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a b s t r a c t 

In a supply chain where a supplier and a manufacturer engage in green innovation activities, we apply the 

Stackelberg game to investigate the influence of consumer trust and consumer green awareness on supply chain 

performance when employing self-labeling and certification label strategies. Our research delves into the optimal 

eco-label strategy through comparative analysis, resulting in the following key points: (1) Under the certification 

label strategy, the manufacturer and supply chain profits may decrease in consumer green awareness. (2) The 

manufacturer tends to choose self-labeling strategy, but the supplier has higher profits under certification label 

strategy. (3) The social welfare under the certification label is greater than that of self-labeling when the cost of 

certification and consumer trust are low. Further, we extend the certification label from single level to multi-level, 

and found that when the cost coefficient of manufacturer’s green investment is high, a high-level certification may 

be disadvantageous for the manufacturer. In addition, when consumer trust and cost coefficient of manufacturer’s 

green investment are both low, the manufacturer is more likely to preferentially choose multi-level certification 

label over self-labeling. 
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With growing green awareness, more and more consumers are opt-

ng for green products at higher prices [1] . Contrary to quality of prod-

ct, greenness of product may be difficult to observe, which making

t incredibly difficult for companies to communicate the greenness of

heir products to consumers. As an approach of certifying green perfor-

ance, eco-label might reduce information asymmetry and encourage

reen purchasing, and it has become an effective way for companies

otifying consumers about the environmental-friendly nature of their

roducts. 

Statistics show that more than 25 industries and 199 nations world-

ide have established more than 460 different types of eco-labels, in-

luding Nordic Eco-labelling, Energy Star, and China’s Environmental Pro-

ection Product . These eco-labels are granted by third-party certification

rganizations and are generally trusted by consumers, that can be seen

s certification label. However, certification label has a set certification

tandard and can only show consumers the product’s greenness as it

elates to that standard. It is challenging to effectively explain the ac-

ual product’s greenness and other green attributes. Because of this, the

anufacturer who has access to more detailed information about their

roducts have created additional "green symbols" and self-declared the

mount of greenness of their products on their packaging. Walmart, for
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nstance, brands their products as "natural" to denote that they are or-

anic or biodegradable. However, consumers frequently view such self-

abeling with some skepticism. Therefore, it is important to consider

ow the distinctive traits of self-labeling and certification label relate to

he development of eco-friendly products and the strategic choice of the

wo forms of eco-labels. 

In addition to the single-level eco-label stated above, there are multi-

evel labels available in the market. For instance, China’s Carbon Label

ating is divided into three levels (one, two, and three stars) based on

arbon footprint, Cradle-to-Cradle (C2C) is set to five levels (primary,

ronze, silver, gold and platinum). The multi-level certification label

trategy makes the selection of label strategy for companies become

ore complex. As a result, we will also pay attention to how certifica-

ion levels effect companies profits under multi-level certification label

trategy. 

Our main research questions are: (1) What are the optimal decisions

n the supply chain and how do consumer trust and consumer green

wareness influence supply chain price decision and the product’s green-

ess? (2) How do different eco-label strategies impact the profitability

f members in the supply chain, and how do the manufacturer strate-

ically determine their selection among eco-label strategies? (3) What

mpact does the choice of different eco-label strategies have on social

elfare? 
mber 2023 
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This paper has the following contributions: (1) We investigate the

upplier’s and manufacturer’s cooperative green innovation activities in

ifferent eco-label strategies. At the same time, the influence of con-

umer trust and consumer green awareness on supply chain decision-

aking is considered. (2) We expand the single-level eco-label to a

ulti-level eco-label in the study of green supply chain to examine the

ffects of certification levels on supply chain members’ profits and so-

ial welfare. This study can serve as a theoretical foundation for supply

hain price decision and eco-label strategies selection. It can also pro-

ide management advice to certification bodies about multi-level label-

ng certification. 

The rest of this paper is organized as follows. We first begin with a

eview of the related literature in Section 2 and then describe the main

odel in Section 3. In Section 4, we extend the certification label from

ingle level to multi-level. Finally, we conclude our results in Section 5.

ll the proof is presented in the appendix. 

iterature review 

We sort out the literature on green supply chain, consumer green

wareness and consumer trust, and eco-label. In the green supply chain,

cholars have widely discussed the greenness decision of products [ 2–5 ].

or instance, Ghosh and Shah [6] study the impact of cost sharing pacts

n key supply chain decisions in a supply chain consisting of a man-

facturer and a retailer where the manufacturer performs green man-

facturing. Hong and Guo [7] investigate in a secondary green supply

hain consisting of a manufacturer and a retailer coordination efficiency

f wholesale price contract, cost-sharing contract and two-part pricing

ontract. Du et al. [8] consider both suppliers’ and manufacturers’ equity

oncern behaviors to study sustainable supply chain green technology

nnovation decisions. Hong et al. [9] think about consumer reference

ehavior to study the issue of green product design in a two-level sup-

ly chain and find that consumer reference behavior significantly affects

roduct design and pricing. 

Consumer green consciousness has been widely concerned [ 10–14 ].

or instance, Li et al. [15] study the impact of two widely-adopted con-

racting formats on supply chain decision making in a decentralized

reen product supply chain, considering consumer green awareness.

hen and Akmalul’Ulya [16] examine the impact of consumer green

wareness and government regulations on manufacturer’s green invest-

ents. Zhang et al. [17] consider the effects of retailers’ fair concern

ehavior and consumer green awareness on the greenness of product

nd price. Ge et al. [18] study consumer green awareness and man-

facturer equity concerns in a green two-channel supply chain. Hong

t al. [19] find that the price of green product decreases as consumer

reen preference increases. Han et al. [20] find that consumer green

ensitivity is not necessarily beneficial for companies to improve the

reenness of their product. Heydari et al. [21] also consider consumer

reen awareness to study green supply chain channel coordination and

ricing issues. 

However, only a few scholars have considered consumer trust in

anufacturers’ products in their studies. Murali et al. [14] consider

onsumer trust into the model to compare the effects of self-labeling

nd certification label on green product development of two competing

rms. Zhang et al. [22] consider consumer green awareness and con-

umer trust together, study the optimal eco-label strategy in centralized

nd decentralized supply chains. Different from the above researches,

e introduce multi-level certification label into the selection of label

trategies. 

Some researchers investigate eco-label as a marketing strategy and

iscover a favorable correlation between eco-label and consumers’

ropensity to buy environmentally friendly products [ 23,24 ]. Some re-

earchers concentrate on the competitive of eco-label certification orga-

izations, the creation of labeling standards, and the choice of compa-

ies’ label strategies. For example, Heye and Martin [25] study a model

f competition among non-profit organizations providing label certifica-
52
ion services. Fischer and Lyon [26] propose a model of eco-label com-

etition between non-profit organizations and industry associations. Fan

t al. [27] explore equilibrium strategies for eco-label standards with dif-

erent objectives. Roe and Sheldon [28] compare voluntary and manda-

ory labeling and find that firms prefer voluntary labeling, while con-

umers prefer mandatory labeling. 

In addition, other scholars research the problem of multilevel eco-

abel design, such as Nadar and Erturk [29] who construct a two-

tage game of greenness investment and quantity competition in a

wo-oligopolistic market and find that two-level eco-labels outperform

ingle-level labels in some cases. Li and Veld [30] study the implications

f eco-label hierarchy and competition and find that label certification

rganizations sponsored by environmentalists may prefer multi-level la-

el. The preceding literature examines various aspects of eco-label pri-

arily from the perspective of a single firm. 

A few scholars combine eco-label with green supply chain. For in-

tance, Guo et al. [31] consider consumer green awareness and a plat-

orm to provide eco-label for qualified manufacturers to study how eco-

abel affects green supply chain operations. Gao et al. [32] explored

co-label strategies for a two-channel supply chain for two cost types

f green products. Further, Gao et al. [33] combine eco-label, govern-

ent subsidies, and supply chain contracts to study the economic and

nvironmental impacts of eco-label policies in supply chain. Hou et al.

34] consider three types of labels, self-labeling, industry labeling and

overnment labeling, and study how government regulations affect the

colabel strategy selection of supply chain members in the competitive

upply chain. 

To summarize, the majority of current research on eco-label strate-

ies focuses on individual enterprises, with only a few scholars focusing

n supply chain comprised of manufacturers and retailers. However, in

upply chains such as automotive and food, the level of product green-

ess is defined by green investment activity undertaken collaboratively

y the supplier and manufacturer. In addition, the existing literature on

upply chain eco-label schemes rarely analyzes the impact of multi-level

co-label on supply chain decisions. In order to investigate the effects of

wo eco-label strategies, self-labeling and certification label, on supply

hain green product development and the eco-label strategy selection

roblem, we build a supply chain game model that takes both the sup-

lier’s and manufacturer’s green efforts into account. We also expand

ertification label from single-level to multi-level to explore the effects

f label certification levels on supply chain performance. 

odel 

The supplier and manufacturer work together to produce green prod-

cts in a supply chain. Self-labeling (S strategy) and certification label (C

trategy) are two different eco-label strategies the manufacturer could

elect to inform consumers about the product’s greenness. 

Self-labeling strategy differs from certification label strategy in two

ays. Firstly, the model setting is different. According to the study by

urali et al. [14] , we assume that 𝑘 represents consumer green aware-

ess and 𝑢 ( 0 ≤ 𝑢 ≤ 1 ) represents consumer trust with self-labeling prod-

ct. The product’s greenness is 𝑔 = 𝑔s + 𝑔m , where 𝑔s is the supplier’s

reen supplying effort and 𝑔m is the manufacturer’s green manufac-

uring effort. Therefore, the market demand of self-labeling strategy is
S = 1 − 𝑝 + 𝑘𝑢 ( 𝑔s + 𝑔m ) . In the certification label strategy, we assume

hat the manufacturer can meet the certification standard of 𝐺. In addi-

ion, the greenness of the product is not less than the certification stan-

ard, which can be expressed as 𝑔s + 𝑔m ≥ 𝐺. At this moment, the con-

umer trust 𝑢 = 1 and consumers consciousness of the product’s green-

ess is 𝐺. Therefore, the market demand for the certification label strat-

gy is 𝐷C = 1 − 𝑝 + 𝑘𝐺. 

Secondly, the decision order is different. In the self-labeling strategy,

he supplier first decides the green supplying effort and wholesale price,

hen the manufacturer decides the green manufacturing effort, sale price

nd selects self-labeling to self-declare the greenness of the product. In
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Table 1 

Definition of parameters. 

Parameters Meaning 

𝑤 Wholesale price of the supplier 

𝑝 Sale price of the manufacturer 

𝑔s Supplier’s green supplying effort 

𝑔m Manufacturer’s green manufacturing effort 

𝑔 Product’s greenness 

𝐺 Certification standard 

𝑎 Cost coefficient of supplier’s green investment 

𝑏 Cost coefficient of manufacturer’s green investment 

𝑘 Consumer green awareness 

𝑢 Consumer trust 

𝑇 Certification cost 
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he certification label strategy, the certification organization first de-

ides the certification standard, then the supplier decides the green sup-

lying effort and wholesale price, and finally the manufacturer decides

he green manufacturing effort and sale price. 

Same as Ghosh and Shah [6] , we assume that the margin production

ost of the supplier and manufacturer is 0, which does not affect the fi-

al results. Then we utilize an expanding convex function to depict the

ost of green innovation for the supplier and manufacturer. The sup-

lier’s green supplying investment cost is 𝑎𝑔2 s ∕2 and the manufacturer’s

reen manufacturing investment cost is b 𝑔2 m ∕2 , in which 𝑎 denotes the

ost coefficient of supplier’s green investment and 𝑏 denotes the cost

oefficient of manufacturer’s green investment. 

According to Murali et al. [14] , we assume that 𝑇 is the cost of cer-

ification, and it is an external variable and a one-time fixed fee. The

arameters throughout the paper are summarized in Table 1 . 

elf-labeling (S strategy) 

We use superscript S to represent the self-labeling strategy. The sup-

lier determines the optimal 𝑤 and 𝑔s first, and then the manufacturer

etermines the optimal 𝑝 and 𝑔m . The problems of supplier and manu-

acturer are as follows: 

ax 
𝑤,𝑔s 

𝜋S 
s = 𝑤

(
1 − 𝑝 + ku 

(
𝑔s + 𝑔m 

))
− 𝑎𝑔2 s ∕2 (1)

ax 
𝑝,𝑔m 

𝜋S 
m = ( 𝑝 − 𝑤) 

(
1 − 𝑝 + ku 

(
𝑔s + 𝑔m 

))
− bg 2 m ∕2 (2) 

Supply chain profit under S strategy can be expressed as: 

S 
sc = 𝑝

(
1 − 𝑝 + ku 

(
𝑔s + 𝑔m 

))
− 𝑎𝑔2 s ∕2 − bg 2 m ∕2 (3)

Social welfare is expressed by the combination of supply chain profit
S 
sc , consumer surplus 𝐶𝑆S and environmental improvement perfor-

ance 𝐸𝐼S . The social welfare formula is: 

 𝑊 S = 𝜋S 
sc + 𝐶𝑆S + 𝐸𝐼S (4)

Under S strategy, we use the reserve price 𝑣S = 1 + ku ( 𝑔s + 𝑔m ) to
epresent the price that causes the demand to be 0. With reference to

ong and Guo [7] , the consumer surplus is as follows: 

𝑆S = ∫
𝑣S 

𝑝 

(
1 − 𝑥 + ku 

(
𝑔s + 𝑔m 

))
d 𝑥 =

(
1 − 𝑝 + ku 

(
𝑔s + 𝑔m 

))2 ∕2 (5)

With reference to Zhang et al. [7] , environmental benefit 𝐸𝐼 is ex-

ressed as the product’s greenness and the market demand: 

𝐼S =
(
𝑔s + 𝑔m 

)
𝐷S (6) 

roposition 1. Under S strategy, when 𝑎 > 𝑏𝑘2 𝑢2 ∕(4 𝑏 − 2 𝑘2 𝑢2 ) and

 > 𝑘2 𝑢2 ∕2 , the optimal decisions of supplier and manufacturer are
S∗ = 𝑎 (2 𝑏 − 𝑘2 𝑢2 )∕ 𝑆0 , 𝑝S∗ = 𝑎 (3 𝑏 − 𝑘2 𝑢2 )∕ 𝑆0 , 𝑔S∗ s = 𝑏𝑘𝑢 ∕𝑆0 and
S∗ 
m = 𝑎𝑘𝑢 ∕𝑆0 . Thus obtained 𝑔S∗ = ( 𝑎 + 𝑏 ) 𝑘𝑢 ∕𝑆0 , 𝐷S∗ = 𝑎𝑏 ∕𝑆0 ,
S∗ 
s = 𝑎𝑏 ∕2 𝑆0 , 𝜋S∗ 

m = 𝑎2 𝑏 (2 𝑏 − 𝑘2 𝑢2 )∕2 𝑆2 
0 , 𝜋S∗ 

sc = ab (6ab − 3 𝑎𝑘2 𝑢2 −
53
𝑘2 𝑢2 )∕2 𝑆2 
0 and 𝑆 𝑊 S∗ = 𝑎𝑏 (7 𝑎𝑏 + 𝑎𝑘𝑢 (2 − 3 𝑘𝑢 ) + 𝑏𝑘𝑢 (2 − 𝑘𝑢 ) )∕2 𝑆2 

0 , which

0 = 4 𝑎𝑏 − 2 𝑎𝑘2 𝑢2 − 𝑏𝑘2 𝑢2 . 

roperty 1. (1) 𝑤S∗ , 𝑝S∗ , 𝑔S∗ , 𝐷S∗ , 𝜋S∗ 
s , 𝜋S∗ 

m , 𝜋
S∗ 
sc and 𝑆𝑊 S∗ increase in

 ; (2) 𝑤S∗ , 𝑝S∗ , 𝑔S∗ , 𝐷S∗ , 𝜋S∗ 
s , 𝜋S∗ 

m , 𝜋
S∗ 
sc and 𝑆𝑊 S∗ increase in 𝑘 . 

Property 1 demonstrates that under the self-labeling strategy, prod-

ct prices, product’s greenness, market demand, supply chain member

rofits, and societal welfare all increase as consumer trust or consumer

reen awareness increases. This shows that promoting consumer trust

r consumer green awareness might encourage the supplier and man-

facturer to create greener products, boost supply chain revenues, and

enefit the society. 

ertification label (C strategy) 

We use superscript C to represent the certification label strategy.

ccording to the research of Gao et al. [32] , certification organizations

ecide the product certification standard by maximizing social welfare.

he decision-making order of the supply chain under the certification

abel strategy is as follows: firstly, the certification organization decides

he optimal eco-label certification standard, then the supplier decides

he optimal 𝑤 and 𝑔s , and finally the manufacturer decides the optimal

 and 𝑔m . The problems of supplier and manufacturer are as follows: 

ax 
𝑤,𝑔s 

𝜋C 
s = 𝑤

(
1 − 𝑝 + kG 

)
− 𝑎𝑔2 s ∕2 (7)

ax 
𝑝,𝑔m 

𝜋C 
m = ( 𝑝 − 𝑤) 

(
1 − 𝑝 + kG 

)
− bg 2 m ∕2 − 𝑇 (8)

Under C strategy, we use the reserve price 𝑣C = 1 + kG to represent

he price that causes the demand to be 0. With reference to Hong and

uo [7] , the consumer surplus is as follows: 

𝑆C = ∫
𝑣C 

𝑝 

(
1 − 𝑥 + kG 

)
d 𝑥 =

(
1 − 𝑝 + kG 

)2 ∕2 (9)

𝑊 C represents social welfare under C strategy. 

ax 
𝐺 

𝑆 𝑊 C = 𝜋C 
sc + 𝐶𝑆C + 𝐸𝐼C (10)

Proposition 2 under C strategy, when 𝑏 > 𝑘 (8 + 7 𝑘 )∕16 , the

ptimal decisions of the supplier, manufacturer, and certifica-

ion organization are 𝑤C∗ = 2(4 𝑏 − 𝑘 )∕ 𝐶0 , 𝑝C∗ = 3(4 𝑏 − 𝑘 )∕ 𝐶0 ,
C∗ 
s = 0 , 𝑔C∗ m = (4 + 7 𝑘 )∕ 𝐶0 and 𝐺C∗ = (4 + 7 𝑘 )∕ 𝐶0 . Thus obtained
C∗ = (4 + 7 𝑘 )∕ 𝐶0 , 𝐷

C∗ = (4 𝑏 − 𝑘 )∕16 𝑏 − 𝑘 (8 + 7 𝑘 ) , 𝜋C∗ 
s = 2(4 𝑏 − 𝑘 ) 2 ∕𝐶2 

0 ,
C∗ 
m = (32 𝑏2 + 2 𝑘2 − 𝑏 (16 + 72 𝑘 + 49 𝑘2 ))∕2 𝐶2 

0 − 𝑇 , 𝜋C∗ 
sc = (96 𝑏2 + 6 𝑘2 −

 (16 + 104 𝑘 + 49 𝑘2 ))∕2 𝐶2 
0 − 𝑇 and 𝑆𝑊 C∗ = (1 + 7 𝑏 )∕(2 𝐶0 ) − 𝑇 , in which

0 = 16 𝑏 − 𝑘 (8 + 7 𝑘 ) . 

roperty 2. 𝑤C∗ , 𝑝C∗ , 𝑔C∗ , 𝐺C∗ , 𝐷C∗ , 𝜋C∗ 
s and 𝑆𝑊 C∗ increase in 𝑘 . But

C∗ 
m and 𝜋C∗ 

sc decrease in 𝑘 . 

Property 2 shows that the optimal certification standard increases

ith the rise in consumer green awareness. Consumers are more willing

o buy high-green products with the enhancement of consumers green

wareness. Consequently, certification organizations will raise the eco-

abel certification standards because of high demand for green products

y consumers. In addition, with consumer green awareness increases,

here is an increase in market demand, wholesale price, sale price and

reenness of product, but a decrease in manufacturer profit and supply

hain profit. This is because the certification organizations may raise

he green certification standards of products as consumer demand for

reen products increases, and under the certification label strategy, the

upplier has free-rider behavior, which in turn prompts a significant in-

rease in green investment by the manufacturer. Although the sale price

nd demand will also increase as consumer green awareness increases,

hich boosts the overall revenue of the manufacturer in turn, the man-

facturer’s profit declines as consumer green awareness increases, since

he growing revenue cannot offset the increase in green investment
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osts. Additionally, the profit of the whole supply chain is reduced since

he profit gain of supplier is smaller than the profit decline of manufac-

urer. 

omparative analysis 

This section analyzes the manufacturer’s eco-label selection strat-

gy by comparing the equilibrium results in the two strategies of self-

abeling and certification label. 

roposition 3. (1) 𝑔S∗ s > 𝑔C∗ s , 𝑔S∗ m < 𝑔C∗ m , 𝑔
S∗ < 𝑔C∗ ; (2) 𝑤S∗ < 𝑤C∗ ,

S∗ < 𝑝C∗ , 𝐷S∗ < 𝐷C∗ . 

Proposition 3 (1) demonstrates that C strategy increases the man-

facturer’s green manufacturing effort and product’s greenness over S

trategy, but decreases the supplier’s green supplying effort. Under C

trategy, there is a green threshold at the sales end, so the manufacturer

s under more pressure to innovate green activities, while the supplier

an choose free-rider behavior. 

According to Proposition 3 (2), C strategy leads to higher wholesale

rice, sale price, and market demand. In order to pass the certification

f products, the manufacturer must invest more in green manufacturing

nd enhance product’s greenness. Therefore, for protecting their own in-

erests, the manufacturer will then raise the sale price of certified prod-

cts, while the supplier will also increase wholesale prices. In addition,

ecause the product’s greenness with certification label is higher than

hose under the self-labeling, even if the price of product with certifi-

ation label rises, demand will not reduce. This encourages consumers’

illingness to purchase, which then increasing the market demand un-

er C strategy. 

roposition 4. (1) 𝜋S∗ 
s < 𝜋C∗ 

s , 𝜋S∗ 
m > 𝜋C∗ 

m ; (2) 𝜋S∗ 
sc > 𝜋C∗ 

sc . 

Proposition 4 demonstrates that the supplier and manufacturer have

ifferent preferences when choosing eco-label strategy. The wholesale

rice and market demand under C strategy are higher than those un-

er S strategy, so the supplier’s profit under C strategy is higher than

 strategy. The supplier hopes the manufacturer to select certification

rganizations for eco-label certification rather than select S strategy. 

In opposite, the manufacturer may be more lucrative under S strat-

gy, which is largely due to the fact that the certification standard un-

er C strategy is much higher than the greenness of the product under

 strategy, and the manufacturer have to pay significant green manu-

acturing cost in order to pass the certification. As a result, the manu-

acturer profit is less under C strategy. However, for the whole supply

hain, S strategy is better than C strategy. 

roposition 5. | 𝜕𝜋S∗ s 
𝜕𝑘 

| < | 𝜕𝜋C∗ s 
𝜕𝑘 

|, | 𝜕𝜋S∗ m 
𝜕𝑘 

| < | 𝜕𝜋C∗ m 
𝜕𝑘 

|. 
Proposition 5 demonstrates that, under C strategy, the profits of sup-

ly chain members exhibit greater sensitivity to consumer green aware-

ess when compared to S strategy. This phenomenon can be primarily

ttributed to two key factors. Firstly, consumers do not completely trust

he product’s greenness under the S strategy, which to some extent di-

inishes its positive role in fostering green awareness. Secondly, under

 strategy, both pricing and market demand are higher than those un-

er S strategy, hence the changes in consumer green awareness have

 more pronounced impact under C strategy. Consequently, enhancing

he green awareness of consumers proves to be more beneficial for aug-

enting the profits of supply chain members within C strategy. 

umerical simulations 

To further analyze the model, this section uses numerical simulations

o explore the impact of consumer green awareness on the profits of

upply chain members and social welfare under two eco-label strategies.

Figs. 1 and 2 show how consumer green awareness effects the profits

f the supplier and the manufacturer, where the parameters assignment
54
s 𝑎 = 1 . 1 , 𝑏 = 1 and 𝑇 = 0 . In addition, we select u = 0 . 8 and u = 0 . 4 for

obustness check. As seen in Fig. 1 , changes in consumer green aware-

ess have little effect on the profits of supply chain members under S

trategy. However, under C strategy, increasing consumer green aware-

ess can significantly increase the supplier’s profit, which is mostly be-

ause consumers trust products with certification label and are rather

ubious of the product’s greenness with self-labeling strategy. 

Fig. 2 shows that under C strategy, the manufacturer’s profit de-

lines as consumers green awareness increases. Due to the increase in

onsumer green awareness, which results in higher certification stan-

ards and higher green investment costs, consequently leads to a decline

n manufacturer profits. Moreover, the manufacturer is more likely to

dopt S strategy since it offers a bigger profit gap than certification label.

Fig. 3 depicts the change trend of social welfare with certification

ost and consumer trust under S and C strategies, where the parameters

re assigned as 𝑎 = 1 . 1 and 𝑏 = 1 . In addition, we have selected k = 0 . 8
nd k = 0 . 4 for robustness check. From Propositions 1 and 2, it can be

een that, for any given 𝑇 , 𝑆𝑊 C∗ is a constant for all 𝑢 and 𝑆𝑊 S∗ in-

reases in 𝑢 ; for any given 𝑢 , 𝑆𝑊 C∗ decreases in 𝑇 , and 𝑆𝑊 S∗ is a con-

tant for all 𝑇 . This seems to indicate that the quantitative relationship

etween social welfare under the two strategies is uncertain. Fig. 3 val-

dates this idea. When 𝑘 is high, the social welfare under C strategy is

etter than that under S strategy only when consumer trust and certi-

cation costs are both low. When 𝑘 is small, if the certification cost or

onsumer trust is high, the social welfare under S strategy will be better

han that under C strategy. 

ulti-level certification label (M strategy) 

In addition to the single-level certification label mentioned in Sec-

ion 3, there are some multi-level certification labels in reality as de-

cribed in Section 1. A few scholars have conducted research on multi-

evel certification labels. For instance, Nadar and Erturk [29] conducted

 comparative analysis of single-level and two-level labels, discovering

hat two-level labels demonstrate superiority in terms of environmental

rotection in certain cases. Similarly, Li and Veld [30] noted that the

reference for multi-level certification labels by environmental certifi-

ation organizations can depend on the specific certification organiza-

ion’s characteristics. However, these previous studies did not take the

mpact of certification levels on supply chain performance into account.

Therefore, in this section, we extend our analysis from single-level

co-label to multi-level eco-labels. We aim to investigate how varying

ertification levels influence the profits of supply chain members and

ocial welfare. 

Under the multi-level certification label strategy, certification levels

re divided into 𝐺1 , 𝐺2 ...𝐺𝑛 ( 𝑛 ≥ 2 , 𝑛 ∈ 𝑍) , and 𝐺1 < 𝐺2 < ... < 𝐺𝑛 . After

alancing the green costs and revenues, the manufacturer chooses a cer-

ain level for certification, assuming that the level is 𝐺𝑖 , 𝑖 ∈ {1 , 2 , ..., 𝑛 } .
n addition, the greenness of the product is not less than the certification

tandard, which can be expressed as 𝑔s + 𝑔m ≥ 𝐺𝑖 . 

The supply chain decision sequence is that the supplier decides the

ptimal 𝑤 and 𝑔s , then the manufacturer decides the optimal 𝑝 and

m . With superscript M representing the multi-level certification label

odel, the problems of the supplier and manufacturer are as follows: 

ax 
𝑤,𝑔s 

𝜋M 

s = 𝑤
(
1 − 𝑝 + 𝑘𝐺𝑖 

)
− 𝑎𝑔2 s ∕2 (11)

ax 
𝑝,𝑔m 

𝜋M 

m = ( 𝑝 − 𝑤) 
(
1 − 𝑝 + 𝑘𝐺𝑖 

)
− bg 2 m ∕2 − 𝑇 (12)

roposition 6. Under M strategy, the optimal decisions of supplier

nd manufacturer are 𝑤M∗ = 1 
2 (1 + 𝑘𝐺𝑖 ) , 𝑝M∗ = 3 

4 (1 + 𝑘𝐺𝑖 ) , 𝑔M∗ 
s = 0

nd 𝑔M∗ 
m = 𝐺𝑖 . Thus obtained 𝐷M∗ = 1 

4 (1 + 𝑘𝐺𝑖 ) , 𝜋M∗ 
s = 1 

8 (1 + 𝑘𝐺𝑖 ) 2 ,
M∗ 
m = 1 

16 (−8 𝑏𝐺
2 
𝑖 
+ (1 + 𝑘𝐺𝑖 ) 2 ) − 𝑇 , 𝜋M∗ 

sc = 1 
16 (−8 𝑏𝐺

2 
𝑖 
+ 3(1 + 𝑘𝐺𝑖 ) 2 ) − 𝑇 

nd 𝑆𝑊 M∗ = 1 (7 + 2 𝐺𝑖 (4 + 7 𝑘 ) + 𝐺2 
𝑖 
(−16 𝑏 + 𝑘 (8 + 7 𝑘 ) ) ) − 𝑇 . 
32 
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Fig. 1. Supplier’s profit changes with consumer green awareness. 

Fig. 2. Manufacturer’s profit changes with consumer green awareness. 

Fig. 3. Social welfare changes with consumer trust and certification cost. 
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roperty 3. 𝜋M∗ 
s increases in 𝐺𝑖 . When 𝑏 > 𝑘2 ∕8 and 𝐺𝑖 >

𝑘 

8 𝑏 − 𝑘2 ,
M∗ 
m decreases in 𝐺𝑖 , else 𝜋

M∗ 
m increases in 𝐺𝑖 . When 𝑏 > 3 𝑘2 ∕8 and 𝐺𝑖 >

3 𝑘 
8 𝑏 −3 𝑘2 , 𝜋

M∗ 
sc decreases in 𝐺𝑖 , else 𝜋

M∗ 
sc increases in 𝐺𝑖 . When 𝑏 > 𝑘 (8 + 7 𝑘 )∕16

nd 𝐺𝑖 >
4+7 𝑘 

16 𝑏 − 𝑘 (8+7 𝑘 ) , 𝑆𝑊
M∗ decreases in 𝐺𝑖 , else 𝑆𝑊

M∗ increases in 𝐺𝑖 . 

Property 3 demonstrates that the supplier profit increases with the

evel of certification standard increases, whereas manufacturer profit,

upply chain profit, and societal welfare are correlated with cost coeffi-

ient of manufacturer’s green investment. When the cost coefficient of

anufacturer’s green investment is relatively high, there exists an op-

imal certification level that enables the manufacturer to maximize its

rofit, as well as for supply chain profits and social welfare. Taking man-

facturer profit as an example, when its coefficient for green investment

osts is high, the manufacturer increases its investment in green activ-

ties. Although a higher certification level can always obtain a greater
55
ncome, there is an optimal certification level exists when manufacturer

ake a trade-off between its investment in green activities and greater

ncome. Therefore, for the manufacturer, if its cost coefficient of green

nvestment is very high, a higher certification level is not necessarily

etter. 

Next, we will use numerical simulations to intuitively compare the

ifferences in supply chain member profits and social welfare between:

1) multi-level certification label strategy and self-labeling strategy; (2)

ulti-level certification label strategy and certification label strategy. 

We select three certification standards 𝐺1 = 0 . 2 , 𝐺2 = 0 . 5 and 𝐺3 =
 . 8 . Other parameters are set as 𝑎 = 1 . 1 and 𝑇 = 0 . In the comparison

f M strategy and S strategy, the " 𝑔s + 𝑔m " selected by the supplier and

anufacturer in S strategy is used as the benchmark 1, and two condi-

ions 𝑢 = 0 . 8 and 𝑢 = 0 . 4 are selected for robustness check when 𝑘 = 0 . 8 .
n the comparison of M strategy and C strategy, the certification stan-

ard " 𝐺C " that maximizes social welfare in C strategy is taken as the
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Fig. 4. Change of supplier profit gap with cost coefficient of manufacturer’s green investment under M and S strategies. 

Fig. 5. Change of manufacturer profit gap with cost coefficient of manufacturer’s green investment under M and S strategies. 

Fig. 6. Change of social welfare gap with cost coefficient of manufacturer’s green investment under M and S strategies. 
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enchmark 2, and two conditions 𝑘 = 0 . 8 and 𝑘 = 0 . 4 are selected for

obustness check. 

1) Comparison between M and S strategies 

In the case of " 𝑔s + 𝑔m " as the benchmark 1, Figs. 4–6 illustrate the

rends in profits of supply chain members gap and social welfare gap in

 strategy and S strategy. Among them, the supplier’s profit gap refers

o the supplier’s profit under M strategy minus the supplier’s profit under

 strategy. The manufacturer’s profit gap and the social welfare gap can

e obtained similarly. 

In the case of benchmark 1, for supplier, regardless of whether con-

umer trust is high or low, the supplier’s profits under M strategy con-

istently exceed those under S strategy. However, S strategy results in

igher manufacturer profits and social welfare when consumer trust is

igh. Conversely, when consumer trust is low, M strategy yields bet-

er manufacturer profits and social welfare. Furthermore, the profit gap

mong supply chain members and the social welfare gap between two
56
co-label strategies steadily decrease with the increase of the manufac-

urer’s green investment cost coefficient. 

Regarding the three specified certification levels, when manufac-

urer’s green investment cost coefficient is low, supplier’s profit is higher

nder S strategy compared to M strategy. Conversely, when manufac-

urer’s green investment cost coefficient is high, supplier’s profit is bet-

er under M strategy. For manufacturer, it is only when both consumer

rust and the cost coefficient of manufacturer’s green investment are

ow that manufacturer’s profit under M strategy may surpass the profit

nder S strategy. In such a scenario, manufacturer may choose M strat-

gy, which deviates from Proposition 4 . In terms of social welfare, when

anufacturer’s green investment cost coefficient is low, social welfare is

igher under S strategy than under M strategy. Conversely, when man-

facturer’s green investment cost coefficient is high, social welfare may

e better under M strategy. 

Comparing three predetermined certification standard curves allows

s to gain insights into how certification level effects supply chain per-
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Fig. 7. Change of supplier profit gap with cost coefficient of manufacturer’s green investment under M and C strategies. 

Fig. 8. Change of manufacturer profit gap with cost coefficient of manufacturer’s green investment under M and C strategies. 

Fig. 9. Change of social welfare gap with cost coefficient of manufacturer’s green investment under M and C strategies. 
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ormance. If a curve lies above the horizontal axis and far away from it,

oth supply chain member profits and overall social welfare are higher

nder M strategy. Conversely, when a curve lies below the horizontal

xis and distanced from it, supply chain member profits and social wel-

are are lower under M strategy. In Fig. 4 , we can conclude that a higher

ertification level always increases supplier’s profit. However, when the

anufacturer’s green investment cost coefficient is relatively high, the

rofits of manufacturer might decline at a high certification level. This

appens because a high manufacturer’s green investment cost coeffi-

ient implies increased costs associated with green manufacturing. Al-

hough higher certification levels can increase the market demand and

evenue, such increasing in revenue may not effectively offset the rising

reen costs. Therefore, manufacturer profit may decrease with higher

ertification levels. For social welfare, when the cost coefficient of the

anufacturer’s green investment falls within a specific range, the curve

epresenting high certification standards is positioned above the curve

ith low certification standards. This phenomenon suggests that a high

ertification level is more favorable for enhancing overall social welfare.
57
2) Comparison between M and C strategies 

In the case of " 𝐺C " as benchmark 2, Figs. 7–9 describes the change

f manufacturer profit gap and social welfare gap of M strategy and C

trategy with the cost coefficient of manufacturer’s green investment in

enchmark 2 and three given certification standards ( 𝐺1 = 0 . 2 , 𝐺2 = 0 . 5
nd 𝐺3 = 0 . 8 ). 

In the benchmark 2, the profits of supply chain members under M

trategy are the same as those under C strategy, and social welfare is

lso identical under two strategies. Under the given three certification

evels, when the cost coefficient of manufacturer’s green investment is

ow, the supplier prefers C strategy, while when the cost coefficient of

anufacturer’s green investment is high, the supplier prefers M strategy

ith a high certification level. The manufacturer holds an opposite label

reference than the supplier. When the cost coefficient of manufacturer’s

reen investment is low, the manufacturer prefers M strategy with a low

ertification level, and when the cost coefficient of manufacturer’s green

nvestment is high, the manufacturer tends to choose C strategy. With
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ifferent certification standards, the social welfare under C strategy is

lways higher than which under M strategy. 

onclusion 

We construct a supply chain model, facilitating collaborative green

nnovation activities between a supplier and a manufacturer. Taking

onsumer trust and consumer green awareness into account, we ana-

yze the impact of two eco-labeling strategies, which are self-labeling

nd certification label, on the development of green products within

he supply chain and the choice of eco-labeling strategy. In addition,

e extend a single-level label to a multi-level label, investigating the

nfluence of label certification levels on the profits of supply chain par-

icipants and social welfare. The principal findings are summarized as

ollows: 

1) Increasing consumer green awareness may not always benefit the

manufacturer and supply chain. In certification label strategy, as

consumer green awareness increases, the manufacturer’s profit falls.

This is mostly because the manufacturer must invest more in green

innovation in order to achieve certification standard, which hurts

their profitability. 

2) There are contradictions between the supplier and manufacturer in

the selection preference of eco-label strategies. By comparing the

certification label strategy and self-labeling strategy, we found that

the profit of supplier under the certification label strategy is higher

than that of self-labeling strategy, thus the supplier prefers the cer-

tification label strategy. However, for the manufacturer, the profit

under the certification label strategy is always smaller than the self-

labeling strategy, thus the manufacturer is more inclined to choose

the self-labeling strategy. In addition, when considering multi-level

labeling strategies, we found that when the cost coefficient of man-

ufacturer’s green investment is low, the supplier instead prefers self-

labeling strategy, and when both consumer trust and the cost coeffi-

cient of manufacturer’s green investment are low, the manufacturer

may instead prefer multi-level certification label strategy. Besides, a

higher certification level is not better for the manufacturer when the

cost coefficient of manufacturer’s green investment is high. 

3) For the perspective of social welfare, when both certification cost

and consumer trust are relatively low, social welfare under the cer-

tification label strategy outperforms the self-labeling strategy. Under

the multi-level certification label strategy, when the cost coefficient

of manufacturer’s green investment is low, social welfare increases

with higher certification levels. However, when the cost coefficient

of manufacturer’s green investment is significant, a higher certifica-

tion level leads to a decrease in social welfare. 

This paper investigates the production of green products and the

hoice of labeling strategies in the supply chain which considering three

co-label strategies. Future research can focus on the following direc-

ions: (1) Considering various contractual cooperation models to address

he various labeling strategy preferences of supply chain participants.

2) Introducing different eco-label sponsors, such as industry organiza-

ions, environmental organizations, and non-profit organizations, who

ill set various certification standards according to their own goals. 
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ppendix A 

Proof of Proposition 1 : Using the inverse solution method, the

anufacturer decides the optimal 𝑝 and 𝑔m through profit maximiza-

ion. The Hessian matrix of manufacturer’s profit with respect to 𝑝

nd 𝑔m is Hm = [−2 𝑘𝑢 

𝑘𝑢 − 𝑏 
] . When 𝑏 >

1 
2 
𝑘2 𝑢2 , 𝜋S 

m ( 𝑝, 𝑔m ) is a concave

unction with respect to 𝑝 and 𝑔m . There is an optimal 𝑝 and 𝑔m 
hat maximizes 𝜋S 

m ( 𝑝, 𝑔m ) . Through the first-order equation 𝜕 𝜋S 
m ∕𝜕 𝑝 = 0

nd 𝜕 𝜋S 
m ∕𝜕 𝑔m = 0 , the manufacturer’s optimal reaction function can

e obtained as 𝑝 =
𝑏 + 𝑏𝑘𝑢𝑔s + 𝑏𝑤 − 𝑘2 𝑢2 𝑤 

2 𝑏 − 𝑘2 𝑢2 
, 𝑔m =

𝑘𝑢 (1 + 𝑘𝑢𝑔s − 𝑤 ) 
2 𝑏 − 𝑘2 𝑢2 

. The

bove optimal reaction function is substituted into the supplier ob-

ective function, and its Hessian matrix with respect to 𝑤 and 𝑔s is

s =
⎡ ⎢ ⎢ ⎢ ⎣ 

2 𝑏 
−2 𝑏 + 𝑘2 𝑢2 

bku 

2 𝑏 − 𝑘2 𝑢2 

bku 

2 𝑏 − 𝑘2 𝑢2 
− 𝑎 

⎤ ⎥ ⎥ ⎥ ⎦ 
. When 𝑎 >

𝑏𝑘2 𝑢2 

4 𝑏 − 2 𝑘2 𝑢2 
, H𝑠 is negative

efinite. Through the first-order equation 𝜕 𝜋S 
s ∕𝜕 𝑤 = 0 and 𝜕 𝜋S 

s ∕𝜕 𝑔s =
 , the supplier optimal response function can be obtained as 𝑤S∗ =

𝑎 (2 𝑏 − 𝑘2 𝑢2 ) 
4 𝑎𝑏 − 2 𝑎𝑘2 𝑢2 − 𝑏𝑘2 𝑢2 

, 𝑔S∗ s = 𝑏𝑘𝑢 

4 𝑎𝑏 − 2 𝑎𝑘2 𝑢2 − 𝑏𝑘2 𝑢2 
. The optimal retail

rice and green manufacturing effort can be obtained by substituting

he supplier’s optimal decision into the manufacturer’s optimal response

unction. Finally, the optimal decisions of the supplier and manufacturer

re brought into the objective function and social welfare of channel

embers to obtain Proposition 1 . 

Proof of Propositions 2 and 6 : The proof for propositions 2 and 6 are

ery similar. Let’s take proposition 2 as an example. Similar to the proof

f Proposition 1 , inverse method is adopted to solve it. The manufacturer

ecides the optimal 𝑝 and 𝑔m , which is easy to get the negative definite of

he Hessian matrix about 𝑝 and 𝑔m . Then set 𝜕 𝜋𝐶 
m ∕𝜕 𝑝 = 0 and 𝜕 𝜋𝐶 

m ∕𝜕 𝑔m =
 respectively to get 𝑝 and 𝑔m . Similarly, we can get the optimal 𝑤 and

s that maximize the supplier’s profit. Let 𝜕2 𝑆𝑊 C ∕𝜕𝐺2 = − 𝑏 + 1 
16 

𝑘 (8 +

 𝑘 ) , and when 𝑏 >
1 
16 

𝑘 (8 + 7 𝑘 ) , 𝑆𝑊 C is a concave function of 𝐺. Let

 𝑆𝑊 C ∕𝜕 𝐺 = 1 
16 

(4 − 16bG + 𝑘 (7 + 𝐺(8 + 7 𝑘 ))) = 0 , and we can get 𝐺C∗ =
4 + 7 𝑘 )∕(16 𝑏 − 𝑘 (8 + 7 𝑘 )) . We can easily get Proposition 2 by inserting
C∗ into the supplier and manufacturer profit formula. 

Proof of Properties 1 and 2: The proof for proper-

ies 1 and 2 are very similar, let’s look at the property 2

roof. Take 
𝜕𝑤C∗ 

𝜕𝑘 
and 

𝜕𝜋C∗ 
m 

𝜕𝑘 
as an example, and the rest

f the proofs are similar. First, 
𝜕𝑤C∗ 

𝜕𝑘 
= 2(−7 𝑘2 + 8 𝑏 (2 + 7 𝑘 ) ) 

(−16 𝑏 + 𝑘 (8 + 7 𝑘 ) ) 2 
,

nd due to 𝑏 > 𝑘 (8 + 7 𝑘 )∕16 , so (−7 𝑘2 + 8 𝑏 (2 + 7 𝑘 ) ) >
1 
3 
𝑘 (64 + 7 𝑘 (37 + 28 𝑘 ) ) > 0 , then we can get 

𝜕𝑤C∗ 

𝜕𝑘 
> 0 . Second,

𝜕𝜋C∗ 
m 

𝜕𝑘 
= 14 𝑘3 − 16 𝑏2 (20 + 21 𝑘 ) − 𝑏 (128 + 480 𝑘 + 756 𝑘2 + 343 𝑘3 ) 

(16 𝑏 − 𝑘 (8 + 7 𝑘 ) ) 3 
, and 

ue to 𝑏 >
𝑘 (8 + 7 𝑘 ) 

16 
= 𝑘 

2 
+ 7 𝑘2 

16 
>

𝑘 

2 
, so 14 𝑘3 − 16 𝑏2 (20 + 21 𝑘 ) <

4 𝑘3 − 16(𝑘 
2 
) 
2 
(20 + 21 𝑘 ) = −80 𝑘2 − 70 𝑘3 < 0 , then we can easily get

𝜕𝜋C∗ 
m 

< 0 . 

𝜕𝑘 
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Proof of Proposition 3 : Take the relationship between
S∗ and 𝑔C∗ as an example, and the other proofs are simi-

ar. Due to 𝜕 ( 𝑔S∗ − 𝑔C∗ )∕ 𝜕 𝑢 = (𝑎 + 𝑏 ) 𝑘 (4 𝑎𝑏 + 𝑎𝑘2 𝑢2 + 2 𝑏𝑘2 𝑢2 ) 
(−4 𝑎𝑏 + 𝑎𝑘2 𝑢2 + 2 𝑏𝑘2 𝑢2 ) 2 

> 0 ,

S∗ − 𝑔C∗ is therefore a continuously increasing function of 𝑢 , and

 < 𝑢 < 1 , lim 

𝑢 →0 
( 𝑔S∗ − 𝑔C∗ ) = 4 + 7 𝑘 

−16 𝑏 + 𝑘 (8 + 7 𝑘 ) 
< 0 , lim 

𝑢 →1 
( 𝑔S∗ − 𝑔C∗ ) =

(𝑎 + 𝑏 ) 𝑘 
4 𝑎𝑏 − 𝑎𝑘2 − 2 𝑏𝑘2 

+ 4 + 7 𝑘 
−16 𝑏 + 𝑘 (8 + 7 𝑘 ) 

< 0 , 𝑔S∗ < 𝑔C∗ is thus obtained. 

Proof of Proposition 4 : We take the relationship between
S∗ 
𝑚 

and 𝜋C∗ 
𝑚 

as an example, and the other proofs are simi-

ar. 𝜕 ( 𝜋S∗ 
𝑚 

− 𝜋C∗ 
𝑚 

)∕ 𝜕 𝑢 = 𝑎2 𝑏𝑘2 𝑢 (4 𝑏 (𝑎 + 𝑏 ) − (2 𝑎 + 𝑏 ) 𝑘2 𝑢2 ) 
(4 𝑎𝑏 − (2 𝑎 + 𝑏 ) 𝑘2 𝑢2 ) 3 

> 0 , and 𝜋S∗ 
𝑚 

−

C∗ 
𝑚 

is a continuously increasing function of 𝑢 . Due to 0 <

 < 1 , lim 

𝑢 →0 
( 𝜋S∗ 

𝑚 
− 𝜋C∗ 

𝑚 
) = 1 

16 
+ −32 𝑏2 − 2 𝑘2 + 𝑏 (16 + 72 𝑘 + 49 𝑘2 ) 

2(−16 𝑏 + 𝑘 (8 + 7 𝑘 ) ) 2 
+ 𝑇 . We

et 𝑓 ( 𝑘 ) = 1 
16 

+ −32 𝑏2 − 2 𝑘2 + 𝑏 (16 + 72 𝑘 + 49 𝑘2 ) 
2(−16 𝑏 + 𝑘 (8 + 7 𝑘 )) 2 

, and it is easily to

et 𝜕 𝑓 ( 𝑘 )∕ 𝜕 𝑘 = 64 𝑏 (2 + 5 𝑏 ) + 48 𝑏 (10 + 7 𝑏 ) 𝑘 + 756 𝑏𝑘2 + 7(−2 + 49 𝑏 ) 𝑘3 

(16 𝑏 − 𝑘 (8 + 7 𝑘 )) 3 
>

 , lim 

𝑘 →0 
𝑓 ( 𝑘 ) = 1 

32 𝑏 
> 0 , so lim 

𝑢 →0 
( 𝜋S∗ 

m − 𝜋C∗ 
m ) = 𝑓 ( 𝑘 ) > 0 , then we can easily

nd 𝜋S∗ 
m − 𝜋C∗ 

m > 0 . 

Proof of Proposition 5 : It’s easily to get 
𝜕𝜋S∗ 

s 
𝜕𝑘 

=

3 𝑘 
(4 − 3 𝑘2 ) 2 

, 
𝜕𝜋C∗ 

s 
𝜕𝑘 

= 4(4 − 𝑘 )(16 + 7(8 − 𝑘 ) 𝑘 ) 
(16 − 𝑘 (8 + 7 𝑘 ) ) 3 

, so | 𝜕𝜋
S∗ 
s 

𝜕𝑘 
| − | 𝜕𝜋

C∗ 
s 

𝜕𝑘 
| =

4096 + 1024 𝑘 + 6912 𝑘2 − 12608 𝑘3 − 4224 𝑘4 + 3792 𝑘5 + 504 𝑘6 + 1281 𝑘7 

(4 − 3 𝑘2 ) 2 (16 − 𝑘 (8 + 7 𝑘 )) 3 

 . Then we can easily get | 𝜕𝜋
S∗ 
s 

𝜕𝑘 
| < | 𝜕𝜋

C∗ 
s 

𝜕𝑘 
|. | 𝜕𝜋

S∗ 
m 

𝜕𝑘 
| < | 𝜕𝜋

C∗ 
m 

𝜕𝑘 
|can be ob-

ained similarly. 

Proof of Property 3: Let’s take 
𝜕𝜋M∗ 

s 
𝜕𝐺𝑖 

and 
𝜕𝜋M∗ 

m 
𝜕𝐺𝑖 

as an exam-

le, and the rest of the proofs are similar. It’s easy to get 
𝜕𝜋M∗ 

s 
𝜕𝐺𝑖 

=

1 
4 
𝑘 (1 + 𝑘𝐺𝑖 ) > 0 . Because 

𝜕2 𝜋M∗ 
m 

𝜕𝐺2 
𝑖 

= 1 
8 
(−8 𝑏 + 𝑘2 ) , when 𝑏 <

𝑘2 

8 
, 
𝜕2 𝜋M∗ 

m 

𝜕𝐺2 
𝑖 

=

1 
8 
(−8 𝑏 + 𝑘2 ) > 0 and 

𝜕𝜋M∗ 
m 

𝜕𝐺𝑖 

= 1 
8 
(−8 𝑏𝐺𝑖 + 𝑘 + 𝐺𝑖 𝑘

2 ) > 0 , and we can eas-

ly get 
𝜕𝜋M∗ 

m 
𝜕𝐺𝑖 

> 0 . But when 𝑏 >
𝑘2 

8 
, 
𝜕2 𝜋M∗ 

m 

𝜕𝐺2 
𝑖 

= 1 
8 
(−8 𝑏 + 𝑘2 ) < 0 , and when

𝑖 <
𝑘 

8 𝑏 − 𝑘2 
, 
𝜕𝜋M∗ 

m 
𝜕𝐺𝑖 

= 1 
8 
(−8 𝑏𝐺𝑖 + 𝑘 + 𝐺𝑖 𝑘

2 ) > 0 , and when 𝐺𝑖 >
𝑘 

8 𝑏 − 𝑘2 
,

𝜕𝜋M∗ 
m 

𝜕𝐺𝑖 

= 1 
8 
(−8 𝑏𝐺𝑖 + 𝑘 + 𝐺𝑖 𝑘

2 ) < 0 . 
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