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Abstract

Background: Circular economy (CE) practices, such as glass bottle refilling, are critical to
the beverage industry’s sustainability. However, coordinating manufacturer marketing
efforts with collector reverse logistics investment remains a strategic challenge. Methods:
This study develops a Stackelberg game-theoretic model featuring a manufacturer and a
collector. The model incorporates communication effort as a demand driver and analyzes
the role of bottle quality (damage rates) and the reusable bottle unit cost on the optimal
decisions of the players and the collection rate. Results: Equilibrium analysis shows that
the quality of the reusable bottle and the rate of bottle damage are crucial in reducing
the operational costs of the refilling program. Additionally, these factors significantly
influence the decisions made by manufacturers and collectors regarding their investments
in communication and collection systems. Conclusions: The study demonstrates that
successful refilling requires strategic coordination between manufacturers and collectors,
particularly in terms of communication and investment in reverse logistics. Managerial
insights indicate that investing in the quality of bottles is the key factor for achieving
joint profitability.

Keywords: circular economy (CE); closed-loop supply chain (CLSC); game theory; commu-
nication effort

1. Introduction
Organizations often adopt the circular economy (CE) paradigm as a core strategy, aim-

ing to integrate economic performance with resource conservation and waste reduction; this
offers tangible benefits, including extended product lifetimes and less waste [1–3]. In terms
of packaging, the beverage industry stands out as a key sector where CE strategies must
be implemented [4]. Specifically, refilling glass bottles is a core practice for reducing this
industry’s environmental footprint [5,6]. For instance, the reWINE (https://www.rewine.
cat/en/project (accessed on 10 December 2025)) project focuses on reusing glass bottles
in the wine industry through collaboration among producers, restaurants, and other con-
sumers in the Catalan region of Spain. This project aims to increase awareness and provide
practical solutions to promote the reuse of bottles and reduce waste. Moreover, Coca-
Cola (https://www.cocacolaep.com/news-and-stories/ccep-in-france-to-distribute-100-
of-its-packaged-beverages-in-returnable-glass-bottles-to-hotels-restaurants-and-cafes/#:~:
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text=12%20May%202022-,CCEP%20in%20France%20to%20distribute%20100%25%20of%20
its%20packaged%20beverages,to%20be%20cleaned%20and%20refilled (accessed on 10 De-
cember 2025)) in France uses a deposit system for its refilling program to collect and reuse
all the glass bottles from restaurants, hotels, and Cafes, which leads to a reduction of around
15 million single-use glass bottles.

However, a successful returnable glass bottle system usually involves a complex
closed-loop supply chain (CLSC). This type of supply chain requires significant investment
in reverse logistics and depends critically on high customer return rates [7,8]. The existing
research offers significant insights into CE optimization models [8–10], and it also covers
the environmental impact and technical challenges specific to beverage packaging [4,6].
However, a key issue for adopting a refilling program in the beverage industry is the
strategic and decision interactions between producers and collectors, which require further
investigation. A fundamental strategic problem that arises from this setup is how the
decisions of two independent key players can be aligned to work together, ensuring the
system is jointly profitable and increasing reuse as a CE practice. Accordingly, this study
develops a Stackelberg game theory model to analyze these tradeoffs. In our model, the
manufacturer controls strategies facing the market in terms of price and communicating the
refilling program, and the collector takes charge of the reverse channel, handling logistics
investment and customer incentives.

This study addresses a key gap in the CLSC literature by modeling the joint strategic
interaction. First, a manufacturer’s communication efforts, which directly shape demand
for reusable packaging, and second, a collector’s investment in reverse logistics, along with
the incentives offered for returns. Moreover, this study analyzes the impact of packaging
quality on defection rates and the price of reusable packages on players’ optimal decisions
regarding communication effort and reverse logistics investment. These results provide
clear threshold conditions to guide practical decisions on coordination and pricing. The
research questions guiding this study are:

• RQ1. How do the manufacturer’s pricing and communication decisions interact with the
collector’s incentives and infrastructure investments in a decentralized refilling system?

• RQ2. How does the quality of collected reusable bottles influence pricing, communica-
tion, and reverse logistics investment?

• RQ3. How does the unit price of reusable bottles affect the manufacturer’s pricing and
communication decisions and overall system coordination?

The rest of this study is organized as follows. Section 2 offers a detailed literature re-
view covering the circular economy, closed-loop supply chains, and game theory. Section 3
presents the model formulation and its assumptions in detail. Equilibrium analysis is
presented in Section 4. Section 5 presents the results with numerical examples. Sections 6
and 7 provide practical managerial insights and conclusions and suggestions for future
research, respectively.

2. Literature Review
The circular economy (CE) model is widely adopted by companies to balance economic

performance and environmental sustainability. Employing circular economy practices in
models leads to numerous benefits to businesses [1,2]. These advantages include waste
reduction, resource conservation, and extended product lifetimes. CE enhances firm
sustainability by extending product lifetimes through systematic screening, repair, and
sharing activities [3]. The 3R framework (Reduce, Reuse, and Recycle) is the predominant
conceptual approach for CE implementation found in the academic literature [11]. This
approach delivers a systematic method for optimizing resource use and managing waste.
This framework guides organizations away from linear operational models and toward
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circular ones. Firms often achieve this outcome by transforming their business models
from traditional ownership to product sharing facilitated by service-based models [8].

In the literature, there are several studies that mainly focused on optimizing CE
strategies in various industries and fields [12]. Reddy and Kumar [9] investigate hybrid
manufacturing–remanufacturing systems, assuming that remanufacturing does not reduce
demand for new products. Their analysis specifically investigates capacity decisions, bal-
ancing trade-offs between disposal, penalty, and holding costs. A model by Shokohyar
et al. [13] analyzes the performance of sustainable product service systems by incorpo-
rating both environmental and economic impacts over the product lifecycle. Rabta [10]
introduces a “circular indicator” that determines optimal order quantities and associated
costs and revenues, successfully showing that circular products are economically justifiable.
Jayakumar et al. [14] apply this analysis to the electronics industry, examining how laptop
manufacturers could optimize both production and collection quantities while simulta-
neously assessing economic and environmental impacts. However, none of them discuss
optimizing refilling programs in the beverage industry as a CE practice.

Among various sectors, the beverage industry is well-suited to adopting CE strategies
due to its compact packaging and high-volume sales nature [4]. Packaging in the beverage
industry plays a fundamental role in product promotion, but it also contributes significantly
to waste generation [15]. Reducing packaging waste has become a critical issue for this
sector, and the literature provides extensive research in the field of life cycle assessment
(LCA) of beverage packaging [16–21]. One of the critical issues in packaging in this sector is
the high volume of single-use glass bottles due to difficulties in reusing them. For instance,
manufacturers and policymakers are seeking to develop new strategies aiming to optimize
the washing performance and other operations related to implementing returnable glass
bottle systems [5,6].

Studies show that reuse practices achieve higher performance than other packaging
initiatives [22]. However, some studies also emphasize the necessity of further investigation
to compare reusable and single-use packaging systems for food and beverages using
life cycle analysis methods, considering different scenarios and usage conditions [23].
The combination of refilling and recycling practices for glass bottles can be an effective
environmental strategy that also creates local jobs [24]. However, the efficiency of the
reusing practice in the beverage industry is more sensitive to the collection system’s
performance and collection rate than the recycling practice [25]. Therefore, implementing
reusable bottle programs requires further investment in collection infrastructure to reach
a high performance of the reverse logistics system and increasing customer awareness to
minimize the behavioral uncertainty [26,27].

While refilling returnable glass bottles offers long-term cost advantages, its success
relies crucially on customer collaboration for bottle returns [7]. Moreover, implementing
refilling and reusing systems demands substantial investment in collection and screening
processes, which results in higher operational and reverse logistics costs [8,28]. Considering
factors such as the number of reuse cycles and transportation costs, Simon et al. [29]
emphasize the importance of comparing refill systems against recycling models. In addition,
the damage rate and the quality of reusable bottles can be other important factors, as
the literature indicates that transporting defective bottles poses another challenge by
increasing greenhouse gas emissions and the transportation costs of reverse logistics [30].
Consequently, effective management strategies are required to optimize the flow of reusable
bottles and minimize inherent inefficiencies in the refilling system.
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Research Gap and Contribution

Despite extensive research on CLSC and CE practices, there remains a gap in under-
standing the strategic interactions between manufacturers and collectors in refillable-bottle
systems. Specifically, this gap concerns how investment levels in communication efforts
and reverse logistics depend on the quality of reusable packaging and its price. This
gap motivates our study, which explicitly models the joint strategic interaction between a
manufacturer’s communication efforts and a collector’s investments in reverse logistics
and return incentives. Our model takes into account factors such as the quality of reusable
bottles, damage rates, and customer participation. Accordingly, our study delivers the
following contributions that advance both theory and practice:

• Theoretical contribution. This study contributes to the analytical CLSC literature by
integrating communication and operational decisions into a single decentralized refill
system model. Specifically, it introduces communication effort as a strategic demand
driver while simultaneously modeling bottle quality, captured through the proportion
of undamaged reusable bottles, and the unit price of reused bottles as a contractual
transfer between the players. By deriving closed-form Stackelberg equilibrium solu-
tions, the analysis identifies conditions under which improvements in bottle quality or
changes in the reusable bottle price alter optimal pricing, communication efforts, and
reverse logistics investment. The results reveal that these effects depend on market
sensitivity and cost parameters, generating conditional strategic responses.

• Managerial contribution. From a practical standpoint, the findings demonstrate that
effective refill programs require coordinated strategic decisions across the forward and
reverse channels. The analysis shows that improving bottle quality reduces reverse-
flow losses and can justify stronger communication efforts, ultimately expanding both
demand and collection performance. Furthermore, the model shows how the unit
cost of reusable bottles affects product pricing and marketing intensity (communi-
cation), potentially shifting costs to consumers or, under certain market conditions,
encouraging demand expansion to offset higher reuse costs. These insights provide
guidance for managers and policymakers in designing deposit-refund schemes, allo-
cating communication budgets, investing in bottle durability, and structuring reuse
pricing agreements. Overall, the study underscores that enhancing bottle quality and
carefully managing reusable bottle pricing are central levers for achieving profitability
in beverage refill systems.

3. Model Description
This paper presents a game theory model for the beverage industry, focusing on glass

bottle refilling, to evaluate the impact of factors such as investment in bottle collection,
communication to increase customers’ awareness, and bottle quality in terms of damage
rate. In this section, we explain the main assumptions and then formulate the game theory
model to maximize the manufacturer’s and the collector’s profits.

This study discusses a game with two main players: a manufacturer M (he) and
a bottle-collecting company W (she). The beverage manufacturer sells his products in
reusable glass bottles at a unit selling price, p, and a unit production cost, b. The collector is
responsible for investing in collection infrastructures and collecting reusable bottles from
the final customers. The priority of M is receiving the reusable bottles from W with the
unit price r, and if he needs more bottles rather than the capacity of the collector, he will
purchase new ones from another supplier with the unit price, a. This is due to this fact that
not necessarily all the sold bottles will be returned for reusing as some of the customers
may not be interested in or a part of the reusable bottles in the market may be damaged
before or even during the collection procedure. Moreover, W sends damaged and overused
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bottles that have already been reused more than a specific number of times to a recycler. On
average W sells 1 − ω percent of the collected bottles to a recycler with the unit price, u. So,
ω is the expected percentage of perfect reusable bottles that W sends to M for refilling. For
the damaged bottles, we only consider the collection cost, c, and for the remaining, there is
also a unit cost equal to x as the operation costs to prepare the bottles for reusing them (e.g.,
washing, removing the labels, and sending them to M). Both c and x include the relevant
transportation cost as well. Figure 1 indicates the flow of the glass bottles between different
points, including the producer, supermarkets, final customers, collection infrastructures,
the collector, and the recycler.

Figure 1. Relationships between different partners for implementing the bottle refilling program
(Source: authors) (Icons of the figure: https://icons8.it/icons (accessed on 10 December 2025)).

On the one hand, the market demand relies on the product price, p, as well as the effort
related to increasing awareness about the positive impacts of reusing glass bottles among
consumers, which can positively increase the demand rate. This investment can take several
forms, such as improved labeling that highlights reuse benefits, point-of-sale information
in supermarkets, and communication campaigns that emphasize the environmental gains
from bottle reuse. From now on, we call the investment related to this goal “communication
efforts”. So, considering α as the potential market size, we will define demand rate as
D = α − βp + λG in which β and λ are the effects of price and communication effort on
product demand, and G is the investment level in communication effort.

On the other hand, the collection rate, R, depends on the investment in the collection
systems, L, the cost that W pays to customers for returning each unit bottle, s, which
is called return incentive cost, and the average percentage of green customers, e, who
care about environmental issues even without reimbursement incentives. Accordingly,
we define the collection rate as R = eD + γs + τL in which γ and τ are the effects of
payment to customers for returning the bottles and the effect of investment in collection
systems, respectively.

In this study, the manufacturer and the collector operate as independent, profit-
maximizing entities. They also focus on optimizing distinct decision variables that are
partially misaligned in terms of incentives. The manufacturer controls product pricing
and communication efforts that influence demand, while the collector determines refund
incentives and infrastructure investments that affect collection rates. These decisions are
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strategically interdependent, and each player’s optimal strategy depends on the other
player’s anticipated response. So, this study adopts a game-theoretic framework that
best matches these types of analysis. Based on what we explained in this section, we can
summarize the main assumptions of this paper as follows:

Assumption 1. The reuse of beverage packaging systems (e.g., glass bottles) operates as a closed-
loop supply chain, where glass bottles circulate between the manufacturer, the market, customers,
collectors, and back again for reuse as many times as possible before being sent to the recycler.
This assumption is aligned with case studies such as reWINE (https://www.rewine.cat/en/project
(accessed on 10 December 2025)) and closed-loop supply chain models for reusing, such as the study
by [8].

Assumption 2. The model assumes a sequential decision process in which the manufacturer acts as
the leader and the collector responds strategically. This hierarchy reflects common power structures
in the beverage industry, where producers typically control pricing and branding decisions, while
collection operators adjust their operational policies accordingly [31,32].

Assumption 3. In our framework, communication investment (e.g., environmental labeling,
point-of-sale messaging, and targeted awareness campaigns) directly influences consumer demand
for beverages sold in reusable bottles. This assumption reflects empirical findings in circular business
model research showing that consumer participation in reuse systems increases when environmental
benefits are clearly communicated and understood [33].

Assumption 4. We assume that the collection rate is positively affected by both investments
in reverse logistics infrastructure and monetary return incentives. Improved accessibility and
convenience of return systems, together with financial motivation, increase consumers’ likelihood of
returning used bottles, thereby strengthening the reverse flow in refill programs [2].

Assumption 5. Not all collected bottles are suitable for refilling. A fraction of returned bottles
is assumed to be damaged, overused, or otherwise unsuitable for reuse. According to the literature
on circular economy practices [34], this reflects the operational reality of reuse practice, where
breakage, wear, and handling damage reduce the success of reuse programs. Moreover, if the number
of reusable bottles supplied by the collector is insufficient to meet total demand, the manufacturer
purchases new bottles from an external supplier [8,35].

Assumption 6. Demand and collection rates are modeled as linear functions, while investments
in communication and collection infrastructure are represented by convex (quadratic) cost functions.
The linear structure provides a tractable way to capture first-order economic effects and clearly
identify the strategic interactions among pricing, communication, refund incentives, and infrastruc-
ture decisions. The quadratic investment costs reflect increasing marginal expenditures as effort
expands, capturing resource limitations, diminishing marginal efficiency, and growing operational
complexity [2,32].

Table 1 summarizes all the model parameters and variables. Accordingly, we provide
the objective functions of the manufacturer and the collector as follows, aiming to maximize
their profits. In this model, M determines the optimal values for his unit selling price and his
communication effort, and W determines the unit return incentive cost and the investment
level in the collection infrastructure.

ΠM = maxp, G

{
D(p − b − a) + ωR(a − r)− cG

G2

2

}
(1)

Πw = maxL, s

{
ωR(r − x) + (1 − ω)Ru − R(c + s)− cL

L2

2

}
(2)
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Table 1. Summary of the notations related to the model.

Symbol Description

α
Potential market size representing the maximum attainable demand

when price and communication effects are neutral

β
Price sensitivity coefficient measuring the negative impact of the unit

selling price on demand

λ
The communication effectiveness coefficient captures the positive

impact of communication effort on demand

e Average proportion of environmentally conscious consumers who
return bottles without monetary incentives

γ
Incentive sensitivity coefficient reflecting the impact of refund

payments on the collection rate

τ
The infrastructure effectiveness coefficient measures the impact of

investment in collection systems on the collection rate

ω Proportion of perfectly reusable bottles within the collected batch

b Unit production cost of the beverage, excluding bottle cost

a Unit purchasing cost of a new bottle

r Unit price paid by the manufacturer to the collector for each
reusable bottle

x Unit operational cost for preparing reusable bottles (washing, label
removal, handling and transportation)

u Unit revenue obtained by the collector from selling damaged bottles to
the recycler

c Unit collection and transportation cost per returned bottle

cG Cost coefficient of communication effort in the quadratic cost function

cL
Cost coefficient of collection infrastructure investment in the quadratic

cost function

D Market demand for beverages sold in reusable bottles

R Collection rate representing the total returned bottles

p Unit selling price of the beverage product (decision variable)

G Investment level in communication effort (decision variable)

s Unit return incentive paid to customers (decision variable)

L Investment level in collection infrastructure (decision variable)

Equation (1) maximizes the total profit of the manufacturer by optimizing decision
variables p and G. The first term, D(p − b − a), calculates the total profit considering
p − a − b as the unit profit if M uses new bottles for all the market demand, D. The second
term, ωR(a − r), is the additional profit that M gains by refilling the bottles considering the
part of the collected bottles, ω, that he receives from W for reusing. Accordingly, ωR is the
part of the collected batch that contains perfect reusable bottles, and a − r is the additional
profit that M obtains from this strategy per unit of reusable bottle compared to filling a
new bottle. Finally, for the communication effort, we use a quadratic form that is widely
employed in game theory models to support the concavity assumptions [36,37]. So, cG

G2

2 is
the quadratic convex form to calculate the investment in communication effort, considering
cG as the efficiency of the investment to measure its impact on the objective function, and G
is the total investment.
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Equation (2) maximizes the total profit for the W by optimizing the decision variables
L and s. In this equation, ωR(r − x) calculates the profit from selling the reusable bottles to
M, excluding the collection costs, R(c + s) defines the total collection costs, including the
payable fees to the customers, and (1 − ω)Ru is the profit from selling the damaged bottles
to the supplier for recycling them. Moreover, cL

L2

2 is the quadratic convex form to calculate
the investment in the collection system, L, when cL shows the efficiency of the investment
and measures its impact on the profit function of W.

4. Equilibrium Analysis
Considering a Stackelberg game, in the first step, M is the leader and decides about

using the refilling system and investing in the communication; then, W sets her optimal in-
vestment in the collection system, L∗, and optimal unit return incentive cost, s∗, considering
the decision variables of M; finally, M takes this information to optimally set his strategies
regarding the optimal communication effort level, G∗, and the optimal unit price, p∗.

Proposition 1. When M decides to participate in the glass bottle refilling program, W determines
the investment amount needed for the collection infrastructure, as well as her unit return incentive
cost, by optimizing her profit function. Equations (3) and (4) are used to calculate the optimal
values for s and L, respectively. In addition, M specifies his optimal strategies concerning the level of
communication effort and the unit selling price of his products in the market. Equations (5) and (6)
are used to determine the optimal values for p and G, respectively.

s∗ =
Ns∗

Ds∗
=

τ2(c − u + (u + x − r)ω)− cL(e(α − p∗β + G∗λ) + γ(c − u + (u + x − r)ω))

2cLγ − τ2 (3)

L∗ =
NL∗

DL∗
=

τ(e(α − p∗β + G∗λ)− γ(c − u + (u + x − r)ω))

2cLγ − τ2 (4)

p∗ =
Np∗

Dp∗
=

(cG(α + (a + b)β)− (a + b)λ2)(2cLγ − τ2)− cLe(a − r)γ(cGβ − λ2)ω

(2cGβ − λ2)(2cLγ − τ2)
(5)

G∗ =
NG∗

DG∗
=

(α − (a + b)β)λ(2cLγ − τ2) + cLe(a − r)βγλω

(2cGβ − λ2)(2cLγ − τ2)
(6)

Proof. To prove this proposition, calculate s∗ and L∗ considering ∂ΠW
∂s = 0 and ∂ΠW

∂L = 0.
Then, define p∗ and G∗ by substituting s∗ and L∗ into ΠM while considering ∂ΠM

∂p = 0 and
∂ΠM
∂G = 0. □

Condition 1. The optimal communication effort level and the optimal unit product price will be
feasible if 2cGβ > λ2.

Proof. The determinant value of the Hessian matrix

(
−2β

λ

λ

−cG

)
related to Equation (1)

must be greater than zero, and accordingly, we will have 2cGβ > λ2. □

Condition 2. The optimal investment in the collection system and the optimal unit return
incentive cost will be feasible if 2cLγ > τ2.
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Proof. The determinant value of the Hessian matrix related to Equation (2) equals 2cLγ− τ2

and to have a local maximum, it must be greater than zero. Note that the Hessian matrix is(
−cL

−τ

−τ

−2γ

)
. □

Condition 3. The optimal strategies for s∗, L∗, p∗, and G∗, will be feasible if Ns∗ ≥ 0, NL∗ ≥ 0,
Np∗ ≥ 0, and NG∗ ≥ 0.

Proof. According to Conditions 1 and 2, all the denominators of Equations (3)–(6) are
greater than zero (Ds∗ > 0, DL∗ > 0, Dp∗ > 0, and DG∗ > 0 ) as 2cGβ > λ2 and 2cLγ > τ2.
Therefore, to check the feasibility of the optimal values for numerical examples, all the
numerators of the aforementioned equations have to gain values greater than zero. So,
Ns∗ ≥ 0, NL∗ ≥ 0, Np∗ ≥ 0, and NG∗ ≥ 0. □

Now, based on the optimal values of the decision variables, it is possible to calculate
the optimal demand rate, D∗, as well as the optimal collection rate, R∗.

Proposition 2. Considering the optimal strategies for M and W, Equations (7) and (8) compute
the optimal demand rate and the optimal collection rate, respectively.

D∗ =
ND∗

DD∗
=

cGβ((α − (a + b)β)(2cLγ − τ2) + cLe(a − r)βγω)

(2cGβ − λ2)(2cLγ − τ2)
(7)

R∗ =
NR∗

DR∗
=

{
cLγ(γλ2(2cLγ − τ2)(c − u + (u + x − r)ω)+

cG β((e(α − (a + b)β) + 2(u − c)γ)(2cLγ − τ2) + γ(cLe2(a − r)β + 4cL(r − u − x)γ + 2(u + x − r)τ2)ω))

}
(2cG β − λ2)(−2cLγ + τ2)2 (8)

Proof. Substitute the optimal solutions, which are Equations (3)–(6), into D = α − βp + λG
and R = eD + γs + τL. As the collection rate itself depends on the demand rate (R ≤ D),
its optimal solution is more complicated compared to the optimal demand rate. □

Condition 4. The optimal demand rate (D∗ > 0) as well as the optimal collection rate (R∗ > 0)
are feasible if ND∗ > 0 and NR∗ > 0.

Proof. According to Conditions 1 and 2, 2cGβ > λ2, and 2cLγ > τ2, resulting in(
2cGβ − λ2)(2cLγ − τ2) > 0. So, to ensure D∗ > 0 and R∗ > 0, only positive values

for ND∗ and NR∗ are acceptable to have feasible solutions. □

Proposition 3. Given the optimal strategies of the players, M and W, Equation (9) and Equation (10)
calculate the optimal profits for the manufacturer and the collector, respectively.

Π∗
M =

NΠ∗
M

DΠ∗
M

=


(2cL(a − r)γ2λ2(2cLγ − τ2)ω(c − u + (u + x − r)ω)+

cG((α − (a + b)β)2(−2cLγ + τ2)2
+ 2cL(a − r)βγ(−eα + (a + b)eβ

+2(c − u)γ)(−2cLγ + τ2)ω + cL(a − r)βγ2(cLe2(a − r)β + 8cL(r − u − x)γ + 4(u + x − r)τ2)ω2))


2(2cG β − λ2)(−2cLγ + τ2)

2 (9)

Π∗
W =

NΠ∗
W

DΠ∗
W

=

cL

{
(γλ2(2cLγ − τ2)(c − u + (−r + u + x)ω)+

cG β((e(α − (a + b)β) + 2(u − c)γ)(2cLγ − τ2) + γ(cLe2(a − r)β + 4cL(r − u − x)γ + 2(u + x − r)τ2)ω))

}2

2(2cG β − λ2)2(2cLγ − τ2)3 (10)

Proof. Substitute the optimal solutions of the optimal strategies, which are Equations (3)–(6),
into Equations (1) and (2) to obtain Π∗

M and, Π∗
W respectively. □

Condition 5. The necessary condition to have feasible optimal profits (Π∗
M and Π∗

W > 0) for the
manufacturer and the collector is having NΠ∗

M
≥ 0 and NΠ∗

W
≥ 0.

https://doi.org/10.3390/logistics10040083

https://doi.org/10.3390/logistics10040083


Logistics 2026, 10, 83 10 of 20

Proof. To satisfy Condition 1 (2cGβ > λ2) and Condition 2 (2cLγ > τ2), we will have
DΠ∗

M
> 0 and DΠ∗

W
> 0. Therefore, Π∗

M ≥ 0 and Π∗
W ≥ 0 only if NΠ∗

M
≥ 0 and NΠ∗

W
≥ 0. □

5. Discussion
In this section, we provide a comparative analysis to further discuss the model. The follow-

ing propositions detail the analytical impact of parameter changes on the optimal strategies.

Proposition 4. When the manufacturer increases the unit product price, p∗, the collector will
increase the unit return incentive cost while decreasing investment in collection infrastructure.
Increasing the price generates an increase equal to cLeβ

2cLγ−τ2 in the refund price, as well as a decrease

equal to eβτ

2cLγ−τ2 in investment in collection systems by the collector.

Proof. Calculate the derivative of s∗ and L∗ with respect to p, which leads to ∂s∗
∂p∗ = cLeβ

2cLγ−τ2

and ∂L∗
∂p∗ = −eβτ

2cLγ−τ2 , respectively. According to Condition 1, 2cLγ − τ2 > 0; hence, we can

conclude that ∂s∗
∂p∗ > 0 and ∂L∗

∂p∗ < 0, indicating that by increasing the unit selling price, the
collector will raise the unit payment for customers returning bottles, while reducing her
investment in the collection system. □

The analytical results of Proposition 4 indicate that increasing the manufacturer’s unit
product price negatively affects the demand rate and consequently reduces the collection
rate as well. In response, the collector prefers to reduce her long-term investment in the
collection systems, L∗, as her market size declines. However, she tries to compensate for
the loss of volume by offering more direct incentives to final customers to increase the
number of returned glass bottles. So, there will be an increase in the unit return incentive
cost, s∗, paid by the collector. This proposition aligns with the findings of the research
by [38], which emphasize appropriate pricing decisions that benefit the entire supply chain
or the main entities in the value chain.

Proposition 5. By increasing investment in communication efforts, we can expect a decrease
in the unit return incentive cost and an increase in investments in collection systems. For each
unit increment in G∗, there will be a corresponding decrease in incentive payments to customers
equal to cLeλ

2cLγ−τ2 for returning bottles, as well as an increase equal to eλτ
2cLγ−τ2 in the investment in

collection systems.

Proof. Calculate the derivative of s∗ and L∗ with respect to G, resulting in ∂s∗
∂G∗ = −cLeλ

2cLγ−τ2

and ∂L∗
∂G∗ = eλτ

2cLγ−τ2 respectively. According to Condition 1, 2cLγ − τ2 > 0; so, ∂s∗
∂G∗ < 0

and ∂L∗
∂G∗ > 0, which indicate that increasing the investment related to the communication

effort will reduce refunding fees to customers but require the collector to invest more in the
collection systems. □

Proposition 5 emphasizes the vital role of the manufacturer’s investment in com-
munication effort, G, in decisions about collection programs. In other words, increased
investment in G can simultaneously raise both the overall market demand rate and the
return rate of bottles. This synergistic effect allows the collector to strategically reduce
the unit return incentive cost, s∗. The resources saved by these incentives can then be
redirected to invest in collection systems, L∗, ultimately improving operational efficiency
and the overall collection rate. This dynamic illustrates that greater investment in com-
munication enables collectors to shift resources from short-term incentives to long-term
infrastructure investments. This proposition emphasizes the crucial role of information
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sharing and communication in closed-loop supply chains that can positively impact the
return rate and profitability of the entities inside the supply chain [2,39,40].

Proposition 6. The average percentage of perfect reusable glass bottles will affect the manufac-
turer’s decision on his unit selling price. On the one hand, if cGβ − λ2 > 0, by increasing the
percentage of perfect items, ω, in the collected batches, the manufacturer decreases his unit product
price. On the other hand, if cGβ − λ2 < 0, there will be an increase in p. For each unit increase

in ω, the manufacturer will decrease/increase p at an amount of
∣∣∣ cLe(a−r)γ(cG β−λ2)
(2cG β−λ2)(2cLγ−τ2)

∣∣∣.
Proof. Calculate the derivatives of p∗ with respect to ω, which leads to ∂p∗

∂ω =
−cLe(a−r)γ(cG β−λ2)
(2cG β−λ2)(2cLγ−τ2)

. According to Condition 1, 2cLγ − τ2 > 0, and based on Condition

2, 2cGβ − λ2 > 0. So, if cGβ − λ2 > 0, then ∂p∗
∂ω < 0; otherwise, we can conclude that

∂p∗
∂ω > 0. □

This proposition reveals the role of quality in adopting circular economy practices, such
as reuse. In other words, higher quality provides greater opportunities for reusing products
by increasing their longevity [31,35,41]. Moreover, according to the next proposition,
increasing the quality and, accordingly, reducing the damage rate will encourage the
manufacturer to invest more in this communication effort as there is a greater possibility for
increasing the collection rate due to more available reusable products (in our case, bottles)
on the consumer side [41].

Proposition 7. Increasing ω leads to a greater investment in communication. For each unit increase
in ω, the manufacturer will increase investment in the advertisement at a value of cLe(a−r)βγλ

(2cGβ−λ2)(2cLγ−τ2)
.

Proof. Calculate the derivative of G∗ with respect to ω, resulting in ∂G∗
∂ω = cLe(a−r)βγλ

(2cG β−λ2)(2cLγ−τ2)
.

According to Conditions 1 and 2, (2cGβ − λ2)(2cLγ − τ2) > 0. Moreover, the price of a new
bottle is greater than the price of a reused bottle (a − r > 0). So, ∂G∗

∂ω > 0, which indicates
an increase in the investment level of the communication effort. □

Following Propositions 6 and 7, the quality of the reusable bottles can be defined by
the percentage of perfect reusable glass bottles, ω. Quality plays a crucial role in optimizing
both the unit price of the product and the level of investment in communication. By
increasing the possibility of obtaining perfect glass bottles (higher ω), the manufacturer is
likely to invest more in communication, G∗, due to the higher return rate. However, the
pricing decision is conditional on the critical analytical factor cGβ− λ2. When cGβ− λ2 > 0,
it can be interpreted that the manufacturer’s communication impact, λ, on market demand
is relatively weak or the effect of price, β, on market demand is much higher than the effect
of communication. In this case, the manufacturer typically adopts a conventional approach
and decreases the unit selling price, p*, to increase his sales. When cGβ − λ2 < 0, we can
interpret this as a strong environmental communication impact on market demand, and the
manufacturer adopts a strategy of increasing product price, p∗, as this condition assures a
sufficient market size through appropriate communication.

Proposition 8. If r − u − x > 0, the greater the ω, the greater the return incentive when
cLγ − τ2 > 0, and the greater the investment in collection infrastructure by the collector. One unit

increase in ω increases s∗ and L∗ with a value of (r−u−x)(cLγ−τ2)
2cLγ−τ2 , and (r−u−x)γτ

2cLγ−τ2 , respectively.
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Proof. If r−u− x > 0, then, considering Condition 2, we can conclude ∂L∗
∂ω = (r−u−x)γτ

2cLγ−τ2 > 0

and ∂s∗
∂ω = (r−u−x)(cLγ−τ2)

2cLγ−τ2 > 0 if cLγ − τ2 > 0. □

Proposition 8 indicates that the collector will have the opportunity to increase her
investment in the collection infrastructure when the quality of the reusable bottles is higher.
Moreover, she may increase refund incentives in specific cases (cLγ− τ2 > 0, r − u− x > 0)
to boost the collection rate and eventually achieve higher revenue.

Proposition 9. The higher the quality of the reusable bottles in terms of the rate of per-
fectly collected bottles, ω, the higher the demand rate, D, and the higher collection rate, R,
if r > u + x. The change in the demand and collection rate regarding the changes in the ω,

equals cGcLe(a−r)β2γ

(2cG β−λ2)(2cLγ−τ2)
and

cLγ2(
cGcLe2(a−r)β2

2cG β−λ2 +(r−u−x)(2cLγ−τ2))

(τ2−2cLγ)
2 , respectively.

Proof. Calculate the derivatives of D∗ and R∗ with respect to ω, which results in

∂D∗
∂ω = cGcLe(a−r)β2γ

(2cGβ−λ2)(2cLγ−τ2)
and ∂R∗

∂ω =
cLγ2(

cGcLe2(a−r)β2

2cGβ−λ2 +(r−u−x)(2cLγ−τ2))

(τ2−2cLγ)
2 , respectively. According

to the assumptions a − r > 0, and based on Conditions 1 and 2, (2cGβ − λ2)(2cLγ − τ2) > 0,
which leads to the conclusion ∂D∗

∂ω > 0. Moreover, if r > u + x, then ∂R∗
∂ω > 0. □

The aforementioned proposition underscores the need to improve the collection in-
frastructure to ensure the maximum collection rate of perfect bottles. In other words, the
minimum damage rate increases both the demand and the collection rate, providing an
opportunity to scale up the refilling program. Moreover, both partners, including the
manufacturer and the collector, can benefit from this condition, scaling up their business
models and aiming to enhance their profits while promoting reuse as a circular economy
practice in their industry. This proposition underscores the importance of product quality in
scaling collection programs to implement circular practices, such as reusing and recycling,
drawing on existing studies [31,37].

To provide a numerical example, we assume α = 0.5, β = 0.4, λ = 0.5, e = 0.2,
γ = 0.4, τ = 0.5, ω = 0.7, a = 0.3, b = 0.1, r = 0.2, x = 0.01, u = 0.02, c = 0.05, cG = 1,
cL = 1.5. These values ensure satisfying both Conditions 1 and 2. Moreover, cGβ − λ2 > 0,
cLγ − τ2 > 0, r > u + x, and cLe2β − 2(2cLγ − τ2) < 0. Accordingly, Figure 2 shows the
changes in the optimal decisions based on the changes in the ω.

Proposition 10. If cGβ − λ2 > 0, by increasing the unit cost of a reused bottle (the fee that the
manufacturer pays the collector per unit of reusable bottle), r, the manufacturer increases his unit
product price, and if cGβ − λ2 < 0, then, increasing r reduces the optimal unit selling price of the

manufacturer. Increasing one unit in r leads to a fluctuation equal to
∣∣∣ cLeγ(cgβ−λ2)ω
(2cG β−λ2)(2cLγ−τ2)

∣∣∣ in the
optimal p.

Proof. Calculate the derivative of p∗ with respect to r, which leads to ∂p∗
∂r =

cLeγ(cG β−λ2)ω
(2cG β−λ2)(2cLγ−τ2)

. According to Conditions 1 and 2, 2cLγ − τ2 > 0 and 2cGβ − λ2 > 0. So,

if cGβ − λ2 > 0, then ∂p∗
∂r > 0, and otherwise, ∂p∗

∂r < 0. □
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Figure 2. Numerical example: Optimal decision-making and proportion of perfectly reusable bottles
(Source: Authors).

This proposition highlights the important impact of reverse logistics costs on the fees
for reusable products. To encourage manufacturers and collectors to invest more in circular
economy practices, it is essential to analyze the reverse logistics system in relation to the
final price of reusable products [2].

Proposition 11. The higher the unit cost of the reusable bottle, r, the lower the manufac-
turer’s investment in communication. Specifically, increasing r by one unit reduces the optimal
communication investment level, G∗, by cLeβγλω

(2cG β−λ2)(2cLγ−τ2)
.

Proof. Calculate the derivative of G∗ with respect to r leading to ∂G∗
∂r = −cLeβγλω

(2cG β−λ2)(2cLγ−τ2)
.

According to Conditions 1 and 2, (2cGβ − λ2)(2cLγ − τ2) > 0. So, as −cLeβγλω < 0, then
∂G∗
∂r < 0. □

According to Propositions 9 and 10, when the manufacturer faces an increased cost for
reusing bottles, r, the analytical result shows he reduces his investment in communication,
G∗. This is due to a direct cost-mitigation strategy to optimize his total profit. The pricing
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decision, however, is strictly conditional on the analytical factor cGβ − λ2. If cGβ − λ2 > 0,
the interpretation is that the impact of communication, λ, is lower than the impact of
product price, β, on demand. However, despite the negative impact of price on demand,
the manufacturer increases the unit product price while reducing his investment in com-
munication, aiming to offset the additional cost imposed by the collector. In other words,
simply reducing spending on communication cannot fully compensate for the increased
costs associated with the collector. If cGβ − λ2 < 0, the manufacturer reduces the unit
selling price, p∗, as he can increase his sales to increase the volume of collected bottles. So,
he can compensate for the increase in the price of the reused bottles by increasing the total
demand. However, also in this case, he will reduce investment in communication despite
cGβ − λ2 < 0, which can be interpreted as a highly impactful communication effort on

demand. The reason is related to the investment cost, cG, besides the lower difference
between the price of new and reused bottles after increasing r.

Proposition 12. The greater the r, the greater the return incentive if cLγ − τ2 > 0, and the
greater the investment in collection infrastructure by the collector. One unit increase in r can lead

to (cLγ−τ2)ω
2cLγ−τ2 , and γτω

2cLγ−τ2 can lead to a unit increase in the s∗ and L∗, respectively.

Proof. Calculate ∂s∗
∂r and ∂L∗

∂r , which results in (cLγ−τ2)ω
2cLγ−τ2 and γτω

2cLγ−τ2 respectively. Consid-

ering Conditions 2, 2cLγ > τ2 and accordingly ∂L∗
∂r > 0 and ∂s∗

∂r > 0 if cLγ − τ2 > 0. □

According to Proposition 12, increasing the unit price of the reusable bottle gives the
collector the opportunity to increase her revenue and, accordingly, invest more in reverse
logistics infrastructure and refund incentives.

Proposition 13. The higher the unit cost of a reused bottle, r, the less the demand rate, D, and the less
the collection rate, R, if cLe2β−2(2cLγ − τ2) > 0 . The change in the demand and collection rate regard-

ing the changes in the r, equals −cGcLeβ2γω

(2cG β−λ2)(2cLγ−τ2)
and −cLγ2ω(λ2(2cLγ−τ2)+cG β(cLe2β−2(2cLγ−τ2)))

(2cG β−λ2)(2cLγ−τ2)
2 ,

respectively.

Proof. As ∂D∗
∂r = −cGcLeβ2γω

(2cG β−λ2)(2cLγ−τ2)
and ∂R∗

∂r = −cLγ2ω(λ2(2cLγ−τ2)+cG β(cLe2β−2(2cLγ−τ2)))

(2cG β−λ2)(2cLγ−τ2)
2

and according to Conditions 1 and 2, (2cGβ − λ2)(2cLγ − τ2) > 0, ∂D∗
∂r < 0, and if

cLe2β − 2(2cLγ − τ2) > 0 , then ∂R∗
∂r < 0 as well. □

This proposition indicates that the higher cost of reusable bottles negatively affects
demand and collection rates. Figure 3 shows the changes in the optimal solutions based
on the changes in the unit price of the reusable bottle, r. Table 2 summarizes the analysis
outputs according to the propositions and indicates how sensitive the optimal decisions
are to the main parameters ω and r.

Table 2. Results of the propositions and sensitivity analysis (the arrows indicate whether the values
increase or decrease).

p* G* s* L* D* R*

ω ↑ ↑: cGβ − λ2 < 0
↓: cGβ − λ2 > 0

↑ ↓: r − u − x > 0,
cLγ − τ2 > 0 ↑: r − u − x > 0 ↑ ↑: r > u + x

↓: r < u + x

r ↑ ↑: cGβ − λ2 > 0
↓: cGβ − λ2 < 0

↓ ↑: cLγ − τ2 > 0 ↑ ↓ ↓: cLe2β − 2
(
2cLγ − τ2) > 0

↑: cLe2β − 2
(
2cLγ − τ2) < 0
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Figure 3. Numerical example: Optimal decision-making and the unit price paid by the manufacturer
to the collector (Source: Authors).

6. Theoretical and Managerial Insights
According to the results and propositions related to our analysis, we summarize the

main theoretical implications and the managerial insights for developing refilling models
in the beverage industry as follows.

6.1. Theoretical Implications

The analysis contributes to understanding strategic interdependence in decentralized
refill systems by showing how forward-channel decisions shape reverse-logistics incentives.
The results indicate that the manufacturer’s pricing decision directly affects the collector’s
optimal refund and infrastructure strategies. A higher product price increases the refund in-
centive offered by the collector while discouraging long-term investment in reverse logistics
infrastructure. In contrast, greater communication effort expands demand and collection
volumes, allowing the collector to rely less on costly incentives and instead allocate more
resources to infrastructure development. These findings highlight the substitutive and
complementary relationships between marketing effort and reverse logistics investments in
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decentralized circular systems. Moreover, in some cases, a higher proportion of undamaged
bottles directly strengthens the collector’s incentives to increase both the return incentive
and infrastructure investment. This result reveals that quality improvements not only affect
the manufacturer’s strategic decisions but also amplify reverse-channel investment when
reuse is sufficiently profitable.

The model further demonstrates that bottle quality, captured through the proportion
of undamaged reusable bottles, plays a strategic role in the system. Improvements in
bottle quality reduce losses in the reverse channel and can alter optimal pricing and com-
munication efforts depending on market sensitivity conditions. Under specific parameter
configurations, higher quality may justify an increase in product price while simultaneously
stimulating greater communication effort and infrastructure expansion.

In addition, the unit price of reusable bottles functions as a strategic transfer variable
that redistributes incentives between the manufacturer and the collector. The analysis shows
that increases in the cost of reusable bottles may be passed on to consumers through a
higher product price or offset by adjustments in communication effort aimed at sustaining
demand, depending on the relative effectiveness and cost of communication. Beyond
its effect on the manufacturer’s decisions, a higher reusable bottle price also directly
encourages the collector to raise refund incentives and expand infrastructure investment
when standard concavity conditions hold. This finding establishes the reusable bottle price
as a coordination mechanism that can intensify reverse-channel investment by improving
the collector’s margin on reusable bottles.

For academics and researchers, these results extend the literature on closed-loop
supply chains by explicitly integrating communication efforts, reverse logistics investment,
and pricing considering quality parameter within a unified Stackelberg structure. The
framework can serve as a benchmark model for future studies examining coordination
contracts, different collection systems, or dynamic reuse environments.

6.2. Managerial Insights

From a managerial perspective, the findings suggest that refill programs require
coordinated decisions across pricing, communication, and reverse logistics policies rather
than isolated operational improvements. First, excessive reliance on high product pricing
can undermine reverse logistics development by encouraging refund incentives over long-
term infrastructure investment. Managers should therefore balance pricing strategies with
demand-expanding communication initiatives.

Second, investing in bottle quality and reducing damage rates emerges as a critical
lever for improving system performance. Higher-quality bottles reduce reverse-channel
losses, increase effective reuse volumes, and create conditions under which communica-
tion investments become more profitable. Moreover, improving bottle quality not only
benefits the manufacturer but also motivates the collector to increase both return incen-
tives and infrastructure investment. This implies that quality improvements can directly
stimulate reverse-channel expansion when reuse is sufficiently profitable. Practical actions
may include adopting more durable bottle designs, improving handling processes, and
implementing collection technologies that reduce breakage.

Third, an increase in the cost of reusable bottles directly influences the manufacturer’s
optimal product price and communication effort. Under certain market conditions, a
higher cost of reusable bottles is passed on to consumers through a higher retail price,
which may weaken demand and reduce incentives for investment in reverse logistics.
Under alternative parameter conditions, the manufacturer may adjust pricing and com-
munication decisions to preserve demand levels. In addition, a higher reusable bottle
price strengthens the collector’s incentive to raise refund payments and expand collection
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infrastructure. Therefore, reusable bottle pricing should be designed carefully, as it affects
not only retail pricing but also the intensity of reverse logistics investment. These results
highlight the importance of aligning reusable bottle pricing with market responsiveness
and communication effectiveness to sustain both profitability and collection performance.

Overall, the results indicate that successful refill systems depend on aligning bot-
tle quality investments, communication spending, and reuse pricing policies to achieve
mutually beneficial outcomes for both channel members.

For industry managers, the findings provide guidance on how to structure pricing
policies, communication budgets, and investment in bottle quality in a coordinated manner
to scale refill programs sustainably. For policymakers designing circular packaging regula-
tions, the results highlight the importance of ensuring that reuse margins remain sufficiently
attractive relative to recycling, as this directly influences private-sector incentives to invest
in collection infrastructure. Overall, the study offers a structured decision framework to
help stakeholders evaluate how adjustments to pricing, quality standards, or refund levels
may propagate through the entire refill system.

7. Conclusions
This paper established a Stackelberg game model to analyze the optimal strategic

decisions of the manufacturer and the collector within a closed-loop supply chain focused
on refilling and reusing glass bottles. The model derived the equilibrium strategies for the
unit selling price, communication effort, collection investment, and return incentive fee,
allowing for a comparative analysis regarding the adoption of refilling programs. The main
analytical conclusions highlight the strategic trade-offs inherent in the reverse channel.
The Collector consistently uses the refund fee paid to customers and the collection system
investment as strategic levers in response to the manufacturer’s market actions. Specifically,
an increase in the unit selling price leads to the collector increasing the refund fee while
simultaneously reducing infrastructure investment. Conversely, manufacturer investment
in communication expands demand and supports greater infrastructure investment, en-
abling the collector to reduce expensive customer incentives and instead increase long-term
investment in collection systems, thereby improving operational efficiency. Furthermore,
the manufacturer’s optimal pricing and communication effort are shown to be condition-
ally dependent on factors like reusable bottle quality and reuse cost. In particular, higher
quality or lower reuse cost leads to a price reduction or a strategic price increase by the
manufacturer. When reuse is sufficiently profitable, improvements in bottle quality and
increases in the reusable bottle price also strengthen the collector’s incentives to expand
return incentives and infrastructure investment. Overall, bottle quality and reusable bottle
pricing emerge as key strategic drivers of both market and reverse-channel performance in
refill systems.

In this study, several simplifying assumptions are adopted to obtain closed-form
equilibrium solutions. Demand is modeled as deterministic and linear in price and com-
munication effort, and the reverse flow is represented through aggregated collection and
reuse costs rather than detailed operational components, including processing stages. The
framework considers a single manufacturer and a single collector interacting strategically,
without incorporating additional competing firms or alternative collection channels.

These modeling choices allow clear identification of how pricing, communication
effort, bottle quality (as measured by the damage rate), and the unit price of reusable
bottles jointly influence equilibrium decisions and collection performance. However, more
complex environments may introduce additional strategic interactions. Future research
could extend the model to settings with multiple manufacturers or collectors to explore
competitive collection structures and alternative reuse pricing arrangements. Incorporating
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explicit environmental cost components, such as transportation emissions, would further
broaden the evaluation of refill systems beyond profitability. Finally, empirical calibration
using firm or region-level data could assess the magnitude and practical relevance of the
threshold conditions derived in this study.
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