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Abstract
The circular economy, which aims to increase sustainability, reduce waste, and optimize 
the utilization of resources in the supply chain, has received much attention in recent years 
from researchers. In addition, strict environmental regulations have required firms to accept 
responsibility for their end-of-life products. This research investigates a Closed-Loop Sup-
ply Chain (CLSC) that incorporates dual competitive channels in both the forward and 
reverse chains, in addition to a Reward-Penalty Mechanism (RPM), to address the issues 
of sustainability and end-of-life products in supply chains. The CLSC includes a manu-
facturer, a retailer, and a third-party collector. In the forward chain, the manufacturer and 
the retailer deliver new and refurbished products to customers through online and retail 
channels. In the reverse chain, the manufacturer collects the used products through retail 
and third-party collector channels to remanufacture the end-of-life products. This research 
examines the decisions related to pricing and collection rates of used products in the CLSC 
under the RPM. The problem is formulated and solved under decentralized, centralized, 
and coordinated structures with a game theoretic approach. The study’s findings indicate 
that the coordinated structure, utilizing a two-part tariff contract, outperforms the decen-
tralized model in terms of collection rate and profitability for all members of the CLSC. 
Furthermore, the RPM enhances the benefits of remanufacturing activities for both the 
economy and the environment by increasing the collection rate of used products.

Keywords Circular economy · Pricing · Closed-loop supply chain · Channel coordination · 
Game theory · Reward-penalty mechanism

1 Introduction

Over the past few decades, recycling and remanufacturing functions have received consid-
erable attention from both academicians and practitioners because of resource shortages 
and requirements to implement sustainable development and environmental processes, 
such as waste disposal, that affect pollution levels in the air and water tables and ameliorate 
the natural resource depletion. In addition, the remanufacturing system consists of multi-
ple decision makers, such as manufacturers, recyclers, consumers, and government (Wang 
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et al., 2014). The decisions made by the forward supply chain members, customer behav-
iors (such as the willingness to return used products and accept remanufactured products), 
and government policies have a significant impact on the members of the reverse supply 
chain. Governments implement laws, regulations, and policies such as Extended Producer 
Responsibility (EPR) to compel businesses to recycle their products (Ameli et al., 2019).

EPR policies that address the handling of Waste Electrical and Electronic Equipment 
(WEEE) are particularly crucial (Ameli et  al., 2016). These policies include subsidies, 
taxes, penalties, and Reward-Penalty Mechanisms (RPM). For example, the WEEE recy-
cling management regulation went into effect in China in 2011, which specifies the estab-
lishment of a disposal fund to subsidize the WEEE recovery and treatment. The manufac-
turer should pay for the WEEE disposal fund, and it will be penalized if it fails to meet the 
WEEE recovery rate target (Wang & Da, 2008). The USA has provided $2.4 billion for 
electric vehicle corporations to support the manufacturing of green products (Gong et al., 
2013). China has adopted subsidization for the manufacturers to stimulate the collection of 
the WEEE (Wang et al., 2015).

However, for an efficient recovery program implementation, it is necessary to manage 
reverse product flows properly and close supply chain loops. Studies on closed-loop sup-
ply chains (CLSCs) can be classified as production planning and inventory management 
(Kenné et al., 2012), network design (Kusumastuti et al., 2008), and channel management 
(Jiang et al., 2010), among others.

In current marketing systems, several channel structures feature reverse or forward flow. 
The forward supply chain comprises a retail channel, an online channel for direct sales over 
the internet, and a hybrid dual channel that combines elements of both retail and online 
sales. Therefore, companies have started to adopt both direct and traditional sales channels, 
leading to the emergence of hybrid dual channels. For instance, in recent years, many out-
standing companies in various industries (e.g., Nike, Dell, and IBM) have sold directly to 
end users through an online channel (Chiang et al., 2003; Hua et al., 2010; Tedeschi, 2000; 
Tsay & Agrawal, 2004). However, motivated by earning more profit, other members of the 
supply chain, like third parties, are involved in collecting the used products. In the reverse 
supply chain, various channel processes have been identified, including direct collection by 
the manufacturer from consumers, manufacturer-retailer contracts for collecting used prod-
ucts, manufacturer-third  party contracts for collection, and manufacturer contracts with 
both a third party and a retailer for collecting used items. In this paper, a three-level supply 
chain is assumed in which used items are collected by both the third party, and the retailer 
and channel structures of both forward and reverse supply chains are taken into account.

The emergence of dual-channel structures in both forward and reverse chains creates 
competition between channel members. One way to reduce this conflict in the supply chain 
is to use channel coordination contracts. Channel coordination is imperative for improving 
channel-wide performance because it has the potential to generate profit benefits. Channel 
coordination using the contract mechanism is the design of a contract between the channel 
members that effectively neutralizes the difference between the centralized solutions pre-
dicted by a single decision maker and decentralized solutions made jointly by the channel 
members. Various contracts are used to cut out double marginalization in the traditional 
profit-maximizing supply chains but are rarely applied in a CLSC. A two-part tariff con-
tract is a coordination mechanism typically suggested by the manufacturer to other mem-
bers. It is adjusted based on all members’ profits to incentivize coherent decision-making 
for optimizing the entire supply chain (Modak et al., 2015).



A game‑theoretic approach for pricing in a dual‑channel socially…

1 3

This research considers a CLSC, including a manufacturer, a retailer, and a third-
party collector. The manufacturer produces new products from raw materials and 
remanufactures the collected (i.e., used) products. In the forward chain, the manufac-
turer sells new and remanufactured products through retail and internet channels. In the 
reverse supply chain, the retailer and the third-party collector competitively purchase 
used products from consumers at a fixed price and sell them to the manufacturer for 
reproduction. In the considered CLSC, the government determines an RPM for remanu-
facturing. Specifically, the government implements rewards or penalties based on the 
extent to which the collection rate deviates from the target collection rate (Wang et al., 
2015). RPM is considered performance-based care. By evaluating end-of-life product 
collection at CLSC, the government will impose appropriate rewards and penalties for 
improvements to keep the non-collected used products within acceptable limits (Alve-
hag & Awodele, 2013). The purpose of this paper is to investigate the impact of the 
RPM on the collection decisions in the CLSC.

The CLSC in this research is modeled based on three centralized, decentralized, and 
coordinated models. Due to the competitive environment in the forward and reverse 
chain, a two-part tariff contract has been proposed to coordinate the CLSC members. 
No previous research has analyzed a CLSC that includes both retail and online channels 
in the forward chain and a dual collection channel in the reverse chain, along with RPM 
for remanufacturing, as far as the authors are aware. The following research questions 
are answered in this paper.

• What are the optimal price, collection rates, and profits in a CLSC with two com-
petitive recycling channels?

• What are the impacts of collection rate RPM on the CLSC decisions and members’ 
profits?

• How can a two-part tariff contract coordinate a CLSC, including a manufacturer, a 
retailer, and a third party?

• How can the competition between the retailer and the third party influence the return 
rate of the used products and the profit of CLSC members?

The rest of this paper is organized as follows: Sect. 2 reviews previous research in 
CLSC remanufacturing operations, CLSC coordination, and government intervention 
in the CLSC. Section  3 describes model notations. Section  3.2 provides a profound 
description of the problem and model assumptions. Section 4 comprises problem for-
mulation based on centralized, decentralized, and coordinated models. Section 5 gives 
a numerical example of the problem and sensitivity analysis to evaluate the proposed 
models. Finally, managerial insights are given in Sect. 7 based on the obtained results.

2  Literature review

The literature review studied in this section is divided into two parts:

(1) CLSC performance according to collection agents and coordination through contracts
(2) Roles and effects of government intervention.
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2.1  CLSC performance according to collection agents and coordination 
through contracts

CLSC studies using game theory have examined how performance varies by channel 
leadership and collection agents. Huang et al. (2013) studied a CLSC with two collec-
tion channels in which retailers and third-party collectors competitively collect used 
products. They compared two competitive collection channels to one retail collection 
channel. Ovchinnikov (2011) reviewed the pricing of remanufactured products and 
demonstrated that the organization’s pricing strategy is influenced by various factors, 
such as the cost structure of product features and customer behavior. Zhang et al. (2018) 
investigated the pricing of new and refurbished products within a supply chain compris-
ing a supplier and a retailer. Dwicahyani et al. (2019) studied pricing in a supply chain 
with two manufacturers producing different products, competing on price and quality. Yi 
et al. (2016) explored a CLSC with a dual recycling channel in the construction machin-
ery industry, aiming to develop optimal collection strategies. Gan et al. (2017) consid-
ered a CLSC in which the manufacturer delivers new products to customers through a 
traditional retail channel and the reproducible products through a direct channel. They 
concluded that considering a separate channel for selling the reproduced products is of 
the manufacturer’s interest. Feng et al. (2019) investigated pricing and competition in a 
reverse supply chain with two manufacturers and two recyclers. Rajabzadeh et al. (2023) 
explored pricing decisions for two competeing CLSCs by considering supply disruption 
under a Stackelberg game. Rezaei and Maihami (2020) studied a multi-echelon CLSC 
including a manufacturer, a retailer/remanufacturer, and a collection center, where the 
used products are collected by the collection center in a reverse flow and sent to the 
retailer/remanufacturer for remanufacturing processes. Modak et al. (2015), Huang et al. 
(2017), Huang and Wang (2017), and Liu et  al. (2017) compared the performance of 
supply chains under various collection channel structures. Their results showed that 
the collection channel structure affects the supply chain performance and the collection 
rate. In summary, these studies analyzed CLSC performance in different settings but did 
not examine whether the coordination methods could improve the performance.

Several researchers have investigated coordi006Eation strategies, considering waste 
recycling collection and management. Savaskan et al. (2004) conducted a comparative 
analysis of supply chain performance, examining scenarios where the manufacturer, 
retailer, and collector are each responsible for waste material collection. They demon-
strated that two-part tariff contracts improve performance. De Giovanni et  al. (2016) 
compared the performance of wholesale price contracts and Reverse Supply Chains 
(RSCs) in a CLSC including a manufacturer and a retailer. Choi et al. (2013) analyzed 
the performance of a three-level supply chain. They proved that two-part tariff contracts 
and RSCs optimize the performance of the chain. Han et al. (2017) studied the perfor-
mance in the cases in which the manufacturer or the retailer collects waste materials 
when there is a disruption in the reprocessing cost. They discussed that RSCs could 
better handle cost disruption. Zheng et  al. (2017) compared the supply chain perfor-
mance with regard to the power structure in dual-channel CLSCs. They claimed that 
two-part tariff contracts perform better than wholesale price contracts. Taleizadeh et al. 
(2018) claimed that a manufacturer performs better in a dual-channel-forward/dual-
channel-reverse supply chain than in a single-channel-forward/dual-channel-reverse 
supply chain. They also showed that the supply chain performance might improve using 
a contract combining collaborative advertising and two-part tariffs. Ranjbar et al. (2020) 
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reviewed products’ pricing and collection policies in a CLSC with two competitive 
recycling channels under different power structures. In summary, the reviewed studies 
explored the types of contracts that improve supply chain performance. However, they 
did not examine the impact of government intervention.

2.2  The roles and effects of government intervention

Although the literature on supply chain coordination is extensive, few studies have 
addressed the effects of policies as government intervention. Wang et al. (2015) delved 
into the impact of the government’s RPM on the performance of a two-level supply chain. 
Their study revealed that the RPM led to an increase in the collection rate. Furthermore, 
they demonstrated that applying a higher reward-penalty to the collector enhanced the 
performance of the collector-dominated model. Ma et al. (2013) examined the impact of 
the government’s consumer subsidy program on a CLSC in which a manufacturer pro-
duces new products and a traditional retailer along with an online retailer. Xiong et al. 
(2013) considered a CLSC consisting of one supplier and producer. They demonstrated 
that reproduction is beneficial when the government subsidizes the manufacturer. Wang 
et al. (2017a) compared how a government’s reward penalty system affects performance 
when one manufacturer acts as the leader in a supply chain consisting of two manufactur-
ers and one retailer. They showed that the collection rate increases under a reward–pen-
alty system, as did the gains of the dominant manufacturers and retailers. Wang et  al. 
(2017b) studied whether the government’s reward–penalty system can facilitate retailer 
collections when manufacturers are unaware of retailers’ collection efforts. They found 
that a system of rewards and penalties supports collection rates by increasing the price 
of waste. They also showed the government generally desired to identify which par-
ties among manufacturers, retailers, and third parties (such as collectors) had a leading 
act. Nielsen et al. (2019) examined two government incentive policies in a green supply 
chain. One policy is that the government provides incentives for R&D investment, and 
the other provides incentives to produce a single product. Wan and Hong (2019) studied 
the effects of pricing and government subsidy policies on a CLSC. He et al. (2019) con-
ducted a study on a CLSC that included a manufacturer, a retailer, and a third-party com-
pany. The research aimed to determine the optimal channel structure and pricing strate-
gies for the manufacturer, as well as the most effective government subsidy policy.

To the best of our knowledge, there is a lack of prior research in the literature that exam-
ines a CLSC with dual channels in both the forward and reverse chains, while also con-
sidering the government’s legislation, such as the remanufacturing legislation (RPM), for 
used products. The considered CLSC in this paper is investigated under centralized, decen-
tralized, and coordinated models. A brief review of the related literature is presented in 
Table 1.

3  Model notations, description, and assumptions

3.1  Model notations

The following notations are used to describe the proposed models.
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Symbols Definition

M The manufacturer
R The retailer
T The third-party collector
SC The whole supply chain

Parameters Definition

� The market share of retail channel, 0 ≤ � ≤ 1
� The basic market demand for the products
� The self-price elastic coefficient
� The cross-price elastic coefficient
cm The manufacturer’s unit cost of producing a new product, w > cm
cr The manufacturer’s unit cost of remanufacturing a used product
A The price of returned products paid by the retailer or the third party to customers
Δ = cm − cr Cost savings per unit of remanufacturing product, Δ = cm − cr

cl Scalar parameter, coefficient of exchange between collection rate and investment
Ii The financial investment of member i in the collection of used products; ∀i ∈ {r, t}

� Competition coefficient between a retailer recycling channel and a third-party recycling chan-
nel

k Reward–penalty intensity decided by the government
�0 Target collection quantity set by the government
� The discount coefficient in unit wholesale price
�i The discount coefficient in unit transfer price of member i  ; ∀i ∈ {r, t}

�i The bargaining power of member i  ; ∀i ∈ {m, r, t}

Decision Variables Definition

pm Manufacturer price per unit of products
pr Retail price per unit of products
W The unit wholesale price
b The unit transfer price: the manufacturer takes the 

products collected by the retailer and the third-
party collector

�r The collection rate of the retailer
�t The collection rate of the third party
�T The total collection rate, �T = �r + �t

3.2  Model description

This paper examines a CLSC that includes a manufacturer, a retailer, and a third party, 
as illustrated in Fig. 1. In the forward chain, the manufacturer sells the products through 
both retail and online channels. In the reverse supply chain, the used products are col-
lected competitively by the retailer and the third party and transferred to the manufac-
turer at the same price. As a facilitator, the government sets a target collection quantity 
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�0 and the reward–penalty intensity k for the manufacturer. In other words, if the total 
amount of collected used products by the third  party and retailer surpasses the target 
collection amount, the government will reward manufacturers for the excess. Otherwise, 
the government will impose penalties if the target collection amount is not met. The 
intensity of reward and penalty is assumed to be equal to k.

This paper considers that the manufacturer is the leader, while the retailer and the 
third  party are followers who make decisions simultaneously. As a result, the follow-
ing is a summary of the events sequence. To maximize its profit, the manufacturer must 
first determine the wholesale price and direct channel price. After that, the retailer and 
the third party compete for the best acquisition price for end customers in response to 
the manufacturer’s decisions. The profitability of the used products’ collection entices 
the retailer and the third party, which creates competition between the retailer and the 
third  party. One of the solutions to reduce this competition and conflict between col-
lectors is to use coordination schemes and contracts. Therefore, three decision-making 
models are used to model the examined CLSC: (1) decentralized, (2) centralized, and 
(3) coordinated models.

The Stackelberg game is usually used when a firm has higher commercial value 
than other firms, which can then act as a leader, and other firms depend on their leader. 
Within the decentralized models, one agent assumes the role of the leader, while two 
other agents function as followers, leading to a non-cooperative game between the two 
followers (Ranjbar et  al., 2020). Under the decentralized structure, the decisions are 
made according to the Stackelberg game. The centralized structure as a benchmark opti-
mizes the whole CLSC system and obtains the optimized value of CLSC decisions from 
the entire CLSC perspective. Finally, a two-part tariff contract is proposed to coordinate 
the investigated CLSC and ensure the participation of all CLSC members in the coordi-
nation model.

Fig. 1  Proposed CLSC diagram
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3.3  Model assumptions

The proposed models are formulated under the following assumptions:

1. The demands of the manufacturer and retailer are linear functions of the own, cross, and 
buyback prices (Maiti & Giri, 2015). As a result, the market expansions in traditional 
and direct channels are obtained by Eqs. (1) and (2):

2. The quality, warranty, and facilities of the remanufactured products are comparable 
to new goods. There are no distinctions between new and remanufactured products 
such that they can be sold at the same price and in the same market. For example, this 
assumption is used to sell Kodak single-use cameras, where the new and remanufactured 
products are sold to retailers at the same price.

3. The unit cost of producing a new item is more than that of reproducing the returned 
products (Savaskan et al., 2004); that is, cm > cr.

4. The collection rate is calculated as a function of the investment in collecting the used 
products (Savaskan et al., 2004). The retailer and the third party are competing to collect 
the used products. One side’s collection rate can be expressed as a monotonic increasing 
function of its investment and a monotonic decreasing function of the opposite side’s 
investment (Huang et al., 2013). The formulae are presented as follows:

5. All members of the CLSC are interested in cooperating in an integrated system. Equa-
tion (5) should be held for the feasibility of the system:

6. Symbol εAε represents the average price of returned products. There is no difference in 
the quality of used products.

7. CLSC decisions are made in one period.
8. The information is symmetric.

4  Model formulation

In this section, we present three distinct CLSC decision models incorporating the RPM.

(1)Dr = �� − �pr + �pm,

(2)Dm = (1 − �)� − �pm + �pr.

(3)�r =

√
Ir − �It

cl
,

(4)�t =

√
It − �Ir

cl
,

0 ≤ � ≤ 1.

(5)pr > w > 0,Δ > b > A.
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4.1  Centralized decision model

Under the centralized model, the manufacturer, the retailer, and the third party collaborate 
and operate as an interconnected system. The profit function for the supply chain in a cen-
tralized model is shown by Eq. (6):

Proposition 1 In the centralized model, the condition (1–5) holds:

By using the first-order derivative test and its solution, the optimal retail price, the opti-
mal manufacturer price, the optimal collection rate of the retailer, and the optimal collec-
tion rate of the third party are obtained by Eqs. (8)–(11):

The proof for the above equations can be found in Appendix.

4.2  Decentralized decision model

In the decentralized model, the manufacturer, the retailer, and the third party are independ-
ent decision-makers who want to increase their profits. The manufacturer acts as a leader, 
the retailer and the third party act as followers, and a non-cooperative game occurs between 
the two followers. The profit functions of the manufacturer, the retailer, and the third party 
based on assumptions are obtained by Eqs. (12), (13), and (14):

(6)
�Ce

SC
= Dmpm + Drpr − cm

(
Dr + Dm

)

+ (Δ − A)(Dr + Dm) (�r + �t −
cl
(
�2
r
+ �2

t

)
1 − �

+ k
((
�r + �t

)
− �0

)
.

(7)2𝜙2 > 𝛽2, 2(𝛽 − 𝜙)2(4𝜙 + (𝛽 − 𝜙)) − 2
cl

1 + 𝛼
< 0,

16clM1(𝛼 − 1)

(𝛼 − 1)2
> 0.

(8)pCe*
m

=
1

2

cm
(
�2 − �2

)
− ��� − �� + ���

−�2 + �2
,

(9)pCe∗
r

=
1

2

cm
(
�2 − �2

)
− (� − �)��

−�2 + �2
,

(10)�Ce∗
r

=
1

2

(� − 1)
(
A − cm + cr − k

)
cl

,

(11)�Ce∗
t

=
1

2

(� − 1)
(
A − cm + cr − k

)
cl

.

(12)
�Dec

m
= drw + dmpm −

((
dr + dm

)
−
(
�r + �t

))
cm −

(
�r + �t

)
cr − b

(
�r + �t

)
+ k

((
�r + �t

)
− �0

)
,
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We use backward induction to obtain the equilibrium decisions of the members. Thus, 
first, the retailer determines its retail price and collection rate ( pDec

r
,�Dec
r

 ), and so does the 
third party for its collection rate ( �M

t
 ). Then, the manufacturer considers the best responses 

of the retailer and third party and decides on wholesale price, online price, and the optimal 
transfer price accordingly ( wDec, pDec

m
, bDec

r
, bDec

t
).

In the decentralized model, the third party problem is formulated in the form of Eq. (15):

The retailer problem is formulated as Eqs. (16) and (17):

The manufacturer problem is formulated as Eq. (18):

If condition (18) holds, then the optimal decisions Eqs. (19), (20), and (21) are obtained 
by placing the optimal answers of the retailer and the third party in the manufacturer profit 
function.

(13)�Dec

r
= dr

(
pr − w

)
+ (b − A)�r −

cl�
2
r
+ �cl�

2
t

1 − �2
,

(14)�Dec

t
= (b − A)�t −

cl�
2
t
+ �cl�

2
r

1 − �2
.

(15)�Dec
t

=
1

2

(
b − br�2 − A + A�2

)
∕cl.

(16)pDec
r

=
1

2

�pm + �w + � − ��

�
,

(17)�Dec
r

=
1

2

(
b − br�2 − A + A�2

)
∕cl.

(18)

�Dec

m
=

(
(1 − �)� +

1

2
�pm −

1

2
�w −

1

2
� +

1

2
��

)
w

+

(
�� − �pm +

1

2

�(�pm + �w + � − ��

�

)
pm

−

(
� +

(
1

2

(�pm + �w + � − ��

�
+ pm

)
(� − �) −

b − b�2 − A + A�2

cl

)
cm

−

(
b − b�2 − A + A�2

)
cr

cl
−

b − b�2 − A + A�2

cl
+ k

(
b − b�2 − A + A�2

cl
− �0

)
,

(19)wDec∗ =
1

2

−�� + ��� − ��� − cm�
2 + cm�

2

−�2 + �2
,

(20)pDec∗
m

=
1

2

−�� − ��� + ��� − cm�
2 + cm�

2

−�2 + �2
,

(21)bDec∗ =
1

2

(
cm − cr + k − A

)
.
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4.3  Coordinated decision model using two‑part tariff contracts

The competing behaviors of the retailer and the manufacturer in the forward chain and 
the retailer and the third  party in the reverse chain create conflicting interests, which 
causes inefficiency in the CLSC. Therefore, a two-part tariff contract is proposed to 
coordinate the retailer and the manufacturer in the forward chain and the retailer and 
the third  party in the reverse chain. In the forward chain, the manufacturer sets the 
wholesale price to �w for the retailer, and in the reverse chain, sets the transfer price to 
�ibi, i = r, t for the retailer and the third party. Accordingly, the manufacturer charges F1 
and F2 for the retailer and the third party, respectively. Furthermore, the retailer and the 
third party set the retail price and return rates in a way that is consistent with the cen-
tralized model.

The profit functions of the manufacturer, the retailer, and the third party in the coor-
dinated model are formulated as shown by Eqs. (22), (23), and (24):

Proposition 2 The two-part tariff contract applied in the competitive link of the retailer 
and the manufacturer resolves CLSC misaligned motivations only if Eq. (25) holds:

Proof see “Appendix”.

Proposition 3 The two-part tariff contract applied in the competitive link of the retailer 
and the third party resolves CLSC misaligned motivations only if Eq. (26) holds:

Proof see “Appendix”.

Proposition 4 The two-way, two-part tariff contract conducted in the competitive forward 
and reverse links can motivate all CLSC members to accept the proposed coordination 
scheme if and only if the satisfaction conditions hold as follows:

(22)

�Co

m
= dr�w + dmpm −

((
dr + dm

)
−
(
�r + �t

))
cm

−
(
�r + �t

)
cr − b

(
�1 + �2

)(
�r + �t

)

+ k
((
�r + �t

)
− �0

)
+ F1 + F2,

(23)�Co

r
= dr

(
pr − �w

)
+
(
�1b − A

)
�r −

cl�
2
r
+ �cl�

2
t

1 − �2
− F1,

(24)�Co

t
=
(
�2b − A

)
�t −

cl�
2
t
+ �cl�

2
r

1 − �2
− F2.

(25)� =
−cm�

3 + ���� − �cm�
2 + ��2 − ���2 − �pm�

2 + �3pm(
−�2 + �2

)
�w

.

(26)�Co
i

=
1

2

�
(
cm − cr + k + A

)
+ cm − cr + k + A

cl
i = r, t.

(27)�Co

m
≥ �Dec

m
,
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4.4  Surplus profit sharing strategy

In this section, to determine payments ( F1 , F2 ), a profit-sharing approach is presented 
based on the bargaining powers of CLSC members. The bargaining power of the manu-
facturer is defined by �m , and �r, � t are the bargaining powers of the retailer and third party, 
respectively.

The achieved profit under the proposed coordinated two-part tariff contract is calculated 
as the difference between the profit of the whole CLSC in the centralized and decentralized 
models, as shown by Eq. (30):

Under the profit sharing strategy, the share of each CLSC member from the achieved 
surplus profit can be derived as the proportion of its bargaining power, obtained by Eqs. 
(31), (32), and (33):

Under the profit sharing strategy, the profit of CLSC members from the achieved sur-
plus profit is formulated by Eqs. (34), (35), and (36) as follows:

Accordingly, the exact value of the F1 and F2 can be specified under simplification 
Eqs. (34), (35), and (36), which is shown by Eqs. (37) and (38):

(28)�Co

r
≥ �Dec

r
,

(29)�Co

t
≥ �Dec

t
.

(30)Δ�SC = �Cen

SC
− �Dec

SC
.

(31)Δ�Bar

m
=

�m

�m + �r + �t
Δ�SC,

(32)Δ�Bar

r
=

�r

�m + �r + �t
Δ�SC,

(33)Δ�Bar

t
=

�t

�m + �r + �t
Δ�SC.

(34)�Co

m
= �Dec

m
+

�m

�m + �r + �t
Δ�SC,

(35)�Co

r
= �Dec

r
+

�r

�m + �r + �t
Δ�SC,

(36)�Co

t
= �Dec

t
+

�m

�m + �r + �t
Δ�SC.

(37)F1 = �Co

r
−

�r

�m + �r + �t
Δ�SC − �Dec

r
,
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5  Numerical examples

In this section, we have provided a numerical example using actual data from an Ira-
nian refrigerator manufacturer. The Iranian refrigerator market consists of more than 
25 million households, where 90% have at least one refrigerator at their home, and 36% 
have at least two refrigerators in use. The average lifespan of a refrigerator is estimated 
to be approximately 15 years. Information is gathered through interviews with relevant 
experts and research of existing records within the organization. Besides, some of the 
collected parameters are estimated with approximations to satisfy the problem assump-
tions and the conditions, so it is not far from reality to use these parameters for prob-
lem-solving (Table 2).

As shown in Table 3, in the coordinated model with a two-part tariff contract, the 
return rate of used products (Fig. 2) and the profit of all CLSC members is higher than 
that of the centralized and decentralized models.

(38)F2 = �Co

t
−

�t

�m + �r + �t
Δ�SC − �Dec

t
.

Table 2  Parameter values of the 
numerical example

Parameters � � � � c
m

c
r

A c
l

k �0

Value 0.6 293 10 5 1000 400 30 9,500,000 60 0.3

Table 3  Results of the numerical example under different decision-making structures

Optimal variables Decentralized model Centralized model Coordinated model

pm 515.63 515.66 515.66
w 513.67 – –
b 345 – –
pr 391.6 513.67 513.67
�r 0.00016 0.00023 0.00023
�t 0.00016 0.00023 0.00023
�1 – – 1.49
�2 – – 1.49
� – – 1.47
F1 – – 5,800,000
F2 – – 0.0022
�T 0.00032 0.00046 0.00046
�m 20,576,351.54 – 7,559,613.48
�r 149,010.85 – 160,434.01
�t 0.00166 – 0.0017
�SC – 2,355,656.85 –
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6  Sensitivity analysis

6.1  Comparison between two structure

We compare the members’ optimal decisions and profits under the decentralized and coor-
dinated game structures. Under the decentralized game structure and coordinated model, 
the total collection rate of used products over increasing competition degree between 
retailer and third party is demonstrated in Fig. 3. As shown in Fig. 3, increasing the compe-
tition degree on the collecting investment ( � ) decreases the collection rate of used products 
under decentralized and coordinated models. Although by increasing the competition, the 
decrease in the collection rate of used products under the coordinated model is more than 
that of the decentralized model, the value of the collection rate is consistently higher in the 
coordinated model compared to the decentralized model. Hence, the proposed two-part tar-
iff contract benefits the CLSC system from both environmental and economic perspectives. 
It can upgrade the collection rate by encouraging consumers to return their used products 
willingly.

Figure  4 shows the effect of the retailer and the third  party competition on the prof-
its of all CLSC members under decentralized and coordinated models. Increasing α leads 
to a decrease in the profit of all CLSC members in both decentralized and coordinated 
models, as illustrated in Fig. 4. However, under the proposed two-part tariff agreement in 
this research, the individual profits of CLSC members are higher than those in the decen-
tralized model. In the case of the manufacturer, as the competition rate increases, the 

Fig. 2  The collection rate of the 
retailer and the third party

Fig. 3  Collection rate versus α 
under the decentralized game 
structure and coordinated model
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decreasing rate of the profit is higher in the coordinated model compared to the decentral-
ized model. In the case of the retailer and the third party, by increasing the competition 
rate, the decreasing rate of the profit is almost the same at first in both coordinated and 
centralized models. After that, decreasing rate of the profit starts to get higher in the coor-
dinated model compared to the decentralized model. The findings show the application and 
efficiency of the coordinated model in improving the supply chain profitability concerning 
the competitive behavior of the retailer and the manufacturer in the forward chain and that 
of the retailer and the third party in the reverse chain.

6.2  The impact of RPM on equilibrium solutions

This subsection illustrates the impact of reward-penalty intensity on the total return rate 
and equilibrium solutions.

As shown in Fig. 5, the total collection rate increases with the increase of k. We also 
note that if the reward-penalty intensity k is relatively small, the recycler’s collection rate 
may not reach the target value the government sets.
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Fig. 4  CLSC members’ profits versus α under the decentralized game structure and the coordinated model

Fig. 5  The effect of reward-
penalty intensity on the total 
collection rate



 M. Ziaei et al.

1 3

As shown in Fig.  6, there exists a threshold of km of reward-penalty intensity. For 
0 < k < km , the manufacturer’s profit ( �m) decreases withk ; forkm < k , the manufacturer’s 
profit (�m) increases. The reason is that, an increase in k leads to economic penalties and 
a decrease in the manufacturer’s profit when the collection rate of used products does not 
meet the government’s specified target.

7  Conclusion, future research and managerial implications

This paper investigated the optimal pricing strategy and collection rate of the used products 
with Reward-Penalty Mechanism (RPM) in a Closed-Loop Supply Chain (CLSC) with 
dual competitive channels both in the forward and reverse chains. The effects of reward-
penalty intensity on the return rate of used products and profits of the manufacturer are 
discussed as well. In the reverse channel, the used products are collected by a retailer and a 
third party and then transferred back to the manufacturer. The products are simultaneously 
sold to the end consumers through online and traditional retail channels. The centralized 
structure is used as a benchmark to optimize the whole CLSC. The decentralized structure 
of the considered CLSC is also investigated according to the Stackelberg game. In addition 
to centralized and decentralized structures, we proposed a coordinated structure in which a 
two-part tariff contract is utilized to coordinate the CLSC members. The following conclu-
sions and insights can be summarized.

• From an environmental point of view, remanufacturing and recycling the used prod-
ucts lessens the harmful effects of waste products on the environment. The proposed 
coordinated model can increase CLSC sustainability by increasing the collection rate 
and remanufacturing of the used products. The coordinated model also has a better col-
lection rate performance under the RPM mechanism than centralized and decentralized 
models.

• The proposed two-part tariff contract is also benefits the manufacturer as it can moti-
vate retailers and third parties to increase the collection rate of the used products.

Fig. 6  The effect of reward-penalty intensity on the manufacturer’s profit
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• An RPM is composed of reward-penalty intensity and target collection rate to make 
remanufacturing activities beneficial to the economy and the environment. Our key 
findings are as follows. Considering the RPM can significantly improve the environ-
mental sustainability of the CLSC from the government’s perspective. We find that the 
implementation of RPM by the government can lead to collectors receiving a portion 
of the extra profit resulting from an increase in the collection rate of used products. 
This finding highlights the potential benefits of government regulations in promoting 
sustainable waste management practices within the CLSC. For the manufacturer, we 
find that the threshold return rate is a crucial element in determining an increase in the 
profit. When the collection rate of used products does not reach the target value set by 
the government, the manufacturer’s profit decreases. In contrast, when the collection 
rate of used products surpasses the target value, the manufacturer’s profit increases. 
The increased collection rate of the used products improves the sustainability of the 
supply chain from environmental and economic perspectives.

• Lower competition between the retailer and the third party also enhances the perfor-
mance of the coordinated model in terms of CLSC members’ profit.

This research study could be enhanced in future studies through several avenues. First, 
all players are considered risk-neutral in this model, and the game can be studied for 
risk-takers or risk-averse players. Second, the existing research assumes a linear demand 
function. Expanding the research to consider stochastic or uncertain demands could be a 
valuable avenue for future exploration. Third, agent-based modeling could be utilized to 
incorporate additional players in the supply chain. This approach could provide a more 
comprehensive and realistic representation of the complex interactions and decision-mak-
ing processes within the CLSC.

Appendix

Proof of Proposition 1 From �Ce

SC
 , the Hessian matrix is obtained as follows:

By solving x ⋅ 𝜋ce

SC
⋅ xT < 0 , the following conditions are obtained:

⎡⎢⎢⎢⎢⎣

−2�

2�

2�

−2�

sm(� − �)

sm(� − �)

�(cm − cr + sm + sr)

�(−cm + cr − sm − sr)

sm(� − �) sm(� − �)
−2cl

1−�2
−

−2�cl

1−�2
0

sm(� − �) sm(� − �) 0
−2cl

1−�2
−

−2�cl

1−�2

⎤
⎥⎥⎥⎥⎦
.

2𝜙2 > 𝛽2,

2sm(𝛽 − 𝜙)2(4𝜙 + (𝛽 − 𝜙)) − 2
cl

1 + 𝛼
< 0,

16clM1(𝛼 − 1)

(𝛼 − 1)2
> 0.
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Therefore, if the above conditions are satisfied, �Ce

SC
 will be a negative definite Hessian 

matrix. Thus, pCe∗
m

,pCe∗
r

,�Ce∗
r

,�Ce∗
t

 can be obtained by solving the first-order condition.

Proof of Proposition 2 The optimal discount factor offered to the retailer under the two-part 
tariff contract is obtained through a necessary condition ��

Co
r

�pr
= 0 which results in:

Then, by setting pCo
r

= pCen
r

 , proposition 2 is proven.

Proof of Proposition 3 The optimal discount factor offered to the retailer and third  party 
under the two-part tariff contract, by taking the first derivative of �Co

r
and�Co

t
 , w.r.t 

�Co
r
and�Co

t
 , is obtained as follows:

Then, by setting �Co
r

= �Cen
r

 and �Co
t

= �Cen
t

 the proposition 3 is proved.

Proof of Proposition 4 The proposed two-part tariff contract is accepted by the CLSC mem-
bers if and only if each CLSC member earns at least the profit equal to that on the decen-
tralized model; thus, proposition 4 is proven.
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