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Abstract. Given the increasing low-carbon awareness among
consumers, this study develops a differential game model
involving a manufacturer, a retailer, and a blockchain
technology service provider to explore low-carbon Closed-Loop
Supply Chain (CLSC). By comparing two scenarios in which
manufacturers either adopt or refrain from adopting blockchain
technology, we examine how its integration influences decision-
making, performance, and low-carbon outcome across the
supply chain. Analysis and Numerical simulations validate the
findings and reveal key insights are as follows: (1) Product
pricing, market demand, low-carbon promotional effort, return
rate, and overall low-carbon performance are positively
correlated with market scale and increase proportionately with
consumer environmental consciousness, irrespective  of
blockchain adoption. (2) Increasing consumer environmental
awareness and blockchain service commission rate are found to
significantly enhance product pricing, market demand,
investment in low-carbon effort, recycling efficiency, overall
sustainability level, and the profitability of supply chain
members. (3) The low-carbon level exhibits an increasing trend
over time and eventually converges to a steady state. (4) As the
discount rate increases, firms’ incentives for low-carbon
investment decline, leading to lower profits. (5) The impact of
the low-carbon decay coefficient on profit shows a rise-then-fall
pattern, with profits initially increasing and then decreasing,
while the rate of decline becomes more gradual at higher decay
levels. Through full life-cycle carbon emission monitoring,
blockchain technology enhances consumer surplus and can
accelerate the achievement of the “dual-carbon” goals. This
study provides theoretical support for the application conditions
of block chain technology, the dynamic optimization pathways,
and policy design within CLSC, thereby contributing to
enterprises' low-carbon transitions and the development of
circular resource systems.

Keywords: blockchain, low-carbon emission reduction, closed-
loop chain, differential game.
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1. Introduction

The global electronic waste (e-waste) crisis is exacerbating environmental degradation at an
alarming rate. According to the United Nations' Global E-waste Monitor 2024 report, the total
volume of e-waste reached 62 million metric tons in 2022, with less than 24% of materials
being properly recycled. The remaining 76% entered the environment through landfilling,
incineration, or illegal disposal channels, resulting in annual contamination of soil and water
resources with approximately 50 million metric tons of heavy metals and hazardous substances
(e.g., lead, mercury). If current trends persist, global e-waste generation is projected to exceed
74.7 million metric tons by 2030. Numerous studies and corporate practices demonstrate that
recycling and remanufacturing can substantially reduce resource consumption and emissions.
Closed-loop recovery can achieve 50% costs savings, 60% energy consumption reduction, 70%
raw material conservation, and 80% pollutant emission reduction compared to conventional
production methods [1]. In renewable energy equipment sectors, ONE WIND NEW ENERGY
Co., Ltd. annually recycles over 500 wind turbines, conserving 3,000 tons of steel and 400 tons
of copper while reducing CO2 emissions by over 1 million metric tons. This initiative

concurrently generates 1.8 billion kWh of renewable electricity.

The literature relevant to this study includes three domains: recycling/remanufacturing, low-
carbon emissions reduction, and blockchain technology. Currently, recycling and
remanufacturing have emerged as a critical research field in modern manufacturing, focusing
on costs reduction and dual economic-environmental benefits through circular utilization of
end-of-life products. Existing studies predominantly concentrated on recycling channel and

incentive mechanism [2-3].

Low-carbon field have become central to global climate change, with extensive scholarly
investigations into factors influencing emission reduction in supply chain, including consumer’
low-carbon preference, supply chain members' fairness/altruism, and policy interventions.
Zhang et al. [4] examined how consumer low-carbon awareness and altruistic preferences
impact supply chain dynamics, revealing that members' altruistic behaviors significantly affect
carbon reduction investment and recycling performance. Similarly, Gao et al. [5] incorporated
consumer low-carbon preferences into their analysis of decision-making patterns among low-
carbon supply chain members under varying governmental incentive polices. Li et al. [6]
investigated fairness concern between the manufacturer and retailer in low-carbon supply chain,
systematically analyzing the impacts of equity preferences on supply chain profitability, carbon

reduction level, warranty periods, and revenue-sharing mechanisms. Luo et al. [7] explored the
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manufacturer’ strategic decisions regarding investments in low-carbon technologies under
carbon tax policies, quantifying their cascading effects on conventional manufacturing and
remanufacturing operations. Collectively, these studies highlight the critical role of integrating
consumer behavioral patterns, policies, and supply chain collaborative mechanisms to enhance
both recycling/remanufacturing efficiency and low-carbon outcomes. Such systemic integration
facilitates the attainment of multidimensional benefits across economic, social, and

environmental dimensions, thereby promoting comprehensive and sustainable value creation.

Blockchain technology is progressively being integrated into supply chain management,
introducing transformative solutions and developmental paradigms. A growing number of
literatures has explored its multifaceted applications and associated benefits. Chod et al. [8]
demonstrated the financial advantages of blockchain-enhanced supply chain transparency,
revealing that its adoption significantly reduces financing costs while improving operational
efficiency. Ma et al. [9] further investigated blockchain implementation by the manufacturer or
retailer in CLSC, identifying its capacity to strengthen brand goodwill, stimulate market
demand, and achieve triple sustainability across economy, environment, and society. Jia et al.
[10] examined blockchain applications in retired power battery CLSC by constructing decision
models under three scenarios: non-blockchain adoption, manufacturer-led costs assumption,
and costs-sharing between the manufacturer and distributor. Their analysis quantified
blockchain's impacts on information traceability, supply chain member profitability, consumer
surplus, environmental footprint, and social welfare. Zhang et al. [11] analyzed quality
disclosure strategies in dual-channel supply chain applying price signaling and blockchain
technology. They found that while blockchain enhances information transparency and demand,
the high-quality manufacturer may not benefit proportionally in the market due to significant

channel dominance disparities.

These studies collectively have underlined blockchain's transformative potentials in supply
chain management. Its inherent characteristics—transparency, traceability, and
decentralization—substantially improve informational visibility across supply networks,
strengthen consumer trust, and advance corporate sustainability strategies. By establishing
trusted data-sharing platforms, blockchain technology effectively mitigates information
asymmetry while incentivizing collaborative low-carbon production and green operations
among supply chain members, thereby achieving dual economic-environmental outcomes. The
manufacturer can leverage blockchain to implement real-time data tracking and closed-loop

management across procurement, production, logistics, and recycling processes. This end-to-
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end traceability ensures verifiable operational data, optimizes resource efficiency, and reduces
carbon emissions. Notable implementations include: Dell partnered with AntChain (a
blockchain service provider) to enhance recycled metal utilization rates, reducing e-waste by
over 10,000 metric tons; Volvo collaborated with Circulor to trace cobalt and lithium sources
in EV batteries, ensuring conflict-free mineral sourcing and compliance with low-carbon

standards, thereby improving supply chain emission transparency and return rates.

In summary, the concurrent integration of recycling/remanufacturing and low-carbon
emission reduction represents a practical norm in CLSC. However, existing literatures
predominantly focus on either return channel or low-carbon reduction investment, with limited
attention to the simultaneous optimization of recycling rate decisions and low-carbon reduction
strategies. In practice, these two decision-making domains—return rate determination and low-
carbon reduction initiatives—often coexist in an interdependent relationship, mutually
influencing and constraining one another. Therefore, this study innovatively conceptualizes
low-carbon level as dynamic variable and investigates their evolution within a dynamic CLSC

framework.

Furthermore, while blockchain technology has garnered increasing attention in CLSC
application, few studies have systematically analyzed its dynamic impacts on CLSC operations
from a longitudinal perspective. Jia et al. employed a static game-theoretic model to examine
blockchain’s effects on information traceability and profitability, without accounting for the
temporal decay of low-carbon levels. In contrast, this study treated the low-carbon level as a
dynamic state variable within a differential game framework to capture the accumulation and
attenuation of carbon-reduction benefits and enable a more nuanced analysis of low-carbon
investment efficacy evolution. Although Ma et al. examined the effects of the platform-based
“blockchain - sales model” combination on platform and member’ performances but did not
investigate the mechanisms by which consumer low-carbon awareness influences pricing,
demand, and profitability. Although the study integrated blockchain into CLSC and analyze its
dynamic impact on brand reputation, they neither addressed carbon-reduction issues nor
elucidated blockchain’s dynamic role in affecting carbon-reduction levels. To bridge these gaps,
this paper explicitly incorporates a consumer low-carbon awareness parameter into a dynamic
model, quantifying its effects on market demand elasticity, the marginal benefits of low-carbon
promotion efforts, and overall supply-chain performance, thereby providing a comprehensive
theoretical foundation for stimulating end-consumer green purchases and optimizing

coordinated carbon-reduction strategies.
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Consequently, this study will address the following research questions:(1) What constitutes
the equilibrium decisions of supply chain members in a CLSC system? (2) Under what
conditions should manufacturers implement blockchain technology? (3) How does blockchain
adoption influence the operation, performance and consumer in CLSC? (4) How does low-
carbon level evolve under different operational scenarios? (5) What role does consumers’ low-

carbon awareness play in shaping CLSC dynamics?

2. Model Description and Assumption

2.1. Model description

This study examines continuous-time dynamics for re[0,«] . Dynamic CLSC system
comprising a manufacturer (M), retailer (R), and blockchain technology provider (T), under the
premise of consumer low-carbon awareness. The manufacturer can produce and wholesale new
products, decide whether to adopt third-party blockchain services, and delegate product
recycling operations to the retailer. The retailer engages in product retailing, recycling activities,
and invests in dual efforts: low-carbon promotion initiatives and recycling optimization. Should
the manufacturer implements blockchain technology, the Blockchain service provider (T) will

concurrently allocate technical efforts to support CLSC system integration.

Table 1. Notions for the model
Notion Meaning

Decision variables

w(?) Whale price
120! Retail price
r(t) Low-carbon promotion efforts
(1) Return rate
L(t) Block chain technology
Stata variable
e(t) Low carbon level
Parameters
0 Demand
a Market size
B Consumer's sensitivity coefficient towards price g >0
n Consumers' preference for low-carbon levels ;>0
The marginal profit of the manufacturer from recycling and
A remanufacturing products A >0
A Marginal profit of retailers in recycling products 4>0
! The residual value per unit of remanufactured products derived from

used materials.
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Notion Meaning

The unit transfer payment price paid by the manufacturer to the
retailer for acquiring used products.

The unit recycling costs for used products.

The commission rate paid by the manufacturer to the third-party service
provider « >0.

The costs coefficient for the promotion efforts of low-carbon initiatives
k>0.

k. Costs coefficient of effort invested in recycling & >o0.

The costs coefficient of blockchain technology's efforts to be invested
k>0.

The influence coefficient of the low-carbon publicity efforts on the low-
carbon level ¢>0.

The influence coefficient of blockchain technology on the level of low
carbon emissions v>0.

5 The attenuation coefficient of the low-carbon level over time §>0.
P Discount rate p>0.

, Manufacturer's profit.

z, Retailer's profit.

7, The profits of the technical service providers.

Cs' Consumer’s surplus.

ie{N,v}, N indicates without blockchain technology, Y indicates the
situation with embedded blockchain technology.

2.2. Model description
Assumptionl. Considering consumers' low-carbon consciousness, their purchasing behavior
is influenced not only by price but also by the product’s low-carbon level. Consequently, the

linear market demand function as:

Q = (a—pp(t)) +ne(®). (1
Assumption 2: The manufacturer’s profit originates from product wholesaling and
remanufacturing of used products. To highlight the research focus and reduce model complexity,
production costs are assumed to be zero, and new and remanufactured products are
homogeneous. This assumption, adopted by Shen et al. [12] has been demonstrated to have no
material impact on key findings. The manufacturer’s unit profit from remanufacturing is
denoted as 4 = f,,, — f.. The retailer’s profit stems from product sales. The profit per unit of

new products is p(t) — w(t), while the profit per unit of recycled products is A = f. — f,.

The blockchain technology service provider generates revenue primarily through technical

services offered to the manufacturer, quantified as kL(t).

Assumption 3: Drawing on the convexity assumptions for general costs in literature[9], the
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retailer invests in low-carbon promotion efforts to enhance consumer trust, raise low-carbon

awareness, and market sustainable products. The associated costs is modeled as %k,rz(t).

Additionally, the retailer expends recycling efforts to acquire used products, incurring a costs

of %k 7?(¢) . The manufacturer may collaborate with a blockchain technology provider to

improve supply chain transparency and traceability, ensuring full lifecycle compliance with

low-carbon standards, optimizing production and recycling processes, and further reducing
carbon emissions. The blockchain service costs is formulated as %k, L’(¢t). All costs functions

adhere to the rule of diminishing marginal returns.
Assumption 4: The low-carbon level e(¢) is positively correlated with low-carbon promotion

efforts and blockchain technology efforts. Its temporal evolution is governed by the differential

equation:

g
e(t) =c¢r(t) + vL(t) — de(t),e(0) =0 2)
When L(7) =0, indicates Without blockchain in CLSC.
Assumption 5: Over the continuous time t € [0,o], the manufacturer, retailer, and

blockchain service provider share an identical discount factor. All supply chain members are

risk-neutral, operate under symmetric information, and maximize their individual profits.

Assumption 6: Referencing relevant literature[ 13], and to ensure the practical significance of
the study, the following constraints must be satisfied under non-negativity conditions for market

demand , profit, state variable, and decision variables:

ﬂ>77g(25+2p) k >Max{A,B (A+2A2)(5+pz)zk, ’2A,B (A+A2)(5+,Ew)7k,,,lA apiapas )
46(6+p) 'k, 2B(6+p)k —mg 3(0+p)k —nsg 2 o+p

These imply that consumer price sensitivity necessitates non-trivial recycling effort costs to

sustain CLSC operations. Subsequent analyses are conducted under these constraints.

3. Model development and analysis

3.1 Model development

Based on the above assumptions, this study investigates the impact of blockchain technology
adoption by the manufacturer on the decision-making and performance of members within a
CLSC. Two models are developed under different scenarios: (1) the scenario without

blockchain technology, denoted as the N-mode; and (2) the scenario with blockchain
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technology adoption, denoted as the Y mode. Superscripts are used to indicate the scenario,
while subscripts M, R, and T represent the manufacturer, retailer, and blockchain technology

service provider, respectively.

The profit functions of the supply chain members are defined as:

Tv’Vl(UgmM = f e PH((w(t) + A7())Q — kL(t))dt (3)

omax k= [7e " (QAT() +p(6) — w(®)) — <50 - BT ) ar @

maxmy —f e Pt(kL(t) — lez(t)) dt (5)
L(t) z

ste(t) = er(t) + vL(t) — e(t), e(0) = 0. 6)

When L(¢) =0, it represents the scenario without blockchain technology.

The corresponding Hamilton functions as

Hip = [; e P ((w(®) + 4t())Q + 21 (1) (s (t) — Se(t))) dt (6)

HY = [ "”((Q(Af(t)+p(t) w(e)) — 20— ETOY 4 2, 0 (or(e) - 6e(t)))dt (7

HY = [ e Pt ( [2(w(® + 4t())Q — KL()) + A3 () (6T (t) + vL(t) — 5e(t))) dt (8)
HY = f -pt (f (Q(A‘r(t) +p(t) = w(t)) — kc‘r O ke (t)) + A, () (gr(t) + vL(t) — 5e(t))) dt 9
Hp =[] et <(KL(t) fal” B 4 A5(0) (gr () + vL(E) — 6e(t))> dt. (10)

Where A4,4;,13,14, A5 denote the adjoint variables, representing the shadow prices

associated with the state variable e(t).

Propositions: Assuming all supply chain members are rational, the equilibrium outcomes

under the steady state of the CLSC system (t — o) are shown in the table below.

Table 2. Variables and performance of supply chain

Decision variables Without blockchain With blockchain
and perfSormance N Model Y Model
ask B (D,(AB(A+2A) -2k )+ Dk )
i w, ()= ————— (t
Wholesale price GOk B +ich w. (1) = Bk (255D, 15’ (204 pk )
ask B, (D,(24B(A+A)-3k )+ Djk.)
il pri Pl = G
Retail price GOk B+ ok p.()= Fi (269D, 177 20+ pk )
Low-carbon P (1) = —adngk, Py =1 (6 + p)k_(adk, +nxv)
promotion efforts - Bk B, +1n°c’k : k, (25D, +n's (26 + p)k.)
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Decision variables Without blockchain With blockchain

and perfSormance N Model Y Model

. —aABS(S + p)k , —AD,
= T t =

Return rate z, (1) Bk Bk (0 k (265D, + 775 (25 + )k )

R anc’k . kng’ (a(S+ p)k, —nKv)—2kvD,
_ et)y=———32—~ e =
Low-carbon level (1) Gk Btk (1) (25D, +77< (204 p)k )

. —d'BS(5+p)kK'B o —k_((adk +nxv)D,D, +D,(5+ p) k k) NS

fi " (BSkB,+n'c'k) ' k (285D, +17°'¢’ 25+ p)k.) k-
Profits >
o a’8’k k B, ) (D, (4'B-2k )+ Dk ) K
R 2 27 \? T, = Tt =
2(Bok B, +n'c’k.) 2k (285D, +1's’ (25 + p)k. ) 2k,
v aPS(S+p Kk , kD’
! CS = — 2 CS = { I 2
Consumer's surplus Z(ﬂék,,BU H]zgsz) 2kfﬂ(2ﬂ5Du +nzgz(25+p)k{)
5 . o -8 BS(S+ p)k k. o - —k.D,
eman BOKB +1 ok k285D, +n's’ (25 + p)k.

To streamline the complexity of the formulas, we consolidate the common components of

the expressions into the following parameters. Where, D, =(5+p)'k (AB(A+A)-2k) ,
D, =(aSk,+nxv)B(S+p)Yk D =(adk +nxv)n’s’ D =(5+p)k QA+ +p)+ng)
D4 :ﬂzgz(—ﬁ(5+p)(3A5+A,D+45A+2Ap)— _ 2 2 _ 2 e

51)+2p8(6 + p) k QACA+IANG + pyen) D T 2PE TP o =A@ prk )

D, =n'¢’ (=2(A+A)(6 + p)(25 + p)—ng) + _ 2 _ T )—n'et

_ Ay s g D, =17°¢" (2B(A+A)J + p)(26 + p) —
D= Bns(@+ pkE(AAPE=n) =20k )+ ks 5y LaBs(5+ p) k (4P(A+ AN+ p) +E)

D, =4B(5+ p)k (1's* (26 + p) 455+ p)' k) ~n's" .

The aforementioned results can be derived by employing methods from differential game
theory, optimal control theory, and backward induction. According to the retailer's Hamiltonian
, : : : ~k.  —4AB 0 : »
function, the Hessian matrix can be obtained as | -48 28 0 |, with the first-order condition
0 0

being less than zero, the second-order condition being greater than zero, and the third-order
condition being less than zero (as assumption 6). The Hessian matrix is negative definite, and
the objective profit functional is a concave function of the decision variables. Equation of the

retailer can reach a maximum value with respect to the decision variables. According to the

first-order condition of maximizing the present value Hamiltonian function, aai =0, agl'* =0,
p T
agl,; =0, the values of and can be obtained that a+ B(w—Ar—2p)+en=0, f(g“frek”:gp)_rk =0.
s 2 [
. . s OH" . ..
according to the sate equation, A (¢)=pAi(¢)- P * , by the transversality condition
e
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%im)lz (t)e Pt = 0 the decision variables of the supply chain members are of finite value, hence

can be obtained C; = 0; solving the differential equation can yield the shadow price of the state

variables: 1,(t) = W%Z_W). Substituting the values of into the first-order conditions of

A?B(a+en)—k.(a+en+pw)
B(A%B-2kc) "

equation of #), solving the system of equations can yield: p(t) =

_ A(a+en—pw) (0 = — ngk (a+en—fw)

- - and then substituting it into the manufacture’s
2k —Ap B(S+p)k (A4 B~2k.)

7()

Hamiltonian function, the manufacturer's reaction function can be obtained. The second

Zﬁkc(A.B(A"'A)_ch)
(Azﬁ_ch)Z

derivative of the reaction function is , which is less than zero, and the equation

can reach a maximum value with respect to the decision variables. According to the first-order

.\ o e . OHRy .
condition of maximizing the present value Hamiltonian function: a—vf}” =0, there is

APk (~a(A+28)—en(A+20)+2pw(A+A)~22g)
2k (a+en=2pw)+ A B Ag

(4£B-2k)

. .9 OHY
; the sate equation is:A4(t) = pA,(t) — e’ by

e

the transversality condition, lim 4 (t)e””" = 0,the decision variables of the supply chain members
t—o0

are of finite value, hence can be obtained ¢, =0; solving the differential equation can obtained

nk, (A(A,b’w— 2A(a+en— pw))—2wk, )
+(4° B2k, )(AABGS + p)+15) - 2(5 + P)k. )

(45-2k)

A1) = . Substituting the values of A, (t) into the first-

order conditions, and then solving the equation can yield the w"(t). Substituting it into
p(t),7(t),r(t), can yield the retail price p" (t) , the recycling rate TV (t), and the efforts of low-
carbon publicity 7V (t). Substituting 7V (t) into state variable equation, and then solving the
differential equation, can yield eV. Substituting eV into w¥ (t),"(t), p" (), =" (¢) can yield the
steady-state decision solution of Corollary 2. Substituting the steady-state solution into the

demand and profit functions can yield the optimal demand and profit, and then substituting into

CS = j Qdp can calculate the consumer surplus.

The proof Proposition without blockchain process of Corollary 2 is the same as that of
Corollary 1, using the backward solution method. When there is a blockchain technology
service provider, first solve the decision variables, substitute them into the retailer's
Hamiltonian function, then solve the retailer's decision variables, and finally obtain the

manufacturer's decision variables.
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3.2 Analysis
3.2.1 Comparative analysis

Corollaryl: if n>max{n,n} : when a>max{a,a},w >w , p'>p ; when a<min{a,a} ,

v v An's n's'k.
w'<w , < . Amon = + : + ,
© © p@ pv g 77\ Azﬂév_zéskL ,85(5+p)k(2kL—Azﬂ) 772
A(BS(5+ )k, —1°G") N ne xv(ABk kD, +kD,— A4 B 5(A+2A)D,)
’72 = 9 al = >
5ck. BSc(5 + p)k. sk, (AB'5(5+p)'k (2k. —A'B)+D,)

_ &v(A4PkkD,+k D, —24F5(A+A)D,)
Sckk,(n'c’ = BS(S + p)k,)(nck. — AP(S + p)k.)

When consumers’ low-carbon awareness is strong (7 >max{r,n,}) and the market size is
sufficiently large (@ > max{a,a,} ), the product price under blockchain adoption becomes lower
than that without blockchain integration. In such scenario, the manufacturer and retailer
strategically reduce price to attract environmentally conscious consumers, thereby capturing
higher market share and profit. This indicates that blockchain adoption grants manufacturer
greater pricing flexibility to leverage consumers’ sustainability preferences. Conversely, in
markets with relatively small size ( a<min{a,a} ), blockchain implementation imposes
additional operational costs (e.g., service fees, technology integration expenses) on the
manufacturer. To offset the cost, the manufacturer is compelled to raise product whole price,

which may reduce demand and offset potential sustainability gains.
3.2.2 Sensitive analysis
Corollary2: if n>n, ,when a>max{a,a} , e'<e' , 0"'<Q" , " <" , r"<r" o Among,

ABSk + APpk. xv(ABk kD, +k'D, 24 5(A+A)D,) xv(8+ p)(~Bok B, —1'c’k.)
= 5 az = 2 3 2 = 2 2 *
sk, on'ck k; (ngk. — AB(S + p)k, ) 8'ck’ (AB(S + p)k, —nck.)

s, =

When consumers exhibit strong low-carbon awareness (7 >7, ) and the market size is

sufficiently large (a >max{a,,a,} ), the adoption of blockchain technology leads to higher low-

carbon levels, increased retailer investments in low-carbon promotional efforts, improved
recycling rate, and greater market demand compared to scenario without blockchain integration.
Blockchain technology enhances low-carbon performance throughout the product lifecycle,
fostering trust among environmentally conscious consumers and driving demand growth. This
incentivizes the retailer to intensify their low-carbon promotional and recycling effort, thereby
further elevating recycling efficiency and boosting both sales revenue and recycling profits.

aT[M aTER

Corollary3—>0 >0—>0—>0—>0 >0 > 0, >o,a;;‘=o.
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Under both scenarios, the decision variables of the manufacturers and retailer, the state
variable of the supply chain system, and market demand are positively correlated with consumer
low-carbon awareness. As consumers’ low-carbon awareness strengthens, market demand
increases. The manufacturer, anticipating that consumers are willing to pay a premium for low-
carbon products, raise wholesale price to secure profits, particularly when blockchain
integration incurs additional operational costs. To align with consumers preferences, the retailer
intensify low-carbon promotional efforts and adjust retail price, thereby elevating the low-
carbon emission reduction level. Concurrently, heightened consumer low-carbon awareness
amplifies market demand, incentivizing the retailer to enhance return rate to capture greater
recycling revenues, which further drives improvements in recycling efficiency. The profits of
both the manufacturer and retailer increase with heightened consumers’ low-carbon awareness.
As previously established, stronger consumers’ low-carbon awareness drives higher market
demand, enabling supply chain members to optimize pricing strategies (e.g., wholesale price,
retail price) and capitalize on CLSC efficiencies, thereby achieving greater profitability. In
contrast, the profits of the blockchain technology service provider depend solely on delivering
technical solutions (e.g., the traceability system, data integrity protocols) to the manufacturer,
with no direct linkage to consumer low-carbon awareness. Consequently, regardless of
consumers' awareness of low-carbon living, it will not have no significant influence on the

blockchain technology service provider.

Corollary 4: M50, P 50,97 L0, 9% L0, %L oo % 00,92 o 9% oy, sy,
oK oK ok oK oK oK oK oK oK
ai>0'
oK

Under the scenario with blockchain technology adoption, the decision variables, state
variable of in supply chain, market demand, and profits are all positively correlated with the
commission rate paid by the manufacturer to the blockchain service provider. An increase in
incentivizes the blockchain service provider to enhance its technical efforts, thereby elevating
the low-carbon level and strengthening environmentally conscious consumers’ trust in product
sustainability. This heightened trust drives an increase in market demand. The surge in demand
motivates the retailer to intensify low-carbon promotional efforts, while recyclers amplify
recycling efforts to capitalize on higher recycling revenues, leading to a corresponding rise in

return rates.

Although blockchain adoption increases operational costs for both the manufacturer and

retailer, these costs are offset through strategic price adjustments: the manufacturer raises the
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wholesale price, and the retailer elevates the retail price, thereby maximizing their respective
profits. Consequently, the profits of all supply chain members increase with higher commission
rates. Counterintuitively, the manufacturer’s profit does not diminish despite the increased

commission payments to the third-party service provider.

op’ or’ or’ oL oe’ oQ" or,’ or,

Corollary 5: %<0,—<0 ,—<0 ,—<0 ,—<0 ,—<0 , <0,/ <0 ,—<0 ,
ok ok ok ok ok ok, ok, ok ok,
or, <0.
ok

1

When the blockchain technology costs coefficient is high, the revenue of the blockchain
service provider decreases, resulting in lower profits and consequently diminished
technological investment efforts. Which leads to a lower low-carbon level, as governed by the
dynamic equation, and also weakens market demand, prompting the manufacturer and retailer

to lower product prices to stimulate demand and sustain profitability.

However, consumers' strong low-carbon awareness implies that a decline in counteracts the
demand-boosting effects of price reductions. Faced with shrinking profit margins, the retailer
reduces investments in recycling efforts and low-carbon promotional efforts, further
exacerbating the decline in and creating a negative feedback loop. The manufacturer,
constrained by lower wholesale prices and reduced recycling efficiency, experience further

profit erosion.

Proof of Corollary 1: By taking the difference of the decision variables and combining the

constraint conditions of Assumption 6, the results can be obtained.

Proof of Corollary 2, 3, 4, and 5: By taking the derivative of the parameters and combining

the constraint conditions of Assumption 6, the results can be obtained.

4 Numerical Simulation

Next, we will investigate and further validate the impacts of consumer’ low-carbon
awareness, blockchain commission rate , service costs coefficient , the attenuation coefficient
of the low-carbon level over time and discount rate on supply chain members’ profits under
steady-state conditions of the dynamic control system across various scenarios. Additionally,
we analyze the temporal evolution of the state variable and the effects of blockchain adoption
on supply chain profitability and consumer surplus. This section employs numerical simulations
for comparative analysis, with reference [10]. To ensure non-negativity of decision variables,

the state variable, and demand, the parameter settings are specified as follows:a = 5,4 =1,
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Figure 1. The effect of n on profit

Fig 1, the profit of supply chain members shown growth trend under blockchain adoption
becomes more pronounced as consumer low-carbon awareness intensifies, with significantly
higher profitability observed compared to scenario without blockchain integration. In both
cases, the profits of the manufacturer and the retailer are consistently greater when blockchain
technology is implemented. These findings align with the Corollaries 1,2,3, which posit that
blockchain-driven transparency and traceability amplify consumer trust in low-carbon
statements, thereby can enhance demand elasticity and enabling strategic price adjustments to

capture sustainability premiums.
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Figure 2. The effect of « on profit
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Fig. 2, it can be concluded that an increasing profits of the manufacturer, the retailer, and the
blockchain technology service provider with the commission rate, and that a rising commission
rate does not result in a reduction in the profits of manufacturers or the supply chain system.

This finding is consistent with Corollary 4.
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Figure 3. The effect of k; and on profit

Fig. 3 indicates that as the costs coefficient for blockchain technology services increases, the
profits of supply chain members decrease. This outcome is in line with Corollary 5.
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Figure 4. The effect of 5 and on profit

Fig. 4 shows that when the decay coefficient of the low-carbon level increases, profits exhibit
a hump-shaped response—rising at low decay rates but falling once the decay becomes
sufficiently large. A small decay coefficient implies that once achieved, a higher low-carbon
level is sustained for longer, allowing firms to capitalize on enhanced reputation and consumer
willingness to pay; consequently, product prices can be raised, market demand remains robust,

and investments in recycling and carbon-promotion efforts yield positive returns, driving profits
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upward. However, as the decay coefficient grows, the persistence of any low-carbon
improvements diminishes rapidly, eroding the benefits of upfront investments. Firms
consequently scale back recycling efforts and carbon-reduction promotions, and to offset their
shrinking future gains, they still raise prices—only to face a contraction in demand. The
combined effect of weakened low-carbon persistence, reduced promotional and recycling
activities, and suppressed consumer response ultimately leads to a drop in profits once the decay
coefficient crosses a critical threshold.

20

Y
= 1y
-k
—==

——

b
S I
/(

P

Figure 5. The effect of p and on profit

Fig. 5 illustrates that an increase in the discount rate reduces the profits of the supply chain
members. The discount rate reflects the extent to which decision-makers value future returns.
As the discount rate rises, the present value of future earnings declines, prompting firms to
prioritize short-term gains while underestimating the benefits of long-term investments. Under
these conditions, the manufacturer and the retailer tend to curtail efforts in low-carbon
promotion and product recycling, resulting in lower recycling rates and diminished
carbon-reduction initiatives. Meanwhile, to preserve short-term profitability or offset rising
costs, they may opt to raise product prices. However, higher prices suppress consumer demand
and lead to reduced overall sales. The combined effects of reduced low-carbon investment,
contracting market demand, and weakened consumer response ultimately lower profit levels
throughout the supply chain. Consequently, a higher discount rate not only erodes the incentive
for firms to pursue low-carbon transformation but also impedes the attainment of sustainable

development objectives within the supply chain.

Besides, from Figures 4 and 5, it can also be observed that comparing the scenarios with and

without blockchain adoption, the manufacturer and the retailer achieve higher profits when
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blockchain technology is implemented., the profits of the manufacturer and the retailer are

consistently greater when blockchain technology is implemented.
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Figure 6. The trajectory of the change in low-carbon levels over time

Fig. 6 demonstrates that over time, the level of low-carbon emission reduction steadily
improves, suggesting that the efforts of supply chain members coupled with technological
advancements are driving the achievement of environmental protection goals. Moreover, the
presence of blockchain technology yields a higher low-carbon level compared to scenario
without blockchain. Thus, embedding blockchain technology not only facilitates the attainment
of more ambitious low-carbon targets but also constitutes an important technological measure

for realizing sustainable development and environmental protection.

6

—o— CsV

—— CSY

CS

L L L L L L
0.0 0.2 0.4 0.6 0.8 1.0

n

Figure 7. The effect of 1 on consumer’ surplus
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Fig. 7 reveals that as consumers’ awareness of low-carbon issues increases, consumer surplus
also rises, and it is higher when blockchain technology is applied. The low-carbon level
increases over time and eventually stabilizes, resulting from increased investments by supply
chain members and the willingness of low-carbon-conscious consumers to pay premium prices.
Furthermore, the integration of blockchain technology effectively reduces the carbon footprint,

thereby enhancing consumer surplus.

5 Conclusion

This study moves beyond the static research framework of forward supply chain by
constructing a CLSC dynamic differential game model, thereby revealing the impact of the
interaction between low-carbon awareness and market size on the profit transmission
mechanism. In an innovative extension, blockchain technology is applied not only in brand
goodwill management but also in full-cycle carbon footprint monitoring, leading to the
development of a three-dimensional evaluation system based on “transparency-efficiency-

emission reduction.” The research conclusions are as follows:

(1) When the market scale is large and consumers exhibit strong low-carbon awareness,
blockchain technology can reduce product prices while enhancing low-carbon levels, consumer
surplus, and recycling rates. The profits of supply chain members may increase by 15% to 25%,
offering a quantifiable implementation pathway toward achieving the “dual-carbon” goals. The
technological transparency triggers a “low-carbon premium” effect, accelerating the attainment

of a stable low-carbon level in carbon footprint monitoring.

(2) In scenarios where the technology investment costs coefficient of the blockchain service
provider is high and consumers have strong low-carbon awareness, reducing technological

effort will result in decreased profits for supply chain members.

(3) The level of low-carbon operation rises over time and eventually stabilizes; additionally,

when blockchain technology is integrated, the low-carbon level is higher.

(4) As the discount rate increases, the present value of future returns declines, weakening the
incentive for firms to invest in low-carbon promotion and recycling. To sustain short-term
profitability, companies tend to raise product prices, which in turn suppress market demand.
The combined effect of reduced low-carbon investment and diminished demand ultimately

leads to a decline in supply-chain member profits.

(5) The decay coefficient of the low-carbon level exhibits an inverted-U effect on profits. At

low decay rates, carbon-reduction benefits are sustained over time, enhancing consumers’

98



Mao Luo

willingness to pay premiums and improving recycling efficiency, which drives profit growth.
As the decay coefficient increases, however, these benefits dissipate more rapidly, prompting
firms to cut back on related investments and raise prices to offset losses—thereby contracting
demand and recycling rates, and causing profits to fall. Notably, although profits continue to
decrease at higher decay rates, the rate of decline diminishes as the decay coefficient becomes

very large.

Overall, under the dual-carbon framework, the manufacturer should comprehensively
evaluate the cost-effectiveness of blockchain technology and the level of consumer low-carbon
awareness when deciding whether to implement blockchain-enabled full-cycle management.
This integrated strategy can effectively balance technological innovation with cost control,
thereby facilitating the green and low-carbon transformation of the supply chain and supporting
the achievement of dual-carbon objectives. Based on the findings of this study, a key managerial
implication is that the retailer should share a portion of the blockchain implementation costs
initially borne by the manufacturer. Such a cost-sharing arrangement not only distributes the
financial burden more equitably but also enhances joint investment in digital infrastructure,
improves supply chain transparency and carbon traceability, and fosters coordinated low-
carbon governance—ultimately contributing to improved overall supply chain performance and

sustainability.
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