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Abstract
The recycling and remanufacturing of used electronic products are the great significance 
to environmental governance and resource management. From the demand perspective of 
remanufactured products, this paper proposes a demand-oriented recycling model of used 
electronic products based on the reverse supply chain and cooperative game theory. Taking 
cost–benefit analysis as the basis of the benefits model of the participants in the electronic 
waste product recycling system, a static multi-stage game model and a dynamic coopera-
tive game model are established, there is an optimal strategy at each stage which may not 
be unique, depending on the decision model constructed. In the static multi-stage recycling 
mode, the strategic decisions at all stages are all based on the same demand for remanufac-
tured products, the strategy decision at each stage of the recycling mode of waste electronic 
products is based on the multi-stage demand prediction of remanufactured products. The 
cost optimization of each link in the static multi-stage is to realize the optimal strategy 
combination of participants in each link. The study concluded that by setting demand as 
the main goal, both recycling and remanufacturing companies can improve their own ben-
efits by realizing an optimal cost combination.
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1 Introduction

With the technological innovation and its frequent updating and upgrading, the high con-
sumption of electronic and electrical equipment has brought about a high output of used 
electronic products. The rapid expansion of manufacturing techniques, innovation and con-
sumer demand has led to improvements in various electronic equipment, and the increased 
production exhibits a positive relationship with the quantity of waste electrical and elec-
tronic equipment (Zlamparet et al., 2017). Recycling and reusing waste electrical and elec-
tronic equipment has thus become a global social issue (Zhu, 2017).

Used electronic products not only include abundant resources but also contain various 
toxic substances, which can adversely affect the environment and human health. (Kiddee 
et  al., 2013). Without proper recycling, e-waste can generate critical environmental pol-
lution (Qu et  al., 2013). Owing to the improved environmental awareness of people and 
the constraints of government legislation, the industry is aiming for development supple-
mented with environmental protection and is striving to integrate the green capabilities 
of the companies in both the forward and reverse supply chains (Kumar & Dixit, 2019). 
The Waste Electrical and Electronic Equipment Directive provided by the European Union 
mandates recycling obligations of the manufacturers; however, most manufacturers are still 
in the preliminary stage of environmental considerations (Messmann et al., 2019). In India, 
a developing country, studies have shown that consumers prefer to benefit from recycling, 
which to some extent reflects that India is increasingly attaching importance to the study 
of electronic wastes recycling and economic circulation. In order to promote the amount 
of recycling by producers and recyclers, government policies are needed to restrict the dis-
mantlers in the secondary market. (Dasgupta et al., 2017).

In the recycling link of the entire closed-loop supply chain, the main parties are recy-
clers, remanufacturers, and consumers involved in recycling. Among them, recyclers are 
mainly in charge of recovering waste electrical and electronic products from consumers 
using certain remuneration payments, and then transferring the recovered electrical and 
electronic products to remanufacturers. Then, the remanufacturer classifies those waste 
electrical and electronic products according to its degree of damage. If the damage does 
not affect normal use, latter can be resold as second-hand goods. This process is called 
"Reuse". In addition, waste electrical and electronic products that are severely damaged 
and difficult to repair can only be used to excavate their residual value by using their ingre-
dients. This process is called "Recycle". In general, the disposal of waste electrical and 
electronic products is mainly composed of the above three parts, namely "3R". The above 
subjects and links together constitute the entire reverse recycling supply chain.

Recycling and remanufacturing of used electronic products is an important component 
of supply chain management both locally and globally. As an important part of closed-
loop supply chain management, the research on the recycling and remanufacturing of used 
electronic products plays a great role in improving resource utilization, reducing enter-
prise costs and improving supply chain management. The existing supply chain manage-
ment research mainly focuses on how to improve the product recovery rate and how to 
carry out the product remanufacturing process, and there is less systematic analysis of the 
decision-making process of the whole closed-loop supply chain. The recycling strategy of 
used electronic products recycling enterprises is mainly formulated from the perspective 
of product supply, but there is a knowledge gap in the analysis of the demand for remanu-
factured products. Therefore, it is extremely necessary to study the recycling mode of used 
electronic products under the demand orientation. This paper aims to address the lack of 
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research in this area and develops a demand-oriented recycling model of used electronic 
products.

This study takes the recycling of used electronic products as the main research subject, 
discusses and summarizes the supply chain management theory of used electronic prod-
ucts, and considers the construction of the product recycling mode through the whole pro-
cess of the whole closed-loop supply chain under the demand orientation. From the per-
spective of economics, the game competition and cooperation theory and system analysis 
theory are applied to integrate the demand orientation into all links of the whole recycling 
and remanufacturing, and the whole recycling and resale process of products is studied in 
stages, that is, the formulation of recycling channels and recycling strategies, recycling and 
classification for Remanufacturing The remanufactured products are analyzed in multiple 
stages of sales. At the same time, the system analysis method and the combination of qual-
itative and quantitative methods are used to construct the strategic decision-making and 
benefit model of participants in each stage. Finally, by connecting the strategic decision-
making results of different stages, the decision-making model of optimized product recy-
cling mode is established, which provides a theoretical basis for improving the recycling 
efficiency of used electronic products, the sales rate of remanufactured products, and the 
benefits of product recycling and remanufacturing enterprises.

This paper is organized as follows. In the next section, we provide a summary of the 
literature related to recycling and remanufacturing. This is followed by the development of 
the Demand-oriented electronic waste product recycling model in two scenarios—dynamic 
and static recycling models. Next, we carry out numerical simulations that describe the 
benefits’ changes in a graphic way and the results from the different scenarios are pre-
sented. Finally, we provide managerial insights and concluding remarks.

2  Literature review

As possessors of waste electrical and electronic equipment, consumers significantly influ-
ence the recycling process. Thus, focusing on the impact of consumers’ behavior during 
the recycling process can help achieve more efficient recycling of waste electrical and elec-
tronic equipment (Zhu, 2017). It has been reported that consumers tend to retain waste 
products for a long time, and this tendency is related to the recycling behavior charac-
teristics and lifestyles of the consumers. In addition, the technological evolution, design 
characteristics, and market value of the product, along with the environmental stimulus are 
factors that affect a consumer’s recycling behavior (Sabbaghi et al., 2015). When two types 
of products, that is, traditional and environmental friendly products exist in the market, the 
environmental differential quality influences the demand for the respective products; how-
ever, the production capacity or scale of the manufacturer is not a limiting factor that affects 
the demand for these two types of products. (L. Zhang et  al., 2015). Research supports 
the decision of environmentally conscious consumers to buy new and used products, and 
it also supports the scrapping decisions in the case of collection points and separation of 
reusable equipment (Boldoczki et al., 2020). Furthermore, the demand for remanufactured 
products influences the development of environmental protection strategies for remanufac-
ture and reuse enterprises. Therefore, the strategies of remanufacturers are highly influ-
enced by the potential consumer groups of remanufactured products (Jiménez-Parra et al., 
2014). When consumers are sensitive to recycling prices, recyclers’ profits decrease, but 
manufacturers’ and supply chain systems’ profits increase. Only when a large proportion of 
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recycled WEEE is used for remanufacturing can it benefit all members of the supply chain 
(Liu et al., 2021).

In the recycling process of waste products, government policies considerably influence 
the development of sustainable industrial clusters (Jiao & Boons, 2017). The existing recy-
cling process of waste home appliances in China presents an unbalanced situation of high 
technology cost and low effect (Zhou et al., 2017). The government is thus intervening in 
the electrical and electronic equipment recycling market by providing subsidies and regula-
tions (Fu et al., 2020).

Although green production strategies are not extremely profitable for manufacturers, 
government subsidies can help facilitate the change in manufacturer theories due to the 
corresponding shift in consumer awareness (Yu et al., 2016). The provision of government 
subsidies does not only increase the remanufacturing activity but also encourages the man-
ufacturers to design products that are more suitable for remanufacturing (Mitra & Webster, 
2008). Nowadays, many states and countries have passed legislation that makes produc-
ers responsible for the proper disposal of products (Tian et  al., 2019). By implementing 
a series of policies and regulations pertaining to the extension of corporate responsibility 
to improve the self-financing subsidy program of enterprises, the environmental perfor-
mance can be improved. At this point, the total profit of the manufacturers and recyclers 
may decrease, but not necessarily the consumer surplus (Zhou et al., 2017). When motivat-
ing retailers, the impact of different incentive strategies on the retailers’ net profit changes 
is different. When the value of the incentive utility is low, the price discount incentive strat-
egy allows the retailers to obtain the maximum profit. However, when the value of the 
incentive utility increases to a certain extent, the retailer can obtain the maximum profit 
under the cash incentive strategy (T. Zhang et al., 2020). A comparison of the government 
regulations and subsidies for formal recycling channels with the informal channels without 
regulation and subsidies indicated that both the channels favor high-quality waste products. 
However, the government’s marginal benefit is low when recycling high-quality used prod-
ucts, and thus the government subsidy strategies need to consider the quality competition 
of recycled products (Liu et al., 2016).

Corporate social responsibility also plays a key role in supply chain management (M. 
Zhang et al., 2018). The manifestation of corporate social responsibility is strongly related 
to the behavior of corporate managers, and managers’ high awareness regarding environ-
mental protection can promote the realization of corporate social responsibility (Qu et al., 
2015). It has been reported that the supplier CSR has a moderating effect on the pressure 
between the environment and corporate performance; however, this effect has not appeared 
in the financial domain (Haleem et al., 2017). Cash flow is the key to maintaining the pro-
duction operations of manufacturing companies. In particular, changing the cost structure 
and cost rate of the manufacturing companies in the supply chain management can adjust 
the risk of the cash flow (Tsai, 2017). In addition, the life of an electronic product can be 
extended by identifying the short-term opportunities and risks in product lifecycle manage-
ment (Althaf et al., 2019). In the research of supply chain management, reducing the inter-
val between recycling and reuse is the main challenge for manufacturers and distributors 
(Kadambala et  al., 2017). Realizing product inventory increases the manufacturers’ cost 
input, and at the same time, the value of the product inventory is likely to decrease due to 
the short life cycle of the product. Consequently, research on the product reverse logistics 
inventory is critical to optimize the supply chain management (Calmon & Graves, 2017).

As an emerging recycling method, the use of online recycling can effectively solve the 
problems of difficult recycling of electronic waste and irregular recycling channels (Wang 
et al., 2019). Diversifying the recycling methods can help improve the recycling efficiency of 
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waste products. A comparison of the different recycling channels indicated that the dual-chan-
nel recycling method is better (Feng et al., 2017). The recycling companies can enhance their 
own interests by improving the efficiency and benefits of recycling waste products. Enterprises 
can formulate different recycling prices and strategies to improve the number of recycled used 
products (Hu et al., 2016). Manufacturers can recycle waste products in the form of a single 
product transaction with a retailer. Retailers can adopt direct recycling and trade-in methods to 
recycle products. Furthermore, it has been observed that the game equilibrium results under 
different recycling modes depend on the consumers’ incentive strategy (Maiti & Giri, 2017).

The difference between this article and the above research is the construction of a product 
recycling model that runs through the entire closed-loop supply chain under the consideration 
of demand orientation. Finally, by linking the results of strategic decision-making at differ-
ent stages, a decision-making model for an optimized product recycling model is established, 
which provides a theoretical basis for improving the recycling efficiency of used electronic 
products and the sales rate of remanufactured products, and for improving the efficiency of 
product recycling and remanufacturing enterprises.

What game theory wants to study is the optimal decision of each participant and the possi-
bility of these optimal decisions result among members of the supply chain (including closed-
loop supply chain). The relationship between supply chain management is the relationship 
between cooperation and competition. The goal of supply chain management is to cooperate 
with each member of the chain.

Cooperative game studies system benefit and cost-sharing. It is like two sides of the same 
coin for a problem with non-cooperative game. For the disharmony of supply chain channels 
caused by double margins, or the contradiction between individual rationality and collective 
rationality, cooperative game is an analysis means. However, the focus of cooperative game 
does not focus on how to achieve the coordination of supply chain channels, but instead looks 
at how to distribute the benefits of the alliance when the supply chain members cooperate, that 
is, when the supply chain channels can achieve coordination. Some scholars use the sharply 
value, Owen value and consistent license value in cooperative game to solve the problem of 
benefit distribution in supply chain alliances.

Fair and reasonable benefit distribution mechanism is an important basis for the existence 
of a supply chain alliance and the key to the stable development of supply chain alliance. In 
reality, the collapse of many supply chain alliances is caused by the unreasonable benefit dis-
tribution mechanism. How to establish a reasonable benefit distribution mechanism is the key 
to successfully maintaining the cooperative relationship of supply chain alliance, and it is an 
important issue affecting the operation efficiency and development ability of the alliance.

Most of the existing studies study the decision-making of stakeholders of remanufactured 
products from the perspective of supply. Moreover, only single-phase supply chain decision is 
usually considered, and the dynamic multi-period coordination is lacking. This article starts 
from the perspective of product demand in the reverse supply chain and considers the demand 
forecast of multi-period products’ change with time, which can effectively alleviate the impact 
of time and the recycling quantity on decision-making, which can provide a reference for recy-
cling enterprises and remanufacturing enterprises.
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3  Model development

Game theory has been widely used in the research of closed-loop supply chain. Based 
on the game theory and the benefits model of cost–benefit analysis, this paper constructs 
the demand-oriented recycling game model: the static multi-stage game and the dynamic 
cooperation game model. Depending on the existing research results and experience, the 
form of cooperation is the strategy to optimize the long-term interests of the game play-
ers. Therefore, the game consequences for the participants in each link should satisfy the 
Pareto optimality. For recycling and remanufacturing product sales links, the balance of the 
product supply is ensured, which also provides a theoretical basis for the subsequent model 
construction.

Based on the existing research results of recycling strategy of used electronic products, 
remanufacturing production strategy and sales strategy of remanufactured products, this 
chapter takes cost–benefit analysis as the benefit model of participants in the used elec-
tronic product recycling system, and uses the relevant knowledge of game theory as the 
analysis tool, Build a recycling model of used electronic products in a closed-loop sup-
ply chain based on demand. The establishment of decision-making model can provide a 
theoretical basis for improving the recovery efficiency of used electronic products, the sales 
rate of remanufactured products, and the benefits of product recovery and remanufacturing 
enterprises.

3.1  Model description

When constructing a demand-based recycling model of used electronic products, the basic 
requirements must satisfy the actual situation as much as possible. Thus, the current analy-
sis only considers the three links (Sales of the remanufactured products, remanufacture of 
the used electronics and recycling of the electronic wastes) in the closed-loop supply chain 
and the benefit models of the four types of participants (Consumer, remanufacturer, retailer 
and recycler). In addition, the following assumptions are made to ensure the simplicity of 
the model construction and solution:

Assumption 1: The participants in the closed loop supply chain have a positive attitude 
toward the recycling of the used electronic products, and different parties exhibit a coop-
erative attitude in each link of recycling and remanufacturing;

Assumption 2: The strategy of each participant in the closed-loop supply chain is based 
on the demand of the remanufactured products in the market as the main strategic basis, 
and the benefit model of each participant is constructed considering the cost benefit model;

Assumption 3: The benefit model of the participants in the entire closed-loop supply 
chain is a function related to the number of used electronic products or remanufactured 
products. The decisions of each participant are expressed as quantitative decisions.

Assumption 4: The interesting relationship among the different parties in the different 
links in the closed-loop supply chain is based on the realization of the Pareto optimality. 
Therefore, the solution of all the strategic results is based on the supply and demand bal-
ance of the products at different stages. (Table 1)

3.2  Static multistage game model

The static multistage electronic waste recycling model includes three parts: sales of the 
remanufactured products, remanufacture of the used electronics, and recycling of the 
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Table 1  Parameters setup

Notation Definitions

C[Sale] Total cost of sales of the remanufactured products
C[Rem] Total production cost of the remanufactured product
C[Rec] Total cost for recycling the electronic wastes
E[Rem&Rec] Cost of the recovery enterprise and remanufacturing enterprise in the dynamic situation
E[Sale] Expected sales benefits of the remanufactured products
E[Cons] Expected benefits for the consumer groups of the remanufactured products
E[hol] Expected benefits for the electronic waste product holders
E[Rem&Rec] Expected benefits for the recycling and remanufacturing companies
E[Sale&Hol] Expected benefits for the consumer groups of the remanufactured products and holders 

of used electronic products
αi(i = 1, 2, 3) Proportion of products sold through the direct sales channel during the remanufactur-

ing sales process in constant market demand
�i(i = 1, 2) Cost for a remanufactured product of different quality levels produced by remanufac-

turer when the remanufactured product demand is constant
γ Proportion of the direct recycling channels adopted by the recycling companies when 

the demand for the used electronic products is constant
1 − γ Proportion of the commissioned recycling channels adopted by the recycling compa-

nies
C0

�
∑

Qi

�

Fixed costs for selling all the remanufactured products, including advertising and leas-
ing

C1

�
∑

Qi

�

Variable costs for selling all the remanufactured products, including discounts, cash 
and compensation, to promote sales

C2

(

�i
)

Cost to be paid to the retailer when taking commission sales; this cost is related to the 
proportion of commission

Pi(i = 1, 2, 3) Sale price of the remanufactured product
�i Conversion rate of used electronic products to remanufactured products
�j ∈ [0, 1] The quality level of different used electronic products
C

′

0

�
∑

Q
′

i

�

Fixed cost of remanufacturing; this cost is related to the scale of the waste products

C
′

1

�
∑

Q
′

i

�

Variable costs in the remanufacturing process; this cost consists of the production costs 
of all the different processes k of the remanufacturing process

Q
′

i
The quantity of used electronic products required by remanufacturing enterprises 

Qi The demand forecast for different remanufactured products in the market
C

′′

0

�
∑

Q
′

i

�

Fixed cost of recycling
1

∫
0

c
′′(

�j
)

q
′(

�j
) Direct cost of recycling the product

c
′′(

�j
)

Product recycling prices at different quality levels

C
��

1
(�) Cost of adopting a commissioned recycling channel

dn
[

Qi−(t − n)
]rn e�n Changes in the product demand in the current period caused by the product sales in the 

period (t − n) , where dn , rn and �n denote the model parameters
Qi−(t − n) Number of products sold in (t − n) , n ≤ t

n Number of data periods considered to generate the predictions
F
(

Pi,Qi

)

Benefits such as satisfaction from the remanufactured consumer groups buying 
remanufactured products

G
�
∑

Q
′

i
,P

′′

i

�

Cost-effectiveness of the electronics products discarded by the product owners
�∗
i
(i = 1, 2, 3) Strategies for the remanufacturing product sales phase

�∗
i
Qi Number of products sold through direct channels for different products
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electronic wastes. The strategy of each link is mainly to achieve the demand for the reman-
ufactured products in the market. In reality, since the leading party in each link is different, 
if each leading party is taken as the starting point, the allocation can be made according to 
each link, and the optimal strategy for each link can be calculated separately to provide rel-
evant stakeholders with suggestions. This is more in line with the actual situation.

(1) Strategic and benefit models for the remanufacturing product sales.
The supply of remanufactured products in the sales link is used to meet the needs of 

the remanufactured products in the market, and the sales strategy is based on the predicted 
market demand. At this time, the sales price established can achieve the dual results of zero 
inventory and consumer demand.

There exist three types of demands for the remanufactured products on the market: used 
products that are directly put on the market, products that have been put on the market 
through simple maintenance, and brand new products. The demand forecast models for dif-
ferent products can be represented as

When the demand forecasts for the different types of remanufactured products in the 
market are Qi(i = 1, 2, 3) , the main strategy of the sales process is to select the sales chan-
nels. Assume that two sales channels are present: direct sales and commission sales. When 
a product with a ratio of 𝛼i

(

0 < 𝛼i ≤ 1, i = 1, 2, 3
)

 for product i is sold through direct chan-
nels, the cost of remanufacturing sales can be expressed as

When the remanufactured product price on the market is Pi(i = 1, 2, 3) , the expected 
benefit model of the remanufacturing link is

The main goal of the remanufacturing and sales process strategy is to achieve profit: When 
the price of the products in the market is stable, the main purpose of the sales strategy is to 

(3-1)Qi = q0 + a1x
b1
1
e�1 + a2x

b2
2
e�2 +⋯ + amx

bm
m
e�m (i = 1, 2, 3)

(3-2)C[Sale] = C0

(

∑

Qi

)

+ C1

(

∑

Qi

)

+ C2

(

�i
)

(3-3)E[Sale] =
∑

QiPi − C0

(

∑

Qi

)

− C1

(

∑

Qi

)

− C2

(

�i
)

Table 1  (continued)

Notation Definitions

�∗
1
, �∗

2
Strategies in the remanufacturing phase

�∗ Strategies for product recycling
E
[

Rpv
]

Cost constraints in the resale process

amx
bm
m e�m Changes in the product demand caused by the factor m affecting the demand for 

remanufactured products, where am , bm and �m denote the model parameters
xm Value converted by qualitative or quantitative elements according to certain rules
�m Number of variables that affect the demand forecast for the remanufactured products
Pi Remanufactured product prices in the market
q′
(

�j
)

Number of used electronic products at different quality levels
Qi−(t + 2) Forecast of the remanufacturing product demand in the period (t + 2)
Q

�

i−
(t) Number of used electronic products to be recycled in the period t
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achieve the lowest cost, that is minC[Sale] . When the market price changes, the main goal of 
the sales strategy is to achieve the optimal benefits, that is maxE[Sale].

(2) Remanufacturing and recycling strategy models.
The strategy of remanufacturing production is based on the product demand in the mar-

ket, and at the same time, this strategy is limited by the remanufacturing technology and cost. 
The used electronic products with different quality conditions correspond to different produc-
tion processes. If the rate of conversion of the used products to the remanufactured products 
is 𝜇i

(

0 < 𝜇i ≤ 1, i = 1, 2, 3
)

 , �i is limited based on the product quality, remanufacturing 
capacity, and production technology, and the conversion rate of the different remanufactured 
products does not satisfy the constraint. Therefore, the scale of the used electronic products 
required for the production of different remanufactured products is

Assuming that the quality level of different used electronic products is �j ∈ [0, 1] , the quan-
tity function of the used electronic products under different quality levels is

where qj(j = 1, 2,⋯) denotes the model parameters. It is assumed that when the quality 
level is divided according to the quality level, the two standards �1, �2 satisfy 0 ≤ �1 ≤ �2 ≤ 1 . 
Under these standards, the requirements for the production of different remanufactured prod-
ucts are realized, that is,

The cost of the resulting remanufacturing process is:

The remanufacturing process pays for the production of products that meet the market 
demand at the lowest cost; consequently, the strategy can be developed by achieving the mini-
mum cost, that is, minC[Rem].

The strategy in the recycling of used electronic products mainly involves the formulation 
of the recycling channels and recycling price strategies of recycling companies. The formula-
tion of the recycling prices depends on the number of the used electronic products required 
for remanufacturing. If the remanufactured product quantity for the used electronics manu-
facturers is Q�

i
(i = 1, 2, 3) , it is assumed that the recycling companies formulate the recycling 

price strategies according to the different quality levels. The recycling channels include direct 
and entrusted recycling. The proportion of direct recycling channels is �(0 ≤ � ≤ 1) , and the 
entrusted recovery channel ratio is (1 − �) . The cost structure of the waste product recovery 
stage is

Similar to the production of remanufactured products, the recycling of waste products is 
also based on the strategy of achieving the lowest cost, that is, minC[Rec].

(3-4)Q
�

i
= Qi∕�i(i = 1, 2, 3)

(3-5)q�
(

�j
)

= q0 + q1�j + q2�
2
j
+ q3�

3
j
+⋯

(3-6)Q
�

1
=

1

∫
�2

q
�(

�j
)

d�j,Q
�

2
=

�2

∫
�1

q
�(

�j
)

d�j,Q
�

3
=

�1

∫
0

q
�(

�j
)

d�j

(3-7)C[Rem] = C
�

0

(

∑

Q
�

i

)

+

3
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i=1

K
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k=1
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k
Q
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(3-8)C[Rec] = C
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0

(

∑

Q
�

i

)

+
1

∫
0

c
��(

�j
)

q
�(

�j
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+ C
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1
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Based on the strategic decision model of each stage, it is possible to construct an elec-
tronic waste product recycling model that covers the entire closed-loop supply chain and 
the expected benefit model for the different participating groups. The static multistage used 
electronic product recycling model based on the demand can be defined as

Furthermore, the expected benefit model of the participants in the closed loop supply 
chain determined by this model can be integrated as follows:

Formulas (3–1) and (3–2) are used to solve the strategic decision results of different 
links and the expected benefits of various groups. The solution of the strategy results at 
different stages starts from the demand for the remanufactured products, and it is reversed 
from the sales link of the remanufactured products to the recycling of the used electronic 
products. The demand for the remanufactured products is used to solve the needs of the 
used electronic products and the strategies adopted at each stage.

3.3  Dynamic cooperative game model

Even in the case of a dynamic cooperative game, the analysis of the demand for the reman-
ufactured products is the starting point. To facilitate the analysis and discussion of this 
model, the participants of the entire system are divided into two categories: recycling com-
panies and remanufacturing companies belong to a same category, used electronic product 
holding groups and consumers of the manufactured products belong to another category, 
and the behavioral activities of the remanufacturing consumer group are completed by the 
remanufacturing enterprises. It is important to consider the impact of time under dynamic 
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conditions due to the time difference between the product recycling and remanufacturing 
processes and the product sales. Therefore, it is necessary to consider the changes in the 
product demand affected by the time when performing the analysis.

Starting from the forecast of the demand for the remanufactured products on the market, 
as obtained by the recycling and remanufacturing companies, and aiming to enhance the 
profits of the recycling and remanufacturing companies in a certain period, the expected 
benefit models of the recycling and remanufacturing companies are established. Consider-
ing that the demand in this period is affected by the previous sales in multiple periods, the 
product demand forecasting model can be defined as

where,dn , rn and �n denote the model parameters, n is the number of data periods used in 
the prediction, and n ≤ t.

When analyzing the different stages of strategy development for recycling and remanu-
facturing companies in period t , it is necessary to consider the product demand forecast 
in multiple periods because the supply of the remanufactured products in period t is pro-
duced by the remanufacturing process in period (t − 1) . The waste products required for 
the remanufacturing phase (t − 1) are obtained from the recycling process of phase (t − 2) . 
Figure 1 illustrates the product recycling model in the dynamic process.

In other words, when constructing the recycling model of used electronic products in 
the period t , it is necessary to consider the demand for the remanufactured products in the 
period (t + 2) . The cost structure of the recycling and remanufacturing companies in period 
t needs to be obtained based on the demand for the remanufacturing products in periods 
(t + 1) and (t + 2).

(3-11)Qi−(t) = d1
[

Qi−(t − 1)
]r1e�1 + d2

[

Qi−(t − 2)
]r2e�2 +⋯ + dn

[

Qi−(t − n)
]rne�n

Fig. 1  Analysis path for the recycling mode of used electronic products in a dynamic situation



5960 X. Lv et al.

1 3

First, we build a recycling model for the used electronic products in phase t, and it is 
assumed that the product conversion rate is 𝜇i

(

0 < 𝜇i ≤ 1, i = 1, 2, 3
)

 . The demand fore-
cast for the remanufactured products in period (t + 2) is

Subsequently, the number of used electronic products that need to be recycled in period 
t is

It is also assumed that the number of used products at different quality levels obey a 
certain function distribution:

The strategy development models at different stages can be defined as

The cost structure for the recycling and remanufacturing companies in a dynamic con-
text is

The expected benefit models for the remanufacturing and recycling companies are

The expected benefits for the consumer groups of the remanufactured products and 
holders of used electronic products are

The model solution in the dynamic cooperative game scenario is the same as that in the 
multistage static scenario, and both these solutions are based on the demand forecast of 
the remanufactured products. The difference is that the recovery mode strategy solution in 
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the static scenario is mainly based on the cost analysis, and in the cooperative game, a cost 
constraint model and a cost revenue benefit model can be used simultaneously, and thus the 
multi-period product demand changes need to be considered.

The strategy of the different stages can be determined from the comprehensive benefits 
of remanufacturing companies and used electronic product recycling companies. Since the 
quantity decision is made by considering the demand forecasting model, the required solu-
tion is the allocation strategy. No absolute connection exists among the strategy formula-
tion at different links. Here, an ’absolute connection’ refers to a connection that directly 
affects the strategy formulation of a link. This phenomenon occurs because the strategy 
formulation at each stage is based on the number of used electronics or remanufactured 
products at this stage. The number of products at this stage is determined by the forecast 
of the remanufactured products and the manufacturing capabilities of the company; conse-
quently, the strategy formulation is performed independently.

In the solution at each stage of the strategy, it is assumed that the strategies of the other 
stages are fixed. The sales strategy designation of the remanufactured products is consid-
ered as an example in this model as well. The electronic wastes recycling strategy and 
remanufactured product production strategy are � and �j(j = 1, 2) , respectively. The manu-
facturing product sales strategy solution method is

Similarly, the remanufacturing strategy and used electronic product recycling strategy 
can be solved through the following process. When the remanufacturing product sales 
strategy is �∗

i
(i = 1, 2, 3) , and the used electronic product recycling strategy is � , the strate-

gic decision of the remanufacturing product manufacturer is

When the remanufactured-product sales strategy is �∗
i
(i = 1, 2, 3) , and the strategic deci-

sion of the remanufacturing-product manufacturer is �∗
j
(j = 1, 2) , the recycling strategy of 

the used electronic product recycling company is

The optimal recycling strategy for the used electronic products is �∗.
From the above analysis, the optimal equilibrium strategy in different stages of the 

dynamic cooperative game situation can be obtained. The equilibrium refers to the predic-
tion of the demand for the remanufactured products in the market when the remanufactur-
ers and recyclers in the closed-loop supply chain adopt this strategy. This state is used to 
ensure that the strategy can obtain the expected profit benefits, while ensuring that the ben-
efits of the other participants are optimal.

The strategy formulation of the closed-loop supply chain under the dynamic cooperative 
game is based on the prediction of the product demand in the market by the recycling and 
remanufacturing companies and the remanufacturing, sales, and product recycling of the cur-
rent period based on the multi-period product demand forecasts. When the used electronic 
product recycling company and the remanufacturing company are considered as one entity 
in the dynamic game model, the used electronic product recycling strategy, remanufacturing 
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strategy, and remanufacturing product sales strategy work together on the expected benefit 
model.

4  Simulation and results discussion

In this section, a simple example is considered to perform a simple simulation analysis. Fur-
thermore, this section discusses the impact of the strategy formulation and different stages of 
strategic decision-making on the benefits of the participants in the supply chain in the multi-
stage static scenario in the process of recycling and reuse of used electronic products. Based 
on this discussion, the influence of the strategy formulation on the enterprise benefit in the 
recycling system of used electronic products under a dynamic situation is examined.

In the final determination of the pattern of the used electronic products, the recycling and 
remanufacturing companies aim at achieving optimal costs. Therefore, solving the cost com-
position under different strategies is the basis for the strategy formulation of the recycling and 
remanufacturing companies. The analysis of the participants’ benefits under different strategy 
combinations is used to further validate the effectiveness of the model. In addition, it should 
be noted that this study mainly focuses on theoretical research, and the selection of numbers 
only plays an auxiliary role in numerical tests.

4.1  Static multistage scenario

The constructed model indicates that the three links of the recycling and reuse of used elec-
tronic products can be individually decided without affecting the other. Therefore, it can be 
simplified by analyzing the strategic decisions of a certain stage in the static multistage sce-
nario. In the dynamic situation, the strategic decision of each link is made according to the 
demand prediction of remanufactured products. Although the strategic decision of each stage 
does not affect each other, all the strategies work together on the benefits of recycling enter-
prises and remanufacturing enterprises. Therefore, in the multistage static situation, the strate-
gic decision of a certain stage and benefit analysis of the participants in that stage are assigned 
priority, while in the dynamic cooperative game situation, the overall benefit of recycling and 
remanufacturing enterprises is assigned priority.

In the analysis of the static multistage electronic waste product recycling model, the sales 
strategies of the different products can be formulated independently; however, the benefits of 
the remanufactured product sales link are affected by the combination of all the product strate-
gies. To simplify the analysis, it is assumed that the demand and cost of the first type of the 
remanufactured products in the market have been determined, and we consider the changes 
in the benefits of the remanufacturing product sales resulting from the changes in the strategy 
development of the other two products.

It is assumed that the product sales price is Pi1 = 10 . The cost of a product sold through the 
direct sales channel is ci1 = 10 − �iqi , the cost of the second channel is ci2 = 10 −

(

1 − �i
)

qi , 
and the fixed cost of selling all the products is c1 + c2 = 50 . The expected benefit function of 
the resale process can be expressed as

(4-1)E
[

Rpv
]

=

2
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[

200�2
i
− 200�i + 100

]

− 50
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After the processing, the cost changes under the different strategic decisions of the remanu-
facturing product sales link can be obtained. Figure 2 shows the change in the expected benefit 
of the remanufacturing product sales process when one product is determined, and two other 
different types of remanufactured products are sold.

Figure 2 shows that the optimal cost strategy for the remanufacturing product sales link is 
jointly determined by the different types of products. Since the sales strategy of the different 
products can be independently determined, the cost of the remanufacturing sales link is a com-
bination of the different strategies. The selling price of remanufactured products is determined 
by the actual market conditions. When the market price is stable, the sellers of remanufac-
tured products adopt various strategies to sell. These measures can be reflected in the cost of 
the product, including the price of remanufactured products purchased from remanufacturers, 
preferential prices to promote sales, etc.

Similar analysis to the process of the remanufacturing product sales can be done for the 
recycling process of the used electronic products. However, the analysis of the production 
strategy of the remanufacturing products is different, and restrictions exist among the product 
quality levels, which makes the analysis of the remanufacturing strategy, recycling strategy 
and sales strategy differently. To simplify the analysis, this article considers the existence of 
two quality levels, and the cost composition is thus jointly affected by the two different levels 
of the products. It is assumed that the income of the transferred product is certain, and the ben-
efit of the income depends on the cost. Here, Pi2 = 3,Qi = 10(i = 1, 2) , and the proportion of 
a certain product is � . In this case, the proportion of another product is (1 − �) , their costs are 
(2 − �) and (3 + �) , and the other fixed cost is C��

0

�
∑

Q
�

i

�

= 25 The expected benefit can be 
simplified as

(4-2)E[Rem] = 60 − [�(2 − �) + (1 − �)(1 + �)] ∗ 10 − 25

(4-3)c
(

�1
)

= 10�(2 − �), c
(

�2
)

= 10
(

1 − �2
)

Fig. 2  Expected benefit changes under different strategies for the remanufacturing product distributors
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This aspect indicates that the expected benefits of the remanufactured product manu-
facturers change, and the cost change curve for the production of the different types of 
products with the change in � is as shown in Fig. 3.

The cost constraint can be considered separately in the strategy formulation of the 
production process of the remanufacturing products, based on the demand for the 
remanufactured products. At this time, the price and quantity of the transferred remanu-
factured products are fixed, and the formulation of their strategy depends on the lowest 
cost. The expected benefit of the remanufacturer shows a trend of first decline and then 
rise with the cost increase of strategy �1 and the decrease of strategy �2 . When the costs 
of the two strategies are equal, the total strategy cost is the highest at this time, and 
remanufacturer’s benefit reaches the lowest value.

Under different strategy formulations, the existence of discrepancies in the quantity 
and quality of the used electronic products used to produce different types of remanu-
factured products leads to a change in the cost, thereby changing the total cost. Under 
the optimal strategy, the total cost of remanufacturing is the lowest, which is conducive 
to the realization of the optimal income benefit.

The strategy for the remanufacturing product sales phase is �∗
i
(i = 1, 2, 3) , and the 

number of products sold through the direct channels for different products is �∗
i
Qi . At 

this time, the sales of the remanufactured products not only meet the demand for the 
products in the market but also achieve the optimal benefits expected from the remanu-
facturing sales link.�∗

i
 helps realize the sales efficiency and benefits in the remanufactur-

ing sales.
The strategy of the remanufacturing stage includes �∗

1
, �∗

2
 . The formulation of this 

strategy is achieved under the influence of the product production capacity and other 
such factors. This formulation realizes the requirements of remanufacturing and reduces 
the cost of remanufacturing.

The strategy of the product recovery phase is �∗ , which means that the waste prod-
uct recycling is performed on the scale of the waste product demand based on the 

Fig. 3  Expected benefit and cost curve for a remanufactured product manufacturer
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remanufacturing production. When the number of products recycled through the direct 
recycling channel is �∗ , the cost of recycling the products can be reduced.

The strategies at different stages are individually decided; however, they are all affected 
by the demand for the remanufactured products in the market. The strategy formulation at 
different stages is based on the analysis of the cost or benefit models based on the realiza-
tion of the product demand in the market. It is worth noting that the variables �i(i = 1, 2, 3) 
and � are selected for the strategies of the remanufacturing product sales and waste product 
recycling stages because these two separate steps of the company are cost-intensive and 
may not meet the product demand goals.

4.2  Dynamic cooperative game scenario

In contrast with the static multistage electronic waste product recycling model, the multi-
period market demand forecast is considered in the dynamic cooperative game scenario. 
Therefore, the dynamic change curve of the demand for the remanufactured products 
must be considered in the dynamic scenario. To simplify the analysis, the demand for 
the two types of remanufactured products is considered, assuming that the initial demand 
is Qt = [10 + sint, 8 + cost] , and the market prices of the remanufactured products are 
P = [20, 15] , respectively. Next, the change curve of the demand for the remanufactured 
products can be simply expressed as shown in Fig. 4.

With the change of time, the demand for remanufactured products and the model 
parameter q1 basically have the same changing trends, and the changes in demand are 
more obvious and cyclical. It is assumed that the strategy for the remanufacturing pro-
cess is � ; in other words, � is the proportion of the first category of the products in all the 
used electronic products, or the proportion of such used electronic products after quality 

Fig. 4  Variation of the demand for remanufacturing products in different stages
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classification. The cost of the two different types of products can be expressed as (4 − �) 
and (3 + �) , and the cost of the remanufacturing process can be expressed as

The same analysis can be performed for the recycling of the used electronic products. 
Assuming that the recycling strategy is � , that is, � is the proportion of the quantity of 
recycled products using a certain recycling channel, the cost of the recycling link can be 
expressed as

The benefits of the remanufacturing and recycling companies can be expressed as

Assuming that t = 10 , the change in the benefits under different strategic decisions can 
be obtained, as shown in Fig. 5.

Considering different stages in period t , the benefit change curves for the recycling and 
remanufacturing companies in different periods can be obtained. As shown in Fig. 5, the 
greater the proportion of remanufacturers who produce products of the first quality level 
and adopt direct sales channels, the better the benefits of remanufacturers and recycling 
companies. With the increase of the strategy value of the sales link, the overall benefit first 
shows a slight downward trend, then rises and finally shows a straight upward trend with 
a stable slope, this is because the cost of direct sales is lower, and the decline is the result 
of the competition between the two sales methods. When the proportion of the first qual-
ity level products produced in the remanufacturing process gradually increases, the overall 

(4-4)C[Rem] = (4 − �)(1 + �)Qt+1 + (3 + �)(2 − �)Qt+1

(4-5)C[Rec] = (3 − �)�Qt+2 + (2 + �)(1 − �)Qt+2

(4-6)
E[Rem Rec]t = PQt −

[

(4 − �)(1 + �)Qt+1 + (3 + �)(2 − �)Qt+1
]

−
[

(3 − �)�Qt+2 + (3 + �)(1 − �)Qt+2
]

Fig. 5  Change in the benefits of the remanufacturing and recycling companies in the different stages of a 
strategy
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benefit shows a symmetric parabolic trend, which first decreases and then increases to the 
same as the initial value. This is because when the first quality level product is not pro-
duced, its cost is the lowest. With the increase of the production proportion of the first 
quality level product, the cost gradually reaches the highest. In the later stage, with the 
decrease of the second quality level product, the selling price gradually increases, showing 
a trend of increasing overall benefit. The efficiency of recycling enterprises and remanufac-
turing enterprises changes because of the change in the number of different products over 
time, adopting this method in a certain period of time can help achieve the benefits of the 
recycling and remanufacturing enterprises.

The optimal equilibrium strategy for the remanufactured product sales is �∗
i
(i = 1, 2, 3) . 

Under this strategy, the product sales in this period are expected to realize supply equi-
librium; however, this act has no impact on the strategy development in other stages. 
�∗
j
(i = 1, 2) is the optimal strategy for the remanufacturing phase; in contrast with the static 

case, this value is not determined by the current sales volume of the remanufactured prod-
ucts, but by the product demand of the next period. �∗ is the optimal decision of the used 
electronic product recycling strategy, which is based on the product demand after the two 
periods. The strategies of each stage work together to enhance the expected benefits of the 
remanufacturing companies and electronic wastes recycling companies.

The model can be further validated by analyzing the changes in the efficiency of the 
recycling and remanufacturing companies under different combinations of strategies. In 
particular, the model is expected to assist the recycling and remanufacturing companies 
make strategic decisions. This aspect can be realized by optimizing the cost under different 
strategies.

5  Conclusion

This paper constructs an optimized decision model of recycling strategies for used elec-
tronic products by analyzing the behavior of different participants in the closed-loop supply 
chain, and discusses the changes in the benefits of the participants under different deci-
sion combinations through the analysis of examples. It can provide a basis for the strate-
gic decision-making of used electronic product recycling and remanufacturing enterprises. 
Through analysis, it is concluded that in the demand-oriented recycling model of used 
electronic products, the strategic decisions of recycling enterprises and remanufacturing 
enterprises can improve benefits by realizing the optimal cost combinations.

Under static multi-period, with remanufactured product demand set as goal, to achieve 
the optimal cost of each link is to achieve the optimal strategy combination of participant 
in each link. However, in the dynamic cooperative game based on the demand prediction 
of multi-period remanufacturing products, the cost optimization of a certain link cannot 
meet the strategic optimization, and the benefit optimization of both recycling enterprises 
and remanufacturing enterprises can only be achieved when all cost optimizations are 
met simultaneously. The recycling process of remanufacturer sales is similar to recycling 
enterprises. The cost of making decision alone is higher and cannot meet product demand. 
When remanufacturing is limited by product quality level and production capacity, reman-
ufacturers should adopt direct sales in the sales link, because its cost is the lowest. With the 
competition of sales channels, enterprises’ income will decrease, which is because channel 
competition increases their sales cost.
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According to the model analysis, the conclusion can be drawn that under the static situ-
ation, the optimal strategy in the sales link of remanufactured products is similar to that 
in the recycling link, and the optimal cost strategy is determined by the sales of different 
products together, so the optimal strategy is the strategy combination of each product deci-
sion. However, the remanufacturing process is different, in this case, the optimal strategy 
depends on the lowest cost, which is influenced by the product quality level and determined 
by the quantity in the sales link. By contrast, in the dynamic situation, the change of multi-
phase market demand needs to be considered. The supply equilibrium can be reached in 
the sales stage without effect on the other stages. In the remanufacturing stage, the cost is 
determined by the next stage of product demand; the optimal recycling strategy is deter-
mined by the product demand after two phases. Therefore, companies and governments 
can analyze from the following three perspectives, and make strategic choices for recycling 
and remanufacturing by analyzing the trend of changes in profits as the three factors. For 
example, there are three perspectives: the selection of e-waste recycling channels, the qual-
ity level of remanufactured products, and the selection of sales channels for remanufac-
tured products. This can provide a good policy basis for the government and enterprises, 
and has important policy significance.

From the demand perspective, this paper reduces the impact of the uncertainty of recy-
cling time and recycling quantity on recycling enterprises and remanufacturing enterprises, 
and the model built in this paper is in line with the current situation and recycling require-
ments as far as possible. Future research can further optimize the strategic decision-making 
model at different stages, and at the same time connects the strategic decision-making at 
different stages to form the recycling model of used electronic products through the closed-
loop supply chain.

Appendix: Parameters setup.

Notation Definitions

C[Sale] Total cost of sales of the remanufactured products
C[Rem] Total production cost of the remanufactured product
C[Rec] Total cost for recycling the waste electronics
E[Rem&Rec] Cost of the recovery enterprise and remanufacturing enterprise in the dynamic situation
E[Sale] Expected sales benefits of the remanufactured products
E[Cons] Expected benefits for the consumer groups of the remanufactured products
E[hol] Expected benefits for the waste electronic product holders
E[Rem&Rec] Expected benefits for the recycling and remanufacturing companies
E[Sale&Hol] Expected benefits for the consumer groups of the remanufactured products and holders 

of waste electronic products
αi(i = 1, 2, 3) Proportion of products sold through the direct sales channel during the remanufactur-

ing sales process in constant market demand
�i(i = 1, 2) Cost for a remanufactured product of different quality levels produced by remanufac-

turer when the remanufactured product demand is constant
γ Proportion of the direct recycling channels adopted by the recycling companies when 

the demand for the waste electronic products is constant
1 − γ Proportion of the commissioned recycling channels adopted by the recycling compa-

nies
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Notation Definitions

C0

�
∑

Qi

�

Fixed costs for selling all the remanufactured products, including advertising and leas-
ing

C1

�
∑

Qi

�

Variable costs for selling all the remanufactured products, including discounts, cash 
and compensation, to promote sales

C2

(

�i
)

Cost to be paid to the retailer when taking commission sales; this cost is related to the 
proportion of commission

Pi(i = 1, 2, 3) Sale price of the remanufactured product
�i Conversion rate of waste electronic products to remanufactured products
�j ∈ [0, 1] The quality level of different waste electronic products
C

′

0

�
∑

Q
′

i

�

Fixed cost of remanufacturing; this cost is related to the scale of the waste products

C
′

1

�
∑

Q
′

i

�

Variable costs in the remanufacturing process; this cost consists of the production costs 
of all the different processes k of the remanufacturing process

Q
′

i
The quantity of waste electronic products required by remanufacturing enterprises 
Q

�

i
(i = 1, 2, 3) Q�

i
(i = 1, 2, 3) Q�

i
(i = 1, 2, 3)

Qi The demand forecast for different remanufactured products in the market Qi(i = 1, 2, 3) 
Qi(i = 1, 2, 3)

C
′′

0

�
∑

Q
′

i

�

Fixed cost of recycling
1

∫
0

c′′
(

�j
)

q′
(

�j
) Direct cost of recycling the product

c′′
(

�j
)

Product recycling prices at different quality levels

C
��

1
(�) Cost of adopting a commissioned recycling channel

dn
[

Qi−(t − n)
]rn e�n Changes in the product demand in the current period caused by the product sales in the 

period (t − n) , where dn , rn and �n denote the model parameters
Qi−(t − n) Number of products sold in (t − n) , n ≤ t

n Number of data periods considered to generate the predictions
F
(

Pi,Qi

)

Benefits such as satisfaction from the remanufactured consumer groups buying 
remanufactured products

G
�
∑

Q
′

i
,P

′′

i

�

Cost effectiveness of the electronics products discarded by the product owners
�∗
i
(i = 1, 2, 3) Strategies for the remanufacturing product sales phase

�∗
i
Qi Number of products sold through direct channels for different products

�∗
1
, �∗

2
Strategies in the remanufacturing phase

�∗ Strategies for product recycling
E
[

Rpv
]

Cost constraints in the resale process

amx
bm
m e�m Changes in the product demand caused by the factor (t − n) affecting the demand for 

remanufactured products,where am , bm and �m denote the model parameters
xm Value converted by qualitative or quantitative elements according to certain rules
�m Number of variables that affect the demand forecast for the remanufactured products
Pi Remanufactured product prices in the market
q′
(

�j
)

Number of used electronic products at different quality levels
Qi−(t + 2) Forecast of the remanufacturing product demand in the period (t + 2)
Q

�

i−
(t) Number of waste electronic products to be recycled in the period t
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