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ARTICLE INFO ABSTRACT

Increasing the collection rate of used products depends on how end users perceive the value of a used product
and benefits of returning it. It is empirically proven that consumers tend to store their unwanted electronic
devices after the last time of usage. In this paper, an Original Equipment Manufacturer (OEM)—taking the
responsibility of remanufacturing—launches a take-back program to acquire consumers’ used products for
remanufacturing activities. The consumers’ decision about when to return the End-of-Use/Life (EoU/L)
products and manufacturer's decision for the amount of incentive offered to consumers are incorporated into a
theoretic game framework. The equilibrium solutions are provided in the presence of heterogeneous and
homogeneous consumers. Some managerial insights are derived from the one-way and two-way sensitivity
analyses. It has been shown that convenience of services, consumers’ tendency to overvalue the unwanted
products, the usage time of electronics, consumers’ perceptions of products’ obsolescence, and the remarket-
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ability of refurbished products all affect the strategic decisions made by both stakeholder groups.

1. Introduction

Governmental agencies and environmental protection organiza-
tions have started emphasizing the need for proper collection and
disposal of discarded waste, especially electronic and electrical devices
that contain chemical hazards and toxic substances. The waste from
electrical and electronic equipment (WEEE) is growing faster than ever
before. According to the latest estimates, almost 40 million tons of
WEEE are generated annually worldwide (Veit and Bernardes, 2015).
However, much of this WEEE is still functional or slightly defective and
can be reused in future life cycles (Truttmann and Rechberger, 2006).

To control the flow of WEEE, various provisions have been
legislated for all stakeholder groups. Previous legislation has mainly
focused on urging Original Equipment Manufacturers (OEMs) to take
responsibility for managing the return stream of their EoU/L products
(Lifset et al., 2013). Recently, a few legislative laws have been enacted
to prevent consumers from throwing EoU/L items away or simply
putting them in the trash (Bhatti, 2010). However, it seems that the
WEEE problem still remains and more supportive actions are required
besides the laws enforced by national authorities.

Collecting used devices is particularly problematic for remanufac-
turers since collection basically depends on consumers’ decisions on
when and how they want to discard their WEEE. Consumers commonly
store obsolete devices for a relatively long time (Sabbaghi et al., 2015).
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The inconvenient access to take-back programs and collection facilities
(Saphores et al., 2006), the lack of sufficient incentives (Das and Dutta,
2013), the lack of awareness about the formal recovery systems (Geyer
and Blass, 2010), and the possibility of future reuse (Haws et al., 2012)
are among the factors that often prevent consumers from on-time
return of their used devices.

The remanufacturing cost is highly dependent upon the condition of
used devices and ability to be resold in the market, which decreases as
technology progresses. Overall, consumers do not have positive atti-
tudes toward purchasing relatively old refurbished products
(Ovchinnikov, 2011). Therefore, on-time return of used devices in
good condition and viable technology helps remanufacturers make
product take-back systems profitable (Jena and Sarmah, 2014). To
motivate consumer participation in a take-back system, it is important
to understand what consumers care about most when they decide to
participate in take-back programs.

Most often, refurbishers’ and consumers’ interests are not in-line
with one another and are sometimes even in conflict. The benefit to
each stakeholder depends on the actions of each stakeholder group. In
this particular context, remanufacturers aim to reduce consumers’
product-storing behavior and consumers prefer to keep their used
devices in storage because of high transaction costs and endowment
effects. Consumers are generally averse to losing possession of a
product in exchange for a monetary incentive, known as loss aversion
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or endowment effect (Kahneman et al., 1991).

The objective of this paper is to define the level of monetary
incentive that should be offered to consumers to reduce the product
storing behavior and increase consumers’ participation in take-back
systems. This study aims to provide new insights into managing take-
back programs. The consumers’ preferences and attitudes toward take-
back programs are incorporated into the economic analysis of the
remanufacturing operations using a game-theory formulation. In the
proposed game-theoretic model, the OEM acts as remanufacturer in a
closed-loop supply chain, and aims to control the rate and timing of
returns by offering an incentive reward to consumers.

The rest of this paper is organized as follows: Section 2 provides the
review of related literature. Section 3 describes the research idea in the
form of a game-theoretic model. The equilibrium solutions for the
game model are derived assuming heterogeneous and homogeneous
consumer behaviors under two separate cases. The results and related
insights are discussed through a numerical example in Section 4. The
concluding remarks, the study limitations, and future research direc-
tions are listed in Section 5. Finally, Appendices A1-A3 illustrate proof
of the theorems.

2. Literature review

Controlling and handling the uncertain rate and condition of
returns are the steps toward increasing profitability of recovery
operations. Passively accepting any returned product with uncertain
quality and quantity brings undesirable extra sorting processes which
lead to complexity and unprofitability of recovery activities (Guide and
Van Wassenhove, 2001). In addition to quantity and quality of returns,
the timing of return highly impacts the potential future remarketability
of remanufactured products (Atasu et al., 2008).

The acquisition of used products and manufacturing/remanufac-
turing operations management have been addressed extensively in the
literature of closed-loop supply chain and reverse logistics. Heretofore,
the literature can be divided into two substantive categories. The first
group of studies have been directed at harmonizing the operations of a
hybrid system where an uncertain inflow of used product arrives at the
system. They aim to tackle the problems related in particular to the
uncertain quantity and quality of returns. Optimal controlling of
manufacturing/remanufacturing production rates to minimize inven-
tory costs under uncertainty (Kenné et al., 2012), deciding on product
substitution to avoid shortage cost (Inderfurth, 2004), scheduling the
production of new and remanufacturable returned products (Teunter
et al., 2008), and quantifying the environmental effects of multi-cycle
production-inventory system of manufacturing-remanufacturing op-
erations (Bazan et al., 2015) are some examples from this line of
research. Besides handling uncertainties in the operations manage-
ment, other issues have been addressed as well. Modelling the
accumulated used products’ collection from depots as a vehicle-routing
problem (Aras et al.,, 2011), assessing the impact of governmental
supportive policies on the performance of recovery systems (Aksen
et al., 2009), modelling agents’ interactions (e.g., product design and
pricing strategies) in a competitive market of new and remanufactured
products (Wu, 2012) are just a few examples of what can be found in
the literature.

The basic question targeted in the second group of studies is how to
acquire the used products to make recovery activities more profitable.
In other words, how to control and reduce the undesirable uncertain-
ties in returned items. It reveals that consumers have an inherent
aversion toward returning their EoU/L products (Kulshreshtha and
Sarangi, 2001). Therefore, an incentive price is presumably offered to
incentivize consumers to participate in take-back programs. As a
pioneer study, Guide et al. (2003) proposed an econometric model
where the acquisition rate of used products depends on the offered
take-back price and the selling price affects the consumers’ demand for
remanufactured products. They developed a framework to find the
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optimal prices and profitability of the recovery activities. Following this
study, other researchers consider the incentive-based acquisition
strategy as a product return controlling policy in their models
(Hammond and Beullens, 2007; Bakal and Akcali, 2006). Some
manufacturers would rather rebate the consumers whenever they
intend to replace the old product with a new one. Ray et al. (2005)
studied how different pricing and rebate strategies impact the profit of
manufacturing and remanufacturing activities. Based on the remaining
life of the currently owned products, the consumers decide to replace
them. In this paper, the age-dependent or independent rebate policies
are compared to the case when a uniform price is offered to consumers.

There is no doubt that a fair buy-back price (Yla-Mella et al., 2015),
the convenience of taking the EoU/L items back (Saphores et al.,
2006), and consumers’ awareness about the environmental effects
(Ayres et al., 1997) shorten the storage time; however, what consumers
perceive about the take-back program and the condition of their EoU/L
items mainly determine their decisions. The question of how to
motivate consumers to return their EoU/L items on-time remains.
Even in the case of obsolete products, consumers often tend to store
them for a period of time after the last time of usage (Sabbaghi et al.,
2015). Therefore, how do consumers value items and the offered
incentive? And do they immediately return the EoU/L items after the
last time of use?

A recent stream of literature focuses on quantifying the consumers’
intention to return used devices and their attitudes toward their items.
In these few studies, the incentive value is not the only decision factor
for returning the items. In a recent-published paper, Jena and Sarmah
(Jena and Sarmah, 2015) found that the perceived benefit and the
social awareness of remanufacturing activities augment the consumers’
return intention. On the other hand, the consumers’ perceived risk of
losing an old product and obtaining a new one may decrease the return
intention. In another study (Sabbaghi et al., 2015), it reveals that if
consumers use a product for a longer time, they are less likely to store
it. The product return stream is uncertain in terms of the time of
return, quantity, and quality (Mashhadi et al., 2015). Agrawal et al.
(2014) applied the Graphical Evaluation and Review Technique to
predict the return stream of used products. The probability of
consumers’ actions (e.g., reuse, disposal, store, taking the used product
back) is estimated by conducting a survey. In another attempt to
capture post-purchase behavior, Budijati et al. (2015) conducted a
survey-based study to find the most likely choice in terms of storage or
donation that consumers make for used cellphones.

Throughout the literature of handling uncertain returns, the
strategic decision making models such as game-theoretic approaches
have been used to control and manage all sources of uncertainty
(Witek, 2015). The EoU/L products can be collected according to a
contract between manufacturers and retailers. What seems essential,
then, is a mechanism to coordinate the activities of reverse logistics’
members. Guo and Ma (2013) studied the setting of this mechanism as
a stackelberg model. The manufacturer, who leads the game, deter-
mines the selling price of remanufactured products as well as of the
price of used products collected by the retailer. On the other hand, the
retailer, who is the follower in the game, is being aware of manufac-
turer's decision and determines the optimal amount of take-back price
and also the price of remanufactured products for consumers.
Following this paper, Ma and Wang (Ma and Wang, 2014) solved the
game as a Nash equilibrium for the case that manufacturers and
retailers have the same power to make decisions. Zhang et al. (Zhang
et al., 2014) devolved a game-theoretic model to optimally design a
contract between a manufacturer and a retailer to collect unwanted
products. The information about the cost of collection is not accessible
to the manufacturer. Also, the retailer is merely aware of this
information.

In another study (Jung and Hwang, 2011), a manufacturer and a
remanufacturer of toner cartridges determine optimal pricing policies
for the cooperation and competition schemes. It is found that
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competition would result in a higher profit than cooperation; however,
the collection rate of product might be lower. Developing a three-stage
game-theoretic model, Sheu and Chen (Sheu and Chen, 2012) implied
that how government intervention such as taxation and subsidization
policies can serve to promote the supply chain of green products.
However, in these papers, the role of consumers and the attitudes that
they have towards collection of unwanted products is not incorporated
into the models. Controlling the timing, volume, and quality of returns
is not possible unless consumers’ behavior is understood.

Few papers can be found in the literature that do include the role of
consumer behavior in trade-in remanufacturing. Zhang and Zhang
(Zhang and Zhang, 2015) addressed the impact of strategic and myopic
consumers in profitability of trade-in remanufacturing. Myopic con-
sumers only consider the current attainable utility, whereas the
strategic consumers take the future anticipated utility into account in
decision-making process. In such trade-in programs that rebates are
offered to consumers to return the old product and replace it with new
one, the strategic consumers are inclined to pay a higher first-period
price for a new released product compared to the myopic consumers.
Comparing these types of behavior in a game-theoretic model, they
concluded that the expected profits of trade-in remanufacturing would
be higher in presence of strategic consumers, compared to myopic
consumers. However, trade-in remanufacturing with strategic consu-
mers may result in higher environmental impact since production
increases without improving the social side. In a paper by Wu (2015),
the consumers’ return decision is formulated using the concept behind
the Hotelling model, in which a consumer may decide to return a
product based on the distance from the collector location, transporta-
tion cost, and the amount of incentive offered by each collector. The
consumers’ return utility is defined as a linear function of the
mentioned parameters. Recently, Genc and De Giovanni (2016)
incorporated the consumers’ return behavior into a two-period model
of closed-loop supply chain. In their study, the return rate is linked to
the value and quality of the return, however, it has been assumed that
all consumers behave homogeneously.

The current paper differs from the discussed literature in several
ways; to the best of our knowledge, this paper is the first to include the
strategic decisions made by individual consumers in take-back or
trade-in systems based on consumers’ perception about the condition
of the product, amount of incentives, and trade-in convenience; we
consider consumers’ homogeneous and heterogeneous attitudes to-
wards storing the EoU/L products and return time; also the impact of
product age on profitability of remanufacturing activities is included in
the model. A utility function—representing the consumers’ preference
to keep storing the EoU/L items—is used and a game theory model is
formulated to provide the insights required for remanufacturers who
incentivize consumers.

3. The game model

The life cycles of electronic products are getting shorter over time,
i.e., new generations of products are introduced frequently in the
market to entice consumers to purchase more. As a consequence of this
planned technical obsolescence, millions of tons of electronics go out of
use every year; however, a large portion of these products are still
reusable (Sabbaghi et al., 2015) and can be returned to environmen-
tally conscious programs (Manomaivibool and Vassanadumrongdee,
2012). Product take-back legislation makes the manufacturers liable
for collection and proper recovery of WEEE (Atasu and Wassenhove,
2012). Thus, the manufacturers need to come up with an effective way
to collect and recover used items. Fig. 1 illustrates a typical tack-back
system flowchart. There might be differences among various programs,
but the similarities are profound and predominant.

The number of trade-in websites or take-back programs launched
by original manufacturers and third party business corporations is
considerable (e.g., Apple, Dell, Gazelle, BestBuy, and Amazon). The
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programs often offer either pre-paid shipping or in-store drop-offs to
encourage consumers to take back their unwanted products. The trade-
in transactions can be done via an online interface, although consumers
could return the products in retail stores as well. In online services,
consumers are first asked to select the type of product and some other
associated information. For example, for the case of cell phones,
consumers must indicate whether the phone is unlocked or restricted
by a career. In the next step, consumers would answer the questions
regarding the design features and condition of the products e.g. the
memory size of a cellphone. The overall condition of product is being
assessed by simply asking a multiple-choice question like ‘What
condition is your product in? ’ The set of choices includes broken,
good and flawless. The choices are briefly explained to consumers. The
buying price is then offered to consumers after they indicate the type of
shipping methods: Pre-paid shipping or in-store drop-off. In the case of
pre-paid shipping, consumers are usually rewarded less than the case
that they return the products in stores. The payment is made to
consumers after the reported condition of product is verified by trade-
in programs.

Therefore, based on the general structure of take-back programs
shown in Fig. 1, the game-theoretic model is defined as follows:
Consider N consumers who have purchased an electronic device and
have used their product for an uncertain amount of time. After usage
termination, the consumer decides what to do with the unwanted
product. Suppose that the original manufacturer offers an incentive to
the consumer to not store their used items and return them back for
refurbishing or remanufacturing purposes. Consumers’ decisions de-
pend on the amount of incentive and their perception of a product's
technical and physical obsolescence. Consumers may return the used
product immediately after usage termination or keep them in storage.
To extract the maximum value embedded in used products and obtain
higher profit, OEM prefers to receive products that have been used and
stored less. Therefore, the OEM intends to determine the best level of
incentive which reduces the storage time and maximizes profit.

To find the equilibrium solution for what both consumers and
OEMs require and for taking advantage of established green practices,
a game theory decision-making framework is developed. Due to the
complexity of the model, two different types of consumers (green and
brown) are defined to obtain the closed-form optimal solutions for the
game model. The green consumers are likely to be more concerned
about environmental impacts of their consumption than the brown
consumers (Zhu and Sarkis). Therefore, under the same conditions, the
green consumers tend to store EoU/L products for a shorter period of
time than the other group of consumers. In the first part of the model,
we investigate this heterogeneity in the storage behavior among
consumers. Extension of the model to N heterogeneous types of
consumers (N > 2) and finding equilibrium solutions might be compu-
tationally intractable, since the size of the solution space increases very
rapidly (Iwase and Shiga, 2016). There could be some possibilities for
generalizing the model, but they are just limited to changing a single
attribute across the consumers (Zhuang, 2010). However, in the second
part, we extend the model to N types of consumers that behave
homogeneously and perceive the same benefits from the take-back
program. This section explains the details of the game between the
OEM and consumers.

3.1. Notations

Table 1 summarizes the notations used to define the model. First, a
game model between two different types of consumers and an OEM is
discussed, and then it is generalized to a game between N consumers
who behave homogenously and an OEM. It is assumed that the
consumer has utilized the product for c¢ units of time and the
obsolescence status of the used product is evaluated as a at the end-
of-use phase. The evaluation is based on two points: (i) the higher the
product obsolescence rate and usage time, the lower the consumer's



M. Sabbaghi et al.

Int. J. Production Economics 182 (2016) 545-563

Customer

v

Online Interface

Assessment
of item
conditions

Getting a quote

Describing item
conditions

" O

Sending item back

‘Accepted by
customer?

Getting a quote

Shipping item

v

Assessment
of item
conditions

Payment to

Yes customer

Fig. 1. A typical take-back system flowchart.

No
Table 1
Summary of the game theory model notations.
Parameters
N: The number of consumers who own the EoU/L products.
¢ >0, i=1,..,N: The amount of time that consumer 7 has used the product.
@ e(0,1], i=1,..., N: The technical and physical obsolescence status of the used

product perceived by consumer 1.

e > 0: The indirect advantages of a take-back program, e.g., environmental
protection and accessibility to collection centers.

v, €10, 1], i=1,...,N: Consumer i's willingness to participate in the take-back
program based on the perceived value of benefits.

p > 0:The maximum possible remanufacturing profit after payment for return.
£ > 0: A coefficient (1/year) that represents the negative impact of product's age on
the profitability of the remanufactured product after payment for return.
Decision Variables

ti >0, i=1,..,N: The product storage time (years) decided by consumer i.

r > 0: The value of direct incentive offered to consumers by the OEM.
Functions

Ug; (4, r):The dimensionless utility function of consumer i to store the product.
Uogm (1, t2, ..., tn, 7): The OEM profit function.

desirability to store it (Kwak et al., 2011) and (ii) the existence of
endowment effect, in which people attribute more values to what they
own when they want to trade it (Gu et al., 2016). This evaluation might
be adjusted by the information provided by trade-in programs about
the product condition.

No matter how low the amount of the incentive is, there are some
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consumers who just care about the convenience of a take-back program
and environmental issues (Saphores et al., 2012) and therefore
participate in pro-environmental recycling programs anyway. To ad-
dress this point, ¢ is considered as the advantage of proper recovery
treatment and convenience of services reflecting an indirect incentive
for consumers. For example, the prepaid shipping option is a feature
that newly added to the take-back programs and facilitates consumers’
participation. However, we should not expect people to return their
used products only because of their environmental concerns
(Kulshreshtha and Sarangi, 2001). Therefore, a fixed incentive r is
offered to consumers for their used products with minimum qualifica-
tions. The incentive or buy-back price is considered as a fixed number
according to the policy of trade-in and take-back programs. Then, the
return decision is made by consumers based on their evaluation (y) of
the total reward they earn and the product depreciation status. They
may decide not to return their product in a short time and store it for
potential future reuse and vice versa.

The maximum possible profit for a refurbished product after
payment for return is assumed to be p. The remanufacturing cost is a
major impediment to make profits out of remanufactured products.
The cost is directly related to the level of disassembly and repairability
of a product and is determined by OEMs in the early design phase
(Chung and Wee, 2011). Any increase in the remanufacturability of a
product may facilitate remanufacturing operations by the OEM, while
enabling other remanufactures to compete with the OEM on the
market for recovered products (Wu, 2012). In addition to the effect
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of the remanufacturing cost on the profit, the remarketability of a
refurbished/remanufactured product is assumed to decrease linearly
based on the product age with the constant rate & Kwak et al. (2012)
formulated the second-hand market value of consumer electronics as a
function of product age. They fitted different types of functions—
including linear and exponential-and reported the associated standard
errors that are very close to one another in both cell phone and laptop
case studies. Even if we assume an exponential function, it can be
substituted by a piecewise linear function. The utility functions of
consumer and OEM are quantified based on the above mentioned
parameters and variables.

3.2. Model assumptions

It is assumed that there is no inventory limitation and the OEM can
remanufacture as many used products as received. This seemingly
implausible assumption, however, is justifiable by evidences from
market studies and is supported by the remanufacturing community.
For example, the total value of the smartphones sold in the US market
in 2013 was estimated at $40 billion (Koo and Janigo, 2016), while
about $3.5 billion of this market was for refurbished and recycled
smartphones (Mutha et al., 2016) which is a considerable value. In
addition, the trade in remanufactured commodities has been extended
to hidden markets in both developed and developing regions (Ford,
2007), where consumers are merely looking for affordable prices.
Another assumption is about the quality of the used product. It is
assumed that the OEM asks for only a minimum set of qualifications
and if the requirements are met, then the consumers are incentivized.
In our model, the value of incentive could be set to zero. In this case, a
consumer may voluntarily return an item that may have been stored for
a long time. The other remanufacturers who are certified by the OEM
can also remanufacture the used products but with the same mechan-
ism to collect the items.

3.3. Model formulation

Assume that consumer i has used the device for a particular amount
of time, ¢;. The incentive r is offered to the consumer to return the item
back and the consumer decides whether to stop storing the product or
not at time t;. The storage desirability function for consumer i is
defined as follow:

eli

p L \?
[e’i+ @ + e?i(“rf))
1

This shape of utility function has been derived from an empirical
study (Sabbaghi et al., 2015). To justify this utility function, a large
data set of 10,063 used computers taken back to an e-waste collection
site located in Chicago, Illinois, between 2011 and 2013 has been
analyzed. The usage time of the returned computers was extracted from
the last time the Operation Systems (OS) was used, obtained from their
Hard Disk Drives (HDDs), and the manufacturing date. Also, the
amount of time that they have been stored by consumers is computed
based on the last time the OS was used and the return date. Fig. 2
shows the actual storage and usage times of the mentioned computers
for both commercial and household consumers. On average, they had
used the products for 5.82 and 5.88 years, respectively. On the other
hand, the average amounts of storage time were 1.07 and 1.16 years,
respectively. The commercial and household consumers tend to use the
products for almost same amount of time (p-value=0.14); however, the
household consumers tend to store the products for a longer time than
the commercial ones (p-value=0.00). It should be clarified that in the
case of this dataset, there is no reward (r=0) for consumers except the
environmental, social, and convenient return of e-waste benefits.

Although this dataset is just an example of available take-back

Ug; (ti, r) =

549

Int. J. Production Economics 182 (2016) 545-563

programs, it provides some insight about the consumers’ attitudes
toward returning used products. The storage distributions for both
commercial and household consumers are skewed to the left and the
modes of distributions are 0.16 and 0.22 years, respectively. Eq. (1) is
defined such that it enables us to generate a wide range of storage
behavior—including the pro-environmental behavior observed in the
current dataset. For those consumers who need financial incentives to
return back their used products, offering a higher amount of direct
incentive r increases the desirability for a shorter storage time.
Likewise, facilitating the participation in take-back programs by
increasing the indirect advantages e leads to the similar result. Any
change in the other parameters of the storage desirability function
would result in a particular behavior.

The partial derivatives of the consumers’ utility function with
respect to the parameters and decision variables are as follows:
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According to the partial derivatives, the utility function converges to
0 if consumers store the product for a long time. It means that it is not
desired to store the product forever. As shown, any parameters have a
positive impact on the consumer utility function except the usage time,
c¢;. The consumer would prefer to return a product that has been used
for a relatively long time and if it is perceived to be obsolete enough. If
an EoU/L product is still in good condition (high values of a), then the
consumer prefers to return it sooner. The high values of y will result in
shorter storage time. In other words, the benefits of the take-back
program are highly appealing for the consumer. Finally, the direct and
indirect incentives may increase the willingness for participation in the
take-back programs no matter how the incentives are perceived by the
consumers.

To provide a better understanding of the consumers’ storage utility
function, Fig. 3(a) illustrates a few samples of the utility functions for
different values of y. The parameters c;, a; r, and ¢ are set as 4.5, 0.9,
25, and 5 years, respectively. As seen, if a consumer is more willing to
participate, then they prefer to return it as soon as possible (comparing
the points of time that the consumer's utility function is at its
maximum value). Therefore, it is possible to generate different
behavior profiles by changing the values of parameters. It should be
reemphasized that the storage time t is the time that consumers
probably stop storing the products based on their preferences. They
may behave differently; meanwhile, e.g., they may discard the products,
donate them to charities for reusing, or just give them to their friends
or family members.

The utility function (or the profit function) of OEM is defined as the
difference between the profit obtained from N refurbished/remanu-
factured products and the incentive values paid to N consumers as
follows:
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Fig. 2. The distribution of usage time (a) and storage time (b) for the EoU/L computers returned by commercial and household consumers..
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The utility function of OEM is defined in such a way that older
products bring less profit for the OEM. In other words, it is hard to
remarket a technologically obsolete product. Fig. 3(b) shows the utility
function of OEM for different values of & in the case that there are two
different types of consumers. The parameters p, c;, a;, y;, and € are set
as 70, 4.5, 0.9, 0.04 and 5 years, respectively. The values of storage
time t (the time that consumers stop storing the EoU/L products) are
found based on the model results that will be explained in the next part.

3.4. Model results

In this section, three theorems are provided to deduce a set of
equilibrium strategies for consumers and OEM. A backward induction
method is applied to obtain these sub-game perfect Nash equilibrium
(Shan and Zhuang, 2014). Two cases of the game model are examined
in which the consumers behave heterogeneously or homogeneously. In
the case of two consumers, they can be assumed as the representatives
of green and brown consumers. In general, green consumers have more
attitudes towards eco-friendly behavior than brown consumers (Chen
et al., 2012). Next, this case is extended to the case of N homogeneous
consumers.

Definition: The vector (1%, £5',....4%, r*) is called a sub-game
perfect equilibrium (SPNE) if and only if:

1

i

=5(r*) = arg max Ug,(t;, 1), foralli=1,..,N

4 (3
< 10° (a) Consumer Utility
2] - -
¥=0.0072
" -==y=0.0063
A\ -y =0.0058 |
——y =0.0056
6 8 10

t: Storage Time (years)

and

r* = arg max Upgy (6(r), B(r), ... iy (r), 1)
r

C))

Theorem 1. The best response function, the storage time, for
consumer i is given by:

1 ci
7i(r+e)

0

. aj
f r<——¢
f Yici

. aj
if r>——¢
if a

aj

5i(r) =

6))

To find the best value of incentive offered by the OEM, the best
responses of consumers are put in the OEM's utility function as shown
in Eq. (4). For N=2, we have:

(b) OEM Utility

100

0.
S 003
i ---£=0.04
2200 ——£=0.05 1
| ——£=0.06
=00 20 40 60 80 100

r: Incentive

Fig. 3. The consumers’ utility functions for different values of y. The parameters ¢;, a;, 1, and € are set as 4.5, 0.9, 25, and 5 years, respectively (a). The OEM profit functions for different
values of § in the case that there are two different types of consumers (b). The parameters p, c;, a;, y;, and € are set as 70, 4.5, 0.9, 0.04 and 5 years, respectively.
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- 2r a
> _
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Theorem 2. For the case of two consumers (or two different types of
consumers) N=2, the equilibrium (1%, 5%, r*) together with the optimal
utility values are listed for nine cases in Table 2 based on different
combinations of three decision variables (i.e., the optimal values of
storage times and incentive). The feasibility and optimality conditions
for each case are put in Table 3.

Remark In reality, there is no case that the optimal values of
storage time for both consumers are zero and the OEM offers an

Table 2
Equilibrium solutions for the game between two consumers and the OEM.
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incentive to the consumers. Therefore, there are only nine cases of
equilibrium although there are ten cases in principal based on the
different combinations of three variables.

Now, suppose that there are N consumers who behave homoge-
neously. It means that all consumers have used the product for the
same amount of time (¢), all products are equally obsolete (@), and
finally, the consumers perceive the same benefits (7) from participation
in the take-back program.

max Upgy (11, B - SINs
>0

Np(l—é(ﬁ+5(l—%)))—N}" if r<f —¢

~i
A

r)=

B

Np(l — &) — Nr if r>-——¢

(7)

~i
ol

Theorem 3. For the model with N homogeneous consumers, the
equilibrium (1 = ¥, 5 = 1*, ... 15 = ¥, r*) together with the optimal
utilities, the feasibility and optimality conditions for three cases are
shown in Table 4.

Remark In reality, there is no case that the optimal values of the
storage time are zero and the OEM considers an incentive for the
consumers. That is why there are only three cases of equilibrium
although in principal there are four cases based on the different
combinations of variables.

4. Numerical example

A numerical example is provided in this section for a case of laptop.
The condition of the laptop is titled as broken (e.g., it does not power
on or its display is cracked). One-way sensitivity analyses are con-
sidered, where the values of one parameter of the model are varied.
Moreover, two-way sensitivity analyses are provided, where two
parameters are varied simultaneously.
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Table 3
Conditions for the equilibrium solutions of a game between two consumers and the OEM.
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Case Feasible Range FR(case i) Optimal Range ORcase i)
A [pf(yl+yz)—2£2ylyz>0, 2a12y2—012;/1p§(1/1+72)>0, FRs N {FRc N {{F(0,0,1,-1,1,0,0,0" >0} UFRc}} n {FRp n {{F(1,0,1, -1, 0,
2ain = F1apE(n + 12) > 0} 0,1,0) >0} UFRp}}

N {FRgn {{F(0,1,0,-1,0,1,0,0)> 0} UFRg}} n (FRr 0 {{F(1,1,0,-1,0,0,0,
1) > 0} UFRr}} N
(FRg n {{F(1,1,1,-1,0,0,0,0) >0} UFRg}}

B (PEM + 1) — 261 0, 1 — cine > 0, ay — cappe > 0} FRg N {FRc N {{F(~1,0,1,0,1,0, -1, =1) > 0} UFRc}} n {FRg n {{F (-1, 1,0,0,
0,1, -1, 1) > 0} U FRg}}

¢ {p& = 2e% > 0, 2af — cnpé > 0, péryci — 2pa3 > 0} FRe 0 (FRA 0 {{F(0,0,—1,1,-1,0,0,0) >0} UFRA}} n (FRg n {{F(=1,0, -1, 1,
0,0,1,0) >0} UFRg}}
N {FRg 0 {{F(0, =1,1,0,-1,1,0,0) > 0} UFRg}} N {FRg n {{F(1.1,0,0, -1,0,0,
0) > 0} U FRg}}

D [p§—2£2y150, ay — eypc1 > 0, erycr — ap 2 0} FRp N {FRy N {{F(=1,0,-1,1,0,0, =1, 0) > 0} U FR4}}

E {pE = 2%, > 0,203 — c312pE > 0, péyief - 2paf > 0} FRg 0 {FR4 0 {{F(0, =1,0,1,0,-1,0,0) > 0} UFR4)} n {FRz n {{F(1, 1,0, 0,
0,-1,1,1) > 0} U FRg}}
A {FRc N ({F©,1,-1,0,1,-1,0,0)> 0} UFRc}} n {FRg n {{F(1,0,-1,1,0,
0,-1,0)> 0} UFRg}}

F [p§—252y2§0, ar — eypyc2 > 0, epjcp — a1 2 0} FRF N {FRy N {{F(=1,-1,0,1,0,0,0, —=1) > 0} U FRs}}

G lener— a1 20, erye2 = a2 2 0} FRG 0 {FRy 0 {{F (=1, -1, -1,1,0,0,0,0) >0} UFRs}} n {FRc n {{F (-1, -1,0,0,
1,0,0,0) > 0} UFRc})
A {FRg 0 {{F(-1,0,-1,0,0,1,0,0) >0} UFRg}}

H {pPraciE(n + 1) — 2na2? > 0, 2pa0° — pén%er? > 0, FRy

ay — €pyc0 > 0, ycian — a1 > 0}
! lpnaié(n + 7)) = 2na® > 0, 2na® - pén’e® > 0, FR;

ay — eyc; > 0, perar — pejaz > 0}

TF (x1, x2, X3, X4, X5, X6, X7,

%
728

7L§+X8

X8) =x12€+xz@ +X3@ + x42 |26+ 72) +xs2 |25 4 xg2 |25 4 x
al a2 1 \/ 7 N rn 1€

Vo onn

Table 4

Equilibrium solutions and conditions for the game between N homogeneous consumers and the OEM.

Case r* r* Ug U:?k éﬂm i) Feasible Range FR(case i) Optimal RangeOR cqse i)
A L _z g _, R o [ {(@? - %7p& > 0, p& — %7 > 0} _
e a V/7 —€ ECIN 73 N[ﬂ€§+a[s+ﬂ—ﬂt‘5—2\‘3?]] FRs N {FRC n {pfé + ae — 217\/”:5 > 0}} U FR¢c
14
a
B 1_z 0 [ {e27 — p& >0, @ — e7c > 0) FRp
7 a - 1 _ 1 v —ps 2V a—gyc
" ’ 46 o Np(l - 5(; " C(] - g))]
c 0 0 1 Np(1 — &) {eye — @ > 0}

By

Ik

FRc N {{FRA n {2(7N — pcé — ae > 0}} u WA}

~

The lifetime of laptops/computers has been estimated in previous
studies. Cox et al., (2013) conducted a survey among a group of
consumers in the UK and reported that the consensus on the expected
computer lifetime was between 3 and 4 years in 2013. In another study
(Hennies and Stamminger, 2016), the actual average lifetime of
discarded computers was 4.9 years that is closer to our dataset.
Hence, it seems that the average lifetime of a computer is a wide range
of 3-5 years, depending on the socio-economic characteristics of
communities. Therefore, according to the information available about
the consumer usage behavior, the values of parameters c; and c» are
set to 4.5 years, as the baseline.

To capture the negative impact of the age of a product on the
profitability of remanufacturing, it is observed that the buy-back price
of a laptop decreases by 11% for every year of age (Kwak et al., 2012).
However, it is assumed that the laptop is used for 4.5 years and is
broken. For such described laptops, the depreciation rate in value is
possibly less than the one expected for an almost-new and flawless
laptop. Thus, 0.03 is taken as the value of & The information provided
by trade-in programs about the condition of used products may lead

consumers to fairly assess the value and obsolescence status of their
products. The value of a ranges between 0 and 1. For a laptop with the
quality described above, the value of a is likely to be close to zero
(completely-obsolete). Based on this logic, the values of parameters a;
and a, are set equal to 0.4, however, these values are selected in a way
that represents the ownership effect among different consumers.

In the numerical example, the pre-paid shipping is counted as an
indirect advantage. The price of domestic shipping services is estimated
to be about $5 for a 5-pound laptop (Postage Price Calculator).
Therefore, $5 would be a good estimation for the value of . It is not
easy to find the maximum possible profit (the selling price minus the
remanufacturing cost except the amount of incentive) for a relatively-
old and broken laptop that is remanufactured. However, we seek to
estimate the net profit by using the selling prices for a specific model of
laptop. This model is released to the market in 2016 and priced at
$850, while the certified refurbished type of this laptop is offered by the
original brand for $600 at the same time. The net profit margin for the
consumer durables is estimated at 6.6% in 2016 (FactSet Research
Systems Inc.). Thus, the maximum possible net profit of the refur-
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Fig. 4. Transition between the equilibrium cases as parameters a and c change. The values of parameters for the baseline equilibrium are set as a;=a>=0.4, c;=c>=4.5 (years),

Y1=y2=0.005, p=40, £=5, and £=0.03.

bished laptop (p) is expected to be nearly $40. Finally, consumers may
have different levels of willingness to participate in such programs
based on the perceived benefit which is something subjective.
Therefore, 0.005 is chosen as the values of parameters y;, yo. It
should be noted that the value of parameter y should be scaled based
on the magnitude of the monetary value of the incentive to obtain
meaningful values for the outputs such as the storage times.

Figs. 4-6 illustrate the one-way sensitivity analyses for every single
parameter in the case of heterogeneous consumers. To provide a better
way to compare with the OEM's utility function, the values of
consumers’ utility functions are scaled. First, the primary values are
mapped to the new values that range from O to 1. Then, the obtained
values are multiplied by a constant number (e.g., 50) to get the
modified consumer utility function (UZ*). The optimal amount of
incentive (+*), the optimal values of the storage time (t;*andz)"), the
optimal values of the modified consumers’ utility function
(U4*andUg*), and finally the optimal value of the OEM's utility
function (Ujg,) are plotted. In each sub-graph, the solid vertical line
indicates the baseline.

As seen in Fig. 4(a—b), the OEM has to offer a larger incentive value
if one of the consumers perceives higher value for the stored item. As a
result, the second consumer will return the EoU/L items sooner;
however, the optimal profit decreases as a result of a larger incentive
value. It somehow shows the endowment effect reported in people. If
one of the consumers has used the product for a longer period of time,
the OEM can offer lower incentive value (Fig. 4(c—d)). In this case, the
profit of OEM increases first and then decreases. The amount of time
that the second consumer has used the product is independent from
the first consumer. The only value that changes is the value of the
incentive. The second consumer will store the product for a longer time
if the amount of incentive is very low. That is why the profit of OEM
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will decrease. Fig. 4(a and b) look similar in appearance as the values
for parameters like a; and a- are equally selected for both consumers
in the baseline. This similarity is observed in later figures because of
the same reason.

If consumers perceive a higher value of a take-back program's
benefits, then they will be highly motivated to participate in the
program. Fig. 5(a—b) shows how the OEM's profit increases in this
case. The profit of the remanufacturing activities depends on the
market demand. Assuming a constant recovery cost for the used
products, if the OEM can sell the refurbished products at a higher
price, then a larger incentive value is offered to consumers. As a result,
they will return the used products faster (Fig. 5¢). Although the amount
of direct incentive matters to consumers, we believe that indirect
incentive is also important for consumers. If consumers are motivated
to return a product by indirect incentives such as reducing the
environmental impact of a product through recycling combined with
the convenience of access to the take-back program, then they will be
more inclined to return items sooner. In our model, the consumers
perceive the direct and indirect incentive in the same way. Therefore,
they will ask for a lower amount of direct incentive if they receive a
higher value of indirect incentive (Fig. 5d). Finally, if the profit of
remanufacturing activities highly depends on the age of acquired
products (a higher £), then the OEM's profit will decrease (Fig. 6).

Fig. 7 also shows the transition between the equilibrium cases when
two parameters change at the same time that is more realistic (The
asterisk indicates the baseline). For example when the obsolescence
levels a; and a» are equal to 0.4, the equilibrium case is A. The surface
plots in Fig. 8(a—d), represent the optimal values for the storage times,
incentive, and the OEM's utility function for the case that a; and a»
change simultaneously. For example, when both consumers evaluate
the obsolescence status of laptops as 0.4, r* is $10.5 (Fig. 8c). If they
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perceive more obsolescence (a;=a-=0.3), the manufacturer would pay
less incentive (r*=$8.3).

Using the results of sensitivity analyses, the average age (the
summation of usage and storage times) of returns is calculated together
with the optimal values of incentive and profit (Table 5). Again, the
values of parameters for the baseline equilibrium are set as a;=a>=0.4,
c7=c2=4.5 (years), y;=y2=0.005, p=40, £=5, and &=0.03. As stated
earlier, the storage time has a negative relationship with the usage
time. As an interesting finding, the mean age of returns is at the
minimum possible level (mean age=5.4 years) when the consumers use
products for a moderate amount of time (c;=c-o=5 years).
Furthermore, if the remanufacturing processes cost less and the
remanufactured products are highly demanded in the market (p=50),
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then the average age of returns is at the minimum possible level
(age=4.8 years) since a higher amount of incentive is offered (r*=12.3).
Finally, the OEM can obtain higher profit if the demand for the
furbished products is less age-sensitive (lower value of §).

5. Concluding remarks

Despite worldwide efforts aimed to overcome the WEEE problem,
WEEE stream management is still a major problem. One of the
obstacles to efficiently control the flow of WEEE is the complexity of
consumers’ behavior. People have a tendency to keep their EoU/L
products in storage. This product storing behavior is a challenging
issue confronting profitability of recovery systems. Offering monetary
incentive to consumer is suggested as a potential solution to solve this
challenge. This paper aimed to model the game between end users and
manufactures/recyclers and provide some insights on the amount of
incentive that should be provided to consumers in order to balance
storage and product return time.

This paper analyses the time in which consumers stop storing their
used devices given that they make a trade-off between the perceived
value of their products and the benefits offered by the original
equipment manufacturer to return their products. A game theory
model has been developed to represent the interactions between
consumers and the original equipment manufacturer. The equilibrium
solutions are provided in which homogeneous or non-homogeneous
consumers intend to take the items back. Then, a sensitivity analysis is
done to give some insights as to how the model actually works in
practice. Using the results of this model, the OEM as leader in this
game can design some take-back policies to control the rate of returns
based on consumers’ perceptions of the recovery activities as well as
the status of the market. According to the analyses in this study, the
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derived managerial insights are given as follows:

. The results show that a small increment in the consumers’ will-
ingness to participate in the take-back program will bring more
profits for the OEM. Free shipping services, guaranteed protection of
personal data, and less strict criteria for the acceptance of used
products motivate the consumers to return their used items sooner.

. The model suggests that the amount of time that consumers use a
product will directly impact the profit of the remanufacturing
activities. If the consumers use a product for a relatively short or
long period of time, then the expected profit of recovered products
will not be at the possible maximum value.

. The products should be designed for the ease of recovery process if
the manufacturers intend to get profits out of recovery activities.
However, the marketing issues like cannibalization (Guide and Li,
2010) would concern the manufacturers to invest in remanufactur-
able design.

. The results of this study can be used in the early phase of product
design in the case of mandatory clean production laws. The planned
obsolescence policies are detrimental to the profitable remanufac-
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turing activities since the products that quickly become obsolete are
not easily remarketable.

This study can be extended in several ways. The proposed strategic
decision-making framework should be tested in a real-world setting.
Because data on consumer product-storing behavior are just now
becoming available (Sabbaghi et al., 2015), further study is warranted.
In addition, the parameters of our model are highly sensitive to the
type of electronic devices being returned. Hence, this model should be
adjusted based on the type of product returned.

Further, the extended post-sale services (e.g., product upgrade
plan) should be included in future models to facilitate evaluating the
social-economic effects. Furthermore, the case that manufacturers are
required to recover a certain portion of the EOU/L items can be
investigated in future studies as manufacturers may face some budget
and inventory capacity limitations. Therefore, the related constraints
can be added to the model.
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Fig. 8. The optimal values of storage times £*andy’, incentive r*, and the OEM's utility Uppy, as two-way function of obsolescence levels a; and a». The values of parameters for the

baseline equilibrium are set as a;=a>=0.4, c;=c>=4.5 (yrs.), yz=y2=0.005, p=40, e=5, and £=0.03.

Table 5

The mean age of returns and optimal values of incentive and profit of remanufacturing operations based on the changes in the model parameters.

Mean Age (years)
Optimal Incentive
Optimal Profit

Mean Age (years)
Optimal Incentive
Optimal Profit

Mean Age (years)
Optimal Incentive
Optimal Profit

Mean Age (years)
Optimal Incentive
Optimal Profit

Mean Age (years)
Optimal Incentive
Optimal Profit

Mean Age (years)
Optimal Incentive
Optimal Profit

ar=az
0

4.5

0

69.2

c7=C2
0
12.9
10.5
38

Yi=Yz
0.001
61
76.2
-219

6.2
15.5
34.2

0.1
4.5

69.2

11.4
10.5
31.6

0.002
13.7
19.5
8.2

29.8

0.1

6.2
13.5
38.2

0.04
9.1
7.6
40

0.2
4.5
3.9
61.4

9.9
10.5
35.2

0.004
7.7
12.3
37

10
19.1
2.7
3.1

6.2
11.5
42.2

0.08
4.5

12.8
25.6

0.3
4.5
8.3
52.5

8.4
10.5
38.8

0.006

9.1
49.6

15
14.3
4.5
8.1

6.2
9.5
46.2

0.12
4.5

12.8
11.2

0.4
6.2
10.5
44.2

6.9
10.5
42.4

0.008
4.5
6.1
57

20
11.5

14.3

6.2
7.5
50.2

0.16
4.5

12.8
-3.2

0.5
8.4
10.5
38.8

54
10.5
46

0.01
4.5
3.9
61.4

25
9.6
7.2
21.1

10
6.2
5.5
54.2

0.2
4.5
12.8
-17.5

0.6
9.9
10.5
35.2

8.3
48.9

0.012
4.5
2.4
64.4

30
8.15
8.4
28.5

12
6.2
3.5
58.2

0.24
4.5
12.8

0.7
11
10.5
32.7

6.4
50.3

0.014
4.5
1.3
66.5

35
7.1

36.2

14
6.2
1.5
62.2

0.28
4.5
12.8
-46.4

0.8

11.8
10.5
30.7

U o

50.8

0.016
4.5
0.6
68.1

40
6.2
10.5
44.2

16
5.8

66.2

0.32
4.5
12.8
-60.8

0.9

12.4
10.5
29.2

3.9
50.6

0.018
4.5

69.2

45
5.4
11.4
52.5

18
4.5

69.2

0.36
4.5
12.8
-75.2

12.9
10.5
28

10
10

50

0.02
4.5

69.2

50
4.8
12.3
61

0.4
4.5
12.8
-89.5
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Appendix
A.1 Proof of Theorem 1

The best response of the consumer i is obtained by taking the derivative of the utility function as follows:

N 1 &
e} e ntre — ity . 1 ¢
U= 5 =0 S )=
" (erf+% + eﬁ] nrre

if and only if:

1 i
S N
x(r+e) o;
and

1 i 1 1

e[~ ) > e - —

4 i 4e%i " yir+e) (e;Tli + em)

To check the second necessary condition, we have:

2 . 2
1 1 G 1 G, 1 p 1
T > RV g eai + erirte) | — 4e® r(rte) > 0 = |ew — en+e)| >0
ot ;
et ntre) (ef% + eri(rﬂ))
(8)
So, we can conclude that the non-negativity of —— — “guarantees the existence of a positive value for the best response of consumer i. If t;
7i(r+e) aj

goes to infinity (i.e., the used product is stored for a long time), then the consumer utility function converges to zero. Then, the best value for the
- 3 is a negative value and the consumer prefers to take back the used product immediately after the last time of usage.

storage time is zero if
7i(r+e)

A.2 Proof of Theorem 2

A.2.1 Proof of equilibrium solutions: the case of two consumers
As discussed in Section 3, nine equilibrium cases are derived. For each case, the optimal utility function of OEM and the related set of feasibility

conditions are represented by UA* Yand FRcus. 1 forVi = A, ... ,I.
(1) Whent* > 0, 5 > 0: according to the results of Theorem 1, we have #* =
OEM can be obtained as:

Y = — ; _L — ; _L _ *
Uoem (r )—ﬂ[l f(yl(r*+s) +C1(1 al)))+ﬂ[l é(yz(r*+g) +cz(1 !Iz))] 2r ©

The best value for the incentive that maximizes the utility function is derived as:

rntr) _ e if rE(n+r) > e
s 2nra 2nra

0 lf PE(ri+r) <e
2nn

1 1 % _ 1 a2 . .
) T m and 1 = S0 " m Then, the utility function of

Case A: when r* > 0, the optimal values for the set of decision variables and utility functions are obtained as:

o 2n a »:\/ Zn & r*z\/pf(n+rz) B

U = 2(5 +p- ﬁ\/pé()fl-ﬂ@)] —pé[cl(l - i) + cz(l - i]]
nn ay a

The feasible set for this case is FRy = {pE(h + 1) — 2e%5, > 0, 2077, — £ npé(n + 1) > 0,2afy

- =5 -2,
wErn+n a P+ n « nn
e 1 e 1
1@ [PEG1+72) 2 [pElrtr)
UZEI = Ze "W Ug‘z = Ze 2\ "2

—c3pE( + 1) > 0.
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Case B: when r* = 0, the optimal values can be obtained as:

1 [s 1 c
* 1 * 2
H'=—-—t7=—-—=,r"=0
neE o HeE @
1_1 1 _ce2_ 1
3k * T
Ug=—ea e, Us = Ze a " 1E

U;gf;=p[1 L s - L])) +,,(1 o - L))]
nhe ] hE a

The feasible range for this case is FRg = {pé(n + 1) — 2’ < 0,01 — cine > 0, @ — crppe > 0}

(i) When £ >0, =0, the optimal value for £* is —— —
n*+e) aj

1 1 (&)
Uoen ) = p| 1 = e] ——— + a|1 = = |||+ p| 1 = &| & || - 2~
loem (™) P[ 5(%0*_'_8) Cl( al]]] P[ f(az)] r
Similarly, we can find the best value for the incentive as:

ﬁ—sif %5 e
« 2n 2n
-

0 if % <e
27

Case C: when r* > 0, the optimal values are:

| 2
t1*=\/——ﬂ,t2*=0,r*= p—;’:—e

neé @ 2n
_ei_ 1
al a3
1 |25 1
* 714/ k
a=7¢ Vo, Ug = 2
o Tz

L 2.5
ex2 + e\

1
U =26 + (2 — Eex)p — 242 ”7‘5 - pfcl(l - ;]
1 1

And the feasible range is obtained as FR¢ = {p& — 2e% > 0, 2af — ¢’1ypé > 0,pérfci — 2nai > 0}.
Case D: when r* = 0, we obtain the optimal values as:

1 [s
r=— L F=0,r%=0

yl(:‘ [¢4]
CRENAY
eay + er¢

1 1
Usin =p[1 - 6(78 + c.[l - a.)]] +p( = &cy)
1

The feasible range is obtained as FRp = {p& — 2>, <0, 1 — eyjc1 > 0, encr — az > 0}

(iii) When = 0, £ > 0, the value of 7 is — “2_Then, the utility function of the OEM is as:

nte @

Uow (%) = p(1 = &)+ p|1 - € %HQ(I —i) o
nT* +e) o

And according to Theorem 1, the optimal value of the incentive is found as:

e _ . o [pE
. \/ Eo e if £ > ¢
0 if |2 <e
X 2r
Case E: When r* > 0, the optimal values of the variables and utility functions per equations are:

«_ [ 2 [pé
tl*=0,t2"=\/ L . ﬁ—e
nré [¢5) 2y,
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<L, Then, the utility function of the OEM is modified as:
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I

1 1 | Ps

k * L 7242,
Ug = 2 Ug 4e V22

. [ p
‘1 1145,
eal + e \2n2

Uit =26 + 2 = &cp — 2\/—\/7 - /J.fcz(l - —)

The feasible range FRy is {p& — 2¢%, > 0, 2a3 — cip,p€ > 0, pf}/fqz - 2paf > 0}.
Case F: When r* = 0, the optimal values of the variables and utility functions are:

1 c
H=0,1=— -2 %=0
heE a

1 1 _c2_1
* # — = E
U = 5> Ug = Ze QT NE

| _ ( Cl l )
eal + erie
1 1
U§£F>=p[1 - 5(— + 02(1 - —])] +p(l = &)
hé (25

And its feasible range is FRr = {p¢é — 2e%, < 0, @y — epy¢3 > 0, erjc; — a3 > 0}.

(iv) When ¢ = 0, £ = 0, the utility function of the OEM is Upgy (r*) = p(1 — &(c1)) + p(1 — &E(cy)) — 2r%.

Looking at the function, it is maximized when the incentive value is set to zero. Thus, there should be only one case of equilibrium.
Case G: When 1 = 0, t; = 0, the optimal values of the utility functions are:

H=0,6=0,r*=0

v S/ —

P = Yo =
<l 1)? 3 2
eal + eri¢ eay + e/2&

Usld) =p(1 = £(e)) + p(1 = E(c2))

The feasible range for this case is FRg = {ey;c1 — a1 > 0, epc; — ap > 0},

Case H: When r*cuee 4 > mm{ﬁ — &, y“fz —ep = % —eand rfege e < % — &, then the optimal values are obtained as:
1¢ 2 2 2¢
Y. C a;
=22 ko, s 22
nn (] "e2
1 1 -2
Uék = N UE’; = Ze az

! c an)?
eal + ey

@)_WH(E_&]

Ustn = p(z - éa+
a x0h 30}

And the feasible range for this case is FRy = {praé( + 1) — 2rnam? > 0, 2pa? — pén’c® > 0, oy — ency > 0, pom

—rnea 2 0}
Case I: When r*cug 4 > mln{m — e, Ziz - e} = V‘l’il e and g < Then the optimal values are obtained as:
tf":O,t;:ﬂ—ﬁ,r*:i—e
Ay, a na
U = L= Ug = 1

3 e\
eay + exr2

@)_ péei(@p, + 1) +2(£_ ﬂ]

st =o(2 - e+
27} ay, an

And the feasible range for this case is FR; = {pr,cié(q + 1) — 2nai> > 0, 2pa® — pér’a® > 0,01 — epje1 > 0, peaa

—neca > 0},

A.2.2 Proof of the optimal region for the game between two consumers
According to the feasibility ranges and corresponding optimal values, there may be several feasible equilibrium cases for a specific combination
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set of parameters. We define the optimal range of Case I as:

OR(Case i) = i#? {FR(Case i) n { {FR(Casej) n {Uggff‘w 2 > Ugég{asej)} } U ﬁ(cl]:gj)} }, ] = A, “eey Gaj 75 i
FR(Case N FR(Case j)#% (12)

Case A: Since FRy N FR; = @,V j € {B, H, I}, it is not required to compare Up;, with the U}, U4 and U} Therefore, the optimal range for
Case A is obtained as:

FRy N {{FRC n {ﬂzz + zﬁ(\/g - /M) > 0}} U FRC}
@ 7 nr

FRA n {{FRD n {28 _ 2\/5 ré(n+r) + /’557 /’5 >0 } UFRD}

nr2

ORy = M FR, N {{FRE n {”“‘ + 2J—(\/7 /”Wl*/z) > o } u FRE}
nr2

FRAn{{FRFn{k—Zﬁ pEtntry) +”§“‘+”520}}UFRF}
nr a 7nE

FRy N {{FRG n {28 — 22 [Pt g pfay i 0}} U FRG}

nr2 al a2

To simplify OR case i), we define function F as:

2 + 12 2
F(Xl,Xz,X3,x4,x5,x6,X7,xS)—X126+sz§1 @+x42\/M +x52\/iét + x62 2 + = rE +x8p—§
a0 ax nr I 6} ne ne 13)

So after simplification, OR, is obtained as ORy = FRy N {FRc N {{F (0,0, 1, -1,1,0,0,0) > 0} U FR¢}} n {FRp N

({F(1,0,1,-1,0,0,1,0)> 0} UFRp}} N {FRg n {{F(0,1,0,-1,0,1,0,0) >0} UFRz}} N {FRr n {{F(1, 1,0, =1, 0, 0,0, 1) > 0} UFRx}
N{FRg N {{F(1,1,1,-1,0,0,0,0) >0} UFRg}}

Case B: In this case, we only need to compare Ujs) with USLS) and Uj%%) becauseFRz N FR; = @, V j € S/{B, C, E}, where S is the set of all cases.
So, the optimal range for Case B is:

FRy N {{FRC n {”562 + 242 [ —2e = p—g(i + i] > 0}} U ﬁc}
a 7 e\n "2

FRz N {{FRE n {@ +242 25— 26 — ﬁ(i + i) > O}} U ﬁE}
al 72 e\n 72

The simplified optimal region is ORg = FRz N {FRc N {{F(-1,0,1,0,1,0, =1, =1) > 0} U FR¢}} n {FRg

ORB=ﬂ

N{{F(-1,1,0,0,0,1, -1, =1) > 0} U FRg}}.
Case C: Since FRc N FR; = @,V j € {D, F, H, I}. Then, the optimal range OR( is defined as:

FRc n4dFR,y N {2\/2( [Pt /ﬂ%’] — s 0}} U FR4
nr2 4! az
Fch{ FRBn{zﬁ pEtntr) —f’f”—f’i—zgzo}}uﬁg}
nr2 az 1483
N3

FRe 0 FRCn{2\/—(\/’T \/7] pg[” —ﬂ] }}UFRF

Fch{ FRGn{zeJr%—zﬁ Ezo}}uFRG}
1 n

Then after simplification, we have ORc = FRc N {FRy N {{F (0,0, =1, 1, —1,0,0,0) > 0} U FR4}} N {FRz N
{{F(-1,0,-1,1,0,0,1,0) > 0} UFRg}} n {FRg n {{F(0,-1,1,0,-1,1,0,0) > 0} UFRg}} n {FRz n {{F(1,1,0,0,—1, 0,0, 0) > 0} UFRg}}.

ORc =

Case D: In this case we only need to compare Uphy) with UgS) because FRp N FR; = @, V j € S/{A, D}. So, the optimal range for Case D is:

| + —
172 2 1

The simplified optimal region is ORp = FRp N {FRy N {{F(=1,0, =1, 1,0, 0, =1, 0) > 0} U FR,} }.
Case E: Because FR; N FR; = @,V j € {D, F, H, I}. Then, the optimal range OR; is obtained as:
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FSyn

22 [t 2=tz 08 VTR
nra2
FREH{{FSBO{”‘E('+ ]+2 P N, N b i zo}}uﬁs
€ 1) aj 72
{{Fscn {2ﬁ \/7 \/7] pg(” - ”2] }} U FRe
FRg N {{FSG n { £ + ﬂftz - 2\/E > 0}} U ﬁc}
2

The simplified optimal region is ORz = FRz N {FRy n {{F (0, =1, 0, 1,0, =1, 0, 0)>0} U FR,}} N {FRz N
{FRc n {{F(0,1,-1,0,1,-1,0,0) > 0}UFR¢}} N {FRg n {{F (1,0, -1, 1,0, 0, =1, 0) > 0} U FRg} }.

ORE=ﬂ

{{F(1,-1,0,0,0,-1,1,1) > 0} U FRz}} N

Case F: In this case, we only need to compare U\, with Uj) because FRr n FR; = @, ¥ j € S/{A, F}. So, the optimal range for Case F can be

obtained as:

FRF:FRFn{{FRAn{z\/— PEG+ 1) _Pfﬁ_P?_ZSZO}}UﬁA}

nn a ne

The optimal range for this case is ORr = FRr N {FRy N {{F (=1, -1,0,1,0,0,0, =1) > 0} U FR,}}.

Case G: In this case, we only need to compare Ujs) with Us%), UsS) and Uph) because FRg n FR; = @,V j € S/{A, C, E, G}. So, the optimal

range for Case G can be obtained as:

FRGn{{FRAn{Z\/E PE(nE ) —2e—ﬂ5”—mzo}}uﬁA}
nr2 al az
ORg = {FRg N {{FRC n {2\/2 P e — % > 0}} U FRC}
4! 1
FRg N {{FRE n {2\/2 PE _Dp — P52 > o}} U ﬁb}
7 az

The optimal range is simplified as ORg = FR; N {FRy n {{F (=1, =1, -1,1,0,0,0,0) > 0} UFR4}} n {FRc n {{F

(-1,-1,0,0,1,0,0,0) >0} UFRc}} N {FRg N {{F(=1,0,-1,0,0,1,0,0) >0} UFRg}}.
Case H: Since FRy N FR; = @,V j € S, then ORy = FRy.
Case I: Since FR; N FR; = @,V j € S, then OR; = FR,.

A.3 Proof of Theorem 3

A.3.1 Proof of equilibrium solutions for the case of N homogeneous consumers
To prove Theorem 3, we follow the proof of Theorem 2. As mentioned in Section 3, we have three cases of equilibrium:
(i) When t*=*>0,Vi=1,..,N. Then, the optimal value of the storage time ¢* is o H) ;. Then, the utility function of the OEM is

obtained as:

Uoem (r*) = Np| 1 — f(_; + 5(1 — é)] _ N
7O +e) a "

The best value of the incentive value is obtained as:

|22 —e if
% Y

r =
0 if /h;

Case A: If r* > 0, Case A is achieved as:

t[*=t*_——§,r*=\/p—_§ —eVi=1,...N.
\N7pé a /4

1 -2
Ué‘i —Ze @ Jwé Yi=1,..,N.

N(pf§+a(e+p —pcE -2 %)]

UxA —
a

OEM —
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And the feasibility range FRy = {@> — &%7p& > 0, pé — %7 > 0}.
Case B: If r* = 0, the optimal values are found as:

,r*=0,YVi=1,...N.

Ul = N/’(l - 5(7_18 i E(l B é))]
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And the feasible range is obtained as FRz = {¢?7 — p& > 0, @ — €7 > 0}.

(i)
Uoem (r*) = Np(1 — &€) — Nr*

Case C: when t* = t*=0,Vi=1, .. ,N, Case C can be obtained as:
tHf=r*=0,r"=0,Vi=1,..,N.

1

)
c L
ea + ere

Uptit = Np(1 = &o)

U = Vi=1,...N.

And the feasibility range is obtained as FS¢c = {¢yc — @ > 0}.

Ift*=r*=0,Vi=1,..,N, the OEM does not consider an incentive since any positive value decreases the utility function.

(15)

A.3.2 Proof of optimal region for the case of N homogeneous consumers

The proof is similar to the one in A.2.2.

Case A: In this case, we need to compare Uz with UL since FRy N FRz = @. So, OR, is obtained as:

N(p65+6(€+p—p55—2\/§))

ORy = FRy N FRc N

a

—Np(1-¢2)20

U FR¢

After simplifying, the optimal range is ORy = FRy N {FRC n {pE§ +ae —2a \/g > 0}} U FRc

Case B: Since FRz N FR; = @, V j € S/{B}, then the optimal range is ORz = FR3.
Case C: In this case, we need to compare Ux) with Uj4) since FRe N FRg = @. So, OR¢ is obtained as:

ORc = FRc N FRy N Np(l - 56) -

N(pE§+cT(s+p—p5§—2 %)]

a

Finally, the optimal range is ORc = FR¢ N {FRA N {2& %5 — pcé —
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