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ABSTRACT

Due to economic and environmental advantages, transferring from linear systems into circular economies
has been accelerated, especially in developed countries, which affects companies’ relations. Among dif-
ferent tools and methodologies, the closed-loop supply chain (CLSC) model as an established approach
has shown its efficiency in reflecting these relations regarding the consumers’ behavior. Because of the
complexity, limited studies have considered the effects of different factors simultaneously on different
CLSC network designs. This is the first attempt to study the effects of carbon emission and remanufac-
turing simultaneously on a dual-channel in both forward and reverse logistics, while there is competition
on collection. Accordingly, a novel format for the demand function is suggested and employed. The de-
cisions regarding the optimal pricing and collection strategies of CLSCs were investigated, within which
the manufacturer is responsible for the remanufacturing process and selling the remanufactured products
directly to the customer through the online channel. In contrast, new products are sold via the tradi-
tional retailer channel, imposing relevant costs. We explore the effect of different dual-collection settings
when there is competition between collector parties under three possible options (i.e.,, Manufacturer-
Retailer, Manufacturer-Third-party, and Retailer-Third-party). The considered demand for both new and
remanufactured products addresses consumers who have different willingness to choose the remanufac-
tured items and are sensitive to the produced products’ carbon footprint. The behavior of the formulated
CLSC models is studied by game theory regarding decision variables, and each player’s profit is discussed
through systematic comparison. We analytically show that considering all the effects, third-party entry
is not in the manufacturer’s interest. The findings show that consumers’ willingness to choose remanu-
factured products is generally more influential on prices and profits than their sensitivity to the carbon
footprint.

© 2021 The Author(s). Published by Elsevier B.V. on behalf of Institution of Chemical Engineers.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

caused many countries to adopt and enact carbon emission policies
examined by scientists via the present approaches in the sustain-

Global warming, environmental pollution, and climate changes
are the main effects of greenhouse gases, and particularly, carbon
dioxide. They are identified as common problems of the interna-
tional community (Farquharson et al., 2017; Gopalakrishnan et al.,
2020; Lee and Tang, 2018). Thus, several efforts (e.g., the Kyoto Pro-
tocol, the Copenhagen Climate Summit, the Paris Agreement, and
the European Union Emissions Trading Scheme) have been made
to establish policies to mitigate carbon emission. These plans have
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able supply chain (SC) and circular economy (Fahimnia et al., 2013;
Mazahir et al., 2019; Van Wassenhove, 2019). Therefore, there is an
increasing trend in public authorities’ and shareholders’ awareness
regarding the harmful and destructive effects of carbon emissions.
For example, it has been shown that highly educated Chinese con-
sumers have more willingness to pay (WTP) for low-carbon prod-
ucts (Shuai et al., 2014). Furthermore, the consumer’s perspec-
tive, which forms the demand market, is changing. A survey on
consumers’ perceptions of carbon-labeled electrical and electronic
products in Chinese first-tier cities (Xu and Lin, 2021) shows that
almost 86% of respondents are willing to pay more for carbon-
labeled products. An online questionnaire among Brazilian con-
sumers indicated that 65% sought to buy generic products from
sustainable companies (Garcia et al., 2019). Therefore, companies

2352-5509/© 2021 The Author(s). Published by Elsevier B.V. on behalf of Institution of Chemical Engineers. This is an open access article under the CC BY license
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Nomenclature

Symbole Definition

n new products

r remanufactured products

m Manufacturer

e Retailer

t Third-party

Parameters

Cm The unit production cost of a new product from
raw materials by the manufacturer

Cr The unit cost of remanufacturing a used product

s Fixed cost of offline selling by the retailer

a Basic market demand

D Demand rate of the new product through the re-
tailer channel

Dn Demand rate of the remanufactured product
through the manufacturer channel

uw Share of the basic demand to the direct channel
for selling the remanufactured product

M Sensitivity factor of the retail price for the new
product in the retailer channel

Ao Sensitivity factor of the online price for the re-
manufactured product in the manufacturer chan-
nel

e(t;) Carbon footprint per unit product depending on
the collection rate

en Carbon emissions released due to producing new
products from fresh raw materials

er Reduction of carbon emissions due to remanufac-
turing

K Cost coefficient of emission reduction

A; Average recycling price/cost for used products col-
lected by the collector for i =m,e,t

b Average recycling price for used products paid by
the manufacturer to the collector

C(e) Carbon emission reduction cost

I; Investment of collector party i =m,e,t to collect
the cores

0 <a <1 The competing coefficient between the two col-
lection channels

0 < x <1 Customers’ willingness to choose the remanufac-
tured product as the price difference increases

0 <y <1 The consumer’s sensitivity to the carbon footprint
of the product

C Scaling parameter of the collection costs

Decision variables

i Price of the new product through the retailer chan-
nel

pm Price of the remanufactured product through the
manufacturer channel

w Wholesale price of the new product to the retailer
by the manufacturer

T Collection rate by the collector party i = m,e, t

Other notations
l'[f Profit function of the related party i for the case j

need to understand it and take action in setting consumer’s de-
mand.

Although we are far from an ideal situation, consumers’ be-
havior is gradually improving, and they are becoming increasingly
environmentally conscious (Cheung and To, 2019; Kautish et al.,
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2019; Xu et al, 2020). A study in Hong Kong showed that con-
sumers’ attitudes toward purchasing low-carbon beverages were
significantly influenced by their awareness (Wong et al., 2020). In
the European Union (EU), 26% of consumers frequently purchase
green products, while 54% of EU consumers purchase them oc-
casionally (Eurobarometer, 2013). From the BBMG Conscious Con-
sumer Report (www.bbmg.com), 51% of Americans are willing to
pay more for environmentally friendly products and generally be-
lieve they can make a difference through their purchases from so-
cially responsible companies. Many developed countries in the EU
and North America adopt carbon footprint labeling on their food
packaging (Grebitus et al., 2016; Hartikainen et al., 2014), and the
public participates in the low-carbon lifestyle and has a preference
to buy low-carbon products. It can not only affect the market de-
mand but also be used as a source of competitive advantage for
the companies if they take appropriate actions through the SC. For
instance, Mostafa (2016) demonstrated that WTP for eco-labeled
products in Egypt is expected to be linked to green purchase be-
havior; thus, policymakers may use such link to design better mar-
keting strategies focusing on promoting green products. Investigat-
ing consumers’ change toward more sustainable consumption pat-
terns and carbon emissions saved in production that impact con-
sumers’ behavior are suggested as valuable topics that require fur-
ther exploration (Rondoni and Grasso, 2021).

In 2008, one of the most extensive research efforts ever con-
ducted in SC management by Accenture (www.accenture.com)
showed that only 10% of companies actively model their SC car-
bon footprints and implement successful sustainability initiatives,
and 37% of SC executives are unaware of the level of SC emissions
in their SC network (Barere and Corcoran, 2009; Berns et al., 2009).
Although these figures have improved during the last decade and
many practices have been identified, further efforts are still re-
quired to measure the performance. It is necessary to enhance
the knowledge of SC executives and managers on the importance
of sustainability when planning strategies. The closed-loop sup-
ply chain (CLSC) field introduces approaches to abate carbon emis-
sions that help the organization act sustainably (Guide Jr and Van
Wassenhove, 2009; Guide and Van Wassenhove, 2003). It inte-
grates activities in both forward and reverse SCs (Paksoy et al.,
2011). Beneficial to the environment, but complex in nature, CLSC
has understandably been a study topic for many researchers
(Fu et al.,, 2021).

Reverse logistics is an opportunity for industries to re-
design their networks and collect products that add value to SC
(Shekarian et al., 2016). However, it can also induce competition
between market players (Li, X. et al, 2019; Wu, 2015). More-
over, recycling and remanufacturing used products reduce neg-
ative impacts on the environment by decreasing carbon emis-
sions and saving more resources that create a good corporate per-
spective and improve enterprises’ profits (Subramanian and Sub-
ramanyam, 2012). In this regard, Liao and Li (2021) analyzed
the overall carbon emissions saved by remanufacturing printers
through a CLSC and subsequently calculated the environmental
benefit accordingly. As another example, the potential economic
benefit of closed-loop recycling of end-of-life (EoL) silicon solar
photovoltaic modules was identified by Deng et al. (2021), induc-
ing a 20% reduction in manufacturing costs. Carbon emission in
the forward direction while (re)producing and selling the prod-
ucts could also be decreased. In contrast to traditional methods,
online shopping is an important factor affecting carbon emission
(Wu et al, 2021) and contributing to its reduction (Zhang et al.,
2021). In the United States (US), it was confirmed that delivery
services and operations as elements of online shopping foster a
more sustainable urban environment (Jaller and Pahwa, 2020). Ac-
cording to Rosqvist and Hiselius (2016), a predicted increase in on-
line shopping behavior in 2030 in Sweden would result in a 22%
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Fig. 1. Conceptual framework of the investigated closed-loop supply chains

decrease in CO, emissions related to shopping trips compared to
2012. It can decrease carbon emissions, for example, by consider-
ing the pollutants caused by passengers’ vehicles (Belavina et al.,
2017; Cachon, 2014). Investment of the original equipment manu-
facturer (OEM) in new green production technologies (Aflaki and
Netessine, 2017; Hu et al.,, 2015; Kok et al., 2018) is another ap-
proach in tackling emission issues. For instance, in IBM, a carbon
heat map has been attempted to display the effect of carbon emis-
sions on a specific SC (Yang and Xu, 2019).

We believe that this study is the first to develop models inter-
facing CLSC concepts and consumers’ behaviors on market demand,
while the carbon footprint negatively impacts the demand for new
and remanufactured products. The models were formulated based
on online shopping and green technology to deal with carbon re-
duction. Moreover, there is competition on collection channels be-
tween collector parties. Three different structures were designed to
investigate and reply to the following questions. Fig. 1 shows the
conceptual framework of the study.

» What are the optimum collection rates, prices of new and re-
manufactured products, and wholesale prices of new products
in each scenario?

« Which scenario is the best for each party’s profit?

« How are consumer behavior (willingness in choosing the re-
manufactured products and sensitivity to the carbon footprint)
on decision variables and each party’s profits and collection
rates?

« How can competition on collection affect each model’s collec-
tion rates, profits, and decision variables?

The remainder of this study is structured as follows:
Section 2 reviews the literature to find a gap and make a compara-
tive discussion of previous studies. Section 3 describes the problem
by explaining the assumptions and formulating the investigated is-
sues. Section 4 presents the solution methodology for finding the
optimal values. Section 5 discusses the results, numerically com-
pares different policies, and presents the managerial insights. Fi-
nally, Section 6 presents the conclusion and future research.

2. Literature review

We developed models to investigate the effects of remanufac-
turing, carbon emission, and dual-channels simultaneously. There-
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fore, these three streams of research in the literature are re-
viewed accordingly. The contributions of related studies regarding
the present research are summarized and compared in Table 1.

2.1. Remanufacturing

Researchers and managers extensively agree that OEMs, which
have opportunities to produce both new and remanufactured prod-
ucts, are better regarding centrally controlling their manufacturing
and remanufacturing activities (Zhou et al., 2013). However, un-
der a game-theoretical setting, there are studies that extensively
discussed the role of manufacturer (she)! and third-party reverse
logistics provider (TRLP) in remanufacturing EoL or end-of-use
(EoU) products (Chen and Chang, 2012) and close the loop. Based
on a Stackelberg game (Section 3.1), Yan and Sun (2012) mod-
eled a rebate-punish contract between manufacturer as remanu-
facturer and TRLP, studying the impacts of environmental legisla-
tion on scrap recycling and stochastic price-dependent demands.
Huang and Wang (2017) considered hybrid remanufacturing in
which she collects and remanufactures a fraction of used prod-
ucts and licenses the distributor or TRLP to remanufacture the
rest. Zhang, Y. et al. (2020) and Zhang, F. et al. (2020) studied
remanufacturing modes, including outsourced and authorized re-
manufacturing, for a competitive SC. Meng et al. (2020) inves-
tigated the optimal government consumption subsidy policy and
its impact on the operation of CLSC, where an OEM produces
new products, while a TRLP remanufactures the used products.
Huang and Wang (2020) investigated the interaction between in-
formation sharing and learning effects with OEM remanufacturing
and TRLP remanufacturing under technology licensing. Table 1 de-
termines which party implements the remanufacturing process
and sells remanufactured products to the consumers. It shows that
in most of the reviewed works and also our suggested models, the
manufacturer is the dominant party responsible for remanufactur-
ing. As discussed, this is an efficient way.

Remanufacturing models can be extended by adding
other parties, such as suppliers, to the model. For instance,
Zhou et al. (2013) and Xiong et al. (2013) considered a decen-
tralized CLSC in which one OEM can purchase new components
from one supplier to produce new products and collect used
products from consumers to produce remanufactured prod-
ucts. He (2015) studied acquisition pricing and remanufactur-
ing decisions under both demand and supply uncertainties.
Jin et al. (2017) developed a game-theoretical model to revisit the
impact of TRLP remanufacturing on a forward SC in which one
OEM purchases critical components from one dominant supplier.
Wu and Zhou (2019) studied the effects of a uniform pricing
policy in a CLSC with TRLP remanufacturing and government
permissions to the supplier to charge buyer-specific wholesale
prices. Xiang and Xu (2020) proposed a two-stage remanufactur-
ing CLSC model comprising a manufacturer, a TRLP who invests in
big data marketing activities, and a supplier based on differential
game theory. Considering that both the manufacturer and the
remanufacturer invest in green manufacturing processes, Toktas-
Palut (2021) developed an integrated two-part tariff contract so
that all SC members act rationally following the centralized solu-
tion. To compare the performance of the suggested CLSC models,
we added a third-party to the developed model responsible for
collection while the manufacturer pays it.

Remanufacturing systems are addressed based on the compe-
tition between two parties. Wu (2015) verified the circumstances
in which OEMs should strategically provide incentives to recy-
cle markets in competing with remanufacturers. The optimal pric-

! Hereafter, She/her refer to the manufacturer.
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Table 1
A comparison of this research with previous studies in the literature.

Remanufacturing consideration Carbon consideration Channels structure

Reference Responsible party Different price of Different channels
for selling Responsible party new and Consumers’ for selling new and Competition on
remanufactured for remanufactured sensitivity to Carbon cost remanufactured dual collection
item remanufacturing products carbon footprint function items channels
Modak and Kelle (2019)
Wang, N. et al. (2020) Vv
Mondal and Giri (2020b); Two competing Manufacturer
Wu et al. (2018) retailers
Wei and Zhao (2011) Two competing Manufacturer N
retailers
Hosseini- Two competing Manufacturer J
Motlagh et al. (2020b) dealers
Chen and Chang (2012) Third-party and Third-party and Vv v
OEM* OEM
Dong et al. (2019); Retailer Manufacturer
Dou and Cao (2020);
Gao et al. (2016);
Hong et al. (2020);
Hong et al. (2013);
Shi et al. (2015);
Shu et al. (2018); Wan and
Hong (2019); Yan and
Sun (2012);
Zerang et al. (2018)
He, Q. et al. (2019); Retailer Manufacturer Vv
Huang et al. (2013);
Liu et al. (2017);
Wan (2018)
Gan et al. (2019); Retailer Manufacturer Vv
Liu et al. (2020);
Rezayat et al. (2020);
Tang et al. (2020);
Wen et al. (2020)
Wang and Wu (2020) Retailer Manufacturer
Yang et al. (2020) Retailer Manufacturer
Xing et al. (2020) Retailer Manufacturer v J
Li et al. (2017) Retailer Manufacturer v J
He (2015); Xiang and Manufacturer Manufacturer
Xu (2020)
Huang et al. (2020); Manufacturer Manufacturer J
Jin and Zhou (2020);
Xiong et al. (2013);
Yenipazarli (2016)
Zhang et al. (2018) Manufacturer Manufacturer
Yi et al. (2016) Retailer Retailer N
Xu and Wang (2018) Retailer Retailer v v
Wang, Y. et al. (2020) Remanufacturer Remanufacturer v J
Wu (2015) Remanufacturer Remanufacturer N v J
Jin et al. (2017); Third-party Third-party Vv N
Meng et al. (2020);
Wu and Zhou (2019)
He, P. et al. (2019) Third-party Manufacturer N N
Zhou et al. (2013) OEM’s Rem OEM’s Rem J v
division division
Arshad et al. (2018); Traditional retailer Manufacturer
He et al. (2016) and an online
retailer
Giri, et al. (2017); Retailer and Online Manufacturer
Kong et al. (2017); by Manufacturer
Shi et al. (2020);
Taleizadeh et al. (2016);
Wang, J. et al. (2020);
Xiao et al. (2020);
Xie et al. (2018)
Yang et al. (2018b) Retailer and Online Manufacturer
by Manufacturer
Yang et al. (2018a) Retailer and Online Manufacturer v
by Manufacturer
Zheng et al. (2017) Retailer and Manufacturer
Manufacturer
Mondal and Giri (2020a)  Retailer and Manufacturer v J
Manufacturer
Reimann et al. (2019) Retailer Manufacturer or
Retailer
Jena and Sarmah (2014) Retailer Two Manufacturers Vv
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Table 1 (continued)
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Reference Remanufacturing consideration

Responsible party ~ Responsible party

Different price of

Channels structure
Carbon cost Different channels

Carbon consideration

Consumers’ Competition on

for selling for new and sensitivity to function for selling new and dual collection
remanufactured remanufacturing remanufactured carbon footprint remanufactured channels
item products items
Huang and Wang (2017)  Distributor Manufacturer and
Third-party,
Manufacturer and
Distributor
Taleizadeh et al. (2019) Retailer Manufacturer and N J
Third-party,
Manufacturer and
Distributor
Wang et al. (2019) Retailer Manufacturer v v
and/or
remanufacturer
Huang and Wang (2020)  Retailer OEM or
Third-party
Zhang, F. et al. (2020) OEM or Authorized Authorized N
remanufacturer remanufacturer
Zhang, Y. et al. (2020) OEM(s) and/or OEM(s) and/or v
Third-party (s) Third-party (s)
Formulated models Online by Manufacturer i v Vv Vv
Manufacturer

*OEM: original equipment manufacturer

ing decision problems of a CLSC with two competitive retail-
ers and a manufacturer are explored, in which the remanufac-
turing and collecting costs are fuzzified (Wei and Zhao, 2011)
or when remanufacturing costs are disrupted (Wu et al., 2018).
Wang et al. (2019) studied competition in the recycling market be-
tween a manufacturer and remanufacturer or retailer and reman-
ufacturer. He, Q. et al. (2019) investigated the channel structure in
the competitive collection to achieve optimal recovery efficiency.
Hosseini-Motlagh et al. (2020b) formulated a new function for the
supply of used products based on the service competition between
two dealers, and the manufacturer’s economic incentives suggested
to the dealers to persuade them to return the collected products.
We propose CLSC models where competition simultaneously exists
on the collection and selling market between the responsible par-
ties.

Other factors are researched in remanufacturing models that
are solved based on game models. Shi et al. (2015) examined
the collection’s responsibility-sharing under three different reverse
channels: retailer collection, manufacturer collection, and third-
party collection. Zerang et al. (2018) and Dong et al. (2019) ana-
lyzed the impacts of marketing and collection efforts on the re-
manufacturing process, respectively. Some studies have developed
remanufacturing CLSC models with different types of contracts
(Huang et al., 2020; Rezayat et al., 2020). Some review studies have
taken different aspects of SC contracts, such as the classification of
coordination contracts in forward and reverse SCs (Govindan et al.,
2013; Guo et al, 2017; Krapp and Kraus, 2019). SC contract-
ing mechanisms with different information settings are reviewed
and classified by Shen et al. (2019). Jin and Zhou (2020) and
Tang et al. (2020) dealt with finding optimal warranty policies.
Hong et al. (2020) embedded value-added services into remanufac-
turing models. Hosseini-Motlagh et al. (2020a) extended the pre-
vious literature by proposing a cost-tariff contract in CLSCs with
the simultaneous effects of remanufacturing and energy-saving ef-
forts on environmental sustainability. Reimann et al. (2019) studied
process innovation’s ability to lower variable remanufacturing cost.
Recently, Bakhshi and Heydari (2021) addressed a two-echelon re-
verse SC to investigate the performance of a put option contract as
a risk-sharing approach to mitigate remanufacturing capacity un-
certainty. For a more comprehensive review of essential factors, the
reader can refer to a recent review paper by Shekarian (2020).
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The models were investigated by comparing different game-
based scenarios. For example, Gao et al. (2016) presented a com-
prehensive discussion on the remanufacturing CLSC under differ-
ent channel power structures (i.e., manufacturer/retailer Stackel-
berg and vertical Nash) when market demand is sensitive to col-
lection effort, sales effort, and the price. Liu et al. (2020) investi-
gated the effects of different power structures, the quality differ-
ence among used products, and the price difference between new
and remanufactured products on the pricing policies of a multi-
echelon CLSC. Wen et al. (2020) developed game models to explore
price and collection rate decisions in a CLSC, considering heteroge-
neous consumers with environmental responsibility. In this study,
there is a distinction between the prices of new and remanufac-
tured products. The proposed models are solved based on Stackel-
berg scenarios.

2.2. Carbon emission

Another feature we considered in the developed models is the
effects of carbon emission. We can generally categorize the policies
on carbon emission reduction into two parts: cap-and-trade regu-
lation (CATR) and investment in low-carbon production technolo-
gies. Under the background of the first policy, if the total carbon
emissions exceed (fall behind) a critical value, the producer (i.e.,
manufacture or remanufacturer) would be punished (rewarded),
usually by the government or social planner through tax and
subsidy approaches. In this regard, Mondal and Giri (2020b) and
Wang and Wu (2020) established strategies for carbon emission re-
duction and used product collection. Li et al. (2014) and Wang, Y.
et al. (2020) analyzed the impact of carbon subsidy on remanufac-
turing CLSC. Under carbon tax regulation, Yenipazarli (2016) and
Dou and Cao (2020) measured the environmental and economic
performance on the optimal production and pricing decisions of
CLSCs, where remanufacturing is implemented through the reverse
channels. They explored the impacts of the emission intensities
of new and remanufactured products on the entire emissions. We
followed the second policy to reduce carbon emissions, assum-
ing that the manufacturer invests by applying new technology.
Table 1 shows the relevant studies, under the column called “car-
bon cost function.”

Shu et al. (2018) discussed the simultaneous effects of CATR and
corporate social responsibility (CSR) on recycling and remanufac-
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turing decisions. Based on CATR, Zhang et al. (2018) studied joint
dynamic green innovation policy and pricing strategies in a hy-
brid manufacturing and remanufacturing system with a differential
game. Modak and Kelle (2019) suggested that the carbon footprint
per unit product depends on the recycling rate, and they integrated
the CSR investments into a CLSC, where the stochastic demand de-
pends on the sales price and social work donation under a carbon
emissions tax. Yang et al. (2020) addressed a remanufacturing CLSC
under CATR, where the collecting operations can be conducted by
a manufacturer, retailer, or TRLP. Taleizadeh et al. (2019) used both
mentioned policies to reduce carbon emissions.

Some models analyzed the interaction of consumer behav-
ior concerning carbon emission impact and remanufacturing.
He et al. (2016) evaluated the impact of consumer free-riding on
carbon emissions in a product’s life cycle across a dual-channel
CLSC (DCCLSC) and assessed the effect of a governmental e-
commerce tax on carbon emissions. Xu and Wang (2018) focused
on a two-period CLSC incorporating the consumer’s low-carbon
and remanufactured preference into the market demand, consid-
ering centralized and decentralized models comprising one single
manufacturer and retailer. Gan et al. (2019) proposed a revenue-
sharing contract, CATR, and consumers’ different WTP for remanu-
factured products. Furthermore, the impact of revenue-sharing and
cost-sharing contracts offered by a retailer on emission reduction
efforts and firms’ profitability is discussed under the Nash bargain-
ing model (Li, T. et al., 2019). In this study, the influence of carbon
on consumers’ behavior via the joint effect of collection effort and
demand function is unprecedentedly studied.

2.3. Dual-channels

Developing DCCLSC is another stream of research regarding this
study’s topic. In a dual-channel, two parties are jointly involved
in forward and/or reverse channels. For example, she can contract
the collection of used products to a retailer and third-party jointly,
or collect through a dual-channel either by a retailer or third-
party (Arshad et al., 2018; Hong et al., 2013). A special CLSC model
with a dual-recycling channel within the framework of game the-
ory is discussed by Yi et al. (2016) to explore how the remanu-
facturer should properly allocate collection efforts to the retailer
and third-party. Giri et al. (2017) designed a game-based CLSC with
the forward dual-channel where she sells a product to customers
through the traditional retail channel and e-tail (internet) channel,
and reverse dual-channel where the used items are collected for
remanufacturing through the traditional TRLP and e-tail channel.
Shi et al. (2020) investigated the effect of integration in DCCLSCs
either forwardly or reversely. They discussed which direction of in-
tegration brought more profit for the integrated entities.

A competition can be considered via a dual-channel, and
game theory is an appropriate tool to investigate this situation.
Huang et al. (2013) investigated the optimal strategies of a re-
manufacturing CLSC with a dual recycling channel, where the
retailer and TRLP competitively collect used products. Jena and
Sarmah (2014) studied the competition issue in a CLSC com-
prising two manufacturers who compete to sell their new prod-
ucts and collect the used products for remanufacturing through
a common retailer. Zheng et al. (2017) examined the effect of
forward channel competition and power structure on DCCLSC.
Liu et al. (2017) investigated competition between dual recy-
cling channels (i.e., OEM and retailer dual collecting model, re-
tailer and TRLP dual collecting model, and OEM and TRLP dual
collecting model). Mondal and Giri (2020a) constructed a com-
petition between a manufacturer and retailer to collect used
products, employing a dynamic manufacturer-retailer Stackelberg
game. Wang, N. et al. (2020) explored consumer behavior’s in-
fluence on competitive dual-collecting, including the retailer and
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TRLP and the manufacturer and TRLP. He, P. et al. (2019) considered
a DCCLSC where she can sell new products directly and distribute
remanufactured products through the TRLP, or sell remanufactured
products directly and distribute new products via the retailer.

Some models have examined the effects of carbon emissions
through DCCLSC using game theory. Li et al. (2017) investigated
the influences of different game structures on the optimal deci-
sions and performance of a low-carbon CLSC with price-and carbon
emission level dependent demand. Wan (2018) considered a dual
collection in different CLSC power structures where she sells the
new and remanufactured products through the retailer and obtains
a low-carbon subsidy allocated by the government for each unit
remanufactured product. Moreover, remanufacturing in a DCCLSC
under CATR is discussed (Yang et al., 2018a; Yang et al., 2018b).
Xing et al. (2020) constructed a recycling and remanufacturing
CLSC comprising two competing third-party recyclers with risk-
aversion characteristics, CATR, and consumers’ low-carbon aware-
ness.

Furthermore, other problems have been addressed in DCCLSC
studies. Taleizadeh et al. (2016) modeled several marketing efforts
(manufacturer as an investor, retailer as an investor, and the cen-
tralized CLSC system) as DCCLSC models. Revenue-sharing con-
tracts are designed for DCCLSCs, where the products are sold on-
line and offline (Kong et al., 2017; Xie et al., 2018). Additionally,
Wu et al. (2020) constructed a revenue-sharing contract to opti-
mize the benefits of SC members under decentralized decision-
making between a recycling center and TPR, considering service
level. Stackelberg models are analyzed to find the optimal pric-
ing and recycling policies for a CLSC with retailer and third-party
dual collection channels in which the transfer prices paid by the
manufacturer to the two recyclers are either uniform or differ-
ent, and government subsidies are provided with either the man-
ufacturer or the two recyclers (Wan and Hong, 2019). Wang, ].
et al. (2020) considered product customization given that she sells
customized products through her online channel, sells standard
products through both an online and a retail channel, and both the
manufacturer and the retailer can simultaneously collect the used
products. Xiao et al. (2020) constructed a retail channel model and
a dual-channel model under trade-in scenarios.

Two distinguished factors from the channel perspective, which
consider separate channels for selling new and remanufactured
products and competition on dual collection channels, are repre-
sented in the last two columns of Table 1.

2.4. Research gaps

Table 1 categorizes the literature based on each work’s
contribution to different aspects of carbon consideration (see
columns 5 and 6) and channel structure (see columns 7 and 8).
Some studies included only one aspect of carbon consideration
(Wang and Wu, 2020; Yang et al., 2018b) or channel structure
(Chen and Chang, 2012; Wang et al., 2019). Although some stud-
ies have considered both specifications related to channel struc-
ture (Mondal and Giri, 2020a; Wu, 2015) or carbon consideration
(Li et al., 2017; Taleizadeh et al., 2019; Wang, Y. et al., 2020; Xu and
Wang, 2018; Yang et al., 2018a; Zhang et al., 2018), this is the first
attempt to concurrently study the effects of all these specifications
in remanufacturing CLSC models.

The last row in Table 1 shows the differences between the
models developed in the present and previous studies. Recently,
Shekarian and Flapper (2021) illustrated different CLSC models de-
signed based on game theory and the employed features imple-
mented through the literature. They provided a big picture com-
paring 196 different models derived from 230 studies until 2020.
Considering previous studies, this study specifically investigated
the interaction of the carbon footprint on customers via separate
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M: manufacturer;

R: retailer

T: third-party;

C: market

New product channel:

Reverse product channel: —
Remanufactured product channel: —

Fig. 2. Structures of the formulated the closed-loop supply chain models

demand functions for new and remanufactured products uniquely.
In this context, the level of carbon footprint is dependent on the
collection rate. Additionally, this study is among the few that dis-
cuss the effects of competition on both forward and reverse direc-
tions simultaneously.

3. Methods
3.1. Description of the models

We are interested in analyzing consumers’ environmental be-
havior in CLSCs given dual-collection channels under competition
between the collector parties. Three CLSC models were introduced
considering consumers’ sensitivity to the product’s carbon foot-
print and their willingness to choose the remanufactured prod-
uct as the price difference increased. In the developed models,
we assumed that the manufacturer was responsible for remanu-
facturing and selling the remanufactured printer products via an
online channel. The retailer in the offline channel sells the new
printer products. From the literature, there are reasons to consider
this structure as below (Borenich et al., 2020; Giri et al., 2017;
Kong et al., 2017; Shi et al., 2020; Wang, ]. et al., 2020; Yang et al.,
2018a).

1 One of the main reasons manufacturers, such as HP, prefer to
sell remanufactured items in an online outlet store is issues re-
garding cannibalization.

This structure creates strategic interactions with the retailer be-
cause the retailer can exert effort to reduce the volume of re-
turns, and hence reduce the volume of remanufactured prod-
ucts sold by the manufacturer. Accordingly, the retailer can con-
trol the new product price to compete with the manufacturer’s
remanufactured products.

In some industries, such as the electronics industry, direct sales
of new products by manufacturers to consumers constitute
a relatively small portion of their revenues. For instance, in
2016, HP obtained almost 80 percent of its revenues world-
wide? through its channel partners (retailers). Another example
is Philips, which earns only 0.3% of total sales in the DACH re-
gion (Austria, Germany, and Switzerland) by directly selling the
new products>.

The existence of the online store persuades the retailer to lower
the retail price significantly, thereby increasing sales, while the
manufacturer hardly needs to change its wholesale price.

The related structures are illustrated in Fig. 2. A comprehen-
sive review of recent structures is illustrated by Shekarian and
Flapper (2021). The proposed models are formulated by employing
three Stackelberg games to maximize CLSC members’ profits. It is a
strategic game in economics in which at least one player is defined

2 Hewlett-Packard (HP) Annual Report 2016, https://www.annualreports.com/
Company/hewlett-packard-company.

3 Philips Annual Report 2018, https://www.results.philips.com.cn/publications/
ar18?type=annual-report.
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as the leader, who can make a decision and commit a strategy be-
fore other players who are defined as followers. Stackelberg games
are widely used for sustainable optimization (Pakseresht et al.,
2020).

3.2. Assumptions

The models were developed under the following assumptions:

Assumption 1. There are two types of products: new and remanu-
factured printer products. They are sold through separate channels
by the retailer and manufacturer with price p% and pf", respec-
tively, in which p" < p, w < p% and w is the wholesale price of
the new product. There are similar studies that considered differ-
ent prices for new and remanufactured products (Jin et al., 2017;
Yan et al., 2018).

channel performance denoting the fraction of current genera-
tion products remanufactured from returned units. We can model
7; as a function of the product collection effort, which is de-
noted by [;, the investment in collection activities. According to
Savaskan et al. (2004), when there is one collector party, we can
employ the cost structure ; \/1,7 to characterize the diminish-
ing returns to investment. In this equilibrium, C is a big scaling
parameter. This formula is prevalent in the literature, including
advertising response models of consumer retention and product
awareness, and in salesforce effort response models in the market-
ing literature.

Assumption 2. Collection rate (0 < t; < 1) measures the reverse

In our cases, the two parties compete simultaneously to col-
lect the cores from the market (Liu et al., 2017; Wang et al., 2019).
This competition exists in three cases between the manufacturer
and retailer (Fig. 2a), manufacturer and third-party (Fig. 2b), and
retailer and third-party (Fig. 2c). Therefore, the collection rate of
one party can be reasonably formulated as a monotonic increas-
ing function of its own investment and as a monotonic decreas-
ing function of the investment of its competitor (Huang et al.,
2013). For example, if the manufacturer and third-party compete
to collect the returned products, we can show the relevant col-
lection rates as below. In this situation, the competition intensity
is shown as 0 <« < 1. The scaling parameter C is assumed to be
large enough to guarantee that the total collection rate t; is less
than one (i.e, 0 <7;+7j =1 <1). We can use similar forms for
other suggested structures.

Im — ol It —aly
C C

Assumption 3. The manufacturer is responsible for remanufactur-
ing, supposing that the unit cost of producing end products from
the collected cores to produce the remanufactured items is lower
than those from new materials (i.e., ¢, < cy). This assumption re-
flects the primary incentive of the manufacturer to remanufacture
the returned items and implies that savings from materials and the
assembly of subsystems within the new product dominate the ad-
ditional costs of disassembly and remanufacturing (Savaskan and
Van Wassenhove, 2006).

Tm and 1, =


https://www.annualreports.com/Company/hewlett-packard-company
https://www.results.philips.com.cn/publications/ar18?type=annual-report
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Assumption 4. The carbon footprint per unit product e decreases as collection rates increase. If e, and e, display the carbon emissions
released to produce one unit of new items and carbon reduction due to remanufacturing, then it has the below structure with dual
collection channels (Yang et al., 2018a):

e(ti+t)=en—(+7)eri#j=met

Assumption 5. The demand is a linear function of retail prices and carbon footprint level. Given the competition on sales in dual-channel
models for remanufactured and new products, demands in manufacturer D" and retailer D§ channels are formulated as follows: In these
functions, 0 < x < 1 presents the degree of consumers’ willingness to buy from either online or offline channels. Moreover, the basic
market demand is a, and ap and a(1 — ) represent the number of customers that prefer selling remanufactured and new products from
the direct and retail channels, respectively, when the prices are free. We suppose that the effect of carbon the footprint equally affects the
demand in offline and online channels.

Dy = (1—p)a—rp§— x(py — p") —0.57e(7i + 7))

D" = pa— Aypf" + x (b5, — pi") — 0.5y e(ti + 7)

Thus, the total market demand is D = Df + D" = a — A1 p§; — A2 pl" — ye(T; + ;). As the demand is nonnegative regardless of the prices,
we assume that both (1 — p)a—0.5ye, and pa — 0.5y e, are positive.

Assumption 6. The unit transfer price b that the manufacturer pays to the collector parties (i.e., retailer or the third-party) to motivate
them to collect more used products is not higher than the unit cost savings due to remanufacturing (i.e, b < A = ¢y — ¢r)

Assumption 7. The manufacturer invests in employing low carbon technologies. It can not only result in carbon reduction, but also in-
crease the demand on both channels. Therefore, a carbon cost function is considered, which is an increasing and convex function of carbon
emission reduction level with the following cost structure. K is the cost coefficient of emission reduction (Yang et al., 2020):

C(e) = 0.5K(e)?

Assumption 8. Normally, the online sales’ cost is lower than the offline sales’. Therefore, we assume a fixed cost s in the profit function
of the retailer. (Arshad et al., 2018; He et al., 2016).

Assumption 9. The collector pays an average recycling price A; for used products, in which Ay < A, and Ae, Ar < b. Providing incentives
to customers for recycling their EoU products is a commonly adopted strategy by remanufacturers for achieving the economic scale of
remanufacturing (Wu, 2015).

3.3. Problem formulation

This section explains the mathematical models formulated for each case and provides the optimal policies for each involved party. In
all cases, the manufacturer can sell the remanufactured products directly with the price p using online channels or the new product
via the retailer channel. The retailer can buy the new products with the wholesale price w from the manufacturer and subsequently sell
them to the customer with the price p¢ via an offline channel. Therefore, considering Assumption 5, the manufacture earns wD$ + p'D"
by selling the products directly to the customers or via the retailer channel.

3.3.1. Dual collection with retailer and manufacturer

Here, both the manufacturer and retailer can collect the used products. The manufacturer incurs costs for manufacturing the new
products (cm(1 — Tm — Te)D) or remanufacturing the collected used ones (c-(ty, + Te)D). Next to the (re)manufacturing costs, there are
costs associated with the collection. Here, both the manufacturer and retailer can collect the used products. The manufacturer needs to
spend Ay, tmD to collect the used product and bt.D to motivate the retailer to collect them. Therefore, the manufacturer gross profit can
be calculated by

ML (p™, W, Tm) = WDE + p™D" — ¢y (1 — Ty — Te)D — ¢ (T + Te)D — bTeD — AppTmD — C(€) — Iy

where C(e) and I, are the cost of carbon emission reduction and investment to collect products, respectively.

Similar to the manufacturer, the retailer earns (p§ —w)D§ by selling the products to the customers and (b — A.)7.D by collecting the
used products from them while spending I, + s on the investment and the fixed cost of establishing the offline channel. Thus, the gross
profit of the retailer is:

I (%, Te) = (P% — W)DE + (b — Ae)TeD — I — s

We considered the Stackelberg game where the manufacturer has enough commitment power to affect the whole market of the prod-
ucts as the leader, while the retailer is the follower. It follows the real-world business, where a giant company has some advantage
enabling it to move first. Moreover, this type of game is possible if the leader is the incumbent monopoly of the industry and the follower
is a new entrant. Each party wants to decide on the price and the collection rate to maximize the gross profit. To find the optimal policy,
the following is assumed:

(1-0a?)(hi(b—A,) - 0.57e,)’
4+ x)

(1-0?)(hi(b-Ar))°

C > max
- 400+

+(b—Ad)yen(1-0a?), . (b—A)[yen(1-0a?)

This assumption assures us that the gross profit function IT!(p¢, ze) is a concave function on (pg, 7.). To find the optimal policy, the
manufacturer needs to optimize the profit based on the optimal policy of the retailer. The main mathematical challenge comes from the
dependence of T, on T, as 0 < Te < 1 — Ty, In the next theorem, we will tackle this challenge.
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hiw  hia s
Theorem 1. Let 6§, 6, v, 'y, hyy, hya, hiz, hy, hos, hss, Rym, Rw, and R, be as defined in Appendix A.l. Let H=1[h;; hy;  hys3] be

hiz3 ha3  h3s
negative definite, and

Mo . hyohss — h2, —(h1zhs3 — hyshys) hi2has — hohys Rpp
w | = m —(h12h33 — h13h23) h11h33 — h%?, —(hll h23 - h12h13) Rw |.
h]2h23 — h13h22 _(h11h23 - h13h12) hl] h22 - h%Z Rt”‘

m

If Ty < 0, then in the optimal solution we have 7;;, = 0 and

_pTS — 1 fhn  —hip||Ry
| Wo hithy —h3, | —hiz hu |[Rw | )0

If T, > 1, then in the optimal solution we have 7;; =1 and

(] _ 1 hy  —hi || Rpp + his
| Wi hithy, —h3, | —hi2 hu || Rw+has | )

So, let
0 ifTy <0 pry  ifTm <O wy  ifT, <0
Tn=1{1 ifTn>1, pt={pf"7 fTm>1, w={w; ift,>1,
Tnm otherwise p™  otherwise w  otherwise
F, = (L= 0@+ G+ 0W -+ X PP + 0.5y (Fner = en)

2(M + )

1105y e:—0.5Wy e+ (b—Ae) (a—11 F'1—Ao PR —yentery tm)
25 T505y er—(b-Ae)[2yer—i1 T3]

fO<Te<1-—1n, then the optimal solution is

Also, let T =

P =Pl W =W, T =T, T =Te, pr=D1+ T
If 7o < 0, then we reset v =60 = ¢ = § = 0, and we have the following optimal solutions:
P =Pl W =W, T =1 70 =0, pi=T.
If Te > 1 — T, then we reset v=—-1, § =8 =0, ¢ =1, and we have the following optimal solution:
P =P W =W, T =T Tr =1 T i =D+ Ta(1 - ).
Proof. Appendix A.2. m

Theorem 1 asserts that, based on the values of the initial parameters, the collection of the used products is possibly unprofitable for
either party. For instance, if T, < 0, then collecting the used products is unprofitable for the retailer. This is intuitively correct, as the
collection depends on the average recycling price for used products paid by the manufacturer to the retailer (b) and the average recycling
cost of the retailer (Ae).

Notably, we assumed H as negative definite matrix. Although we could not prove this, the numerical experiments showed that the
condition on C is sufficient to satisfy this assumption.

3.3.2. Dual collection with manufacturer and third-party

For the second case, we considered a situation where the retailer can only sell the products to customers and cannot collect the used
ones. To ensure that the used products are collected efficiently, the manufacturer can hire a third-party to collect used products. Hence,
the gross profit of the manufacturer is calculated as follows:

H,Zn(p'r“, W, Ty) = WD + pI'D* — ¢n(1 — T — T¢)D — ¢ (T + Tt)D — bteD — AptinD — C(e) — Iy

Here, the retailer’s gain is only in selling the products to the customers, with the only cost being establishing the offline channel. Thus,
the retailer’s gross profit is:

I (p}) = (P — w)D;, —s.

For the third-party, the gain is proportional to the amount of collected used products with the only cost being investing in the business.
So, the third-party has the profit of:
M2 (1) = (b— A D — I.

We considered the Stackelberg game where the manufacturer is the leader who is followed by the retailer. The retailer is also followed
by the third-party. At first glance, it may seem that the retailer and third-party can follow the manufacturer in parallel, as only one
manages the selling and the other manages the collecting. Notably, based on Assumption 5, demand D depends not only on the collection
rates but also on the product prices, which are set by the manufacturer and retailer. Furthermore, to ensure that we could find the optimal
policy of the third-party, we assume that:

C > max { (1-a?)(b-A)yer ! 2“2 ((b—A) (@a—y(en— Ber)))}.
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Similar to the previous case, the dependence of 7; on T increases the computational complexity of finding the optimal policies. To

tackle this issue, we have the following theorem:

Theorem 2. Let I'y, I'y, Q1, 3, A1, Ay, hiy, hiz, hiz, haa, has, h33, ¢, ¥, Rym, Rw, and Ry, be as defined in Appendix B.1. Let H =
hn  hip hgs

[h1z  hyy  hy3] be negative definite, and

his hyz  hs3

E3 1 hyshs3 — h3, —(hi2h33 — hyshiz)  highas —hoshis 7| [Rpp
W= det (H) —(h12hs3 — hizhys) hihss — hi; —(hyyhys — highiz) || Rw |.
T hiahy; — hizha, —(hnhys — hizhyp) hihy, — 2, R,

If Ty < 0, then in the optimal solution we have 7;;, = 0 and

] (1 [ ][R

| Wo hithy —h3, | Mz hu |[Rw | )0

If T,y > 1, then in the optimal solution we have 7;; =1 and

o _ -1 hy  —hp || Ry + hi3
| Wi hithy, —h3, | —hiz - hu || Rw+has | )

m

Let
0 ifty<0 _  pfy ifTm<0 wy  ifTn <0
Tm={1 ifty>1, p’ﬂ:{[ﬂ{ ifﬁ>1,vT/:{W’{ ifTn>1,
Tn  otherwise p"  otherwise w  otherwise
and

= (0—A) (a=2aph— 2abF — y (en — Tuer)
‘ 2(-(b-A)yer + 157) '

If Tt <1 — T, then (T, E‘fl Tm, [)?,W) is the optimal solution where

(1 —pwa+xpr—05y(en— T+ (b-Ar) (a—xzprm—y(enc—rmer)) e
~ 2(~0-Ayyert S5)

ph=

n
2( M+ x +0.5ye——2ulbA)
( X v "2(-b-ryert S5 )

+

N

Otherwise, we reset I'y = 2<Af+7>' =0 €= %. Q,=0, A1=0, and A, =-1 and recalculate the optimal solution
(1 = Tm. P&, T, P, W), where

Eé _ ((] —M)a—i-)(ﬁ” — 0.5y (en —er))

" 20+ x)
Proof. Appendix B.2. m

The second part of Theorem 2, where the third-party collects what remains in the market, may be seen as more intuitive than the first
part as the third-party earns more if it collects more. However, we emphasize that the third-party’s investment in the business is also a
function of the collection rate and has a great impact. If the investment is independent of the collection rate, then the optimal policy is
indeed (1 — T, p%, Tm, P, W).

Similar to the previous case, we could not prove that the matrix H is negative definite for the considered value of C, though our
numerical results suggest that this condition holds.

3.3.3. Dual collection with retailer and third-party
In the third case, the manufacturer is only responsible for selling the products, while the retailer and the third-party have the respon-
sibility of collecting the used products. Therefore, the manufacturer has a gross profit of:

T3 (p™, W, T) = WDS 4 p™"D™ — cin(1 — Te — Tt)D — ¢ (Te + T¢)D — b(Te + T:)D — C(e),
The retailer has a gross profit of:

I3 (p5. Te) = (P, = W)D; + (b — Ae)TeD — Lo — 5

And the third-party has a gross profit of:

I3 () = (b— A)wD —I.

Similar to the second case, we considered the Stackelberg game where the third-party follows the retailer who follows the manufac-
turer. To ensure that the third-party and the retailer have concave gross profits, we assume that

((0.57 (1+82)er) + (b—Ae)(—A1 + y81e)) (1 — a?)
C> ,
2068182
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Table 2
Parameter settings in the numerical study
Parameters Cm cr s a % M Ao en er K An Ae A¢ b C
Values 20 10 3 100 0.30 0.35 0.25 9.5 6.5 0.5 10 8.5 5 9 1000
and
-G :|:,/C2 —4CG Z(b—Ae)(y(l +52)€r) 1— o2
C > max 1 , (1 —az)(b—Ar)yer, ( ) ,
2G; (2 +2a82)

where the definitions of Cy, C;, and G, can be found in Appendix C.1. In the next theorem, we show what the optimal policies are for the
manufacturer, retailer, and third-party.

Theorem 3. Let &4, &, h{;, hiz, h;z, Lo, T'1, Ty, T3, ©4, Q, Q3, Ao, Ay, Ay, As, RT, RY, WYY, R, and hY, be as defined in Appendix C.1.
Let us assume that H™ = [h“ hm ] is a negative definite matrix. We set

12

pr_ 1 hy,  —hy || RT
W pmopm _pn?|-hY RG|[RY

Moreover, we let

Qe — (b 7Af)(a - )szrrn - yen)
—2(b-A)yer+Ci%;

— _ 208,0¢
= ((1 —pya+ xpf—0.5y (e —Qeer)) —W(=A1 — x +0.5y81er) —C( « 1052 ),
_ — 208,0¢
RS = —w(0.5y (1+83)er) + (b — Ae)(a — AapF — v (en — 0%;)) — C(l“_ifz),

. (282)
h]l = 2(—)\,1 - X +0.5}/81€r) -C T—a2’

C(ZOt(S 82)

hiy = (0.5y (1 +82)er) + (b= Ae) (=21 + ydier) —C5— 3

)

(2+2a83)
1-—a2 ’

PRl__ 1 h  —hi || RS
T| GC+GC+Gl|—hs, hé [|RE[

_ (b_At)(a_klﬁ_AZPr V(en _Teer))
h -2(b-A)yer+C2;

hS, =2(b—Ae)(y (14 82)er) —C

If T <1 and T <1- T, then optimal solution is (%, T, p&., p™, W) = (%7, Te. p%. pI". W). Otherwise, the solution (%, T, p&. pi*, W) is
among the following points A and B:

A (1 -7, Te, p8, p, W) where the values are calculated by re-setting 6; =I'g =0, 6, =—-1, 0 =Ag=A3=1, I's=-I, and Q3
—Q.

B: (0,1, = % it . pP™, W) where the values are calculated by re-setting, 81, 85, 8¢, g, Ag, ', T's, 5, 93, and A3 to 0, 'y =

he,Q]:

Jy —((1— 0.5 —h¢
(=2 X’E(]).Sy&er)‘ Ap = (( ,U«)ﬂhE yen)—h{, cand Ay = 1.

Proof. Appendix C.2 m

In the next section, we analyze the behavior of the optimal policies for each case when «, y, and x change.
4. Results

In this section, we numerically analyze the sensitivity of the optimal decisions and profits of the players under different scenarios and
investigate the interaction of consumer preference and the developed models. The parameters are assumed as shown in Table 2. Figures 3,
4, and 5 present the sensitivity of the decision variables and profit functions to the alteration of important parameters y, x, and « (i.e.,
consumer’s sensitivity to the carbon footprint, customers’ willingness to choose the remanufactured product, and competing coefficient
between the two collection channels) for three developed cases, respectively.
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Fig. 3. Analyzing the effect of consumer’s sensitivity to the carbon footprint () on decision variables and profit functions in three developed cases: a. collection rate by the
collector party; b. profit function of the involved parties; c. the wholesale price of the new product and price of the new and remanufactured product.
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Fig. 5. Analyzing the effect of competing coefficient between the two collection channels () on decision variables and profit functions in three developed cases: a. collection
rate by the collector party; b. profit function of the involved parties; c. the wholesale price of the new product and price of the new and remanufactured product.

4.1. Analyzing the impact of changes in consumer’s sensitivity to the carbon footprint

This subsection analyzes the impacts of changes in consumers’ behavior regarding the carbon footprint in the three models. As the
column (a) in Fig. 3 shows, y has a considerable positive effect on the manufacturer’s collection rate and some positive effects on the
retailer’s collection rate in the first case (1a). However, in the second case (2a), when the retailer is replaced by the third-party as the
collector, the manufacturer’s collection rate sensitivity decreases. In this regard, in the retailer’s presence as the collector (3a), the reaction
of the third-party increases when the consumer’s sensitivity to the carbon footprint changes and the third-party prefers to collect less.

Regarding the effect of y on profits, if ¢ increases, the manufacturer’s profit decreases, while it does not considerably affect the
retailer’s profit in the first case (1b). The same applies to the second case (2b); furthermore, it does not affect the third-party’s profit. In
the third case (3b), the increase in y has a negative effect on the manufacturer’s and retailer’s profits, but it does not affect the third-
party’s profit. The rate of profit changes is severe when the retailer and third-party compete on collection compared to the first and second
cases (1b and 2b).

In Fig. 3, column (c), the effects of y on the prices are studied. In the first case (1c), y has a small negative effect on the manufacturer’s
wholesale price of the new product to the retailer w, the price of the new product through the retailer channel p%, and the price of
remanufactured product through the manufacturer channel p!". The same applies to the second case (2c). In the third case, however, y
affects both w and p§ positively and p/* negatively. In Fig. 3c, when gamma increases, demand for remanufactured products increases, and
demand for new products decreases. The decrease in the demand for the new product is such that it affects the total demand and makes
it decrease.

4.2. Analyzing the impact of changes in consumer’s willingness to choose remanufactured items

This subsection analyzes the impacts of changes in consumers’ behavior regarding remanufactured products in the three models.
Fig. 4 shows that in the first case, an increase in y has first a negative and then a positive effect on the manufacturer’s collection rate
and a decreasing positive effect on the retailer’s collection rate. In the second case, x has a decreasing positive impact on both the man-
ufacturer’s and third-party’s collection rate. In the third case, x has a decreasing positive effect on the third-party’s collection rate and a
decreasing negative effect on the retailer’s collection rate.

Regarding the effects on profit, x has a decreasing positive effect on the manufacturer’s profits and an increasingly positive effect on
the retailer’s profit in the first case (Fig. 4. 1b). In the second case (Fig. 4. 2b), x has a decreasing positive effect on the manufacturer’s
profits and a decreasing negative effect on the retailer’s profits. In the third case, x has a decreasing positive effect on the manufacturer’s
profits and a decreasing negative effect on the retailer’s profits. However, x does not significantly affect the third-party’s profits in these
cases.
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Considering the change in prices, in all cases, x has a decreasing negative effect on the manufacturer’s wholesale price of the new
product and the price of the new product through the retailer channel. However, it has an increasingly positive effect on the remanufac-
tured product’s price through the manufacturer channel (pT"). Prices are decreasing more steeply in the first case (Fig. 4. 1c).

4.3. Analyzing the impact of collectors’ competition

The effects of competition are shown in Fig. 5. It shows that the more the competition increases, the more the collectors’ preferences
for collection decrease. Similar results have been seen in the literature (Liu et al., 2017). Furthermore, the manufacturer and retailer show
similar actions for collection when competing with the third-party. The manufacturer’s collection strategy is more stable when competing
with the third-party compared to the first case in which the retailer is the competitor.

Regarding the effect of o on profit, in the first case (Fig. 5 1b), the players’ profit only drastically increases when the competition is very
high. The profit change pattern was similar for all the involved parties in the second case (Fig. 5. 2b). The change in the profit function is
different for each party in the third case (Fig. 5. 3b) such that it is convex for the manufacturer. However, contrary to the third-party, the
retailer’s profit increases when « increases.

Fig. 5. 1c and 3c show that the competition has a negative effect on prices (i.e., wholesale and retail prices of new products and price
of remanufactured products), and they continuously decrease. However, in the second case, these prices first increase and then decrease
as competition increases (Fig. 5. 1b).

5. Discussion
5.1. Internal and single-parameter comparisons

Overall, when consumers become more sensitive to the carbon footprint, the manufacturer prefers to collect more used products than
other parties and consumers’ behavior in this context impressed the manufacturer more. Consumers’ sensitivity to carbon footprint has a
negative effect or at least no effect on the profit functions of involved parties. Regarding profit, the second case (the manufacturer and the
third-party collect) is the best from the manufacturer’s perspective when consumers become sensitive to the carbon footprint. Additionally,
the price difference between retail and wholesale prices is interesting for the retailer in the second case.

Generally, the effect of customers’ willingness to choose the remanufactured product on the collection rate of both the manufacturer
and third-party is similar. However, in these situations, the retailer’s preference to collect the core decreases in the third-party’s presence.
The gap between wholesale price and new product price decreases as consumers’ preference to choose remanufactured products increases
in the presence of the third-party as one of the collectors. In this case, the first case (the manufacturer and the retailer collect) is especially
interesting for the retailer.

When competition occurs on the collection, the reaction of the retailer and third-party is similar. However, the manufacturer’s collection
reaction depends on the competitor. If competition on collection increases, considering the profit, the best scenario for both the retailer
and manufacturer is the third case. When there is increasing competition, the third case is the best for consumers where competition
exists between the third-party and retailer in collecting the core.

5.2. External and dual-parameter comparisons

When there is core collection competition, customers’ willingness to choose the remanufactured product increases the manufacturer’s
profit. However, this situation is reversed when consumers’ sensitivity to carbon footprints increases (see columns (a) and (b) in Fig. 6).
If consumers’ sensitivity to both carbon footprint and choosing remanufacturing products increases, the first case (Fig. 6. 1c) is better for
the manufacturer regarding the effect on profit. Overall, considering all the effects on the profit function, the first case is the best for the
manufacturer. Therefore, third-party entry is not in the manufacturer’s interest.

If the competition for collecting the core and consumers’ willingness to choose remanufactured products increase simultaneously, the
first case is better for the retailer to make a profit (Fig. 7. 1a). If the consumer’s sensitivity to the carbon footprint and competition for
collecting the cores decreases simultaneously, the profit of the retailer generally increases. When consumers’ sensitivity increases to both
choosing the remanufactured products and carbon footprint simultaneously, the first case is preferred by the retailer regarding the profit.
The most influential factor in the retailer’s profit is customers’ willingness to choose the remanufactured product.

The simultaneous increase in the collection competition and customers’ willingness to choose the remanufactured product positively
impacts the third-party’s profit in the second and third cases. However, it changed to a negative impact when both parameters increased
simultaneously (Fig. 8. 1a-2a). When there is no competition for collection, third-party can obtain the maximum profit by growing in
consumers’ sensitivity to choose the remanufactured products. Considering third-party’s profit, Fig. 8. 1b-2b illustrate that the influence
of competition on the core’s collection exceeds consumers’ sensitivity to the carbon footprint. Overall, x is the most important parameter
for the third-party, and it is dependent on the consumers’ behavior. There is no preferred case for the third-party.

The interesting finding is that the involved parties are mostly affected by the consumers’ behavior regarding their willingness to choose
the remanufactured products and sensitivity to the carbon footprint; meanwhile, the first one is a more influential factor.

5.3. Managerial insight

Managers need to consider different models and test different scenarios to find optimal solutions and operation models for their busi-
nesses. However, considering the complexities and dynamics of markets, consumer behavior, and competitors’ actions, it should also be
understood that even carefully built models may not fully correspond to the market reality. Meanwhile, based on the responses to the
research questions formulated in the introduction section, we can suggest some helpful guidelines to establish appropriate strategies.
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Fig. 6. Analyzing the simultaneous effects of essential parameters on the manufacturer’s profit function in three developed cases: a. simultaneous effects of customers’
willingness to choose the remanufactured product () and competing coefficient between the two collection channels («); b. simultaneous effects of consumer’s sensitiv-
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Fig. 7. Analyzing the simultaneous effects of essential parameters on the retailer’s profit function in three developed cases: a. simultaneous effects of customers’ willingness
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Fig. 8. Analyzing the simultaneous effects of essential parameters on the third-party’s profit function in three developed cases: a. simultaneous effects of customers’ willing-
ness to choose the remanufactured product () and competing coefficient between the two collection channels («); b. simultaneous effects of consumer’s sensitivity to the
carbon footprint (y) and competing coefficient between the two collection channels («¢); and c. simultaneous effects of customers’ willingness to choose the remanufactured
product () and consumer’s sensitivity to the carbon footprint ().

Overall, consumer sensitivity to carbon footprint can have more impact on the involved parties’ collection effort compared to change
caused by the willingness to choose the remanufactured product; thus, the manufacturer is more affected. Interestingly, the more con-
sumers desire to select the remanufactured products, the more differences exist between the collection rates of the collector parties. Thus,
this consumer behavior induces divergent collection decisions (see the increasing gaps between the lines in Fig. 4. column (a)).

We found that sustainable consumers are the winners of new products’ market due to the decreasing trend of the retail (wholesale)
price of these products in all cases. There was only one exception (see Fig. 3. 3¢). Compared to the similar single-collection CLSC models
(Xu and Wang, 2018), we can see that the suggested dual-collection CLSC models have advantages for consumers. This reduction logically
increases when consumers prefer to buy remanufactured products.

Our results show that, overall, competition on collection is not a sustainable strategy, as it decreases the collection effort in all cases.
It follows the findings of the previous study (Huang et al., 2013). When the retailer and third-party compete (third case), this decreasing
effect continues even further. Although this case sounds interesting for the consumer because of price reduction, it can be limited by the
social planners (government) if they want to give priority to the environment by establishing appropriate laws. This discloses the situation
in which economic strategy contrasts environmental strategy. In a competition situation, the second case is the worst because of the lower
collection rate, less profit of the players, and increasing prices for consumers.

Considering the profit, the manufacturer is more robust against the competition, and it is expected as she is the leader of the market.
If the manufacturer wants to produce in a stable market, the first case is the best. In other cases, she can use remanufacturing as a
competitive advantage and earn more profit. In the retailer’s case, the most influential factor on the payoff is the willingness to choose the
remanufactured product, and accordingly, the first case works best. The third-party’s profit in all cases is almost similar. Therefore, there
is no priority for the third party, and intense competition may worsen the third-party situation.

6. Conclusion

Studying CLSCs through game theory has contributed to the literature, as it provides an opportunity to investigate the optimal de-
cisions of the entities analytically. This study analyzed three CLSC models under the manufacturer as the Stackelberg game leader with
different collection structures when consumers are sensitive to the produced carbon footprint and have different preferences to choose
remanufactured products. The first model was based on the collection competition between manufacturer and retailer. In the second and
third models, one of these parties was replaced with the third-party to explore the differences. We found the optimum collection rates,
price of new and remanufactured products, and wholesale prices of new products in each scenario. Furthermore, we illustrated the dual
effects of change in important parameters (i.e., competition coefficient, consumers’ willingness to choose the remanufactured product, and
their sensitivity to carbon footprint) simultaneously on each party’s profit in each case. Considering all the impacts, the first case was best
for the manufacturer. Different strategies were discussed based on the results.

The significant contribution of this study can be extended in the following aspects: The formulated demand function, which has a new
format, can be extended to an uncertain situation by considering the stochastic parameters. Different types of contracts, such as revenue
sharing, can be included. Finally, the impact of the reward-penalty mechanism, especially by the government, will be an interesting topic
in the presence of customers who are environmentally aware through sensitivity to the carbon footprint.

Declaration of Competing interest

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to
influence the work reported in this paper.

1065



E. Shekarian, A. Marandi and J. Majava Sustainable Production and Consumption 28 (2021) 1050-1075
Funding

This research was funded by Academy of Finland, InStreams profiling under grant No. 326291.

Appendixes
A.1. Definition of notations
Let us set
[A1(Ae —b) +0.5ye] —0.5yer = (b—Ae)(M)
= §=—
20+ x) X —Tayer—2(b—A)yer — MT)

_0.5veryer+2(b—Ae)(—210.5yer 4 yer)
A —Tyye —2(b—Ao)(2yer — A1)

myeﬁz(b#\e)(*hm*m
s —Taver—2(b—A)2yer— MT2)

1—aZ

Also, let

6=

2aCH?
hy = 2<M + 1“29) (X + M[=Cm 4+ ¢ +b10) + 225 ([—Cm + ¢ +b]0 — 1) = 2x — 2y 0%e;[—cm + ¢ + b] — 1“_7,
hiy = [~ + X)(m +T50) + x +0.50e: | +[x (0.5 + 28) — 0.5y (—(8)er)]
—[—21 (55555 + T20) — o+ v (Ber) |[cm(=8) + ¢ (8) + b3]
—[41(0.5+T28) — ¥ (=(8)er)[[—cm(0) + cr(0) + bO] — 322,

a2

hiz =y (1 +v)e]0.5—0[—cm + ¢+ b]]+ (0.5yer + ['av)[x + A10[—Cm + ¢ + b]]
—[—M(z5Es5 + T28) — ko + v (Ben) |[em(=1 = v) + ¢ (1 +v) +bv + Ap]
2aCOv

1-a2

20C82

hys =2[— (A1 + x)(0.5+T28) + 0.5y de;] + 2[A1 (0.5 + T'28) — yde;][—cm + ¢ + b]6 — o2

ha3 = [A(0.5+T128) — yder][cm(=1 = V) + ¢ (1 +v) +bv +An]
+(0.5yer + Tv)[— (A1 + x) + A18(—Cm + ¢ + b)]
+Y (1 +v)e;[0.5 —§(—cm + ¢ + b)] — 2aC8v

1-a2

2C + 2aCyv?

h33 = =2[-A1(0.5ye, + Tv) + y (1 + v)er]lcm(—1 = v) + ¢ (1 + V) + bv + An] — a2

_ (1—pya—05ye, v = pyer+2(b—Ae)(a—Aip —yen)
Y= 2+ x) K _Tyye —2(b-A)2yer—MIh)
Rpp =[pna+ x (¢ +T29) — 0.5y (en — (Y)er)]

—[—)\l(m + 1_'29) — A+ J’(Qer)][cm(1 - +a(W)+by |
—la—21 (@ +T2) —y(en — (¥)en)[[—Ccm(O) +cr (0) + bO],

Rw=[(1-m)a—ri(¢+2¥) = x (¢ +T2%)) — 0.5y (en — (V)er)]
—[-41(05+T128) —y (—=(8)e)]lem(1 = ¥) + & (¥) + by]
—[a—21(¢ +Tayp) — v (en = (V)er)llem(=8) + ¢ (8) + b3],

Ry, = —[-21(0.5yer + Tov) — y (- (1 + v)en)][cm(1 = ) + ¢ (¥) + b ]

_ga;$1 (@ +T2) —y(en— (¥)en)lcm(=1 = v) + (1 4+ v) + bv + An]
T 1=a?

A.2. Proof of Theorem 1.
We can rewrite the total net profit of manufacturer as follows:
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Moreover, the retailer net profit can be rewritten as
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Therefore, we have
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27171 m
PP W.Tn) _ 4 4 )6 (05— O[—cm + ¢ + b]] + (057, + Tav)[x + M6[—Cm + €1 + b]]

oploTm
X 20COv
_ I:)\.] (2()»14')() + I‘20> - A+ y(@er)}[cm(l -V)+¢(1+v)+bv+An]— o2
92T1L (p™, w, Tiy) 20 CS?
’“a# =2[— (A1 + x)(0.5+T'28) +0.5y8e;] + 2[A1(0.5+ I'28) — ySer][—cm + cr + b]6 — o

PPl wTn) — [ (Aq + X)(0.57€r + [20) — 0.5y (—(1 4 v)er)] — [~A1 (0.5 + [28) — ¥ (—(8)er)l[em(~1 — 1) + ¢ (1 + 1) +bv + An]
—[=21(0.5yer + T'2v) — y (=(1 + v)er)][cm(=8) + ¢ (8) + bS] = [A1(0.5+ '28) — yder]
[em(=1=v) + (14 V) +bv +An] + (0.5y€r + Tov)[— (A1 + %) + A8 (—Cm + ¢ + b)] + ¥ (1 + v)er[0.5 — 8(—Cm + ¢ + b)] — 2202

92111 (pm. w, 2C + 2aCv?
44ﬂ%%;LEQ:—m—dey&+Fﬂ0+yﬂ+vkdm4—l—W+{AT+W+¢v+MJ——%E%;L
m

One can see that H is the Hessian matrix, which is negative definite. Therefore, the maximum value of TIL (pI", w, Tp) is attained at
the stationary point, or the boundaries. The stationary point is

pr 1 hashss — h3, —(h12ha3 — hyshys) hi2hy3 — hyshy3 Rpm
wl = ) —(hizh33 — hyzhy3) hiihss — h, —(hithys — hizhiz) || Rw

Tm hi2h23 — hizha —(hnhyz — hizhyp) hiihy, — 2, Rz,
Therefore, the optimal solution is
0 ifty, <0 pry  iftm <O wy  ifty <O
Tn=41 ift, >1, ph= Iﬁ‘ ift, >1, w= wi  ifT, > 1.
Tm  otherwise p"  otherwise w  otherwise

Now, if for the retailer the optimal solution is (p¢*, t;) = (I'1,0), then v =6 = ¢ = § = 0, and we follow the same calculations to reach
to the optimal solution. Furthermore, if for the retailer the optimal solution is (p¢*, t;) = (I'1 + [2(1 — Ty), 1 — i), then v =-1, 6 =8 =
0, ¢ =1, and we find the solution similarly. m

B.1. Definition of notations

Let
X — 0.5y (b—Ar) Azer
2(-0-Ayyer+ ;)

2 ki +x +05ye——2CA)
( 1rx 4 "2(~tb-ayert 1S5

F]:

b b-A) (ChD—hy) 1
= o S = 5
2(—(b—A[)yer+m)

05ve |1+ (b-A) yer
yr< 2(~-Ayet S )

g, —Mb-A) Ay

2(~(b—-Ayer+ 1) 2( 1+ x + 0.5y 6, tatb=A0
2(-0-Ayyert ;)

1-a2

and
o (=AY (ChiAi+ye)
- ey
2(-(b-A)yer+15)

Furthermore, let us set

2Car?

h]l = 2(—)\.2 + X(F] — 1) + 0.5]/F2€r) — 2(—Cm + Cr+b)r2(—)\.1r1 — Ay + ]/err) - m,

2Cal, 2
hyp = (—)\,1 r{ - X(F] -1)+ 045)/1—‘29,») + (XQ] + 0.5]/92@,—) —(—Cm+cr + b)rz(—)rl Q1+ }/Qzey) —(—Cm+cr+ b)Qz(—)\,] Ty —Ay+ ]/ery) - 1_72(122

2Cal A
his = (X A1 +05y Aser) — (=Cm+ 6+ D)Da(=ha Ax + ¥ Aser) = (=Cm+ ) (1+ A2) +bA; + An) (=M = Ao + yToer) = =252,
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2022
hay = 2(=(A1 + X)$21 + 0.5y 2er) —2(—Cm +Cr + D)2 (=212 + Yy 28r) — T2’
2(t¥$22/\2

has = (=1 + ) A1 +05y (Az + Der) = (=Cm +Cr + D) (=21 A1 +y (A2 + D)er) = ((=Cm + ) (1 + Az) + bA2 +Am) (—A1€21 + y$her) — ——"5=

C(2+2an3)
h3z = =2((—=cm+ )1+ Az ) + DA + An) (—A1 A1 + Y (A2 + 1)er)) — e

_ — — [ A (a-yen)
<(1 Ha 0.5)/(6,, (2(<bAt)yer+lfaz))er)>
¢ =
2( A 0.5y 2104 o
( 1+ X+ yerZ(—(b—A[)ye,Jrﬁ)
_(b-A) (@a-M¢—yen)
V= c
2(-(b-Ayer + )
2Caly
Rop = (na+xé - 0.5y (en —rer)) — (=tm+cr +D)2(a =219 —y (en = Yer)) = (em(1 = ¥) + & + DY) (—MiT1 = Az + yToer) - 57—
200y
Rw=(-m)a—=2r1¢ - x¢ —05y (en—Ver)) — (=Cm +Cr+b)S2(a—A1p —y(en —Ver) = (cm(1 = ¥) + ¥ + DY) (=M1 S + ¥ aer) — F— o=,
C(2aA

Ry = ~((~Cn+ G)(1+ A2) +DAs +An) (@~ —  (en— Yen) — (en(1 — ) + U + B (-l Ar + ¥ (Az + D)) - o2l

B.2. Proof of Theorem 2.
As the manufacturer is the leader, the retailer is the follower, and the collector is the follower of the retailer, we first optimize the total
net profit obtained by the collector:
2 e m C 2 Ol‘[nz1
i () = (b—A)TuD It = (b—A)(a— AP — A pf — v (en — Tmer))Te + | (b—Ar)yer — Toa2)% Cw.

As one can see, th (t¢) is a univariant strictly concave quadratic function, since C > (1 — a2)(b — A¢)yer. Therefore, we analyze its first
derivative to find its maximum:

/ C
N7 (1) = (b — At)(@— A D — A2p] — ¥ (en — Tmer)) + 2((b —Ayer— m)fp
Hence, the root of T (t;) is
- (b—Ar) (@—Aipf = Aapf" — ¥ (en — Tmer))
2(=(b-Adyer + 53)
Since b — A; > 0,
7 < (A0 (a—y(en—tmer)) _ (b-A) (a—y(en—er))

£= 20-myer—S5) T 2-0-Adyer+ )

1-a2 1—
Since, C > 1*20‘2 ((b—At) (a—y(en—3er))), we have 7; € (0, 1), which implies that either 7; or 1 — 75 is the optimal solution.

Now, we maximize the total net profit of the retailer. Let us assume that 7; is the optimal collection rate for the collector. Then the
total net profit of the retailer is:

2 (p}) = (P —W)D§ =5 = (P, —=w)((1 = w)a — Ap — X (P, — PI') — 0.57 (en — (Tm + T)er)) — .

Since T is a linear function on pg, T12(p¢) is a quadratic function. By analyzing its second derivative, we see that I12(p%) is concave:

, _ ~d1(b—A)
2 ey _ —pl — e _pmy_ Q. n— (T . e _ oy — ] . 1
Iz () = ((1 = pw)a —A1py = X (P = Pr') = 0.5y (en — (Tm + T)er)) + (Ph W)( 1— X +05ye 20— Ayyer + ]_ca2)>

., Ai(b—Ar)
% (p¢) =2 =A1 — x — 0.5ye;, <0.
e (pn) ( 1 X Y 2(—(b—At)7/€r+ 1fmz) -

Therefore, its maximum value is attained at the root of Hg/(p%), which is

1—p)a+ xpt—0.5y( en— [ T + CA)@22ploy @—tmen) o
(( nya+ xpf V( n ("’ 2(—(b—Ar)V9r+]fmz) ' w

2
2( A1+ x +05ye—— 24
( 1 X V r2<—(b—Ar)ye,+ c )

e
n

1-a2
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Hence, the optimal collection rate for the collector is
(b—Ar) (a—A1p§ — Aapf — ¥ (en — Tmer))
2(=(b-Ayer + %)

To maximize the total net profit of the manufacturer, we show that it is jointly strictly concave function. We know that the total net
profit of the manufacturer reads

T1Z,(PF, W, Tm) = WD + "D — i (1 — Ty — T)D — ¢+ (Tm + Tt)D — Iy — bTD — Ay TwD — C(e)
=w((1 = p)a—rip§ — x(ps — PI") — 0.5¥ (en — (T + Tm)er)) + PP (na — A2pf + x (PG — P") — 0.5y (en — (T + Tm)er))
—(m(1=Tm —T) + & (Tm +T) + b?t+Ame)(a —Mph— APy —y(en— (T + Tm)er))

C(tpta T}
% 0.5K (e,)?

T =

i o _ aph _ 9T _
Since apm =TIy, apm T, W =Qq, GL =@, T = Ay, and b = A,, we have

MEGEwI) = w(-pTy = x (D1 = 1) + 0.5y Tae;) + (1a—Aapf + x (P — P) — 0.57 (en — (T + Tw)er))
+PT(=ha+ X (1 = 1) + 0.5y Taer) — (—Cm + ¢ + b)Ta(a = A1 p§ — Aap] — ¥ (en — (T + Tm)er))
—(Cm(1 = Tm — T) + Cr(Tm + ) + Tt + AmTin) (=M T — Ay + yTaey) — X2

An2 (om _
W) _ (1= pya— Aq PG — x (B — PT) — 057 (en — (% + Tm)er)) +W(—(h1 + X)Q1 +0.57 aey)
PP (X Q1 + 0.5y er) — (—Cm + 6 + D) (a— A1p§ — 2Pl — ¥ (en — (T + Tm)er)) — (cn(1 = Tm — T) + Cr(Tm + T) + DTt + AmTi) (—A1 Q1 + ¥ ) — zca?zq ’

T2, (P, w,
Tm PP W) vy iy 4 0 A1 + 057 (g + 1)en) + ROC AT +0.5y (A + De)
m
—((=Cm+ ) (1 + A2) + bAy +An) (@ — A p§ — Aapf' — v (en — (Tt + Tm)er))

—(m(MI =T —T) + & (Tm + T0) + DT + AnTi) (A1 A1 + Y (A2 + Dey))

CQtn + 20A:%

1—o? ’
aznrzn(p,rnvwv Tm) — h 82Hr2n(p¢n7w’ Tm) — h aznrzn(p,rnvwv Tm) — h
aplmz 11, ap?naw 21, ap;:na_cm 31
O2T1Z (P W, Tm) I O2TIZ (P W, Tm) I O2IIZ (P W, Tm) I
ow?2 - OWd T - 012 -

One can see that H is the Hessian matrix, which is negative definite. Therefore, the maximum value of TIL (pI", w, Tp) is attained at
the stationary point, or the boundaries. The stationary point is

o 1 hashss — h3, —(h12hs3 — hyshys) hi2hy3 — hyyhis Rpym
w | = 7det (H) —(h12h33 - h13h23) h]] h33 — h% —(hll h23 - h12h13) Rw .
Tm hi2h23 — hizha —(hi1haz — hishyy) hihy, — 2, Rz,
Therefore, the optimal solution is
0 ifTm<0 _  piy T <O w; T <0
Tm=1{1 ifTn>1, pr={pf] ifTm>1, w={wi ifT,>1.
Tm otherwise P otherwise w  otherwise

Now, let 1 — 7 be the optimal collection rate for the collector. Then the total net profit of the retailer is:
T2 (p}) = (P —W)D§, —s = (pf, = w)((1 — )a— A p§ — x (p§ — Pf') — 0.5y (en — ;) —s.
Since T is a linear function on pg, T12(p%) is a quadratic function. By analyzing its second derivative, we see that T12(p¢) is concave:

NZ () = ((1 — w)a—Aps — x (p% — pT) — 0.5y (en — €r)) + (P& — W) (—A1 — x)

I (pf) = 2(=21 = X)
Therefore, its maximum value is attained at the root of I12'(p¢), which is

(A—p)a+xp' —05y(en—er)) W
B 2+ ) 2

P =

= ., , o
_Fz— s apn:Ql:%yhzgzzo ap"—A1—O and 3:":

With similar line of reasoning, =I= 2(/\1+x) 3p

A, = —1, we have that the optimal solution for the manufacturer is (T, pr ,W).
C.1. Definitions of notations
Let

—A1(b—Ar) P yer(b—Ar)

—2(b-A)ye +Ci3: 2T —2(b-A)ye +Ci%;

1=
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. (2a8?)
h$y =2(—A1 — x +0.5yd1e;) - C T
(20[8152)

hfi’Z = (05)/(1 +82)€r) + (b—Ae)(—)\.] + y51er) -C 1T—a?

(2+2a83)

hy = 2(b—Ae)(y (1 + 82)er) - Cg——2>

Co = (2(=h1 — x +0.578161)) 2(b = Ae) (¥ (1 + 82)er)) — ((05y (1 + 82)er) + (b — Ae) (—h1 + y 1)),

2+2 52 2 82
Ci=—Q(- - x+05y61er>>(( s )> ((“ ))<2(b Ay (1+ 82)e0) + 2((0.5y (1 + By)er) + (b— Ae) (- A1+y81er>>((2‘”5*52)),

—a? 1 o?
o (o) [(@r2e8)) (s 2
2T\ T2 1-—a2 1-—a? '
r (b—Ar)Az
0=-— >
—Z(b—At)yer-‘er
— l e e _ — 1 __he _ he _

I = G +GC+G (h3ox +hiy (b —Ae)hz), Iy = C72C2+C1C+C0( h$,x — h$y (b — Ae)Az),

(b—A) (=T = Ay +)/F29r) 1
r , Q ——(—h5, (-1 0.5y48 h$,0.5y (1 +6

3= —2(b—A)yer +Ci2s =72 +C1C+C0( 2(=A1 — X +0.5y01€r) + 13,0.57 (1 +d2)er),
1
Q) = —m(hﬁ2 (=A1 — x +0.5y68:1e,) — h§;,0.5y7 (1 + 82)er)

Q; = (b—Ar)(=A1921 4+ Y er) no = (b—A)(a—yen) A= 1

—2(b—A)ye +Ci2; -2(b-Aye +Ci%; GC +GC+G

2061 A 2a8; A
x (h§z<(1 — p)a—0.5y (en — Ager) — ci( 1a2°))> - hf;z((b —A)(@—y(en— Ager)) ‘C(1_2azO)>
1 e (20{811\0) e (206821\0)
Ay = GO TCCTG <—h12 ((1 —pn)a—0.5y(ep — Ager) — 571 —2 +h | (b—Ae)(a—y(en— Ager)) — Ciot2 ,
As= (b—A)(a— A Ay —y(en— Azer))
—2(b—A)ye +Ci2; '
Also, let

= (ua+ xA1 =05y (en— (Az+Az)er)) —cm(1 = (Ax + A3)) (=M1 = A + Y (T2 +T3)er)) + cm(I2 +T'3)
(@—AA1—y(en— (Ay+As)er)) —(cr+b) (T +T3)(@— A Ay —y(en— (Az+ As)er)) — (cr+b)(Az + A3) (=1 — A+ Yy (T2 + Tz)er)),

R’zn = ((l — u)a — )\.11\1 — XA] — 05)/(8,1 — (A2 -+ A3)€r) ) -+ Cm(Qz + Q3)((1 — )\,1A1 — ]/(En — (A2 -+ A3)er))
—Cm(1 = (A2 + A3)) (2121 + ¥ (22 + Q3)er) — (6 + D) (22 + Q23) (a— A1 Ay — ¥ (en — (A2 + A3)er))
—(Cr +b) (A2 + A3) (—A1€21 + ¥ (822 + Q3)er),

and
hfi =2(=A2 + x(T1 = 1)+ 05y (T2 + T'3)er)) + 2em (T2 + T3) (=4 T1 =22 + ¥ (T2 + T3)er)) = 2(cr + D) (T2 + T3) (=211 = A2 + ¥ (T2 + T3)er)),
hiy = (=2 = x (1 = 1) + 0.5y (T2 + Ta)er) + (X 21 + 0.5y (2 — Q3)er)) + cm (22 + 23) (=M1 — Az + y (T2 + T3)er))

F+em (T2 + T3) (2121 + ¥ (22 + R23)er) — (¢ + b)) (T2 + I's) (—A121 + ¥ (22 + Q23)er)
—(Cr +b)(22 — 23) (=M1 = A + ¥ (T2 +T3)er)),

h, =2(—X121 — x 21 + 0.5y (2 + Q3)er ) + 2cm (22 + Q3) (—A121 + ¥ (2 + R23)er) — 2(¢r + b) (22 + Q3) (—A1 21 + ¥ (22 + Q23)er).

C.2. Proof of Theorem 3.
To find the optimal prices and collection rates, we start with maximizing the total net profit of the collector, which reads

2 2
3 e m (0”:9 + U )
()= (b-A)D -1 = (b—A)tw(a—ApS — Aapl' — y(en — (Te + Tr)er) ) — Cﬁ'

As one can see, H?(rt) is a univariant strictly concave quadratic function since
C>(1-a?)(b-A)yer.
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Hence, the optimal solution is the stationaty point of the function, in case of existence. To find the stationary point, we have:

(21)

[ (%) = (b= Ay (@ = APy = Aap =y (€n — (Te + T)er) + (b— ATy er - Co— 5.

Hence, the stationary point is:
7= (b—Ao)(a—2ip; = Aopl" - V(en - Teer))
-2(b-A)ye +C—=;
Since T; € (0, 1), so the optimal collection rate for the collector is either 7; or 1 — .

Let us first assume that 7; is the optimal collection rate for the collector. Based on this value, we maximize the total net profit of the
retailer, which is

T2 (P ) = (P = W)Df + (b = Ae)TeD — e =5 = (P = W) (1 — 1)a = Ay py = X (P = PF') = 0.5) (en = (Te + T)er))
+(b—Ae)Te(a—A1ps — Aap" — v (en — (Te + Tr)Er)) — C% —

1a2

To maximize T13(p¢, T.), we first check its concavity status. Since gfg =47 and ar[ = 8, we have
T3 (pe, T, _ 200817,
SREPhTe) (1= ) hapl — (B~ PF) = 05 (en — (1 + T0)en) + (Bl — W) (=ha = x + 0.5 Bren) + (b= Ac)Te(=ha + yrer) - C 22,
n

OTI3 (P, Te)
0Te

(Zre + 206,77

= (P} —w)(0.5y (1+82)er) + (b—Ae)(a— Aps — Aa2p] — ¥ (en — (Te + To)er)) + (b — Ae) Tey (1 + 82 )er — g

82H(3?(p$1’ TE‘) — he 821—[2 (pga ‘L-e) 821—[2 (pfl) ‘L—E)
ape? m 9peart, 012

Because of the assumptions on C, IT3(p¢, o) is a strictly concave quadratic problem. Hence, its maximum is attained at the stationary
point, in case of existence, calculated by

Pl 1 hS,  —h; || K
T| GC+GC+G|—hS, hf ||RS]

Hence, the optimal solution is

p_ (1 ifr=1 ?_{*Ri,glhfz if 7 > 1

otherwise’ ™" % e otherwise
Now, if the optimal collection rate for the collector is 1 — T, then by resetting §; =0, §, = —1, and 8¢ = 1, we can calculate the optimal
solution (T, p%).
Based the solutions obtained, we maximize the total net profit of the manufacturer:
T3, (P, w) = wD§, + DIt — cin (1 = T — 70)D — 1 (Te + 7)D — b(Te + w)D — C(e) = w((1 = w)a — rap§ — x (P§ — PI') — 0.5y (en — (Te + T)er) )
+pP(ma — 22! + x (Ph — PT') = 0.5Y (en — (T + T)er)) — cm(1 = (Te + %))
(a=21p% — 22T — ¥ (en — (T + T)er)) — (Cr +b) (Te + T) (@ — AD§ — 2aP — ¥ (en — (Te + T0)er)) — 0.51<(er)2

_ KLe _ KLe
_hlz' _h22'

S5

7

~
Let us assume that T <1, Tt < 1 — Te. Since 2 apm =TI, 3;;{: = F1, m = 1“2, m =TI, ‘)E)FV’V" = Ql, =, = Q3, we have:

g

8w

IM(BEW) — yy(—pq Ty — x (D1 = 1) + 0.5y (Ta + T3)er) + (ma — 2apft + X (0 — PI") — 0.5y (en — (% + T)ey))

AP (A2 4+ X (I = 1) + 0.5y (T2 + T3)er)) —cm(1 = (Te + 7)) (=M1 = A2 + ¥ (T2 + T'3)er))

+Cm(T2 +T3) (@ = 2p§ — Aap — v (en — (Te + T)er)) — (¢ + b) (T + T3) (@ — A1 p§ — 2D — v (en — (Te + To)er))
—(Cr+b)(Te + ) (1T = A2+ Y (T2 + T3)er)),

L), — (=D — Q1 + 0.5y (2 +Qa)er ) + (1 pw)a—raph — x (B — pI") — 0.5y (en — (%o + T)ey) )
+PI (X 21+ 0.5y (2 + Q3)er) + em(Q + Q3) (a — 21p§ — 2P — ¥ (en — (Te + T)er)) — cm(1 = (T + 1))

(=181 + ¥ (22 + Q23)er) — (6 +b) (R + Q3) (a = A1p§ — Aapl — Y (en — (Te + Tt)er)) — (Cr + D) (Te + Tt) (—A121 + ¥ (22 + Q3)er).
02113, (P'y",W) — hin 92113, (p w) hm 92113, (p. w)
9pm 1’ apmaw dwz

imum is attamed at a statlonary pomt

2 . 1 h3  —hiy || RY
w hm ok —hm? | <hn o hn || RS

If Tt > 1 — T, or T > 1, then the solution is obtained either when 7t = 1 — T, or when 7; =0 and 7, = 1. Hence, in the fist situation
we reset

Hence,

= hi,. Based on the assumptions, I13,(pi™, w) is strictly concave. Hence, its max-

0T 0T
=3 =-Ty, — =Q3=—-y, As=1-A,,
apr 3 2 Fw 3 2, 433 2
So we can recalculate the solution. In the second situation, we reset
3 ps -X 0T 0T
=IN=-=,—=I7,=0, =I3=0,
apr — ' he apr T 7 apy ~ °
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Py _ o _ (h—x+05ydie) 9T o o 0T _ o _

aw = 1= e g =2 =0 5, =%=0
—((1 = pw)a—0.5ve,) —ht

PO (Ul vew =My A1 Ao,

h%,
So we can recalculate the solution. m
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