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Abstract: Animal husbandry is an important industry related to the national economy and people’s
livelihood, and its coordinated development can continuously enhance the quality, efficiency, and
competitiveness of the livestock industry, and better meet the people’s diversified consumption
demand for livestock and poultry products. In this paper, considering the government’s green
subsidy to the leading enterprises in the green supply chain of livestock products, the article uses
the stackelberg game method to establish the decision-making models of the green supply chain
of livestock products led by the co-operatives and the slaughtering and processing enterprises,
respectively, and measures the optimal greenness of the livestock products. Different from the
previous optimal decision-making and coordination of interests in the case of only considering
economic benefits, this paper combines economic and ecological benefits to construct a coordination
mechanism of interests in the green supply chain of livestock products in line with the concept of
ecological priority and green development. The conclusions showed that: (1) Under the background
of considering economic and ecological benefits, the influence of greenness sensitivity factor, freshness
sensitivity factor, and government subsidy factor on the decision-making of green supply chain of
livestock products is not affected by the operation mode and decision-making scenario, with the
increase in the three factors, the greenness, freshness, and total benefits of the green supply chain
of livestock products. (2) The greenness, freshness, and total benefits of green supply chain of
livestock products are higher in the operation mode led by slaughtering and processing enterprises,
which is more favorable to the development of green supply chain of livestock products from the
perspective of supply chain development. (3) Compared with decentralized decision-making mode,
both benefit-sharing and cost-sharing contracts increase the greenness and freshness of livestock
products, significantly reduce the retail price of livestock products, which improves the benefits of the
co-operatives, slaughtering and processing enterprises, 3PL (third-party logistics) service providers,
and retailers as well as the entire green supply chain of livestock products. Based on the research
findings, this article proposes relevant management insights to better promote the coordination of
interests in the green supply chain of livestock products.

Keywords: green supply chain of livestock products; optimal greenness decision; coordination
contract; operation mode; stackelberg game

1. Introduction

Animal husbandry is an important industry related to the national economy and
people’s livelihood. Meat, eggs, and milk are important varieties of the people’s “food
basket” [1]. The Ministry of Agriculture and Rural Affairs in China issued the “14th
Five-Year” National Animal Husbandry and Veterinary Medicine Sector Development
Plan in 2021, which puts forward that China will have made significant progress in the
modernization of animal husbandry by 2025 [2]. Since the 20th National Congress of the
Communist Party of China, China has proposed to build an important production base for
agricultural and livestock products and build a high-quality pattern of development of
the animal husbandry industry. The construction of a high-quality development pattern
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of animal husbandry can not only consider the maximization of the economic benefits of
animal husbandry but also needs to consider the economic benefits, ecological benefits and
social benefits to achieve the coordination and integration of the development, which is the
key to whether animal husbandry can achieve high-quality development and whether the
modernization goals of pastoral areas can be achieved.

The livestock supply chain connects consumers” “food basket” at one end and herds-
men’s “money bag” at the other, which is a “converter” for the coordinated development
of animal husbandry. The green supply chain of livestock products is an important carrier
to achieve high-quality development of animal husbandry [3], in which the interest is
the fundamental link between the green supply chain of livestock products. The interest
coordination mechanism is the institutional guarantee for the distribution of benefits and
risk-bearing in the green supply chain of livestock products. The construction of a scien-
tific and reasonable benefit coordination mechanism can help to achieve the coordinated
development of economic, ecological, and social benefits of the green supply chain of
livestock products, which can better achieve the high-quality development of the entire
animal husbandry industry.

However, there are currently problems in the development of green supply chains for
livestock products in China, such as unequal distribution of benefits, information asym-
metry, uneven sharing of green costs, imperfect risk sharing mechanisms, and ineffective
interest coordination mechanisms [4,5]. In addition, some market entities blindly pursue
economic benefits while neglecting ecological and social benefits, resulting in low opera-
tional efficiency of the green supply chain for livestock products. Besides, consumers pay
more and more attention to the greenness and freshness of livestock products. Therefore,
based on the previous research, this paper focuses on key research questions as follows:
(1) How to make decisions on the optimal greenness of the green supply chain of livestock
products? (2) How to deeply explore the main factors affecting the greenness of livestock
products and the degree of influence? (3) How to achieve the coordination of interests in
the entire green supply chain of livestock products while ensuring both their greenness
and freshness? These are important issues to be solved in this paper.

An important contribution of this paper is to construct a four-level green supply chain
of livestock products consisting of co-operatives, slaughtering and processing enterprises,
retailers, and 3PL service providers, and conduct an in-depth study on the optimal decision-
making and coordination of interests in the green supply chain of livestock products under
government subsidies to make the study more realistic and objective. In addition, the
article combines the characteristics of livestock products, comprehensively considers the
economic and ecological benefits of the green supply chain of livestock products, researches
the optimal decision-making of the green supply chain of livestock products, and considers
the impact of the optimal decision-making results on the social benefits of the green supply
chain for livestock products. At the same time, the article designs coordination contracts to
achieve the coordination of interests in the green supply chain.

The remainder of the paper is organized as follows: Section 2 briefly reviews the
relevant literature. Section 3 introduces the game analysis of participating subjects in the
green supply chain of livestock products. Section 4 discusses a contract for the coordination
of interests in the green supply chain of livestock products under different operation modes.
Section 5 presents the conclusions and management insights.

2. Review of Relevant Literature

At present, scholars at home and abroad have carried out continuous exploration
around the green supply chain of agricultural and livestock products, mainly focusing on
the optimal decision-making, operation mode, and coordination of interests in the green
supply chain.

Research on optimal decision-making in green supply chains of agricultural and live-
stock products mainly focuses on two or three levels. Fang et al. analyzed the effects of
freshness input level and shelf service level of fresh agricultural products on the optimal
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decision-making and profitability of a two-level supply chain [6]. Li and Ouyang con-
structed a two-level agricultural products supply chain considering the effects of time and
temperature on the optimal decision-making of the supply chain of fresh agricultural prod-
ucts and the demand [7]. Hua and Ding considered the effect of market stochastic demand
on the optimal decision-making of the green supply chain for agricultural products [8]. Park
and Hu found that the factor of consumer green preference and the freshness sensitivity
factor have a positive incentive effect on the performance of the three-level fresh product
supply chain [9]. As an important participant in the green supply chain of agricultural and
livestock products, 3PL service providers have an advantage over suppliers and retailers
in preserving freshness of fresh agricultural products [10], so it is valuable to study the
coordination of interests in the green supply chain of agricultural and livestock products
with the participation of logistics service providers. Lv et al. considered a three-level fresh
product supply chain consisting of a supplier, a third-party logistics company, and two
competing retailers, in which the supplier co-operates with the 3PL service providers on the
cold chain and product traceability [11]. Feng and Gu focused on the coordination problem
of the three-level fresh product supply chain, found that 3PL domination led to an increase
in its own profit [12]. The importance of logistics service providers in the green supply
chain of livestock products is undoubted, but the green supply chain of livestock products
involved in the production activities of the livestock industry is very complex, including
not only the whole process from the supply of forage, breeding, production and breeding,
and slaughter and processing to the distribution of the sale of the whole process, but also
includes animal welfare and government policy considerations. Therefore, a purely two-
or three-level green supply chain of livestock products cannot meet the actual production
needs, and a multi-level green supply chain of livestock products should be studied in the
light of production needs.

Due to the perishable nature of agricultural and livestock products, which make
the green supply chain of agricultural and livestock products distinctly different from
other supply chains, the degree of greenness and freshness have become important factors
affecting the decision-making of the green supply chain of agricultural and livestock
products. For example, Chen et al. introduced the variable of greenness in their study to
explore the game problem in the dual-channel agricultural supply chain and emphasized
the important role of greenness in improving the efficiency of the agricultural supply
chain [13]. Liu et al. introduced brand goodwill on this basis and explored the trajectory of
product greenness and brand goodwill [14]. Chen et al. focused on the impact of the 3PL
freshness level on each participating subject as well as the total profit of the agricultural
products supply chain [15]. Yang and Lu took into account the impact of freshness level
of fresh agricultural products on the purchasing power of the market [16]. To promote
ecological protection, the government will implement green subsidy policies to further
promote the development of green supply chains. Zhang et al. studied a three-level
green supply chain composed of government, manufacturer, and retailer, and found that
government green subsidies have a positive effect on the development of green supply
chains [17]. The study by Zhou and Fu also showed that government subsidies help
promote the development of the green supply chain [18].

With regard to the operation mode of the green supply chain of livestock products,
existing studies have mainly analyzed the supply chain system for agricultural and livestock
products and its coordination of interests from the perspective of “leading enterprises in the
agricultural and animal husbandry industry” or “retailers”. Few studies have been carried
out from the perspective of “co-operatives”, which represent the interests of herdsmen.
For example, Song and Gao established a green supply chain game model under retailers
and found that the retailer-led revenue-sharing contract has a higher level of greening [19].
Giri et al. analyzed the pricing and return decisions of the supply chain under centralized,
decentralized manufacturer-led, retailer-led, and third-party-led scenarios and found that
the retailer-led scenarios provided more profits [20]. Lin et al. incorporated the fairness
preferences of upstream and downstream firms into a retailer-led supply chain decision-
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making model to investigate the impact of the fairness preferences on the equilibrium
decision-making and operational efficiency of the supply chain [21]. Gao and Mu used the
modified Shapley value method to study the distribution of benefits of the main bodies
in the alliance of a “co-operative-led agricultural supply chain” [22]. Tu et al. studied
the benefit distribution mechanism of farmers” professional co-operatives based on the
supply chain perspective [23]. In addition, the operation mode of the green supply chain
of agricultural and livestock products led by logistics service providers is also relatively
rare, which is mainly attributed to the limitations of logistics service providers in terms
of scale, resources, and capacity, which makes it difficult for them to assume the heavy
responsibility of leading the supply chain.

Supply chain coordination is one of the main directions of supply chain management
research, and the establishment of coordination mechanisms is often the main means to
solve the problem of incoherence among supply chain members. In order to enable the
supply chain to operate efficiently and stably, the benefits among the partners should
be reasonably distributed. Yan et al. studied the product freshness decision-making of
manufacturers and retailers in the fresh product supply chain and designed a benefit-
sharing interest contract [24]. Yang et al. studied the benefit coordination mechanism of a
three-level fresh product supply chain under unexpected events [25]. Xiong et al. studied
the freshness input decisions of the supply chain and explored the impact of supply chain
allies” preferences on benefit coordination [26]. Some scholars have also designed the
benefit coordination mechanism under demand uncertainty, such as Feng et al. constructed
a three-level agricultural supply chain and designed the contract of wholesale price to
achieve the coordination of the supply chain [27]. Zhou et al. designed a choice contract
to achieve coordination of interests and information sharing in a two-level fresh product
supply chain under demand uncertainty [28]. Ma et al. studied the coordination of interests
in a three-level fresh product supply chain involving logistics service providers based on
the information asymmetry scenario [29]. The intervention of 3PL is of great practical
significance for improving the circulation efficiency of the fresh product supply chain,
but it also increases the complexity of the supply chain contract. Ma et al. studied the
coordination of interests in a three-level agricultural product supply chain consisting of
farmers, 3PL service providers, and retailers, and established a dynamic game model
under the decentralized and centralized decision-making modes [30]. Zhang investigated
the involvement of a 3PL service provider in the interest coordination of the agricultural
and livestock product supply chain and designed different contracts to achieve interest
coordination [31].

The above literature has been studied from the single perspectives of a three-level
green supply chain, greenness, freshness, and government subsidy, respectively, and there
is a lack of studies that incorporate these factors into the green supply chain at the same
time. Moreover, in the actual green supply chain operation of livestock products, the com-
position of the supply chain is more complex and rich in levels, usually involving multiple
participating bodies. Among them, 3PL service providers, an important participant in the
green supply chain of livestock products, are of great value to the study of coordination of
interests in the green supply chain of livestock products. In addition, the existing literature
focuses on economic benefits in the coordination of interests, and few studies consider the
impact of ecological and social benefits on the optimal decision-making and coordination
of interests in the green supply chain of livestock products.

Therefore, this study chooses a four-level green supply chain of livestock products,
conducts an in-depth study on the optimal decision-making and coordination of interests
in the green supply chain of livestock products, and considers the impact of the optimal
decision-making results on the social benefits of the green supply chain of livestock prod-
ucts. The research results can further enrich the theoretical system of green supply chain
optimal decision-making and benefit coordination.
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3. Game Analysis of Participating Subjects in Green Supply Chain of
Livestock Products

With the rapid development of the economy, and the upgrading of consumer attitudes,
consumers’ requirements for the quality of livestock products continue to improve, the con-
sumer preference for green livestock products has increased significantly, and the greenness
of livestock products has become an important influence on consumer purchasing choices.

In the process of the supply chain members’ game, influenced by their own economic
strength, information resources acquisition ability, brand influence, and other factors, each
member of the supply chain may become the dominant player in the supply chain, such
as Hongfa Group (National Trade Limited Liability Company in Siziwang county) and
other large slaughtering and processing enterprises with strong strength, which usually
occupy a dominant position in the supply chain. In addition, with the rapid development
of co-operatives, a green supply chain of livestock products led by co-operatives has also
been formed in recent years. In the game of the supply chain, the dominant has higher
decision-making power.

Based on the aforementioned, this paper will investigate the optimal greenness, fresh-
ness and the total benefits of the green supply chain of livestock products under the two
different operation modes.

3.1. Problem Description and Model Assumptions
3.1.1. Problem Description

The four-level green supply chain model of livestock products constructed in this
paper is shown in Figure 1, in which the co-operatives are responsible for the breeding of
livestock products and the provision of primary livestock products; the slaughtering and
processing enterprises are responsible for the primary processing and deep processing of
livestock products as well as the sales of livestock products to the retailers; the retailers are
responsible for the retailing of livestock products to the consumers; and the 3PL service
providers are responsible for the cold-chain logistics services of livestock products, so as
to better ensure the freshness and quality of livestock products and meet the high-quality
demand of end-consumers for livestock products.

Slaughtering and N
) s s 3PL Service .
Co-operatives > Processing > > Retailers
Providers
Enterprises

Figure 1. Green supply chain structure for livestock products.

Before the arrival of the sales season, the slaughtering and processing enterprises
place orders of g in quantities according to the end-consumers’ demand and the general
requirement of greenness to the upstream co-operatives, which supply the products accord-
ing to the order quantities of the slaughtering and processing enterprises, and then sell
them to the slaughtering and processing enterprises at the wholesale price w per unit; the
slaughtering and processing enterprises process the products according to the consumers’
requirement of greenness g, and sell them to the downstream retailers at the retail price
Pm. At the same time, the 3PL service provider is commissioned to provide relevant cold
chain logistics services at a price p;. The 3PL service provider ensures the freshness f; level
of the products by providing high-quality cold chain logistics services; the retailers sell
the livestock products to consumers at the retail price p. Consumers can measure their
purchasing decision based on the retail price p, the greenness g, and the freshness f, of the
livestock products.

3.1.2. Model Assumptions and Notation

In order to make the model expression more intuitive and concise, the relevant pa-
rameters and symbols involved in the decision-making model are described as shown in
Table 1 (the superscript S denotes the co-operative-led operation mode and M denotes the
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slaughtering and processing enterprise-led operation mode; cd denotes the centralized
decision-making scenario; dd denotes the decentralized decision-making scenario):

Table 1. Parameters and variables related to the game model of green supply chain of livestock

products.
Notation Clarification
14 Retail prices of livestock products
gr Level of greenness of livestock products
fr Level of freshness of livestock products
w Wholesale prices of livestock products
Pm Prices of intensively processed livestock products
P Prices of services in logistics
Iy, Total benefits of green supply chain of livestock products
Ig, Economic benefits of green supply chain of livestock products
Iy Ecological benefits of green supply chain of livestock products
IT; Benefits of co-operatives
Iy, Benefits of slaughtering and processing enterprises
I, Benefits of retailers
IT, Benefits of 3PL service providers
Cs Unit production costs of livestock products
Cm Unit processing costs of livestock products
cr Unit cost of sales of livestock products
C Unit logistics service costs for livestock products
D Quantity demanded
a Livestock products market size
« Marginal cost coefficients for green inputs
B Marginal cost factor for fresh inputs
A Retail price sensitivity factor
U Greenness sensitivity factor
n Freshness sensitivity factor
S0 Government subsidy factor for slaughtering and processing enterprises
Sm Government subsidy factor for co-operatives

Assumption 1. Each subject in the green supply chain of livestock products is completely rational
and seeks to maximize its own interests; each member of the supply chain shares information and
the information is completely symmetric; and they are all risk-neutral.

Assumption 2. The demand for livestock products is affected by a combination of factors such as
freshness, greenness, retail price, etc. The demand function is as follows: D = a — Ap + ug, + 1 fr.

Assumption 3. The green investment cost and the greenness of livestock products is a quadratic
function relationship [32]; the specific functional relationship formula is: C; = ag?/2.

Assumption 4. The cost of preservation investment and the level of freshness of livestock products
is a quadratic function; the specific functional relationship is: Cy = BfZ/2.

Assumption 5. The government needs to formulate relevant government subsidy policies in order to
promote the development of the green supply chain of livestock products, to incentivize co-operatives
and slaughtering and processing enterprises to make green innovation efforts and contributions,
respectively, and to advocate and guide consumers toward green consumption. It is assumed that
the government will subsidize different leading enterprises in the green supply chain of livestock
products.

Specific government subsidies are listed below:

Government subsidies to co-operatives: As there are more subsidies in the farming
sector, including subsidies for livestock breed improvement, machinery and equipment,
shed subsidies, and manure treatment subsidies, the government will subsidize the co-
operative’s green investment costs according to a certain subsidy factor of spag? /2. For
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example, the government of Chifeng City subsidizes the nature co-operative’s machinery
and equipment inputs.

Government subsidies to slaughtering and processing enterprises: Generally speaking,
government subsidies to manufacturers are based on the level of green innovation efforts
made by the manufacturer to produce the product. According to this definition, the amount
of subsidy per unit of livestock product is s,,g;, and the government subsidy increases as
the level of greenness of the product increases.

Assumption 6. Referring to the study of Cao Yu et al. [33], this paper also assumes that the total
amount of government subsidies S is fixed and equal, which is S = soag?/2 = Sy gr-

Assumption 7. This paper takes the total benefit of the whole green supply chain of livestock
products as the decision-making goal, and the total benefit includes economic benefit and ecological
benefit. Among them, the economic benefit under centralized decision-making is the total profit of
the green supply chain of livestock products, and the economic benefit under decentralized decision-
making is the sum of the profits of each participating subject; the ecological benefit under centralized
and decentralized decision-making is the product of the greenness of the unit product and the market
demand [34]; the total benefit of the green supply chain of livestock products (Il,) = the economic
benefit of the green supply chain of livestock products (I1g,) + the ecological benefit of the green
supply chain of livestock products (I1g;).

Assumption 8. Referring to the study of scholars Cao Yu et al., social welfare (SW) consists of the
economic benefits of the green supply chain of livestock products, ecological benefits of the green
supply chain of livestock products, government subsidies, and consumer surplus [35].

3.2. The Game Model of Green Supply Chain of Livestock Products Led by Co-Operatives
3.2.1. Centralized Decision-Making Led by Co-Operatives

The co-operatives occupy a dominant position in the green supply chain of livestock
products, and the operation mode led by co-operatives is as shown in Figure 2.

Government

-
-

R
s Subsidy S, g /2

Slaughtering and

@pl l -
Processing —>| 3:;3;{;:? '—Pl Retailers |—>| Consumers
Ofr ®p:

Enterprises

Dominant Enterprise

Figure 2. The operation mode of the green supply chain of livestock products led by co-operatives.

Co-operatives in this mode tend to be larger in scale. Co-operatives participating in
this kind of green supply chain alliance of livestock products have a larger number of
members, cover a larger area, have a higher degree of mechanical automation, and have a
more advanced level of management. Large-scale operation is the key to the co-operatives’
dominant position in the green supply chain alliance of livestock products. For example, the
Talinhua Co-operatives of Arukolqin county, which has its own trademark and has obtained
green food certification, established a co-operative relationship with local slaughtering and
processing enterprises, occupying a dominant position in the supply chain.

Based on the above assumptions, the economic benefit function, ecological benefit
function, total benefit function, and social welfare function of the green supply chain
of livestock products under the centralized decision-making led by co-operatives are
as follows:
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Economic benefits of green supply chains of livestock products:

1 1
iy = (p—cs—em—cr —a)(a—Ap+pugr +1fr) = 5 (1—s0)ag? — 5Bf7 (1)
Ecological benefits of green supply chains of livestock products:

1559 = (a — Ap + ugr +1fr)8r )

Total benefits of green supply chains of livestock products:

1 1
H%d =(p—cs—cm—cr—c+gr)(a—Ap+pugr+1fr) — E(l —50)ag? — E,Bfrz 3)
Social welfare:

SWS = (p—cs —cm —¢r — €1 + 8)(a — Ap + ugr + 11f)

(4)
—3(1 —so)ag? — IBfF+ 3(a—Ap+ pgr + 1)

In the centralized decision-making scenario, the overall objective is to maximize the
total benefits of the green supply chain of livestock products, and the decision variables are
retail price p, greenness g, and freshness f;, of livestock products.

The Hessian matrix about these three decision variables is as follows:

2 17Scd 2 17Scd 2 17Scd
9 HTr 9 HTr 9 HTr

9 ZaIIzIZScd aa2pIaTgSrcd aaZPIE—’I'QCd —2A K= A U

H(p,&r fr) = | 555m st gl | = |[HTA 2t a(so—1) 7 )

215 921 92 g U U —p

afrap afragr af}
D7 = —(—2A) =22 (6)
Scd —2A u— A . o _\2 2
Dy = ’V A 2ualso—1)| 20A —2Au — A* — p® —2alsy (7)
—2A u—A n
Dy = —|u—A 2u+a(so—1) 7 ®)
U U —p

= —(an? + BA? + Bu? — 2aBA + 2BAu — an?sy + 2aBAsy)

According to the Hessian matrix negative definite condition, the optimal decision
exists when 2A > 0, 2aA — 2Au — A% — y? — 2a)sy > 0, and —(ay? + BA% + Bu? — 2apA +
2BAp — an®sg + 2apAsg) > 0.

or1Scd oT1SCd orISed
Let a;’ =0, agT: =0, afT: =0, then:

Sed* _ B(A+u)(a— Acs — Aew — Acp — Acy) ©)
8 T 2apA - ap) (1 —s0) — B+ o)

sear _ (@ — Acs — Acw — Aep — Acr) (1 —50) (10)
' (20pA — ay?)(1 = s0) = B(A + p)’?

pScd* _at Uff'SCd* + (1 — )‘)ngd* + Aler +cr +om +cs)
B 24

Substituting the above optimal decisions into the benefit functions of the green supply
chain of livestock products, the optimal economic benefit, the optimal ecological benefit,

(11)
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the optimal total benefit, and the social welfare of the whole green supply chain of livestock
products can be obtained as follows:

HEnScd* — (pScd —Cs— Cpy — Cy — cl)(a _ /\pScd + Hgfcd + UfSCd )

* %\ 2 (12)
~1(1 - so)a(gfet)? — 1B(F5)

Hglcd* ( )\pSCd + “Mg;SCd + 77fScd ) Scd* (13)

HTrScd* —_ (pScd* —Cs— Cpy — —+ gicd )( /\pSczd 4 ﬂgSCd 4 77JcScd ) (14)
—3(1 —So) (g7°)" = 3B(f7)

SWscd* — (pScd* — g — Cpy — o Cl 4 gScd )( )\pSCd =+ ,‘ngrSCd =+ WfSCd ) (15)

~3(1 - so)a(gi )’ — !3( SCd) + 3o — ApSel’ 4 pgfed 4 ey’

3.2.2. Decentralized Decision-Making Led by Co-Operatives

In the decentralized decision-making scenario, each participant in the green supply
chain of livestock products does not co-operate with each other. The co-operative firstly
decides the wholesale price of livestock products w and the greenness level g;; secondly,
the slaughtering and processing enterprise decides the price of livestock products p;;,; then
the 3PL service provider decides the price of logistics services p; and freshness level f;.
Finally, the retailer decides the retail price p. At the same time, the government subsidizes
the co-operative’s green investment costs. Based on Stackelberg game theory, the optimal
decision-making of the green supply chain of livestock products under the decentralized
decision-making scenario is obtained by using the backward induction method.

1
5% = (w —cs +87)(a — Ap + ugr +11fr) — 5 (1= s0)agy (16)
I = (pm — w0 — cm)(a = Ap + pugr +1fr) (17)
I = (p = pm — pr = cr) (@ — Ap + pgr +11f) (18)
1
I = (pr — ) (a = Ap + pgr +11f7) = 5BS7 (19)
Firstly, the Hessian matrix of the retailer’s benefit function 1% with respect to p is as
follows: ,
aHde
H = L =2 2
() o A (20)

When —2A < 0, there exists a unique optimal solution.

pSid’ _ (“+Vgr+'7fr);\)\(l?m +piteor) 1)
D§id — (a+pugr +nfr) = A(pm+pi+cr) (22)
2

Substitute (22) into (19):

a+ugr+nfr) —Apm+pr+or 1
H[de: (Pl _C1>( HE Uf) 5 (P Pi ) _ E,Bfi’z (23)

aZHde aZH’de
7 i
ol TS A 5
H(py, fr) = azl—r[)sm Qarsdd | = | 1 2 (24)
el 2
afrapz of2
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When 4A8 — % > 0, a unique optimal solution exists.

sade _ 2B(a+pg,) = 2AB(pm + cr + 1) + (416 — %)cy

< _ n(atpg,) = Aq(pmtertar)
frSad — &r Thvi U;n r 26)
AB(a+ pug, — Apm — Acr — Acy)
Sdd __
Dy = r4)tﬁ—172 (27)
Substitute (27) into (17):
AB(a+ — Apm — Acr — Acy)
150 (e — = ) TP 20 08)
Saa
oIt 2A%B
H(pm) = | = AAp—12 (29)
When —2A28 < 0, there exists a unique solution.
+ a+ +Aw+cem—cr—c
DS — AB(a+ pug, — Aw — Acyy — Acy — Acy) (1)

8AB — 212
Substitute (31) into (16):

AB(a+ug, —Aw — Acyy — Acy — Acy) 1

Sdd _ 2
;% = (w—cs +g,) 8\ — 212 - 5(1 —S0)&gr (32)
221 92 3 o B0
2 Jdwagy 2 2
H(w,gy) = 5 zazli)[fdd 5 szgSde = gf(ﬁ/\jﬂ) 2(14/\ﬁ 1 I)MF (33)
9grow 98” - 2(4Ap—1%) “(so—1) + 4AB—1?

When —(B2A* — 16a A3 + 28223 + B2A% % + 4ap A2 + 1602 A%sg — 4ap?Asg) > 0,
there exists a unique solution.

SAd Aqp(a+Acs — Aew — Acp — Acy) + App(Aewm + Acp + Acy —a) — BAp(A + p)cs

A[(16aBA — 4ay?)(1 —s0) — B(A + p)°] .
Aqp = (8aAB —2a1%) (1 — so) (35)

Ay = PA(A + ) (36)

Sad" _ BA+p)(a—Acy — Aew — Acy — Acs) 37)

(16apA — dan?) (1 = s0) — B(A + p)?

Substituting the above optimal solutions into their respective benefit functions, the
optimal benefits of each participant under the decentralized decision-making model can be
obtained as follows:

T = (w517 — ¢ + g710) (2 — Ap>™" 4 g™ 4 f310)

. 38

~(1-so)a(gi)" /2 )

I = (™ = w51 — ) (a = ApSH + pg?™ 4y f247) (39)
I — (p0 — p30° — pfir — co)(a = ApS0" 4 ugh® 4y f50)  (d0)
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I = (pF0 — ) (= A5 4 pugf S0~ B2

Economic benefits of green supply chains of livestock products:
H%id* — (ded* — g — Cm — Cr — cl)(a _ )\ded + P‘ngd + Uded ) (42)

~(1=s0) (54 /2= (£ )2

Ecological benefits of green supply chains of livestock products:

Hde ( _ /\ded + ygfdd + Uded ) Sdd* (43)
Total benefits of green supply chains of livestock products:

H%id* _ (ded* Cs — Cm — Cr — +g5dd )( Aded + yg Sdd* + 77dele ) (44)

(1= so)a(gf")* /2 B(FSH)* /2
Social welfare of green supply chains of livestock products:

Swsdd* — (ded —Cs— Cm — Cr — (] +ngd )(11 _)\ded* + ugy Sdd* +77f5dd )

45)
1 . . (
—3(1— s0)a(gEH")* — AB(FHU") 4 L(a — ApSH" - pgfid” gy f5id")”
3.2.3. Parametric Analysis Led by Co-Operatives
Proposition 1.

agScd* aercd* apScd* ansfd g5¢ d* aercd* apScd* aHSCd*

g >0 75 0, 814 >0, HL*>O o >0 75— > 0,75~ >0, > 0;
agScd* fScd* Scd r15¢d

3 AT
950 >0, 9% >0 as >0, 350 >0

Proposition 1 suggests that in the operation mode led by co-operatives, the greenness
sensitivity factor, freshness sensitivity factor, and government subsidy factor are positively
correlated with the retail price, the greenness, the freshness, and the total benefits of the
green supply chain of livestock products in the centralized decision-making scenario.

Certificate:

97" _ Pla—AC)[(20pA — an?)(1 = s0) + B(A + p)’]
M epr—w) (= s0) — B+ )]
By the negative determinant of the Hessian matrix H(p, gr, fr) it follows that (2aBA —
w?) (1= so) — B(A+p)* > 0, (20pA — ay?)(1 — s0) +B(A+ #)> > 0. And gi*" > 0,
B(A+u)(a— AC) > 0. Therefore, it is proved that g,ﬂ > 0. The rest of the proofs of the

positivity and negativity of the required partial derivatives are similar to this one, and will
not be proved one by one here, and Proposition 1 is proved.

Proposition 2.

angd* afyde* aded* ang_dd* . agrsdd* aerdd* aded* oI I%dd* )
> 0, > 0, > 0, i 0; %— > 0,5 > 0, % — > 0, > 0;
g8 aFsi o ap a3

dsg > U, dsg >V, 9sg >0, 9sg >0

Proposition 2 suggests that in the operation mode led by co-operatives under decen-
tralized decision-making, the greenness sensitivity factor, freshness sensitivity factor, and
government subsidy factor are positively correlated with the retail price, the greenness, the
freshness, and the total benefits of the green supply chain of livestock products.
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Certificate:

A _ [n(a=AC)(1—s0)— (A1) 7*][(2apA—an?) (1—-s0) ~B(A+1)’]

o [(2upA—a?) (1=s0) ~B(A+1)°]
201'7(1—50)[M(ﬂ—AC)(l—So)—U(Hg)W ]
[(20pA—ay?)(1-s9) —B(A+p)?]

By the negative determinant of the Hessian matrix H(p, gr, f+), (2afA — an?) (1 —sq) —

B(A + y)z > 0, and £ > 0,s0 arg(a — AC)(1 —s9) — 7(A + )y?> > 0. Then agaf;d > 0.
The rest of the proofs of the positivity and negativity of the required partial derivatives are
similar to this one, and Proposition 2 is proved.

Propositions 1 and 2 show that as consumers tend to buy livestock products with
higher greenness and freshness, the main participants in the green supply chain of livestock
products will inevitably increase greenness and freshness inputs to meet consumer demand,
such as adopting more ecological and environmentally friendly breeding methods and
using more advanced freshness preservation technologies, thus improving the greenness
and freshness of livestock products; accordingly, the production cost of the enterprise
will also rise. In order to protect their own benefits, enterprises will adopt the strategy of
moderately increasing the retail price of livestock products. As consumers are willing to
pay higher market prices, the market demand for livestock products will be continuously
improved, and the benefits of the supply chain participants will also be increased.

3.3. Game Model of Green Supply Chain of Livestock Products Led by Slaughtering and
Processing Enterprises

3.3.1. Centralized Decision-Making Led by Slaughtering and Processing Enterprises

The slaughtering and processing enterprise is another important link that affects the
quality of livestock products in addition to breeding. As a key point linking upstream
production and downstream circulation, the role of slaughtering and processing enterprises
is crucial, and as a leading enterprise in the green supply chain of livestock products, the
slaughtering technology and efficiency of the enterprise determine the level of greenness of
livestock products.

The slaughtering and processing enterprises are usually large and strong, and as the
leading enterprises in the green supply chain of livestock products, they usually have
their own brands, such as Chifeng Hongfa Group’s “Cilechuan” and “Xuewai Rising Sun”,
which have established a good image and reputation in the channel and have obtained
green food certification from the China Green Food Development Centre. The operation
mode led by slaughtering and processing enterprises is shown in Figure 3.

Government

d
/,S bsidy £
Subsidy §_ g
7 YO &,

Slaughtering and TP Service
: Co-operatives Processing Provid Retailers - Consumers
: BOw @pl Lovicers Ofr ®p:

Enterprises

e E

Dominant Enterprise

Figure 3. Green supply chain operation mode of livestock products led by slaughtering and processing
enterprises.
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Based on the above assumptions, the economic benefits of the green supply chain of
livestock products can be obtained:

T = (p— co—m— & — 1+ smg)(a — Ap -+ gy +1fy) — 3088 — B2 (46)
The ecological benefits of the green supply chain of livestock products:
g = (a = Ap + pgr +1fr)8s (47)
The total benefits of the green supply chain of livestock products:

1 1
Y = (p—cs—cm—cr—c;+smgr +8r)(a— Ap+ pgr +1fr) — 5“83 - Qﬁfz (48)

The social welfare of the green supply chain of livestock products:

SWMed — (p— ¢y — e — — e+ sugr +80) (@ = Ap+ uge +1fy)
—lag?— zﬁfZ Ha—Ap+pugr +1f)°

In the centralized decision-making scenario, the overall objective is to maximize the
total benefits of the green supply chain of livestock products, and the decision variables are
retail price of livestock products p, greenness g;, and freshness f; of livestock products.

According to the Hessian matrix negative definite condition, the optimal decision
exists when 24 > 0, —A2s2, — 2A%s,, — A% — 2Aus,;, — 2Ap + 2Aa — p? > 0 and —(an? +
BA282, + 2BA2sy + BA% + 2BAusy + 2BAp — 2aBA + Bu?) > 0

(49)

Med* _ BA+pu+ Asw)(a— Acs — Ay — Acp — Acy)

8r 2 (50)
(2apA — an?) = B(A + )" = PAZsE, — 2BAsm (A + i)
Med* _ an(a— Acs — Acy — Acp — Acy) 51)
' (20pA — a?) — B(A + 1) — A2}, — 2PAs(A + )
pited _ AT 4 (= A= Asm)gp™" + Mer+ ¢ + em+5) (52)

27

Substituting the above optimal decision into the benefit functions of the green supply

chain of livestock products, the optimal economic benefit, the optimal ecological benefit,

and the optimal total benefit of the green supply chain of livestock products can be obtained
as follows:

H%ch* _ (PMCd — ¢ —Cr—Cp — Cs + SmgMCd )( /\pMcd + ;MgﬁVICd 4 UfMCd )

* N (53)
—La(gMed)? — Lp(fMed’)
HMcd ( . ApMCd + ﬂgi\ACd + nchd ) Mcd* (54)
H%ch* _ (pMcd* ——c— Cs +Smgr Mcd* +gMcd )( /\PMCd + ‘ugMcd + ﬂfMCd ) (55)
a(ghtel’)? — 3p(fet )7
Schd* — (pMcd* — ¢ —Cr— Cp — Cs + SmgMcd* 4 gMcd*)( /\pMcd + "l/lgMCd 4 nchd ) (56)
= 3a(gMe) — JBUMT) + F(a =AM 4 pughel” e’

3.3.2. Decentralized Decision-Making Led by Slaughtering and Processing Enterprises

In the decentralized decision-making scenario, each participant in the supply chain
makes decisions independently, and each participant takes the maximization of its own
interests as its decision-making goal. As the leader of the supply chain, the slaughtering
and processing enterprise firstly decides the price p,; and the greenness level g;, the co-
operative then decides the wholesale price w of livestock products, and the 3PL service
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provider decides the price p; and the freshness level f,. Finally, the retailer decides the
retail price p. Meanwhile, the government subsidizes the green investment cost of the
slaughtering and processing enterprise. The benefit functions of each participant in the
supply chain are as follows:

MM = (w — ¢5)(a — Ap + pgr +11f7) (57)

T = (P — @ — Cou + Sm&r + &) (8 — AP+ Hgr +11fr) — %wgf (58)
M = (p— pm — pr — o) (@ — Ap + ugr + 1f7) (59)

T = (pp—¢))(a = Ap+ pgr +1fr) — %ﬁff (60)

The optimal decision-making of the green supply chain of livestock products under
the decentralized decision-making scenario is obtained by using the backward induction
method as follows:

pMad" _ (a+ pgr+nfr) + AMpm+ pi+cr)

o) (61)
pydas _ 2B(a+ pigr) = 2B(Apm + Acr + Acy) + (4AF — 7°)er ©2)
! 4AB — 12
Mads _ 11(a+ Hgr — Apm — Acr — Acy)
oMt _ (@t pgr) —A(x+er+¢—c) 64)
21
Mt _ BA+pu+Asw)(a— Acw — Acs — Acy — Acy) (65)
' (16xAB — 4ar?) — B(A + u)? — BA?SE, — 2BAs(A + 1)
Mdd* _ Agi(Acr + Acy —a) + Ay (2em + s —e) (66)
" A[8a(172 — 4AB) + B2A + 1)? + 4ABSm (Asm + 27 + usy)]
Ay = —[6an? — 24aBA 4+ 4B(A + Asy)* + 2ABu(1 + sp)] (67)
Ap = —(8apA? — 2aAn* — BAu® — 2PN — 2BA sy, (68)

Substituting the above optimal solutions into their respective benefit functions, the
optimal benefits of each participant under the decentralized decision-making model can be
obtained as follows:

TIMAT = (@M — ) (a — ApMe" 4 pughtdd” .y ptdd”) (©9)

I — (pMdd™ wde* — o+ SmgMI") (a — ApMAd™ 4y gMdd™ g, pMdd")
— Lo (gMdd™)" 4 gMAd™ (g N pMAd™ 4y gMAd" 4, (Mdd

I = (pMAT — ppld® — pMaT — ;) (a — ApMA 4 pg) 10y 147 (71)

(70)

* * * * * 1 x| 2
TP = (p — cp)(a — ApMIT 4 g0 4y 07 — 2 (M) (72)
TIMAT = (pMAd™ — o) — ¢, — ¢y — C5 + 5,ugMa47) (@ — ApMAd™ 4 ygMdd” | gMdd™) 73

%\ 2 %y 2
—Ja(gMdd™)" — 2 p(FMdd")
ITE = (a =AM 4 gt 4y ) Mt (74)
TIMEE = (pMAd™ — o) — ¢p — cpy — €5 + 50" 4 gMAd™) (g — \pMAd™ 4y gMAd™ 1 gMdd") 75)

%\ 2 2
~ b(ghae)” — 3B
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swMdd* — (pMdd —¢ — Cr —Cpy — s + SmgMdd + gMdd )( )\pMdd 4 ‘ugi\/ldd + UfMdd ) 76)
Mdd* Mdd* Mdd* Mdd* Mdd* 2
Lar(gH0d")” — LB(FMIT') 4§ (a — ApMA" - pghtd” 4y pad
3.3.3. Parametric Analysis Led by Slaughtering and Processing Enterprises
Proposition 3.
agMcd* aercd* apMcd* an%fd* ) agﬁ\/lcd* afr apMcd* aH{[\_/’{Cd*
iffd 0, ?Ayd* >0, Iawyd* >0, o >0, 25— >0,~5— >0 0, —=— >0
agMe 9 fMe apMe TIe
G >0, 55— >0,"5—>0——>0
Proposition 3 shows that in the operation mode led by slaughtering and processing
enterprises, the greenness sensitivity factor, the freshness sensitivity factor, and the gov-
ernment subsidy factor are positively correlated with the retail price, the greenness, the
freshness, and the total benefits of the green supply chain of livestock products in the
centralized decision-making scenario.
The proof process is the same as Proposition 1.
Proposition 4.
dghad” afpdd apMdd” oM. dgh” 0, 242 apMdd” AP .
%d* >0, %d >0, %d* >0, o >0, 25— >0, 5— >0, >0
ag) of! ap AT
ISy, 0, ISy, >0, ISy, >0, ISy, >0

Proposition 4 shows that in the operation mode led by slaughtering and processing
enterprises, under the decentralized decision-making scenario, the greenness sensitivity
factor, the freshness sensitivity factor, and the government subsidy factor are positively
correlated with the retail price, the greenness, the freshness, and the total benefits of the
green supply chain of livestock products.

The proof process is the same as Proposition 2.

3.4. Comparative Analysis of Decision-Making Scenarios under Different Operation Modes

In this section, comparative analysis will be used to analyze the relationship between
the decision variables in different decision-making scenarios under the two operation
modes.

Proposition 5. When BA%s2, + 2BAsy (A + ) > (2aBA — an?)so, it can get gMed” > g5’
When BA%s2, 4 2BAsyu (A + 1) > (16aBA — 4ay?)sg, so gMAd" > gSdd”

From Proposition 5, it can be seen that the greenness of livestock products is higher in
the slaughtering and processing enterprise-led mode of operation, both in the centralized
and decentralized decision-making scenarios.

Certificate: The greenness of livestock products in the co-operative-led operation
mode and the slaughtering and processing enterprise-led operation mode in the centralized
decision-making scenario are as follows:

Scd* _ P(A+p)(a—AC)
g DSEd

Med* _ 13(/\+M+/\5m)(ﬂ*7\c)
&r DY

D5 = (2aBA — myz (1—s0) —B(A+ )
DYl = (2upA — a?) — /%(Hy)z BA2S2, — 2BAsy (A + 1)
C=cs+cpm+cer+g
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When BAZs2, 4+ 2BAsy (A + p) > (16aBA — 4an?)sy, it can get DS > DM get an

Bty +3§;”d)(“_)‘c) and there exists gM#" > g2, o2 _ o%dd" —

intermediate value g2, g% =

W, where  >0,A > 0,s; >0, D5 > 0,0 — AC >0, proves gfwdd > gfdd*.

Proposition 5 states that the greenness of livestock products under centralized and
decentralized decision-making is affected by the combination of the greenness sensitivity
factor, the freshness sensitivity factor, and the government subsidy factor. When consumer
greenness sensitivity factor, freshness sensitivity factor, and government subsidy factor for
slaughtering and processing enterprises are larger, while subsidy factor for co-operatives
is smaller, the greenness of livestock products under the domination of slaughtering and
processing enterprises is higher than that of livestock products under the domination of
co-operatives.

The reason for the aforementioned is that when the slaughtering and processing
enterprises are in the leading position in the green supply chain of livestock products, they
can integrate upstream and downstream resources and control the whole process from
production and breeding, slaughtering and processing to distribution and sales, etc. This
integration ability makes it easier for the enterprises to promote the production of green
livestock products and to ensure the greenness of the whole process of livestock products
from the place of origin to the dining table. Moreover, the slaughtering and processing
enterprises have strong technical innovation ability and can introduce and apply advanced
production technology, equipment, and management mode to improve the production
efficiency and quality of livestock products and further promote the greenness of livestock
products.

Proposition 6. When BA%s2, + 2BAsy (A + ) > (2apA — an?)sy, it can get fMd” > f5ed,
When BA%s2, 4 2BAsyu (A + 1) > (16aBA — 4ay?)s, it can get f[MAd" > f5dd”,

From Proposition 6, it is clear that the freshness of livestock products is higher in
the slaughtering and processing enterprise-led mode of operation in both centralized and
decentralized decision-making scenarios.

Certificate: The freshness of livestock products of the co-operative-led operation mode
in the centralized decision-making scenario and the freshness of livestock products of the
slaughtering and processing enterprise-led operation mode are as follows:

sea* _ an(a—AC)(1 —so)
re= DScd (77)
3
Meas  a17(a—AC)
= —pMd (78)
3

When BAZs2, + 2BAsy (A + ) > (2aPA — an?)sg yields D3 > DMed, set an interme-
diate value f}, f} = %, and there exists f} > fSCd*. ,Mc‘i* fr= %Mcd/\c),
wherea > 0,A > 0,s9 >0, DéVICd > 0,a— AC > 0, proves erCd* > erCd*.

The freshness of livestock products in the decentralized decision-making scenario for

the co-operative-led operation mode and the slaughter—processor-led operation mode are
as follows:

« an(l—sp)(a—AC

Sdd* _ 7( Dos)d(d ) 79)
mdas _ an(a—AC)
P = T pvad (80)

When BAZs2, + 2BAsy (A + ) > (16apA — 4an?)sg, it can get D3 > DMAd | Setting

an intermediate value f?, f2 = %! anL)i\C f2 < fMddT 2 pSddt %, where & >

0,1 > 0,50 >0, D34 > 0, when a — Acs — Acp, —Acy — Acp > O,itcangetfr2 —erdd* >0,
which proves fMdd" > fSdd”,
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Proposition 6 states that the freshness of livestock products under centralized and
decentralized decision-making is affected by the combination of the greenness sensitivity
factor, freshness sensitivity factor and government subsidy factor. When the greenness
sensitivity factor, the freshness sensitivity factor and the government subsidy factor to
slaughtering and processing enterprises are larger and the subsidy factor to co-operatives
is smaller, the freshness of livestock products under the domination of slaughtering and
processing enterprises is higher than that under the domination of co-operatives.

Proposition 7. When 7> — 2BA > 0, it can get g5¢%" > gSdd" gMed” ~ oMdd"

From Proposition 7, it can be seen that the greenness of livestock products is better
in centralized decision-making than decentralized decision-making in both of the two
operation modes.

Certificate:

D" — D" = (16apA — 4an?)(1 —sp) — (2apA — an?)(1 —s9) > 3(4aBA — an?),

* + 2_ 2 _
and there exists 48A — 72 > 0, so ngd > Dgc‘i L= (" =2pA)y £€§?+M)(ﬂ AC), g3 < gsed,
3

Let g0 — g7% = (’72;25#, when 7% — 2B\ > 0, proves g7 > ¢4 The proof of gMed >
3

gMdd is as above.

3.5. Numerical Analysis
3.5.1. Analysis of Game Results

The expressions of optimal decision-making under different decision-making scenarios
and the optimal benefit functions of each participant are too complex to directly reflect
the relationship between optimal decision-making and optimal benefit under different
decision-making modes through analytical formulas. In reference to the common practice in
most of the literature, this part will be analyzed in detail through the numerical simulation
method. Under the preconditions of satisfying the basic assumptions of the model and the
actual operating background of the green supply chain of livestock products, the values of
relevant parameters are assigned as shown in the following Table 2.

Table 2. Assignment of values to the parameters in the model.

Parameters a A u 1 Cs Cm cr c 1% B

Numerical Value 100 1.75 0.6 1.85 1.5 1.5 1 1.5 1 1

The optimal decisions and optimal benefits for different decision scenarios under the
two operation modes are calculated and shown in Table 3.

Table 3 shows that regardless of the operation mode, centralized decision-making is
more conducive to the efficient development of the whole green supply chain of livestock
products, and the total benefits of the whole green supply chain of livestock products in
the case of decentralized decision-making have limited room for growth, so it is necessary
to design a reasonable coordination contract of interests to improve the level of greenness,
freshness, and benefits of the various participants.

Under the centralized decision-making scenario, the greenness, freshness, retail price,
total benefits, and social welfare of the green supply chain of livestock products are higher
in the operation mode led by slaughtering and processing enterprises than in the operation
mode led by the co-operatives.
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Table 3. Optimal decision-making and optimal benefits of different decision-making modes under
two operation modes.

Operation Mode Led by Co-Operatives Operation Mode Led by Slaughtering and Processing Enterprises
Centralized Decentralized . . . . . . . .
Decision-Making Decision-Making Centralized Decision-Making  Decentralized Decision-Making
Qr 12.68 11.88 12.99 11.89
fr 16.44 2.36 19.65 241
p 23.70 58.53 2791 57.76
41 - 10.95 - 10.15
Pm - 41.85 - 40.78
w - 22 - 20.1
IT; - 213.69 - 157.08
I, - 150 - 217.99
11, - 23 - 40.71
IT, - 75.48 - 78.54
Ig, 107.17 331.89 232.97 377.17
Ig; 835.59 131.49 893.45 117.16
Ig, 942.76 463.38 1126.42 494.33
SW 5602.76 504.38 5667.74 549.59

In the decentralized decision-making scenario, the greenness, freshness, benefits of
slaughtering and processing enterprises, benefits of 3PL service providers, benefits of
retailers, total benefits of the green supply chain of livestock products, and the social
welfare of livestock products in the slaughtering and processing enterprise-led operation
mode are also higher than those in the co-operative-led operation mode. The retail price,
wholesale price, and price of processed livestock products under the mode of operation led
by slaughtering and processing enterprises are all lower than those under the co-operative-
led mode. This indicates that the operation mode led by slaughtering and processing
enterprises is more conducive to the long-term development of the whole green supply
chain of livestock products, which further verifies the correctness and validity of the
model’s calculation results, and can provide theoretical guidance for the decision-making
of relevant enterprises.

3.5.2. Analysis of the Impact of Relevant Parameters on Optimal Decision-Making in Green
Supply Chains of Livestock Products

According to Propositions 14, substitute the values of relevant parameters in Table 2,
and use Matlab software R2022a to draw the relationship between the greenness, freshness
and total benefits of the livestock supply chain and the greenness sensitivity factor, freshness
sensitivity factor, and the government’s green subsidy factor for the dominant enterprise,
as shown in Figures 4-7.

30

™
&

Greenness of Livestock Products
= = =

o

1600

1400

1200

1000

=) @
S S
S S

Freshness of Livestock Products
>
Total Benefits of GrSC of Livestock Products
P
8

02

0.4

0.6

=3
N}
S
S

0.8 1 0 Q.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1

o

Greenness Sensitivity Factor Greenness Sensitivity Factor Greenness Sensitivity Factor

Figure 4. Relationship between g;, f;, Il and p.



Sustainability 2024, 16, 6806 19 of 29

& e

o qr.\l d T fr.\ml
qrﬁ'\h! 18 £y Sid

—_ ;

A gritid 1 ppidd

1400

N
o

1200

N}
>

1000 ]

800

=)

600

Greenness of Livestock Products

2

400

=
Freshness of Livestock Products
S
Total Benefits of GrSC of Livestock Products

0 02 04 06 0.8 1 0 02 0.4 0.6 0.8 1 0 02 0.4 0.6 08 1
Freshness Sensitivity Factor Freshness Sensitivity Factor Freshness Sensitivity Factor
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Figure 7. Relationship between Iy, and government subsidy factor under different operation modes.

From Figures 4 and 5, it can be seen that no matter which subject occupies a dominant
position in the green supply chain of livestock products and which decision-making sce-
nario is taken, the greenness, freshness, and the total benefits of the green supply chain of
livestock products are all proportional to the greenness sensitivity factor and the freshness
sensitivity factor, which further verifies Propositions 1-4.

This suggests that (1) the direction of the influence of the greenness and freshness
sensitivity factor on the decision-making is not affected by the operation mode and decision-
making scenario. (2) As the greenness and freshness sensitivity factor increase, the green-
ness and freshness of livestock products also increase.
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The reasons for the aforementioned are as follows: With the enhancement of environ-
mental awareness, consumers are more inclined to choose livestock products with a high
level of greenness and freshness, which reflects the expectation of environmentally friendly
consumers for the sustainable development of livestock products, and enterprises also hope
that the green concepts of their products can resonate with consumers to a certain extent.
The stronger the environmental protection mentality of consumers, the more incentives for
supply chain members to carry out green R&D (research and development) enthusiasm.

(3) As the greenness and freshness sensitivity factor increase, the increase in the total
green supply chain benefits of livestock products under the two decision-making scenarios
becomes larger and larger.

The reasons for the aforementioned are as follows: As the greenness and freshness
sensitivity factor increase, the greenness, freshness, and retail price of livestock products
will increase accordingly, so consumers will be more inclined to buy livestock products
with high greenness and freshness, and this preference will lead to the increase in market
demand, which will attract more producers to join the green supply chain and realize a
positive cycle and improve the total efficiency.

As can be seen from Figures 6 and 7, no matter which subject occupies the dominant
position in the green supply chain of livestock products and which decision-making sce-
nario is adopted, the greenness and the total benefits of the green supply chain of livestock
products are directly proportional to the government’s green subsidy factor to the dominant
enterprise, which verifies the correctness of Propositions 1-4.

The reasons for the aforementioned are as follows: As the government green subsidy
factor to the dominant enterprise increases, the greenness of livestock products in different
decision-making scenarios in the two operation modes grows more and more, and the
total benefit of the green supply chain of livestock products also grows. This shows that if
the government provides green subsidies to the leading enterprises, it will stimulate the
leading enterprises to carry out green research and development, which can improve the
quality of livestock products, promote the development of green consumption, and help to
improve the income level of herdsmen.

3.5.3. Comparative Analysis of Optimal Decision-Making and Optimal Benefits under
Different Operation Modes

In this section, comparative analysis will be applied to compare the optimal decision-
making and optimal benefits of the two operation modes under the centralized and decen-
tralized decision-making scenarios, respectively.

As shown in Figure 8, the greenness, freshness of livestock products, and total benefits
of the livestock supply chain in the centralized decision-making scenario are higher in the
operation mode led by slaughtering and processing enterprises than in the operation mode
led by co-operatives, which further validates Proposition 5.
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Figure 8. Comparison of optimal decision-making and optimal benefits of two operation modes

under centralized decision-making.
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Benelils of Co-operalives

From Figures 9 and 10, it can be seen that in the decentralized decision-making
scenario, the greenness, freshness of livestock products, benefits of slaughtering and pro-
cessing enterprises, and total benefits of the green supply chain of livestock products in the
operation mode led by slaughtering and processing enterprises are higher than those in
the operation mode led by co-operatives. This indicates that the operation mode led by
slaughtering and processing enterprises has more advantages than the operation mode led
by co-operatives in both the centralized and decentralized decision-making scenario.

Greenness of Livestock Products
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Figure 9. Comparison of the optimal greenness, freshness of two operation modes under decentralized

decision-making.
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Figure 10. Comparison of the optimal benefits of two operation modes under decentralized decision-
making.

The reasons are: (1) Slaughtering and processing enterprises usually have strong
technological strength and can apply advanced production and processing technologies
to improve the production environment and efficiency. These technologies include waste
treatment, energy saving, and emission reduction, etc., which can help reduce environ-
mental pollution, resource wastage, and enhance the sustainability of the green supply
chain. (2) Slaughtering and processing enterprises usually possess more professional man-
agement capabilities and are able to formulate and implement strict operating procedures
and standards. Such standardized and professional management can prompt enterprises
to better control the environment and quality in the production and processing process,
which is conducive to achieving the goal of a green supply chain. (3) As the core link in
the green supply chain of livestock products, slaughtering and processing enterprises are
responsible for collecting and recording information on various aspects of livestock product
production, processing, and transport. Under the mode of centralized decision-making,
slaughtering and processing enterprises can better share information with other supply
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chain participants such as upstream co-operatives, downstream 3PL service providers,
retailers, etc., so as to improve the transparency and traceability of the green supply chain.
(4) Slaughtering and processing enterprises can better co-operate with other linked subjects.
For example, they can co-operate with co-operatives to implement strict animal welfare
standards and co-operate with 3PL service providers to improve the efficiency of cold
chain logistics, etc., so as to strengthen the connection and coordination between various
links in the supply chain, and promote the transformation of the whole supply chain to
greening. (5) Slaughtering and processing enterprises bear the responsibility of providing
green and high-quality livestock products to the market and can win the trust of consumers
by providing high-quality green livestock products, which will in turn enhance the brand
effect and competitiveness of enterprises.

In summary, the operation mode led by slaughtering and processing enterprises is
more suitable for the development of the green supply chain of livestock products. This
operation mode can achieve standardized management, information sharing, technical sup-
port, supply chain co-operation, and brand effect, thus promoting the green development
of the livestock supply chain, realizing the improvement of the greenness and freshness
of livestock products, and thus enhancing the total benefits of the green supply chain of
livestock products.

4. Design Contract for Coordination of Interests in Green Supply Chains of Livestock
Products under Different Operation Modes

In the two different operation modes, the optimal decision value under centralized
decision-making is always better than the value under decentralized decision-making.
This part will design the interest coordination contract, so that the total benefits of the
whole green supply chain of livestock products and the benefits of each participant can be
improved by Pareto.

4.1. Co-Operative-Led Benefit Coordination Contract Design for Green Supply Chain of
Livestock Products

4.1.1. Cost-Sharing Contract

One way to reduce the investment costs of the co-operative and the 3PL service
provider is to introduce a cost-sharing benefit coordination contract where the retailer
shares the investment costs of the co-operative and the 3PL service provider. In this case,
for the green investment cost of the co-operative, the retailer bears the proportion of # and
the co-operative bears 1 — u. For the freshness investment cost of the 3PL service provider,
the retailer bears the proportion of v, and the 3PL service provider bears 1 — v (where
0 <u 4 v <1). At this point, the benefit functions of the co-operative, slaughtering and
processing enterprise, 3PL service provider, and retailer are as follows. The cost-sharing
contract is denoted by superscript CS.

IS = (w — cs +gr)(a — Ap + pgr +11fr) = 5(1 = 50) (1~ u)ag] (81)

_ 1
2
IT,°° = (pm — w —cw)(a — Ap + ugr + 11fr) (82)

1 1
P = (p = pw = pr— )@= Ap + pugr +11fy) — 5u(l = so)ag? — SopfF (83)

—_

P8 = (pr—c)(a = Ap+pgr +11fr) — 5 (1= 0)Bf; (84)
The optimal decision is found as follows:
scs* _ BA+u)(1—20)(Acw —1—2/\cr + Ac;+ Acs —a) (85)
(4an? —16aAB) (1 —u)(1 —so) + BA + ) (1 —v) + 16apAv(1 —sp) (1 + u)(1 — sp)
5CS" _ Ay (Aey + Acy + Acp — a) + Ax(Aew + Acy + Acy — Acs — a) — BAP? (1 — v)cs (86)

Aldan? —16aAB) (1 — u)(1 —sg) + B(A + 1)*(1 — v) + 16aBAv(1 — 50) (1 + u) (1 — s50)]
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A = 8aAB(1 —u)(1—0)(1 —sp) — 2an*(1 — u)(1 —sp) — BAu(1 —v) (88)
scst _ 4+ ugss" + AwSCS” + Acy — Aer — Agy

s M@+ pgs) = An(picS + ¢+ ) 00
T 4AB — 1% — 4ABo ©0)

s _ 2B+ pgi) (1 —0) 2B o —a) o) —ofa
P 4AB— 2 —4ABo o
pscst _ 1F HG S A AP + P ) ©2)
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Substituting the above optimal solutions into the respective benefit functions yields:

TCS" = (@SS — ) (a— ApSC 4 pgi™S 4+ f5°s')
%2
1= 50) (1 - w)a(g5)
HSCS* (pfnCS* wSCS* _ )( /\PSCS _|_yg§CS _|_17fSCS ) (94)
HECS* — (pSCS* _ P,%CS* _ PISCS* _ )( /\pSCS + ‘ugrSCS +17fSCS )
(1= s () — 3B (755)’

HSCS* (plSCS )( /\pSCS _‘_‘ugrSCS +’7fSCS)

(93)

(95)

Ja-op(FS) o)

TGS = (95—~ — e — i) (a = ApSCS 4 pghCS 4 f5C)
31— s0)a(g85 ) JB(fICS
HSCS ( APSCS _‘_‘ugSCS +;7fSCS) SCS* (98)

(97)

5SS = (p°%5 — ¢ — ¢y —om — ¢ +gSC5 )(a— Apscsz + ugPCs 4y f5C8T) (99)
—1(1—so)a(gy"® ) - IB(FCS)
SWSCS* — (pSCS" _ ¢) — ¢y — e — cs +gscs )(a — ApSCS' 4 1 gSCS" 1 UfSCS ) 100)

* *\2
—3 (1= 50)a(g555)" = BB(FFCS) 4 Fa — ApSCST 4 pgfcs” 4 557

4.1.2. Numerical Analysis

Based on the values of relevant parameters in Table 2, when # = 0.1 and v = 0.1, it is
measured that the cost-sharing contract can achieve the coordination of interests in the
green supply chain. The optimal decision-making and optimal benefits of decentralized
decision-making and cost-sharing contracts under the co-operative-led operation mode are
shown in Table 4.

As can be seen from Table 4, under the cost-sharing contract, the economic benefits,
ecological benefits, and total benefits of the green supply chain of livestock products have
been improved. The cost-sharing contract is able to achieve the coordination of interests
in the green supply chain of livestock products to a certain extent. The reason is that the
participating subjects of the green supply chain of livestock products also share certain
risks while bearing costs. Co-operatives, as the main body of breeding, may face risks in
the process of breeding, including livestock and poultry diseases, weather disasters, market
price fluctuations, etc., and the production risk they bear in production is much higher than
that of other main bodies in the green supply chain. Through the cost-sharing contract, it
can motivate the co-operatives to pay more attention to green development and adopt more
environmental protection measures and quality management measures in the production
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process. At the same time, it can promote the co-operation and the establishment of a close
interest linkage mechanism in the green supply chain of livestock products.

Table 4. Optimal decision-making and optimal benefits of decentralized decision-making and cost-
sharing contracts under co-operative leadership.

Operation Mode Led by Co-Operatives

Decentralized Decision-Making Cost-Sharing Contract
gr 11.88 18.60
fr 236 2.77
p 58.53 54.33
P 10.95 10.97
Pm 41.85 41.86
w 22 21.21
11, 213.69 225.34
I, 150 167.16
11, 23 31.02
IT, 75.48 83.52
Ig, 331.89 344.95
Iy 131.49 162.15
Iy 463.38 507.10
SW 504.38 731.97

4.2. Design Contract for Coordination of Interests in Green Supply Chain of Livestock Products Led
by Slaughtering and Processing Enterprises

4.2.1. Benefit-Sharing Contract

In this operation mode, the slaughtering and processing enterprise invests in the
greenness of livestock products, and the 3PL service provider invests in the freshness. To
make the optimal decision-making level under the decentralized decision-making scenario
reach the level under the centralized decision-making scenario, the investment costs of the
greenness and freshness of livestock products will increase, and the costs of the slaughtering
and processing enterprise and the 3PL service provider will increase, and the profit margins
will be further reduced.

Therefore, both parties can consider sharing the profits of the co-operative. The
proportion of the profits of the co-operative shared by the slaughtering and processing
enterprise and the 3PL service provider is u and v, respectively (0 < u + v < 1), and the
co-operative accounts for the proportion of 1 — u — v. At this time, the benefit functions of
the co-operative, slaughtering and processing enterprise, the 3PL service provider, and the
retailer are as follows. The benefit-sharing contract is denoted by superscript IC.

TIMIC = (1—u—0)[(w — ) (a — Ap+ ngr + 1f)] (101)

TYIC = (pn — 0 — e+ 5mgr + &) (@ — Ap + ugr +1fy) — 3087 (102)
+u[(w — cs)(a — )\p + ugr + Wfr)}

IMC = (p— pm — pr — ) (a — Ap + pgr +11fr) (103)

1
IME = (pr = c))(a = Ap + pgr +1fy) — 5BfF +ol(w—cs)(a— Ap+pgr +1fr)  (104)
The optimal decision is solved as follows:

MICH _ B(1—0)(A+u+ Aspm)(Acw + Acy + Ay + Acs — a) (105)
& [(4an? — 16aBA) + B(A + ,M)Z + BA282 + 2BAsy (A + 1)) (1 — v) — (2an? — 8afA)u

woMIcr — 4 + ugMIC — A(cs + ¢ +e —cr) — 2Avcs
B 2A(1 —0)

(106)




Sustainability 2024, 16, 6806 25 of 29
(O ugs'c ) APl + ¢ +¢)) + Ago(wMIC —¢) L7
wiee_ 2B+ g ) — 2B ) + (7 — 248) (0w — vcs +)
(108)
g 46 172
p = (109)
Substitute the above optimal decisions into each benefit function:
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4.2.2. Numerical Analyses

Based on the values of relevant parameters in Table 2, when u = 0.1 and v = 0.1, it is
measured that the benefit-sharing contract can realize the coordination of benefits in the
green supply chain of livestock products. The optimal decisions and optimal benefits under
the decentralized decision-making and benefit-sharing contract in the operation mode led
by slaughtering and processing enterprises are shown in Table 5.

Table 5 shows that after the coordination of the benefit-sharing contract, the benefits
of each participant are greater than the value of decentralized decision-making, and the
benefit-sharing contract can closely link the interests of each participant, motivate the
active participation of all parties by sharing economic rewards, and promote the in-depth
co-operation among partners to form a more stable and long-term co-operative relationship.
Table 5 also shows that when the dominant enterprise considers the ecological benefits, the
other participants in the green supply chain are always willing to accept the benefit-sharing
contract, and can achieve the Pareto improvement of the economic, ecological, and total
benefits of the green supply chain of livestock products under this contract.
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Table 5. Optimal decision-making and optimal benefits of decentralized decision-making and benefit-

sharing contracts led by slaughtering and processing enterprises.

Operation Mode Led by Slaughtering and Processing Enterprises

Decentralized Decision-Making Benefit-Sharing Contract
gr 13.87 15.07
fr 241 2.55
p 57.76 54.82
P 11.15 9.74
Pm 40.79 41.83
w 20.11 23.97
ITs 157.08 164.99
I, 217.99 236.96
11, 40.72 48.12
17, 78.54 92.81
Ik, 377.17 405.26
Iy 117.16 137.62
Iy, 494.33 542.88
SwW 549.59 701.74

5. Conclusions and Management Insights
5.1. Conclusions

Based on the background of government subsidy, this paper constructs a four-level

green supply chain of livestock products consisting of co-operatives, slaughtering and
processing enterprises, 3PL service providers, and retailers, adopts the Stackelberg game
model to study the optimal product greenness and freshness decisions and the total benefits
of the green supply chain under the two operation modes, and designs the cost-sharing
and benefit-sharing contract to coordinate the supply chain. The following conclusions
are obtained:

@

@)

®G)

The freshness sensitivity factor, the greenness sensitivity factor, and the government
subsidy factor all have a positive impact on the green supply chain of livestock
products. The greenness, freshness, market demand, and benefits of each subject in
the green supply chain of livestock products under two operation modes all increase
with the increase in the above three factors. Accompanied by the rising sensitivity of
consumers to the freshness and greenness of agricultural products, their demands
for products are becoming higher and higher. In order to better meet the needs
of consumers, enterprises are bound to increase the investment in product costs to
promote the level of greenness and freshness. Due to the continuous improvement
of product quality, the market demand will be promoted, so that the benefits of the
whole green supply chain of livestock products will be enhanced.

Compared with the co-operative-led operation mode, the slaughtering and process-
ing enterprise-led operation mode has a higher degree of greenness and freshness
of livestock products, the benefits of each participating body in the green supply
chain of livestock products. From the perspective of the overall development of the
green supply chain, the operation mode led by slaughtering and processing enter-
prises is more favorable to the long-term development of the green supply chain of
livestock products.

Compared with decentralized decision-making, the benefit-sharing and cost-sharing
contract both increase the greenness and freshness of livestock products and signifi-
cantly reduce the retail price of livestock products, which increases the total benefits
of the co-operatives, slaughtering and processing enterprises, 3PL service providers,
and retailers. Therefore, the benefit-sharing and cost-sharing contract are of great sig-
nificance in coordinating and optimizing the four-level green supply chain of livestock
products and improving the efficiency of its benefit distribution.
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5.2. Management Insights

Based on the above research conclusions, this article proposes some valuable manage-

ment insights for different types of supply chain participants, as follows:

)

@)

®)

From the perspective of co-operatives, as an important force in the coordinated de-
velopment of the green supply chain of livestock products, co-operatives should
rationally pursue the dominant position in the green supply chain of livestock prod-
ucts. They should take advantage of their own strengths to actively promote the
green advantages of livestock products, and through organizing publicity activities,
carrying out knowledge popularization and other means, let more consumers under-
stand livestock products, and improve consumers’ awareness and acceptance of green
livestock products. They also need to strengthen interaction and communication with
consumers, understand their market needs and preferences through market research,
and enhance their trust and loyalty to green livestock products. Additionally, they
need to strengthen co-operation with scientific research institutions, universities and
other units, introduce advanced green technologies and equipment, actively strive to
improve the innovation efficiency of green technologies, and promote the upgrading
and transformation of the green supply chain of livestock products. At the same time,
they need to strengthen the internal management and training of co-operatives to
enhance the green awareness and skill level of organizational members and ensure
the effective application and promotion of green technologies.

From the perspective of slaughtering and processing enterprises, slaughtering and
processing enterprises should give full play to their dominant advantages in the
green supply chain of livestock products. They should ensure the reasonable use of
downstream sales channels, and establish stable co-operative relations with down-
stream retailers to ensure smooth sales channels. At the same time, they need to
actively expand diversified sales channels and develop online sales channels, such as
e-commerce platforms and social media, to expand the sales network. Additionally,
they need to increase investment in green R&D, introduce advanced slaughtering and
processing equipment and technology, and improve the quality and added value of
green livestock products; strengthen brand building, understand consumer demand
through market research, formulate targeted marketing strategies and build corporate
brand image; establish a close interest linkage mechanism, such as order co-operation,
stock co-operation, industrial alliances, etc., establish co-operative relationships with
upstream and downstream entities as well as industry university research institu-
tions, achieve technical support and information sharing, and promote coordinated
development of animal husbandry.

From the government’s point of view, in order to better enhance the greenness of
livestock products in the market and the total benefits of the green supply chain of
livestock products, the government should strengthen the subsidies for the upstream
breeding main body, encourage and support the breeding main body to adopt more
environmentally breeding methods, and enhance the greenness of livestock products
from the source. At the same time, it is also necessary to strengthen the subsidies for
slaughtering and processing enterprises, such as implementing tax incentives, setting
up a special fund to support green R&D of enterprises, and providing subsidies for
green equipment, so as to enhance the mobility of enterprises. They also need to
guide slaughtering and processing enterprises to carry out in-depth co-operation with
scientific research institutions, universities and so on, to jointly research and develop
new technologies and products, to promote technological progress and industrial
upgrading, and provide financial support to promote the in-depth integration of
industry, academia, and research. In addition, the government also needs to pay
attention to the market status of the relationship between enterprises, to build fair
competition in the market environment, and to avoid the formation of a monopoly
in the market of certain subjects in the green supply chain of livestock products.
At the same time, the government can also guide enterprises to establish industrial
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consortiums or livestock industry associations to promote the development of the
green supply chain of livestock products in the direction of centralized decision-
making, so as to realize the sharing of resources and improve the overall efficiency of
the green supply chain of livestock products.
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