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Abstract: Due to rapid economic development and population growth, environmental pollution
problems such as urban pollution and depletion of natural resources have become increasingly
prominent. Municipal solid waste is part of these problems. However, waste is actually an improperly
placed resource. As a part of green supply chain management, remanufacturing can turn waste
products into remanufactured products for resale. Based on the development status of China’s
remanufacturing industry, this paper establishes three Stackelberg game models, namely the free
recycling model (model N), the government regulation model based on the reward–penalty mechanism
(model G), and the government dual-intervention model (model GF). In this study, the standard
solution method for the Stackelberg game method, namely the backward induction method, is applied
to solve the dynamic game equilibrium. For comparison, a further numerical analysis is also carried.
The research results show that: (1) in the closed-loop supply chain based on remanufacturing,
the strengthening of cooperation between manufacturers and remanufacturers is beneficial in terms
of maximizing supply chain profits; (2) in order to maximize social benefits, the government
needs to intervene in green supply chain management; (3) government regulation is particularly
important when the remanufacturing industry is in the initial stage of development; (4) government
intervention needs to be based on the development level of the remanufacturing industry; (5) in order
to maximize social benefits, it is recommended that the government consider the ratio between the
green consumption subsidies and the taxes on new products.

Keywords: green supply chain management; remanufacturing; government intervention; extended
producer responsibility

1. Introduction

Due to rapid economic development and population growth, environmental pollution problems
such as urban pollution and depletion of natural resources have become increasingly prominent.
Municipal solid waste is a byproduct of these issues, with data showing that globally each person
generated 1.2 kg of municipal solid waste per day in 2016. [1]. Hoornweg and Bhada-Tata [2] predict
that this number will increase to 1.42 kg/day by 2025. This unprecedented volume and variety of waste
contaminates the air, soil, and water, thereby affecting human health [3,4].

Nevertheless, waste products are hailed as hidden urban resources. Compared with conventional
supply chain management, the green supply chain management (GSCM) approach not only focuses
on increasing business profits, but also on creating environmental benefits [5,6]. As part of GSCM,
remanufacturing activities can give new life to waste products. In the remanufacturing process,
waste products are collected from end-users, then the value of these waste products is recovered,
enabling them to be sold as new products [7]. Remanufacturing reduces both the natural resources
needed and the waste produced.
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Obviously, corporate operations are mainly driven by business profits rather than environmental
protection [5,6], even though sustainable development is part of corporate social responsibility (CSR).
The development of a nation’s remanufacturing industry often requires government intervention,
especially in the initial stage. Due to the conflict between economic growth and environmental
protection, the extended producer responsibility (EPR) principles were formulated by Lindhqvist in
1990. Lindhqvist defined it as a policy strategy to make manufacturers responsible for the entire life-cycle
of their products [8], particularly the end-of-life period. Many developed countries have applied the EPR
principles. The EPR principles are mandatory for vehicles and waste electrical and electronic equipment
(WEEE) according to the end-of-life Vehicles Directive (Directive 2000/53/EC—the “ELV Directive”) [9]
and WEEE Directive (Directive 2002/96/EC) [10]. The Packaging Directive (Directive 2004/12/EC) [11]
also indirectly elicits the EPR principles by requiring EU Members to act to ensure the collection
and recycling of packaging waste. These bills have been continuously revised and are still in use.
Even though no federal-level legislation has been embraced by federal lawmakers, individual US states
have enacted more than 70 EPR laws since 1991 [12]. The Packaging Recycling Law, passed in 1995,
was the first piece of EPR legislation in Japan directly dealing with waste containers and wrapping [13].

Data from the World Bank show that China, as the most populous country in the world,
surpassed the United States to produce the largest volume of global municipal solid waste in 2004 [14].
To tackle this serious problem and its deteriorating effects on the environment, the Chinese government
introduced a variety of EPR policies in the home appliance market during 2009–2012. According to
the replacement subsidy, consumers receive a subsidy worth 10% of the price of five kinds of new
appliances [15]. In 2019, Beijing, as a pilot city, launched a new round of 3-year energy-saving product
consumption subsidy policies. Based on the energy savings level, subsidies at 8–20% of the purchase
price are provided to consumers [16]. Additionally, China is entering into a new era of waste sorting
revolving around waste recycling. Since 1 July 2019, Shanghai, the first pilot city in China, has enforced
mandatory legal provisions on waste classification, whereby residents who do not separate waste
properly are fined. Since then, other major cities in China have followed suit [17].

In practice, companies worldwide have become more concerned with environmental problems
because of influences from regulations, customers, and stakeholders [5,18], meaning manufacturers
often act as recyclers to recycle used products from consumers. Manufacturers often cooperate
with professional remanufacturers in order to optimize costs and reduce competition. The Chinese
remanufacturing industry is currently in its infancy and has limited capacity to handle all used products.
Hence, both manufacturers and remanufacturers have production lines dedicated to remanufacturing
waste products. However, the uncertainty surrounding the actual effects is relatively high. In order
to maximize the environmental and social benefits, government involvement is very important.
To promote sustainable development, a critical issue that beleaguers the government is whether and
how to intervene. This research attempts to study the following two issues: (1) to figure out the optimal
decisions for manufacturers and remanufacturers with and without government intervention; (2) to
compare the impacts of different government interventions.

In order to address these two issues, this article examines theoretical foundations, relevant research,
and the current Chinese remanufacturing scenario in order to construct three Stackelberg models.
These are the free recycling model, government regulation model (based on a reward–penalty
mechanism), and the government dual-intervention model. After these model are established, they are
solved by the inverse solution method. This paper compares the enterprise strategies and profits
for the different models and obtains different propositions. Finally, this paper analyzes calculation
examples and draws further conclusions. The contributions of this article are mainly reflected by the
following aspects:

(1) Based on the development of China’s remanufacturing industry, a practical context has arisen,
whereby manufacturers outsource part of their remanufacturing business to remanufacturers;

(2) Many existing studies take the ratio between a government’s green subsidies for remanufactured
products and green taxes on new products as exogenous variables. This article regards this
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ratio as an endogenous variable, which helps to provide the government with more practical
legal policies. The analysis of the calculation examples in this study strongly proves that the
government should consider the optimal ratio between government subsidies and tax policies.

2. Literature Review

Since the 1990s, the optimization of green supply chain management (GSCM) in the literature has
been paid increasing attention [6]. The importance of GSCM is related to gaining and maintaining
the corporate competitive advantage [19,20], improving performance [21–23], and integrating GSCM
processes with green human resource management [24,25]. Meanwhile, the GSCM research boom is
prevalent in both developed countries and emerging economies. Luthra el et investigated the Indian
automobile industry [26], while Khan et al. analyzed data from 218 Pakistan firms in the manufacturing
industry [27]. Suryanto et al. studied GSCM in Malaysian firms [28]. Economic models and mathematical
programming approaches have been widely used in the previous studies on green supply chain
operations involving remanufacturing. Li et al. used the Stackelberg game model to examine pricing
policies in a dual-channel green supply chain [29]. By comparing manufacturer remanufacturing and
supplier remanufacturing models, Xiong and Zhao found out that both manufacturers and suppliers
are more likely to engage in remanufacturing as the per unit remanufacturing cost decreases [30].
Heydari et al. analyzed a two-stage reverse supply chain to find the optimal paid reward for customers
for used products [31].

The reward–penalty mechanisms (RPMs) and policies have been discussed in many documents
as a government intervention method in GSCM. Tang et al. showed that an intensive reward–penalty
mechanism is more likely to achieve maximum social welfare benefits compared to the use of a
higher recycling rate using a Stackelberg game theory-based model [32]. Wang et al. showed that
reward–penalty mechanisms can increase the collection quantity effectively while lowering both the
wholesale and retail prices.Regarding the developed game theory models, Wang et al. indicated the
same result as Wang et al., in addition to showing that RPMs boosted the sales quantity and total profits
in a closed-loop supply chain (CLSC) [33–37]. It has been found in previous studies that green subsidy
schemes are also potential intervention methods. Sheu and Chen pointed out that social welfare
improves by 27.8% compared to without green taxation and subsidization [35]. Cao studied green
subsidy and tax quotas through a two-stage model and discussed the production and recycling decisions
for each member in the supply chain [36]. Ma et al. suggested that government consumption subsidies
are beneficial to consumers, manufacturers, and retailers [37]. Yu et al. proved that an elaborate green
subsidy scheme can not only lead to higher profits for manufacturers and incentivize manufacturers to
be more “green”, but also reduce the initial government investment [38]. Bigerna et al. suggested that
policymakers constantly change the level of green subsidies based on market development levels [39].
Similarly, government green subsidies were viewed as exogenous variables in the study by Li [40].

The research gaps between our research and the previous studies cover three points. The first
point is that based on the current status in China, we believe that manufacturers will cooperate with
professional remanufacturers to outsource some of the remanufacturing. The second point is that many
related studies in the past have only considered one method of government intervention, while our
study takes into account the two policies that have been implemented in China and compares the two
policies to determine whether they should be combined. Third, in the past models of government
subsidies in GSCM, many scholars have viewed the ratio between subsidies and taxes as an external
variable, ignoring how the government implements the optimal ratio scheme. In our study, the ratio is
regarded as an exogenous variable.
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3. Model Formulation

3.1. Model Framework

First, we discuss the traditional Stackelberg game model comprising manufacturers (M) and
remanufacturers (R) without government regulations. The supply chain is deemed to be where the
manufacturers produce new products and recycle used products with a certain level effort. In this
model, the manufacturers perform part of the remanufacturing, while some remanufacturing business is
outsourced to remanufacturers. The manufacturers are in charge of all of the sales, marked in Figure 1 as
model N (free recycling model). Second, we consider a scenario whereby the government envisions the
achievement of a targeted recycling rate and implements a reward–penalty mechanism, named model G
(government regulation model based on reward–penalty mechanism) in Figure 1. Third, considering an
alternative reward–penalty mechanism, we consider a scenario whereby the government provides
green consumers with a green purchasing subsidy and charges manufacturers a green production tax
on new products, shown in Figure 1 as model GF (government dual-intervention model).
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Furthermore, we assume that both manufacturers and remanufacturers are rational decision
-makers aiming to maximize their own profits, that their capacity can meet the market demand, and that
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all recycled products are used for remanufacturing. For convenience and cost reduction purposes,
manufacturers outsource part of their remanufacturing business to remanufacturers. The prices of
new products and remanufactured products are determined by the market. As the Stackelberg game
leaders, manufacturers makes the first move, then the remanufacturers observe the leaders’ strategy
and react to determine the corresponding outsourcing ratio. Then, on this basis, the government sets
the reward–penalty mechanism to encourage recycling. Under this scenario, if the recycling rate is
higher than the benchmark recycling rate, the manufacturers will be rewarded with certain incentives,
otherwise they will be penalized. Finally, under the reward-penalty mechanism, the government, as a
decision-making entity, comprehensively considers the environmental management costs from the
waste and environmental benefits brought about by remanufacturing. Based on the EPR principles,
the government issues an elaborate green subsidy scheme to pursue maximum social welfare benefits
across the entire supply chain. The green taxes collected from manufacturers are later transferred into
green subsidies for green customers who buy remanufactured products. By comparing and analyzing
these three models, we can determine the impacts of the reward-penalty mechanism and green
consumption subsidy mechanism on corporate decision-making and social welfare, helping provide
policy-makers to adjust interventions to achieve policy targets.

3.2. Notations and Descriptions

The parameters and variables and their descriptions are shown in Table 1.

Table 1. Parameters and variables.

Notations Descriptions

i
i = N, G, and GF respectively represent three models, namely model N (free recycling mode), model G
(government regulation model based on reward–penalty mechanism), model GF (government
dual-intervention mode).

cM,n,cM,r,cR

cM,n: the cost for the manufacturers to produce new products;
cM,r: the cost for the manufacturers to produce remanufactured products;
cR: the cost for the remanufacturers to produce remanufactured products

w as unit outsourcing cost
δ public acceptance of remanufactured products, δ ∈ (0, 1)
τ0 benchmark recycling rate set by the government
η reward–penalty intensity established by the government
z ratio between unit subsidy for green consumers and tax on new products, z = s/f

ei

manufacturers’ recycling effort level, where kei is the cost of recycling, k is the coefficient between the
recycling effort and the recycling cost. R = ϕei, i.e., the quantities of used products recycled by
manufacturers, as well as the quantities of remanufactured products; ϕ is the coefficient between the
manufacturers’ recycling effort and recycling amount.

τi actual recycling rate, i.e., ti = R/Qn, τi
∈ [0, 1]

αi

the ratio of outsourcing, αi
∈ (0, 1); αiRi is the quantity of remanufactured products produced by the

remanufacturers; ξ(αiRi)/2 are investment costs for the technology, equipment, etc.; ξ is the coefficient
between quantities of used products and costs; d((1− α)RN)

2/2 are investment costs for technology,
equipment, etc.; d is the coefficient between quantities of used products and costs

pn, pr new unit, remanufactured product price

Qi
M,n, Qi

M,r, Qi
M

Qi
M,n: quantities of new products produced by manufacturer; Qi

M,r: quantities of remanufactured products

produced by manufacturer; Qi
M: manufacturers’ total output, Qi

M = Qi
M,r + Qi

M,n
Qi

R Remanufacturers’ output
f Government tax on new products

s
Government subsidies for green consumers to purchase remanufactured products; s = z f , (z = z1, z2)
respectively represent the ratio between the unit subsidies for green consumers and the government taxes on
new products when the manufacturers partially or fully recycle the wasted products

πi
M, πi

R, πFG
G the objective functions of the manufacturers, remanufacturers, and government

3.3. Assumption

In order to simplify the supply chain, this research makes the following assumptions:

(1) Considering the wear and tear of products during the remanufacturing process, this study
assumes that the remanufactured products will be scrapped after consumers have finished using
them, and will no longer flow into the supply chain;
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(2) Waste products are derived from wasted products, so the recycling volume of wasted products is
less than or equal to the output of new products in the previous period, namely R ≤ QM,n;

(3) In models N, G, and GF, the remanufacturers determine their remanufacturing outsourcing
proportion, denoted as α, while the outsourcing business volume is αR. Based on the principle of
the extended producer responsibility, the manufacturers are responsible for the remanufacturing
of the remaining waste products, (1− α)R;

(4) Since waste products can be used in the production of remanufactured products, the resources
required to produce remanufactured products are lower than those required to produce
new products, and remanufacturers are more specialized in the remanufacturing industry,
therein 0 < cR < cM,r < cM,n < 1;

(5) Based on the fact that Chinese consumers have low acceptance of remanufactured products,
we set the consumers’ acceptance of remanufactured products as δ < 1;

(6) We assume that the market size is 1 and consumers’ willingness to pay for new products is θ,
which is evenly distributed within [0, 1]. The consumers’ willingness to pay for remanufactured
goods is δθ. Therefore, the net utility available to consumers when purchasing new products
is Un = θ− pn, while the net utility available to consumers when purchasing recycled products
is Ur = δθ − pr. We view the demand function for new products as QM,n = Q − pn−pr

1−δ and for

remanufactured products as R =
δpn−pr
δ(1−δ) without the government subsidy. With the government

green product subsidy, the demand functions are QM,n = Q− pn−pr+s
1−δ , R =

δpn−pr+s
δ(1−δ) .

(7) The reward and punishment function for the government is: L = η(τ− τ0)QM,n. When τ ≥ τ0,
L represents the government recycling reward; when τ ≤ τ0, L represents the recycling penalty;

(8) Based on the EPR principles, government subsidies for green consumers will encourage consumers
to purchase remanufactured products. In order to better fulfill the EPR principles, the government
should provide green consumption subsidies to consumers who purchase remanufactured
products. The government should also levy green taxes on manufacturers that produce new
products. The ratio between green subsidies and green taxes is greater than 1, which is λ ≥ 1.

4. Stackelberg Game Models

4.1. Model N (Free Recycling Mode)

In this model, the manufacturers first decide both the quantity of new products QM,n and the level
of recycling effort e simultaneously, and then the remanufacturers determine the ratio of outsourcing α.
The specific decision functions are shown below.

The manufacturers’ recycling decision and new product output decision are:

maxπN
M

(
QN

M,n

)
= (pn − cM,n)QN

M,n + (pr − cM,r)RN + (cM,r −w)QN
R − keN

−
d((1−α)RN)

2

2 , s.t.RN
≤ QN

M,n (1)

maxπN
M

(
eN

)
= (pn − cn)QN

M,n + (pr − cM,r)RN + (cM,r −w)QN
R − keN

−
d((1−α)RN)

2

2 , s.t.RN
≤ QN

M,n (2)

The decision for the ratio of outsourcing is:

maxπN
R

(
αN

)
= (w− cR)QN

R −
ξ
(
QN

R

)2

2
(3)

These problems are typical of the Cournot duopoly and Stackelberg game model. We solve (1)
and (2) according to the backward induction method. The optimal solutions under mode N are shown
in Table 2. By analyzing the above results, the relationships between each decision variable and the
main parameters are obtained, as shown in Table 3. See Appendix A for the solution process.
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Table 2. The optimal solutions under model N.

cR
(N-1) (N-2)

(cR1,cM,n) (0,cR1)

QN∗
M,n

N2−2ϕδξcM,n

2ϕξ(d+2δ−2δ2)
ϕdw−N4

ϕξ(6δ+2+d)

eN∗ −N1
ϕ2ξ(d+2δ−2δ2)

ϕdw−N4

ϕ2ξ(6δ+2+d)

αN∗ ϕ(cR−w)(d+2δ−2δ2)
N1

ϕ(cR−w)(d+6δ+2)
N4−ϕdw

RN∗ −N1
ϕξ(d+2δ−2δ2)

ϕdw−N4

ϕξ(6δ+2+d)
Q∗R

w−cR
ξ

w−cR
ξ

QN∗
M,r

ϕδξcn−N3

ϕξ(d+2δ−2δ2)
−(N4+N5)
ϕξ(6δ+2+d)

QN∗
M

N2−2N3
2ϕξ(d+2δ−2δ2)

ϕdw−(2N4+N5)

ϕξ(6δ+2+d)
τN∗ 2N1

2ϕδξcM,n−N2
1

Table 3. Relationships between variables and parameters in model N.

Interval N-1 N-2

Parameters/Variables cM,n cM,r cR cM,n cM,r cR

eG∗, RG∗ + − − − − −

αN∗ − + − + + −

QN∗
M,n − + + − − −

QN∗
R / / − / / −

QN∗
M,r + − + − − +

QN∗
M − − + − − −

τN∗ + − − / / /

Note: “+”, “−”, “± ”, “/” indicate that the variable is positively, negatively, non-linearly, or not related to the
parameter, respectively.

According to the recycling rate, the development of the remanufacturing industry can be classified
into the germination and mature periods. The larger τ is, the more developed the remanufacturing
industry is. In this paper, the development of the remanufacturing industry is based on the per
unit production cost for the remanufacturers. The lower cR is, the higher the development level is.
In addition, in order to facilitate reading and understanding, the costs of remanufacturing in the (N-1)
and (N-2) intervals in this article are sequentially reduced. When cR is in the (N-1), it means the
remanufacturer’s capability to produce remanufactured products is strong. When cR is in the (N-2),
it means the remanufacturer’s capability is weak.

cR1 =
2kξ(δ−1)+2ϕ(1+δ)(dw−ξcM,r)−ϕξQd−2ϕξQδ(1−δ)+ϕξdcM,n+4ϕξδcM,n

2ϕd(1+δ)

N1 = kξ+ ϕd(cR −w) + ϕξ(cM,r − δcM,n)

N2 = ϕξd + 2ϕξδ(1− δ) + 2kξδ−ϕξdcM,n + 2ϕξδcM,r − 2ϕδd(w− cR)

N3 = kξ+ ϕξcM,r − 2ϕδ(1− δ)(cR −w), N4 = ϕξ(cM,r + cM,n) −ϕξ(1 + δ) + kξ+ ϕdcR

N5 = 2ϕ(w− cR) −ϕdcR + 6ϕδ(w− cR)

Proposition 1. eN∗, RN∗, QN∗
R ,αN∗ are negatively related to cR, while QN∗

M,r is positively related to cR.
When cR > cR1, τN∗ is negatively related to cR, QN∗

M,n, QN∗
M is positively related to cR; when cR < cR1, QN∗

M,n is
negatively related to cR, τN∗ = 1.

Proposition 1 shows that as the remanufacturers’ ability continues to increase, the remanufacturers
adopts a strategy of using a greater amount outsourcing to produce remanufactured products.
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At the same time, the manufacturers adopt a strategy of recycling more waste products and
producing fewer remanufactured products. When the remanufacturers are in the development
period, the recycling rate continues to increase as the cR decreases and the manufacturers choose to
produce fewer new products. Based on the aforementioned assumption that the manufacturers choose
to produce fewer remanufactured and new products, the manufacturers’ total output is reduced. Hence,
the remanufacturers’ increased output means that the market share for the manufacturers is reduced
and their leading status is weakened; when the remanufacturing cost for the remanufacturers is in the
range of (N-2) (that is, the remanufacturing industry enters a mature period), the recycling volume
of waste products is equal to the volume of new products, whereby the recycling volume of waste
products and the output of new products are both increasing while cR is declining.

Proposition 2. QN∗
M,n, QN∗

M are negatively related to cM,n. When cR > cR1, eN∗, RN∗, QN∗
M,r, τ

N∗ are positively
related to cM,n. When cR < cR1, eN∗, RN∗, QN∗

M,r are negatively related to cM,n.

Proposition 2 shows that as cM,n continues to increase, the manufacturers apply a strategy to lower
their output of both new products and total products. The remanufacturers’ output remains stable,
leading to the market share and leading status of the manufacturers declining. When cR is in the range
of (N-1), whereby the manufacturers’ per unit cost for new products increases, the manufacturers would
focus on their remanufacturing business and improving their recycling efforts. The manufacturers
would adopt strategies to increase their own output of remanufactured products, hence the recycling
rate would increase accordingly. When cR is in the range of (N-2), as the manufacturers’ per unit
cost for new products increases, the remanufacturers will increase the amount of outsourcing. In the
range of (N-2), the manufacturers apply a strategy to fully recycle all used products, so the output for
recycling products is equal to the output for new products. When the output of new product declines,
the manufacturers’ recycling activities and output of remanufactured products also decline.

Proposition 3. eN∗, RN∗, QN∗
M,r, QN∗

M are negatively related to cM,r. When cR > cR1, QN∗
M,n and cM,r are positively

correlated. When cR < cR1, QN∗
M,n and cM,r are negatively correlated.

Proposition 3 shows that as cM,r decreases, the manufacturers tend to increase their recycling
efforts, thereby recycling more waste products. The amount of remanufactured products and the total
capacity increase, along with the manufacturers’ market share and dominance. When cR is in the
interval range of (N-1), as cM,r continues to decrease, the manufacturers produce fewer new products.
When cR is in the interval range of (N-2), the recycling rate is maintained at 100% and the recycle
amount is equal to the output of new products. The output of new products and the amount of
recycling increase while cM,r decreases.

4.2. Model G (Government Regulation Model Based on Reward–Penalty Mechanism)

In real-life operations, when the remanufacturing industry is in its initial period, if there is a
lack of external incentives, manufacturers are often reluctant to be involved in recycling activities.
Hence, government regulation and intervention are important. To promote the implementation of the
EPR system, the government needs to take certain measures to encourage manufacturers to recycle
waste products. In this model, by setting up the reward–penalty mechanism based on the benchmark
recycling rate, the government regulates the recycling activities.

The manufacturers’ recycling decision and new product output decision are:

maxπG
M

(
QG

M,n

)
= (pn − cn)QG

M,n + (pr − cM,r)RG + (cM,r −w)QN
R − keG

−
d((1−α)RG)

2

2 + η
(
τG
− τ0

)
QG

M,n, s.t.RG
≤ QG∗

M,n (4)

maxπG
M

(
eG

)
= (pn − cn)QG

M,n + (pr − cM,r)RG + (cM,r −w)QG
R − keG

−
d((1−α)RG)

2

2 + η
(
τG
− τ0

)
QG∗

M,n (5)
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The decision for the ratio of outsourced business is:

maxπG
R

(
αG

)
= (w− cR)QG

R −
ξ
(
QG

R

)2

2
(6)

According to the backward induction method used to solve the problems expressed in (3) and
(4), when CR is in different ranges, we can derive the optimal decisions for model G, as shown in
Table 4. By analyzing the solution results, the relationships between each decision variable and the
main parameters are obtained. The results are shown in Table 5. The solution process is the same as for
model N, and so will not be described in detail here.

CR3 =
2kξ(δ−1)+2ϕ(1+δ)(dw−ξcM,r)−ϕξQd−2ϕξQδ(1−δ)+ϕξdcM,n+4ϕξδcM,n+ϕξdητo+2ϕξη(1+δτo)

2ϕd(1+δ)

G1 = kξ+ ϕd(cR −w) + ϕξ(cM,r − δcM,n)

G2 = ϕξd + 2ϕξδ(1− δ) + 2kξδ−ϕξdcM,n + 2ϕξδcM,r + 2ϕδd(cR −w)

G3 = kξ+ ϕξcM,r − 2ϕδ(1− δ)(cR −w)

G4 = kξ−ϕξ(1 + η) + ϕξ(cM,r + cM,n) −ϕξδ

G5 = 2ϕ(w− cR) + 6ϕδ(w− cR)

Table 4. Solution results for model G.

cR
(G-1) (G-2)

(cR2,cM,n) (0,cR2)

QG∗
M,n

G2−2ϕδξcM,n−2ϕξηδ(1+to)+ϕξdητo

2ϕξ(d+2δ−2δ2)
ϕd(w−cR)−G4−ϕξηto

ϕξ(d+2+6δ)

eG∗ ϕξη(1+ητo)−G1

ϕ2ξ(d+2δ−2δ2)
ϕd(w−cR)−G4−ϕξηto

ϕ2ξ(d+2+6δ)

αG∗ ϕ(cR−w)(d+2δ−2δ2)
G1−ϕξη(1+δτo)

ϕ(cR−w)(d+6δ+2)
G4+ϕd(cR−w)+ϕξηto

RG∗ ϕξη(1+ητo)−G1

ϕξ(d+2δ−2δ2)
ϕd(w−cR)−G4−ϕξηto

ϕξ(d+2+6δ)
QG∗

R
w−cR
ξ

w−cR
ξ

QG∗
M,r

ϕδξcM,n+ϕξη(1+δτo)−G3

ϕξ(d+2δ−2δ2)
ϕd(w−cR)−2G4−G5−2ϕξητo

ϕξ(d+6δ+2)

QG∗
M

G2−2G3+2ϕξη(1−δ)−ϕξdητo

2ϕξ(d+2δ−2δ2)

−G2−G5−ϕξηto

ϕξ(d+6δ+2)

τG∗ 2ϕξη(1+ητo)−2G1

G2−2ϕδξcM,n−2ϕξηδ(1+to)+ϕξdητo
1

Table 5. Relationships between variables and parameters in model G.

Interval G-1 G-2

Parameters/Variables cM,n cM,r cR η τO cM,n cM,r cR η τO

eG∗, RG∗ + − − + + − − − + −

αG∗ − + − − − + + − − +

QG∗
M,n − + + − − − − − + −

QG∗
R / / − / / / / − / /

QG∗
M,r + − + + + − − + + −

QG∗
M − − + ± − − − ± + −

τG∗ + − − + + / / / / /

Obviously, the relationship between the optimal solution and the parameters cM,n, cM,r, cR under
model G is basically the same as that under model N. Therefore, the following proposition mainly
analyzes the relationships between variables and parameters η, τ0 in model G.
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Proposition 4. When cR > cR2, eG∗, RG∗, QG∗
M,r, τ

G∗ and η, τ0 are positively related; αG∗, QG∗
M,n and η, τ0 are

negatively related; QG∗
M is negatively related with τ0; and the relationship between QG∗

M and η is uncertain.

Proposition 4 shows that when the remanufacturing industry is in the germination period,
the more intensive the reward–penalty mechanism is and the higher the recycling rate is, the more
likely the manufacturers will be to increase their recycling efforts, recycling volume, and output
of remanufactured products while reducing the output of new products. During this period,
these two regulatory measures can incentivize the manufacturers to increase their recycling rate.
The remanufacturers will lower their outsource ratio to maintain their output.

Proposition 5. When cR < cR2, eG∗, RG∗, QG∗
M,r, QG∗

M , and η are positively related, while all are negatively related
with τ0; α is negatively related with η and positively related with τ0.

Proposition 5 shows that when the remanufacturing industry is in the mature period,
the manufacturers will recycle all waste products, so the number of waste products will be equal to the
number of new products. When the government increases the regulation intensity, the manufacturers
will increase their recycling efforts, producing more new products and more remanufactured products
(increasing the total output). The remanufacturers will outsource less of their remanufacturing business,
while their own remanufactured product output will remain unchanged, so the manufacturers’ market
share and market dominance will increase accordingly. When the government increases the basic
recycling rate, the manufacturers reduce their output of new products and remanufactured products
(reducing the total output). At this time, the remanufacturers increase the contracting share of the
remanufacturing business so that its output is unchanged, meaning the manufacturers’ market share
and market dominance decline accordingly.

4.3. Model GF (Government Dual-Intervention Mode)

The environmental pollution and energy consumption caused by manufacturing activities can
be partially alleviated by remanufacturing. In reality, the market is composed of two types of
consumers: normal consumers, who prefer to purchase new products, and green consumers, who view
remanufactured products as a cost-effective choice. Therefore, the government is motivated to adopt
certain incentives based on the EPR principles to encourage consumers to purchase remanufactured
products. This study discusses the government’s development of a green subsidy scheme to motivate
green customers to fulfill the EPR principles, which were originally developed for manufacturers.
In this scenario, the government aims for maximum social benefits. The manufacturers indirectly fulfill
the EPR principles by paying taxes on new products to the government, while green consumers qualify
for a certain purchasing subsidy on remanufactured products provided by the government.

In this model, we present a three-layer game model, which incorporates the government,
manufacturers, remanufacturers, and green and non-green consumers. The government as a leader
determines the tax per unit on new products to maximize overall social welfare. On this basis,
according to this tax amount, the manufacturers determine their output of new products and their
recycling efforts so as to maximize profits. The remanufacturers thereafter determine their level of
outsourcing based on their own profit maximization.

The social welfare component consists of four parts: the manufacturers’ profits, remanufacturers’
profits, consumer surplus, and government expenditure.

The government’s tax decision for new products is:

maxπGF
G ( f ) = πGF

M + πGF
R + πGF

C − η(t− t0)QGF
M,n

+ f QGF
M,n − sRGF (7)
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Among these:

πM = (pn − cn)QM,n + (pr − cM,r)R + (cM,r −w + b)QR − ke + η
(
τGF
− τ0

)
Qn − f QGF

M,n

πR = (w− cr − b)αR− ξ(αR)2

2

πc =
∫ 1

pn−pr+s
1−δ

(θ− pn)dθ+
∫ pn−pr+s

1−δ
pr−s
δ

(δθ− pr + s)dθ =
ϕ2e2+δϕe2Qn+δQ2

n
2δ

The manufacturers’ recycling decisions and new product decisions are:

maxπGF
M

(
QGF

M,n

)
= (pn − cn)QGF

M,n + (pr − cM,r)RGF + (cM,r −w)QR
GF
− keGF

−
d((1−α)RGF)

2

2 + η
(
τGF
− τ0

)
QGF

M,n − f QGF
M,n, s.t.QGF

M,n ≥ RGF (8)

maxπGF
M

(
eGF

)
= (pn − cn)QGF

M,n + (pr − cM,r)RGF + (cM,r −w)QGF
R − keGF

−
d((1−α)RGF)

2

2 + η
(
τGF
− τ0

)
QGF

M,n − f QGF
M,n

The decision for the ratio of outsourcing is:

maxπGF
R

(
αGF

)
= (w− cr)α

GFRGF
−

ξ
(
αGFRGF

)2

2
(9)

The backward induction method is still applied here. For cR in different ranges, the relations
between the optimal government tax level and the parameters are shown in Table 6. (In the stage of
incomplete manufacturer recycling, the tax expression f is more complicated, so f is not substituted in
Table 7. For the value of f, see Appendix B.) The optimal decisions for the GF model are shown in
Table 7. By analyzing the solution results, the relationships between each decision variable and the
parameters are obtained. The results are shown in Table 8.

cR3 =
2kξ(δ−1)+2ϕ(1+δ)(dw−ξcM,r)−ϕξQd−2ϕξQδ(1−δ)+ϕξdcM,n+4ϕξδcM,n+ϕξdητo+2ϕξη(1+δτo)+ϕξ f (d+4δ+2z+2zδ)

2ϕd(1+δ)
GF1 = kξ+ ϕd(cR −w) + ϕξ(cM,r − δcn)

GF2 = ϕξd + 2ϕξδ(1− δ) + 2kξδ−ϕξdcM,n + 2ϕξδcM,r + 2ϕδd(cR −w)

GF4 = 5ϕξ(1 + δ) − 2ϕξ(cM,r + cM,n) − 2kξ
GF3 = kξ+ ϕξcM,r − 2ϕδ(1− δ)(cR −w)

Table 6. Relationships between government unit tax and parameters for GF model.

Interval GF-1 GF-2

Parameters/Variables cM,n cM,r cR η τO cM,n cM,r cR η τO

f GF∗ + − − − − / / / + −

Table 7. The optimal solutions for the GF model.

cR
(GF-1) (GF-2)

(cR3, cM,n) (0, cR3)

QGF∗
M,n

GF2−2ϕδξcM,n−2ϕξηδ(1+to)+ϕξdητo−ϕξ f (d+δ+2zδ)
2ϕξ(d+2δ−2δ2)

GF4−2ϕd(cR−w)

2ϕξ(d+6δ+2)

eGF∗ ϕξη(1+ητo)−GF1+ϕξ f (δ+z)
ϕ2ξ(d+2δ−2δ2)

GF4−2ϕd(cR−w)

2ϕ2ξ(d+6δ+2)

αGF∗ ϕξη(1+ητo)−GF1+ϕξ f (δ+z)
ϕ2ξ(d+2δ−2δ2)

2ϕ(cR−w)(d+6δ+2)
GF4−2ϕd(cR−w)

RGF∗ ϕξη(1+ητo)−GF1+ϕξ f (δ+z)
ϕξ(d+2δ−2δ2)

GF4−2ϕd(cR−w)

2ϕξ(d+6δ+2)
QGF∗

R
w−cR
ξ

w−cR
ξ

QGF∗
M,r

GF2−2GF3+2ϕξη(1−δ)−ϕξdητo+ϕξ f (δ+z)
2ϕξ(d+2δ−2δ2)

4ϕ(1+3δ(cR−w))+GF4

2ϕξ(d+6δ+2)

QGF∗
M

2ϕξη(1+ητo)−2GF1−ϕξ f (d−2z+2δz)
GF2−2ϕδξcn−2ϕξηδ(1+to)+ϕξdητo

2ϕ(1−3δ)(cR−w)+GF4−ϕd(cR−w)

ϕξ(d+6δ+2)

τG∗ 2[ϕξη(1+ητo)−GF1+ϕξ f (δ+z)]
GF2−2ϕδξcM,n−2ϕξηδ(1+to)+ϕξdητo−ϕξ f (d+δ+2zδ)

1
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Table 8. Relationships between variables and parameters in the GF model.

Interval GF-I GF-II

Parameters/Variables cM,n cM,r cM,r η τO cM,n cM,r cR η τO

eG∗, RG∗ + − − ± − − − − / /

αG∗ − + ± ± + + + ± / /

QGF∗
M,n ± + + ± ± − − − / /

QG∗
R / / − / / / / − / /

QG∗
M,r + − ± ± − − − + / /

QG∗
M ± ± ± ± ± − − ± / /

τG∗ ± − − ± ± / / / / /

Proposition 6. When cR > cR3, f GF∗ is positively related to cM,n, and negatively related to cM,r, cR, η, τ0.

Proposition 6 shows that when the remanufacturing industry is in the development period,
when the manufacturers’ new product cost increases, in order to achieve the goal of maximizing
social benefits, the government should increase the tax on new products; while the remanufacturer
or manufacturers’ remanufactured product cost decreases, in order to maximize social benefits,
the government should reduce taxes. When the government increases the benchmark recycling rate or
intensity, the government should reduce taxes.

Proposition 7. When cR < cR3, f GF∗ is positively related to η, and negatively related to τO . And f GF∗ has no
relationship with cM,r, cM,r, cR.

Proposition 7 shows that when the remanufacturing industry is at the mature stage, when the
government adopts a greater level of intensity for the reward and punishment mechanism,
the government should increase taxes, while if the government increases the benchmark recycling rate,
the government should reduce the taxes.

Proposition 8. When cR > cR3, αG∗ is positively related with τ0, eG∗, RG∗, QG∗
M,r is negatively related with τ0.

Proposition 8 shows that when the remanufacturing industry is in the development
period, under the dual regulations, as the government increases the benchmark recycling rate,
the manufacturers adopt a lower level of recycling effort and the remanufacturers increase their
proportion of outsourcing, so the number of remanufactured products produced by the manufacturers
is also reduced.

Proposition 9. When cR > cR3, eG∗, RG∗,αG∗, QG∗
n , QG∗

R , QG∗
M,r, QG∗

M , τG∗ are not related with η, τ0.

Proposition 9 shows that when the remanufacturing industry is at the mature stage, under the
dual regulations, the government reward–penalty mechanism does not work.

4.4. Comparison of the Three Modes

In Sections 4.1–4.3, we analyzed and found solutions for the three models in sequence, but did
not compare the different models. In this section, by further comparing and analyzing the optimal
decision-making processes for the three models, the following propositions were obtained.

Proposition 10. When manufacuterer recycles part of the waste products eN∗ < eG∗ < eGF∗, when the
manufacturer recycles all the waste, eN∗ < eG∗. And cR1 < cR2 < cR3.

Proposition 10 shows that when the remanufacturing industry is in the early stage of development,
government regulation can effectively enhance the manufacturers’ recycling activity, and among
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the two government regulation models, the government’s dual-regulation model is better in
terms of environmental performance. When the remanufacturing industry is at the mature stage,
the government’s implementation of rewards and punishments based on the recycling rate can
encourage the manufacturers to recycle waste products. Under models GF, G, and N, the cost
threshold for complete recycling of waste products is successively reduced, showing that even if the
remanufacturering industry is in the development period, government regulations can effectively
encourage the manufacturers to fully recycle.

Proposition 11. QN∗
M,r < QG∗

M,r < QGF∗
M,r , when the manufacturer recycles all the waste products, QN∗

M < QG∗
M .

Proposition 11 shows that when the manufacturers partially recycle, under models G and GF,
the output of remanufactured products is higher than under model N. This shows that government
regulations can effectively guide the manufacturers to pay attention to their own remanufacturing
business and produce more remanufactured products, and that the effects of dual interventions are
more obvious. In the case of full recycling, the total output from the manufacturers in model G is
higher than the total output of the manufacturers in model N, indicating that government regulation
based on the reward and punishment model of recycle can encourage the manufacturers to increase
their output.

5. Numerical Analysis

In Section 4, we separately found the optimal solutions for the manufacturers and remanufacturers
under the three models, as well as the optimal solution for the government under the third model.
We analyzed the relationships between the optimal solutions and some key parameters, and made a
preliminary comparative analysis of the three models in Section 4.4. However, due to the relatively
complicated solution results, it was not possible to directly analyze the profits, recycling rates, and other
factors. In order to more clearly and intuitively judge the recycling of waste products and corporate
profits in each model and to better understand the impacts of government regulations on closed-loop
supply chain operations, we conducted a numerical analysis. We set the basic parameters as follows:
cM,n = 0.99, cM,r = 0.35, w = 0.35, δ = 0.68, ϕ = 2, k = 0.2, ξ = 0.78, d = 1, τ0 = 0.3, η = 0.04,
z1 = 1.5, z2 = 0.7, Q = 2.5, A = 0.05 The basis for setting the basic parameters came from actual
data accumulated by Chinese remanufacturing companies that we visited and interviewed and the
academic results of related papers. For example, based on the results of our field research and the
research results of Chen, Cao, and Kumar [41], we found that in the current development stage of the
Chinese remanufacturing industry, the cost of remanufactured products is 30–40% of the cost of new
products. We assigned the unit costs for new products and remanufactured products for manufacturers
as follows: cM,n = 0.99, cM,r = 0.35. Based on our field research and the results in results [42,43],
we found that when τ0 = 0.3, η = 0.04 in the current development stage of China’s remanufacturing
industry, manufacturers can better promote the recycling of waste products, so we assigned the values
τ0 = 0.3, η = 0.04.

5.1. Environmental Performance Perspective

Using cR as the horizontal axis, the recycling rates under the three models can be clearly viewed
in Figure 2.

The analysis concludes as follows:

(1) The recycling rates under models G and GF are greater than those under model N, indicating that
government regulations can effectively guide manufacturers to improve their recycling rates and
achieve greater environmental performance;

(2) Comparing the remanufacturing cost ranges for 100% recycling under the three models, model GF
has the longest range, model G is second, and model N has the shortest range. This shows that
under model GF (the government dual-intervention mode) full recycling can easily be achieved,
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model N (Free Recycling mode) is the most difficult to achieve full recycling, and model G
(government regulation model based on a reward–penalty mechanism) is somewhere in between.
Figure 2 shows that the reward–penalty mechanism and green subsidy and tax regulations can
effectively encourage manufacturers to recycle all waste products, even when the remanufacturing
industry is immature. The intervention of the government is very important in the early stage of
the development of the remanufacturing industry.
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5.2. Business Cooperation Perspective

Using cR as the horizontal axis, the outsourcing ratio under the three models can be clearly viewed
in Figure 3.
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Under models N, G, and GF, manufacturers recycle wasted products through self-built recycling
channels. Manufacturers also manufacture both new products and remanufactured products.
In addition, the manufacturers take into account the fact that the remanufacturers are professionals in the
remanufacturing business. In order to optimize costs and reduce competition, manufacturers outsource
part of the remanufacturing business to remanufacturers. As the remanufacturing costs for
remanufacturers increase, the outsourcing profit margins decrease, manufacturers and remanufacturers
tend to not cooperate, and the closeness of the cooperation decreases. The analysis shows that the
remanufacturers and manufacturers cooperate most closely when there is no government intervention.
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When the remanufacturing industry is in the development period between the beginning stage and
maturity, the cooperation under the reward and punishment mechanism model would be closer than
under the government dual-intervention model.

5.3. Economic Benefit Perspective

Using cR as the horizontal axis and the manufacturers’ profit πM, the remanufacturers’ profit
πR, and the total supply chain profit πT as the vertical axis, the profit graphs for different models are
obtained, as shown in Figure 4.

It can be seen from Figure 4 that under the three models, as the remanufacturing industry gradually
matures, the remanufacturers’ total profits and the supply chain profits both increase. Among these,
the remanufacturers’ profits under models N, G, and GF are the same, and increase as cR decreases.
Further analysis leads to the following conclusions:

(1) When the remanufacturing industry is in the early stage of development, as shown in Figure 4a,c,
the manufacturers’ profits and the total supply chain profits are significantly lower than with
model G or model GF. This shows that when the remanufacturing industry is in a relatively
immature period, government intervention will obviously increase manufacturers’ profits and
the total supply chain profits. Therefore, the government plays an important role in guiding the
transformation of the remanufacturing industry from the primary stage to the mature stage;

(2) Under the GF model, the manufacturers’ profits basically increase as the remanufacturing industry
gradually matures; that is, the unit cost for remanufactured products produced by remanufacturers
decreases. The reason for the turning point in the manufacturers’ profit curve lies in the changes in
government regulations. It can be seen from the figure that the dual government regulations have
a more significant impact on profits than a single government regulation. When the manufacturers
do not fully recycle, the government will sacrifice its profits in order to maximize the total social
welfare benefits; when the manufacturers fully recycle, the government will maintain its own
profit margins;

(3) When the remanufacturing industry is at the early stage of development, there is no significant
difference in the manufacturers’ profits between model G and model GF, however the total
supply chain profits under the model G are significantly higher than the total supply chain
profits under model GF. This shows that when the remanufacturing industry is in the early
stages of development, dual interventions have an obvious effect on promoting recycling among
manufacturers, however this essentially occurs in exchange for some of the profits from the entire
supply chain. At this time, the government scheme involving reward and punishment regulations
based on the recycling rate is better and more effective in terms of maximizing social profits;

(4) When the remanufacturing industry is relatively mature, the profits for manufacturers under model
GF and model N are significantly lower than under model G. Under the three models, there is no
significant difference in the manufacturers’ profit. This shows that when the remanufacturers are
relatively mature, the government scheme involving reward and punishment regulations based
on the recycling rate is better and more effective in terms of maximizing the manufacturers’ profits.

5.4. Government Strategy Perspective

In this section, based on the perspective of government regulation, by setting the parameter
values for different government regulations, we can analyze the influence of government regulations
on the supply chain and propose flexible strategies that are contingent on the development period and
maturity of the remanufacturing industry.

In order to analyze the impacts of the specific government regulation model based on the
reward–penalty mechanism, this study sets four groups of values for the basic recycling rates and
reward–penalty intensity as follows: η = 0.01, τ0 = 0.3; η = 0.01, τ0 = 0.6; η = 0.04, τ0 = 0.3;
η = 0.04, τ0 = 0.6. The impacts of the government regulations are shown in Figure 5, whereby Figure 5a
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shows the manufacturers’ recycling rate, Figure 5b shows the manufacturers’ profits, and Figure 5c
shows the remanufacturers’ profits.
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It can be seen from Figure 5a that when the government increases the basic recycling rate or
increases the reward–penalty intensity, the recycling rate in the supply chain increases. From Figure 5b,c,
it can be seen that under government regulations, the increases in the reward–penalty intensity and
benchmark recycling rates do not significantly affect the manufacturers’ profits or the total supply
chain profits. When the remanufacturing industry is in the early stages of development, increasing the
reward–penalty intensity can effectively increase the manufacturers’ profits and the total supply chain
profits, while manufacturers also increase their recycling efforts and recycling rate.

In order to further analyze the effects of dual government regulations, this study sets three
group value ratios for government green consumption subsidies and green taxes on new products:
z1 = 1.5; z2 = 1.2; z3 = 1.8; (z = s/f ). For the influence analysis of parameter z, see Figure 6.
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It can be seen from Figure 6a that the increase in z is helpful in encouraging the manufacturers
to completely recycle waste products. It can be seen from Figure 6b that the manufacturers’ profits
generally increase with the reduction of remanufacturing costs, but when the remanufacturers enter
the mature period (i.e., the manufacturers’ complete recycling process), their profits trend downward.
When the manufacturers enters the state of complete recycling, their profits increase with the reduction
of remanufacturing costs. Under the three different green consumption subsidies and green tax ratios,
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when the manufacturers enter the state of complete recycling, their profits remain the same. When the
remanufacturing industry is still in its infancy, the manufacturers’ profits under z1 = 1.5 are significantly
lower than when z1 = 1.2; z1 = 1.8. This shows that regarding the manufacturers’ development, it is
not as simple as a smaller or larger ratio being better, rather it requires the government to formulate
a tailored approach. It can be seen from Figure 6c that the total supply chain profits increase as the
cost of remanufactured products decreases, and after the manufacturers begin to fully recycle all
wasted products, the total supply chain profits are the same under different z parameter settings.
When the remanufacturing industry is still in its infancy, the total supply chain profits under z1 = 1.5
are significantly lower than for z1 = 1.2; z1 = 1.8; this also shows that regarding the manufacturers’
development, the government should formulate a tailored approach.

Overall, when manufacturers do not fully recycle, the government increases the ratio between
the green consumption subsidy and green taxes on new products, which encourages manufacturers
to engage in recycling activities. This shows that government should consider the optimal ratio and
formulate a tailored scheme.

6. Summary

This paper analyzes the strategic choices for manufacturers and remanufacturers under the three
models, as well as the optimal choices for the government under one model (model GF), assessing the
impacts of different government regulations on business operation and environmental performance.
The main conclusions are as follows:

(1) When the manufacturers and the remanufacturers cooperate, the manufacturers take into account
the remanufacturer is professional at producing remanufacturered products. Based on the status
of China’s remanufacturing industry, this research assumes that manufacturers collect waste
products via self-built channels. For the sake of cost optimization and to reduce competition,
manufacturers outsource some of the remanufacturing business to remanufacturers. At this time,
the government’s reward–penalty mechanism based on the recycling rate has a positive effect
on manufacturers’ recycling activities. Increasing the basic recycling rate setting or improving
the intensity of the reward–penalty mechanism can increase the recycling rate. When the
remanufacturing industry is in the early stages of development, increasing the intensity can
effectively increase the manufacturers’ profits and the total supply chain profits. It is worth
noting that when manufacturers and remanufacturers cooperate, most of the profits go to the
manufacturers, while remanufacturers make stable but meagre profits and the manufacturers
occupy a dominant market position. The remanufacturers can try to create revenue sharing
contracts with the manufacturers;

(2) The government dual-regulation approach can encourage manufacturers to increase their recycling
rate and enter the state of full recycling. To a certain extent, the dual regulations can motivate
manufacturers to increase their recycling rate and increase their output of remanufactured
products. However, essentially some of the manufacturers’ profits and the entire supply chain
profits are sacrificed, meaning this is not a good long-term strategy for promoting the development
of the remanufacturing industry;

(3) The government dual-regulation approach can better encourage manufacturers to increase their
recycling rates compared with the single reward–penalty mechanism. When manufacturers
enter the state of complete recycling, the dual-regulation model can to a certain extent encourage
manufacturers to increase the amount of recycling of waste products and increase the output of
their own remanufactured products;

(4) Government regulations are more important when the remanufacturing industry is at the
beginning of its development. When the remanufacturing industry reaches a mature stage,
manufacturers can voluntarily achieve a higher recovery rate in order to maximize their own
profits. Therefore, the government should flexibly formulate corresponding regulatory measures
according to the development of the remanufacturing industry;
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(5) In the state of incomplete recycling by manufacturers, the government increases the ratio between
green consumption subsidies and green taxes on new products, helping to increase manufacturers’
recycling rates and the cost range for complete recycling; more importantly, this approach does
not necessarily harm the manufacturers’ profits and the total supply chain profits. This shows
that the government should figure out the optimal ratio between government subsidies and
tax policies.

Based on the relevant conclusions from these three models, the government should introduce
the following policies to promote the development of the remanufacturing industry: (1) the effects
of dual-regulation approach are better, whereby the government can simultaneously levy taxes and
introduce subsidies; (2) the government policies should be specific to different companies, rather than
taking a “one size fits all” approach; (3) the government, manufacturers, and remanufacturers
need to strengthen their cooperation; (4) the remanufacturing industry is still in its infancy in China,
meaning guidance from the government can promote the development of the remanufacturing industry.

The following ideas should be considered in future related research: (1) the cooperative effects of
different enterprises and governments; (2) the superimposed effects of different regulations; (3) the
optimal ratio between government subsidies and tax policies.
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Appendix A. Solution Process for Model N

This model has two stages, whereby the standard solution is the backward induction method;
that is, the analysis starts from the second stage, and so on until the first stage.

(1) Second stage analysis

maxπN
R

(
αN

)
= (w− cR)QN

R −
ξ
(
QN

R

)2

2

By solving the optimal first-order conditions ∂πN
R /∂αN = 0, we get:

αN =
(w− cR)

ϕξeN (A1)

(2) The first stage analysis
For the new product quantity decision problem in (1), the Lagrange function is constructed

as follows:
L(QN

M,n, eN,λ) = πN
M(QN

M,n, eN) + λ1(QN
M,n −RN)

∂L
∂QN

M,n
= 0

∂L
∂eN

M,n
= 0

λ(QN
M,n −RN) = 0

QN
M,n −RN

≥ 0

(A2)

We substitute (A1) into the manufacturers’ profit function πN
M and solve (A2).
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a. When λ1 = 0, QM,n > R, the optimal response function obtained was:

QN∗
M,n =

ϕξd(1− cM,n) + 2ϕξδ(1− δ+ cM,r − cM,n) + 2kδξ+ 2ϕδd(cR −w)

2ϕξ(d + 2δ− 2δ2)
(A3)

eN∗ =
ϕd(w− cR) + ϕξ(δcM,n − cM,r) − kξ

ϕ2ξ(d + 2δ− 2δ2)
(A4)

We substitute (A3) and (A4) into formula (A1) to obtain:

αN =
ϕ(cR −w)

(
d + 2δ− 2δ2

)
kξ+ ϕξ(cM,r − δcM,n) + ϕd(cR −w)

(A5)

According to the condition QM,n > R, the value cR1 that satisfies its establishment can be
further obtained:

cR <
2kξ(1+δ)+2ϕξcM,r(1+δ)+ϕξd(1−cM,n)+2ϕξδ(1−δ)−2ϕdw(1+δ)−4ϕδξcM,n

2ϕd(1+δ) = cR1 (A6)

b. When ∂πGF
R /∂αGF = 0. λ1 , 0, QM,n = R, we get:

eN = −
(kξ−ϕξ+ ϕξcM,r + ϕξcM,n −ϕξδ+ ϕdcM,r −ϕdw)

ϕ2ξ(d + 6δ+ 2)
(A7)

QN
M,n = −

(kξ−ϕξ+ ϕξcM,r + ϕξcM,n −ϕξδ+ ϕdcM,r −ϕdw)

ϕξ(d + 6δ+ 2)
(A8)

Appendix B. Solution Process for Model GF

This model has three stages, whereby the standard solution is the backward induction method;
that is, the analysis starts from the third stage, and so on until the first stage.

(1) Third stage analysis.

maxπGF
R

(
αGF

)
= (w− cR)QGF

R −
ξ
(
QGF

R

)2

2

We optimize the first-order conditions by solving ∂πGF
R /∂αGF = 0, and we get:

αGF =
(w− cR)

ϕξeGF (A9)

(2) Second stage analysis
For the new product quantity decision problem in (6), the Lagrange function is constructed

as follows:
L(QGF

M,n,λ) = πGF
M + λ(QGF

M,n −RGF)
∂L

∂QGF
M,n

= 0

λ(QGF
M,n −RGF) = 0

QGF
M,n −RGF

≥ 0

(A10)

We substitute (A9) into the manufacturers’ profit function πGF
M and solve (A10) at the same time:

a. When λ3 = 0, QM,n > R:

QGF
M,n =

2ϕδξQ(1−δ)−ϕξd(cM,n−Q+ f+n∗to)+2ϕξδ(cM,n−cM,r+ f+n+nto+z f)−2ϕdδ(w−cR)−2kδξ
2ϕξ(d+2δ−2δ2)

(A11)
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eGF =
ϕd(w− cR) + ϕξ(δcn − cmr) − kξ+ ϕξη(1 + δτo) + ϕξ f (δ+ z)

ϕ2ξ(d + 2δ− 2δ2)
(A12)

b. When λ3 , 0, QM,n = R:

eGF =
ϕd(w− cM,r) − kξ−ϕξ(cM,n + cM,r) + ϕξQ(1 + δ) + ϕξη(1− to)

ϕ2ξ(d + 6δ+ 2)
(A13)

QGF =
ϕd(w− cM,r) − kξ−ϕξ(cM,n + cM,r) + ϕξQ(1 + δ) + ϕξη(1− to)

ϕξ(d + 6δ+ 2)
(A14)

(3) First-stage analysis
The government aims for maximum social benefits. In order to promote the manufacturers’

recycling activity when manufacturer recycles partial of the wasted products, the ratio is greater than 1;
when the manufacturer recycles all the wasted products, the ratio is less than 1.

(3.1) When the manufacturers do not fully recycle, the governments tax regulations are as
follows below.

We substitute (A9), (A11), and (A12) into the government’s profit function πGF
G .

a. When λ2 = 0,−η(t− t0)QGF
M,n

+ f QGF
M,n − sRGF < 0:

f1 =
4kδξ(δ−1)(δ+z1)−ϕξd2(Q−cM,n+ητo)−4ϕξ(η+cM,r−cM,n+Qδ2(1−δ))

ϕξ((d+2δ)2+4z1
2(d+δ)+4δ2(2z1−z2)−4δ3(1+2z1)+8δdz1)

+
+4ϕdδ2(w−cR)(1−δ−z1)+4ϕz1ξηδ

2
−4ϕξdz1ηδτo

ϕξ((d+2δ)2+4z1
2(d+δ)+4δ2(2z1−z2)−4δ3(1+2z1)+8δdz1)

(A15)

(3.2) When the manufacturers fully recycle, the government’s tax regulations are as follows below.
According to the condition −η(t− t0)QGF

M,n
+ f QGF

M,n − sRGF = 0:

f2 =
η− ηto

1− z
(A16)
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