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Abstract

Strategies to increase sustainability are of growing relevance for supply chains and
especially for the management of production processes. In this paper, we build on
existing literature in closed-loop supply chain management and consider a two-
period game-theoretic model in which product returns are reused in the manufac-
turing process. In all scenarios, we assume that the return rate of used products is
random and not known to the players at the beginning of the planning horizon, thus,
they have to deal with uncertainty in period 1. In contrast to existing literature, we
will also address the circumstance that the players’ level of information in period 2,
after the returns have been realized, can be linked to the collection mode in the sup-
ply chain. In Scenario A, the retailer is involved in the collection of the used prod-
ucts and transfers them to the manufacturer, so that symmetric information is avail-
able. In Scenario B, on the other hand, the used products reach the manufacturer
directly from the customer, so that the manufacturer has an information advantage
over the retailer. By comparing these scenarios and a vertically integrated supply
chain benchmark case, it becomes clear that, depending on the actual return rate,
the presence of private information can be either beneficial or detrimental to the
manufacturer. The retailer, on the other hand, can compensate for information dis-
advantages in most cases over the multi-period planning period due to its position
as a Stackelberg leader. Regardless of the amount of a transfer payment offered to it
by the manufacturer, it prefers the collection of the goods by the manufacturer itself.
These findings contribute to literature on symmetric information, where, for exam-
ple, a retailer-led collection is preferred (Savaskan et al. Manage Sci 50(2):239-252,
2004) or the decision depends on the amount of the transfer payment (Modak et al.
J Clean Prod 171:512-528, 2018). However, we show that cooperation between the
players leads to the best results not only economically but also from an ecological
point of view.

Keywords Game theory - Closed-loop supply chain - Reverse logistics -
Asymmetric information - Uncertainty
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1 Introduction

Climate change and the growing scarcity of resources are resulting in sustain-
able production processes becoming increasingly important. The analysis of so-
called closed-loop supply chains (CLSCs), in which reverse flows are considered
in addition to the standard forward flows in the supply chain, is therefore gaining
greater research attention. In CLSCs, the focus is on the entire life cycle of a
product (Guide and Van Wassenhove 2009).

Remanufacturing or recycling processes often play a key role in CLSCs. One
reason for this is that legislation increasingly requires the integration of reverse
flows in companies and the take-back of old products in some industries. For
example, as described in Germany’s Closed Substance Cycle and Waste Manage-
ment Act, product and waste responsibility is devolved to individual companies.
The Waste from Electrical and Electronic Equipment (WEEE) Directive, on the
other hand, is a directive of the European Union that is intended to help reduce
waste in the electronic-equipment sector. According to the Global E-waste Mon-
itor 2020 (Forti et al. 2020), the world generated 53.6 million tons of e-waste
in 2019. Only about 17% of this e-waste was documented to have been properly
collected and recycled. However, this value varies greatly by region. In Europe,
for example, over 42% of e-waste is collected and recycled. This highlights the
importance of such legislation as the WEEE Directive. Furthermore, the incen-
tives for voluntarily implementing remanufacturing and recycling processes have
become significant enough in many industries that companies choose to initi-
ate them on their own. On the one hand, returning used products to the produc-
tion cycle can be instrumental in responding to increasing consumer and soci-
etal demand for green products (Atasu et al. 2008). According to a study by The
Nielsen Company (2015), about three out of four respondents from the younger
generation are willing to pay more for products that come from sustainable com-
panies. On the other hand, such decisions can be economically motivated. Rising
energy costs and prices for raw material can be identified as the main drivers for
remanufacturing decisions. According to a study of the Association of German
Engineers (Verein Deutscher Ingenieure - or VDI), in the manufacturing sector,
material costs are reported to account for an average of 40% of total costs and,
thus, represent the largest pool of expenditures. By reusing parts from end-of-
life products, there may, therefore, be financial benefits for companies. If ade-
quate conditions are met, the procurement costs of remanufactured products can
be about 40% to 80% lower than those of equivalent new products. In European
companies most of the used products are remanufactured in the field of elec-
tronic/electrical equipment (EEE) and in the automotive industry (Lange 2018).

In contrast to remanufacturing, recycling does not aim to reuse entire compo-
nents but rather raw materials. Especially in regard of electronic devices such as
laptops and smartphones, recycling can be considered economical as the materi-
als contained, for example, gold, silver, and palladium, have undergone strong
price increases or scarcity in the past, which makes e-waste an important source
of raw material (Esenduran et al. 2019). Another example is recycling printer
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cartridges, which is also common. It is estimated that for 100,000 recycled printer
cartridges, 9,599 kg of aluminum, 40 tons of plastic, and 1,000,000 Is of oil can
be saved (Ding et al. 2020); this is one reason manufacturers like Hewlett-Packard
(hereafter, HP) choose to recycle used cartridges. The company reports that 82%
of original HP ink cartridges contain 45-70% recycled plastic (HP Developement
Company 2022). According to the sustainability manager for HP’s Germany,
Austria and Switzerland regions, collecting and recycling empty ink and toner
cartridges is the most economical and environmentally friendly option. Water
and CO, consumption can each be reduced by 40% and energy consumption by
60%. Raw-material recycling is, thereby, preferable to refilling empty cartridges
for economic as well as ecological and quality reasons (paperworld Remanexpo
2022). Xerox, another manufacturer of printing supplies, reports savings of sev-
eral millions of dollars in material costs by reusing old toner cartridges (Xerox
2018).

Still, the specific numbers regarding energy and resource savings can vary from
industry to industry. For example, energy consumption in the furniture sector is said
to be reduced by up to 100% through remanufacturing. For a complete overview, see
Fraccascia et al. (2019).

However, not only are the remanufacturing/recycling processes themselves
important but also the collection processes, as the company has to acquire end-of-life
products from the consumers. In practice, there are various approaches for reintro-
ducing end-of-life products into the production process. For example, for electronic
devices that are affected by the above-mentioned WEEE Directive, it is common to
hand them in at central collection points such as recycling centers. Retailers with a
sales area of more than 400 square meters may also be obliged to accept used elec-
tronic equipment in Germany. Regardless of this, retailers might also take back used
items voluntarily. According to Best Buy, e.g., the company was involved in the col-
lection of more than two billion tons of e-waste so far, making it the largest collector
of e-waste in the United States (Best Buy 2022).

Alternatively, returns can be made directly to the manufacturer. Direct product
returns are common practice, for example, in the area of consumables for printers
and copiers (HP Developement Company 2022; Ricoh Europe 2022). In the sector
of small electronic devices, such as laptops, monitors, and smartphones, manufac-
turers also offer mail-back recycling programs, in which old products can be sent to
the manufacturers by postal mail (Apple 2022; Lenovo 2022). As reported by Guide
(2000), a majority of firms prefer this collection mode.

In those cases where returns are handled directly by the manufacturer and without
retailer participation, it is possible that not all members in the supply chain, e.g.,
retailers, are aware of the quantities returned, resulting in information differences
within the supply chain. However, even to the companies involved in the collection,
future returns are often not known in advance, i.e., at the beginning of the planning
horizon. As reported by Guide (2000), 61.5% of firms report uncertainty about the
timing or the quantity of returns.

CLSCs under certain and symmetric information are well examined. However, due
to the importance of the return rate for the costs of a company and thus also the pric-
ing policy of the actors, the circumstance of having an uncertain return rate should be
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addressed in supply chain models as well. Although there exists literature that models
the return rate as a random parameter, there is currently no linkage of uncertainties
and asymmetric information to the collection process itself. In our paper, therefore, we
investigate a simple supply chain model, consisting of a manufacturer and a retailer.
Using game-theoretic methods, we examine how the integration of used products
affects the pricing strategies of the players within a two-period planning horizon. We
assume the return rate to be a random parameter whose value is not known to the mem-
bers of the supply chain at the time of first decision making. In contrast to the static
games considered in the majority of papers, we situate our model in a multi-period con-
text to separate forward and backward flows in time. In the course of the first period the
customers have then the option to return their used products. Depending on the specific
model scenario, either the manufacturer or the retailer is responsible for their collection.
Under a manufacturer-led collection mode, the retailer has an information disadvantage
compared to the manufacturer in period 2, i.e., information asymmetries occur within
the supply chain. If the retailer collects the used items, both supply chain members are
equally informed about the return rate instead. With the intention of closing a gap in
the literature, we thereby address the circumstance that the players’ level of informa-
tion regarding the return rate can be linked to the collection mode after the returns have
been realized. We further assume that returns can reduce the production cost per unit in
period 2 compared to period 1 as the manufacturer reuses them in the production pro-
cess. Depending on the collection strategy and thus occurring information structures,
the second period pricing decisions of the players can thus be affected by the product
returns. Due to the increased complexity associated with this model extension, we limit
ourselves, without loss of generality, to a planning horizon of two periods. In our paper,
therefore, we aim to answer the following research questions:

1. How do uncertainty about the return rate and different collection mode dependent
information structures affect pricing within the CLSC in both periods?

2. In which situations do the players have advantages or disadvantages from informa-
tion differences between them and how do those affect their channel preferences?

3. How are CLSC activities affected by the different collection modes?

The remainder of this paper is organized as follows. In Sect. 2, we provide a review of
the related literature. The fundamentals of the game-theoretic model analyzed in this
paper are described in Sect. 3. We consider three different model sceanarios which are
a retailer-led collection, a manufacturer-led collection and a vertically integrated supply
chain. These model variants including profit functions and solutions are presented in
Sect. 4. All scenarios are compared numerically in Sect. 5 to gain managerial insights.
Section 6 concludes the paper. All mathematical proofs and supplementary material is
presented in the Appendix.
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2 Literature review

By answering the research questions above, our analysis aims to contribute to the
existing research in several ways. Because of the topicality and significance of
the research area, there are already numerous publications in the field of CLSCs,
and new ones are constantly being added. Within the scope of this literature
review, we can therefore focus only on research that is most closely related to
our paper. This mainly includes studies that examine the advantageousness of dif-
ferent reverse channels, as well as uncertainties about the return rate in CLSCs
or information asymmetries in a game-theoretic context. For a general overview
on CLSCs, see, e.g., Souza (2013); Stindt and Sahamie (2014); Govinda et al.
(2015); Simonetto et al. (2022); Mishra et al. (2023) or for relatedness of open-
and closed-loop supply chains see Berlin et al. (2022).

Basically, the literature agrees that remanufacturing is profitable and that the
manufacturer, therefore, has an incentive to integrate recovery processes into the
supply chain (Ferrer and Swaminathan 2006). Early CLSC literature in the area
of game theory typically considers models in which players act under complete
information and the rate of return is either a given parameter or a decision vari-
able of the players. The topic of interest here is, for example, who should collect
the used products: the manufacturer, the retailer, or a third party, as examined in
Savaskan et al. (2004), Savaskan and Van Wassenhove (2006) and Modak et al.
(2018). Wu and Zhou (2017) extended the model of Savaskan et al. (2004) and
considered supply chain competition, whereas Modal et al. (2022) include Corpo-
rate Social Responsibility activities and government subsidies in their analyses.
Also in our paper, we investigate different collection strategies, meaning either
the manufacturer or the retailer being in charge. In Genc and De Giovanni (2018)
and Zhang and Xiong (2017), e.g., the reverse channel is operated only by a man-
ufacturer. In Bhattacharya et al. (2006), the remanufacturer is solely responsible
for the collection of used items. Contrary to this, in Zhao and Zhu (2017) the
retailer collects the products and gives them to a remanufacturer. Asghari et al.
(2022), e.g., considered a third party that is responsible for collecting used items
and they assume that advertising has an impact on the quantity returned.

Profit maximization, and associated pricing decisions, are thereby of funda-
mental interest of a large portion of the CLSC literature, as also, e.g., in the work
of Esenduran et al. (2019). The authors also considered the option of the collec-
tion process being performed jointly by the manufacturer and the retailer. Pan
and Lin (2021) examined pricing decisions under cross-channel recycling. Liu
et al. (2020) differentiated between centralized and decentralized pricing mod-
els and integrate quality issues into their study. Two different pricing strategies
are analyzed by Wen et al. (2020). In the first one, equal prices are set for new
and remanufactured products, while in the second one, different prices are set.
They find that equal pricing can be beneficial, if, e.g., the proportion of green
customers is high. Johari and Hosseini-Motlagh (2019) considered not only pric-
ing decisions but also investments by the remanufacturer in corporate social
responsibility efforts. There are several studies that integrate uncertainty into
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their considerations, for example, regarding prices or demand, see, e.g., Fathol-
lahi-Fard et al. (2021); Liu et al. (2022).

In this paper, however, we assume that the return rate is a random parameter and
is unknown at the beginning of the planning horizon. Masoudipour et al. (2017)
addressed the problem of modeling the return rate, which is often subject to uncer-
tainties. In addition, Guide (2000) examined the issue of the uncertainty of returns
as a cause of the uncertain nature of a product’s life cycle. In practice as well, the
return rate can only be predicted to a limited extent as it can easily be influenced by,
for example, government- or company-driven measures. Aras et al. (2004) addressed
this uncertainty and considered returns as a stochastic Poisson process. For a general
overview on different types of return rates used in closed-loop supply chain litera-
ture, please see also De Giovanni and Zaccour (2022).

With the intention of closing a gap in the literature, we consider both uncertainty
and information differences within a CLSC under different collection modes. As in
practice, perfect knowledge about other supply chain members is not always avail-
able. How private information affects the supply chain members’ decisions has been
well-studied in literature. For an overview of supply chain models that include infor-
mation considerations such as demand-information updating, supply-information
updating, and information asymmetry in studies, see Shen et al. (2019). However,
in CLSC contexts, the literature also increasingly considers games with asymmetric
information, although these are less well-established than those analyzing forward
supply chains. The topics of interest are manifold here. Wang et al. (2022), e.g.,
consider a CLSC with asymmetric information of corporate social responsibility
and sales effort cost. In the research of De Giovanni (2017), there is asymmetric
information concerning a profit-sharing parameter. In the work of Huang and Wang
(2017), a distributor has private market demand information. However, in our litera-
ture review, we want to focus on asymmetric information regarding the return rate or
associated costs of remanufacturing. In Wei et al. (2015), for example, it is assumed
that the manufacturing and remanufacturing costs are known only to the manufac-
turer and that a demand and cost-scaling parameter is known only to the retailer. The
collection rate is a decision variable. In addition to the model variants of symmetric
and asymmetric information, the authors also examined the impact of the assumed
power structure in the supply chain on prices and collection rates. Similarly, Zhao
et al. (2017) analyzed a fuzzy CLSC in which the retailer’s collecting scale param-
eter is private information and the retailer determines the optimal collection rate.
Suvadarshini et al. (2023) considered asymmetric information concerning a cost
coefficient of recollection agents. In Zhang et al. (2014), a contract design problem
was studied where a collection-efficiency parameter is known only to the retailer; in
Zhang et al. (2020) it is a recovery-cost parameter of two competing retailers under a
reward-penalty mechanism. Wang et al. (2018) analyzed a CLSC in which a retailer
and a third-party recycler compete with each other. Both parties have private infor-
mation regarding their collection efforts. Li et al. (2014) designed a contract to over-
come inefficiencies resulting from asymmetric information about the collector’s cost
in a CLSC. In Wang et al. (2017), for example, the retailer’s collection-effort level is
private information, and a screening contract under the influence of a reward-penalty
mechanism is developed. Gong et al. (2011) assumed the retailer’s operating cost to
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be unknown to the manufacturer. Zhang and Xiong (2017) analyzed a CLSC setting
in regard to whether to share demand forecast information, which they found to be
advantageous for the retailer when the manufacturer’s collection efficiency is high.
Yang et al. (2014) analyzed a single-period model in the area of consumer returns.
In this scenario, the retailer possesses private knowledge regarding a return rate. For
example, if customers are dissatisfied with the product, they can return the product
and receive a refund. However, this research doesn’t constitute a CLSC, meaning no
remanufacturing occurs. The authors presented a contract with which the manufac-
turer can overcome its information deficits.

The main difference in considering private information about the cost parame-
ters examined in the literature and the uncertainty we consider about the return rate,
which in turn indirectly influences costs, is that there is uncertainty throughout the
supply chain at the beginning of the planning horizon. Even the manufacturer can
only estimate its future costs in the first period. Only when the returns are avail-
able at the beginning of the second period does the manufacturer have certainty
about the returns and, thus, production costs. Depending on the collection mode, the
retailer may also be informed about the returns then. Thus, differently from existing
literature, we additionally link the information levels of the players to the collection
modes.

Furthermore, the differences in knowledge about the returned quantity over time
make it necessary to consider a two-period game-theoretic model. The analysis of
two-period CLSC models is also important in the existing literature as it allows the
separation of forward flows and reverse flows in time within a dynamic setting. All
the previously cited papers focus instead on a single-period static setting. In multi-
period models, it is of interest, for example, to examine how green activity programs
(De Giovanni and Zaccour 2014), quality (Genc and De Giovanni 2017), or adver-
tising (Ramani and De Giovanni 2017; Mondal and Giri 2020) influence decisions
in the CLSC. Genc and De Giovanni (2018) analyzed consumer behavior in a two-
period CLSC under different types of rebate mechanisms. In their study, they assume
that the return rate depends on a rebate that customers are given for returning a prod-
uct and the selling price of new items. In Wang et al. (2018), a reward-penalty mech-
anism is considered, when in the second period, used products are collected and
remanufactured. They found that the reward-penalty mechanism could be beneficial
in terms of closed-loop supply chain activities. Tang et al. (2020) analysed different
warranty models in a CLSC, i.e., warranties for new and remanufactured products or
new products only. Ferrer and Swaminathan (2006) studied a multi-period monop-
oly as well as a duopoly environment in which a manufacturer produces new and
remanufactured products. Debo et al. (2005) also examined a multi-period model
in which a manufacturer decides on a remanufacturability level of the products. All
these papers have in common the consideration of symmetric information cases. In
De Giovanni (2017), by contrast, a multi-period CLSC with asymmetric information
is considered where the manufacturer may have private information about its profit-
sharing parameter. The return rate is certain and depends on the customers’ envi-
ronmental consciousness. In Mohammed et al. (2017) a multi-period model under
different carbon policies is considered, but the demand and return rate as well as
carbon emissions are uncertain here.

@ Springer



M. Beranek, U. Buscher

Table 1 presents a comparison of the key elements of our paper to those of the
literature most-closely related to. We contribute to the literature by combining the
research concerning the collection modes under certainty and symmetric informa-
tion with the analysis of the players’ associated information levels. First, we take into
account that information regarding the return rate is often unknown to the members
of the supply chain at the beginning of the planning horizon, and thus uncertainty
is present. Hence, we create closeness to practice where not only the supply chain
partners but also the companies themselves have to deal with uncertainties regarding
returns. Depending on the collection mode, symmetric information (retailer-led col-
lection) or asymmetric information (manufacturer-led collection) can then be pre-
sent in the second period. To the best of our knowledge, despite its relevance for
practice, the impact of the different collection modes on the information levels of
the players within a two-period planning horizon has not been analyzed so far. By
intending to narrow this research gap, we present a two-period CLSC model under
uncertainty and collection mode dependent information structures in the following.
This provides us with novel insights into the choice of the optimal collection mode
from the perspective of individual actors. Additionally, this allows us to shed light
on the influence of players’ information level on CLSC activities and sustainability
aspects in the CLSC.

3 Fundamentals of the two-period CLSC model

In the following, we address fundamental assumptions regarding the model scenar-
ios under consideration. All notations used in this paper are summarized in Table A1l
in Appendix 1. We normalize all input parameters to values between 0 and 1, which
simplifies the mathematical analysis without sacrificing the fundamental model rela-
tionships, see, e.g., Zheng et al. (2021), Debo et al. (2005), De Giovanni and Zac-
cour (2014), Vorasayan and Ryan (2006).

Furthermore, the model is described as follows:

e We consider a two-echelon supply chain consisting of a manufacturer M and a
retailer R. We underlie a Stackelberg game (Von Stackelberg 1934) in which the
retailer, as the leader, has the market power and moves first; the manufacturer is
the follower. While early literature considering Stackelberg games usually placed
the manufacturer in the lead position, retailer-led games are increasingly exam-
ined (see, e.g., Choi 1996; Giri and Maiti 2014; Xiao et al. 2014). Reasons for
this include, for example, the increased presence of large retail chains and the
growing number of brands, which puts retailers into a stronger position of power
and makes it more difficult for manufacturers to win over large retailers (Choi
1996).

e Three different scenarios, i, are examined, namely the case of symmetric infor-
mation under a retailer-led collection (Scenario A), the case of asymmetric infor-
mation under a manufacturer-led collection (Scenario B) and the case of a verti-
cally integrated (VI) supply chain (Scenario C).
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Pricing decisions in a two-period closed-loop supply chain...

A two-period planning horizon is considered where each period represents a pro-
duction cycle of the manufacturer. At the beginning of each period, the players
announce their prices. When making their decisions, they take future profits into
account, if available (see, e.g., Genc and De Giovanni 2017).

In both periods, the manufacturer produces the amount demanded by the cus-
tomers, i.e., q;'. Each unit is sold to the retailer at the wholesale price, wi. The
retailer adds its margin, mﬁe » to the wholesale price and sells the products to the
customers (see, e.g., Choi 1996; Aust and Buscher 2012; Beranek and Buscher
2021). In the VI case (Scenario C), both parties cooperate and sell the products
at an agreed-upon price, ptC, to the customers (see, e.g., Modak et al. 2018).
Customers’ demand can be described by a linear demand function

q, = a,~ pp, (1)

where a, is the market potential of the corresponding period and f is the custom-
er’s sensitivity to the retail price pi. In Scenarios A and B, the retail price equals
pl=w+ m, . 50 that we obtain the following demand function:

q, = a,— f(w, +mp,). )

Similar linear demand functions are widely used in the literature; see, e.g.,
Savaskan et al. (2004), Wei et al. (2015). As we consider the same type of cus-
tomer throughout the different periods, we assume g to be independent of time
(Genc and De Giovanni 2017). This assumption is common in the literature (see
also, e.g., Dey and Saha 2018; Nielsen et al. 2019) as it allows the model com-
plexity to be reduced. Should it be the case in practice that the price sensitivity
of customers changes over time, integrating this time dependency into the model
is unproblematic. It merely results in more-complex expressions for the optimal
prices of the players. The fundamental statements and results of the paper do not
change.

After the beginning of the first period, the manufacturer announces to the cus-
tomers that they can return used and previously purchased products from now
on. The manufacturer then uses these products, which are returned up until the
beginning of the second period, in the next production cycle to save on produc-
tion costs. We assume, therefore, that until the end of the first period, players do
not know the exact quantity of the returns. Especially when reverse flows are
integrated into the supply chain for the first time and no empirical data from the
past are available, this is a reasonable assumption. Hence, we consider a game
with uncertain information with regard to the return rate (see, e.g., Mohammed
et al. 2017). At the beginning of the second period, the exact value of returns is
either known to both players under a retailer-led collection (Scenario A) or pri-
vate information of the manufacturer (Scenario B). In the case of a vertically
integrated supply chain (Scenario C), naturally, no information asymmetries
occur. In our model, the return rate, i.e., the fraction of first-period customers
who return their product, is indicated by 8. We assume 6 to be a random variable
and that it is common knowledge among all players that 8 is uniformly distrib-
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uted with the probability density function, f(0), i.e., 8 ~ U[¢,, ¢,] where ¢, and

¢, are the upper and lower limits of the interval, respectively, and f(0) = ﬁ

for ¢, <0 < ¢,, and O otherwise, which is a common assumption in literature
on asymmetric information (see, e.g., Wang et al. 2017; Huang 2018; Ma et al.
2017).

e We assume that, for every item returned, the collecting player (either the retailer
- Scenario A or the manufacturer - Scenario B) incurs collection costs, c,, per
unit, which may include, for example, shipping costs or reimbursements to the
customers (see, e.g., Wang et al. 2018). Since collection costs are incurred dur-
ing the first period but are not yet known at the time of first decision making, the
collecting player does not know its total collection costs with certainty until the
beginning of the second period. At the beginning of the planning horizon, both
players, nevertheless, attempt to anticipate these future costs and take them into
account when setting their prices.

¢ In the case that the retailer is responsible for collecting the used items, the manu-
facturer can pay the retailer a transfer payment c, for each product collected (see,
e.g., Wei et al. 2015; Modak et al. 2018; Wang et al. 2018).

e The manufacturer uses returned products for remanufacturing or recycling. We
assume that this can reduce production costs in period 2, which is a common
assumption in literature (see, e.g., Esmaeili et al. 2016; Wang et al. 2018). In
period 1, production costs are c,, per item. To calculate the production costs of
the second period, we assume a simplified cost function that depends on the
quantity returned (see also, e.g., Savaskan et al. 2004; Savaskan and Van Was-
senhove 2006; Wang et al. 2018, who apply similar approaches):

(1-664,)c,. €)

The higher the absolute number of returns, the lower the production costs in
period 2. 6 describes the efficiency of the recycling process. First of all, the
entire product is not always completely recyclable. In addition, remanufactur-
ing or recycling itself can incur costs, although in the literature these are usually
considered to be lower than the normal manufacturing costs (see, e.g., Savas-
kan et al. 2004; Liu et al. 2022; Wang et al. 2022). In our considered cost func-
tion, 6 can thus be seen as a scaling parameter that indicates the impact of the
items returned on the production costs. We assume that 6 is less than 1 because,
in reality, a product can usually never be reused in its entirety or at zero cost.
As described in our introduction, printer cartridges, for example, are typically
only partially made of recycled material. In regard to smartphones or laptops,
similarly, the entire old device is not generally reused; however, valuable raw
materials or some modules, for example, may be salvaged. It is assumed that all
product returns are equally recyclable and that products made from new materi-
als, remanufactured products, or products made from recycled materials do not
differ in quality. This "as-good-as-new assumption" is common in the literature;
see, e.g., Zhang et al. (2014), Wang et al. (2017), Mondal et al. (2020), Zhang
et al. (2020), Wang et al. (2022). The British Standards Institution group further
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Pricing decisions in a two-period closed-loop supply chain...

defines remanufacturing as the "process of returning a used product to at least its
original performance with a warranty that is equivalent to or better than that of a
newly manufactured product” (BSI 2010). In the case of recycled raw materials,
it is also, in practice, impossible for customers in many cases to distinguish them
from products without recycled materials. In the smartphone sector, for exam-
ple, whether the components in a smartphone are made of recycled scrap gold is
irrelevant to customers.

e Without loss of generality, we assume that current and future profits are valued
equally by the players, i.e., a discount factor of 1 is assumed, as done, for exam-
ple, by Nielsen et al. (2019); Suvadarshini et al. (2023). This way, the impact of
the second period strategies and different information levels in period 2 com-
pared to period 1 is not distorted in the numerical analysis.

4 Three scenarios of pricing under collection mode dependent
information levels

In order to be able to assess the effects of the different collection modes and the cor-
responding information levels in the CLSC on the players’ strategies, we perform a
comparative analysis between a retailer-led collection (Scenario A) and a manufac-
turer-led collection (Scenario B) in the following. In addition, supply chain coopera-
tion is considered in Scenario C. For this purpose, we determine the optimal expres-
sions of the decision variables, i.e., the prices, for each scenario in this section.

4.1 Scenario A: symmetric information under retailer-led collection

In this model variant, the retailer is involved in the collection process, as it is the
case, for example, at large retailers like Best Buy (Best Buy 2022). Also, for exam-
ple, under the WEEE directive, retailers may be required to take over the collection
of used products.

t:|:q|A(?m - ———
t=2:q{‘(1769qlA)cm

-9 4A
- 12
retailer | ________ customers
— 1 gA (WA A )
=2 A

t:l:quA [:I:quA

——— flow of goods

----=> cashflow

Fig. 1 Flow of goods and cash flow in Scenario A
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Here, the retailer acquires the used items at costs of c, per unit and forwards them
to the manufacturer. The manufacturer pays the retailer c, per unit delivered (Modak
et al. 2018). The resulting material and cash flows are illustrated in Fig. 1.

The manufacturer’s first period profit thus results from the revenues from the sales
of the products to the retailer minus the payment ¢, per unit returned to the retailer and
minus the production costs. Since the return rate is a random parameter, the actual col-
lection costs can only be quantified at the end of the first period. In the second period,
the manufacturer can reduce its manufacturing costs compared to the first period due to
the returns and associated recycling or remanufacturing. The retailer generates profits
in both periods through the sales of products to customers. In this model variant, the
retailer also incurs collection costs c, in the first period which are compensated by the
manufacturer’s payment c,. The players’ profit functions are therefore as follows:

7 = a1 (W) =€) = 0qic+ gy [wy — (1= 8647 )c,

~ ~ “)
first period profit second period profit
A _ _ _ A
e =y =04} (c.— ;) +  qhmp,
N . N ®)
first period profit second period profit

In general, two-period games as the game at hand are solved via backward induction
(Von Neumann and Morgenstern 1944), where the reaction functions of the players
to the first-period decisions are determined first. These reaction functions are inserted
into the first-period optimization problem, which is then solved optimally (De Gio-
vanni and Zaccour 2014; Genc and De Giovanni 2017; Nielsen et al. 2019). This
ensures that future profits are taken into account in current decision-making, i.e.,
from the first-period perspective. Thereby, the players must be aware of the uncer-
tainties regarding future returns.

All detailed mathematical derivations are provided in the Appendix 2. We then
obtain the following optimal pricing decisions of the players:

16
=] [i — Cp|@8(y + ¢y) — 48] + p5() + ¢ )y, = 8(by + ) (¢, — 4":)]

i
(6)
a1 384a; —24p(c,,(36(¢p, + &,) (Bc,, — ay) +16) + 8¢ (d) + ¢,))
64 B(B8* (8] + bahy + #3)c2, — 24)

I T o4

48(a, -
+w +) + by)(6¢, (@, = Be,,) = 32¢, + 800)]

(M
B, [-72(=2a,80 + pc56(d, + ¢,) + 8)
+B5c,, (026 (2 (2760 + 8¢, ) + ¢, (276 + 8¢, ) + 8¢3) — 1440)
+3526%C2 (¢, (8¢, — 90) + b, (8, — 90) + 8¢)| — 1924, ®)

WA =
2 32p(B26% (@7 + hathy + 3 )2, — 24
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Pricing decisions in a two-period closed-loop supply chain...

+/i254‘%1(¢l (99 - 8452) + ¢2(99 - 8¢2) - Szjﬁ)) + 192] - 192a,

< e, [6(240 (B, (b1 + ¢2) — 2a1) + Be,, (028 (dy (8, —960) + b, (8h, — 96) + 842 ) +480) >
A _
R = 16p[p262 (7 + oy + 32, — 24]

©)
Proof: See Appendix 2.

4.2 Scenario B: asymmetric information under manufacturer-led collection

In Scenario B, the manufacturer is solely responsible for the collection of the used
products. As shown in the introduction, this is the case, for example, at companies
such as Apple or Lenovo (Apple 2022; Lenovo 2022), where customers send their
products, like small electronic devices, to the manufacturers by mail. In our model,
the manufacturer acquires the used items at costs of ¢, per unit; the retailer is not
involved in handling returns. The resulting material and cash flows are illustrated in
Fig. 2.

Similarly to Scenario A, the manufacturer’s first period profit results from the
revenues from the sales of the products to the retailer minus its production costs, but
now no transfer payment to the retailer is necessary. The manufacturer has to bear
the collection costs itself instead. Again, manufacturing costs can then be reduced in
the second period compared to the first period. The retailer generates profit in both
periods through the sales of products to the customers.

The players’ profit functions are therefore as follows:

= b} = ) - Ol + B = (1= 5040)c, ]

(10)

v v
first period profit second period profit

t=1:q8cm -———- - 5 customers
=2:958 (1-066gF : =1: )‘
1=2:q7 q7) em L

t=1:0gF

——— flow of goods

----> cash flow

Fig.2 Flow of goods and cash flow in Scenario B
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B _ B, B B, B
T = qimp o @i,
—— —— (11

first period profit  second period profit

Again, the game is solved via backward induction. Now, it has to be kept in mind
that not only uncertainty about the return rate is present for both players from the
perspective of the first period. In the second period, asymmetric information addi-
tionally occurs since the retailer is not involved in the collection of used products
and thus the level of the return rate is only known to the manufacturer.

For the detailed mathematical derivations, please see the Appendix 3. We obtain
the following optimal pricing decisions of the players:

=768 [2a, +3Bc.(dy + ¢,)] + B26°C3 [a,607 — 133 (@, 8¢b, — 16) + b, (160 — 13,66, )
+¢2 (0260, +208)] + 8p%5¢2 [6¢% (140, +23fc,by) + by (85 (23Pc by — 4ay) — 12)
+¢, (8¢, (140, + 13fc,.py) — 12) + 138,663
+96fc,, [@,6(by + ¢y) — 48] — B8 () + ) (3 — 14 b, + B3)

643(526% (5% + 20,00, + 5¢2) 2 — 96]

(12)

1536 [Bc, (¢ + ) — 2| — B252C3 [y 6057 — 132 (ay6h, — 16) + yb, (160 — 13,66h,)
+¢2 (ay86h, +208)| — 8F25¢2 [6p7 (23Bc b, — 260y ) + b, (8¢h, (23Pc, by — 20a,) +24)
+, (1366, (Be.p, — 2ay) + 24) + 13Bc.67 ]
+192fc,, [0,5(dy + ) + 16] + 48 () + ,) (7 — 14hypy + d2)c?,

648252 (50> + 2¢,b; + 5¢b2) 2 — 96

Bx _
Mgy =

(13)
B, [-24(5(40 + b, + ¢b,) (Be.(d) + ) — 2a,) +48)
+p5¢,, (¢ (20,5 (180 + 13¢h,) — 48) + ¢b, (a,6(360 + 29¢,) — 48)
+290,6¢% — 1920) + 352522 (20, (b, — 60) + b, (17¢p, — 120) + 17¢? )| — 384,
168(4262 (52 + 2¢b,b, + 562) 2 — 96)

(14)

Ben[8(24(dy + ) (Beo (b1 + ) — 20;)
+Bc,, (11ay5¢7 + ¢, (48 — 100,56, ) + b, (11a,5¢h, +48))
+425(—11¢2 + 10¢,¢, — 11¢2)c2 ) + 384] — 384a, (15)

88[6262(567 + 2, + 5¢%) 2 — 96]

B

Mpy =

Proof: See Appendix 3.

4.3 Scenario C: vertically integrated supply chain

In a vertically integrated supply chain, the manufacturer and the retailer cooper-
ate and act as one party. The total profit of the supply chain is optimized (see also,
e.g., Modak et al. 2018). The solution indicates the ideal profit that would, theoreti-
cally, be possible if the players did not each pursue their own goals but instead had
an overall benefit in mind. When the players in the supply chain act in a vertically
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integrated manner, the channel profit equals the sum of the manufacturer’s and
retailer’s profits. The only decision variables are the total retail prices plc and pzc,
whereas the wholesale prices and margins are not relevant for the optimization any-
more. Hence, please note that the demand function equals

q¢ = a,— pp’ (16)

in each period. Regardless of which of the parties would take over the collection of
the products in practice, a possible transfer payment between the parties is also no
longer relevant for optimization in the case of vertical integration, as it sums up to
zero. The corresponding material and cash flows are illustrated in Fig. 3.

Then, the channel’s profit equals

T = g?(pf — ) = 961f63+ gzc 5 - (1- 59q?)cml- -

v v
first period profit second period profit

As in the previous section, we apply backward induction to solve the game, taking
into account the uncertainty concerning the return rate at the beginning of the plan-
ning horizon. All detailed proofs are presented in the Appendix 4. The optimal pric-
ing decisions of the vertically integrated supply chain are as follows:

oo B[BSC (20,697 + (b + ) (2, 66hy — 3)) + 3¢, (@28 (o) + ¢,) —4) —6c. () + )| — 120,
1 2ﬁ[ﬂ252(¢%+¢2¢] +¢§)C§l— 12]

(18)
( B, [8(—60(Pc.(d) + ¢y) — 2a) + 3/396-,,1(0:258¢>l +¢,) —4) >
e + B2 (¢ (200, — 30) + b, (200, — 30) +2¢7) ) — 24
Y] 262822 + popy + P22 — 24

19)
Proof: See Appendix 4.

t=1:4¢

t=2: qgj
t=1: q]ccm —————— VIcompany | _ _ __ ____________ customers
: g€ )¢ t=1:4p§

1
t:2:q2Cp2C

t=1:6’qlc

—— flow of goods

----> cash flow

Fig. 3 Flow of goods and cash flow in Scenario C
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5 Numerical analysis and comparison of the scenarios

To develop an illustrative comparison of the different scenarios possible, we conduct a
numerical analysis in this section. For this purpose we set the following values for the
parameters:

ay=1; ay=1; f=09; ¢, =0.8; ¢, =0.01; ¢, =0.01; § =095 ¢, =0; ¢, = I.
The expected value of 8 then equals E(f) = &t — (0.5, Please recall that we nor-
malized all input parameters to values between 0 and 1 and set the market potential
to one, which is common in game-theoretic literature (Zheng et al. 2021; Debo et al.
2005; De Giovanni and Zaccour 2014; Vorasayan and Ryan 2006). Furthermore, we
chose to set the parameters of the basic example in this way to ensure that both the
production and remanufacturing processes are profitable and that both parties have
an incentive to participate in the game. However, this need not always be the case,
as will also be discussed in Sect. 5.4. Moreover, for the basic example ¢, and ¢, were
set to be equal. This allows the analysis of the pure influence of the different levels
of information on the players’ strategies without potential distortion due to a transfer
payment. In Sect. 5.2 this assumption is relaxed and the influence of the transfer
payment is examined in more detail.

The specific values of the parameters were estimated and based on values from
practice in the field of consumer electronics. For example, it is indicated that 94%-
98% of a returned laptop can be recycled (Lenovo 2023; Gemes 2023), which cor-
responds to the recycling efficiency 6. Having an expected value of 0.5 for prod-
uct returns reflects the situation in Europe, where about 42% of e-waste is collected
and recycled (Forti et al. 2020). Manufacturing costs were set eighty times higher
than collection costs and transfer payments. In Germany, for example, the shipping
of a laptop sent in by customers would cost €5.49, so the manufacturing costs are
assumed to be €440 in relation. Lastly, we set the price sensitivity f to 0.9 in the
upper range as consumer electronics are said to have a rather elastic demand (Hol-
ownia 2021; Timonen 2021).

5.1 Advantages and disadvantages of private information

The return rate is the key parameter in our model. In Scenario A, both players are
involved in handling the returns and are therefore equally informed about the return
rate after the first period. In Scenario B, instead, we consider a manufacturer-led
collection mode and, hence, the return rate is a private parameter of the manufac-
turer. In both scenarios, the players have to anticipate 8 at the beginning of the plan-
ning horizon, i.e., when making their first-period decisions.

In Fig. 4, we show the players’ and the supply chain’s profits in the different sce-
narios and under variations of 8. For a comparison of the absolute values, Tables 2,
3, 4 also provide extracts from the numerical analysis. There, we also present the
relative advantages of Scenario A over Scenario B in percent, both for the two play-
ers and for the entire supply chain, denoted by %, respectively.
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Fig.4 Profits of the manufacturer (left), the retailer (middle) and the supply chain (right) in the different
scenarios under variations of

Table 2 Manufacturer’s profits in scenarios A and B under variations of 6 and relative advantages of Sce-
nario A over Scenario B in %

B B
T ”MZ

A A A B
o T v Tm M1 Tm ()

0.0 0.0062093  0.0054444  0.0116538  0.0061714  0.0044349  0.0106062  +9.8772416
0.1  0.0061299  0.0056577 0.0117876  0.0060916  0.0048263  0.0109179  +7.9658176
0.2 0.0061299  0.0058750  0.0119256  0.0060118  0.0052343  0.0112460  46.0430375
0.3 0.0059711  0.0060965 0.0120676  0.0059320  0.0056588  0.0115908  +4.1136073
0.4 0.0058917  0.0063220  0.0122138  0.0058522  0.0060998  0.0119520  +2.1904284
0.5 0.0058123  0.0065517 0.0123640  0.0057724  0.0065575  0.0123299  +0.2765635
0.6 0.0057329 0.0067854 0.0125183  0.0056926  0.0070316  0.0127242 - 1.6181764
0.7 0.0056535 0.0070232 0.0126768  0.0056128  0.0075224  0.0131352  — 3.4898593
0.8 0.0055741 0.0072652  0.0128393  0.0055330  0.0080296  0.0135626  — 5.3330482
0.9 0.0054947 0.0075112  0.0130059  0.0054532  0.0085535 0.0140067 —7.1451520
1.0 0.0054153 0.0077613  0.0131766  0.0053734  0.0090938  0.0144672  — 8.9208693

Table 3 Retailer’s profits in scenarios A and B under variations of § and relative advantages of Scenario
A over Scenario B in %

A A B B B
4 TR TR Ty TR TR TR % (zp)

0.0 0.0114881 0.0108889  0.0223770  0.0115793  0.0107854  0.0223647  +0.0549974
0.1  0.0114881 0.0113154 0.0228035 0.0115793  0.0112513  0.0228306 —0.1187003
0.2 0.0114881 0.0117501 0.0232382  0.0115793  0.0117172  0.0232965 — 0.2502522
0.3 0.0114881 0.0121930 0.0236811  0.0115793  0.0121831  0.0237624  — 0.3421372
04 0.0114881 0.0126441 0.0241322  0.0115793  0.0126490  0.0242283  — 0.3966436
0.5 0.0114881 0.0131034 0.0245914 0.0115793  0.0131149  0.0246942  —0.4162921
0.6 0.0114881 0.0135708  0.0250589  0.0115793  0.0135808  0.0251601  — 0.4022242
0.7 0.0114881 0.0140465 0.0255346  0.0115793  0.0140467  0.0256260 — 0.3566690
0.8 0.0114881 0.0145303 0.0260184  0.0115793  0.0145126  0.0260919  — 0.2816966
0.9 0.0114881 0.0150224 0.0265105 0.0115793  0.0149785  0.0265578 —0.1781021
1.0 0.0114881 0.0155226  0.0270107  0.0115793  0.0154444  0.0270237 - 0.0481059
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Table 4 Supply chain’s profits in scenarios A and B under variations of # and relative advantages of Sce-
nario A over Scenario B in %

0 A A A B B
Tsci Tsc2 Tsc Tsc1 Toe Tsc %(msc)

0.0 0.0176974 0.0163333  0.0340308  0.0177507  0.0152203  0.0329710  +3.2143340
0.1 0.0176180 0.0169731  0.0345911  0.0176709  0.0160776  0.0337485  4+2.4967036
0.2 0.0175386 0.0176251 0.0351638  0.0175911  0.0169515  0.0345426  +1.7983591
0.3 0.0174592  0.0182895 0.0357487  0.0175113  0.0178419  0.0353532  +1.1187106
0.4 0.0173798  0.0189661  0.0363459  0.0174315 0.0187488  0.0361803  +0.4577076
0.5 0.0173004 0.0196551  0.0369554  0.0173517 0.0196724  0.0370241  — 0.1855548
0.6 0.0172210 0.0203562 0.0375773  0.0172719  0.0206124  0.0378843  —0.8103621
0.7 0.0171416  0.0210697 0.0382114 0.0171921  0.0215691  0.0387612  — 1.4184287
0.8 0.0170622 0.0217955 0.0388577 0.0171123  0.0225422  0.0396545  —2.0093558
0.9 0.0169828 0.0225336 0.0395164  0.0170325  0.0235320  0.0405645 —2.5837863
1.0 0.0169034 0.0232839 0.0401874  0.0169527  0.0245382  0.0414909  —3.1416527

Table 5_ Supply chain.’s proﬁt in 0 2 2 2

Scenario C under variations of 6 SCl sc2 sc
0.0 0.0208911 0.0217778 0.0426688
0.1 0.0207228 0.0236047 0.0443276
0.2 0.0205546 0.0255053 0.0460598
0.3 0.0203863 0.0274794 0.0478657
0.4 0.0202181 0.0295271 0.0497452
0.5 0.0200498 0.0316484 0.0516982
0.6 0.0198816 0.0338432 0.0537248
0.7 0.0197133 0.0361117 0.0558250
0.8 0.0195451 0.0384537 0.0579988
0.9 0.0193768 0.0408693 0.0602461
1.0 0.0192086 0.0433585 0.0625670

From the numerical analysis we obtain some interesting and unexpected results:

e Private knowledge of the manufacturer can be both beneficial and detrimental
compared to the symmetric information case. At smaller return rates (6 < 0.5),
Scenario A would be preferable, at higher return rates (6 > 0.5), Scenario B is
the better option.

e For the retailer, on the other hand, Scenario B is surprisingly slightly better than
Scenario A for almost all return rates, that is, when asymmetric information
regarding returns is available. Only for very small return rates (6 < 0.03) would
it be better for it to participate in collecting returns.

e At small return rates (6 < 0.4), the supply chains profit is higher in Scenario A
than in Scenario B. In contrast, we observe that at high return rates (6 > 0.4),
the supply chain is better off under Scenario B than it is under A. The profit of
the vertically integrated supply chain (Scenario C) (see Table 5) is always sig-
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nificantly higher than that of the other scenarios. This clearly shows the negative
effect of double marginalization on supply chain profits.

To explain these effects, it is necessary to analyze the pricing mechanisms in
more detail and to compare the profits in the different periods of time.

As can be seen from Table 3, the retailer’s first-period profit is always slightly
higher in Scenario B than in Scenario A. Knowing that it will be confronted with
asymmetric information in the future, the retailer determines the best possible
strategy in the first period for all possible return rates, resulting in slightly higher
margins in Scenario B (see also Fig. 5). This leads to the retailer compensat-
ing for possible later losses in period 2, which can occur due to the information
asymmetries. As the retailer is unaware of the returns in the second period, it
must set its price according to the calculated expected value, so that its margin is
constant and independent of . With symmetric information, on the other hand, it
is able to optimally determine its margin depending on the actual returns. In fact,
the retailer is, therefore, worse off in Scenario B than in A in most cases compar-
ing the second period profits only. Nevertheless, its strategy is successful and in
terms of the total profit these losses can be compensated by the profits in the first
period.

The manufacturer, on the other hand, may suffer from overestimations of
returns (meaning 6 < E(6) = 0.5) by the retailer in the second period as those
result in lower wholesale prices in Scenario B than in Scenario A. In contrast,
it benefits from underestimations (meaning 8 > E(6) = 0.5), resulting in higher
wholesale prices in Scenario B than in Scenario A (see Fig. 5). Hence, its profit is
greater for small return rates in Scenario A, but for large return rates in Scenario
B.

When analyzing the influence of market parameters, we find that advantages
due to asymmetric information can arise as well. In principle, the market poten-
tials a; and a, must each be sufficiently large so that a positive market demand
exists and a feasible game arises. In terms of demand in period 1, Scenario A and
B hardly differ. In both cases a positive market demand for a; > 0.69 is reached.
In Scenario C, the VI case, we obtain a positive demand for a; > 0.68, see Fig. 6.

In terms of demand in period 2, it depends on the specific value of the return
rate at which point a feasible solution is reached. We obtain a a positive demand
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Fig.5 Wholesale prices and margins under variations of 6
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Fig.7 Market demand q‘;‘ (left), qg (middle), and qg (right) under different values of 6 and variations of a,

q, in Scenario A for 6 = 0 for a, > 0.72, e.g., whereas it is the case for a, > 0.75
in Scenario B. The reason for this is once again that under Scenario B, higher
prices are set due to the overestimation of returns by the retailer, which makes
Scenario A preferable. At higher returns rates, the retailer underestimates returns
in Scenario B, so that it sets prices too low. For § =1, e.g., we hence obtain
feasible solutions for a, > 0.68 in Scenario A, in Scenario B slightly earlier for
a, > 0.65, see Fig. 7.

However, the best results are again achieved in the VI case. For 8 = 0 a value
of @, > 0.72 is sufficient, as in Scenario A, but for § = 1 a value of a, > 0.63 is
necessary.

In general, once a feasible solution is reached, the players’ profits increase the
larger the market potentials are, and they increase more the higher the return rate
is. Nevertheless, since the values differ only slightly between the return rates, we
show, as an example, the players’ profits for # = 1 and under variation of «;, for the
different Scenarios in Fig. 8. It reveals again, that the VI scenario leads to the high-
est profits.
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Fig. 8 Profits of the players and the vertically integrated supply chain for @ = 1 and under variations of a,
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Fig.9 Profits of the players and the vertically integrated supply chain for & = 1 and under variations of

With respect to price sensitivity g, we have similar observations. In general, all
members of the supply chain benefit from low price sensitivity. If the retailer overes-
timates the returns in period 2, i.e. the returns are small, the retailer sets its price rel-
atively too high and the players record higher profits in Scenario A. As 6 increases,
Scenario B becomes more advantageous. However, the players can again achieve the
highest profit in the VI case. The fundamental behavior of the players’ profits with
variations in f can be traced in Fig. 9. Although we can observe differences within
the various return rates, these are quite small, so we will illustrate the case of 8 = 1
exemplary.

5.2 Channel preferences

If it is the case in practice that there is a choice between different collection options,
players should opt for the variant that leads to the highest profit. The challenge for
the players now is that the return rate is not yet known at the beginning of the plan-
ning horizon and, therefore, the profit is also subject to uncertainty. A risk-neutral
decision maker should choose the variant with the highest expected profit value.

In Table 6, we compare the expected profits of the players in the different sce-
narios. The general symbolic expressions of the expected profits can be found in the
Appendix 5 for each scenario.

As can be seen, both players have a higher expected profit in Scenario B than in
Scenario A, so both players would favor Scenario B in our numerical example. For
the retailer, the result is expected according to the previous analyses, since in most
cases the retailer was observed to be slightly better off in Scenario B than in Scenario
A. As was shown, it can compensate for disadvantages resulting from information
differences over the two-period planning horizon. For the manufacturer, the result is

Table 6 Expected profits of the

players in the different scenarios Scenario i T & s
A 0.0123811 0.0246256 0.0370067
B 0.0123988 0.0246942 0.0370930
C - - 0.0520048
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Fig. 10 Manufacturer’s profits under variations of ¢, and different values 6 in 3D (left) and 2D (right)
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Fig. 11 Retailer’s profits under variations of ¢, and different values 6 in 3D (left) and 2D (right)

surprising on the one hand, since it can have both advantages and disadvantages from
asymmetric information. On the other hand, it shows that the advantages of private
information outweigh the disadvantages when only the expected value is considered.
However, depending on the actual returns, this channel preference could turn out to
be disadvantageous for both players in retrospect.

Nevertheless, the profit that could be achieved through cooperation in the sup-
ply chain (Scenario C) is again much higher than in the other scenarios.

Interestingly, from expressions (A41) and (A42) in the Appendix 5, we can
see that the transfer payment ¢, has no effect on expected profits in Scenario A,
and thus no effect on channel preference from the retailer’s perspective. No mat-
ter how the manufacturer would increase the transfer payment, Scenario B would
always be more advantageous for the retailer in our example.

The reason for this can be traced in Figs. 10, 11, 12, 13. As can be seen in Fig. 10,
the manufacturer’s profits increase the larger ¢, and if the return rate is less than
0.5. Otherwise, profits decrease. For the retailer, the opposite phenomenon can be
observed, see Fig. 11: profits increase for high return rates, but decrease for low
return rates the higher the value of c,. At a return rate of 0.5, the payment c, has
no effect on the profit of either player. This result seems unintuitive at first, but
it results from the uncertainties in the first period. To determine the optimal first
period decisions, the expected profits are taken into account. The larger the trans-
fer payment c,, the higher the manufacturer will choose its wholesale price to offset
these costs, resulting in lower margins for the retailer in period 1 (see Fig. 13). In
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Fig. 13 Wholesale prices and margins under variations of ¢, and different values 6

period 2, the return rate is then known to the players and the collection costs, being
beyond influence and belonging to the past, have no further impact on current deci-
sions. However, the larger the returns, the more costs can be saved in production,
resulting in lower wholesale prices and higher retailer margins in period 2, inde-
pendent of ¢,. Though, since the price in the first period was based on an estimate of
returns, for return rates 8 > 0.5 the retailer benefits from previous underestimations
of the returns. In retrospect, the manufacturer has chosen its first period prices too
low then. For the case 8 < 0.5, however, the first period wholesale prices have been
set too high, so that the retailer has disadvantages from an overestimation. If returns
equal 8 = 0.5, i.e. if expectations are equal to reality, the profits of the retailer and
the manufacturer are always constant, i.e., independent of c¢,. Thus, ¢, is always
priced in by the manufacturer and therefore does not provide any direct financial
benefit to the retailer. Additionally, as can be seen in Fig. 12, the profit of the entire
supply chain is not affected by c,.

When calculating the player’s expected profits, however, the underestimates and
overestimates offset each other, so that the expected values (Eqs. (A41) and (A42))
are actually independent of c,.

Interestingly, we also did not find any other parameter combination that would
lead to Scenario A being more advantageous for one of the players than Scenario
B, using the expected profits as the only decision criterion. However, due to the
complexity of the expressions (Egs. (A41)-(A44)), it cannot be excluded that such
parameter combinations exist.
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5.3 Profit division in the cooperation mode

The prices of the vertically integrated supply chain (see Eqs. (18) and (19)) lead
to the maximum achievable profit in the supply chain. It must be noted, how-
ever, that cooperation can only take place if it puts both players in a better or
equal position than without cooperation (Aust and Buscher 2012; Xie and Neyret
2009; SeyedEsfahani et al. 2011). Since in our paper the retailer is the Stackel-
berg leader and has the market power, in the absence of cooperation the scenario
that maximizes the retailer’s expected profit would be present. We refer to this as
the outside option. In order to induce the players to cooperate, they must receive
at least the profit of this corresponding scenario, meaning

ng = mp(p.p5) = 7y (20)
7y = my (P7.p5) = 7y, Q1)

where

R

Bif E(xy) <E(x

i={AﬁE@ﬂ>EMB
R

; (22)

= o

must hold. Therefore, also
Armge = n'SCC - ”;e - n'j"w >0 (23)

must be valid, which is always the case, independently of i, due to the nature of ver-
tical integration. Cooperation is thus always feasible in any case and there is always
an extra profit Azy~ which can be divided between the players.

However, due to the uncertainties that arise in the model, the following consid-
erations must also be made:

e The optimal VI price plc in period 1 is independent of the return rate, since
it is based on an estimated value. At the beginning of the planning horizon,
however, the optimal price of the second period cannot yet be determined with
certainty. Thus, if players consent to cooperate, at the time of contracting they
must agree, with respect to the second-period price, on a general functional
relation p2C (0) according to Eq. (19).

e In period 2, the optimal VI price pzc can then be determined according to
the number of returns. However, this requires that both players are equally
informed about the return rate, meaning that the retailer should be involved
in the collection process. Only then can it be ensured that the retailer does not
receive false information about the returns, which could put the manufacturer
in a better situation. With regard to profit sharing, the height of a transfer pay-
ment ¢, is thereby irrelevant.

e Players divide the additional profit from Eq. (23) according to their bargaining
power and risk preference. It should be noted that Eq. (23) is based on the out-
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side option and thus the expected values of the scenarios. Depending on the
actual 0, it is possible that a different scenario would have led to higher profits
in retrospect. Nevertheless, no player can be worse off under profit sharing
than with the outside option.

e There is an infinite number of possible combinations of prices and margins in
both periods in order to achieve the desired profit division. Therefore, further
elaborations will be omitted here and we only focus on profit sharing (Aust
and Buscher 2012).

To determine how the additional profits should be divided between players, we
adapt the bargaining model by Aust and Buscher (2012), who formulate the follow-
ing optimization problem which maximizes the supply chain’s utility ug-

max Uge = An;M”MAn;R”R
st.Amge = Army, + Any 24)

Ary, A >0
where 4,, and A, are positive parameters reflecting the player’s risk attitudes con-
cerning a possible termination of the negotiation game. y,, and up with py, + pp =1

reflect the bargaining power of the manufacturer and the retailer, respectively. The
optimal results for this optimization problem are

AvHy
Ay, = ———Arx 25
M G dpigTSC (25)
ArHg
Ary= —"RHR _ Ap 2%
K AyHy + Arbg ¢ (26)

For the proof, please see Aust and Buscher (2012).

In our numerical example it became obvious that without cooperation Scenario
B would occur. In addition, let us now assume that the retailer, as the Stackelberg
leader, has full bargaining power, i.e., up = 1, and, hence, y,, = 0. This leads to the
manufacturer getting exactly the profit of its outside option and the retailer retaining
the entire additional profit for itself, regardless of the risk attitude of the players. In
Table 7, the results are shown for different return rates 6. We first display the play-
ers’ profits of the outside option, i.e., Scenario B. The available extra profit Azg. is

thereby calculated via Eq. (23) and added to the profit ﬂg to obtain ng.

5.4 Influence of uncertain and asymmetric information on CLSC activities

In this section, we examine the influences of uncertainty as well as the different col-
lection modes on CLSC activities, i.e., the remanufacturing or recycling processes.
From the customer’s perspective, remanufacturing is advantageous if the man-
ufacturer’s cost savings are reflected in pricing. As can be seen in Fig. 14, inde-
pendently of the collection mode, customers should always have a vested interest in
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Table 7 Manufacturer’s

C

C

0 B B A

and retailer’s profits under M "R s M "R

cooperation and variations of &, 5 0106062 0.0223647 0.0096978 0.0106062 0.0320625
0.1 0.0109179 0.0228306 0.0105791 0.0109179 0.0334097
0.2 00112460 0.0232965 0.0115172 0.0112460 0.0348137
0.3 00115908 0.0237624 0.0125125 0.0115908 0.0362749
04 00119520 0.0242283 0.0135649 0.0119520 0.0377932
0.5 0.0123299 0.0246942 0.0146741 0.0123299 0.0393683
0.6 00127242 0.0251601 0.0158405 0.0127242 0.0410006
0.7 00131352 0.0256260 0.0170638 0.0131352 0.0426898
0.8 0.0135626 0.0260919 0.0183443 0.0135626 0.0444362
0.9 0.0140067 0.0265578 0.0196816 0.0140067 0.0462394
1.0 0.0144672 0.0270237 0.0210761 0.0144672 0.0480998
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Fig. 14 Prices in period ¢ in the Scenarios A, B, and C and under different values of 6

returning as many products as possible in the first period, as they can benefit from
this at later points in time. The higher the return rate, the lower the second period
prices in all scenarios. Surprisingly, however, remanufacturing does not always lead
to smaller prices in the second period compared to the first period prices. Compar-
ing the prices in Scenario C, the vertically integrated supply chain, it is observable
that customers benefit from remanufacturing from a return rate of 6 > 0.5 where
the graphs in the figure intersect. Thus, it is only at medium or high return rates
that customers have advantages from recycling. The reason for this is that although
returns lead to falling costs and thus falling prices, these future returns are already
anticipated in the pricing of the first period. Over- or underestimated returns then
lead to higher or lower prices in period 1 compared to period 2.

In the case of a retailer-led collection mode (Scenario A), the price in period 2
is lower than in period 1 not till & > 0.70. Regarding the manufacturer-led collec-
tion (Scenario B), this is already the case from a § > 0.61. From this, we can con-
clude that, in the two-echelon supply chain, on the one hand, double-marginalization
is disadvantageous for customers from a remanufacturing point of view which can
be seen from the comparison with the vertically integrated supply chain. On the
other hand, customers benefit from remanufacturing only at high return rates and,
more likely, when players are not equally informed, i.e., only the manufacturer is
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responsible for the product collection. This is because the retailer chooses its price
to be comparatively too low when returns are actually higher than it expected.

The extent to which product-remanufacturing activities are taking place is deter-
mined not only by the return rate but also by the absolute number of returns. As that
number results from the return rate multiplied by the first-period demand, remanu-
facturing decisions in the second period are impacted by the number of products
sold in the previous period. In the case of two planning periods, the sales quantity of
the first period is, therefore, decisive.

From Fig. 14 we observe a slightly lower retail price p? in Scenario B than p/ in
A, whereas the retail price of the integrated supply chain plc is significantly lower
than in the other scenarios. This means that in the integrated case, demand is highest
in the first period compared to the other scenarios, leading c.p. to the highest abso-
lute returns. From a sustainability perspective, i.e., with regard to CLSC activities,
the integrated supply chain is therefore again preferable.

The first-period sales volume is also influenced by the forecast of future returns.
Figure 15 illustrates how the sales quantity in period 1, qi, is influenced by the lower
and upper limits ¢, and ¢, of the interval of the uniform distribution. The higher ¢,
and ¢, and, thus, the higher the expected value of 6, the larger the quantity sold in
period 1. Higher expected returns and hence, higher expected future cost reductions,
lead to a lower selling price in period 1, which stimulates demand. Thus, with iden-
tical true returns a higher expectation of returns alone leads to higher sales in period
1 and thus c.p. to larger absolute returns in period 2. Thereby, greater costs can be
saved in production. Once again, the VI supply chain is clearly preferable among the
scenarios, as customers pay the lowest prices here and demand is the greatest. Sce-
nario A and B perform roughly equally, with Scenario B providing slightly higher
values.

Figure 16 shows the second period sales volumes qé in the different scenarios and
under variations of 8. These sales volumes have no direct impact on CLSC activities
in our case, but a hypothetic one on future remanufacturing, which would lie outside
our considered planning horizon.

As we can see, neither collection mode can be clearly preferred in terms of
future CLSC activities. If current returns are below the expected value (6 < 0.5),
the retailer sets its price comparatively too high, so demand is smaller in Sce-
nario B than in A. If the current returns are above the expected value (6 > 0.5),
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Fig. 15 Sales quantity g, in period 1 under different values of ¢, and ¢,
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Fig. 16 Sales quantity ¢} in 0.20f
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the manufacturer can reduce its costs more than expected, and the retailer has set
its price comparatively too low. Customers benefit from this and demand increases.
Again, we observe that customer’s demand is highest in the vertical integration case
(Scenario C).

In Fig. 17 we see the comparison of the sales volumes in the second period qé
between the different scenarios and as a function of ¢, and ¢,. The sales volume of
the second period depends on the specific return rate. We find that, again, increas-
ing estimation parameters ¢, and ¢, lead to higher sales volumes q;. An exception is
Scenario B, where ql; decreases with higher estimation parameters. This is because
as ¢, increases, the expected value of the returns increases, making an overesti-
mation more likely. In the case of a low expected value and an underestimation,
on the other hand, the retailer sets prices too low, which increases the demand in
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Fig. 17 Sales quantity q; in period 2 under different values of ¢, and ¢,
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comparison. However, it must be noted that qf is larger than q’g in most cases due to
misestimates of the retailer.

In summary, in terms of return quantities, neither collecting mode is clearly
advantageous. Vertical integration, however, leads to the best results not only from
an economic but also from an ecological point of view. This finding could be inter-
esting in practice if, in addition to the pure profits of the players, subordinate objec-
tives were relevant, such as recycling rates.

Apart from the sales volumes and pricing, whether integrating reverse flows into
the supply chain is beneficial for the supply chain members depends on the relation-
ship between the parameters 6, c,, c,, and c,,. The absolute cost-savings compared to
the collection costs are decisive. It is, therefore, not sufficient in our model to assume
that remanufacturing is profitable for every c. < c,,. However, it is common in the
current literature to assume a consistently positive effect of returns by assuming a
fixed cost rate saved by remanufacturing (see, e.g., Savaskan et al. 2004; Savaskan
and Van Wassenhove 2006; Zhang et al. 2014). Hence, our model provides a formu-
lation that is closer to reality. High collection and reprocessing costs, e.g., naturally
make recycling less attractive. Above a certain value c,, it would then be advanta-
geous to completely refrain from accepting returns. It is interesting to note that these
thresholds are influenced by the collection mode at hand and also differ with regard
to the player under consideration. See Figs. 18, 19, 20, 21, 22, where we display the
players’ profits in the different scenarios and under different values of 6 and c.. On
the left side, three-dimensional figures are provided in each case. On the right side,
we additionally show a cross-section through these figures as a two-dimensional
illustration, which should facilitate the understanding of the following explanations.
In the case of a retailer-led collection mode (Scenario A), small return rates become
advantageous from a value of ¢, = 0.71 from the manufacturer’s point of view. From
this point, we observe higher profits for smaller return rates in Fig. 18. From the
retailer’s point of view, however, this is already the case from ¢, = 0.07, see Fig. 19.
If there are no legal requirements to accept the returns anyway, the players should
focus on forward flows in such cases. At the retailer, however, a second threshold
is also visible in Fig. 19 at which the different graphs presented on the right side
in the figure intersect, which is at ¢, = 0.71 as well, and from which high returns
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0.010 —— T(0=000)
0.008 TTy*(6=0.25)
0.006; 0 TSsee u*(6=0.50)
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0002 TTy™(6=0.75)
0.000 i*(6=1.00)

Fig. 18 Manufacturer’s profits in Scenario A under different values of  and variations of ¢, in 3D (left)
and 2D (right)
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Fig. 19 Retailer’s profits in Scenario A under different values of 6 and variations of ¢, in 3D (left) and
2D (right)
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Fig.20 Manufacturer’s profits in Scenario B under different values of 8 and variations of ¢, in 3D (left)
and 2D (right)

Fig. 21 Retailer’s profits in Scenario B under different values of 6 and variations of ¢, in 3D (left) and 2D
(right)

become advantageous again. It is not coincidental that these threshold values match
at the retailer and the manufacturer. The higher the collection costs, the higher the
margin set by the retailer in the first period which leads to losses in demand. Up
to ¢, = 0.71, however, the retailer and also the manufacturer accept possible nega-
tive profits in period 1, which can be offset by profits in period 2 and still lead to a
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Fig.22 Supply chain’s profits in Scenario C under different values of 6 and variations of ¢, in 3D (left)
and 2D (right)

positive total profit. However, over the above-mentioned threshold, this approach is
no longer helpful, and the demand in period 1 becomes formally smaller than 0. The
subsequent solutions, therefore, lie outside the permissible range.

Under a manufacturer-led collection mode (Scenario B), remanufacturing is prof-
itable up to ¢, = 0.06 from the perspective of the manufacturer, see Fig. 20. In con-
trast to that, the retailer would benefit from remanufacturing and the collection of
returns up to ¢, = 0.71, see Fig. 21. We observe, therefore, the opposite behavior in
comparison to Scenario A. The reason for this is that in Scenario A, the manufac-
turer passes the collection cost to the retailer if the transfer payment c, is not increas-
ing with higher collection costs as well. The retailer could therefore refuse to accept
used products without a fair compensation payment. In Scenario B, on the other
hand, the manufacturer must bear these costs itself, so that its thresholds are now
similar to those of the retailer in Scenario A. Again, the demand of the first period
is formally negative from a ¢, = 0.71, so the subsequent solutions are not feasible.
The reason for this, however, can be found in rising wholesale prices at the manufac-
turer’s side and resulting decreasing demand.

From this example, we can see how important it is to include future profits in the
current decision-making process when considering a multi-period planning horizon.
If the profits in period 2 were ignored, the players could refrain from CLSC activi-
ties earlier than necessary.

In direct comparison with the vertically integrated supply chain in Scenario C
(Fig. 22), we see that here the first threshold value is at ¢, = 0.13, above which the
collection of used products becomes disadvantageous. On the other hand, the thresh-
old for negative first period demands and thus infeasible solutions is at ¢, = 0.73.
Again, it becomes apparent that the vertically integrated supply chain has not only
economic but also ecological advantages compared to the other scenarios.

With regard to the parameter 6, we observe similarly that remanufacturing is only
profitable above certain threshold values. The remanufacturing process must be suf-
ficiently efficient for the manufacturer to accept returns in practice. In Scenario A,
this is the case for § > 0.36, see Fig. 23. In the case of asymmetric information, the
threshold is significantly lower at 6 > 0.18, see Fig. 25. With a return rate of § = 0,
the manufacturer would even experience decreasing profits for a larger ¢ in this case.
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Fig. 23 Manufacturer’s profits in Scenario A under different values of 6 and variations of 6 in 3D (left)
and 2D (right)
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Fig. 24 Retailer’s profits in Scenario A under different values of 6 and variations of 6 in 3D (left) and 2D
(right)
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Fig. 25 Manufacturer’s profits in Scenario B under different values of 6 and variations of 6 in 3D (left)
and 2D (right)

At a higher 6, the retailer expects greater cost savings in the manufacturer’s produc-
tion process and increases its margin. The manufacturer must then reduce its whole-
sale price and, if it ultimately does not collect any returns at all, records losses.
Interestingly, from the retailer’s perspective, there is also no threshold for 6 above
which returns are profitable, see Figs. 24 and 26. Due to its pricing policy, reman-
ufacturing is always advantageous for the retailer and it prefers high return rates,
though it obtains slightly higher profits under asymmetric information. We include
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Fig. 26 Retailer’s profits in Scenario B under different values of € and variations of § in 3D (left) and 2D

(right)
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Fig. 27 Supply Chain’s profits in Scenario C under different values of 6 and variations of 6 in 3D (left)
and 2D (right)

the comparison with the vertically integrated supply chain (Scenario C) in Fig. 27,
where it becomes evident that remanufacturing becomes advantageous starting from
a value of 6 > 0.09, which again makes it the preferable scenario.

By contrast, the greater the manufacturer’s production costs, e.g., the greater the
quantity of returns it prefers to receive. See Figs. 28 and 29, where the manufac-
turer’s profit is displayed for different values of c,, and 6. First, if the collection of
items is more costly than cost-savings in production, remanufacturing is not a viable
option. In Scenario A, remanufacturing is only meaningful from a value of ¢,, > 0.1.
In Scenario B, this is already the case from a value of ¢,, > 0.04. These thresholds
become apparent from the cross-section on the right hand side of the figures where
the graphs of the different return rates intersect. Thus, it can be seen here as well
that asymmetric information can be advantageous for the implementation of reman-
ufacturing processes in some cases. The profit differences at different return rates are
larger here than in Scenario A because the manufacturer suffers from the retailer’s
misestimation of returns, especially at small return rates. The results for the retailer
and the integrated supply chain are relatively similar here, thus we refrain from fur-
ther illustrations.
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Fig. 28 Manufacturer’s profits in Scenario A under different values of 6 and variations of c,, in 3D (left)
and 2D (right)
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Fig. 29 Manufacturer’s profits in Scenario B under different values of € and variations of c,, in 3D (left)
and 2D (right)

6 Conclusion

In this paper, we presented a two-period game-theoretic model of a CLSC in which
product returns are used by the manufacturer to reduce its production costs in period
2. It was assumed that the return rate is unknown to both players from the first-
period perspective as it is a random parameter. Only at the beginning of period 2 do
at least some of the players become certain about the exact return rate, depending on
the collection mode under consideration. We examined three scenarios, namely the
case of symmetric information under a retailer-led collection (Scenario A), the case
of asymmetric information under a manufacturer-led collection (Scenario B) and a
vertically integrated supply chain (Scenario C). Thus, in contrast to existing litera-
ture (see, e.g., Savaskan et al. 2004; Savaskan and Van Wassenhove 2006; Modak
et al. 2018), we link the well-studied games with different collection modes to the
players’ level of information.

@ Springer



Pricing decisions in a two-period closed-loop supply chain...

With regard to the first research question, our analysis reveals that especially pric-
ing in the second period is influenced by the collection mode at hand. If returns are
overestimated, the second period price charged to the customers is higher in Sce-
nario B than in Scenario A and lower otherwise. Due to double-marginalization in
scenarios A and B, customers of the multi-stage supply chain generally pay more
than in the vertically integrated case.

Related to this, we can answer our second research question. The numerical
comparison of the two scenarios reveals that private information is not always
associated with advantages for the informed player. If the retailer overestimates
returns and, thereby, sets prices too high, this can be disadvantageous for the
manufacturer. In other cases, the manufacturer can benefit from the retailer’s lack
of information. On the other hand, we demonstrated that the retailer can com-
pensate for disadvantages due to information deficits in the second period by its
pricing policy in the first period in most cases. Surprisingly, the retailer is better
off in Scenario B than in Scenario A, unless very small return rates occur. If the
expected profit is used as a decision criterion for a scenario, both players are bet-
ter off in Scenario B than in Scenario A in our study. We were able to prove that,
interestingly, this decision is independent of the transfer payment between the
manufacturer and the retailer. These finding thus can differ fundamentally from
those in the literature on collection modes in CLSC under symmetric informa-
tion. In the work of Savaskan et al. (2004), e.g., for example, the party closest
to the customer has been found to be the most advantageous collector. Also De
Giovanni and Zaccour (2014) find a manufacturer-led collection to be beneficial
in many cases, although the choice of collection mode in their research under
symmetric information has no influence on the second period strategies. Under
asymmetric information, however, it does in our case, as the players determine
their optimal decisions depending on their level of information. In the work of
Modak et al. (2018), the level of the transfer payment is decisive for the advan-
tageousness of the collection by the manufacturer or the retailer, which is irrel-
evant in our model. To overcome the inefficiencies of double marginalization and
take advantage of the benefits of a vertically integrated supply chain we presented
a simple profit sharing model in Sect. 5.3 that enables cooperation between the
players.

With regard to our last research question, we observed that customers do not
always benefit from recycling processes, depending on the return rate. Customers
can only take advantage from price reductions in the case of large return rates and
more likely, if asymmetric information are present. Other literature, however, may
find that CLSC activities reduce second-period prices and thus stimulate consump-
tion (Wang et al. 2018). In contrast, we further learned that, in the case of a small
return rate, future CLSC activities are hindered by asymmetric information as sales
volumes and, thus, absolute returns are smaller than in a symmetric information
case. We also observed that the integration of remanufacturing processes does not
always have to be advantageous for the players either. This is the case, for example,
if the efficiency of the recycling process is poor or collection costs are too high.
It was determined that it may be advantageous for the manufacturer itself to trans-
fer the collection costs to the retailer. However, the retailer could refuse to accept
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used products without fair compensation payment, since above a certain threshold,
collection can lead to economic disadvantages for it. It was further shown that the
vertically integrated supply chain from Scenario C is superior to the other scenarios
not only economically, but also with regard to remanufacturing or recycling, i.e.,
ecologically.

This leads us to the following managerial implications:

e Since in practice the future returns are not known in advance, the expected value
can be used as a decision criterion regarding a collection mode. If only a manu-
facturer-led and a retailer-led collection are available options, players should opt
for collection by the manufacturer (Scenario B).

e If possible, however, a contractual agreement between the players should be sought,
as suggested in chapter 5.3. This way, the VI profit can be divided among the play-
ers without anyone being worse off than in Scenario B. Information asymmetries
can thus be resolved.

e Vertical integration should be pursued in practice not only from an economic point
of view. There are also advantages in terms of CLSC activities and thus sustainabil-
ity in the supply chain. Customers already benefit from lower return rates here and
the volume of absolute returns itself is also the greatest.

e The possibility of flexible pricing over multiple periods, as opposed to rigid plan-
ning with identical prices, enables decision-makers to offset information disadvan-
tages throughout the planning horizon and should therefore be pursued.

e Players should carefully check whether remanufacturing is generally reasonable in
the selected game mode before the start of the game. As shown in Sect. 5.4, there
are thresholds for the parameters 6, ¢, ¢,, and c,, at which remanufacturing costs
more than it saves in the production process. If there are no legal requirements to
collect the products, players should refrain from doing so.

One avenue of future research could be to extend the two-period model to a multi-
period one. Of course, this would increase the model complexity, but it might provide
further interesting insights. It is conceivable that adding remanufacturing processes
even further apart in time could have an impact on the profits of preceding periods.
Examining other power structures in the CLSC could lead to further insights in our
paper’s context as well. Furthermore, an interesting approach that could be reserved
for future research is to investigate what influence strategic inventories might have on
CLSCs under different collection modes and a multi-period setting. We conducted our
numerical analysis not only with regard to economic metrics but also examined the
influence of the players’ level of information on CLSC activities and sustainability. This
approach could be further pursued in future research, considering a model with differ-
ent objective functions for the players. Our model was also examined under the aspect
that remanufactured and new products are indistinguishable and are therefore valued
equally by customers. Although this is in line with the literature (see, e.g., Zhang et al.
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2014; Wang et al. 2017; Mondal et al. 2020; Zhang et al. 2020; Wang et al. 2022), there
is another path where a different product type is considered, and remanufactured prod-
ucts are attributed lower customer appreciation (see, e.g., Suvadarshini et al. 2023).
This idea could also be applied to the model presented and compared to our paper.

Appendix 1: Tables

See Table 8.

Table 8 Notations

Notation Description Domain
i Index of the considered scenario i € {A;B;C}
t Period of time, running index te {1;2}
a, Market potential in period ¢ 0<a <1
p Customer’s price sensitivity 0<p<l1
0 Return rate 0<0<1
c, Collection cost per returned unit 0<c.<1
Cp Production cost per unit 0<c¢,<1
¢, Transfer payment from the manufacturer to the retailer for each 0<c¢ <1
collected item
6 Efficiency of the remanufacturing/recycling process 0<é6<1
Ay Manufacturer’s risk attitude 0< Ay
Ag Retailer’s risk attitude 0 < Ag
mi, Margin of the retailer in scenario i and period ¢ 0 é mt,
1

Hy manufacturer’s bargaining power 0<py <l
Hr Retailer’s bargaining power 0<puz<1
Pl Retail price in scenario i and period ¢ 0<pi
¢, Lower bound of the interval of the uniform distribution 0<¢ <1
b, Upper bound of the interval of the uniform distribution 0<¢,<1
”/'w Manufacturer’s total profit in scenario i 0 § ”liw

i 5 . .. . <
T, Manufacturer’s profit in scenario i and period ¢ 07,
”; Retailer’s total profit in scenario i 0 § ”;e
7;:1"“ Retailer’s profit in scenario i and period ¢ 0 é 7;;{

; . . L =
Ty Supply chain’s total profit in scenario i 02

; ., . . . Z
Tee, Supply chain’s profit in scenario i and period ¢ 0= 7,
q Demand in scenario i and period ¢ 0<g <1
Uge Supply chain’s utility under contracting 0 < uge
w; Wholesale price in scenario i and period ¢ 0 § w;'
* Symbol to indicate optimality -
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Appendix 2: Proofs to Scenario A

In general, two-period games are solved via backward induction (Von Neumann and
Morgenstern 1944), where the second period reaction functions of the players to the
first-period decisions are determined first. These reactions are inserted into the first-
period optimization problem, which is then solved optimally (see, e.g., De Giovanni
and Zaccour 2014; Genc and De Giovanni 2017; Nielsen et al. 2019). This ensures
that future profits are taken into account in current decision-making. In our considered
Stackelberg game (Von Stackelberg 1934), this leads to a four-stage solution process:
(1) the determination of the manufacturer’s reaction function in period 2, (ii) the deter-
mination of the retailer’s reaction function in period 2 on the first-period decisions as
well as (iii) the determination of the manufacturer’s first-period reaction function and
(iv) the retailer’s optimal decision in period 1.

Hence, we start the derivation of the optimal strategies by determining the manufac-
turer’s reaction function in period 2. The manufacturer determines its optimal whole-
sale price w‘z* that maximizes its second period profit, given any decision made by the
retailer in the second period and given any decisions of both players from period 1:

TV%X% = g, [w} - (1-66})c,]. (A1)

The first-order derivative with respect to w‘g equals

a A
%=ﬂcm[50(ﬁ(m21+w‘l‘)—al)+l] —B(my, +2w)) +ay.  (A2)
2

To make sure the profit function is concave in w‘z‘, we check the second-order
condition

027rf/12
=-2p<0. A
a(wA)2 (A3)

2

Since f > 0, the condition is always satisfied. By setting (A2) equal to zero and
solving for ) we obtain

A B, [60(B(mb, +wh) —ay) +1] — pmd, + a2.

4 5 (A4)

Next, we analyze the decision of the retailer in the second period. It determines its

margin mfu that maximizes its second period profit, taking into account the reaction

of the manufacturer, Eq. (A4):

max ”22 =q’2*m22
Mpy (A5)
s.t. (A4).

The first-order derivative with respect to m;‘n equals
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A

z 1
T L[y (008t + ) — ) +1) =2y bl (a0
R2

Again, we have to check the second-order condition to make sure the retailer’s profit

function is concave in m‘l‘;zz
0% A
R2
—=—-4<0.
)’ S (A7)
R2

Since f > 0, the condition is always fulfilled. By setting (A6) equal to zero and solv-

. A .
ing for m, we obtain

4B b (60 (B(mfy, +wh) —ay) +1]
R2 2ﬂ '

(A8)

In the first period, both players make their decisions by taking future profits into
account. Note that from the perspective of the first period, the future returns are
unknown. Therefore, the players’ expected profits are maximized.

Again, we first determine the optimal reaction function of the manufacturer:

23
maxE(e}) = a}(w) =) + | [oale + 0} = (13040 )c, s

1
s.t. (A4), (A8).

(A9)
The first-order derivative with respect to w/l* equals
0E (!
) _ L gl (202 (o +160) = 1)+ @ + 42500y +03) =) +3)
1
—48(mh, +2w!) = 3¢, (@8 (d) + dy) — 16) +24() + ¢ )] + @
(A10)
The second-order condition is
O’E(xl) 1
—— 5 = B (4 + dady + ))e, — 26 < 0. (A1)
a(wy)

As all parameters are normalized to a value between 0 and 1, we are sure that this
condition is always fulfilled and the manufacturer’s profit function is concave in w‘?
Through the first-order condition we obtain

< Blpéc;, (251 (o) = P, ) + by (2865 (o) = ;) = 3) >
A + ¢, (25¢2(“1 - ﬂmﬁl) - 3)) +48m£1 + 3cm(a25(¢] +¢) - 16) B 24(¢1 + ¢2)C’] — 8
WA =

l 28[28 (&7 + pahy + ¢2) <2, — 48]

(A12)
Finally, we determine the retailer’s optimal margin in period 1:

@ Springer



M. Beranek, U. Buscher

(03
myx £(xf) = qioy + | [0a] (= ) + mi 0o
N

My, (A13)
s.t.(A4), (A8), (A12).
The first-order derivative with respect to mlA}] equals
3(—8p%5c2 (2597 (—4Bmip, +3ay + Py (c. — 4c,))
+26, (8¢, (—4Pmiy, +3a; + P (c. —4c¢,)) = 3)
+2 (6002 (=8Pmpy, +6ay + by (c. —4c;)) = 6) + poy (c, — 4c,))
+384(—4pmly, + 20, + BBy + ) (. —2¢,)) = B8 (I + drpy + B3) ), (028(y + ) —48)
O0E(rh) ~ —48pc,, (0,8 () + b)) +16) + 55 (p) + ) (47 + oy + 3) )
omp, 2(5252 (82 + oy + $2)c2, — 48]
(A14)
The second-order condition
O’E(7y)  96B[p26% (¢ + dagpy + @3 )2 — 24
= <0 (A15)

o(mby)  [P6AB + bty + D)2 - 48

is always fulfilled as all input parameters are normalized to values between 0 and 1.
The problem is solved by setting the first-order derivative with respect to mj‘ﬂ equal
to zero which yields:

T 24p(c,,(36(¢y + ¢2) (Be,, — ay) +16) + 8c (¢ + ,))

R 6 B(B26* (&} + oy + ¢3)c2, — 24)

48(a; —
+w +y + $)(6¢,, (o, — Be,,) —32¢,+8c,) |-

(A16)
Substituting Eqgs. (A4), (A8), (A12) and (A16) into each other, we obtain Egs. (6)—(9).

Appendix 3: Proofs to Scenario B

As in Scenario A, we consider a four-step solution process. However, it is important
to note that the retailer does not know the return rate from the second period per-
spective due to the asymmetric information present. See Harsanyi (1967), on whose
work games with asymmetric information are based (Wei et al. 2015).

We start the derivation of the optimal strategies by determining the manufacturer’s
reaction function in period 2. The manufacturer determines its optimal wholesale
price wg that maximizes its second period profit, given any decision made by the
retailer in the second period and given any decisions of both players from period 1:

ma el = g [t — (1 - 6047)c, |

o (A17)
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The first-order derivative with respect to wg equals

a B
5 i [50( (0 + ) = ) +1] = By + 28) s (A1)
2

To make sure the profit function is concave in wg, we check the second-order
condition
0*rB
M2
5 =24 <0. (A19)
a(wf)

Since g > 0, the condition is always satisfied. By setting (A18) equal to zero and
solving for w¥ we obtain

e pc,, [60(B(mB, +wP) —a)) + 1] — pmE, + a,

2 = 2,3 '

(A20)

Next, we analyze the decision of the retailer in the second period. It determines its
margin mR2 that maximizes its profit, taking into account the reaction of the manu-
facturer, Eq. (A20). Since 6 is unknown to the retailer, it must maximize its expected
profit:

max E(ng,) = / g5 mg,|f(6)de

mb, (A21)

s.t. (A20).

The first-order derivative with respect to mgz equals

aE(”gZ) _ 1 S B B 2 4 B 2
B Z[_ﬂcm( (@1 + b2) (B(my +wY) — ) +2) — 4fmp, + 2]
R2
(A22)
Again, we have to check the second-order condition to make sure the retailer’s profit

function is concave in mgzz
2 B
0°E (”m) _

a(mgz)z B

-f <0. (A23)

Since f > 0, the condition is always fulfilled. By setting (A22) equal to zero and

solving for mR2 we obtain
a,
M =557 % 1ul3(91+ 62) (B, + %) — o) +2)]. (A24)

In the first period, both players make their decisions by taking future profits into
account. Note that from the perspective of the first period, the future returns are
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unknown. Therefore, the players’ expected profits are maximized. Again, we first
determine the optimal decision of the manufacturer:

s
max E(my ) =q; (w] = c,,) + / [-0d%c. + g5 (W5 — (1 - 604%)c,,)]f(0)do
W1 1

s.t. (A20), (A24).
(A25)
The first-order derivative with respect to wf equals
95 (xh)
()wf

=%ﬂ6m [ﬂécm(%qﬁ(ﬁ(mﬁl +wy) —a) =20, (56, (B(mE, +w,) —ay) = 3)

by (16 (B + 1) = 1) +6)) = 60,3(s, +by) + 96]

1
+ Eﬁ[—2mzl + CC((I)I + ¢2) - 4wﬂ +ay.

(A26)
The second-order condition is
CE(my)
——— = — 5% (1; — 20,0, + 73 )2, — 28 < 0. (A27)
o(wh)* % | 2

Taking into account that all input parameters are normalized to values between 0 an
1, the condition is always satisfied. By setting (A26) equal to zero and solving for wf
we obtain

Blen(Boc, (1697 (@) = pmiy, ) = 26, (5b2 (@) — By, ) +3) + by (75, (o) — priy;) = 6))
+6,8(y + ) —96) +96mE, —48c. (¢, + ¢,)] — 960,

Wh =
! BF262 (792 = 20y + T2 )2, — 192)]
(A28)
Finally, we determine the retailer’s optimal margin in period 1:
( B) B _B 16 B _B
max E(z,) =q;m +/ Gy M f(0)d0
mb R 1"MR1 o 2Mg (A29)

R1
5.t.(A20), (A24), (A28).

The first-order derivative with respect to mgl equals

6[8825¢2 (547 (40pmb, — 260, +23Bc by ) + b, (5, (16pmb, — 20, +23Bc,¢,) +24)
+eby (8¢p, (40pmE | — 26a) + 13fc by) +24) + 13fc667)
—1536(4pm8E, — 2, + fc (¢, + b,))
+836%¢3 (0,603 — 13972 (206, — 16) + b, b, (160 — 130,66h, )
OE(x®) +¢2 (0266, +208)) — 1926c,, (@,5(d; + b,) + 16) — B*6% () + b,) (&7 — 14,0, + @2 )|

oy, N [282(7¢% — 2¢, b, + T2 )2, — 192]2

(A30)
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The second-order condition
O’E(n8)  384B[B26% (5% + 2,b; + 5% )% — 96] B
a(mB ) [B62(147 — 2, +T42) 2 — 192]°

is always fulfilled as all input parameters are normalized to values between O and 1.
The problem is solved by setting the first-order derivative with respect to mgl equal
to zero which yields:

(A31)

1536[fe, () + ¢y) — 20| = 2523 [a2607 — 13052 (a260h; — 16) + by b, (160 — 130,65)
+¢2 (2,80, +208)] — 8526¢2 [6 (23pc b, — 26, )
+¢, (805 (23pc, By — 20a, ) +24) + ¢, (1366, (Bc ., — 20, ) +24) + 13fc,6¢°
+192fc,, [@,8(¢; + by) + 16] + 5% () + ¢,) (@3 — 140, + @2 ),

64[252(5¢% + 2y, + 5¢2)c2, — 96

(A32)

Substituting Eqgs. (A20), (A24), (A28) and (A32) into each other, we obtain
Egs. (12)—(15).

Appendix 4: Proofs to Scenario C

In the vertically integrated supply chain, the solution procedure reduces to a two-stage
process. First, we determine the supply chain’s optimal reaction in the second period,
given any decision made in the first period:

c _ C[.C c
m%XﬂSCZ =4q, [pz - (1 - 596]1 )Crn] (A33)
D;
The first-order derivative with respect to pg equals

c
e

()pg

= a, + fc,, (—a,60 + p5OpS + 1) — 2p5. (A34)

To make sure the profit function is concave in p2C we check the second-order
condition

02 7€
2022 =-28<0. (A35)
0(p2 )

Since f > 0, the condition is always fulfilled, and we can obtain the optimal retail
price p2C by setting (A34) equal to zero and solving for pzc. Then, we obtain

ay + fe,,(—a,;80 + p5OpC + 1
pC= 2 ﬁ ( 1 ﬂ p] ) (A36)
2 2ﬂ
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In the first period, the channel takes into account future profits in the decision-mak-
ing process. Note that from the perspective of the first period, the future returns are
unknown. Therefore, the supply chain’s expected profit is maximized:

2
max E(n5c) =47 (py = c,) + /¢ [-045 c. + g5 (ps — (1 = 8645)c,,)|f(6)do
p] 1
5.L.(A36).
(A37)

The first-order derivative with respect to plc equals

aE(’”scc)

()plc

=a; + l—lzﬂ[cm(—%zz&(q&, +¢,) + Boc, (26¢7 (8PS — ay) + (&, + b,) (26, (PP — ;) +3))

+ 12)+6(c. () + ba) — 4S)].
(A38)
To make sure the profit function is concave in plc, we check the second-order
condition

0*E(x.) 1
6(PC;§ - 5ﬁ362(¢% + ¢ + d)g)crzn —26 0. (A39)
1

As all input parameters are normalized to values between 0 and 1, the second-order
condition is always fulfilled. By setting (A38) equal to zero and solving for plc, we
obtain

Blpscy, (201697 + (1 + ¢2)(20, 8¢, = 3)) + 3¢, (0:5(¢y + ¢y) —4) — ¢, () + ;)] — 12
2875 (8 + oy + 92) 2 — 12 '

Py =

(A40)
Substituting Egs. (A36) and (A40) into each other, we obtain Egs. (18) and (19).

Appendix 5: Proofs to section 5.2

Scenario A:

To calculate the manufacturer’s expected profit in Scenario A, Egs. (6)—(9) are
substituted into the manufacturer’s profit function and the expected value over all
possible values of @ is calculated:
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Eum=ﬁwm%0+4 [0, + 2 (wh = (1 - 604} )c,,)|f(@)do
s.t.(6) = (9)

BO8* (2 + by + ¢3) (3797 + 100y, + 3763 )5,

208 (@7 + b, + @2) (376,07 + 2(56a,0, + 72) by + b, (376, h, + 144) ),
+p482(8(37602 — 144Bc,) % + 5(288(a; + o) + (47602 — 432pc, )b, )}
+12(6¢p, (48(a, + ay) + (7802 — 48pc, ), ) — 212)¢p?

+ by (862 (576(ay + ay) + (47603 — 432Bc, ) py) — 1248) b,

+2 (66, (288(y + @y) + (37002 — 144c, )¢, ) — 2544) ) c?,
+48635(3p6%c.ay ¢t + 6(pc, (950,, — 16) — 65, ) 3

+26(=16pc.p, + o, (16 — 65a,¢b, ) + a3 (685 2 + 37) ) p>

+ (8¢, (—32fc b, + 4, (8 — 36ayb,) + ay (95, P2 +20)) +288)

+ o, (66, (=16pc ., + a; (32 — 65, ¢p,)

+ a,)(3p6c. 42 +74)) +288))c3 — 4867 (6(165(¢? + drp) + 2 )a?

— 16(¢y + by) (Bic. (9] + dothy + ¢3) = 18)

+ 2880, () + ;) + 62 (37¢% + 10,0, + 37¢52)

+ 4Bc, (b1 + 1) (BBc. (8 + daspy +#3) = 36) ) — 1536 ),
—2304p(—16pc,(¢) + 1) + , (32 — 660, (¢ + )

+a (3/3&(,(:;5I )+ 32) )cm + 9216(4a§ +(Be (6 + ¢y) — 24, )2)

10248 (82822 (42 + by + B2) — 24]

(A41)

To calculate the retailer’s expected profit in Scenario A, Egs. (6)—(9) are substituted
into the retailer’s profit function and the expected value over all possible values of 8
is calculated:

b
E(x}) =qim, + /¢ (=04 (c. — c,) + qmil | (6)d0
5.t.(6) — (9)

~192(4a2 + (e (¢ + o) —2a1)")

—2B%5¢3 (5,607 + ¢, (144 — 220,66, ) + by (5,5, + 144))

+62¢2 (5(a26 (5% — 22¢,h, + 562) + 2884, (b, + y)

+ 2880, (¢ + ) — 144pc, (¢, + ¢>2)2) - 1536)

+48pc,, ((xl (32 - 6a,5(p, + b,)) + a2(3ﬂ605(¢1 + )+ 32)

—16fc.(d1 + ¢5)) + 6> (5¢7 — 2221 +5¢3 )5,
256p(5252(¢? + rb, + P2) 2 — 24]

(A42)

Scenario B:

To calculate the manufacturer’s expected profit in Scenario B, Eqgs. (12)—(15)
are substituted into the manufacturer’s profit function and the expected value over
all possible values of 6 is calculated:
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b2
E(ﬂf;l) = qf (Wf - cm) +</¢ [—Hq?cc + qg(wg - (1 - 60q$)cm)]f(0)d9
1
s.t. (12) — (15)

F05*(211¢% — dp, 3 + 594922 — Apdp, +21163) S,

—20°8° (2116, ¢} — 4(Say 0, — 252) 3 + 186h, (3360, , + 40) p? — 4¢p2 (Sa,p, — 180) b,
+¢3(2118a,¢, + 1008) )3, + f*6%(8(2118a2 — 1008pc, )

—45((803 +432fc, )y — 504(a) + ay) )3

+18(5¢,(80(a; + o) + (33802 — 80fc,)p,) — 864)¢?

+4¢, (66, (360(ay + ay) — (802 +432pc, ) by) + 1440) b, + 2 (6b, (2016(ar; + @)

+ (211802 — 1008fc, )b, ) — 15552))c?,

+48636(2186%c ay ¢t +26(2pc, (950, , — 28) — 216, )3

+26(=408c,d; + a; (112 = 1580y, ) + y (1585¢,42 + 212) ) ?

—2(8¢p, (40P gy + ay (156, ¢, + 32) + 20t (44 — 9B5c, b2 ) ) — 576) b,

+ (66, (—112Bc by + o) (224 — 4260, ¢, ) + oy (2186¢, B3 + 424)) + 1152) )3,
+19262(8(—48 (747 — 20,00, +742) 0> +4(, + by ) (B, (707 — 2,0, +Th2) — 72)a
— 2880, () + ¢,) + 802 (—53¢% + 22,0, — 53¢2)

= Peclr + $2)" (Poc. (16 = 2hatpy +743) — 144) ) +1536) 2,

—9216ﬂ<—16ﬂcc(¢, +s) + (32— 63, () + b,)) + az(Sﬂécr(qﬁ] +d,) + 32)>cm
+36864(4a3 + (e (b + ) - 2,)°)

2568[262¢2, (5¢° + 26, + 502) — 96]°

(A43)

To calculate the retailer’s expected profit in Scenario B, Eqgs. (12)—(15) are substi-
tuted into the retailer’s profit function and the expected value over all possible val-
ues of 0 is calculated:

[

E(f) =alwy+ [~ dimtopiorio

s.t.(12) = (15)
~192(403 + (e + by) = 20)")
—26%6¢3 (13a,6¢7 + (144 — 38,560, ) + ¢, (13,5, + 144))
+P7c2 (6(a26(13% — 38y, + 13p%) + 288a, (b, + ¢,)
+ 2880, () + ) — 144fc, () + ¢2)2) - 1536)
+480c,, (@ (32 - 60,3(¢, + 1)) + @x(30c.5(d, + 42)" +32)
—16fc (¢, + ¢y)) + B*6%(13¢7 — 38, + 1303 )

04[5> (547 + 2¢r¢by + 503 ) 2, — 96

(A44)

Scenario C:

To calculate the vertically integrated supply chain’s expected profit in Scenario
C, Eqgs. (18) and (19) are substituted into the supply chain’s profit function and
the expected value over all possible values of 8 is calculated:
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#>
Blefe) = a5 0 =) + [ (2005 + 4505 = (1 6045)c, o
s.t.(18), (19)

_12(40’% * (Pecldi ) - 2111)2) = 25%5¢) (697 — 201 (02600, — 6) + ¢y (@60, + 12))
263 (503061~ 92)" + 24 (9 + 92) + 240 (91 +2) = 126, (1 +2)° ) 96
+12ﬂcm(_20’1 ("’25(¢1 + ¢2) - 4) + az(ﬂcgé(qﬁl + ¢2)2 + 8)
e (91 + ) 089~ )

1658262 (7 + hrby + b3)c2, — 12]

(A45)
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