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Abstract

The recycling channels and price competition of waste products will prompt the upstream
and downstream enterprises of the supply chain to take more measures to obtain resource
advantages. It is necessary to design a scientific and reasonable recycling and remanufac-
turing scheme, which is helpful for enterprises to save social resources and improve the
recycling efficiency of waste electronic products. This paper constructs a recycling deci-
sion model that considers the remanufacturing of waste electronic products and designs
a decision plan to promote the recycling of waste electronic products and the retail of
remanufactured products. To explore some management implications for firms making
those decisions, we develop three analytical game-theoretical models: manufacturer recy-
cling (model M), retailer recycling (model R) and recycling by third-party recyclers (model
3P). Through comparison of the equilibrium results from the three models, we find that
the optimal operating decision of manufacturers mainly depends on the recycling rate of
waste products, remanufacturing revenue and market demand. Based on numerical exam-
ples and sensitivity analysis, we further studied the key factors that affect the selection of
the manufacturer’s optimal decision-making scheme. Comparing the three models, we find
that when the investment recovery coefficient is high, and the cost savings of remanufactur-
ing are low, the manufacturer will adopt model R; otherwise, the manufacturer will adopt
model M. When model 3P is adopted, the impact on the environment is the lowest; and if
there is a change in recycling channels, the impact of models M and R on the environment
will also change.
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1 Introduction

Electronic products have always been closely related to our life and cover a wide range of
fields, such as electronic products in construction, packaging and automotive applications
(Kibria et al., 2023). E-waste is recognized as one of the fastest growing and most danger-
ous solid waste products in the world (Awasthi et al., 2019). In the 2020 Global E-Waste
Monitoring Report released by the relevant departments of the United Nations, it is men-
tioned that by the end of 2019, the total amount of electronic waste products in the world
has reached 53.6 million tons, an increase of 21% compared with 2014, and it is expected
that by 2030, the amount of waste products will reach 74 million tons (Qiao and Su, 2021).
In China, the situation in China is not good either. According to China’s statistics in 2019,
the waste volume of TV sets, refrigerators and other products increased by 10.4% annu-
ally, and it is estimated that the waste volume of these products will reach 27.22 million
tons by 2030 (Wang et al., 2020). Due to the heavy metal elements such as mercury, lead
and cadmium in these products, improper disposal will seriously affect people’s health
(Althaf et al, 2019). As a circular economy model, remanufacturing can not only prolong
the life cycle of electronic products, but also restore the use value of products in a certain
period of time, so as to achieve the purpose of energy saving and environmental protection
(Aydin & Mansour, 2023). In addition, the recycling of used electronic products can also
relieve the shortage of raw materials to some extent, so as to avoid sudden price increases
or supply chain disruptions. Successful cases in the current market show that remanufac-
turing is profitable, and there is evidence that recycling waste products as raw materials can
save about 40% of production costs (Li et al., 2023). As a result, well-known companies
such as Apple, Bo and HP have adopted ways to reduce production costs (Ma et al., 2017).
Remanufacturing also creates jobs (Qian, 2013). As one of the most advanced countries
in the world in remanufacturing technology, the USA has maintained a great advantage in
the consumption and export of its remanufactured products. According to the 2012 annual
report of the U.S. International Trade Commission, the total value of industrial goods recy-
cled in the USA reached 43 billion dollars last year, which supported about 180,000 jobs
in the USA (U.S. International Trade Commission, 2012). In China, in order to effectively
promote the recycling and remanufacturing of waste electronic products, the China House-
hold Electrical Appliances Research Institute and other institutions have issued the White
Paper of China’s Waste Electrical and Electronic Products Recycling and Comprehensive
Utilization Industry for 10 consecutive years.

Therefore, remanufacturing has not only become a way for enterprises to enhance their
competitiveness, but also become an effective way for enterprises to take the initiative to
undertake social responsibilities and improve their corporate image (Chen, 2021; Ferrer
& Swaminathan, 2006). Although the recycling and remanufacturing of waste electronic
products has economic, environmental and social benefits (Yenipazarli, 2016), the effective
recycling and reuse of e-waste remains a major challenge for countries. It is necessary to
design a new recycling and remanufacturing mechanism that can improve the efficiency of
remanufacturing and ensure the upstream and downstream members of the supply chain all
obtain optimal profits. Most of the existing literature is limited to vertical games between
members of the same closed-loop supply chain (CLSC) or competition between mem-
bers of the same kind (such as competition between two retailers or two recyclers), rarely
involving competition between two or more CLSCs. With the evolution of economic glo-
balization, competition in the same industry is no longer limited to competition among
enterprises but gradually includes competition among CLSCs. Therefore, in addition to
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considering the manufacturer’s recycling, we also consider the situations in which retailers
and third-party recyclers also participate in recycling at the same time. We have designed
three CLSCs (see Fig. 1). In fact, consumers will exhibit differences in willingness to pay
for new products and remanufactured products (Moshtagh & Taleizadeh, 2017). Only when
remanufactured products have a certain price advantage can consumers have the same will-
ingness to buy. However, from the literature review, few researchers have considered the
remanufacturing strategies of dual-channel sales and multichannel recycling in the con-
text of the price segmentation of new products and remanufactured products. Therefore,
this paper constructs two sales models for new and remanufactured products and for direct
online sales and traditional retail to achieve price competition between channels (Alizadeh-
Basban & Taleizadeh, 2020; Zhang et al., 2020a, 2020b).
The main research questions in this paper can be summarized as:

How do we choose recycling channels in the context of differentiated pricing of new
products and remanufactured products?

When the investment recovery coefficient, remanufacturing cost savings and recycling
channels all change, what impact will it have on the recovery rate of used home appli-
ances, remanufacturing revenue, corporate profits and the environment?

Which recycling method is the best when recycling channels compete?

The contribution of this paper to research can be divided into three aspects. Firstly, we
combined the recycling channels of used home appliances with the marketing channels of
remanufactured products and analyzed the two-stage CLSC under different consumer pref-
erences. Secondly, in the process of recycling, manufacturers will face multiple choices.
What is the best way to recover economic benefits? At present, there is no clear solution
to this problem, and our research can solve this problem. Thirdly, we also considered the
impact of the investment recovery coefficient and cost savings on remanufacturing revenue,
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Fig. 1 Recycling modes under difference channels
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which provides a theoretical reference for the selection of recycling programs for waste
electronic products.

The rest of this paper is organized as follows. Section 2 presents the literature review.
In Sect. 3, we describe the problem issue and explain the symbol of models. In Sect. 4, the
solution methodologies using game-theoretical approaches are presented, and models are
solved. In Sect. 5, the effects of recycling and remanufacturing are studied via a numerical
analysis of a real case in the home appliances industry. In Sect. 6, we expand the model
and analyzed the environmental impacts of remanufacturing. Finally, we summarize the
research in Sect. 7.

2 Literature review

Remanufacturing mainly refers to the dismantling of WEEE in the recycling process,
which is mainly used in the fields of used auto parts, construction machinery, machine
tools, and so on (Ferrer & Swaminathan, 2006). The main purpose of industrial symbiosis
is to promote the sustainability of production in a clean way, such as energy conservation,
emission reduction and waste reuse (Oni et al., 2022). At present, there are many articles
on recycling and remanufacturing research (Govindan et al., 2019; Long et al., 2019; Ngu
et al., 2020). By pricing remanufactured products, the demand for new and remanufac-
tured products can be adjusted, which is a way of remanufacturing management (Liu et al.,
2018). There are also studies from recycling channels or product pricing. For example,
Ferrer and Swaminathan (2010) analyzed the monopolistic environment in the two periods
and described the optimal remanufacturing and pricing strategies of firms. They found that
recycling and remanufacturing is not a single strategy. Zhao et al. (2013) studied pricing
and remanufacturing decisions of two competitive supply chains. It is found that the opti-
mal retail price increases with the increase of potential market demand. Like other busi-
nesses, cost savings are a priority before remanufacturing, because the profitability of a
remanufactured system depends largely on the cost savings of the remanufactured prod-
uct (Atasu et al., 2008). He et al. (2019) analyzed the situation in the case of government
subsidies and found that both manufacturers’ and governments’ channel preferences were
positively correlated with remanufacturing costs. In fact, their preferences are similar, and
they all seek modest cost savings. In order to find the optimal combination of strategies for
manufacturers’ product selection, Han and Chen (2021) studied the supply chain consisting
of manufacturers and retailers. The results show that the optimal product mix strategy of
the manufacturer depends on the remanufacturing cost saving in all cases. Unlike the above
research, we propose a two-period model to explore the optimal pricing and production
strategies for new products and remanufactured products. We also considered the competi-
tion among WEEE recycling parties. Therefore, the optimal strategy and problem setting in
this study are different from those in the above-mentioned literature.

Some studies also focus on recycling channel management. However, most studies
in this field focus on the single-channel recycling strategy, focusing on the optimal eco-
nomic performance of CLCS under different remanufacturing environments (Cao et al.,
2020; Miao et al., 2017a, 2017b). From this perspective, Taleizadeh and Sadeghi (2019)
and He et al. (2019) both proposed single-channel CLSCs and discussed the impact of
cost recovery structure on the economic performance of remanufacturers. In subsequent
studies, scholars extended this problem to dual channels, focusing on analyzing the stra-
tegic decisions of remanufacturers and recyclers. Savaskan et al. (2004) analyzed the
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profit problem of CLSCS under the interaction between retailer competition and recy-
cling channels, and the results showed that under the manufacturer recycling model, the
company’s profit depends on the recycling scale. However, if the retailer is responsible
for recycling, the company’s profit depends on the scale of recycling and the degree of
competition among retailers. By analyzing CLSC recycling channels, He (2015) found
that when the risk of waste product recycling is low, the possibility of channel conflict
between the product supply chain and the manufacturer is high; on the contrary, the pos-
sibility of channel conflict is low. Ren et al. (2014), Taleizadeh et al., (2019a, 2019b)
and Taleizadeh et al., (2018a, 2018b) used dual-channel coordination strategies to help
manufacturers and retailers achieve mutual benefits. In the above studies, the issue of
the selection of recycling channels under different circumstances is discussed, but the
influence of the difference of WEEE recycling entities on the selection of sales channels
is ignored. According to the research of Saha et al. (2016), when the retailer is respon-
sible for recycling, the bargaining power of the retailer’s channel under the distribution
channel model is stronger, while the influence of the retailer’s channel under the direct
sales channel model is reduced. Therefore, it is necessary to combine product recycling
channels with sales channels and consider the impact of channel competition on the
recycling of waste electronic products. Motivated by the above studies (Xiong et al.,
2016; Teng & Feng, 2021; Zhang et al., 2021), this paper explores the remanufacturing
closed-loop supply chain strategy under two sales models and three recycling channels.
Table 1 summarizes some noteworthy recent studies in the literature and their contrast
to this research.

3 Problem description and symbol explanation
3.1 Problem description

This paper constructs a dual-channel closed-loop supply chain composed of a single manu-
facturer, a single third-party recycler and a single retailer. The manufacturer is the chan-
nel leader and remanufactures e-waste. Considering the problem of pricing decision and
recycling channel selection when there are three different power structures in the system,
we design the schemes of two-channel retailing and multichannel recycling. In addition
to retail channels, manufacturers also maintain direct sales channels. When the manufac-
turer does not directly recover e-waste from the customer, the manufacturer will recover
e-waste from a third party or retailer at the price of u; that is, three recycling channels are
considered: manufacturer recycling (model M), retailer recycling (model R) and recycling
by third-party recyclers (model 3P). Diagrams of the three recycling modes are shown in
Fig. 1.

3.2 Model assumptions

H1: Assuming that the demand function for new product sales in the retail channel is
D, =hya—p,p,.+6@p,, —p,), the demand function for remanufactured products in direct
sales channels is D,, = h,a — f,p,, + 6(p,, — p,)(Dabaghian et al., 2021). See Table 2 for
the meaning of each parameter.
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H2: Assume that in the three recycling channels, the recycling party is responsible for
recycling e-waste and selling the recycled products back to the manufacturer at transfer
payment price u, and all of the waste products repurchased by the manufacturer are used
for remanufacturing. Following Huang et al. (2013), the relationship between investment
in recycling activities and the rate of return satisfies I = kz2. The meaning of k is shown in
Table 2. Under normal circumstances, there are still differences in quality between remanu-
factured and new products, but because of their price advantages, consumers still show a
certain willingness to buy them. Therefore, new and remanufactured products can be sold
in dual channels at the same time, forming price competition between channels.

H3: It is assumed that the enterprises participating in each recycling channel are econom-
ically rational. To protect the interests of manufacturers, the cost of e-waste production
for manufacturers should be lower than the cost of production with new materials, that
is, ¢, > ¢,; let A = ¢, — ¢,(Min, et al., 2013). The meaning of A is shown in Table 2. To
protect the interests of retailers, the retail price of a unit product is greater than the whole-
sale price, that is, p > w. To protect the interests of third-party recyclers, the recovery rate
should be greater than zero, and the profits of third-party recyclers should be greater than
the investment in their recycling activities, that is 7 > 0 and ﬂjp > I’ Similarly, the profit
of the manufacturer and that of the retailer are greater than the investment in recycling
activities. Thus, we have 7/ > ™ 7R > I

H4: 1t is assumed that the manufacturer is the Stackelberg leader of the entire recycling
channel (Liu et al., 2016).

3.3 Symbol definitions

All parameters of the article are shown in Table 2.

4 Model construction and solution
4.1 Manufacturer’s recycling model (model M)

In the manufacturer’s recycling model, the manufacturer will invest the recycling funds

of IM to recycle e-waste from consumers, and recycling rate 7 is used to remanufacture

e-waste. To promote the sales of new and remanufactured products, manufacturers choose

to sell new and remanufactured products to retailers and consumers at wholesale prices @
. . M . . .

an(z (llirect sales prices p,, respectively. In this model, the profit functions of each party are

as follows:

TN (P T @) =[lya = Bip, + 8(p,, = p,)| @ + [aa = Bop,, + 6(p = P,) | P

(A=) () + k) - Bip, — fopy] — 72 M

ﬂf/[(pr) = (pm_w) [hla_ﬂlpr+6(pm_pr)] (2)
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To simplify the calculation, we refer to the work of Taleizadeh et al., (2018a, 2018b)
and Hilge et al. (2016) and apply i, = h, = h,f, = p, = f. We solve by reverse induction
as follows:

BA2(1+5+25) .
S there is
unique optimal wholesale price o™*, optimal retail price p’r"’ *, optimal direct selling price

p% * and optimal recovery rate T™* . For the proof of proposition 1, see Appendix 1.

Proposition 1 In the manufacturer’s recycling model, when k >

Under these conditions, the market demand values for product direct sales channels and
retail channels are as follows:

e _ 2ahk(p + 5) .
» T T3F2AT — 45HA7 + 8Kp + 8Kk ®)
e _ 2ahk(2 + 36)
W~ (C3J2A2 — 43pA2 + 8Kkj + 8kO) )

The optimal profits brought by manufacturers, retailers and remanufacturing are, respec-
tively, as follows:

e PIPK(3P +46) 5

" T B(32A7 — 46pA7 + 8Kp + 8ko) )

v 4B + 6) )

" T (C3p2A — 4552 + 8kf + 8Kk5)? ©
21,2 2 2

e [RKAGH + 457 o

T (=3p2A2 — 454A% + 8kp + 8kS)?

To ensure that the calculation is meaningful, the price, recovery rate and profit of the
product must be greater than 0. Under these conditions, the parameters in the model must

. [ 4k@E+p)
satisfy: A < Prass)”

As aresult, we have Corollary 1:

Corollary 1: (i) When the manufacturer is responsible for recycling, the wholesale
price (oM*), retail price (Pjrw *) and direct sales price (P% *) of the product are inversely
proportional to the cost savings of remanufacturing (A) and directly proportional to the
coefficient (k) of investment recovery. (ii) The recovery rate (tM*) of e-waste is directly
proportional to the cost savings (A) of remanufacturing and inversely proportional to the
coefficient (k) of investment recovery. (iii) The market demand of retail channels (Dlr"’ *) and
direct sales channels (D"Wf ) is directly proportional to the cost savings (A) of remanufactur-
ing and inversely proportional to the coefficient (k) of investment recovery. (IV) The profit
of manufacturer (nﬁl’l *), the profit of retailer (lzf’l ), and the profit of remanufacturing (RE*)
are directly proportional to the cost savings of remanufacturing (A) and inversely propor-
tional to the coelfficient of the return on investment (k).

For the proof of Corollary 1, see Appendix 2.
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Corollary 1 shows that in the manufacturer’s recycling model, the greater the cost sav-
ings of remanufacturing becomes, the greater the profit margin for the company’s recy-
cling and remanufacturing becomes. The manufacturer is profitable and will increase the
recycling rate. As the number of remanufactured products on the market increases, mar-
ket demand also increases. To promote the sale of remanufactured products, manufacturers
will reduce wholesale prices, and retail and direct sales prices will also drop. These low-
ered prices will stimulate market demand and prompt manufacturers to increase investment
recovery and the rate of return to produce more products, forming a positive cycle and
ultimately increasing the profits of both manufacturers and retailers. However, the increase
in the return on investment increases the cost of the manufacturer’s return, resulting in a
reduction in the return of the profit. To compensate for the losses caused by the recov-
ery of investment, manufacturers will reduce the recovery of investment and increase the
wholesale price, retail prices and direct sales prices. This increase in prices reduces market
demand and ultimately leads to reduced profits for both manufacturers and retailers.

4.2 Retailer recycling model (model R)

In the retailer recycling model, the manufacturer entrusts the retailer to recover e-waste
from consumers at a unit price of u and to remanufacture the e-waste. In this recycling
channel, the retailer first determines the retail price (Pf) of the new product, the recycling
rate (%), and the investment (I¥) in recycling e-waste. Subsequently, the manufacturer sets
the wholesale price (w®) of the new product and the direct selling price (Pf1 ) of the reman-
ufactured product. Under these conditions, the profit function of each party is expressed as
follows:

nf(pr, r) = (pr — w) [hla - pp, + 5(pm —p,) + m'[(hl + hz)a - bp, — ﬁzpm] -k
(3
78 (P @) = hya = ip, +8(py — P ) + [haa = Popy + 6(py = p,) P + (A == c,) [(hy + y)a = Bip, = Bop,a]
Q)

Similarly, we let h; = h, = h,f; = f/, = f and by reverse induction as follows:

Proposition 2 When the retailer is responsible for recycling, when
k< 4[12[A(2u+A)—2uz]+4,{36u(5A—4u)+uZ¢32

168+165 p .
largest profit, there is a unique optimal wholesale price (o"*), retail price (P*), direct sell-

and when the manufacturer and retailer each have the

ing price (Pfq*) and recovery rate (t%%), which are, respectively, written as follows:

W = ah(—4f3u? + 453 A% — 208%6u> + 14525ul + 8F5A% — 236%u* + 28482 ul — 8kps + 28°u> — 12ks%)
BB +26)(—=8P2u2 + 82Ul + 452 A2 — 16p6u? + 20p6ul — 16kf + 62u® — 16k5)
(10)
pR* _ ah[2pP(BuA — 2u® + 2A%) + f*(265uA — 175u> + 85A* — 8k) + f6*(28ul — 17u?) — 24kp5 + 26° 1> — 12k6°]

r BB+ 26)(—852u? + 8F2ul + Af2AZ — 16p6u? + 20B5uls — 16kf + 6212 — 16k5)

(11)
Re _ ah[2f°QuA — 3u? + 2A%) + f25(22ul — 23u® + 8A?) — 8kp? — 21 85%u> + 2845°uA — 20k 5 + 26%u* — 12k6?]
P = BB+ 26)(—8%u? + 852uA + 4p2 A2 — 16p6u? + 20p6uA — 16kf + 82u> — 16ks)
(12)
R —2(5ahéu + 2pahu + 2fahA)

= (8072 + 82ub + 42A2 — 16§6u? + 2006ub — 16kf + 6% — 16ks) 12

@ Springer



Dual-channel retail and multichannel recycling strategies. ..

For the proof of proposition 2, see Appendix 1.
Under these conditions, the market demand values for product direct sales channels and
retail channels are, respectively, as follows:

—ahQ2p?u? — AAP*u + 3p6u> — 8APSu + 8kf — 26%u> + 12k6)

DR* —
v = (8Pl + SPub + AF2AT — 16512 + 20p5ud — 16kf + 6% — 16k5) P
oAb < 20Pu+ 9P’ — AMPo + 8P+ 20 48k

r T (=802 + 8P2ul + 4B2A% — 1686u® + 2086ul — 16kf + 6%u2 — 16kd)

The optimal profits brought by manufacturers, retailers and recycling and remanufactur-
ing are, respectively, as follows:

R[4 WP — dul + 4A%) + 254 (16ku® — 32kuA + 176u* — 465u° A + 4461 A?) + p°(64K> + 176kéu*
—336k6ul + 438%u* — 1706213 A + 160671> A?) + *(320k> 5 + 296k6%u® — 568k6ul + 1263u* — 886313 A
N 196832 A?) + P(A96k> 57 + 124k5°u* — 304k8° uA — 206 u* + 248613 A) + 240k% 8% — 40k5* 1)

Tn = BB+ 28)(—8F2u? + 8F2uA + 462 A2 — 16612 + 20B5ul — 16kf + 6212 — 16k5)?

(16)

Re _ —a?h2(4k + 3pu* + 66u?)
r T (=82 + 8f2uA + 442 A2 — 16B5u% + 2085ul — 16kp + 52u® — 16k5)

T

a7

4212 (u — A)(2Pu + 2PA + 56u)32u? — 3AFu + 65 fu® — 65Afu + 8kp + 10k5)

RER* —
(802U + 82Ul + 4§2A% — 16612 + 20p6uls — 16kp + 62u> — 16k5)>

(18)
To ensure that the calculation is meaningful, the product price, recovery rate and profit
should be greater than 0, so the parameters of the model need to satisfy the follow-
16( 51> +kf+k5 ) +8p% 1> —u? 5
4QB2u+p A+5P5u)
From the above results, we have Corollary 2:

ing:A <

Corollary 2 (i) In the case of retailer recycling, the wholesale price (w®*), retail price
(Pf*) and direct selling price (Pr[i*) of the product are inversely proportional to the cost
savings (A) of remanufacturing and directly proportional to the coefficient (k) of investment
recovery. (ii) The recovery rate (t®*) of e-waste is inversely proportional to the cost sav-
ings (A) of remanufacturing and directly proportional to the coefficient (k) of investment
recovery. (iii) The market demand for retail channels (Df*) and direct sales channels (Df;l*)
is directly proportional to the cost savings (A) of remanufacturing and inversely propor-
tional to the coefficient (k) of the recovery of investment. (IV) The manufacturer’s profit
(ﬂﬁ*), retailer’s profit (ﬂf*) and remanufacturing profit (REX*) are directly proportional to
the coefficient (k) of investment recovery and manufacturing cost savings (A).

For the proof of Corollary 2, see Appendix 2.

Corollary 2 shows that in the retailer’s recovery model, as the recovery of investment
increases, the recovery rate of the retailer’s e-waste also increases. For manufacturers, the
volume of raw materials that can be used for remanufacturing is also increasing, which
promotes market demand for new and remanufactured products and increases remanufac-
turing profits. With the increase in cost savings of remanufacturing, taking into account
the interests of consumers, manufacturers will reduce wholesale prices, retail prices will
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also decrease, and market demand for new and remanufactured products will also increase.
Under these conditions, the retailer will further increase the return on investment to meet
market demand, which will ultimately increase both the manufacturer’s profit and the
retailer’s profit.

4.3 Recycling model of third-party recyclers (model 3P)

In the recycler recycling model, the manufacturer entrusts a third-party recycler to recy-
cle e-waste from consumers at a unit price of # and remanufacture e-waste. Under this
recycling channel, the recycler first determines the recovery rate (z°F) of e-waste and the
investment funds (I°F) for recycling e-waste. Second, the manufacturer sets the direct sell-
ing price (P’3nP *) of remanufactured products and the wholesale price () of new products.
Finally, the retailer determines the retail price (PfP *) of the new product. Under these con-
ditions, the profit function of each party is expressed as follows:

ﬂfP(pr) = (pr_w) [hla_ﬁlp)+6(pm_pr)] (19)
(@) = b= 0)(h +hy)a = Bip, — Byp,] — kt* (20)

7 (P @) =lhya = Bip, + (P — p,) @ + [Mya = By, + (P = P,)| P

21
+ (A —u- Cm) [(hl + hZ)a - ﬂ]pr - ﬂ2pm]
Similarly, with &, = h, = h,; = , = f, we solve by reverse induction as follows:
Proposition 3 For the case of recycling by recyclers, when k > % and the

respective profits of the manufacturer, retailer and recycler are maximized, we, respec-
tively, have the following unique optimal wholesale prices, retail prices, direct sales prices
and recycling rates, which are:

WP = ah3p*u? — 3zp%u + 46 pu’ — 46 Afu + 2kp + 2ké)

T 3032 — 3AP3u + 46212 — 45 AP2u + 4kp? + 4k6 @2)
spe _ ah(3P2u? — 3AB2u + 48 pu> — 45 Afu + 3kp + 2k5) ’
T PBPAR = 3AU+ 46U — 46 APu + 4kp + 4kS) @3)
spe _ GhGF2U? = 3MB%u + 48 fu® — 46 APu + 2kp + 2k8) o
w T BQGPPu? — 3AL2u + 46pu> — 45APu + 4k + 4k6) @4
" ahu(3pf + 46
3P (38 ) 25)

- 23%u? — 3A%u + 46 pu? — A5 APu + 4kp + 4k6)

For the proof of proposition 3 see Appendix]1.
Under these conditions, the market demand of the direct sales channel and retail channel
of the product are, respectively, as follows:
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3Px _ ahk(2p + 36)

v T P — 30P%u + 4502 — 45Apu + 4kp + 4k5) (26)
hk(B + 5

3P a (ﬁ + ) (27)

© T GPu? — 3APPu + 46pu? — ASAfu + 4kp + 4k5)

The optimal profits brought by the manufacturer’s, retailer’s and enterprise’s recycling
and remanufacturing are as follows:

3Px_ a’h*k(3p + 46) .
m T2RBLRUR — 3ARu + 48 fud — 45 APu + 4kP + 4kS) (28)
3Px a?h*k* (B + 5) 29
Vs =
. B2u? — 3AL2u + 46 Pu® — 48 APu + 4kp + 4k6)? (29)
3Ps a’Pku*(3p + 46)° 30
T =
: 4(3p%u% — 3AL%u + 46Pu? — 48 APu + 4kp + 4k6)2 (30)
_ 252 —A 48)?
RE3P* = a~h“ku(u 3P + 46) 31)

T 2(352u? — 3AB2u + 46 u — ASAPu + 4kp + 4kS)?

To ensure that the results are meaningful, the product price, recovery rate and profit

should be greater than 0, so the parameters of the model must satisfy the following:
A < B AP AP +AkS
Bu(3p+45)

Corollary 3 In the case of third-party recycler recycling, (i) wholesale prices (w’"),
direct sales prices (pfnp ), and retail prices (pr*) are directly proportional to the coefficient
(k) of investment recovery and inversely proportional to the cost savings (A) of remanufac-
turing. (ii) The recovery rate (t3F*) of e-waste is directly proportional to the cost savings
(A) of remanufacturing and inversely proportional to the coefficient k of investment recov-
ery. (iii) The market demand of retail channels (Df‘D *Y and direct sales channels (Dfnp ) is
directly proportional to the cost savings A of remanufacturing and inversely proportional
to the coefficient k of the return on investment. (IV) The retailer’s profit (nfp ), manufactur-
er’s profit (nfnp "), recycler’s profit (]TEP *) and remanufacturing profit (RE**) are inversely
proportional to the coefficient (k) of investment recovery and directly proportional to the
cost savings (A) of remanufacturing.

For the proof of Corollary 3, see Appendix 2.

Corollary 3 shows that in the third-party recycler’s recycling model, with an increase in
the investment recovered, the recycling rate of the recycler’s e-waste also increases. When
the cost savings of remanufacturing decrease, the higher the recovery rate is, the greater
the cost of remanufacturing becomes. To reduce costs, manufacturers will reduce invest-
ment recovery and increase wholesale prices, and retail prices will also increase, leading to
a decrease in market demand and ultimately to a decrease in the retailer’s, manufacturer’s
and recycler’s profits. When remanufacturing cost savings increase, the higher the recovery
rate is, the greater the remanufacturing profit becomes. Taking into account the interests of
consumers, manufacturers will lower wholesale prices, and retail prices will also decrease.
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Under these conditions, market demand for new products and remanufactured products will
also increase. From the increase in market demand, the profits of retailers, manufacturers
and recyclers will also increase.

5 Analysis of the effect of recycling-remanufacturing

To express the results of the following propositions more intuitively, we use Haier’s 216-L
BCD-216STPT direct cooling fixed-frequency three-door refrigerator as an example for a
numerical simulation. We assume that Haier Company (i.e., ‘the manufacturer’) has produced
a batch of 216 1 BCD-216STPT direct cooling fixed-frequency three-door refrigerators and
sold them through a dual-channel system (direct online sales or traditional retail). The com-
pany uses raw materials to produce new products or waste products to produce remanufac-
tured products. Studies have indicated that for remanufacturing companies to make a profit,
the recycling rate of waste products should be at least 75%, while the remanufacturing rate
of using waste products should be at least 55% (Zhang, et al., 2020a, 2020b). These values
increase the recovery rate and ensure that remanufacturing activities result in income. The
company adopts three recycling strategies: recycling by itself, entrusting retailers to recycle,
or entrusting third-party recyclers to recycle. Through the comparison of these three recycling
strategies, the company chooses the most suitable combination to maximize corporate profits.
The current retail price of the refrigerator listed on the company’s official website is RMB
1299. Assuming that the market capacity of the refrigerator is @ = 1000, the production cost
of a single refrigerator produced by the manufacturer is ¢, = 1000, and the sales cost of a sin-
gle refrigerator produced by the retailer is ¢, = 50, as shown in Table 3. The following section
will analyze the effects of recycling and remanufacturing in each situation.

5.1 Comparison of recovery rates

By comparing the recovery rates of existing household appliances in each situation, Proposi-
tion 4 is obtained.

Proposition 4 The optimal recovery rate satisfies t™* > t®* > 73,

For the proof of proposition 4, see Appendix 1.

According to the results of each parameter assignment, the data shown in Table 2 were sub-
stituted into equations 7*, z®* and 737*, and MATLAB R2015a software was used to analyze
the optimal recovery rate for each case with k and A. The simulation results are given in Fig. 2.

Figure 2 shows that the manufacturer achieves the highest recovery rate for recycling
e-waste. Under the same conditions, the recycling rate achieved when the manufacturer
entrusts the retailer to recycle is higher than that of the third-party recycler. The reasoning is as
follows. (1) Manufacturers are responsible for all remanufacturing cost savings when they are
responsible for recycling. As remanufacturing cost savings (A) increase, product production

Table 3 Assignment of each

h é koA
variable parameter a b ¢ Pm Pr ® u

n r

1000 0.6 1 400 50 1060 1299 980 0.03 30 950 47
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Fig. 2 Influence of changes in k and A on the optimal recovery rate

costs will decrease. Manufacturers will strive to increase recycling investment to obtain more
production raw materials. Under these conditions, the recovery rate of e-waste is the highest,
which is also consistent with current mainstream research conclusions (Teng & Feng, 2021;
Zhang et al., 2021). (2) As the distance between retailers and consumers decreases, compared
to third-party recyclers, retailers understand the needs of consumers better, so it is easier to
recycle e-waste from consumers, resulting in a higher recycling rate for retailers.

5.2 Comparison of remanufacturing benefits

Proposition 5 Optimal remanufacturing profit satisfaction can be derived as follows:

3262 12 17— 2 2 2 2,2 2
When k < \/ 312 2+ 3A f2u—65ou’+6Adu A> \/Sﬂk +10k25+3 0212 +65 u . we can conclude that

2(4p+56) 3(BRu+2p5u)
M R 3P, —3u? f24+3A[2u—66u+6Adu 8k2+10k26+3 f2u2+66 fu?
RE"> RE®"> REY™; when k >/ e ,A<\/ (e

we can conclude that RE®*> REM*> RE3F*,

For the proof of proposition 5 see Appendix 1.

%108

Fig. 3 Impact of changes in k and A on optimal remanufacturing revenue
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By substituting the data shown in Table 2 into Eqgs. (7), (18), and (31), the optimal
remanufacturing revenue varies with k and A in each situation through numerical simula-
tion, as shown in Fig. 3.

From Fig. 3, (1) when k > 1/11.49A + 344.81 and A < V30 + 0.87k2, the manufac-
turer’s remanufacturing revenue with recycling is lower than the retailer’s remanufacturin
revenue with recycling. In contrast, when k < \/11.49A + 344.81 and A > /30 + 0.87k2,
the manufacturer’s remanufacturing revenue with recycling is higher than the retailer’s
remanufacturing revenue. (2) Third-party recyclers have the lowest remanufacturing rev-
enue from recycling. The reason is that when the cost saved (A) by remanufacturing is
low, the revenue from remanufacturing decreases. As the retailer’s investment parameter
(k) increases investment recovery, the recovery cost paid by the manufacturer to the retailer
will also increase, further reducing the remanufacturing gains. When the cost saved (A) by
remanufacturing is higher, the profit that the manufacturer obtains from remanufacturing
will increase. As the return on investment parameter(k) increases, the more raw materials a
manufacturer can use for remanufacturing, and the higher the profit from remanufacturing
becomes. (3) Combined with Proposition 4, it can be concluded that the third-party recy-
cling rate is the lowest. Therefore, when the manufacturer’s recycling investment remains
unchanged, the decrease in the recycling rate will increase the unit product remanufactur-
ing cost and ultimately reduce the remanufacturing revenue when the third party recycles.

Corollary 4 Figure 4 shows that (1) the difference in recycling channels a has a small
impact on the recycling rate and remanufacturing profits of third-party recyclers but has
a greater impact on the recycling rate and remanufacturing profits of manufacturers and
retailers. (2) Recycling channel 6 is positively correlated with ™* and REM*When the dif-
ference in recycling channels is large, recycling channel 8 is negatively correlated with t®*
and RE®*; when the difference in recycling channels is small, recycling channel § is posi-
tively correlated with ™™ and RE®*. The manufacturer’s recovery rate and remanufacturing
benefits are the greatest when recycled, while the third-party recycler’s recovery rate and
remanufacturing benefits are the lowest.

Corollary 4 shows that as the difference in the 6 of the recycling channels increases,
competition among the recycling channels increases as well. When there is a large

6
12 . i i i 12 x 10
1- M 10 |
08t s | —6— ReM”
—— M M —k— RrgR”
* 0.6 o 0 6t 3p*
* . I~ RE
04} 2P al KRy o
02t 2t
0 0
0 0.2 0.4 0.6 0.8 1 0 02 0.4 0.6 0.8 1
1) o

Fig.4 Impact of changes in recycling channels 6 on recycling rates and remanufacturing revenue

@ Springer



Dual-channel retail and multichannel recycling strategies. ..

difference in recycling channel 6, the recycling rate of traditional retailers will decrease due
to the influence of recycling channels, the raw materials provided by retailers for reman-
ufacturing will decrease, and the remanufacturing revenue will also decrease. When the
difference of recycling channel 6 is small, the change in 6 will have less of an impact on
the retailer’s recycling, so the retailer’s recycling rate and remanufacturing profit will still
increase. Combined with the analysis of Corollaries 1 and 2, it is found that the recovery
rate of 7™* is always greater than that of 7%* and 7°7*, which is consistent with the results
of Corollary 4, indicating that each channel has practical significance for the recycling and
remanufacturing of e-waste. The difference is that with the increase in investment recov-
ery and cost savings from remanufacturing, the manufacturer’s profits from recycling and
remanufacturing may not be the highest, while changes in recycling channel é can bring
absolute benefits to the manufacturer’s remanufacturing (REM* > REF* > RE*™). This
shows that the recycling channel has an important influence on the manufacturer’s remanu-
facturing. It is thus inferred that in the future remanufacturing market, channel disputes
will become key to enterprises’ dominant positioning and benefits.

5.3 Comparison of corporate profits

Proposition 6 The optimal profit of manufacturers, retailers and third-party recyclers
satisfies:

(1) 7;;M* > 77;R* > 7[3P*;
m m m

. 19235202 A4+ 126512 A* f* +27 512 A4
ii hen
(i) Whenk> 17683 -16043u2 =32 uA

, we can conclude that 7% > zM* > 73P*,

19243522 A4+1265u2 A% §* +27p512 A* M R 3Ps
When k < we can conclude that z* > 7% > &
1763 —16083u2—32ulA ’ r r r

... 3p _ AWk (3p+46)
(i) #""(7) = 4GP —3A P Ut 46 fi2—A5APutAkp+aks):

For the proof of proposition 6 see Appendix 1.

Fig.5 Impact of changes in k and A on the profit of the best manufacturer
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Fig.6 Impact of changes in k and A on the profit of the optimal retailer
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Fig. 7 Impact of changes in k and A on the profits of the best third-party recyclers

To further verify the results of Propositions 6, the data shown in Table 2 are substituted
into Egs. (5), (16) and (28); Egs. (6), (17) and (29); and Eq. (30), respectively. MATLAB
R2015a software was used to analyze the profit changes of the best manufacturers, retailers
and third-party recyclers with k and A for the three situations as shown in Figs. 5, 6 and 7.

Figure 5 shows that with the increase of k and A, the profit of the best manufacturer in
the three scenarios increases. The manufacturer generates the highest profit and achieves
the greatest change in recycling and in the profits of third-party recyclers. The lowest
change range verifies proposition 6 (i).

Figure 6 shows that with an increase of k and A, the profit of the best retailer in the
three situations increases. In terms of the growth rate, manufacturers achieve the largest
increase in profits when recycling, while retailers and third-party recyclers achieve the
smallest increase in profits when recycling. Among them, third-party recyclers generate

192435212 A4 +1265u2 A% * 427 fSu2 A4
17643 —16083u> =323 uls

er’s profit is the highest; in contrast, the manufacturer’s profit is the highest. However,

from the perspective of the retailer’s entire profit coverage, the profit coverage area of

, the retail-

the lowest profits when recycling. When k > \/
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the retailer’s recycling is much higher than that of the manufacturer’s recycling. This
result verifies proposition 6 (ii).

Figure 7 shows that with the increase of & and A, the profits of third-party recy-
clers also increase, and the increase in the third-party recycler’s profits with A is greater
than the increase in k, showing that the profits of third-party recyclers are greatly more
affected by A. This result verifies proposition 6 (iii).

Combined with the analysis of Figs. 5 and 7, the optimal profit of the leader of the
recycling channel is almost higher than the profits of the other participants. It can be
concluded that the recycling channel has an important influence on the recycling par-
ticipants, consistent with the result of Corollary 4.

Corollary 5 Figure 8 shows that (i) when the manufacturer or retailer is selected for
recycling, recycling channel 6 has less of an impact on the profits of retailers and third-
party recyclers, but it has a greater impact on the profits of manufacturers. When a third-
party recycler recycles, recycling channel 6 has a greater impact on the profit of the third-
party recycler. (ii) Recycling channel 6 is positively correlated with z, x; and x5,

Corollary 5 shows that as the difference in recycling channels increases, the manufactur-
er’s profits do so as well. When the difference in recycling channels is large, the change in
& will have a greater impact on the manufacturer’s profit. When the difference in recycling
channels is small, the change in § will have a small impact on the manufacturer’s profit, so
the manufacturer’s profit will continue to increase.
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Fig. 8 Impact of changes in recycling channel 6 on the profits of manufacturers and retailers
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6 Model expansion

This section examines the environmental impact of different recycling channels in three
situations. Referring to Visnjic and Looy (2012) and Atasu and Souza (2013), parameters
0 and ¢ are, respectively, introduced to represent the environmental impact of direct and
traditional retail channels (including the environmental impact of remanufacturing). F is
the total impact of the two retail channels on the environment under different recycling sce-
narios, and the functional relationship expression is written as F=0D’ +¢Dy.

Proposition 7 (1) When 6 > —gx,/j,, we can conclude that FM* > FR*; in contrast,
FM* < FR*(2) When 0 < —@x,/j,, we can conclude that F®* > F3"*; in contrast,
FR < P3P (3)FM* > F3P*_ For the proof of proposition 7 see Appendix 1.

Figure 9 shows that the recycling of e-waste by third-party recyclers has the least envi-
ronmental impact. When environmental parameters 6 and ¢ are, respectively, at points
A(0.258,0.379) and B(0.416,0.905), that is 6 < 0.25,¢ > 0.379 and 6 > 0.905, ¢ < 0.416,
e-waste recycling by manufacturers has less of an environmental impact than e-waste recy-
cling by retailers. In contrast, the impact of e-waste recycling by manufacturers on the
environment is greater than the environmental impact of retailers recycling e-waste. This
result shows that recycling by manufacturers and retailers has a greater impact on the envi-
ronment, while recycling by third-party recyclers has less of an impact on the environment.
This is the case because third-party recyclers have the lowest recycling and remanufactur-
ing rates when recycling, so their impact on the environment is also the least significant. In
addition, third-party recyclers may use their professionalism and selective recycling in the
recycling process. Although the recycling rate is low, the recycling quality of e-waste is
high, so the impact on the environment is minimal. Therefore, from a purely environmental
point of view, it is optimal to have a third-party recycler responsible for recycling. This
result verifies proposition 7.

4000

Fig.9 Impact of changes in 6 and ¢ on the environment
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7 Research conclusions and future prospects
7.1 Research conclusions

According to the policy recommendations of the "Global Electronic Waste Monitoring
Report 2020" and the "White Paper on China’s Waste Electrical and Electronic Products
Recycling and Comprehensive Utilization Industry,” this paper studies a closed-loop sup-
ply chain game model based on online direct sales, traditional retail, and upstream and
downstream stakeholders in the supply chain participating in recycling and remanufactur-
ing. We consider possible recycling channels and analyze the optimal selection strategy for
e-waste recycling by manufacturers, retailers, and third-party recycling companies. First,
we compare recovery rates, remanufacturing revenues, corporate profits and environmen-
tal impacts under the recovery of various channels. Second, we use MATLAB simulation
software to verify the impact of the return on investment coefficient (k), remanufacturing
cost savings (A) and the change in the return channel (6) on the return rate, remanufactur-
ing revenue, corporate profits and the environment. Finally, we propose means to promote
the implementation of guidelines outlined in the above white paper and monitoring report.
Our main conclusions are summarized as follows:

1. Interms of increasing the recovery rate, manufacturers prefer to recycle themselves.
When choosing to entrust recycling to another entity, the manufacturer will give priority
to the retailer for recycling.

2. Interms of increasing remanufacturing revenue, this mainly depends on the returnee’s
investment coefficient and remanufacturing cost savings. When the investment coef-
ficient of the reclaimer is higher and the cost savings of remanufacturing are lower,
the manufacturer will have the retailer reclaim it. In contrast, when the investment
coefficient of the reclaimer is low and the cost savings of remanufacturing are high, the
manufacturer will recycle by itself.

3. Interms of improving corporate profits, this mainly depends on the leader of the recy-
cling channel. As far as the manufacturer is concerned, the manufacturer’s profit is high-
est when it recycles by itself, and the profit is lowest when recycling is commissioned
by a third-party recycler. For retailers, the retailer’s corporate profits are highest when it
performs recycling, but under certain conditions, the retailer’s profit may be lower than
the manufacturer’s profit. For third-party recyclers, their profits are mainly affected by
the cost savings of remanufacturing.

4. In terms of environmental impacts, third-party recyclers have the least environmen-
tal impact when recycling. However, as recycling channels change, the environmental
impact of manufacturers’ and retailers’ recycling will also change.

Now let’s briefly analyze the regulatory significance of the article from the perspective
of manufacturer and government, respectively. First of all, for manufacturers, the choice of
recycling mode determines the development strategy of enterprises to a certain extent. If
the manufacturer is inclined to get a higher recovery rate of waste products and enterprise
profits, then the manufacturer’s direct recycling scheme is the best. Conversely, if a manu-
facturer simply wants to enhance its reputation and thereby expand its influence by taking
responsibility for recycling, it is more cost effective to choose the retailer model. Secondly,
for policy makers, they are more concerned about how to balance the relationship between
economy, environment and social welfare. Electronic waste recycling as a new electronic
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industry, in order to achieve the purpose of sustainable development, the government needs
to formulate scientific and effective policy measures to actively guide manufacturers to
directly recycle waste electronic products, in order to improve the efficiency of resource
recycling. For example, the Law on the Prevention and Control of Environmental Pollution
by Solid Waste amended by the Chinese government in 2020 has clarified the recycling
responsibility of manufacturers. For traditional commodities such as steel, where produc-
ers are far removed from consumer markets, government schemes to encourage retailers to
take responsibility for recycling should be more effective.

8 Research outlook

From the above conclusions, recycling channels have a significant impact on the recycling
and remanufacturing of e-waste. The implementation of reasonable recycling strategies can
not only effectively increase the rate of e-waste recycling but also promote an increase in cor-
porate profits and reduce the impact of e-waste on the environment to realize the sustainable
development of the e-waste remanufacturing industry. In this article, we consider a situation
where manufacturers, retailers and third-party recyclers are solely responsible for e-waste
recycling, but we do not take into account cooperative recycling by various recycling par-
ties. Cooperation through recycling channels can be better utilized. All involved parties can
learn from each other’s strengths to maximize the economic and environmental benefits of
the e-waste recycling-remanufacturing process. In addition, while we assume demand to be
determined, market demand is affected by a variety of factors, making it difficult to predict.
Finally, we do not take into account the case where some entities act as both retailers and
manufacturers. Therefore, future research can further consider the choice of e-waste recycling
and remanufacturing strategy under uncertain demand and the closed-loop supply chain deci-
sion of a single actor acting as both manufacturer and retailer.

Appendix1: Proof of propositions 1-7

Proposition 1

Proof: Because dzir}rw (p,Yo*p, = =2(B+5), =™(p,) is a strictly concave function of
p,. Under these conditions, the retailer’s profit function zri"’ (p,) has maximum value. We let
ox (p,Yop, = 0 and find the retail price of p, with respect to 7 (p, ) as follows:

M

ah+p,,6 +w(f +6)
p, =

2(p+9)

(32

By substituting Eq. (32) into equation 7/7"1‘;1 , the Hessian matrix of the manufacturer’s profit
function 7™ (P, T, @) with respect to p,,,r and w is as follows:
m

Pmy  Pml Pm) —(282+4B5+6%)  —Ap(1+6) P
asz/l 0p,,0t  0p,,0w f+o 2(5+3)
0’ 3*zM  9?aM 2 _
Hl — m m m =| A 2474306 —2k pA (33)
d70p, a2 drow 2(6+6) )
2 2. M 2.M
Jo°z, d°m, OJ°m, 5 —pA _(ﬁ + 5)
o0wdp,, O0wdr  J0w? 2

The third-order principal equation of the Hessian matrix is as follows:
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BA%(14+p+26)—8k(f+6) BA%(1+p+26)
BB +25) 2(8+9) > 8(f+5)
tive definite. Under these conditions, the manufacturer’s profit function ”;IZI @, T, @) is a joint

concave function of p,,r and w, and the manufacturer’s profit function has maximum value.
Therefore, we can derive the first-order partial derivative of ﬂf‘rf (P> T, @) with respect to p,,, T
and o, and the simultaneous equations can generate optimal wholesale price ™*, optimal
retail price P’r"’ * and optimal recovery rate 7M*, respectively:

<0, namely, when k& , Hessian matrix H, is nega-

we  AR(=3P*A2 — 45BA% + 4kP + 4kS)
oM =

T B(=3B2A2 — 45 BA2 + 8kp + 8kS) (34
e Gh(=32A% — ASBA? + 4kp + 4k5) 35
P = (3207 43P + 8Kkp + 8KS) (35

hAQ + 48
M ahA3p + 46) (36)

B (=32A2 — 45 6A2 + 8k + 8kb)

When substituting Egs. (34), (35), and (36) into Eq. (32), the optimal direct selling
price PM* is as follows:

v Gh(=37A2 — 45 A2 + 6kp + 4k5)

= 37
© T B(=3?A% — 45§A7 + 8k + 8kD) 37)
Proposition 1
is proved.
Proposition 2
Proof: The Hessian matrix of 7% (pm, w) with respect to p,, and p, is as follows:
R D) B ()
op> PP, [ =2p-266
H2 = Bzﬂs(p;;,,w) 0Zﬂ§(pf,w) - < S5 O) (38)
9p,0p,, op?

The second-order principal equation of the Hessian matrix is —62 < 0, and we can con-
clude that Hessian matrix H, is negative definite. Therefore,zrr’fl (pm, a)) is a joint concave
function of p,, and p,, and there is a unique optimal solution for p,, and p,.

07 (P, oz (b . . . .
From 9 (P 2) =0 and M =0, we can derive direct selling price

r

PR = Lot PPt and  retail  price PR = 220 + w6” + 4pdw — ahs — 2fzu
+2B%TA + 3857 A — 3p57u)/52. With substitution into equation z¥ (pr, r), the Hessian

matrix of ﬁf( .. T) with respect to 7 and w is calculated as follows:

20(44° + 1664 (u — A)? + k&*

. . +F38 (1712 = 36ud + 19A%)  —f(f +26)[4(26° + 56°5)
2% (r) 52"‘;%’) +2632 (12 — 4uh +30%)] (A —u)+6%u+2p6%(5A — du)
=l p b, 2o |~ 7 7 (39)
Jaot 902 —B(B +26)[4(2p° + 5520)

(A —u)+ 83u + 2B82(5A — 4u)
5

=P (+O)(p+28)*
54

452(A—u)*— 161> +20ur+u> 52
164+165
is negative definite. Under these conditions, n'f (p,, r) is the joint concave function of @

Therefore, whenk < , the determinant of the Hessian matrix
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. . . . R (p,.v R (p,.r
andr, and there is a unique optimal solution for w andz. From ’(gw’ ) — 0, ’gr’ ) _ 0,

optimal wholesale price (0®*) and optimal recovery rate (z**) can be obtained. We sub-

stitute @™ and 7®* into retail price PR and direct sales price PR, respectively, to obtain

best retail price (Pf*) and best direct sales price(PZ*). Proposition 2 is proved.
Proposition 3

(p,) _

tion of p,, and the retailer’s proﬁt function 7r (p,) has a maximum value. Under these
conditions, the retail price of 7rr (p,) with respect to p, is as follows:

Because —=2(p + 6), it is concluded that ﬂf” (p,.) is a strictly concave func-

ah+p,,6 +o(f +6)

3P _
By substituting Eq. (9) into equation 7
respect to 7 and settlng ( ) = = 0, we can derive the following: that:
P —4u(2ﬁ2 .+ B2w — 3pah +3Pp,,5 + féw — 4ahd) @

T (=862 + 82Ul + 42 A% — 165612 + 20f5ul + 6%u2)

By substituting Eq. (10) into equation 7z ( - ), we obtain the Hessian matrix of
T (pm, ) with respect to p,, and o as follows.

P (puw) Pl (p0) 25— 5(2ﬁ+5) WP (u—0)25+38)°  (2up+35%6u)(A—)+4k5(f+5)
H, = dpz 9Py, 0 — 4k(f+5) 4k(f+6)
P (pp) P52 (p,0) (2uﬁ’+3ﬂ25u)(A 1) +4k5(f+6) —(BPu=APPu+4kp+4k5)
0wp,, "0 4k(p+6) 4k
42)

3AL2u—3F2u2 — 45 prl+45 APu

, the determinant of the Hessian matrix is
4(p+6)

Therefore, when k <

negative definite. Under these conditions, 7[3P is a joint concave functlon of pm and , and
there is a unique optimal solution for p,, and @. By COl’IlblIllIlg =0 and =0, the
3P+ "

best wholesale price (o
3P* 3P

) and best direct selling price (pfnp *) can be obtained. Substituting
into recovery rate 73 and retail price p>*, respectively, generates optimal
3P*y and optimal retail price (pzp ™). Proposition 3 is proved.

and p>’

recovery rate (7
Proposition 4:
Proof:

_ —4ahAGp + 46)[f* A2 +26%u(A — W+16(B6U> + kp + ko)) — 8ahA3P + 48)(Sahdu + 2fahu + 2pahA)[3> A% + 45 A% — 8k(f — a)J
- (=362 A2 — 45PA2 + 8k + 8kS)(—82u> + 82uA + 4p2 A2 — 16862 + 2086uA — 16kp + 521> — 16k5)

—ahQApP i = 240312 A + 1283 A3 + 928%8u° — 1408%8u° A + 606%6uA? + 1626A° + 32kp%u — 16k A
—14158%1% A + 80p8%uA? + 112kpéu — 80kBSA + 463 u> A + 80k6>u — 64k5> A)
T 2322 — 3ARu + 45 Pu — ASAPu + 4k + 4kS)(—82u? + 8B2ul + 42 A2 — 16512 + 20p5ul — 16k +

e e _ BahAGp + 462 (12 + (u — A?] o
Z2(3p2u% — 3AP%u + 46 u? — 45 APu + 4Kp + AkS)(—3P2 AT — A5 FA2 + 8kp + 8kd)

It can be concluded that tM* > ¢R* > 3P+

Proposition 5:

, and thus Proposition 4 is proved.
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_ 402 W% (u—A) 2 Pu+2PA+551) 32 12 =3 A f2 u+665 fu> —65 A fu-+8k% f+10k%5)
T (32 AZ—45 A2 +8k(+8Kk5)> (—8 2 U2 +8 2 uA+4P2 A2 —16p512+20p5uA— 16k f+52u>—16kS)2

3PP +3APPu-6p5w +6M6u A \/8ﬁk2+10k25+3ﬁ2u2+65/iu2
9’

Proof: REM* — RER*

, We can

Due to A > u, when k > \/ T 3P 2050)

conclude that RE®*> REM*; in contrast, REM*> RE®*. In the same way, we calculate
REM*> REF* REF*> RE3"*. Proposition 5 is proved.
Proposition 6 (i):

Proof:
M ke — QI3 PHA8)+16043 62> A2 +3205%K> 5+296 52k6>u? +325* ku? —64 * kuA+24 5% 51t >0
n n B(B+26) (=352 A2—45f A2+ 8k f+8k5)(— 8212+ 8 FRub+452 A2—16§51>+205uA— 16k f+52 12— 16k6)
Re 3Pk _ a2 @pSut 16053 5202 A2 +125% 63 u* —88% 53 13 A+96p% 53 12 A2 —20p54ut +24p5% 3 )
z T, = G2 Ty Y YY) 2A2 2 5 ) 5 >0
m m 2P(F+26)3F2u2 —3APRut A5 frl —46 A Put Ak ko) (—SFL 12 +8PLub+4P2 A2 —16§6u2+20f6uB—16kf+6 212 —16k3)
oMr _ 3P = 2BOFC3ARUtASH —A5A Btk frAkO)a PGB H45)—PatIP k(3P4 3P A2 A5 pAPRKAYBRS) (v Dye
m ” 2p2(=32 A2 =45 fA2+8K+8kS)(32u2 —3 A [P u+46 fr2—45 A Pu+4kp+4ks)
16(pou>+kf+k6 )+8u® f> 52 BAX(1+5+28) _M R 3p ... o -
to A< andk > ———=7"* > 7% > 7™  Proposition 6 (i) is
4Q2p2u+p2A+5p5u) 8(p+5) Tm m m P (@)
proved.

Proposition 6 (ii):
—3A202 — 486 pA% + 8kp > 0
Proof: 4 —86%u® + 8f%uA + 46> A% — 16p6u* + 2086ul — 16k f + 6*u*— 16 k6<0.
302U — 3AL*UP + 46 Pu* — AASPu + 4kp + 4k6 > 0

192535212 A4+ 126512 A% §* +275u2 A*
1766°—16043u2—323uA

Therefore, when k > \/ and 7"* — zf* < 0, we can con-

clude that z* < z&*; otherwise, z** > 7.
—a®h*(4k + 3Pu? + 681) (3PP — 3AL U + 45 pu’ — 45 APu + 4kp + 4k5)?

—a? Rk (B + 6)(—8%u* + 8F%uA + 4% A% — 166u* + 2086ul — 16kp + 61> — 16k5)

Re _ _3Px _
Ty T (~862u2 +8p2ur+4p2 A2 165512 +20p5ub—16kp+62 u2 —16k8) (32 u2 3 A P2 u+45fu> —48 APu+akp+4ks)2
aMs _ 3P — 4a> K2 (B+8) (3B u? =3 A fPu+45 puP =45 A fu+ 4k f+4k5)> —a* B> k> (B+8) (=35> A2 =45 f A +8k f+8k5)* >0 Propo—
r r (=302 A2—45 A2 +8kP+8kS)2 (3[2u2 =3 AP u+46 fu> —46 A fu+4k p+4ks)?

sition 6 (ii) is proved.
Proposition 6 (iii):
. s oo 3Pk 3Pk 3P 3Px : 3P ;
Proof.  Substitutinge”™*,p>™*,p>™ and z>7* into equation 7 '(7) yields
3P (1) = a®h*ku*(3f+46)°
. T AGR2UR—3APPu+45pud —45 APutdkpAKS)?
Proposition 7:

Proof: —ox, — 0j,

> 0. Proposition 6 (iii) is proved.

FMx _ Ry
(—3p2A2 — 45BN + 8k + 8kS)(—8f%u? + 82ul + 452 A2 — 1636u® + 2085ul — 16kp + 52u? — 16k5)
FRe _ pTPx _ ahbj, + ahgxy
(=862u? + 8F2uA + 452 A2 — 16p6u? + 20pul — 16kf + 62u2 — 16k8)(3f2u2 — 3AP%u + 46pu> — 45 Au + 4k + 4k5)
FMs _ TP _ Pahk(3p + 46)(2u? — 2ul + A?)(2B¢ + O + 395 + 660)

T (=3P2A2 — 46BA% + 8kp + 8kS)(32u? — SAFPu + 45Pu> — 45 APu + 4k + 4ko)

Because  of —3f2A2— 4  SPA%+8kB+8k5 > 04 A + 2u(A — u)]—
16[f6u® + k(B + 6)]1+20 Béur+5%u><0, and so when 6 > —@x, /j,, we can conclude
that FM* < FR*; by contrast, FM* > FR*  Additionally, because 3f%u®> —3Ap> u+4
5Pu* — 46 Au + 4kp + 4ks > 0, when @ < —@x, /j,, we can conclude that FR* > F3F*; by
contrast, FR* < F3P*_ This result verifies Proposition 7.
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Appendix2: proof of corollary 1-5.

Proof of corollary I: In the manufacturer’s recovery model, the first-order partial deriva-
tives of remanufacturing cost savings A and recovery investment coefficient k are obtained
for the wholesale price, direct sales price, and retail price of new products as follows:

dM*  —8ahkABS® +7p5 + 45°) <0 “
0A  (=382A2 — 45BA2 + 8kp + 8k5)? “3)
dM*  4ahA*(3P* +Tp5 + 48°) "
ok (=3B2A2 —45BA2 + 8kp + 8ks)? 4
oy —8ahkABP® + 75 + 45%) 45)
0A  (=3p2A2 — 45BA2 + 8kp + 8k5)?
ooy 4ahA(3p* + P8 + 452) 0 46)
ok (=32A2 —45BA2 + 8kp + 8k5)?
P’ _4ahkABS + 1085 + 85?) “n
0A ~ (=3B2A2 — 45BA2 + 8kp + 8k5)?
ap* 20242 2
. 2ahAN’(3f% + 1088 + 86%) 48)

ok — (=3B2A% — 46 A2 + 8k + 8k5)?

From Egs. (12-17), the optimal wholesale price of remanufactured products, direct sell-
ing prices, and the retail price of new products are negatively related to the cost saved by
remanufacturing A. In contrast, the optimal wholesale price of remanufactured products,
direct sales prices and retail prices of new products are positively correlated with the coef-
ficient of the return on investment k. In the same way, the calculation can be obtained as

M M oDM* DM= oDM* DM+ oM+ oM+ oM
follows: >0 <0; == > 02 <0;—= 0~ < 0= > 0,—= 0;,—= 0
0A > ok ’ 0A ’ ok N >0, ok ’ A ’ ok ’ A >

onM* OREM* OREM*
— 0; > 0,

< 0. corollary 1 is proved.

Proof of corollary 2: In the retailer recovery model, the first-order partial derivatives of
remanufacturing cost savings A and recovery investment coefficient k are obtained for the
wholesale price of remanufactured products, direct selling price, and retail price of new
products as follows:

()(,UR*
0A
_ —2ah(=16p"4 + 161> A — 16/*un? + 484751’ A + 326°5%u’ A + 80KPS* A + 66’ + 104k8%w) _
(B +28)(—8p%u> + 8f%ul + 42 A% — 16p6u> + 20p6ul — 16kp + 82u* — 16k6)?

(49)
o™
ok
_ 4ah(=16p%u> + 16p* A% — 80836u> + 40836uA + 40436A% + 104262 ul + 52883 ul + 56*u?)
- BB+ 26)(—8p%u® + 8f2ul + 42 A2 — 16B6u? + 2086ul — 16k + 62u? — 16k5)?
(50)
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I _2ah(A0F25HAA — 246257uA? + 48KF25u + 1156%1 + BOKBSPA + 65%u° + 104k5%u)
0N~ B(f +26)(—8P%2 + 8P2ul + 42A% — 16§6u® + 20§5ulh — 16kf + 62> — 16k5)>

(5D
apR*
ok
_ 4ah(P + 8)(—8u* + 83 A2 — 36p%5u + 24p25ul + 20826A% — 38p5%u> + 52B6%ul + 56°1?)
- BB+ 26)(—8%u? + 82Ul + 452 A% — 16p6u> + 20p6uA — 16kp + 62u> — 16k5)?
(52)
op®
0A 53
_ —2ah(8*332kp3 A + 190751 + 5655°u> A + 144k 5% u + 80k PS> A + 6g*° + 104k5% ) (53)
B (B +26)(—80212 + 8f2uA + 452 A% — 16612 + 2086ul — 16kp + 621> — 16k6)?
apR*
ok
_ 4ahBF*uA + 8B4 A? — 47512 + 40B3SuA + 2463 5A% + T2(26%ulk + 206252 A2 + 5287 ul + 55u2)
- BB + 26)(—8%u? + 8f2ul + 452 A% — 16612 + 20p6uA — 16kp + 62u> — 16k5)?
(54)

From Egs. (18-23), in the retailer recycling model, the optimal wholesale price @®* of
remanufactured products, direct selling prices pfl* and retail prices pf* of new products
are negatively correlated with remanufacturing cost savings A, and by contrast, optimal
wholesale prices @, direct sales prices p**, and retail prices p®* of new products are posi-
tively correlated with coefficient k of the return on investment In the same way, the calcu-

i o—>0

R:
lation can be obtained as follows: d;A

0. R F) R+
LS O LS O >; > 0;‘3RE > 0; aRdE > 0. corollary 2 is proven.

Proof of comllary 3: In the third-party recycler recycling model, the first-order par-
tial derivatives of remanufacturing cost savings A and recovery investment coefficient £ are
obtained for the wholesale price, direct sales price, and retail price of new products as follows:

0w’ —2ahku(3p* + 7p5 + 45%) <0 s
0A (BB — 3ARu + 45Pu> — 45 APu + 4kp + 4k5)? (5
oo 2ahu(A — u)(3p> +7p6 + 46%) >0 s
ok (32U — 3AP2u + 48 u? — ASAPu + 4kp + 4kS)? (56)

P —2ahku(36* + 786 + 46%) <0 57
0A  (3B2u? — 3AP2u + 48 Pu> — A5 APu + 4kp + 4k6)?

P 2ahu(A — u)3p +7h5 + 45%) oo 58)
ok (3Pt — 3AP2u + 45 Pu2 — 45 APu + 4k + 4kS)?

aPSP* _ 5 2

; ahku(3p* + 1086 + 85%) (59)

= <0
0A (Bf%u? —3AP%u + 45pu? — 45 APu + 4kp + 4k5)?
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op*™* ahu(A — )36 + 1066 + 852)

ok (3pPu® — 3APPu+ 45Pu — 45 Afu + 4kp + 4ko)?

>0 (60)

From Egs. (55-60), in the third-party recycler recycling model, the optimal wholesale
price, direct sales price, and retail price of new products are negatively related to the cost
savings A of remanufacturing, and the opposite produces the most negative result. Excel-
lent wholesale prices, direct sales prices, and retail prices of new products are positively
correlated with the coefficient of the return on investment k. In the same way, the calcula-
tion can be obtained as follows:

0 g aP . DN o Dd o oD Dy . o o,
N O’Wak 0; L >0’2?k <0 oA >0, ok <0 oA >0, ok <0
o3P+ on3P* ORE* IRE** :
B’A >0,—/— <0;,— >0, < 0. Corollary 3 is proved.

The proof process of Corollary 4-5 is the same as Corollary 1-3.
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