-loop equilibrium

for the risk-neutral benchmark model:

Proposition 1. The unique closed-loop equilibrium in the risk-neutral case

is determined by the following:

315 1. The optimal buy-back price is:

dk(A+ B+ Cypy) — Oqu <M2q1)QA + k(6 + Nexp(us + Jf)))

A** —
2dk — M2q2v262

(19)
2. The optimal eco-design level is:
M2 qub o3
2quk <21‘€1(A — B —Crpn) 4+ 0+ Nexp(up + ;))
‘ 2dk — M2q206? (20
3. The corresponding recycling rate implemented by the recycler is:

e (A =B —Cypy + 0™ ) ugM
o= £ 0C) (21)

While the interior equilibrium is analytically tractable, whether the bound

ary outcome p = 1 (full circularity) is attained depends on nonlinear param-
20 eter interactions that cannot be resolved analytically. Because p = 1 corre-
sponds to EU circularity targets, we use numerical simulations to examine
the subsidy levels required to sustain full circularity and assess whether such

thresholds are economically and politically feasible.

3.1. Subsidy Requirements and Strategic Trade-Offs Under Risk-Neutral Cir-

35 cularity
3.1.1. Recycling Technologies and Data Inputs
The analysis compares two representative recycling methods, pyrolysis

(M1) and solvolysis (M2), that differ in technological maturity, cost structure,

18
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recovery efficiency, and achievable GFRP quality. Table [I| summarises their

key characteristics.

Table 1: Summary of recycling methods for EoL. WTBs.

Method Process Description

Main Outputs

Reference

M1 Thermal decomposition in the ab-
sence of oxygen, breaking down com-
posite materials into hydrocarbon-
based compounds.

M2 Chemical recycling using solvents to
dissolve the polymer matrix and re-
cover fibres with high mechanical in-

tegrity.

Fibres, oil, gas

carbon black

Fibres, oil

Y

Szatkowski
and Twardg

(2024)

Lund and
Madsen
(2024)

To operationalise the analytical framework developed in Section [3| we

calibrate parameters using recent techno-economic data for Eo. WTBs. Ta-

ble [2[ summarises the main model parameters, their economic interpretation,

units, baseline values for pyrolysis and solvolysis, and data sources.

We adopt a representative 48.7m blade from a 1.7 MW turbine (Sproul
et al) 2023), with total mass v = 9t, of which M = 0.587 is GFRP. The

decommissioning payment B = 64.1 €/t represents disassembly and cutting,

while recycler-specific processing costs combine transport and recycling com-

6Decommissioning payment (B) aggregates disassembly and cutting costs reported in

Table 3 of Liu et al. (2022).

"Recycler-side recycling costs (C,.,,,) aggregate transport and process-level recycling

costs reported in the same source.

19
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Table 2: Model parameters, units, baseline values, and data origin.

Symbol  Description Unit (M1)  (M2)
B Decommissioning payment*ﬁ €/t 64.1 64.1
Crm Recycler-side recycling cost*{] €/t 304.0  779.3
0o Baseline recycling rate* - 0.75 0.85
his Baseline tensile strength* GPa 1.2 2.0

0 Eco-design leveraget €/t 13.82  13.82
A Tensile-strength gain from eco-designf GPa 0.01 0.01
A Closed-loop material valuel €/t 4500 4500
dy Eco-design cost scalet - 37 37

k Recycling cost curvaturet - 310000 26000
13 Log-mean revenue coefficient - 9 9

og Revenue volatility: — 1.0 1.0

Note: * Empirical parameters sourced from the literature cited in the
manuscript; { calibrated parameters chosen to match observed techno-
economic characteristics of the recycling technologies; and i assumed pa-

rameters used for scenario analysis.

ponents from Table , yielding Cypar1 = 304.0 €/t and Cipp a2 = 779.3 €/1.
Secondary-market uncertainty is captured by a lognormal unit-revenue coef-
ficient, In 3 ~ N(9,1.0%), consistent with Eq.

Baseline performance parameters reflect the existing technical capabili-

ties of each recycling method [f|as documented in reported recovery yields and

8Here, “baseline” refers to the method-specific recovery performance observed in lab-

oratory and pilot-scale trials before any eco-design effort by the manufacturer. Thus,
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Table 3: Breakdown of process-level recycling costs for EoL. WTB (€/t), adapted from
Liu et al.| (2022]).

Disassembly Cutting Transport Recycling Total

(€/t) (€/t) (€/1) (€/t)  (€/t)

M1: Pyrolysis 25.9 38.2 96.7 207.3 364.9
M2: Solvolysis 25.9 38.2 96.7 682.6 843.3

tensile-strength retention studies. Pyrolysis typically achieves 70-80% recov-
ery, with fibres retaining 60-70% of their original tensile strength (approxi-
mately 1.1-1.4 GPa) (Ciorgini et al., 2016} |Akesson et al., [2012). Solvolysis
performs better, reaching 85-90% recovery efficiency and producing fibres
with strength close to virgin composites. Because absolute strength values
are not consistently reported, we adopt a conservative recovered-strength
benchmark of 2.0 GPa, consistent with upper-bound experimental estimates
(Zabihi et all 2020; Sokoli et al.) 2017) and corresponding to the mini-
mum tensile-strength level typically required for structural-grade reuse in
new WTB manufacturingﬂ

These considerations motivate the baseline parameter values pg yr1 = 0.75,
hisarn = 1.2 GPa, po are = 0.85, and hys pro = 2.0 GPa. To ensure consistency

between empirical performance and model structure, these baseline values

po.m1 = 0.75 and po a2 = 0.85 represent current achievable recovery levels, not a zero-

recovery starting point.
9Industry and laboratory evidence indicate that tensile strengths around 2.0 GPa rep-

resent the lower bound for structural composite applications, including new wind turbine

blades.

21



360

365

370

375

po.m; also define the reference recovery levels in the recycling cost function
introduced below, representing the minimum-cost operating points for each
technology.

Parameters governing incentive responsiveness, including eco-design lever-
age (0 = 13.82), the tensile-strength gain from eco-design (A = 0.01), and the
closed-loop material value (A = 4500 €/t), are held constant across meth-
ods. These values are not directly estimated from data but are chosen to
produce realistic equilibrium behaviour: moderate improvements from eco-
design, diminishing marginal returns, and buy-back prices aligned with Fu-
ropean GFRP markets. Together, they balance empirical grounding with
internal model consistency, making the numerical analysis interpretable for
academic and policy audiences.

Eco-design effort is represented by the quadratic cost function

dM. 2 dO
e)=—"e", dy, = ————,
o= M= T

Higher baseline recovery rates yield steeper cost curves, reflecting the in-

do = 37, n= 1.2.

creasing marginal difficulty of design improvements as circularity approaches
its technical limits (Bocken et all [2014)). The calibrated coeflicients are
dMl = 21,756 and dMg = 25,679

Recycler costs are modelled as

(p - pO,Mi)?i-

ka, o 9
(07 = por) + K, :
7 o) M

2

oar,(p) = (22)

where kj;, captures baseline curvature, s, determines the penalty magni-
tude, and &), controls the steepness of cost escalation near the recovery
frontier. In the numerical analysis, we replace the benchmark quadratic cost

w(p) = g p? used in the analytical sections with the method-specific calibrated
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function ¢y, (p) in Eq. 22 to capture observed nonlinear cost escalation as
recovery approaches its technological limit.

The parameter values are ky;; = 310,000, k1 = 57, &y = 0.1 for
pyrolysis, and kye = 26,000, kpo = 250, &y = 2.7 for solvolysis. This
specification ensures ¢y, (po,ar,) = 0[]

Figure [ visualises the calibrated eco-design and recycling cost functions.
In Panel (a), higher n steepens 1y, (e), illustrating the growing marginal dif-
ficulty of design improvements. In Panel (b), higher £, sharpens the esca-
lation in ¢y, (p) near p = 1, capturing the nonlinear cost increase associated

with approaching full recovery.

(a) Eco-design cost functions. (b) Recycling cost functions.

Figure 4: Calibrated cost functions for the two recycling methods. Dashed lines mark

baseline recovery rates pg a1 = 0.75 and po. a2 = 0.85.

These calibrated relationships show that as circularity approaches its
technical limits, marginal costs rise sharply. The subsequent analysis ex-
amines how subsidy levels interact with these nonlinearities to determine

whether closed-loop outcomes remain economically viable.

10 For numerical optimisation, the non-differentiable operator (p—pg). is approximated
by
(p—po)+ =~ 3 {(p —po) +V/(p—po)? + ez} , e=107",

which preserves the original functional shape while ensuring smooth derivatives.
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3.1.2.  Results: Circularity Outcomes and Strategic Insights

Numerical calculations were performed using Python (SciPy 1.14). The
recycler’s best response for p admits a closed-form solution, while the man-
ufacturer’s bi-level problem in (e, A) was solved via nonlinear programming
(SLSQP). Results were validated against a grid search over (e, A) to check
for consistency and rule out obvious local optima. Subsidy scenarios were
simulated for ¢ = {0,250, 500, 750} and extended iteratively until 6}/(}?%, the
minimum subsidy achieving full circularity (py; = 1), was identified. Table
summarises the equilibrium values of eco-design effort (e3;,), buy-back price
(A37.), and recycling rate (p3;.) for both recycling methods across increasing
subsidy levels.

Table {4 shows that subsidies increase eco-design effort and recycling rates
nonlinearly: modest support yields rapid gains, but approaching p = 1 re-
quires disproportionately large transfers. As d rises, (eyy,, A3j, paz,) move
jointly toward full closed-loop, but the marginal subsidy grows steeply near
the frontier, an instance of diminishing institutional returns. Beyond this
point, additional fiscal effort yields smaller systemic gains and may threaten
fiscal sustainability. Hence, subsidies alone cannot substitute for feedback
mechanisms, such as design standards, traceability, and quality certification,
that stabilize circular relationships.

Solvolysis (M2), while technologically superior, requires a higher subsidy
coefficient 5]1\2?% to achieve full circularity than pyrolysis (M1). This differ-
ence stems from two structural factors: first, solvolysis has a steeper eco-
design cost curve (dpe = 25,679 vs. dyy = 21,756), reflecting the increasing

difficulty of design improvements near its higher baseline recovery rate; and
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Table 4: Equilibrium decision variables and payoffs for different subsidy levels §.

Variable §=0 =250 &§=500 0="750 &%

evn 19.3 45.4 71.4 97.5 125.0

Ay (€) 2785 2120 1940 1760 1565

M1 piin (%) 75.0 81.1 87.2 93.4 100.0

Manufacturer Payoff (€) 510,025 671,610 963,505 1,385,711 1,988,059

Recycler Payoff (€) 174,284 189,089 205,106 222,283 242,131

erio 10.9 24.8 38.8 52.8 85.3

Ay (€) 2785 2663 2566 2470 2245

M2 Pisy (%) 85.0 87.2 90.1 93.1 100.0

Manufacturer Payoff (€) 785,992 875,103 1,034,146 1,263,140 2,063,806

Recycler Payoff (€) 187,850 194,201 203,351 212,706

235,601

5390% = 1020; 63997 = 1330.

second, it faces higher recycling costs (Crpar2 = 779.3 €/t vs. Crpann = 304.0
€/t; Table |3]). These factors raise the marginal fiscal effort required to stim-

w0 ulate additional eco-design investment, yielding 5]1\22% = 1330 compared to

100%
o,

(i = 85.3 vs. e}j; = 125), the total subsidy outlay, Sji. = 6300%€}; g, is
smaller; about €2.27 million for solvolysis versus €2.55 million for pyrolysis
(for ¢ = 20 blades). Hence, although solvolysis requires a higher per-unit sub-

w5 sidy, its technological efficiency reduces the overall fiscal burden of achieving

full circularity.

Both agents benefit monotonically from increasing subsidies. Manufac-

25

= 1020. Yet because solvolysis attains circularity with lower effort



430

435

440

445

450

turer payoffs grow faster because subsidies directly offset eco-design costs
and raise the value captured from recycled fibres, while recycler gains ex-
pand more gradually through higher buy-back prices and reduced recovery
costs. The widening gap between manufacturer and recycler payoffs reflects
that most fiscal support accrues upstream, highlighting an equity dimension
of subsidy design: without complementary sharing mechanisms, circularity
gains may concentrate at the manufacturing tier rather than across the value
chain.

The sensitivity of subsidy requirements to key parameters is summarised
in Table 5] Entries report the percentage change in the minimum subsidy
coefficient (5}%0%) needed to achieve full circularity when each parameter
increases by 10%.

Two results stand out. First, (5]1\2?%) is most elastic to structural value
drivers: a higher closed-loop material value (A) or stronger eco-design lever-
age (0) substantially reduces the fiscal support required. Improvements in
expected market conditions, captured by the revenue log-mean (u3), also
lower subsidy needs.

Second, subsidy requirements increase with parameters that steepen the
marginal cost of recovery or design effort. Higher recycling-cost curvature (k)
or a steeper eco-design cost scale (dy) significantly raise the subsidy threshold,
as do higher recycler-side recycling costs (Ci.,).

Taken together, these elasticities indicate that the most cost-effective
levers for reducing fiscal support are those that raise intrinsic closed-loop

value, i.e., higher A, stronger eco-design leverage 6, and more favourable

price expectations pig. By contrast, steep cost-curvature parameters (k,dp)
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Table 5: Elasticity of the subsidy threshold (5]1\40?%) with respect to key parameters. Values

indicate the % change in ((511%)%) resulting from a 10% increase in the parameter.

Parameter M1: Pyrolysis (%) M2: Solvolysis (%)
A (per-unit closed-loop value) —30.9 —38.7
6 (Eco-design leverage) —11.6 —11.3
Crm (Recycler-side recycling cost) +2.45 +7.52
ps (Log-mean of the revenue coefficient) —19.1 —15.0
k (Recycler cost curvature) +41.7 +46.5
dy (Eco-design cost scale) +11.9 +12.0

rapidly increase subsidy requirements, highlighting the importance of process
innovations and design improvements that flatten cost trajectories.

The numerical results allow the most sensitive parameters to be directly
mapped to concrete managerial actions and policy instruments.Parameters
with the largest impact on the subsidy threshold are those that increase
the intrinsic value of closed-loop recycling. In particular, a higher closed-
loop material value (A) corresponds to policy measures such as green public
procurement, recycled-content requirements, or certification schemes that in-
crease the effective market value of recycled GFRP relative to virgin materi-
als.Similarly, stronger eco-design leverage (#) reflects managerial and organ-
isational investments that make design improvements more effective, such as
design-for-recyclability choices, process integration, and information-sharing
mechanisms that allow eco-design effort to translate more directly into lower
downstream processing costs.By contrast, parameters that steepen cost tra-

jectories, such as recycling cost curvature (k), eco-design cost scale (dp), and
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recycler-side recycling costs (C,.,,,), capture technological immaturity and ca-
pacity constraints. These parameters point to the importance of technology
support, learning-by-doing, and scale-up policies as complements to financial
subsidies.

Closed-loop recycling becomes self-sustaining, i.e., achieves p = 1 without
subsidies, only when the combined value of recycled materials and eco-design-
induced cost savings is sufficiently high to offset rising marginal recovery
costs. Moderate subsidies can trigger substantial improvements in recycling
rates, but approaching full circularity requires disproportionately large fiscal
support due to sharply increasing marginal costs. Technologies with higher
baseline performance, such as solvolysis, reduce the total subsidy needed
despite requiring higher per-unit support, highlighting the importance of
technological efficiency rather than subsidy intensity alone as a key lever for

both firms’ design choices and policy targeting.

4. Risk-Averse Closed-Loop System

The analysis so far has assumed a risk-neutral manufacturer. We now re-
lax this assumption by introducing risk aversion, capturing how uncertainty
in secondary-material markets affects strategic choices in eco-design and re-
cycling. In practice, manufacturers value stability in circular supply chains:
volatile resale prices and uncertain fibre quality increase planning risks, in-
fluencing investment and contracting decisions. To model these strategic
preferences, we adopt a constant absolute risk aversion (CARA) utility func-
tion which allows for a tractable representation of how uncertainty affects

strategic decisions and policy thresholds.
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The manufacturer’s utility under uncertainty is:

u(P(ey, Ay)) = — exp {—'y (B(hts + Xeyw)q+ oe,q+ (A — Ay)p* Mg — dei) } )
(23)
where v > 0 denotes the degree of risk aversion. The utility function is
strictly increasing and concave, consistent with a preference for predictable
circular value flows.
Expected utility becomes:

d
V(ey, Ay) = —exp {—7 <6euq + (A — A,)p" Mqv — 263) }

x /0 ~ exp[=7B8(hes + Aew)dl £(8) B, (24)

where 3 follows the lognormal distribution in Eq. Because the CARA-lognormal

combination lacks a closed form, we follow standard practice and apply the

mean—variance certainty-equivalent approximation:
BUA) = exp (s + 303) . Var(5) = (explo) — 1) exp 205+ 03).
Substituting these moments yields the certainty-equivalent function:

V(ew, Ay) = dewg + (A — A,)

(Ay — B — Cypy + Oe,) v P M? B EZQQ
k 2

2
o+ (e + Aeaps = 3 [(hea+ deu)d] 03, (25)

From a business strategy perspective, risk aversion captures firms’ pref-
erence for resilient, predictable circular supply chains. Higher uncertainty
in secondary-material markets reduces willingness to invest upfront in eco-
design, weakening the internal alignment that closed-loop systems otherwise

create.
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Lemma 3. The optimal eco-design effort el and buy-back price A for a

risk-averse manufacturer satisfy:

Cq[ALOV g M2 E A GM? 5k — ik Aqod kA )
€u: )
k(d—l—v)\zq?(j%)

A+ B+ C,, —0e*
= 3 2
- (21)

Ay

Proof. The proof of Lemma 3 is provided in the Appendix.

510 Equation 26/shows that both risk aversion () and price volatility (¢3) re-
duce the incentive to invest in eco-design: uncertainty increases the perceived
cost of future returns, dampening the effectiveness of performance-oriented
subsidy schemes. Equation 27]implies that lower effort also reduces the buy-

back price, transmitting risk aversion downstream to recycling decisions.

si5  Proposition 2. The equilibrium of the closed-loop system with a risk-averse

manufacturer and risk-neutral recycler is:

1. Buy-back price:

A** —

k (d + wq?ag) (A+ B+ C,,) — g [A Ov2gM? + 8k — 7y hyskAqod + kg

u

2%k (d 1 7)\2q20/23> — 02022 M2
(28)
2. Eco-design level:

q [(B + G — A) 002 g M? — 20k + 27 hyskAgo? — 2muﬁ}

e =
M2¢20%02 — 2k (d + 7/\2(120/23)
(29)
3. Recycling rate:
v (A =B —Cpy +0e) vgM
por = b oeT vl (30)
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Risk aversion reduces all three decision variables, e;*, A and p)*, rel-
ative to the risk-neutral benchmark. The term ”yag depresses eco-design
incentives, and the resulting lower buy-back price suppresses recycling effort.
Subsidy schemes calibrated for risk-neutral firms will therefore underperform
when manufacturers seek stability, especially for capital-intensive recycling
methods such as solvolysis (M2). Under Extended Producer Responsibility

regimes, this implies that performance-based subsidies must account for risk

preferences if they are to maintain closed-loop alignment.

4.1. Numerical Analysis of Subsidy Impact: Risk-Averse Case

Risk aversion affects circularity outcomes through two channels. First, it
shifts decisions toward safer outcomes, lowering both €;%,, and A7",, relative
to the risk-neutral benchmark. Second, it reduces the marginal return to eco-
design because the risky component of revenue, B(hts—i—/\e;iji)q, is discounted
in the certainty equivalent. As a result, the marginal payoff of e;%,, declines
even before cost convexities bind. Early design improvements remain essen-
tial to meet qualification and certification requirements (e.g. material testing
thresholds in DNV GL AS| (2015)) and to maintain fibre quality (Thomason
et al., |2016). Beyond these thresholds, however, additional gains become
harder to monetise, as procurement tends to prioritise price and availability
over incremental performance improvements.

To ensure physical and institutional realism, we constrain the recycling
rate to p € [pom;, 1], where pg s, is the empirically observed baseline for
each method and 1 denotes full circularity. We calibrate the subsidy in the
risk-neutral case such that full circularity is achieved at a reference volatility

og = 1. This value, § = 55?1%’(05:1), is indicated by a vertical dashed line
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in Figures . For og < 1, the risk-neutral recycling rate lies below full
circularity; for o > 1, the risk-neutral interior solution would exceed 1,
but the upper bound binds and the curve is flat at 1. Risk-averse outcomes
are computed for v € {5 x 1075, 1.0 x 107, 1.5 x 107%} and are floored at
po,um;, reflecting minimum-compliance or contractual obligations that prevent
falling below existing practice.

Figures [al and [5b| show that, holding technology and costs fixed, increas-
ing volatility o depresses the recycling rate under risk aversion, p;*/. (v, 05),
with larger effects at higher v. The vertical dashed line marks o3 = 1, where
the risk-neutral benchmark reaches p = 1, corresponding to the EU’s tar-
gets of eliminating blade landfill and achieving full recyclability (European
Commission, 2020b}, 2019; WindEurope, 2020)).

Our calibration at og = 1 therefore serves as a neutral benchmark. For
oz > 1, the risk-neutral manufacturer continues to achieve full circularity (the
curve remains capped at p = 1), whereas the risk-averse curves decline as o3
increases. This decline reflects the additional subsidy required to compensate
for the negative effect of uncertainty.

Table [0] quantifies this effect: the minimum subsidy required for full cir-
cularity, (5;?]%‘, increases with both risk aversion v and volatility og. The
increases are largest for capital-intensive or variance-sensitive methods such
as M2, indicating that identical volatility shocks generate systemically dif-
ferent fiscal burdens across recycling technologies.

Our calibration at og = 1 therefore provides a neutral reference: the
risk-neutral curve is capped at full circularity for o3 > 1, while risk-averse

curves decline with og, capturing the additional subsidy burden attributable
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Recycling Rate under Risk Aversion (p;, ;) and Risk Neutrality (oz;) Recycling Rate under Risk Aversion (p;,y,) and Risk Neutrality (oy5)
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Figure 5: Recycling rate under risk neutrality and risk aversion by volatility. The vertical
dashed line marks og = 1, where the risk-neutral system attains full circularity. Risk-

neutral curves are capped at p = 1 for og > 1; risk-averse curves are floored at po, ar,-

to uncertainty.

When fluctuations in the price and quality of recycled materials strongly
influence investment decisions, relying on subsidies alone may not be the most
cost-effective way to achieve circularity targets. In such settings, combining
fiscal support with risk-management and technology policies can substan-
tially improve outcomes.

First, instruments to reduce risk, such as quality-assurance standards,
certification schemes, warranties, or insurance, reduce the uncertainty faced
by manufacturers (i.e., lower o4 or perceived risk captured by v) (e.g.,[OECD)|
2023; European Commission), 2020a)). By making future prices and material
performance more predictable, these instruments reduce the level of subsidy
required for firms to invest in circular solutions.

Second, innovation and coordination policies, such as R&D support, eco-
design standards, and long-term procurement commitments, raise the ex-

pected closed-loop value of materials (A) and either reduce recycler-side re-
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Table 6: Subsidy coeflicient § iogf% required to achieve full recyclability under risk neutrality

and risk aversion.

100% 100%
5M1 5M2

“ (05) = 100%
Risk Neutrality Pii(o5) ! 1020 1330

(05 =1)

100% 100%
5u,M1 6u,M2

(v =5 x 1076, o5 = 1) 1098 1425
Risk Aversion (y=1.0x10"% o5=1) 1170 1500
(y=15x107% o5=1) 1250 1592

cycling costs (C,.;,) or increase eco-design leverage (), thereby improving the
economic attractiveness of recycling technologies.

These interventions strengthen expected returns while also improving re-
liability (e.g., [WindEurope, 2020).

These measures make circularity investments more resilient to market
volatility and reduces the overall fiscal burden needed to meet policy targets.

Risk aversion weakens circular incentives by reducing manufacturers’ will-
ingness to invest in eco-design under uncertain future revenues. Even when
subsidies are calibrated to achieve full circularity under risk neutrality, price
volatility leads risk-averse firms to lower eco-design effort and buy-back
prices, reducing recycling rates. As a result, subsidy schemes that ignore
risk preferences systematically underestimate the fiscal support required to

stabilise circular systems.

34



600

605

610

615

620

5. Risk Aversion and Competitive Leakage in a Closed-Loop Sys-

tem

We now extend the analysis to a more realistic setting in which recy-
clers may divert recovered material to higher-value external markets and
resale prices are volatile. From a business strategy perspective, risk aver-
sion reflects firms’ preference for stable and resilient circular supply chains:
volatility in secondary-material markets can disrupt investment, coordina-
tion, and long-term value capture. Competitive leakage therefore represents
not only an economic friction, but a strategic threat to the stability of closed-
loop coordination. When recyclers face more profitable external buyers, the
closed-loop system loses material, undermining the manufacturer’s circular
business model and weakening incentives for eco-design.

Throughout this section, we treat the eco-design effort (e*) and the buy-
back price (A*) as fixed at the risk-averse closed-loop values calibrated in
Section [4] These values were obtained under the assumption of no leakage
and represent the combination of (e, A) that delivers full circularity (p = 1)

§100% " corresponding to the EU’s target of full

at the baseline subsidy level
blade recyclability. In other words, e;* and A}* define the risk-averse manu-
facturer’s optimal closed-loop strategy before the introduction of competitive
leakage.

This modelling choice reflects well-documented technological and contrac-
tual lock-ins in composite-intensive industries. In wind energy, for example,
the design of Vestas’s CETEC platform and Siemens Gamesa’s Recyclable-

Blade was finalised several years before product launch. Resin systems, fibre

architectures, and joint geometries were fixed early to secure certification and
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supplier integration, making mid-production design changes costly and dis-
ruptive (Ulrich and Eppinger;, [2015} |Luttropp and Lagerstedt| [2006]). Similar
rigidities arise in aerospace and marine applications, where multi-year recy-
cling contracts pre-define quality, delivery, and pricing requirements to ensure
traceability and regulatory compliance (Cachon and Lariviere, |2005)).

In such settings, policy commonly operates ex post. Once blade designs
are locked and suppliers are contracted, manufacturers cannot readily re-
optimise eco-design decisions. Consistent with this reality, our model does
not re-optimise manufacturer behaviour. Instead, we compute the incremen-
tal subsidy 6™ required to retain recovered material within the closed-loop
when recyclers face competitive external resale opportunities. The total pol-

icy requirement is therefore

total __ ¢100% min
5u - 5u + 5u )

§100% is the subsidy needed to reach full circularity under locked-in

where
design choices, and 6™ is the additional amount required to prevent leakage
of recovered fibres to external markets.

Leakage occurs when the manufacturer’s effective buy-back value is be-
low the external resale price. Let Ao denote the random external market
price, and let fe* represent the per-ton cost reduction induced by the man-
ufacturer’s eco-design effort. Consistent with segmented secondary markets,
we assume that A is independent of (A** e:*). The recycler sells to the

manufacturer only if

A 4 her > Ag.
Following evidence from secondary-material markets—where prices are
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volatile, right-skewed, and strictly positive—we assume Ao ~ LN(pc, 02)
(European Environment Agencyl 2023; [U.S. EPA. |2020; |Lee et al., 2019),
with density

B 2
——(ln Ao MC) ] , Ac>0.

1
————¢X
Aco'c\/ 27 p[ 20’%

To ensure that recovered material is retained with at least probability «,

fi.(Ac) =

the following condition must hold:
Pr(Ac < A% +6e*) > a.

For the log-normal distribution, this is equivalent to

(p(ln(Af;* + felr) — u(;) > a
oc

Defining the robustness-adjusted external price (the a-quantile) as
& = exp(po + 97 (a)oc),
the closed-loop condition becomes
A+ 0e > AL

Here, Ag is the robustness-adjusted threshold that must be matched for
the loop to remain stable despite volatility and leakage pressure.

A per-unit-of-effort subsidy to the manufacturer, S(e) = deq, increases
the recycler-relevant €/t offer by ¢de/(v.M), where ¢ € [0,1] is the pass-
through rate, converting a per-blade subsidy to its €/t equivalent (each blade
yields vM tonnes of recovered material). Setting ¢ = 1 in the baseline, the

loop-closure condition becomes
kK

de
u + Cu + U./\/l = C
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Solving for the minimum incremental subsidy and enforcing non-negativity

yields, for e;* > 0,

. +
grin = UM g pee —gere]” (31)
eu

where [z]" = max{0, 2} ensures ™" = 0 whenever the manufacturer’s offer
already exceeds the robustness-adjusted threshold. Note that the subsidy
does not alter eco-design effort ex post, as e, is fixed by technological
and contractual lock-ins. Instead, the subsidy effectively raises the manu-
facturer’s €/t offer to the recycler, via the pass-through mechanism in S(e),
ensuring retention without re-optimising upstream decisions.

The expression is well defined for e* > 0; if e* = 0, retention cannot
be enforced through S(e) alone and would require either a higher buy-back
price A** or a lump-sum top-up instrument.

Equation also yields intuitive comparative statics. First, the incre-
mental subsidy is increasing in both external price volatility and the robust-
ness requirement, i.e. 99™"/doc > 0 and 90™™/da > 0, so greater market

uncertainty or stricter retention targets raise the required premium to keep

*k

material in the loop. Second, higher buy-back commitments A}*,

stronger
eco-design leverage 6, and greater effort eX* all reduce ™", since they raise
the effective value of the circular-chain offer relative to external resale op-
portunities.

In strategic terms, leakage risks amplify the fiscal burden of sustaining cir-
cularity and weaken incentive alignment across the value chain. Closed-loop

business models thus require not only economic incentives but also gover-

nance mechanisms that stabilise material flows under uncertainty.
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5.1. Numerical Illustration under Risk Aversion: Impact of Leakage on Sub-

sitdy Needs

This subsection operationalises the leakage model to quantify the addi-
tional fiscal effort required to sustain circularity under market competition.
The risk-averse closed-loop pair (e}, Ay"),,) is held fixed at the subsidy level
that attains full circularity in the no-leakage setting (Section , adopting a
benchmark risk-aversion coefficient of v = 1.0 x 107¢. We then compute the
incremental subsidy 52“}& required to keep recovered fibre within the loop
when recyclers face profitable external resale opportunities.

The incremental subsidy is evaluated using Equation as a function
of (i) the target retention probability o and (ii) the volatility of external
resale prices oc. This isolates the effect of competitive leakage and market
risk without re-optimising manufacturer behaviour. All subsidy values are
reported in euros per blade per unit of eco-design effort, consistent with
S(e) = deq; conversion to euros per tonne follows by dividing by vM. The

total subsidy under leakage is therefore

total __ ¢100% min
5u,Mi - 5u, + M

External resale prices are assumed lognormally distributed, A¢c ~ LN(puc, 02),

with ¢ calibrated to a target mean Ao via pe = In(Ag) — 0%, ensuring
E[Ac] = Ac. We set Ac = 2000€/t and 3000 €/t for M1 and M2, respec-
tively, reflecting plausible differences in resale value for lower- and higher-
grade recovered fibres. These levels are consistent with the equilibrium
buy-back price ranges obtained in the risk-averse calibration. We explore

robustness targets a € [0.50,0.95] and volatility levels o¢ € [0.2,1.4].
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Table [7] reports the incremental subsidy as « varies at fixed oc = 1.
The additional subsidy remains small for moderate robustness requirements
but rises sharply as o — 1. Achieving 95% retention requires roughly five
times the support needed for 50%, since the robustness threshold A shifts
deep into the heavy right tail of the lognormal distribution, making the

manufacturer’s offer increasingly difficult to match.

5min

Table 7: Incremental (d;'};.) and total (63)}@1) subsidy requirements as a function of

robustness target « at fixed market volatility o¢c = 1.

Robustness o 0.50 0.60 0.70 0.80 0.85 0.90 0.95
&Tﬁl 0.00 0.00 0.00 0.00 6.59 124.41  392.07
650}\211 1170.00 1170.00 1170.00 1170.00 1176.59 1294.41 1562.07
&Tj\r}g 0.00 0.00 0.29 100.52 230.28 434.66 852.45
5;0}\?[; 1500.00 1500.00 1500.29 1600.52 1730.28 1934.66 2352.45

Table[§fixes a = 0.90 and varies o¢. As volatility increases, the incremen-
tal subsidy required to maintain loop closure rises, with strong sensitivity in
high-variance regimes where the robustness-adjusted price A% becomes diffi-
cult to match. M1 requires slightly less additional support than M2 because
its buy-back value—augmented by eco-design cost savings—Ilies closer to ex-
ternal resale levels. This difference arises from calibrated relative price levels
rather than technological advantages.

All values in Tables [7] and [§ are expressed in euros per blade per unit of
eco-design effort, consistent with S(e) = 8523 er*,, q.

Figure [6] visualises these relationships. The 2020 EU Circular Economy
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Table 8: Incremental (53“]{2) and total (5730}\}1) subsidy requirements as a function of market

volatility o¢ at fixed robustness target a = 0.90.

Uncertainty o¢ 0.2 0.4 0.6 0.8 1.0 1.2 1.4
5:11\1}1 0.00 7.33 40.54 78.69 113.38 136.15  146.98
650}\?[11 1170.00 1177.33 1210.54 1248.69 1283.38 1306.15 1316.98
5311\%2 35.06  117.74 196.64 264.20 314.89 343.29  346.38
(520}\?,; 1535.06 1617.74 1696.64 1764.20 1814.89 1843.29 1846.38

Action Plan emphasises the importance of design-for-reuse principles and
stronger secondary markets (European Commission), 2020al). Our results re-
fine this insight: when recyclers face profitable external buyers, the alignment
between manufacturer incentives and circularity outcomes weakens. In such
cases, shocks to robustness requirements or market volatility necessitate com-
plementary governance instruments—such as standards, traceability systems,
or long-term offtake contracts—in addition to subsidies, in order to maintain
material retention at lower fiscal cost.

Leakage occurs when external resale markets offer higher and more volatile
prices than the buy-back price offered by the manufacturer to keep materials
in the closed loop. In such conditions, recyclers divert recovered materials
away from the closed loop unless additional support compensates for this
gap. The required subsidy increases sharply with market volatility and ro-
bustness targets, implying that subsidy-only approaches become increasingly

inefficient when secondary markets are competitive and uncertain.
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Figure 6: Minimum incremental subsidy (6™®) under alternative leakage conditions.
Panel (a) shows the effect of robustness level «; Panel (b) shows the effect of market

uncertainty oc.

6. Conclusion and Policy Implications

This paper has examined the conditions under which closed-loop circu-

larity can operate as a strategic and institutional coordination mechanism,

70 aligning private incentives with societal objectives even when eco-design ef-

fort is hidden. In the Stackelberg framework developed here, the manufac-

turer’s reliance on recycled inputs endogenously rewards eco-design through

cost-reduction feedbacks, thereby reducing the need for explicit monitoring

of upstream actions. However, this self-alignment is fragile. Risk aversion,

75 revenue volatility, and competitive leakage systematically weaken the incen-

tives that sustain circularity, underscoring the vulnerability of closed-loop
systems in real-world market environments.

Our analysis shows that performance-based subsidies can effectively sup-

port circularity under hidden action, but only within limits. When external

750 resale opportunities are attractive or price volatility is high, subsidy require-
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ments rise sharply, especially for stringent robustness targets. Under these
conditions, a subsidy-only approach becomes fiscally inefficient and may fail
to secure long-term material retention. The results highlight that stabil-
ity, rather than scale alone, is central to the durability of circular business
models.

Policy design should therefore prioritise instruments that reduce uncer-
tainty and strengthen commitment within the circular chain. Robustness-
adjusted, incremental subsidies can address short-run leakage risks, but they
must be complemented with de-risking mechanisms such as long-term offtake
agreements, advance-purchase commitments, price floors, insurance prod-
ucts, and minimum-retention clauses. Standards, certification schemes, and
traceability systems can further enhance the intrinsic value of recycled in-
puts by strengthening eco-design leverage and embedding incentive alignment
within market and regulatory structures.

Closed-loop stability should be recognised as a policy objective in its own
right. Broader regulatory tools—including landfill restrictions, carbon pric-
ing, extended producer responsibility, and green public procurement—can
reinforce circularity while reducing long-run fiscal exposure. By formalising
how uncertainty, leakage, and hidden action interact, this paper provides
a foundation for designing policy mixes that stabilise circular value chains
under risk.

The analysis focuses on a simplified setting with one manufacturer and
one recycler and does not model strategic competition among multiple firms
or more complex policy instruments. This simplification allows the model

to highlight the core governance mechanisms underlying circular coordina-
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tion, while still capturing competitive pressures through leakage to exter-
nal markets. Future research could extend the model to dynamic technol-
ogy learning, cross-sector material flows, and intertemporal investment deci-
sions, where feedback loops and path dependence shape long-run outcomes.
The framework is applicable to other composite-intensive sectors, such as
aerospace, marine, and construction, where eco-design is difficult to observe
and volatility in secondary markets constrains the emergence of robust cir-

cular economies.
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