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Abstract

Against the backdrop of the growing popularity of blockchain technology, this study in-
vestigates blockchain adoption strategies for the fresh food supply chain (FFSC) under
a carbon cap-and-trade (CAT) policy. Taking a two-echelon supply chain consisting of a
supplier and a retailer as an example, we designed four blockchain adoption modes based
on the supplier’s strategy (adopt or not) and the retailer’s strategy (adopt or not). Combin-
ing influencing factors such as consumers’ low-carbon preference, consumers’ freshness
preference, and carbon trading price (CTP), we established four game-theoretic models.
Using backward induction, we derived the equilibrium strategies for the supplier and
retailer under different modes and analyzed the impact of key factors on these equilibrium
strategies. The analysis yielded four key findings: (1) BB mode (both adopt blockchain)
is the optimal adoption strategy for both FFSC parties when carbon prices are high, and
consumers exhibit strong dual preferences. It most effectively mitigates the negative price
impact of rising carbon prices by synergistically enhancing emission reduction efforts and
freshness preservation efforts, thereby increasing overall profits and achieving a Pareto
improvement in the benefits for both parties. (2) Consumers’ low-carbon preference and
freshness preference exhibit an interaction effect. These two preferences mutually reinforce
each other’s incentive effect on FFSC efforts (emission reduction/freshness preservation).
Blockchain’s information transparency makes these efforts more perceptible to consumers,
forming a synergistic “emission reduction-freshness preservation” cycle that further drives
sales and profit growth. (3) The adoption of blockchain by either the supplier or the retailer
significantly lowers the cost threshold for the other party to adopt blockchain, thereby
increasing their willingness to adopt. (4) CAT and consumer preferences jointly influence
the adoption strategies of suppliers and retailers. Additionally, the adoption strategies
of FFSC participants are also affected by the other party’s blockchain adoption status.
Drawing on the above conclusions, this study provides actionable guidance for suppliers
and retailers in selecting optimal blockchain adoption strategies.

Keywords: fresh food supply chain; blockchain technology; carbon cap-and-trade policy;
consumer preferences; information disclosure; pareto improvement; adoption strategies

1. Introduction

Consumer demand for fresh food is increasingly evolving, shifting from a singular
focus on price towards a comprehensive consideration of multiple dimensions such as
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freshness and low-carbon attributes [1]. This shift in demand is driving the refinement of
the FFSC (fresh food supply chain). However, the perishable nature of fresh food means
that the entire chain, from production to consumption, is highly dependent on cold chain
transportation and low-temperature storage. This process is accompanied by significant
energy consumption: statistics show that 40% of global food requires refrigeration, and
the fossil fuel energy consumed in the refrigeration stage of food transportation accounts
for 15% of the global total [2]. Optimizing emission reduction pathways for this sector
has become a global focus. In this context, regions and countries such as Europe, the US,
Japan, and South Korea have pioneered the implementation of carbon labeling systems.
These systems quantify the carbon footprint throughout a product’s lifecycle, providing
consumers with a basis for making low-carbon choices. Simultaneously, policy tools like
carbon taxes and carbon trading are widely applied in various countries. China has not
only established multiple carbon trading pilots but has also launched a national carbon
trading market, using market-based mechanisms to drive emission reductions [3]. This
means the FFSC must achieve the dual challenge [4] of ensuring product freshness while
simultaneously pursuing low-carbon objectives. Furthermore, the widespread issue of
information asymmetry in the current FFSC makes it difficult for consumers to effectively
identify and recognize the emission reduction initiatives of suppliers and the freshness
preservation efforts of retailers. This directly impedes the flow of economic benefits
generated by carbon reduction and freshness preservation efforts throughout the FFSC.
Blockchain technology, with its characteristics of decentralization, immutability, and end-to-
end traceability [5], offers a new approach to solving the challenges. Specifically, the FFSC
can utilize blockchain technology to record key information in real-time—such as suppliers’
emission reduction measures, energy consumption data during cold chain transportation,
and retailers’ application of freshness preservation technologies—onto the chain. This
enables the efforts of suppliers and retailers to be visibly demonstrated and validated.
In practice, Walmart, in collaboration with IBM, uses blockchain to track its leafy green
vegetable supply chain, reducing product traceability time from the original 7 days to just
2.2 s. This technology allows for rapid identification of the source when food safety issues
arise. Carrefour employs the IBM Food Trust blockchain platform to track its chicken and
vegetable supply chains. Consumers can scan a QR code on the product to access complete
information, including origin, production date, transportation data, and temperature
data [6]. However, adopting blockchain technology also increases supply chain costs.
Balancing the relationship between CTP (carbon trading price), blockchain implementation
costs, and fresh food profits is crucial. Given this, this paper constructs a dynamic game
theory model of a two-echelon FFSC (comprising a supplier and a retailer) against the
backdrop of CAT (carbon cap-and-trade policy). Focusing on consumer preferences for
low-carbon attributes and freshness, the model explores the optimal decisions and profit
differences under four distinct blockchain adoption models.
This study aims to address the following questions:

(1) How do the impacts of CAT and consumer dual preferences (for low-carbon attributes
and freshness) on the FFSC’s emission reduction efforts, freshness preservation efforts,
and pricing strategies differ under various blockchain adoption models?

(2) What are the specific aspects of the interaction between consumers” low-carbon pref-
erences and freshness preferences after adopting blockchain technology in the sup-
ply chain?

(3) Which blockchain adoption model can achieve a “win-win” situation for supply chain
members? How can supply chain participants be guided to adopt this model?

The contributions of this paper are primarily reflected in the following three aspects:
First, we incorporate scenarios where suppliers or retailers individually adopt blockchain
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technology into our model. This enables us to analyze blockchain’s impact on the fresh food
supply chain from an internal perspective, thereby precisely examining decision-making
logics and behavioral differences among members regarding technology adoption. Second,
by integrating carbon cap-and-trade policies with consumers’ low-carbon preferences and
freshness preferences, we explore blockchain applications in fresh food supply chains. This
approach better aligns with real-world blockchain implementation scenarios and carries
significant practical relevance. Finally, due to the prioritization of profit maximization by
supply chain members in decision-making, different blockchain adoption strategies have
emerged. We have defined clear boundary conditions for the adoption of blockchain in
the fresh food supply chain. Through quantitative analysis of these boundary conditions,
we investigated how carbon policies and dual consumer preferences (low-carbon and
freshness) jointly influence blockchain adoption strategies, thereby guiding members
towards mutually beneficial outcomes.

In the subsequent chapters, Section 2 reviews the research literature related to this
paper; Section 3 elaborates on the research questions and puts forward basic assumptions
for the model to be constructed; Section 4 establishes four game theory models for four
different blockchain adoption modes and solves and briefly analyzes the models; Section 5
conducts a comparative analysis of the equilibrium solutions obtained in Section 4 and
draws some conclusions; Section 6 carries out a numerical simulation analysis of the model
constructed in this paper; and Section 7 summarizes the conclusions of this paper and
provides corresponding management implications.

2. Literature Review

This paper will review relevant research progress from three aspects—Supply Chain
Emission Reduction Strategies under CAT and Consumer Preferences and Application of
Blockchain Technology—while also pointing out the shortcomings of existing research and
the contributions of this paper.

2.1. Carbon Cap-and-Trade Policy and Supply Chain Emission Reduction Strategies

CAT incentivizes enterprises to reduce emissions through market mechanisms. For
example, Yang et al. explored the impact of CAT on freshness preservation efforts in two
types of FFSC dominated by suppliers and retailers, respectively [7]. Wang et al., against
the backdrop of CAT, analyzed the replenishment behavior of retailers and the carbon
trading behavior of suppliers within an FFSC comprising a single supplier and multiple
retailers [8]. Liu et al. incorporated factors such as CTP, freshness preservation effort, and
emission reduction effort to build a decision-making model for the FFSC. Under the CAT
framework, they analyzed the impact of emission reduction and freshness preservation ef-
forts on supply chain profit [9]. Bai et al. considered factors, including the freshness of fresh
food, promotional effort, and carbon emission reduction level, studying the coordination
and optimization of a manufacturer—retailer two-echelon cold chain under CAT [10]. Ma
et al., assuming the demand for fresh products follows a multiplicative form of freshness,
price, and random influencing factors, investigated the decisions and coordination within
a supplier-third-party logistics (TPL)-retailer three-echelon cold chain under CAT [11].
Zhang et al. constructed a competitive decision-making model to explore the influence of
carbon emissions from fresh food preservation on a traditional and low-carbon FFSC. They
revealed how these two types of supply chains dynamically adjust product output, fresh-
ness level, and emission reduction level under CAT [12]. Dhanda et al. developed an FFSC
model involving suppliers, TPL, and retailers, analyzing the impact of refrigerated logistics
service price on retail price under CAT [13]. The aforementioned studies provide in-depth
analyses of the impact of CTP on FFSC operations, encompassing areas such as freshness
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preservation efforts [7], replenishment behavior [8], profit-driven preservation and emis-
sion decisions [9], cold-chain coordination [10], multi-echelon logistics [11], competitive
dynamics [12], and pricing strategies [13]. However, existing models universally assume
perfect information symmetry across supply chain tiers. This overlooks the real-world
opacity of emissions data and freshness verification, which directly compromises decision-
making accuracy under carbon cap-and-trade policies. This study bridges these gaps by
introducing blockchain as an enabling factor for carbon policy implementation, explicitly
modeling its role in resolving information asymmetry. We further analyze how blockchain
technology reconfigures the influence of CTP on adaptation strategies within FFSCs.

2.2. Preferences

Existing research identifies several key preferences consumers exhibit when purchas-
ing fresh food, including low-carbon preference, freshness preference, channel preference,
and traceability preference. For example, Richartz et al. employed a hybrid latent variable
model to investigate the impact of the COVID-19 pandemic on consumer low-carbon
preference and willingness to pay for fresh tomatoes. Their results indicated significant
shifts in consumer preferences and WTP before and after pandemic lockdowns [14]. Xu
et al. constructed a dual-channel supply chain game model that considered consumers’
increasing focus on freshness and carbon footprint when purchasing agricultural products.
They explored the impact of consumer preferences on supply chain decisions, finding that
the supply chain’s cost structure determines the freshness and low-carbon levels of fresh
food [15]. Aparna et al. analyzed the impact of consumer channel preference, consumer
demand shifting, and Buy-Online-Pickup-In-Store (BOPIS) services on retailer inventory
strategies by developing a consumer demand function [16]. Du et al. analyzed the influence
of consumer low-carbon preference on supply chain emission reduction efficiency, finding
that an increase in this preference can incentivize emission reduction investments within
the supply chain [17]. Meng et al. analyzed pricing strategies in a dual-channel FFSC by
building a model that incorporated consumer green preference and channel preference,
alongside government subsidies, aiming to explore optimal solutions under different sce-
narios [18]. Li et al. considered the influence of consumer low-carbon preference on a
two-echelon supply chain, advocating for carbon emission cost-sharing to create a win-win
situation for FFSC participants [19]. Fan et al. analyzed the influence of retailer altru-
ism preference and consumer low-carbon preference on supply chain profits [20]. They
found that moderate consumer low-carbon preference benefits low-carbon transforma-
tion in the supply chain, while excessive preference can be detrimental to profitability.
Cao et al. posited that product price and green level determine consumer demand for
agricultural products, while supply chain greening efforts can enhance the green level of
these products [21]. Bera et al. examined the influence of consumer traceability prefer-
ence, low-carbon preference, and brand preference on the decisions and pricing of supply
chain participants [22]. Chen et al. discovered that consumers exhibit traceability prefer-
ence and credit supervision preference and are willing to pay a premium for blockchain
technology [23]. Existing research demonstrates that fresh food purchasing decisions are
driven by multifaceted preferences, including low-carbon attributes [14-17], product fresh-
ness [15], purchase channels [16], and traceability [22,23]. These preferences significantly
influence pricing strategies [18], emission efficiency [17], inventory management [16], and
profitability [20]. Notably, consumers’ traceability preference makes them willing to pay
premiums for blockchain-verified product attributes [23]. However, models capturing how
consumer dual preferences (low-carbon and freshness) jointly influence blockchain adop-
tion strategies remain scarce in existing studies. To bridge this gap, this research develops
a demand model to analyze the joint impact of dual preferences on blockchain adoption
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boundaries and describes the interaction mechanism between low-carbon preference and
freshness preference.

2.3. Application of Blockchain Technology

Blockchain’s traceability and data immutability offer new tools for enhancing trans-
parency in the FFSC. Contini et al. examined blockchain’s role in increasing consumer trust
in product information, arguing that the technology empowers consumers with knowledge
and enhances their trust in product quality [24]. Wu et al. compared supply chain dynamics
before and after blockchain adoption, finding that adoption is not necessarily optimal; its
viability depends on fresh food freshness levels and the cost of blockchain technology [25].
Daksh et al. analyzed the impact on profits for a supply chain comprising a fresh food
supplier and an e-commerce platform, comparing scenarios with and without blockchain
adoption [26]. Liu et al. analyzed the competitive relationship between traditional and
online sales channels, discovering that this competition incentivizes supply chain firms
to adopt blockchain technology and increase freshness preservation efforts [27]. Li et al.
focused on an FFSC with a supplier and an e-retailer, analyzing the impact of freshness
preservation level and blockchain technology adoption level in the supply chain [28]. Xu
et al. analyzed the correlation between blockchain adoption strategies and the establish-
ment of third-party stores [29]. They found that adopting blockchain requires considering
consumer freshness preference, information trust, and blockchain costs. Furthermore,
establishing third-party stores can motivate firms to adopt blockchain. Plulo et al., through
a case study of the global fresh-cut flower supply chain, found that suppliers can apply
blockchain technology to specific segments based on practical needs rather than the entire
chain, thereby reducing costs [30]. Yi et al. analyzed the factors influencing blockchain
adoption in agricultural supply chains and proposed incentive strategies to promote its
adoption [31]. Keskin et al. designed a smart contract concerning freshness consensus
leveraging blockchain. By adjusting this contract, they enabled a win-win outcome for both
supply chain parties [32]. Yuan et al. analyzed blockchain adoption strategies for an FFSC
from a competitive perspective and provided optimized traceability solutions for products
of varying quality [33]. Existing research demonstrates that blockchain, leveraging its
immutability and traceability, not only enhances transparency in fresh food supply chains
and strengthens consumer trust [24] but also enables the emergence of novel coordination
mechanisms, such as freshness-centric smart contracts [32]. Concurrently, studies have ex-
plored the feasibility of blockchain implementation [25,26] and its impact on profits [26,28],
channel competition dynamics [27,33], and partial implementation strategies [30]. However,
models employed in these studies [24-33] universally presume synchronized, full-chain
blockchain adoption, failing to account for real-world scenarios where individual sup-
ply chain members adopt the technology separately. Different from the above research,
this study explicitly models scenarios where individual supply chain participants adopt
blockchain technology, focusing specifically on the game-theoretic relationships that emerge
among members post-adoption.

We summarize the most relevant literature in Table 1 and highlight the research gap.
Existing research has primarily analyzed the impact of CAT on supply chain freshness
levels, emission reduction intensity, output, and prices, and explored the influence of
various consumer preferences (including low-carbon preference, freshness preference,
channel preference, and traceability preference) on supply chain decisions. Crucially,
consumer traceability preference makes them willing to pay for blockchain adoption
by the supply chain. Existing research has investigated the application of blockchain
technology in the FFSC, examining its impact on consumer trust, supply chain profits,
and competitive dynamics. However, these studies mostly address scenarios where all
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participants adopt blockchain simultaneously. This paper differentiates itself from prior
research in the following three key aspects: (1) Building upon existing studies on the impact
of carbon policies, it further investigates how this impact changes after blockchain adoption
and explores adaptation strategies for FFSCs. (2) Unlike existing consumer preference
research, it compares the impact of consumers’ dual preferences (low-carbon and fresh) on
FFSCs under different blockchain adoption strategies and analyzes the interaction between
these two preferences. (3) It considers scenarios where individual FFSC participants
adopt blockchain separately, analyzing the game-theoretic relationships that emerge post-
adoption, rather than focusing solely on simultaneous adoption by all participants.

Table 1. Literature comparison.

Authors

Low-Carbon Freshness Carbon Cap-and-Trade

Blockchain Preference Preference Policy

Zhang et al. (2024) [12]
Meng et al. (2021) [18]
Cao et al. (2020) [21]
Daksh et al. (2022) [26]
Keskin et al. (2021) [32]
This paper

v v
v

\/

v
v v v

L

3. Problem Description and Underlying Assumptions

Under the dual context of government CAT regulating carbon emissions and con-
tinuous advancements in digital technology, this paper considers a two-echelon FFSC
system comprising an upstream supplier and a downstream retailer. Suppliers transport
processed fresh food to retailers, who then sell the fresh food to consumers. In this process,
the supplier determines the wholesale price (w) of the fresh food based on production
costs, while the retailer sets the retail price (p) based on market demand and the supplier’s
wholesale price. Additionally, the average production volume of the supplier per cycle is g.

With the gradual improvement of consumers’ environmental awareness, an increasing
number of consumers are showing low-carbon preferences and freshness preferences when
purchasing fresh food. However, in the traditional FFSC system, consumers are faced with
the problem of opaque product environmental protection information, making it difficult
for suppliers’ emission reduction efforts to be effectively identified and recognized by
consumers. To address the above pain points, suppliers and retailers can adopt blockchain
technology and make full use of the characteristics of blockchain traceability technology,
such as decentralization, openness, transparency, and non-tamperable information [5], to
stimulate consumers’ enthusiasm for purchasing fresh food. The structure of a two-echelon
FESC based on blockchain technology is shown in Figure 1.

Assumption 1. In the two-echelon fresh food supply chain involved in this study, suppliers
and retailers have clear primary divisions of responsibilities in emission reduction and freshness
preservation. Suppliers are the main bearers of emission reduction responsibilities. They directly
affect the carbon footprint of products through decisions, such as adopting clean energy, using
sustainable packaging, and optimizing transportation routes. Meanwhile, their operational measures,
such as cold chain transportation and packaging selection, also provide basic support for the freshness
of products. This study assumes that suppliers take improving the emission reduction rate as their
core decision-making goal. Retailers, on the other hand, mainly take on the responsibility of freshness
preservation. They maintain product freshness by means of cold chain management, inventory
turnover, and in-store handling. Their practices, such as energy efficiency management and waste
disposal, also have an auxiliary impact on overall emission reduction. This study assumes that
retailers take improving product freshness as their core decision-making goal. For example, Bakker
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Belgium, a subsidiary of the Belgian fresh food supplier Greenyard, has invested in an electric
transport fleet and supporting charging facilities (powered by solar energy) to deliver fruits and
vegetables to Delhaize supermarkets. This measure reduces CO, emissions by 58 tons per year,
while Delhaize focuses on store refrigeration technology and inventory management to ensure the
freshness of delivered goods.
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Figure 1. The structure of a two-echelon FFSC based on blockchain technology.

Assumption 2. Under the CAT, the supplier is allocated a carbon cap denoted by C, and the CTP is
denoted by b. If the actual carbon emissions fall below C, the surplus carbon allowance can be sold on
the carbon trading market; conversely, exceeding C necessitates purchasing additional allowances.
The supplier can also adopt emission reduction technologies to decrease carbon emissions, thereby
enhancing the product’s environmental friendliness.

Assumption 3. The carbon emissions per unit of fresh food product during production and
transportation by the supplier are denoted by e. After the supplier invests in carbon reduction
technology, the emission reduction rate per unit product is v. Following references [34,35], the
investment cost for emission reduction is given by kr?, where k > 0. Similarly, the retailer’s
freshness preservation effort level is denoted by T, and the freshness preservation cost is mt?, where
m > 0 [28]. Furthermore, blockchain technology enables the end-to-end recording and precise
tracking of energy consumption data, clearly revealing the enerqy usage status at each production
stage [27]. By adopting blockchain, the supplier can collaboratively verify and monitor carbon
emission data, effectively preventing data errors and inconsistencies, reducing carbon emission
monitoring costs, and pinpointing high-energy-consumption stages. Based on this, the supplier can
formulate targeted emission reduction strategies, avoid redundant investments, and lower reduction
costs [36]. Consequently, after blockchain adoption, the supplier’s emission reduction cost coefficient
k decreases. It is assumed that post-blockchain adoption, the emission reduction cost coefficient
reduces to (1-n)k, and the freshness preservation cost coefficient reduces to (1 — n)m [37].

Assumption 4. Consumer preferences consist of their low-carbon preference (8) and their freshness
preference (9) for fresh food products. Consumers” willingness to purchase fresh food changes in
response to the disclosed unit product emission reduction rate (r) and the freshness preservation
effort level (), as detailed in Section 4.1.
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Assumption 5. The cost for the decision-makers (supplier and retailer) to adopt blockchain
technology is cq [33].

Assumption 6. When supply chain members do not adopt blockchain, suppliers and retailers
disclose product information to improve the efficiency of fresh food, which enhances consumers’
willingness to pay. It is assumed that the information disclosure levels of suppliers and retailers are
« and B, respectively. If supply chain members adopt blockchain, the information disclosure level
will become 1 [38].

The relevant parameters of this study are shown in Table 2.

Table 2. Parameter list.

Parameter Definition
b Carbon trading price
C Carbon limit
q The average output of fresh food produced by suppliers per cycle
. Carbon emissions from the production and transportation of fresh

food in units
Retail price of fresh food per unit
Wholesale price of fresh food in the unit
Production cost of fresh food per unit
The cost of introducing blockchain to enterprises
The degree of information disclosure by suppliers regarding products
Retailers’ disclosure level of product information
Carbon reduction efforts of fresh food units
Emission reduction cost coefficient
Preservation cost coefficient
Preservation effort level
Consumers’ preference for low carbon
Consumers’ preference for freshness
Unit emission reduction/preservation cost reduction ratio parameter
mt Supplier/retailer revenue, i € {NN,NB, BN, BB}

s7'tr

I oA I~ a8

7T

4. Model Construction and Solution

Based on the model assumptions proposed in Section 3, this section constructs demand
functions for four different blockchain adoption modes and then establishes four game
theory models and solves and briefly analyzes each model.

4.1. Consumer Demand Function

Following references [39,40], the potential market demand is denoted as 4. It is
assumed that consumer demand is a linear function of freshness preservation effort (1),
emission reduction effort (1), consumer freshness preference (6), low-carbon preference
(9), and the retail price of fresh food (p). Since consumers’ preferences for fresh food (4,
6) increase demand, and consumers prefer lower-priced products under otherwise equal
conditions, consumer demand is positively correlated with consumer preferences (6, 8) and
negatively correlated with the retail price (p). Furthermore, considering the adoption status
of blockchain technology, the consumer demand function for fresh food under different
blockchain adoption modes is given by:

(1) NN model: Neither suppliers nor retailers have adopted blockchain technology

g"N =d +ar + BTo — p, (1)



Systems 2025, 13, 737 9 of 35

(2) NB model: Only retailers adopt blockchain technology

gNB=d+arf+15—p, )
(3) BN model: Only suppliers adopt blockchain technology

PN =d 40+ BTé —p, 3
(4) BB model: Both suppliers and retailers are adopting blockchain technology

PP =d+r04+15—p. (4)

4.2. Decision Model for Fresh Food Supply Chain in NN Model

CAT does not directly cut product carbon emissions. Instead, it spurs carbon-emitting
entities to adopt carbon-reduction technologies, effectively lowering emissions [40]. In
the FFSC, each stakeholder makes decisions to maximize individual profits, which is a
dynamic game process.

In the first stage of the game, the retailer makes decisions based on the supplier’s
efforts to reduce emissions (r), and the wholesale price (w), and determines the optimal

NNx

order quantity g and retail price pNN*. That is, given r and w, the retailer decides on p,

g, and T to maximize its expected profit:
NN = (pNN — wNN)qNN —mt* = (d+ arf + BTo — qNN — wNN)qNN —mt%. (5

In the second stage, the supplier determines the optimal wholesale price w* per unit
of fresh food based on its own production and emission reduction costs, the quantity of
fresh food purchased by retailers, and the carbon trading cost. That is, given b and C and g,
the supplier makes decisions on w and r to maximize its expected profit:

N = (NN — 0)gNN —b[(1 - r)egNN — C] — kr?. (6)
By combining Formulas (1) and (2), the total profit of the FFSC system can be obtained:

NN = (d + ard + Bt6 — g"NN — ¢)g"N — b[(1 — r)egNN — C] — mT* — ki?. (7)

Theorem 1. (1) In the NN model, that is, when neither the supplier nor the retailer introduces
blockchain, the optimal purchasing quantity and preservation effort level of retailers, as well as the
adjusted wholesale pricing and emission reduction rate of suppliers, are as follows:

When 4m — B26* > 0,

T T 122 2abed + 2kA + o207 ®)
JNNe be[(x0 +d) + af(af + c +d) + kA] + c(A + 2?62) + dkA o)
b2e? + 2abed + 2k A + w262 ’
NNx _ Bok(be+c —d) , (10)
m(b2e? + 2abed + 2k A + «262)
rNN*:be(e—i—c—d)—i—(be—i—c—d)oc@ 1)

b2e2 + 2abed + 2kA 4 262 7

whereA:4—¥>0.
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(2) In the NN model, the optimal expected profits of the supplier and the retailer are pre-
sented below:

PN+ _ (d+ (ae+c+d+ab)ad — 2k)be — 2ck + a®c6? — 6dk + (be +d + c)k(4 — A)

b2e? + 2uabed + 2k A + 26? , (12)
NN« _ b3Ce? + b2e(20CO — ek) + 2bek(d — c) + bC (a262 — 8k) — k(c —d)* )
’ 0262 + b2e? 4 2abed — 8k ’
2 N2
£\IN* _ k A(be+c d) 1)

(b2 + 2abed + 2kA + a262)*

Proof of Theorem 1. From Equation (6), it is easy to verify that 7'V is a strictly concave

. . . 927NN 927NN 92NN
function with respect to g and 7. By calculating = —2, =5 = —2m, ST = Bd,
2l _ pg, the H H=1]72 P lotm latform’s profi

I — = B4, the Hessian matrix H; = B5 —2m of the e-commerce platform’s protit

function can be derived. Therefore, the first-order and second-order leading principal
minors of H; must satisfy —2 < 0 and 4m — 252 > 0, respectively, indicating that Hj is
negative definite. Thus, the retailer’s profit reaches its maximum value.
o _ d+arf+ s —2gNN — NN =
a7 1 =
solution yields

onNN . .
53— = Bdq —2mt = 0, a simultaneous

2m(d + afr — w)
NNx* —
q (w,r) = g (15)
NN« _ Bo(d+abr —w)
T ((U, 1’) = —W (16)
Substituting ¢NN*(w, r) and T™VN*(w, r) into Equation (1) yields
2m(d + abr — w)(w — c) 2m(d + abr —w)(1 —r)e
NN _ _ —Cl — k2
AN = Fp—r ] —p Cl—k2 (1)

Similarly, by verifying that 7V is a strictly concave function of r and w, we can

calculate that 27% ol dm < 0 and 2 m_ dabebm 2k < 0. Therefore
T 4m—p26? ar2 T 4m—p2s? : ’

2(—ber+be+c+d+afr—2w)

NN has a maximum value. Let gju = 1
—1)— _ 2 52
2[be(d+ab(2r—1) 2})+a9(w o)+krA] 0, where A = 4 — ‘an

> 0, we solve the equa-

tions simultaneously to obtain the equilibrium solutions w™N* and rNN*. Substituting

these into gNN*(w,7) and TNVN*(

and freshness preservation effort. Finally, by plugging the equilibrium solutions into
NN*, 7'[£\]N* NNx*

w,r), we derive the retailer’s optimal order quantity

Equations (5) and (6), we obtain p and 77,"*, and then Theorem 1 is proven. [J

Corollary 1. In the NN model

NN NN
A: (1) 2 s 0, % > 0, M <0, T <0
2) WhenC < _2ek(be+c d)(be(— zx9+c d)— sz(aG c+d)+8k) orlNN*
(a262+b2e2 4+ 2abed—8k)° ab
—20b2e30—202be2 0%+ a2 cef® —a2def® —aled> 9rNN*
when k < —16be2 — 8ce+8de Swed 7 db
NNx
\/E , & > 0, otherwise 2 < 0;

Please refer to Appendlx A for the proof process of the Corollary in this article.

aN

. QnNN=
< 0, otherwise —55— > 0;

. NNx
> 0, otherwise o 55— < 0; when 6B >

When CTPs rise under the NN model, the supplier’s increased costs lead to corre-
sponding hikes in the wholesale and retail prices of fresh food. The rise in fresh food retail
prices causes a decline in sales volume, reducing retailer profits. Changes in supplier profits
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depend on the carbon quota level: when the carbon quota exceeds a specific threshold,
rising CTPs can boost supplier profits, as suppliers can sell surplus carbon allowances to
increase their earnings. Conversely, if the carbon quota is low, supplier profits decrease
alongside rising CTPs. Additionally, the supplier’s emission reduction effort depends on
the cost coefficient k: when k is low, the supplier increases emission reduction efforts. How-
ever, if emission reduction costs exceed the saved carbon trading expenses, the supplier
reduces emission reduction efforts. For retailers, when consumer freshness preference
and product information disclosure level  both reach certain thresholds, rising CTPs can
enhance the retailer’s freshness preservation efforts; otherwise, retailers reduce preserva-
tion efforts to control costs. In practice, blockchain platforms can enable real-time recording
and sharing of supplier emission reduction data and retailer preservation data, maximizing
information disclosure levels to optimize preservation effort effectiveness, which aligns
with subsequent analysis:

NN NNx* NN
B: (1) 24 5 0, 2 > 0; 28 > 0
be 9gNN* ImNN AmlNN* o 9NN oI
I{i’) When a > 7, w5 >0, =5 >0 —5— >0, otherwise 5 < 0, =55
AR
0, —L7— < 0;
7 89 7

Consumers’ low-carbon preference influences the pricing strategy of the FFSC. When
this preference strengthens, suppliers strategically raise wholesale prices, thereby driving
up the retail price of fresh food. This price adjustment inversely impacts consumer de-
mand: while heightened low-carbon preference incentivizes suppliers to increase emission
reduction efforts, low product information disclosure levels prevent consumers from recog-
nizing these efforts. Consequently, an increase in consumer low-carbon preference may

paradoxically lead to a decline in product sales:
o7y QNNE o NN e L agVY g am N
C)F5— >0, 55— >0, 55— >0, =55~ >0, —5;— >0
m (8k—(be+A)? NN« ‘ NN
( T >, 37%5 > 0, otherwise 8”55 < 0;

(2) When B >

Consumers’ freshness preference also impacts the pricing strategy of the FFSC. When
this preference strengthens, retailers strategically raise retail prices, prompting suppliers
to increase wholesale prices. These price adjustments affect consumer demand: although
heightened consumer freshness preference incentivizes retailers to enhance freshness preser-
vation efforts, insufficient product information disclosure prevents consumers from rec-
ognizing these efforts, leading to a paradoxical decline in product sales despite increased
freshness preference.

Therefore, improving information disclosure levels constitutes the key pathway to
maximizing the effectiveness of suppliers’ emission reduction efforts and retailers’ freshness
preservation efforts, with blockchain technology adoption serving as the essential means to
achieve this goal. In subsequent sections, this paper conducts further analysis on different
blockchain adoption models (NB, BN, and BB).

4.3. Decision Model for Fresh Food Supply Chain in NB Model

In this section, both suppliers and retailers make decisions based on the principle of
maximizing profits. Therefore, when the government adopts the CAT, the profit functions
corresponding to the total profits of suppliers, retailers, and the system are as follows:

ng\]B = (wNB - c)qNB —b[(1—- r)eqNB —-C] - kr?, (18)

- wNB)qNB -(1- q)mrz —cg = (d+arf + 16 — qNB - wNB)qNB - (1- n)mrz —cq, (19)

B = (d+arf + 16 — gNB — ¢)g"N —b[(1 — r)eqNB — C] — (1 — n)mT® — ki* — cg- (20)
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Theorem 2. (1) In the NB model, when only retailers introduce blockchain technology, the optimal
purchasing quantity and preservation effort level of retailers, as well as the adjusted wholesale
pricing and emission reduction rate of suppliers, are as follows:

When 4(1 — 17)m — 6> > 0,

2k(be +c —d)
NBx*x __
T T B2e2 + 2abef — 2kB + 2262’ @)
Sk(be + ¢ — d)
° (7 — 1)m[(b%e? + 2abed + a26%) — 2kB]’ 2)
ONBE be[(a0 + d)be + af(ad + c +d) — k(c +d + 1) B] + a?6%c 23)
N b2e2 + 2abe® — 2kB + w262 ’
NBx _ (be +c —d)(ab + be) (24)

" b2e2 4+ 2abe — 2kB + 1262’

where B = 4 — Ao ,7) >0,E=5n-1
(2) In the NB model, the optimal expected profits of the supplier and the retailer are presented below:
NBe | —b?de® — (e+c+d+ af)abed + 2bek + 2ck — a?c6* + 6dk| + (be + c + d)k(B — 4)
p

= 2
—b2e2 — 2abed + 8k — w262 + 2k(B — 4) ’ @)

{b3Ce2 — b2e(ek —2aCh) — k(c — d)* + —2bek(c — d) + btszQZ] — 2CkbB

N B
T = , (26
s b2e? + 2abe® — 2kB + x26? (26)
NB* _ —pt cq€ 4 _4ab3c 839+b2 2(4chB 6u Cq92+k2B)
r (b2e2+2abed—2kB+a262)” 27)

2be (ck? B+4acy0kB—203c,6% —dk?B) + (2 —2cd)k2B—4c,64k2 7
(b2e2+20bef—2kB+a262)”

where B = 4 — >0,E=n-1

a=nm )

The proof of Theorem 2 is similar to Theorem 1.

Lemma 1. By comparing Theorem 1 and Theorem 2, when the blockchain adoption cost is ¢g <

‘17\18 NN NB* > 7'[NN*

Lemma 1 shows that when the supplier does not adopt blockchain technology, if
the cost of adopting blockchain is less than a specific threshold, the retailer will be more

< CNB NN ;

inclined to adopt blockchain technology. Therefore, ¢4 is the boundary condition

for the retailer to adopt blockchain technology.

Proof of Lemma 1. Let f(c;) = n'B* — nNN*. When f(c;) > 0 (i.e., 1’8 > niNN), the
retailer prefers blockchain adoption; otherwise, it does not. Setting f(c;) = 0, we solve
the equation:

NBx _ NN« _ —bieget —dabicu20+07¢* (4cgkB—60a7co6” +KB) K2 A(be+c—d)? n
r roo (b2e2+2abef—2kB+4262)* (b2e2+2ube0+2kA+a262)” (28)
2be (ck? B+4acy0kB—2a3c,0% —dk?B) +(c® —2cd)k? B—4cq 542 —0
(b2e2+2abef— 2kB+oc292)
Solving the equation yields
¢NB-NN _ (282 —5)52k2 (be+c—d)? y
K T 2m[b2e2+2abef-+5(1—1)k(4—B)—8k+a262]? [b2e2 -+ 2abed—2 A+a262) . (29

[bte* + 4ab3e30 + 602b?e?02 + 4abet® — 2k*(8 — 5(1 — ) (4 — B)) A + a*64]
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Observing f(cs) = ' — N, when ¢; < ¢/P"NN, f(c;) = mP — N > 0. Thus,
Lemma 1 is proven. [

Corollary 2. In the NB model,
. awNB* . awNN* . apNN* apNB* . anN* anB* . anNN* an.NB* .
Ai(l) Fp— = 5= >0, "= > " > 0, gy < g <0, —5— < —5— <0

9}7279 —d aNB* . aNB*
(2) When C < —(aSJ(ra;iz(heict;) ), ”asb < 0, otherwise ”asb > 0; when k <

(1—1)m(ab+be)?(—ab+c—d)  gpNBx . orNBx . oTNBx
AP T m) (0T 2bere—d), b 0, otherwise “5p— < 0; when 6 < 61, “5p— > 0, oth-

aTBN*

erwise, “5p— < 0, where 6y = \/ﬁ(l —1)m(b%e2 + 2be(c — d) — af(ad — 2¢ + 2d) + 8k).
Similar to Corollary 1, under the NB model, an increase in CTP leads to corresponding

rises in the wholesale and retail prices of fresh food. The increase in retail prices causes a
decline in sales volume, reducing retailer profits. Unlike the NN model, although retailer
adoption of blockchain technology has no significant impact on wholesale prices under the
NB model, this technology can enhance the effectiveness of freshness preservation efforts
by improving the retailer’s information disclosure level, effectively reducing the magnitude
of retail price increases and slowing the sales decline rate, thereby weakening the negative
impact of CTP on retailer profits. Additionally, when consumer freshness preference is
high, an increase in CTP can boost the retailer’s freshness preservation efforts, which aligns
with the conclusion of Corollary 1. Meanwhile, the correlation between supplier profits,
emission reduction efforts, and CTP shows no significant change:

NNx* NN* NN
B: (1) 22X > 0; 22 > 0; 2 > 0
wNB* NN+ . apNB* apNN* ) anB* . QB+ . QB+ . 9TNBx
WA e 0T > T 20 T > 0 > 0T > 0 >
oY
> 0;
3 i

In the NB model, retailer adoption of blockchain significantly amplifies the influence
of consumer freshness preference on fresh food pricing strategies, thereby strengthening the
incentive effect for retailers to enhance preservation efforts. Additionally, with increased
product information transparency, market sales of fresh food will consistently maintain a
positive correlation with consumer freshness preference. This positive linkage ensures that
heightened freshness preference continuously drives revenue growth for both suppliers
and retailers.

4.4. Decision Model of Fresh Food Supply Chain Under BN Model

In the BN model, when only suppliers introduce blockchain technology, the profit
function corresponding to the total profits of suppliers, retailers, and the system is:

7N = (@N — )™ — b[(1~r)eg®™ — €] (1 ki — (30)

BN = (pBN — wPN)gBN — 7 = (d + 16 + BT — qBN — wBN)qBN —mt%,  (31)

BN = (d+ 70+ Bto — gPN — c)gPN — b[(1 — r)eq®N — C] — m7* — (1 —n)kr* — 5. (32)

Theorem 3. (1) In the BN model, the optimal purchasing quantity and preservation effort level
of retailers, as well as the adjusted wholesale pricing and emission reduction rate of suppliers, are
as follows:

When 4m — B?6% > 0,

BN* 2Ek(be+c—d)

9 T TV 2bef 1 2EKA 1 67 (33)
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BN+ BOEk(be +c —d)
= — 4
° m(b2e? + 2bef + 2EKA + 02)° (4)
WENE b2e?(d + 0) + be[0(c +d + ) + EkA] + (c + d)EKA + c6? (35)
B b2e? 4 2be6 + 2EkA + 62 ’
BN _ (be +0)(be+c—d) ' (36)
b2e? + 2beb + 2EkA + 62

where A = 4 — ’3‘5 >0,E=n-1
(2) In the BN model, the optimal expected profits of the supplier and the retailer are presented below:

BN _ b?de®+(be+c+d6+6)bed+(2bek+2cm+6dk)E
p b2eZ{ 2bef—EkA+ 62

+

c627(6+he+d) (4-A)k ’ (37)
b2e24-2bef—EkA+62
BN+ _ b3Ce?+b2e(2C0—cye+eEk)+2be|(d—c) Ek—cyf] n
s b2e2+2bef-+2EkA+62 (38)
bC(2EKA+62)+ | (c—d)>~8cy | Ek-+2¢, EK(4—A) —cg6 ’
b2e2+2bef+2Ek A+62
2
E2k2A(be+c—d

 (b2e2 + 2bef — 2EKA + 02m)?
where A = 4 — 5 >OE—11—1
The proof of Theorem 3 is similar to Theorem 1.

Lemma 2. By comparing Theorem 1 and Theorem 3, when the blockchain adoption cost is ¢; <
¢BN=NN BN+ - - NNx
q 7 s s
Lemma 2 indicates that when the retailer does not adopt blockchain technology, if
the cost of adopting blockchain is less than a specific threshold, the supplier will be more
inclined to adopt blockchain technology. Therefore, ¢; < CB N=NN s the boundary condition
for the supplier to adopt blockchain technology.

The proof of Lemma 2 is similar to Lemma 1, where

sN_NN _ k(bedc— d)*[(5 — 242)62 + 3b%2 + 2(5 — 2a)bed)] (“0)
“  (5b2e2 + 10bed — 4k A + 502m) (b2e2 + 2abed — 2kA + a262)’
Corollary 3. In the BN model,
A (1) 2t 5 0w o 0 00T 9t o ot g 0
_ (71— 1)k(262+(7771)k)(c272c((5+6')+d2+269+92+817k78k) opBN+
(2) when b < 2(1 n)k\/ 20(c—-8) 12011 ;e >

2e(n—1)k(be+c—d)(be(c—d—0)+0(c—d—0)—8(y—1)k) and b <
(b262+2he9+92+8(;7 1)k)?
BN*
12— 2cd —2c0 + 6% + 2d9 + 62 + 8nk — 8k, a” < 0, otherwise T > 0; when b <
d—c 871,

e /

. apBN*
0, otherwise 5 < 0 when C <

< 0, otherwise a > 0;

In the BN model, when CTPs rise, supplier adoption of blockchain technology moder-
ates the increase in wholesale prices. As the wholesale price rise slows, fresh food sales
gradually increase. When the carbon emission cap is low, if CTPs exceed a specific thresh-
old, supplier profits achieve positive growth. Additionally, retail prices and retailer profits
gradually rise with increasing CTP within a threshold range but decline once beyond this
threshold. Corollary 3 further indicates that supplier blockchain adoption enhances the
positive incentive effect of CTP on emission reduction efforts:
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awBN* awNN* ap apNN* . anN* anN* . an—BN* . an—BN*
B: > > 0; > P >0 G > T >0 T >0, T >

arBN* 8 NN

0; >0

In the BN model, suppliers adopting blockchain can enhance the utility of emission
reduction efforts by improving information disclosure levels. Specifically, the tamper-
proof nature of blockchain enables consumers to more clearly perceive suppliers” emission
reduction actions, thereby amplifying the impact of low-carbon preferences on supplier
decision-making. This influence is not only reflected in increased emission reduction
investments but will also be transmitted to wholesale pricing strategies and market sales
volumes. Although wholesale prices rise due to optimized emission reduction costs—
leading to corresponding retail price increases—the enhanced purchasing willingness
driven by consumer low-carbon preferences will stimulate positive sales growth. Ultimately,
this achieves a win-win situation for the benefit of FFSC participants.

4.5. Decision Model of Fresh Food Supply Chain in BB Model

In the BB model, where both suppliers and retailers introduce blockchain technology,
the corresponding profit functions for suppliers and retailers are:

73’ = (PN = c)g"F = b[(1 = r)eq®® — C] = (1 - kr? — ¢, (41)
HE;B _ (pBB _ wBB)qBB _ (1 _ 77)mT2 — ¢y

, (42)
= (d+r0+ 15— g% — wPB)gBB — (1 — y)m1? — ¢,

B — (d+r0+ 15— qBB - c)qBB —-b[(1- r)quB -Cl-(1- 17)(er + mrz) —2¢4, (43)

Theorem 4. (1) In the BB model, the optimal purchasing quantity and preservation effort level
of retailers, as well as the adjusted wholesale pricing and emission reduction rate of suppliers, are
as follows:

When 4(1 — 17)m — 6> > 0,

BB+ _ 2Ek(be +c—d) (44)
~ b2e2 + 2bef + 2kEB + 62’
Sk(be +c —d)
BBx
— 4
t m(b2%e2 + 2bef + 2EkB + 02)° (45)
BB b2e?(d +0) + beb(c +d +0) + c6? + (c +d + be)EkB (46)
B b2e2 + 2be6 + 2EkB + 62
TBB* - (be -+ 9)(176 +c— d) (47)

~ b2e2 4 2be@ + 2EkB + 62’

where B = 4 — Aep)m 7]) >0E=n-1
(2) In the BB mode, the optimal expected profits of the supplier and the retailer are presented below:

BBx _ |bPde’+(be+c+d+0)bed+(2be+2c+6d)Ek-+c6?| "

b2e2+2bef+2EkB+62
(be+c+d)Ek(4—B) ’ (48)
b2e24-2bef+2EkB+62

BB* _ b3Ce24+b2e(2C0—cye+eEk)+2be((c—d)kE—c,0) n
b2€2+2b€9+2k3+92 (49)
bc(2k3+92)+(c —2cd—8cq+d%)Ek—2cqEkm(B—4)—c,0? ’

b2e2+2be9+2k3+92
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BB* _ B3Ce?4-b2e [2C97cqe+eEk]+2be[(c7d)Ek7cq9] i
b2e%+2be6+2EkB+62 (50)
bc(zEkB+92) {(cfd)szCq}(qfl)k+2c,,Ek(4fB)fcq92 :
b2e2+2be6+2EkB+62

where B =4 — = )>0E n—1

The proof of Theorem 4 is similar to Theorem 1.

Lemma 3. By comparing Theorems 2 and 4, when the blockchain adoption cost is ¢; <
(BB=NB BB - ;NBs

q
Lemma 3 indicates that on the premise that the retailer has adopted blockchain technol-

ogy, if the cost of adopting blockchain is less than cg B=NB the supplier will be more inclined
to choose to adopt blockchain technology. Therefore, nBB* > B
condition for the supplier to adopt blockchain technology under this circumstance.

serves as the boundary

The proof of Lemma 2 is similar to Lemma 1, where

BB_NB k(be +c — d)? 4b%e% — 2(w — 5)bed + 5Ek(4 — B) — (a2 — 5)62
= X
q 5b2¢2 4 10bef + 10kE(4 — B) — 8k + 562 b2e2 + 2abed + 5Ek(4 — B) — 8k + 0262

(51)

Lemma 4. By comparing Theorems 3 and 4, when the blockchain adoption cost is ¢; <
CLIIBBfBN/ BB > BN,

Lemma 4 indicates that on the premise that the supplier has adopted blockchain
technology, if the cost of adopting blockchain is less than cg B=BN  the retailer will be more
inclined to choose to adopt blockchain technology. Therefore, T88* > 7BN*
condition for the retailer to adopt blockchain technology under this circumstance.

is the boundary

The proof of Lemma 2 is similar to Lemma 1, where

cgP-BN = [25b%e* + 1006%¢%6 + 1502?60 4 100bet® — 8k*(8 — 5E(4 — B)) A + 250 x
2(262—5)6%K2 (be-+c—d)> , (52)
1m(5b2e2-+10bef — 4k A+562 ) [5b2¢2 +10bed+10Ek(4— B) —16k-+562]

Corollary 4. In the BB model,
A (l)aBB* arBN* >O
BBx

BBx BBx BBx . BB
(2) When b < %, a“gb > 0, apab > 0, aqab < 0 otherwise a“gb <0, a%b <

qBB* ) d—c (d—c)*>—2c0+2d0+8k(y—1)+62 | 2ks2 OmBB*
0, o > 0, when C < C2 and b < e + Pyl + e’ asb <
. QmBBx . d—c (d—c)®—2c0+2d0+8k(7—1)+62 | k2 OmBB*
0, otherwise —;— > 0; when b < = — 2 + e’ —ob 0,

I7T, BB* . aTNB* aTBB*
otherwise 7 >0 when § < 6, 5 > o

2e(y—1)km(be+c—d) (m(be+6)(c—d—0)—2k(4(n—1)m+62) ) 5
(b2e2m+2beOm+2k(4(5—1)m+062)+62m)*

ab < 0, where Cy
= 1)/ m(b2e? + 2be(c — d)k).

In the BB model, compared to the BN model, simultaneous blockchain adoption by
both supplier and retailer further suppresses the wholesale price increase trend. Notably,
when CTPs exceed a specific threshold, wholesale prices exhibit an inverse variation trend,
decreasing as CTPs rise. This shift in wholesale prices directly influences the retailer’s
pricing strategy: fresh food retail prices decrease following the wholesale price decline,
while market sales volumes consequently contract. Corollary 4 further indicates that
simultaneous blockchain adoption by both parties maximizes the positive incentive effect
of CTP on the supplier’s emission reduction efforts. Additionally, compared to the NB
model, the rate of increase in the retailer’s freshness preservation efforts under the BB
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model is lower. This phenomenon stems from the retailer’s “free-rider” mentality: when
the supplier adopts blockchain and increases emission reduction investment, product sales
rise due to the enhanced transparency of low-carbon value. Consequently, to optimize cost
structures, the retailer deliberately slows the pace of freshness preservation efforts.

. JwBB* JwBN* . opBBx BN . 0gPB* agPN _ anBB dmBN
B: a0 >0 > T >0 > T >0 8
. anﬁB* aan* BB JrBN*

0; F— > T > 0 L > U >0,
Compared to the BN model, simultaneous blockchain adoption by both supplier and

retailer further amplifies the impact of consumer low-carbon preferences on the FFSC

beyond the BN baseline, maximizing the effectiveness of emission reduction efforts:

X awBB* awNB* . apBB* apNB* . anB* anB* . anBB* anNB*
gg- 3 NB> 3 0% > "% >0 5% > 5% >0 =5 90
* * BBx* NBx*
0; 373’5 > aﬂa*(s > 0; aTa(S > BTM > 0.

Compared to the NB model, such joint adoption further amplifies the influence of
consumer freshness preferences beyond the NB baseline, maximizing the effectiveness of
preservation efforts.

5. Comparison and Analysis

This section compares the equilibrium results under the above four models (NN, NB,
BN, and BB) and discusses the equilibrium strategies of whether to adopt blockchain or not.
Figures 2-5 visualize the comparison results. In addition, referring to references [33,41],
the relevant parameters are assigned as follows: d = 5, b = 0.3, cg = 03,c=01,7=0.J5,
C=1a==06k=03m=03,0=03,and d =0.3.

5.1. The Impact of Blockchain Adoption Strategy on Supply Chain

Proposition 1. The impact of blockchain adoption strategies on emission reduction and preserva-
tion efforts.

A: BB > yBN* > rNBx > VNN*,‘

Proposition 1A indicates that the application of blockchain technology can incentivize
suppliers to enhance their emission reduction efforts, but the incentive effects of different
blockchain adoption strategies on suppliers’ efforts to improve emission reduction vary,
which is consistent with the visualization results in Figure 2. Specifically, the supplier’s own
adoption of blockchain technology exerts a more significant incentive effect on enhancing
emission reduction efforts compared to retailer adoption. When both the supplier and
retailer adopt blockchain simultaneously, the supplier’s emission reduction effort level is
maximized.

B: When b < by, TNB* > ¢BB* ~ BN+ ~ NN+ 14101 by < b < by, T8B* > ¢NB* » ¢BNx
TNN* when b > by, T8B* > tNB* > ¢NN* > BN* wohere by = %\/(1 —n)(a? —2an+1) —

5[“(1;777)*1}, by = %x VA= (@2 =27 +1) + 5[“(1;777)*1]_

Please refer to Appendix A for the proof process of the Proposition in this article.

Proposition 1B indicates that retailers exhibit higher freshness preservation effort
levels when adopting blockchain technology yet demonstrate “free-rider” behavior, consis-
tent with the visualization in Figure 2b. Specifically, rising CTPs increase the supplier’s
emission reduction efforts, leading to higher consumer purchases of fresh food. To reduce
preservation costs, retailers lower their preservation effort levels while maintaining their
own profits. Additionally, Proposition 1B reveals that at lower CTPs, the NB model yields
higher retailer preservation levels, whereas when CTPs exceed a specific threshold, the BB
model becomes the optimal approach for enhancing preservation efforts.
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Proposition 2. The impact of blockchain adoption strategy on the sales of fresh food.

A: When b < by = %, wBB* > WBN* ~ yNBx ~ (GNN*wohen b > by = g, wNB* >
wNN* >wBN* > wBB*,.

Proposition 2A indicates that the retail price of fresh produce is simultaneously influ-
enced by CTPs and blockchain adoption strategies. Specifically, when CTPs are uniformly
low, the cost of adopting blockchain technology outweighs supplier benefits, resulting in
higher wholesale prices. Conversely, when CTPs are high, blockchain adoption enables
suppliers to save on carbon trading costs. Under such conditions, simultaneous blockchain
adoption by both suppliers and retailers minimizes wholesale prices—a finding consistent
with Figure 3.

B: When b < bs = 7“"2(9;*4"5, pBB* > pBN* > pNBx 5 pNN* otherwise pNB* > pNN* >

PBN* > PBB*.

Proposition 2B demonstrates that when CTPs exceed a specific threshold, retail prices
decrease under supplier blockchain adoption and fall below levels observed without such
adoption, aligning with Figure 3b. This occurs because blockchain adoption reduces
suppliers’ carbon trading costs, lowering wholesale prices. Reduced procurement costs for
retailers subsequently drive down retail prices.

C: When b < bé, qBB* > qNB* > qBN* > qNN*, otherwise qBB* > qBN* > qNB* > qNN*/

where bg = — =1\ m [217k(52(b172(77—1)+1) —(a—1)*(y — 1)02m} +mla(n —1)0 +0).

—

Proposition 2C establishes that when CTPs surpass a specific threshold, concurrent
blockchain adoption by suppliers and retailers maximizes sales volume, as validated by
Figure 3c. This phenomenon stems from Propositions 2A and 2B: above the carbon price
threshold, blockchain implementation reduces both wholesale and retail prices. Further-
more, blockchain enhances product information transparency, allowing consumers to
better perceive emission reduction and freshness-keeping efforts by suppliers and retailers,
thereby significantly boosting purchase intention. The synergistic effect of these factors
ultimately optimizes sales of fresh food under the BB strategy.

042¢ ,
M*w
04—, |
0.38F ° e
&
036}
0.32 - - NN
0 02 0.4 0.6 0.8 1

b

(b)

Figure 2. The influence of CAT on emission reduction and preservation efforts. (a) The influence of b
on emission reduction efforts; (b) The influence of b on preservation efforts.

Proposition 3. The impact of blockchain adoption strategy on the profits of the FEFSC.
A: When b < by and 6 < 01, tlNB* > 7BBx > NN« 72BN wohen b > bg and 6 >
01, TBB* > mBN* > gNBx . NN,
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B: When b < bg and 6 < &3, iBN* > 7BBx > gNN* 5 7NB otherwise BB+ > mBN* >
2 202 2
7NN* > TNBx Where 6y = 4/ ° +(2“ d) gy = )Tkl ‘ffzf; D b, = 2‘392 d) — 20 by =
2C6H(c—d) 2ks? by = _ 2C(c—d)

eAop) T om0 T )

Proposition 3A demonstrates that when CTPs are low, retailers” blockchain adoption
increases supplier profitability, whereas suppliers achieve maximum profits by abstaining
from adoption due to lower carbon trading costs. Conversely, when CTPs are high, suppli-
ers’ cost savings from blockchain adoption exceed implementation expenses, leading to
optimal supplier profitability under simultaneous adoption by both parties.

Proposition 3B indicates that retailers consistently attain higher profitability when sup-
pliers adopt blockchain technology, whereas supplier non-adoption results in diminished
retailer profits. This reveals retailers’ free-riding behavior, further establishing that supplier
blockchain adoption is crucial for enhancing retailer profitability.

Finally, Proposition 3 establishes that when CTP exceed critical thresholds, mutual
blockchain adoption enables Pareto improvement for both parties—a conclusion visually
confirmed in Figure 4’s analytical demonstration.

0.45¢ 0.521
—o MV* WV
+wNB* 0.5 I — p
04} | BN 048~ p
—— BB*
i 046f P
5 035 : ; 2.0441
‘ ‘ 0.42f ‘
03¢ 0.4} _~ p i
by b, o ‘
| 0.38 \
0.25 - . \ . \ | : - s :
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
b b

@ _ (b)

Figure 3. The influence of CAT on the sales of fresh food. (a) The influence of b on wholesale prices of
fresh food; (b) The influence of b on the retail price of fresh food; (c) The influence of b on the sales of
fresh food.
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Figure 4. The influence of CAT on the profit of the FFSC. (a) The influence of b on supplier profits;
(b) The influence of b on retailer profits.

5.2. The Impact of CTP and Consumer Preferences on Blockchain Adoption Strategies

Combining Lemma 1 to Lemma 4, the boundary conditions for suppliers and retailers
to adopt blockchain technology are obtained. Based on these boundary conditions, further
analysis was conducted to derive Propositions 4 and 5.

Proposition 4. The impact of blockchain adoption strategy on the profits of the FEFSC.
A: ¢BB-NB - (BN-NN.

B: CgB—BN > Cé\]B_NN,‘

Proposition 4 indicates that when either the supplier or retailer adopts blockchain tech-
nology, it will lower the cost threshold for the other party to adopt the technology, thereby
creating an incentive effect on the other party’s adoption behavior, which is consistent with
the visual analysis in Figure 5.

Proposition 5. The impact of blockchain adoption strategy on the profits of the FFSC.

aCBN—NN aCBB—NB aCNB—NN aCBB—BN

A p— >0, 15— > 0, 55— < 0, 55— > 0;
aCBN—NN aCBB—NB aCNB—NN aCBB—BN

B: - 0, —5— >0, 5, 0, ~Log— >0
aCBN—NN aCBB—NB aCNB—NN aCBB—BN

C: 55— <0, 55— >0, 55— > 0, 55— > 0;

Proposition 5 establishes that in FFSC decision-making, blockchain adoption behaviors
by suppliers and retailers are differentially influenced by factors, including CTP and
consumer preferences, as visualized in Figure 5.

For suppliers: When retailers abstain from blockchain adoption, suppliers become
more inclined to adopt as CTPs rise and low-carbon preferences strengthen, yet height-
ened consumer freshness preferences diminish adoption willingness. Conversely, when
retailers have adopted blockchain, increases in all three factors significantly boost suppliers’
adoption motivation.

For retailers: Without supplier blockchain adoption, only intensified freshness pref-
erences effectively drive retailer adoption. However, once suppliers pioneer adoption,
rising carbon prices, stronger low-carbon preferences, and enhanced freshness preferences
collectively incentivize retailers to follow suit.

Integrating Propositions 4 and 5 reveals three pathways to foster joint blockchain
adoption: First, leverage carbon markets’ price regulation mechanisms; rationally elevat-
ing carbon prices enhances suppliers” emission reduction incentives while amplifying
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blockchain’s value in carbon management. Second, strengthen consumer education pro-
grams to concurrently cultivate dual preferences for low-carbon consumption and freshness
consciousness, harnessing this demand-side dual drive to motivate blockchain adoption
across the FFSC. Third, encourage technological coordination between FFSC members; pio-
neering adoption by one party reduces the other’s implementation concerns, establishing a
self-reinforcing cycle that ultimately achieves comprehensive blockchain integration and
deep application throughout the FFSC.

0.61
0.5}
0.4}

S03}
0.2}

0.1

* . ! 0
0.3 0.35 0.4 0.2

Figure 5. The influence of CAT and consumer preferences on the adoption boundaries of blockchain
among FFSC participants. (a) The influence of 6 on the adoption of boundary conditions in blockchain;
(b) The influence of 6 on the adoption of boundary conditions in blockchain; (c) The influence of b on
the adoption of boundary conditions in blockchain.

6. Numerical Analysis

To validate the four blockchain adoption models mentioned above, the impact of
consumer dual preferences on the adoption decisions of suppliers and retailers were
further analyzed, and relevant conclusions were drawn. This section uses Matlab R2022b
software for example simulation, and the relevant parameter assignments are consistent
with Section 5: d = 5,0 = 03,¢;, =03,c¢=01,7=05C=1,a = p =06,k =03,
m=0.3,0 =0.3,and 6 = 0.3 [33,41].



Systems 2025, 13, 737

22 of 35

NN*
7

0.4+

6.1. The Impact of Consumer Preferences on Preservation and Emission Reduction Efforts Under
Different Blockchain Adoption Models

Figure 6 reveals that consumers’ freshness preferences incentivize retailers to intensify
fresh-keeping efforts, with mutual blockchain adoption maximizing such efforts when
freshness preferences are high; conversely, under low freshness preferences, the BN strategy
yields peak preservation efforts as retailers engage in free-riding behavior, leveraging the
transmission effect of low-carbon preferences to boost sales and subsequently optimizing
freshness standards while ensuring profit maximization.

* * * ™
NB* g BN* BB AN* o NB*um BN*mm BB

(b)

Figure 6. The influence of consumer preferences on the level of preservation efforts and emission

reduction efforts. (a) The influence of 6 and ¢ on the level of preservation efforts (7) of retailers;
(b) The influence of § and J on supplier emission reduction efforts (r).

Please refer to Appendix B for the robustness test of Figure 6.

Figure 6b demonstrates that consumers’ low-carbon preferences drive suppliers to
elevate emission reduction investments, where dual blockchain adoption maximizes sup-
pliers’ reduction efforts. Furthermore, blockchain adoption by suppliers (versus retailers)
more effectively enhances these efforts. Synthesizing Figure 6’s findings, it can be inferred
that Corollary 5 holds.

Corollary 5. The influence of consumer low-carbon preferences (0, &) on preservation and emission
reduction efforts under different blockchain adoption models.
. 92Li* 924l
A: Sior > 0,555 > 0.

Corollary 5 establishes that heightened consumer low-carbon preferences amplify the
positive impact of freshness preferences on preservation investments; conversely, enhanced
freshness preferences intensify the stimulative effect of low-carbon preferences on emission
reduction efforts, as shown in Figure 6. When both preferences strengthen simultaneously,
they maximally stimulate FFSC investments in both emission reduction and freshness
preservation.

6.2. The Impact of Consumer Preferences on Supply Chain Profits Under Different Blockchain
Adoption Models

Figure 7 demonstrates that enhanced consumer preferences for both freshness and
low-carbon attributes increase profitability for suppliers and retailers. This occurs because
heightened low-carbon preferences drive suppliers to elevate emission reduction invest-
ments, while stronger freshness preferences incentivize retailers to intensify fresh-keeping
efforts, as established in Section 6.1. Increased emission reduction investments lower
suppliers’ carbon trading costs, whereas enhanced preservation efforts boost product sales.
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The synergistic effect of these mechanisms significantly amplifies profitability for both
parties. However, the magnitude of this positive impact varies across blockchain adoption
models, with the BB strategy exhibiting the most pronounced effect, enabling suppliers and
retailers to achieve peak profitability.

Please refer to Appendix B for the robustness test of Figure 7.

NN* NB* BN* BB*
. T }

(a) (b)

0.1 04

(c)

Figure 7. The influence of consumer preferences on FFSC profits. (a) The influence of 8 and J§ on

supplier profits; (b) The influence of 8 and 6 on retailer profits; (c) The influence of § and 6 on the
total profit of the FFSC.

7. Conclusions

This study focuses on four different blockchain adoption models and constructs four
game theory models: NN, NB, BN, and BB. By combining the CTP and consumers’ dual
preferences, it conducts a systematic analysis of the decisions made by various parties under
different blockchain adoption models in the FFSC and reveals the mechanism of blockchain
technology in supply chain emission reduction, freshness-keeping, and profit improvement.
The following elaborates on the results of this study and future research directions from
three dimensions: the main findings, management insights, and research prospects.

7.1. Main Findings

This study investigates blockchain adoption in an FFSC under CAT, examining
decision-making differences between suppliers and retailers across adoption models, ana-
lyzing impacts of carbon policies and dual consumer preferences on FFSC decisions, and
conducting an in-depth assessment of blockchain’s role. The main findings are as follows:

Firstly, most existing studies assume complete information symmetry among various
levels of the supply chain [7-13], which ignores the opacity of emission data and freshness
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in reality. This directly affects the decision-making of supply chain members under the CTP.
This study introduces blockchain as an enabling factor for the implementation of the CTP
and reveals its role in solving information asymmetry. The research finds that an increase
in CTP will push up wholesale and retail prices and lead to a decline in sales volume.
However, blockchain technology can alleviate this negative effect, and different adoption
strategies have different effects. Among them, under the BB model (both parties adopt
blockchain), blockchain synergy can maximize the enhancement of emission reduction
efforts and even make the wholesale price reverse decline when the carbon price is high.

Secondly, there are boundary conditions for suppliers and retailers to adopt blockchain
technology. Through the analysis of these boundary conditions, it is found that when either
the supplier or the retailer adopts blockchain technology, it will reduce the cost threshold
for the other party to adopt the technology, thereby increasing the other party’s willingness
to adopt blockchain.

Thirdly, in existing studies, there is a lack of models on how consumers” dual prefer-
ences (for low carbon and freshness) jointly affect blockchain adoption strategies [14-23].
To fill this gap, this study analyzes the joint impact of consumers’ dual preferences on
the boundaries of blockchain adoption. The research finds the following: (1) The impact
of consumer preferences on supply chain decisions varies depending on the entities that
adopt blockchain. Specifically, consumer preferences are rooted in their environmental
awareness, and the strength of such awareness depends on the information disclosure
level of supply chain members. Therefore, when consumers’ preference for low carbon
intensifies, under the BN model, the supply chain can further amplify the incentive effect
of this preference on suppliers’ emission reduction efforts by improving the level of prod-
uct information disclosure, thereby driving sales growth. When consumers’ preference
for freshness strengthens, the NB model will significantly promote retailers to enhance
their freshness preservation efforts. However, in the BB model, where suppliers have
already adopted blockchain, retailers may reduce their own freshness preservation input
due to “free-riding” behavior. (2) There is a significant interaction between consumers’
preference for low carbon and their preference for freshness, and blockchain technology
will strengthen this synergistic effect. Specifically, on the one hand, the improvement of
consumers’ low-carbon preference can enhance the marginal utility of freshness preference
on freshness preservation efforts; on the other hand, the improvement of freshness pref-
erence will amplify the promoting effect of low-carbon preference on emission reduction
efforts. This two-way enhancement reaches its peak under the BB model because the dual
information transparency of blockchain makes it easier for consumers to perceive the efforts
of the supply chain, forming an “emission reduction—freshness preservation” synergistic
cycle, and ultimately improving the overall profit of the supply chain. (3) The BB model
(both parties adopt blockchain) is the optimal choice in most scenarios, but its realization
requires specific conditions. Specifically, when the CTP is higher than a certain threshold
and consumers have strong dual preferences, this model can enable both suppliers and
retailers to achieve Pareto improvement in profits, reaching a “win-win” situation; this is
also a motivation for supply chain members to choose the BB model. In contrast, in the NB,
BN, and NN models, suppliers and retailers are always unable to maximize their interests,
so these models are not the optimal options.

Fourthly, the models used in existing studies [24-29,32,33] all presuppose that
blockchain is implemented synchronously in the entire supply chain, failing to cover
the real scenarios where supply chain members adopt blockchain individually. Different
from existing studies, this study incorporates the situation where supply chain participants
adopt blockchain technology individually into the model, focusing on exploring the game
relationship between supply chain members after the application of blockchain technology.
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The research finds the following: (1) For suppliers, if retailers have not adopted blockchain
technology, the increase in carbon prices and the enhancement of consumers’ low-carbon
preferences will promote suppliers to adopt blockchain, while the improvement of con-
sumers’ preference for freshness will weaken their willingness to adopt it. If retailers have
already adopted blockchain technology, the increase in carbon prices, low-carbon prefer-
ences, and freshness preferences will all encourage suppliers to adopt blockchain. (2) For
retailers, if suppliers have not adopted blockchain technology, only the strengthening of
consumers’ preference for freshness can prompt retailers to adopt it. If suppliers have taken
the lead in adopting blockchain technology, the increase in carbon prices, as well as the
enhancement of low-carbon preferences and freshness preferences, will all drive retailers to
follow suit in adopting blockchain.

7.2. Management Insights
Based on the conclusions in Section 7.1, we obtained the following management insights:

(1) Emission reduction and freshness preservation can be achieved synergistically, and
complete information disclosure has significant market value. The study shows that
through the collaborative adoption of blockchain upstream and downstream in the
supply chain (the BB model), enterprises can not only effectively cope with the pres-
sure of carbon costs but also achieve dual improvements in emission reduction and
freshness preservation. Blockchain technology enables emission reduction efforts
(such as the use of clean energy) and freshness preservation measures (such as cold
chain optimization) to be completely recorded and presented to consumers in an
immutable manner. This transparency significantly enhances consumers’ perception
and trust in the “green attributes” and “fresh quality” of products, thereby converting
dual preferences into actual purchase willingness and brand loyalty. Therefore, in
markets with high carbon prices and strong consumer awareness of environmental
protection and freshness, enterprises should give priority to promoting the collabora-
tive implementation of blockchain and transform the transparent supply chain into a
core competitiveness.

(2) Consumers respond positively to integrated information on “emission reduction—
freshness preservation”, with significant marketing value. Managers should com-
pletely change the practice of spreading information on emission reduction and
freshness preservation separately. The study confirms that consumers particularly
recognize the synergistic relationship between the two (such as how low-carbon
logistics promotes freshness preservation and how high-quality cold chains reduce
carbon emissions). With the credible traceability platform provided by blockchain,
enterprises can systematically display the whole-process efforts of products from low-
carbon production to efficient freshness preservation, such as highlighting integrated
information like “solar-powered cold chain transportation reduces carbon emissions
and ensures freshness at the same time”. This marketing strategy can maximize the
emotional resonance and persuasive effect of information, significantly improving
consumers’ willingness to pay, especially in the high-end fresh food market.

(3) Dynamically grasp the timing of adoption and use one party’s investment to re-
duce the other party’s risks. Although the synergy between emission reduction and
freshness preservation is ideal, its realization depends on an appropriate blockchain
adoption strategy. Enterprises need to realize that the early investment of either
party (such as suppliers with strong carbon policy constraints taking the lead in emis-
sion reduction, or retailers driven by quality demands giving priority to freshness
preservation) will create more favorable conditions for the subsequent participation
of the other party by reducing information asymmetry (such as sharing data to re-
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duce verification costs). Therefore, enterprises should regularly evaluate external
policies (carbon prices) and internal preferences (changes in consumers’ attention
to low carbon and freshness) and dynamically adjust investment strategies. After
suppliers have proven emission reduction effectiveness with the help of blockchain,
retailers” introduction of freshness preservation traceability will achieve twice the
result with half the effort, and vice versa. Through this strategic step-by-step imple-
mentation, enterprises can more steadily move towards a virtuous cycle of “emission
reduction—freshness preservation—information transparency”.

7.3. Research Prospects

Although this paper explores the blockchain adoption strategies in the FFSC under

the background of CTP and consumers’ dual preferences, there are certain limitations in

the research design and scenario coverage:

@

@)

®)

4)

®)

The research framework only focuses on a two-echelon supply chain structure com-
posed of suppliers and retailers and fails to include more market entities, such as
third-party logistics enterprises, upstream producers, and terminal service providers
into the analysis scope. As a result, it is difficult to fully reflect the complex ecology
of multi-agent collaborative operations in the actual FFSC, and it is also unable to
accurately capture the interactive game relationships among different subjects in the
process of blockchain technology adoption.

Regarding the cost consideration in the application of blockchain technology, it is only
set from a static perspective, and factors such as technological iteration and upgrad-
ing, dynamic cost changes brought about by economies of scale, and differences in
technological input capabilities among different enterprises are not included. This
reduces the applicability of the research conclusions in cost-sensitive scenarios.

In the analysis of the policy environment, in-depth exploration of the impact of
variables, such as regional differences in the implementation intensity of CTP and
the adjustment frequency of policy details on the decision-making of supply chain
subjects, is lacking. Thus, it is difficult to fully reveal the logic of blockchain adoption
strategy selection under policy uncertainty.

In the risk assessment of blockchain investment decisions, there is no systematic
differentiation between the risk exposure differences of buyers (retailers) and sellers
(suppliers), nor has a risk-return trade-off model similar to the “acceptance sampling
operation curve” been constructed.

The model fails to account for preference heterogeneity among consumer groups.
For instance, some consumers prioritize low-carbon attributes, others focus more on
freshness, and others demand both. As a result, it is difficult to reveal the differenti-
ated value propositions and adoption benefits of blockchain technology for different
market segments.

Based on the above limitations, future research can be expanded and deepened from

multiple dimensions:

@

@

The research model can be extended to a three-echelon or higher multi-echelon supply
chain system, and a collaborative decision-making framework involving multiple
subjects, such as producers, suppliers, retailers, and third-party logistics, can be
constructed. This will be more in line with the actual operation of the entire FFSC
from the production source to the consumer terminal.

Emphasis should be placed on incorporating the analysis of dynamic fluctuations
in blockchain technology costs, comprehensively considering the changing laws of
technology procurement costs, maintenance costs, and upgrade costs over time and
with application scale. At the same time, the heterogeneous characteristics of policies
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in different regions and of different types should be introduced, such as differences in
carbon quota allocation methods and gradients of policy implementation intensity, to
enhance the adaptability of the model to the real economic environment.

(8) Itis possible to combine the actual operation cases of typical fresh food enterprises,
verify the practical applicability of the theoretical model through data verification and
model correction, and promote the research conclusions from the theoretical level to
practical application.

(4) A buyer—seller risk-balancing framework for blockchain investment could be intro-
duced and a supply chain-specific “blockchain operation curve” constructed.

(5) In the future, consumer questionnaires and cluster analysis can be used to identify
customer groups with different preference types. Furthermore, the differences in the
marginal impact of blockchain technology on the purchasing decisions of various groups
can be analyzed, thereby helping enterprises formulate blockchain adoption and market-
ing strategies with clearer target markets and higher input-output efficiency.

Through in-depth research in these expanded directions, it is expected to provide a

more operable and practical decision-making basis and path references for the in-depth
integration of low-carbon transformation and digital upgrading of the FFSC.
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Proof of Corollary 1. A
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apNB*ap :76( em(a6 +d) + afm(ab + ¢ + d) + k(B m)) <0, op >8p -0, (A23)
ob ob b2e2m + 2abefm + 2262k — 8km + a26%m ob ob
aq;’:* B aq:bN* _ 4e2k>m>E (b?e?m + 2bem (c — d) + 2B%(B — 4)kmE — afm (a6 — 2c + 2d) + 8km) >0, aq:bN* - Bqa’\;B* <0, (A24)

(b2e2m + 2abefim — 2k(B2BmE + 4m — 4B2mVmE) + a262m)> (mE(af? + be)® +2(B — 4)kmE — 8kmE)
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(b?e®m + 2abefm — 2k (B> BmVmE + 4m — 4*mE) + a292m)3

ortlNBx NN 2ekmE(be + ¢ — d)(mE(ab + be)(—ab + ¢ — d) — 2(B — 4)kmE + 8kmE NN+ 5 NBx
ngb nz;b _ ( (mE( )( (B—4) ) - n&;b _ na,h <0, (A25)

2ekm(be + ¢ — d) (B2(B — 4)mE + 4m) (mE(a6 + be)? +2(B — 4)kmE — SkmE)

where B =4 — = )>OE—17—1

9 . 0-+be)?(—ab+c—d
Let f(C) = nab , solve f(C) = 0 to obtain C = _(“8?0(9:)»2(276?;(:+Cd) ) where f/(C) =

82

_ NB
abac Therefore, ifC<— (a0+be)’ (—ab+c—d) Or]

8(a0+2be+c—d) 7 b

> 0;
(n—l)m(a()-i—he)( ab+c—d)
2(62+4(np—1)m)(ab+2be+c—d)’
(q—l)m(zxe—l—be)z(—ae—i-c—d) orNB+

< 0, otherwise a

Let g(k) = a’T, solve g(k) = 0 to obtain k = — where

aZ NBx . 9 NBx
g’ (k) = % Therefore, if k < — S(ETA0) D)) (a0 2beto—d)) b 0, otherwise “5— <
0;
Let h(6) = Tab , iglve h(6) = 0 to obtain § = J1, where g(&) = %. Therefore, if
1) < o1, aTab > 0, otherwise, BTT < 0, where

b= \/%(1 —1)m(b%e2 + 2be(c — d) — ab(ad — 2¢ +2d) + 8k). O
Proof of Corollary 2. B

dwNN*  amE (be + ¢ — d) (b®>mE + 2ab*¢*0mE + abe6*mE + 2a0k((B — 4)mE — 4mE))

5 = : >0, (A26)
(mE(ocG + be)? +2(B — 4)kmE — SkmE)
opNN* amE(be + ¢ — d) (b3e*mE + 2ab?e*9mE + bemE (a?6% — 4k) + 2a6k((B — 4)mE — 6mE)) =0 (A27)
- . )
9 (mE(aG + be)? +2(B — 4)kmE — 8kmE)
9NN« amE(be +c —d) (mE(rx() + be)? — 2(B — 4)kmE + 8kmE>
= . - >0, (A28)
(mE(ocG + be)? +2(B — 4)kmE — SkmE)
dwNB* 20kmE(be + ¢ — d) (b?*e* — a?6?) =0 (A29)
- S >0,
9 (mE(ocG + be)? +2(B — 4)kmE — 8kmE)
opNB*  26kmE(be 4 ¢ — d) (4k + a?6? — b?e?) =0 (A30)
_ S >0,
9 (mE(sz +be)? +2(B — 4)kmE — 8kmE>
ogNB* 85k?>mE (be + ¢ — d) =0 (A31)
90 (b2e2Em + 2abeEOm + 2(B — 4)kmE — 8Ekm + a2E?m)*
NBx* 2 _ 1\2
871855 _ 40k*mE(be +c —d) >0, (A32)
(mE(ocG +be)? +2(B — 4)kmE — 8km15)
drNBs  20kPmE(be +c — d)? (mE(sz +be)® — 2(B — 4)kmE + 8kmE)
= . - >0, (A33)
(mE(th +be)? +2(B — 4)kmE — 8kmE>
9eNBs  k(be+c —d) (mE(ocG + be)? — 2k((B — 4)mE + 4mE))
o - 5 >0, (A34)
(mE(sz + be)? +2(B — 4)kmE — 8kmE>
NBx NN 2,2 _ 2 _ap2? 202,12 NBx NNx*
awa(; /awa(s _ E(b*e*m + 2abeOm — 2k (B*BmE + 4m — 4B*mE) + a*6%m) o1 awaé . awa(s S0, (A3)

2
p2 (mE(ucB + be)? +2(B — 4)kmE — 8kmE>



Systems 2025, 13, 737 31 of 35

apNB*

0 90

NN+ F(p2e2 2abedn — 2k (B2BmE - 4m — 4B2mE 202> NBsx NN
opNN*  E(b%em + 2abefm — 2k(B*BmE + 4m ﬁm)+2¢x m) _q NP op S0 (A3)
p2 (mE(sz + be)? +2(B — 4)kmE — 8kmE>

T 06

9rNBx  goNNx  (b?e®m + 2ubeOm — 2k (B?BmE + 4m — 4°mE) + a26%m) (mE(ocG + be)* — 2k((B — 4)mE + 4mE))
_ >1, (A37)

90 99 B(b%e2m + 2abedm + k(2p2BmE — 8m — 8B2mE) + a262m) (mE(sz + be)® +2(B — 4)kmE — 8kmE)

NBx NNx* 2
T > Yoy > 0,where B=4— 20 > 0,E=y-1.0

Proof of Corollary 3. The proof of Corollary 3 is similar to Corollaries 1 and 2. [J
Proof of Corollary 4. The proof of Corollary 4 is similar to Corollaries 1 and 2. [J

Proof of Proposition 1. A

b2e?m + 2bedm + 2(n — 1)k(4m — B*62) + 6%m
b2e?m + 2beOm + 2k(62 + 4(n — 1)m) + 6%m

pBB* / BNx _ >1, (A38)

(be +60) (b?e*(7 — 1)m + 2abe(y — 1)0m — 2k (6% 4+ 4(y7 — 1)m) + a*(n — 1)6°m)
(7 —1)(ab + be) (b?>e*>m + 2bebm + 2(n — 1)k(4m — B26%) + 6%m)

PNBx NN+ _ (1—1) (k(8m — 226%) — abm(ab + 2be))
T b2e2(n — 1)m + 2abe(n — 1)0m — 2k(6% + 4(n — 1)m) + a2(y — 1)0%m

therefore, rBB* > yBN* > pNBx  (NN* 7

pBNx /pNBx — > 1, (A39)

>1, (A40)

Proof of Proposition 1. B

It is not difficult to see from Figure 2b that T NBx

NN* and tNB* intersect at point (b1, T(b1)),

and t2N* and t8B* intersect at point (b, T(b2)).

Therefore, let t(b) =  TVN* — tNB* solving 7(b) = 0 vyields
by = £ /(1= 1)@ =20y +1)— 20,

Let 7/(b) = tBB* — tBN* solving 7/(b) = 0, by = % x /(1—n)(a? —2an+1) +
Sla(1—n)—1]

er :

Therefore, when b < by, T™NB* > BBx » BNx ~ NN+ wwhen by < b < by, T88* >

TNB* > TBN* > TNN*’. when b > bZ/ TBB* > TNB* > TNN* > TBN*. O
Proof of Proposition 2. The proof of Proposition 2 is similar to Proposition 1. [

Proof of Proposition 3. The proof of Proposition 3 is similar to Proposition 1. [J

Appendix B. Robustness Testing of Numerical Simulation Examples

In order to verify the robustness of the numerical simulation in Section 6 of the main
text, we set different parameter values and plotted the changes in preservation efforts,
emission reduction efforts, supplier profits, retailer profits, and total supply chain profits,
as shown in Figures A1-A5.

Further, take m = 0.6, b = 0.3, and m = 0.3, b = 0.8, respectively, and redraw Figure 6a,
as shown in Figure Al.
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TNN*-TNB*-TBN*-Z.BB* TNN’(-’L'NB.-‘[BN*-‘[BB‘

(a)m=0.3,0=0.8 (bym=0.6,b=0.3
Figure A1. The influence of 6 and & on the level of preservation efforts (7) of retailers.

Take k=0.3,b=0.8, and k = 0.6, b = 0.3, respectively, and redraw Figure 6b, as shown
in Figure A2.

* * * *
rNN - rNB - rBN - rB'B Y‘NN*- I"NB*- rBN*- rBBt

(@) k=0.3,b=08 (b)k=0.6,b=03
Figure A2. The influence of 6 and ¢ on supplier emission reduction efforts (r).

Take k=0.3,b=0.1, and k = 0.6, b = 0.3, respectively, and redraw Figure 7a, as shown
in Figure A3.

* *
ﬂ'NN - n.iVB

BN* _ _BB*
s IS - ”S

0.4 0.1 8 ' 0.4~ 0.1 g

(a)k=0.3,b=0.1 (b) k=0.6,b=0.3
Figure A3. The influence of 6 and 6 on supplier profits.

Take m =0.6, b =0.3, and m = 0.3, b = 0.8, respectively, and redraw Figure 7b, as shown
in Figure A4.
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NN* NB* BN*
7[r 7l'r -ﬂr

« NN* NB* BN* BB*
(=] TL'fB Ir ”r - i r

0.4 0.3
0.3 0.2
0.2 R

0.1

0.1 0.4 0.4
01 S
. 0.2 . 0.1

0.3 04 0.1 0 0.2 0.3 0.4 0.1 P
) J
(@) m=0.6,b=03 (b)m=03,b=038

Figure A4. The influence of 6 and ¢ on retailer profits.

Take k=03, m=0.6,b=03and k =0.6, m = 0.3, b = 0.8, respectively, and redraw
Figure 7c, as shown in Figure A5.

NN* ., NB* g~ BN* gu ~ BB*
‘ T o gt [ T NN* o o NB* g 2 BN g BB

0.8 0.6 4

oo \
041

% 04 e , &
0.2- 025
0- 0.1 . 0.1
G4 0.4 0.2
0.3 02 03
0.2 : .
S 0.1 04 0 S5 0.1 04 0
(a) k=03, m=0.6,b=03 (b) k=0.6,m=03,b=0.8

Figure A5. The influence of 6 and ¢ on the total profit of the FFSC.
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