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Abstract

The rise of the circular economy and e-commerce has led to the emergence of e-commerce closed-
loop supply chains (ECLSC). In practice, investing in process innovation (PI) is key to improving
profitability and competitiveness. However, manufacturers at the downstream of ECLSC often face
financial constraints and quality uncertainty of used products, while research on how to select
financing strategies under these conditions remains limited. To explore the optimal financing scheme
for the ECLSC, this study investigates two financing schemes: bank financing (BF) and FinTech
platform financing (FPF), which combines debt financing (DF) and equity financing (EF). Some key
findings are derived. For the ECLSC, the FPF scheme is more profitable when the unit manufacturing
cost for new components exceeds the threshold or PI costs are relatively low. Additionally, the FPF
performs better when consumer sensitivity to recycling prices is high. The BF is more beneficial when
the FPF scheme's interest rate and DF ratio are relatively high. The FPF enables the ECLSC to achieve
maximum profits and minimize environmental impact within a specific range. Furthermore, the
financing models are extended to incorporate considerations of fairness, in which manufacturing
costs primarily influence the optimal financing scheme.

Keywords: e-commerce closed-loop supply chain; quality uncertainty; financing scheme; fairness
concern

1. Introduction

The circular economy (CE) is recognized as an essential strategy for continuously minimizing
the environmental harm caused by inefficient production and consumption while helping
organizations achieve more resilient ESG (Environmental, Social, and Governance) indicators [1,2].
Closed-loop supply chains (CLSCs), which exemplify the CE in action, have been recognized as a
sustainable, low-carbon approach to production [3]. Companies such as Apple, Procter & Gamble,
HP, Dell, and Xerox have successfully adopted this approach, reaping significant economic benefits
from its implementation[4]. In recent years, the rapid development of e-commerce has attracted a
growing number of consumers to shop online and participate in online recycling programs[5]. Thus,
E-business has become a crucial component of CE practices worldwide, with some companies
transitioning their sales and recycling operations to online platforms, thereby establishing e-
commerce closed-loop supply chains (ECLSC). By 2021, around 42,000 e-commerce enterprises in
China focused on second-hand products [6].

With price transparency on internet platforms, consumer attention has shifted to services such
as logistics, home delivery, and quality inspection, making it essential for platforms to
comprehensively assess service levels to stay competitive [7,8]. Moreover, platforms often secure
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higher profits due to their rule-setting authority and leverage economies of scale, which can lead to

fairness concerns (FC) among other members, as seen when the online recycling platform Re-Life

shut down due to unfair profit distribution[9]. In this study, we extend our model by incorporating

FC to explore its impact further.

In practice, remanufacturing profitability and decision-making are significantly influenced by
the quality of used products. Severely damaged products make remanufacturing very challenging or
impossible. For instance, Caterpillar Group uses advanced technology to restore unusable core
components to like-new conditions, maintaining market competitiveness. However, not all
manufacturers have such capabilities, leading to significant uncertainty about the quality of recycled
products [10]. Besides, companies that succeed in the remanufacturing sector often invest heavily in
process innovation to enhance their capabilities and reduce costs. For instance, Apple's Daisy robot
optimizes the disassembly of old products, saving labor and time and lowering remanufacturing
costs. Bosch developed a chip to assess the quality of components from its used products. Therefore,
this study examines how remanufacturing and ECLSC performance are affected by uncertainty in
used product quality, and how remanufacturing enterprises decide on process innovation
investment. Furthermore, these factors are often underexplored in other related ECLSC studies [6],
highlighting the potential contribution of this research.

Capital constraints are a common challenge for SMEs, driven by pressures such as the need for
process innovation and adapting to the evolving regulatory landscape, which increasingly mandates
ESG compliance and reporting obligations [11]. Financial institutions provide various solutions to
address these funding issues. For example, remanufacturing leader Caterpillar Group secured a $3
billion 9-month revolving credit line from banks [12]. Furthermore, as digital technologies develop,
some FinTech platforms offer financing solutions to capital-constrained supply chain participants to
support their green and sustainable activities. Platforms like Carbon Chain (https://carbonchain.com)
in the UK help SMEs in industries such as metals, oil and gas, mining, and agriculture to reduce
carbon emissions and secure green financial support. Overall, FinTech platforms offer several
advantages over traditional financing methods. They connect SMEs directly with investors through
regulated digital platforms, thus reducing the need for intermediaries and lowering costs. Moreover,
these platforms offer diverse financing options, such as debt and equity financing, that help reduce
risk for both SMEs and investors. The choice of financing scheme by a capital-constrained
manufacturer as a downstream SME in the ECLSC, based on profit performance and environmental
impact, is key to balancing economic and sustainability goals, as ESG performance reflected in carbon
emissions and energy use is increasingly viewed as a measure of corporate responsibility [13].

Based on the above descriptions and to fill a gap in existing research, this study constructs an
ECLSC consisting of an e-commerce platform (E-platform) and a capital-constrained manufacturer
under the uncertainty of used product quality. The manufacturer can choose between traditional
bank financing (BF) and innovative fintech platform financing (FPF), which combines debt financing
(DF) and equity financing (EF) to address the challenge of insufficient funding for process innovation.
We aim to explore the following research questions:

1.  What are the optimal operational decisions and remanufacturing strategies for an ECLSC under
scenarios with no financial constraints and different financing schemes, considering the
uncertainty in the quality of used products?

2. How do the remanufacturing quality threshold and recycling service sensitivity coefficient
impact the optimal decisions and profits?

3. For the manufacturer facing capital constraints, how should ECLSC choose the appropriate
financing scheme? Which financing scheme has a smaller environmental impact?

4. If the manufacturer exhibits FC behavior, what impact does FC have on capital-constrained
ECLSC?

By addressing the questions outlined above, this study yields several significant findings and
contributions.
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1.  We consider the effects of various parameters on the profit of the ECLSC. Our comparative and
numerical analyses reveal that the FPF is more favorable when the unit remanufacturing cost
exceeds a certain threshold or PI costs are low. The BF is more advantageous when the FPF
interest rate and DF ratio are relatively high. Furthermore, when consumer sensitivity to
recycling prices is low, the BF is the preferred choice. On the other hand, the FPF scheme remains
optimal, regardless of the recycling service sensitivity coefficient. More importantly, the FPF
enables the ECLSC to maximize economic benefits while minimizing environmental damage
within a specified range. By identifying optimal financing schemes under different conditions,
this research provides valuable insights that empower companies to effectively navigate
financial constraints, strategically enhance profitability across diverse market environments,
and place greater emphasis on minimizing environmental impact.

2. Unlike Qin, Chen, Zhang and Ding [10], this study finds that higher remanufacturing quality
thresholds reduce recycled product quantities and profits, emphasizing the need for better
product design, fostering collaboration, and implementing policy incentives.

3. Increased consumer sensitivity to recycling services positively impacts the ECLSC and enables
consumers to benefit from higher valuations of used products and improved services under
certain conditions. This contrasts with Wang et al. [14], who found it challenging to balance high
recycling prices and service levels.

4. Manufacturers' FC behavior negatively affects both the recycling efficiency of the ECLSC and
the profit of the E-platform. Although FC is often considered harmful to efficiency and
profitability [6,15], our findings reveal that within specific ranges, an increase in the FC
coefficient can actually lead to higher manufacturer profit. In such cases, the optimal financing
scheme selection remains consistent mainly with scenarios without FC, with the influencing
factor being the unit manufacturing cost, further validating the robustness of our previous
results.

The remainder of this paper is organized as follows: Section 2 reviews the relevant literature. In
Sections 3 and 4, we develop the ECLSC model framework and derive the optimal solutions under
different financing schemes. Section 5 analyzes the impact of key parameters and compares the
solutions, profits, and environmental effects under the BF and FPF schemes. In Section 6, we conduct
numerical analyses to explore further the financing preferences of the overall ECLSC and the
manufacturer. In Section 7, we extend the models by considering the FC. Finally, Section 8 makes
conclusions and provides corresponding managerial implications. All proofs are included in the
Appendix.

2. Literature Review

This section reviews research on online channels in CLSC, consideration of quality in CLSC, PI,
and supply chain financing, offering insights that shape this study's approach and direction.

2.1. Online Channels in CLSC

E-commerce has transformed CLSC operations, sparking interest in online and dual-channel
models. Kong et al. [16] optimized pricing and service levels to address channel conflicts in dual-
channel CLSC networks. Jia and Li [17] analyzed decisions that accounted for platform fees and
fulfillment costs. Jin et al. [18] examined channel power structures in reverse supply chains,
considering online and offline recycling competition. Wang et al. [19] showed that reward-
punishment mechanisms and altruistic preferences enhance the platform's recycling service levels,
including quality and quantity. Wang, Yu, Shen and Jin [14] investigated optimal decisions under
different sales and recycling models, considering the impact of these models and platform service
levels on the CLSC. Cui et al. [20] compared pricing strategies for recycling under extended warranty
services on E-platforms. Barman [21] explored different incentive mechanisms to improve the
environmental sustainability of eco-friendly products within the closed-loop structure of an ECLSC.
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Several studies have explored FC issues from profit gaps between online platforms and other
entities. Qin et al. [22] proposed a revenue-sharing contract to address fairness under information
symmetry and asymmetry. Wang, Wang, Cheng, Zhou and Gao [6] analyzed consumer preferences
for remanufactured and new products and FC. Qin, Wang, Gao and Liu [9] used a signaling model
to identify conditions for genuine FC information sharing, reducing profit losses in ECLSCs. Xiao et
al. [23] examined the manufacturer's dual behavioral preferences and risk aversion in a dual-channel
green supply chain.

Considering the growing importance of CLSCs in the digital economy and the potential
challenges they face, this paper examines a fully online ECLSC, focusing on optimizing operations,
recycling processes, and financing strategies under capital constraints. Meanwhile, we extend the
research scenarios by incorporating FC's perspective. Unlike previous studies that primarily focused
on traditional offline or dual-channel CLSCs, or the work of Qin, Wang and Gao [22] and Wang,
Wang, Cheng, Zhou and Gao [6] on ECLSC operational model selection and coordination issues, our
study provides fresh insights. This research complements the existing CLSC literature and offers
practical guidance for ECLSC companies operating under capital constraints.

2.2. The Consideration of Quality in CLSC

Scholars have explored the impact of product quality on consumer preferences and recycling in
CLSC. El Saadany and Jaber [24] showed that combining production and remanufacturing is optimal
when recycling rates depend on price and quality. Cai et al. [25] studied pricing and production for
high and low-quality components. Taleizadeh et al. [26] examined pricing strategies, quality levels,
and sales efforts in dual-channel CLSC. Zhang et al. [27] studied pricing, quality, and revenue-sharing
for defective and end-of-life products in a dual-channel CLSC. Feng et al. [28] considered competition
among new, remanufactured, and refurbished products with subsidies. Qin, Chen, Zhang and Ding
[10] examined quality uncertainty in engineering machinery recycling and its impact on
remanufacturing decisions. Guo and Chen [29] considered the quality uncertainty of recycled
products and explored the scope of government subsidies.

However, most studies assume that homogeneous used products meet remanufacturing
standards. Research on the impact of quality uncertainty on recycling efficiency is limited, except for
Qin, Chen, Zhang, and Guo and Chen [29]. This study extends the existing literature by examining
the effects of both the used product quality uncertainty and recycling efficiency within online
recycling channels. Furthermore, we explore the manufacturer's PI activities in response to this
quality uncertainty.

2.3. Process Innovation

PI is vital for boosting demand, reducing costs, and improving supply chain performance [30].
Reimann et al. [31] found that PI strategies in forward supply chains do not directly apply to
remanufacturing, with high innovation costs favoring decentralized decision-making. Chai et al. [32]
studied PI's impact on green product CLSC performance and identified optimal strategies in both
cooperative and non-cooperative contexts. Yang, et al. [33] analyzed the role of government subsidies
in promoting technological progress. Niu and Shen [34] explored manufacturers' PI decisions under
knowledge spillovers and differing absorptive capacities. Pu et al. [35] proposed a dynamic optimal
control model that integrates PI and low-carbon efforts within a dual-carbon policy framework,
accounting for the impact of knowledge accumulation. Qian et al. [36] explored how upstream and
downstream firms determine optimal PI strategies in the context of the interaction between product
innovation and PI. They examined how this interaction influences operational decisions.

While existing research emphasizes the PI's role in supply chain sustainability and efficiency, it
often assumes firms have sufficient capital, neglecting the significant financial constraints many SMEs
face. This study addresses this gap by exploring optimal financing schemes for capital-constrained
ECLSC pursuing PI.
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2.4. Supply Chain Financing

In recent years, supply chain financing has rapidly developed, addressing SMEs' financing
issues and expanding banking services. Several studies have explored various financing models,
focusing on their impact on operational decisions[37-41]. Emerging technologies like the internet and
cloud computing have introduced new financing methods and platforms. Wang et al. [42] examined
how E-platform financing and bank credit affect online retailers. Yi et al. [43] studied agricultural
supply chains with small farmers and financing platforms, finding that the platform encourages BF
when production costs are high. Reza-Gharehbagh et al. [44] analyzed green product development
in SME supply chains using FinTech platforms. Zhang et al. [45] developed a CLSC model for online
equity crowdfunding and determined the optimal equity transfer ratio. Verma and Mishra [46]
investigate how financing options, such as TCF and BF, improve the sustainability and performance
of the CLSC under government subsidies.

Building on previous research, this study compares traditional BF and innovative FPF within
ECLSCs. It identifies optimal conditions for each scheme and offers actionable recommendations.
Furthermore, we extend the models by incorporating FC considerations. Table 1 summarizes the gaps
in existing research and highlights the contributions of this study.

Table 1. Comparison with related literature.

Related SC Sales Recycling Platform Capital
Quality PI
literature Structure  Channel Channel Service Constraint

Reimann, Xio

ng and Zhou CLSC Offline Offline Fixed v
[31]

Yang, Tang a

nd Zhang [3 Forward  Offline Offline Fixed J
3]

Wang, Yu, Sh
Online/  Online/Of
en and Jin [1 CLSC Fixed \
Offline fline
4]
Reza-Gharehb
agh, Arisian,
Hafezalkotob CLSC Offline Offline Fixed v
and Makui [4
4]
Cui, Zhou, Y
u and Khan CLSC Offline Offline Fixed \
[20]
Qin, Chen, Z

hang and Di CLSC Offline Offline Un'cert
ng [10] ain
Wang, Wang,
Cheng, Zhou CLSC Online Online Fixed ol V
and Gao [6]

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202511.1015.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 November 2025 d0i:10.20944/preprints202511.1015.v1

6 of 28
Chen, Tian, C
han, Tang an CLSC Online Online Fixed V
d Che [41]
Guo and Che
n [29]
Uncert
Qian, Ignatius CLSC Offline Offline )
ain
, Chai and Va
liyaveettil [36]
Barman [21] Forward  Offline Offline Fixed \
Verma and M
CLSC Offline Offline Fixed \
ishra [46]
Uncert
This study l Online Online ) \/ J J V
ain

3. Problem Description

Motivated by downstream manufacturers' frequent financial constraints in ECLSCs, this study
considers an ECLSC system composed of an E-platform and a risk-neutral, capital-constrained
manufacturer (Figure 1), with both parties aiming to maximize profits. The E-platform provides
product sales and recycling services and charges commissions for them. The manufacturer sells
products and collects used products via the E-platform, remanufacturing those that meet quality
standards. To improve efficiency, the manufacturer also invests in PI to reduce remanufacturing
costs.

X
Manufacturer [«---- !
: |
1 1
1
P | Pr !
: i
1
1
1
E-platform !
Pn 10
1
! 1
: ! Forward flow
) S ! —
1
| Reverse flow
! —_—
» Consumer [----- !

Figure 1. The Schematic of the ECLSC.

The specific decision sequence is shown in Figure 2. The E-platform, benefiting from economies
of scale and rule-making advantages [7], acts as the leader and first decides on the sales commission
p, the commission for recycling used products p,, and the platform's recycling service level s.
Subsequently, the follower manufacturer determines the PI level x, the sales price of new products
Pn, and the quality-based value coefficient of used products #,, which in turn determines the
recycling price of used products.
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The E-platform decides on The manufacturer decides on the
the sales commission p, the level of process innovation x, the
recycling commission py, sales price py, and the value
and therecycling service coefficient of used products 0.
level s.
1 ! >
1 2 Time

Figure 2. The decision sequence.

Table 2 presents the relevant parameters and their definitions used in this study. To facilitate a
deeper analysis of the model, we make the following assumptions:

Table 2. Notations and their definitions.

Notations Definitions

Decision variables

p The sales commission.
p, The recycling commission.
s The platform recycling service level.
x The PI level.
P, The sales price of new products.
0 The quality-based value coefficient of used products.
Parameters
a The market size of the product.
B The sales price sensitivity coefficient.
n The recycling price sensitivity coefficient.
¢ The recycling service level sensitivity coefficient.
p, The recycling price.
f The fixed payment.
The quality level of the used product follows the uniform distribution of
7 [0, 1].
9 The quality threshold for used products that can be remanufactured.
c,lc, The unit cost of manufacturing/remanufacturing.
H The PI cost coefficient.
L The manufacturer's loan size.
/75 The financing interest rate for the bank/FinTech platform, r,/r/€(0,0.1)
Y The DF ratio.
Ilp The expected profit of the E-platform
Iy The expected profit of the manufacturer
Iy The expected overall profit of the ECLSC
Indexes
Superscript N, B, F Model NC, BF, FPF

Assumption 1. The manufacturer sells products via the E-platform, which charges a per-unit
commission p on sales (This type of fee structure is common in practice, as seen with Amazon) and
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p, on recycled products. The E-platform enhances consumer participation in recycling through
services like appraisals, inspections, and at-home pickup. These services incur a cost of %Ksz( K>0),

where s is the service level and the cost coefficient K is normalized to 1 [6,14,47].

Assumption 2. Although companies like Apple, Samsung, Huawei, and Amazon actively
promote recycling and resale globally, CLSC integration rarely influences consumer behavior or sales
[48]. Following related studies, this research assumes products consist of a single component, with
new and recycled parts being identical in function and appearance [45,49]. The manufacturer can use
new parts at a cost of ¢, or remanufacture using recycled parts from used products that exceed the
quality threshold g, which is more cost-effective (c,>c;). For simplicity, we set ¢, to 0 [50].

Assumption 3. According to Wang, Yu, Shen and Jin [14] and Zhang, Meng and Xie [45], the
recycling quantity of used products is Dr=npr+¢s(n,qb>0), where 7 is the recycling price sensitivity
coefficient and ¢ is the service level sensitivity coefficient. The recycling price p,, paid by the
manufacturer is expressed as p =f+64(¢>0), where 6 is the value coefficient of the used product, and
q is the quality level. Higher product quality q results in a higher recycling price. To simplify, the
stochastic variable g is assumed to follow a standard uniform distribution g~U(0,1) based on
historical data [10]. The manufacturer remanufactures used products whose quality exceeds the
threshold g, and for generality, let fixed payment f=0.

Assumption 4. The demand function for the productis D=a-p (a,>0), where a represents the
market size of the product, and § represents the sales price sensitivity coefficient [45]. To ensure
non-negative results, it is assumed that a>fc,,.

Assumption 5. The manufacturer endeavors to carry out PI activities during the
remanufacturing phase, such as improving production processes, implementing technological
innovations, and upgrading equipment, which do not involve product design. The PI level is
represented by x. Through PI, the cost of remanufacturing can be reduced by x, while the investment
cost is %HxZ(H>O), where H is the PI cost coefficient [32,51].

Assumption 6. As SMEs often rely on financing to implement innovative ideas, it is assumed
that manufacturers have no restrictions on daily operating capital. In contrast, the capital for process
innovation is limited. Specifically, following a similar approach to Xia et al. [52], the manufacturer's
loan size is set as L=§Hx2 to facilitate analysis. The manufacturer can address the funding issue

through two schemes: BF and FPF.

4. Model Formulation and Solution

In this section, we develop three models: a benchmark model where the manufacturer faces no
financial constraints, the BF model, and the FPF model. We analyze the optimal decisions of the E-
platform and the manufacturer under these different scenarios.

4.1. Model Without Capital Constraint (NC)

Given the uncertainty in the quality of used products, the expected profit function of the E-
platform is as follows:

1
15=pN(a-pp) Jp) j ((QNq)desN)dq-;sNz (1)
90
Here, the first term represents the commission income from product sales, the second term
represents the commission income from recycling used products, and the third term represents the
platform's recycling service cost.
Given the uncertainty in the quality of used products, the expected profit function of the
manufacturer without financial constraints is as follows:
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In Eqn. (2), the first term represents the income from manufacturing using new components, the

1
(6" q)+¢s")dq
0 )

second term represents the income from remanufacturing, and the third term represents the cost of

PI.
- : 2P (-1+9,)° . .
Proposition 1. Given that H>m and n>———, the optimal solutions under the model where the
—aH(-Itg,
manufacturer has no financial constraints are as follows:
N'___ Hngeu(rqy) N n(2Hme, pN*= apen N*_1 (S_a e ) N'__ 2Hoy(n-¢P(1+9,7) N
2n(-2H+n)+HY (1+q,)" U1 2n(-2H+n)+HY (14" 28 Fn a\p T (n(-2H+HY? (1+,)P)(1+q3)

nzcn
2n(-2H4nHY (1+,)"

The optimal outcomes are summarized in Table 3.

4.2. Bank Financing (BF)

Bank financing, a traditional external financing method, enables the capital-constrained
manufacturer to address its funding needs. Some banks also support green innovation financing
schemes. For instance, Unilever signed a €500 million sustainability-linked loan agreement with three
banks, incorporating its efforts to reduce greenhouse gas emissions, increase renewable energy use,
and enhance water management into the agreement conditions[53].

Under the BF scheme, the manufacturer borrows L? =§Hx32 from the bank. At the end of the
sales period, the manufacturer is required to repay the bank (1+r,)L® . The expected profit functions
of the E-platform and the manufacturer are as follows:

! 1
=0 (ahp?) . [ (O ais)dg -5 o
49

1
(o) - | 0P +4sdg
99

[ 1 ; 4)
2
B__B B B
(o5t [ @Papdgo ) [ o 5?)da-(14) 5106
99 90
. . 22 (T+q) ¢ ) .
Proposition 2. Given that H>——————— and n>————, the optimal solutions under the BF
(1+rp)(4n-(-T+q))* %) 4
* Higen(-1+q)(1+13) * Hngey(-1+q,)(1+73) * * 1 (3a
model are as follows: sN = n i Al pN = e Sk il A pN b N (_+Cn) ,
2P+ H(Anr 7 (1+q ) )(T+ry) " T 20 H (-4 (<14 ) )(THrp) 2 no 4\p
NT 2Heu(n g (LeqpP)(Try) N en
(-1+g2) 2P +H (A (-1+q )P )(1+m)) 2i24H(-4n+¢” (-14q)) )1 +ry)

The optimal outcomes are summarized in Table 3.

4.3. FinTech Platform Financing (FPF)

With the advent of FinTech, FinTech-based supply chain finance has emerged as an alternative
funding source, enabling SMEs to secure financing through various FinTech platforms. At present,
China's FinTech adoption rate is particularly high at 87%, well above the global average of 64%. In
the United States, financial innovations such as online lending have proven beneficial for SMEs,
offering substantial opportunities for innovation and growth to expand loan availability [54,55].
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Moreover, platforms such as CrowdCube and Fundable have become well-known sources of equity
crowdfunding, supporting projects in emerging industries such as Al, electronics, and environmental
protection [45].

Under the FPF scheme, the FinTech platform allocates funds raised from investors to the supply
chain financing project through both DF and EF (Figure 3). The capital-constrained manufacturer
obtains L' from DF and (1-»)L" from EF. At the end of the sales period, the manufacturer repays
the principal and interest and shares the profits[44].

1
1 Ll
' Investors |
) Capital flow
T A
h 4 1
Fintech platform
\ T . f (1-0) (Pﬁ*ﬁrﬂp) (DF*D_rF)
J L n . .
: : ]}1’)1 : : +(p5—;7f—ﬁ—'t—p}+x}')ﬁf —L}—i‘{’ rfLI'
I 1 1 1
Debt financing Equity financing
yL (1-yL |

Capital-constrained
manufacturer

Figure 3. The Schematic of FinTech platform financing.

Given the uncertainty in the quality of used products, the expected profit functions of the E-
platform and the manufacturer are as follows:

1
1
ITo=p" (a-pp})+p! f (6 grs”)dq-5s" ()
90

1
(Ph-cip") (a-ﬁvﬁ- f (n(9pq)+¢sp)dq>
q
=y : L .
+<P§-Pf- f (9Fq)dq-PF+xF> f (n(60" qy+ps")dg-1p(1+ 1) 5 Hx*
9 9o

- . 2172 (1+q)°¢” , ,
Proposition 3. Given that H>————1——— and 1> T , the optimal solutions under the FPF
(L (dn-(-T4q ) o2 4
* Hnoey,(-1+q,)(1+rp) * ¢y (n-2Hi(1+rf))
model — are as  follows:  sf=— 10ven Lduli/ , phe— ¢2 i
2n7-4Hn (T+rp+HO" P(-1+q,)" (1+47p) T 27 -4HnY(1+r g HG P(-14q )" (1+rp)
pF*za—ﬁcn F_1 (3_a +c ) QF*: 2H ey (¢ (-1+4,)° )1 +rp) xF*=— en
2 Fn4\p M) (T+g2)QIP+HY(An+¢? (1+q,)" N T+rp) 2P-AHY(+rp+HO (- Tq ) (T4rp)

The optimal outcomes are summarized in Table 3. Proof of Propositions 1-3: See Appendix A.1.

Table 3. Optimal solutions.

Table 3-1 NC model

W~ Hnec,(-1+q,)
2n(-2H++H (-1+,)°

pN* n(-2H+n)c,,

' 2n(-2H+)+HY* (-1+4,)?
pN* a-fe,

2p

N 1/3a

Pn Z <F + Cn)

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202511.1015.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 November 2025 d0i:10.20944/preprints202511.1015.v1

11 of 28
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(2n(-2Hn)}+H? (-1+q,)° )(-1+q2)
xN* 'TIZCn
2n(-2H++HY (-1+,)°
iy 1 (oc—ﬁcn)z_ 4Hn?c2
8 B 2n(-2H)+HY (-1+q,)
m, 1 (a-Be,)’ 8H(Q2H-n)1Pc2
16 B " 2 2 7)
(-4Hn+2n>+H¢ (-1+qzo) ) ;
my 1 3a2 8H (6Hn-3n7-H (-1+q )°)
T —(i-6acn+cﬁ(3ﬁ+ n°(6Hn-3n"-Hep %2
16 ﬁ ('4HT]+2712+H¢2(-1+!10)2)
DY 1
Z(a—ﬁcn)
DN Hrfc,

4Hn-22-He’ (-1+q,)°
Table 3-2 BF model
5 Hnee,(-1+q,)(1+1,)
2P+ H (A (-1+q, ) )(1+1,)

pB* Hnee, (-1+q,)(1+1;)
2P+ H(-4npe¢y? (-14q, ) )(1+1,)
B’r a'.BCn
p 2
4\p
o 2He, (11-¢° (-1+q,)° N(1+1)
(-1+g2)21P+H (41 (-14+q,)° N(1+1,))
xB’b _ nzcn
2P+ H (A’ (-1+q,) ) )(1+1,)
8 I (a-pe,)’ 4HnPcp(1+r)
8 B -2n2+H(417-¢2(—1+q0)2)( 1+1)
e, 1 (a-Bc,,)’ . 8H 2(1+1,)(-n+2H(1+7,))
167 B QiprH(4nr (149, )(1+7,))
ot 2 SHIP (1+1,)(-3m7+H(61-¢" (-1+q, ) )(1+7,)
T i(Si_6aCn+C%(3ﬁ+ T] Ty T] T}(P qo . Ty ))
Te" B QiP+H(-4n+¢7 (-1+q,)° N(1+471,))
DB 1
Z( a-Bc,)
D,? Hy?c,(1+ 1)
—2n*+ H(4n — $*(—1 + q0)*>)(1 + 1)
Table 3-3 FPF model
& Hngyc,(-1+q,)(1+r7)
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pF* a'.BCn
2B
4\p

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202511.1015.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 November 2025 d0i:10.20944/preprints202511.1015.v1

12 of 28
oF 2Hyc, (11-¢7 (-1+q,)*)(1+17)
(-1+q2) 20 +Hip (-4 -1+, ) )(1+77)
xl:yr 'lecn
21P-4H(T+r )+ He ((-1+q ) (T+7)
E 1 a2 4Hn (1
I 1 (——2ac w2 1 té( +7) 2
8 B 212 +H (41 (-1+q,) )(1+77)
Hi/[ i'vb( a—z-ZaanrﬁCﬁJf 8HT}3¢Ci(1+7f)('ﬂ+2H¢(1+rf)) 2
Ie™ B QnP-4HNY(1+r)+HY Y(-1+q, ) (1+77)
s SHI Y(1+r)(*(2+1)-2Hnp(2+)(1+1¢)
a2(2 +H P(-1+q )’ (1+77)
( (2 ll!) —2(1(2+1P)Cn+cﬁ(ﬁ(2+ll))— (P % 9o 7 . ))
P (-21P+HY (102 (-1+q, P )(T+1)
D* 1
Z(a—ﬁcn)
D,f Hi e, (1+rp)

212+ Hyp (414 (-1+,)° )(1+7))

5. Model Analysis and Comparison

5.1. The Impact of Key Parameters

Corollary 1. The impact of the remanufacturing quality threshold q,, on optimal decisions and profits is

ds" op i ax’ oD, . 2,2
as ollows: —<0 , L < , —<0 , <0 ; i >(-1+q ) and -
f g o0, 20g g if Kl ¢
22 2022 -1+ 4nq,) aeN . aoN )
1 ___ <H< — @ 0 Mo’ , then =—<0, otherwise =—>0; if 1>(-1+q )" and
-dn+¢°(-1+q)) APy (-1+q) g, nd” (-1+q,)" (-3+29,) 99, g, 0
21 202G (-1+q )+ ik . 0P .
— <H< URGARLY o then —<0, otherwise —>0; 1f 17>(—1+q0)2¢)2 and
(4n-¢ (—1+q0) N1+rp) (41] q0+q5 (1+q0) s r]qb (1+q0) (3+Zqo))(1+rb) Bq
2 202 (g H-14q,)*$%) o0 9
i <H< 1 qon 29" then 2 <0 otherwise —>0 p" =0, —0
(T+rp(dn-(-T+g, o2y (T4rp)(dq P-(-1+q, P (-3+2q Ind +(-1+q. g o* )y Bq 9 aq 6!7
f 0 el 0 0 o’ 9o 0 0 0 0
d arT, a1l
0 g Mo At
aq, 9, aq,

Corollary 1 suggests that raising the quality threshold reduces recycling services, recycling
commissions, PI, and the quantity of recycled products, contrary to Qin, Chen, Zhang,. A higher
threshold makes recycling less attractive for ECLSC companies as remanufacturing becomes costlier
and less profitable. However, an increased threshold does not always lower the manufacturer's
valuation of used products. Only when recycling price sensitivity is high and PI costs are low does a
higher threshold reduce the value coefficient for used products. Otherwise, manufacturers may
increase this coefficient to balance recyclable supply and optimize decisions. Additionally, sales
commissions, prices, and overall sales volumes remain unaffected by the quality threshold, despite
changes in recycling and remanufacturing. Finally, a higher remanufacturing threshold lowers
profits for ECLSC members, making remanufacturing less economically viable. To address this,
companies could collaborate with advanced remanufacturers or adopt recycling-friendly product
designs [56].

Corollary 2. The 1mpact of the recyclzng service level sensitivity coefficient ¢ on the optimal decisions

2
and profits is as follows: £>0 a¢> >0, £>0 BD(; >0. When r]>(—1+q0) o, if 4+(1ZT)¢ H< , then
mH-T+g
Yl LA 2P 2n a0t o0? o
% >0 , otherwise % <0 ; if (4n¢> gy Ty <H e then % >0 , otherwise ” <0 ; if
22 2n 20"

LN 20" < —<0.

(1+rf)(4n(1+qo) pum <H< iy then ¢> 0, otherwise % 0.When 4(-1+q, V<< (-1+q, V¢, then % 0

apn

=0, - =0, °F’ =0; >0, 750,
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Corollary 2 shows that as consumers value recycling services more, the E-platform invests in
better services to boost participation. Despite rising costs, increased recycling commissions and
quantities make recycling more profitable. For the manufacturer, higher volumes of used products
enhance remanufacturing benefits, encouraging greater PI investment.

Furthermore, when recycling price sensitivity is high and the PI cost coefficient is low, the
manufacturer raises the valuation of used products to attract consumers, increasing income from PI.
Consumers benefit from higher recycling prices and improved services, unlike findings by Wang, Yu,
Shen and Jin [14], where both were not achievable simultaneously. In reality, Luxury resale platforms
like The RealReal and Vestiaire Collective exemplify this by enhancing services (e.g., free
authentication, home pick-up) to attract high-end consumers [57]. Conversely, if PI costs are high or
recycling price sensitivity is low, the manufacturer will reduce valuations to manage costs. Moreover,
the recycling service sensitivity coefficient mainly affects the ECLSC recycling segment, indicating
that greater consumer emphasis on recycling services enhances ECLSC efficiency, improves
remanufacturing profitability, and benefits both the e-commerce platform and the manufacturer.

Finally, through Corollary 1 and Corollary 2, we find that the impacts of the remanufacturing
quality threshold and the recycling service coefficient are not influenced by the presence of financial
constraints or differences in financing schemes.

Proof of Corollaries 1-2: See Appendix A.2.

5.2. Comparison Between BF and FPF Schemes

To ensure that all financing schemes have optimal solutions and to avoid trivial cases, it is
2r]2 2172
2,27 2,2
(T4rp)(41-(-14q,)"¢") " (T+rp(dn-(-1+q)" " )Y

Proposition 2 and Proposition 3, we compared two financing schemes and obtained the following

assumed that H>max( ) in the following subsections. Based on

conclusions.

5.2.1. The Optimal Decisions

*

1+, . * * * * *
Corollary 3. In the case of 1,21y or rpr, and O<y<——, there exist s" >s", pl>pP  xF>xP,
f

'~ B (-1+9,)° ¢’ 2,2 B F" . B 1+r,
D, >D,” jif ———<n<(-1+q,)"¢", then 0~ >0" , otherwise, 6" >0~ . In the case of rp>ry, when 1Trf<¢<1
i * * * * * * * L (-1+ )2 2 * * .
there exist sB >st pf >p‘rF , xB>xf, DE>DF; if q+¢<q<(—1+qo)2q52, then OF >0% | otherwise,
oF >0 .

According to Corollary 3, when the bank interest rate is greater than or equal to the FPF interest
rate, or when the FPF interest rate is higher and the DF ratio is less than or equal to the threshold, the
FPF results in higher recycling service levels, recycling commissions, and greater manufacturer
investment in PI. However, for the valuation of used products, when the recycling price sensitivity
coefficient is low, the manufacturer under the BF tends to set higher valuations to attract consumers
and mitigate the higher financing costs of PI capital. Nevertheless, the quantity of used products
under the FPF remains higher than that under the BF scheme. When the FPF interest rate is higher
and the DF ratio exceeds the threshold, the comparison results are opposite to the above findings. In
this scenario, the manufacturer is more motivated to implement recycling, remanufacturing, and PI
under the BF. At the same time, the E-platform is more inclined to provide higher levels of recycling
services.

Corollary 4. pP =pF, p? ="', D =D" .

As shown in Corollary 4, different PI capital financing schemes in this study do not affect the
forward logistics channels. Similar to the results of Chai, Qian, Wang and Zhu [32], the total product
sales remain unchanged, allowing us to better investigate the impact of financing schemes on
remanufacturing performance and recycling efficiency.

5.2.2. The Profit Performance
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To facilitate the comparison of the profit of ECLSC, in Corollary 5, we assume 7,=r=0.05, ¢=1,

n=2, H=3 and 0<p<1. Considering corporate control in EF under the FPF, we assume §<¢<1.

Corollary 5. If 0<c,<c,, then 1;? *>HTF *, otherwise, IT;° *<HTF *. The ¢, is positively correlated with
q,- where ¢, is placed in the Appendix C.

According to Corollary 5, when the unit manufacturing cost exceeds a certain threshold (¢,),
meaning that the cost of producing products using entirely new components is relatively high, the
profit of the ECLSC is higher under the FPF. This is because higher unit manufacturing costs indicate
that the manufacturer relies more heavily on remanufactured products and must invest significantly
in PI. Since PI often requires substantial financial resources, the FPF, which provides a flexible
combination of DF and EF, becomes more advantageous. For instance, companies like Apple Inc and
Tesla, which invest in advanced manufacturing technologies and relieve on continuous innovation,
might find the FPF beneficial as it offers flexible financing options to support innovation. In contrast,
when the unit manufacturing cost is below this threshold (&), the BF yields higher profit. In this
scenario, the lower reliance on remanufacturing and PI makes traditional BF more suitable.
Companies in the fast-moving consumer goods sector may find the BF more advantageous for
maintaining profitability without the need for extensive innovation financing.

Furthermore, the remanufacturing quality threshold positively influences the unit
manufacturing cost threshold, indicating that as the remanufacturing quality threshold increases, the
cost threshold at which the FPF becomes more advantageous also rises. In practice, when higher
standards are set for the quality of used products, such as in the luxury goods industry where strict
conditions are required for recycled items, the benefits of the FPF may diminish. Thus, ECLSC
companies might need to weigh the potential benefits of FPF against the increasing quality threshold
to determine the most effective financing strategy.

5.2.3. The Profit Performance

Although financial returns remain a critical measure of success in the private sector, core
companies like Walmart and Carrefour prioritize building green supply chains by setting
environmental standards for their suppliers, who risk losing their contracts if they fail to meet these
criteria [58]. Therefore, it is essential to analyze the environmental impact (EI) under different
schemes. We use the El index to compare the environmental effects under different financing schemes
[59]. Previous studies [60] show that remanufacturing consumes 20-60% less energy than producing
new products. The function for calculating the El index is x (D-D, #«D,. For simplicity, we normalize
X to 1, while x is set to 1/2. By substituting equilibrium results, the following outcomes and
Corollaries are derived.

£ — 1 2Hn?c,(1+1) ,
=7 a-pc,- 2 P > 7)
22 +H (4n-¢7(-1+q,)" ) (1 +13)
Eff— 1 o-pe 2Hy’ t//cn( 1 +rf) .
=—| a-fc,- - g
4 20’ +Hy (411-¢ (-1 +q0) ) (1 +rf)
Corollary 6. If 1,21 or rpr, and 0<¢£i—rj’f Jthen EIP>EL; if rpry and ﬁ—r:;qpﬂ,then, EI'>EI®.

Corollary 6 indicates that when the BF interest rate is greater than or equal to the FPF interest
rate, or when the FPF interest rate is higher and the DF ratio is less than or equal to the threshold, the
EI under the BF is higher than that under the FPF. Combined with Corollary 3, this outcome suggests
that the lower recycling efficiency of the ECLSC under the BF forces manufacturers rely more heavily
on new components in production, leading to significantly increased environmental damage.

Substituting the parameter values from Corollary 5 (i.e., rb=rf=0.05, ¢=1, n=2, H=3, 0<p<1,
§<¢'<1), we observe that the EI under the FPF scheme is consistently lower than that under the BF

scheme. Specifically, when ¢,<c,< %, opting for the FPF scheme enables the simultaneous achievement
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of maximum economic benefits and minimized environmental damage for the ECLSC. Aligning
financing decisions with sustainability objectives through such strategies can enhance overall
performance. Furthermore, this finding suggests that socially responsible manufacturing companies
operating under the BF scheme must place greater emphasis on investing in carbon reduction, green
innovation, and other sustainable practices to reduce their EI effectively.

Proof of Corollaries 3-6: See Appendix A.3.

6. Numerical Analysis

This section utilizes numerical examples to further analyze the profit comparison of the profit of
ECLSC. The numerical examples are sourced from Wang, Yu, Shen and Jin [14], with certain values
adjusted to align with the conditions of this study's model. We set the bank interest rate 7,=0.0435, in
line with the benchmark annual interest rate for short-term loans in China. The remaining settings
are as follows: the market size the market size a=30, the sales price sensitivity coefficient B=1.

6.1. The Combined Impact of Unit Cost of Manufacturing and Quality Threshold

Assume that n=2, ¢=1, n=2, 1p=0.95, and H=2. By setting c,€[2,15] and q0€[0.1,0.8], we use
two sets of parameters (viz., 7=0.04 and r~0.05) to plot the changes in the profit of the ECLSC with
the unit cost of manufacturing c, and the quality threshold ¢, in Figure 4.

Figure 4 illustrates that in region 1 (i.e., the left side of the dashed line), when ¢, is relatively
highand g, is relatively low, which are conditions favorable for remanufacturing, choosing the FPF
results in higher overall profit for the ECLSC. As ¢, increase, the profit under the FPF remains
consistently higher in region 2 (i.e., the right side of the dashed line). Moreover, it is noteworthy that
the relationship between the interest rates of the two financing schemes does not affect the choice of
the optimal financing scheme currently.

rr=0.04 r=0.05
90 0

0.8 0.8

0.7 0.7

0.6 0.6

05 0.5

O I'I?>I'If-
o nEng
04- 0.4~ 1

0.3- 0.3

0.2 0.2

0.1 oy 0 e L. oy

8 10 12 14 2 E 6 8 10 12 14

Figure 4. Impact of ¢, and ¢, on IIr (r=0.04 and r=0.05).

6.2. The Combined Impact of FinTech Platform Interest Rate and Debt Financing Ratio

Assuming that n=2, ¢=1, q0=0.5, ¢,=15, H=2, and after we set 1/€[0.04,0.05] and 1€[0.95,1],
the combined impact of 7 and ¢ is illustrated in Figure 5.

Figure 5 shows that when both 7y and 1 are relatively high, the ECLSC profit is greater under
the BF. Combined with Corollary 3, this indicates that the BF achieves higher recycling efficiency and
PI levels in this situation. Otherwise, the FPF becomes the preferable choice.
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6.3. The Impact of Relevant Parameters

This section explores the key parameters such as the PI cost coefficient H, the recycling price
sensitivity coefficient 7, and the recycling service sensitivity coefficient gamma, which influence the
ECLSC profit. The specific parameter settings are detailed in Table 4.

Table 4. Parameter settings.

Other Parameters

Parameter Range
a :B ¢ 9y 77b " n ¢ i
H [1.54] 30 1 15 05 095 00435 2 1 0.04/0.05
Other Parameters
Parameter Range
a :B ¢ 9y 77b " n ¢ i
n [053 30 1 15 05 095 0.0435 2 1 0.04/0.05
Other Parameters
Parameter Range
a :B ¢ 9y 77b " n ¢ i
¢ (0,2] 30 1 15 05 095 00435 2 2 0.04/0.05

Fig. 6 illustrates the impact of H on the difference in profits of ECLSC between the two financing
schemes. As shown in Fig. 6, when H islow, the profit under the BF scheme is lower than under the
FPF. However, as H increases, the profit under the BF surpasses that of the FPF. Combining these
findings with those from Section 6.1, we conclude that in scenarios favorable to remanufacturing, the
ECLSC can achieve higher profits under the FPF. These results suggest that the ECLSC company
needs to carefully evaluate its PI costs and ensure strategic alignment with industry conditions before
selecting a financing option.

Fig. 7 shows that when 7 is low, the ECLSC profit is greater under the BF. When 7 is high, the
FPF results in higher profit. Interestingly, Fig. 8 reveals that ¢ does not significantly impact the
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profit difference of the ECLSC. In fact, the profit under the FPF consistently surpasses that of the BF,
regardless of the recycling service sensitivity coefficient.

Overall, understanding and anticipating market condition changes related to recycling price and
service sensitivity can lead to more informed and effective financing decisions, ultimately enhancing
the sustainability and profitability of the ECLSC.

nf-nf
I | e—— H
2.0 2.5 ; 3.5 4.0
-5 _— —_— rf=004
" — r;=0.05
—10+
sk
Figure 6. Impact of H on HB—IT; (r=0.04 and r; = 0.05).
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[ 1.0 !
-10f
_20:_ — rr=0.04
0] — rr=0.05
a0}
-s50f
Figure 7. Impact of 1 on -1% (s = 0.04 and rr = 0.05).
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Figure 8. Impact of ¢ on H?—Hl; (r=0.04 and r; = 0.05).
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7. Model Extension: Decision Making with Fairness Concern

In practice, stakeholders may act against their own interests to address perceived unfairness and
seek more equitable outcomes [61]. Manufacturers often face profit gaps due to the economies of scale
of E-platforms, raising concerns about fair profit distribution [6]. Therefore, this section incorporates
the fairness concerns (FC) behavior of the manufacturer into decision-making. According to Wang,
Wang, Cheng, Zhou and Gao [6], the utility function of the manufacturer with FC defined as follows.

UMZHM‘M(WHP'HM) )

We focus on a single manufacturer to clearly capture the core interaction with the E-platform,
even though most platforms engage with multiple manufacturers in practice. Therefore, comparing
directly the income gap between the two parties in this section is inappropriate. It is necessary to
introduce a relative fairness reference point, represented by W(¥>0). In Eqn. (9), p (0<u<1) denotes
the manufacturer's FC coefficient, reflecting the decrease in the manufacturer’s utility when its profit
is less than WTlp.

In this scenario, the manufacturer makes decisions based on utility maximization, while the E-
platform continues to focus on profit maximization. The optimal outcomes and the conditions that
need to be satisfied are summarized in Table 5.

Table 5. Optimal solutions of models with FC.

(1w (1+q,)° - 2% ()

Table 5-1 NC with FC (> , H>- > 7)
(1 +ptu?) -“In(1+ut ) +(1+)¢° (-1+qp)
gN-FC* Hy(1+wéc,(-1+q,)
~AHn (1) + 2072 (1 p )~ H1 )¢ (-1 +q,)°
pNFCT n(-2H+n)(1+pc,
-4Hn(1+u+u®)+2n? (1+u+u¥P)+H(l +,u)¢2(—1 +q0)2
pNFC (1+)(a-pe,)
2B(1+u+u¥)
N-FC™ 1
P z (ﬁ te )
4\p "
gv-Fe” 2He, (nuP+(1+1) (9-¢° (-1 +q0)2))
Cn(-2HAn)uP+(1+w) 2n(-2H+n)+H (-1+q,)° ) (-1+¢2)
NFC* - (1+p+u¥)c,
AHY(1+p+p )+ 20 (1 B)+H(1+ )¢ (-1 +q,)°
2, 2 2
Table 5-2 BF with FC (> (drwd clray , H> 2 (Hﬂ;ﬂw 2 )
4(1+u+u'¥) (An(1+p+pf)-(1+) ¢~ (-1+q,)°)(1+rp)
(BFCT Hn(1+w¢c,(-1+q,)(1+rp)
22 (14 uA )+ H(-4n(1+p+w) +(1+1)¢° (-1+q,)°)(1+7)
P’ n(1+we,(-n+2H(1+7r,))
20 (Tt ®) + H (e ®)- (140§ (-1+q,)°) (1+1,)
B (1+)(a-pe,)
2B(1+u+u¥)
B-FC* 1/3
j 2 L (_“ te )
4\p "
e 2He, (n(1+uu®)-(11w) ¢ (-1+q,)°) (1+1)

(-1+q2) Cn? (1 +u+p'P) +H(-4n(1+u+pu ')
HI+¢ (-1+q,)°)(1+7)
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BFC* - (1+utut)c,
22 (14 uA )+ H(-4n(1+p+ ) +(1+1)¢° (-1+q,)°)(1+7,)
(- ? 2 Y Y
Table 5-3 FPF with FC (> “20- 907 g vt
4(1+p+p) w(dnu P+ 1+ y(dn-¢° (-1+q,)°))(1+rp
sFFCT H(I+)dy’c,(-1+q,)(1+r)

H(I+)¢ v (-1+q,)’ (1419
2ty ) - 20y (D)) 1 5’9(77-2101)1//(1 +f;))
prre” n(1+pye,(-n+2Hy(1+r))
=207 Qg+ ) +4Hny (p-+pp+p ) (1+17)
-H(1+) ¢y (-1+q,) (141

pFFC (1+wy(a-pe,)
2P(yHuy+ut?)
pf;‘—FC* 1 /30
7 (? e,)
grFe” 2Hye, (n(y+uy+uB)-(1+1)¢ w(-1+q,)° ) (1+r)

(-1+q2) 2n? (p+uy+u')-4Hny (y+pp+u) (1+r)
+H(1+1)¢"y (-1 +q,)’ (1+1y)
(FFC - (yHuy+u e,
207 (y+uy+uP)-4Hny (y+uy+u ) (1+r7)
+H(1+) ¢ y2 (-1+q,)° (1+1)

From the Table 5, it is evident that when p = 0, the optimal solutions of the models with FC are
consistent with those of the models without FC. Regardless of the financing scheme, the FC coefficient
consistently affects the optimal solutions and profits in the same direction.

. .. . .. . ds” ap ) e
Corollary 7. The impact of the FC coefficient u on optimal decisions is as follows: $<0, 6; <0, $<O,
* LFC” rFC” 2 2
aD, o (1+q0)* (1)) dpVEC . a0MC o ()¢ (-1+q,)
o <0 ; if n> Ty then >0 , otherwise <0 ; if >71+y+y‘lf and
202 (L) 2 Q0#FC P ) (14q ) (1+p)g?
UKt W? ) > <H<—L | then <0 , otherwise >0 ; if >M d
(An(1+p+uW)-(1+p)" (-1+q,)" )(1+1p) 3+3ry oL oL Y+
22 v, 2 i g op ap" "
T IPWZ)Z <H<—— then <0, otherwise >(0. Pu_ , — =0, O
(T+rpP((T+p)(4n-(-1+q)" " )p+4nu¥) 3y+3ra) oy ou o9, o, o,

Corollary 7 reveals that when manufacturers are concerned about fairness, an increase in the FC
coefficient leads the E-platform to reduce the recycling service level, recycling commission, and sales
commission in an attempt to mitigate the impact of the manufacturer's FC. Simultaneously, the
manufacturer's focus on fairness weakens its incentive to invest in PI. It is worth noting that the
impact of the FC coefficient on the valuation of used products depends on specific conditions
involving the recycling price sensitivity coefficient and the PI cost coefficient. Under certain
conditions, an increase in fairness concerns might unexpectedly lead to higher product valuations,
reflecting the manufacturer’s flexible pricing strategy aimed at reducing the profit gap. It is also
observed that this range differs between the capital-unconstrained and financing models. These
changes consequently have a negative impact on the recycling efficiency of the ECLSC.

Corollary 8. The impact of the FC coefficient p on profits is as follows: aaL:<0; The impact of u on II M

2 2 rC”
. . ) (2+(2+3W))(-1+q,) 202 (W) oy N FC .
is not linear, e.g., if q>M—qO and H>- u > p?) >, then M >0 ; if
4(T+p+uW) An(T+p+p )+~ (2+u(2+3W))(-1+q,) ou
2.2 2 B-FC” 2.2
14+40)° ¢* (2+1(2+3W) 212 (1+u+uW) dll, . (-1+q)°p 2(1+p)p+3 W)
Mand H>— - (I+y Hz)z then M >0 If > 99" ¢ w3 and
4(T+u+p¥) (1+1)(dn(T+p+ pW)-(-1+q0)° 7 (2+u(2+3WP))) o Hprpp+ut)
22 (Prug+u W) oy FEC
H> Ty , then —2——>().
(T+rp(dn(rug+pW)-(-1+q)" o (2(1+p)p+3uW)) ou
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Corollary 8 shows that the manufacturer’s focus on the profit gap results in a decrease in the E-
platform’s profit, but the effect on the manufacturer’s profit is complex and non-linear. While FC are
generally perceived as detrimental to efficiency and economic profit[6,15], within a certain range,
they can encourage the manufacturer to adjust its decisions, potentially increasing the manufacturer’s
profit.

Due to the complicated profit results, we compare the ECLSC profit by applying the numerical
values from Corollary 5 that also satisfy the optimal solution conditions under models with FC and
referencing Wang, Wang, Cheng, Zhou and Gao [6], assuming u = 0.1 and ¥ = 2.

Corollary 9. If the unit manufacturing cost satisfies C(c,)<0, then IT 2EC ST FEC | otherwise

m; N o < Among them, C(c,,) can be found in Appendix D.

According to Corollary 9, when the manufacturer exhibits FC behavior, the ECLSC profit under
different financing schemes, similar to the results of Corollary 5, is influenced by the unit
manufacturing cost. When the unit manufacturing cost falls within a certain range, the ECLSC profit
under the BF is higher than that under the FPF. Our analysis further confirms the robustness of these
findings, demonstrating that the financing scheme's impact on profitability is consistent across
different scenarios. This emphasizes the importance of carefully considering cost structures when
choosing the optimal financing strategy, especially in the presence of FC.

Proof of Corollaries 7-9: See Appendix A.4.

8. Conclusions and Management Implications

This study constructs an ECLSC with an E-platform and a capital-constrained manufacturer,
considering uncertainties in used product quality, PI, and FC. It examines optimal decisions under
different financing schemes, analyzes the effects of remanufacturing quality thresholds and recycling
service sensitivity on decisions and profits, and identifies the best financing scheme through
comparative and numerical analyses. Additionally, it compares EI as a CE performance metric and
explores the impact of the manufacturer's FC on decisions and financing strategies. Based on both
analytical and numerical studies, we derived the following major findings and their respective
implications.

First, for capital-constrained ECLSC, financing scheme selection depends on various factors,
which extends the findings of [44].

1. The FPF scheme is ideal when the unit remanufacturing cost exceeds the threshold ¢,, which
correlates positively with the remanufacturing quality threshold. Therefore, it is recommended that
enterprises establish cooperative mechanisms with FinTech platforms and integrate them with
their ERP and inventory management systems to provide real-time insights into various operational
data, facilitate accurate cost tracking, and jointly develop appropriate financing strategies. FPF is
also preferable when PI cost is low, making it suitable for industries like fast moving consumer
goods, and luxury industry, where manufacturing is mature and profitable.

2.  Attention should be given to the financing interest rate and DF ratio. When the FPF scheme's
interest rate is higher than that of the BF and the DF ratio is relatively high, the BF becomes the
preferred option due to its ability to achieve higher recycling efficiency and improved PI levels
within the ECLSC. To address this, FinTech platforms might consider setting more competitive
interest rates and thoughtfully balancing the proportions of DF and EF. This approach could help
ensure that their financing offerings continue to appeal to companies seeking to optimize their
ECLSC operations.

3. Low consumer sensitivity to recycling prices favors BF, while recycling service sensitivity has
minimal impact, keeping FPF as the optimal choice. ~The growing importance of consumers in the
e-commerce economy is undeniable. JD.com, a leading Chinese e-commerce company, utilizes cloud
computing and big data to analyze consumer behavior and preferences, enriching user profiles and
supporting its financial services. E-platforms should leverage their data processing and
computational strengths to further support ECLSC financing.
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Second, the BF increases environmental impact, especially when its interest rate is comparable
to or higher than the FPF rate, or when the FPF rate is higher but the DF ratio is low. This is due to
lower recycling efficiency, requiring more new components. In contrast, the FPF scheme consistently
reduces environmental impact within a specific range, balancing economic gains with environmental
benefits. Manufacturers using the BF scheme should focus on carbon reduction, green innovation,
and sustainable practices to minimize their environmental footprint.

Third, a higher remanufacturing quality threshold reduces recycled product volume in the
ECLSC, diminishing remanufacturing profitability and overall ECLSC profits. Notably, this threshold
only lowers the manufacturer's valuation of used products when the recycling price sensitivity is
high, and PI cost is low; otherwise, the manufacturer increases the valuation to optimize recycling.
To address these challenges, manufacturers can enhance product design and collaborate with
advanced remanufacturers. Policymakers can also offer incentives, such as China's subsidies for
recycling WEEE and EV batteries, to promote recycling and technological upgrades [62,63].

Moreover, higher consumer sensitivity to E-platform recycling services positively impacts the
ECLSC, benefiting consumers through better services, encouraging manufacturers to recycle and
invest in PI, and boosting ECLSC profits. Unlike Wang, Yu, Shen and Jin [14], who found improved
services could lower recycling prices, this study shows that high consumer sensitivity to recycling
prices combined with low cost of PI allows consumers to benefit from higher valuations of used
products. This highlights the need for E-platforms to enhance consumer sensitivity through
marketing, surveys, and promotions.

Finally, manufacturers' FC behavior reduces ECLSC recycling efficiency and E-platform profits,
highlighting the need for fair profit-sharing rules and regulatory oversight. Interestingly, within
certain ranges of recycling price sensitivity and PI cost, manufacturers' profits may increase with
higher FC coefficients. In such cases, the optimal financing scheme remains largely determined by
unit manufacturing costs, similar to scenarios without FC.

However, this study has several limitations that future research could address. First, it assumes
a linear product demand function and future work could explore the effects of demand uncertainty
on ECLSC. Second, financing interest rates and ratios are treated as fixed parameters. Future studies
could model financial institutions' decision-making to analyze their impact on ECLSC financing
preferences. Finally, the model could be extended to more complex scenarios, such as multi-
enterprise competition or government intervention.
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BF Bank financing

FPF FinTech platform financing
DF Debt financing

EF Equity financing

EFC Fairness concerns
Appendix A

Appendix A.1. Proof of Propositions 1-3
Propositions 1
The Hessian matrix of ITy with respect to 6" pzj and xN can be solved as follows:
-%(-1+qoz)zn 0 -%(—1+q02)17
M= 0 -2p 0 . When H> g, M; is a negative definite matrix. Solving the
-3 (-T+q,)(1+q,)n 0 -H

N N)_ Hi(-p,N+cy 25N (H- (- 1+’70) o N §N)= S0P N+sNo(1-q,)
n(-2H+n)(-1+q3) 2H-n ’

first order condition of IIj yields: oN( P,

pnN (pN)= M. Substitutes those into Eqn. (1), then obtains the Hessian matrix of 1% with respect

2p
2Hn H(-1+q,)¢
2H+ T 2H+q 2 P
to pV , pN and sV, M,=| 0 -B 0 |. When H>—=—— and 17>L M, is a
T H(’1+‘70)¢’ —4'q+(—1+q0) ¢
e -1
negative definite matrix. Solving the first order condition of Eqn. (1) yields sV , pN and pV

o ons N( N Ny Ney NN N( N ~ N N N
Substituting these solutions into 67(p ~,s%), x*(p ,s*) and p “(p~) derives p*, 67 and x
Propositions 2

B

The Hessian matrix of ITy with respect to 6° , pg and x° can be solved as follows:

1 2 1
G100 ST+
M;= 0 -2p 0 . When H> g (1+ry,), M3 is anegative definite matrix. Solving
ST )(Tq)n 0 -H(T+r)

2Hn(-p, B, )(1+rp)+25B (149 )(H-n+Hry)
n(-1+q3)(n-2H(1+ry)) !

the first order condition of [Ty yields: GB(p BsP)=

B(p B sB)= w, B( B)= 2P (C;+p ) . Substitutes those into Eqn. (1), then obtains the Hessian

2H+ 2Hr,
2Hn(14ry) Ho(-14q,)(1+7,)
" -ne2H(1+ry) T pe2H(14ry)
matrix of ITp with respect to p? , pP and s*, M,= 0 B 0 . When
_H¢(—1+q0)(1+rh) 1
-n+2H(1+ry,)

2 (-1+q,) ¢ . . . . : : s
H>22+2 and >L¢, M, is anegative definite matrix. Solving the first order condition
(41-¢" (-1+q,)" )(1+rp) 4
: B B B e : ; B/ B .B) .B(, B .B
of Eqn. (3) yields s , p® and p’ . Substituting these solutions into 0"(p °;s°), x"(p ”,s°) and

p,B(p®) derives pg*, 6" and xF

Propositions 3

F

The Hessian matrix of ITj; with respect to 6" |, pi and x' can be solved as follows:

-%m}'(—lﬂﬁ)}z 0 —%ntl)(—lﬂﬁ))
M= 0 -2By 0 . When H>
Inpeieg) 0 -H(Tergy?

the first order condition of IIf, yields: 6" (er,sF )=

n(T+rpy

, M5 is a negative definite matrix. Solving

2HIp(-p, F+en)(141p)-25T (-1+q)(n-Hip(1+7p)
N(-1+q3)(1-2Hp(1+rp) ’

xF(p F sF _np st enentstony g gy atBlertpt) ~ . . :
(p )= 2Ryt p.(p')= T Substitutes those into Eqn. (5), then obtains the Hessian
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2Hny(1+7p) Hop(-1+q,)(T+r7)
" p2HY(1+rp p2HY(1+rp
matrix of ITp with respect to pf , p' and s", Mg= 0 -B 0 . When
Hoy(-1+q,)(1+r) ]
- 2Hy(T+rp )
22 (-1+q,)¢” . . - . . . .
>—————— and n>————, M; isanegative definite matrix. Solving the first order condition
PAn-¢~(-1+q)")(1+17) 4

of Eqn. (5) yields s* , pf and pf . Substituting these solutions into 6F (pfs"), xF(pFs") and

p,[(pf) derives p’ "6 and xF

Appendix A.2. Proof of Corollaries 1-2

Corollary 1 We present the proof under the FPF scheme, and the proofs for other models follow
a similar procedure and are therefore omitted.

as_F* _ Hipey(1+rp)(- zq2+4Hn¢(1+rf)+H¢ (- 1%) (1+19) <0 ap_f _ 2Hne? e (- T+q)(1+7p)(1}- 2H¢(1+rf))
94y (22 -4HYY(T++HY (- Tog,)? (1+rf)) 0o uP-4Hny(T+rpHG (- 1+qo) (1+rf))
o 2HRPG e Trqp)( 1+ oD,F _ 2HPGRgR e, (Lagy (L)

o _ <0
2 ’
Mo eP-4Hny(1+rp+HO”Y(-1+q,) (T+rp)

4Hycy, (1+7’f)(‘2 T]Z ¢2 ('1+‘70)2'2 q3‘10+H¢’(4 UZ qg+¢4 ('1+qg)4qg
20F QP (-1+,)° (-3+2q,))(T+rp)

<0 ;

2
0o (20P+Hy(dn-¢(L+q,) NT+rp)

B ) . 2,2
. - , if >(-1+q,)" ¢ and
0 (1+q ) (2n~+Hy(- 4r[+¢: (1+q0) )(1+rf))

202 202(q, 1+ (-1+q,)* %) ooF . N

T <H< 1 qon 10" ., then =—<0 , otherwise —>0
(T+rp(4n-(-T+qy) 7)Y (1+rf)(4q0r]2 -(- 1+q0) (3+2q0)r]qb +- 1+q0) ngb N 99, 94,
aon*_ P P ¢2¢205(‘1+qo)(“’f) <0 anMF*_ ite 3¢ ¢36%(_1+q0 (1+yf)2(_,,+zH¢(1+rf)) <0

= =<0, == 3 :

0o (2nP+Hy(dn-¢ 1+ N1+rp) %y QP4HY( L4 +HY p(-1+q) (1419)

Corollary 2 We present the proof under the FPF scheme, and the proofs for other models follow
a similar procedure and are therefore omitted.

Bs Hnl/)c,,( 14q)(T+rp)(- 212 +4Hr]1/;(1+rf)+H¢ (- 1+q0 (1+rf)) 0 aer* _ 2Hnoey(-1+q,) (1+rf)(q 2H1,b(1+rf))
% (nP-4H(1+rp+HY (-1+q,)° (1+rf)) ’ % (21]24Hmp(1+rf)+H¢ Y(-1+q,) (1+rf)) ’
axF*_ 2Hn2¢¢cn(—1+qo) (1+rp) >0 ap,f B 2H2,]2¢¢ cn(—1+qo) (1+rf) >0
= - 5 , - = 2
0P iR aHn(1+rprHG?Y(-1+g,)) (T+rp) o (-21]2+H1/1(4n-¢>2(-1+q0)2)(1+rf))
a@F* 4Hn@ e (-1+qp)(1+r)(-2n+3H(1+rp) 2.2 . 22
EN 2 2 22 When (g 07, i gy <HS 3¢(1+r) then _>0
(1+q,)(2n -4Hq¢(1+rf)+H¢ Y(-L4q)* (T+rp) B i 0
armpf HAP P (1+q ) (14rp)? Ayt
otherwise —<0 When 4(-1+q, ) ¢ <n<(- 1+q0) ¢ then —<0 Y AR > L0, eM =
ocp P (2nPHY P (1)) b

2P 7 G (-1q,) (141 (q+2Hl/1(1+rf))

(2n? —4Hr]l,0(1+rf)+H([> Y(- 1+qo) (1+rf))

Appendix A.3. Proof of Corollaries 3-6

Corollary 3
B gFo 2HP ep(-1+q))(L4r-((T+7p)
(-202+H(4n-¢ (-T4q)) )1+ N202+Hyp (a7 (-1, )(T+rp))
* * -2H(1+rp,) n-2Hy(1+rp)
PP — pF =ne,( n b i

2P H(An g (Trg P 14m,) 20241 HYPY(Tag 2 (L)
1 1

2 2 + 2 2 )/
2n2+H(-4n+¢p (-1+q)")(1+rp) 2q2-4Hq1p(1+rf)+H¢ P(-1+qy)" (T+rp)

B —xF =, (-

D B D F ZHTI Cn( 1+¢ Tb*ll)?’f)
! T (2n2+H(n-¢A(- T4q) P )(L+rp )22+ Hip (- (1+q,)° N 1+rp)
* * 4H e (-0 (-1+ )2 N 1+rp-ih(T+rp)
0% -0 = > o471y i In the case of ry2rg or rpm, and
(1+q0)(2n +H(- 4n+¢ (1+qo) N1+1p))(2n2 —4Hmp(l+rf)+H¢ (- 1+q0) (1+rf))

(1q0)¢

0<1/)<1 " there exist sF >sB pf >p£3 L oxF s D, >D, ;if <n<(- 1+q0) ¢*, then 6°>0",
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* * o *
1 LN Iy it B'SF gB'SoF o Bs F p BopFL
otherwise, 0° >0" . In the case of rf>rb, when lTrf<1p<1 there exist s° >s*, p’ >p , x° >x", D,”>D," ;if

i "0) ¢ n<(-1+q,)¢’, then 0F 50", otherwise, 0° 0" .
Corollary 4
P! = p"'=0, pE ~pi=0, D" ~DF =0
Corollary 5

* * 2 2 6048(-151+21(-2+q,)q,)
1B F =30 _a2@) o0 (v et [ 38 ) ) _
L N a(Zy)eei 3 (281-63(-2+9,)q,)”

20169(-160+9(361+2529-63(-2+q, )q

2 ( Blay)s el )
(160+63p(-7+(-2+q5)4,))

oo aA(160+630 A3) (123921 +(160-A+(-722+Ag)) Ag)

" 3969¢2A§(128+ﬁA§)+20160¢(5A§A3-16(248105+(-1066+A4)A4))'

* * * *
) , if 0<c,<c,, then 18 >I15 | otherwise, IT;2 <I1;F . where,

+25600(BA5-6048(-151421(-2+4)q))

-8829)7 x> +268800(-151+21(-2+,)q +560y(248105+ A 4(-1066+A4)
B

A;=8(5620+3 J ),

Ap=281-63(-2+q,)q,,
A3=(—2+6]0)6]0—7,
Ag=63(-2+q,)q,,
Corollary 6
B r Hr]4cn(1+rbf¢(1+rf))
EI—EI=(722 —— — — ,
N>+HEN-§" (-1+q,)" )(T+1p))(-20>+4Hnp(1+1)-HP p(-1+q) )" (1+1p)

B F. - I+ F. B
EI°>El; 1frf>rb and 1+—yf<1psl,then, EI'>EI".

1+Tb

if ry2rg or vy, and O<Ys—— then

Appendix A.4. Proof of Model Extension

We present the proof under the FPF scheme, and the proofs for other models follow a similar

procedure and are therefore omitted.

F-F -
UF FC C F-F

with respect to 6 P C and xFF€

The Hessian matrix of can be solved as follows:

ST+ () 0 1)t

M= 0 “2BY(1+u) 0 . When H>
-%mlf( T+ )(1+) 0 -H(1+r)y* (1+p)

matrix. Solving the first order condition of yields:

QFFC(p FFC GF-FC)= 2HY(-p, Fren)(Terp-25" ¢ Ty Jn-Hip(1+7p) FFC(p F-FC gF-FC)_ np, st p-ne,rsf g,
Py N(-1+q3)(1-2Hyp(1+rp) ’ o, n-2Hp-2Hrs ’

n(1+ rf)l,l)

M; is a negative definite

UF -FC

F-FC
PE'FC( pF'F €)= %;p). Substitutes those into I'[f{F €, then obtains the Hessian matrix of Hl; FC with
2H (e p W) ) Hop(-1+q,)(1+r)
(1+p)(n-2Hip(1+rp) 1-2Hy(1+1p)

) 0 . When

respect to pfFC pfFC and PO, M= 0 p(-1--£

Hoy(-1+q, )(1+rp)
N-2Hy(1+rp)

Yt
0 -1

2P v (L) (1+q))” . . - . . :
s, lp;“ ) v a >M, Mgy is a negative definite matrix. Solving the first
YEAuYHI+p)Y(4n-¢ (—1+q0) ))(1+rf) 4(1+u+u¥)

FFEC, pfFC and pfFC . Substituting these solutions into

QF—FC(er—FC,SF—FC)’ xF-FC(er—FC,SF—FC) and pi-FC(pF—FC) derives pi—FC , QF-FC and xF-FC .

Corollary 7.

order condition of IT*C yields s
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