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Recycled resource and consumer satisfaction drive bicycle enterprises to take eﬀort to recycle damaged bicycles. Considering
consumers’ riding experience, this paper analyzes a closed-loop supply chain where the operator sets price and recycling eﬀort,
and the supplier determines wholesale price. Rent and recycling strategies in integrated and decentralized channels are analyzed,
and four types of revenue and cost-sharing contracts are compared, and the linear transfer payment-CS contract is designed to
coordinate the decentralized supply chain. The results show that the consumers’ concern for riding experience can encourage the
operator to increase recycling eﬀort and the operator increases the rents and recycling eﬀort over time. Besides, the sharing deposit
income among supply chain members only aﬀects the wholesale price and does not change the decisions of rent and recovery
eﬀort. In other words, the deposit is used to adjust the proﬁt distribution among members, and there is no diﬀerence for
consumers and society.

1. Introduction
Shared bicycles are ideal transport for short-distance pointto-point trips providing consumers the ability to pick up a
bicycle at any self-serve sharing point and return it to any
other point [1]. They are viewed as an ambitious program to
cut traﬃc, reduce pollution, and enhance the area’s image as
a greener and quieter pace with a better way of life [2]. China
has become top ranked nation by bicycle ownership, and
traﬃc ﬂow and nongovernment-operated shared cycling
programmers such as OFO and Mobike have ﬂourished [3].
However, with the development of shared bicycles, it is
urgent to deal with damaged bicycles which is negative for
bicycle use and urban appearance. For example, a lot of
consumers say that it is normal to ﬁnd a bicycle which is in a
good condition after sweeping two or three times. In other
words, it is very possible that consumers have to look for
another bicycle when the one ﬁnds the bad bike ﬁrstly which
leads to low consumers’ satisfaction. On the other hand, the
unusable bicycles scattered around the city are not conducive to city management which damages the image of the

city. Therefore, when people enjoy the convenience that
shared bicycles bring, it is important to do a good job in
recycling damaged bicycles.
From the perspective of company operation, the purpose
is to manage eﬃciently bicycles in order to minimize the
operation cost and the number of consumers who cannot be
satisﬁed. According to the literature, balancing operation
can be carried out in diﬀerent modes, while some operators
make use of the static balance [4, 5], some others make use of
the dynamic balance [6, 7], or alternatively, it can be performed by considering a combination of these two balanced
modes [2]. However, there is a lack of analytical research
literature on recycling scrapped bicycles in terms of company operation.
The recycling of damaged bicycles means that the ﬁrm
reclaims unusable bicycles then returns them which can be
normal use through maintenance and scraps them which are
damaged severely. For example, by July 2018, Mobike has
scrapped more than 60 thousand bicycles in an environmentally friendly way and OFO recycles more than 70
thousand old waste bicycles in total (China Economic
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Herald). The larger the number of the available bicycles, the
greater the possibility that consumers can ﬁnd a good bicycle
when they need one. The availability of bicycles inﬂuences
the consumers’ riding experience and then aﬀects the demand. Obviously, consumers feel frustrated when they
cannot ﬁnd a bicycle when they need one. On the other
hand, in order to guarantee the availability of a bicycle and
high satisfaction, the ﬁrm should focus on the investment of
the recycling (recycling cost) which is measured by the
recycling eﬀort. For instance, OFO has reached a strategic
cooperation of the “Urban Stock Cycle Sharing Plan” with
Beijing Vanke, China Circular Economy Association, and
Beijing Urban Renewable Resources Service Center.
Therefore, in this paper, considering consumers’ experience,
we assume that the more recycling eﬀort, the higher consumers’ satisfaction, then the more demand [8, 9].
High cost is a major obstacle to the recovery of damaged bicycles, and it is important to build a mechanism
which help to reallocate proﬁt. Many types of mechanisms
are available for our references: cost sharing, revenue
sharing or the combination of the two, and two-part tariﬀ
[10, 11]. Recycling cost even exceeds the price of new
bicycles because the recycling price is not high which are
mostly made of ordinary materials. In other words, the
enterprises may directly choose new bicycles instead of
repairing and recycling discarded bicycles merely in pursuit of economic interests [12]. From the aspect of company
operation, it is very stressful to bear the recycling cost by
only one member and only cost sharing can enhance the
enthusiasm of enterprises to recycle damaged bicycles.
Hence, we try to establish a kind of mechanism between the
bicycle operator and supplier to coordinate the bikesharing supply chain on the basis of cost sharing. In addition, the recycling eﬀort is subject to marginally diminishing return model by the cost as a convex function
that takes the quadratic form in terms of characteristics of
recycling investment [13].
The above discussions on bicycle recycling raise the
following research questions: (i) What are the optimal
pricing and recycling eﬀort strategies in integrated/decentralized setting? (ii) What are the diﬀerences among the four
types of revenue sharing-cost sharing contracts (RSCS),
which are the rent and deposit sharing (UP-CS), only rent
sharing (P-CS) and only deposit sharing (U-CS), and cost
sharing (CS)? (iii) How to design a contract to perfectly
coordinate the decentralized supply chain? To answer these
questions, we consider a two-echelon bike sharing supply
chain in a dynamic setting, of which the operator determines
rent and recycling eﬀort, and the supplier sets the wholesale
price. We ﬁrst characterize static recycling eﬀort strategies in
integrated and decentralized modes, respectively, then
compare and analyze the corresponding solutions under
both scenarios. A linear transfer payment based on cost
sharing (CS) contract is designed to coordinate the dynamic
supply chain.
The major contributions of this paper are as follows: ﬁrst,
we develop an analytical bike sharing supply chain model
considering recycling which so far has not been studied.
Secondly, we investigate four diﬀerent revenue-cost sharing
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mechanisms and compare them. Finally, we propose a linear
transfer payment contract to coordinate the supply chain.
The remainder of this paper is organized as follows:
Section 2 reviews the related literature and Section 3 describes the formulation of model. The corresponding
equilibrium strategies under two scenarios are presented in
Section 4. The revenue sharing-cost sharing contracts are
compared and the supply chain is coordinated in Section 5.
Section 6 shows the numerical analysis. Finally, Section 7
concludes the paper.

2. Literature Review
We review the literature closely related to our research. The
ﬁrst body of research examines the Bike Sharing System
(BSS). In 1965, the Bike Sharing System (BSS), which
originated in Amsterdam, evolved from the ﬁrst generation
of bicycle to the shared bicycle system based on IT systems.
DeMaio gave a detailed overview of the history of shared
bicycle development [14]. Ricci presented a more comprehensive literature review of the shared bicycle system [15].
From the above review, most of the early literature focused
on the history of shared bicycles, promotional factors and
policies, and security issues. Some recent literature has focused on operational design on the strategic and operational
levels.
In terms of strategic design, its research includes site
network design and site capability design (decision of total
number of vehicles and parking spaces in the site). Lin and
Yang [16] proposed a model of determining the number,
location, and lane network of stations, which takes into
account the concerns of consumers and bicycle operators.
Nair and Miller-Hooks [17] did a similar study in Washington City. In the extended study, the bicycle inventory
decision for each site in the planning and design of the BSS
site was considered. Similarly, Martinez et al. [18] used a
mixed-integer programming method to calculate the location of the site and the number of vehicles required. Park and
Sohn [19] studied how to minimize the amount of short-haul
travel of private cars by the design of sharing bicycle stations.
Yan et al. [2] applied time–space network models to determine the locations of bike rental stations, bike
ﬂeet allocation, and bike routing. In addition, Kaltenbrunner
et al. [20], Bordagaray et al. [21], and Yang et al. [22] used
data analysis method to explore the temporal and spatial
patterns of bicycle’s use and their impacts on public
transportation system.
In terms of operational design, BSS meets the highest
consumers’ demand and minimizes the operating cost while
meeting minimum service level. The main research includes
two aspects: the forecast of demand and rebalancing of
vehicles between stations. Demand forecasting is often based
on operational data from which some BSS published on the
network to predict future demand, vehicle availability, etc.,
such as Pucher et al. [23] and Kadri et al. [4]. The balance of
the vehicles between the stations is further divided into a
static balance problem (SBP) and a dynamic balance
problem (DBP). The static balance problem assumes that
there are very few vehicles in use, such as when rebalancing
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at night. Most of these problems are solved by using mixedinteger programming, but the objective functions are different. It usually can be sorted by single-scheduled truck
problem and multischeduled truck problem. Chemla et al.
[24] studied single-scheduled truck problem while Kaspi
et al. [25] did multidistribution truck problem.
However, there is still lack of research on how to recycle
the damaged vehicles, repair, and reinvest in the operation.
The recycling problem is mainly studied as a reverse part of
closed-loop supply chain.
Some scholars have done relevant research on the
recycling of waste electronic products. In the ﬁeld of
competition about product and recycling, Wang et al. [26]
studied a hybrid closed-loop supply chains: one is the CLSC
containing the manufacturer and the retailer; the other is the
CLSC containing the remanufacturer and the retailer.
Considering product and recycling channel competition,
they designed price strategies under three scenarios. Wu and
Kao [27] developed price and quality strategies by the assumption of quality aﬀecting on the recycling cost and
designed two cooperative mechanisms between original
equipment manufacturer and the independent remanufacturer. Hong et al. [28] investigated production quantities and
return rates competition of the new and remanufactured
products and analyzed the eﬀect of licensing fee on remanufacturing. Based on the carbon emissions, He et al. [29]
developed price and recycling strategies in a dual-channel
closed-loop supply chain considering consumer free riding
and e-commerce tax. Giri et al. [30] constructed a closedloop supply chain about both the forward dual-channel and
reverse dual-channel chain. They derived analytically the
price and return product collection decisions for the supply
chain under ﬁve diﬀerent scenarios. Miao et al. [31] developed a closed-loop supply chain with trade-ins, which
analyzed the impacts on diﬀerent models including the
centralized collection (Model C), the retailer collection
(Model R), and the manufacturer collection (Model M). Liu
et al. [32] designed three kinds of dual-recycling channels:
OEM and retailer dual collecting model, retailer and third
party dual collecting model, and OEM and third party dual
collecting model. They found that the OEM and retailer dual
collecting model is the best option for the OEM regardless of
the competition intensity.
In addition, the other stream is the contract design to
improve the reverse supply chain performance. Zheng et al.
[33] made price and collecting eﬀort decision under complete and incomplete information scenarios then introduced
a two-part tariﬀ contract to improve the reverse supply chain
performance. Modak et al. [34] analyzed the eﬀects of
recycling and product quality level on pricing decision under
three collection activities (retailer, manufacturer, and third
party). They also introduced subgame perfect equilibrium
and alternative oﬀer bargaining strategy to improve the
reverse supply chain performance. Xu et al. [35] investigated
the optimal retail price, reduction rate, and recycling rate
considering emission reduction. They used the method of
Nash theory to solve the proﬁt distribution in two periods by
introducing the bargaining behavior. Based on an online/
oﬄine dual channel, Xie et al. [36] made the optimal online/
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oﬄine price, wholesale price, and advertising investment
decision and developed a revenue-sharing mechanism to
resolve channel conﬂict. Choi et al. [37] examined the
performance of diﬀerent CLSC channel leaderships (a retailer, a collector, and a manufacturer) and found that the
retailer-led model gave the most eﬀective CLSC. They
designed a two-part tariﬀ contract CLSC and a pair wise
revenue and cost sharing (PRCS) contract to coordinate the
CLSC. Hu et al. [38] designed ﬁve typical contracts to coordinate the reverse supply chain with strategic recycling
behaviors of consumers and drew a comparison among the
contracts. Kaya [39] determined the optimal incentive value
and production quantities in a stochastic demand then
analyzed contracts to coordinate the decentralized systems.
The above literature studies discuss the pricing decision
and coordination of closed-loop supply chain for product
recycling. The recycling, repair, and redistribution of bicycles are diﬀerent from the recovery of ordinary products. The
recycling eﬀort of bicycles increases the revenue by aﬀecting
the consumers’ feelings, while the recovery of common
products brings direct cost savings. From this perspective,
Saha et al. [40] induced the “green concern level” (GCL) to
study the optimal retailer investment in green operations. De
Giovanni [8] considered consumers’ environmental consciousness to discuss the closed-loop supply chain coordination. Taboubi [9] and Zhang et al. [11] built the brand
goodwill of the consumer to decide the price and the advertising eﬀort. The key diﬀerence from theirs is that we
focus on presenting optimal rent and recycling eﬀort of the
operator and designing an eﬀective contract to improve
channel performance.

3. Model Description
In the section, we consider a two-echelon supply chain
consisting of a bicycle supplier s and a bicycle operator o. The
operator procures bicycles from the supplier and provides
consumers with riding service. On the other hand, the
operator makes eﬀort to recycle and maintain the damaged
bicycles to enhance the degree of consumers’ satisfaction.
We assume that the supplier decides the dynamic wholesale
price w(t) and the operator determines the dynamic rent
p(t) and static eﬀort g. This may stem from the fact that the
dynamic investment about recycling eﬀort is diﬃcult for the
operators to implement. The structure of bike-sharing
closed-loop supply chain is shown in Figure 1.
Let G(t) denote consumers’ riding experience (bicycle’s
quality and availability) which is mainly aﬀected by the
recycling eﬀort. On the other hand, the experience decays
with time due to the memory characteristics. According to
Zhang et al. [11], the stock of experience evolves as follows:
.

G(t) � λg − ρG(t),

(1)

G(0) � G0 > 0,
where λ is the recycling eﬀort and λ > 0, ρ > 0 reﬂects the
decay rate of consumers’ memory about riding experience
(hereafter, we call it the decay rate for short), and G0 > 0 is
the initial consumers’ experience.
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R
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Figure 1: The structure of bike-sharing closed-loop supply chain.

The consumers’ riding experience and price which
consists of deposit and rent aﬀect the demand of bicycles
where a great experience has a positive eﬀect on bicycle
usage, while high price of the service may lessen the demand.
Hence, the market demand rate is a function of the experience, rent, and deposit. According to Saha et al. [40], the
market demand is as follows:
D(t) � η + αG(t) − βp(t) − u,

(2)

where k > 0 is an investment parameter. The quadratic
function indicates that each additional increment of recycling eﬀort becomes more diﬃcult, and hence more cost is to
be achieved, which is directly linked to diminishing return
from investment. We assume that the supplier has no
production cost.
Assuming an inﬁnite time horizon, a positive discount
rate Δ, the bicycle operator’s objective function is as follows:
∞

where η > 0 is the basic market potential, β > 0 represents the
sensitivity of rent to the demand rate, α > 0 reﬂects the
sensitivity of the experience, and u represents the deposit
which is an exogenous variable.
We assume that the quantity of the damaged bicycles is
proportional to the market demand and take the damage
rate as θ. Some of these damaged bicycles are released again
after repairing while some are scrapped. It is supposed that
the operator buys bicycle which is equal to the scrapped.
More eﬀort leads to more reusing after repairing and less
repurchasing. According to Saha et al. [40], we assume that
the reusing proportion of the damaged bicycles is (1 − e− cg ),
where c is the sensitivity parameter. The functions of the
reusing rate R(t) and the repurchasing rate I(t) are as
follows:
R(t) � θ D(t) 1 − e− cg ,
I(t) � θ D(t)e− cg .

(3)

As for the cost structure, we assume that the
manufacturing cost is constant and normalized to 0 to better
analyze the impacts of rent and recycling maintenance eﬀort
on the revenue of single-vehicle supply chain. The operator
only considers the cost of providing the service of recycling
and repairing bicycles. These assumptions can simplify the
model and facilitate the solution.
In accordance with a great deal of previous literature
[6, 11], the cost function about the eﬀort is assumed to be
quadratic, i.e.,
C(g) �

kg2
,
2

(4)

Jo �  e−Δt (u + np(t))D(t) − w(t)I(t) −
0

kg2
dt,
2
(5)

and the bicycle supplier’s objective function is as follows:
∞

Js �  e−Δt w(t)θ(η + αG(t) − βp(t) − u)e− cg dt. (6)
0

The term u + np(t) inside equation (5) is o’s marginal
revenue and consists of the deposit u and rent np(t), where n
represents the conversion between the rent and the deposit.
The term w(t)I(t) is the purchase cost for the operator while
the revenue for the supplier. We assume that the eﬀort is
determined ﬁrst then the whole price and the rent. In other
words, the dynamic variables are decided on the basis of
static variables. All notations are listed in Table 1.

4. Equilibrium Strategies
This section derives the equilibrium decisions under two
scenarios: the centralized model and the decentralized
model. Moreover, this section explores the impacts of parameters (k, α, λ, ρ, and u) on the equilibrium results and
compares the equilibrium decisions between the two
scenarios.
4.1. Integrated Scenario. We begin with a benchmark where
the supplier and the operator are vertically integrated as a
whole. The objective is to ﬁnd the optimal rent and recycling
eﬀort while maximizing the SC proﬁt. The dynamic optimization problem for the integrated channel is formulated as
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Table 1: Main parameters and notations.
Notations
p(t)
w(t)
.g
G(t)
λ
ρ
u
η
α
β
θ
c
k
Δ
I
D
up
p
u
F

Variables

Parameters

Subscript

On the basis of cost sharing

JI
(p(t),g)
.

s.t.

∞

�  e−Δt (u + np(t))(η + αG(t) − βp(t) − u) −
0

pI �

kg2
dt,
2

(7)

G(t) � λg − ρG(t), G(0) > 0.

Proposition 1. Under the integrated scenario, the supply
chain proﬁt function is concave in the recycling eﬀort if
nα2 λ2 < kβ(Δ2 + 3Δρ + 2ρ2 ); hence by holding the condition,
there are unique optimal combination of decision variables
that maximizes the proﬁt:
gI �

Meaning/explanation
Rent to be set by the operator
Wholesale price to be set by the supplier
Recycling eﬀort
Stock of experience
Sensitivity of recycling eﬀort to experience
Decay rate of consumers’ memory
Deposit
Market potential
Sensitivity of experience to demand of bicycle
Sensitivity of rent to the demand rate
Bicycle damage rate
Sensitivity of recycling eﬀort to reusing
Sensitivity of recycling eﬀort to cost
Discount factor
Integrated scenario
Decentralized scenario
Deposit and rental revenue are shared
Shared rent only
Shared deposit only
Linear transfer payment

λα (Δ + 2ρ)(n(η − u) + uβ) + nΔαG0 
,
2kβΔ2 + 3Δρ + 2ρ2  − 2nα2 λ2
e− ρt eρt − 1gI nαλ + ρnη − u + e− ρt αG0  − uβ
2nβρ

.

(8)
The
experience
G � G0 e− ρt + (λgI (1 − e− ρt )/ρ).

trajectory

The process is proved in Appendix.
From Proposition 1, we obtain that the rent is state-dependent and, speciﬁcally, (zpI /zG) � (α/2β) > 0. These inequalities demonstrate that the operator can increase rent
according to the consumers’ experience stock without
damaged bicycle demand. Naturally, the greater the initial
experience, the higher the rent because (zpI /zG0 ) > 0. The
recycling eﬀort is reduced with worse initial experience because (zgI /zG0 ) > 0. The low consumers’ initial experience
means a large number of damaged bicycles in the market; then
it is diﬃcult for the operator to repair bicycles from the
damaged ones to the intact ones. The operator chooses to
launch new bicycles instead of recycling the old ones because

of the temporary high cost and the myopic characteristics of
the operator. With the conclusion, we can explain this
phenomenon that a large number of damaged bicycles are in a
state of neglect.
The operator sets high rent because small cost sensitivity
factor allows the operator to invest less recycling eﬀort which
helps the consumers to do a better experience because
(zpI /zk) < 0, (zgI /zk) < 0. The rent and the recycling eﬀort
can increase with the sensitivity of recycling eﬀort to experience because (zpI /zλ) > 0, (zgI /zλ) > 0. The result
suggests that a large λ means a high eﬀort contribution and
generates a large eﬀort investment, which improves the
consumers’ experience and allows for a high rent. Large
forgetting eﬀect deters the investment in recycling eﬀort as
the accumulation of stock of consumers’ experience becomes a diﬃcult target because (zgI /zρ) < 0. Large sensitivity of experience to the demand encourages the operator
to invest recycling eﬀort, improves consumers’ experience,
and increases demand of bicycles because (zgI /zα) > 0.
When β < n, the operator increases recycling eﬀort facing
low deposit which contributes to great consumers’ experience because (zgI /zu) < 0. Also, the lower deposit stimulates
the operator to set high rent to keep proﬁt (zpI /zu) < 0.
When β > n, low deposit leads to little recycling eﬀort
((zgI /zu) > 0). In addition, the damage rate has no eﬀect on
the recycling eﬀort and rent decisions. More detailed
analysis can be seen in the numerical analysis part.
4.2. Decentralized Scenario. In this section, the operator
determines the recycling eﬀort ﬁrstly as a Stackelberg leader;
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subsequently, the supplier sets the wholesale price. Finally,
the operator sets the rent. And the optimal decisions are
independently determined to maximize their own proﬁt.
Proﬁts of the members are separately given by
∞

JD
o

�  e−Δt (u + np(t))D(t) − w(t)I(t) −
0

(p(t),g)

kg2
dt,
2
(9)

∞

JD
s � 

0

w(t)

s.t.

w(t)θ(η + αG(t) − βp(t) − u)e− cg dt,

G(t) � λg − ρG(t), G(0) > 0.

(10)
(11)

We use backward induction method to solve this sequential move game. The optimal results are presented in
Proposition 2.
Proposition 2. Under the decentralized SC, the supply chain
proﬁt function is concave in the recycling eﬀort if
nα2 λ2 < 4kβ(Δ2 + 3Δρ + 2ρ2 ); hence, by holding the condition, the equilibrium rent, wholesale price, and recycling
maintenance eﬀort are as follows:
gD �

λα (Δ + 2ρ)(n(η − u) + uβ) + nΔαG0 
,
8kβΔ2 + 3Δρ + 2ρ2  − 2nα2 λ2

pD �

3e− ρt eρt − 1gD nαλ + ρ3nη − u + e− ρt αG0  − uβ
,
4nβρ
D

D

w �

ecg

− ρt

ρt
D
ρt
e − 1g nαλ + ρe (nη − nu + uβ) + nαG0 
.
2βθρ

(12)
Meanwhile,
the
experience
G � G0 e− ρt + (λgD (1 − e− ρt )/ρ).

over

time

is

The process is proved in Appendix.
The conclusions about the rent and recycling eﬀort in the
integrated scenario also apply to the decentralized scenario.
In addition, we try to get conclusions about the wholesale
price under the decentralized scenario. A good experience
means the good bicycle condition and distribution in the
market, so the operator reduces the purchase from the
supplier under this condition. In order to keep proﬁt, the
supplier increases the wholesale price passively with the fall
of bicycle demand because (zw/zG) > 0. The initial consumers’ experience has the similar eﬀect on the wholesale
price as the state variable because (zw/zG0 ) > 0.
From a cost perspective, small cost sensitivity encourages
the operator to pay more for the recycling eﬀort which
lowers the demand for new bicycle. With sales reduction, the

supplier chooses to increase wholesale price to maintain
proﬁts because (zw/zk) < 0. Large sensitivity of experience
to demand increases the total demand as well as the new
bicycles and the supplier sets high wholesale prices as a result
of a greater voice because (zw/zα) > 0. When β < n, the
wholesale price decreases with the deposit. In addition, the
supplier adjusts the wholesale price based on the damage
rate of the bicycles.
By simple algebraic calculations, we obtain gI − gD > 0
and DI − DD > 0. These results indicate that the optimal
recycling eﬀort is less in decentralized scenario than that in
integrated scenario, which leads to worse experience and less
demand. In other words, the consumers can get a better
riding experience and enjoy the bicycle service in integrated
scenario. We further observe that the SC proﬁts are less
because of the usual problem generated by double marginalization in decentralized scenario with JI − JD > 0.
Therefore, it is necessary to design a contract to improve the
performance of supply chain.

5. Coordination Analysis
Since recycling cost is the main component of the operator’s
costs, we design a cost-sharing mechanism that the supplier
will share a part of recycling cost with the operator to reduce
the burden of recycling investment. In the cost sharing
contract, (1 − φ2 ) is the cost-sharing rate that the supplier
oﬀers, and the operator just needs to undertake φ2 of the
recycling investment. That is amount that the investment
coeﬃcient of the recycling drops to φ2 k from k for the
operator. The recycling eﬀort cost that the supplier shares is
((1 − φ2 )kg2 /2) and that the operator undertakes is
(φ2 kg2 /2).
Based on this mechanism, we establish a revenue-sharing
contract game model and a transfer-payment contract game
model to coordinate the distribution of proﬁts. The core idea
is that the operator as the leader encourages the supplier to
participate in the bicycle sharing supply chain.
5.1. Revenue Sharing-Cost Sharing Contracts (RSCS).
Since the operator’s revenue consists of the rent and the
deposit, we discuss the revenue sharing under three kinds of
conditions: rent and deposit sharing (UP-CS), only rent
sharing (P-CS), and only deposit sharing (U-CS). We assume that the cost-sharing rate which the operator undertakes should not be less than a certain value as result of the
leading role φ2 > (nα2 λ2 /(4kβ(Δ2 + 3Δρ + 2ρ2 ))).
5.1.1. Deposit and Rental Revenue Shared-CS. In this section,
the sharing revenue is rent and deposit and the operator’s
share of its revenue is φ1 . The supplier receives a fraction
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(1 − φ1 ) of the operator’s revenue with 0 < φ1 < 1. Under a
deposit and rental revenue-sharing contract, the proﬁts of
the supplier and operator are as follows:
∞

Jup
�  e−Δt φ1 (u + np(t))D(t) − w(t)I(t) −
o
(p(t),g)

0

φ2 kg2
dt,
2

∞

−Δt
Jup
 1 − φ1 (u + np(t))D(t) + w(t)I(t) −
s �  e
w(t)

0

1 − φ2 kg2
dt,
2

(13)

.

s.t.

G(t) � λg − ρG(t), G(0) > 0.

We use backward induction method to solve this sequential move game. The optimal results are presented in
Proposition 3.

gup �

pup �

w

up

�

λα (Δ + 2ρ)(n(η − u) + uβ) + nΔαG0 φ1
2

2kβΔ2 + 3Δρ + 2ρ2  1 + φ1  φ2 − nα2 λ2 φ1 

2nβρ 1 + φ1 
ecg

Cup

− ρt

p �

p

w �

�  e−Δt  u + φ1 np(t)D(t) − w(t)I(t) −

(p(t),g)

0

∞

Jps �  e−Δt  1 − φ1 np(t)D(t) + w(t)I(t) −
w(t)

0

Proposition 4. Under the P-CS contract, the equilibrium
rent, wholesale price, and recycling maintenance eﬀort are as
follows:

,

2nβρ 1 + φ1 
− ρt

1 − φ2 kg2
dt.
2

We use backward induction method to solve this sequential move game. The optimal results are presented in
Proposition 4.

e− ρt eρt − 1gCp nα 1 + 2φ1  + ρnαG0 1 + 2φ1  + eρt n(η − u) 1 + 2φ1  − uβ
Cp

φ2 kg2
dt,
2

(15)

λα (Δ + 2ρ)(n(η − u) + uβ) + nΔαG0 φ1
2

∞

Jpo

2kβΔ2 + 3Δρ + 2ρ2  1 + φ1  φ2 − nα2 λ2 φ1 

ecg

(14)

,

ρt
Cup
ρt
2
e − 1g nλα + nαG0 + e (n(η − u) + uβ)ρφ1
.
βθρ 1 + φ1 

5.1.2. Shared Only Rent-CS. In this section, the sharing revenue is only rent and the operator’s share of its revenue is φ1 . The
supplier receives a fraction (1 − φ1 ) of the operator’s rent
revenue with 0 < φ1 < 1. Under the only rent revenue-sharing
contract, the proﬁts of the supplier and operator are as follows:

p

,

e− ρt eρt − 1gCup nα 1 + 2φ1  + ρnαG0 1 + 2φ1  + eρt n(η − u) 1 + 2φ1  − uβ

From Proposition 3, we can observe that high costsharing ratio φ2 urges the operator to lower recycling eﬀort
owing to (zg/zφ2 ) < 0, which leads to bad experience and the
decline of demand. At the same time, the operator sets a low
rent actively to compensate for the decreasing demand with
(zp/zφ2 ) < 0. These results indicate that consumers’ rental
payment and riding experiences are aﬀected by the costsharing ratio among enterprises.

gp �

Proposition 3. Under the UP-CS contract, the equilibrium
rent, wholesale price, and recycling eﬀort are as follows:

2
ρt
2
2
nα ρG0 − λgφ1 + e nφ1 (αλg + ηρ) + uρβ − nφ1 
.
βθρ 1 + φ1 

,

(16)
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Comparing the UP-CS and the P-CS, the supplier sets a
lower wholesale price under the UP-CS due to the sharing
deposit income (wup < wp ). If the operator does not share a
portion of the deposit, the supplier will increase the wholesale
price. The revenue sharing ratio has a direct eﬀect on the value
of rent and an indirect eﬀect through inﬂuencing the wholesale
price. These two eﬀects are oﬀset, and the two rents are equal
(pup � pp ). Similarly, the recycling eﬀorts are also equal
(gup � gp ). These results indicate that the value of the rent and
the recycling eﬀort are not aﬀected whether or not the operator
and the supplier share the deposit. In other words, there is no
diﬀerence for consumers between UP-CS and P-CS.

Under the only deposit revenue-sharing contract, the proﬁts
of the supplier and operator are

5.1.3. Shared Only Deposit-CS. In this section, the sharing
revenue is only deposit and the operator’s sharing ratio is φ1 .
The supplier receives a fraction (1 − φ1 ) with 0 < φ1 < 1.

Proposition 5. Under the U − CS contract, the equilibrium
rent, wholesale price, and recycling maintenance eﬀort are as
follows:

gu �
pu �

Juo

∞

�  e−Δt  φ1 u + np(t)D(t) − w(t)I(t) −

(p(t),g)

0

∞

Jus �  e−Δt  1 − φ1 u D(t) + w(t)I(t) −
w(t)

0

φ2 kg2
dt,
2

1 − φ2 kg2
dt.
2

(17)
We use backward induction method to solve this sequential move game. The optimal results are presented in
Proposition 5.

λα (Δ + 2ρ)(n(η − u) + uβ) + nΔαG0 
,
8kβΔ2 + 3Δρ + 2ρ2 φ2 − 2nα2 λ2
ρ(3n(η − u) − uβ) + 3nαe− ρt eρt − 1gCu λ + ρG0 
4nβρ

(18)

,

ecg− ρt eρt − 1gnλα + ρnαG0 + eρt n(η − u) + uβ 2φ1 − 1
.
w �
2βθρ
u

It can be seen that under U − CS, the recycling eﬀort and
rents are independent of the revenue sharing ratio while the
wholesale price is aﬀected by the revenue sharing ratio.

We use backward induction method to solve this sequential move game. The optimal results are presented in
Proposition 6.

5.1.4. CS (φ1 � 1). The supplier only shares a part of the cost
and the proﬁts of the supplier and operator are as follows:

Proposition 6. Under the CS contract, the equilibrium rent,
wholesale price, and recycling maintenance eﬀort are

JCo
(p(t),g)

∞

�  e−Δt (u + np(t))D(t) − w(t)I(t) −
0
∞

JCs �  e−Δt w(t)I(t) −
w(t)

0

φ2 kg2
dt,
2

1 − φ2 kg2
dt.
2
(19)

gC �
pC �
C

w �

λα (Δ + 2ρ)(n(η − u) + uβ) + nΔαG0 
,
8kβΔ2 + 3Δρ + 2ρ2 φ2 − 2nα2 λ2
ρ(3n(η − u) − uβ) + 3nαe− ρt eρt − 1gC λ + ρG0 
4nβρ
ecg

C

− ρt

,

(20)

ρt
C
ρt
e − 1g nλα + ρnαG0 + e (n(η − u) + uβ)
.
2βθρ

Comparing the U − CS and the CS, the rent and recycling eﬀort are equal (pu � pC , gu � gC ) while wholesale

prices are not equal (wu < wC ). This conclusion is similar to
the comparison between UP − CS and P − CS.
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Proposition 7. It is assumed that the rental revenue is more
than the deposit revenue, so the operator obtains more revenue under U − CS than that under P − CS. As a result, the
operator has more funds to invest in recycling eﬀort (gp < gu )
which leads to better experience. At this point, the operator
will set higher rents (pp < pu ). However, the supplier compensates for the reduction in revenue distribution by increasing the wholesale price (wp < wu ). Further, when φ1 � 1,
the recycling eﬀort, rents, and wholesale prices are equal,
respectively, under diﬀerent sharing mechanisms.

w�

5.2. Linear Transfer Payment-CS. In this section, we design a
contract to achieve supply chain coordination on the basis of
cost sharing. The supplier shares a fraction of the cost and
obtain transfer payment about the eﬀort from the operator.
In order to encourage the supplier to participate actively, the
cost sharing ratio should have a lower limit
φ2 > (nα2 λ2 /(kβ(Δ2 + 3Δρ + 2ρ2 ))). A linear transfer payment of recycling eﬀort is adopted to achieve this goal. This
can also be seen as

gCF �
F<
pCF �

(21)

where F is the transfer payment for unit recycling eﬀort.
Here, the wholesale price can be regarded as transfer price
which is usually adopted to coordinate decentralized decision within a ﬁrm. Under the linear transfer payment CS, the
proﬁts of the supplier and operator are
JFo
(p(t),g)

We try to ﬁnd the reasonable φ1 and φ2 to achieve supply
chain coordination. When gI � gi , (i � up, p, u, CS), it is
pI − pi < 0 under U − CS and CS, φ1 � φ2 � 0 under UP −
CS and U − CS when φ1 ∈ (0, 1). Therefore, on the basis of
cost sharing, the revenue sharing mechanism cannot achieve
supply chain coordination.

Fg
,
I(t)

∞

�  e−Δt (u + np(t))D(t) − F(t)g −
0
∞

JFs �  e−Δt F(t)g −
F(t)

0

φ2 kg2
dt,
2

1 − φ2 kg2
dt.
2
(22)

The operator ﬁrst decides the recycling maintenance
eﬀort g, and the supplier decides the transfer payment F(t).
Finally, the operator decides the rent p(t). We use backward
induction method to solve this sequential move game. The
optimal results are presented in Proposition 8.
Proposition 8. Under the linear transfer payment CS, the
equilibrium rent, transfer payment for the unit’s recycling
eﬀort, and recycling eﬀort are

λα (Δ + 2ρ)(n(η − u) + uβ) + nΔαG0  − 2FβΔ2 + 3Δρ + 2ρ2 
2kβΔ2 + 3Δρ + 2ρ2 φ2 − 2nα2 λ2
λα (Δ + 2ρ)(n(η − u) + uβ) + nΔαG0 
,
2βΔ2 + 3Δρ + 2ρ2 

,
(23)

−nu − uβ + Gnα + nη
.
2nβ

Proposition 9. The linear transfer payment contract can
perfectly coordinate a bicycle sharing SC that focuses on
recycling eﬀort. It is evident from the following: gI � gF , pI �
pF
when
φ2 � ((−2F(N1 − N2 ) + kαλM1 )/(kαλM1 )),
F < ((kαλM1 )/(2N1 )). The determination of F depends on
the bargaining power of the operator and the supplier.
In this contract, the supplier charges a unit selling price
from the operator that is equal to its own marginal cost.
Therefore, the supplier would not gain any proﬁt by selling
bicycle. It would gain entire proﬁt by the transfer payment
about the eﬀort from the operator.
The above situations can be summarized in Table 2.

6. Numerical Analysis
In this section, we perform numerical analysis to illustrate
the results above. The basic parameter values are presented
in Table 3, which are chosen mainly based on the work of

Zhang et al. [11] and satisfy the assumptions mentioned in
the section of model formulation.
6.1. Analysis in Integrated and Decentralized Scenarios.
With the memory characteristics of the consumers’ experience, we try to reveal how consumers’ experience, dynamic
variable rents, and proﬁts are changing over time when the
recycling eﬀort is static.
According to Figure 2, the experience increases over time
and tends to be ﬁxed, which is consistent with the rule of
human experience. Similarly, the rent increases ﬁrstly then
tends to be ﬁxed, which depends on consumers’ experience.
The ﬁndings reveal that the operator increases the rent at the
early stage then tries to keep rent steady in case the consumers give up using bicycles due to the high cost of the
service. Further, comparing the rents between the integrated
and decentralized scenarios, we ﬁnd that the rents in
decentralized scenario are higher at the initial stage then

(k(αλM1 − 2FN1 )/2k(φN1 − N2 ))
g1 > gD
((3nMD
2 − uβ)/4nβ)
(N/A)
cg
(e (nMD
2 + uβ)/2βθ)

D(φ1 � 1, φ2 � 1)
((φ1 αλM1 )/(2(φ2 (1 + φ1 )2 N1 − φ1 N2 )))
(N/A)
((nMF2 − uβ)/2nβ)
(N/A)
(0, (kαλM1 /2N2 ))

F
UP-CS

(e

cg

up
(nM2

((n(1 +
+

+ φ1 ))

− uβ)/2nβ(1 + φ1 ))

uβ)φ21 /βθ(1

up
2φ1 )M2

((φ1 αλM1 )/(2(φ2 (1 + φ1 )2 N1 − φ1 N2 )))

Note. M1 � (n(η − u) + uβ) + nΔαG0 , Mi2 � η − u + αGi , N1 � (Δ + ρ)(Δ + 2ρ)kβ, N2 � nα2 λ2 .

w (F)

(N/A)

((nMI2 − uβ)/2nβ)

pi

i

((αλM1 )/(8N1 − 2N2 ))

gi

I

U-CS

((αλM1 )/(8N1 φ2 − 2N2 ))
((αλM1 )/(8N1 φ2 − 2N2 ))
gup � gp < gu � gC
p
((n(1 + 2φ1 )M2 − uβ)/2nβ(1 + φ1 ))
((3nMu2 − uβ)/4nβ)
Pup � Pp < Pu � PC
p
cg
2
cg
u
(e (nφ1 M2 + uβ)/βθ(1 + φ1 ))
(e (nM2 + (2φ1 − 1)uβ)/βθ(1 + φ1 ))
wup � wp < wu � wC

P-CS

RSCS(φ1 , φ2 )

Table 2: The values of the decision variables in each scenario.

(ecg (nMC2 + uβ)/2βθ)

((3nMC2 − uβ)/4nβ)

((αλM1 )/(8N1 φ2 − 2N2 ))

CS(φ1 � 1)
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Table 3: Basic parameter values.
Parameter
η
β
α
λ
ρ
Δ
k
G0
θ
c
n
u
t

Value
20
2
1
1
2/5
1/10
2
3
1/5
1
1
2
1

lower than those in integrated scenario. The reason is that
the growth rate in integrated scenario is faster than that in
decentralized scenario. Hence, the consumers beneﬁt from
the integrated scenario with low rent at the early stage.
Similarly, proﬁts continue to increase and tend to a ﬁxed
value over time when the recycling cost is static. Obviously,
the proﬁt in the integrated scenario is more than the proﬁt in
the decentralized scenario.
From Figure 3(a), the rent decreases with the decay rate,
and this indicates that high decay rate is negative for the
operator when consumers have a bad riding experience. The
ﬁnding tells that the operator should reduce rent to compensate consumers’ loss and increase bicycle demand when
the decay rate is high. We can also observe that the rent in
integrated scenario is less than that in decentralized scenario
when the decay rate is low. Figure 3(b) shows that the eﬀort
decreases as the decay rate increases, which is consistent with
the intuition. In other words, the low decay rate has a
positive eﬀect on the operator to invest in recycling eﬀort. As
a result, the operator should invest more to face low decay
rate in the market. The operator makes corresponding investment strategy (diﬀerent value of the recycling eﬀort) for
diﬀerent groups of consumers (diﬀerent decay rate).
Figure 4 shows that the larger the sensitivity of recycling
eﬀort, the higher the rent and recycling eﬀort. The reason is
that with a large sensitivity, it can bring better riding experience at the same level of eﬀort; the better riding experience which leads to more demand motivates the operator
to set higher rent. A sensible income received from high rent
enables the operator to invest much recycling eﬀort. On the
basis of the analysis above, the operator can increase the rent
and the recycling eﬀort with high sensitivity of recycling
eﬀort to experience.
It is further found that the rent in integrated scenario is
lower than that in decentralized scenario while the recycling
eﬀort is higher in integrated scenario. Moreover, the
changing trend in integrated scenario is stronger than that in
decentralized scenario. It is obvious that the integrated
scenario brings more beneﬁts for the consumers (low rent)
and the society (high recycling eﬀort).
Similarly, Figures 4 and 5 show that the larger the
sensitivity of experience, the higher the rent and recycling
eﬀort. The reason is that the larger sensitivity of experience

brings more demand with the same riding experience directly which gives the operator an advantage to decide high
rent. Then the operator has ﬁnancial strength support for
more recycling eﬀort with high rent. As a result, the operator
should set high rent and recycling eﬀort with large sensitivity
of experience.
The value of rent and recycling eﬀort in integrated
scenario is larger than that in decentralized scenario, respectively. Moreover, as the sensitivity of experience in
demand increases, the rent (recycling eﬀort) increases and
the increase in integrated scenarios is stronger.
As seen in Figure 6, (1/n) represents the positive
factor that the change of the deposit aﬀects the proﬁt
through changing the margin proﬁt; (1/β) represents the
negative factor that the change of the deposit aﬀects the
proﬁt through changing the demand. When the negative
factor is stronger (β < n), high deposit brings the operator
low proﬁt which deters the investment of the recycling
eﬀort; when the positive factor is stronger (β > n), high
deposit brings the operator high proﬁt which promotes
the investment of the recycling eﬀort. The deposit’s eﬀect
on the recycling eﬀort depends on the power of two
factors.
The damage rate θ only aﬀects the value of the wholesale
price, and the recycling eﬀort and rent are not changed due
to changes in the damage rate.
6.2. Analysis in RSCS Scenario. In this section, we analyze the
impact of share ratios on the diﬀerences in decision variables
between the four RSCS contracts. Table 4 lists the changes of
the diﬀerences between decision variables caused by different revenue distribution rules.
Firstly, we ﬁnd that all values in Table 4 are negative,
which veriﬁes Proposition 7. When the revenue sharing ratio
φ1 is ﬁxed, the more costs (larger φ2 ) the operator bears, the
recycling eﬀort and rents tend to be the same by comparing
the rows of Table 4. By comparing the columns in Table 4,
the diﬀerence of the recycling eﬀort Δg and rents Δp is
gradually diminishing. In other words, the four kinds of
contracts are uniﬁed into the decentralized scenario when φ1
and φ2 gradually tend to 1.
Figure 7(a) depicts the changes about the recycling effort’s diﬀerence Δg with the revenue sharing ratio under
four cost-sharing ratios. Figure 7(b) depicts the changes
about the rent’s diﬀerence Δp. It can be seen that the more
revenue the operator obtains (larger φ1 ), the smaller the
impact of revenue sharing contracts on the recycling eﬀort
and rent (smaller Δg and Δp). This shows that the greater
ratio the operator has (the larger φ1 the operator shares), the
less eﬀect on the recycling and rent the type of revenuesharing contract has. Moreover, the tendency to change is
slow, not linear. When comparing the four cost-sharing
ratios, the diﬀerence of recycling eﬀort Δg becomes smaller
with the four cost-sharing ratios. The change of rent is
similar to the recycling eﬀort. These conclusions are consistent with the conclusions obtained in Table 4.
Next, we try to ﬁnd the changes about the diﬀerences
between wholesale price under the four RSCS contracts in the
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Figure 2: The impacts of time on p and J.
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Figure 3: Impacts of decay rate of consumers’ memory on p and g.
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Figure 5: Sensitivity of experience to demand of the bicycle.
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Figure 6: The impacts of the deposit. (a) When n < β. (b) When n > β.
Table 4: The values of Δg and Δp.
Δg
φ1 � 0.1
φ1 � 0.3
φ1 � 0.5
φ1 � 0.7
φ1 � 0.9
Δp
φ1 � 0.1
φ1 � 0.3
φ1 � 0.5
φ1 � 0.7
φ1 � 0.9

φ2 � 0.3
−6.85
−3.74
−1.64
−0.49
−0.04

φ2 � 0.5
−2.85
−1.40
−0.57
−0.16
−0.015

φ2 � 0.7
−1.78
−0.84
−0.34
−0.10
−0.009

φ2 � 0.9
−1.29
−0.60
−0.24
−0.07
−0.006

−4.73
−3.04
−1.75
−0.83
−0.22

−3.42
−2.18
−1.29
−0.65
−0.18

−3.07
−1.97
−1.18
−0.60
−0.17

−2.9
−1.87
−1.13
−0.58
−0.169

Note. Δg � gup − gu , Δp � pup − pu .

same way. Let Δw1 � wup − wp , Δw2 � wp − wu ,
Δw3 � wu − wC and compare the changes about wholesale
price with the proportion of revenue sharing.

When we compare the UP-CS and the P-CS, Figure 8(a)
shows the changes of the wholesale price diﬀerence about the
revenue sharing ratio. Figure 8(b) shows the changes of the
wholesale price diﬀerence about the revenue sharing ratio
between P-CS and U-CS. Figure 8(c) is between U-CS and
CS. From Figure 8(a), the diﬀerence of the wholesale price is
increased initially and then decreased. When the revenue
sharing ratio φ1 is large, the supplier under P-CS sets a
higher wholesale price with the ratio. From Figure 8(b),
when the supplier obtains a large proportion of the revenue
(smaller revenue sharing ratio), the diﬀerences of the
wholesale prices between P-CS and U-CS increase slowly
with the revenue sharing ratio, and the diﬀerence of the
wholesale prices decreases rapidly when the operator obtains
a larger proportion of the revenue (larger revenue sharing
ratio). In Figures 8(a) and 8(b), the wholesale price’s differences increase ﬁrst and then decrease with the revenue
sharing ratio φ1 , respectively. It is obvious from Figure 8(c)
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Figure 7: The impacts of revenue sharing ratio.
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Figure 9: (a) The impact on Δg. (b) The impact on Δp. (c) The impact on Δw1. (d) The impact on Δw2. (e) The impact on Δw3.

that the wholesale price under U-CS is monotonously increasing and gradually the same with the wholesale price
under CS.
When the revenue sharing ratio is ﬁxed, the impact of the
cost sharing ratio on the wholesale price diﬀerence can be
observed. As seen from Figure 8, the diﬀerence of wholesale
prices decreases with the cost-sharing ratio. When the operator bears much recycling costs, the type of revenue
sharing contracts has little eﬀect on the wholesale price.
Figure 9 depicts the eﬀects of both the revenue sharing
ratio and cost sharing ratio on the diﬀerences of decision
variables under four RSCS contracts. Obviously, the recycling eﬀort diﬀerence decreases with both the share ratios.
This conclusion is also applied to rent while the wholesale
price situation is somewhat complicated.
Regardless of the change process, when the operator fully
possesses the revenue (φ1 � 1), the RSCS contracts are
uniﬁed into a cost-sharing contract and the decision variables are equal. This is apparent from Figure 9, and Figure 9
also depicts the impacts of cost-sharing contract changes on
the variance of the variables more clearly.

7. Conclusions
In this paper, we have designed a closed-loop supply chain
model about shared bicycle considering the eﬀect of
recycling eﬀort on riding experience under the dynamic
scenario. It is a long-term and dynamic process for the
operator to provide bicycle service to meet consumers’
travel service. The game participants achieve the ﬁnal
balance through dynamic game and interaction, and differential game method can meet this requirement. Speciﬁcally, we have considered a two-stage SC, where a
bicycle operator is accountable for recovery and

maintenance and a bicycle supplier is responsible for new
bicycle. We have ﬁrst analyzed a centralized SC and a
decentralized SC then made analysis of parameter sensitivity. Subsequently, we have analyzed four revenue
sharing-cost sharing contracts: UP-CS, P-CS, U-CS, and
CS. We get the analytical solutions of these models and
make a comprehensive analysis and comparison of the
results through analytic method and numerical study.
Then, we have further designed a contract to achieve
supply chain coordination on the basis of cost sharing. The
main results of this article are as follows: (i) the operator
decides recycling eﬀort according to the characteristics of
consumers: much recycling eﬀort with low decay rate of
consumers’ memory and high sensitivity of experience in
demand. (ii) The supplier decides wholesale price
according to the sharing revenue (diﬀerent contract type):
a high wholesale price with low sharing revenue to
guarantee the proﬁts. (iii) There are no diﬀerences between
the two contracts (UP-CS and P-CS) for consumer payment and recycling investment; the two contracts (U-CS
and CS) are the same conclusion. (iv) The revenue sharingcost sharing contracts based on rent and deposit cannot
achieve supply chain coordination, but the linear transfer
payment-CS can achieve supply chain coordination.
Our work can be extended from the following directions.
One is to consider a dynamic recycling eﬀort which may be
changing with time and lead to diﬀerent results. On the other
hand, the diﬀerential game based on consumer experience
does not consider the inﬂuence of random factors. Future
research can consider the psychological factors of consumers
and establish the stochastic diﬀerential equation of consumer experience to make it more realistic. And it is also of
great interest to embrace government behavior which focuses on the city management.
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Appendix

G � G0 e− ρt +

Proposition A.1. In the vertical integrate game, we search
for a bounded and continuously diﬀerentiable value function
VI (G) for which a unique solution for G(t) does exist, and the
Hamilton–Jacobi–Bellman (HJB) equation is
ΔVI � max(u + np)(η + αG − βp − u) −
p

kg2 zVI
+
(λg − ρG),
2
zG

(A.1)
because the rent is dynamic, maximization of the right-hand
side of the HJB equation with respect to p yields
pI �

−nu + αnG − uβ + nη
.
2nβ

(A.2)

λgI 1 − e− ρt 
ρ

.

(A.3)

Substituting (A.2) and (A.3) in (7), and the maximization of (7) provides the optimal static recycling maintenance
eﬀort as follows:
gI �

λα (Δ + 2ρ)(n(η − u) + uβ) + nΔαG0 
.
2kβΔ2 + 3Δρ + 2ρ2  − 2nα2 λ2

(A.4)

The proof is complete.
Proposition A.2. To obtain a Stackelberg equilibrium, we
ﬁrst determine the rent p as a function of the wholesale price
D
w and recycling maintenance eﬀort g. Let VD
o and Vs denote
the value functions for the operator and supplier. The operator’s HJB equation can be speciﬁed as

The recycling maintenance eﬀort is static and obtained
by (1)

ΔVD
o � max(u + np)(η + αG − βp − u) − wI −
p

The maximization with respect to p yields the operator’s
reaction function:
pD (w) �

−nu + αnG + nη − β u − wθe− cg 
.
2nβ

(A.6)

gD �

kg2 zVD
+ o (λg − ρG).
2
zG
λα (Δ + 2ρ)(n(η − u) + uβ) + nΔαG0 
.
8kβΔ2 + 3Δρ + 2ρ2  − 2nα2 λ2

(A.5)

(A.10)

The proof is complete.

Data Availability
Anticipating the retailer’s response in (A.6), the supplier’s HJB equation is given by
− cg
+
ΔVD
s � maxwθ(η + αG − βp − u)e
w

zVD
s
(λg − ρG).
zG
(A.7)

Performing the maximization on the right-hand side
with respect to w yields
ecg (−nu + αnG + uβ + nη)
wD �
.
2βθ

(A.8)

Substituting the expression of w above into (A.6)
produces
pD �

−3nu + 3αnG − uβ + 3nη
.
4nβ

(A.9)

Substituting (A.3), (A.8), and (A.9) in (9) and the
maximization of (9) provide the optimal static recycling
maintenance eﬀort as follows:

The data used to support the ﬁndings of this study are
available from the corresponding author upon request.
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