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 Considering the stochasticity in the output of agricultural products (APs), this paper establishes 

a green supply chain (SC) model of “cooperative + supermarket” based on Stackelberg game. 

Then, the optimal strategies of the producer and the seller were obtained under the 

decentralized and centralized decision-making models, respectively. Finally, an example 

analysis was conducted to analyze the sensitivity of consumer’s greenness sensitivity, green 

cost coefficient and stochastic output ratio. The results show that: the green SC with stochastic 

demand cannot be coordinated under the decentralized model; the two-part traffic (TPT) 

contract causes the producer and the seller to fully cooperate with each other, which improves 

the AP greenness, optimizes the SC environment, increases the producer’s expected profit and 

coordinates the entire SC; however, the seller’s expected profit under the TPT contract will be 

the same as that under the decentralized model. 
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1. INTRODUCTION 

 

In recent years, many unsafe foods came to light in China, 

including cucumbers containing female hormones, pork 

tainted with clenbuterol, steamed buns polluted by sulfur. The 

numerous food safety incidents are disturbing to Chinese 

consumers, raising their awareness of green consumption and 

environmental protection. In October, 2015, the Chinese 

authority, for the very first time, defined that green 

development as the sustainable development following the 

laws of nature and the fundamental way to realize ecological 

civilization. Recently, sustainable supply chain (SC)has 

become an extensively researched measure to cope with laws 

and regulations, consumer demand, intratype competition and 

social responsibility [1]. The core of sustainable SC 

management lies in ecological issues, such as design and 

production of green products, the manufacturing of by-

products, the generation of by-production in the use of primary 

products, and the reverse logistics [2].  

The quality and safety of agricultural products (APs) are the 

vital interests of all consumers. Under the national strategy of 

“green, low-carbon and circular development”, the 

development of green APs marks the future of modern 

agriculture and gives a strong impetus to the sustainable 

growth of China’s economy. Therefore, it is imperative to 

construct and optimize an SC model of green APs [3]. 

Currently, the safe APs in China mainly fall into organic 

APs, nuisance-free APs and green APs. Among them, green 

APs have been the research focus of modern APs, because 

organic APs are expensive and short-supplied, and nuisance-

free ones are not well recognized in the market [4]. 

Many Chinese and foreign scholars have probed deep into 

the management of green SC [5-8], but few have explored how 

to manage green AP SC. Sarkis [9] was the first to identify the 

management elements of green AP SC, laying the basis for the 

decision-making framework. Burer et al. [10] analyzed 

different types of contracts used in the seed industry, and 

summed up the features of all coordination contracts, 

assuming that the demand is uniformly distributed. Liu et al. 

[11] systematically discussed how to transform the green AP 

SC into a closed-loop SC. To curb the huge loss of fresh APs 

in circulation, Wang et al. [12] optimized the option and order 

quantity of the retailer, as well as the pricing strategy of the 

supplier, using the option contract. Ge et al. [13] investigated 

the complex internal optimization problems of agricultural SC, 

and developed an effective solution through simulation. Chen 

[14] studied the game between the parties in the green AP SC, 

and constructed the game model between three parties, namely, 

the government, the enterprise and the consumer, revealing 

that the optimal outcome is achieved when the government 

does not monitor the enterprise behavior concerning the green 

AP SC. Considering the features (e.g. freshness and loss) of 

APs, Yang and Lu [15] set up a stochastic profit distribution 

model, and proposed a coordination strategy for three-echelon 

SC based on transaction credit. With the aid of the theory of 

variational inequality, Zhou et al. [16] investigated the 

equilibrium of fresh AP SC under the consumer preference for 

organic products, and concluded that both the producer and 

retailer make more profits with the growth in consumer 

preference for organic products. However, none of the above 

studies have considered the uncertainty of AP output. 

Unlike processing and manufacturing industries, the 

production and sales of APs are susceptible to uncertainties 

like weather and seasonal changes. There is often a certain 

stochasticity in AP output. Thus, the exploration of the AP SC 

with stochastic output has many realistic benefits, such as 

guiding AP producers and sellers in operation and 

management [17]. Zhao and Wu [18] used the profit-sharing 

contract to coordinate the secondary AP SC under stochastic 

output and demand. Kazaz and Webster [19] discussed the 

optimal production decisions of agro-industrialization 

organizations, whose stochastic output affects the AP price. 
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Assuming that the supplier makes a constant capital 

investment in agriculture and that the output is stochastic, 

Zhao et al. [20] suggested that the supplier and retailer should 

bear the risks of stochastic output together through short-

supply and over-supply compensations. Under stochastic 

output and demand, Feng et al. [21] coordinated the AP SC 

weakly dominated by third-party logistics (TPL) service 

provider. Considering stochastic AP output and government 

compensation of prepayment loss, Huang et al. [22] 

constructed an AP SC game model based on transaction credit, 

and discussed low government compensation contributes to 

social welfare and SC value. Despite tackling stochastic AP 

output, the above studies fail to consider the effects of AP 

greenness on optimal SC decisions. 

The cooperation between SC parties plays an increasingly 

important role in the management of sustainable SCs. The SC 

environment can be improved through the coordination of the 

green SC [7]. Therefore, this paper mainly deals with the 

coordination of green AP SC. Considering stochasticity of AP 

output, the author built a green SC model of “cooperative + 

supermarket” upon game theory. The optimal strategies of the 

producer and seller under decentralized decision-making 

model were compared with those under centralized decision-

making model. On this basis, the two-part tariff (TPT) contract 

was introduced to coordinate green AP SC. 

There are two major innovations of our research: (1) Both 

stochastic output and greenness were included in the decision-

making process of the AP SC, and their impacts on SC 

operations were discussed; (2) The proposed TPT 

coordination mechanism not only optimizes the expected 

profit of the SC, but also improves the SC environment, 

shedding new lights on the decision-making of relevant 

enterprises. 

 

 

2. PROBLEM DESCRIPTION AND HYPOTHESES 

 

Our problem involves a secondary green SC consisting of a 

supermarket and a rural cooperative. The supermarket sells the 

green APs produced by the rural cooperative. The seller and 

the producer are engaged in a Stackelberg game under 

symmetric information. The producer is the first mover in the 

game. Before the sales season, the producer first determines 

the greenness 𝜃 and wholesale price 𝑤 of APs. Then, the seller 

decides on the order quantity 𝑞 of APs based on the producer’s 

decision and predicted market demand. For convenience, 

several hypotheses were put forward before modelling and 

analysis. 

Hypothesis 1. The AP output is stochastic under the effects 

of uncontrollable factors, such as plant diseases, insect pests, 

extreme weather, abnormal temperature and any other natural 

disaster. In this paper, the producer’s output stochasticity is 

described by the commonly used stochastic output ratio model 

[23, 24]: the seller’s AP order quantity and the producer’s 

actual output are denoted as 𝑞 and 𝜀𝑞, respectively; 𝜀 ∈ [0, 1] 
is the stochastic output ratio of green APs that obeys a 

distribution-free model (mean 𝜇; variance 𝜎2) [25]. Facing the 

risks of stochastic output, the seller can only sell the actual 

output in the retail market. 

Hypothesis 2. Boyabatli et al. [26] proved the negative 

linear correlation between AP price and output. Hence, it is 

assumed that 𝑝(𝑞) = 𝑎 − 𝑏𝜀𝑞 , where 𝑎 > 0  is the “choke” 

price (the price so high that there is no demand for the AP), 

𝑏 > 0  is the consumer’s sensitivity to price, 𝜀𝑞  is the AP 

output, order quantity and also sales volume in the current 

season. It is also assumed that there is no residual AP at the 

end of the season. Drawing on the research of Liu et al. [27], 

the AP price has a positive linear correlation with its greenness. 

Thus, the inverse demand of green AP market could be defined 

as 𝑝(𝑞, 𝜃) = 𝑎 − 𝑏𝜀𝑞 + 𝜆𝜃 , where 0 ≤ 𝜃 < 1  is AP 

greenness, i.e. the edge of green APs over traditional APs in 

emissions reduction, and 𝜆 > 0 is the consumer’s greenness 

sensitivity, i.e. the consumer’s awareness of environmental 

protection (the consumer is willing to pay a higher price for 

greener APs). 

Hypothesis 3. The production cost of the cooperative can 

be broken down into two parts: the marginal cost of AP 

production and the green cost (the fixed investment to improve 

AP greenness, mainly incurred in the application of green 

fertilizers and the R&D of green technologies). According to 

the findings of Agbo et al. [28], the AP production cost 𝐶(𝑞) 
is an increasing convex function of the capital investment in 

agriculture in the current season and satisfies 𝐶(0) = 0 . 

Therefore, the marginal cost of AP production was assumed as 

𝐶(𝑞) =
1

2
𝛼𝑞2, where 𝛼 > 0 is the AP production coefficient. 

Meanwhile, the green cost 𝐻(𝜃)  is correlated with AP 

greenness 𝜃, and satisfies 𝐻′(𝜃) > 0 and 𝐻′′(𝜃) > 0. Using 

an existing green product investment model [7], the author 

illustrated the green cost as a quadratic function: 𝐻(𝜃) =
1

2
𝛽𝜃2, where 0 is the green cost coefficient. In this paper, 

the green cost refers specifically to the one-time up-front input 

by the producer. In other words, the green cost coefficient 𝛽 is 

usually large enough [7]. 

For simplicity, the parameters of the seller, the producer and 

the SC were respectively marked with the superscripts 𝑠, 𝑚 

and 𝑚𝑠. The parameters under the decentralized, centralized 

and coordinated decision-making models were respectively 

marked with subscripts 𝑑, 𝑐 and 𝑐𝑜, respectively. 

 

 

3. DECISION-MAKING MODELS  

 

3.1 Decentralized decision-making model 

 

According to the problem descriptions and hypotheses, the 

seller profit and producer profit under decentralized decision-

making model can be respectively described as: 

 

𝜋𝑑
𝑠(𝑞) = 𝑝(𝑞, 𝜃)𝜀𝑞 − 𝑤𝜀𝑞 = 𝜀𝑞(𝑎 − 𝑏𝜀𝑞 + 𝜆𝜃 − 𝑤)    (1)

  

𝜋𝑑
𝑚(𝑤, 𝜃) = 𝑤𝜀𝑞 − 𝐶(𝑞) − 𝐻(𝜃) = 𝑤𝜀𝑞 −

1

2
𝛼𝑞2 −

1

2
𝛽𝜃2  (2) 

 

By formulas (1) and (2), the expected profits of the seller 

and the producer can be respectively obtained as: 

 

𝐸[𝜋𝑑
𝑠(𝑞)] = (𝑎 + 𝜆𝜃 − 𝑤)𝜇𝑞 − 𝑏(𝜇2 + 𝜎2)𝑞2         (3) 

 

𝐸[𝜋𝑑
𝑚(𝑤, 𝜃)] = 𝑤𝜇𝑞 −

1

2
𝛼𝑞2 −

1

2
𝛽𝜃2              (4) 

 

In the Stackelbergy game, both the seller and the producer 

pursue the maximum profit. Then, the equilibrium solution of 

the decentralized decision-making model was deduced 

inversely. 

In phase 2, the seller decides on the optimal order quantity 

of APs. According to formula (3), the first-order condition of 

𝐸[𝜋𝑑
𝑠(𝑞)] relative to 𝑞 can be derived as: 
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𝑑𝐸[𝜋𝑑
𝑠 (𝑞)]

𝑑𝑞
= (𝑎 + 𝜆𝜃 − 𝑤)𝜇 − 2𝑏(𝜇2 + 𝜎2)𝑞 = 0       (5) 

 

Since 
𝑑2𝐸[𝜋𝑑

𝑠 (𝑞)]

𝑑𝑞2
= −2𝑏(𝜇2 + 𝜎2) < 0 , 𝐸[𝜋𝑑

𝑠(𝑞)]  is a 

concave function about𝑞. Let 𝐴 =
𝜇

2𝑏(𝜇2+𝜎2)
. Then, the unique 

optimal response 𝑞𝑑
∗  of the seller must be: 

 

𝑞𝑑
∗ = 𝐴(𝑎 + 𝜆𝜃 − 𝑤)                            (6) 

 

In phase 1, the producer determines the optimal wholesale 

price and greenness of APs. Substituting formula (6) into 

formula (4), the Hessian matrix 𝐻(𝑤, 𝜃)  of 𝐸[𝜋𝑑
𝑚(𝑤, 𝜃)] 

about (𝑤, 𝜃) can be established as: 
 

𝐻(𝑤, 𝜃) = [

𝜕2𝐸[𝜋𝑑
𝑚(𝑤,𝜃)]

𝜕𝑤2

𝜕2𝐸[𝜋𝑑
𝑚(𝑤,𝜃)]

𝜕𝑤𝜕𝜃

𝜕2𝐸[𝜋𝑑
𝑚(𝑤,𝜃)]

𝜕𝜃𝜕𝑤

𝜕2𝐸[𝜋𝑑
𝑚(𝑤,𝜃)]

𝜕𝜃2

] =  

 

[
−𝐴2𝛼 − 2𝐴𝜇 𝐴2𝛼𝜆 + 𝐴𝜆𝜇

𝐴2𝛼𝜆 + 𝐴𝜆𝜇 −𝛽 − 𝐴2𝛼𝜆2
]                         (7) 

 

The first-order leading principal minors 𝐷1 =
𝜕2 𝜋𝑚(𝑤,𝜃)

𝜕𝑤2
=

−𝐴2𝛼 − 2𝐴𝜇 < 0. Since the green cost coefficient 𝛽 is large 

enough, the second-order leading principal minors 𝐷2 =
𝐴(𝐴𝛼𝛽 + 2𝛽𝜇 − 𝐴𝜆2𝜇2) > 0 . Therefore, 𝐻(𝑤, 𝜃)  is a 

negative definite matrix. Then, 𝐸[𝜋𝑑
𝑚(𝑤, 𝜃)] must be a joint 

concave function about (𝑤, 𝜃). The unique optimal response 

of the producer to the order quantity of green APs (𝑤𝑑
∗ , 𝜃𝑑

∗) 
can be determined by: 

 

{

𝜕𝐸[𝜋𝑑
𝑚(𝑤,𝜃)]

𝜕𝑤
= 𝐴2𝛼(𝑎 − 𝑤 + 𝜃𝜆) − 𝐴𝑤𝜇 + 𝐴(𝑎 − 𝑤 + 𝜃𝜆)𝜇 = 0

𝜕𝐸[𝜋𝑑
𝑚(𝑤,𝜃)]

𝜕𝜃
= −𝛽𝜃 − 𝐴2𝛼𝜆(𝑎 − 𝑤 + 𝜃𝜆) + 𝐴𝑤𝜆𝜇 = 0

  

(8) 
 

Solve equation set (8), we have: 
 

{
𝑤𝑑
∗ =

𝐴𝑎𝛼𝛽+𝑎𝛽𝜇

𝐴𝛼𝛽+2𝛽𝜇−𝐴𝜆2𝜇2

𝜃𝑑
∗ =

𝐴𝑎𝜆𝜇2

𝐴𝛼𝛽+2𝛽𝜇−𝐴𝜆2𝜇2

                           (9) 

 

Substituting the values of 𝑤𝑑
∗ and 𝜃𝑑

∗  into formula (6), the 

following conclusion can be drawn: 

Theorem 1. Under decentralized decision-making, the 

equilibrium outcome of the Stackelberg game between the 

seller and the producer is: 
 

{
 
 

 
 𝑤𝑑

∗ =
𝐴𝑎𝛼𝛽+𝑎𝛽𝜇

𝐴𝛼𝛽+2𝛽𝜇−𝐴𝜆2𝜇2

𝜃𝑑
∗ =

𝐴𝑎𝜆𝜇2

𝐴𝛼𝛽+2𝛽𝜇−𝐴𝜆2𝜇2

𝑞𝑑
∗ =

𝐴𝑎𝛽𝜇

𝐴𝛼𝛽+2𝛽𝜇−𝐴𝜆2𝜇2

                         (10) 

 

Property 1 can be derived from how SC parties are affected 

by green cost coefficient and consumer’s greenness sensitivity. 

Property 1. Under decentralized decision-making, the 

following inequalities are valid under the existence of the 

optimal solution: 

 

1)
𝜕𝑤𝑑

∗

𝜕𝜆
> 0, 

𝜕𝜃𝑑
∗

𝜕𝜆
> 0 and 

𝜕𝑞𝑑
∗

𝜕𝜆
> 0; 2)

𝜕𝑤𝑑
∗

𝜕𝛽
< 0, 

𝜕𝜃𝑑
∗

𝜕𝛽
< 0 and 

𝜕𝑞𝑑
∗

𝜕𝛽
< 0. 

Proof: Property 1 can be proved by finding the partial 

derivatives of 𝑤𝑑
∗ , 𝜃𝑑

∗  and 𝑞𝑑
∗  relative to 𝜆 and 𝛽, respectively. 

Property 1 shows that, if the consumer has a high awareness 

of environmental protection, he/she will be sensitive to AP 

greenness and willing to pay an extra fee for green APs. In this 

case, the seller will benefit from the high product demand, 

while the producer will benefit from the high price and invest 

more to improve product greenness. If it is costly to develop 

green technologies, the profit of improving product greenness 

cannot make up for the technical R&D cost. To save cost, the 

producer will lower the AP greenness and wholesale price, 

while the seller will cut back on the AP order quantity.   

Substituting the equilibrium solution (10) into the objective 

functions (3) and (4), the seller profit, producer profit and SC 

profit can be respectively obtained as: 

 

{
 
 

 
 𝐸(𝜋𝑑

𝑠∗) =
𝑎2𝐴𝛽2𝜇3

2(𝐴𝛼𝛽+2𝛽𝜇−𝐴𝜆2𝜇2)2

𝐸(𝜋𝑑
𝑚∗) =

𝑎2𝐴𝛽𝜇2

2𝐴𝛼𝛽+4𝛽𝜇−2𝐴𝜆2𝜇2

𝐸(𝜋𝑑
𝑚𝑠∗) =

𝑎2𝐴𝛽𝜇2(𝐴𝛼𝛽+3𝛽𝜇−𝐴𝜆2𝜇2)

2(𝐴𝛼𝛽+2𝛽𝜇−𝐴𝜆2𝜇2)2

               (11) 

 

3.2 Centralized decision-making model 

 

Under centralized decision-making, the seller fully 

cooperates with the producer. In this case, the decision-making 

is only affected by the order quantity and green cost, and has 

nothing to do with wholesale price. Then, the decision-making 

of the SC can be described as:  

 

max
𝜃𝑐,𝑞𝑐

𝐸[𝜋𝑐(𝜃𝑐 ,  𝑞𝑐)] =  

(𝑎 + 𝜆𝜃𝑐)𝜇𝑞𝑐 − [
1

2
𝛼 + 𝑏(𝜇2 + 𝜎2)] 𝑞𝑐

2 −
1

2
𝛽𝜃𝑐

2
    (12) 

 

Theorem 2. Under centralized decision-making, the 

optimal decisions of the SC include: 

 

{
𝜃𝑐
∗ =

𝐴𝑎𝜆𝜇2

𝐴𝛼𝛽+𝛽𝜇−𝐴𝜆2𝜇2

𝑞𝑐
∗ =

𝐴𝑎𝛽𝜇

𝐴𝛼𝛽+𝛽𝜇−𝐴𝜆2𝜇2

                         (13) 

 

Substituting formula (13) into objective function (12), the 

maximum profit of the SC can be described as: 

 

𝐸(𝜋𝑐
∗) =

𝑎2𝐴𝛽𝜇2

2𝐴𝛼𝛽+2𝛽𝜇−2𝐴𝜆2𝜇2
                     (14) 

 

Comparing formulas (10) and (13), it is easy to find that 

𝐴𝛼𝛽 + 2𝛽𝜇 − 𝐴𝜆2𝜇2 > 𝐴𝛼𝛽 + 𝛽𝜇 − 𝐴𝜆2𝜇2. Then, Property 

2 can be established.  

Property 2. 𝜃𝑐
∗ > 𝜃𝑑

∗  and 𝑞𝑐
∗ > 𝑞𝑑

∗ . 

Property 2 shows that, compared with decentralized 

decision-making, centralized decision-making model boasts 

high AP greenness and a large order quantity. This means the 

green AP SC cannot be coordinated under decentralized 

decision-making, and the environment could be improved if 

the two parties of the SC fully cooperates in taking 

environmental responsibilities. 

 

3.3 SC coordination model 

 

According to Property 2, the SC cannot be coordinated 

under decentralized decision-making, because the two parties 
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emphasize their own profits over the SC profit; the optimal 

decisions of the two parties are inferior to those under 

centralized decision-making. To encourage the seller order 

more green APs and thus coordinate the SC, this paper 

coordinates the SC with the TPT contract{𝑤𝑐𝑜, 𝑇 }, which is 

widely used to manage green SCs. Note that 𝑤𝑐𝑜  is the 

wholesale price of green APs set by the producer, and 𝑇 is the 

fixed transfer payment from the seller to the producer. Let 𝜃𝑐𝑜 

be the AP greenness selected by the producer. Similar to 

Section 3.1, the decision-making of the seller can be expressed 

as: 

 
max
𝑞𝑐𝑜

𝐸[𝜋𝑐𝑜
𝑠 (𝑞𝑐𝑜)] =  

(𝑎 + 𝜆𝜃𝑐𝑜 − 𝑤𝑐𝑜)𝜇𝑞𝑐𝑜 − 𝑏(𝜇
2 + 𝜎2)𝑞𝑐𝑜

2 − 𝑇        (15) 

 

Since 𝑇 is a fixed transfer payment, the seller’s response to 

the contract terms and AP greenness determined by the 

producer can be described as: 

 

𝑞𝑐𝑜
∗ = 𝐴(𝑎 + 𝜆𝜃𝑐𝑜 −𝑤𝑐𝑜)                       (16) 

 

Facing the seller’s response, the producer’s decision-

making can be expressed as: 

 

max
𝑤𝑐𝑜,𝑇,𝜃𝑐𝑜

𝐸[𝜋𝑐𝑜
𝑚(𝑤𝑐𝑜 , 𝑇, 𝜃𝑐𝑜)] = 

𝑤𝑐𝑜𝜇𝑞𝑐𝑜 −
1

2
𝛼𝑞𝑐𝑜

2 −
1

2
𝛽𝜃𝑐𝑜

2 + 𝑇                (17) 

 

s.t. 

(𝑎 + 𝜆𝜃𝑐𝑜 − 𝑤𝑐𝑜)𝜇𝑞𝑐𝑜 − 𝑏(𝜇
2 + 𝜎2)𝑞𝑐𝑜

2 − 𝑇 ≥ 𝐸(𝜋𝑑
𝑠∗) (18) 

 

Formula (18) is an incentive constraint, ensuring that the 

seller accepts the coordination contract provided by the 

producer. The producer’s optimal decision can be derived 

from Theorem 3 below. 

Theorem 3. The producer can coordinate the SC by setting 

the AP greenness as 𝜃𝑐𝑜
∗ = 𝜃𝑐

∗ and offers the seller the TPT 

contract {𝑤𝑐𝑜
∗ , 𝑇∗} below: 

 

{𝑤𝑐𝑜
∗ , 𝑇∗} = { 𝑎 +

𝐴𝑎𝜆2𝜇2−𝑎𝛽𝜇

𝐴𝛼𝛽+𝛽𝜇−𝐴𝜆2𝜇2
,

𝑎2𝐴𝛽2𝜇3

2(𝐴𝛼𝛽+𝛽𝜇−𝐴𝜆2𝜇2)2
−

𝑎2𝐴𝛽2𝜇3

2(𝐴𝛼𝛽+2𝛽𝜇−𝐴𝜆2𝜇2)2
}. 

 

Proof: For the producer’s decision-making in formula (17), 

the optimal solution must fall on the boundary of Constraint 

(18). This is a typical moral hazard problem, that is, the 

producer can take away the entire profit of the seller by 

manipulating the fixed transfer payment 𝑇 . Hence, if 𝑇 =

(𝑎 + 𝜆𝜃𝑐𝑜 − 𝑤𝑐𝑜)𝜇𝑞𝑐𝑜
∗ − 𝑏(𝜇2 + 𝜎2)𝑞𝑐𝑜

∗ 2 − 𝐸(𝜋𝑑
𝑠∗) , the 

producer will face the following decision-making problem: 

 
max
𝑤𝑐𝑜,𝜃𝑐𝑜

𝐸[𝜋𝑐𝑜
𝑚(𝑤𝑐𝑜 , 𝜃𝑐𝑜)] = (𝑎 + 𝜆𝜃𝑐𝑜)𝜇𝑞𝑐𝑜

∗ −  

[
1

2
𝛼 + 𝑏(𝜇2 + 𝜎2)] 𝑞𝑐𝑜

∗ 2 −
1

2
𝛽𝜃𝑐𝑜

2 − 𝐸(𝜋𝑑
𝑠∗)          (19) 

 

According to the first-order condition of formula (19) and 

formula (16), the producer’s optimal decision cannot be 

consistent with the optimal decision of the SC under 

centralized decision-making, unless 𝜃𝑐𝑜
∗  and 𝑤𝑐𝑜

∗  satisfy: 

 

{
𝑤𝑐𝑜
∗ =  𝑎 +

𝐴𝑎𝜆2𝜇2−𝑎𝛽𝜇

𝐴𝛼𝛽+𝛽𝜇−𝐴𝜆2𝜇2

𝜃𝑐𝑜
∗ =

𝐴𝑎𝜆𝜇2

𝐴𝛼𝛽+𝛽𝜇−𝐴𝜆2𝜇2

                        (20) 

Substituting formula (20) into formula (16), we have𝑞𝑐𝑜
∗ =

𝐴𝑎𝛽𝜇

𝐴𝛼𝛽+𝛽𝜇−𝐴𝜆2𝜇2
. Then, we have: 

 

𝑇∗ =
𝑎2𝐴𝛽2𝜇3

2(𝐴𝛼𝛽+𝛽𝜇−𝐴𝜆2𝜇2)2
−

𝑎2𝐴𝛽2𝜇3

2(𝐴𝛼𝛽+2𝛽𝜇−𝐴𝜆2𝜇2)2
. 

 

Property 3. The expected profits of the producer and the 

seller under decentralized decision-making have the following 

relationship with those under the coordination contract: 

1) 𝐸(𝜋𝑑
𝑚∗) < 𝐸(𝜋𝑐𝑜

𝑚∗); 2) 𝐸(𝜋𝑑
𝑠∗) = 𝐸(𝜋𝑐𝑜

𝑠∗). 
Property 3 basically compares the expected profits the 

producer and the seller under decentralized decision-making 

and those under the TPT contract: As a leader in the 

Stackelberg game, the producer has a strong bargaining power 

and can benefit from a coordinated SC, i.e. (𝜋𝑐𝑜
𝑚∗) > 𝐸(𝜋𝑑

𝑚∗); 
on the contrary, the seller, as the follower of the Stackelberg 

game, has a weak bargaining power, and can receive the same 

expected profit under decentralized decision-making at the 

most, i.e. 𝐸(𝜋𝑑
𝑠∗) = 𝐸(𝜋𝑐𝑜

𝑠∗), through SC coordination. 

Property 4. If ∆𝜃𝑐𝑜𝑑 = 𝜃𝑐𝑜
∗ − 𝜃𝑑

∗ , then 
𝜕∆𝜃𝑐𝑜𝑑

𝜕𝜆
> 0  and 

𝜕∆𝜃𝑐𝑜𝑑

𝜕𝛽
< 0. 

Property 4 describes how the AP greenness varies with the 

changes in consumer’s environmental awareness and the R&D 

cost coefficient of green technologies: the higher the 

consumer’s environmental awareness, the greater the 

advantage of the TPT contract in the provision of green APs; 

the higher the R&D cost coefficient of green technologies, the 

fewer the advantage of the TPT contract.  

 

 

4. EXAMPLE ANALYSIS  

 

The example analysis was performed on Matlab under the 

parameter settings of a=100, b=1, 𝜇=0.8, 𝜎=0.5, a=15, =50 

and =5. Through the analysis, the decentralized decision-

making model and the TPT contract model were compared in 

terms of green sensitivity, green cost coefficient, and the mean 

and variance of stochastic output. Then, the optimal decisions 

and expected profits of the green SC and its parties in each 

model were discussed in details, with the variation in each of 

the above parameters. 

 

4.1 Effects of greenness sensitivity 

 

Firstly, the consumer’s greenness sensitivity was subjected 

to sensitivity analysis, aiming to disclose how this coefficient 

affects the optimal decisions and expected profits of the green 

SC and its parties under decentralized decision-making and 

under the TPT contract. The relevant numerical experiments 

were conducted with 𝜆 as the variable. 

As shown in Figure 1, with the increase in consumer’s 

greenness sensitivity, the SC parties both witnessed a rise in 

optimal decision and expected profit, whether under 

decentralized decision-making or under the TPT contract. 

Therefore, the growing environmental awareness of the 

consumer can encourage the producer to output greener APs 

and raise the wholesale price, and promote the seller to upscale 

the order quantity of green APs, thereby benefiting the entire 

SC.  

Comparatively, the producer’s green cost 𝜃∗  is the only 

parameter that increased marked with the growing 𝜆, while the 

other decision variables and expected profits were not 

350



 

significantly changed. This means the environment can be 

greatly improved if the consumer has a high environmental 

awareness. Thus, we should conduct green marketing to boost 

the consumer’s awareness of environmental protection. 

 

 
 

Figure 1. Effects of 𝜆 on the optimal decisions and expected profits of the green SC and its parties 

 

4.2 Effects of green cost coefficient 

 
Secondly, the green cost coefficient was subjected to 

sensitivity analysis, aiming to disclose how this coefficient 

affects the optimal decisions and expected profits of the green 

SC and its parties under decentralized decision-making and 

under the TPT contract. The relevant numerical experiments 

were conducted with 𝛽 as the variable. 

 

 
 

Figure 2. Effects of 𝛽 on the optimal decisions and expected profits of the green SC and its parties 
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As shown in Figure 2, with the increase in producer’s green 

cost coefficient, the SC parties both witnessed a decline in 

optimal decision and expected profit, whether under 

decentralized decision-making or under the TPT contract. 

Therefore, under a high R&D cost of green technologies, the 

profit of improving product greenness cannot make up for the 

technical R&D cost.  

To save cost, a rational producer will lower the AP 

greenness and wholesale price. Then, the market demand will 

decrease with the greenness, forcing the seller to cut back on 

the AP order quantity. In this way, the expected profit of the 

SC will also decrease.  

Comparatively, the producer’s green cost 𝜃∗  is the only 

parameter that increased marked with the growing 𝛽, while the 

other decision variables and expected profits were not 

significantly changed. This means a high green cost coefficient 

is unfavorable to the environment. As a result, we should 

invest more in green technologies and reduce the R&D cost of 

green APs. 

 

4.3 Effects of the mean of stochastic output ratio 
 

Thirdly, the author investigated the effects of the mean of 

stochastic output ratio on the optimal decisions and expected 

profits of the green SC and its parties. With 𝜇 being the only 

variable, the change curves of the optimal decisions and 

expected profits with the changing mean of stochastic output 

ratio 𝜀 are shown in Figure 3. 

 

 
 

Figure 3. Effects of 𝜇 on the optimal decisions and expected profits of the green SC and its parties 

 

As shown in Figure 3, with the growing mean of producer’s 

expected output, the optimal AP greenness and optimal AP 

order quantity were both on the rise, so did the expected profits 

of the SC and both parties. However, the optimal wholesale 

price set by the producer was decreased. Compared with that 

under decentralized decision-making, the optimal decisions 

and expected profits of the green SC and its parties were 

sensitive to the changing 𝜇  value under the TPT contract. 

Therefore, the producer should increase the stochastic output 

of APs, in order to improve the environment and enhance the 

expected profits of the SC and its parties. 

 

4.4 Effects of the standard deviation of stochastic output 

ratio 

 
Finally, the author looked at the effects of the standard 

deviation of stochastic output ratio on the optimal decisions 

and expected profits of the green SC and its parties. With 𝜎 

being the only variable, the change curves of the optimal 

decisions and expected profits with the changing mean of 

stochastic output ratio 𝜀 are shown in Figure 4. 

As shown in Figure 4, with the growing standard deviation 

of producer’s expected output, the optimal AP order quantity, 

the optimal AP greenness and the optimal wholesale price 

decreased across the board, so did the expected profits of the 

SC and the producer. The only increasing parameter is the 

seller’s expected profit. It may seem counterintuitive that the 

seller’s expected profit increased with the 𝜎 (In common sense, 

output stochasticity must have a negative impact on the SC). 

However, this correlation can be derived from formula (11): 

the seller’s expected profit decreases with the growth in 𝐴, and 

𝐴 is negatively correlated with 𝜎; thus, the seller’s expected 

profit has a positive correlation with 𝜎. Nevertheless, the SC 

profit decreased with the growing 𝜎 , for the increment of 

seller’s expected profit is smaller than the decrement of 

producer’s expected profit. 
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Figure 4. Effects of 𝜎 on the optimal decisions and expected profits of the green SC and its parties 

 

 

5. CONCLUSIONS 

 

This paper explores the coordination of green AP SC with 

stochastic output. Two Stackelberg game models were 

established, respectively, under centralized and decentralized 

decision-making. Then, the green sensitivity, green cost 

coefficient and stochastic output ratio were subjected to 

sensitivity analysis, revealing how SC operations are affected 

by consumer’s environmental awareness and stochastic 

demand. The main conclusions are as follows: 

(1) If the consumer has a high awareness of environmental 

protection, he/she will be sensitive to AP greenness and 

willing to pay an extra fee for green APs. The growing 

environmental awareness of the consumer is an important 

market factor that promotes the SC environment. Thus, we 

should conduct green marketing to boost the consumer’s 

awareness of environmental protection. 

(2) If it is costly to develop green technologies, the producer 

will lower the AP greenness and wholesale price, while the 

seller will cut back on the AP order quantity. This means a 

high green cost coefficient is unfavorable to the environment. 

As a result, we should invest more in green technologies and 

reduce the R&D cost of green APs. 

(3) The increase in the mean of stochastic demand has 

positive effects on the SC profit and environment, while the 

increase in the standard deviation of stochastic demand has 

negative impacts on the latter factors. It may seem 

counterintuitive that the seller’s expected profit increased with 

the 𝜎. Nevertheless, the SC profit decreased with the growing 

𝜎, for the increment of seller’s expected profit is smaller than 

the decrement of producer’s expected profit. 

(4) The cooperation between SC parties is necessary to 

improve the environmental performance of the SC. Under the 

TPT contract, the producer can cooperate fully with the seller, 

resulting in a coordinated SC and an improved environment. 

However, only the producer can make more profits under this 

cooperation model. The seller’s profit will remain the same as 

that under decentralized decision-making. The seller should be 

subsidized properly by the producer, such as to arouse its 

interests in adopting the TPT contract. 

There are several limitations of our research. First, our 

models only consider an SC containing one type of APs. In 

future, the SC decision-making will be discussed under the 

competition between regular APs and green APs. Second, the 

author only took account of the producer’s green investment, 

without considering the green marketing. The joint green 

marketing by the producer and the seller will be deliberated in 

further research. Third, the research problem was not explored 

from the angles of society or government. To improve the 

environment, the future research will further examine the 

effects of government subsidy on the performance of green AP 

SC. 
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