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strategies in the context of “dual carbon”
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This study explores low-carbon promotion competition between dual-channel green manu-
facturers and retailers against the backdrop of global low-carbon economic transformation
and deepening green consumption preferences, aiming to uncover whether low-carbon
competition drives the low-carbon transformation of supply chain enterprises. It also analyzes
the equilibrium choices and coordination strategies of green manufacturers and retailers in
low-carbon promotion competition. To achieve this, the study creates base models of cen-
tralized (C) and decentralized (D) low-carbon promotion competitions without government
subsidies, followed by a low-carbon promotion competition model with government subsidies
(DG). In the expanded models, a unilateral cost-sharing contract (CSG-S) and a bidirectional
cost-sharing contract (CSG-D) are added to investigate supply chain collaborative optimi-
zation routes in low-carbon competitive settings. Finally, numerical simulations use fast-
moving consumer goods (FMCG) industry background data to support comparative analysis.
Results show that green manufacturers have significant advantages in low-carbon promotion
competition (under D and DG models). However, low-carbon competition can also moder-
ately erode green brands' profits, reputation, and emission reduction capabilities, impeding
low-carbon transformation progress—there exists a risk of greenwashing in low-carbon
promotion investments under competitive scenarios, but government low-carbon subsidies
can further promote the reduction of carbon emission levels. As the DG, CSG-S, and CSG-D
models gradually coordinate, the market demand gap between green manufacturers and
retailers narrows, ultimately achieving mutual benefit among supply chain members, resol-
ving low-carbon promotion competition conflicts, and facilitating synchronized development
between low-carbon transformation and economic returns for both parties. This research
provides a practical decision-making framework for governments to design targeted subsidy
policies and for enterprises to formulate low-carbon competition strategies.
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Introduction

ddressing climate change is a global imperative, and

China’s “Dual Carbon” strategy (peaking carbon emis-

sions by 2030 and achieving carbon neutrality by 2060)
has emerged as a benchmark in global climate governance (Baste
and Watson 2022; Magrinya et al. 2023; Willetts 2023). This
strategy, articulated in the State Council’s Action Plan for Carbon
Dioxide Peaking Before 2030 and the Ministry of Industry and
Information Technology’s Green Manufacturing Engineering
Implementation Guide, mandates industries to achieve low-
carbon transitions through technological innovation and supply
chain coordination. Within this framework, supply chain enter-
prises—particularly energy-intensive sectors like manufacturing
and logistics—face unprecedented challenges (Khan et al. 2021;
Eckerberg 2022). The fast-moving consumer goods (FMCGQG)
manufacturing sector, characterized by high market sensitivity
and rapid consumption cycles, confronts unique difficulties in
balancing cost efficiency with sustainability. Notably, online
direct sales channels, accounting for 37% of China’s retail market
by 2023, have intensified carbon footprints due to logistics and
packaging demands, positioning this sector as a critical focal
point for low-carbon innovation. This urgency underscores the
need to examine how low-carbon competition catalyzes or
impedes sustainable transitions, aligning with China’s strategic
vision of building an “Ecological Civilization” and achieving a
“Beautiful China”.

The global shift toward low-carbon development is profoundly
reshaping consumer behavior (Ghosh et al. 2020; Sun et al. 2020;
Lin et al. 2023). In China, this transition is accelerated by policy-
driven initiatives and market forces. According to the China
Green Consumption Report 2023, over 45% of Chinese con-
sumers prioritize products with certified low-carbon labels, while
Alibaba’s sustainability survey reveals that 52% of online shop-
pers are willing to pay premiums for eco-friendly packaging.
These trends resonate with the National Development and
Reform Commission’s 14th Five-Year Plan for Circular Economy,
which identifies green consumption as a driver for industrial
transformation. Internationally, Deloitte’s 2024 report highlights
that 85% of global firms have escalated sustainability investments,
yet the efficacy of these efforts in sectors like FMCG remains
underexplored, particularly in balancing competitive dynamics
with emission reductions. For manufacturers pursuing sustain-
able growth, adopting low-carbon strategies and streamlining
supply chains for efficiency is imperative. However, the transition
to low-carbon consumerism presents dual challenges and
opportunities. Amid competitive pressures and the financial
burdens of low-carbon transitions, strengthening contractual
partnerships across supply chains becomes essential (Karle et al.
2020; Zhang et al. 2024; Cheng et al. 2024).

The interplay between low-carbon competition and supply
chain coordination rests on two theoretical pillars: game-theoretic
interactions among stakeholders and the resource-based view of
green capabilities. Prior studies suggest that competitive pressures
can spur innovation diffusion (Wu et al. 2025; Ji et al. 2025), yet
excessive rivalry may fragment collaborative efforts. For instance,
in the photovoltaic industry, intense competition drove techno-
logical advancements but also led to overcapacity and profit
erosion (Tsanakas et al. 2016; Choi 2024). This duality necessi-
tates a nuanced examination of how “low-carbon competition”
operates across supply chain contexts—whether it accelerates
emission reductions or impedes progress through coordination
failures.

Against this backdrop, this study investigates green manu-
facturers expanding into online direct sales channels to secure
market share and drive low-carbon transitions. By designing a
hybrid incentive mechanism combining government subsidies
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and cost-sharing contracts, we explore coordination strategies for
low-carbon supply chain competition. Our research aims to
address the following questions: Dual-Channel Low-Carbon
Competition: Does competition (e.g., carbon labeling rivalry)
accelerate emission reductions among green manufacturers, or
does it risk “greenwashing” that hinders genuine progress?
Demand Elasticity Analysis: How do promotional investments in
low-carbon attributes (e.g., green marketing, eco-packaging)
influence demand elasticity across supply chain tiers? Govern-
ment Incentive Efficacy: How do subsidies impact the low-carbon
performance of upstream and downstream supply chain mem-
bers, and what is their effect on overall efficiency? Contract
Coordination: Can cost-sharing contracts enhance emission
reduction efficiency while mitigating the adverse effects of low-
carbon advertising competition? Do unilateral or bilateral con-
tracts yield Pareto improvements?

This study makes pivotal contributions in three areas: (1) It
delves into manufacturers’ shift from passive players to strategic
leaders in the low-carbon advertising value chain. Results show
that opening online direct-sales channels transforms manu-
facturers’ roles, giving them a market edge in low-carbon com-
petition and offering new strategies for driving low-carbon
transitions in the supply chain. By incorporating low-carbon
competition intensity into the market demand model, it advances
the understanding of low-carbon advertising’s value. (2) It
leverages low-carbon advertising competition to create a com-
petitive edge for the green manufacturing sector’s low-carbon
transition, innovatively expanding the traditional goodwill model.
(3) It proposes a supply chain coordination strategy that com-
bines government subsidies with cost-sharing. This strategy offers
a new solution for supply chain management and informs pol-
icymakers on crafting effective incentive mechanisms. Findings
indicate that while low-carbon competition can capture market
share, it may also lead to greenwashing, reducing green brands’
revenue, goodwill, and emission reduction capacity. However,
government low-carbon subsidies can further lower carbon
emission levels.

The rest of this paper is organized as follows: Section “Litera-
ture review” reviews the relevant literature; Section “The models”
presents the assumptions and symbol explanations; Section
“Expansion” establishes the basic model and government subsidy
model; Section “Numerical analysis” extends the model and
designs the contract coordination model; and finally, examples
are used to compare and verify the models to gain more man-
agerial insights and conclusions.

Literature review

Low-carbon emission reduction in green supply chains.
Enterprises are increasingly prioritizing investments in carbon
reduction technologies (Cai and Jiang 2023; Yan et al. 2024; Liu
et al. 2025), a strategic imperative for supply chains to enhance
both emission mitigation capabilities and ecological credibility.
Such investments serve as a cornerstone for accelerating the
transition toward sustainable, low-carbon supply chain opera-
tions (He et al. 2021; Zhou et al. 2018). Existing studies, however,
exhibit critical limitations in modeling dynamic interactions
between stakeholders. Ghosh and Shah (2015) proved through
the static cooperation model that the cost sharing contract can
encourage manufacturers and retailers to jointly invest in low-
carbon technologies, but ignored the impact of long-term
dynamic competition on emission reduction efficiency; Simi-
larly, Li et al. (2016) analyzed the promotion effect of retailer
marketing on manufacturers’ emission reduction based on the
short-term static game, but could not explain the intertemporal
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synergy effect of technology marketing investment. Although Jia
and Liu (2023) introduced the framework of differential game
and duopoly game respectively, its model still simplified the
supply chain members to complete cooperation or complete
competition, ignoring the interactive evolution of technology
diffusion and market penetration under the dynamic competition
cooperation relationship. In addition, in the dimension of low-
carbon investment, scholars have not yet formed a systematic
understanding of the synergy between technology research and
development and marketing strategies. Liu et al. (2012) and
Hildebrand et al. (2017) respectively emphasized the driving
effect of consumers’ environmental awareness and green mar-
keting on low-carbon transformation, but the former only ana-
lyzed the behavior of a single enterprise, while the latter separated
the dynamic relationship between marketing investment and
technology research and development. Shen et al. (2022) found
the complementarity between manufacturers’ technology invest-
ment and retailers’ low-carbon certification, but did not solve the
resource allocation conflict under dynamic competition.

In this regard, this paper breaks through the existing
limitations: first, a dynamic differential game model is established
to analyze the equilibrium strategies of dual channel manufac-
turers and retailers in the channel low-carbon marketing
competition, providing a new decision-making paradigm for the
supply chain low-carbon competition and cooperation.

Government low-carbon subsidy policy. Government subsidies
are key to incentivizing carbon reduction across the entire supply
chain, but existing research shows discrepancies in policy design,
coordination mechanisms, and dynamic interactions. Wang and
Choi (2020) demonstrated that a cap-and-trade system with
flexible emission constraints can achieve Pareto-efficient coordi-
nation between manufacturers and suppliers, but their model
assumed a fixed subsidy rate, neglecting dynamic adjustments
based on technological maturity. Similarly, Yao et al. (2021)
quantified the economic feasibility of carbon capture technology
in steel production, revealing that government subsidies must
cover at least 30% of R&D costs to trigger corporate adoption.
However, their analysis overlooked the interdependence of the
supply chain. A gap proposed by Zu et al. (2018) applies differ-
ential game theory, indicating that emission reduction efforts in
decentralized supply chains require subsidies proportional to
investment levels and consumer demand. Research increasingly
recognizes the interaction between internal coordination and
external subsidies. For example, Kang et al. (2019) used evolu-
tionary game theory to demonstrate that cost-sharing contracts
between manufacturers and retailers can amplify the subsidy
effect, resulting in better emission reduction compared to uni-
lateral policies. In contrast, Qu et al. (2019) highlighted the
conflict: when subsidies are targeted only at manufacturers,
retailers may free-ride on low-carbon marketing outcomes,
leading to suboptimal emissions reductions at the system level.
This tension highlights the necessity of integration mechanisms,
as subsequently shown by He et al. (2023), who identified the
synergies between subsidies and corporate social responsibility
(CSR). The dynamic perspective reveals key limitations. Huang
(2023) modeled the dual-market competition under government
intervention and found that due to the technology lock-in effect,
static subsidies cannot sustain retailer-manufacturer cooperation
for more than 5-7 years. Similarly, Wang et al. (2022) developed
a differential game framework where the government dynamically
adjusts subsidies based on real-time emission data.

However, these studies either prioritize external policy
instruments (e.g., Huang 2023) or prioritize Internal coordination
(e.g., Fu et al. 2024; Li et al. 2019), without linking the two. Most

studies focus on analyzing government subsidies without
designing linkage mechanisms to coordinate internal and external
incentives. The breakthrough of this paper lies in proposing an
internal-external coordination contract of government subsidies
and cost-sharing: dynamically linking government subsidies with
the cost-sharing rate of supply chain members (retailers).

Low-carbon promotion coordination strategies. The interaction
between low-carbon competition and supply chain strategy is
rooted in resource dependence theory and non-cooperative game
theory. Enterprises’ efforts to reduce carbon emissions are driven
by both competitive pressure and cooperative incentives. This
duality requires a coordination mechanism that balances intra
chain collaboration and inter chain competition to achieve Pareto
effective decarbonization (Lan and Papier 2018; Nematollahi et al.
2024). The existing research mainly focuses on the internal cost
sharing or revenue sharing contract. For example, He et al. (2020)
designed a cost sharing contract for the low-carbon service supply
chain, proving that retailers who bear the R&D costs of manu-
facturers can maximize common profits. However, their model
assumes static government policies and ignores dynamic subsidy
adjustments. Similarly, Xiao et al. (2019) optimized the coop-
erative advertising contract in the two-level supply chain, but
limited the coordination of internal marketing budget and
ignored the external policy leverage. Competition distortions
exacerbate these restrictions: when multiple manufacturers
compete, the asymmetric cost sharing rate may lead to “carbon
leakage”, as shown in Fadavi (2022) in the green product pricing
game, in which 23% of the emission reduction is offset by the
opportunistic behavior of competitors. Although some studies
integrate government policies, they often isolate external inter-
vention from internal coordination. Wang et al. (2024) analyzed
the recovery subsidy in the closed-loop supply chain of
e-commerce and found that altruistic preference increased the
recovery rate, but their model excluded the coordination between
retailers and manufacturers. On the contrary, Zhao and Zhao
(2022) proposed the total amount control and trading contract
under asymmetric information, but regarded the government
carbon amount as an exogenous constraint and failed to link it
with the sharing of promotion cost. This fragmentation persists in
a dynamic environment: Xiang and Xu (2019) simulated the
closed-loop supply chain cooperation with the Internet platform,
but their dynamic strategy ignored the policy mechanism that is
crucial to long-term compliance.

In short, compared with previous studies, our review shows
that the current literature often studies government subsidies and
supply chain cost sharing in isolation, and lacks linkage
mechanism to offset the current large number of “green”
marketing). Secondly, the existing models often assume that the
supply chain members are fully cooperative or fully competitive,
ignoring the complementarity and substitution of low-carbon
technology and low-carbon marketing investment under the
competition and cooperation game. Therefore, this paper makes a
systematic analysis and comparison of various coordination
contracts under government fiscal incentives. Based on the
relevant literature, we have summarized the analysis presented in
Table 1.

The models

Faced with increasing competition in the market, participants
must not only elevate the carbon efficiency of their offerings but
also advocate for low-carbon practices across various dimensions
to secure their competitive edge in the market. As seen in Fig. 1,
this study looks at a dual-channel distribution network that
includes an online and offline manufacturer as well as a
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Table 1 Comparative analyses of relevant literature.

Huang (2023)
Karray and Herran
(2021

Wang et al. (2022)

He et al. (2023)

Shang et al. (2025)
Li et al. (2016)

Wang et al. (2022)
Fadavi et al.
(2022)

Wu et al. (2022)
Li et al. (2020)

Yang et al. (2025)
This research
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Fig. 1 Supply chain system diagram of this study.

Competition of low-carbon advertising

traditional retailer. The company reduces carbon emissions sales channel includes the costs of digital platform marketing,
through production while also pursuing a low-carbon promotion carbon neutral certification, etc., and the low-carbon marketing
strategy in direct sales, resulting in a low-carbon promotion investment of the retailer covers the low-carbon display of phy-
competition with the traditional retail channel. Among them, the sical stores, environmental protection promotion activities, etc.
low-carbon marketing investment of the manufacturer’s direct According to Kotler’s marketing 3.0 theory, this variable affects
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Table 2 Description of relevant symbols.

Meaning Parameters
The low-carbon costs of manufacturer Cm
The low-carbon costs of retailer Cr
The market demand of manufacturer D
The market demand of retailer Dg
The influence coefficient of low carbon promotion on T
market demand

The intensity of competition in low-carbon promotion k
Government subsidy rate O
Retail market price p
Wholesale price w
Carbon emission reduction level ECt)
Low-carbon goodwill G(t)
Manufacturer’s investment in carbon abatement |
Manufacturer’s investment in low-carbon promotion Am
Retailer's investment in low-carbon promotion A,
Profit of the supply chain system Js
The profit of Manufacturer Im
The profit of Retailer Jr

demand through the intermediary variable of green brand equity.
Using a differential game method, this research investigates the
equilibrium strategies of low-carbon activities among partici-
pants, and the best coordination contract in such competitive
situations (Table 2).

Assumption 1. In the production of carbon emission reduction,
whether the manufacturer can successfully reduce emissions
depends on its investment in carbon emission reduction technology
in the production process. However, with the aging of machinery
and the progress of technology, if enterprises do not continuously
invest in or update low-carbon emission reduction technologies, the
efficiency of these emission reduction technologies will often be
reduced. Therefore, drawing on the model proposed by He et al.
(2023), the dynamic trajectory of product carbon reduction in this
paper is expressed as follows:

E(t) = al(t) — BE(1) (1)

where the initial value is E(0) = E,; « is represents carbon miti-
gation effort factor, « > 0; and B is represents the inherent rate at
which the impact of these efforts declines over time, 3> 0.

Assumption 2. Referring to the classic goodwill model of
Nerlove-Arrow (1962) and the modeling method of Asghari et al.
(2022), this paper focuses on the reconstruction of low-carbon
goodwill of products by low-carbon advertising in the dual channel
supply chain. Therefore, this study incorporates the low-carbon
promotion investment of manufacturers’ direct sales channels into
the traditional goodwill model. The goodwill model designed for
this study is as follows:

G(t) = 0[A, (1) + AR(t)] + OE(t) — eG(t) )

where the initial value is set as G(0) = Gy; & represents the
influence coefficient of promotional investment on the accumula-
tion of goodwill; 0 denotes the influence coefficient of the emission
reduction level on the development of goodwill; and & is the rate of
natural decay of goodwill over time.

Assumption 3. Drawing from the cost function models presented
in the literature Prasad et al. (2004), Zaccour (2008) and Gio-
vanni (2010), the cost for participants is depicted as a quadratic
function of both emission reduction and promotional efforts. This
quadratic function form has been verified by the 2023 industry cost
data of the new energy vehicle Committee of the China Association
of automobile manufacturers. For example, the investment curve of
emission reduction technology of Tesla Shanghai factory conforms
to the quadratic function. This research delineates the cost function

for members as follows:

Cyr = 1K (1) + 1K Ad, (1) 3
Cr = %KRAIZQ(t)

where Ky, K, and Ky denote the expense coefficients associated
with members’ investments, K,;; >0,K,;, >0, K, >0.

Assumption 4. Citing Kopalle (1996), Fruchter et al. (2005),
and Cattani et al. (2006)., it is posited that producers establish a
consistent pricing scheme. At the same time, a competitive intensity
coefficient representing low-carbon promotion was introduced to
measure its impact on market demand. The demand function is
established as follows:

{ Dy (t) = a; + nE(t) + yG(t) + k[A (1) — Ag(D)] + TAp (1)
Dy(t) = a, + nE(t) + yG(t) + k[AR(t) — Ap(D)] + TAR(?)
4)
where 1 represents the positive impact of E(t) on market demand,
with 1> 0; y signifies the effect of G(t) on market demand, with

y > 0; T is the impact coefficient of promotion on market demand,
with ©> 0; a; and a, denote the natural market demand.

Ju = [o e P'[pDy + wDp — 1Ky 1P — 1K, A% 1dt

Jr = [ e [(p — w)Dy — LK AZ)dt

Js = [0 e [p(Dy + Dg) — 1K\ P — 1K, A2, — — LK A%]dt

N 0 [P M R 2°YM1 2°NM2M 2 °“R“'R
(5)

The long-run profit functions for manufacturers, retailers, and
government benefits with government subsidies are expressed as
follows:

T = fgoeipt[PDf\;/[ + wDf — 1Ky (1 — ¢ — %KM2A%/I]dt
J§ = J3e ' (p — w)D§ — § KpARldt
Jo = fﬁoe‘p’[P(Dﬁ +Df) — SKan P = 5Ky Ay — — 3 KpARdt

©)

No government subsidy-centralized decision model (C).
Without government subsidies in a centralized decision-making
framework, members are focused on maximizing the profitability
of the supply chain. As a result, the target function for the green
supply chain model within this unified approach is established as
follows:

J§(GE(1), E“(1)) = max [*e P'[p(D§; + DY)
1€ AC AS
AN AR i i (7)
— LK\ I€ — 1K, pAG — LK AS)dt

Proposition 1 In the centralized decision model (C), the optimal

equilibrium decision for low-carbon inputs is as follows:

JC* — 20pln(p+e)+y]
T Ky (p+e)p+p)

c* __ pt(p+e)+2poy
AM T Kyplpte) (8)
AC* __ pt(p+e)+2poy

R ™ Kglpte)

Proposition 2 The optimal state trajectories for the degree of
carbon emissions decrease and goodwill and the optimal trajectory
stability values are as follows:

C* _ ok _ * —B
{E (t) = ES" + (E, — ES)e Pt ©

G(1) = GS, +(Gy — GS)e ™
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EC* — 20%pln(p+e)+6]
00 T PRy (p+e)(p+p)

GC = apt(p+e)+2pa’y + apt(p+e)+2pa’y
00 T eKyplpte) eKp(p+e)

200’ pl1(p-+e)+6y]
&Ky (p+e)(p+p)

Proposition 3 The optimal profit for members are as follows:

(10)

]C* — P[“1+“2+T(A3+Ag*)] + 2nCyp + 2’75{:1’ + 2yCop + 2ng:p _ KMIIC*Z
S p p+p p pte P 2p
*2 %2
_ KipAy KgA§
2p 2p

(11)

where C, = xy — x5 ,C, = g, — £5.

No government subsidy-low-carbon promotion competition
model (D). Within the realm of practical supply chain dynamics,
achieving a consensus under a centralized decision model is often
challenging, with low-carbon competition being the norm among
members. Therefore, under low carbon promotion a competition,
members will prioritize their own interests when making deci-
sions, leading to a competitive decision-making model denoted as
(D). In this model, both parties operate independently, engaging
in a Nash differential game where they each aim to optimize their
individual profits by determining their own strategic variables.
The objective function under the competitive decentralized model
is as follows:

J2(GP(8), EP(1)) = max [2°e P [pDE + wDR — LK\ I () — LKy, AR (D)]dit
ah

JR(GP(1), EP(1)) = max [e?[(p — w)DB — LK AR (1)]dt
AR

(12)
Proposition 4 In the promotion competition model (D), the
optimal equilibrium decision for low-carbon inputs is as follows:

0* — alptwln(p+e)+6y]
T Ky(pt+e)p+p)

D* __ (p+o)lp(k+1)—wk]+(p+w)oy
AM - Kyn(pte) (13)
AD* — (e=wlptaktn)+0y]
R Kgr(p+e)
Corollary 1
o> a” > ar”” v
on >0, 3y >0,%, >0, B <O,3KM1 <0
0AY 0AY oAy AN oA
5k >0,? >0,a—y >0, PP >O7BKM2 <0
0AY" 2AR" 0AY" 2AR" 2AY"
5 > 0,55 >0, 3 >0,5% >0, K, <0

Corollary 1 indicates that increased consumer preference (y)
for brands prompts members to enhance their investments in
emission reduction and promotion. Additionally, a heightened
consumer inclination towards low-carbon products (#) positively
influences investment in emission reduction, while the marketing
investments of manufacturers and retailers remain unaffected by
this preference. The influence measure of sustainable marketing
on goodwill and market need (o, 1) fosters more investment in
low-carbon advertising. Conversely, the decay rate (f), the
discount factor (p), and the cost parameters all exert a dampening
effect on low-carbon initiatives. Furthermore, the vigor of rivalry
in low-carbon promotion between manufacturers and retailers
actively encourages investment in marketing efforts. Notably, as
the competitive fervor in advertising escalates, it acts as a catalyst
for increased advertising investments by both parties.

Corollary 2

I >1P% when 0<k< % (k €[0,1]), then Af; >Aﬁ*; when
k= 2X, then Ay > Afs Ay > AR

6

Corollary 2, in competitive decision scenarios, manufacturers
tend to allocate fewer resources towards low-carbon abatement
compared to centralized decision structures, and similarly,
retailers also reduce their low-carbon promotional efforts
compared to what they would under centralized decisions.
However, the promotional investments by manufacturers show
an inverse trend: under low advertising competition, manufac-
turers invest more in promotion in centralized decisions than in
competitive ones. Under high advertising competition, the
opposite occurs, with manufacturers increasing their promotional
efforts under competitive decisions more than in centralized ones.
This suggests that in the midst of intense competition for low-
carbon advertising, manufacturers are increasingly inclined to
step up their marketing spend as this will exert a considerably
greater constructive effect on their earnings and market need.

Proposition 5 The optimal state trajectories for the degree of
carbon emissions decrease and goodwill and the optimal trajectory
stability values are as follows:

EP"(t) = E2 + (B, — EX)e P

G”(t) = G2 + (G, — GE)e®
ED* — @ptwlnlp+e+0y]
00 T PRy (pte)(p+p)
D* __ olpte)lpr+pk—wkl+(p+w)a’y | o(p—w)(p+e)(k+1)+0y]
Goo = Ky (p+e) + eKp(p+e) (15)

0 (p+w)[n(p+e)+6y]
&Ky (pte)(pth)

Proposition 6 In the low-carbon promotion competition model,
the optimal profit for manufacturers and retailers is as follows:

D¥ _ partwa, | PIAY —AR ) 41AD ] n Wk(AD —AD")+7AR"] 4 MDuptw)
M P P P p+B
4 MER ) | pDy(ptw) |y (w) _ Ky IP?  Kypdp”
P pte p 2p 2p
]5* _ (pfw)[uz+k(Ag*7 AD ) £7AD'] n qD;)(f—w) + HEY, glfw) + yDi)(ﬁ;w)
+ ng(p—w) _ KRAQ*2
P 2p
(16)
k D*
where D, = xy — x5, D, =gy — 8o -
Government subsidy-low-carbon promotion competition

model (DG). In a fiercely competitive market environment, the
government acts as an invisible regulator, coordinating the
dynamic equilibrium between economic growth and environ-
mental sustainability through fiscal incentives. The goal is to drive
manufacturers’ investments in carbon abatement technologies via
economic stimuli, thereby aligning corporate profit-maximization
objectives with societal carbon reduction targets. Within the
framework of the Government Subsidy-Low-Carbon Promotion
Competition Model, the government provides financial incentives
(denoted as the government subsidy ratio ¢) to support manu-
facturers’ investments in carbon abatement technologies. Both
manufacturers and retailers prioritize optimizing their own
profits as their primary decision-making objectives. The
sequential steps of this game-theoretic process are as follows:

TE(GP(0), EP(1) = s, Jo e DR + wDRE = 1Ky (1 = ¢y 1" — 1K, AR 1dt

JRE(GPS (1), EPS(1)) = max [ (p — w)DRS — 1K AR 1dt

JOGPO(0), EPO(0) = max [ P [p(DRS + DRY) = 3Kyt 1”7 = 1Ky AR — 1K AR 1
(17)

Proposition 7 In the government subsidy-low-carbon promo-
tion competition model (DG),the government’s subsidy rate is as
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follows:
pex _P—W
M 2

Proposition 8 The optimal equilibrium decision for low-carbon
inputs is as follows:

(18)

0G* — a(P+W)[’I£P+€)+9)’]
Ky (1= (bM )p+e)(p+p)
DG* _ (kpt1p—wk)(p+e)+(p+w)oy
AM Ky (pte) (19)
ADG* _ = wllk+1)(p+e)+0y]
R Kg(p+e)

Proposition 9 The optimal state trajectories for the degree of
carbon emissions decrease and goodwill and the optimal trajectory
stability values are as follows:

DG*(4\ _ 1DG* DG*Y ,—Pt
EPS'(t) = EPY" + (E, — ERS")e P 20)
DG*(\ _ ~DG* DG*y ,—et
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BK i (1=057 ) (p+e)(p+)
GRG* = akptp—whpto+(ptwiay | op=wlkin)(pte)+oy] 1)
o eKyp(pt+e) eKy(pte)
@ 0(p+w)n(p+e)+6y]
By (1= p-+e)(p+P)
Proposition 10 The optimal profit for manufacturers and
retailers is as follows:
]f@,G* pn,+ua1 +p[km';f 7AE”A)+rAZG'] +w[k(Aff“'—A}}’f;‘HTAQ‘?] + 1Hiptw)
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(22)
Corollary 3
* * *
() IPY" =1 > 1P
"
(2) When 0<k< p"y (k € [0,1]), then AS; > ADC" = ADY; when
K k
k> = Ay > Ay
ok
(é’) ACT 5 AT _ AD

In the low-carbon competition model augmented by govern-
ment subsidies, these incentives can encourage manufacturers to
achieve a higher standard of carbon mitigation efforts. Given that
the low-carbon subsidy policy is aimed at manufacturers’
investments in carbon abatement technologies, such subsidies
do not stimulate additional investment in promotion. Conse-
quently, the level of investment in promotion remains unchanged
whether or not government subsidies are provided.

Expansion

Government subsidy-one-way cost-sharing contract model
(CSG-S). This section details a one-way cost-sharing’ agreement
leveraging the manufacturer’s dominant position in the promo-
tion competition. Under this agreement, the manufacturer com-
pensates the retailer for a portion of the costs associated with low-
carbon promotion. In the government-subsidized single cost-
sharing contract model, with the manufacturer leading and the
retailer following. The manufacturer assumes responsibility for a
fraction of the retailer’s promotion expenses to enhance the
retailer’s promotional motivation, with a sharing ratio denoted by
® where 0<@<1. The sequential steps of this game are deli-
neated as follows: the government starts by granting a subsidy
coefficient to the manufacturer for their carbon abatement
endeavors. Then, the manufacturer decides on the optimal levels
of emission reduction and promotion, as well as the share of

advertising costs to be borne by the retailer. Afterward, the
retailer determines the optimal promotion effort. The objective
functions for the parties under the unilateral advertising cost-
sharing contract are outlined as follows:

]R}\‘G—S( GCSG—S( t), ECSG*S( t)) —

1656 \A(sz S

fo ¢ pr[pD(% Sy WDGC s *lK,m(l _ %’)I(m §
— KA $ - SKR@AFC ~Sdt
]ﬁSG*S(GCSGfs(l)' ECSG*S(I)) - :g%z(\ j‘refpl[(P _ W)D(R;SGfs _ %KR(I _ ID)A(R;SGst]dI
]gSGfs(GCSGfs(t)‘ ECSG*S(t)) - r];ax ./'goefpt[D(DglstS + DgSGfs) _ %KMlICSGfsl _ %KAWZA‘I’\‘;’SGfgl
— LKRAZGS 1de
(23)

Proposition 11 In the government subsidy-one-way cost-
sharing contract model, the subsidy and sharing rates that enable
supply chain coordination are as follows:

_p-w

=

(Bwk + 3wt — 3pk — p1)(p + €) + poy + 3way
(wk + wt — pk + p7)(p + €) + 3poy + way

Proposition 12 The optimal equilibrium decision for low-
carbon inputs is as follows:

CSG—S*
M (24)

__ Ok
‘DCSG St _

(25)
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S =
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Proposition 13 The optimal state trajectories for the degree of
carbon emissions decrease and goodwill and the optimal trajectory
stability values are as follows:

ECSG*S*(t) — EggG—S* + (EO _ ESG*S*)e—ﬁt (27)
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ECS6- $* _ _ a(p+wln(pte)+6y]
T (=45 B (p+e)(p+B)
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epA—¢3 Ky, (p+e)(p+)

(28)

Proposition 14 The optimal profit for manufacturers and
retailers is as follows:
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WZA(M“ —S*2 QLM, § KHA;'S(’ §
2p 2p
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Corollary 4
sk * * *
(1) ICSG N IDG IC >ID
(2) When 0<k< /% (k € [0,1]), then
* ok sk *
AS > AGOST = ADGT = ADY when k> ;—8, then
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(3) AC* ACSG S* ADG* AD*

Leveragmg the manufacturers competitive edge in the low-
carbon arena, a unilateral cost-sharing agreement was established,
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predicated on government incentives for the manufacturer’s
investment in carbon mitigation efforts. It was confirmed that this
arrangement bolstered the retailers’ commitment to promotion
by having the manufacturer contribute to a portion of the
retailers’ low-carbon promotional expenses.

Government subsidy-two-way cost-sharing contract model
(CSG-D). This section, aiming to thoroughly explore supply
chain collaboration strategies and identify the optimal coordi-
nation strategy, proposes the government subsidy-two-way cost-
sharing contract (CSG-D). Based on supply-chain coordination
theory and the principle of incentive compatibility, CSG-D is put
forward to address the limitations of traditional one-way cost-
sharing mechanisms (as described in Section “Government
subsidy—one-way cost-sharing contract model (CSG-S)”). By
integrating external government subsidies with endogenous
supply chain coordination and leveraging the Stackelberg differ-
ential game framework, this model optimizes collaboration
among multiple stakeholders. The CSG-D contract goes beyond
traditional one-sided cost-sharing by promoting mutually bene-
ficial and consistent outcomes among all parties involved. Within
the CSG-D framework, the manufacturer offers the retailer a cost-
sharing rate of ¢, while the retailer provides the manufacturer
with a rate of v The target profits for the manufacturer, retailer,
and government in this model scenario are as follows:

]gj/ISG—D(GCSG—D(t)TECSG—D([)) —

—pt [ )CSG—D
765G DAcsu Py f ¢ "[pDjq

+ WD;;SG D _ EKMl(l _ ¢M)ICSG7DZ

— 1Kyn(1 = 0AGT — L KppAT P dt
](S( D(GCSG D(t) ECSG— D([)) = max [‘0 e pt[(p W)D(S( -D

AGGD y

— 1Kp(1 — 9)APSD — 1K, 0AGSPldt
](C;SG—D(GCSG—D(”_’ ECSG—D(t)) — n;ax f;“e—prh)(DF\/[SG—D + DgSG—D)
M

1 CSG-D2 __ 1 CSG-D?*
— 3K I — KAy

— 1K APt

(30)

Proposition 15 In the government subsidy-bidirectional
advertising cost-sharing contract model, the optimal subsidy rate
and sharing rate that can achieve supply chain coordination are as
follows:

csG-p* _P—W
pCSG=D* _ (p=w)(oy—kp—ke)
pt(p+e)+2poy (32)
CSG—D* __ (p+w)oy+(wk+wr—pk)(p+e)
¢ = pr(pre)+2poy

Proposition 16 The optimal equilibrium decision for low-
carbon inputs is as follows:

JCSG—-D* _ __ alptwlnlp+e)+y]
T (1=¢5 K (o) (p+B)
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Proposition 17 The optimal state trajectories for the degree of
carbon emissions decrease and goodwill and the optimal trajectory
stability values are as follows:
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Proposition 18 The optimal profit for manufacturers and
retailers is as follows:
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Drawing on the synergistic advantages of the one-way cost-
sharing agreement, which does not achieve perfect coordination,
a two-way cost-sharing agreement has been crafted to more
tightly integrate the stakeholders in an effort to achieve
coordination. Research indicates that the two-way cost-sharing
arrangement between manufacturers and retailers enhances their
joint low-carbon promotional endeavors. Within the structure of
the two-way cost-sharing agreement, the low-carbon initiatives
undertaken by manufacturers and retailers can match the efforts
made under a centralized decision-making process. This align-
ment ensures that the low-carbon initiatives remain stable and
efficient.

Numerical analysis

This section uses MATLAB tools for numerical simulation to
verify and visualize the relevant results and coordination effects.
The parameter values in the case analysis are set proportionally
based on real-world conditions, selecting FMCG supply chain
enterprises as simulation cases for analysis. The discount rate
often refers to the industry average cost of capital (WACC),
such as 6%-12% for manufacturing; the setting of wholesale and
retail prices is based on the markup rate of retail prices, while
also referencing the wholesale and sales pricing of manu-
facturers (such as Wal Mart, Procter & Gamble) in the dis-
tribution channels. The FMCG is usually set at 1.3-2 times the
wholesale price; according to the empirical research by Roy et al.
(2022), the half-life of the effect of low-carbon technology is
approximately 5-10 years, corresponding to a decay rate value
range of 0.07-0.14; according to the Brand Z 2024 brand report
by Kantar and the empirical research data by Wang et al. (2024),
the decay rate range of FMCG brand reputation in the manu-
facturing industry is 5%-10%. This article discusses the decay of
low-carbon reputation, considering the rapid iteration and
updates of low-carbon technology and commercial marketing
promotion, setting the decay rate of low-carbon reputation to a
high value; other relevant data refer to the parameter
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Fig. 3 Changes in the level of low-carbon goodwill.

configurations in supply chain-related literature as a basis
(Chen et al. 2024; Zhang et al. 2024; Mardyana and Mahata
2024). To maintain the scientific nature of the research and
ensure fairness in the analysis of competition intensity coeffi-
cients, the final determination of coefficient parameters is as
follows: p=0.1, «=038, $=0.2, 0=0.8, 6=0.8, £=0.1,
n=0.7, y=0.7, k=04, al=a2=20, 7=07, p=200,
w=100,K_ =K, =K =1.

Trajectories of low-carbon emission reduction levels and
goodwill over time. Figures 2 and 3 show the dynamic trajectory
of low-carbon emission reduction level and goodwill under four
scenarios: decentralized competition without subsidies (D,
decentralized competition with government subsidies (DG),
one-way cost sharing contract (CSG-S) and two-way cost
sharing contract (CSG-D). Both emission reduction levels and
goodwill show a monotonic increasing trend with time, and
tend to steady-state equilibrium when t — co. The government
subsidy model (DG, CSG-S, CSG-D) is superior to the non-
subsidy model (D) in terms of emission reduction and goodwill
accumulation. For example, the steady-state emission reduction
level of DG exceeds D, which conforms to proposition 7 and Eq.
(18), in which subsidies directly encourage manufacturers to
increase investment in carbon emission reduction technologies.
Similarly, the goodwill in DG exceeds D, because the subsidy
enlarges the promotion efforts and strengthens the brand equity
through the demand elasticity mechanism (Eq. (4)). Due to two-
way resource sharing, two-way cost sharing contract (CSG-D)
generates the highest steady-state goodwill Among them, the
common cost sharing reduces the marginal cost of both sides, so
as to achieve higher promotion investment. The one-way con-
tract partially improves goodwill, but it lags behind the two-way
cost sharing contract due to asymmetric resource allocation.
The difference in emission reduction levels between subsidy and
non-subsidy models stems from the equation dynamic subsidy
mechanism, which links government support with real-time
emission data. This ensures continuous investment in carbon
emission reduction, rather than short-sighted optimization in
model D. At the same time, the goodwill gap reflects the
interaction between promotion competition (k) and subsidy
driven coordination. Higher k intensifies advertising competi-
tion, but subsidies and contracts alleviate this by internalizing
externalities.
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Fig. 2 Changes in the level of low-carbon emission reductions.

k influence of coefficients on demand. Figures 4-6 analyze the
impact of low-carbon promotion competition intensity (k) on the
market demand of different model manufacturers and retailers.
Overall trend: in the decentralized competition model (D and
DG), demand increase with k, in which intensified competition
(k) magnifies the sensitivity of demand to promotion efforts (1),
and verifies the hypothesis of “competition driven demand”.
Government subsidies further magnified this effect, because
subsidies reduced the net cost of manufacturers, thus achieving
higher promotion investment. Under one-way cost sharing (CSG-
S), Dr decreases with the increase of k, in contrast to DG and
CSG-D This reflects the dominant position of manufacturers in
setting allocation rates under asymmetric contracts. The limited
budget of retailers limits their competitiveness, because K
increases, leading to demand leakage to manufacturers. Two-way
contracts (CSG-D) stabilize demand distribution: demand grow
symmetrically with k, achieve Pareto efficiency, share costs, bal-
ance marginal income, and prevent market dominance.

In order to verify these findings, we conducted sensitivity
analysis by changing key parameters: when consumer preference
n increases, the demand gap between CSG-D and DG will
expand, which confirms that mutual contract can better use
consumer preference. When the government subsidy rate is
reduced, the demand will be reduced, but due to internal cost
sharing, CSG-D maintains its original demand. As the cost
sharing coefficient increases, the demand of retailers in one-way
contracts decreases, highlighting the vulnerability of retailers
under one-way contracts. These tests confirm the robustness of
our conclusion: government subsidies and two-way contracts
enhance the elasticity of the system to parameter fluctuations.

k influence of coefficients on low-carbon promotion invest-
ment. Figures 7 and 8 analyze the relationship between compe-
tition intensity (k) and promotion investment across four modes:
decentralized competition (D), government subsidy competition
(DG), one-way cost sharing (CSG-S) and two-way cost sharing
(CSG-D). Overall trend: dispersion model (D, DG): low-carbon
promotion investment increase with k, which is consistent with
Corollary 1,

The intensified competition magnifies the marginal return of
promotion efforts. In the government subsidized DG, the
manufacturer’s low-carbon promotion investment is always
higher than the pure decentralized competition model, which is
driven by the subsidy advantage and the reduction of the
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Fig. 4 Comparison of manufacturer market demand.
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Fig. 5 Comparison of retailer market demand.

manufacturer’s net cost. Under the background of unilateral cost
sharing arrangement (CSG-S), the manufacturer’s advertising
investment remains unchanged regardless of the size of the
competition. However, due to the manufacturer’s continuous
competitive efforts stipulated in the agreement, retailers choose to
reduce their investment. On the contrary, under the effect of
CSG-D contract, both manufacturers and retailers have reached a
high level under the centralized mode. The two-way cost sharing
agreement (CSG-D) alleviates the adverse competition of
promotion investment, urges members to adopt balanced and
enhanced promotion strategies, coordinates and internalizes the
externalities of competition, and eliminates the evil behavior of
external competition. In addition, numerical analysis confirms
the results outlined in inference 4.

k influence of coefficients on profit in the supply chain. Figures
9 and 10 compare the profits of different models and reveal the
different dynamics driven by competition intensity (k). It is
obvious that in the case of promotional competition (D, DG), the
manufacturer’s income increases with the upgrading of compe-
tition, and at the same time, subsidies enlarge the elasticity of
market demand; And the income of retailers decreases the

10

intensification of competition. In addition, the low-carbon pro-
motion competition model strengthened by government sub-
sidies, as well as the single cost sharing and double cost sharing
agreement models can improve the profits of members. The
financial benefits of the three models (DG, CSG-S, CSG-D under
government subsidies are better than those of the low-carbon
competition promotion model (D) without government subsidies,
which proves the effectiveness of low-carbon incentives sup-
ported by the government in a competitive environment. Man-
ufacturers benefit from the advantages of dual channel sales and
marketing, and often obtain higher profits than retailers in the
competition. In addition, under the single and dual cost sharing
contracts, it is observed that the profits of members are higher
than those under the government subsidy low carbon promotion
competition, which confirms the effectiveness of these contract
strategies. We also tested the parameter changes to verify the
relevant conclusions: when the subsidy rate is reduced, the profits
of manufacturers and retailers are reduced, but the reduction rate
under the two-way cost sharing contract is lower. The increase of
consumer preference (1) can make the retailer’s profit increase in
the contract higher than that in the non-contract model, high-
lighting the adaptability of two-way contract to market changes
and risk mitigation ability.

At the same time, the strategic preferences of manufacturers
and retailers differ when it comes to the choice of contract.
Manufacturers opt for two-way cost-sharing agreements when
the competition level in low-carbon promotion is below 0.768,
and one-way agreements otherwise; similarly, retailers lean
towards one-way cost-sharing agreements when the competition
level is below 0.432, and two-way agreements in other cases. This
preference is attributed to the competitive edge that manufac-
turers possess in low-carbon promotion. To encapsulate, govern-
ment subsidies boost the profits of all members, and this
enhancement is further amplified through contractual alliances.
Both cost-sharing contracts are able to mediate conflicts between
supply chain actors due to competition for low-carbon promo-
tion, increasing their profits and contributing to the realization of
Pareto-improving outcomes.

As shown in Fig. 11, ]gSG’D* > ISSG’S* > ]gG* the implementa-
tion of government subsidies, coupled with both two-way and
one-way cost-sharing contracts, can lead to Pareto improvements
in social welfare. These arrangements are beneficial for the
enhancement of social welfare across the supply chain and for
fostering healthy competition within the industry. In particular,
two-way cost-sharing contracts are capable of delivering more
stable and efficient social welfare outcomes in a market
environment that emphasizes low-carbon competition.

The results in Fig. 12 illustrate that collaboration among
members is practical and achievable in the context of promotion
competition. Manufacturers have a higher share of promotion than
retailers in both cost-sharing contracts. The more intense the
advertising competition, the lower the share of both parties and the
weaker the willingness to cooperate, because manufacturers have a
market advantage in advertising competition, meaning manufac-
turers will forsake contractual cooperation to protect their interests;
the lower the intensity of advertising competition, the higher the
share of both parties and the stronger the willingness to cooperate.
Meanwhile, manufacturers’ sharing rate in the mutual cost-sharing
arrangement is higher than that in the single-party cost-sharing
arrangement, indicating that the entry of retailers can further
promote manufacturers’ willingness to share.

Conclusion and management enlightenment
This study reveals the dual impact of low-carbon competition on
supply chain transformation, and puts forward the coordination
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Fig. 6 Variation in market demand under low-carbon promotion competition. a No government subsidy-low-carbon promotion competition model (D),
b government subsidy-low-carbon promotion competition model (DG), ¢ government subsidy-one-way cost-sharing contract model (CSG-S),

d government subsidy-two-way cost-sharing contract model (CSG-D).

strategy under the framework of the ‘dual-carbon’ objective. In
addition to theoretical contributions, it also provides key man-
agement insights and policy recommendations:

Market advantage of dual-channel sales. Green manufacturers
have a significant market advantage in dual-channel low-carbon
promotion competition. At the same time, manufacturers
expanding their online direct sales operations (e.g, FMCG
companies) should prioritize low-carbon product differentiation
over pure advertising competition. Our model suggests that
allocating a large portion of promotional budgets to verifiable
mitigation inputs (e.g., eco-packaging R&D) maximizes goodwill
and avoids the risk of ‘greenwashing’ in low-carbon marketing
competition. For example, FMCG manufacturers could work with
logistics providers to develop recyclable packaging, turning low-
carbon investments into cost savings and brand premiums. For
example, P&G and Cainiao are working together to develop
biodegradable packaging.

Balancing market demand. FMCG manufacturers can proac-
tively utilize government subsidy strategies for low-carbon
promotion of competitive intensity factors when faced with
fluctuating market demand. For example, when there is a gap
in market demand between manufacturers and retailers, mar-
ket demand can be effectively balanced by reasonably adjusting
the competitive intensity of promotions and combining it with
government subsidies. In the energy-intensive FMCG manu-
facturing industry (e.g., beverages, snacks, etc.), the application
of the CSG-D contract can focus more on the dynamic bal-
ancing of cooperative market shares among supply chain
members through centralized decision-making simulation. In
low energy-consuming industries (e.g., commodity manu-
facturing), the coordination contract focuses on optimizing the
benefit distribution model. FMCG manufacturers need to
flexibly adapt the contract application model to the char-
acteristics of their industry to better accommodate changes in
market demand.
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Expand profits through subsidies and cooperation. In the
FMCG supply chain, there will be opportunities for members’
profits to expand through the introduction of government sub-
sidies and contractual cooperatives, despite the fierce competition
in promotions. FMCG manufacturers should pay close attention
to the tiered and typed subsidy criteria set by the government for
different industries and firm sizes. For example, large FMCG
companies can use subsidies to further optimize their low-carbon
production processes and improve market competitiveness, while
SMEs can use subsidies to improve their low-carbon transition
capabilities and gradually integrate into the mainstream market.
At the same time, manufacturers should actively cooperate with
upstream and downstream enterprises in the supply chain to
share costs and risks through the design of contract terms so as to
gain more profit margins in competition.

Low carbon competition and cooperation. Cooperation among
supply chain members is crucial for low-carbon promotion. The
intensity of advertised competition is inversely proportional to
sharing rates and willingness to cooperate. Manufacturers usually
use their market dominance to prioritize their own interests.
However, CSG-D contracts can increase manufacturers’ will-
ingness to share by increasing retailer engagement. FMCG
manufacturers should adjust their cooperation strategies accord-
ing to their position in the supply chain, e.g., whether they are
industry leaders. For example, large manufacturers can use their
market influence to drive low-carbon cooperation across the
supply chain; small and medium-sized manufacturers need to
actively seek co-option with large retailers or other manufacturers
for mutual benefit.

Contract preference. FMCG manufacturers should fully consider
the impact of the intensity of competition for low-carbon pro-
motion when choosing cost-sharing agreements, whether one-
way or two-way. Under low competitive intensity, manufacturers
prefer two-way contracts (CSG-D), which help them gain more
support and resources in competition; retailers may prefer one-
way contracts (CSG-S) to reduce their own risks. On the contrary,
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under higher competitive intensity. FMCG manufacturers need to
rationally choose the contract type according to the specifics of
market competition (e.g., threat of new entrants, emergence of
substitutes) as well as their own situation (e.g., market share,
brand influence, etc.) in order to optimize supply chain man-
agement and improve market competitiveness.

%108
JM-(D) X 0.7687
—— el e o
[ Jum'(csGs) :
[ Jum'cseD)
42t
s 4
P
38t
JM(D') —+—JM(DG)
36 —#+— JM(CSG-S') —*— JM(CSG-D")
34 //
02 0.4 0.6 08 1

k

| (2025)12:933 | https://doi.org/10.1057/541599-025-05188-x



ARTICLE

From bottom to top:JR (D).JR (DG),JR (CSG-S),JR (CSG-D) .. 106

Fig. 10 Comparison of retailer profits under four models.

6 . . .
«10 A From bottom to top:JG (DG),JG (CSG-S),JG (CSG-D)

5 x10%
2 [ R (D) ,% Xo0432 |
| I— T * % ¥ ¥ - + ¥ #
CurR'csG-s) 194 j
9 [EDwr'eseo) ‘ w
1.8 18F ]
1z X 17t
16 6
15 JR(D)  —HF—JR(DG)
§ 15¢ —#— JR(CSG-S) —#—JR(CSG-D) |
14
14 :
0 0.2 0.4 0.6 0.8 1
k
6
5495‘”0 : — ——— .
|
59+ ]
59
- 585
*
9]
b |
157
58
56
- 575 : :
—#—JG(DG) —F—JG(CSG-S')
54 1 —#— JG(CSG-D')
57 : : : :
0 0.2 0.4 0.6 0.8 1
k

Fig. 11 Comparison of social welfare under the DG, CSG-S, and CSG-D models.

0.7

0.6

o e
£ [¢)]

share rate
o
w

0.2,
0.1
0
-0.1 - - : -
0 0.2 0.4 0.6 0.8
k

Fig. 12 The influence of k on the sharing rate.

Limitations. This study has certain limitations in spite of its
findings. Firstly, this study is not comprehensive enough to
consider the current diverse types of low-carbon policies; for
example, the differential impacts of different policy instruments
(e.g., carbon tax, carbon trading credits, etc.) on supply chain
decision-making have not been fully explored. Secondly, the
decision-making process of firms may be interfered with by a
variety of irrational factors, such as firms’ unique cultural values,
management’s risk appetite, and information asymmetry within
the organization, which may deviate from the assumption of the
rational economic man, thus affecting the actual implementation
of low-carbon strategies. Finally, this study has not sufficiently
explored the complex competitive relationships between multiple
supply chain actors in a competitive market, especially in a multi-
chain, multi-level market structure, where the interaction patterns
and competitive strategies of each actor have not been fully
analyzed.

Looking ahead. Future research can be carried out in the fol-
lowing directions: Firstly, in-depth exploration of the supply
chain dynamic game under the multi-competitor scenario, ana-
lyzing the influence mechanism of bilateral or even multilateral
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competition on low-carbon investment, pricing strategy, and
market equilibrium, and conducting empirical research with
practical cases. In addition, corporate social responsibility (CSR)
factors are incorporated into the low-carbon strategy framework
to study how corporate social responsibility fulfillment can be
mutually reinforced with low-carbon transition under different
carbon policies and carbon trading mechanisms and how sus-
tainable competitiveness of supply chains can be enhanced
through CSR practices. Finally, it further deepens the under-
standing of chain network structure and synergistic mechanisms
in the context of low-carbon strategies, especially by constructing
more representative models to explore how supply chain mem-
bers can achieve a balance between low-carbon goals and eco-
nomic benefits through cooperation and competition under
dynamically changing policy environments and market
conditions.

Data availability
No datasets were generated or analysed during the current study.
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