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Abstract 6 

This paper incorporates the players’ risk attitudes into a green supply chain (GSC) consisting of a 7 

supplier and a retailer. The supplier conducts production and determines the green level and wholesale 8 

price as a game leader, the retailer sells green products to consumers and determines the retail price as 9 

a follower. Equilibrium solutions are derived, and the influence of risk aversion on the GSC is 10 

examined. Our results show that, for the centralized GSC, risk aversion lowers the green level and the 11 

retail price; while for the decentralized GSC, risk aversion lowers the wholesale price and the retail 12 

price, but it may induce the supplier to increase the green level given a large risk tolerance of the 13 

supplier. Meanwhile, the risk-averse decentralized GSC may obtain more expected profit than the risk-14 

neutral decentralized GSC. Furthermore, this paper designs a revenue-and-cost-sharing joint contract to 15 

coordinate the risk-neutral GSC, and such a contract can improve the risk-averse GSC under specific 16 

conditions.  17 

Keywords  Green supply chain · Risk aversion · Revenue-and-cost-sharing joint contract · Pareto 18 

improvement 19 

 20 

1. Introduction 21 

With the advance of economy and sharp increase in energy consumption, more and more people 22 

begin to be concerned about environmental issues, such as greenhouse effects, marine pollution, 23 

ecological environment deterioration, and energy crises. Green production and clean energy have 24 

become global priorities for protecting the environment. Meanwhile, people’s consciousness of 25 

environmental protection and health is increasing, and they are increasingly in favor of green 26 

consumption (Hong and Guo 2019; Bai et al. 2020; Li et al. 2021a; Wang et al. 2021). Then, the 27 

enterprises have the motivation to produce green products with consumers’ green demand fed back 28 

from downstream retailers (Wang et al. 2021). In practice, Patagonia is a typical clothing company 29 

producing green products. When producing the Eco Rain Shell Jacket, Patagonia collaborates with its 30 

suppliers to make efforts in material changes, finally substituting perfluoro-octanoic acid with polyester 31 

and polyurethane to reduce polluting the environment. Meanwhile, Patagonia teams up with 32 

CenterStone Technologies to serve consumers more efficiently and increases inventory turns and, thus, 33 

revenues (Ghosh and Shah 2012). In China, many enterprises have begun to regard green development 34 

as their social responsibility and have started green production. For environmentally friendly 35 

considerations, China Baowu Steel Group Corporation, a leading manufacturer of steel products, has 36 
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adopted the Baosteel Product Environmental Index (BPEI) to promote the development of green 37 

products. Baowu has achieved substantial growth in green products by reducing carbon emissions 38 

through Baosteel laminated steel and Baosteel quenching-partitioning steel2. Another example is from 39 

the Haier Group, a leading brand of white goods business, which carries out the 4G strategy of “Green 40 

Product, Green Enterprise, Green Culture, and Green Recovery” to realize a harmonious relationship 41 

between humans and nature. They develop maglev central air conditioning, “No External Barrel” 42 

washing machines and other green products with high efficiency and energy savings that are welcomed 43 

by consumers3. 44 

Generally, the introduction of green products changes the competition structures and optimal 45 

decisions of a supply chain (SC). Many scholars have begun to study game models and cooperation 46 

mechanisms between suppliers and retailers in green supply chains (GSCs) (Hong and Guo 2019; 47 

Heydari et al. 2019; Li et al. 2021a, 2021b; Chen et al. 2021). Some scholars believe that enterprises 48 

may face greater risks in a GSC than in a traditional SC, and hence introduce risk attitudes into the 49 

GSC. For example, Zhao et al. (2020) construct a SC under carbon emission tax regulation, and apply 50 

the conditional value-at-risk (CVaR) criteria to quantify the risk-averse attitude of the retailer. Then, 51 

both the risk-neutral supplier’s optimal production quantity and the risk-averse retailer’s optimal order 52 

quantity are investigated. Bai et al. (2020) adopt the mean-variance (MV) method and use utility profit 53 

to reflect the players’ risk-averse attitudes, and then develop two optimization models for 54 

manufacturer-led decentralized systems with and without technology investment. They mainly examine 55 

the impacts of sustainability investment and risk aversion on the SC coordination. Wang et al. (2021) 56 

also use the utility function to evaluate the risk-averse players’ performance in a GSC, and propose 57 

three contracts to improve the green level of products. From the above discussions, we can conclude 58 

that the players’ risk aversion has raised many concerns in GSC management. Through this study, we 59 

want to stress the following questions: 60 

(1) How do the players’ risk-averse attitudes affect the GSC members’ optimal decisions? 61 

(2) How do the players’ risk-averse attitudes affect the performance of the GSC? 62 

(3) How can the revenue-and-cost-sharing (RCS) joint contract improve the performance of GSCs 63 

with risk neutrality and risk aversion? 64 

To answer the above questions, a GSC with a risk-averse supplier and a risk-averse retailer is 65 

established. The supplier firstly makes decision on the green level and the wholesale price, and then the 66 

retailer determines the retail price. We apply the MV model to quantify the players’ risk-averse 67 

attitudes, and introduce the concept of risk tolerance to reflect the degree of the players’ risk aversion. 68 

To clearly dig out the influence of players’ risk-averse attitudes on the GSC, we develop a risk-neutral 69 

GSC as a basic model. The equilibrium solutions of a risk-neutral and a risk-averse GSC are derived 70 

and compared. Furthermore, the RCS joint contract is designed to improve the performance of GSCs 71 

with risk neutrality and risk aversion. In general, we obtain the following key findings.  72 

(i) When risk tolerance is valid, the equilibrium retail price and green level in the risk-averse 73 

centralized GSC are lower than those in the risk-neutral centralized GSC. Meanwhile, the 74 

equilibrium retail price and wholesale price in the risk-averse decentralized GSC are lower than 75 

                             
2 http://res.baowugroup.com/files/2019/11/27/628f2cf8866742c2897796abc022230a.pdf 
3 https://imagegroup1.haier.com/global/csr/W020200721604463958789.pdf?spm=net.32021%20pc.hg2020%20srdownload_20200908.3 
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those in the risk-neutral decentralized GSC, but this is not always true for the green level.  76 

(ii) When risk tolerance is valid, the expected profit of the risk-averse centralized GSC is lower than 77 

that of the risk-neutral centralized GSC. However, the expected outcome is very different in the 78 

case of decentralized GSCs: When the supplier’s risk tolerance is relatively large, the risk-averse 79 

supplier’s optimal expected profit is higher than the risk-neutral supplier’s; and when the 80 

supplier’s risk tolerance is relatively small but the retailer’s risk tolerance is relatively large, the 81 

risk-averse retailer’s optimal expected profit is higher than the risk-neutral retailer’s. Generally, 82 

the expected profit of the risk-averse decentralized GSC may be higher than that of the risk-83 

neutral decentralized GSC.  84 

(iii) When introducing the RCS joint contract, if the contract parameters satisfy certain conditions, 85 

the risk-neutral GSC and the risk-averse GSC are efficient in improving the performance. 86 

Meanwhile, the RSC joint contract can coordinate the risk-neutral GSC, and the coordinating 87 

profits can be flexibly allocated between the two members by adjusting the revenue-sharing ratio 88 

or the cost-sharing ratio. The RSC joint contract, however, cannot coordinate the risk-averse 89 

GSC; it can only improve both members’ expected profits under specific conditions.  90 

The rest of this paper is organized as follows. Literature review of GSC coordination and risk 91 

aversion is presented in Section 2. Section 3 constructs the decision models of GSCs with risk 92 

neutrality and risk aversion. The optimal solutions and corresponding expected profits are obtained in 93 

different models. Section 4 proposes the RCS contract with different schemes to improve the 94 

performance of GSCs. Section 5 gives a numerical study to validate the propositions. Section 6 95 

summarizes the conclusions. All proofs are shown in the appendix. 96 

 97 

2. Literature review 98 

In recent years, there have been many studies on GSCs. In general, two categories have attracted 99 

attention in GSC management: Pricing and quantity tactics (Huang et al. 2016; Taleizadeh et al. 2018; 100 

Liu 2019; Qu et al. 2019; Li et al. 2021b), cooperation and GSC coordination (Ghosh and Shah 2012, 101 

2015; Swami and Shah 2013). Two streams of literature are bound up: GSC coordination, risk aversion. 102 

In the next, we mainly review these two streams and propose the research position of this study.  103 

2.1 GSC coordination 104 

GSC management has been the subject of much concern in recent decades. Many scholars consider 105 

that when green products are produced and sold to consumers, their demand function is different from 106 

that for nongreen products. Ghosh and Shah (2012) model the demand for green products as a linear 107 

function of the green level and retail price, which can reflect both “price” and “green” conscious 108 

consumer bases. They examine and compare the equilibrium solutions given different channel 109 

structures and investigate the impacts of channel structure on the optimal decisions. Finally, a two-part 110 

tariff contract is designed to improve the efficiency of the GSC. When enterprises make investments in 111 

R&D to improve the green level of products, advanced technologies are adopted to conduct green 112 

production processes, and they incur certain cost, which can be summarized as greening cost (Ghosh 113 

and Shah 2012) or greenness cost (Liu et al. 2021). Swami and Shah (2013) find that the ratio of the 114 

optimal green efforts invested by the GSC members are equal to the ratio of their green sensitivity 115 
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ratios and greening cost ratios. Ghosh and Shah (2015) study the coordination problem of a GSC and 116 

introduce two kinds of cost-sharing contracts: One is offered by the retailer, and the other is proposed 117 

through bargaining. The results show that the latter contract leads to a higher GSC surplus than the 118 

former contract. Basiri and Heydari (2017) consider the situation in which the SC sells both traditional 119 

nongreen products and new substitutable green products in the same channel, and propose a 120 

collaboration strategy for the manufacturer and the retailer, thus ensuring higher profits for both 121 

members under the strategy than those in the decentralized SC. In addition to producing green 122 

products, reducing carbon emissions can also be seen as a key process in green production, and can be 123 

considered in the category of GSC management. Xu et al. (2017) propose a GSC with one 124 

manufacturer and one retailer under cap-and-trade regulation, they focus on studying the production 125 

and emission abatement decisions of the GSC. Then, a wholesale price contract and a cost-sharing 126 

contract are designed to coordinate the GSC. Taleizadeh et al. (2018) introduce a two-echelon GSC 127 

selling a product with low carbon emission, and discuss the competition between one manufacturer and 128 

one retailer. In their study, three different contracts are designed to coordinate the GSC. Liu (2019) 129 

explores a GSC consisting of one retailer and one low-carbon manufacturer, and proposes four different 130 

kinds of cost-sharing contracts to coordinate the GSC. 131 

2.2 Risk aversion 132 

Due to market and production uncertainties, SCs inevitably involve different kinds of risks. 133 

Enterprises often make decisions with risk attitudes, which may be different from the decision-making 134 

process of risk-neutral enterprises. Xie et al. (2011) find that risk aversion significantly affects the SC’s 135 

quality investment and pricing decisions. Xiao and Yang (2009) demonstrate that given a high risk-136 

sharing cost of the manufacturer, a high-risk-averse retailer chooses a higher wholesale price than a 137 

low-risk-averse retailer. Yang et al. (2018) reveal that, when the supplier is sufficiently more risk 138 

averse than the retailer, the optimal order quantity in the pull newsvendor model is lower than that in 139 

the push newsvendor model, and this result is the opposite of the risk-neutral SC.  140 

To date, researchers have proposed various methods to model risk attitudes in decision-making 141 

problems, such as MV (Choi et al. 2008, 2019; Xu et al. 2014; Liu et al. 2016; Zhuo et al. 2018), value 142 

at risk (VaR) (Tapiero 2005; Wang et al. 2009; Kellner and Rösch 2016), CVaR (Li et al. 2016a; Zhu et 143 

al. 2020; Fan et al. 2020; Liu et al. 2020), and downside risk aversion (DRA) (Yao et al. 2016; Cai et al. 144 

2019). The MV model which contains a constraint that the standard variance of stochastic profit is less 145 

than a risk tolerance or is expressed as a utility function containing both expected profit and variance of 146 

stochastic profit, is widely adopted by researchers to study the optimal decisions and coordination 147 

mechanisms of a SC with risk-averse attitudes (Chiu and Choi 2016; Bai et al. 2020). To cite a few, 148 

Wei and Choi (2010) use the MV decision framework to measure the players’ risk attitudes and 149 

introduce a wholesale pricing and profit-sharing scheme to coordinate the SC. Xu et al. (2014) establish 150 

a dual-channel SC, derive and compare the risk-averse members’ optimal decisions under the MV 151 

model. Then, a two-way revenue-sharing contract is proposed to realize SC coordination. Zhuo et al. 152 

(2018) use the MV method to model the SC members’ risk-averse attitudes, and find that under an 153 

option contract, a relatively high risk tolerance can induce the supplier to decrease the exercise price. 154 

Bai et al. (2020) use utility profits to evaluate the players’ performance based on the MV framework, 155 
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and then study the effect of sustainability investment on the GSC. Wang et al. (2021) also adopt the 156 

MV approach and present a utility function to measure the members’ risk attitudes, then analyze the 157 

members’ optimal decisions about the green level and the retail price in a GSC. In this study, we also 158 

consider a GSC with a supplier producing green products, and we employ the MV approach to model 159 

the members’ risk-averse attitudes. Moreover, risk tolerance is adopted in the GSC to reflect the 160 

degrees of the members’ risk aversion.  161 

2.3 The distinctiveness of this research 162 

We develop a GSC with a risk-averse supplier producing green products and selling the products 163 

through a risk-averse retailer. The impact of risk aversion on the GSC is examined by deriving and 164 

comparing the optimal decisions of the GSC with risk neutrality and with risk aversion. Most related 165 

works can be found in Bai et al. (2020) and Zhao et al. (2020). Bai et al. (2020) employ the MV 166 

approach to develop a manufacturer-led GSC with technology investment in green products. The 167 

members’ optimal decisions are derived by maximizing their utility profits. Then, they design a two-168 

part tariff contract to realize GSC coordination. Zhao et al. (2020) consider SC under carbon emission 169 

tax regulation. The retailer is risk averse, and the CVaR method is adopted to quantify the risk-averse 170 

attitude. Then, they propose a call option contract to improve both members’ profits. Different from 171 

their works, we adopt the MV method in which a parameter of risk tolerance is applied to measure the 172 

members’ risk aversion. Meanwhile, we develop a risk-neutral GSC as a basic model, and compare the 173 

optimal decisions of a risk-neutral and a risk-averse GSC. Thus, the influence of risk aversion on the 174 

GSC is investigated. Furthermore, joint RCS contracts are proposed to improve the GSCs with risk 175 

neutrality and risk aversion. Generally speaking, the main contributions of our study can be 176 

summarized in the following. 177 

(1) We introduce the MV method to reflect the GSC members’ risk aversion from a new perspective 178 

in which the concept of risk tolerance is adopted. Such a research perspective combines the goal 179 

of maximizing the expected profits and the consideration of avoiding high risks of the members 180 

together. Thus, our results can help enterprises make optimal decisions according to the risk 181 

tolerances. 182 

(2) We contribute to the literature on improving the GSC performance by designing the RCS joint 183 

contract. The contract scheme can be easily applied in practice to strengthen the cooperation 184 

between the members in a risk-averse GSC. 185 

(3) We identify the key characteristics of risk-neutral GSCs through comparison analysis between 186 

risk-neutral GSCs and risk-averse GSCs. The key findings can help enterprises be aware of the 187 

impacts of risk aversion on GSCs, and can be applied in practice to support the enterprises’ 188 

decisions. 189 

 190 

3. Model development 191 

We establish a GSC consisting of a supplier (“he”) and a retailer (“she”). The retailer purchases 192 

green products from the supplier and sells the products to consumers. We assume the unit production 193 

cost is 𝑐, the wholesale price is 𝑤, and the retail price is 𝑝.The demand function can be expressed as 194 𝑞 = 𝑥 − 𝑏𝑝 + 𝑔𝜃, where 𝑥 is a stochastic variable denoting the market potential with mean value 𝑢 and 195 
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variance 𝛿2 , 𝑏  denotes the retail price sensitivity, 𝜃  is the green level, and 𝑔  denotes the market 196 

greening responsiveness. Then, a higher green level and a lower retail price can help expand the 197 

demand for products. To reflect the supplier’s cost for R&D investment in green production, many 198 

scholars assume the greening cost as a quadratic function of the green level (Li et al. 2016b; Zhu and 199 

He 2017; Song and Gao 2018). In this paper, we utilize the greening cost function as 𝑐𝑔 = 12 𝜂𝜃2, which 200 

is independent of the production quantity. Here, 𝜂 > 0 denotes the greening effort cost efficiency. 201 

In this paper, we assume that both members are risk averse, adopt the MV model and introduce a 202 

parameter 𝑅 (𝑅 > 0) to represent the risk tolerance of the decision-maker. Here, a higher 𝑅 indicates a 203 

higher risk tolerance, which means that the decision-maker is less afraid of uncertainty and is more 204 

adventurous. Then, 𝑅 = ∞ means that the decision-maker is totally risk neutral, 𝑅 = 0 indicates that 205 

the decision-maker is completely risk averse. Table 1 lists the main notations employed in the paper.  206 

Table 1  Main notations 207 

Notation Description 𝑥  Random market demand 𝑐, 𝑐𝑔 Unit production cost, greening cost 𝑝  Retail price 𝑤  Wholesale price 𝑞  Order quantity 𝜃  Green level 𝜆  Revenue-sharing ratio  𝜙  Cost-sharing ratio 𝜂  Greening effort cost coefficient 𝑏, 𝑔 Retail price elastic coefficient, and green elastic coefficient 𝑅𝑡, 𝑅𝑠, 𝑅𝑟 Risk tolerances of the GSC, the supplier, and the retailer 𝜋  Profit Subscript  𝑟  Retailer 𝑠  Supplier 𝑡 The GSC Superscript  𝑑  Decentralized GSC 𝑠  Revenue-and-cost-sharing contract 𝑅  Risk-averse GSC ∗  Optimal solution 

To simplify our analysis without loss of generality, we further assume that: (i) 𝑝 > 𝑤 + 𝑐 > 0 and 208 𝑤 > 𝑐 > 0, which ensure that each member can make a positive profit; (ii) 𝑏 > 𝑔 and 𝜂 > 𝑔, which 209 

suggest that consumers are more sensitive to the retail price than to the green level, and then the 210 

supplier needs to make substantial investments to obtain a certain green level; (iii) 𝑅𝑡 = 𝑅𝑠 + 𝑅𝑡, which 211 

demonstrates that the GSC’s risk tolerance equals to the summation of the supplier’s risk tolerance and 212 

retailer’s risk tolerance; and (iv) 𝑞 = 𝑢 − 𝑏𝑐 > 0, which ensures that the market demand for nongreen 213 

products is positive. 214 

3.1 Centralized GSC 215 

In this section, we mainly investigate the centralized GSC in which the supplier and the retailer 216 

make decisions as a union to optimize performance of the whole GSC. Let 𝜋𝑡  denote the GSC’s 217 

stochastic profit. For the risk-neutral centralized GSC, it aims to maximize the expected profit in the 218 

following. 219 
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𝐸(𝜋𝑡) = (𝑝 − 𝑐)(𝑢 − 𝑏𝑝 + 𝑔𝜃) − 12 𝜂𝜃2                                                                                          (1) 220 

Then, the risk-averse centralized GSC needs to maximize the expected profit with the constraint of 221 

the standard variance of the stochastic profit. 222 𝑚𝑎𝑥   𝐸(𝜋𝑡)   223 𝑠. 𝑡. √𝑉𝑎𝑟(𝜋𝑡) ≤ 𝑅𝑡                                                                                                                          (2) 224 

Here, 𝑅𝑡 ≥ 0 is the risk tolerance of the centralized GSC. A higher 𝑅𝑡 implies that the risk tolerance 225 

of the GSC tends to be higher, and the GSC is less risk averse. 𝑉𝑎𝑟(𝜋𝑡)  is the variance of the 226 

centralized GSC’s stochastic profit, which can be expressed as  227 𝑉𝑎𝑟(𝜋𝑡) = 𝐸[𝜋𝑡 − 𝐸(𝜋𝑡)]2 = (𝑝 − 𝑐)2𝛿2                                                                                      (3) 228 

By analyzing the decision models of the centralized GSCs with risk neutrality and risk aversion, we 229 

obtain Proposition 1. 230 

Proposition 1. When the centralized GSC is risk neutral, the optimal retail price and green level are 231 𝑝𝑡∗ = (𝑢−𝑏𝑐)𝜂2𝑏𝜂−𝑔2 + 𝑐 and 𝜃𝑡∗ = (𝑢−𝑏𝑐)𝑔2𝑏𝜂−𝑔2 ; when the centralized GSC is risk averse, if 𝑅𝑡 < 𝑅′, the optimal 232 

retail price and green level are 𝑝𝑡𝑅∗ = 𝑅𝑡𝛿 + 𝑐 and 𝜃𝑡𝑅∗ = 𝑔𝑅𝑡𝛿𝜂 , here 𝑅′ = (𝑢−𝑏𝑐)𝛿𝜂2𝑏𝜂−𝑔2 . 233 

Proposition 1 demonstrates that a unique equilibrium solution exists when the centralized GSC is 234 

risk neutral. On the other hand, for the risk-averse centralized GSC, when the risk tolerance 𝑅𝑡  is 235 

relatively low, i.e., 𝑅𝑡 < 𝑅′, Constraint (2) is valid, there also exists a unique equilibrium solution. It is 236 

evident that the risk-averse GSC’s optimal green level and retail price are smaller than the risk-neutral 237 

GSC’s; when the risk tolerance 𝑅𝑡 is relatively high, i.e., 𝑅𝑡 ≥ 𝑅′, Constraint (2) becomes invalid and 238 

the risk-averse GSC’s problem becomes the risk-neutral GSC’s problem. In the rest of the paper, we 239 

only consider the situation when the constraint is valid, i.e., risk tolerance is valid. From Proposition 1, 240 

we can further deduce the conclusions presented in Corollary 1. 241 

Corollary 1. (a) For the risk-neutral centralized GSC, both 𝑝𝑡∗ and 𝜃𝑡∗ increase with 𝑢 and 𝑔, decrease 242 

with 𝑏, and are independent of 𝛿; for the risk-averse centralized GSC, both 𝑝𝑡𝑅∗ and 𝜃𝑡𝑅∗ increase with 243 𝑅𝑡 , decrease with 𝛿 , and are independent of 𝑢  and 𝑏 ; meanwhile 𝜃𝑡𝑅∗  increases with 𝑔 . (b) The 244 

threshold 𝑅′ increases with 𝑢, 𝑔, and 𝛿, and decreases with 𝑏. 245 

For the risk-neutral centralized GSC, an increase in the mean value of the market potential and the 246 

green elastic coefficient leads to an increase in the optimal retail price and green level. However, the 247 

conclusion is opposite for the retail price elastic coefficient. Hence, the following important 248 

characteristics need to be stressed: (i) A prospect market potential can stimulate the GSC to increase the 249 

retail price and green level; (ii) a more positive responsiveness of consumers to green products can also 250 

stimulate the GSC to increase the retail price and green level; (iii) the GSC is inclined to choose a 251 

lower retail price and a lower green level if consumers are more sensitive to the retail price; and (iv) the 252 

standard deviation of the market potential has no impact on the retail price or the green level in a risk-253 

neutral centralized GSC.  254 

For the risk-averse centralized GSC, the following important characteristics apply: (i) An increase 255 

in the risk tolerance leads to an increase in both the green level and retail price. With an increase in the 256 

risk tolerance, the GSC is more likely to improve the performance via choosing a higher green level 257 

and a higher retail price; (ii) an increase in the standard deviation of the market potential leads to a 258 
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decrease in the green level and retail price. Given a higher market fluctuation, the GSC faces greater 259 

risk. To decrease risks, the GSC is inclined to reduce the green level and retail price; (iii) an increase in 260 

the green elastic coefficient increases the green level and does not affect the retail price; and (iv) the 261 

mean value of the market potential and the retail price elastic coefficient do not affect the retail price 262 

and green level.  263 

Furthermore, Corollary 1(b) shows that the threshold of risk tolerance 𝑅′ increases with the green 264 

elastic coefficient, which means that the GSC is less sensitive to risks if consumers are more sensitive 265 

to the green level. Furthermore, 𝑅′ decreases with the price elastic coefficient, which means that the 266 

GSC is more sensitive to risks if consumers are more sensitive to the retail price. 267 

Corollary 2. Comparing the risk-neutral centralized GSC with the risk-averse centralized GSC, we can 268 

obtain 𝑝𝑡𝑅∗ < 𝑝𝑡∗, 𝜃𝑡𝑅∗ < 𝜃𝑡∗ and 𝐸(𝜋𝑡𝑅∗) < 𝐸(𝜋𝑡∗). 269 

Corollary 2 concludes that when risk tolerance is valid, the risk-averse centralized GSC chooses a 270 

lower green level than the risk-neutral GSC, as well as the retail price. Correspondingly, the risk-averse 271 

centralized GSC obtains a lower expected profit than the risk-neutral centralized GSC. It indicates that 272 

risk aversion makes the centralized GSC more cautious when making decisions, and thus the expected 273 

profit of the GSC is decreased. 274 

3.2 Decentralized GSC 275 

In a decentralized GSC, both the GSC members make decisions from the perspective of their own 276 

benefits. For the risk-neutral decentralized GSC, all members seek to maximize their expected profits. 277 

Here, the risk-neutral retailer’s expected profit can be written as 278 𝐸(𝜋𝑟𝑑) = (𝑝 − 𝑤)(𝑢 − 𝑏𝑝 + 𝑔𝜃)                                                                                                     (4) 279 

Then, the risk-averse retailer needs to maximize the expected profit with the constraint of the 280 

standard variance of the stochastic profit.  281 𝑚𝑎𝑥   𝐸(𝜋𝑟𝑑)  282 𝑠. 𝑡. √𝑉𝑎𝑟(𝜋𝑟𝑑) ≤ 𝑅𝑟                                                                                                                         (5) 283 

Here, 𝑅𝑟 ≥ 0 denotes the retailer’s risk tolerance. A higher 𝑅𝑟 indicates that the retailer is less risk 284 

averse. 𝑉𝑎𝑟(𝜋𝑟𝑑) is the variance of the retailer’s stochastic profit, which can be given as 285 𝑉𝑎𝑟(𝜋𝑟𝑑) = 𝐸[𝜋𝑟𝑑 − 𝐸(𝜋𝑟𝑑)]2 = (𝑝 − 𝑤)2𝛿2                                                                                   (6) 286 

Similarly, a risk-neutral supplier’s expected profit can be expressed as 287 𝐸(𝜋𝑠𝑑) = (𝑤 − 𝑐)(𝑢 − 𝑏𝑝 + 𝑔𝜃) − 12 𝜂𝜃2                                                                                        (7) 288 

Then, the risk-averse supplier needs to maximize the expected profit with the constraint of the 289 

standard variance of the stochastic profit.  290 𝑚𝑎𝑥   𝐸(𝜋𝑠𝑑)  291 𝑠. 𝑡. √𝑉𝑎𝑟(𝜋𝑠𝑑) ≤ 𝑅𝑠                                                                                                                         (8) 292 

Here, 𝑅𝑠 ≥ 0 is the risk tolerance of the supplier. A higher 𝑅𝑠 implies that the supplier is less risk 293 

averse. 𝑉𝑎𝑟(𝜋𝑠𝑑) is the variance of the supplier’s stochastic profit, which can be given by 294 𝑉𝑎𝑟(𝜋𝑠𝑑) = 𝐸[𝜋𝑠𝑑 − 𝐸(𝜋𝑠𝑑)]2 = (𝑤 − 𝑐)2𝛿2
                                                                                   (9) 295 

Using backward induction, we can obtain the members’ optimal decisions in GSCs with risk 296 

neutrality and risk aversion, as shown in Proposition 2. 297 
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Proposition 2. When the GSC members are risk neutral, the optimal wholesale price, green level and 298 

retail price are given by 𝑤𝑑∗ = 2(𝑢−𝑏𝑐)𝜂4𝑏𝜂−𝑔2 + 𝑐 , 𝜃𝑑∗ = (𝑢−𝑏𝑐)𝑔4𝑏𝜂−𝑔2  and 𝑝𝑑∗ = 3(𝑢−𝑏𝑐)𝜂4𝑏𝜂−𝑔2 + 𝑐 ; when the GSC 299 

members are risk averse, if 𝑅𝑠 < 𝑅𝑠𝑑′ and 𝑅𝑟 < 𝑅𝑟𝑑′ hold together, the optimal wholesale price, green 300 

level and retail price are given by 𝑤𝑑𝑅∗ = 𝑅𝑠𝛿 + 𝑐, 𝜃𝑑𝑅∗ = 𝑅𝑠𝑔𝛿𝜂  and 𝑝𝑑𝑅∗ = 𝑅𝑟+𝑅𝑠𝛿 + 𝑐. Here, 𝑅𝑠𝑑′ = 𝑅𝑟𝑑′ =301 (𝑢−𝑏𝑐)𝛿𝜂3𝑏𝜂−𝑔2 . 302 

Proposition 2 demonstrates that a unique equilibrium exists in the risk-neutral decentralized GSC. 303 

For the risk-averse decentralized GSC, there also exists a unique equilibrium when the risk constraints 304 

are valid. By analyzing the optimal decisions in different decentralized GSCs with risk neutrality and 305 

risk aversion, we can further deduce the following corollary. 306 

Corollary 3. (a) For the risk-neutral decentralized GSC, 𝑝𝑑∗ , 𝜃𝑑∗  and 𝑤𝑑∗  increase with 𝑢  and 𝑔 , 307 

decrease with 𝑏, and are independent of 𝛿; for the risk-averse decentralized GSC, 𝑝𝑑𝑅∗, 𝜃𝑑𝑅∗ and 𝑤𝑑𝑅∗ 308 

increase with 𝑅𝑠, decrease with 𝛿, and are independent of 𝑢; 𝜃𝑑𝑅∗ increases with 𝑔; 𝑝𝑑𝑅∗ increases with 309 𝑅𝑟; and (b) 𝑅𝑠𝑑′ and 𝑅𝑟𝑑′ increase with 𝑢, 𝑔 and 𝛿, but decrease with 𝑏. 310 

Corollary 3(a) can be illustrated as follows. For the risk-neutral decentralized GSC, a high mean 311 

value of the market potential indicates an optimistic market demand, and a high green elastic 312 

coefficient means a high consumers’ sensitiveness to the green level. Then, the supplier tends to 313 

increase the green level and wholesale price, which induces the retailer to choose a higher retail price. 314 

Meanwhile, the risk-neutral GSC members’ decisions are not influenced by the standard variance of the 315 

market potential.  316 

Different from the risk-neutral GSC, the risk-averse GSC members’ optimal decisions are not 317 

influenced by the mean value of the market potential, but they are affected by the standard variance of 318 

the market potential and the members’ risk tolerances. This is because risk-averse members are more 319 

concerned about the fluctuation of market demand, and thus their decisions are deeply related to risk 320 

tolerance. Especially, we find that an increase in the supplier’s risk tolerance can increase all values of 321 

equilibrium decisions, while the impacts from the standard deviation of the market potential are 322 

opposite. Furthermore, the equilibrium green level is increasing in the green elastic coefficient, and the 323 

equilibrium retail price is increasing in the retailer’s risk tolerance.  324 

From Corollary 3(b), we can also conclude that with the increase of 𝑢, 𝑔 and 𝛿, both the supplier 325 

and the retailer become less sensitive to risks; while with the increase of 𝑏, the two members become 326 

more sensitive to risks. This conclusion is consistent with that in the centralized GSC. 327 

To focus on discussing the decision differences between the decentralized GSCs with different risk 328 

attitudes, we can further deduce Corollary 4 as follows. 329 

Corollary 4. When 𝑅𝑠 < 𝑅𝑠𝑑′ and 𝑅𝑟 < 𝑅𝑟𝑑′, there exist: (a) 𝑝𝑑𝑅∗ < 𝑝𝑑∗, 𝑤𝑑𝑅∗ < 𝑤𝑑∗; (b) if 0 < 𝑅𝑠 <330 (𝑢−𝑏𝑐)𝛿𝜂4𝑏𝜂−𝑔2 , then 𝜃𝑑𝑅∗ < 𝜃𝑑∗ ; if (𝑢−𝑏𝑐)𝛿𝜂4𝑏𝜂−𝑔2 ≤ 𝑅𝑠 < 𝑅𝑠𝑑′ , then 𝜃𝑑𝑅∗ ≥ 𝜃𝑑∗ ; (c) if 0 < 𝑅𝑟 < 𝑅𝑟𝑑𝑡 , then 331 𝐸(𝜋𝑟𝑑∗) > 𝐸(𝜋𝑟𝑑𝑅∗) ; if 𝑅𝑟𝑑𝑡 ≤ 𝑅𝑟 < 𝑅𝑟𝑑′ , then 𝐸(𝜋𝑟𝑑∗) ≤ 𝐸(𝜋𝑟𝑑𝑅∗) ; (d) if 0 < 𝑅𝑟 < (𝑢−𝑏𝑐)𝛿𝑏 (1 −332 

√2𝑏𝜂−𝑔24𝑏𝜂−𝑔2)  and 0 < 𝑅𝑠 < 𝑅𝑠𝑑𝑡  hold together, or (𝑢−𝑏𝑐)𝛿𝑏 (1 − √2𝑏𝜂−𝑔24𝑏𝜂−𝑔2) < 𝑅𝑟 < 𝑅𝑟𝑑′  holds, then 333 
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𝐸(𝜋𝑠𝑑∗) > 𝐸(𝜋𝑠𝑑𝑅∗) ; and if 0 < 𝑅𝑟 ≤ (𝑢−𝑏𝑐)𝛿𝑏 (1 − √2𝑏𝜂−𝑔24𝑏𝜂−𝑔2)  and 𝑅𝑠𝑑𝑡 ≤ 𝑅𝑠 < 𝑅𝑠𝑑′  hold together, then 334 𝐸(𝜋𝑠𝑑∗) ≤ 𝐸(𝜋𝑠𝑑𝑅∗). 335 

Here, 𝑅𝑟𝑑𝑡 = (𝑢−𝑏𝑐)𝛿𝜂−(𝑏𝜂−𝑔2)𝑅𝑠2𝑏𝜂 − √((𝑢−𝑏𝑐)𝛿𝜂−(𝑏𝜂−𝑔2)𝑅𝑠2𝑏𝜂 )2 − (𝑢−𝑏𝑐)2𝛿2𝜂2(4𝑏𝜂−𝑔2)2 ; and 𝑅𝑠𝑑𝑡 = 𝜂2𝑏𝜂−𝑔2 {(𝑢 −336 

𝑏𝑐)𝛿 − 𝑏𝑅𝑟 − √((𝑢 − 𝑏𝑐)𝛿 − 𝑏𝑅𝑟)2 − (𝑢−𝑏𝑐)2𝛿2(2𝑏𝜂−𝑔2)4𝑏𝜂−𝑔2 }. 337 

Corollary 4(a) shows when risk tolerance is valid, the risk-averse decentralized GSC’s optimal 338 

retail price and wholesale price are lower than the risk-neutral decentralized GSC’s. That is because 339 

both the GSC members are more cautious in making decisions when they are risk-averse. Corollary 340 

4(b) indicates that if the threshold of the supplier’s risk tolerance is relatively large, i.e., the supplier is 341 

a bit of risk averse, and he is willing to select a higher green level of products than the risk-neutral 342 

supplier, thus to improve the expected profit. However, if the threshold of the supplier’s risk tolerance 343 

is small enough, i.e., the supplier is severely risk averse, and he is inclined to choose a lower green 344 

level than the risk-neutral supplier. According to the conclusions in Corollary 4(a) and Corollary 4(b), 345 

it may be possible for GSC members to obtain more expected profits when they are risk averse. As 346 

shown in Corollary 4(c), when the retailer is a bit of risk averse, she can obtain more expected profit 347 

than the risk-neutral retailer. At the same time, Corollary 4(d) demonstrates that when the retailer is 348 

severely risk averse and the supplier is a bit of risk averse, the risk-averse supplier can obtain more 349 

expected profit than the risk-neutral supplier. 350 

Corollary 5. If 0 < 𝑅𝑟 < 𝑅𝑟𝑑𝑠  and 0 < 𝑅𝑠 < 𝑅𝑠𝑑𝑠  hold together, then 𝐸(𝜋𝑡𝑑∗) > 𝐸(𝜋𝑡𝑑𝑅∗); if 0 < 𝑅𝑟 <351 𝑅𝑟𝑑𝑠 and 𝑅𝑠𝑑𝑠 ≤ 𝑅𝑠 < 𝑅𝑠𝑑′ hold together, or 𝑅𝑟𝑑𝑠 ≤ 𝑅𝑟 < 𝑅𝑟𝑑′ holds, then  𝐸(𝜋𝑡𝑑∗) ≤ 𝐸(𝜋𝑡𝑑𝑅∗). Here,  352 

  𝑅𝑟𝑑𝑠 = (𝑢−𝑏𝑐)𝛿𝜂[(4𝑏𝜂−𝑔2)−√(2𝑏𝜂−𝑔2)(5𝑏𝜂−𝑔2)]2𝑏𝜂(4𝑏𝜂−𝑔2) ,  353 

  𝑅𝑠𝑑𝑠 = (𝑢−𝑏𝑐)𝛿𝜂−(2𝑏𝜂−𝑔2)𝑅𝑟2𝑏𝜂−𝑔2 − √ 4(𝑢−𝑏𝑐)2(𝑏𝜂)2𝛿2𝜂2(4𝑏𝜂−𝑔2)2 −𝑔2(2𝑏𝜂−𝑔2)(𝑅𝑟)2
2𝑏𝜂−𝑔2 .  354 

Corollary 5 demonstrates that in the decentralized GSC, when the threshold of the retailer’s risk 355 

tolerance is relatively large, it may be possible for the risk-averse decentralized GSC to obtain more 356 

expected profit than the risk-neutral decentralized GSC. 357 

Furthermore, we compare the results in Proposition 1 and Proposition 2, and then summarize the 358 

conclusions in Corollary 6 as follows. 359 

Corollary 6. When 𝑅𝑡 < 𝑅′ , 𝑅𝑠 < 𝑅𝑠𝑑′  and 𝑅𝑟 < 𝑅𝑟𝑑′ , there exist: (a) 𝜃𝑑∗ < 𝜃𝑡∗ , 𝜃𝑑𝑅∗ < 𝜃𝑡𝑅∗; (b) 𝑝𝑡∗ <360 𝑝𝑑∗, 𝑝𝑡𝑅∗ = 𝑝𝑑𝑅∗; (c) 𝐸(𝜋𝑡𝑑∗) < 𝐸(𝜋𝑡∗), 𝐸(𝜋𝑡𝑑𝑅∗) < 𝐸(𝜋𝑡𝑅∗); and (d) 𝑅𝑑′ > 𝑅′, where 𝑅𝑑′ = 𝑅𝑟𝑑′ + 𝑅𝑠𝑑′. 361 

Corollary 6 reveals that, the centralized GSC’s optimal green level is higher than the decentralized 362 

GSC’s regardless of risk attitudes. However, the optimal retail price is lower in the centralized GSC 363 

than that in the decentralized GSC when the GSC is risk neutral; while it remains the same in both the 364 

centralized and decentralized GSCs when the GSC is risk averse. We further find that the centralized 365 

GSC obtains more expected profit than the decentralized GSC regardless of risk attitudes. This may be 366 

because, compared with the centralized GSC, the supplier sets a lower green level and the double 367 

marginalization effect is obvious in the decentralized GSC.  368 
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4. Contract design 369 

Now, we introduce an RCS joint contract consisting of a revenue-sharing ratio and a cost-sharing 370 

ratio to improve the performance of the GSC. Such a contract scheme is applied in many industries, 371 

like the chemical, apparel and pharmaceutical industries. For example, in the pharmaceutical industry, 372 

Fosun Pharma and BioNTech have reached an agreement on the mRNA Covid-19 vaccine BNT162. 373 

Fosun Pharma bears a certain ratio of R&D costs and shares a certain proportion of sales revenue, thus 374 

improving the performance of the SC. In this section, we adopt such a contract to improve the 375 

efficiency of GSCs with risk neutrality and risk aversion, respectively. In the RCS joint contract, 𝜆 376 

denotes the revenue-sharing ratio, and 𝜙 is the cost-sharing ratio. Then, the retailer shares the faction 𝜆 377 

of the sales revenue, and the supplier shares the remaining fraction 1 − 𝜆. Meanwhile, the retailer bears 378 

the fraction 𝜙 of the greening cost, and the supplier bears the remaining fraction 1 − 𝜙. When 𝜆 = 1 379 

and 𝜙 = 0, the RCS joint contract is reduced to a simple wholesale price contract like that in the 380 

decentralized GSC, and no revenue or greening cost is shared between two members. When 𝜆 = 0 and 381 𝜙 = 1, neither the retailer nor the supplier will accept the contract. Here, we assume 0 < 𝜆 < 1 and 382 0 < 𝜙 < 1 hereafter in this paper.  383 

 According to the above discussions, the risk-neutral retailer’s expected profit is 384 𝐸(𝜋𝑟𝑠) = (𝜆𝑝 − 𝑤)(𝑢 − 𝑏𝑝 + 𝑔𝜃) − 12 𝜙𝜂𝜃2                                                                        (10) 385 

Then, the risk-averse retailer needs to maximize the expected profit under the constraint of the 386 

stochastic profit standard deviation.  387 𝑚𝑎𝑥   𝐸(𝜋𝑟𝑠)  388 𝑠. 𝑡. √𝑉𝑎𝑟(𝜋𝑟𝑠) ≤ 𝑅𝑟                                                                                                               (11) 389 𝑉𝑎𝑟(𝜋𝑟𝑠) is the variance of the retailer’s stochastic profit, which can be given by 390 𝑉𝑎𝑟(𝜋𝑟𝑠) = 𝐸[𝜋𝑟𝑠 − 𝐸(𝜋𝑟𝑠)]2 = (𝜆𝑝 − 𝑤)2𝛿2                                                                        (12) 391 

The risk-neutral supplier’s expected profit can be expressed as  392 𝐸(𝜋𝑠𝑠) = [(1 − 𝜆)𝑝 + 𝑤 − 𝑐](𝑢 − 𝑏𝑝 + 𝑔𝜃) − 12 (1 − 𝜙)𝜂𝜃2                                             (13) 393 

Then, the risk-averse supplier needs to maximize the expected profit under the constraint of the 394 

stochastic profit standard deviation.  395 𝑚𝑎𝑥   𝐸(𝜋𝑠𝑠)  396 𝑠. 𝑡. √𝑉𝑎𝑟(𝜋𝑠𝑠) ≤ 𝑅𝑠                                                                                                               (14) 397 𝑉𝑎𝑟(𝜋𝑠𝑠) is the variance of the supplier’s stochastic profit, which can be given by 398 𝑉𝑎𝑟(𝜋𝑠𝑠) = 𝐸[𝜋𝑠𝑠 − 𝐸(𝜋𝑠𝑠)]2 = [(1 − 𝜆)𝑝 + 𝑤 − 𝑐]2𝛿2                                                       (15) 399 

Using backward induction, we first derive the optimal decisions of the GSCs with risk neutrality 400 

and risk aversion, respectively. Then, we investigate the conditions under which the risk-neutral and 401 

the risk-averse GSCs can be improved by the RCS joint contract. All the conclusions are summarized 402 

in the following propositions and corollaries. 403 

Proposition 3. When 𝑔22𝑏𝜂 < 1−𝜙1−𝜆 , 𝜆 = 𝜙  and 𝑤 = 𝜙𝑐  hold together, the RCS joint contract can 404 

coordinate the risk-neutral GSC. 405 

 406 
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Table 2  Summary of equilibrium solutions under different situations 407 

 

Centralized SC Decentralized SC The RCS Contract 

Risk-neutral Risk-averse Risk-neutral Risk-averse Risk-neutral Risk-averse 

Retail price 
(𝑢−𝑏𝑐)𝜂2𝑏𝜂−𝑔2 + 𝑐  𝑅𝑡𝛿 + 𝑐  3(𝑢−𝑏𝑐)𝜂4𝑏𝜂−𝑔2 + 𝑐  𝑅𝑟+𝑅𝑠𝛿 + 𝑐  (𝑢−𝑏𝑐)𝜂2𝑏𝜂−𝑔2 + 𝑐  𝑅𝑟+𝑅𝑠𝛿 + 𝑐  

Green level (𝑢−𝑏𝑐)𝑔2𝑏𝜂−𝑔2   𝑔𝑅𝑡𝛿𝜂   (𝑢−𝑏𝑐)𝑔4𝑏𝜂−𝑔2   𝑅𝑠𝑔𝛿𝜂   (𝑢−𝑏𝑐)𝑔2𝑏𝜂−𝑔2   𝑅𝑠𝑔𝛿(1−𝜙)𝜂  

Wholesale 
price 

/ / 
2(𝑢−𝑏𝑐)𝜂4𝑏𝜂−𝑔2 + 𝑐  𝑅𝑠𝛿 + 𝑐  cϕ or cλ 

𝜆(𝑅𝑠+𝑐𝛿)+(𝜆−1)𝑅𝑟𝛿   

The retailer’s 
expected 

profit 
/ / 

𝑏𝜂2(𝑢−𝑏𝑐)2(4𝑏𝜂−𝑔2)2   
𝑅𝑟𝛿 [𝑢 − 𝑏𝑐 − 𝑏(𝑅𝑟+𝑅𝑠)𝛿 +𝑅𝑠𝑔2𝛿𝜂 ]  𝜆 𝜂(𝑢−𝑏𝑐)22(2𝑏𝜂−𝑔2)  

or 𝜙 𝜂(𝑢−𝑏𝑐)22(2𝑏𝜂−𝑔2)  
𝑅𝑠𝑔2[2(1−𝜙)𝑅𝑟−𝜙𝑅𝑠]+2𝜂(1−𝜙)2𝑅𝑟[𝛿𝑢−𝑏(𝑐𝛿+𝑅𝑟+𝑅𝑠)]2𝜂(1−𝜙)2𝛿2   

 The supplier’s 
expected 

profit 
/ / 

𝜂(𝑢−𝑏𝑐)22(4𝑏𝜂−𝑔2)  
𝑅𝑠𝛿 [𝑢 − 𝑏𝑐 − 𝑏(𝑅𝑟+𝑅𝑠)𝛿 +𝑅𝑠𝑔22𝛿𝜂 ]  (1 − 𝜆) 𝜂(𝑢−𝑏𝑐)22(2𝑏𝜂−𝑔2)  

or (1 − 𝜙) 𝜂(𝑢−𝑏𝑐)22(2𝑏𝜂−𝑔2)  
𝑅𝑠[𝑔2𝑅𝑠−2𝑏𝜂(1−𝜙)(𝑐𝛿+𝑅𝑟+𝑅𝑠)+2𝑢𝜂𝛿(1−𝜙)]2𝜂(1−𝜙)𝛿2   

The GSC’s 
expected 

profit 

𝜂(𝑢−𝑏𝑐)22(2𝑏𝜂−𝑔2)  
𝑅𝑡𝛿 (𝑢 − 𝑏𝑐 −𝑏𝑅𝑡𝛿 ) + (𝑅𝑡)2𝑔22𝛿2𝜂   

𝜂(6𝑏𝜂−𝑔2)(𝑢−𝑏𝑐)22(4𝑏𝜂−𝑔2)2   
𝑅𝑟+𝑅𝑠𝛿 [𝑢 − 𝑏𝑐 −𝑏(𝑅𝑟+𝑅𝑠)𝛿 ] + 𝑅𝑠(2𝑅𝑟+𝑅𝑠)𝑔22𝛿2𝜂   

𝜂(𝑢−𝑏𝑐)22(2𝑏𝜂−𝑔2)  
𝑅𝑠𝑔2[2(1−𝜙)𝑅𝑟−𝜙𝑅𝑠]+2𝜂(1−𝜙)2𝑅𝑟[𝛿𝑢−𝑏(𝑐𝛿+𝑅𝑟+𝑅𝑠)]2𝜂(1−𝜙)2𝛿2   + 𝑅𝑠[𝑔2𝑅𝑠−2𝑏𝜂(1−𝜙)(𝑐𝛿+𝑅𝑟+𝑅𝑠)+2𝑢𝜂𝛿(1−𝜙)]2𝜂(1−𝜙)𝛿2   
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Proposition 3 demonstrates that when certain conditions hold, the RCS joint contract is efficient in 408 

coordinating the risk-neutral GSC. Then, the expected profit of the GSC reaches the optimal level as 409 

the centralized GSC. In addition, it is possible for both members to negotiate on the contract parameters 410 

to allocate the coordinating profit, and obtain more expected profits than those in the decentralized 411 

GSC.  412 

Corollary 7. When the risk-neutral GSC is coordinated, we can obtain 𝐸(𝜋𝑠𝑠∗) = (1 − 𝜆)𝐸(𝜋𝑡∗) =413 (1 − 𝜙)𝐸(𝜋𝑡∗) , 𝐸(𝜋𝑟𝑠∗) = 𝜆𝐸(𝜋𝑡∗) = 𝜙𝐸(𝜋𝑡∗) . The Pareto region in which both members’ expected 414 

profits are improved is 𝜆 ∈ [2𝑏𝜂(2𝑏𝜂−𝑔2)(4𝑏𝜂−𝑔2)2 , 2𝑏𝜂4𝑏𝜂−𝑔2] or 𝜙 ∈ [2𝑏𝜂(2𝑏𝜂−𝑔2)(4𝑏𝜂−𝑔2)2 , 2𝑏𝜂4𝑏𝜂−𝑔2]. 415 

Corollary 7 shows that, under the RCS joint contract framework, the risk-neutral supplier’s 416 

expected profit is decreasing in the revenue-sharing ratio or the cost-sharing ratio, while it is opposite 417 

for the risk-neutral retailer’s expected profit. It implies that the risk-neutral GSC’s coordinating profit 418 

can be arbitrarily distributed between the members by adjusting the contract parameters. Hence, we 419 

obtain a region in which both members can obtain more expected profits under the RCS joint contract 420 

than those in the decentralized GSC. 421 

Proposition 4. In the risk-averse GSC, in regions 𝜙 ∈ (0, min {0,1 − 𝑅𝑠2𝑅𝑟}] ∩  (0, min {1 +422 

𝑅𝑠𝑔2𝜂[𝑢𝛿−𝑏(𝑐𝛿+2𝑅𝑠+𝑅𝑟)] , 1 − 𝜆𝑅𝑠𝑔2𝜂[𝜆𝛿𝑢−𝑏𝜆(𝑐𝛿+𝑅𝑠+𝑅𝑟)−𝑏𝑅𝑟]}) and 𝜆 ∈ (0,1), we can obtain 𝐸(𝜋𝑟𝑠𝑅∗) ≥ 𝐸(𝜋𝑟𝑅∗) and 423 𝐸(𝜋𝑠𝑠𝑅∗) ≥ 𝐸(𝜋𝑠𝑅∗). 424 

Proposition 4 demonstrates that, when specific conditions hold, the RSC joint contract is efficient in 425 

improving the risk-averse GSC. At the same time, if 𝑅𝑠 ≥ 2𝑅𝑟 holds, then 1 − 𝑅𝑠2𝑅𝑟 ≤ 0, which means 426 𝜙 ≤ 0. This condition contradicts to the assumption that 0 < 𝜙 < 1. Hence, if and only if 𝑅𝑠 < 2𝑅𝑟, 427 

the RCS joint contract is valid, and it can improve the performance of the risk-averse GSC. 428 

According to the above discussions, we conclude that through proper design of the RCS joint 429 

contract, the risk-neutral GSC can be coordinated, and the coordinating profit can be arbitrarily 430 

allocated between the two members. However, the RCS joint contract can only improve the efficiency 431 

of the risk-averse GSC under specific conditions. 432 

 433 

5. Numerical examples 434 

In this section, numerical analyses are further conducted to validate our findings. We assume 435 𝑢 = 500, 𝑅𝑟 = 550, 𝑅𝑠 = 550, 𝑅𝑡 = 1100, 𝛿 = 20, 𝑏 = 5, 𝑔 = 4, 𝑐 = 6, and 𝜂 = 8. Then, the risk-436 

neutral centralized GSC’s optimal decisions are 𝑝𝑡∗ = 64.75 and  𝜃𝑡∗ = 29.38, and the corresponding 437 

expected profit is 𝐸(𝜋𝑡∗) = 13806.25 . The risk-averse centralized GSC’s optimal decisions are 438 𝑝𝑡𝑅∗ = 61 and 𝜃𝑡𝑅∗ = 27.5, and the corresponding expected profit is 𝐸(𝜋𝑡𝑅∗) = 13750. Obviously, we 439 

can find 𝑝𝑡∗ > 𝑝𝑡𝑅∗, 𝜃𝑡∗ > 𝜃𝑡𝑅∗, and 𝐸(𝜋𝑡∗) > 𝐸(𝜋𝑡𝑅∗). All numerical analyses in the following are based 440 

on the above parameter settings. 441 

5.1 Sensitivity analysis on the centralized GSC 442 

In this subsection, sensitivity analyses are conducted to study the impacts of key parameters on the 443 

centralized GSC’s optimal decisions and the expected profits. Particularly, we consider the situation 444 

when risk tolerance is valid, i.e., 𝑅𝑡 < 𝑅′. Then, based on the above parameter settings, we can obtain 445 
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𝑅′ = 1175. Varying one parameter and keeping others constant, we obtain the valid ranges of different 446 

parameters in the risk-averse centralized GSC as follows: 𝑢 > 470 , 𝑏 < 5.26 , 𝑔 > 3.41  ,  𝜂 < 11 , 447 𝛿 > 18.72, and 𝑅𝑡 < 1175.  448 

From Fig. 1, we find that in the risk-neutral centralized GSC, the optimal retail price increases with 449 

the mean value of the market potential and the green elastic coefficient, and decreases with the price 450 

elastic coefficient and the green effort cost coefficient; meanwhile, the optimal retail price is 451 

independent of the standard variance of the market potential. In the risk-averse centralized GSC, when 452 

the risk tolerance is valid, the optimal retail price decreases with the standard variance of the market 453 

potential, but increases with risk tolerance. Furthermore, the risk-averse GSC’s optimal retail price is 454 

lower than the risk-neutral GSC’s when 𝑅𝑡 < 𝑅′. 455 

 456 

Fig. 1  Retail price decision of a centralized GSC: risk neutrality vs. risk aversion. 457 

 458 

Fig. 2  Green level decision of a centralized GSC: risk neutrality vs. risk aversion. 459 

Fig. 2 shows how the optimal green level changes with key parameters. In the risk-neutral 460 

centralized GSC, the green level increases with the mean value of the market potential and the green 461 

elastic coefficient, and decreases with the price elastic coefficient and the green effort cost coefficient. 462 



15 

The standard variance of the market potential does not affect the optimal green level. In the risk-averse 463 

centralized GSC, when risk tolerance is valid, the optimal green level increases with the green elastic 464 

coefficient and the risk tolerance, and decreases with the standard variance of the market potential and 465 

the green effort cost coefficient. Furthermore, the risk-averse GSC’s optimal green level is lower than 466 

the risk-neutral GSC’s when 𝑅𝑡 < 𝑅′. 467 

Fig. 3 shows how the centralized GSC’s optimal expected profits change with the parameters. It is 468 

evident that the risk-neutral centralized GSC’s optimal expected profit increases with the mean value of 469 

the market potential and the green elastic coefficient, and decreases with the price elastic coefficient 470 

and the green effort cost coefficient. For the risk-averse centralized GSC, when the risk tolerance is 471 

valid, the optimal expected profit increases with the mean value of the market potential, the green 472 

elastic coefficient and the risk tolerance, decreases with the price elastic coefficient, the green effort 473 

cost coefficient and the standard variance of the market potential. Furthermore, the risk-averse 474 

centralized GSC’s optimal expected profit is lower than the risk-neutral centralized GSC’s. 475 

 476 

Fig. 3  Expected profit of a centralized GSC: risk neutrality vs. risk aversion. 477 

 478 

Fig. 4  The threshold of risk tolerance changes with the parameters. 479 
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Fig. 4 shows how the threshold of risk tolerance changes with the parameters. We can easily 480 

observe that the threshold of risk tolerance increases with the mean value of the market potential, the 481 

green elastic coefficient and the standard variance of the market potential, and decreases with the retail 482 

price elastic coefficient. 483 

5.2 Sensitivity analysis on the decentralized GSC 484 

Now, we examine how the decentralized GSC’s optimal decisions and expected profits change with 485 

key parameters. Given the above parameter settings, we can calculate 𝑅𝑟𝑑′ = 723, 𝑅𝑠𝑑′ = 723, 𝑅𝑟𝑑𝑡 =486 202.37 , 𝑅𝑠𝑑𝑡 = 553.1  𝑅𝑟𝑑𝑠 = 231.62 , 𝑅𝑠𝑑𝑠 = 32.97  and (𝑢−𝑏𝑐)𝛿𝑏 (1 − √2𝑏𝜂−𝑔24𝑏𝜂−𝑔2) = 626.67 . Hence, 487 

𝑅𝑟𝑑𝑡 < 𝑅𝑟 < 𝑅𝑟𝑑′ , 𝑅𝑠 < 𝑅𝑠𝑑𝑡 , 𝑅𝑟 < (𝑢−𝑏𝑐)𝛿𝑏 (1 − √2𝑏𝜂−𝑔24𝑏𝜂−𝑔2)  and 𝑅𝑟𝑑𝑠 < 𝑅𝑟 . First, in the risk-neutral 488 

decentralized GSC, we obtain the optimal solutions 𝜃𝑑∗ = 13.06 , 𝑝𝑑∗ = 84.33 , and 𝑤𝑑∗ = 58.22 . 489 

Thus, the optimal expected profits of the retailer, the supplier and the GSC are 𝐸(𝜋𝑟𝑑∗) = 3408.95, 490 𝐸(𝜋𝑠𝑑∗) = 6136.11, and 𝐸(𝜋𝑡𝑑∗) = 9545.06, respectively. Similarly, in the risk-averse decentralized 491 

GSC, we consider the situation when the risk tolerance is valid, i.e., 𝑅𝑟 < 𝑅𝑟𝑑′ and 𝑅𝑠 < 𝑅𝑠𝑑′. Then, we 492 

obtain the optimal decisions 𝜃𝑑𝑅∗ = 13.75, 𝑝𝑑𝑅∗ = 61, and 𝑤𝑑𝑅∗ = 33.5, and the optimal expected 493 

profits of the retailer, the supplier and the GSC are 𝐸(𝜋𝑟𝑑𝑅∗) = 6875 , 𝐸(𝜋𝑠𝑑𝑅∗) =  6118.75 , and 494 𝐸(𝜋𝑡𝑑𝑅∗) = 12993.75, respectively. It is easy to find that  𝜃𝑑∗ < 𝜃𝑑𝑅∗, 𝑝𝑑∗ > 𝑝𝑑𝑅∗, and 𝑤𝑑∗ > 𝑤𝑑𝑅∗. 495 

Moreover, we obtain 𝐸(𝜋𝑟𝑑𝑅∗) > 𝐸(𝜋𝑟𝑑∗), 𝐸(𝜋𝑠𝑑𝑅∗) < 𝐸(𝜋𝑠𝑑∗) and 𝐸(𝜋𝑡𝑑𝑅∗) > 𝐸(𝜋𝑡𝑑∗). 496 

 497 

Fig. 5  Retail price decision in a decentralized GSC: risk neutrality vs. risk aversion. 498 

In the next, we vary one parameter and keep others constant, and obtain the valid ranges of the 499 

parameters in the risk-averse decentralized GSC as follows: 𝑢 > 387.5,  𝑏 < 6.79, 𝑔 > 0, 𝛿 > 15.21, 500 𝑅𝑟 < 723 and 𝑅𝑠 < 723. From Fig. 5, it can be easily observed that the impacts of the mean value of 501 

the market potential, the green elastic coefficient, the price elastic coefficient, the standard variance of 502 

the market potential, and the risk tolerance on the optimal retail price in the decentralized GSC are 503 

similar to those in the centralized GSC. Additionally, we find that the risk-averse decentralized GSC’s 504 

optimal retail price is lower than the risk-neutral decentralized GSC’s when risk tolerances of both 505 

members satisfy 𝑅𝑟 < 𝑅𝑟𝑑′  and 𝑅𝑠 < 𝑅𝑠𝑑′. This reveals that the retailer is more cautious in decision-506 
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making, and chooses a lower retail price when she is risk averse. 507 

Fig. 6 shows how the optimal green level in the decentralized GSC changes with key parameters. In 508 

the risk-neutral decentralized GSC, the green level increases with the mean value of the market 509 

potential and the green elastic coefficient, and decreases with the price elastic coefficient. The standard 510 

variance of the market potential does not affect the green level. In the risk-averse decentralized GSC, 511 

the green level increases with the supplier’s risk tolerance and the green elastic coefficient, and 512 

decreases with the standard variance of the market potential. Other parameters do not affect the green 513 

level. The optimal green level in the risk-averse decentralized GSC is closely related to the supplier’s 514 

risk tolerance, while it is independent of the retailer’s risk tolerance. Moreover, given the parameter 515 

settings, we find that when 387.5 < 𝑢 ≤ 525, or 4.78 ≤ 𝑏 < 6, or 0 < 𝑔 ≤ 4.82 , or 15.21 < 𝛿 ≤516 21.06, or 𝑅𝑠 ≥ 522, or 𝑅𝑟 ≤ 723, there is 𝜃𝑑𝑅∗ ≥ 𝜃𝑑∗; and when 525 < 𝑢 < 1000, or 0 < 𝑏 < 4.78, 517 

or 4.82 < 𝑔 < 8, or 21.06 < 𝛿 < 40, or 𝑅𝑠 < 522, there is 𝜃𝑑𝑅∗ < 𝜃𝑑∗.  518 

 519 

Fig. 6  Green level decision in a decentralized GSC: risk neutrality vs. risk aversion. 520 

 521 

Fig. 7  Wholesale price decision in a decentralized GSC: risk neutrality vs. risk aversion. 522 

 523 
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Fig. 7 shows how the optimal wholesale price changes with key parameters in the decentralized 524 

GSC. In the risk-neutral decentralized GSC, the optimal wholesale price increases with the mean value 525 

of the market potential and the green elastic coefficient, and decreases with the price elastic coefficient. 526 

In the risk-averse decentralized GSC, the optimal wholesale price increases with the supplier’s risk 527 

tolerance, and decreases with the standard variance of the market potential. Other parameters have no 528 

impact on the retail price. Furthermore, Fig. 7 demonstrates that the supplier’s optimal wholesale price 529 

in the risk-averse decentralized GSC is often lower than that in the risk-neutral decentralized GSC 530 

when 𝑅𝑟 < 𝑅𝑟𝑑′ and 𝑅𝑠 < 𝑅𝑠𝑑′, as stated in Corollary 4(a).  531 

In the next, we further compare the differences in all members’ expected profits between the GSCs 532 

with risk neutrality and risk aversion through sensitivity analyses. Fig. 8 shows how the supplier’s 533 

optimal expected profit in the decentralized GSC changes with key parameters. We find that in the risk-534 

neutral decentralized GSC, the supplier’s optimal expected profit increases with the mean value of the 535 

market potential and the green elastic coefficient, and decreases with the price elastic coefficient. In the 536 

risk-averse decentralized GSC, the supplier’s optimal expected profit increases with the mean value of 537 

the market potential, the green elastic coefficient, and the supplier’s risk tolerance, and decreases with 538 

the price elastic coefficient and the retailer’s risk tolerance, and first increases with the standard 539 

variance of the market potential and then decreases when 𝑅𝑟 < 𝑅𝑟𝑑′  and 𝑅𝑠 < 𝑅𝑠𝑑′ . Furthermore, as 540 

shown in Fig. 8, the supplier’s expected profit increases with his risk tolerance, but decreases with the 541 

retailer’s risk tolerance. Meanwhile, the risk-averse supplier’s expected profit is lower than the risk-542 

neutral supplier’s when 𝑅𝑠 < 𝑅𝑠𝑑𝑡; and we can reach the opposite conclusion when 𝑅𝑠𝑑𝑡 < 𝑅𝑠 < 𝑅𝑠𝑑′. 543 

 544 

Fig. 8  Supplier’s expected profit in a decentralized GSC: risk neutrality vs. risk aversion. 545 

Fig. 9 shows how the retailer’s optimal expected profit changes with key parameters. In the risk-546 

neutral decentralized GSC, the retailer’s optimal expected profit increases with the mean value of the 547 

market potential and the green elastic coefficient, and decreases with the price elastic coefficient. In the 548 

risk-averse decentralized GSC, the retailer’s optimal expected profit increases with the mean value of 549 

the market potential, the green elastic coefficient and her risk tolerance, decreases with the price elastic 550 

coefficient and the supplier’s risk tolerance, and first increases and then decreases with the standard 551 
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variance of the market potential when 𝑅𝑟 < 𝑅𝑟𝑑′  and 𝑅𝑠 < 𝑅𝑠𝑑′ . Meanwhile, the risk-averse retailer’s 552 

optimal expected profit is higher than the risk-neutral retailer’s when 𝑅𝑟𝑑𝑡 < 𝑅𝑟 < 𝑅𝑟𝑑′ , and we can 553 

reach the opposite conclusion when 𝑅𝑟 < 𝑅𝑟𝑑𝑡. 554 

 555 

Fig. 9  Retailer’s expected profit in a decentralized GSC: risk neutrality vs. risk aversion. 556 

Fig. 10 shows how the decentralized GSC’s optimal expected profit changes with key parameters. 557 

For the risk-neutral GSC, it is evident that the optimal expected profit increases with the mean value of 558 

the market potential and the green elastic coefficient, and decreases with the price elastic coefficient. 559 

For the risk-averse GSC, the optimal expected profit increases with the mean value of the market 560 

potential, the green elastic coefficient and the risk tolerance of both members, and decreases with the 561 

price elastic coefficient, and first increases and then decreases with the standard variance of the market 562 

potential when 𝑅𝑟 < 𝑅𝑟𝑑′ and 𝑅𝑠 < 𝑅𝑠𝑑′. Furthermore, we can observe that the risk-averse decentralized 563 

GSC’s optimal expected profit is higher than the risk-neutral decentralized GSC’s under the given 564 

parameter settings. This means that in the decentralized GSC, it may be useful for members to hold 565 

risk-averse attitudes in improving the performance of the GSC. 566 

 567 

Fig. 10  The decentralized GSC’s expected profit: risk neutrality vs. risk aversion. 568 
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5.3 Coordination mechanisms 569 

In this paper, an RCS joint contract is proposed, and we find that when 𝑔22𝑏𝜂 < 1−𝜙1−𝜆 , 𝜆 = 𝜙 and 570 𝑤 = 𝜙𝑐 hold together, the risk-neutral GSC is coordinated. Given the above parameters, in the risk-571 

neutral GSC, the value 𝜙 varies from 0 to 1, which is derived from the condition 𝑔22𝑏𝜂 < 1−𝜙1−𝜆  and 𝜆 = 𝜙. 572 

Fig. 11 shows how the members’ expected profits change with 𝜙  when the risk-neutral GSC is 573 

coordinated. We find that under the RCS joint contract, the risk-neutral retailer’s expected profit is 574 

always increasing in 𝜙, while the risk-neutral supplier’s expected profit is always decreasing in 𝜙. 575 

Then, the Pareto region in the risk-neutral GSC is 𝜙 ∈ [0.2469,0.5556]. We further analyze how the 576 

risk-averse GSC members’ expected profits change with 𝜆 and 𝜙, as shown in Fig. 12. Obviously, 577 

when 𝜙 is relatively small, both risk-averse members can obtain more expected profits than those in the 578 

risk-averse decentralized GSC without introducing the RCS joint contract. 579 

 580 

Fig. 11  The risk-neutral GSC members’ expected profits change with 𝜙. 581 

 582 

Fig. 12  The risk-averse GSC members’ expected profits change with 𝜆 and 𝜙. 583 

 584 

6. Conclusions and discussions 585 

In this paper, we develop a risk-averse GSC with a supplier producing green products and selling 586 

products in the market through a retailer. The MV model is applied to measure the members’ risk-587 

averse attitudes, and a risk tolerance is adopted to reflect the degree of risk aversion. 588 

We first investigate the centralized GSCs with risk neutrality and risk aversion, and the optimal 589 

retail price and green level and corresponding expected profits are derived and compared. Our finding 590 
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shows that, when risk tolerance is valid, the risk-averse centralized GSC determines a lower green level 591 

and a lower retail price than the risk-neutral GSC. Hence, the risk-averse GSC’s expected profit is 592 

lower than the risk-neutral GSC’s.  593 

Then, we investigate the decentralized GSC in which the two members make decisions by 594 

maximizing their own benefits. We then obtain the equilibrium solutions of the decentralized GSCs 595 

with risk neutrality and risk aversion. The results demonstrate that, when the risk tolerance is valid, the 596 

risk-averse supplier’s wholesale price is lower than the risk-neutral supplier’s, and the risk-averse 597 

retailer’s retail price is lower than the risk-neutral retailer’s. However, the supplier may choose a higher 598 

green level when he is not severely risk-averse. We also find that both members’ optimal expected 599 

profits may be increased when they are risk averse under specific conditions. 600 

Furthermore, we propose an RCS joint contract to improve the performances of both the risk-601 

neutral GSC and the risk-averse GSC. We find that regardless of whether the GSC is risk averse, the 602 

contract is effective in improving the GSC. However, the conditions are different, and the RCS joint 603 

contract is able to coordinate the risk-neutral GSC, and the coordinating profit can be allocated between 604 

the two members by adjusting the revenue-sharing ratio or the cost-sharing ratio. For the risk-averse 605 

GSC, the RCS joint contract is efficient under specific conditions, but it may be invalid when the 606 

supplier’s risk tolerance is twice larger than the retailer’s risk tolerance. 607 

Although our study makes innovative contributions to the literature, there still exist several 608 

directions for future research. For instance, information may be asymmetric in practice, and it may be 609 

necessary to examine the competitive equilibrium under asymmetric information settings. Furthermore, 610 

as there may be multiple suppliers and retailers involved in GSC activities, the decision-makers should 611 

decide how to allocate their production quantity while considering price- and green-level strategies. 612 
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 713 

Appendix  714 

Proof of Proposition 1. 715 

I Risk neutral 716 

Take the second-order partial derivatives of 𝐸(𝜋𝑡) with respect to 𝑝 and 𝜃, we have the Hessian 717 

matrix: 718 

𝐻 = (𝜕2𝐸(𝜋𝑡)𝜕𝑝2 𝜕2𝐸(𝜋𝑡)𝜕𝑝𝜕𝜃𝜕2𝐸(𝜋𝑡)𝜕𝜃𝜕𝑝 𝜕2𝐸(𝜋𝑡)𝜕𝜃2 ) = (−𝜂 𝑔𝑔 −2𝑏)  719 

It is obvious that  𝜕2𝐸(𝜋𝑡)𝜕𝑝2 < 0, 𝜕2𝐸(𝜋𝑡)𝜕𝜃2 < 0. Because 𝜂 > 𝑔, 𝑏 > 𝑔, we obtain |𝐻| = 2𝜂𝑏 − 𝑔2 > 0. 720 

Then, the Hessian H is a negative definite, which means that 𝐸(𝜋𝑡) is jointly concave in 𝑝 and 𝜃 . 721 

Hence, the optimal retail price and green level in the risk-neutral centralized GSC can be derived in the 722 

following. 723 𝑝𝑡∗ = (𝑢−𝑏𝑐)𝜂2𝑏𝜂−𝑔2 + 𝑐  724 𝜃𝑡∗ = (𝑢−𝑏𝑐)𝑔2𝑏𝜂−𝑔2   725 

II Risk averse 726 𝐸(𝜋𝑡) is jointly concave in 𝑝 and 𝜃, and the constraint √𝑉𝑎𝑟(𝜋𝑡) ≤ 𝑅𝑡 is convex, we conclude that 727 

the optimization problem (2) is a convex optimization problem, whose optimal solution can be derived 728 

by Karush-Kuhn-Tucker (KKT) conditions. We then construct the Lagrange function as follows. 729 𝐿𝑅(𝑝, 𝜃, 𝑟0) = 𝐸(𝜋𝑡) + 𝑟0(𝑅𝑡 − √𝑉𝑎𝑟(𝜋𝑡))  730 

Here, 𝑟0 denotes the multiplier for the constraint. From the first-order KKT condition, we can get 731 𝑝𝑡𝑅∗ = 𝑅𝑡𝛿 + 𝑐,  𝜃𝑡𝑅∗ = 𝑔𝑅𝑡𝛿𝜂 ,  𝑟0 = 𝑢−𝑏𝑐𝛿 − 2𝑏𝑅𝑡𝛿2 + 𝑔2𝑅𝑡𝛿2𝜂  . 732 

Owing that 𝑅𝑡 < 𝑅′, where 𝑅′ = (𝑢−𝑏𝑐)𝛿𝜂2𝑏𝜂−𝑔2 , we obtain 𝑟0 > 0. Hence, the optimal decisions of the 733 

risk-averse centralized GSC are  𝑝𝑡𝑅∗ = 𝑅𝑡𝛿 + 𝑐, 𝜃𝑡𝑅∗ = 𝑔𝑅𝑡𝛿𝜂 .  734 

Proof of Corollary 1. It is straightforward and the details are omitted here.  735 

Proof of Corollary 2. Because  𝑝𝑡∗ − 𝑝𝑡𝑅∗ = (𝑢−𝑏𝑐)𝜂2𝑏𝜂−𝑔2 − 𝑅𝑡𝛿 > (𝑢−𝑏𝑐)𝜂2𝑏𝜂−𝑔2 − (𝑢−𝑏𝑐)𝜂2𝑏𝜂−𝑔2 = 0, we obtain 𝑝𝑡𝑅∗ < 𝑝𝑡∗. 736 

At the same time, we find 𝜃𝑡∗𝜃𝑡𝑅∗ = 𝛿𝜂(𝑢−𝑏𝑐)(2𝑏𝜂−𝑔2)𝑅𝑡 > 1, then 𝜃𝑡𝑅∗ < 𝜃𝑡∗. 737 

Recall that 𝐸(𝜋𝑡) is concave in 𝑅𝑡. If 𝑅𝑡 = (𝑢−𝑏𝑐)𝛿𝜂2𝑏𝜂−𝑔2 , then we can have 𝐸(𝜋𝑡𝑅∗) = 𝜂(𝑢−𝑏𝑐)22(2𝑏𝜂−𝑔2). Because 738  𝑅𝑡 < 𝑅′, then 𝐸(𝜋𝑡𝑅∗) < 𝐸(𝜋𝑡∗).  739 

Proof of Proposition 2. 740 

I Risk neutral 741 

Take the second-order partial derivatives of 𝐸(𝜋𝑟𝑑) with respect to 𝑝, we have 742 𝜕2𝐸(𝜋𝑟𝑑)𝜕𝑝2 = −2𝑏 < 0  743 
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Therefore 𝐸(𝜋𝑟𝑑) is concave in 𝑝, hence the retailer’s optimal retail price is 744 𝑝𝑑∗(𝑤, 𝜃) = 𝑢+𝑔𝜃+𝑏𝑤2𝑏   745 

Substitute 𝑝𝑑∗ into eq. (7), then take the second-order partial derivatives of 𝐸(𝜋𝑠𝑑) with respect to 𝑤 746 

and 𝜃, we have the Hessian matrix in the following. 747 

𝐻 = (𝜕2𝐸(𝜋𝑠𝑑)𝜕𝜃2 𝜕𝐸2(𝜋𝑠𝑑)𝜕𝜃𝜕𝑤𝜕𝐸2(𝜋𝑠𝑑)𝜕𝑤𝜕𝜃 𝜕2𝐸(𝜋𝑠𝑑)𝜕𝑤2 ) = (−𝜂 𝑔2𝑔2 −𝑏)  748 

Because 𝜕2𝐸(𝜋𝑠𝑑)𝜕𝜃2 < 0 ,  𝜕2𝐸(𝜋𝑠𝑑)𝜕𝑤2 < 0  and |𝐻| = 𝜂𝑏 − 𝑔24 > 0 , the Hessian H is a negative definite. 749 𝐸(𝜋𝑠𝑑) is jointly concave in 𝑤 and 𝜃, hence the optimal wholesale price and green level in risk-neutral 750 

GSC is  751 𝑤𝑑∗ = 2𝜂(𝑢−𝑏𝑐)4𝑏𝜂−𝑔2 + 𝑐,   𝜃𝑑∗ = 𝑔(𝑢−𝑏𝑐)4𝑏𝜂−𝑔2  752 

Substitute 𝑤𝑑∗ and 𝜃𝑑∗ into the expression of 𝑝𝑑∗(𝑤, 𝜃), we can have 753 𝑝𝑑∗ = 3(𝑢−𝑏𝑐)𝜂4𝑏𝜂−𝑔2 + 𝑐  754 

Hence, the optimal decisions of the risk-neutral decentralized GSC are 755 𝑝𝑑∗ = 3(𝑢−𝑏𝑐)𝜂4𝑏𝜂−𝑔2 + 𝑐, 𝑤𝑑∗ = 2𝜂(𝑢−𝑏𝑐)4𝑏𝜂−𝑔2 + 𝑐, 𝜃𝑑∗ = 𝑔(𝑢−𝑏𝑐)4𝑏𝜂−𝑔2  756 

II Risk averse 757 𝐸(𝜋𝑟𝑑)  is concave in 𝑝  and the constraint √𝑉𝑎𝑟(𝜋𝑟𝑑) ≤ 𝑅𝑟  is convex, we conclude that the 758 

optimization problem (5) is a convex optimization problem, whose optimal solution can be derived by 759 

KKT conditions. Then, we can construct the Lagrange function as follows. 760 𝐿𝑟𝑑(𝑝, 𝑟1) = 𝐸(𝜋𝑟𝑑) + 𝑟1(𝑅𝑟 − √𝑉𝑎𝑟(𝜋𝑟𝑑))  761 

From the first-order KKT condition, we can get 762 𝑝𝑑𝑅∗(𝑤, 𝜃) = 𝑅𝑟𝛿 + 𝑤, 𝑟1 = 𝑢+𝑔𝜃−𝑏𝑤𝛿 − 2𝑏𝑅𝑟𝛿2   763 

Substitute 𝑝𝑑𝑅∗(𝑤, 𝜃) into supplier’s expected profit, then take the second-order partial derivatives 764 

of 𝐸(𝜋𝑠𝑑) with respect to 𝑤 and 𝜃, we have the Hessian matrix in the following. 765 

𝐻 = (𝜕2𝐸(𝜋𝑠𝑑)𝜕𝜃2 𝜕𝐸2(𝜋𝑠𝑑)𝜕𝜃𝜕𝑤𝜕𝐸2(𝜋𝑠𝑑)𝜕𝑤𝜕𝜃 𝜕2𝐸(𝜋𝑠𝑑)𝜕𝑤2 ) = (−𝜂 𝑔𝑔 −2𝑏)  766 

Because 𝜕2𝐸(𝜋𝑠𝑑)𝜕𝜃2 < 0, 𝜕2𝐸(𝜋𝑠𝑑)𝜕𝑤2 < 0 and |𝐻| = 2𝜂𝑏 − 𝑔2 > 0, the Hessian 𝐻  is a negative definite. 767 𝐸(𝜋𝑠𝑑) is jointly concave in 𝑤 and 𝜃. Meanwhile, the constraint √𝑉𝑎𝑟(𝜋𝑠𝑑) ≤ 𝑅𝑠 is convex. Therefore, 768 

we conclude that the optimization problem (8) is a convex optimization problem, whose optimal 769 

solution can be derived by KKT conditions. Then, we can construct the Lagrange function as follows. 770 𝐿𝑠𝑑(𝑤, 𝜃, 𝑟2) = 𝐸(𝜋𝑠𝑑) + 𝑟2(𝑅𝑠 − √𝑉𝑎𝑟(𝜋𝑠𝑑))  771 

From the first-order KKT condition, we can get 772 𝑤𝑑𝑅∗ = 𝑅𝑠𝛿 + 𝑐, 𝜃𝑑𝑅∗ = 𝑅𝑠𝑔𝛿𝜂 , 773 𝑟1 = 𝑢−𝑏𝑐𝛿 − 1𝛿2 (2𝑏𝑅𝑟 + 𝑏𝑅𝑠 − 𝑅𝑠𝑔2𝜂 ), 𝑟2 = 𝑢−𝑏𝑐𝛿 − 1𝛿2 (𝑏𝑅𝑟 + 2𝑏𝑅𝑠 − 𝑅𝑠𝑔2𝜂 )  774 

Owing that 𝑅𝑟 < 𝑅𝑟𝑑′  and 𝑅𝑠 < 𝑅𝑠𝑑′ , where 𝑅𝑟𝑑′ = (𝑢−𝑏𝑐)𝛿𝜂3𝑏𝜂−𝑔2  and 𝑅𝑠𝑑′ = (𝑢−𝑏𝑐)𝛿𝜂3𝑏𝜂−𝑔2 , we obtain 𝑟1 > 0 775 
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and 𝑟2 > 0. 776 

Substitute 𝑤𝑑𝑅∗ and 𝜃𝑑𝑅∗ into the expression of 𝑝𝑑𝑅∗(𝑤, 𝜃), we can have 777 𝑝𝑑𝑅∗ = 𝑅𝑟+𝑅𝑠𝛿 + 𝑐  778 

Hence, the optimal decisions of risk-averse decentralized GSC are 779 𝑝𝑑𝑅∗ = 𝑅𝑟+𝑅𝑠𝛿 + 𝑐, 𝑤𝑑𝑅∗ = 𝑅𝑠𝛿 + 𝑐, 𝜃𝑑𝑅∗ = 𝑅𝑠𝑔𝛿𝜂 .  780 

Proof of Corollary 3. It is straightforward and the details are omitted here.  781 

Proof of Corollary 4. 782 

(a) Because 𝑝𝑑∗−𝑐𝑝𝑑𝑅∗−𝑐 = 3𝜂(𝑢−𝑏𝑐)4𝑏𝜂−𝑔2 𝛿𝑅𝑟+𝑅𝑠 > 9𝑏𝜂−3𝑔28𝑏𝜂−2𝑔2 > 1 , we can get 𝑝𝑑𝑅∗ < 𝑝𝑑∗ . At the same time, 783 

because  𝑤𝑑∗−𝑐𝑤𝑑𝑅∗−𝑐 = 2(𝑢−𝑏𝑐)𝜂4𝑏𝜂−𝑔2 𝛿𝑅𝑠 > 2(𝑢−𝑏𝑐)𝜂4𝑏𝜂−𝑔2 3𝑏𝜂−𝑔2(𝑢−𝑏𝑐)𝜂 > 1, we can get 𝑤𝑑𝑅∗ < 𝑤𝑑∗. 784 

(b) When 𝜃𝑑∗ = 𝜃𝑑𝑅∗ , we can get (𝑢−𝑏𝑐)𝑔4𝑏𝜂−𝑔2 = 𝑅𝑠𝑔𝛿𝜂 , and then 𝑅𝑠 = (𝑢−𝑏𝑐)𝛿𝜂4𝑏𝜂−𝑔2 . Considering 𝑅𝑠 < 𝑅𝑠𝑑′ 785 

together, we find that given (𝑢−𝑏𝑐)𝛿𝜂4𝑏𝜂−𝑔2 ≤ 𝑅𝑠 < 𝑅𝑠𝑑′ , there is 𝜃𝑑∗ < 𝜃𝑑𝑅∗; given 𝑅𝑠 < (𝑢−𝑏𝑐)𝛿𝜂4𝑏𝜂−𝑔2 , there is 786 𝜃𝑑∗ > 𝜃𝑑𝑅∗. 787 

(c) The difference between the risk-neutral retailer’s optimal expected profit and the risk-averse 788 

retailer’s optimal expected profit is  789 ∆𝐸(𝜋𝑟𝑑∗) = 𝐸(𝜋𝑟𝑑∗) − 𝐸(𝜋𝑟𝑑𝑅∗) = 𝑏𝜂2(𝑢−𝑏𝑐)2(4𝑏𝜂−𝑔2)2 − (𝑢−𝑏𝑐)𝛿𝜂−(𝑏𝜂−𝑔2)𝑅𝑠𝛿2𝜂 𝑅𝑟 + 𝑏𝛿2 (𝑅𝑟)2  790 

Let ∆𝐸(𝜋𝑟𝑑∗) = 0, we find  791 𝑅𝑟𝑑𝑡 = (𝑢−𝑏𝑐)𝛿𝜂−(𝑏𝜂−𝑔2)𝑅𝑠2𝑏𝜂 − √((𝑢−𝑏𝑐)𝛿𝜂−(𝑏𝜂−𝑔2)𝑅𝑠2𝑏𝜂 )2 − 𝛿2𝜂2(𝑢−𝑏𝑐)2(4𝑏𝜂−𝑔2)2   792 

Then, given 0 < 𝑅𝑟 < 𝑅𝑟𝑑𝑡 , there is ∆𝐸(𝜋𝑟𝑑∗) > 0 , i.e., 𝐸(𝜋𝑟𝑑∗) > 𝐸(𝜋𝑟𝑑𝑅∗) ; given 𝑅𝑟𝑑𝑡 ≤ 𝑅𝑟 <793 𝑅𝑟𝑑′, there is ∆𝐸(𝜋𝑟𝑑∗) ≤ 0, i.e., 𝐸(𝜋𝑟𝑑∗) ≤ 𝐸(𝜋𝑟𝑑𝑅∗).  794 

(d) The difference between the risk-neutral supplier’s optimal expected profit and the risk-averse 795 

supplier’s optimal expected profit is 796 ∆𝐸(𝜋𝑠𝑑∗) = 𝐸(𝜋𝑠𝑑∗) − 𝐸(𝜋𝑠𝑑𝑅∗) = 𝜂(𝑢−𝑏𝑐)22(4𝑏𝜂−𝑔2) − 𝑅𝑠 (𝑢−𝑏𝑐)𝛿−𝑏𝑅𝑟𝛿2 + (𝑅𝑠)2 2𝑏𝜂−𝑔22𝜂𝛿2   797 

Then, we discuss as follows: First, given (𝑢−𝑏𝑐)𝛿𝑏 (1 − √2𝑏𝜂−𝑔24𝑏𝜂−𝑔2) < 𝑅𝑟 < 𝑅𝑟𝑑′ , there is always 798 

𝐸(𝜋𝑠𝑑∗) > 𝐸(𝜋𝑠𝑑𝑅∗). Second, given 𝑅𝑟 ≤ (𝑢−𝑏𝑐)𝛿𝑏 (1 − √2𝑏𝜂−𝑔24𝑏𝜂−𝑔2), we find that when 𝑅𝑠𝑑𝑡 ≤ 𝑅𝑠 < 𝑅𝑠𝑑′ , 799 

there is ∆𝐸(𝜋𝑠𝑑∗) ≤ 0 , i.e., 𝐸(𝜋𝑠𝑑∗) ≤ 𝐸(𝜋𝑠𝑑𝑅∗) ; when 0 < 𝑅𝑠 < 𝑅𝑠𝑑𝑡 , there is ∆𝐸(𝜋𝑠𝑑∗) > 0 , i.e., 800 𝐸(𝜋𝑠𝑑∗) > 𝐸(𝜋𝑠𝑑𝑅∗).  801 

Here, 𝑅𝑠𝑑𝑡 = 𝜂2𝑏𝜂−𝑔2 {(𝑢 − 𝑏𝑐)𝛿 − 𝑏𝑅𝑟 − √((𝑢 − 𝑏𝑐)𝛿 − 𝑏𝑅𝑟)2 − 𝛿2(𝑢−𝑏𝑐)2(2𝑏𝜂−𝑔2)4𝑏𝜂−𝑔2 }.  802 

Proof of Corollary 5. 803 

The difference between the risk-neutral GSC’s optimal expected profit and the risk-averse GSC’s 804 

optimal expected profit is 805 ∆𝐸(𝜋𝑡) = 𝐸(𝜋𝑡𝑑∗) − 𝐸(𝜋𝑡𝑑𝑅∗) = 𝜂(6𝑏𝜂−𝑔2)(𝑢−𝑏𝑐)22(4𝑏𝜂−𝑔2)2 − 𝑅𝑟(𝑢−𝑏𝑐)𝛿 + 𝑏(𝑅𝑟)2𝛿2 + 𝑅𝑠 (2𝑏𝜂−𝑔2)𝑅𝑟−(𝑢−𝑏𝑐)𝛿𝜂𝛿2𝜂 +806 (𝑅𝑠)2 2𝑏𝜂−𝑔22𝛿2𝜂   807 
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Then, we discuss as follow: First, given 𝑅𝑟𝑑𝑠 < 𝑅𝑟 < 𝑅𝑟𝑑′ , there is always 𝐸(𝜋𝑡𝑑∗) < 𝐸(𝜋𝑑𝑅∗) . 808 

Second, given 𝑅𝑟 ≤ 𝑅𝑟𝑑𝑠 , we find that when 𝑅𝑠𝑑𝑠 ≤ 𝑅𝑠 < 𝑅𝑠𝑑′ , there is ∆𝐸(𝜋𝑡) ≤ 0 , i.e., 𝐸(𝜋𝑡𝑑∗) ≤809 𝐸(𝜋𝑡𝑑𝑅∗) ; when 0 < 𝑅𝑠 < 𝑅𝑠𝑑𝑠 , there is ∆𝐸(𝜋𝑡) > 0 , i.e., 𝐸(𝜋𝑡𝑑∗) > 𝐸(𝜋𝑡𝑑𝑅∗) . Here, 𝑅𝑟𝑑𝑠 =810 

(𝑢−𝑏𝑐)𝛿𝜂[(4𝑏𝜂−𝑔2)−√(2𝑏𝜂−𝑔2)(5𝑏𝜂−𝑔2)]2𝑏𝜂(4𝑏𝜂−𝑔2) , 𝑅𝑠𝑑𝑠 = (𝑢−𝑏𝑐)𝛿𝜂−(2𝑏𝜂−𝑔2)𝑅𝑟−√4(𝑢−𝑏𝑐)2(𝑏𝜂)2𝛿2𝜂2(4𝑏𝜂−𝑔2)2 −𝑔2(2𝑏𝜂−𝑔2)(𝑅𝑟)2
2𝑏𝜂−𝑔2 .  811 

Proof of Corollary 6. 812 

(a)  It is obvious that 𝜃𝑑∗ < 𝜃𝑡∗. At the same time, because 𝜃𝑑𝑅∗ = 𝑅𝑠𝑔𝛿𝜂  and 𝜃𝑡𝑅∗ = 𝑔𝑅𝑡𝛿𝜂 , we can obtain 813 𝜃𝑑𝑅∗ < 𝜃𝑡𝑅∗. 814 

(b) Because 𝑝𝑑∗ − 𝑝𝑡∗ = 𝜂(𝑢−𝑏𝑐)(2𝑏𝜂−2𝑔2)(4𝑏𝜂−𝑔2)(2𝑏𝜂−𝑔2) > 0 , we can obtain  𝑝𝑡∗ < 𝑝𝑑∗ . Similarly, because 815 𝑝𝑑𝑅∗ − 𝑝𝑡𝑅∗ = (𝑅𝑠+𝑅𝑟−𝑅)𝛿 = 0 , we can get 𝑝𝑡𝑅∗ = 𝑝𝑑𝑅∗. 816 

(c) Because 
𝐸(𝜋𝑡𝑑∗)𝐸(𝜋𝑡∗) = (6𝑏𝜂−𝑔2)(2𝑏𝜂−𝑔2)(4𝑏𝜂−𝑔2)2 < 1 , we can obtain 𝐸(𝜋𝑡𝑑∗) <  𝐸(𝜋𝑡∗) . Similarly, because 817 

𝐸(𝜋𝑡𝑑𝑅∗) 𝐸(𝜋𝑡𝑅∗) = (4𝑏𝜂−𝑔2)(2𝑏𝜂−𝑔2)(3𝑏𝜂−𝑔2)2 < 1, we can easily find 𝐸(𝜋𝑡𝑑𝑅∗) < 𝐸(𝜋𝑡𝑅∗).  818 

(d) Because 𝑅𝑑′ = 𝑅𝑟𝑑′ + 𝑅𝑠𝑑′ = 2(𝑢−𝑏𝑐)𝛿𝜂3𝑏𝜂−𝑔2  and 𝑅′ = (𝑢−𝑏𝑐)𝛿𝜂2𝑏𝜂−𝑔2 , we can deduce 
𝑅𝑑′𝑅′ = 4𝑏𝜂−2𝑔23𝑏𝜂−𝑔2 > 1 . 819 

Therefore, 𝑅𝑑′ > 𝑅′.  820 

Proof of Proposition 3. 821 

Take the second order partial derivative of 𝐸(𝜋𝑟𝑠) with respect to 𝑝, we have 822 𝜕2𝐸(𝜋𝑟𝑠 )𝜕𝑝2 = −2𝜆𝑏 < 0  823 

Therefore, 𝐸(𝜋𝑟𝑠) is concave in 𝑝, and the retailer’s optimal retail price is  824 𝑝𝑠∗(𝜃) = 𝑢+𝑔𝜃2𝑏 + 𝑤2𝜆  825 

Substitute 𝑝𝑠∗(𝜃) into eq. (13), then take the second order partial derivative of 𝐸(𝜋𝑠𝑠) with respect 826 

to 𝜃, we have 𝜕𝐸2(𝜋𝑠𝑠)𝜕𝜃2 = (1 − 𝜆) 𝑔22𝑏 − (1 − 𝜙)𝜂. 827 

When 1−𝜙1−𝜆 > 𝑔22𝑏𝜂 holds, 𝜕𝐸2(𝜋𝑠𝑠)𝜕𝜃2 < 0. Then, 𝐸(𝜋𝑠𝑠) is concave in 𝜃, and we can get 828 𝜃𝑠∗ = 𝑢𝑔(1−𝜆)+𝑏𝑔(𝑤−𝑐)2𝑏(1−𝜙)𝜂−(1−𝜆)𝑔2  829 

Substitute 𝜃𝑠∗ into the expression of 𝑝𝑠∗(𝜃), we can have 830 𝑝𝑠∗ = 2(1−𝜙)𝜂𝑢+𝑔2(𝑤−𝑐)2[2𝑏𝜂(1−𝜙)−(1−𝜆)𝑔2] + 𝑤2𝜆  831 

The coordination conditions of risk-neutral decentralized GSC are 𝜃𝑡∗ = 𝜃𝑠∗
 and 𝑝𝑡∗ = 𝑝𝑠∗. Then, it 832 

is easy to obtain 𝜆 = 𝜙 and 𝑤 = 𝑐𝜙 = 𝑐𝜆. 833 

Therefore, when 1−𝜙1−𝜆 > 𝑔22𝑏𝜂 , 𝜆 = 𝜙  and 𝑤 = 𝜙𝑐  hold together, the RCS joint contract can 834 

coordinate the risk-neutral GSC.  835 

Proof of Corollary 7. 836 

Substitute 𝜃𝑡∗  and 𝑝𝑡∗  into the supplier’s expected profit function in eq. (13) and the retailer’s 837 

expected profit function in eq. (10), we have 838 𝐸(𝜋𝑠𝑠∗) = (1 − 𝜙)𝐸(𝜋𝑡∗) = (1 − 𝜆)𝐸(𝜋𝑡∗)  839 
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𝐸(𝜋𝑟𝑠∗) = 𝜙𝐸(𝜋𝑡∗) = 𝜆𝐸(𝜋𝑡∗)  840 

The conditions of Pareto improvement are 𝐸(𝜋𝑠𝑠∗) ≥ 𝐸(𝜋𝑠𝑑∗) , 𝐸(𝜋𝑟𝑠∗) ≥ 𝐸(𝜋𝑟𝑑∗) . Then, the 841 

inequation 𝐸(𝜋𝑠𝑠∗) ≥ 𝐸(𝜋𝑠𝑑∗)  can be expressed as (1 − 𝜙)𝐸(𝜋𝑡∗) ≥ 𝐸(𝜋𝑠𝑑∗) , or (1 − 𝜆)𝐸(𝜋𝑡∗) ≥842 𝐸(𝜋𝑠𝑑∗) ; the inequation 𝐸(𝜋𝑟𝑠∗) ≥ 𝐸(𝜋𝑟𝑑∗)  can be expressed as 𝜙𝐸(𝜋𝑡∗) ≥ 𝐸(𝜋𝑟𝑑∗) , or 𝜆𝐸(𝜋𝑡∗) ≥843 𝐸(𝜋𝑟𝑑∗). Therefore, we can get 2𝑏𝜂(2𝑏𝜂−𝑔2)(4𝑏𝜂−𝑔2)2 ≤ 𝜙 ≤ 2𝑏𝜂4𝑏𝜂−𝑔2, or 2𝑏𝜂(2𝑏𝜂−𝑔2)(4𝑏𝜂−𝑔2)2 ≤ 𝜆 ≤ 2𝑏𝜂4𝑏𝜂−𝑔2.  844 

Proof of Proposition 4. 845 𝐸(𝜋𝑟𝑠)  is concave in 𝑝  and the constraint √𝑉𝑎𝑟(𝜋𝑟𝑠) ≤ 𝑅𝑟  is convex, we conclude that the 846 

optimization problem (11) is a convex optimization problem, whose optimal solution can be derived by 847 

KKT conditions. Then, we can construct the Lagrange function as follows. 848 𝐿𝑟s (𝑝, 𝑟3) = 𝐸(𝜋𝑟𝑠) + 𝑟3(𝑅𝑟 − √𝑉𝑎𝑟(𝜋𝑟𝑠))  849 

From the first order KKT condition, we can get 850 𝑝s𝑅∗ = 𝑤𝛿+𝑅𝑟𝜆𝛿 , 𝑟3 = 𝜆𝑢𝛿−𝑏𝑤𝛿−2𝑏𝑅𝑟+𝜆𝛿𝑔𝜃𝜆𝛿2   851 

Substitute 𝑝𝑠𝑅∗  into the supplier’s expected profit, then then take the second order partial 852 

derivatives of 𝐸(𝜋𝑠𝑠) with respect to 𝑤 and 𝜃, we have the Hessian matrix in the following. 853 

𝐻 = (𝜕2𝐸(𝜋𝑠𝑠)𝜕𝜃2 𝜕𝐸2(𝜋𝑠𝑠)𝜕𝜃𝜕𝑤𝜕𝐸2(𝜋𝑠𝑠)𝜕𝑤𝜕𝜃 𝜕2𝐸(𝜋𝑠𝑠)𝜕𝑤2 ) = (−𝜂(1 − 𝜙) 𝑔𝜆𝑔𝜆 −2𝑏𝜆2 )  854 

When 2𝑏𝜂(1 − 𝜙) − 𝑔2 > 0, then |𝐻| = 2𝑏𝜂(1−𝜙)−𝑔2𝜆2 > 0. Because 𝜕2𝐸(𝜋𝑠𝑠)𝜕𝜃2 < 0,  𝜕2𝐸(𝜋𝑠𝑠)𝜕𝑤2 < 0  and, 855 

we find that the Hessian 𝐻 is a negative definite. 𝐸(𝜋𝑠𝑠) is jointly concave in 𝑤 and 𝜃. Meanwhile, the 856 

constraint √𝑉𝑎𝑟(𝜋𝑠𝑠) ≤ 𝑅𝑠 is convex. Therefore, we conclude that the optimization problem (14) is a 857 

convex optimization problem, whose optimal solution can be derived by KKT conditions. Then, we can 858 

construct the Lagrange function as follows. 859 𝐿𝑠𝑠 (𝑤, 𝜃, 𝑟4) = 𝐸(𝜋𝑠𝑠) + 𝑟4(𝑅𝑠 − √𝑉𝑎𝑟(𝜋𝑠𝑠))  860 

From the first-order KKT condition, we can get 861 𝑤𝑠𝑅∗ = 𝜆(𝑅𝑠+𝑐𝛿)+(𝜆−1)𝑅𝑟𝛿 , 𝜃𝑠𝑅∗ = 𝑅𝑠𝑔𝛿(1−𝜙)𝜂. 862 

Then, 𝑝𝑠𝑅∗ = 𝑐𝛿+𝑅𝑠+𝑅𝑟𝛿 , and 𝑟3 = 𝜆𝑅𝑠𝑔2+𝜂(1−𝜙)[𝜆𝛿𝑢−𝑏𝜆(𝑐𝛿+𝑅𝑠+𝑅𝑟)−𝑏𝑅𝑟]𝛿2(1−𝜙)𝜂𝜆 , 863 𝑟4 = 𝑅𝑠𝑔2+𝜂(1−𝜙)[𝑢𝛿−𝑏(𝑐𝛿+2𝑅𝑠+𝑅𝑟)]𝛿2(1−𝜙)𝜂 . Here, 𝜙 < 1 + 𝜆𝑅𝑠𝑔2𝜂[𝜆𝛿𝑢−𝑏𝜆(𝑐𝛿+𝑅𝑠+𝑅𝑟)−𝑏𝑅𝑟]  and 864 𝜙 < 1 − 𝑅𝑠𝑔2𝜂[𝑢𝛿−𝑏(𝑐𝛿+2𝑅𝑠+𝑅𝑟)] must hold. 865 

According to the above equilibrium solutions, we then obtain 866 𝐸(𝜋𝑠𝑠𝑅∗) = 𝑅𝑠[𝑔2𝑅𝑠−2𝑏𝜂(1−𝜙)(𝑐𝛿+𝑅𝑟+𝑅𝑠)+2𝑢𝜂𝛿(1−𝜙)]2𝜂(1−𝜙)𝛿2 > 𝐸(𝜋𝑠𝑑𝑅∗)  867 𝐸(𝜋𝑟𝑠𝑅∗) = 𝑅𝑠𝑔2[2(1−𝜙)𝑅𝑟−𝜙𝑅𝑠]+2𝜂(1−𝜙)2𝑅𝑟[𝛿𝑢−𝑏(𝑐𝛿+𝑅𝑟+𝑅𝑠)]2𝜂(1−𝜙)2𝛿2   868 

Because  869 Δ𝐸(𝜋𝑟𝑅) = 𝐸(𝜋𝑟𝑠𝑅∗) − 𝐸(𝜋𝑟𝑑𝑅∗) = 𝑅𝑠𝑔2[2(1−𝜙)𝑅𝑟−𝜙𝑅𝑠]+2𝜂(1−𝜙)2𝑅𝑟[𝛿𝑢−𝑏(𝑐𝛿+𝑅𝑟+𝑅𝑠)]2𝜂(1−𝜙)2𝛿2 − 𝑅𝑟𝛿 [𝑢 − 𝑏𝑐 −870 

𝑏(𝑅𝑟+𝑅𝑠)𝛿 + 𝑅𝑠𝑔2𝛿𝜂 ] = 𝜙𝑔2𝑅𝑠[2(1−𝜙)𝑅𝑟−𝑅𝑠]2𝜂(1−𝜙)2𝛿2 . 871 

We can easily find that, in the region 872 
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𝜙 ∈ (0, min {0,1 − 𝑅𝑠2𝑅𝑟}] ∩ (0, min {1 + 𝑅𝑠𝑔2𝜂[𝑢𝛿−𝑏(𝑐𝛿+2𝑅𝑠+𝑅𝑟)] , 1 + 𝜆𝑅𝑠𝑔2𝜂[𝜆𝛿𝑢−𝑏𝜆(𝑐𝛿+𝑅𝑠+𝑅𝑟)−𝑏𝑅𝑟]}) , there is 873 Δ𝐸(𝜋𝑟𝑅) ≥ 0. i.e., 𝐸(𝜋𝑟𝑠𝑅∗) ≥ 𝐸(𝜋𝑟𝑅∗). Based on the above discussion, we conclude that given 𝜙 ∈874 (0, min {0,1 − 𝑅𝑠2𝑅𝑟}] ∩ (0, min {1 + 𝑅𝑠𝑔2𝜂[𝑢𝛿−𝑏(𝑐𝛿+2𝑅𝑠+𝑅𝑟)] , 1 + 𝜆𝑅𝑠𝑔2𝜂[𝜆𝛿𝑢−𝑏𝜆(𝑐𝛿+𝑅𝑠+𝑅𝑟)−𝑏𝑅𝑟]}) , both members’ 875 

expected profits are improved by the contract. 876 

In total, the RCS joint contract is efficient in improving the performance of both the risk-neutral 877 

GSC and the risk-averse GSC.  878 
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