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Abstract: The booming development of e-commerce has promoted the diversified development of
logistics distribution services (LDS). For LDS, e-commerce retailers (e-retailers) often choose either
the outsourced logistics distribution services strategy (OLDSS) or the self-built logistics distribution
services strategy (SBLDSS). Although there are problems such as products getting lost and damaged
during the logistics distribution process, the high transparency and traceability characteristics of
blockchain technology (BT) can help solve the problem of products being lost and damaged in the
logistics distribution process. However, due to the high cost of BT, e-retailers may encounter reduced
sales, which causes the supply chain corporate profits to decrease. To encourage the BT investment
enthusiasm of the e-retailers and regulate corporate profits, the government implements subsidies
for e-retailers’ BT, namely, the government blockchain subsidy (GBS). In addition, in recent years,
environmental degradation has become increasingly severe, causing negative impacts on people’s
lives. To promote sustainable development, we use variational inequality to establish an e-commerce
closed-loop supply chain (E-CLSC) network equilibrium model in which the network equilibrium
decisions of e-retailers choosing the OLDSS and those choosing the SBLDSS are obtained. Then, we
analyze the impact of the BT input cost and the GBS quota on equilibrium decisions by studying
their properties and verifying the theoretical results by performing numerical examples. Finally, we
analyze the profits of the e-retailers to obtain the impact of the BT input cost and the GBS quota on
e-retailers’ choice of the optimal LDS strategy; in this way, we provide a scientific basis for e-retailers
to choose the optimal LDS strategy. The results show that increasing the BT input costs reduces
e-retailers’ product sales under the two LDS strategies, which decreases the production rate and the
recovery rate of the products. When the BT input cost is low, SBLDSS is the best choice for e-retailers.
When the BT input cost is high, OLDSS is the best choice for e-retailers. Moreover, there is a positive
correlation between GBS and e-retailers’ product sales; thus, GBS is conducive to expanding market
demand, regulating the profits of manufacturers, increasing the e-retailers’ profits, improving the
enthusiasm of the e-retailers for BT investment, and promoting the overall development of supply
chain enterprises. For e-retailers, choosing the OLDSS can lead to a better development of the E-CLSC.

Keywords: e-commerce; closed-loop supply chain network; logistics distribution services; blockchain
technology; government subsidy; sustainability

1. Introduction

As a consequence of the rapid development of the Internet, e-commerce has gradually
become an important business model throughout the world. Due to the rapid growth of
e-commerce, many well-known e-commerce retailers (e-retailers) have established their
business in China, such as Tmall (Chian), JD (China), Vipshop (China), and Poizon (China),
and the logistics distribution services (LDS) have also gradually developed. The XNA
report shows that, in 2023, the cumulative volume of parcels delivered by China Post
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reached 24.702 million pieces, an increase of 40.6% compared to the same period in 2022 [1].
In China, the LDS strategies often chosen by e-retailers include outsourced LDS strategy
(OLDSS) [2], self-built LDS strategy (SBLDSS) [3], and hybrid logistics distribution service
strategy (hybrid LDS strategy) [4]. OLDSS refers to e-retailers outsourcing their LDS to
third-party logistics distribution providers (3PLDPs), such as Yuantong (China), Shentong
(China), Zhongtong (China), and Yunda (China) [5], for product distribution. In this way,
e-retailers can focus more on their sales business by choosing the OLDSS. On the other hand,
due to the characteristics of high control and strong serviceability of SBLDSS, SBLDSS has
gradually increased its popularity in recent years. Since e-retailers can obtain more benefits
from SBLDSS [6], more and more e-retailers have established SBLDSS systems, such as JD
(China), Suning (China), and Amazon (USA), and have established their own LDS systems
and relied on the service of their own LDS systems to deliver their products to demand
markets [3]. Compared with the OLDSS, the SBLDSS can deliver on time, improve service
quality, and enhance corporate brand value [7], but it also faces pressures such as high
service cost, low distribution efficiency, and limited scale [8]. OLDSS and SBLDSS, as two
mainstream LDS strategies, have a significant impact on the development of the logistics
economy. Therefore, it is of great significance to analyze which LDS strategy should be
used by the e-retailers to increase their profits.

Although the development of China’s LDS industry has been relatively mature, the
proportion of products getting lost and damaged during the logistics distribution process
remains high. Blockchain technology (BT), as a decentralized distributed ledger database
technology, has the characteristics of decentralization, data traceability, data being unable
to be tampered with, data security and trustworthiness, etc. It can effectively avoid data
fraud and carry out product traceability [9–11]. The introduction of BT in the logistics
distribution process helps to improve the transparency, reliability, and security of the
logistics distribution process. For example, Walmart’s (USA) fresh goods supplier uses BT
to record the product transfer process [12], and JD cooperates with Australia’s InterAgri
Group to develop a blockchain platform to track the transportation and other processes
of imported Angus beef [12]. In addition, because BT can achieve precise accountability
for damaged products [13], BT is conducive to reducing the proportion of products that
are being damaged and lost during logistics distribution [14]. Although BT can ensure
the safety of the product logistics distribution process, the high BT cost will dampen the
investment enthusiasm of the enterprises [15]. To support the development of BT, the
government provides subsidies to e-retailers’ BT investments to regulate corporate profits
and increase corporate enthusiasm for BT investment [15]. Some government agencies also
have taken measures to subsidize BT; for example, the UK government has promised to
provide GBP 19 million to financially support its BT companies’ investments [16].

The advantage of a closed-loop supply chain (CLSC) is that it can realize product
recycling and remanufacturing at the back end of the recycling process [17], which has
made outstanding contributions in reducing cost, improving efficiency, and promoting
sustainable production. The CLSC network equilibrium model [18] can describe Nash’s
non-cooperative competition behavior [19] with multiple competitors on the same level,
which is consistent with reality. Therefore, many scholars use CLSC network equilibrium to
study heterogeneous products with different market demands [20], as well as green supply
chain technology investment problems [21,22], the cap-and-trade regulation problem [23],
the production strategy problem of global supply chains [24], and the impact of government
subsidies on recovery amount [25], etc., but there is no research on the optimal LDS strategy
problem of e-retailers. Due to the rapid development of e-commerce, CLSC’s sales activities
have opened online channels. Therefore, this paper extends the CLSC network equilibrium
to the e-commerce mode, that is, the e-commerce CLSC (E-CLSC) network, in which e-
retailers apply BT in two LDS strategies, i.e., OLDSS and SBLDSS, to track and supervise
the logistics distribution process to ensure the smooth delivery of products to customers.
In this way, the government increases e-retailers’ BT investment enthusiasm by subsidizing
e-retailers.
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In this paper, we use variational inequality (VI) under two LDS strategies to establish
an E-CLSC network equilibrium model considering e-retailers’ BT input cost and GBS
quota. We qualitatively analyze the impact of BT input cost and GBS quota on e-retailer’s
equilibrium decisions and conduct quantitative analysis through examples. By comparing
and analyzing the profits of e-retailers under two LDS strategies, we determine the optimal
LDS strategy for e-retailers, which provides a scientific basis for e-retailers to choose the
optimal LDS strategy. The contributions of this article are as follows:

(1) We analyze the logistics distribution process of e-retailers in the E-CLSC network,
in which e-retailers use BT to supervise their businesses. We also analyze how the
government subsidizes e-retailers’ BT investments to increase their BT investment
enthusiasm and regulate corporate profits.

(2) We establish an E-CLSC network equilibrium model in which e-retailers either choose
the OLDSS or the SBLDSS and obtain the E-CLSC network equilibrium decisions by
using VI.

(3) We analyze the impact of BT input cost and GBS quota on the equilibrium decisions
of the two LDS strategies through properties analysis and verify this by solving
numerical examples. Furthermore, by comparing and analyzing the profits of e-
retailers, we obtain the impact of BT input cost and GBS quota on e-retailers’ choices
of different LDS strategies. In this way, we understand how e-retailers should choose
the best LDS strategy based on different BT input costs and GBS quotas.

The rest of this paper is structured as follows: Section 2 concerns the literature review;
Section 3 concerns the research methodology; Section 4 concerns the model description
and its related assumptions; Sections 5 and 6 construct the e-retailers’ OLDSS and SBLDSS
equilibrium models, respectively, and analyze the BT input cost and GBS quota through
properties analysis; Section 7 uses numerical analysis to verify the impact of BT input cost
and the GBS quota on equilibrium decisions and obtain e-retailers’ optimal LDS strategy;
and Section 8 provides the conclusion.

2. Literature Review

This section focuses on five aspects: CLSC network equilibrium, LDS strategy, BT,
GBS, and research methodology.

2.1. Closed-Loop Supply Chain Network Equilibrium

The CLSC network equilibrium problem describes the competing behavior of mul-
tiple members of the same layer [18,19], which has the advantages of saving resources
and promoting sustainable production. Therefore, this problem is widely used in CLSC
management. Yang et al. [26] used VI to establish a CLSC network equilibrium considering
suppliers. Qiang et al. [27] established the CLSC network equilibrium considering uncer-
tainties in demand to analyze the impact of expected yield rate on equilibrium decisions.
Chan et al. [28] used a dynamic CLSC network equilibrium model to study the problem of
the seasonality of demand. The effect of carbon policies on the results of CLSC network
equilibrium was studied in Refs. [29,30]. Zhou et al. [31] studied the optimal remanufactur-
ing strategy of the CLSC network. However, the impact of the BT input cost and the GBS
quota on LDS strategy has not been analyzed in the existing literature. Furthermore, due to
the development of e-commerce, the study of the E-CLSC network has become a trend in
CLSC management. Therefore, it is necessary to analyze the influence of BT input cost and
GBS quota on the E-CLSC network equilibrium and the optimal LDS strategy.

2.2. Logistics Distribution Services Strategy

With the development of e-commerce, the LDS strategy has also diversified, in such
a way that OLDSS and SBLDSS have been widely studied as two mainstream delivery
models. Giri and Sarker [32] found that OLDSS has a significant impact on supply chain
performance. Challenged by the omnichannel retail model, Bulde et al. [33] tried to find a
way for 3PLDPs to participate in the supply chain. Liu et al. [34] analyzed the interaction
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between the LDS strategy and the platform sales model in the B2C e-commerce model. For
the case of multiple types of 3PLDPs, Cao et al. [35] studied the LDS strategies of brands
when selling products on e-commerce platforms. The results of the study showed that the
choice of LDS contractors is related to the service level and the cost difference between
e-retailers and 3PLDPs. Dong et al. [36] studied how manufacturers can choose an LDS
strategy for two types of logistics companies with green-washing. Wang et al. [37] found
that logistics competitions play an important role in the selection of the LDS strategies of
manufacturers, using the SBLDSS when the logistics level gap is small and the OLDSS when
the logistics level gap is large. However, the above literature analyzes the LDS strategy in
the forward supply chain. Different from the above studies, this paper analyzes the optimal
LDS strategy for e-retailers by establishing the E-CLSC network equilibrium model.

2.3. Blockchain Technology

BT is an emerging technology that can ensure product quality and enable product
traceability and anti-counterfeiting. The current classification of blockchain includes public
blockchain, consortium blockchain, and private blockchain, which are suitable for different
scenarios [38]. Consortium blockchain is widely used in supply chains, and many scholars
have researched the application of BT. In the case of food supply chains, Modak et al. [39]
studied the optimal decision making and profitability of fresh agricultural product supply
chains considering BT. In the case of supply chain finance, Wang et al. [40] found that BT
has a regulatory role for green loans and is conducive to improving the environment. In the
case of medical treatment, Niu et al. [41] found that BT can be used in the pharmaceutical
industry to improve drug safety and solve drug safety issues. Moreover, as the patient
records are scattered and inconvenient for information sharing, BT is used to achieve
patient record sharing and improve medical transparency and efficiency [42]. In terms of
information disclosure, Zhang et al. [43] found that BT influenced product quality-related
information. In terms of recycling and remanufacturing, Wang et al. [44] used BT in the
reverse supply chain to reduce consumers’ perceived risk of remanufacturing and found
that it was easier to achieve a win–win situation when the unit blockchain cost was not high.
In the textile and apparel industry, Zhang et al. [45] found that BT has great potential in
mitigating environmental pollution. In addition, Dai et al. [46] studied the traceability of BT
by tracing the cost coefficient and found that investment traceability can improve product
reliability. Existing research suggests that the application of BT in multiple industries can
have a beneficial impact. However, few researchers have analyzed the effect of BT on the
optimal LDS strategy. In this paper, the investment cost of BT for e-retailers is determined
by both BT input cost and product transaction volume, according to [46], and the impact of
BT input cost on the LDS strategy for e-retailers is studied.

2.4. Government Blockchain Subsidy

BT has an advantage in terms of providing regulatory records, but the higher cost
involved reduces the willingness of supply chain members to invest in it. Zhong et al. [16]
found that implementing an innovation subsidy and quantity subsidy for blockchain
technology can create higher social welfare. Wang et al. [47] found that, in the maritime
industry, the relationship between the unit net benefit and the unit operating cost of BT
is crucial to the successful application of BT. Therefore, when the government provides a
subsidy for BT, the enterprises are more willing to invest in it; this issue has been studied by
many scholars. Zhang et al. [48] discussed the application of BT in the construction industry
and found that the implementation of government subsidies for BT was beneficial in terms
of improving the perceived values of BTs among stakeholders, thereby promoting the
use of BT. Hamidoğlu et al. [49] studied how the government can control the agricultural
product market based on providing subsidies for BT and found that subsidies incentivize
the application of blockchain technology. The above literature shows that when BT is
applied in different fields, the government subsidy always has an incentive effect on the
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enterprises’ willingness to use BT. Thus, this paper considers how the government subsidy
for e-retailers can encourage them to invest in BT.

The above literature considers some of the CLSC networks, LDS strategies, blockchain,
and government subsidies; however, with the innovation of technology and the continuous
development of e-commerce and LDS, these studies can no longer meet the development
needs of modern enterprises. Therefore, this paper studies the optimal LDS strategy
considering BT input cost and GBS quota to provide a basis for the scientific decision-
making processes of e-retailers to choose the optimal LDS strategy. Table 1 shows the
differences between this study and those in the existing literature.

Table 1. Literature innovation.

Reference CLSC Network Outsourced LDS Self-Built LDS BT Government
Subsidy

Hammond and Beullens
(2007) [18]

√

Yang et al. (2009) [26]
√

Qiang et al. (2013) [27]
√

Yang et al. (2021) [29]
√

Cheng et al. (2023) [30]
√ √

He et al. (2019) [5]
√

Zheng et al. (2020) [3]
√ √

Wang et al. (2022) [37]
√ √

Yu et al. (2024) [6]
√

Choi and Luo. (2019) [15]
√ √

Zhou et al. (2023) [31]
√ √

Dong et al. (2023) [36]
√ √

Hou et al. (2024) [10]
√

Zhang et al. (2023) [48]
√ √

Hamidoğlu et al. (2024) [49]
√ √

This study
√ √ √ √ √

3. Research Methodology

In this paper, we establish an E-CLSC network equilibrium by using the theory of
the Nash Non-Cooperative Game [19], considering the BT input cost and GBS quota. We
first obtain the network equilibrium decision of the e-retailers choosing OLDSS, then the
E-CLSC network equilibrium decision of the e-retailers choosing SBLDSS. The impact of
the BT input cost and the GBS quota on the equilibrium decisions is analyzed qualitatively
using property analysis, and it is quantitatively studied by solving numerical examples
under the two LDS strategies. By comparing and analyzing the profits of e-retailers under
the two LDS strategies, the impact of the BT input cost and the GBS quota on the optimal
LDS strategy of the e-retailers is determined, which provides a scientific basis for e-retailers
to choose the optimal LDS strategy.

4. Model Description and Assumptions

In the E-CLSC network of this paper, e-retailers consider two LDS strategies, namely,
the OLDSS and the SBLDSS, respectively. The CLSC network of the OLDSS consists
of M competing manufacturers, N competing e-retailers, O competing 3PLDPs, and K de-
mand markets, as shown in Figure 1a, where 3PLDPs undertake the distribution tasks
outsourced by e-retailers for delivering products to the demand markets. On the other hand,
the CLSC network of the SBLDSS network consists of M competing manufacturers, N com-
peting e-retailers, and K demand markets, as shown in Figure 1b, where the retailers deliver
their own products to the demand markets. In order to reduce the proportion of damage to
the products in the logistics distribution process, e-retailers invest in BT to retrospectively
supervise the logistics distribution processes of the products they sell, thus incurring BT
investment costs. The BT investment cost is closely related to the BT input cost and product
transaction volume [46]. Due to the high cost of BT investment, which will affect the use of
BT by e-retailers, the government provides a certain amount of BT subsidy for each unit of
product sold by e-retailers [16] to increase the e-retailers’ enthusiasm for BT investment.
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the SBLDSS.

Under OLDSS, the decision variables are shown in Table 2.

Table 2. Decision variables under the OLDSS.

Variable Significance

qnew
m

The number of new products produced by manufacturer m. All these newly manufactured products form a
vector Q1 ∈ RM

+ .

qmn
The number of products sold by e-retailer n from manufacturer m. All these sold products form a
matrix Q2 ∈ RMN

+ .

qnok
The number of products sold by e-retailer n to demand market k via 3PLD o. All these sold products form a
three-dimensional tensor Q3 ∈ RNOK

+ .
rnok The unit transportation cost incurred by 3PLDPo. All these transportation costs form a vector R ∈ RNOK

+ .

qkm
The number of scrap products recovered by manufacturer m from demand market k. All these recycling products
form a matrix Q4 ∈ RKM

+ .
ρk The retail price of demand market k. All these retail prices form a vector ρ ∈ RK

+.

Under SBLDSS, the other decision variable is shown in Table 3.

Table 3. Decision variable under the SBLDSS.

Variable Significance

qnk The number of products sold by e-retailer n to the demand market k. All these sold products form a vector Q5 ∈ RNK
+ .

The parameters are shown in Table 4.

Table 4. Parameters.

Parameter Significance

α The recycling rate of wasted products
β The remanufactured rate of recycled products
η The unit disposal cost of wasted products
θ The BT input cost
sB The GBS quota

We need the following assumptions:

Assumption 1. Only a single production cycle is considered [50].

Assumption 2. Since this paper considers the e-commerce retail model, all information is open
and transparent, and the information of the decision makers in the E-CLSC network is completely
symmetrical [50].
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Assumption 3. All the members in each layer are competing non-cooperatively in the Nash
manner [19].

Assumption 4. The remanufactured product and the new product are homogeneous, and the
production cost of the remanufactured product is lower than that of the new product [50].

Assumption 5. To reduce the proportion of damage in the logistics distribution process, e-retailers
invest in BT to supervise the logistics distribution process of the products they sell, and the BT
investment cost is an increasing function of the BT input cost θ [46], that is, the investment cost

iscn,B

(
O
∑

o=1

K
∑

k=1
qnok, θ

)
.

Assumption 6. Due to the high cost of BT investment, the government provides a subsidy for each
unit of product sold by e-retailers, and the subsidy amount is an increasing function of the sales
quantity [16].

Assumption 7. The cost function is a continuous, differentiable, and convex function of the decision
variable, and the demand function is a subtraction function of the price variable [18].

5. Equilibrium of the E-CLSC under the OLDSS

In this section, we consider the E-CLSC network model under the OLDSS For example,
Taobao, a well-known e-commerce platform in China, adopts OLDSS [51]. In Figure 1a, manufac-
turer m (m = 1, · · · , M) produces a new product and sells it to e-retailer n (n = 1, · · · , N) with
a transaction quantity qmn; e-retailer n (n = 1, · · · , N) then sells these products to demand mar-
ket k (k = 1, · · · , K) via 3PLDPo (o = 1, · · · ,O)with the transaction quantity qnok and the total sales

quantity
O
∑

o=1

K
∑

k=1
qnok. Demand market k (k = 1, · · · , K) recycles these products and sends them to

manufacturer m (m = 1, · · · , M) with the transaction quantity qkm (k = 1, · · · , K; m = 1, · · · , M).
Figure 2 shows the transaction diagram under the OLDSS. Since the recording and traceability
function of BT can reduce the proportion of products being lost and damaged in the logistics

distribution process, e-retailers need to invest in BT with the investment cost cn,B

(
O
∑

o=1

K
∑

k=1
qnok, θ

)
.

Since the cost of BT investment is high, the government needs to encourage e-retailers to invest in
BT by subsidizing them with a subsidy equal to sB per unit product, and with the total subsidy

equal to sB
O
∑

o=1

K
∑

k=1
qnok.
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Figure 2. Transaction diagram under the OLDSS.
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5.1. Manufacturers’ Equilibrium Decisions under the OLDSS

M competing manufacturers manufacture new products and sell these products to N e-
retailers. They also collect waste products from K demand markets for remanufacturing
such that the remanufactured products and the new products are homogenous (Assump-
tion 4). Thus, manufacturer m(m = 1, · · · , M) needs to determine the quantity of new
product qNew

m ; the product transaction quantity with e-retailer n (n = 1, · · · , N), qmn; and
the quantity of waste products recovered from demand market k (k = 1, · · · , K), qkm, in one
production cycle. Thus, the revenue of manufacturer m (m = 1, · · · , M) in one production

cycle is
N
∑

n=1
ρmnqmn (ρmn is the endogenous wholesale price), and its cost includes the pro-

duction cost fm(Q1), the transaction cost
N
∑

n=1
cmn(qmn), the recovery cost

K
∑

k=1
ρkmqkm (ρm is

the endogenous recovery price), the recovery transaction cost
K
∑

k=1
ckm(qkm), the inspec-

tion and cleaning cost for recycled waste products cm(
K
∑

k=1
qkm), the remanufacturing

cost φm(β
K
∑

k=1
qkm), the disposal cost for unusable waste products η(1 − β)

K
∑

k=1
qkm, and

the transportation cost for unusable wasted products cm,D

(
(1 − β)

K
∑

k=1
qkm

)
. Let the net

profit of manufacturer m (m = 1, · · · , M) in one production cycle of the OLDSS be πm.
Then, the maximization problem of manufacturer m in this model is:

maxπm =
N
∑

n=1
ρmnqmn − fm

(
Q1)− N

∑
n=1

cmn(qmn)−
K
∑

k=1
ρkmqkm −

K
∑

k=1
ckm(qkm)− cm

(
K
∑

k=1
qkm

)
−ϕm

(
β

K
∑

k=1
qkm

)
− η(1 − β)

K
∑

k=1
qkm − cm,D

(
(1 − β)

K
∑

k=1
qkm

) (1)

s.t.
N

∑
n=1

qmn ≤ qnew
m + β

K

∑
k=1

qkm (2)

α
N

∑
n=1

qmn ≤
K

∑
k=1

qkm

qnew
m , qmn, qkm ≥ 0∀n, k.

(3)

Constraint (2) indicates that the quantity of products sold by manufacturer m is not
more than the sum of the quantities of new and remanufactured products it produces, and
Constraint (3) indicates that the amount of waste products must be recycled to meet the
minimum recycling standards.

Proposition 1. In view of Assumption 7, the profit of manufacturer m under the OLDSS, πm, is a
concave function of qnew

m , qmn, and qkm.

Proof. See Appendix A. □

Theorem 1. In view of Assumption 3, the equilibrium decisions of M manufacturers under the
OLDSS are obtained by solving the following VI [18]:

Determine
(
Q1∗, Q2∗, Q4∗ω∗, ϑ∗) ∈ RM+MN+KM+2M

+ , which satisfies:
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M
∑

m=1

[
∂ fm

(
Q1∗)

∂qnew
m

− ω∗
m

]
× [qnew

m − qnew∗
m ]

+
M
∑

m=1

N
∑

n=1

[
∂cmn(q∗mn)

∂qmn
+ ω∗

m + αϑ∗
m − ρ∗mn

]
× [qmn − q∗mn]

+
K
∑

k=1

M
∑

m=1


ρ∗km +

∂ckm
(
q∗km
)

∂qkm
+

∂cm

(
K
∑

k=1
q∗km

)
∂qkm

+

∂ϕm

(
β

K
∑

k=1
q∗km

)
∂qkm

+η(1 − β) +

∂cm,D

(
(1 − β)

K
∑

k=1
q∗km

)
∂qkm

− βω∗
m − ϑ∗

m


×
[
qkm − q∗km

]

+
M
∑

m=1

[
qnew∗

m + β
K
∑

k=1
q∗km −

N
∑

n=1
q∗mn

]
× [ωm − ω∗

m]

+
M
∑

m=1

[
K
∑

k=1
q∗km − α

N
∑

n=1
q∗mn

]
× [ϑm − ϑ∗

m] ≥ 0, ∀
(
Q1, Q2, Q4, ω, ϑ

)
∈ RM+MN+KM+2M

+ .

(4)

where ωm, ϑm are the Lagrange multipliers of (2) and (3), respectively.

Proof. See Appendix B. □

5.2. E-Retailers’ Equilibrium Decisions under the OLDSS

N competing e-retailers obtain products from M manufacturers, outsource logis-
tics distribution to all the 3PLDPs, and sell them to K demand markets through all the
3PLDPs. Hence, e-retailer n (n = 1, · · · , N) needs to decide on the number of products
purchased from manufacturer m (m = 1, · · · , M), qmn, and distribute them to demand mar-
ket k (k = 1, · · · , K) through 3PLDPo (o = 1, · · · , O) with the transaction quantity qnok in
one production cycle. E-retailer n (n = 1, · · · , N) needs to invest in BT with the invest

cost,cn,B

(
O
∑

o=1

K
∑

k=1
qnok, θ

)
, and the government encourages it to invest in BT with the total

subsidy equal to sB
O
∑

o=1

K
∑

k=1
qnok. Thus, the income of e-retailers n (n = 1, · · · , N) in one

production cycle includes its revenue
O
∑

o=1

K
∑

k=1
ρnokqnok (ρnok is the endogenous retail prices)

and the government subsidy sB
O
∑

o=1

K
∑

k=1
qnok, and its cost include the product purchase

cost
M
∑

m=1
ρmnqmn (ρmn is the endogenous wholesale prices) and the logistics distribution

cost
O
∑

o=1

K
∑

k=1
rnokqnok from all the 3PLDPs (rnok is the purchase cost per unit of 3PLDPo’s

product); in addition, e-retailer n is also responsible for the payment of the product’s dis-

play sales cost cn
(
Q2) and the BT investment cost cn,B

(
O
∑

o=1

K
∑

k=1
qnok, θ

)
. Let the net profit

of e-retailer n (n = 1, · · · , N) in one production cycle of the OLDSS be πOL
n . Then, the

maximization problem of retailer n in this model is:

maxπOL
n =

O

∑
o=1

K

∑
k=1

ρnokqnok + sB

O

∑
o=1

K

∑
k=1

qnok −
M

∑
m=1

ρmnqmn −
O

∑
o=1

K

∑
k=1

rnokqnok − cn

(
Q2
)
− cn,B

(
O

∑
o=1

K

∑
k=1

qnok, θ

)
(5)

s.t.
O

∑
o=1

K

∑
k=1

qnok ≤
M

∑
m=1

qmn

qmn, qnok ≥ 0, ∀m, o, k

(6)
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Constraint (6) indicates that the total quantity of products sold by e-retailer n does not
exceed its total purchase quantity.

Proposition 2. In view of Assumption 7, the profit of e-retailer n under the OLDSS, πOL
n , is a

concave function of qmn and qnok.

Proof. The proof is the same as that of Proposition 1. □

Theorem 2. In view of Assumption 3, the N e-retailers’ equilibrium decisionsunder the OLDSS
are obtained by thesolving the following VI [18]:

Determine
(
Q2∗, Q3∗, σ∗) ∈ RMN+NOK+N

+ , which satisfies:

M
∑

m=1

N
∑

n=1

[
ρ∗mn +

∂cn
(
Q2∗)

∂qmn
− σ∗

n

]
× [qmn − q∗mn]

+
N
∑

n=1

O
∑

o=1

K
∑

k=1

r∗nok +

∂cn,B

(
O
∑

o=1

K
∑

k=1
q∗nok, θ

)
∂qnok

+ σ∗
n − ρ∗nok − sB

×
[
qnok − q∗nok

]

+
N
∑

n=1

[
M
∑

m=1
q∗mn −

O
∑

o=1

K
∑

k=1
q∗nok

]
× [σn − σ∗

n ] ≥ 0, ∀
(
Q2, Q3, σ

)
∈ RMN+NOK+N

+ .

(7)

where σn is the Lagrange multiplier of (6).

Proof. The proof is the same as that of Theorem 1. □

Property 1. In view of Assumptions 5–7, the decision variables of e-retailer n under the OLDSS, qmn and qnok,
are decreasing functions of the BT input cost θ and increasing functions of the GBS quota sB.

Proof. See Appendix C. □

The interpretation of Property 1 from the economic point of view is as follows: As the
e-retailers raise the input cost of BT, the investment cost of BT increases. Consequently,
e-retailers, as rational decision makers, will decrease the quantity of product sales to reduce
expenditure, and at the same time reduce the quantity of wholesale products to save costs.
When the government subsidizes the BT of the e-retailers, part of the BT investment cost
of the e-retailers will be deducted from the GBS. Consequently, the e-retailers will have
sufficient funds, and they will expand the quantity of product sales to increase their profits.

5.3. PLDPs’ Equilibrium Decisions under the OLDSS

O competing 3PLDPs undertake the logistics distribution business of N e-retailers for the
transportation of their products to K demand markets. Hence, 3PLDPo (o = 1, · · · , O) needs
to determine the transportation cost for each e-retailer n (n = 1, · · · , N) for the delivery
of its products to demand market k (k = 1, · · · , K). Suppose that the transportation cost
for delivering one item of a product from e-retailer n to demand market k is rnok. Then,

the total revenue for 3PLDPo is
N
∑

n=1

K
∑

k=1
rnokqnok, and the total logistics distribution cost for

3PLDPo is
N
∑

n=1

K
∑

k=1
cnok(rnok). Let the net profit of 3PLDPo (o = 1, · · · , O) in one production

cycle of the OLDSS be πo. Then, the maximization problem of 3PLDPo in this model is:

maxπo =
N

∑
n=1

K

∑
k=1

rnokqnok −
N

∑
n=1

K

∑
k=1

cnok(rnok)

rnok ≥ 0, ∀n, k

(8)
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Proposition 3. In view of Assumption 7, the net profit of 3PLDPo in the OLDSS, πo, is a concave
function of rnok.

Proof. See Appendix D. □

Theorem 3. In view of Assumption 3, the O 3PLDPs’ equilibrium decisions under the OLDSS are
obtained by solving the following VI [18]:

Determine R∗ ∈ RNOK
+ , which satisfies:

N

∑
n=1

O

∑
o=1

K

∑
k=1

[
∂cnok(rnok)

∂rnok
− qnok

]
× [rnok − r∗nok] ≥ 0, ∀R ∈ RNOK

+ . (9)

Proof. The proof is the same as that of Theorem 1. □

5.4. Demand Markets’ Equilibrium Decisions under the OLDSS

For the OLDSS, we need to consider the demand markets’ equilibrium in both the
forward supply chain and the reverse supply chain.

Suppose that in the forward supply chain, customers in demand market k (k = 1, · · · , K) are
buying qnok items of products from e-retailer n (n = 1, · · · , N) via 3PLDPo (o = 1, · · · , O) in
one production cycle of the OLDSS and are willing to pay the price of ρk for the products they
purchase. Then, the number of products purchased and the price that customers are willing to
pay in demand market k (k = 1, · · · , K) must meet the following complementarity problems
(CPs) [18]:

ρ∗nok + ĉnok(q∗nok)

{
= ρ∗k i f q∗nok > 0
≥ ρ∗k i f q∗nok = 0,

(10)

and

dk(ρ
∗
k )


=

N
∑

n=1

O
∑

o=1
q∗nok i f ρ∗k > 0

≤
N
∑

n=1

O
∑

o=1
q∗nok i f ρ∗k = 0.

(11)

CP (10) indicates that when the quantity of purchased products from e-retailers n (n = 1,
· · · , N) to demand market k (k = 1, · · · , K) via 3PLDPo (o = 1, · · · , O) is greater than zero,
the price that the consumer is willing to pay is equal to the sum of the retail price and the
transaction cost of the e-retailer. CP (11) indicates that when the consumer is willing to pay
for the product, that is, when ρk > 0, the demand market k (k = 1, · · · , K) will reach an
equilibrium between the supply and the demand.

In the reverse supply chain, suppose that manufacturer m (m = 1, · · · , M) collects qkm items
of waste products from demand market k (k = 1, · · · , K) in one production cycle of the OLDSS.
Suppose that the consumers’ aversion to used products is αk

(
Q4). Then, the consumer behavior

satisfies the following CP (12) [18]:

αk

(
Q4∗

){= ρ∗km i f q∗km > 0
≥ ρ∗km i f q∗km = 0,

(12)

and

s.t.
M

∑
m=1

qkm ≤
N

∑
n=1

O

∑
o=1

qnok. (13)

CP (12) indicates that consumers of demand market k (k = 1, · · · , K) will return a
portion of the waste products whose residual value is equivalent to the recycling price.
Constraint (13) indicates that the quantity of waste products recycled in demand mar-
ket k (k = 1, · · · , K) should not exceed the total amount of products in the market.
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Theorem 4. From the equivalence of CP (10–12) and VI [52], the K demand markets’ equilibrium
under the OLDSS is obtained by solving the following[18]:

Determine
(
Q3∗, Q4∗, ρ∗, δ∗

)
∈ RNOK+KM+2N

+ which satisfies:

N
∑

n=1

O
∑

o=1

K
∑

k=1

[
ρ∗nok + ĉnok

(
q∗nok

)
− ρ∗k − δ∗k

]
×
[
qnok − q∗nok

]
+

K
∑

k=1

M
∑

m=1

[
αk
(
Q4∗)+ δ∗k − ρ∗km

]
×
[
qkm − q∗km

]
+

K
∑

k=1

[
N
∑

n=1

O
∑

o=1
q∗nok − dk

(
ρ∗k
)]

×
[
ρk − ρ∗k

]
+

K
∑

k=1

[
N
∑

n=1

O
∑

o=1
q∗nok −

M
∑

m=1
q∗km

]
×
[
δk − δ∗k

]
≥ 0, ∀

(
Q3, Q4, ρ, δ

)
∈ RNOK+KM+2N

+ .

(14)

where δk is the Lagrange multiplier of (13).

5.5. E-CLSC Networks’ Equilibrium Decisions under the OLDSS

When all manufacturers, all e-retailers, all 3PLDPs, and all demand markets arrive
at the equilibrium, then VI (4), VI (7), VI (9), and VI (14) will be satisfied simultaneously,
which implies that the E-CLSC network has reached the equilibrium condition. By adding
VI (4), VI (7), VI (9), and VI (14) and deleting the endogenous prices, we obtain the E-CLSC
network equilibrium under the OLDSS as follows:

Determine
(
Q1∗, Q2∗, Q3∗, Q4∗, ρ∗, ω∗, ϑ∗, σ∗, δ∗

)
∈ RM+MN+NOK+KM+K+2M+N+K

+ , which
satisfies:

M
∑

m=1

[
∂ fm

(
Q1∗)

∂qnew
m

− ω∗
m

]
× [qnew

m − qnew∗
m ]

+
M
∑

m=1

N
∑

n=1

[
∂cmn(q∗mn)

∂qmn
+

∂cn
(
Q2∗)

∂qmn
+ ω∗

m + αϑ∗
m − σ∗

n

]
× [qmn − q∗mn]

+
N
∑

n=1

O
∑

o=1

K
∑

k=1

r∗nok +

∂cn,B

(
O
∑

o=1

K
∑

k=1
q∗nok, θ

)
∂qnok

+ ĉnok
(
q∗nok

)
+ σ∗

n − ρ∗k − δ∗k − sB

×[qnok − q∗nok
]

+
K
∑

k=1

M
∑

m=1


∂ckm

(
q∗km
)

∂qkm
+

∂cm

(
K
∑

k=1
q∗km

)
∂qkm

+

∂ϕm

(
β

K
∑

k=1
q∗km

)
∂qkm

+ η(1 − β)

+

∂cm,D

(
(1 − β)

K
∑

k=1
q∗km

)
∂qkm

+ αk
(
Q4∗)+ δ∗k − βω∗

m − ϑ∗
m


×
[
qkm − q∗km

]

+
K
∑

k=1

[
N
∑

n=1

O
∑

o=1
q∗nok − dk

(
ρ∗k
)]

· ×
[
ρk − ρ∗k

]
+

M
∑

m=1

[
qnew∗

m + β
K
∑

k=1
q∗km −

N
∑

n=1
q∗mn

]
× [ωm − ω∗

m]

+
M
∑

m=1

[
K
∑

k=1
q∗km − α

N
∑

n=1
q∗mn

]
× [ϑm − ϑ∗

m] +
N
∑

n=1

[
M
∑

m=1
q∗mn −

O
∑

o=1

K
∑

k=1
q∗nok

]
× [σn − σ∗

n ]

+
K
∑

k=1

[
N
∑

n=1

O
∑

o=1
q∗nok −

M
∑

m=1
q∗km

]
×
[
δk − δ∗k

]
≥ 0, ∀

(
Q1, Q2, Q3, Q4, ρ, ω, ϑ, σ, δ

)
∈ RM+MN+NOK+KM+K+2M+N+K

+ .

(15)

From VI (15), we obtain the E-CLSC network equilibrium under the OLDSS. Based
on the equivalence of VI and CP [52], we obtain the endogenous price ρmn = ∂cmn(q∗mn)

∂qmn
+

ω∗
m + αϑ∗

m from VI (4), ρnk = rnok +
∂cn,B

(
O
∑

o=1

K
∑

k=1
qnok∗

)
∂qnok

− sB + σ∗
n from VI (7), and

∂co(r∗nok)
∂rnok

=

q∗nok and the logistics outsourcing price r∗nok from VI (9). We also obtain ρkm = αk
(
Q4∗)+
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δ∗k from VI (14). In addition, the overall profit of the network under the OLDSS is
M
∑

m=1
πm +

N
∑

n=1
πOL

n +
O
∑

o=1
πo.

6. Equilibrium of the E-CLSC under the SBLDSS

In this section, we consider the equilibrium of the E-CLSC network under the SBLDSS.
(For example, JD (China), Suning (China), and Amazon (USA) have adopted the SBLDSS [3]).
In Figure 1b, manufacturer m (m = 1, · · · , M) produces new products and sells them to
e-retailer n (n = 1, · · · , N) with the transaction quantity equal to qmn in one production
cycle of the E-CLSC network under the SBLDSS; e-retailer n (n = 1, · · · , N) then sells these
products directly to demand market k (k = 1, · · · , K) with the sales quantity equal to qnk;
and demand market k (k = 1, · · · , K) recycles these products and sends them to manu-
facturer m (m = 1, · · · , M) with the transaction quantity qkm(k = 1, · · · , K; m = 1, · · · , M).
Figure 3 shows the transaction diagram under the SBLDSS. For the manufacturers, their
equilibrium decisions in the E-CLSC network under the SBLDSS are obtained in the same
way as those in the E-CLSC network under the OLDSS, i.e., their equilibrium decisions
under the SBLDSS also need to satisfy VI (4). However, the e-retailers use the SBLDSS to
self-ship products to demand markets without the necessity to commission 3PLDPs for
logistics distribution. In this model, SBLDSS cannot solve the problem of products being
lost and damaged in the process of logistics distribution, and e-retailers still need to rely on
the recording and traceability function of BT technology to supervise the logistics distribu-

tion process. Therefore, e-retailer n needs to pay cn,B

(
K
∑

k=1
qnk, θ

)
for the BT investment in

one production cycle under the SBLDSS. To encourage the application and development of
new technologies, the government provides a BT subsidy sB for each product item sold by

e-retailers, with the total amount of subsidy equal to sB
K
∑

k=1
qnk.
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6.1. E-Retailers’ Equilibrium Decisions under the SBLDSS

N competing e-retailers obtain products from M manufacturers and sell and distribute prod-
ucts directly to K demand markets under the SBLDSS. Hence, e-retailer n (n = 1, · · · , N) needs
to decide on the products purchased from manufacturer m (m = 1, · · · , M), qmn, and sell them
directly to demand market k (k = 1, · · · , K) with the transaction quantity equal to qnk in one pro-
duction cycle. Thus, the income of e-retailer n (n = 1, · · · , N) in one production cycle includes

its revenue
K
∑

k=1
ρnkqnk (ρnk is the endogenous retail price) and the government’s subsidy sB

K
∑

k=1
qnk,

and its cost includes the product cost
M
∑

m=1
ρmnqmn (ρmn is the endogenous wholesale price), the
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product display sales cost cn
(
Q2), the logistics distribution cost cn

(
K
∑

k=1
qnk

)
, and the BT invest-

ment cost cn,B

(
K
∑

k=1
qnk, θ

)
. Let the net profit of e-retailer n(n = 1, · · · , N) in one production

cycle under the SBLDSS be πSL
n . Then, the maximization problem of e-retailer n in this model is:

maxπSL
n =

K

∑
k=1

ρnkqnk + sB

K

∑
k=1

qnk −
M

∑
m=1

ρmnqmn − cn

(
Q2
)
− cn

(
K

∑
k=1

qnk

)
− cn,B

(
K

∑
k=1

qnk, θ

)
(16)

s.t.
K

∑
k=1

qnk ≤
M

∑
m=1

qmn

qmn, qnk ≥ 0, ∀m, k

(17)

Constraint (17) indicates that the total quantity of products sold by e-retailer n does
not exceed its purchase quantity.

Proposition 4. In view of Assumption 7, the profit of e-retailer n under the SBLDSS, πSL
n , is a

concave function of qmn and qnk.

Proof. The proof is the same as Proposition 2. □

Theorem 5. In view of Assumption 3, the equilibrium decisions of N e-retailers under the
SBLDSS are obtained by solving the following VI [18]:

Determine
(
Q2∗, Q5∗, λ∗) ∈ RMN+NK+N

+ , which satisfies:

M
∑

m=1

N
∑

n=1

[
ρ∗mn +

∂cn
(
Q2∗)

∂qmn
− λ∗

n

]
× [qmn − q∗mn] +

N
∑

n=1

K
∑

k=1


∂cn

(
K
∑

k=1
q∗nk

)
∂qnk

+

∂cn,B

(
K
∑

k=1
q∗nk , θ

)
∂qnk

+ λ∗
n − ρ∗nk − sB

×
[
qnk − q∗nk

]

+
N
∑

n=1

[
M
∑

m=1
q∗mn −

K
∑

k=1
q∗nk

]
× [λn − λ∗

n] ≥ 0, ∀
(
Q2, Q5, λ

)
∈ RMN+NK+N

+ ,

(18)

where λn is the Lagrange multiplier of (17).

Proof. The proof is the same as that of Theorem 1. □

Property 2. In view of Assumptions 5–7, the decision variables of e-retailer n under the SBLDSS, qmn and qnk,
are decreasing functions of the BT input cost θ, and are increasing functions of the GBS quota sB.

Proof. The proof is the same as that of Property 1. □

The interpretation of Property 2 from the economic point of view is the same as that of
Property 1.

6.2. Demand Markets’ Equilibrium Decisions under the SBLDSS

The activities of demand market k (k = 1, · · · , K) under the SBLDSS are the same
as those that occur under the OLDSS. Thus, for demand market k (k = 1, · · · , K), its
equilibrium decisions under the SBLDSS model can be represented by VI (19) given below,
which is similar to that of VI (14) given for the equilibrium decisions under the OLDSS. VI
(19) can be stated as follows:
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Determine
(
Q5∗, Q4∗, ρ∗, µ∗) ∈ RNK+KM+2N

+ which satisfies:

N
∑

n=1

K
∑

k=1

[
ρ∗nk + ĉnk

(
q∗nk
)
− µ∗

k − ρ∗k
]
×
[
qnk − q∗nk

]
+

K
∑

k=1

M
∑

m=1

[
αk
(
Q4∗)+ µ∗

k − ρ∗km
]
×
[
qkm − q∗km

]
+

K
∑

k=1

[
N
∑

n=1
q∗nk − dk

(
ρ∗k
)]

×
[
ρk − ρ∗k

]
+

K
∑

k=1

[
N
∑

n=1
q∗nk −

M
∑

m=1
q∗km

]
×
[
µk − µ∗

k
]
≥ 0, ∀

(
Q5, Q4, ρ, µ

)
∈ RNK+KM+2N

+ .

(19)

6.3. E-CLSC Network Equilibrium Decisions under the SBLDSS

When all manufacturers, all e-retailers, and all demand markets arrive at equilibrium,
then VI (4), VI (18), and VI (19) will be satisfied simultaneously, which implies that the
E-CLSC network has arrived at equilibrium. By adding VI (4), VI (18), and VI (19) and
deleting the endogenous prices, we obtain the E-CLSC network equilibrium under the
SBLDSS as follows:

Determine
(
Q1∗, Q2∗, Q5∗, Q4∗, ρ∗, ω∗, ϑ∗, λ∗, µ∗) ∈ RM+MN+NK+KM+K+2M+N+K

+ , which
satisfies:

M
∑

m=1

[
∂ fm

(
Q1∗)

∂qnew
m

− ω∗
m

]
× [qnew

m − qnew∗
m ]

+
M
∑

m=1

N
∑

n=1

[
∂cmn(q∗mn)

∂qmn
+

∂cn
(
Q2∗)

∂qmn
+ ω∗

m + αϑ∗
m − λ∗

n

]
× [qmn − q∗mn]

+
N
∑

n=1

K
∑

k=1


∂cn

(
K
∑

k=1
q∗nk

)
∂qnk

+

∂cn,B

(
K
∑

k=1
q∗nk, θ

)
∂qnk

+ ĉnk
(
q∗nk
)
+ λ∗

n − µ∗
k − ρ∗k − sB

×
[
qnk − q∗nk

]

+
K
∑

k=1

M
∑

m=1


∂ckm

(
q∗km
)

∂qkm
+

∂cm

(
K
∑

k=1
q∗km

)
∂qkm

+

∂ϕm

(
β

K
∑

k=1
q∗km

)
∂qkm

+ η(1 − β)

+

∂cm,D

(
(1 − β)

K
∑

k=1
q∗km

)
∂qkm

+ αk
(
Q4∗)+ µ∗

k − βω∗
m − ϑ∗

m


×
[
qkm − q∗km

]

+
K
∑

k=1

[
N
∑

n=1
q∗nk − dk

(
ρ∗k
)]

×
[
ρk − ρ∗k

]
+

M
∑

m=1

[
qnew∗

m + β
K
∑

k=1
q∗km −

N
∑

n=1
q∗mn

]
× [ωm − ω∗

m]

+
M
∑

m=1

[
K
∑

k=1
q∗km − α

N
∑

n=1
q∗mn

]
× [ϑm − ϑ∗

m] +
N
∑

n=1

[
M
∑

m=1
q∗mn −

K
∑

k=1
q∗nk

]
× [λn − λ∗

n]

+
K
∑

k=1

[
N
∑

n=1
q∗nk −

M
∑

m=1
q∗km

]
×
[
µk − µ∗

k
]
≥ 0, ∀

(
Q1, Q2, Q5, Q4, ρ, ω, ϑ, λ, µ

)
∈ RM+MN+NK+KM+K+2M+N+K

+ .

(20)

From VI (20), we obtain the E-CLSC network equilibrium under the SBLDSS. Based
on the equivalence of VI and CP [52], we obtain the endogenous price ρmn = ∂cmn(q∗mn)

∂qmn
+

ω∗
m + αϑ∗

m from VI (4), ρnk =

∂cn

(
K
∑

k=1
qnk

)
∂qnk

+

∂cn,B

(
K
∑

k=1
qnk, θ

)
∂qnk

− sB + λn from VI (18),

and ρkm = αk
(
Q4∗)+ µ∗

k from VI (19). In addition, the E-CLSC profit under the SBLDSS

is
M
∑

m=1
πm +

N
∑

n=1
πSL

n .

7. Numerical Analysis

In this section, by solving a numerical example, we verify all the theorems and all
the properties in Sections 5 and 6 and analyze the impacts of the BT input cost and the
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GBS quota on the equilibrium decisions. Moreover, by comparing the profits of the e-
retailers under two LDS strategies, we obtain the best LDS strategy for the e-retailers, which
provides a scientific basis for the LDS decision making of the e-retailers.

In this numerical example, we use the same CLSC network as that used in [26],
with M, N, O, K = 2 (M, N, O and K are the numbers of manufacturers, e-retailers,
3PLDPs, and demand markets, respectively) in the network and use the same cost functions
as those used in [30], where all the cost functions satisfy Assumptions 4–7. The cost
functions can be described as follows:

Under the OLDSS:
Manufacturers:

fm
(
Q1) = 2.5(qnew

m )2 + qnew
1 qnew

2 + 2qnew
m

φm

(
β

K
∑

k=1
qkm

)
=

(
β

K
∑

k=1
qkm

)2

+ β
K
∑

k=1
qkm

ckm(qkm) = qkm + 5

cm

(
K
∑

k=1
qkm

)
= 1.8

K
∑

k=1
qkm + 3

cm,D

(
β

K
∑

k=1
qkm

)
= 0.5

(
β

K
∑

k=1
qkm

)2

+ 3.5
(

β
K
∑

k=1
qkm

)
cmn(qmn) = 0.1q2

mn + qmn

E-retailers:

cn
(
Q2) = 0.5

(
M
∑

m=1
qmn

)2

cn,B

(
O
∑

o=1

K
∑

k=1
qnok, θ

)
= θ2

(
O
∑

o=1

K
∑

k=1
qnok

)2

3PLDPs:
cnok(rnok) = 25r2

nok

Demand markets:
ĉnok(qnok) = qnok + 5

αk
(
Q5) = 0.5

(
M
∑

m=1
qkm

)2

d1 = −3ρ1 − ρ2 + 6000,
d2 = −3ρ2 − ρ1 + 6000.

Under the SBLDSS:
E-retailers:

cn

(
K
∑

k=1
qnk

)
= 0.03

(
K
∑

k=1
qnk

)2

+ 0.01
(

K
∑

k=1
qnk

)
cn,B

(
K
∑

k=1
qnk, θ

)
= θ2

(
K
∑

k=1
qnk

)2

Demand markets:
ĉnk(qnk) = qnk + 5

We apply the modified projection algorithm [53] by Matlab (2012) to solve VI (15)
and VI (20), respectively, using an iteration step of 0.01 and a termination error of 10−4 in
this algorithm. The processor we used is the Core i5 (Lenovo, Xiaoxin), with an average
runtime of 150 s. By solving Equations (1), (5) and (8), respectively, in conjunction with
VI (15), we obtain πm, πOL

n , and πo, respectively, at equilibrium under the OLDSS. On the
other hand, by solving Equations (1) and (16), respectively, in conjunction with VI (20), we
obtain πm and πSL

n at equilibrium under the SBLDSS. (Note that, in one production cycle of

the OLDSS, e-retailer n sells
O
∑

o=1
qnok items of its products by delivering them to demand

market k via 3PLDPs.)
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7.1. Impact of the BT Input Cost on the Selection of the Two LDS Strategies

In order to analyze the impact of the e-retailers’ BT input cost, θ, on their selection of
the optimal LDS strategy, we set the GBS quota θ equal to 0 According to [45], we set the
initial and the final values of the e-retailers’ BT input cost parameter θ equal to 0 and 1,
respectively, with the changes in θ equal to 0.1 in each step. According to [30], we set the
parameters α = 0.5, β = 0.8, η = 2. We solve VI (15) and VI (20), respectively, to obtain
the equilibrium of the E-CLSC under both the OLDSS and the SBLDSS corresponding to
different values of θ. The equilibriums under these two LDS strategies corresponding to
different values of θ are shown in Figure 4a–e, with their corresponding profits shown in
Figure 4f–h. By comparing the e-retailers’ profits under these two LDS strategies corre-
sponding to different values of θ, we obtain the impact of the e-retailers’ BT input costs on
their selections of the optimal LDS strategy (see Figure 5).

(1) From Figure 4a,b, for both LDS strategies, when the e-retailers’ BT input cost θ in-
creases, e-retailers, as rational decision makers, will reduce the purchase and sales quantities
of products to avoid losses of profits. Thus, these numerical results are consistent with
Property 1 and Property 2 in Sections 5 and 6. From Figure 4c,d, for both LDS strategies,
when the e-retailers’ BT input costs increase, manufacturers will reduce the quantity of
production of new products and the number of used products collected from demand
markets due to the decline in sales. From Figure 4e, the selling price in the demand market
is an increasing function of e-retailers’ BT input costs because, when the sales quantity
of the production decreases, the supply of goods will decrease and the selling price will
increase due to a shortage of products.

(2) From Figure 4f,g, when the e-retailers’ BT input costs increase, the profits of
manufacturers and 3PLDPs will decrease due to the decrease in sales quantities.

(3) From Figure 4h, retailers’ BT input costs have a positive impact on their profitability.
More precisely, when the retailers’ BT input costs increase, although their sales quantities
decrease, their benefits increase because the benefits caused by the increase in product
prices are much greater than the losses caused by the decrease in sales quantities. Thus,
the profits of the e-retailers are positively correlated with their BT input costs. Moreover,
e-retailers, as rational decision makers, will choose the best LDS strategy corresponding to
different BT input costs. When the e-retailers’ BT input cost is low (less than 0.7), e-retailers
will obtain more profits by choosing the SBLDSS retailers. When the e-retailers’ BT input
cost is high (higher than 0.7), e-retailers will obtain more profits by choosing the OLDSS
(see Figure 5).

E-retailers invest in BT to supervise the logistics distribution process of the products
they sell and to ensure the safety of the logistics distribution process of the products. As
the e-retailers’ BT input cost increase, reducing sales and increasing e-retailers’ profits are
conducive to saving resources, but are causing damages to the profits of the manufacturers
and 3PLDPs. Comparing the profits of e-retailers under the two LDS strategies, when the
BT input cost is low, e-retailers can obtain higher profits by choosing the SBLDSS, and
when the BT input cost is high, OLDSS is the best LDS strategy for the e-retailers, which
is consistent with Dong et al.’s conclusion that e-retailers under SBLDSS are profitable
when blockchain cost is low [36]. Among the two LDS strategies, manufacturers are more
profitable under the OLDSS than the SBLDSS, and 3PLDPs are only profitable under the
OLDSS. Moreover, e-retailers can sell more products under the OLDSS than under the
SBLDSS, and the product price is also lower under the OLDSS. As a result, e-retailers’
OLDSS is more conducive to meeting market needs and provides more benefits to all the
members of the E-CLSC network.

As shown in Figure 5, e-retailers choose different LDS strategies corresponding to
different BT input costs. In the next two sections, Sections 7.2 and 7.3, we shall discuss the
impact of the GBS quota under low BT input cost and high BT input cost, respectively.
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Figure 5. The effect of the blockchain technology level under e-retailers’ different LDS strategies.

7.2. Impact of the GBS Quota When the BT Input Cost Is Low

In this section, we analyze the impact of the GBS quota on the decision making and
profits at equilibrium when the BT input cost θ is low (i.e., we set θ = 0.3). According
to [31], we set the initial and final values of the GBS quota as equal to 0 and 100, respectively,
with the change in the GSB quota equal to 10 in each step, and we set the other parameters
to have the same values as those given in Section 6.1. We solve VI (15) and VI (20) to obtain
the equilibrium decisions (see Figure 6a–c) and the profits (see Figure 6f–h) under both the
OLDSS and the SBLDSS. By comparing the e-retailers’ profits under the two LDS strategies,
we obtain the impact of the GBS quota on the optimal LDS strategy of the e-retailers when
the BT input cost is low.

(1) From Figure 6a,b, the quantity of the purchased products and the quantity of
the sale products are positively correlated with the GBS quota. Thus, these numerical
results are consistent with Property 1 and Property 2 in Sections 4 and 5. When the
GBS quota is increased by the government, the e-retailers will obtain more funding; thus,
the e-retailers will increase the quantity of the purchased products, and hence, their sales
quantity will increase. From Figure 6c,d, when the government increases the GBS quota, the
manufacturers will increase the production of new products to increase their profits. Due
to the increase in product sales, the quantity of used products recycled by manufacturers
will also increase. From Figure 6e, the selling price of the product is negatively correlated
with the GBS quota. As the supply of products increases with the increase in the GBS, the
price of the products will be decreased.

(2) From Figure 6f,g, when the GBS quota increases, the sales of products will increase;
hence, the profits of the manufacturers and the 3PLDPs will also increase. From Figure 4f,g,
when the e-retailers’ BT input costs increase, the profits of the manufacturers and the
3PLDPs should decrease; however, due to the implementation of subsidies by the govern-
ment, the loss of profits due to the increase in e-retailers’ BT input costs is compensated,
and hence, the profits of the manufacturers and the 3PLDPs increase, which promotes the
overall development of E-CLSC. Therefore, the government must implement subsidies for
the e-retailers’ BT.

(3) From Figure 6h, e-retailers’ profits are positively correlated with the GBS quota,
which is consistent with the literature [16]. The increase in the GBS quota and the decrease
in the selling price of the products have negative impacts on the profits of e-retailers, but
the increase in sales quantities will cause an increase in the profits of e-retailers. Thus, the
gain from the increase in sales will outweigh the loss from the decrease in the selling price;
hence, the profits of the e-retailers will increase.

(4) From Figure 6h, when the e-retailers’ BT input costs are low, they will choose the
SBLDSS as their optimal LDS strategy. Thus, this numerical result is consistent with the
conclusion obtained from Figure 5. When the government subsidy increases, the production
and sales quantities will increase, and the profit of e-retailers will also increase; however,
the impacts on the growth rates of the profits of the e-retailers under both LDS strategies
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are the same. Therefore, the GBS quota has no significant effect on the selection of the
optimal LDS strategy for the e-retailers.

In conclusion, when the e-retailers’ input cost θ is low, the government’s subsidy for
BT e-retailers’ BT will stimulate the purchases and sales of e-retailers’ products, which will
increase the profits of the e-retailers. When the GBS quota increases, the negative impact of
the BT investment on the profits of the manufacturers and the 3PLDPs will decrease; thus,
the profits of the manufacturers and the 3PLDPs will increase. Thus, GBS has played a key
role in promoting the overall development of E-CLSC via expanding the market demands.
However, the growth rates of the profits of the e-retailers under both LDS strategies are the
same; thus, the GBS quota does not change the optimal LDS strategy for the e-retailers.
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7.3. Impact of the GBS Quota when the BT Input Cost Is High

In this section, we analyze the impact of the GBS quota on decision making and the
profits at equilibrium when the BT input cost θ is high (i.e., we set θ = 0.8). According
to [31], we set the values of the GBS quota sB and the other parameters as the same as those
set in Section 7.2. We solve VI (15) and VI (20) to obtain the equilibrium decisions (see
Figure 7a–e) and the profits (see Figure 7f–h) under both the OLDSS and the SBLDSS. By
comparing the e-retailers’ profits under the two LDS strategies, we obtain the impact of the
GBS quota on the optimal LDS strategy of the e-retailers when the BT input cost is high.

(1) From Figure 7a,b, the quantity of the purchased products and the quantity of the
sale products are positively correlated with the GBS quota. As the GBS quota increases,
e-retailers will take the initiative to increase the quantity of the purchased products and the
quantity of the sale products. Thus, these numerical results are consistent with Property
1 and Property 2 in Sections 5 and 6. From Figure 7c,d, the production quantity of the
manufacturers and the quantity of used products recycled by demand markets, which
are affected by the purchase quantity and the sales quantity of the retailers, are positively
correlated with the GBS quota. From Figure 7e, the selling price of the product is negatively
correlated with the GBS quota.

(2) From Figure 7f,g, when the GBS quota increases, the profits of the manufacturers
and the 3PLDPs will also increase. From Figure 4f,g, when the e-retailers’ input costs
increase, the profit of manufacturers and the profit of 3PLDPs should decrease, but due to
the implementation of subsidies by the government, the loss of profits due to the increase
in e-retailers’ BT input cost is compensated; hence, the profits of the manufacturers and
the 3PLDPs increase, which promotes the overall development of E-CLSC. Therefore, the
government must implement subsidies for e-retailers’ BT input.

(3) From Figure 7h, the profit of the e-retailers is positively correlated with the GBS
quota [16]. When the GBS quota increases, the gain from the increase in sales of the retailers
will outweigh the loss from the decrease in the selling price of the retailers; thus, the profit
of the e-retailers will increase. When the e-retailers’ BT input costs are high, they will
choose the OLDSS as their optimal LDS strategy. Thus, this numerical result is consistent
with the conclusion obtained from Figure 5. Under the influence of the GBS quota, sales
quantities play a crucial role in the profits of e-retailers, who determine the optimal LDS
strategy based on their own profit. When the government subsidy increases, the impacts
on the growth rates of the profits of the e-retailers under both LDS strategies are the same.
Therefore, the GBS quota does not directly affect the selection of the optimal LDS strategy
for the e-retailers.

In conclusion, when the e-retailers’ BT input cost θ is high, the government’s subsidy
for e-retailers’ BT investment not only expands the market demand for products, but
also increases the profits of the manufacturers, the 3PLDPs, and the e-retailers. Thus, the
government’s subsidy is beneficial to the overall development of E-CLSC. On the one hand,
the GBS will increase the motivation of the e-retailers to invest in BT. On the other hand,
since the growth rates of the profit of the e-retailers under the two LDS strategies are the
same, the GBS quota does not directly affect the selection of the LDS strategies for the
e-retailers.
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7.4. The Combined Impact of E-Retailers’ BT Input Costs and the GBS Quota

In Section 7.1, we analyzed the impact of e-retailers’ BT input costs on equilibrium
decisions and the selection of the optimal LDS strategy for the e-retailers. In Sections 7.2
and 7.3, we analyzed the impact of the GBS quota on the equilibrium decisions and the
selection of the optimal LDS strategy for e-retailers under the conditions that the e-retailers
have low and high BT input costs, respectively. Thus, we have already verified Property
1 and Property 2 given in Sections 5 and 6, which concern, respectively, the impact of the
e-retailers’ BT input costs and that of the GBS quota on the equilibrium decisions. Hence, in
this section, we shall analyze the combined impact of these two parameters on the profits of
each E-CLSC member. The results of this analysis are given in Figure 8a–c. In these figures,
we put the e-retailers’ input BT cost θ on the x-axis, according to [45]; we set the initial and
the final values of θ equal to 0 and 1, respectively, with the step-size equal to 0.1, and put
the values of the GBS quota sB on the y-axis, according to [33]; and we set the initial and
the final values of sB as equal to 0 and 100, respectively, with the step-size equal to 10. By
setting the values of the other parameters as the same as those in Section 7.1, we obtain the
changes in profits of each E-CLSC member with respect to the changes in θ and sB.
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(1) From Figure 8a, when the e-retailers’ BT input costs increase, the profits of the
manufacturers under both the OLDSS and the SBLDSS decrease. The above results are
the same as those obtained from Figure 4f. Moreover, also from Figure 8a, when the GBS
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quota increases, the profits of the manufacturers under both the OLDSS and the SBLDSS
increase. The above results are the same as those obtained from Figures 6f and 7f. For both
LDS strategies, the positive impact on the manufacturers’ profits due to the increase in the
GBS quota can easily offset the negative impact due to the increase in the e-retailers’ BT
input costs. Comparing the profits of the manufacturers under the two LDS strategies, we
find that, under the combined impact of the two parameters, manufacturers obtain a larger
profit under the OLDSS.

(2) From Figure 8b, when the BT input cost increases, the profit of the 3PLDPs under the
OLDSS decreases. The above result is the same as that obtained from Figure 4g. Moreover,
also from Figure 8b, when the GBS quota increases, the profit of the 3PLDPs under the
OLDSS increases. The above result is the same as those obtained from Figures 6f and 7f.
However, 3PLDPs can only be profitable under the OLDSS. The positive impact on the
3PLDPs’ profits due to the increase in the GBS quota can easily offset the negative impact
due to the increase in the e-retailers’ BT input costs.

(3) From Figure 8c, when the BT input cost increases, the profits of the e-retailers under
both the OLDSS and the SBLDSS increase. The above result is the same as that obtained
from Figure 4h. Therefore, the e-retailers must increase the BT input cost to increase their
profits. Moreover, also from Figure 8c, when the GBS quota increases, the profits of the
e-retailers under both the OLDSS and the SBLDSS increase [16]. The above results are
the same as those given in Figures 6h and 7h. From Figure 8c, it can also be seen that
e-retailers, as rational decision makers, select the best LDS strategy that provides them with
higher profits. When the BT input cost is low, e-retailers choose the SBLDSS as the best LDS
strategy, and when the BT input cost is high, e-retailers choose the OLDSS as the best LDS
strategy. The above results are the same as those obtained from Figure 5. In addition, other
literature has also found that e-retailers choose SBLDSS to obtain higher profits when the
blockchain cost is low [36].

(4) From Figure 8a–c, when the input cost of BT increases, the profits of both the
manufacturers and the 3PLDPs decrease. However, if the government implements a
subsidy for each item sold by e-retailers, the positive impact on their profits due to the
subsidy of the government will reduce the negative impact due to the BT input cost; hence,
the profits of manufacturers and 3PLDPs will increase. Thus, the GBS quota must be
implemented to improve the overall profit of E-CLSC.

In conclusion, when the BT input cost increases, the selling prices of the products
also increase, which provides the e-retailers with more profits. However, the BT input cost
can decrease the profits of other E-CLSC members. Thus, by subsidizing the e-retailers’
BT investments, the GBS can help them to increase their product sales and profits and
indirectly help the manufacturers and the 3PLDPs to increase their profits; in this way, the
imbalance in profits between all members of the E-CLSC network will be reduced. While
the BT input cost plays a key role in e-retailers’ selection of the optimal LDS strategy, the
GBS regulates the transaction quantities of products in the markets, helps the demand
markets to meet their demands, and improves the social welfare; thus, the GBS is beneficial
in terms of helping the overall development of the E-CLSC and satisfying the needs of
customers. As far as the combined impact of the BT input cost and the GBS quota on the
profits of all the members of the E-CLSC are concerned, the OLDSS is the best choice for
the e-retailers.

The impacts of the blockchain input cost (θ) and GBS quota (sB) on the decision
variables and the profits are shown in Tables 5 and 6.

Table 5. The impact of the blockchain input cost and GBS quota under the OLDSS.

qmn qnk qnew
m qkm ρk πm πo πn

θ ↓ ↓ ↓ ↓ ↑ ↓ ↓ ↑
sB ↑ ↑ ↑ ↑ ↓ ↑ ↑ ↑

In the tables, ↑ means increase; ↓ means decrease.
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Table 6. The impact of the blockchain input cost and GBS quota under the SBLDSS.

qmn qnk qnew
m qkm ρk πm πn

θ ↓ ↓ ↓ ↓ ↑ ↓ ↑
sB ↑ ↑ ↑ ↑ ↓ ↑ ↑

In the tables, ↑ means increase; ↓ means decrease.

8. Conclusions

In this paper, we study the E-CLSC network equilibrium problem considering the
e-retailers’ BT input costs and the GBS quota under the OLDSS and the SBLDSS. Moreover,
we also analyze how the BT input cost and the GBS quota can affect the optimal selection
of the LDS strategy for e-retailers. The results are as follows:

(1) Under the two LDS strategies, the production and transaction of the new products
and the recycled products are negatively correlated with e-retailers’ BT input costs. From
the market perspective, this implies that the increase in the retailers’ BT input costs inhibits
the market trading of products and hinders market development. Thus, when the retailers’
BT input costs increase, the negative impact of the retailers’ BT input cost becomes more
prominent. Under the two LDS strategies, the retailers’ BT input costs have a positive
impact on the profit of e-retailers and a negative impact on the profits of the manufacturers
and the 3PLDPs. Comparing the profits of the e-retailers under the two LDS strategies, it is
found that when the retailers’ BT costs are low, e-retailers choose the SBLDSS as the best
LDS strategy [36], and when retailers’ BT input costs are high, e-retailers choose the OLDSS
as the best LDS strategy.

(2) Under the two LDS strategies, the production and transaction of the new products
and the recycled products are positively correlated with the GBS quota. Under the two
LDS strategies, there is a positive correlation between the profit of the enterprise in the
E-CLSC and the GBS quota [16], which promotes the overall development of the E-CLSC
and enhances the willingness of the e-retailers to invest in BT [48]. Thus, the government
must provide subsidies to the e-retailers for the investment in BT.

Based on the above conclusions, we have the following management insights:
(1) Although BT investment of the e-retailers can increase their own profits, e-retailers

ought to have a passionate attitude towards BT investment and actively invest in BT
technology. The increase in the BT input cost can cause the consumption of the customers in
the markets to be restricted, the profits of the other members of the E-CLSC to be damaged,
and the level of social welfare to be reduced.

(2) The government’s subsidy of the BT investment can increase the customers’ con-
sumption in the market, stabilize the income of the E-CLSC members by increasing product
sales, and promote the overall development of the E-CLSC. Therefore, the government
must provide subsidies for the investment of BT within its financial scope.

(3) E-retailers can regulate the optimal LDS strategy based on the BT input cost. When
the BT input cost of the e-retailer is low, the selling price under the SBLDSS is much higher
than that under the OLDSS, so the e-retailers obtain a higher benefit under the SBLDSS
and the e-retailers can establish their own logistics distribution system. On the contrary,
when the BT input cost of the e-retailer is high, the gap between the sales price under the
SBLDSS and the sales price under the OLDSS is reduced, and e-retailers obtain greater
benefits under the OLDSS; thus, it is recommended that e-retailers choose the OLDSS.

In this paper, we analyzed the impact of e-retailers’ BT input costs and the GBS quota
on equilibrium decisions and LDS strategy selection in the E-CLSC network, but there
are still some shortcomings of this study. First, we only analyzed two LDS strategies, the
OLDSS and the SBLDSS. Thus, we shall discuss other logistics distribution strategies, such
as the hybrid LDS strategy, in our future research. Second, we only analyzed the impact of
government subsidies for the investment of BT on the transaction quantities of the decision
makers. Thus, we shall discuss other subsidies, such as price subsidies and innovation
subsidies, for the investment of BT in our future research.
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Appendix A

From Equation (1), the Hessian matrix is

Hm =
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From the convexity assumption in Assumption 7, we know that the Hessian matrix is
a negative definite matrix; hence, Proposition 1 is proven.

Appendix B

By introducing the Lagrange multipliers ωm and ϑm into Constraints (2) and (3),
respectively, we obtain the Lagrange function of (1) as follows:

Lm = −
N
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(A1)

Using the first-order derivatives of (A1) with respect to each of the decision vari-
ables, qnew

m , qmn, qkm, ωm, and ϑm, respectively, we obtain the first-order optimality condi-
tions as follows:
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Then, we obtain VI (4); hence, Theorem 1 is proven.
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Appendix C

By introducing the Lagrange multipliers σn into Constraint (6), we obtain the Lagrange
function of (5) as follows:
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Applying the first-order derivatives of (A2) of qmn, qnok, and σn, respectively, we obtain
the first-order optimality conditions as follows:
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By deriving the above optimality conditions with respect to θ, we obtain
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Similarly, we can obtain
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From Assumptions 5–7, we can obtain ∂qmn
∂θ = ∂qnok

∂θ < 0, and ∂qmn
∂sB

= ∂qnok
∂sB

> 0. Hence,
Property 1 is proven.

Appendix D

From Equation (8), we obtain
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From Assumption 7, we obtain − ∂2cnok(rnok)
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2 < 0. Hence, Proposition 3 is proven.
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