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Abstract: As traditional supply chains face increasingly severe environmental issues and countries 1

promote green development and sustainable development policy concepts, cultivating green supply 2

chain operation models is gradually being highly valued by current governments and enterprises. 3

Generally speaking, the production of green products incurs higher additional costs and thus their 4

total production costs also increase. In this work, the product green level is related to the random 5

demand. Under the green supply chain buy-back contract with the green product R&D cost sharing 6

between the manufacturer and the retailer, both the product green level and the order quantity need 7

to be decided to maximize the channel profit. In order to coordinate the green supply chain, the 8

manufacturer needs to share both the risk of good salvage and the green product R&D cost with the 9

retailer. We find that both the wholesale price and buy-back price increase in the manufacturer’s 10

proposition of the green product R&D cost, but decrease in emission reduction efficiency coefficient 11

or carbon trading price. In addition, the product green level, the optimal order quantity and the 12

channel profit increase in emission reduction efficiency coefficient, but decrease in the R&D cost 13

coefficient of the product green level. Interestingly, we find that if the carbon trading price is low, the 14

manufacturer will set a low product green level and the product carbon emission trading is a cost 15

for the supply chain. The increment of the carbon trading price leads to a higher cost such that the 16

channel profit is decreased. However, if the carbon trading price is high, the manufacturer will set a 17

high product green level and the product carbon emission trading is a revenue for the supply chain. 18

The increment of the carbon trading price leads to a higher revenue such that the channel profit is 19

increased. 20

Keywords: Green Supply Chain; Carbon Emission; Buy-back Contract; Cost Sharing 21

1. Introduction 22

Admittedly the increase in the number of motor vehicles is an important manifestation 23

of social and economic development and improvement in people’s living standards but 24

with the continuous increase in the number of motor vehicles pollution problems related 25

to motor vehicles have also followed. The use maintenance and scrapping of motor 26

vehicles are accompanied by more or less environmental problems. For example, exhaust 27

gas problems caused by the use of motor vehicles (fuel vehicles) increasing demand for 28

charging leading to increased load on the power grid and pollution problems caused by 29

increased demand for power generation at the source level (new energy vehicles or electric 30

cars) tire wear plastic (TWP) problems caused by low-tech tires increased unit energy 31

consumption and increased accident rates due to tire wear air pollution soil pollution and 32

water pollution caused by dismantling recycling and landfilling of scrapped cars due to 33

age or other reasons. 34

The harm of greenhouse gases is well known and the problem of exhaust emissions 35

caused by the operation of internal combustion engines has become the focus of policy 36

formulation by governments around the world. A series of policies have been successfully 37

implemented to reduce this part of traffic-related exhaust emissions. In fact with the further 38
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promotion and use of new energy vehicles PM (particulate matter) exhaust emissions will 39

be further alleviated. However, the attention paid to pollution caused by waste generated 40

by friction between tires and the ground is still not enough. For a long time research 41

on microplastics has focused only on thermoplastic materials such as polyethylene or 42

polystyrene without considering elastomeric materials such as rubber. According to ISO’s 43

definition, rubber is not included in the definition of plastic. In contrast, some academics 44

have suggested a broader and more common sense definition of microplastics that includes 45

common macromolecular materials, hence the inclusion of rubber[1]. 46

The technical content of tires should receive attention for its impact on the environment 47

and driving safety. Tires a round black object that seems to have little technical content but 48

is not cheap. Consumers usually make tire purchase decisions based on price. In fact in a 49

typical radial passenger car tire there are 20 or more components and 15 or more rubber 50

compounds. Tires are highly engineered structural composites whose performance design 51

can meet the smoothness handling and traction standards of automobile manufacturers 52

as well as customer expectations for quality and performance. A medium-sized car’s tires 53

rotate more than 1200 times per kilometer and within 50,000 kilometers each tire component 54

undergoes more than 24 million loading and unloading cycles requiring extremely high 55

endurance[2]. The waste generated by the friction between a single tire and the ground 56

seems insignificant but on a global scale it is considerable and it is predicted that in the 57

near future pollution caused by this type of frictional wear will not decrease[3,4]. 58

Microplastics are considered a global threat by many studies due to their widespread 59

presence in all regions inhabited by humans as a result of the extensive use of automobiles. 60

They permeate all ecosystems and have the potential to impact the health of aquatic and 61

terrestrial organisms, including humans, through various exposure pathways such as food 62

chains, drinking water and air[5–8]. According to the definition of academic and industry, 63

microplastics are polymer materials with a maximum diameter of no more than 5 mm, 64

insoluble in water and extremely low degradation rate[9]. Particles released from tire wear 65

fit this description and were recognized as a new type of potential pollutant by industry 66

scholars as early as the 1970s[10]. Because of their insoluble and non-degradable nature, 67

the distribution and residues of microplastics remain highly uncertain after decades of 68

self-processing in nature[11]. The composition of tire wear varies depending on the brand 69

and intended use of the original tire. In fact, a typical passenger tire may contain 30 types 70

of styrene-butadiene rubber, 8 types of natural rubber, 8 types of carbon black and over 40 71

different chemicals as well as polyester and nylon fibers[12,13]. Different ingredient ratios 72

result in a large number of tire formulations. The main components include 40-60% rubber 73

content (including synthetic and natural rubber), 20-35% fillers (carbon black and silica) and 74

12-15% various oils[14]. The physical and chemical properties of tire wear particles(TWP) 75

have not been sufficiently studied, as they can also absorb materials from the road and 76

the surrounding environment[13]. The rate of tire particle (TWP) production due to road 77

wear has been reported to vary between 10% to 50%, which may be related to road surface 78

materials, including asphalt, road dust, gravel, oil, and plasticizers, all of which have an 79

impact on the production of TWPs[8]. The amount and rate of tire wear particle production 80

varies according to a number of factors and, according to studies, increases due to vehicle 81

loads, under- or over-inflation of tires, wheel alignment deviations, wheel position (front 82

wheels wear first), transitional exposure to the elements, sudden braking, acceleration, or 83

sustained high speeds[9,15]. Kole et al. estimated data on TWPs from tire wear and based 84

on the global population and the number of motor vehicles of all types, it is estimated 85

that emissions have reached nearly 6 million tons per year[15], equivalent to about 0.81 kg 86

per capita per year . Some components of tires have been proven to be toxic. Therefore, it 87

is necessary to reduce the amount of these harmful substances released into the external 88

environment[16,17,25]. 89

As cars travel, the continuous wear of tires releases microplastic particles into the 90

environment. Excessive tire wear can also further affect driving safety. According to 91

statistics from the World Health Organization, more than 1.3 million people die each year 92
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from road traffic accidents. It is one of the top ten causes of death for all age groups and this 93

trend is on the rise, especially for young people[18]. The health of a moving vehicle’s tires is 94

only one of the causes of road traffic accidents, but road traffic accidents related to tire health 95

problems can lead to more grievous injury to life and damage to property[19]. A study 96

using seven years of Louisiana crash data shows that sudden tire failure and excessive tire 97

wear significantly affect the severity of road crashes[20]. A substantial proportion of traffic 98

accidents are caused by lack of vehicle maintenance and tire defects. For example, data 99

from the United States shows that in the National Motor Vehicle Crash Causation Survey 100

(NMVCCS) conducted from 2005 to 2007, out of approximately 44,000 traffic accidents 101

related to vehicle defects, more than 15,000 were related to tire defects, accounting for 102

over 35%; According to a report from the National Highway Traffic Safety Administration 103

(NHTSA), an average of nearly 11,000 tire-related motor vehicle accidents occur annually in 104

the United States, resulting in approximately 200 fatalities.In 2017, a total of 738 people died 105

in tire-related traffic accidents on American roads. These fatalities have drawn attention 106

to the study of factors that cause tire failure and the analysis of the severity of injuries in 107

tire-related accidents. 108

Therefore, it is necessary to develop green tires with better environmental performance 109

(e.g. more wear-resistant, better air-tightness and better anti-burst performance), both 110

for environmental protection and for the safety of people and property. Because of the 111

increasingly serious environmental problems and the systematic promotion of the concept 112

of green development, the cultivation of a green supply chain operation model is also 113

gaining more and more attention from the government and upstream and downstream 114

enterprises in the supply chain. 115

The development and production of green tires can be traced back to 1992 when 116

Michelin produced the first recognized green tire. This product strategy, which focuses on 117

environmental protection, has brought Michelin both economic and social benefits[21]. In 118

2012, the European Union officially implemented the European tire labelling Regulation. 119

This regulation requires that car tires, light truck tires, truck tires and bus tires sold in the 120

EU must have a label indicating the tire’s rolling resistance (fuel efficiency), rolling noise 121

and wet grip performance levels. The introduction of this regulation is seen as a sign of 122

the official promotion of high-quality green tires[22]. Subsequently, various countries have 123

introduced labelling regulations related to tire rolling resistance. In 2016, China also issued 124

a tire labelling law requiring that energy consumption, wet grip and noise be indicated 125

on tires. Although green tires are relatively more expensive than ordinary tires, their 126

superior performance, more user-friendly experience, lower fuel consumption and more 127

environmentally friendly energy-saving features have made them increasingly popular 128

among consumers. 129

Generally speaking, the development of green products requires relatively high re- 130

search and development costs and their selling prices are also higher. As China’s economy 131

has entered a new stage in recent years and society has increasingly valued green environ- 132

mental protection, consumers have also paid more attention to the low-carbon economy. 133

Improving the greenness of products is one of the important ways to achieve this. Many 134

studies have pointed out that today’s consumer concept makes buyers willing to choose 135

products with carbon emission labels. Market demand changes with consumer willingness, 136

prompting product manufacturers to innovate technology to produce low-carbon and envi- 137

ronmentally friendly green products to enhance their competitiveness in the market[26]. 138

The green product market is still in its infancy. In order to further expand the market 139

and gain a competitive advantage while also making long-term plans, it is necessary 140

for companies to actively invest in the research and development of green products and 141

produce green environmental protection products that meet government policy guidance, 142

social development and consumer preferences. This article considers that when green 143

product manufacturers increase investment in research and development and reduce 144

carbon emissions, retailers can also effectively participate in it, which is conducive to 145

promoting benign cooperation between manufacturers and retailers, increasing economic 146
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income and further enhancing the core competitiveness of enterprises. Conducting research 147

on the current situation of green economy and carbon emissions development, and based on 148

systematic observations of green supply chain repurchase contracts, combined with supply 149

chain theory, in-depth research is conducted on supply chain repurchase coordination and 150

cost-sharing. Strive to propose suggestions for effectively ensuring the coordination of 151

the green supply chain system and provide research support for further enhancing the 152

competitive advantage of the green supply chain in the rapid development process of the 153

current market economy. 154

Based on the analysis above, there are three important questions: 1)when the random 155

demand is related to the product green level and considering carbon emissions trading, 156

how to coordinate the green supply chain? 2How does carbon emissions trading affect the 157

supply chain profit and coordination? 3How to share the RD cost between the parties in 158

the green supply chain? The main purpose and significance of this study are to investigate 159

these questions. The main contribution and results of this work is as follows: 160

• Different from the classic literature, the random demand is related to the product 161

green level. In addition, the R&D cost is shared between the manufacturer and the 162

retailer. Under the green supply chain buy-back contract, both the product green level 163

and order quantity need to be decided. In order to coordinate the green supply chain, 164

the manufacturer needs to share both the risk of good salvage and the R&D cost. 165

• Under the green supply chain buy-back contract, we find that both the wholesale price 166

and buy-back price increase in the manufacturer’s proposition of the R&D cost, but 167

decrease in emission reduction efficiency coefficient or carbon trading price. 168

• Both the product green level and the optimal order quantity increase in emission 169

reduction efficiency coefficient, but decrease in the R&D cost coefficient of the product 170

green level. The channel profit increases in emission reduction efficiency coefficient, 171

but decreases in the R&D cost coefficient of product green level. 172

• If the carbon trading price is low, the manufacturer will set a low product green 173

level and the product carbon emission trading is a cost for the supply chain. The 174

increment of the carbon trading price leads to a higher cost such that the channel profit 175

is decreased. However, if the carbon trading price is high, the manufacturer will set 176

a high product green level and the product carbon emission trading is a revenue for 177

the supply chain. The increment of the carbon trading price leads to a higher revenue 178

such that the channel profit is increased. 179

The structure of this work is organized as follows. The background, motivation and 180

main contribution of this work are introduced in Section 1. We review the related literature 181

in section 2. In section 3, we describe the model for the parties of the supply chain and 182

show the centralized decisions and decentralized decisions: the product green level and the 183

order quantity. In section 4, we use a buy-back contract with the R&D cost sharing between 184

the manufacturer and the retailer to coordinate the supply chain. In section 5, we analyze 185

the impact of the green emissions trading on the optimal channel profit. We conclude our 186

work and show further research in section 6. 187

2. Literature Review 188

Supply chain is essentially strategic alliances between companies with different core 189

production businesses that have established long-term cooperation relationships[23]. The 190

Green Supply Chain (GSC) has a strong orientation to the direction of change in the 191

industrial environment. Since the introduction of the concept of green development, the 192

focus of society has been on the study of green supply chains and the evolution of green 193

coordination contracts in conjunction with various environmental factors. This study is 194

closely related to four streams of literature: buy-back contract, green supply chain, carbon 195

emissions 196
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2.1. Buy-back contract 197

[39] argue that traditional models such as revenue sharing, and buyback contracts can 198

have positive effects and help to coordinate the supply chain by addressing discrepancies 199

between the retailer’s order quantity and actual demandx. However, when demand is 200

significantly influenced by other factors, [40] argues that although traditional contracts and 201

buyback contracts are fundamentally different, they may become ineffective when other 202

factors affect product demand. [47] found that there is a positional relationship between 203

retailers and market demand. However, reasonable predictions can be made based on past 204

sales experience. Assuming that the prediction error is negligible, the retailer can make 205

corresponding promotional efforts and design a coordination mechanism that combines 206

profit contribution with cost sharing. [41] argues that in buybacks, the wholesale price and 207

buyback price are determined by the supplier while the order quantity and retail price 208

are determined by the retailer. When the buyback price is much lower than the wholesale 209

price, more than one condition must be met for supply chain coordination to be successful. 210

[28] study develops a dual-channel supply chain model composed of a retailer with capital 211

constraints and a supplier with sufficient funds, in which the retailer can apply the trade 212

credit financing (TCF) from the supplier. To reduce the conflict between the two channels, 213

they propose a supplier-revenue sharing contract to coordinate the supply chain. 214

2.2. Carbon emissions 215

In the relevant literature on emission estimation, it is easy to find a fact: the content of 216

the greenhouse inventory has a great impact on early national policies related to carbon 217

emissions. By analyzing the emission inventories of different emission sources, [24] further 218

pointed out that fossil fuel combustion is currently the largest influencing factor in climate 219

change and is also the focus of current human social and economic improvement. This study 220

further estimated greenhouse gas emissions from dozens of international metropolises 221

using carbon emission coefficients and defined measurement factors. [38] estimated the 222

energy consumption and carbon emissions of 20 mega-cities in China and found that carbon 223

emissions per capita are increasing rapidly by more than 20%, so it is imperative to further 224

control carbon emissions in large cities with the help of high technology. [42] used the life 225

cycle method to carry out relevant calculations on the direct carbon emissions from energy 226

combustion in China. The results showed that in 2017, China’s direct carbon emissions from 227

energy consumption increased by more than 300% compared to 1979. [43] used the LMDI 228

decomposition method to conduct an empirical analysis of China’s data from 1995-2017. 229

They believed that carbon emission factors have the following four components: energy 230

structure, energy efficiency, energy intensity and economic development. The results 231

were summarized into categories such as total energy consumption, technical factors, 232

energy consumption structure and industrial structure. The carbon emission quota trading 233

mechanism is a highly effective emission reduction measure at present. It can encourage 234

more enterprises to follow the market development trend and promote the stable and 235

long-term development of enterprises. Experts and scholars use simulation methods to 236

study how carbon quotas and carbon emission rights can play a reasonable constraint 237

among enterprises, thereby effectively reducing carbon emissions[44]. 238

Most related research provides references for production choices during enterprise 239

production. [45] believe that under the current background where the government has 240

agreed on carbon emission quotas and given a carbon emission trading market, when re- 241

tailers possess and have fair preferences, the type of contract will have a differential impact 242

on coordinating the supply chain. [46] explored how enterprises can carry out technical 243

emission reduction when facing constraints and how to make decisions on production, 244

manufacturing, inventory and other issues. The focus is on analyzing the weight of carbon 245

emission trading and the proportion of enterprise production operations. The type of 246

product has a great impact on carbon emissions. Limited by current green emission reduc- 247

tion technology, some green products may actually cause higher carbon emissions. More 248
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research can focus on the issue of enterprise green product development under multi-cycle 249

conditions. 250

After analyzing the literature on carbon emissions research, it can be seen that by 251

using different models to clarify the impact of carbon emission trading on the entire supply 252

chain and further provide scientific and effective guidance for enterprise production. 253

Existing literature on carbon emissions has conducted an in-depth analysis on the effects 254

and significance of considering carbon emissions, which can provide a solid theoretical 255

reference for this study. 256

2.3. Green supply chains 257

The concept of the green supply chain has been defined through numerous papers in 258

view of its practical application to the development of modern enterprises and to further 259

enhance the value of its application. [24] argues that Green Supply Chain Management 260

(GSCM) was initially studied as a secondary aspect of the logistics management research 261

process, and that changes in supply chain management have occurred as a result of envi- 262

ronmental factors. 263

[30] pointed out that the Manufacturing Research Association of Michigan State Uni- 264

versity launched an ‘Environmentally Responsible Manufacturing’ survey with the support 265

of a foundation and first proposed the concept of a green supply chain in 1996. There- 266

fore, based on the relevant research on green supply chain management by representative 267

foreign scholars, it can be seen that the definition of green supply chain management is: 268

environmentally conscious supply chain management. Measures must be taken to address 269

environmental issues at every stage of the daily supply chain. By studying the impact of 270

numerous factors on the environment and the overall economy, effective protection can be 271

achieved while balancing both economic and environmental considerations. 272

Green supply chain management is now being practiced in all of China’s hotspot 273

industries, and the concept of green supply chains will be gradually introduced in more 274

and more areas as the global research on green supply chains intensifies. In the manufactur- 275

ing industry, [31] wanted to seek synergies between green management and performance 276

development in enterprises at this stage, and further derived contract negotiation coordi- 277

nation mechanisms such as negotiation coordination and decentralized balanced decision 278

making based on green management coordination. In the field of construction, [32] pointed 279

out that under the guidance of government policies, an experimental simulation was con- 280

ducted to analyze the impact of government policies on the green supply chain at this stage, 281

based on the game behaviors of various participants, and then a model was constructed 282

to protect the construction industry, resulting in a green supply chain implementation 283

tool that can effectively satisfy the economic interests of different parties. In the financial 284

field, [33] believe that green supply chain finance continues to promote the upgrading and 285

transformation of the financial industry. Research shows that at this stage, electronic order 286

financing models and B2B e-commerce credit scoring can promote long-term cooperation 287

between upstream and downstream enterprises in green supply chains and build trust 288

between them. In the field of logistics, with the increasing demand for fruits and vegetables, 289

[34] pointed out the current development status of fruit and vegetable cold chain logistics. 290

The actual operating efficiency of cold chain logistics in our country and the suggestions 291

and countermeasures proposed under the green supply chain, the application of green 292

supply chains is currently expanding horizontally at all levels, but the specific research is 293

uneven and not in-depth, making it difficult to implement the application of green supply 294

chain management practices. 295

The practical implementation of green supply chains faces a variety of issues, such as 296

the inability to conduct objective performance evaluations. Effective performance evalua- 297

tions can provide support for the development of more systematic management policies. 298

Fuzzy evaluation and analytic hierarchy process are qualitative methods among effective 299

performance evaluation methods and are widely used. [35] believe that multi-objective 300

decision-making exists in the process of green supply chain evaluation. It should be con- 301
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ducted from multiple links and use the network analytic hierarchy process to start from the 302

four basic links of the supply chain. [27] use the queue model to study inventory policy 303

with two classes of customers in a supply chain.[36] pointed out that based on the DEMTEL 304

method, the green supply chain performance evaluation indicators are classified and iden- 305

tified on the basis of comprehensive management of processes, information and services. 306

Key evaluation indicators are obtained and their secondary evaluation indicator system is 307

evaluated comprehensively from four standards: environmental reputation, environmental 308

impact, resource reusability and energy consumption using the analytic hierarchy process. 309

[37] innovatively developed a three-level indicator system based on the grey correlation 310

analysis method from the basis of the connotation and characteristics of green supply 311

chains. [29] evaluate the impact of clean technology adoption and environmental taxes 312

on the TA supply chains. They find that if the buyer’s market share is sufficiently large 313

(small), the optimal greenness level for this buyer’s product increases (decreases) in the 314

environmental tax rate; whereas if the two product market shares are relatively equal, the 315

optimal greenness levels for both products buyers increase in the environmental tax rate. 316

The existence of the spillover effect reduces the cost and improves the product’s greenness. 317

In conclusion, there are three points to summarize the theory and practice of green 318

supply chain management. Firstly, there are some deficiencies in both the content and 319

definition of green supply chain research in our country. Secondly, it is not difficult to see 320

from the relevant research literature that in the manufacturing industry, significant progress 321

has been made in green supply chain management in terms of processes, operational 322

indicators and related policy research. Moreover, it has been widely practised in the 323

management application of actual enterprises. However, the development of industries 324

such as finance, agriculture and logistics is still relatively immature. Finally, in terms of 325

performance evaluation research, scholars have further developed their research based on 326

various perspectives to effectively enrich performance evaluation-related indicators and 327

obtain a more accurate evaluation indicator system. 328

3. Basic Model for Green Supply Chains Considering Carbon Emissions. 329

As economic development enters a new stage and people’s mindset changes, people 330

pay more attention to low-carbon economy because of the economic development and the 331

importance of green environmental protection in recent years. Local governments have 332

explicitly proposed to actively promote low-carbon green development, accelerate the 333

construction of innovative incentives for practice and strengthen green and environmental 334

industries. 335

Consumers are paying more attention to carbon emissions or energy efficiency labels 336

when shopping, and this is driving manufacturers to innovate and upgrade their industries. 337

manufacturers are increasing the market demand for their products by increasing the 338

greenness of their products, while adding additional research and development costs that 339

are only borne by the manufacturers, leaving them to make decisions between the cost of 340

research and development and increasing market demand. At the same time, retailers are 341

ordering to meet market demand but are concerned about the possibility of a backlog of 342

stock. A contract is therefore needed to reconcile the decision to order with the decision to 343

green the product to eliminate this conflict arising from the double marginal effect of the 344

green supply chain. This chapter will discuss the optimal decision of green manufacturers 345

and retailers in the case of random demand and decide the greenness of products based on 346

the consideration of tradable carbon emissions. 347

3.1. Description of the problem and main parameters 348

We consider a buy-back contract between a single green product manufacturer and 349

a single retailer. The manufacturer decides the green level of the product (denoted as k), 350

and the retailer decides how much to order (denoted as q). Both the manufacturer and the 351

retailer are risk-neutral. 352
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The retail price is denoted as p. The manufacturer’s production cost per unit is 353

denoted as cs and the retailer’s sales cost per unit is cr; cm + cr < p: The retailer’s marginal 354

cost is incurred upon procuring a unit (rather than upon selling a unit). For notational 355

convenience, we let c = cm + cr. The retailer earns v < c per unit unsold at the end of 356

the sales period, where v is the salvage value of the unit. We consider a buyback contract 357

between the manufacturer and the retailer. With a buy-back contract, the manufacturer 358

charges the retailer w per unit purchased but pays the retailer b per unit remaining at the 359

end of the season. 360

We assume that the normal product demand y is random. Let F be the distribution 361

function of demand and f its density function: F is strictly increasing and differentiable, 362

where F(0) = 0, F(y) > 0 , f (y) > 0, F(y) = 1 − F(y). 363

Due to the popularization of environmental education in recent years, people increas- 364

ingly like green products. Then, we assume that the demand for the green product (denoted 365

as y′) increases at the green level of the product (denoted as k) i.e. y′ = ky, where k ≥ 1. 366

Therefore, When k = 1, the product is the normal product and its demand is y. 367

The R&D cost of the green product manufacturer is convex increasing in product 368

green level k, i.e. m(k) = 1
2 h(k − 1)2, where h is RD cost coefficient. The manufacturer has 369

a free carbon credit, denoted as E. The actual carbon emission decrease in the product 370

green level i.e. e − (k − 1) ∗ a, where e is the normal product carbon emissions (k = 1) and 371

a is denoted as emission reduction efficiency coefficient. Then, E − [e − (k − 1) ∗ a] is the 372

trading carbon emission of the manufacturer and the unit trading price is denoted as pt. 373

All of the parameters can be found in Table 1. 374

Table 1. The basic parameters and their descriptions.

Parameters Descriptions

p Retail price;
v Salvage value at the end of the sales period;
w Wholesale price of unit product;
c Total unit cost; where c =cr + cm;
cr Unit marginal cost;
cm Unit production costs of green products;

b Unit buyback price offered by the
manufacturer;

y The random demand of normal product (k = 1)
with mean u;

f(y) Probability density function of y;

F(y)
Cumulative distribution function of y, which is

strictly increasing and differentiable, where
F(0) = 0, F(y) > 0 , f(y) > 0, F(y) = 1 − F(y);

k Product green level;
h R&D cost coefficient;

m(k) The R&D cost of the green product
manufacturer, and m(k)=h(k-1)2/2;

y’ The market demand of the green product k > 1,
and y’ = ky;

E Free carbon credits allocated to the
manufacturer;

e The manufacturer’s carbon emissions at k=1;
a Emission reduction efficiency coefficient;
pt Carbon trading price;
q Retailers’ order quantities.

We assume p > w + cr to ensure profitability for the retailer and w > cm to ensure 375

profitability for the manufacturer. 376

In the green supply chain system, manufacturers of green products are subject to 377

government-regulated carbon emission quotas. Initially, companies are allocated a certain 378
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amount of carbon emissions for free by the government. Any excess can be purchased 379

on the market. If a company reduces its carbon emissions by improving its production 380

technology and saves its carbon quota, it can sell the surplus quota on the carbon trading 381

market and earn revenue. 382

3.2. Centralized decision model 383

Considering the situation of carbon emissions and carbon trading quotas, the overall 384

supply chain profit πc(q, k). Then 385

πc = pS(q, k) + vI(q, k)− (cr + cm)q −
1
2

h(k − 1)2 + pt[E − (e − (k − 1)a)]. (1)

Where S(q, k) represents the expected sales volume. Referring to [40], coupled with the 386

green level of the product k, we obtain S(q, k) = min(q, y′) = min(q, ky) = q − k
∫ q

k
0 F(y)dy. 387

I(q, k) represents the expected inventory volume, that is I(q, k) = max(q − ky, 0), it can be 388

derived that I(q, k) = q − S(q, k). 389

1
2 h(k − 1)2 represents the R&D cost of green product manufacturers and pt[E − (e − 390

(k − 1)a)] represents the income or expenditure of carbon trading. We denoted A = E − e 391

as the normal product carbon emission trading. Since the free carbon credit E is set for the 392

carbon emission reduction, and the carbon emission of the normal product e should be less 393

than E, so we assume that A < 0. Therefore equation (1) can be simplified as: 394

πc = (p − v) ∗ S(q, k)− (c − v)q − 1
2

h(k − 1)2 + pt[A + (k − 1)a]. (2)

Considering the situation of carbon emissions and carbon trading quotas, the order 395

quantity q and the product green level k is determined to maximize the supply chain profit. 396

We obtain the following proposition. 397

Proposition 1. Under the centralized decision scenario, the optimal product green level is

k0 =
(p − v)

h

∫ F−1
(

p−c
p−v

)
0

p − c
p − v

− F(y)dy +
pta
h

+ 1, (3)

and the optimal order quantity is

q0 = F−1
(

p − c
p − v

)[
(p − v)

h

∫ F−1
(

p−c
p−v

)
0

p − c
p − v

− F(y)dy +
pta
h

+ 1

]
. (4)

Under government-regulated carbon quotas and with increasing consumer awareness 398

of environmental protection, companies can improve the overall profitability of their supply 399

chain by making centralized decisions to enhance the eco-friendliness of their products. 400

The product green level and the order quantity are jointly concave. We find that the optimal 401

product green level and the optimal order quantity are affected by the other parameters, 402

such as retail price, salve value, RD cost coefficient and et al. Then, we do the sensitivity 403

analysis and obtain the following proposition. 404

Proposition 2. Both k0 and q0 increase in pt, a, v and p, but decrease in h and c. 405

As retail price p or salvage value v increases, the goods are more profitable from sales 406

or lose less from salvage, so both the optimal product green level and the optimal order 407

quantity should be increased to advance the probability of goods sales. (See Figure 1 (c) 408

and (d).) However, as the total unit cost c decreases, the profitability of goods is decreased 409

such that both the optimal product green level and the optimal order quantity should 410

be decreased to avoid of the loss from salvage. (See Figure 1 (f). As emission reduction 411
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Figure 1. The impacts of pt, a, v, p h and c on k0 and q0.
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efficiency coefficient a or carbon trading price pt increases, the product green level can 412

be increased to improve the supply chain’s revenue. However, as R&D cost coefficient of 413

product green level h increases, the product green level should be decreased to reduce the 414

supply chain’s cost. Since the optimal order quantity increases in the optimal product green 415

level, then the optimal order quantity increases in emission reduction efficiency coefficient 416

a or carbon trading price pt(See Figure 1 (a) and (b), but decreases in R&D cost coefficient 417

of product green level. (See Figure 1 (e).) 418

3.3. Decentralized decision model under the buy-back contract 419

Under a buy-back contract with the green product R&D cost-sharing, the retailer helps 420

the green product manufacturer bear part of the research and development costs at a ratio 421

of 1 − θ, while the green product manufacturer bears a proportion of θ. The manufacturer 422

and retailer reach an agreement in advance that the retailer can obtain products from the 423

manufacturer at a wholesale price w. At the end of the sales period, the manufacturer will 424

compensate for unsold products at a repurchase price b. However, since transportation 425

of remaining products also incurs costs, these products will not be shipped back to the 426

manufacturer and their residual value still belongs to the retailer. In the green supply chain 427

buyback model, the expected profit functions for retailers and green product manufacturers 428

are πr and πm respectively: 429

πr = (p − v − b)S(q, k) + (v − cr − w + b)q − 1
2

h(1 − θ)(k − 1)2, (5)

πm = bS(q, k) + (w − cm − b)q − 1
2

hθ(k − 1)2 + pt[A + (k − 1)a)]. (6)

Proposition 3. Under the decentralized decision scenario, there is an equilibrium between the
manufacturer and the retailer, the equilibrium green level of products is

k∗ =
b

θh

∫ F−1
(

p−cr−w
p−v−b

)
0

p − cr − w
p − v − b

− F(y)dy +
pta
θh

+ 1 (7)

and the equilibrium order quantity is

q∗ = F−1
(

p − cr − w
p − v − b

)
k∗. (8)

Under the decentralized decision scenario, the manufacturer and the retailer make 430

their own decisions: green level of products and product order quantity. We obtain a 431

unique equilibrium, in which both the green level of products and the order quantity are 432

affected by other parameters, such as retail price, salve value, R&D cost coefficient and 433

et al. Then, we do the sensitivity analysis under the decentralized decision scenario and 434

obtain the following proposition. 435

Proposition 4. Both k∗ and q∗ increase in pt, a, v, b and p, but decrease in h, θ and cr. 436

Under the decentralized decision scenario, in equilibrium, as retail price p or salvage 437

value v increases, the goods are more profitable from sales or lose less from salvage, so 438

both the equilibrium product green level and the equilibrium order quantity should be 439

increased to advance the probability of goods sales. However, as the unit marginal cost cr 440

increases, the profitability of goods is decreased such that both the equilibrium product 441

green level and the equilibrium order quantity should be decreased to avoid the loss from 442

salvage. As emission reduction efficiency coefficient a or carbon trading price pt increases, 443

the product green level can be increased to improve the ’s revenue, so as to increase the ’s 444

profit. However, as the R&D cost coefficient of product green level h increases, the product 445

green level should be decreased to reduce the supply chain’s cost. As the ’s proportion of 446
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the R&D cost increases, the should set a lower equilibrium product green level to retain its 447

profit. Since the equilibrium order quantity increases in the equilibrium product green level, 448

then the equilibrium order quantity increases in emission reduction efficiency coefficient a 449

or carbon trading price pt, but decreases in the R&D cost coefficient of product green level 450

and the ’s proportion of the R&D cost. 451

4. Coordination under the Buy-back Contract 452

In research on coordinating supply chain systems through the buy-back contract, many 453

studies have found that real-world the buy-back contract can indeed help participants at all 454

levels of the supply chain effectively enhance their optimal interests. The buy-back contract 455

has gradually become one of the measures for s and retailers to expand sales volume. 456

According to Guo, Meng Yuexia and Qin Kaida (2018), on the one hand, it promotes further 457

cooperation between the manufacturer and the retailer and encourages both parties to 458

make decisions from the perspective of maximizing the benefits of the supply chain system; 459

on the other hand, it is conducive to increasing the benefits of the green product retailer 460

and manufacturer and improving system performance. 461

When the retailer’s order quantity decision is the same as the previous centralized 462

decision and the manufacturer’s product eco-friendliness is the same as the centralized 463

decision, the green supply chain reaches coordination and should satisfy the conditions: 464

q∗ = q0, k∗ = k0. 465

Proposition 5. For a contract combining buybacks and research and development cost-sharing to
achieve perfect coordination of the system, the following parameters must meet the conditions:

w = (p − c)θ + (c − v)− (p − c)pta(1 − θ)

(p − v)
∫ F−1

(
p−c
p−v

)
0

p−c
p−v − F(y)dy

, (9)

b = θ(p − v)− (1 − θ)pta∫ F−1
(

p−c
p−v

)
0

p−c
p−v − F(y)dy

. (10)

Under the contract, the manufacturer and the retailer share the risk of demand un- 466

certainty by the cost share of the R&D and buy-back behaviour from the manufacturer 467

to the retailer. Specifically, the retailer bears 1 − θ of the manufacturer’s research and 468

development costs and the manufacturer compensates the retailer for unsold products at 469

a repurchase price b at the end of the sales period, and the supply chain is coordinated. 470

The wholesale price and buy-back price are both affected by other parameters, such as 471

retail price, salvage value and et al. Nest, we will do the sensitivity analysis and obtain the 472

following proposition. 473

Proposition 6. When the supply chain is coordinated, w increases in θ, but decreases in pt and a; 474

b increases in θ, but decreases in pt and a. 475

As emission reduction efficiency coefficient a or carbon trading price pt increases, the 476

product green level can be increased to improve the ’s revenue, so as to increase the ’s profit. 477

Since the equilibrium order quantity increases in the equilibrium product green level, then 478

the equilibrium order quantity and channel optimal order quantity increases in emission 479

reduction efficiency coefficient a or carbon trading price pt. However, due to the R&D cost 480

sharing between the manufacturer and the retailer, the equilibrium order quantity increases 481

more such that the buy-back price need to be reduced to slow the equilibrium order quantity 482

increment range to keep consistent with the optimal order quantity. As the manufacturer’s 483

proposition of the R&D cost θ increases, the equilibrium order quantity’s increment is close 484

to the channel optimal order quantity’s increment, such that the motivation of the buy-back 485

price decrement is diminished. Since the wholesale price increases in the buy-back price, 486

then the wholesale price increases in the manufacturer’s proposition of the R&D cost (See 487
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Figure 2. The impacts of θ, pt and a on w and b.
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Figure 3. Distributing the channel profit by θ (p = 100, pt = 20, cr = 10, cm = 10, v = 10, e = 6, E =

3, a = 0.2, h = 100)

Figure 2 (c)), but decreases in emission reduction efficiency coefficient or carbon trading 488

price. (See Figure 2 (a) and (b).) 489

With the wholesale price and buy-back price, the supply chain can be coordinated 490

and the supply chain profit can be maximized. Due to the R&D cost sharing between the 491

manufacturer and the retailer, θ can be used to distribute the total optimal supply chain to 492

the manufacturer and the retailer. 493

In decentralized decision-making, the green product manufacturer decides the optimal 494

product green level k and the retailer decides the optimal order quantity q on this basis. 495

When the supply chain is coordinated, due to the R&D cost sharing between the manufac- 496

turer and the retailer, θ can be used to distribute the total optimal supply chain between 497

the manufacturer and the retailer. As θ increases, the changes in profits of all parties are 498

shown in Figure 3. Under the buy-back and R&D cost-sharing contract, when θ = 25%, the 499

retailer’s profit is 50, 150 and the green manufacturer’s profit is 16, 697 when the supply 500

chain is coordinated and the channel profit is 66, 848. As θ increases, the retailer profit 501

decreases but the manufacturer increases, and the channel profit is unchanged. Therefore, 502

the R&D cost sharing, θ can be used to distribute the optimal channel supply chain between 503

the manufacturer and the retailer. 504
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Figure 4. The impacts of A, a, v, p h and c on πc.

5. Sensitivity Analysis on the Optimal Channel Profit 505

With the channel optimal product green level and the channel optimal order quantity,
the optimal channel profit is

π∗
c = (p − v) ∗ S(q0, k)− (c − v)q0 −

1
2

h(k0 − 1)2 + pt[A + (k0 − 1)a]

=
(M + pta)2

2h
+ (M + pt A), (11)

where M = (p − v)
∫ F−1

(
p−c
p−v

)
0

p−c
p−v − F(y)dy. 506

Next, we analyze the impacts of parameters on the optimal channel profit and have 507

the following proposition. 508

Proposition 7. The channel profit π∗
c increases in a, p, v and A, but decreases in c and h. 509

As retail price p or salvage value v increases, the goods are more profitable from sales 510

or lose less from salvage, so the channel profit is increased. (See Figure 4 (c) and (d).) 511

However, as the total unit cost c or R&D cost coefficient h decreases, the profitability of 512

goods is decreased such that the channel profit is decreased. (See Figure 4 (e) and (f).) As 513

the normal product carbon emission trading A or Emission reduction efficiency coefficient 514

a increases, the manufacturer can obtain more profit from the product carbon emission 515

trading such that the channel profit is increased. (See Figure 4 (a) and (b).) 516
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Figure 5. The impact of pt on πc

Proposition 8. The channel profit π∗
c decreases in pt when pt < p̄t, but increases in pt when 517

pt > p̄t, where p̄t = −(hA + Ma)/a2. 518

519

The increment of pt always leads to the increment of the optimal product green level 520

k0 and the optimal order quantity q0. If the carbon trading price pt is low (pt < p̄t), the 521

manufacturer will set a low product green level and the product carbon emission trading is 522

a cost for the supply chain (pt[A + (k0 − 1)a] < 0). The increment of pt leads to a higher 523

cost such that the channel profit π∗
c is decreased. However, if the carbon trading price pt is 524

high (pt > p̄t), the manufacturer will set a high product green level and the product carbon 525

emission trading is a revenue for the supply chain (pt[A + (k0 − 1)a] > 0). The increment 526

of pt leads to a higher revenue such that the channel profit π∗
c is increased. (See Figure 5.) 527

Whether the product carbon emission trading is a revenue or a cost for the green 528

supply chain depends on the threshold of the carbon trading price p̄t. Then, we analyze the 529

impact of parameters on the threshold of the carbon trading price p̄t and have the following 530

proposition. 531

Proposition 9. The threshold p̄t decreases in A, p and v but increases in c and h. 532

When a < −hA/M, the threshold p̄t decreases in a; When a > −hA/M, p̄t is negative and 533

pt > p̄t always hold. 534

Whether the product carbon emission trading is a revenue or a cost for the green 535

supply chain depends on the threshold of the carbon trading price p̄t. Consequently, when 536

p̄t increases, it is more possible that pt < p̄t and the product carbon emission trading is 537

a cost for the supply chain; when p̄t decreases, it is more possible that pt > p̄t and the 538

product carbon emission trading is a revenue for the supply chain. 539

The increment of the retail price p or salvage value v leads to a higher product green 540

level k0, so it is more possible that carbon emission trading is a revenue. However, the 541

increment of the total unit cost c leads to a lower product green level k0, so it is more 542

possible that carbon emission trading is a cost. 543

The increment of the R&D cost h always leads to a higher product green level k0, so it 544

is more possible that carbon emission trading is a revenue. As the normal product carbon 545

emission trading A increases, the product green level is unchanged but it is more possible 546

that the product carbon emission trading is a revenue (pt[A + (k0 − 1)a] > 0) for the supply 547

chain such that p̄t decreases. 548

When the emission reduction efficiency coefficient a is low (a < −hA/M), k0 is low 549

such that the product carbon emission trading is a cost for the supply chain, so the increment 550

of a leads to the increment of k0 such that the product carbon emission trading becomes 551

the revenue for the supply chain and it is more possible that pt > p̄t; when the emission 552

reduction efficiency coefficient a is high enough (a > −hA/M), k0 is high such that the 553
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product carbon emission trading is a revenue for the supply chain and pt > p̄t always 554

holds. 555

6. Conclusion and Further Research 556

6.1. Conclusion 557

Different from the traditional buy-back contract, under the green supply chain buy- 558

back contract, both the product green level and order quantity need to be decided and the 559

product green level is related to the random demand. In addition, the R&D cost is shared 560

between the manufacturer and the retailer. In order to coordinate the green supply chain, 561

the manufacturer needs to share both the risk of good salvage and the R&D cost. 562

Under the green supply chain buy-back contract, we find that both the wholesale 563

price and buy-back price increase in the manufacturer’s proposition of the R&D cost, but 564

decrease in emission reduction efficiency coefficient or carbon trading price. 565

As retail price or salvage value increases, the goods are more profitable from sales 566

or lose less from salvage, so both the optimal product green level and the optimal order 567

quantity should be increased to advance the probability of goods sales, such that the 568

channel profit is increased. However, as the total unit cost increases, the profitability of 569

goods is decreased such that both the optimal product green level and the optimal order 570

quantity should be decreased to avoid of the loss from salvage such that the channel profit 571

is decreased. 572

As the emission reduction efficiency coefficient increases, the product green level 573

can be increased to improve the supply chain’s revenue, so as to increase the supply 574

chain profit. However, as the R&D cost coefficient of the product green level increases, 575

the product green level should be decreased to reduce the supply chain’s cost. Since the 576

optimal order quantity increases in the optimal product green level, then the optimal order 577

quantity increases in emission reduction efficiency coefficient but decreases in the R&D cost 578

coefficient of the product green level. The channel profit increases in emission reduction 579

efficiency coefficient, but decreases in the R&D cost coefficient of product green level. 580

As carbon trading price increases, the product green level can be increased to improve 581

the supply chain’s revenue, so as to increase the supply chain profit. Since the optimal 582

order quantity increases in the optimal product green level, then the optimal order quantity 583

increases in the carbon trading price. If the carbon trading price is low, the manufacturer 584

will set a low product green level and the product carbon emission trading is a cost for the 585

supply chain. The increment of the carbon trading price leads to a higher cost such that the 586

channel profit is decreased. However, if the carbon trading price is high, the manufacturer 587

will set a high product green level and the product carbon emission trading is a revenue for 588

the supply chain. The increment of the carbon trading price leads to a higher revenue such 589

that the channel profit is increased. 590

6.2. Further research 591

For the convenience of research and modelling, this paper simplifies the actual situa- 592

tion of the supply chain. This results in a certain degree of deviation between the research 593

results and the actual situation. The main shortcomings are as follows: The relationship 594

between members of the supply chain is complex and changeable, so it is not appropriate 595

to discuss them together. On the one hand, there is not much attention paid to the quan- 596

titative relationship between buyers and suppliers. On the other hand, whether there is 597

competition or cooperation between s has not been considered. In reality, game behaviour 598

often occurs under conditions where information among members of the supply chain is 599

not equal and decision-making is not completely rational. This study assumes that product 600

greenness and consumer purchase preferences are not completely positively correlated; 601

that is, consumers do not completely pursue green consumption. 602

Under the current premise of carbon emissions, the exploration of green supply chain 603

repurchase contracts can be extended to the following areas: 604
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Firstly, green supply chain coordination can also be studied in multiple s and multiple 605

stages of products. At present, most repurchase contract explorations are basically focused 606

on the coordination between a single cycle, a single and a single retailer. However, in prac- 607

tice, the structure of the supply chain involved in practical life is much more complicated 608

than that in theory. Therefore, it is possible to consider further expanding the exploration 609

of repurchase contracts involved in green supply chains to one-to-many or many-to-one 610

modes between supply chains and retailers. It can even be further expanded to multi-cycle, 611

multi-level and multi-product type supply chain network structures. 612

Secondly, during the period when productivity constraints arise in green supply 613

chains. At present, the exploration of green supply chain repurchase contracts is based on 614

the assumption that the production and supply capacity of manufacturers or suppliers is 615

infinite. There are few related literatures that consider the situation where the production 616

capacity of manufacturers is limited. However, in practice, most enterprises have significant 617

constraints on their production capacity. Therefore, in actual operation, how to reasonably 618

arrange the production capacity of suppliers or manufacturers to effectively improve their 619

own resource utilization rate has become a major concern for most enterprises in actual 620

operation. 621

The issue of information asymmetry in green supply chains is also a difficult problem 622

that we need to carefully consider. In cooperation, both parties will base their decisions on 623

their own interests and valuable information cannot flow smoothly, resulting in a significant 624

reduction in the overall efficiency of supply chain collaboration. Therefore, in the future, 625

some treaties and parameters can be set to associate with some effective information. Of 626

course, the ultimate goal is to make the upstream and downstream information of the green 627

supply chain fully flow and further improve the overall collaborative efficiency. 628
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Appendix A 641

Proof of Proposition 1: 642

According to equation (2), for the overall supply chain profit function πc, find the first 643

and second derivatives of order quantities q and greenness k: 644
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∂πc

∂q
= (p − v)

∂S(q, k)
∂q

− (c − v), (A1)

∂πc

∂k
= (p − v)

∂S(q, k)
∂k

− h(k − 1) + pta, (A2)

∂2πc

∂q2 = (p − v)
∂2S(q, k)

∂q2 , (A3)

∂2πc

∂k2 = (p − v) ∗ ∂2S(q, k)
∂k2 − h, (A4)

∂2πc

∂q∂q
= (p − v)

∂2S(q, k)
∂q∂k

, (A5)

of which,

∂S(q, k)
∂q

= 1 − F(
q
k
), (A6)

∂S(q, k)
∂k

=
q
k
∗ F(

q
k
)−

∫ q
k

0
F(y)dy, (A7)

f(qq) =
∂2S(q, k)

∂q2 = −1
k
∗ f (

q
k
) < 0, (A8)

f(kk) =
∂2S(q, k)

∂k2 = − q2

k3 ∗ f (
q
k
) < 0, (A9)

f(qk) = f(kq) =
∂2πc

∂q∂k
=

q
k2 ∗ f (

q
k
) > 0, (A10)

f(kq) =
∂2πc

∂q∂k
=

q
k2 ∗ f (

q
k
) > 0. (A11)

According to the above, the determinant of the Hessian matrix respect to q and k can be 645

obtained: 646

|H(πc)| = det
(

f(qq) f(qk)
f(kq) f(kk)

)
=

h
k
∗ (p − v) ∗ f (

q
k
) > 0. (A12)

Since |H(πc)| > 0and ∂2 S(q,k))
∂q2 < 0, then|H(c)|is strictly negative definite. Therefore, 647

it can be judged thatc is a joint concave function with respect to q and k. Q0 represents the 648

optimal order quantity of the supply chain system and k0 represents the optimal greenness 649

of the supply chain system. Hence there exists (q0, k0) such that the overall supply chain 650

profit is maximized. 651

Let equation (5) equal to 0, and q0 satisfies the formula: 652

∂S(q, k)
∂q

= 1 − F(
q
k
) =

c − v
p − v

. (A13)

Let equation (6) equal to 0, and k0 satisfies the formula: 653

∫ q0
k

0
F
(

q0

k

)
− F(y)dy =

∫ F−1
(

p−c
p−v

)
0

p − c
p − v

− F(y)dy =
h(k − 1) + Pta

p − v
= 0.

Proof of Proposition 3 The first and second derivatives of equation (13) with respect to 654

q are: 655
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∂πr

∂q
= (p − v − b)

∂ S(q, k)
∂q

− cr + v − w + b, (A14)

∂2πr

∂q2 = (p − v − b)
∂2S(q, k)

∂q2 . (A15)

Where ∂§(q,k)
∂q = 1 − f ( q

k ),
∂2πr
∂q2 = − 1

k f ( q
k , it can be derived that ∂2πr

∂q2 < 0. Therefore, 656

there exists a unique optimal solution q* within the range of q ∈ (0, ∞)that maximizes πr. 657

By setting equation (15) equal to 0, it can be determined that under the conditions of a 658

cost-sharing contract for buybacks and research and development, the retailer’s optimal 659

order quantity q∗ satisfies: 660

∂S(q, k)
∂q∗

=
cr + w − b − v

p − v − b
. (A16)

The first and second derivatives of equation (14) with respect to k are: 661

∂πm

∂k
= b

∂S(q, k)
∂k

− θh(k − 1) + pta, (A17)

∂2πm

∂k2 = b
∂2S(q, k)

∂k2 − θh. (A18)

Where ∂S(q,k))
∂k = q

k F( q
k )−

∫ q
k

0 F(y)dy, ∂2πr
∂k2 = − q2

k3 f ( q
k ), it can be derived that ∂2πm

∂k2 < 0. 662

Therefore, there exists a unique optimal solution q* within the range of q ∈ (0, ∞) that 663

maximizes πm. 664

By setting equation (18) equal to 0, it can be determined that under the conditions of 665

a cost-sharing contract for buybacks and research and development, the manufacturer’s 666

optimal product eco-friendliness k∗ satisfies the formula: 667

∂S(q, k)
∂k∗

=
θh(k − 1)− pta

b
. (A19)

Then we obtain the result. 668

Proof of Proposition 2
Taking the first-order derivatives of k0 with respect to p, c, v, h, a and pt, we obtain

∂k0

∂p
=

∫ F−1
(

p−c
p−v

)
0 1 − F(y)dy

h
> 0,

∂k0

∂c
= −

F−1
(

p−c
p−v

)
h

< 0,

∂k0

∂v
=

∫ F−1
(

p−c
p−v

)
0 F(y)dy

h
> 0,

∂k0

∂h
= −

(p − v)
∫ F−1

(
p−c
p−v

)
0

p−c
p−v − F(y)dy + pta

h2 < 0,

∂k0

∂a
=

pt

h
> 0,

∂k0

∂pt
=

a
h
> 0. (A20)
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Proof of Proposition 3 and 4 669

The proof of Proposition 3 is similar with the proof of Proposition 1 and the proof of 670

Proposition 4 is similar with the proof of Proposition 2. 671

Proof of Proposition 5
When the retailer’s order quantity decision is the same as the previous centralized decision
and the manufacturer’s product eco-friendliness is the same as the centralized decision,
the green supply chain reaches coordination and should satisfy the conditions: q∗ = q0,
k∗ = k0. Coupled with equation (3), we obtain that

b =
θh(k0 − 1)− pta
h(k0 − 1)− pta

(p − v)] = θ(p − v)− (1 − θ)pta∫ F−1
(

p−c
p−v

)
0

p−c
p−v − F(y)dy

, (A21)

w =
(c − v)(p − v − b)

(p − v)
+ v + b − cr

= (p − c)θ + (c − v)− (p − c)pta(1 − θ)

(p − v)
∫ F−1

(
p−c
p−v

)
0

p−c
p−v − F(y)dy

. (A22)

Proof of Proposition 6
Based on Proposition 5, taking the first-order derivatives of w and b with respect to pt, a
and θ, we obtain

∂w
∂pt

= − (p − c)a(1 − θ)

(p − v)
∫ F−1

(
p−c
p−v

)
0

p−c
p−v − F(y)dy

< 0,

∂w
∂a

= − (p − c)pt(1 − θ)

(p − v)
∫ F−1

(
p−c
p−v

)
0

p−c
p−v − F(y)dy

< 0,

∂w
∂θ

= (p − c) +
(p − c)pta

(p − v)
∫ F−1

(
p−c
p−v

)
0

p−c
p−v − F(y)dy

> 0,

∂b
∂pt

= − (1 − θ)a∫ F−1
(

p−c
p−v

)
0

p−c
p−v − F(y)dy

< 0,

∂b
∂a

= − (1 − θ)pt∫ F−1
(

p−c
p−v

)
0

p−c
p−v − F(y)dy

< 0,

∂b
∂θ

= (p − v) +
pta∫ F−1

(
p−c
p−v

)
0

p−c
p−v − F(y)dy

> 0,

(A23)

Proof of Proposition 7
Taking the first-order derivatives of π∗

c with respect to a, h, A, M, we obtain

∂π∗
c

∂a
=

(M + pta)pt

h
> 0,

∂π∗
c

∂h
= pt > 0,

∂π∗
c

∂A
= − (M + pta)2

h2 < 0,

∂π∗
c

∂M
=

(M + pta)
h

+ 1 > 0. (A24)
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Taking the first-order derivative of M with respect to p, c and v, we obtain

∂M
∂p

=
∫ F−1

(
p−c
p−v

)
0

1 − F(y)dy > 0,

∂M
∂c

= −F−1
(

p − c
p − v

)
< 0,

∂M
∂v

=
∫ F−1

(
p−c
p−v

)
0

F(y)dy > 0. (A25)

Then we obtain the results. 672

Proof of Proposition 8
Taking the first-order and second-order derivatives of π∗

c with respect to pt, we obtain

∂π∗
c

∂pt
=

(M + pta)a + hA
h

,

∂2π∗
c

(∂pt)2 =
a2

h
> 0. (A26)

Then, the channel profit π∗
c decreases in pt when pt < −(hA + Ma)/a2, but increases in pt 673

when pt > −(hA + Ma)/a2. Let p̄t = −(hA + Ma)/a2. 674

Proof of Proposition 9
Taking the first-order derivatives of p̄t with respect to h, A, M, we obtain

∂ p̄t

∂h
= −A/a2 > 0,

∂ p̄t

∂A
= −h/a2 < 0,

∂ p̄t

∂M
= −1/a < 0. (A27)

Taking the first-order derivative of M with respect to p, c and v, we obtain

∂M
∂p

=
∫ F−1

(
p−c
p−v

)
0

1 − F(y)dy > 0,

∂M
∂c

= −F−1
(

p − c
p − v

)
< 0,

∂M
∂v

=
∫ F−1

(
p−c
p−v

)
0

F(y)dy > 0. (A28)

Then we obtain the results. 675

Taking the first-order derivative of p̄t with respect to a, we obtain

∂ p̄t

∂a
=

2hA + Ma
a3 . (A29)

If 2hA + Ma > 0, ∂ p̄t
∂a > 0, while if 2hA + Ma < 0, ∂ p̄t

∂a < 0. 676

When a > −hA/M, p̄t is negative such that pt > p̄t always hold. When a ≤ −hA/M, 677

2hA + Ma < 0 always holds such that ∂ p̄t
∂a < 0. Then we obtain the results. 678
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