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Abstract: This paper studies risk aversion and retail service in third-party remanufacturing. We consider a
closed-loop supply chain (CLSC) comprising an original equipment manufacturer (OEM), a risk-averse re-
tailer, and a third-party remanufacturer (TPR). The retailer sells new products and provides retail services.
The TPR is responsible for the remanufacturing. Two Stackelberg game models are developed: authorized
remanufacturing (Model A) and outsourcing remanufacturing (Model O). Based on the analysis results, we
can conclude that in response to risk aversion, the OEM raises the outsourcing fee to incentivize remanufac-
turing and increase the TPR’s expected profit. The retailer reduces service level due to risk aversion, but
appropriate risk aversion could help the retailer optimize expected profit. Under certain parameter conditions,
an increase in recycling difficulty may elevate the TPR’s expected profit due to a higher outsourcing fee. The
retailer provides a higher service level and achieves greater expected profit under Model A, while the OEM
prefers Model O. The TPR prefers Model O only when both the market recognition of remanufactured prod-
ucts and the recycling difficulty coefficient are sufficiently high. Model O is more environmentally friendly
when the unit remanufactured product environmental impact is sufficiently low. Supply-chain expected envi-
ronmental impact negatively correlates with retailer risk aversion level, while recycling difficulty’s environ-
mental impact depends on the environmental performance of the unit remanufactured product. We recommend
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that the retailer, while optimizing service costs, should promptly understand the respective bargaining power
of the OEM and TPR in negotiations over remanufacturing model selection to avoid the risk of high service
efficiency leading the TPR to accept model O, which is disadvantageous to the retailer. The government should
support TPR in enhancing recycling efficiency while encouraging the retailer to improve the effectiveness of
retail services. This study provides a scientific reference for operational decision-making and remanufacturing
cooperation model selection in third-party remanufacturing CLSCs with retail service and risk aversion issues.
Furthermore, our findings contribute theoretical foundations for policymakers to formulate policies that bal-
ance economic development and environmental benefits.

Keywords: closed-loop supply chain; third-party remanufacturing; retail service; risk aversion
Mathematics Subject Classification: 90B06

1. Introduction

Current economic development and technological advancements have driven consumers to demand
greater personalization and functionality in products. This has accelerated product iteration and the consump-
tion of natural resources, while increasing the environmental burden as more used products are discarded.
Remanufacturing has gained widespread recognition as an effective and sustainable operation method [1,2].
Remanufacturing involves disassembling, inspecting the recycled products, replacing or repairing components,
and reassembling them to meet the same quality standards as new products [3]. Compared to manufacturing
new products, the remanufacturing process typically reduces costs by half while saving 60% of energy and
70% of raw materials [4]. According to Global E-waste Flows Monitor 2024, global e-waste generation
reached 62 million metric tons in 2022, with projections exceeding 82 million metric tons by 2030. Only a
relatively small fraction of this waste receives regulated treatment and recycling, resulting in significant losses
of valuable natural resources [5].

In practice, due to technical limitations, cannibalization effect on new product sales, high remanufactur-
ing costs, and capital constraints, many original equipment manufacturers (OEMs) focus on manufacturing
new products and entrusting their remanufacturing operations to third-party remanufacturers (TPRs) [6,7]. An
OEM usually has two third-part remanufacturing strategy options: authorized and outsourcing remanufactur-
ing. Under the authorized remanufacturing model, a TPR is responsible for remanufacturing end-of-life prod-
ucts and selling them through its own channel, with the OEM charging a licensing fee. In the outsourcing
remanufacturing model, OEM pays an outsourcing fee to purchase remanufactured products from the TPR for
resale to consumers. For instance, Land Rover outsourced its remanufacturing operations to Caterpillar, while
Apple authorized Foxconn to produce and sell remanufactured products in China [8,9].

On the other hand, today’s consumers increasingly prioritize service quality when purchasing products.
Focusing on the shopping experience has become an integral part of people’s purchasing habits. Delivering high-
quality service is an effective way for retailers to enhance competitiveness and capture market share. Many
retailers have implemented and innovated service strategies within their stores. For instance, Suning [10] has
introduced digital shopping guides and Al store assistants in its retail outlets to achieve multidimensional break-
throughs in operational efficiency, service experience, and sales growth. With heightened environmental
awareness, as an embodiment of the circular economy, closed-loop supply chain (CLSC) management has
been recognized by numerous scholars and the business communities [11]. Sales of new product retailers in
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third-party remanufacturing closed-loop supply chains (CLSCs) face encroachment from remanufactured
goods channels. Beyond relying solely on price reductions, there is merit in addressing remanufactured prod-
uct competition through service decisions. While some studies have examined retail service decisions within
the CLSC models [12—14], our study specifically considers retailer service within third-party remanufacturing.
With socioeconomic development and shifts in the business environment, consumer markets exhibit
high uncertainty and frequent fluctuations. Against this backdrop, supply chain enterprises pursue profits
while also focusing on risk aversion [15]. Risk awareness helps businesses navigate dynamically changing
operational environments. Managers may sacrifice some expected returns to balance risks through risk aver-
sion [16]. Competition between new products and remanufactured products within CLSCs further intensifies
market uncertainty, creating more complex decision-making environments that encourage members to ex-
hibit risk-averse tendencies. Several studies have examined the impact of risk aversion on supply chain
system decisions within third-party remanufacturing environments [6,17,18]. However, no existing litera-
ture simultaneously considers a retailer’s service and risk aversion in CLSC decision-making under different
third-party remanufacturing models. Incorporating risk aversion issues alongside retail services into third-
party remanufacturing supply chain decision-making aligns with the current context of intensifying retail com-
petition and growing corporate risk awareness. This approach plays a significant role in enriching third-party
remanufacturing management theory and sustainability research. To address this gap, this paper constructs a
CLSC comprising one OEM, one TPR, and one retailer. The retailer sells new products and provides retail
services. We analyze the Stackelberg game models under authorized remanufacturing (Model A) and out-
sourcing remanufacturing (Model O). The following research questions are addressed:
(1) What are the optimal decisions and expected profits of two remanufacturing models?
(2) What are the impacts of the retailer’s risk aversion on the decision-making of CLSC with retail service?
(3) Which model is more favorable for CLSC members? Which model is more environmentally friendly?

Our paper has three main contributions. First, we consider the retailer’s service decision and risk aversion
in the authorized and outsourcing remanufacturing decision models for the first time. Second, we analyze the
equilibrium decisions under the impacts of retail service and risk aversion in two models, which will provide
a decision reference for members of the third-party remanufacturing CLSCs. Third, by analyzing the selection
of remanufacturing models and the impacts of key parameters, this paper provides a scientific basis for envi-
ronmental policy-making.

The remainder of this study is organized as follows: Section 2 provides a literature review. Section 3
provides problem description and assumptions. Model formulation and solutions are provided in Section 4.
We perform equilibrium result analysis in Section 5. Section 6 is the numerical analysis. Section 7 presents
management implications and conclusions.

2. Literature review

The related literature for this study comprises three streams: (1) Authorized and outsourcing remanufactur-
ing in CLSC, (2) Service decision in supply chains, and (3) CLSC with risk aversion.

2.1. Authorized and outsourcing remanufacturing in CLSC

Journal of Industrial and Management Optimization Volume 22, Issue 4, 1693—1725.



1696

In recent years, authorized and outsourcing remanufacturing in CLSC models have attracted the attention
of numerous scholars. Zhou et al. [19] examined the scenario where the OEM utilizes the authorized remanu-
facturer to counter the unauthorized remanufacturer. They found that Pareto improvement regions exist re-
gardless of whether authorization fees are set by the authorized remanufacturer or the OEM. Wang et al. [20]
studied the impact of emission reduction on outsourcing remanufacturing operations in two-period game mod-
els between an OEM and a TPR. The results show that emissions reduction promotes the sales of new products
but reduces the amount of remanufacturing and TPR’s profits. They proposed that supply chain coordination
can be achieved by having the TPR bear part of the emission reduction costs while increasing outsourcing
fees. Xia et al. [21] studied emission reduction strategies in the outsourcing remanufacturing decision-making
model under carbon trading. They found that the unit outsourcing cost decreases with the increase in emission
reduction investment. Liu et al. [22] studied financing strategies for capital-constrained authorized TPR in
CLSC decision-making and analyzed the critical impacts of initial capital size and unit remanufacturing cost.
They found that the TPR tends to obtain loans from OEM when the unit remanufacturing cost is low, and the
capital gap is not substantial. Esenduran et al. [23] analyzed scenarios where an OEM adopts either a laissez-
faire policy or an enforced authorization policy toward an independent remanufacturer. They noted that when
the unit remanufacturing cost is low, enforced authorization can generate higher profits for supply chain mem-
bers. Furthermore, enforced authorization can also enhance environmental performance and consumer surplus.

Some scholars simultaneously consider both remanufacturing operation modes in the CLSC. Zhang et
al. [7] examined CLSC games dominated by a TPR with a capital-constrained OEM as the follower. They
investigated trade credit and bank loans in the authorized and outsourcing remanufacturing models. Their
findings revealed that under this financing combination, the OEM prefers the authorized remanufacturing
model while the TPR does the opposite. Ma and Li [24] examined financing strategies in decision models
for outsourcing and authorizing remanufacturing CLSC. Their findings show that under the outsourcing
remanufacturing model, the TPR achieves higher profit, while the OEM prefers to borrow money from the
TPR rather than the bank. Ding et al. [9] developed a three-tier CLSC consisting of one supplier, one man-
ufacturer, and one TPR, and studied the supplier’s differential and uniform pricing toward the OEM and TPR.
They found that differential pricing may create a win-win situation for the supplier, TPR, and consumers, but
simultaneously harms the OEM and reduces social welfare. Li et al. [25] considered recycling quality un-
certainty and differences in willingness to pay for new products across various remanufacturing models.
When the OEM has a low unit production cost for new products, outsourcing and authorized remanufactur-
ing models prove most beneficial for the environment and consumers, respectively. Otherwise, the OEM
remanufacturing model leads to superior environmental and economic benefits. Xia et al. [26] incorporated
government differential carbon taxes on new and remanufactured products into a third-party remanufactur-
ing CLSC. Their finding indicates that outsourcing remanufacturing is the optimal choice for the OEM when
the carbon tax differential between two products does not exceed a certain threshold. Qiao and Xu [27]
examined trade-in for cash, trade-in for new, and trade-in for remanufacturing in a supply chain game in-
volving an OEM and a TPR. Their findings indicate that trade-in for new is most suitable under the out-
sourcing remanufacturing model. Used products with higher residual values are suitable for adopting both
the trade-in for new and trade-in for remanufacturing.

The above literature offers us a solid research foundation, but none of them consider risk aversion and
retail service in remanufacturing decision-making.

2.2. Service decision in the supply chain
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Some studies have considered retail service in supply chain decision-making models. Xia et al. [28] an-
alyzed the impact of service competition between two supply chains on distribution channel selection. They
found that if manufacturers provide services, both supply chains choose the resale model as an equilibrium
decision when price elasticity, service costs, and the degree of competition are low. Delaying service decisions
can narrow the scope of this symmetric equilibrium. Zhang et al. [29] examined after-sales service and retailer
demand information sharing strategies within a supply chain model. They found that when the manufacturer
undertakes after-sales service, the retailer is willing to share information if the manufacturer’s after-sales ser-
vice is cost-efficient. Guan et al. [30]developed two supply chains that compete on service and price, where
the manufacturer provides after-sales service, and the retailer holds market forecasting information. They
found that the retailer is more willing to share information when the manufacturer’s service is cost-efficient,
and consumer acceptance of the service is high. Qu et al. [13] studied the manufacturer’s cost misreporting
and fairness concerns of the retailer. They found that the misleading report by the manufacturer can lead to a
lower retail price and improve service level. The retailer can maintain fairness concerns to counteract misre-
porting behavior and secure greater profit. Zhang et al. [31] simultaneously considered service decisions for
both new and remanufactured products in a supply chain. They designed four service scenarios: the manufac-
turer provides services for both products, the retailer provides services, and the services of both products are
provided separately by the manufacturer and retailer. They found that asymmetric service provision models
can achieve the highest and lowest service levels.

There is also a growing interest in the services offered in CLSCs. Zhao et al. [4] considered retailer
service effort and authorized remanufacturing in the third-party recycling supply chain. They noted that when
consumer willingness to purchase remanufactured products is sufficiently high, the fixed-fee retailer remanu-
facturing model enables the manufacturer, retailer, and third party to achieve higher profits simultaneously,
compared to the unit authorization fee model. Hong et al. [32] studied the CLSC game model, where value-
added service is provided by a manufacturer and a retailer. They found that the manufacturer-service model
yields higher supply chain profit and adopted a two-part tariff contract that elevates overall profits to the level
achieved under centralized decision-making. Shan et al. [33] studied the optimal decisions of a CLSC com-
prising one manufacturer, one retailer, and one recycler under the government subsidy. They considered cost-
sharing of recycling costs of the third-party recycler and service investment costs of the retailer, and identified
the impact of parameters such as the government subsidy and consumer service sensitivity on the conditions
for coordinating cost-sharing strategies. Shi et al. [34] examined different CLSC alliance models containing a
retailer providing service, a manufacturer conducting green investment, and a recycler: manufacturer-retailer
alliance and manufacturer-recycler alliance. They found that the manufacturer-retailer alliance yields higher
economic and environmental benefits than the manufacturer-recycler alliance. Gong et al [35] incorporated
the effects of product value-added service and corporate social responsibility into the CLSC decision-making.
They noted that the impacts of consumer acceptance level for value-added service on optimal decisions and
profits depend on the firm’s level of commitment to social responsibility and the scenarios where different
members bear these two inputs. Gong et al. [14] studied the impact of customer free-riding behavior on pricing
and retail service decisions in a dual-channel CLSC. They found that consumers’ free riding has a positive
effect on the online price and a negative effect on the offline price. In the centralized decision-making model,
the retailer’s service level may increase due to the high free-riding rate. Zhang [36] developed a dual-channel
closed-loop supply chain consisting of a retailer and a manufacturer and examined decisions regarding after-
sales and recycling services. They indicated that enhancing the service level can motivate consumers to par-
ticipate in recycling, thereby promoting circular economy benefits and social value. However, these studies
do not consider risk aversion and different third-party remanufacturing patterns.

2.3. CLSC with risk aversion
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Risk aversions have important impacts on practical supply chain operations. Scholars have studied risk
aversion in CLSC management models. Deng [37] examined consumers’ risk aversion toward remanufactured
products and investigated models where different supply chain enterprises take responsibility for remanufac-
turing. They analyzed the specific impacts of consumers’ aversion levels and the relative profits of remanu-
facturing on equilibrium decisions and supply chain members’ model selection. Niu et al. [38] examined the
effect of blockchain technology adoption on improving consumer distrust toward remanufactured products
within a supply chain comprising a manufacturer and a supplier. They found that blockchain adoption con-
sistently benefits the manufacturer, but the supply chain will not adopt blockchain technology when consumer
risk aversion exceeds a certain threshold. Xu et al. [39]simultaneously considered the risk aversion of the
retailer and manufacturer as well as carbon tax policies in CLSC decision-making. They noted that the gov-
ernment can lower the carbon tax to incentivize the manufacturer to invest more in energy-saving efforts and
encourage the retailer to recycle more products. Song and Li [40] examined the CLSC decision-making where
the manufacturer, retailer, and third-party recycler exhibit risk aversion, and investigated government recy-
cling price subsidies provided to different recipients. They analyzed how the risk aversion levels of supply
chain enterprises affect subsidy effectiveness and found that high remanufacturing costs make the recycler
subsidy model more environmentally and economically beneficial. Xu et al. [2] constructed an omnichannel
CLSC game that consists of a manufacturer and a risk-averse physical retail store. They found that the risk
aversion exhibited by manufacturer-owned retail store enhances overall supply chain benefits. Gong et al. [41]
examined recycler risk aversion toward uncertainty in waste product quality and the manufacturer’s disregard
for risk attitude. Through the decision-making model analysis, they found that if the manufacturer ignores
recycler risk aversion, it will lead to lower product prices, thereby increasing demand and recycling rates and
favoring the recycler's utility. Zhou et al. [42] examined remanufacturing under fluctuating recycling quality
and introduced cap-and-trade mechanism into a CLSC Stackelberg game model containing a retailer and a
risk-averse manufacturer. They found that the increase in risk aversion level of the manufacturer negatively
impacts recycling volumes and drives up product prices.

With the development of the remanufacturing industry, scholars have begun to study risk aversion in
CLSCs where manufacturers do not directly engage in remanufacturing. Xia and Nan [43] considered the
risk aversion of a distributor authorized to produce remanufactured products and the manufacturer’s capital
constraints to examine the manufacturer’s debt financing and equity financing decisions. They noted that
when the manufacturer’s dividend ratio falls below a certain threshold, equity financing is preferred, and the
debt financing tends to yield higher environmental benefits. Xia et al. [17] investigated different financing
decision models for a remanufacturer with risk aversion and a capital-constrained OEM. They found that the
capital-constrained OEM derives greater benefits from the debt financing strategy due to a high dividend
payout ratio, while the debt financing model yields superior environmental benefits. Ding et al. [18] proposed
a two-part tariff contract that improves recycling rates and social welfare within a supply chain decision
model comprising an outsourced remanufacturer and a risk-averse OEM. Furthermore, results from their
extended model indicate that the degree of risk aversion does not influence firms’ choice between authorized
or outsourcing remanufacturing.

Based on this literature review, it can be concluded that, to the best of our knowledge, there is no existing
study that considers retail service decision and risk aversion in the third-party remanufacturing model. To fill
this research gap, we develop a CLSC with an OEM, a TPR, and a retailer with risk aversion. Two Stackelberg
game models are developed to analyze the optimal decisions of CLSC decision-making with retailer’s risk
aversion and service in authorized and outsourcing remanufacturing models. This study offers a new reference
for third-party remanufacturing CLSC practical operation with retail service and risk aversion.

Journal of Industrial and Management Optimization Volume 22, Issue 4, 1693—1725.



1699

3. Problem description and formulation

We develop a supply chain consisting of an OEM, a TPR, and a retailer. The retailer sells new products
manufactured by the OEM and provides retail services. Remanufacturing activity is conducted by TPR. We
analyze two remanufacturing Stackelberg game models: authorized remanufacturing (Model A) and outsourc-
ing remanufacturing (Model O). The OEM is the leader, while the retailer and TPR are followers. The deci-
sion-making sequences are as follows: the OEM first decides the wholesale price of new product w and the
authorization fee f charged to the TPR in Model A or the outsourcing fee p, paid to TPR in Model O. Subse-
quently, in both models, based on the OEM’s decision, the TPR sets the quantity of remanufactured products
qr, and the retailer decides the quantity of the new products q,, and the service level e.

In Table 1, we provide the notations used throughout this study.

Table 1. Notations.

Symbols Description

q, Quantity of new products

q, Quantity of remanufactured products
w Wholesale price of new product

f Unit authorization fee

D, Unit outsourcing fee

e Retail service level

D, Price of new product

Price of remanufactured product

pr
) Market capacity
Cn Unit cost of new product
cr Unit cost of remanufactured product
S Scaling parameter of retail service costs
0 Service level elastic coefficient
k Scaling parameter of collection cost
v Consumer WTP for the new product
0 Consumer acceptance for the remanufactured product
n The retailer’s risk aversion coefficient
Tt

The profit of TPR
Ty The profit of retailer
TTm The profit of OEM
U The utility of retailer
E(I) Expected environmental impact

* Superscript indicating the optimal decision

The key assumptions are provided as follows:

Assumption 1. We denote the market capacity as ¢. The consumer willingness-to-pay (WTP) for a unit of
new product is denoted as v, and v obeys a uniform distribution on the interval [0, #]. Consumer WTP of a
remanufactured product is vd, where 6 € (0, 1) represents the consumer recognition for the remanufactured
product. Consumers who purchase new and remanufactured products can receive utility u, = v — p,, + fe
and u, = vd — p,, respectively, where 6 is the service level elastic coefficient. When u,, > u,. and u,, > 0,
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consumers buy new products; when u, > u, and u,, > 0, consumers buy remanufactured products. Each
consumer will not purchase more than one product. According to Cao and Shao [44], we express inverse
demand functions of new and remanufactured products as:

p,=9-q,-6q,+0e (1)

p.=6(¢—q,—-q,) )

Assumption 2. To characterize demand uncertainty, we write the new product’s expected demand function as
p,=0—q,—0q,.+0e+¢, and ¢ is a random variable with variance ¢* and mean 0 [45].

Assumption 3. To ensure that remanufacturing is cost-effective, the unit remanufacturing cost is lower than
the unit production cost of a new product, i.e., ¢, < ¢, [46].
Assumption 4. The service level of the new product retailer is e. The cost of this service investment is denoted

2
by — ﬁ%, where [ is the cost scaling parameter [4,14].

Assumption 5. The collection cost of TPR is k(qz—r)z, where k denotes the scaling parameter 8. The TPR can
remanufacture all recycled products, and q,- < q,,.
Assumption 6. According to Niu and Zou [45], the risk aversion utility function of the retailer is U, =
E(m,.) —ny/Var(m,), where n > 0 is the coefficient representing the degree of risk aversion. The expected
profit of the retailer and the profit variance are E(x,) and Var(x,), respectively.
Assumption 7. Three supply chain enterprises’ decisions are all made in a single period. Assuming products
has previously existed in the market, the TPR can recycle sold products in previous periods [8].
Assumption 8. According to Xia et al. [47] and Ding et al. [18], we express CLSC’s environmental impact as
the sum of carbon emissions from new and remanufactured products, as well as pollution from unrecycled
end-of-life products. Hence, we have the function of expected environmental impact E(I) = q,, + Aq, +
d(q, — q,), where A < 1 reflects that remanufacturing is less environmentally harmful than manufacturing
new products. For simplicity, the emission for a unit new product is assumed to be 1. d represents the pollution
from a unrecycled used product.

In our models, the decision-making goal of the retailer is utility maximization, while the objectives of
the OEM and TPR are to maximize expected profits.

4. Model development

In this section, we develop authorized remanufacturing and outsourcing remanufacturing Stackelberg
game models with risk aversion and obtain the equilibrium decisions.

4.1. Model 4

Journal of Industrial and Management Optimization Volume 22, Issue 4, 1693—1725.
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In this model, the OEM sells new products through the retailer, and TPR is authorized to manufacture
and sell remanufactured products. The expected profits of CLSC members and the utility of retailer are repre-
sented as follows:

ey
—_
N
N
I

(w=c,)q,+ fa, 3)

e pe

E(”f):(l?n—W)qn—7=(¢—qn—5q,+96—W)q,,—7 @)
4 k kY
E(”t ):(pr_f_cr)qr‘g% :(5(15—@—5‘],1—f)f],—(5+5jq,, 5)
2
UrA=(¢—770—qn—5q,.+6’e—W)q,,—ﬂTe 6)

Using backward induction, the optimal response of the retailer and TPR is obtained first.

Proposition 1. U is jointly concave with respect to q, and e under the condition 28—6° >0, and E (ﬂf)

is concave with respect to {, under the condition —(25 +k) < 0. The best response functions of the retailer

and TPR can be obtained as follows:

/- (26 +k) B(p—no—w)-B5(5p—c,~ f)
" (28-6%)(26+k)- p5° 2

Lo 0(20+k)(8=no-w)-08(5p-c, - f)
) (28-6")(20+k)- " ®

a_ (2ﬂ_92)(5¢—cr —f)-B5(¢—no—w)
T g ) s e ©)

All proofs of this paper are provided in the Appendix.
Based on followers’ best responses, the OEM sets the optimal wholesale price and authorization fee.
Substituting Eqgs. (7), (8), and (9) into Eq. (3), the expected profit function of OEM can be written as:
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E(nt) = (w=c,)((26+k) B(¢=no—w)=B5(5p—c,~ f))
" (28-6")(25+k)- 5"
1((28-62)(26+k)(6p—c, ~ )~ (26 +k) p5 (¢ ~no—w)) (10)
(25+k)((2ﬁ—02)(25+k)—ﬂ52)

+

Proposition 2. E (ﬂm) is jointly concave with respect to w and f under the condition

(25 + k)(Zﬂ -0 ) —552 >0, The optimal wholesale price and authorization fee can be obtained as follows:

A* ¢_770-+Cn
2

w

(In

_op—c,

A*
4 2

(12)

Then, through substitution, we can obtain all optimal solutions in Model A as shown in Table 2.

4.2. Model O

In Model O, the OEM outsources remanufacturing operation to the TPR with a payment p, . The ex-
pected profit functions of the OEM and the TPR are:

E(x))=(w=c,)q,+(5(¢=9,-4,)-P,)4, (13)
2
E (@0)=(Po—cr)qr—k% (14)

The retailer’s optimal response function is the same as the first model. The TPR’s optimal response is
considered first.

0
Proposition 3. £ (ﬂ, ) is concave with respect to (,. The optimal response functions of TPR and retailer

under model O can be obtained as follows:

q, _T (15)

o Ok(¢—no-w)-05(p,-c,)
© k(25-0") (16)
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o _kB(¢-no-w)-ps(p,-c,)
4, k(2ﬂ—92) (17)

The expected profit function of OEM by substituting optimal responses of the retailer and TPR into Eq.
(13) is as follows:

E(”m)_ k(2,3—02)
o[ s kBG-no-w-p5(n=c) p-c|_ |p-c i
K(25-0°) Pk

Proposition 4. £ (ﬂm) is jointly concave with respect to w and f under the condition

(5+ k)(zﬂ -6 ) —,652 >0 The OEM’s optimal decisions in model O are:

o :¢—770-+cn

w > (19)

o K0((26-0")p—B(p-no—c,)) +((26+K)(28-6")-25°p)c,
’ 2((5+k)(28-6")-5B)

(20)

By simple substitution calculation, optimal solutions in Model O can be obtained as shown in Table 2.
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Table 2. Optimal solutions of Model A and Model O.

Model A Model O
g, PA, A2,
2((2p-6*) (25 +k)- &) 2((5+k)(28-0")-5)
g 4, 5,
2((2p-6*) (26 +k)- &) 2((5+k)(28-0")-5)
w/’* ¢—770-+cn ¢_770-+cn
2 2
fj* op—c,
2
pl A,
2((5+k)(2ﬁ—02)—52ﬁ)
e’ OA, OA
2((28-0)(25+k)- 6" 2((5+k)(28-07)-5B)
P;{* ¢— A, _ A,
2((28-6%) (25 +k)- 55" 2((5+k)(28-0")-58)
Prj* 54 oA, OA

2((28-0)(26+K)-p5°)
E(;rnﬁ) (p—no—c,) PA, +(5p—c,)A,
4((2ﬂ—¢92)(2§+k)—,6’52)
E(#]") (¢+no—c,)BA,
4((28-0")(25+k)-p5°)

BOA’ +2PA A,
_8((2ﬂ—02)(25+k)—ﬂ52)2
E(x]") (26 +k)A,?
8((28-6*)(25+k) - p5*)
U’ B(28-07)A;

8((28-6*)(25+k) - p5*)
E(r")  (1+4,) 80 +(4 = 4,)A,
2((2-0)(26+k)-B5”)

2((5+k)(28-06")-5"B)
B(¢—no—c,)A+(5p—c,)A,
4((5+k)(28-06")-5"B)
P ($+no—c,)
4((6+k)(28-0")-5"B)

_ 2BAA+BOA;
8((5+k)(25-6%)-5°8)
kA’
8((5+k)(28-0%)-5°p)
B(28-0")A;
8((5+k)(28-0°)-5°B)
(1+4,) A +(4 —4,) A,

2( 5+k)(2p-0")- /3)

A =(26+k)(¢p—-no—c,)-6(dp—c,), A —(2ﬁ—92)(5¢—c)—ﬁ§(¢—na—cn),

((ﬂ 6°)(25+k) ﬂ52)¢ no—c,)+ps(5p—c,),
4—(5+k) (¢—no—c,)+(28-0"-B5)(5p-c,),

Journal of Industrial and Management Optimization

Volume 22, Issue 4, 1693—-1725.



1705

A, k5((2ﬂ 0" )p-p(p-no- c))+((25+k)(2ﬁ—92)_252ﬁ)cr,
(¢ no—c,)(6+ ) 5(op-c.),

A7 —no=c,)((B-0")(6+k)-5°B)+5(4~c,)B.
Agzﬁ(¢—770'—cn)k+(2,6' 0’ - B5)(5p—c,)-

The superscript j € {4, O} represents Models A and O, respectively.
5. Equilibrium result analysis
In this section, we analyze optimal decisions and compare the results of the two models.

Corollary 1.

A N* N N N 2
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on on on on (6+k-57) on
N 4 2B-60°)(25+k)-2857 A
(i) %<0 . %>0 when n< (( p )( i ) p ) : . otherwise,
on on 20 (25 +k)((28-0)(25+k)- B5°)
y N o S+k)(2B-67)-25"B)A
aE(ﬂ' )<O . —aE(ﬂt )>0 . —aE(”r )>O when 1< (( )( / ) ﬂ) , otherwise,
on on on 20(5+k)((6+k)(28-06")-5"B)
O* O* N*
%<0. oV, <0. aE(I) <0. Where N=4, O.
on on on

Corollary 1(1) indicates that as 7 increases, wholesale prices, the quantity of new products, and retailer’s
service level decrease. The authorization fee is unaffected by risk aversion. In Model A, the TPR handles sales
of remanufactured products, and the OEM does not change the authorization fee to regulate the remanufac-
turing market. The TPR adjusts the production volume to respond to changes in 7. In Model O, the OEM
controls the market price and sales volume of remanufactured products and further optimizes its expected
remanufacturing channel profit by adjusting outsourcing fee based on 1. Correspondingly, a high value of 1
incentivizes the TPR to produce more remanufactured products. Thus, we can see that 1 promotes the devel-
opment of remanufacturing while dampening the retailer’s enthusiasm for selling new products. When f ex-
ceeds a certain threshold, the price of new products increases as 7 increases; conversely, the price decreases.
This can be interpreted as follows: when retail service efficiency is low, the decline in service level resulting
from an increase in 7 is smaller, while the increase in remanufactured products is greater. Conversely, when
retail service efficiency is high, the opposite occurs. Regardless of whether the model is authorized or out-
sourcing, the price of the remanufactured product is positively correlated with 7. Therefore, the retailers’ risk
aversion leads consumers to experience better new product service but requires them to pay higher prices to
obtain remanufactured products.
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(i1) shows that 7 is negatively correlated with OEM’s expected profit. That is, the negative impact on the
new product channel profit from market contraction caused by growth of 7 can not be offset by 1’s incentive
effect on the remanufacturing market. For the TPR’s interests, the retailer’s risk aversion is consistently fa-
vorable. Similarly, this is because reduced output of new products allows outsourcing and authorized reman-
ufacturing operations to capture greater expected profits. Interestingly, for the retailer, when 1 does not exceed
a certain value, the retailer can increase the expected profit by raising n; however, when 7 surpasses a specific
threshold, n and the expected profit become negatively correlated. This is because an increase in 17 makes the
OEM reduce the wholesale price and can lower the service effort costs by decreasing the service level, thereby
facilitating higher profit of the retailer. However, when the increase in 17 exceeds a certain threshold, the neg-
ative impact of the increase in 7 on the expected profit of the retailer due to reduced new product quantities
becomes more significant. This suggests that the retailer may use risk aversion behavior to generate greater
economic returns for itself. Of course, risk aversion may benefit the retailer, but it is detrimental to utility.
Furthermore, by suppressing new product production and incentivizing remanufacturing, the increase in 7
contributes to environmental improvement.

Corollary 2.

A* A* N* N* N* N* N* O*

) 94 iy ow iy oq . Oe 04 . <0 Py P
oB op oB oB op B oB oB
OE (=" OE

(ii)M<O; (” <0; >0, ——<0; /22 9.

p p op op op

According to Corollary 2, it can be seen that § is unrelated to the authorization fee and wholesale price.
qn, €, and p,, are negatively correlated with £. q,-, p,-, and p, are positively correlated with . This indicates
that the increase in £ is detrimental to new product sales and channel expected profit, while promoting reman-
ufacturing volume, recovery rates, and expected remanufacturing channel profit. The OEM will not adjust
decisions in the authorized remanufacturing model according to the difficulty of the retail service. In contrast,
under the outsourcing remanufacturing model, the outsourcing fee will increase with rising service difficulty
to secure greater expected remanufacturing channel profit, and this indicates that the OEM will become more
focused on remanufacturing in Model O.

Corollary 2 also indicates that an increase in § reduces the expected profits of the OEM and retailer, as
well as the utility of retailer. Similarly, it is also due to the adverse impact of decreased new product sales.
Conversely, the suppression of new product sales by the increase in § yields higher expected profit for the
remanufacturing business, thereby benefiting the expected profit of TPR. Correspondingly, the increase in 8
yields higher recovery rate and reduced environmental impact from new products, thereby improving CLSC’s
overall expected environmental performance. Policymakers should pay close attention to changes in retail
service difficulty to formulate policies that balance economic development and environmental impact.

Corollary 3.
o ow” oq” oe" og"" op’ op"” 286
i =0 =0, —=>0; >0, —/—<0;, —=>0; ——>0 when ==——> 6, oth-
O = ok ok ok ok ok When g 2o o
erwise, g]rc <0, g—}; >0 when 28-0° >0, otherwise, <0,
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As shown by Corollary 3(i), changes in k do not affect the wholesale price and the authorization fee. The
new product price is positively related to k, while the remanufactured product price is positively related to k
only when recognition of remanufactured product is low, and similarly for p,. This occurs because when § is
low, the negative impact of the increase in k on g, is smaller than its positive impact on q,,, thereby raising
remanufactured product price. Conversely, when § exceeds a certain threshold, the remanufactured product
price decreases as k increases. Similarly, this threshold also applies to p,. This can be understood as follows:
when the acceptance of remanufactured products is high, OEM sets lower p, as k increases to encourage re-
manufacturing and expand the market of the remanufactured products. When the acceptance degree of reman-
ufactured products is low, the OEM attaches more importance to sales volume of the new products and pursues
higher unit profit on the remanufacturing channel.

According to Corollary 3(i1), the increases of quantity and price of new products resulting from an in-
crease in k elevate both the retailer’s expected profit and utility. For the OEM, the negative impact of a higher
recycling difficulty on remanufacturing profit outweighs its contribution to expected new product channel
revenue, thereby diminishing the OEM’s total expected profit. Interestingly, k is inversely proportional to the
TPR’s expected profit in Model A, but the impact of k on the TPR’s expected profit in Model O depends on
5B

02

multiple parameters. When the recycling difficulty is relatively small, that is, 6 — >k , although in-

crease in k reduces q,, the higher value of k enables the OEM to raise the unit outsourcing price for remanu-
facturing when market recognition of remanufactured products is low and the retailer’s service cost parameter
is relatively high, which can benefit the TPR. Thus, for the TPR, more efficient recycling is not necessarily
better. Selecting a relatively appropriate recycling efficiency based on the characteristics of the remanufactur-
ing market and retail service difficulty of the new product can optimize profits through higher unit margin and
lower production volumes.

Additionally, we find a threshold. When A, exceeds this threshold, an increase in k reduces expected
environmental impact, while the opposite increases expected environmental impact. This indicates that raising
recycling difficulty can decrease the quantity of remanufactured products with low environmental perfor-
mance, thereby lowering the expected environmental impact of CLSC. When 4, is relatively low or 4,, is rel-
atively high, the increase in k leads to reduced enthusiasm for recycling, which can result in severe pollution
caused by unrecycled products, thereby increasing the overall expected environmental impact. Furthermore,
the reduction in quantity of new products and more remanufactured products resulting from the increase in
retail service difficulty may lead to a decrease in remanufactured product pollution caused by higher k, thereby
yielding positive impacts on the environment. Like 1 and £, k and environmental performance of the products
are all key factors that the government should consider when formulating environmental policies. We recom-
mend that the government encourage retailers to improve customer service satisfaction while supporting the
TPR in enhancing recycling efficiency.
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Corollary 4.
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Corollary 4(i) shows that Model A yields a higher quantity of new products, greater retail service level,
a higher new product price, and fewer remanufactured products. In other words, compared to the outsourcing
remanufacturing model, Model A is more conducive to a new product business. In Model A, the OEM captures
profit from the remanufacturing business through an authorization fee while exerting pressure on the TPR’s
production volume. In Model O, the OEM pays the outsourcing fee to maintain the remanufacturing channel,
which leads the TPR to produce more units than in Model A. Correspondingly, the retailer captures the market
share through ordering more and paying more marketing service efforts in Model A, while adopting low-price
competition in Model O. When § is small, remanufactured products under Model A have a higher price; oth-
erwise, there is a higher remanufactured product price under Model O. This is mainly because when § is large,
the quantity of remanufactured products by which Model O exceeds Model A is smaller than when § is low,
but in Model A, the impact of the gap in g, on pricing is more pronounced. In Model O, the OEM controls
the pricing of remanufactured products and deals directly with consumers, enabling greater flexibility to adjust
prices based on market acceptance of remanufactured products and maintain production volume by paying the
outsourcing fee. Moreover, the wholesale prices are the same in both models. Consequently, as shown in
Corollary 4(i1), Model A yields greater expected profit for the retailer. Although Model O has a lower risk for
the retailer, Model A provides higher utility due to its notable advantages in expected retailer profit.

For the OEM, since Model O is more conducive to achieving substantial remanufacturing benefits, the
optimal choice is outsourcing even if the new product channel yields slightly lower expected profit than Model
A. For the TPR, the comparison of expected profits under the two models depends on multiple parameters.
Only when both k and § exceed certain thresholds, Model O is more profitable for the TPR. This can be in-
terpreted as follows: when recognition of remanufactured products is high and recycling efficiency is strong,
although the TPR generates less remanufacturing revenue in Model A than in Model O, it achieves significant
savings in recycling costs. Under other conditions, the cost savings from Model A become less pronounced.
It can also be found that a decline in retailer service efficiency can increase this recognition threshold. The
poorer the retailer’s service performance, the more TPR tends to favor Model A. This is because when the
retailer’s marketing capability is weak, the TPR prefers to directly engage in sales competition. We recom-
mend that the OEM can design products to be less recyclable, such as by enhancing durability, and actively
promote remanufactured products to boost the market recognition, thereby encouraging the TPR to favor
Model O. Furthermore, when improving recycling efficiency, the TPR should negotiate a suitable remanufac-
turing model with the OEM based on market acceptance of remanufactured products, as well as the costs and
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market performance of the new product service of the retailer. When retailer service efficiency is high, the
TPR should ensure sufficiently high recycling effectiveness before pursuing the authorized remanufacturing
model. For the retailer, while optimizing service costs, it is crucial to recognize that an excessively low service
scale cost coefficient may make the TPR more inclined to accept model O, which is unfavorable to the retailer.
Therefore, fully and timely understanding the bargaining power of the OEM and the TPR in negotiation over
model selection is vital for the retailer.

Additionally, in the comparison of environmental performance between the two models, there exists a
threshold for A, that is identical to the threshold for the effect of k on environmental impact. An increase in
Ay, will raise this threshold, which means that the greater the pollution from unrecycled waste products, the
more likely Model A is to cause a greater environmental impact compared to Model O. As long as the envi-
ronmental burden of the unit remanufacturing product is less than a certain value, Model O will not result in
a worse overall expected environmental performance due to the higher environmental impact of remanufac-
tured products. § has a negative impact on this threshold. This indicates that the positive effect of 8 on g, is
less in Model A, which may enable Model A to achieve better environmental performance than Model O due
to less environmental impact from remanufactured products. We recommend that the policymaker not only
develops the environmental infrastructure and promotes the consumption of remanufactured products but also
considers the impact of retailer service on the environmental performance of different remanufacturing models.
The government can utilize conditional subsidies for specific remanufacturing models. For instance, when the
environmental burden per unit of remanufactured products is relatively high, and the retailer service cost co-
efficient is low, implementing policies that subsidize the TPR, which produces and sells remanufactured prod-
ucts, can encourage the CLSC to adopt the relatively environmentally friendly authorized remanufacturing
model rather than outsourcing.

6. Numerical analysis

In this section, we use numerical experiments to validate our model results. First, we analyze the impact
of k on equilibrium outcomes. The relevant base parameters are set as follows: ¢ = 40,c, =4,c, = 2,0 =
4,6 =0.75,71 = 0.8, and f = 1.2; we can obtain the variations of the CLSC members’ optimal solutions
with k in Figures 1-10.

. » 28-6 2B-6 : :

The effect of k on p, under different parameter conditions (———— <6 and———— > ) is shown in
Figure 1. We know that the OEM decides whether to increase or decrease the outsourcing fee based on differ-
ent situations. When the market acceptance of remanufactured products is low, k is positively correlated with
Do, otherwise, k and p, exhibit a negative correlation. That is, in the outsourcing remanufacturing model, the
OEM determines the outsourcing fee based on the difficulty of recycling and consumer acceptance of reman-
ufactured products. When remanufactured products face low market acceptance, the OEM is willing to offer
a higher outsourcing fee for the TPR with low recycling efficiency to encourage remanufacturing. When re-
manufactured products gain higher market acceptance, the OEM will offer a higher outsourcing fee to the
TPR with high recycling efficiency to further utilize the advantages of remanufacturing; however, the OEM
will reduce the outsourcing fee offered to the TPR with low efficiency, thereby increasing its own unit reman-
ufacturing profit. In other words, high consumer acceptance of remanufactured products can sometimes be
detrimental to the TPR, which is in a disadvantageous position in the supply chain.
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Figure 1. Effects of k on unit outsourcing fee.
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Figure 2. Effects of k on the quantity of new products.

5=075p=12,n=08,0=1

Figure 3. Effects of k on the quantity of remanufactured products.

Figures 2, 3, and 4 illustrate the impact of k on the optimal decision of followers when the parameters
aresetas ¢ =40,¢c, =4,¢, =2,0=4,6 =0.75,7 = 0.8, f = 1.2, 8 = 1. The quantity of new products
increases with the increase of k, while the quantity of remanufactured products decreases. Compared to Model
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O, Model A produces more new products and fewer remanufactured products. Undoubtedly, the increase in
recycling difficulty consistently boosts the marketing effectiveness of new products. It can be observed that
compared to Model O, Model A exhibits less variations in product quantities and retail service levels under
the influence of k. Consequently, as k increases, the gap in product quantities and service levels between the
two models narrows. The recovery rate under Model O consistently remains high, while the retailer has greater
enthusiasm for retail service under Model A. Overall, higher recovery difficulty suppresses remanufacturing
while boosting sales of new products and service enthusiasm. Under the authorized remanufacturing model,
CLSC places more emphasis on new product business, while in Model O, the focus is on remanufactured
products. Specifically, we can consider that when OEM and TPR reach an authorized remanufacturing coop-
eration, the retailer should improve the service level and provide more products to meet consumer needs, while
TPR should reduce production to avoid excessive operating costs. In Model O, the leader OEM controls the
sales of remanufactured products and demonstrates a stronger willingness to develop remanufacturing. This
positions the retailer in a more passive role and puts the retailer under greater competitive pressure, resulting
in lower service level and sales of new products.

Correspondingly, the variations in the products’ prices determined by optimal decisions under different
k values are illustrated in Figures 5 and 6. It can be observed that the price of the new product consistently
increases with the increase in k. The increase in recycling difficulty reduces remanufacturing efficiency, giv-
ing the new product relatively stronger market competitiveness and higher price. Moreover, the price of new
products in Model A is higher. Additionally, when consumer acceptance of remanufactured products is low,
the price of remanufactured products is proportional to k, resulting in a higher price for remanufactured prod-
ucts under Model A. Conversely, when consumer acceptance is high, the opposite holds true. The above results
are consistent with the statement in Corollary 3(i). It can also be seen that in the outsourcing remanufacturing
model, where the OEM handles the sales of remanufactured products, the impact of k on pricing is more
pronounced. This is mainly because the OEM flexibly adjusts the outsourcing fee based on the TPR’s recy-
cling efficiency, thereby impacting the remanufacturing market.

5=075,p=12,1=08,0=1
T T
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Figure 4. Effects of k on service level.
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Figure 5. Effects of k on new product price.
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Figure 6. Effects of k on remanufactured product price.
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Figure 7. Effects of k on the OEM’s expected profit.
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Figure 8. Effects of k on the retailer’s expected profit.

Figure 7 illustrates the impact of k on the OEM’s expected profit, which shows that an increase in k
reduces the expected profit of the OEM. Furthermore, Model O proves more advantageous for the OEM than
Model A. The negative effect of high recycling difficulty on the remanufacturing business outweighs the ex-
pected new product channel revenue, thus being detrimental to the OEM. Under the outsourcing remanufac-
turing model, the OEM controls the market sales of remanufactured products, which is more conducive to
operating both channels from a profit-maximization perspective. The expected profit and utility of the retailer
under the variation of k are illustrated in Figures 8 and 9, respectively. It is observed that Model A is more
advantageous for the retailer to achieve higher expected profit and utility. The higher recycling difficulty
coefficient enhances the competitiveness of new products, thereby effectively boosting both the retailer’s ex-
pected profit and utility. Overall, the TPR should choose Model A, while OEM should pursue the opposite
approach. In Figure 10, we analyze two sets of parameter values to validate the variations in TPR’s expected
profit under different levels of market acceptance for remanufactured products and varying k values across
the two models. It can be observed that when market acceptance exceeds a certain threshold, Model A yields
higher expected profit for the TPR when k is small. Conversely, when k is large, TPR tends to favor the out-
sourcing remanufacturing model. When the recognition level of remanufactured products is low, Model A
yields a higher expected profit for the TPR. The expected profit of the TPR under Model A exhibits an inverse
relationship with k. The impact of k on the expected profit of the TPR in Model O depends on multiple pa-
rameter values. As shown in Figure 10(b), the expected profit increases as k rises when k is below a certain
threshold but decreases otherwise. These results validate Corollary 3(i1).

6=075p=12,n=080=1
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Figure 9. Effects of k on the retailer’s utility.
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Figure 10. Effects of k on the TPR’s expected profit.

Next, we analyze the impact of f and 1 on the optimal solutions. Assuming ¢ = 40, ¢, = 4, ¢, = 2,
0=4,6=0.75,k=1,and 8 = 1, Figures 11 and 12 illustrate the influence of § and 1 on the OEM deci-
sion. It can be observed that the increases in § and 7 raise the p, in Model O, while n reduces the wholesale
price charged to the retailer. These results validate the incentive effect of retail service difficulty’s increase
and risk aversion on remanufacturing, as well as the concession made by the OEM to the retailer in terms of
unit profit on new products driven by . The OEM reduces the wholesale price to cope with the negative
impact of the increase in risk aversion of the retailer on the quantity of new products, and raises the outsourcing
fee in the Model O to encourage the TPR to recycle products, thereby establishing greater market competi-
tiveness for remanufactured products.

Figure 11. Effects of § and 1 on outsourcing fee.
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Figure 12. Effects of 1 on wholesale price of new product.

e
,

Figure 13. Effects of § and 1 on service level.

Figures 13—15 illustrate the impact of § and 1 on the decision-making of two CLSC followers. It can be
observed that under both remanufacturing models, increases in § and 7 reduce e and q,, while increasing q,..
Retail service difficulty and risk aversion both hinder sales of new products while driving greater sales for
remanufactured products. Market risk aversion and high service difficulty may lead the retailer to reduce en-
thusiasm for its retail service and decrease order volumes from the upstream OEM. In response to the retailer’s
risk aversion and low service efficiency, the TPR should adopt more proactive production planning to seize
the opportunity for expanding the remanufactured products market.
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Figure 15. Effects of § and  on quantity of remanufactured products.

Figures 16 and 17 illustrate the impact of § and 1 on the optimal product pricing. It can be observed that
an increase 1 reduces p, when £ is low, while the opposite occurs when £ is high. This is because when retail
service efficiency is low, n7’s increase leads to a smaller reduction in the service level and results in a greater
increase in quantity of remanufactured products. Conversely, when retail service efficiency is high, the oppo-
site holds true. 8 and p,, exhibit an inverse relationship. Additionally, growth in both £ and 1 can increase p,-.
The increase in difficulty of the retail service raises operational costs, necessitating higher prices for new
products. This also gives the remanufacturer an opportunity to increase prices and boost profit. The increase
in risk aversion reduces orders for new products and the service level, while also enabling remanufactured
products to capture a larger market share at higher prices. Consequently, consumers experience improved new
product retail services due to the risk aversion but must pay higher price to purchase remanufactured products.
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Figure 17. Effects of § and 1 on price of remanufactured products.

Figures 18-21 illustrate the effects of f and n on members’ expected profits and retailer utility. Increases
in both § and 1 are inversely proportional to the OEM’s expected profit. Conversely, increases in § and n
promote the expected profit of TPR. For the retailer, higher risk aversion reduces utility, while its expected
profit first increases and then decreases with the increase in 77. These findings align with the statements in
Corollary 1 and Corollary 2. Low retail service efficiency not only reduces the retailer’s expected profit but
also disadvantages the OEM, even if it enhances new product market returns. Furthermore, the retailer can
achieve optimized expected profit by maintaining appropriate risk aversion, though this will sacrifice the in-
terests of the OEM. The more risk-averse the retailer becomes, the less likely it is to enhance the service level,
which harms consumer experience. However, the retailer can strive to enhance retail service efficiency,
thereby potentially making the TPR more willing to pursue the authorized remanufacturing model that benefits
the retailer’s expected profit and utility in the remanufacturing collaboration with the OEM.
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Figure 18. Effects of f and n on the OEM’s expected profit.
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Figure 20. Effects of § and n on the retailer’s utility.
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Figure 21. Effects of § and n on the TPR’s expected profit.

Finally, we analyze how parameter variations affect the expected environmental impacts under different
remanufacturing models. By setting relevant parameter values as ¢ = 40,¢c, =4,¢, =2,0 = 4,6 = 0.75,
k=1,4,=0.12,4, = 0.73, and 6 = 1, we show the variation of the expected environmental impacts with
B and 1 in Figure 22. It can be seen that both £ and 1 have an inverse relationship with expected environmen-
tal impacts. Moreover, when f is larger, Model A is more environmentally friendly. By setting the relevant
parameter values as ¢ =40, c, =4,¢,=2,0=4,6=0.75,0 =1, f=2n=1.5, and 4, = 0.12, Figure 23
shows the variation of the expected environmental impacts with k& and A,.. The increase in expected environ-
mental impacts due to the increase in A, is more pronounced in Model O. When A, exceeds a certain threshold,
the expected environmental impact under Model O exceeds that under Model A. At lower A, values, k is di-
rectly proportional to the expected environmental impact. At higher A, values, the increase in k reduces the
environmental burden. Therefore, in addition to the environmental performance of products, recycling and
service efficiency are also important factors affecting the environment. When formulating environmental pol-
icies, the government needs to consider the impact of these factors on the expected profits and risk aversion
utilities of supply chain enterprises, so as to guide supply chain members to make decisions conducive to
sustainable development.

e | E(Y)
B Ea) |

10

Figure 22. Effects of f and 1 on the expected environmental impacts.
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Figure 23. Effects of k and A,. on the expected environmental impacts.
7. Conclusions

This study considers a CLSC consisting of an OEM, a risk-averse retailer, and a TPR. We analyze the
decision-making of the authorized remanufacturing model (Model A) and the outsourcing remanufacturing
model (Model O). Our main findings are summarized as follows:

(1)  As the risk aversion degree of the retailer increases, the OEM will raise the outsourcing fee to
encourage the TPR to produce more remanufactured products while setting lower wholesale prices. The re-
tailer's risk aversion diminishes enthusiasm for selling new products and providing retail services, while sim-
ultaneously contributing to the growth of the remanufactured products market and the TPR’s expected profit.
For the OEM, the negative impact of risk aversion, shrinking the new product market, outweighs its positive
effect on the expected remanufacturing channel revenue, thereby adversely affecting total expected benefits.
Interestingly, when the risk aversion degree falls below a certain threshold, sacrificing the benefits of the
OEM can actually be beneficial for the expected benefits of the retailer. Additionally, by suppressing the
production of new products and incentivizing remanufacturing, risk aversion can be advantageous for envi-
ronmental improvement.

(2) Retail service scale cost parameter is negatively correlated with the quantity and price of new
products as well as the service level, and positively correlated with the quantity and price of remanufactured
products. The increase in retail service difficulty will prompt the OEM to raise the outsourcing remanufactur-
ing fee to provide greater support for remanufacturing channel. The increase in difficulty of retail service
inhibits the sales of new products, which brings higher expected profit to the remanufacturing business but is
unfavorable for the expected profits of the OEM and the retailer, as well as the retailer utility. Moreover, high
retail service difficulty yields high recovery rates and less expected environmental impact from new products,
thereby improving CLSC environmental performance.

(3) The increase in recycling scale cost coefficient suppresses remanufacturing activity but benefits
the new product market. As recycling difficulty rises, the retailer sells more products at higher prices and
service levels, thereby increasing expected profit and utility. In the outsourcing remanufacturing model, the
OEM raises the authorization fee to incentivize remanufacturing by the TPR with low recycling efficiency;
however, an increase in recycling difficulty consistently undermines the OEM’s expected profit. Under certain
parameter conditions, an increase in recycling difficulty may elevate the expected profit of TPR due to the
raised outsourcing fee. Additionally, when the unit environmental impact of remanufactured products is rela-
tively high, the increase in difficulty of recycling can reduce the number of remanufactured products with
poor environmental performance, thereby lowering the expected environmental impact of CLSC. When the
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environmental impact of unit remanufactured products is relatively low, or when the environmental impact of
unit unrecycled waste products is high, the recycling difficulty’s increase will lead to significant waste pollu-
tion and exacerbate the expected overall environmental impact.

(4) Model A has more new products, greater retail service effort, higher new product price, and less
remanufactured products; therefore, it benefits the new product business and enables the retailer to achieve
higher expected profit and utility. In Model O, the supply chain operations focus shifts on remanufacturing,
with the OEM responsible for selling remanufactured products and securing greater expected profits. For the
TPR, the preference for different remanufacturing models is influenced by parameter variations. Model O
becomes more profitable for the TPR only when both the market acceptance of remanufactured products and
the recycling scale cost coefficient exceed certain thresholds. Additionally, Model O is more environmentally
friendly when the unit environmental impact of remanufactured products falls below a specific threshold;
otherwise, the opposite holds true.

We now summarize some valuable managerial implications from the model analysis results.

First, the OEM should adopt the outsourcing remanufacturing model, which takes charge of remanufac-
tured product sales, and adjust the outsourcing fee based on changes in retailer risk aversion, service, and
recovery efficiency. This approach enables better control over the remanufacturing channel and optimizes
expected profit compared to Model A. While Model A can generate higher expected profit from the new
product channel, the profit from remanufacturing in Model O is more notable. In other words, the OEM needs
to collaborate with the TPR, which can accept the outsourcing remanufacturing model. When establishing the
third-party remanufacturing supply chain, the OEM should select a TPR with high recovery efficiency and a
new product retailer with high service efficiency and low risk aversion. Additionally, the OEM can provide
technical and promotional support to the retailer’s retail services, including promotional items, product
knowledge training, and marketing materials. By enhancing product durability design to increase recycling
difficulty and actively promoting remanufactured products to boost market recognition, the TPR can be en-
couraged to adopt the outsourcing remanufacturing model that benefits the OEM.

Second, for the retailer, service efficiency should be improved to increase risk-aversion utility and ex-
pected profit, such as strengthening employee training and introducing Al sales consultants to raise the con-
sumer experience. From a profit-maximization perspective, the retailer should maintain appropriate risk aver-
sion, which avoids overly high service levels while making the OEM lower the wholesale price to stimulate
the new product market, thereby securing more favorable expected channel profit distribution for the retailer.
Enhancing retail service efficiency may make the TPR more willing to pursue the authorized remanufacturing
model, which is more conducive to the retailer’s expected profit and utility. While optimizing service costs, it
is crucial to recognize that an excessively low service scale cost coefficient may make the TPR more inclined
to accept the model O, which is unfavorable to the retailer. Therefore, gaining a thorough and timely under-
standing of the bargaining power held by the OEM and the TPR in negotiations over model selection is im-
portant to the retailer.

Third, in Model A, TPR should enhance recovery efficiency. However, in Model O, when the retailer
service cost parameter for new products is relatively high, and consumers have low acceptance of remanufac-
tured products, the TPR should avoid pursuing excessively high recovery efficiency and optimize profitability
through low production and high unit margins. We suggest that the TPR carefully selects remanufacturing
cooperation models based on varying recycling efficiency, market recognition degree of remanufactured prod-
ucts, and the service cost of the competitor. When the recognition degree is high, the TPR, encountering seri-
ous difficulties in improving recycling efficiency, should pursue the outsourcing remanufacturing model in
CLSC operation.

Fourth, for policymakers, considering how these factors affect supply chain enterprises’ profits can guide
supply chain members in making decisions that promote sustainable development. We recommend that the
government support the TPR in enhancing recycling efficiency while encouraging the new product retailer to
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improve the effectiveness of services. Moreover, the call for consumers to accept remanufactured products
may prevent the TPR from choosing the authorized remanufacturing model when the outsourcing remanufac-
turing model is more environmentally friendly. The government should also consider the impact of retailer
services on the environmental performance of different remanufacturing models, using conditional subsidies
for specific, more environmentally friendly remanufacturing models to guide the supply chain toward a
greener structure. For instance, when the retailer service cost coefficient is low, and the environmental burden
per unit of remanufactured product is high, implementing a subsidy for the TPR that produces and sells re-
manufactured products could encourage the CLSC to adopt a relatively eco-friendly authorization remanufac-
turing pattern rather than the outsourcing remanufacturing.

However, this study also has some limitations. We analyze the outsourcing and authorized remanufac-
turing models, but do not consider the scenario where the OEM is responsible for producing the remanufac-
tured products. Second, this study only considers the risk aversion of a retailer, while future research could
consider the risk preferences of multiple members. Additionally, the issue regarding different quality levels
of recycled products is also worth analyzing in the third-party remanufacturing supply chain model.
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