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+is paper aims to evaluate the effectiveness of the fund policy on ecodesign and manufacturing/remanufacturing activities and
the effectiveness of the manufacturer’s ecodesign responsibility transfer strategy. It considers a manufacturing and remanu-
facturing system composed of a single manufacturer and a single remanufacturer performing under relevant fund policy.+e fund
policy is innovatively designed by considering three dimensions: tax, reduction, and subsidy. Based on mathematical models and
comparative analysis, the principal results show the following: (1) the impact scope of either the tax or the reduction dimension of
the fund policy is larger than that of subsidy. +e subsidy for encouraging remanufacturing is effective only when the re-
manufacturer uses some of the collected returns for remanufacturing. (2) +e impact direction of tax, reduction, or subsidy is
complicated, changing when the remanufacturer uses some of the collected returns for remanufacturing. (3) +e responsibility
transfer behavior of the manufacturer does not change the impact scope of the fund policy, but changes its impact strength and
impact path. +e impact of the responsibility transfer strategy on enterprises’ decision-making varies with different
remanufacturing scenarios.

1. Introduction

A range of Extended Producer Responsibility (EPR) pro-
grams around the world have been developed for managing
waste. EPR is an environmental protection strategy to en-
force take-back, recycling, and final disposal efforts by
manufacturers [1].

Fund policy is one typical form of EPR regulation
implementation, which is prevalent in Mainland China and
Taiwan [2–4]. For example, Taiwan initialized the Recycling
Fund Management Board of the Environmental Protection
Administration (EPA) in 1998, and the Ministry of Finance
in Mainland China created the E-waste Processing Fund
Collection and the Subsidy Management Approach in 2012.

+e fund policy can be considered a synthesis of envi-
ronmental taxes and subsidies. A waste tax is levied on
manufacturers per unit product sold to consumers. Proceeds
are then channeled into a recycling management fund and
used to promote recycling incentives. At the recycling and
reuse stage, the disassembling enterprises or recyclers are

subsidized according to the actual amount of waste they
process [3, 5].

Fund policy and other forms of EPR regulation across
the world are similar in purpose, which is twofold. One task
is to promote product ecodesign at the product development
stage. +e other task is to promote the recycling rate or
recycling quantities at the recycling stage [6, 7]. +e former
focuses on resource consumption reduction and waste
prevention, while the latter focuses on resource reuse and
recycling.

Ecodesign is defined as “the integration of environ-
mental aspects into product design and development with
the aim of reducing adverse environmental impacts
throughout the whole product’s life cycle” [8]. In fact,
product ecodesign has an important impact on recycling and
environmental protection. If producers adopt recycle and
reuse-oriented ecodesign at the product development stage,
the recycle frequency of waste products can be increased and
pollution levels throughout the life cycle can be reduced.
Many enterprises, such as Xerox and Kodak, take

Hindawi
Mathematical Problems in Engineering
Volume 2021, Article ID 2429714, 17 pages
https://doi.org/10.1155/2021/2429714

mailto:xychang@ecust.edu.cn
https://orcid.org/0000-0003-1424-5917
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2021/2429714


remanufacturing into consideration when they design their
products [9].

Regardless of the fact that adoption of ecodesign strat-
egies in product development can offer several advantages in
industry, ecodesign is actually an environmental responsi-
bility; however, performing ecodesign often raises a man-
ufacturer’s operating costs. At the same time, dealers or
retailers often benefit from the manufacturer’s ecodesign. It
is unfair for a manufacturer to solely bear the ecodesign
responsibilities. +at is why manufacturers are not as
supportive of ecodesign as expected [5] and often adopt
responsibility transfer strategies to share their environ-
mental responsibilities with other actors in the supply chain
[10]. As such, how relative responsibilities are shared among
supply chain members becomes an intriguing issue [10, 11].

Remanufacturing is generally perceived as an environ-
mentally friendly end-of-use management option for many
companies [12]. Companies can reduce production costs by
extracting core components from used products instead of
using new raw materials [13]. For example, Caterpillar, HP,
and Xerox have saved 30–70% production costs from their
recycling and remanufacturing activities of end-of-life
products. In 2015, Apple signed an agreement with Foxconn
in which the latter acquired proprietary rights to remanu-
facture the end-of-life iPhone mobile phones and remarket
them in China [14]. In general, remanufactured products
have similar valuations to new products, and they are
competitive substitutes for each other in the market.

+en, for a manufacturing-remanufacturing competi-
tion system considering ecodesign and its responsibility
transfer strategy under the constraints of fund policy, the
following questions are worth studying:

(1) How will the fund policy affect the ecodesign and
production decisions of a manufacturer, and how
will it affect the remanufacturing decisions of a
remanufacturer?

(2) When a manufacturer adopts an ecodesign re-
sponsibility transfer strategy to transfer his own
ecodesign responsibilities to other members in a
supply chain, how will the impact of fund policy
change? And how will the decisions of the manu-
facturer and remanufacturer change?

+is paper will try to answer these questions by using
game theory. +e paper considers a manufacturing-rema-
nufacturing competition system under the constraints of
fund policy. A regulator designs the fund policy, which
mainly consists of three dimensions—tax, reduction, and
subsidy—that influence ecodesign efforts and manufactur-
ing/remanufacturing decisions. A manufacturer produces a
key component and a new product in the market. +e key
component cannot be remanufactured and can only be sold
by the manufacturer at a buyer-specific wholesale price or
through a responsibility transfer strategy. A remanufacturer
recycles old parts and purchases key components from the
manufacturer for remanufacturing. +e new product and
remanufactured product are competitive substitutes in the
market.

+e aim of this paper is to investigate the effect of fund
policy on ecodesign and manufacturing/remanufacturing
activities and to investigate the effect of the manufacturer’s
ecodesign responsibility transfer strategy. +e main con-
tributions of this research are as follows.

(1) A new fund reduction policy is proposed as an al-
ternative scheme, and the fund policy is refined to
consider three dimensions: tax, reduction, and
subsidy. +e reduction dimension is used to provide
better incentives for manufacturers to carry out
ecodesign, which was seldom considered in the
previous research, but which has extended the
existing research that mainly considers tax and
subsidy.

(2) Ecodesign (waste prevention measure) and rema-
nufacturing (waste end-treatment measure) will be
considered at the same time. +is means that waste
prevention and waste end-treatment are both con-
sidered in one system, which is innovative.

(3) +e paper considers a key component that cannot be
remanufactured in the manufacturing-remanu-
facturing competition system, as well as ecodesign
responsibility transfer strategy, which makes this
research more sophisticated.

+e remainder of this paper is organized as follows.
Section 2 reviews the relevant literature. Section 3 presents
the basic model (B-model) and analyzes the obtained perfect
equilibria. Section 4 considers ecodesign responsibility
transfer and presents the T-model. Section 5 comparatively
analyzes the system equilibrium of the two models. Section 6
concludes the paper.

2. Literature Review

+is research is closely related to four research directions:
EPR regulation, fund policy, ecodesign, and responsibility
transfer. In this section, the relevant studies are reviewed to
provide an overview of previous studies and bring forward
an innovative perception of the paper.

2.1. EPR Regulation. Mainly aimed at the disposal respon-
sibility of waste products, EPR requires producers to un-
dertake the responsibility of recycling or disposing of
products after use. +is means that the producer bears the
actual responsibility for product recovery and disposal, or
the responsibility for product recovery and disposal costs;
that is, the producer can transfer his responsibility under the
EPR to a third party using a paid transfer strategy.

+e implementation of EPR is flexible and diverse all
around the world. Generally speaking, EPR legislation is
implemented in two typical ways: M-operated systems and
G-operated systems. M-operated systems (manufacturer-
operated) indicate that manufacturers operate their own
recycling network (self-operated or outsourced) to manage
and recycle their products’ waste. +e government assigns
recycling tasks (minimum recovery and recycling) to the
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manufacturer. For example, the WEEE Directive of the
European Union adopts M-operated systems. As for
G-operated systems (government-operated), the govern-
ment is responsible for recycling waste products, and the
manufacturer pays the government a certain fee for the
process. For example, G-operated systems are adopted in the
Chinese mainland and Taiwan region for the management of
waste household appliances and electronic products.
However, the fund system still needs to be further stan-
dardized. +ere are some problems, such as incomplete
extension of responsibility, insufficient correlation between
economic responsibility and ecodesign for producers, and
lack of an incentive system for multiagent responsibility.
Kautto and Melanen [15] pointed out that since the EU
WEEE Directive did not have any contribution to waste
prevention, the scope of policy should be drastically shifted
from waste management to society’s overall cycles of ma-
terials and products. Wang et al. [16] systematically analyzed
the physical and financial operating mechanisms of EPR
systems in Japan, Germany, Switzerland, and China and
pointed out that although the operation mechanism of EPR
systems varied greatly in different countries, there were some
common problems. Li et al. [17] used the newsvendor model
and numerical simulation method and concluded that the
EPR coefficient policy was an appropriate and effective
approach to promote the EPR practice of the Chinese
government.

2.2. Fund Policy. Taking these considerations into effect,
scholars have carried out varied research on fund policy.
Pazoki et al. [18] discussed how to set the values of subsidies
and penalties in several environmental regulations to
minimize the environmental impact of production or to
maximize product recovery. Cao et al. [19] analyzed the
effect of environmental regulations and financial measures
stipulated by the government. Guo et al. [20] used the system
dynamic method to analyze how China’s “WEEE processing
fund” policy influences the economic and environmental
conditions of participants in theWEEEmanagement system.
Chang et al. [21] found that the joint tax-subsidy mechanism
can motivate the manufacturer to pursue ecoinnovation and
to incorporate recycling considerations into its production
and ecoinnovation decisions. Chen et al. [22] investigated
the behavior of supply-chain members in green supply chain
management under the reward-penalty mechanism and
found that the return rate and green effort can be improved
by the reward-penalty mechanism. Hong and Guo [23]
found that the policy balanced the interests of manufac-
turers, importers, sellers, and recyclers by choosing an
optimal selling quantity in the market and optimal reward
money for customers bringing end-of-life products to re-
cyclers. Pazoki and Samarghandi [24] found that a regulated
manufacturer practiced remanufacturing for a costly eco-
design. Wang et al. [25] presented a tripartite evolutionary
game model consisting of the government, the recycler, and
the consumer, determined the payoff matrices of the system,
and calculated the replicator dynamic equation of each
participant. +e results showed that the government should

play a leading role in the development of the e-waste
recycling industry. Zhang et al. [26] found that government
tax and subsidy policies could not always improve enter-
prises’ remanufacturing behavior. Zhang et al. [27]
researched optimal pricing and remanufacturing modes in a
closed-loop supply chain of WEEE under government fund
policy. Liu et al. [28] introduced a dual regulation regime
characterized by the deposit-refund policy and a minimal
collection rate of used products. +ey found that regulating
the minimal collection rate was beneficial to the environ-
ment and helped to reduce the deposit-refund policy deficit
under certain conditions.

It can be seen that scholars mainly pay attention to the
recycling fund policy in terms of fund collection, subsidies,
and fund management. However, the current research on
policy design seldom considers the ecodesign behavior of the
manufacturer and waste prevention at the source.

2.3. Ecodesign. In fact, product ecodesign has an important
impact on recycling and environmental protection. If pro-
ducers adopt recyclable and reuse-oriented ecodesign in the
product design stage, the recycling frequency of waste
products can be improved and life cycle pollution can be
reduced. Örsdemir et al. [12] believed that about two-thirds
of the remanufacturability of recycled products depended on
the remanufacturing design at the initial stage of product
design. Calcotta and Walls [29] examined the impacts of
policies to encourage efficient product design and recycling
and found that optimal outcomes could be attained by
combining a “deposit-refund” policy. Zhu and He [30]
indicated that supply chain price competition at the retailer
level might positively influence equilibrium greenness, while
product greenness competition reduces equilibrium
greenness. Zand et al. [31] found that the green level of the
products positively contributed to the amount of collected
used products and increased the retailer’s profit. Zheng et al.
[32] put forward a theoretical model to discuss the influence
of competitive strategy on Design for Environment (DFE).
DFE can help reduce the impact of products on the envi-
ronment, but high levels of DFE may harm the environment
by substantially increasing total sales.

+erefore, most of the current quantitative modeling
research on ecodesign simply takes ecodesign as a decision
variable, which is far from detailed and in-depth.

2.4. Responsibility Transfer. Ecodesign responsibility is ac-
tually an environmental responsibility. Performing envi-
ronmental responsibility often brings relevant operating
costs to enterprises. +erefore, manufacturers often adopt
different ecological design strategies according to cost, in-
come, market competition, and other factors. Subramanian
et al. [33] found that the competition between
manufacturing and remanufacturing products would change
the ecodesign strategy. Hong and Guo [23] studied several
cooperation contracts within a green product supply chain
and investigated their environmental performance.
Mathiyazhagan et al. [34] found that OEMs could complete
green supply chain management requirements by merging
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and splitting responsibilities. Cheng et al. [10] found that
when the OEM and retailer worked together, the respon-
sibility transfer factor did not affect their dual performance.
Governments and retailers should consider ecological and
environmental protection targets and profits in the OEM
strategy.

To sum up, the existing literature has provided an im-
portant theoretical basis for fund policy. However, many of
these studies pay more attention to recycling and end-
treatment of waste, but less attention to ecodesign of the
production stage in a closed-loop supply chain. It is nec-
essary to explore new incentive methods and new fund
policy operation modes considering both ecodesign (waste
prevention measure) and remanufacturing (waste end-
treatment measure), as well as ecodesign responsibility
transfer strategies.

3. Basic Model and Analysis

3.1. Model and Solution. +is paper considers a
manufacturing-remanufacturing competition system
under fund policy. To promote ecodesign and recycling,
the government designs the fund policy considering
three dimensions, namely, tax, reduction, and subsidy,
which are assumed to be exogenous. +e manufacturer
produces products, sells them to consumers in the
market, and produces a key component that cannot be
remanufactured. +e remanufacturer recycles waste
products and purchases the key component from the
manufacturer for remanufacturing. +e new product and
the remanufactured product are competitive substitutes
in the market. +e structure of the system is depicted in
Figure 1, and a summary of notations can be found in
Table 1.

Next, we will describe the assumptions and basic model
in detail. We assume the manufacturer sets a buyer-specific
wholesale price of the key component tailored to the re-
manufacturer in the basic model (B-model).

3.1.1. *e Regulator. +e regulator designs the fund policy,
which mainly includes three dimensions: tax, reduction, and
subsidy. +e regulator levies the waste tax T0 on the man-
ufacturer per product sold to consumers (tax mechanism)
and issues quota subsidies s to qualified remanufacturers for

waste recycling and dismantling (subsidy mechanism). At the
same time, in order to encourage the manufacturer to
conduct ecodesign, tax reduction is carried out based on
ecodesign effort. +e unit tax reduction is σe (reduction
mechanism).

3.1.2. *e Manufacturer. +e manufacturer (m) strategi-
cally decides on product ecodesign effort e and fulfills its
ecodesign responsibility under the constraints of fund
policy. Meanwhile, the manufacturer needs to decide on
the production quantity of the new product qn. It costs the
manufacturer (1/2)de2 to exert ecodesign effort e; this
formula (1/2)de2 is widely used in other literatures, such
as Zhu and He [30] and Chen and Ulya [35]. New products
and remanufactured products are competitive substitutes
in the market. Given the quantities of new and rema-
nufactured products qn, qr, the market-clearing prices for
new and remanufactured products are pn � 1 − qn − δqr

and pr � δ(1 − qn − qr), respectively. +ese functions are
widely used in the literature for closed-loop supply chain
management; see Zheng et al. [32]; Wu and Zhou [36];
and Jacobs and Subramanian [11]. +e manufacturer has
the technology to produce a key component that cannot
be remanufactured. Referring to Chen et al. [22], it is
assumed that the manufacturer incurs two costs when
producing a new product: the unit cost of the key com-
ponent m and the unit production cost of the new
product cn.

3.1.3. *e Remanufacturer. +e remanufacturer (r) de-
termines remanufacturing quantity qr under the con-
straint of fund policy. Assume that qr ≤ τqn and all
remanufactured products can be sold. +e unit rema-
nufacturing cost is cr. +e ecodesign effort of the man-
ufacturer (such as modular design to make disassembly
easier) benefits the remanufacturer, and the reduction of
unit remanufacturing cost is αe. +e remanufacturer
needs to purchase the key component from the manu-
facturer at a buyer-specific wholesale price w0 during the
process of remanufacturing.

+e manufacturer and remanufacturer pursue profit
maximization, and the decision model is

Max πm
e,qn( )

� pn − cn − m( qn√√√√√√√√√√√√
Sales revenue of new product

−
d

2
e
2

√√
Eco− design cost

+ w0 − m( qr√√√√√√√√
Sales revenue of
key compoment

− T0 − σe( qn√√√√√√√√
Waste tax

,

Max πr

qr( )
� pr − cr − αe(  − w0 qr√√√√√√√√√√√√√√√√√√

Sales revenue of remanufacturing product

+ sqr√√
Government subsidy

,

0≤ qr ≤ τqn.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(1)
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Manufacturer and remanufacturer’s decision goal is to
maximize profit. +e order of game is as follows: in the first
stage, the manufacturer decides product ecodesign effort e.
In the second stage, the remanufacturer decides on the
remanufactured product quantity qr according to the eco-
design effort of the manufacturer. At the same time, the
manufacturer also decides on new product quantity qn. +is
game order has been used in the literatures, such as Zheng
et al. [32] and Reimann et al. [37], in order to make all
decisions within a period of stability and not disperse the
time-cycle effect when studying the interactions within the
manufacturing-remanufacturing supply chain. Assuming
that the manufacturer and the remanufacturer make the
same decision at each stage in the steady-state equilibrium,
the production quantity decision made by the manufacturer
and the remanufacturer in the second stage can be regarded
as simultaneous.

We solve the two-stage game described above by
backward induction. First, qn, qr are obtained and
substituted back to πm, πn, and then e can be got. Proposition
1 presents the optimal equilibrium strategies of the man-
ufacturer and remanufacturer.

Next, for convenience in writing, the BA scenario rep-
resents the case when the remanufacturer uses all the col-
lected returns for remanufacturing in the B-model, and the

BS scenario represents the case when the remanufacturer
uses some of the collected returns for remanufacturing in the
B-model.

Proposition 1. In the manufacturing-remanufacturing
competition system under the constraints of fund policy, the
optimal equilibrium strategies of the manufacturer and re-
manufacturer can be seen in Table 2, where K � 1 − cn − m;
d(2 + δτ)2 − 2σ2 > 0; andd(4 − δ)2 − 2(α − 2σ)2 > 0.

Proof. All proofs are relegated to Appendix. □

3.2. Analysis. As described in Section 3.1, the fund policy we
researched in this paper includes three dimensions: tax,
reduction, and subsidy, which are, respectively, represented
by the parameters T0, σ, s in the B-model. +e impacts of the
three parameters on ecodesign decision and manufacturing/
remanufacturing activities will be analyzed next.

3.2.1. Impact Scope of the Fund Policy. By observing the
relationship between the optimal solution
ei∗ , qi∗

n , qi∗

r (i � BA, BS) and the fund policy factors T0, σ, s in
Table 2, Conclusion 1 can be obtained.

Manufacturer (m)

Remanufacturer (r)

Custom

Manufacturing-remanufacturing
competitive system

Regulator
(Fund)

w0

S

T0 – σe qn

qr

τ

Figure 1: A manufacturing-remanufacturing competitive system with the fund policy.

Table 1: Notations.

Descriptions

Parameters

T0 Waste tax per unit product sold to consumers imposed by the regulator on the manufacturer

σ Tax reduction coefficient per unit product given by the government for encouraging the manufacture’s ecodesign
activity,σ ∈ (0, 1)

s Unit subsidy per unit remanufactured product received from the regulator
d +e sensitivity of production cost to the ecodesign
δ Consumer’s willingness to pay for the remanufactured product δ ∈ (0, 1)

cn Unit production cost of a new product
cr Unit production cost of a remanufactured product
m Unit cost of a key component
Δ +e unit cost savings of production through remanufacturing, Δ � cn − cr

α Unit remanufacturing cost reduction coefficient that the manufacturer’s ecodesign brings to the remanufacturer
w0 A buyer-specific wholesale price of the key component to the remanufacturer
pn Unit sale price of a new product
pr Unit sale price of a remanufactured product
τ Recycling rate of used products (0< τ ≤ 1)

Decision
variables

qn Sales quantity of new products
qr Sales quantity of remanufactured products
e +e manufacturer’s ecodesign effort
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Conclusion 1. +e tax factor T0 and the reduction factor σ
affect all decisions ei∗ , qi∗

n , qi∗

r (i � BA, BS) both in the BA
scenario and in the BS scenario, while the subsidy factor s

only affects the decisions eBS∗

n , qBS∗

n , qBS∗

r in BS scenario.
+erefore, the impact scope of fund policy is larger in the

BS scenario than in the BA scenario.

(a) In the BA scenario, the market environment is ex-
tremely favorable for remanufacturing, and the
subsidy policy for encouraging recycling and
remanufacturing is ineffective. +erefore, once the
remanufacturer decides on using all the collected
returns for remanufacturing based on market con-
ditions, the government should focus on the policy
factors for the manufacturer rather than the re-
manufacturer, so as to bolster the manufacturer’s
focus on ecodesign and waste preventionmeasures at
the production stage.

(b) In the BS scenario, the factors of tax, reduction, and
subsidy affect both the manufacturer’s and reman-
ufacturer’s decisions. So, the government should not
only consider the impact of one single policy factor,
but should consider the impact of three factors—tax,
reduction, and subsidy—as a whole when designing
the fund policy in the BS scenario.

3.2.2. Impacts of Fund Policy Factors on Decision-Making.
+e relationships between the optimal solution in Table 2
and the first-order partial derivatives T0, σ, s are shown in
Proposition 2.

Proposition 2. For the manufacturing-remanufacturing
competition system under the constraints of fund policy, the
relationship between optimal equilibrium strategies and the
first-order partial derivatives, T0, σ, s, in the BA and BS
scenarios is shown in line 1 and line 2 of Table 3, respectively.

From Table 3, we observe the following: (a) In the BA
scenario, eBA∗ , qBA∗

n , qBA∗

r all decrease with respect to T0. +e
effect of the reduction factor σ is opposite to that of the tax
factor T0, and the subsidy factor, s, does not affect the
decisions of the manufacturer and remanufacturer. (b) In
the BS scenario, T0, σ, s have a complex impact on decisions
of the manufacturer and remanufacturer. Take T0 for ex-
ample. It can promote ecodesign efforts in some cases, while
it will weaken ecodesign efforts in other cases. +e key is the
relationship between α and σ; the turning point of policy
impact is σ � (α/2).

In order to observe the complex impact of T0, σ, s on the
optimal decisions eBS∗ , qBS∗

n , qBS∗

r in BS scenario, we plot
Figure 2 where α � 0.6, σ � 0.3. Given the impact of T0, s

that has been shown in Table 3, the focus here is on the
complex impact of σ on the manufacturer’s and remanu-
facturer’s decisions.

From Figure 2, we can observe the following:

(i) When subsidy s is constant and tax T0 is low, as σ
increases, the ecodesign effort eBS∗ is higher
(Figure 2(a)), qBS∗

n increases (Figure 2(b)), and qBS∗

r

first decreases and then increases (Figure 2(c)).
However, the effect of σ is changed when s is con-
stant and T0 is high (Figures 2(a)–2(c)).

(ii) When T0 is constant and subsidy s is low, as σ in-
creases, the ecodesign effort e first decreases and then
increases (Figure 2(d)), qBS∗

n increases (Figure 2(e)),
qBS∗

r first decreases and then increases (Figure 2(f )).

From the perspective of fund policy design by the
government, we can put forward managerial implications as
follows:

(a) In the BA scenario, the focus of fund policy design by
the government should be the tax dimension and the
reduction dimension. By reducing the tax and in-
creasing tax reduction, the manufacturer can be
encouraged to improve ecodesign efforts and
strengthen the prevention of waste management at
the production stage.

(b) In the BS scenario, the impact mechanism of the tax,
reduction, and subsidy dimensions of fund policy is
complex and changeable, so the government should
integrate design of the three dimensions——tax,
reduction, and subsidy——to create a balanced
guidance of fund policy on ecodesign and rema-
nufacturing behavior. In particular, the reduction
dimension of fund policy must be set carefully in the
BS scenario; otherwise, it will not only weaken
ecodesign and remanufacturing at the supply chain
level, but will also lead to negative impacts from the
tax and subsidy dimensions of fund policy on eco-
design and remanufacturing at the policy level.

4. Impact of Ecodesign Responsibility Transfer

Based on the B-model in Section 3, we will introduce the
manufacturer’s ecodesign responsibility transfer strategy to
explore the impact of ecodesign responsibility transfer
strategy in this chapter.

4.1. Modeling and Solution. Referring to the research of
Cheng et al. [10], the manufacturer’s ecodesign responsi-
bility transfer is reflected in the wholesale price of the key
component, which is set as (w0 + hee) instead of the buyer-
specific wholesale price in the B-model in Section 3, where
he ∈ [0, 1] is the transfer coefficient; the greater the value is,
the more the ecodesign responsibility is transferred.

+e decision model of the ecodesign responsibility
transfer strategy (T-model) is
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Table 3: +e relationship between optimal equilibrium strategies and T0, σ, and s.

(ze∗/zT0) (zq∗n /zT0) (zq∗r /zT0) (ze∗/zσ) (zq∗n /zσ) (zq∗r /zσ) (ze∗/zs) (zq∗n /zs) (zq∗r /zs)

BA scenario − − − + + + × × ×

BS scenario (σ < α/2|σ > α/2) +/− − +/∼ ∼ ∼ ∼ +/− − +/∼
Note. +, − , ∼ and × indicate monotone increase, monotone decrease, and monotone uncertainty, respectively.
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Figure 2: Effects of T0, σ, and s on eBS∗ , qBS∗

n , and qBS∗

r . (a) Effects of T0 and σ on eBS∗ . (b) Effects of T0 and σ on qBS∗

n . (c) Effects of T0 and σ
on qBS∗

r . (d) Effects of s and σ on eBS∗ . (e) Effects of s and σ on qBS∗

n . (f ) Effects of s and σ on qBS∗

r .
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Max πm
e,qn( )

� pn − cn − m( qn√√√√√√√√√√√√
Sales revenue of new product

−
d

2
e
2

√√
Eco− design cost

+ w0 + hee − m( qr√√√√√√√√√√√√√√
Sales revenue of
key compoment

− T0 − σe( qn√√√√√√√√
Waste tax

,

Max πr
qr( )

� pr − cr − w0 + hee(  + αe qr√√√√√√√√√√√√√√√√√√√√√√√√
Sales revenue of remanufacturing product

+ sqr√√
Government subsidy

,

0≤ qr ≤ τqn.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(2)

Next, the TA scenario represents the case where the
remanufacturer uses all the collected returns for remanu-
facturing in the T-model, and the TS scenario represents the
case where the remanufacturer uses some of the collected
returns for remanufacturing in the T-model.

+e manufacturer and remanufacturer pursue profit
maximization, and the solution process is similar to Section

3.1. +e detailed proof is omitted. +e optimal solution is as
follows:

(a) TA scenario: when the remanufacturer uses all the
collected returns for remanufacturing:

e
TA∗

�
2 K − T0(  + τ w0 − m( (2 + δτ) σ + heτ(2 + δτ)K

d(2 + δτ)
2

− 2σ2 − 2σheτ(2 + δτ)
, (3)

q
TA∗

n �
d(2 + δτ) K − T0(  + w0 − m( τσ2 − τσhe K − T0( 

d(2 + δτ)
2

− 2σ2 − 2σheτ(2 + δτ)
, (4)

q
TA∗

r �
τ d(2 + δτ) K − T0(  + w0 − m( τσ2 − τσhe K − T0(  

d(2 + δτ)
2

− 2σ2 − 2σheτ(2 + δτ)
, (5)

where d(2 + δτ)2 − 2σ2 − 2σheτ(2 + δτ)> 0. (b) TS scenario: when the remanufacturer uses some of
the collected returns for remanufacturing:

e
TS∗

�

2δ(2σ − α) 1 + K − Δ − δ − s − 2T0(  +(8α − 4αδ + δσδ) w0 − m( 

− he 4cr(2 − δ) + δ δ 3 + cn + m + T0(  + 2 m + 2s − 3w0(   − 8 δ + m + s − 2w0(  

δ d(4 − δ)
2

− 2(α − 2σ)
2

  − 2(8 − 3δ)h
2
e − 2δ2heσ + 8αhe(2 − δ)

,
(6)

q
TS∗

n �

α − he(  he − 2cr + cn(8 − δ) + δ 3 − m − T0(  − 2 4 − 3m − s − 4T0(   − 2a w0 − m(  

+dδ(4 − δ) 2 + w0 − 2cn + cr − δ − 2m − s − 2T0( 

− 2cr(2 − δ)he + 2δ2he + 4αm + 4he 2w0 − m − s(  − αδ w0 − m( 

+δhe 2cn + m + 2 − 3 + s + T0(  − w0  − 4αw0σ − 2δ w0 − m( xgm
2

δ d(4 − δ)
2

− 2(α − 2σ)
2

  − 2(8 − 3δ)h
2
e − 2δ2heσ + 8αhe(2 − δ)

,

(7)
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q
TS∗

r �

8crdδ − 4dδ2 − 4cndδ
2

− 2crdδ
2

+ dδ3 + cndδ
3

+ 4crh
2
e + 4cnδh

2
e − 4 dδ2m

+dδ3m + 4h
2
em − 4δh

2
em − 8dδs + 2dδ2s − 4h

2
es − 4dδ2T0 + dδ3T0 − 4δh

2
eT0

+8dδw0 − 2dδ2w0 − 2α2 2w0 − 2m − δ 1 − cn − m − T0(  

− δhe cn(4 + δ) − δ 1 − m − T0(  + 4 T0 + w0 − 1(  σ

− δσ2 4cr − 4s + 4w0 + δ w0 − m − 4(  

− 2αhe 2cr + 4m + δ 1 − 3cn − 3m − 3T0(  − 2 s + w0(  

+2ασδ 2 − 2cn − cr + δ + s − 2T0 − 3w0( 

δ d(4 − δ)
2

− 2(α − 2σ)
2

  − 2(8 − 3δ)h
2
e − 2δ2heσ + 8αhe(2 − δ)]

,

(8)

where δ[d(4 − δ)2 − 2(α − 2σ)2] − 2(8 − 3δ)h2
e

− 2δ2heσ +8αhe(2 − δ)]> 0.
4.2. *e Impact of Responsibility Transfer

4.2.1. TA Scenario. Based on formulas (3)–(5), the partial
derivative results can be obtained as follows

:
ze

TA∗

zhe

�
τ(2 + δτ) d(2 + δτ)

2
K − T0(  + 2σ2 K − T0 + τ(2 + δτ) w0 − m(   

d(2 + δτ)
2

− 2σ heτ(2 + δτ) + σ  
2 > 0,

zq
TA∗

n

zhe

�
τ dσ (2 + δτ)

2
K − T0(  + 2σ3 K − T0 + τ(2 + δτ) w0 − m(   

d(2 + δτ)
2

− 2σ heτ(2 + δτ) + σ  
2 > 0,

zq
TA∗

r

zhe

�
τ2 dσ (2 + δτ)

2
K − T0(  + 2σ3 K − T0 + τ(2 + δτ) w0 − m(   

d(2 + δτ)
2

− 2σ heτ(2 + δτ) + σ  
2 > 0.

(9)

It can be seen that in the TA scenario, eTA∗ , qTA∗

n , qTA∗

r are
increasing with respect to the transfer coefficient he. So, the
larger the transfer coefficient he is, the more beneficial it is to
the ecodesign andmanufacturing/remanufacturing activities
at the supply chain level.

4.2.2. TS Scenario. +e effects of he on the optimal solutions
eTS∗ , qTS∗

n , qTS∗

r in the TS scenario can be plotted as shown in
Figure 3.

From Figure 3, we can observe the following:

(a) In the production stage, both the manufacturer’s
ecodesign effort and the production quantity of new
products first increase and then decrease with re-
spect to he (Figures 3(a) and 3(b))

(b) In the remanufacturing stage, both the quantity of
remanufactured products and the remanufacturing
rate first decrease and then increase with respect to
he (Figures 3(c) and 3(d))

(c) +ere is a threshold of he (Figure 3(e)), above which
an increase in he has a negative impact on the total
quantity of new and remanufactured products

In conclusion, the manufacturer should comprehen-
sively consider the impact of he on itself, the remanufacturer,
and the overall production activities, and carefully set the
ecodesign responsibility transfer coefficient, which should
stay beneath a certain threshold in the TS scenario.

5. Comparative Analysis

5.1.*eOverall Impact of the Fund Policy. By comparing the
optimal decision expressions (3)–(8) in Section 4 with the
optimal decisions in Table 2 of Section 3, it is evident that
when the responsibility transfer strategy is adopted by the
manufacturer, the impact scope of T0, σ, s on the decision-
making e∗, q∗n , q∗r remains unchanged. However, when the
partial derivatives of the optimal solution with respect to
T0, σ, s are changed, the parameters involved are also
changed. Take the partial derivative of eBA∗ and eTA∗ with
respect to T0 as an example.

ze
BA∗

zT0
�

− 2σ
d(2 + δτ)

2
− 2σ2
>

ze
TA∗

zT0
�

− 2σ
d(2 + δτ)

2
− 2σ2 − 2σheτ(2 + δτ)

. (10)
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Figure 3: Effect of he in the TS scenario. (a) Effect of he on eTS∗ . (b) Effect of he on qTS∗
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Figure 4: Effects of parameters T0, σ, s, and he on e∗. (a) Effects of T0 and he on e∗. (b) Effects of σ and he on e∗. (c) Effects of s and he on e∗.
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It is evident that the manufacturer’s production decision
behavior is more sensitive to the tax T0 and parameters in
the partial derivative also change when the responsibility
transfer strategy is adopted by the manufacturer. +erefore,
Conclusion 2 can be drawn.

Conclusion 2. When the manufacturer adopts an ecodesign
responsibility transfer strategy, the impact scope of fund
policy does not change. However, both the impact strength
and the impact path of fund policy change when the
manufacturer adopts the responsibility transfer strategy in a
manufacturing-remanufacturing competition system.

5.2. Ecodesign Behavior. +e impacts of the three dimen-
sions of the fund policy T0, σ, s, and transfer coefficient he,
on the ecodesign effort of the manufacturer are plotted in
Figure 4.

From Figure 4, we can observe the following:

(a) In the TS scenario, the transfer coefficient he has a
significant influence on the manufacturer’s ecode-
sign behavior, and the manufacturer’s ecodesign
effort generally declines with the increase of the
transfer coefficient he

(b) eBS∗ > eTS∗ > eTA∗ > eBA∗ when the transfer coefficient
he is beneath a certain threshold; otherwise,
eBS∗ > eTA∗ > eBA∗ > eTS∗

+erefore, the manufacturer’s ecodesign effort is the
highest in the BS scenario under the constraints of fund
policy, while ecodesign effort is relatively low in the BA
scenario. +e ecodesign transfer coefficient he of the man-
ufacturer should be beneath a certain threshold in the TS
scenario to avoid having the responsibility transfer strategy
negatively affect ecodesign.

5.3. Remanufacturing Rate. +e impacts of the three di-
mensions of the fund policy T0, σ, s, and transfer coefficient
he on the remanufacturing rate are plotted in Figure 5.

From Figure 5, we can observe that the remanufacturing
rate has a complex and sensitive response to parameters
T0, σ, s and transfer coefficient he. We can also observe that
the remanufacturing rate decreases with the increase of the
transfer coefficient he in the TP scenario.

+erefore, the ecodesign transfer coefficient he of the
manufacturer should be beneath a certain threshold in the
TS scenario to avoid having the responsibility transfer
strategy negatively affect the remanufacturing rate.

6. Conclusion

+e paper considers a manufacturing-remanufacturing
competition system composed of a single manufacturer and
a single remanufacturer under the constraints of fund policy.
+e government designs the fund policy, which mainly
includes three dimensions, namely, tax, reduction, and
subsidy. +e manufacturer produces a key component and a
new product in the market. +e key component cannot be
remanufactured and can only be sold by the manufacturer at

a buyer-specific wholesale price or through a responsibility
transfer strategy. +e remanufacturer recycles old parts and
purchases key components from the manufacturer for
remanufacturing activities. +e new product and remanu-
factured product are competitive substitutes in the market.

Based on game models and the obtained perfect equi-
libria, the main conclusions of this paper are as follows: (1)
+e impact scope of tax or reduction is larger than that of
subsidy. +e factors of tax, reduction, and subsidy affect all
the decisions in both the BS and BA scenarios. However, the
subsidy for encouraging remanufacturing is ineffective in the
BA scenario. (2) In the BA scenario, the tax and the re-
duction have opposite effects on supply chain decisions,
where the increase of tax will lead to the decline of ecodesign
effort and the reduction of manufacturing and remanu-
facturing quantity. (3) In the BS scenario, the impact
mechanism on decisions of the tax, reduction, and subsidy
dimensions of fund policy changes complexly. In particular,
the reduction dimension of fund policy may not only
weaken ecodesign and remanufacturing at the supply chain
level, but also lead to negative impacts from the tax and
subsidy dimensions of fund policy at the policy level. (4) +e
responsibility transfer behavior of the manufacturer does
not change the impact scope of the fund policy, but changes
its impact strength and impact path. (5) +e impact of the
transfer coefficient on enterprises’ decision-making varies
with different remanufacturing scenarios. +e higher the
transfer coefficient, the higher the ecodesign effort will be,
and the more the manufacturing and remanufacturing
quantities will be in the TA scenario. However, the effect of
the transfer coefficient on enterprises’ decision-making is
generally negative in the TS scenario.

Based on the above conclusions, the following guidelines
are proposed to regulators and manufacturers in this paper:
(1) +e regulator needs flexibility in allocation of the tax,
reduction, and subsidy factors of fund policy according to
market conditions, considering the impact scope, strength,
and path of fund subsidy, and the different remanufacturing
strategies and manufacturer’s ecodesign responsibility
transfer behavior. (2) When the market environment is
extremely favorable for remanufacturing and the remanu-
facturer decides to use all the collected returns for rema-
nufacturing, the subsidy policy for encouraging recycling
and remanufacturing is ineffective. +e focus of fund policy
design by the government should be the tax dimension and
the reduction dimension. By reducing the tax or increasing
tax reduction, the manufacturer can be encouraged to im-
prove ecodesign efforts and strengthen the prevention of
waste management at the production stage. (3) When the
manufacturer uses some of the collected returns for rema-
nufacturing, the impact mechanism of fund policy factors
changes complexly. +us, the government should integrate
the design of the three dimensions, tax, reduction, and
subsidy, of the fund policy to ensure a balanced guidance of
fund policy on ecodesign behavior and remanufacturing
behavior. In particular, the reduction dimension of fund
policy must be set carefully; otherwise, it will not only
weaken ecodesign and remanufacturing at the supply chain
level, but will also lead to negative impacts from the tax and
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subsidy factors of fund policy on ecodesign and remanu-
facturing at the policy level. (4) In order to achieve better
ecodesign and manufacturing/remanufacturing activities at
the supply chain level, the manufacturer should adopt dif-
ferent ecodesign responsibility transfer strategies according
to the remanufacturer’s remanufacturing strategy. When the
remanufacturer uses all collected returns for remanu-
facturing, the manufacturer can adopt the responsibility
transfer strategy to achieve higher ecodesign and remanu-
facturing performance. On the contrary, when the reman-
ufacturer uses some of the collected returns for
remanufacturing, the manufacturer should keep the eco-
design transfer coefficient beneath a certain threshold and
even forgo adopting a responsibility transfer strategy.

Finally, there are still some limitations in the research
process of this paper. +is paper only considers a single
monopoly manufacturer in the manufacturing-remanu-
facturing system. It would be worthwhile to extend our study
to the setting with competing manufacturers and examine
how competition among manufacturers impacts the design
of fund subsidies. In addition, there are various forms of
responsibility transfer. Future studies can explore the effect
of various responsibility transfer strategies in the
manufacturing-remanufacturing system, including ecode-
sign responsibility transfer strategies, recycling, and rema-
nufacturing responsibility transfer strategies.

Appendix

Proof. of Proposition 1. We solve the two-stage game by
backward induction. First, qn, qr are obtained and
substituted back to πm, πr, and then e can be obtained. □

Second Stage

z
2πm

zq
2
n

� − 2< 0,

z
2πr

zq
2
r

� − 2δ < 0.

(A.1)

+erefore, the manufacturer’s profit function πm is a
concave function of new product quantity qn. +e reman-
ufacturer’s profit function πr is a concave function of
remanufactured product quantity qr.

Construct Lagrangian functions: Lr � πr − λ1 (qr − τqn)

− λ2(− qr), (zLr/zqr) � 0.

λ1 qr − τqn(  � λ2qr � 0, 0≤ qr ≤ τqn. (A.2)

(a) BA scenario: the remanufacturer uses all the col-
lected returns for remanufacturing.
Let λ1 > 0, λ2 � 0, get qr � τqn, combine (zLr/zqr)

� 0, λ2 � 0, (zπm/zqn) � 0.
+en, qBA

n � ((1 − T0 − cn − m + σe)/(2 + δτ)),
qBA

r � ((1 − T0 − cn − m + σe)τ/(2 + δτ)):

λ1 �

2 αe + s − w0(  + δ 1 + cn + m + 2mτ + 2cnτ + T0

+τ δ + αe + s + m + 2T0 − w0 − 2(  − eσ(1 + 2τ) − cr(2 + δτ)

2 + δτ
.

(A.3)

(b) BS scenario: the remanufacturer uses some of the
collected returns for remanufacturing.
Let λ1 � 0, λ2 � 0, get 0< qr < τqn, and combine
(zLr/zqr) � 0, (zπm/zqn) � 0; then,

q
BS
n �

2 − 2cn + cr − δ − αe − m − s − 2T0 + w0 + 2σe

4 − δ
,

q
BS
r �

2 αe + s − w0(  − 2cr + δ 1 + cn + m + T0 − σe( 

(4 − δ)δ
.

(A.4)

(c) BN scenario: no remanufacturing.

Let λ1 � 0, λ2 > 0, get qr � 0, and combine (zLr/zqr)

� 0, λ1 � 0, (zπm/zqn) � 0; then, qBN
n � ((1 − cn − m

− T0 + δe)/2), qBN
r � 0, λ2 � cr − αe − s + w0 − (δ(1+

cn + m + T0 − σe)/2).
Since there is no remanufacturing behavior in the BN

scenario, which is not consistent with the main focus of this
paper, it will not be discussed below.

First Stage

(a) BA scenario: the remanufacturer uses all the col-
lected returns for remanufacturing.

z
2πm

z
2
e

� − d +
2σ2

(2 + δτ)
2 �

2σ2 − d(2 + δτ)
2

(2 + δτ)
2 . (A.5)

Let d(2 + δτ)2 − 2σ2 < 0; make (zπm/ze) � 0
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e
BA∗

�
2 − 2cn − m[2 + τ(2 + δτ)] − 2T0 + w0τ(2 + δτ) σ
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2
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,

q
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d(2 + δτ) 1 − cn − m − T0(  + w0 − m( τσ2
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2

− 2σ2
,

q
BA∗

r �
d(2 + δτ) 1 − cn − m − T0(  + w0 − m( τσ2 τ

d(2 + δτ)
2

− 2σ2
.

(A.6)

(b) BS scenario: the remanufacturer uses some of the
collected returns for remanufacturing.

z
2πm

z
2
e

�
2(α − 2σ)

2
− d(4 − δ)

2

(4 − δ)
2 . (A.7)

Let d(4 − δ)2 − 2(α − 2σ)2 > 0; make (zπm/ze) � 0:
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(A.8)

Proof. of Proposition 2 (a) BA scenario: the remanufacturer uses all the col-
lected returns for remanufacturing.
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(A.9)

eBA∗ , qBA∗

r , qBA∗

n expressions have no s, so they are not
affected by s.

(b) BS scenario: the remanufacturer uses some of the
collected returns for remanufacturing (zeBS∗/zT0)
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� (4(α − 2σ)/(d(4 − δ)2 − 2(α − 2σ)2)),
(zeBS∗ /zT0)> 0 when α − 2σ > 0, and vice versa.

zq
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�
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2
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2 < 0, (A.10)

(zqBS∗

r /zT0) � (2α(α − 2σ) + dδ(4 − δ)/δ[d(4 − δ)2 −

2(α − 2σ)2])> 0 (zqBS∗

r /zT0)> 0 when α − 2σ > 0, otherwise
uncertain.
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(A.11)

(zeBS∗/zs) � (2(α − 2σ)/[d(4 − δ)2 − 2(α − 2σ)2]),
(zeBS∗/zs)> 0 when α − 2σ > 0, otherwise (zeBS∗/zs)≤ 0

zq
BS∗

n

zs
�

− d(4 − δ)

d(4 − δ)
2

− 2(α − 2σ)
2 < 0, (A.12)

(zqBS∗

r / zs) � (2 + 2σδ(α − 2σ) /δ2[d(4 − δ)2 − 2(α − 2σ)2])

> 0, (zqBS∗

r /zT0)> 0 when α − 2σ > 0, otherwise uncertain.
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