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DEMAND INFORMATION SHARING STRATEGIES IN THE E-WASTE
REVERSE SUPPLY CHAIN UNDER REMANUFACTURER ENCROACHMENT
RISK

XIN QU@ AND TAO ZHANG

Abstract. Based on the background of the e-waste recycling, this study extends the remanufacturer
channel invasion to a scenario in which recyclers might already have a greater grasp of recycling
market demand than remanufacturers. In the scenario of demand information asymmetry, we use the
contrasting signals game model to examine the interaction effect of recycler information distortion
on the remanufacturer’s belief criterion of recycling market scale and its response to the choice of
whether or not to exploit the online channel. Recyclers attempt to distort recycling quantity to induce
remanufacturers to make incorrect judgments about the recycling market scale and determine incorrect
recycling prices. The discrepancy in recycling prices is then profited by recyclers. The study discovered
that expanding online channels in a small market would result in costly signal behaviors by recyclers,
such as downward distortion of the actual recycling quantity. This downward information distortion
exacerbates the dual marginalization. In contrast to the “win—win” situation found in the online channel
under information symmetry, the invasion of an online channel under information asymmetry may result
in “double losses”. Then we investigate the impact of other practical factors on channel expansion and
information-sharing strategy. These conclusions can improve the efficiency of e-waste recycling and
promote the process of waste recycling.
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1. INTRODUCTION

The development of the Internet and e-commerce has greatly facilitated the rise of online transactions and
rapidly transformed consumer buying habits [1]. An increasing number of consumers consider online channels
as an important option for shopping or returning goods, and even prefer them over offline channels [2]. In the
supply chain of retail, this combined online and offline channel distribution has gradually formed a system.
In the electronic waste recycling supply chain, the trend of online transactions is also gradually emerging
[3]. The concept of a dual-channel supply chain was proposed for the first time in the Journal of Marketing
Science. The authors found that the combination of online and offline sales obviously promotes market sales [4].
With the development of internet technology, there have been significant changes in the ways of product sales,
consumption, and recycling, making online channels an increasingly influential force that cannot be ignored [5].
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Currently, the rapid growth of socio-economic and electronic technologies has led people to use electronic and
electrical devices more extensively. With the increasing demand for electronic products, more frequent updates
and upgrades are inevitable, resulting in a growing number of discarded electronic and electrical equipment. The
speed of recycling and disposal cannot keep up with the pace of electronic waste generation, and the accumulated
electronic waste is also known as e-waste [6]. In April 2024, the China Association for Circular Economy reported
that the average life of a mobile phone is currently about 2.2 years, resulting in over 400 million waste mobile
phones annually and a stock of over 2 billion waste phones in China, with around 54.2% of discarded phones
being retained by consumers while only about 5% are processed through professional recycling platforms, “old
for new” activities, or other recycling channels'. This waste stream is becoming a significant source of pollution.
The majority of discarded electronic and electrical equipment has yet to enter conventional recycling channels
for recovery and reuse [7]. In recent years, as environmental issues caused by electronic waste worsen, considering
the context of circular economy, low-carbon economy, and sustainable development, more attention has been
paid to reverse channels [8].

The recycling and reuse of waste is an important approach to address the contradiction between economic
development and resource scarcity. More and more companies are starting to realize that the recycling of used
products can significantly reduce manufacturing costs and improve business efficiency [9]. For example, in the
fiscal year 2008/2009, Fuji Xerox remanufactured about 230000 equipment components in Australia alone,
saving $6 million in raw material costs [10]. In 2011, remanufacturing totaled two percent of total goods sales
in the US [11]. Since then, the government has tried continuously to promote remanufacturing [12]. The Volvo
Group sold remanufactured items worth $1.017 billion in 2016 only [13]. There are also companies such as Philips,
Chrysler, Xerox, and Kodak that have established their own reverse recycling networks and systems, actively
engaging in waste collection and remanufacturing activities. The resource utilization of waste is gradually
playing an important role in achieving sustainable development in the economic-environment-resource nexus
[14]. However, the urgent challenge facing the current development of this sustainable industry is how to design
effective reverse recycling channels to improve the efficiency of waste resource utilization.

Internet platforms can effectively improve the convenience and transparency of transactions in the recycling
process of waste products [15], and they play a crucial role in accelerating the compliant recycling and disposal of
e-waste. The widespread use of Internet technology in the supply chain has given rise to a new recycling model.
The development of online recycling channels is a process in which recycling firms, remanufacturers, consumers,
and other participants use Internet technology to conduct a series of transactions for waste [5]. Some companies
acting as recyclable dealers previously collected e-wastes in the traditional recycling channel, such as Shanghai
New Jin-qiao Environmental Protection Company Limited and Chang Hong Green Group Company Limited,
and they have begun to collect e-wastes by utilizing an online recycling channel. These companies’ recycling
programs create a new pattern for the effective utilization of resources and environmental sustainability [7].

The dual-channel recycling model can provide more possibilities for the development of the reverse supply
chain, but it also brings about some channel conflicts. On the one hand, the opening of online recycling channels
brings competitive pressure to traditional recyclers. In the process of channel integration, remanufacturers and
recyclers are no longer purely upstream and downstream, but also constitute horizontal competition, which
inevitably leads to channel conflicts. On the other hand, the online recycling channel provides a new way for
remanufacturers to obtain waste, enabling them to face consumers more directly. However, relying on online
recycling channels alone, remanufacturers are unable to understand the individual needs of each consumer as
directly as offline recyclers do, and need to speculate on the recycling market demand through the number of
items recycled by offline recyclers, which causes asymmetric information on recycling demand between recyclers
and remanufacturers. The conflict of interest under the asymmetry of recycling demand information makes
it possible for recyclers to distort the recycling quantity for their own interests, pass false recycling demand
information to remanufacturers, and induce remanufacturers to make wrong bulk recycling price decisions. The
higher bulk recovery price may bring more profit to the recycler than the loss of profit caused by the reduction of

IData from the Chinese association of circular economy (https://www.chinacace.org/news/fieldsview?id=15448).
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recycling quantity, and the recycler will profit from it. Considering the distortion of deliverables by the recycler,
the remanufacturer adjusts its beliefs about the recycler’s recycling volume according to the recycler’s recycling
volume, which constitutes a signaling game between the recycler and the remanufacturer.

Most of the existing studies focus on forward or single-channel supply chains, and most of the studies on
reverse supply chains assume symmetric information between remanufacturers and recyclers. Few studies have
dealt with dual-channel reverse supply chain decision-making under asymmetric information. However, in real
life, the information between remanufacturers and recyclers is often asymmetric [16]. Unlike previous studies, this
study additionally considers the effects of the e-waste recycling rate and the remanufacturing pollution emission
reduction cost coefficients on the profits of the remanufacturers and recyclers, which are seldom involved in the
previous models at the same time. Based on the industrial practices and available literature, the motivation for
the current paper is as follows.

This study confronts the status quo of information asymmetry in recycling demand and effectively resolves
channel conflicts due to information asymmetry and the intrusion of online channels in order to better utilize
the positive effects of online recycling channels and improve the efficiency of waste recycling and resourcing.
This paper aims to address the following research questions:

(1) How does information on recycling market demand affect remanufacturers’ judgments about market scale?
And how does a remanufacturer’s judgment of the recycling market affect whether or not to develop online
recycling channels?

(2) How does a recycler’s distortion of recycling quantities when sharing information affect the profit of both
the recycler and the remanufacturer? What factors interfere with this process?

(3) How do practical parameters such as recycling market share, recycling reutilization rate, and low pollution
remanufacturing cost factor affect the profitability of the two firms and the decision to explore new channels?

The rest of this article is structured as follows: Section 2 reviews the literature; Section 3 addresses problem
formulation; Section 4 provides mathematical modeling of the proposed reverse supply chain; and Section 5
depicts a numerical experiment and provides sensitivity analysis for various parameters. Section 6 concludes the
work and provides management insights and future extensions.

2. LITERATURE REVIEW

A careful review of the recent literature reveals that this study is related to three literature streams and
enriches and improves these three literature streams. Current research deals with dual-channel supply chains,
information asymmetry, and reverse supply chains, respectively. This section compiles and summarize the liter-
ature on these three categories, and finds that research on dual-channel reverse supply chains in the asymmetric
information context can be further deepened.

Most of the studies focus on forward supply chains, based on which scholars have examined the impact
of many factors on dual-channel recycling supply chains and analyzed them using various methods such as
Stackelberg or Bertrand games. In the research related to forward supply chain, fewer studies involve dual-
channel supply chain. The establishment of online channels will inevitably increase market competition and
thus generate conflicts with traditional recycling channels, so the first step to be taken in the study of dual-
channel supply chains is to choose an appropriate channel structure. Regardless of the structure, pricing is an
important issue in dual-channel supply chain management. All relevant partners in the supply chain need to
set reasonable prices under the goal of profit maximization, and at the same time, minimize channel conflicts
through reasonable concessions, profit sharing and cost sharing to maintain the continuity and stability of
the supply chain. The main influencing factors affecting decision-making on price are market demand, channel
preference, environmental protection preference, price sensitivity, market share, and personalized requirements.
The complexity of dual-channel supply chain structure has attracted the attention of many scholars.

In dual-channel supply chain decision-making, many researchers have researched different recycling-channel
choice strategies on recycling price [17,18]. Chuang et al. [19] studied and compared three types of reverse
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channel structures to provide the theoretical basis for manufacturers by comparing three different circum-
stances. Jena et al. [20] studied price competition and coordination strategies in different situations for a
closed-loop supply chain. Liu et al. [21] pioneered a study on both online and offline channels to investigate
the optimal price acquisition strategy for dual channels. Likewise, some papers [22,23] explored a multi-echelon
closed-loop supply chain and investigated the problem of coordination mechanisms. Xiong and Yan [24] sug-
gested that the sale of remanufactured goods is influenced by a channel’s structure. In addition, some papers
[25-27] studied the influence of various factors in a closed-loop supply chain. Zou [28] further emphasized that
environmental friendliness and convenient and safe recycling services are significant characteristics of an online
recycling channel. Studies with respect to dual-channel reverse supply chains, most scholars focus on channel
selection and contract coordination. Some scholars [29] found that the dual recycling channel has an advantage
over single recycling channels in promoting the recovery of waste products and improving recovery efficiencies.
Wu [30] found that income cost-sharing contracts, income-sharing contracts, cost-sharing contracts, and other
contracts can effectively reduce efficiency loss and achieve supply-chain coordination.

The recycling price of online recycling channels is generally higher than that of offline channels. The main
reason is that, on the one hand, recycling enterprises in online channels directly deal with consumers so as
to avoid a situation in which offline recyclers earn the intermediate price difference. On the other hand, the
recycling center can scientifically price the electronic waste products based on equipment conditions, such as
the use time, standby status, and wear degree, reducing the occurrence of excessive prices in offline channels
[31]. Zhang et al. [32] studied the impact of consumers’ environmental protection preferences and retailers’ fair
preferences on enterprise pricing decisions for a supply chain, including the examination of one manufacturer and
one retailer. Luo et al. [25] studied carbon tax policies in hybrid manufacturing—remanufacturing systems. Their
results show that carbon tax discourages remanufacturing in hybrid systems, and may decrease environmental
performance for products with low carbon savings during remanufacturing. Research on low-carbon supply chain
focused on the importance of emissions reduction and the relationship between emissions and remanufacturing.

Most studies on reverse supply chains also assume symmetric information between remanufacturers and
recyclers, and most of them focus on closed-loop supply chains, with few scholars studying reverse supply chains
separately. In order to eliminate the profit loss caused by decentralized decision-making in a closed-loop supply
chain system, Yuan et al. [3] used optimization analysis and game theory to analyze the necessary conditions for
manufacturers, retailers and third-party online recyclers to achieve coordination of interests under equilibrium
conditions. Chen et al. [33] studied the pricing strategy of closed-loop supply chains in which retailers are
responsible for recycling processes and manufacturers are responsible for remanufacturing processes. Wang et al.
[34] constructed an evolutionary game model including government, recyclers, and consumers, and analyzed the
behavior evolution trajectory of participants in the e-waste recycling system. Most of these papers focus only on
traditional recycling channels within a single recycling channel, and do not focus on mixed reverse dual-channel
supply chains. We mainly examine the mixed recycling channel issue. In addition, the coordination of reverse
supply chains, as an important emerging topic, has attracted explorations from different perspectives. Under this
research category, some scholars [35] have further extended the issues of price competition and reverse channel
selection by retailers. The reuse rate of recyclables is an important indicator for the waste resourcing process,
which can significantly affect the process efficiency, but it has hardly been mentioned in previous studies. This
study bridges the gap by adding the reuse rate of recyclables to the reverse supply chain model to analyze its
impact on supply chain margins.

In an uncertain environment, the lack of intensive co-operation among supply chain members will lead to
inefficiencies in the supply chain. For example, the bullwhip effect is a typical phenomenon, which refers to
the fact that due to the uncertainty of market demand and the asymmetry of information, the downstream
enterprises of the supply chain constantly distort and amplify the market demand to the upstream enterprises,
resulting in the chaos of the product from supply, production, to the final sales segment, and thus the supply
chain performance is often low. And demand information sharing is one of the effective methods to promote
the co-operation of supply chain members, weaken the bullwhip effect, and achieve supply chain performance
improvement. At present, scholars have paid attention to the diverse management problems faced by different
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enterprises in different industries under information asymmetry, and studied that the decision of supply chain
affiliates to carry out information sharing is affected by a variety of factors. In the research on supply chain
information sharing, some studies [36] have introduced retailers’ personality information sharing into the model
and demonstrated the importance of personality information sharing in the wholesale price contract of supply
chain system. And some scholars [37] have studied the incentive mechanism for information sharing in dual-
channel agricultural supply chains to provide new ideas for effective mobilization of information sharing. It has
been suggested that information sharing, supply chain visibility, synergy and agility together have important
direct and indirect impacts on supply chain performance, leading to better profitability, competitiveness and
flexibility, and reveals the importance of the need for information sharing in improving supply chain performance
[38].

Some scholars [39] focus on modeling the competition between two supply chains and discuss the impact of
different operational management factors, such as supply chain competitive structure and information accuracy,
on the sharing of demand information within the supply chain. A study [40] considers a situation where multiple
retailers order from a single supplier and each retailer has private demand information, but one retailer has more
accurate demand information than the others. The study concluded that such a competitive structure is prone
to information leakage, which leads to retailers’ reluctance to cooperate with suppliers for information sharing.
Based on this, contractual schemes such as repurchase contracts and profit sharing contracts are designed to
facilitate information sharing between suppliers and retailers in the supply chain on the one hand, and to
prevent information leakage among retailers on the other hand [41]. When upstream manufacturers are at a
demand information disadvantage, it has also been found that their time advantage can be utilized for strategic
implementation [42]. Some scholars [43] have investigated the effect of incentives for suppliers to share demand
information and performance evaluation as well as the impact of various parameters on the incentive effect of
the supply chain in the exploration of the value of information sharing in a two-level supply chain, but it only
involves aspects such as the measurement of the effect of sharing incentives and the impact of factors, and
there are fewer studies of the specific value of information sharing and the impression of conceptual stocks. The
current demand information has an important role in arranging the corresponding production and operation
activities for each subject of the reverse supply chain, but the optimization of this demand information sharing
related paths and decision-making is often neglected in the current research on reverse supply chain, and the
current research involves less, and the role it plays and how it is considered in the perspective of all parties, and
what kind of added value and problems it will bring to the reverse supply chain deserve to be It is worthwhile
to further explore.

The current research seldom involves the dual-channel reverse supply chain decision-making research under
the information asymmetry situation at the same time. However, in fact, in real life, the information between
remanufacturers and recyclers is often asymmetric. In this study, we consider the changes in the decision-
making of enterprises in a dual-channel reverse supply chain under information asymmetry, and take the reuse
rate of waste recycling and the pollution emission cost coefficient of the remanufacturing process as well as the
share of recycling market channels into account in the model, and analyze the impacts of the changes in these
influencing factors on the profits of the remanufacturer and the recycler, so as to put forward the dual-channel
reverse supply chain management strategy that better meets the real-world scenario to improve the efficiency
of e-waste recycling.

3. THE MODEL DESCRIPTION

3.1. Model background

In this paper, we study the signaling game problem of a dual-channel reverse supply chain in which a
remanufacturer that expands its online direct recycling channel and a traditional offline recycler compete and
cooperate with each other under the condition of asymmetric demand information. The following assumptions
are made.
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(1)
(2)

3)

(6)

Remanufacturers estimate the scale of the
recycling market and forecast the quantity
of products that might be recycled online.

L I R
| i |

Remanufacturers offer bulk
recycling prices to recyclers.

Recyclers predict the true scale of the recycling The realization of recycling prices,
market and then provide remanufacturers with orders quantities and corresponding profits
for the amount of recycling that can be delivered. for each enterprise.

FIGURE 1. Description of the game process.

The recycling quantity is a linear function of the recycling price, and the total share of the recycling market
represents the quantity of waste products voluntarily provided by consumers when the recycling price is 0.
Recyclers are closer to consumers involved in recycling than remanufacturers, and are able to grasp more
information about the recycling market, and can more accurately predict the scale of the recycling market,
which is the signal sender in the signaling game.

Remanufacturers cannot observe the market directly, but can predict the demand and scale of the recycling
market through the recycling quantities provided by recyclers. The remanufacturer has no other ways of
obtaining market information except the recycling quantity from the recycler, that is, the remanufacturer
is the signal receiver in the signaling game.

To facilitate the calculations, this paper assumes that the other costs of the remanufacturer and the recovery
costs of the recycler are fixed and set to 0. However, the remanufacturer incurs an additional environmen-
tal cost as a result of the low-pollution treatment process. The environmental costs are affected by the
expenses they put into the low-pollution technology. Assume that C(, ) = k%? is the cost function of the
remanufacturer’s low-pollution operations, e denotes the pollution emission reduction level of low-pollution
treatment and remanufactured products, and k is the cost coefficient of pollution emission reduction tech-
nology investment (k > 0). It is assumed that the remanufacturer needs to pay an additional online platform
construction and recycling cost ¢ when directly undertaking online recycling.

The uncertainty of demand in the recycling market will exist in two scenarios, namely, a large market size
and a small market size. It is assumed that a remanufacturer can generate 7 units of secondary marketable
products per unit of recovered waste through processing and remanufacturing, and the reuse rate is 7.
The remanufacturers and recyclers are perfectly rational and pursue the maximization of their own interests.
Consumers who participate in recycling are rational and have the tendency to implement environmentally
friendly behaviors, and are willing to pay a corresponding price for low-pollution behaviors.

In addition, the decision-making procedure of the model is explained. First, the remanufacturer provides
the bulk recycling price w to the recycler, who predicts the real recycling market scale (ar, or ag), and after
that provides the remanufacturer with a recycling quantity order Qg that can be delivered, that is, sends a
signal. After receiving the signal, the remanufacturer determines the recycling market size and predicts Qp
units of product that can potentially be recycled through the online platform, and allocates management and
operational resources related to online recycling based on that recycling quantity, as shown in Figure 1.

3.2. Model parameters

Description of parameter symbols:

a;

1

The size of the recycling market, which represents the amount of waste voluntarily provided by consumers
when the price of recycling is zero. i represents the type of “natural” choice in the signaling game.
1€ {H,L}, ag > ap > 0.

Expectation of recovery market scale a;. u = Aag + (1 — Nar,.
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Variance of recovery market scale a;. 02 = Aag — p)* + (1 — N)(ag — p)°.

Probability that the recycling market scale is a .

Potential recycling market share of online recycling channels. 0 < § < 1.

The competition level between offline recycling channels and online recycling channels, the competition

degree can also be referred to as the degree of substitution, with larger values indicating more intense

competition between the two recycling channels. Since the sensitivity coefficient of consumers to recycling
prices is set to 1 in the assumptions, and considering that the recycling prices paid by recyclers themselves
for waste electronics have a greater impact on their recycling quantities compared to the recycling prices

of their competitors. 0 < v < 1.

PR The price paid by offline recyclers to acquire wastes from consumers.

py The price paid by the remanufacturer in online channel to acquire wastes from consumers.

w Bulk recycling prices when remanufacturers obtain e-waste through offline recyclers. Let w > pjys, oth-
erwise the offline recyclers will sell their recyclables directly through the online recycling channels of the
remanufacturers in bulk, and the market will become chaotic; let w > pg, that is, the recycler’s recycling
price from the remanufacturer is higher than the recycler’s recycling price from the consumer, otherwise
the recycler will not be profitable.

c Additional outlay costs (per unit) for remanufacturers to set up online platforms for recycling.

Cle,,) Cost function of technology inputs (per unit) by the remanufacturer for the purpose of low pollution

= > > Q

operations. Ci,, ) = % e denotes the level of pollution reduction for low-pollution treatment and
remanufactured products, and k is the technology input cost coefficient for pollution reduction (k > 0).

b Environmental preferences of consumers participating in recycling. 0 < b < 1.
Reutilization rate of recovered waste. The remanufacturer can produce 7 unit of remanufactured product
by processing and remanufacturing each unit of waste product.

\%4 Profit per unit of product acquired by the remanufacturer through disposal-remanufacture-sale. The
amount of saleable product R obtained through remanufacturing is a fraction of the amount of recycled

waste Q. R=nxQ =nx* (qr + qm)-

4. EQUILIBRIUM ANALYSIS

4.1. No online recycling channel (M1)

In order to better analyze and compare the impact of online recycling channels operated by remanufacturers
on the recycling supply chain, the study first analyzes the scenario in which remanufacturers obtain e-waste
only through traditional channels of direct recycling. It should be noted that all models, with or without online
direct recycling channels, are based on the scenario of asymmetric recycling demand information, that is, the
recycler has the demand information of the recycling market, and the remanufacturer only knows the type and
probability distribution of the recycling market size, but not the real recycling market size.

The recycling quantity function of the offline recycler can be expressed as qg = a; + pr + be. The profit
function of the offline recycler is 1g = (w — pr)gr. The profit function of the remanufacturer is 7y = VR —
wqr — Ce,)qr = Vnqr — wqr — C(c,,)qr- In model M1, all members aim to maximize their respective profits,
and the decision problem can be equated to solving the following planning problem.

Max may = (Vn—w —C,))(a; + pr + be) (1)
MaX TR = (w— pgr)(a; + pr + be). (2)
R
Proposition 1. In the case of information asymmetry, when the remanufacturer does mot open up online

recycling channels, the operation strateqy and profit expectation of the reverse supply chain members are w*,
pr*, m1* and mp* respectively, shown in appendix.
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4.2. With online recycling channels (M2)

The establishment of network recycling channels has, on the one hand, brought competitive pressure to
traditional offline recyclers. In the process of channel integration, remanufacturers and offline recyclers are no
longer purely upstream and downstream, but also constitute horizontal competition, which inevitably leads to
recycling channel conflicts. On the other hand, remanufacturers are provided with a new channel for obtaining
recyclables that can be utilized, so that they can face consumers who participate in recycling more directly.
However, remanufacturers can only rely on online recycling channels to passively accept recycling orders that
have already taken place, and are unable to get to know the direct recycling and remanufacturing needs of
consumers involved in recycling and the actual scale of the recycling market like offline recyclers who visit the
streets and alleys. At this point, the remanufacturer can only speculate the recycling market demand through
the recyclables quantity contract issued by the offline recycler, which results in asymmetric demand information
between the recycler and the remanufacturer. The conflict of benefits under the asymmetric demand information
makes it possible for the offline recycler to distort the recycling quantity for its own benefit by delivering false
recycling information to the remanufacturer, which induces the remanufacturer to make a wrong bulk recycling
price decision w. And the growth of w is likely to bring more profit to recyclers than the loss of profit from the
reduction of recycling quantity, from which recyclers will profit. Considering the recycler’s behavior of distorting
the recycling volume, the remanufacturer then continuously adjusts the belief criterion about the recycler’s
recycling quantity based on the amount of recyclable waste provided by the recycler, that is, a signaling game
is constituted between the offline recycler and the remanufacturer.

Recyclers as signaling agents can adopt either a separation strategy or a mixing strategy. When the recycler
adopts a segregation strategy, for different market scales, the recycler will sign contracts for different quantities
of recycled products, reflecting the corresponding market scale; when the recycler adopts a pooling strategy, for
different recycling market scales, the recycler will sign the same contract with the same quantities of recycled
products, which is equivalent to not providing the recycling demand information to the remanufacturer. The
former outcome is called a separating equilibrium, while the latter is called a pooling equilibrium. Typically,
such signaling games may have multiple equilibrium depending on the belief norms of the players. However,
this obstacle can be overcome by using the institution criterion, which is a classical equilibrium improvement
developed by Cho and Kreps [16]. It can be shown that the mixed equilibrium cannot survive the intuitive
criterion in our model, so this study focuses directly on the separated equilibrium. That is, all formulas and
analyses given below are based on the assumption that remanufacturers can perfectly infer the recycling market
scale (not necessarily the true market scale) from the quantity of orders from recyclers.

4.2.1. Demand function

The recycling demand functions for the traditional offline recycling channel and the remanufacturer’s online
channel are as follows.

Offline channel: gg = (1 — 0)a; + pr — Ypar + be (3)
Online channel: qp; = fa; + par — YPr + be. (4)

The inverse demand function:

_qr+yqu 1 —0+~0 be(1+ )
R =

1—792 1—7~2 ¢ 1—72 (5)
Yrtau y—=10+0  be(l+7)

= — T N 6

bu 1—~2 1—~2 ° 1—~2 (6)

The profit functions for offline recyclers and remanufacturers are as follows.

Tr = (W — PR)qR (7)
iy = VR —wqr — pruam — Cle,)(qr + anr) — cqnr- (8)
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4.2.2. Recycling quantity decisions provided by recyclers to remanufacturers

First, the belief criterion of the remanufacturer is constructed. a;(,,) denotes the presumed recycling market
size after the remanufacturer receives orders for the quantity of recycled waste from offline recyclers. In general,
when the true recycling market size is relatively small, the amount of waste offered by recyclers to remanufac-
turers will be smaller than if there were a large market size. Therefore, this paper sets that for a given bulk
recycling price w, there exists a threshold gr(w) such that the following equation holds.

H otherwise
; - 9
i(an) {L if qr < qr(w). 9)

If gr < Gr(w) in the recycler’s recycling quantity contract, the remanufacturer will consider the recycling
market to be small, and vice versa. After confirming the recycling quantity order qr offered by the recycler, the
remanufacturer decides the optimal amount of waste to be recycled through the online channel.

Profit of online channels:

Yqr+qu | Y0 +0 be(1+ 1)
quf:;X[VUQM — pmqm — cqu] — rrqlg]XKVn T2 12 Wt ¢)uw (10)
(V=) (1 =22) + (v =70 + 0)a; + be(1+7) — vqg
qm = D) : (11)

Given the remanufacturer’s belief criteria and possible options for action, a recycler who truly knows the size
of the recycling market would need to solve for the following equation.

qr+yqm | 1—0+~0 be(1+ 1)
n;gx[(w—pmqaﬂ;gx[(w— Lt L D . (12)

qr(w,a;) indicates the optimal solution of the above equation. Notice that for a given order quantity, the
recycler would be better off if the remanufacturer believed the market size were small than if she believed it
were large. Thus, the recycler may purposely order a lower quantity to induce the remanufacturer to believe
the market size is small. The remanufacturer will adjust gr(w) taking the recycler’s incentive into account. To
solve this problem, we define the following equilibrium concept.

Definition 1. In this reverse supply chain, given any wholesale price w, a perfect Bayesian separating equilib-
rium is reached if @y (w,a,)) = @i for each market size a;, i € {H, L}; that is, there exists a gr(w) such that
qr(w,ap) > qr(w) while ggr(w,ar) < gr(w).

To facilitate the characterization of the equilibrium, we define the following functions V;;(gr) as the recycler’s
profit function. When the true recycling market scale is a;, the remanufacturer speculates that the market scale
is a; based on the received recycling quantity signal from the recycler.

qr+vqm 1 —0+~0 be(1 4 7) .
Vij(QR):|:<w_ =2 [z %t IR Vi, je{H, L}
_[(w (Vn—c)y  2be—bey 1-0+0 (v—ww)wj) (2 - 1) qr?
I , R Gl T

2 2(1—7) -2 7T 20— 2(1—12)

| o

Considering the complexity of the equation, it is brought to the numerical value for analysis. Parameters are
set to: 0 =03,v=04, A=03,ag=3,ar =1, w=1,n=08,06=06,e=1,V =3, c=1.6. Lemma 1 can
be derived from Figure 2.
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FIGURE 2. Recyclers’ profit and thresholds §p(w) under different market scales.

Lemma 1. When the recycling market is large, recyclers will profit more if they distort the quantities recycled
to convince the remanufacturer that the recycling market is smaller. Therefore, the recycler will deliberately
contract for lower quantities of recyclables to be delivered to the remanufacturer, inducing the remanufacturer
to believe that the recycling market is smaller, causing the remanufacturer to raise the bulk price of recycling,
w. It is likely that the gains from higher w will outweigh the loss of profit from lower recycling quantities, and
that the recycler will profit from the increase in operating efficiency. For this reason, the remanufacturer takes
into account the incentive to distort the recycling volume downward and adjusts the belief criterion qr(w).

First, assume that the remanufacturer is able to observe the market demand for recycling and thus accurately
estimate the size of the market, that is, a;(4(w,a,)) = @i- Thus, gr(w,a;) is solved for the case of information
disclosure. The study will be conducted based on this to solve for the threshold of the recycling price when the
recycler distorts the recycling quantity downward and the threshold of the quantity of deliverable recycling that
the recycler provides to the remanufacturer, as shown in Figure 2.

Lemma 2. The function V;;(qr) is convex function in qr for any i, je{H, L}, and there is a unique mazimizer
of Vii(qr); that is,

ar = dp (", ;)
2w — (Vi — 1—~2 2be — b 1 2—20 0 — 2 20)a;
:( w ( 77 C)V)( 7)+( € 67)( +’7)+( +’7 7 +Py )ai’ fOI‘eaCh'I:E{H,L}.
2(2-7?)

If the remanufacturer is also able to observe the recycling market demand or is informed of the recycling
market demand through information sharing so as to accurately estimate the scale of the recycling market
(@j(qr(w*,a:)) = @), for the recycling market scale a;, the amount of recycling offered by the recycler to the
remanufacturer is q% (w*, a;). But when this information is not available to the remanufacturer, the recycler has
an incentive to distort the recycling quantity by selling the remanufacturer a quantity of recyclables smaller than
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FIGURE 3. Information distortion trade-off process analysis.

qr(w,a;). In addition, in order for the offline recycling channel to recycle more than zero, the remanufacturer’s
bulk recycling price should meet the following conditions.

(Vn—c)y  (2be —bey)(1 +7) + (2 —20 +~6 — 2+ 729)%-'
2 2(1-~?)

w >

Proposition 2. There is a critical value of W (in appendiz), at which point there will be no incentive for the
recyclers to induce them to think the recycling market is small (the recyclers will not induce them to think the
recycling market is large when the market is large).

(1) If 2ar,(1 — 0 — v* ++%0) — 2ay (1 + 0 —~v0) + 1 > 0, the recycler will not distort the recovery amount when
w < w. Conversely, if w > w, recyclers observe that when the recycling market is large, recyclers may
downward distort the amount of recycling delivered to re-manufacturers.

(2) If 2ar(1 — 0 — 42 +~%0) —2ag (140 —40) + 1 < 0, the recycler will not distort the recovery amount when
w > w. Conversely, if w < w, the recyclers observe that when the recycling market is large, the recyclers
may downward distort the amount of recovery that can be delivered to the remanufacturers. (The case of
2ar,(1 =0 — 4% +~20) —2ap(1+ 6 —~v0) + 1 = 0 is not considered.)

The significance of w is that if the recycler provides q,s%l(w*,aL) when the market size is large, then the
distortion of the deliverable recovery volume is unprofitable for the recycler when the recovery price is within
the corresponding value range. That is, if Vi (¢35 (w*,ar)) < Vau(¢F(w*,an)), for recyclers, the distorted
recovery does not bring more profit.

In order to achieve separation equilibrium, recyclers observed the recycling market size, may twist downward
recovery, makes the manufacturer believe that the size of the recycling market is small, there is a critical value,
when the recycling market scale, recyclers delivered to the manufacturer of recycling quantity can twist down
to the critical value, makes the manufacturer think recycling market size is small, and profitable. If the amount
of recovery delivered is less than this critical value, the distortion of information will hurt its profit. Thus, there
is a critical value of g (w), such that Vir,(Gr(w,ar)) < Vau (3 (w, an)).

Consider that the recyclers will choose to distort the information only if the benefit is greater than the
non-distorted information. Combined with Figure 3 analysis, only when the actual recycling market is large,
recyclers choose to provide a smaller amount of recycling to remanufacturers to mislead the judgment that the
recycling market is small.
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Proposition 3. The critical value of the recycler distortion information is gg(w) (in appendiz), and the trade-
off process only exists when qr < qro = q%l(w,ag). Based on this threshold, you can conclude that:

qr(w) = Gr(w), Var(qr(w,ar)) = Vau (63 (w, an));
qr(w) < qr(w), Var(qr(w,ar)) < Van (qf (w,an));
Gr(w) < qr(w) < qr(w,an), Var(gr(w,ar)) > Vi (6§ (w, an)).

In addition, at w =W, qp(w) = ¢3H(w,ar); at w > W, Gg(w) > ¢ (w,ar); at w < W, Gg(w) < ¢ (w,ar).

For manufacturers, in order not to be misled by the recycler signal, belief criterion gr(w) cannot be greater
than §p(w). Otherwise, when the recycler observed large recycling market size, can be delivered to the manu-
facturer less than ¢3l(w,ay) but greater than the number of Gz(w), so that the manufacturer think recycling
market size is small. The resulting recycling amount of the online direct recycling channel will be smaller than
the demand of the recycling market for the online recycling channel, and the remanufacturer will therefore
increase the recycling price paid to consumers, and the recyclers will profit. Therefore, we can conclude as
follows:

Lemma 3. The signal game can reach equilibrium, when the amount of recovery given to the remanufacturer
18

(w,ag) i=H

qr(w) i= L.

QR(UMM) = {

dr(w) = min{¢¥(w,ar),gr(w)}. The recycling quantity of the remanufacturer is: qn(w,a;) =
(Vn=c)(1=4*)+(y=70+0)a;+be(1+) —vqr
5 :

For any given bulk recycling price and any recycling market size, if, then there exists a;(q,(w=,a,)) = @i such
that gr(w,an) > qr(w), and gr(w,ar) < qr(w), at which point the signaling game will reach a separating
equilibrium.

When the signaling game reaches a separating equilibrium, the recycler’s recycling quantity to the reman-
ufacturer when the recycling market size is large is qls%l(w, ar,). This is consistent with the recycling quantity
when the remanufacturer also has access to information and observes the market scale. This implies that when
the recycling market is large, the recycler has no incentive to distort the recycling quantity downward, even if
it has private information. However, when the recycling market is small, the distortion of recycling quantities
under asymmetric demand information will emerge. It follows from the above that when w > W, qgr(w,ar) =
gr(w) = min{gy} (w,ar),gr(w)} = ¢¥ (w,ar); when w < W, gr(w,ar) = Gr(w) = gr(w) < ¢¥(w,ar). When
w < w and the recycling market scale is small, under information asymmetry, the recycler will offer the reman-
ufacturer a smaller recycling quantity than it would if the remanufacturer also had access to information to
observe the recycling market scale. This equilibrium result occurs mainly because the remanufacturer adjusts
its belief criterion to take into account the recycler’s incentive to distort the quantity of recycling downward.
Thus, in any case, when the game reaches equilibrium, the remanufacturer is always correctly informed about
the recycling market scale.

4.2.8. Bulk recycling price decisions for remanufacturers

In addition to adjusting their belief criteria to correctly perceive the scale of the recycling market, remanu-
facturers need to make decisions about the bulk recycling price for recovering e-waste from recyclers in order
to maximize profit. Typically, when the recycling market size is large, the remanufacturer has a motivation to
establish an online recycling channel regardless of the recycling cost of the direct online recycling channel, and
at the same time, the recycler’s recycling quantity is greater than zero. However, when the size of the recycling
market is small, if the cost of the online channel is very low, the remanufacturer will be more inclined to obtain
waste through the online channel. In this case, the bulk price paid by the remanufacturer for obtaining waste
offline through the recycler will be lower, thus making it unprofitable for the recycler. On the contrary, if the
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recycling cost of the online recycling channel is very high, the remanufacturer will prefer to obtain the usable
waste through the offline recycler. In this section, we will assume that the other parameters are fixed and focus
on analyzing the impact of the cost ¢ of the online direct recycling channel of the remanufacturer on the offline
bulk recycling price w.

The expected profit of the remanufacturer is mps(w) in the appendix. First, we discuss the case where the

quantity recovered is greater than zero for both online and offline recycling channels. The recycler does not distort
the recycled quantity when w < . At this point, the recycler’s recycling quantity satisfies gr(w, a;) = g3 (w, a;).
733 (w) indicates the expected profit of the remanufacturer in the absence of information distortion. When
w > w, the recycler distorts the recycling quantity downward to distort the recycling demand information
when the recycling market is small. At this point, the recycling quantity delivered by the recycler to the
remanufacturer satisfies qr(w, ay) = ¢ (w,an), qr(w,ar) = Gr(w,ar). 757 (w) (ID: information distortion)
indicates the expected profit when information is distorted. When the recycling quantity of this recycling
supply chain is greater than zero, the optimal bulk recycling price is determined by the two equations W%S (w)
and 71 (w) together, and the optimal wholesale price wNS" can be obtained. The specific calculation process is
shown in the appendix.
In this case, there may be a w'®"¢(0, W), making % = 0. 7\ (w) and 71 (w) may reach equilibrium to
obtain the optimal solution, or may have no optimal solution, but can achieve the maximum value in the range
of values. In order to compare the profit states and preferred choices of the remanufacturer in different scenarios
with and without information distortion, and to determine the possible combinations of decision states, this
paper analyzes and derives Proposition 4. In the following section, we will also verify that there is only one
optimal solution through numerical experiments.

Proposition 4. In the case where two profit functions m\F (w) and 72 (w) have an optimal solution (considering

the case where T2 (w) only has an optimal solution), the possible results are as follows (shown in Fig. /).

(1) 7N (w) increases monotonically when w < W, and the mazimum value is 7\p (W); 757 (w) is monotonically
decreasing when w > W, and the mazimum value is T2 (W). When w = W, Gr(w,ar) = ¢5r(w,ar), and

7D (w) = 7\3(w). Therefore, mar(w*) = max, {71 (w), 73> (w)} = 72 (W) = =¥ (w).
(2) 7N (w) increases monotonically when w < W, and the mazimum value is T\p (W); The mazimum value of

72 (w) is 72 (w™"), and 7 (w'P") > ﬂ}\?(ﬁ*) =S (W). When w* = w'™P", max,, 7y (w*) = 712 (w™").
3) The mazimum value of w5 (w) is 7Y (wNS"). 72 (w) is monotonically decreasing when w > W, and
M M M

D NS

the mazimum value is my; (@) = 7\f (@) < 7\S(wNS"). Thus, when w* = wNS", the mazimum value is
mar(w*) = 7P (whS7). )

(4) The mazimum value of 7Yf (w) is Ty (wWNS"). The mazimum value of mi} (w) is 72 (w ). Thus it is neces-
sary to determine mar(w*) and the corresponding w* by comparing the values of 73> (wNS") and 72 (w™").

ID*)

Considering the scenario of a small recycling market, when the cost of the online recycling channel is low,
the recycling quantity of the traditional recycling channel of the offline recycler may appear to be zero. At this
time, the offline recycler’s recycling quantity:

qr(w,ar) =0
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TABLE 1. Specific values for remanufacturers’ profit and recycling prices when costs in online
recycling channels take on different values.

c 7‘,11\‘![5 (wNS*) 7(1»]}) (w“‘)*) ay(w)  wNS” w!P” [} c WRIIS (wNS*) 7r}"‘1) (wlD‘) v (W) wNS” wP” w

0.1 16.8542 16.8698 16.8496  0.483542 0.308867 0.595127 1.1 13.8073 13.8098 13.8065 0.342252  0.180789  0.295127
0.2 16.5342 16.5488 16.5309  0.469413 0.296146  0.565127 1.2 13.5213 13.5222 13.5198  0.328123  0.167888  0.265127
0.3 16.2177 16.2311 16.2154  0.455284  0.283404 0.535127 1.3 13.2386 13.2379 13.2363  0.313994  0.154973  0.235127
0.4 15.9046 15.9167 15.9031  0.441155 0.270641 0.505127 1.4 12.9593 12.957 12.956 0.299865  0.142043  0.205127
0.5 15.5948 15.6057 15.5939  0.427026  0.257858  0.475127 1.5 12.6834 12.6794 12.6789 0.285736  0.1291 0.175127
0.6 15.2884 15.298 15.288 0.412897  0.245056  0.445127 1.6 12.4109 12.4052 12.405 0.271607  0.116143  0.145127
0.7 14.9854 14.9937 14.9853  0.398768  0.232237  0.415127 1.7 12.1418 12.1343 12.1343  0.257478  0.103174  0.115127
0.8 14.6858 14.6927 14.6858  0.384639  0.219399  0.385127  1.7702  11.9549 11.9462 11.9462  0.247559  0.094062  0.0940668
0.80307  14.6767 14.6835 14.6767  0.384205 0.219005 0.384206 1.7703  11.9546 11.9459 11.9459  0.247545  0.094049  0.0940368
0.80308  14.6767 14.6835 14.6767  0.384204  0.219004  0.384203 1.8 11.876 11.8668 11.8668  0.243349  0.090192  0.0851268
0.9 14.3896 14.3951 14.3895  0.37051 0.206545  0.355127 1.9 11.6137 11.6026 11.6025  0.22922 0.077199  0.0551268
1 14.0968 14.1008 14.0964  0.356381  0.193675 0.325127 2 11.3547 11.3418 11.3414  0.215091  0.064194  0.0251268

2w —(Vn—c)y) (1 =72) +be(2— 7)1 +7) + (2—20 + 70 — v* + 7*0)apn
2(2—-7%)
Then the manufacturer’s expected profit at this point is 737 (w). Lemma 4 can be obtained by comparing
the value of 7\F(wNS") and 7R (wR?%).

CIR(IU,GH) = QIS%I(waaH) =

Lemma 4. When the recycling cost of the online recycling channel is less than a certain critical value, the
recycling quantity of the remanufacturer is zero when the scale of the recycling market is small. In this case, the
optimal solution for the recycling price is wR%" . The corresponding offline recycling quantity and the recycling
quantity of the online recycling channel of the remanufacturer are qR(wRZ*,ai) and qyi(w, a;). The profit of the
remanufacturer is mazimized as T3 (wRZ*). Specific definitions can be found in the appendiz.

4.2.4. Analysis of numerical experiments

In order to gain a more intuitive view of the results of the recycling price decision, as well as to support the
results of the model analysis more significantly, numerical experiments with visual images of the recycling price
decision will be conducted in this study. The first and second scenarios are used as the basis for illustration.
The relevant parameters are set as follows: ay = 2.5, ar, = 1.5, 6 = 0.8, v = 0.6, A = 0.35, n = 0.6, b = 0.6,
e=1,k=2V =12

(1) The better solution for the remanufacturer when the recycler is distorting versus not distorting the infor-
mation when the boundary condition w is not limited.

The specific values of the remanufacturer’s profit and recovery price when the recovery cost of the online
recycling channel takes different values are shown in Table 1.

(2) The overall maximum value of the remanufacturer’s profit function and the corresponding recovery price.
When w < w, the recycler does not distort the recycled quantity; when w > w, the recycler distorts the
recycled quantity downward to disrupt the judgment of the remanufacturer when the recycling market is
small. Combined with the previous analysis of the four possible scenarios, it is possible to derive the value
of the remanufacturer’s return when the recycling price is limited to the boundary condition w, as shown
in Table 2.

By calculating and comparing the data in Tables 1 and 2, it can be found that when the remanufacturer’s
recovery cost in the online channel is 0 < ¢ < 0.80307, w'" < wN%" < @, and the maximum is 735 (wN").
When 0.80308 < ¢ < 1.7702, w'™" < w < w™" and the maximum is 7wy (W). When 1.7703 < ¢ < 2,

w < wP < wNS" and the maximum is ﬂ}\?(wm*). Observation of the resulting diagram provides a more

intuitive view of this pattern (as shown in Fig. 5).

The above three results correspond to cases (3), (1), and (2) shown previously.

When w'P" < wNS" <@, 7 (w*) = 7P (wNS);
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TABLE 2. Recycling prices of remanufacturers when costs of online channels take different values.

*

*

C T M w C TM w
0.1 16.8542 0.483542 1.1 13.8065 0.295127
0.2 16.5342 0.469413 1.2 13.5198  0.265127
0.3 16.2177 0.455284 1.3 13.2363  0.235127
0.4 15.9046 0.441155 1.4 12.956 0.205127
0.5 15.5948  0.427026 1.5 12.6789  0.175127
0.6 15.2884  0.412897 1.6 12.405 0.145127
0.7 14.9854 0.398768 1.7 12.1343 0.115127
0.8 14.6858  0.384639 1.7702 11.9462  0.0940668
0.80307 14.6767 0.384205 1.7703 11.9459 0.094049
0.80308 14.6767 0.384203 1.8 11.8668  0.090192
0.9 14.3895 0.355127 1.9 11.6026  0.077199
1 14.0964 0.325127 2.0 11.3418 0.064194
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F1GURE 5. The impact of online channel costs on bulk recycling prices.
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When w'®” < @ < wN"| 7y (w*) = 733 (@) = 712 (w);
When @ < w'™" < wN" mp (w*) = 72 (w™7).
(3) Boundary conditions for the cost of online recycling channels.
Determine boundary conditions for the cost of the online channel (¢) that makes the recycler’s recycling
quantity zero when the recycling market scale is small. When wNS" < @, there exist ¢ such that ¢ < ¢, and
the maximum value of 7y (w*) is 73F (wNS"). At this point, the maximum value of 757 (w) is 78 (w??").
It can be found that 7% (wNS") < wl%(wR?%7).

In addition, considering the fact that when the cost of online recycling is very large, the quantity recycled
by the remanufacturer through the online channel may be zero, notate this boundary condition as cg, which
indicates that the remanufacturer’s recycling quantity through the online recycling channel is zero when the
demand in the recycling market is minimized. The following provides subgame equilibriums for the recycler for
different costs of online recycling.

(1) When 0 < ¢ < min(z, cg), mar(w*) = 73 (wNS).

(2w* — (V= c)7)(1 —%) + (2be — bey) (1 +7) + (2= 20 + 40 — v* + +?0)ay

QR(w*va'H) = 2(2_72)
i} 2wt = (Vn—¢)7) (1 —9%) + (2be — bey)(1 +7) + (2 — 20 + 90 — % + 7%0)ay,
gr(w*,ar) = @7 .

(2) When min(Z, cg) < ¢ < cg, w* = min(w'®", ).

Qw* — (Vi —c)y)(1 —~2) + (2be — bey)(1 +7) + (2 — 20 + 40 — 72 + 720)ay
2(2-7?)

qR(w*a aH) ==
qR(w*7 aL) = qR(w*7 QL).
5. FACTOR ANALYSIS

Market share, channel substitution coefficients, and environmental abatement costs also affect the decision
of the remanufacturer to invade the recycling channel as well as the earnings of the firms involved. For ease of
analysis, only the scenario when information is not distorted is discussed (w* = w™N%"). In this case, the profit
function of the remanufacturer is 7y (wNS*) and the profit function of the recycler is 7711\%8 (wNS*).

5.1. Impact of online recycling channel market share

The related parameters are set as follows:
ag =25, ar =12, v=0.6, A=04, n=05, b=0.55, e=1, V=10, k= 1.5.

This section discusses only the case of 0 < ¢ < min(G, cg) at w* = wN> . The results are shown in Figure 6.

As seen in Figure 6, regardless of the cost of the online channel, as its market share increases, the benefits to
the recycler are monotonically decreasing and the benefits to the remanufacturer are monotonically increasing.
In addition, observing the profit curve of remanufacturer expanding and not expanding online direct recovery
channel, it can be found that when the network direct recovery cost ¢ is small, when the cost of the online
channel c is small, there exists 61 such that, when 6e(0, 6,), the benefits to both remanufacturers and recyclers
are greater than in the case of not developing the online channel. When 0¢(6,1), invading the online recycling
channel benefits only the remanufacturer and is detrimental to the recycler. When the cost of the online channel
is large, there exists 05 such that, when 6¢(0,65), the gains from invading the online recycling channel for the
remanufacturer are smaller than the gains without invasion, and 65 tends to increase as the cost of online
recycling increases. When 0¢(0, 63), the recycler’s profit is better when the remanufacturer invades the recycling
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FIGURE 6. The impact of online recycling market share on remanufacturers’ and recyclers’
profits (¢ = 0.1 & ¢ = 0.8).

channel than without invasion. When 0e(65, 03 ), the decision to develop an online recycling channel benefits both
the remanufacturer and the recycler. However, when 0e(f3, 1), the development of an online recycling channel
can only benefit the remanufacturer and is detrimental to the recycler.

As a result, there is a critical threshold of market share for the online recycling channel, making the estab-
lishment of an online recycling channel by the remanufacturer a “win-win”, “win-loss”, or “win—loss” scenario
for both parties. And the cost of online recycling will have a greater impact on the final outcome of the game.
In deciding whether to expand online direct recycling channels and making decisions such as recycling prices,
remanufacturers need to consider the cost of recycling and the possible scale of market share of online recycling
channels.

5.2. Impact of waste reutilization rate

The main purpose of recycling electronic waste is to reuse and secondary manufacturing to achieve the
resourcefulness of waste and the reuse of resources. However, the current production of electronic products,
end-of-life recycling, and other pre-processes of reuse do not consider the feasibility of reuse in advance. Because
there is no uniform production standard, the feasibility and utilization rate of recycling is low. Considering the
reality of the low utilization rate of e-waste recycling, the post-recycling treatment and reproduction of e-waste,
known as “urban minerals”, is also an important factor hindering the process of waste recycling.

Therefore, the reutilization rate of e-waste is an important parameter that affects the profitability of reman-
ufacturers and recyclers. Exploring the impact of e-waste reusability on the profitability of remanufacturers and
recyclers is important for remanufacturers and recyclers to optimize their operations and decision-making. The
following will be analyzed through an arithmetic example. The relevant parameters are set as follows:

ag =25, a, =12, y=0.6, A\=04, =105, b=0.55, e=1, V=10, k = 1.5.

According to Figure 7, the reutilization rate of recycled e-waste has a more significant impact on the profits
of both remanufacturers and recyclers. Both recycler and remanufacturer profits are significantly higher as
the recycled e-waste reutilization rate increases. This tendency diminishes for remanufacturers as the cost of
recycling increases in the online recycling channel. When the reusability of recyclables is low, the overall profit
of the supply chain is lower. Especially when online recycling channels are not developed, the low reusability
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FIGURE 7. Impact of waste reutilization rate n on profits of remanufacturers and recyclers.

rate makes the profit of the remanufacturer almost lower than that of the recycler, and the ineffective labor
increases. Therefore, one of the effective ways to improve the efficiency of waste recycling is to enhance the
utilization rate of recycled e-waste. The actual production can be upgraded by increasing the technical input
of remanufacturing and reuse technology. Remanufacturers can coordinate with the production chain to carry
out unified parts transformation and design to enhance the reuse rate of end-of-life electronic products and the
matching degree of new and old products, and prepare for remanufacturing from the design stage to improve
the reuse rate of waste.

5.3. Impact of pollution emission reduction input cost coefficients

With the emphasis on pollution reduction and net-zero carbon emissions in the regions, more and more
consumers are inclined to buy environmentally friendly products, which in turn incentivizes corporations to
take the initiative to adopt low-pollution production procedures and build a responsible social profile. More and
more companies, such as the Walmart, IBM and Toshiba, have adopted low-carbon strategies and have seen
significant benefits. At the same time, more and more consumers are willing to pay more for environmentally
friendly products than ordinary products. Consumers’ purchasing preferences, in turn, influence companies’
environmentally friendly production procedures. The key to the implementation of low-pollution strategies lies
in low-pollution technology, which is often directly related to the cost of low-pollution renovation, and can be
reflected in the pollution reduction cost input coefficient k in the assessment of the actual effect. Research on the
impact of pollution emission reduction cost input coefficient on the profit relationship between remanufacturers
and recyclers is meaningful to the decision-making and operation management of enterprises. The following will
be analyzed through the arithmetic example. The relevant parameters are set as follows:

ag =25, a, =12, y=0.6, A\=04,0 =05, b=0.55 e=1, V =8, n=0.5.

From Figure 8, it can be seen that the larger k is, that is, when more cost is needed to raise the pollution
reduction e per unit (C(c,.) = %62), the profits of remanufacturers and recyclers show a decreasing trend. The
profit curve shows the same trend when the recycling cost of the online recycling channel is lower or higher.
When k < kq, the remanufacturer opens the online recycling channel can bring higher profit, but cannot bring
higher profit to the recycler, then the remanufacturer usually chooses to open the recycling channel. When

k > k1, the remanufacturer’s establishment of a recycling channel jeopardizes the interests of its company and
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recyclers, and the remanufacturer generally chooses not to establish an online recycling channel. Overall, it is
not in the interest of the recycler for the remanufacturer to develop an online recycling channel, and as the
cost coefficient of pollution reduction increases, the remanufacturer’s profitability will be jeopardized by the
establishment of an online recycling channel.

6. DISCUSSION

6.1. Remanufacturers’ belief criteria for recyclers’ distortion of recycled quantities

On the one hand, this study derives the recovery prices of recyclers and remanufacturers in the case of
asymmetric information on recycling demand, as well as an analysis of the decision of remanufacturers to take
into account the downward distortion of recycling quantities by recyclers and thus the adjustment of the belief
criteria. The study also discusses the boundary conditions for the remanufacturer’s bulk recovery price when
the recycler generates the behavior of distorting the recycled quantity downward, when the recycling market
scale is large. And it derives the boundary condition that when the market scale is large, it is profitable for
the recycler to distort the recycling quantity to a critical value. It is found that there is a relationship between
the boundary conditions for the bulk recycling price and the boundary conditions for the recycling quantity
when information distortion occurs. It is also pointed out that the remanufacturer can better hedge the risk of
information distortion from recyclers by adjusting the belief criterion to gg(w).

6.2. Impact of offline recycling quantities on bulk recycling prices of remanufacturers

This study also analyzes and discusses the influences on the price paid for recycling by remanufacturers and
evaluates the influence of the relevant parameter variations in the model on the profitability and decision-making
of remanufacturers and recyclers. First, the effect of recycler’s recovery quantity on the remanufacturer’s bulk
recycling price when the recycling market scale is small is briefly discussed, and it is found that when the bulk
recycling price is greater than w, the recycler will distort the recycling quantity downward in order to distort
the information of the recycling market to interfere with the decision-making of the remanufacturer. At this
point, the remanufacturer perceives the current recycling market to be smaller, which increases its willingness
to increase the price it pays for recycling and the price it pays for bulk recycling, and the remanufacturer’s gains
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from the online recycling channel will be jeopardized. Considering a situation where a recycler recovers a large
amount of waste but delivers only a portion of it to a remanufacturer, there is a trade-off between the loss of
profit from the backlog of inventory and lower quantities delivered, and the increase in profit from higher bulk
recovery prices, and there is a critical threshold that makes the remanufacturer and the recycler both lose out,
increasing the double marginalization.

6.3. The impact of the cost of online recycling channels on remanufacturers’ bulk
recycling prices

This study also analyzes the bulk recycling prices of remanufacturers when the recycling costs of the online
recycling channel are in different value ranges, and calculates the critical values for changing different states.
It is also found that when the online channel is smaller than the critical value ¢, the remanufacturer has the
highest profit in the case of no information distortion because in this situation, the remanufacturer is able to
accurately judge the scale of the current recycling market and reasonably determine the recycling price and
manage the online channel with transparent information to obtain higher profit. On the contrary, when the cost
of online recycling channels is large and exceeds a critical value cg, the remanufacturer is able to obtain higher
earnings in an information-distorting scenario. When the cost of the online channel is very high, the quantity
recycled by the remanufacturer through the online channel may be zero. Remanufacturers can maximize profits
when the cost of recycling through the online channel is in the middle of the two thresholds, and when the
bulk price of recycling is set at a threshold where the recycler does not distort the demand information in the
recycling market.

6.4. Impact of fluctuations in relevant parameters on the recycling supply chain

(1) This study considers the impact of market share of online and offline recycling channels on the profits of
remanufacturers and recyclers. Regardless of the cost of the online channel, as the market share of the
online channel increases, the recycler’s profit decreases while the remanufacturer’s profit increases. This
study analyzes the impact of market share changes on firms’ profits and gives a schematic diagram of the
critical point through numerical simulation to make the results clearer. Under the scenario of the online
channel with low cost, when the market share of the online recycling channel is small, it is beneficial to
both the remanufacturer and the recycler to explore the online channel; when the market share of the
online recycling channel is large, it is beneficial to the remanufacturer and unfavorable to the recycler to
explore the online recycling channel. When the online channel is costly and the market share of the online
channel is small, expanding the online channel is beneficial to recyclers but not to remanufacturers. When
the market share of the online channel is within a certain range, the expansion of the online recycling
channel is beneficial to both companies. However, when the online recycling channel gains a large market
share, the exploitation of the channel can only benefit the remanufacturer but not the recycler.

(2) The study examines the impact of waste reuse rates on the profits of remanufacturers and recyclers. The
destination of e-waste after recycling is generally for remanufacturing, and a few recyclables that cannot
be used for remanufacturing are sold at the value of the raw materials, but such treatment leads to a
secondary depreciation of the waste compared to remanufacturing. Since not all recycled e-waste can be
used for remanufacturing, the benefits of the reuse process are generally closely associated with the reuse
rate of recycled waste. Therefore, it is of practical significance to study the impact of e-waste reuse rate on
the reverse supply chain. It is found that as the waste reuse rate increases, there is a significant increase
in the benefits for both remanufacturers and recyclers. Recyclers can control the quality of recycling by
increasing the threshold and standard of the recycling procedure. The remanufacturers can increase the
reuse rate of waste by increasing the investment in technological development of the remanufacturing process
and upgrading the technology to improve the efficiency of waste recycling, which will in turn increase the
profit of the supply chain overall.
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(3) This study also discusses the impact of environmental input cost coefficients in the remanufacturing process
on the profits of remanufacturers and recyclers. In recent years, various countries and regions have been
paying more and more attention to green and sustainable development, and more consumers have begun to
pay attention to and tend to buy environmentally friendly products, so the emission reduction treatment
of the remanufacturing process is imperative. Green production process can often attract more consumers
to buy environmentally friendly products or services, but the realization of low-pollution production needs
to invest a high amount of low-pollution technology transformation costs. The green production technology
input cost coefficient is important in decision making, and an increase in this coefficient means that higher
cost inputs are required to reduce pollution emissions per unit of production. As the coeflicient increases, the
profitability of remanufacturers and recyclers decreases, and this trend becomes more pronounced in a dual-
channel recycling model. Therefore, technological innovation for emission reduction in the remanufacturing
process is also an aspect of waste reuse that needs to be continuously enhanced and optimized so as to
improve the efficiency of the reverse supply chain and waste resourcing from remanufacturing.

The reduction of e-waste and waste resourcing requires the cooperation of multiple links, and the continuous
optimization of each link can guarantee the efficient operation of the reverse supply chain. This study involves
the recycling, disposal, and remanufacturing processes, and tries to optimize the key segments of the reverse
supply chain to improve the efficiency and accelerate the process of waste resourcing, and to promote the
sustainable development of the economy and the environment.

7. CONCLUSION

Based on the background of e-waste recycling, the study explores the impacts of information asymmetry on
remanufacturers’ judgment of the recycling market and recycling price decisions by the truthfulness of recyclers’
information sharing, and explores the impacts of remanufacturers’ decisions on the exploration of online recycling
channels by recyclers’ information sharing. We further analyze the trend of the influence of realistic factors on
the profitability of remanufacturers and recyclers when online recycling channels exist, and based on this, we
propose effective management strategies.

7.1. Main findings and managerial insights

The process of e-waste reduction treatment and waste recycling requires close connection and cooperation of
all links, and the continuous optimization of each link can ensure the efficient operation of the reverse supply
chain. By studying the interactive relationship between recycling cost and online channel expansion on the
profits of remanufacturers and recyclers, this paper finds that when other factors remain unchanged, with the
expansion of online channels on a single platform (the increase in the market share of online channels), the more
extensive the coverage of online channels is, the more beneficial it is to remanufacturers but not to recyclers.
However, compared with the situation where there is no online recycling channel, the impact of the decision
to open online channels on the development of both enterprises is uncertain and will be affected by the online
recycling cost, and this chapter gives the influencing law. Therefore, whether to open an online channel or
not requires the remanufacturer to make a better decision based on multiple factors such as the cost of online
channel recovery. In addition, at the end of this chapter, the influence of technical factors in the processing and
remanufacturing process of electronic waste after recycling is discussed through numerical experiments, mainly
involving the recycling rate and environmental protection factors in the processing process, and the influence law
is obtained. Remanufacturers should strive to improve the level of disassembly and processing and pay attention
to environmentally friendly production at the same time, through the improvement of environmentally friendly
disassembly and processing technology, to increase profits. According to the conclusions of this paper, in the
dual-channel recycling supply chain, the remanufacturer should predict the demand information distortion
behavior of recyclers, and make decisions on recycling price and channel expansion under the premise of fully
considering this factor, so as to avoid the risk of revenue loss. Since the conclusion of this chapter finds that



5330 X. QI AND T. ZHANG

the recyclers’ behavior of distorted market demand information is also affected by the bulk recycling price of
upstream remanufacturers, and this influence process is interfered by the recycling cost, remanufacturers can
properly consider the recycling cost and market environment when making price decisions, and then make
recycling price decisions closer to the critical point, so as to obtain higher profits. The research conclusions can
provide some management insights and theoretical support for the management of recycling supply chain and the
coordination of competition and cooperation between enterprises, and then contribute to the acceleration and
efficiency improvement of waste recycling development, and promote the sustainable development of economy
and environment.

7.2. Limitations and future research

First, in order to simplify the model, this study assumes that there are no additional inventory costs, storage
costs, and wastage of e-waste collected by recyclers when not all of it is passed on to the remanufacturers, which
does not correspond to the actual situation. Most recyclers have the issues of backlogging inventory and waiting
for the right time to sell, and this inventory issue is extremely uncertain, which may bring losses to the recycler’s
profitability, and future research can consider the study of the related issues in the uncertainty scenarios. The
calculation of the quantity of waste in this study does not take into account individual differences, product
weight, and the severity of damages, while in reality, the residual value of electronic and electrical products
is not uniformly measured due to their different performance and deterioration, and there is a great deal of
heterogeneity, and future research can consider these factors to conduct a finer classification study.

Second, in the demand information asymmetry scenario discussed in this paper, only the recyclers have private
information about the scale of the recycling market, and the remanufacturers do not have any acquisition of
market information, but can only guess the scale of the recycling market from the quantities of recycling
supplied by the recyclers. In reality, once remanufacturers establish online direct recycling channels, they have
their own personal access to information. And with the development of information technology, remanufacturers
are gradually able to make more realistic bulk recycling price decisions and recycling quantity orders based on
the information they acquire. However, as long as the remanufacturer has not obtained all the information,
the signaling game between the recycler and the remanufacturer still exists. There also exists a more special
case where both companies have incomplete information, which may lead to the two being signal receivers
and senders of each other. All these deserve further research to achieve a more accurate replication of the real
situation with modeling to address the real problem of waste resourcing.

APPENDIX A.

A.1. Proof of Proposition 1

In model M1, all members aim to maximize their respective profits, and the decision problem can be equated
to solving the following planning problem.

maxmy = (Vi —w —C,))(a; + pr + be)

maxmp = (w —pr)(ai +pr + be).
R

First, the remanufacturer decides w; subsequently, the offline recycler decides pr. This reverse supply chain
is a Stackelberg game among its members and is analyzed using backward projection. The profit function of the

recycler is derived:
0 —a; —b
ﬂ:—QpR+w—ai—be:0—>pR:7w @i 7 %€,
8pR 2

Based on this, the benefit function of the remanufacturer is: mps = (ai + %ﬁbe + be) (Vi —w—C,))-

87T 1 *
Tf:§(Vn—2w—ai—be—C(em)):0—> w =
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The second-order derivative of Vj;(gr) with respect to gg is less than zero, and thus the function is concave,
such that %(}ZR) = 0, the optimal solution in the case of full information sharing (SI) is obtained:
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A.5. Proof of Proposition 4

Based on the previous analysis, it can be seen that the remanufacturer’s bulk recovery price decision can be
derived from the following equation my;, which can be written:
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First, discuss the case where, regardless of the recycling market scale condition, the recycling quantity is
greater than zero for both the remanufacturer’s online direct recycling channel and the recycler’s classic recy-
cling channel. The remanufacturer does not distort the recsychng quantity when w < w, at which point the
remanufacturer’s recycling quantity satisfies gp(w,a;) = qR w, a;). Denoting the remanufacturer s expected

profit in the absence of information distortion by 732 (w), it follows:
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When w > w, the recycler distorts the recycling quantity downward to distort the information on recycling
demand when the recycling market is small. In this case, the recycling quantity given by the recycler to the
remanufacturer satisfies gr(w, ap) = ¢3(w, ap) and qr(w,ar) = Gr(w, ar,). 712 (w) (ID: information distortion)

indicates the expected profit when the information is distorted.
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When the recychng quantities in this re gchng supply chain are all greater than zero, the optimal bulk
recycling price is mutually determined by 75, and 717 (w).

(Vn - %)(2 -7

42— 2) {[(2“’
+[2w— (V=)7L = 7)1 = A) + (2be — bey) (1 +7)(1 = X) + (2 — 20 + 70 —7° ++*0)ar (1 — A)]}

(2ww — (Vi — c)yw)(1 — %) + [(2be — bey) (1 +7)(1 = X) + (2 — 20 + 40 — v* +4°0)ar (1 — A)
+(2be — bey) (1 + A+ (2 = 20 + 40 — 4> + +?0)an Nw
22-7)
A 2 3,2 2 2

o @ 0 (V1= 90 =" =22 =)0 = 0) + 20— 0)a
+be(1+7)(4 =2y —y)[Rw — (Vi —)y) (1 =¥+ [(2 = 7¥*)(v(1 = 6) + 20 — 1*0)ay,

2\72 1= 2 3,2 9
+be(l+7)(4 =27 —77)] }+ 16(1772)(2772)2{(%* (Vn—e)n) (v =) = 2la,(vA = 0)(2 = 77)

w?f (w) =

— (Vi —e)y) (1 = 4*)A + (2be — bey) (1 + 1A + (2 — 20 +~40 — 7° + 4 0)an ]
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+0(4—37%)) + be(1+7)(4 — 2y = ¥)][2w — (Vi — o)) (L = ¥y + [a, (v(1 = 0)(2 = 7%) + 0(4 — 397))
+be(l+7)(4 -2 =)

(V=52 = ) [(Vir = ) (1 = 42) + A(y = 90 + O)an + (1 = N)(y =10 + O)as, + be(1 + )]
2

+

C(Vn-9*(1-97)
1

=(@2Vn—ke’)2 -1 =72 -7") = (1 =¥ )7(3r* =) (Vn —¢) —be(1+7)(8 — 64” +7°) — A(1 — 0 +16)
x (" +8=6v")an + (1 = N)[57°0 — 8(1 + 40 — 0) +v*(1 — 0)(6 — v*)]ar — 2(1 —7*)(8 — 57°)w.

dﬁzlgfs (w)
dw

NS*

The optimum wholesale price w is obtained.

WS VN —ke?) (2= 1) (2= 7%) = (37 = H(Vn — o)
2(8 —57?)
—be(1+9)(8— 67"+ = AM1—0+10) (7' +8 = 67*)a, + (1 = N)[57°0— 8(1+ 10— 0)+7*(1— 0)(6— 7*)]ar
’ 21— 12)(s = 5v 5

Let ag(y — 70 +0) +be(1+v) = A > 0,ar(y —v0+0)+be(l +v) = B > 0,be(2 —y)(1 +v)+ (2 -
20 + 40 — 4% + 420)ay = C, (V=52 —0)[(V—c) A=) +A(y—10+0)an+(1-N) (y=0+0)ar +be(147)] _ (anc):(lff) _

D, 70+ =70)(ar — ar)[((4 —~%)(1 = 0) +30)an —7(7(12— 0) +0)ar +2be(2 —~)(1+7)] = E > 0,2y(1 -
)OO+~ =) (ag —ar) =F >0,2(1 — 0 +~0)ag —v(y — 0+ 0)ar +be(2—7)(1+~v) =G > 0.

S,y = 0=V =)+C oy G Co = (V=1 =7) - VFRw = (V=)
dr s WH 2(2772) i qrW,arL 2(2 'V) )
V- )2 - 9)x 2 ,

ﬂﬁ?(w) = (( 2) _ 4(21/\;432)) gr(w,am) — Awqr(w,am) + ﬁq;ﬂw,a}[)
(Vn-5)@ =00 50— xp, 1Ny
+ ( D) - 4(1 — ,72) qR(wva’L) - (1 - A)wqR(wva’L) + 4(1 — )qR(w7aL)
AA? + (1 - N\)B?
4(1 - 72) b
(V= E)e-A  ady \@u-(Va—gn( =) +C | @u = (V- )1 =) +C
2 4(1—~?) 2(2—172) 2(2—72)
P CT A\ 0)*7% — 4w(Vn — ) (1 —7*)* + C* + 202w — (Vi — o)7) (1 — 7*)
A(1—~?) 42 —+2)°
N (Vi — ke Y2=—y)(1-=2X) 7 2(1 = NBy\ G+ 2w — (Vn - c)’y)(l — 72) — \/F(Qw —(Vp—c)y)
2 4(1—92) 2(2—7?)
1y Gt Que= (V= yw)(1—7%) —wy/Fw — (Vi —c)y) (1 - M)A
22-19%) 4(1 — 42)4(2 — 42)?

X [G2 + (4w2 +(Vn— 0)272 —4w(Vn — c)'y) (1 — 72)2 +2G(2w — (Vn — ¢)7) (1 — 72)
AA% 4+ (1 — \)B?
4(1—~2)

+ FQ2w— (Vn—c)y) —2(G+ (2w — (Vi —c)7) (1 = ¥*))VF 2w — (Vn — c))] + + D;

ke? 2
dmil? (w) _ ( 2 )(2 -1 —77) - Ay N 2(1—+°) — F(2wF — ViyF + cyF) "2

dw 2(2 —~?) 2(2—-12)
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G+ (dw—(Vn—c)y)(1—9%) — QuwF — VpyF + c'yF)% —wFQ2wF — VyyF + c'yF)_%

—a=y 22—7?)
N G(1 =27+ CM +2wA (=8 + 129% — 37*) + 2w (1 — °) + ((AA =) (L =)y + M%) (Vi — ©)
4(2 —42)?
1— \)y2F —3(2wF — ViyF + cyF)? 1 — GQwF — ViyF + cyF) "2
( 2)7 (=N ( mﬂ v F) + (1= \2F ( 2777 227)
8(1 —9%)(2-192) 8(2—192) 8(1—7%)(2—1?%)

2(1—~?) — F(2wF — ViyF 4 cyF) ™3 '

S T —mE—9)

* ID
In this case, there may exist w'P” €(0,w), such that d”ffiufw) = 0. It can be seen that 7} (w) and 717 (w) may

reach equilibrium to achieve an optimal solution, or there may be no optimal solution, but a maximum can be
achieved within the range of values.

A.6. Proof of Lemma 4

(Vn - %)(2 -)

7'(']}\{42(11}) = 5 AMr(w,ag) — wAqr(w, ag)
L ylan(y =90 +0) +be(l + 1)* = 2(am(y =40 +0) + be(1 + M)var(w, an) + v2qr(w, an)*
n-
n (1= Narly — 70 +0) + be(1 +7)]°
4(1—~?)
(Vn — % — c) [(Vn — c)(l — 72) F Ay =0+ 0)ag + (1 —=XN)(y—~0+0)ar, + be(1 + ’y)]
2

(Vn—c)?(1—1~?)

2w—(Vn—c)y)(1—=7) +be2—7)(1+7)+ (2—20 + 70 — > + ¥?0)an
2(2-7?)

4
(Vi — 5) (2 — )
2

i (w) = A

A
e
y 2w — (Vn—c)y)(1 —~%) +be(2—7)(1 +7) + (2 — 20 + 70 —+* +v%0)an

2(2-7?)
+ 772{(210 — (V- 0)7)2(1 - 72)2 +be(2—7)1+7)+ (2 — 2040 —~% + Vzﬂ)aH]z
12—

+2Q2w— (Vn— c)y)(l - 'yz)[be(Q -1+ + (2 — 20+ 40 — 2 +720)aH}}}

+ {[GH(’Y — 30 +0) + be(1 + )] — 2[an (v — 70 + 0) + be(1 + 7))y

(1= Nar(y =10+ 6) + be(1 + 7))
4(1—~2)
(Vn - % - c) (V=) (1 =) + Ay =70 + O)ar + (1 — X) (v — 70 + O)ar, + be(1 + 7)]
2

(Vi —c)?(1—~2)
1
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2V —ke?)(2=7)(1=7%)(2—7%) = (Vi — ) (37y® —4y) (1 —7*) + be(1 +7)(67* =~ — 8)
R7* +ap(—8+ 80 — 870 + 6% — 6072 + 5v30 — 41 + 410)

2(1—=7*)(8 = 5v?)

At this point, the corresponding offline recycling quantities and the recycling quantities from the remanufac-
turer’s online recycling channel are as follows.

(1=7*)(2=")A1 = 7)Vn— (2 = v)ke® + 2vc] + 2be(1 +7) (87> — 8 — 37" + 4y — 4)

Rz +an[24(7* + 0 — 1) — 1690(1 + ) + 64" (0 — 1) + 2+°0(5y — 4)]
qr (w MlH)

qa (wRZ* ’ aH)

QR (’LURZ* 7 aL> _ O
(

1]

2]

2(2-7%)(8-57?)
(1 7 72) 2(Vn —e)v(8 — 5v%) — 4(1 — y)Vn + (2 — 7)ke® — Z'chr be(1 4 7)[8+ 49* — 4% — 114° + 61]

4(8 — 5792) (2—7%)(8 —57%)
_au[67*0 — 5601° + 4y — 490 + 160 — 67° + 67°0 — 267°60 + 27° + 86°]
2(2-7%)(8-57?)

Vn—c)(1=7%) + (v =0+ 0)ar + be(1 +7)
qu(w,a;) = 3 :
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