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a b s t r a c t 

Since the production process in manufacturing industry is one of the main sources of carbon emissions, 

most governments have enacted relevant carbon policies to encourage manufacturers to invest in green 

production technology and reduce carbon emissions. However, the effectiveness of the carbon policy de- 

serves further investigation because the manufacturers focus more on economic profits in actual oper- 

ations. For this purpose, this paper proposes a dual-channel supply chain network (DCSCN) equilibrium 

model based on variational inequality theory to examine progressive carbon tax mechanism design of the 

government and its impacts on the production/pricing and abatement level decisions of the manufactur- 

ers in the DCSCN. In addition, this paper also examines the influences of the online channel introduction 

on supply chain network equilibrium decisions, carbon emissions and profits. We employ the modified 

projection and contraction algorithm to obtain the numerical solutions for several examples, and analyze 

the impacts of the key parameters on the equilibrium decisions and derive several managerial insights. 

The results show that if the government sets the high-level carbon tax and the cut-off value in pro- 

gressive carbon tax policy appropriately, it can induce the manufacturers to improve abatement level 

actively; meanwhile the profit maximization goal of the manufacturer and the whole DCSCN can be con- 

sistent with the government’s low-carbon emission target. Moreover, the introduction of online channel 

may depress the economic activities and lead to profit loss for the supply chain network but contributes 

to reducing the carbon emissions under progressive carbon tax policy. The conclusions may be useful for 

reference in the study of the low-carbon supply chain and the design of carbon emission reduction policy 

for government. 

© 2021 Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved. 
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. Introduction 

With the frequent occurrence of extreme weather, and the 

orsening ecological environment, the reduction of carbon diox- 

de (CO 2 ) emissions has become one of the world’s hot topics. Sev- 

ral countries have devoted much effort to curbing carbon emission 

nd clearly setting the national level goals. For example, China, the 

iggest carbon emitter around the world currently, accounting for 

7.8% of the world’s total CO 2 emissions ( BP, 2019 ; Zhang et al.,

020 ), has committed to reducing the intensity of carbon dioxide 

missions per unit of GDP in 2030 by 60%–65% compared with the 
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evel of 2005 ( Zhang et al., 2020 ), and to increase the share of non-

ossil fuels in primary energy consumption to approximately 15% 

y 2020 ( Wang et al., 2016 ). 

However, in the current economic situation, it is not easy for 

hese countries to achieve carbon reduction target only by tradi- 

ional command and control measures ( Dong et al., 2017 ). Efficient 

egulations are a pre-requisite for restricting the firms’ carbon 

mission behaviors ( Kannan et al., 2012 ). The low-carbon policies 

n a carbon tax, cap-and-trade, and low-carbon offset are promul- 

ated and implemented by the governments in practice. Among 

hese policies, a carbon tax is one of the important policy options, 

.e., the tax is imposed on a firm for each unit of product that 

mits CO 2 . Economists and international organizations have long 

dvocated it because it is easier and can bring more massive car- 

on emission reduction with a less negative impact on economic 
reserved. 

https://doi.org/10.1016/j.spc.2021.02.029
http://www.ScienceDirect.com
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Nomenclature 

Basic parameters 

o The manufacturer, o = 1 , 2 , · ··, M. 

i The retailer, i = 1 , 2 , · ··, N. 

j The demand market, j = 1 , 2 , · ··, K. 

a The basic market capacity. 

ω Consumer’s preference for online channel, ω ∈ 

(0 , 1) . 

θ Consumer’s sensitivity to product abatement level, 

θ ∈ (0 , 1) . 

βr The raw material conversion rate. 

β0 The carbon emission of unit regular product. 

B o The cutoff value used to define the carbon tax 

bracket. 

t 0 , t 1 The high-level carbon tax and the low-level carbon 

tax. 

ηo A scaling parameter for green technology invest- 

ment 

m xy The elastic coefficient of the market demand af- 

fected by the product price of its own channel 

( m xy > 0 , x = 1 , 2 ; y = 1 , 2 ). 

n z The elastic coefficient of the market demand af- 

fected by the product price of its competitive chan- 

nel, m xy > n z > 0 , z = 1 , 2 . 

Decision variables 

q r o The raw materials amount used by manufacturer, 

q r = (q r o ) M×1 ∈ R M + . 
q 

p 
oi 

The products transaction amount from manufac- 

turer to retailer in offline channel, Q 

1 = (q 
p 
oi 
) MN×1 ∈ 

R MN + . 

q 
p 
i j 

The products transaction amount from retailer to 

demand market in offline channel, Q 

2 = (q 
p 
i j 
) 

NK×1 
∈ 

R NK + . 

q e 
oj 

The products transaction amount from manufac- 

turer to demand market in online channel, Q 

3 = 

(q e 
oj 

) MK×1 ∈ R MK + . 

ρ p 
j 

The price of unit product paid by consumers in of- 

fline channel. 

ρe 
j 

The price of unit product paid by consumers in on- 

line channel. 

αo The product abatement level, αo ∈ [0 , 1] , α = 

( αo ) M×1 . αo = 0 denotes the product is a regu- 

lar product, while αo = 1 denotes the product is a 

completely zero-carbon-emission product. 

ε o 
0 

a manufacturer’s carbon emission below the cut-off

value, ε 0 = ( ε o 
0 
) o×1 . 

ε o 
1 

a manufacturer’s carbon emission exceeding the 

cut-off value, ε 1 = ( ε o 
1 
) o×1 . 

Endogenous price variables 

ρ p 
oi 

The transaction price between manufacturer and re- 

tailer. 

ρe 
oj 

The transaction price between manufacturer and 

demand market. 

ρ p 
i j 

The transaction price between retailer and demand 

market. 

Functions 

f o (q r o ) The raw material cost function. 

f M 

o = f M 

o ( βr , αo , q 
r ) The production cost function. 

C αo ( αo ) The green technology investment 
d

1078 
c M 

oi 
= c M 

oi 
(q 

p 
oi 
) The transaction cost between manufac- 

turer and retailer borne by manufac- 

turer. 

c x 
oj 

= c x 
oj 

(q e 
oj 

) The transaction cost between manufac- 

turer and demand market, x = M de- 

notes the cost borne by manufacturer, 

while x = K denotes the cost borne by 

consumer. 

c x 
i j 

= c x 
i j 
(q 

p 
i j 
) The transaction cost between retailer 

and demand market. x = N denotes the 

cost borne by retailer, while x = J de- 

notes the cost borne by consumer. 

c i = c i ( 
∑ 

o q 
p 
oi 
) the retailer’s exhibition cost function 

for the products in offline store. 

d 
p 
j 

= d 
p 
j 
(ρ p 

j 
, ρe 

j 
, α;ω) The demand function of offline chan- 

nel at demand market 

d e 
j 
= d e 

j 
(ρ p 

j 
, ρe 

j 
, α;ω) The demand function of online channel 

at demand market 

πx The member’s profit. x = o represents 

manufacturer, and x = i represents re- 

tailer. 

Note that the variables with “∗” in the following indicate the 

corresponding decision variables’ equilibrium values. 

rowth ( Dong et al., 2017 ). Just more recently, a new form of car-

on tax, namely progressive carbon tax, has been put forward by 

cholars and recommended for governments to avoid the inequal- 

ties caused by a traditional carbon tax ( Chiroleu-Assouline et al., 

014 ; Fremstad, 2019 ). In a progressive carbon tax mechanism, the 

arbon tax rate is not constant but stepwise, i.e., when the total 

arbon emission exceeds a certain threshold, the carbon tax rate 

ill increase ( Yu et al., 2019 ). In this paper, we will also take pro-

ressive carbon tax as the carbon regulation policy. 

The implementation of carbon emission regulations will urge 

anufacturers to explore green technologies (e.g. sustainable de- 

ign and sustainable manufacturing) and improve the carbon 

batement levels of the products. Abatement level refers to the 

ercentage that carbon emission abatement for each product with 

reen technology adoption accounts for that without green tech- 

ology ( Yang et al., 2017 ). In this context, more and more low- 

arbon products are emerging in the market. In addition, con- 

umers have been shown to have a higher preference for low- 

arbon products compared with regular products ( Kotchen, 2005 ; 

i et al., 2017 ). From this perspective, the manufacturers’ revenues 

ay improve with green technologies adoption. But in the mean- 

ime, the manufacturers will also unavoidably face high green in- 

estment ( Liu et al., 2012 ; Ji et al., 2017 ). Whether the increased

evenue can compensate for the additional green investment is 

he focus of attention for the manufacturers. ( Wang et al., 2016 ). 

hey should carefully figure out this problem by taking the gov- 

rnment’s carbon policies and green investment into account. 

The advent of e-commerce has greatly changed the buying 

abit of consumers and the marketing fashion of enterprises. Some 

anufacturers, such as IBM, Cisco, Nike ( Cai et al. 2009 ), Haier, and

ther enterprises, have designed their online channel to meet con- 

umers’ needs via the internet and the traditional channel. Hence, 

he opening-up of the online marketing channel makes the tradi- 

ional supply chain become a dual-channel supply chain. In real- 

ty, the dual-channel supply chain is usually a complex network 

ith multiple tiers, including the manufacturer tier, retailer tier, 

nd demand market tier. The decision-makers in each tier en- 

age in the same businesses. Specifically, the manufacturers pro- 

uce homogeneous products and sell them to the consumers via 

ual-channels. The retailers distribute the manufacturers’ prod- 
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cts and the consumers choose one channel to purchase products. 

on-cooperative competitions exist among the same tier members, 

hile transactions occur between different tiers ( Nagurney et al., 

002 ; Nagurney and Toyasaki, 2005 ; Zhang et al., 2020 ). How to

escribe the interaction relations among decision-makers and ob- 

ain the dual-channel supply chain network (DCSCN) equilibrium 

onditions under carbon tax regulation is of great theoretical and 

ractical significance. 

In view of the aforementioned analysis of realistic background, 

he objective of this paper is to investigate the DCSCN equilibrium 

roblem under progressive carbon tax policy issued by the gov- 

rnment based on variational inequality theory. The existence and 

niqueness of the equilibrium solutions are proved. Combined with 

umerical examples, we focus on analyzing the impacts of the pro- 

ressive carbon tax policy on the product abatement level’s deci- 

ion rules, production and transaction volumes, as well as mem- 

ers’ profits. We also compare the influences of two different con- 

umers’ online transaction costs on DCSCN equilibrium, and pro- 

ide comparisons between the DCSCN and traditional supply chain 

etwork (SCN). More precisely, it mainly covers the following four 

spects: (1) whether the progressive carbon tax mechanism is ef- 

ective in the DCSCN and how to design an appropriate progres- 

ive carbon tax mechanism for the government; (2) whether there 

xist some conditions that the economic benefit goal is consis- 

ent with low-carbon emission goal in the DCSCN. (3) how the 

onsumers’ online transaction cost influences the equilibrium deci- 

ions, carbon emissions and profits in the DCSCN under progressive 

arbon tax mechanism. (4) compared to traditional SCN, whether 

he introduction of the online channel can reduce carbon emis- 

ions and improve members’ economic benefits. Based on numer- 

cal experiments analysis, several managerial insights are provided 

or decision-makers and policy-makers when dealing with progres- 

ive carbon tax policy and green production. 

This paper makes contributions in the following four folds: 

(1) To the best of our knowledge, this is the first paper that 

studies the abatement level and production/pricing decisions 

in a DCSCN with carbon tax regulations, especially the pro- 

gressive carbon tax policy. Hence, this paper builds connec- 

tions between the DCSCN literature and the emerging sus- 

tainable supply chain literature with abatement level deci- 

sions. 

(2) This paper utilizes variational inequality theory to charac- 

terize the equilibrium decisions in a dual-channel supply 

chain with network structure, which is very different from 

the majority of existing literature that applies Stackelberg 

game into a dyadic dual-channel supply chain. The varia- 

tional inequality theory provides an opportunity for us to 

analyze the impacts of progressive carbon tax policy on the 

abatement level and production/pricing decisions in a com- 

plex DCSCN with multiple competitive manufacturers, mul- 

tiple competitive retailers and multiple demand markets. 

(3) By the theoretical derivation and comprehensive numerical 

analysis, we find both the high-level carbon tax and the cut- 

off value in the progressive carbon tax policy have great im- 

pacts on the manufacturer’s production, abatement level de- 

cisions and carbon emissions. By contrast, the low-level car- 

bon tax is indecisive. The conclusion is significantly different 

from Yu et al. (2019) due to the differences of manufactur- 

ers’ low-carbon behavior, network structure and competition 

pattern between these two papers. Moreover, on condition 

that the high-level carbon tax and the cut-off value are set 

appropriately, the economic benefit goals of the manufac- 

turer and the whole DCSCN are consistent with low-carbon 

emission goal of the government. 
1079 
(4) We also find that the introduction of online channel may de- 

press the economic activities and lead to profit loss for the 

SCN but contributes to reducing the carbon emissions under 

progressive carbon tax policy, which is greatly different from 

the prevailing conclusion that online channel certainly ben- 

efits the entire system in a dyadic supply chain. In addition, 

the comparison of the abatement levels between two cases 

of high and low consumers’ online transaction costs mainly 

depends on the cutoff value. 

The remainder of the paper is organized as follows. 

ection 2 reviews the relevant literature. Section 3 introduces 

he methodology and states model assumptions, based on which 

he DCSCN equilibrium model utilizing variational inequalities 

s presented. Section 4 describes and analyzes the results of 

umerical examples, as well as gives some discussions and 

olicy suggestions. Section 5 concludes with a summary and 

resents limitations of this research. The proof of the existence 

nd uniqueness of the equilibrium solutions are provided in the 

ppendix. 

. Literature review 

The study is closely related to three growing streams of litera- 

ure: the manufacturer’s green technology innovation under carbon 

mission regulations, SCN equilibrium under carbon emission reg- 

lations, and production/pricing decisions and coordination mech- 

nism in dual-channel supply chains. We will review them sub- 

equently. Also, the research gaps of the existing literature are 

ointed out. 

.1. The manufacturer’s green technology innovation under carbon 

mission regulations 

Due to the significance of green development, countries and 

overnments have adopted diverse regulations to encourage enter- 

rises to reduce carbon emissions. Therefore, enterprises should 

esponse positively, such as investments in green technology 

 Krass et al., 2013 ; Gong and Zhou, 2013 ; Wang et al., 2016 ).

eanwhile, with the rise of consumers’ environmental awareness, 

roduct abatement level as an important factor for enterprises 

o enhance competitiveness and profits has been recognized by 

cademia as well as industry ( Subramanian et al., 2007 ; Liu et al.,

012 ; Xu et al., 2017 ; Peng et al.,2020 ). Up to now, scholars have

onstructed various supply chain models to examine the abate- 

ent level decisions according to different carbon emission reg- 

lations ( Ji et al., 2017 ; Yang et al., 2017 ; Yang and Chen, 2018 ;

u and Cao, 2019 ; Zhang et al., 2020 ). For example, Yang and

hen (2018) propose four-stage Stackelberg models to study the 

oles of RS (revenue sharing) and CS (cost sharing) offered by a 

ominant retailer on a manufacturer’s carbon emission abatement 

ffort and both parties’ profitability with carbon tax policy and 

onsumer environmental consciousness. Yu and Cao (2019) investi- 

ate the impacts of different information sharing formats on car- 

on emissions abatement decisions in a supply chain with one 

anufacturer and two competing retailers under cap-and-trade 

egulation. Zhang et al. (2020) investigate the equilibrium strate- 

ies considering abatement decision and manufacturer encroach- 

ent in a dual-channel supply chain. Although the above papers 

ave studied the enterprises’ abatement level decisions (or green 

echnology investment) under different carbon emission regula- 

ions in depth, they are all limited to the cases of monopoly, 

uopoly and dyadic (dual-channel) supply chain. In reality, sup- 

ly chain could be viewed as a complex network which consists of 

ultiple competitive manufacturers and multiple competitive re- 

ailers. Therefore, it is crucial to consider carbon abatement prob- 

ems from the perspective of SCN. 
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.2. Supply chain network equilibrium under carbon emission 

egulations 

Nagurney et al. (2002) first establish a SCN model and make 

reat contribution to the development and application of SCN 

heory, and now it has been widely applied in various fields 

 Nagurney and Yu, 2012 ; Nagurney et al., 2013 ; Nagurney et al.,

015 ; Nagurney et al., 2017 ). With the increasingly serious envi- 

onmental problems, consideration of SCN equilibrium under car- 

on regulation policies is worthwhile and deserves further analy- 

es ( Tao et al., 2015 ). Several papers have carried out researches 

n this issue. For instance, Allevi et al. (2018) establish a closed- 

oop supply chain network model and assume manufacturers are 

ubject to the EU-ETS (a form of cap-and-trade) and a carbon 

ax is imposed on truck transport. Yu et al. (2019) compare the 

mpacts of different carbon tax policies (flat emission tax rate 

nd progressive carbon tax) on the economic benefit and envi- 

onmental performance of a multi-tier SCN with firms competing 

n an oligopolistic manner and product heterogeneity. They find 

hat the low-cost progressive carbon tax policies can be as effec- 

ive as the high flat emission tax rate in carbon emission reduc- 

ion under some conditions. Inspired by this paper, we also take 

rogressive carbon tax as the main carbon emission regulations. 

e et al. (2019) propose a SCN model considering the manufac- 

urers are constrained by a stringent carbon policy with manda- 

ory cap, and examine how operational decision modes (cen- 

ralized/decentralized manufacturing and cap sharing/non-sharing 

mong the manufacturers) influence the profitability and carbon 

mission of the system. However, the above studies mainly exam- 

ne how the enterprises passively adjust their production and pric- 

ng strategies to cope with the government’s carbon emission regu- 

ations, rarely mention enterprises’ active carbon reduction behav- 

ors, such as the adoption of green production technology to im- 

rove the product abatement level. Saberi et al. (2018) is the first 

o investigate the abatement level decisions in a multi-period com- 

etitive SCN, in which firms (manufacturers, retailers, and carriers) 

ry to maximize the net present value of their investment in eco- 

riendly technology. The demand functions at the markets depend 

ot only on the price but also on the retailers’ energy ratings. The 

onclusions show that sustainability and abatement level should 

e viewed holistically. 

.3. Production/pricing decisions and coordination mechanism in 

ual-channel supply chains 

As electronic commerce rapidly develops, scholars have paid 

reat attention to the research on the dual-channel supply chain 

 Lu and Liu, 2015 ; He et al., 2020 ; Yan et al., 2020 ; Wang et al.,

021 ). Once a manufacturer opens up a direct online channel, 

t becomes not only a supplier, but also a direct competitor to 

he retailer ( Liu et al., 2020 ). Then a question arises on how to

liminate the obvious but unavoidable channel conflict and im- 

rove dual-channel supply chain performance. On this basis, sev- 

ral scholars focus on enterprises’ production/pricing strategies and 

hannel coordination in a dual-channel environment ( Jafari et al., 

016 ; Jamali and Rasti-Barzoki, 2018 ; Liu et al., 2020 ; Ryan et al.,

013 ; Xiao and Shi, 2016 ; Tang et al., 2018 ; Wu et al., 2020 ;

hi et al., 2020 ). For example, Xiao and Shi (2016) believe that co-

rdination of the dual-channel supply chain can alleviate the re- 

ailer’s complaint of insufficient supply. Jafari et al. (2016) evalu- 

te the impacts of different power structures between two com- 

eting retailers on the direct channel price, the retail channel 

rice, the production quantities and three parties’ profits. How- 

ver, there has been limited research on the effects of govern- 

ent intervention in a dual-channel supply chain ( Ghosh et al., 

020 ; Ji et al., 2017 ; Xu et al., 2018 ). Ghosh et al. (2020) ana-
1080 
yze a two-echelon dual-channel supply chain model considering 

overnments’ mandatory cap-and-trade regulation and consumers’ 

ow carbon preferences. Xu et al. (2018) indicate that the govern- 

ent can realize carbon emission reduction and coordinated de- 

elopment between the economy and environment efficiently by 

dopting cap-and-trade regulation in a dyadic dual-channel supply 

hain. As for the DCSCN, Nagurney et al. (2005) study the equi- 

ibrium problem of multi-tier business-to-business DCSCN with 

upply-side risk and demand-side risk based on variational in- 

quality theory. Yu et al. (2015) propose a supply chain system 

odel with online and offline selling channels and obtain the 

CN equilibrium using the finite-dimensional variational inequal- 

ty method. Zhang et al. (2020) investigate the DCSCN problem 

ith the consideration that both manufacturers and retailers pro- 

ide services to the consumers in the demand markets and find 

hat the service levels in dual channels are positively correlated 

ith their respective transaction volumes. 

.4. Research gaps 

Table 1 compares the differences between our model and 

he existing closely related models mentioned above from three 

imensions: carbon policy, supply chain structure and abate- 

ent level decisions/green technology investment. In summary, 

he limitations of previous literature are listed in the follow- 

ng four aspects: (1) Almost all the existing literature examin- 

ng green technology investment/abatement level decision takes 

 monopoly manufacturer, a competitive duopoly market or 

yadic (dual-channel) supply chain as research objects except 

aberi et al. (2018) for a SCN. However, their research overlooks 

overnment’s carbon emission regulations and do not introduce 

nline sales channel. (2) All the literature exploring the impacts 

f government’s carbon emission regulations on a SCN does not re- 

ard the abatement level/green technology investment as the man- 

facturers’ decision variables. (3) The existing literature on DCSCN 

ot only does not consider the impacts of carbon emission regula- 

ions, but also fails to take sustainable production into account. (4) 

one of the literature considers progressive carbon tax policy in a 

CN except Yu et al. (2019) . 

. Methods 

.1. Research method 

Nash equilibrium theory is one of the most important scien- 

ific advances in the 20th century ( Nash, 1950 ), which has also 

ad a huge impact on supply chain management field for many 

ears ( Nagurney et al., 2002 ). For a complex SCN with manufac- 

urer layer, retailer layer and demand market layer, in ideal con- 

itions, in each layer all the mutual competitive members form 

ash equilibrium state in the process of production and transac- 

ion, which can be referred as SCN equilibrium ( Nagurney et al., 

002 ). Due to the complexity of SCN, it is a challenging work to 

erive the SCN equilibrium states. Several scholars have focused 

n this issue, and currently one of the mainstream methods is to 

ransform the profit maximization problem into a variational in- 

quality problem ( Nagurney et al., 2002 ). In particular, based on 

ariational inequality theory, we can obtain the optimal condition 

n each layer respectively, and then variational inequalities in all 

he layers are added up to derive Nash equilibrium condition for 

he whole SCN. 

Variational inequality is the extension and development of the 

lassical variational problem, which is widely used in economic 

eld, operations management problems and urban traffic network 

odeling. There are several algorithms for solving variational in- 

quality problem, among which the modified projection algorithm 



G. Zhang, P. Cheng, H. Sun et al. Sustainable Production and Consumption 27 (2021) 1077–1092 

Table 1 

Comparisons between the established model and the previous closely relative models. 

Author Carbon Policy Supply chain structure Abatement level/ Green 

technology investment 

dual-channel network 

Krass et al. (2013) flat carbon emission tax 
√ 

Subramanian et al. (2007) ; 

Gong and Zhou (2013) ; 

Xu et al. (2017) 

cap-and-trade 
√ 

Ren et al. (2015) Mandatory carbon emission constraint 
√ 

Liu et al. (2012) 
√ 

Wang et al. (2016) Mandatory carbon emission 

constraint, flat carbon emission tax 

√ 

Yang et al. (2017) , 

Yang and Chen (2018) 

flat carbon emission tax 
√ 

Yu and Cao (2019) cap-and-trade 
√ 

Peng et al. (2020) 
√ 

Ji et al. (2017) , 

Zhou and Ye (2018) 

√ √ 

Xu et al. (2018) cap-and-trade 
√ √ 

Zhang et al, (2020) 
√ √ 

Nagurney et al. (2005) , 

Yu et al. (2015) 

√ √ 

Tao et al. (2015) Mandatory carbon emission constraint 
√ 

Nagurney et al. (2015) flat carbon emission tax 
√ 

Allevi et al. (2018) flat carbon emission tax, 

cap-and-trade 

√ √ 

Saberi et al. (2018) 
√ √ 

Yu et al. (2019) flat/progressive carbon emission taxes 
√ 

He et al., (2019) Mandatory carbon emission constraint 
√ 

Ghosh et al. (2020) cap-and-trade 
√ √ 

Ji et al. (2017) cap-and-trade 
√ √ 

Xu et al. (2018) cap-and-trade 
√ √ 

Zhang et al. (2020) 
√ √ 

This paper progressive carbon taxes 
√ √ √ 

Fig. 1. The dual-channel supply chain network structure with progressive carbon 

tax policy. 
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s a common one ( Korpelevich, 1976 ). The main idea of the algo-

ithm is as follows: for the current decision point, it moves one 

tep in the modified gradient direction based on projection opera- 

ors and gets a new feasible point, and then calculates the distance 

etween these two points. If the distance is less than the thresh- 

ld value, the new point is regarded as the equilibrium solution; 

therwise, it will implement the next iteration. 

.2. Conditional assumptions 

The DCSCN in this paper comprises M manufacturers, N retail- 

rs, and K demand markets. Its network structure is as depicted in 

ig. 1 . Specifically, we consider the manufacturers use raw mate- 
1081 
ials purchased from external suppliers to produce new products. 

he retailers wholesale the products from the manufacturers and 

hen sell them in the demand markets; simultaneously, the manu- 

acturers also directly sell the products to the consumers via on- 

ine channel. Note that the manufacturers, the retailers and the 

emand markets are located at the top tier, the middle tier and 

he bottom tier in the network, respectively. The links denote the 

roduct transactions between the members in different tiers, such 

s manufacturer o and retailer i , retailer i and demand market j, 

nd manufacturer o and demand market j. Following the classical 

tudies on SCN equilibrium problem by Nagurney and Zhao (1993) ; 

agurney et al. (2002) , we also assume the same type of mem- 

ers such as all manufacturers or all retailers compete in a non- 

ooperative Nash game. 

Moreover, the government, as the advocator of sustainable de- 

elopment, promotes the manufacturers to invest in green technol- 

gy and reduce carbon emissions by adopting progressive carbon 

ax policy. Then we propose a DCSCN equilibrium model to exam- 

ne how the government designs the progressive carbon tax policy 

nd its impacts on the network members’ equilibrium decisions, 

rofits and carbon emissions. 

Before we establish the DCSCN model, we present the following 

ssumptions. 

• Consistent with the existing research, the manufacturers pro- 

duce homogeneous/substitutable products with certain abate- 

ment levels to reduce their emissions ( Yang, et al., 2017 ; 

Yang and Chen, 2018 ). The higher product abatement level is, 

the lower carbon emissions it generates, and more investment 

is needed. In practice, energy efficiency labeling and carbon la- 

beling are normally used to reflect products’ abatement level 

( Xu et al., 2017 ). 
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• The consumers have different purchasing experiences and 

shopping habits, thus have different pref erences for the two 

marketing channels ( Chiang et al., 2003 ). Generally, it is as- 

sumed that these preferences will not change for a certain pe- 

riod. 

• Each manufacturer emits carbon dioxide in the production 

process, and the government adopts a progressive carbon 

tax mechanism for each manufacturer. Similar to Yu and 

Cao (2019) , it is assumed that the emission tax function is a 

piecewise function of his total emission. In this paper, we only 

consider the case of a two-stage carbon tax, i.e., there exists 

one cutoff value B o . If the manufacturer’s carbon total emission 

is below B o , he will incur a lower unit carbon tax t 0 ; otherwise, 

he has to pay for a higher unit carbon tax t 1 for the excess part.

• Based on related studies ( Giri et al., 2017 ; Wu et al., 2020 ), we

assume that there is a linear relationship between market de- 

mand and product price and abatement level, which can be ex- 

pressed as d 
p 
j 
(ρ p 

j 
, ρe 

j 
, α;ω) = (1 − ω) a − m 11 ρ

p 
j 

− m 21 ρ
p 
z | z � = j + 

n 1 
∑ K 

j=1 ρ
e 
j 
+ θ 1 

M 

∑ M 

o=1 αo and d e 
j 
(ρ p 

j 
, ρe 

j 
, α;ω) = ωa − m 12 ρ

e 
j 
−

m 22 ρ
e 
z | z � = j + n 2 

∑ K 
j=1 ρ

p 
j 

+ θ 1 
M 

∑ M 

o=1 αo , in which d 
p 
j 

and d e 
j 

are 

the product market demand through the offline channel and 

the online channel at demand market j, respectively. In par- 

ticular, the product demand of offline channel is not only af- 

fected by the product price in the local market and competitive 

market through offline channel, but also affected by the prod- 

uct prices of online channels; similarly, the product demand 

of online channel is not only affected by the product price in 

the local market and competitive market through online chan- 

nel, but also affected by the product prices of offline channels. 

In other words, the demand in one channel will decrease (in- 

crease) with the increase of its own channel (the other chan- 

nel)’s prices. Moreover, the demands in both channels increase 

with the product abatement level due to consumer environ- 

mental consciousness. 

• Each manufacturer makes a one-action green technology in- 

vestment to decide the product abatement level. Following 

Ji et al. (2017) ; Wang et al. (2016) , the investment cost func-

tion is a quadratic function of the abatement level for capturing 

the characteristic of diminishing margin return on this type of 

expenditure, i.e., C αo = ηo α2 
o / 2 . 

• All the cost functions in the model are convex and twice differ- 

entiable ( Nagurney et al., 2002 ; Hammond and Beullens, 2007 ). 

.3. Model formulation and solution 

This section describes the optimal behaviors of manufacturer 

ier, retailer tier, and demand market tier. The optimal conditions 

n each layer are derived by variational inequality theory, respec- 

ively, then the equilibrium condition of the whole DCSCN is ob- 

ained. Finally, the recovery method of endogenous prices is given. 

.3.1. The optimal behavior and equilibrium conditions of 

anufacturers 

According to the previous description, the manufacturer decides 

he number of products made from raw materials, the abatement 

evel of products, and the transaction amount through offline chan- 

el and online channel based on government’s progressive carbon 

ax, respectively. The products are sold to retailers and consumers 

imultaneously at different prices. The profit that the manufacturer 

seeks to maximize can be expressed as 

ax πo = 

N ∑ 

i =1 

ρ p 
oi 

q p 
oi 

+ 

K ∑ 

j=1 

ρe 
oj q 

e 
oj − f o (q r o ) − f M 

o −
N ∑ 

i =1 

c M 

oi 
1082 
−
K ∑ 

j=1 

c M 

oj − t 0 ε 
o 
0 − t 1 ε 

o 
1 − 0 . 5 ηo α

2 
o (1) 

.t. βr q 
r 
o ≥

N ∑ 

i =1 

q p 
oi 

+ 

K ∑ 

j=1 

q e oj (2) 

 

o 
0 ≤ B o (3) 

0 (1 − αo ) 

( 

N ∑ 

i =1 

q p 
oi 

+ 

K ∑ 

j=1 

q e oj 

) 

≤ ε o 1 + ε o 0 (4) 

The revenue of manufacturer o comprises product sales rev- 

nue 
∑ N 

i =1 ρ
p 
oi 

q 
p 
oi 

+ 

∑ K 
j=1 ρ

e 
oj 

q e 
oj 

through two channels, while the 

osts comprise raw material procurement cost f m 

(q r o ) , production 

ost f M 

o , transaction costs 
∑ N 

i =1 c 
M 

oi 
+ 

∑ K 
j=1 c 

M 

oj 
, carbon taxes t 0 ε 

o 
0 

nd t 1 ε 
o 
1 
, and the green technology investment cost ηo α2 

o / 2 . Then 

q. (1) results from the difference between the sum of revenue and 

osts listed above. Eq. (2) can be called flow balance constraint. 

q. (3) illustrates the relation of the carbon emission with lower 

arbon tax and the cutoff value. Eq. (4) can be called carbon emis- 

ion balance constraint. All of the decision variables of the manu- 

acturers are non-negative. 

We assume λ1 
o , λ

2 
o and λ3 

o are the Lagrange multiplier of con- 

traint (2), constraint (3) and constraint (4) respectively, and λ1 ∈ 

 

M + , λ2 ∈ R M + and λ3 ∈ R M are column vectors with the elements 

f manufacturers’ Lagrange multipliers λ1 
o , λ

2 
o and λ3 

o respectively. 

ince the manufacturers compete in a Nash non-cooperative fash- 

on, then the optimal conditions of all manufacturers can be 

escribed as the following variational inequalities: determining 

 q r∗, Q 

1 ∗, Q 

2 ∗, α∗, ε ∗
0 
, ε ∗

1 
, λ1 ∗, λ2 ∗, λ3 ∗) ∈ �M , such that 

M 

 

o=1 

[
∂ f M∗

o 

∂q r o 
+ 

∂ f o (q r∗o ) 

∂q r o 
− βr λ

1 ∗
o 

]
× [ q r o − q r∗o ] 

+ 

M ∑ 

o=1 

N ∑ 

i =1 

[
∂c M ∗

oi 

∂q p 
oi 

+ λ1 ∗
o − ρ p∗

oi 
+ λ3 ∗

o β0 (1 − α∗
o ) 

]
×

[
q p 

oi 
− q p∗

oi 

]
+ 

M ∑ 

o=1 

K ∑ 

j=1 

[
∂c M ∗

oj 

∂q e 
oj 

+ λ1 ∗
o − ρe ∗

oj + λ3 ∗
o β0 (1 − α∗

o ) 

]
×

[
q e oj − q e ∗oj 

]
+ 

M ∑ 

o=1 

[ 

∂ f M ∗
o 

∂ αo 
+ ηo α

∗
o − λ3 ∗

o β0 

( 

N ∑ 

i =1 

q p∗
oi 

+ 

K ∑ 

j=1 

q e ∗oj 

) ] 

× [ αo − α∗
o ]

+ 

M ∑ 

o=1 

[
t 0 + λ2 ∗

o − λ3 ∗
o 

]
×

[
ε 0 o − ε 0 ∗o 

]
+ 

M ∑ 

o=1 

[
t 1 − λ3 ∗

o 

]
×

[
ε 1 o − ε 1 ∗o 

]
+ 

M ∑ 

o=1 

[ 

βr q 
r∗
o −

N ∑ 

i =1 

q p ∗
oi 

−
K ∑ 

j=1 

q e ∗oj 

] 

×
[
λ1 

o − λ1 ∗
o 

]
+ 

M ∑ 

o=1 

[
B o − ε 0 o 

]
×

[
λ2 

o − λ2 ∗
o 

]
+ 

M ∑ 

o=1 

[ 

ε 0 o + ε 1 ∗o − β0 (1 − α∗
o ) 

( 

N ∑ 

i =1 

q p∗
oi 

+ 

K ∑ 

j=1 

q e ∗oj 

) ] 

×
[
λ3 

o − λ3 ∗
o 

]
≥ 0 

(5) 

∀ ( q 

r , Q 

1 , Q 

2 , α, ε 0 , ε 1 , λ
1 , λ2 , λ3 ) ∈ �M , where �M 

= R 

M + M N+ M K+5 M 

+ × R 

M 
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∀ ( Q , Q , ρ , ρ ) ∈ � , where � = R 
According to the equivalence relation of the complementary 

roblem and variational inequality, from the 2 nd and 3 rd term of 

q. (5) , we can know that ρ p∗
oi 

= 

∂c M 
oi 

∂q 
p 
oi 

+ λ1 ∗
o + λ3 ∗

o β0 (1 − α∗
o ) and 

e ∗
oj 

= 

∂c M 
oj 

∂q 
p 
oj 

+ λ1 ∗
o + λ3 ∗

o β0 (1 − α∗
o ) in the equilibrium state of man- 

facturers. We can find ρ p∗
oi 

and ρe ∗
oj 

decrease in α∗
o , which seems 

aradoxical and counterintuitive. The reason can be explained as 

ollows: from the 4 th term of Eq. (5) , when α∗
o > 0 , we have

∗
o = 

1 
ηo 

( λ3 ∗
o β0 ( 

∑ N 
i =1 q 

p∗
oi 

+ 

∑ K 
j=1 q 

e ∗
oj 

) − ∂ f M ∗o 
∂ αo 

) . Since λ3 ∗
o ≥ 0 , β0 and 

o are constant, α∗
o and 

∑ N 
i =1 q 

p∗
oi 

+ 

∑ K 
j=1 q 

e ∗
oj 

are of positive correla- 

ion. According to the demand function, the transaction price and 

mount are negatively correlated. Therefore, ρ p∗
oi 

and α∗
o have a 

egative correlation, which means when α∗
o increases, the demand 

ill increase, and then the price will decrease. 

According to the 8 th term of Eq. (5) , B o = ε o∗
0 

when λ2 ∗
o > 0 ;

ccording to 6 th term of Eq.(5), t 1 = λ3 ∗
o when ε 1 ∗o > 0 ; according 

o 5 th term of Eq. (5) , t 0 + λ2 ∗
o = λ3 ∗

o when ε 0 ∗o > 0 . Therefore, if

 0 + λ2 ∗
o = λ3 ∗

o holds, as long as the increment of t 0 is equal to the 

ecrement of λ2 ∗
o , the change of t 0 does not affect the equilibrium 

tate (It is clear that the value of the Lagrange multiplier λ2 ∗
o does 

ot influence the decision variables when λ2 ∗
o > 0 satisfies). 

.3.2. The optimal behaviors and equilibrium conditions of retailers 

In the offline channel, the retailers decide the number of prod- 

cts purchased from each manufacturer, and the amount sold to 

onsumers in the demand markets. The profit maximization prob- 

em of retailer i can be formulated as 

ax πi = 

K ∑ 

j=1 

ρ p 
i j 

q p 
i j 

−
M ∑ 

o=1 

ρ p 
oi 

q p 
oi 

−
K ∑ 

j=1 

c N i j − c i (6) 

.t. 

M ∑ 

o=1 

q p 
oi 

≥
K ∑ 

j=1 

q p 
ij 

(7) 

The profit of retailer i comprises four parts: product sales rev- 

nue 
∑ K 

j=1 ρ
p 
i j 

q 
p 
i j 

, purchase cost 
∑ M 

o=1 ρ
p 
oi 

q 
p 
oi 

from manufacturers, 

ransaction costs 
∑ K 

j=1 c 
N 
i j 

+ 

∑ M 

o=1 c 
N 
oi 

, and the exhibition cost in of- 

ine store c i . We assume γ 1 
i 

is the Lagrange multipliers of con- 

traint (7), while γ1 ∈ R N + is a column vector with the elements of 

ll retailers’ Lagrange multipliers. Since the retailers compete in a 

ash non-cooperative fashion, then the optimal conditions of all 

etailers can be described as the following variational inequalities: 

etermining ( Q 

1 ∗, Q 

3 ∗, γ1 ∗) ∈ �N , such that 

+ 

M ∑ 

o=1 

N ∑ 

i =1 

[
∂c ∗

i 

∂q p 
oi 

+ ρ p∗
oi 

− γ 1 ∗
i 

]
×

[
q p 

oi 
− q p∗

oi 

]

+ 

N ∑ 

i =1 

K ∑ 

j=1 

[
∂c N∗

i j 

∂q p 
i j 

− ρ p∗
i j 

+ γ 1 ∗
i 

]
×

[
q p 

i j 
− q p∗

i j 

]

+ 

N ∑ 

i =1 

[ 

M ∑ 

o=1 

q p 
oi 

−
K ∑ 

j=1 

q p 
i j 

] 

×
[
γ 1 

i − γ 1 ∗
i 

]
≥ 0 (8) 

 ( Q 

1 , Q 

3 , γ1 ) ∈ �N , where �N = R 

MN + N K+ N 
+ 

Similar as the analysis of manufacturer tier, according to the 

quivalence relationship of complementary problem and varia- 

ional inequality, in equilibrium state, from the 1 st term of Eq. (8) , 

e have γ 1 ∗
i 

= 

∂c ∗
i 

∂q 
p 
oi 

+ 

∂c N∗
oi 

∂q 
p 
oi 

+ ρ p∗
oi 

; from the 2 nd term of Eq.(8), we 

ave ρ p∗
i j 

= 

∂c N∗
i j 

∂q 
p 
i j 

+ γ 1 ∗
i 

= 

∂c N∗
i j 

∂q 
p 
i j 

+ 

∂c ∗
i 

∂q 
p 
oi 

+ 

∂c N∗
oi 

∂q 
p 
oi 

+ ρ p∗
oi 

, which means the 

ransaction price between retailer i and demand market j is re- 

ated to the price between the retailer and each manufacturer o. 
1083 
hen ρ p ∗
oi 

increases, ρ p ∗
i j 

also increase, and ρ p ∗
oi 

is a part of ρ p ∗
i j 

, 

hich implies that the transaction price of the previous stage will 

ransmit to the next stage. 

.3.3. Consumers’ optimal behaviors and equilibrium conditions in 

emand markets 

Consumers of the demand markets buy products based on the 

roduct prices offered by the manufacturers and retailers. The 

roduct prices of the two channels at demand market j should 

atisfy the following complementary relationships ( Hammond and 

eullens, 2007 ; Yu et al., 2015 ). 

e ∗
oj + c K oj (q e ∗oj ) 

{= ρe ∗
j 

, q e ∗
oj 

> 0 

≥ ρe ∗
j 

, q e ∗
oj 

= 0 

(9) 

p∗
i j 

+ c K i j (q p∗
i j 

) 

{= ρ p∗
j 

, q p∗
i j 

> 0 

≥ ρ p∗
j 

, q p∗
i j 

= 0 

(10) 

Conditions (9) state that, in equilibrium state for the online 

hannel, if the consumers at demand market j buy the product 

rom manufacturer o, then the sum of the price charged by the 

anufacturer and the transaction cost borne by the consumers will 

e no more than the price that the consumers are willing to pay. A 

imilar explanation can be given for conditions (10) in the offline 

ransaction between retailer i and demand market j. At the same 

ime, the relationship between supply and demand in the demand 

arket must be satisfied. 

 

e 
j (ρ

p∗
j 

, ρe ∗
j , α∗;ω) 

⎧ ⎪ ⎨ 

⎪ ⎩ 

= 

M ∑ 

o=1 

q e ∗
oj 

, ρe ∗
j 

> 0 

≤
M ∑ 

o=1 

q e ∗
oj 

, ρe ∗
j 

= 0 

(11) 

 

p 
j 
(ρ p∗

j 
, ρe ∗

j , α∗;ω) 

⎧ ⎪ ⎨ 

⎪ ⎩ 

= 

N ∑ 

i =1 

q p∗
i j 

, ρ p∗
j 

> 0 

≤
N ∑ 

i =1 

q p∗
i j 

, ρ p∗
j 

= 0 

(12) 

Conditions (11) imply that in the online channel, if the equi- 

ibrium price the consumers are willing to pay for the product 

t demand market j is positive, then the quantities purchased 

rom all the manufacturers in the online channel will be exactly 

qual to the demand at this demand market. A similar explanation 

an be given for conditions (12) in the offline transaction for de- 

and market j. Conditions (9)-(12) are derived based on the spatial 

rice equilibrium conditions ( Nagurney et al., 2002 ; Hammond and 

eullens, 2007 ). 

In equilibrium state, conditions (9)-(12) must hold for all the 

emand markets, then the optimal conditions of demand markets 

an be described as the following variational inequalities: deter- 

ining ( Q 

3 ∗, Q 

2 ∗, ρp∗, ρe ∗) ∈ �K , such that 

M ∑ 

o=1 

K ∑ 

j=1 

[
ρe ∗

oj + c K oj (q e ∗oj ) − ρe ∗
j 

]
×
[
q e oj − q e ∗oj 

]

+ 

N ∑ 

i =1 

K ∑ 

j=1 

[
ρ p∗

i j 
+ c K i j (q p∗

i j 
) − ρ p∗

j 

]
×

[
q p 

i j 
− q p∗

i j 

]

+ 

K ∑ 

j=1 

[ 

M ∑ 

o=1 

q e ∗oj − d e j (ρ
p∗
j 

, ρe ∗
j , α∗;ω) 

] 

×
[
ρe 

j − ρe ∗
j 

]

+ 

K ∑ 

j=1 

[ 

N ∑ 

i =1 

q p∗
i j 

− d p 
j 
(ρ p∗

j 
, ρe ∗

j , α∗;ω) 

] 

×
[
ρ p 

j 
− ρ p∗

j 

]
≥ 0 (13) 

3 2 p e K K NK + MK +2 K 

+ 
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.3.4. Equilibrium condition of the whole dual-channel supply chain 

etwork model 

It is necessary to determine the Nash equilibrium condition of 

he whole DCSCN comprised of manufacturers, retailers, and de- 

and markets. In particular, the product amount purchased by re- 

ailers and consumers in the demand markets must be equal to 

he amount of these products sold by manufacturers in two chan- 

els, respectively; similarly, the product amount purchased by con- 

umers through offline channel must be equal to the amount of 

hese products sold by retailers. Variational inequalities (5), (8), 

nd (13) describe the equilibrium conditions of manufacturers, re- 

ailers, and demand markets, respectively. Therefore, the equilib- 

ium prices and transaction amount patterns in the DCSCN must 

atisfy the sum of variational inequalities (5), (8), and (13). 

efinition 1. (Equilibrium). The equilibrium state for the DCSCN 

ith progressive carbon tax policy and product abatement level is 

hat the trading flows between different tiers coincide and satisfy 

he sum of variational inequalities (5), (8), and (13). 

We eliminate the endogenous price variables of inter-layer 

ransactions and then obtain the Nash equilibrium condition of the 

ntire DCSCN. 

heorem 1. (Variational inequalities formulation of the DCSCN 

ith progressive carbon tax policy and product abatement level). 

ccording to Definition 1 , the equilibrium state of the DCSCN 

ith progressive carbon tax policy and product abatement level is 

onsistent with the solution of the following variational inequali- 

ies: find ( q r∗, Q 

1 ∗, Q 

2 ∗, Q 

3 ∗, α∗, ε ∗0 , ε 
∗
1 , ρ

p∗, ρe ∗, λ1 ∗, λ2 ∗, λ3 ∗, γ1 ∗) ∈
, such that 

M 
 

=1 

[
∂ f M∗

o 

∂q r o 
+ 

∂ f o (q r∗o ) 

∂q r o 
− βr λ

1 ∗
o 

]
× [ q r o − q r∗o ] 

+ 

M ∑ 

o=1 

N ∑ 

i =1 

[
∂c M ∗

oi 

∂q p 
oi 

+ λ1 ∗
o + λ3 ∗

o β0 (1 − α∗
o ) + 

∂c ∗
i 

∂q p 
oi 

+ 

∂c N∗
oi 

∂q p 
oi 

− γ 1 ∗
i 

]
×
[
q p 

oi 
− q p∗

oi 

]
+ 

N ∑ 

i =1 

K ∑ 

j=1 

[
∂c N∗

i j 

∂q p 
i j 

+ γ 1 ∗
i + c K i j (q p∗

i j 
) − ρ p∗

j 

]
×

[
q p 

i j 
− q p∗

i j 

]
+ 

M ∑ 

o=1 

K ∑ 

j=1 

[
∂c M ∗

oi 

∂q e 
oj 

+ λ1 ∗
o + λ3 ∗

o β0 (1 − α∗
o ) + c K oj (q e ∗oj ) − ρe ∗

j 

]
×

[
q e oj − q e ∗oj 

]

+ 

M ∑ 

o=1 

[ 

∂ f M ∗o 

∂ αo 
+ ηo α

∗
o − λ3 ∗

o β0 

( 

N ∑ 

i =1 

q p∗
oi 

+ 

K ∑ 

j=1 

q e ∗oj 

) ] 

× [ αo − α∗
o ] 

+ 

M ∑ 

o=1 

[
t 0 + λ2 ∗

o − λ3 ∗
o 

]
×

[
ε 0 o − ε 0 ∗o 

]
+ 

M ∑ 

o=1 

[
t 1 − λ3 ∗

o 

]
×

[
ε 1 o − ε 1 ∗o 

]
+ 

N ∑ 

i =1 

[ 

N ∑ 

i =1 

q p∗
i j 

− d p 
j 
(ρ p∗

j 
, ρe ∗

j , α∗;ω) 

] 

×
[
ρ p 

j 
− ρ p∗

j 

]

+ 

K ∑ 

j=1 

[ 

M ∑ 

o=1 

q e ∗oj − d e j (ρ
p∗
j 

, ρe ∗
j , α∗;ω) 

] 

×
[
ρe 

j − ρe ∗
j 

]

+ 

M ∑ 

o=1 

[ 

βr q 
r∗
o −

N ∑ 

i =1 

q p∗
oi 

−
K ∑ 

j=1 

q e ∗oj 

] 

×
[
λ1 

o − λ1 ∗
o 

]
+ 

M ∑ 

o=1 

[
B o − ε 0 ∗o 

]
×

[
λ2 

o − λ2 ∗
o 

]
+ 

M ∑ 

o=1 

[ 

ε 0 o + ε 1 ∗o − β0 (1 − α∗
o ) 

( 

N ∑ 

i =1 

q p∗
oi 

+ 

K ∑ 

j=1 

q e ∗oj 

) ] 

×
[
λ3 

o − λ3 ∗
o 

]

+ 

N ∑ 

i =1 

[ 

M ∑ 

o=1 

q p∗
oi 

−
K ∑ 

j=1 

q p∗
i j 

] 

×
[
γ 1 

i − γ 1 ∗
i 

]
≥ 0 

(14) 

∀ ( q r , Q 

1 , Q 

2 , Q 

3 , α, ε 0 , ε 1 , ρ
p , ρe , λ1 , λ2 , λ3 , γ1 ) ∈ �, where

= �M × �N × �K , and the multiplication sign represents the 

artesian product. 
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From Eq. (14) , we can know that both decision variables 

uch as q r , Q 

1 , Q 

2 , Q 

3 , α, ε 0 , ε 1 and the corresponding Lagrange 

ultipliers λ1 , λ2 , λ3 , γ1 can be derived. Their optimal values are 

 

r∗, Q 

1 ∗, Q 

2 ∗, Q 

3 ∗, α∗, ε 0 ∗, ε 1 ∗ and λ1 ∗, λ2 ∗, λ3 ∗, γ1 ∗, respectively. 

hus, by the above steps we transform the profit maximization 

roblem with constraints and complementarity problem into a 

ariational inequality problem. The optimal decisions of variational 

nequality (14) correspond to the solutions of primary profit max- 

mization problem and complementary problem. Then we can get 

he optimal solutions by related solving algorithms. 

Proof See Nagurney et al. (2002) . �
According to the standard form (See Nagurney and Zhao, 1993 ), 

he variational inequalities can be rewritten as: find X ∗ ∈ �, such 

hat 

 

F ( X 

∗) , X 

∗ − X 〉 ≥ 0 , ∀ X ∈ � (15) 

here X ≡ ( q r , Q 

1 , Q 

2 , Q 

3 , α, ε 0 , ε 1 , ρ
p , ρe , λ1 , λ2 , λ3 , γ1 ) with

 ∈ �, and F (X ) ≡ [ F 1 (X ) , F 2 (X ) , F 3 (X ) , F 4 (X ) , F 5 (X ) , F 6 (X ) , F 7 (X ) ,

 8 (X ) , F 9 (X ) , F 10 (X ) , F 11 (X ) , F 12 (X ) , F 13 (X )] , with 

 1 (X ) = 

∂ f M∗
o 

∂q r o 
+ 

∂ f o (q r∗) 
∂q r o 

− βr λ
1 ∗
o , F 2 (X ) = 

∂c M ∗
oi 

∂q p 
oi 

+ λ1 ∗
o + λ3 ∗

o β0 (1 − α∗
o ) + 

∂c ∗
i 

∂q p 
oi 

+ 

∂c N∗
oi 

∂q p 
oi 

− γ 1 ∗
i , 

 3 (X ) = 

∂c N∗
i j 

∂q p 
i j 

+ γ 1 ∗
i + c K i j (q p∗

i j 
) − ρ p∗

j 
, F 4 (X ) = 

∂c M ∗
oi 

∂q e 
oj 

+ λ1 ∗
o + λ3 ∗

o β0 (1 − α∗
o ) + c K oj (q e ∗oj ) − ρe ∗

j , 

 5 (X ) = 

∂ f M ∗
o 

∂ αo 
+ ηo α

∗
o − λ3 ∗

o β0 

( 

N ∑ 

i =1 

q p∗
oi 

+ 

K ∑ 

j=1 

q e ∗oj 

) 

, 

F 6 (X ) = t 0 + λ2 ∗
o − λ3 ∗

o , F 7 (X ) = t 1 − λ3 ∗
o , 

 8 (X ) = 

[ 

N ∑ 

i =1 

q p∗
i j 

− d p 
j 
(ρ p∗

j 
, ρe ∗

j , α∗;ω) 

] 

, 

F 9 (X ) = 

M ∑ 

o=1 

q e ∗oj − d e j (ρ
p∗
j 

, ρe ∗
j , α∗;ω) , 

F 10 (X ) = βr q 
r∗
o −

N ∑ 

i =1 

q p∗
oi 

−
K ∑ 

j=1 

q e ∗oj , F 11 (X ) = B o − ε 0 ∗o , 

F 12 (X ) = ε 0 ∗o + ε 1 ∗o − β0 (1 − α∗
o ) 

( 

N ∑ 

i =1 

q p∗
oi 

+ 

K ∑ 

j=1 

q e ∗oj 

) 

, 

F 13 (X ) = 

M ∑ 

o=1 

q p∗
oi 

−
K ∑ 

j=1 

q p∗
i j 

The qualitative properties are given in the Appendix at the end 

f this paper. 

.3.5. Transaction price 

The transaction prices including ρ p 
oi 

, ρe 
oj 

and ρ p 
i j 

are endogenous 

ariables decided by cost functions (mainly the transaction costs). 

According to the 2 nd term and 3 rd term of Eq. (5) , when the

ransactions of manufacturer tier reach equilibrium, ρe 
oj 

and ρe 
oj 

an be retrieved by the following equations. 

p∗
oi 

= 

∂c M ∗
oi 

∂q p 
+ λ1 ∗

o + λ3 ∗
o β0 (1 − α∗

o ) (16) 

oi 
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Table 2 

The parameter values in numerical 

experiments. 

parameter value 

βr 0.95 

ηo 1.5 

a 200 

β0 0.4 

ω 0.25 

ρ

 

l

ρ

t

a

a  

λ

q  

t

ρ
o

4

p

t

i

l

a

S

s

t

c

T

m

t  

m  

v

e

w

a

r

H

o  

1

 

 

, 

Table 3 

The impacts of t 1 on the dual-channel supply chain network equilibrium. 

Variables t 1 = 0 . 5 t 1 = 0 . 7 t 1 = 0 . 9 t 1 = 1 . 1 t 1 = 1 . 3 t 1 = 1 . 5 

q r∗o c̄ K 
oj 

5.424 5.419 5.432 5.45 5.452 5.452 

c K 
oj 

5.46 5.456 5.469 5.487 5.49 5.49 

q p∗
oi 

, q p∗
i j 

c̄ K 
oj 

2.171 2.17 2.168 2.165 2.165 2.165 

c K 
oj 

2.137 2.135 2.132 2.13 2.13 2.13 

q e ∗
oj 

c̄ K 
oj 

0.405 0.404 0.413 0.423 0.425 0.425 

c K 
oj 

0.457 0.456 0.465 0.476 0.478 0.478 

α∗
o c̄ K 

oj 
0 0.031 0.304 0.578 0.614 0.614 

c K 
oj 

0 0.025 0.3 0.576 0.617 0.617 

ε o∗
0 c̄ K 

oj 
0.648 0.8 0.8 0.8 0.8 0.8 

c K 
oj 

0.646 0.8 0.8 0.8 0.8 0.8 

ε o ∗1 c̄ K 
oj 

1.413 1.195 0.637 0.074 0 0 

c K 
oj 

1.429 1.221 0.655 0.085 0 0 

ε o∗
0 + 

ε o ∗1 

c̄ K 
oj 

2.061 1.995 1.437 0.874 0.8 0.8 

c K 
oj 

2.075 2.021 1.455 0.885 0.8 0.8 

ρ p∗
oi 

c̄ K 
oj 

64.412 64.44 64.606 64.767 64.788 64.788 

c K 
oj 

64.604 64.628 64.798 64.963 64.987 64.987 

ρe ∗
oj 

c̄ K 
oj 

57.751 57.782 58.003 58.222 58.250 58.250 

c K 
oj 

58.339 58.365 58.595 58.824 58.857 58.857 

ρ p∗
i j 

c̄ K 
oj 

75.098 75.119 75.274 75.428 75.448 75.448 

c K 
oj 

75.152 75.169 75.327 75.483 75.506 75.506 

πo c̄ K 
oj 

131.602 131.522 132.168 132.885 132.984 132.984 

c K 
oj 

132.746 132.646 133.32 134.068 134.185 134.185 

πi c̄ K 
oj 

18.859 18.829 18.785 18.755 18.752 18.752 

c K 
oj 

18.266 18.238 18.186 18.148 18.143 18.143 

Total 

profit 

c̄ K 
oj 

150.461 150.352 150.953 151.64 151.736 151.736 

c K 
oj 

151.012 150.885 151.506 152.216 152.328 152.328 

d  

d

f

t

c

h

a  

s

c

r

a

S

4

a  

r

r

t

g

t

t

s

u

e

t  

a

0  

s

i  
e ∗
oj = 

∂c M ∗
oj 

∂q e 
oj 

+ λ1 ∗
o + λ3 ∗

o β0 (1 − α∗
o ) (17) 

At the same time, according to the 2 nd term of Eq. (8) , in equi-

ibrium state of retailer tier, ρ p∗
i j 

can be retrieved as: 

p∗
i j 

= 

∂c N∗
i j 

∂q p 
i j 

+ γ 1 ∗
i (18) 

Thus, by the above steps, the endogenous prices can be ob- 

ained by using the equivalence between complementary problem 

nd variational inequality. Specifically, Eq. (16) can be explained 

s follows: according to the 2 nd term of Eq. (5) , q 
p∗
oi 

and 

∂c M ∗
oi 

∂q 
p 
oi 

+
1 ∗
o − ρ p∗

oi 
+ λ3 ∗

o β0 (1 − α∗
o ) form complementary relation. Thus, if 

 

p∗
oi 

> 0 , then 

∂c M ∗
oi 

∂q 
p 
oi 

+ λ1 ∗
o − ρ p∗

oi 
+ λ3 ∗

o β0 (1 − α∗
o ) = 0 , which means

he transaction occurs; in contrast, if q 
p∗
oi 

= 0 , then 

∂c M ∗
oi 

∂q 
p 
oi 

+ λ1 ∗
o −

p∗
oi 

+ λ3 ∗
o β0 (1 − α∗

o ) > 0 , which implies the transaction does not 

ccur. Eqs. (17) and (18) can be explained in the same way. 

. Results and discussions 

The model in this paper belongs to the nonlinear optimization 

roblem with the feasible region of convex sets, and we describe 

he conditions of this optimization problem by variational inequal- 

ty (15). Since the common methods are not able to solve the prob- 

em of a variational inequality, we choose the modified projection 

lgorithm to obtain the approximate solutions. As mentioned in 

ection 3.1 , the modified projection algorithm program is designed 

imply with fixed steps, modified gradient direction and can simul- 

aneously obtain the decision variables and Lagrange multipliers 

orresponding to the constraints ( Korpelevich, 1976 ; Nagurney and 

oyasaki, 2005 ; Hammond and Beullens, 2007 ). 

Similar as the study of Hammond and Beullens (2007) , the nu- 

erical experiments in this paper are based on a DCSCN including 

wo manufacturers ( M = 2 ), two retailers ( N = 2 ) and two demand

arkets ( K = 2 ), and the data of the parameters described in pre-

ious sections are given in Table 2 . 

There are 32 decision variables (including Lagrange multipli- 

rs) in our model. The algorithm is implemented in Matlab, in 

hich the iteration step is set to be 0.01, and both the initial error 

nd the values of decision vectors are equal to 1. The stop crite- 

ion of iteration is 10 −8 . Similar to Nagurney and Toyasaki. (2005) ; 

ammond and Beullens (2007) , the transaction cost functions, and 

ther functions are listed as follows for i = 1 , 2 ; o = 1 , 2 and j =
 , 2 . 

f o (q r o ) = 2 (q r o ) 
2 + q r o + 1 , f M 

o = f M 

o ( αo , βr , q 

r ) = 2 ( βr q 
r 
o ) 

2 

+ (1 + 0 . 05 αo ) βr q 
r 
o q 

r 
3 −o + 2 q r o , 

c M 

oi = 2 (q p 
oi 
) 2 + 3 . 5 q p 

oi 
, c M 

oj = 2 . 5 (q e oj ) 
2 + 3 . 5 q e oj , c N i j = (q p 

i j 
) 2 +2 q p

i j

c K i j = q p 
i j 

+ 0 . 5 , c i = 0 . 5 (q p 
1 i 

+ q p 
2 i 
) 2 , 
1085 
 

p 
j 
= (1 − ω) a − 1 . 3 ρ p 

j 
− 0 . 8 ρ p 

3 − j 
+ 0 . 15 ( ρe 

1 + ρe 
2 ) + 0 . 4 5( α1 + α2 ) ,

 

e 
j = ωa − 0 . 8 ρe 

j − 0 . 3 ρe 
3 − j + 0 . 1 

(
ρ p 

1 
+ ρ p 

2 

)
+ 0 . 45( α1 + α2 ) . 

Moreover, because the consumers may need to pay the freight 

ee for delivery when they purchase products in online channel, for 

he transaction cost c K 
oj 

borne by the consumers, we consider two 

ases: if the freight fee is relatively expensive (cheap), c K 
oj 

may be 

igher (lower) than c K 
i j 

in the retail channel. In the following ex- 

mples we set c̄ K 
oj 

= 1 . 5 q e 
oj 

+ 0 . 5 and c K 
oj 

= 0 . 5 q e 
oj 

+ 0 . 2 for the con-

umers’ high transaction cost and low transaction cost in online 

hannel, respectively. 

Two-stage progressive carbon tax policy comprises three pa- 

ameters: the high-level carbon tax t 1 , the low-level carbon tax t 0 
nd the cutoff value B o . We will investigate their impacts on DC- 

CN equilibrium subsequently. 

.1. Numerical Example 1 

In Numerical Example 1, we assume the parameters t 0 = 0 . 5 

nd B o = 0 . 8 , and then analyze the impact of t 1 on the equilib-

ium states of the DCSCN. Let t 1 increase with the step of 0.2. The 

esults of the main decision variables and profits of the manufac- 

urer o and retailer i are shown in Table 3 . 

Table 3 shows that, for both c̄ K 
oj 

and c̄ K 
oj 

, in the process of t 1 

rowing, the decision variables of production quantity and online 

ransaction volume q r∗o , q 
e ∗
oj 

, the manufacturer’s profit and the to- 

al profit of the DCSCN decline at the beginning, then increase 

teadily, in the end, stay the same. The offline transaction vol- 

me q 
p∗
oi 

and the retailer’s profit decrease monotonically. As for the 

nvironmental performance, the abatement level α∗
o is zero when 

 0 = t 1 = 0 . 5 in a flat carbon tax case, and then becomes positive

nd increases rapidly from 0.0311 to 0.6139 as t 1 increases from 

.7 to 1.3; when t 1 > 1 . 3 , α∗
o keeps stable. The carbon emission

hows a decreasing trend in the process of carbon tax t 1 increas- 

ng. Specifically, in the flat carbon tax case t 0 = t 1 = 0 . 5 , the total
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mission ε o∗
0 

+ ε o ∗
1 

is the most and exceeds the cutoff value B o by 

 wide margin. With t 1 increasing further, ε o∗
1 

decreases gradually 

ill zero, so the total carbon emission also decreases. At the points 

 1 = 1 . 3 and t 1 = 1 . 5 , the total emission is exactly equal to B o with

ll the other variables and profits keeping constant. 

The above changing tendencies of decision variables can be ex- 

lained as follows: provided that the cut-off value B o is given, 

hen the high-level tax t 1 is relatively low ( t 1 ∈ [ 0 . 5 , 0 . 7 ] ), the 

anufacturer has little motivation to invest in green technology 

wing to relatively lower tax burden. He responses to progressive 

arbon tax policy by decreasing the total production quantity and 

ransaction volumes in both channels, but still emits much more 

arbon footprints than the cut-off value. As t 1 increases step by 

tep ( t 1 ≥ 0 . 9 ), the manufacturer is forced to control the carbon 

mission to avoid heavy tax burden. Specifically, he may have to 

dopt at least one of the following two strategies to make the car- 

on emissions no more than B o or at least close to B o : one is to

urther cut down the total production/transaction volume and the 

ther is to raise the product abatement level by investing in green 

echnology. Due to the fact that the former strategy will lead to 

 marked drop in sales revenue, especially when t 1 is relatively 

igher, the manufacturer prefers to take the latter strategy, i.e., 

mproves the product abatement level significantly and increases 

he total production/transaction volume moderately (recall that the 

arket demands in dual channels are increasing in the abatement 

evel due to consumer environmental consciousness) to partly off- 

et the increased expenses of green technology investment. In this 

ay the carbon emissions can be reduced steadily. For more anal- 

sis, the manufacturer could raise total transaction volume via the 

wo channels in the DCSCN. Although he gives priority to increas- 

ng the offline transaction volume rather than the online counter- 

art because of lower transaction cost in offline channel ( c M 

oi 
(q 

p 
oi 
) <

 

M 

oj 
(q e 

oj 
) ) and the retailer certainly hopes the manufacturer to do so, 

t decreases instead while the transaction volume in online chan- 

el increases. It can be attributed to the characteristics of the two 

ales channels and Nash equilibrium in the DCSCN as well. In the 

ffline channel, the manufacturer and the retailer mutually inter- 

ct and their decisions influence each other, besides that, it is the 

etailer who transacts with the consumers in the demand markets 

or the products. By contrast, in the online channel, there is no re- 

ailer and the manufacturer can sell the products directly in the 

emand markets. So it is more flexible for the manufacturer to ad- 

ust transaction volume decisions in online channel than in offline 

hannel. Then given that the competition relation between the two 

hannels, the increase of transaction volume in the online chan- 

el leads to a slightly decrease of transaction volume in the offline 

hannel. Since t 1 exceeds a certain threshold (between 1.1 and 1.3 

n this example), it will be uneconomical for the manufacturer to 

mit any more carbon footprint than B o due to high carbon tax. In 

ther words, he will adjust the production quantity and the abate- 

ent level spontaneously to ensure that the carbon emission is ex- 

ctly equal to B o and then keep them unchanged even if t 1 contin- 

es to increase. 

The numerical results also reveal that a relatively lower high- 

evel carbon tax ( t 1 ∈ [ 0 . 5 , 0 . 7 ] in Numerical Example 1) not only 

ails to make the manufacturer reduce the carbon emission and 

mprove environmental performance obviously, but also damages 

he economic benefits of the manufacturer, the retailer and the 

hole DCSCN. Specifically, in this example the worst case comes 

or the manufacturer, the retailer and the whole DCSCN at t 1 = 0 . 7 ,

nd compared to the case t 1 = 0 . 5 , the carbon emission reduction

s very limited. In contrast, when t 1 increases to a reasonable re- 

ion ( t 1 ∈ [ 0 . 9 , 1 . 3 ] ), it can not only induce the manufacturer to 

aise the abatement level and then reduce carbon emission, but 

lso realize the significant improvement of his own economic ben- 

fit. Although it still has a negative impact on the retailer due to 
1086 
he decrease of the transaction volume in the offline channel, for- 

unately, the total DCSCN profit also improves with t 1 increasing. 

n other words, a reasonable high-level carbon tax can make the 

hole DCSCN reach a better equilibrium state. The phenomenon 

iffers from the related conclusions in the cases of monopoly, 

uopoly, and dyadic supply chain, which can be explained by the 

haracteristic of Nash equilibrium in a dual-channel supply chain 

ith network structure. So, an increased profit-sharing mecha- 

ism could be effectively utilized to achieve win-win situation be- 

ween the manufacturer and the retailer. When t 1 goes beyond the 

easonable region, as mentioned above, all the decision variables 

aintain constant, so the profits of the manufacturer, the retailer 

nd the whole DCSCN also remain the same. 

Based on the above discussion, we can draw the conclusion that 

he government should choose a reasonable (median) high-level 

arbon tax in the progressive carbon tax mechanism. Too low high- 

evel carbon tax makes both the environmental performance and 

conomic benefits of the manufacturer, the retailer and the whole 

CSCN unsatisfactory, while too high high-level carbon tax is un- 

ecessary and worthless. In this example, the government may set 

he high-level carbon tax t 1 = 1 . 3 , at this point, the carbon emis-

ion is the minimum and the manufacturer’s profit and the total 

CSCN profit arrive at the maximum. 

Comparisons between the equilibrium states with c̄ K 
oj 

and c K 
oj 

how that lower online transaction cost will attract more con- 

umers to purchase products via e-commerce, and then induce the 

anufacturer to raise the online transaction volume and total pro- 

uction quantity, while reduce the transaction volume in offline 

hannel. The boost of online channel for the case c K 
oj 

will certainly 

arm the retailer, but enhance the manufacturer’s profit instead 

ue to higher transaction prices and higher total transaction vol- 

mes. The total profit of DCSCN also improves. Compared to the 

ase c̄ K 
oj 

, the product abatement level and the carbon emission in 

he case of c K 
oj 

is lower and higher, respectively. The reason lies in 

hat since the manufacturer can earn more sales revenue for the 

ase c K 
oj 

, he does not mind paying the government more tax for 

igher carbon emission. 

.2. Numerical Example 2 

We set the parameters t 1 = 1 . 1 and B o = 0 . 8 , and then examine

he influence of t 0 on the DCSCN equilibrium states. Let t 0 increase 

ith the step of 0.2. The results of the main variables and profits 

f manufacturer o and retailer i are given in Table 4 . 

From Table 4 we can find that all the variables, carbon emis- 

ions and the retailer’s profit maintain constant values as t 0 in- 

reases from 0 to 1. The manufacturer’s profit and the total DC- 

CN profit uniformly decrease by 0 . 2 × B 0 = 0 . 2 × 0 . 8 = 0 . 16 re-

pectively when t 0 increases by 0.2. In other words, no matter how 

he government varies the low-level carbon tax t 0 , it has no ef- 

ect on the manufacturer’s abatement level decision and produc- 

ion scheme at all. The result can be explained as follows: based on 

he analysis in Section 3.3 , 1 , when B o = ε o∗
0 

, the change of t 0 does

ot affect the equilibrium state. For the cost function forms and 

he parameter values in this example, because the cut-off value 

 o = 0 . 8 is below the carbon emission under regular production 

cheme (flat carbon emission tax case), it is impossible for the 

anufacturer to emit less carbon footprints than B o , and then ε o∗
0 

ust be equal to B o . On the contrary, if B o is set to be higher than

he carbon emission under regular production scheme, the pro- 

ressive carbon tax mechanism and its low-level carbon tax will 

lso become invalid. 

The finding is very different from that without green tech- 

ology investment decision under oligopolistic competition in 

u et al. (2019) . Their results show that the relatively lower emis- 
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Table 4 

The impacts of t 0 on the dual-channel supply chain network equilibrium. 

Variables t 0 = 0 . 0 t 0 = 0 . 2 t 0 = 0 . 4 t 0 = 0 . 6 t 0 = 0 . 8 t 0 = 1 . 0 

q r∗o c̄ K 
oj 

5.45 5.45 5.45 5.45 5.45 5.45 

c K 
oj 

5.487 5.487 5.487 5.487 5.487 5.487 

q p∗
oi 

, q p∗
i j 

c̄ K 
oj 

2.165 2.165 2.165 2.165 2.165 2.165 

c K 
oj 

2.13 2.13 2.13 2.13 2.13 2.13 

q e ∗
oj 

c̄ K 
oj 

0.423 0.423 0.423 0.423 0.423 0.423 

c K 
oj 

0.476 0.476 0.476 0.476 0.476 0.476 

α∗
o c̄ K 

oj 
0.578 0.578 0.578 0.578 0.578 0.578 

c K 
oj 

0.576 0.576 0.576 0.576 0.576 0.576 

ε o∗
0 c̄ K 

oj 
0.8 0.8 0.8 0.8 0.8 0.8 

c K 
oj 

0.8 0.8 0.8 0.8 0.8 0.8 

ε o ∗1 c̄ K 
oj 

0.074 0.074 0.074 0.074 0.074 0.074 

c K 
oj 

0.085 0.085 0.085 0.085 0.085 0.085 

ε o∗
0 + 

ε o ∗1 

c̄ K 
oj 

0.874 0.874 0.874 0.874 0.874 0.874 

c K 
oj 

0.885 0.885 0.885 0.885 0.885 0.885 

πo c̄ K 
oj 

133.285 133.125 132.965 132.805 132.645 132.485 

c K 
oj 

134.468 134.308 134.148 133.988 133.828 133.668 

πi c̄ K 
oj 

18.755 18.755 18.755 18.755 18.755 18.755 

c K 
oj 

18.148 18.148 18.148 18.148 18.148 18.148 

Total 

profit 

c̄ K 
oj 

152.04 151.88 151.72 151.56 151.4 151.24 

c K 
oj 

152.616 152.456 152.296 152.136 151.976 151.816 
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ion tax rates of the low tax brackets can motivate the manufactur- 

rs to decrease the production quantity and reduce the total car- 

on footprints. Thus, the discrepancies in terms of manufacturer’s 

reen behavior, network structure, competition pattern may jointly 

ead to the different effects of the low-level carbon tax in the pro- 

ressive carbon emission policy. 

.3. Numerical Example 3 

In Numerical Example 3 we set t 1 = 1 . 1 , t 0 = 0 . 5 , and then dis-

uss B o on the equilibrium states of the DCSCN. Let B o increase 

ith the interval of 0.2. We also add the key column B o = 0 . 9 to

resent the changing trends of decision variables and profits more 

learly. The computational results are shown in Table 5 . 

For both c̄ K 
oj 

and c K 
oj 

, in the left two columns of Table 5 ( B o =
 . 6 and B o = 0 . 8 ), the total carbon emission is higher than B o , and

ll the price variables and transaction volumes remain the same. 

he manufacturer’s profit becomes larger due to the decrease of 

arbon tax paid to the government. Specifically, when B o increases 

rom 0.6 to 0.8, the carbon tax that the manufacturer can reduce 

s 0 . 2 × ( t 1 − t 0 ) = 0 . 2 × (1 . 1 − 0 . 5) = 0 . 12 , and the revenue com-

ng from product transactions does not change. Thus, the manu- 

acturer’s profit at B o = 0 . 8 is 0.12 higher than that at B o = 0 . 6 . The

etailer’s profit remains the same due to the unchanged transaction 

olume in offline channel. The right five columns ( B o ≥ 0 . 9 ) ap-

ear differently from the left two columns, where the carbon emis- 

ion is exactly equal to B o . The manufacturer will gradually reduce 

he amount of raw materials used in production q r∗o , the trans- 

ction amount in online channel q e ∗
oj 

and the product abatement 

evel α∗
o , but increase the transaction amount in offline channel 

 

p∗
oi 

(q 
p∗
i j 

) slightly. The maximum profits of both the manufacturer 

nd the total channel profit appear at B o = 0 . 9 . As B o increases

urther, these two profits decrease step by step; on the contrary, 

he retailer’s profit improves due to the increase of the transaction 

mount. 

The above results reveal that when the cut-off value B o is very 

ow ( B o = 0 . 6 and B o = 0 . 8 in this example), it will be uneconomical

or the manufacturer to reduce the carbon emission to no more 

han B o by the two strategies presented in Numerical Example 1, 

ven if they contribute to reducing the tax liabilities. In particular, 

he first strategy of cutting down the total production quantities 

nd transaction volumes will lead to a sharp drop-off of his sales 
1087 
evenue, while the second strategy of raising the product abate- 

ent level will increase his production cost dramatically from the 

urrent levels 0.578 and 0.576 owing to the characteristic of the di- 

inishing margin return of the abatement investment function. As 

 matter of fact, when B o = 0 . 6 and B o = 0 . 8 , the carbon emissions

ave been greatly reduced from 2.061 and 2.075 under a flat car- 

on tax rate to 0.874 and 0.885 under progressive carbon tax for 

he two cases c̄ K 
oj 

and c K 
oj 

respectively. 

When B o continues to increase, the tax policy becomes milder 

nd milder, i.e., the manufacturer is eligible to emit more carbon 

ootprints at a low-level carbon tax t 0 . Once B 0 increases to the 

evel ( B o = 0 . 9 in this example) that allows the manufacturer to 

each an acceptable production/transaction volume and sales rev- 

nue, he will adjust his production scheme and the abatement 

evel to ensure that the carbon emission is exactly equal to B o 
nd avoid paying more tax. After this, as B 0 increase further, the 

anufacturer will decrease the production quantity slightly, reduce 

he abatement level significantly and still keep the carbon emis- 

ion equal to B 0 . The result seems counter-intuitive. One may think 

hat a higher cut-off value B 0 allows the manufacturer to raise pro- 

uction and then certainly increases his sales revenue. But in our 

odel, since the carbon emission is jointly determined by the pro- 

uction quantity and abatement level, there is a coupling relation- 

hip between these two decision variables. Thus, in the process of 

 0 increasing, by weighing pros and cons, reducing the abatement 

evel substantially to save the green technology investment expen- 

iture to a large extent is a more profitable strategy for the man- 

facturer than increasing both production/transaction volume and 

he abatement level. Then according to the monotone increasing 

elation between the market demands and abatement level, the 

otal market demand and the manufacturer’s production quantity 

lso decrease a little. In addition, as mentioned before, due to the 

utual restriction between the manufacturer and the retailer in 

he offline channel, it is not easy for the manufacturer to adjust the 

ransaction volume by a wide margin in this channel. Thus, he de- 

reases the transaction volume dramatically in the online channel, 

ut increases the transaction volume in the offline channel a little 

nstead due to the competition relation between the two channels. 

owever, this strategy of the manufacturer is against the govern- 

ent’s goals of boosting the economic activities and realizing low- 

arbon development in the DCSCN. 

Based on the above analysis, the government should carefully 

et the cut-off value in progressive carbon tax mechanism with 

he consideration of the manufacturer’s production quantity, prod- 

ct abatement level and the corresponding carbon emission un- 

er the flat carbon tax policy. Neither too high nor too low cut- 

ff value will be effective to encourage the manufacturer to raise 

he abatement level and reduce carbon emission. Too low cut-off

alue cannot restrict the manufacturer to emitting the carbon foot- 

rints no more than it, while too high cut-off value not only leads 

o lower product abatement level, but also results in the shrinkage 

f the economic activities in the DCSCN. Therefore, the government 

hould choose a reasonable (median) cut-off value. In particular, it 

ould be set at the point that ε o∗
1 

is just equal to zero (it is be-

ween 0.8 and 0.9 for both c̄ K 
oj 

and c K 
oj 

in this example). Under this 

ircumstance, the economy benefits of the manufacturer and the 

hole DCSCN can be maximized simultaneously, besides that, the 

arbon emission is well controlled. 

Table 5 also shows how the consumers’ online transaction cost 

nfluences the DCSCN with the increase of B o . By comparing the 

quilibrium states with c̄ K 
oj 

and c K 
oj 

under different B o , we can ob- 

ain similar results as those in numerical example 1 except the 

batement level α∗
o . Particularly, in the left two columns where 

he carbon emission is higher than B o ( ε o∗
1 

> 0 ), α∗
o for the case c̄ K 

oj 

s higher than that for the case c K 
oj 

; but in the right five columns 
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Table 5 

The impacts of B o on the dual-channel supply chain network equilibrium. 

Variables B o = 0 . 6 B o = 0 . 8 B o = 0 . 9 B o = 1 . 0 B o = 1 . 2 B o = 1 . 4 B o = 1 . 6 

q r∗o c̄ K 
oj 

5.450 5.450 5.449 5.445 5.439 5.433 5.428 

c K 
oj 

5.487 5.487 5.486 5.483 5.476 5.470 5.465 

q p∗
oi 

, q p∗
i j 

c̄ K 
oj 

2.165 2.165 2.165 2.166 2.166 2.167 2.168 

c K 
oj 

2.130 2.130 2.130 2.130 2.131 2.132 2.133 

q e ∗
oj 

c̄ K 
oj 

0.423 0.423 0.423 0.421 0.417 0.414 0.410 

c K 
oj 

0.476 0.476 0.476 0.474 0.47 0.466 0.463 

α∗
o c̄ K 

oj 
0.578 0.578 0.565 0.517 0.419 0.322 0.224 

c K 
oj 

0.576 0.576 0.568 0.52 0.423 0.327 0.230 

ε o∗
0 c̄ K 

oj 
0.6 0.8 0.9 1 1.2 1.4 1.6 

c K 
oj 

0.6 0.8 0.9 1 1.2 1.4 1.6 

ε o ∗1 c̄ K 
oj 

0.274 0.074 0 0 0 0 0 

c K 
oj 

0.285 0.085 0 0 0 0 0 

ε o∗
0 + 

ε o ∗1 

c̄ K 
oj 

0.874 0.874 0.9 1 1.2 1.4 1.6 

c K 
oj 

0.885 0.885 0.9 1 1.2 1.4 1.6 

πo c̄ K 
oj 

132.765 132.885 132.909 132.829 132.655 132.46 132.245 

c K 
oj 

133.948 134.068 134.106 134.023 133.842 133.64 133.42 

πi c̄ K 
oj 

18.755 18.755 18.756 18.760 18.770 18.783 18.796 

c K 
oj 

18.148 18.148 18.149 18.155 18.168 18.182 18.198 

Total 

profit 

c̄ K 
oj 

151.520 151.640 151.665 151.589 151.425 151.243 151.041 

c K 
oj 

152.096 152.216 152.255 152.178 152.01 151.822 151.618 

Table 6 

The impacts of t 1 on the traditional supply chain network equilibrium. 

Variables t 1 = 0 . 5 t 1 = 0 . 7 t 1 = 0 . 9 t 1 = 1 . 1 t 1 = 1 . 3 t 1 = 1 . 5 

q r∗o 6.251 6.246 6.242 6.244 6.246 6.246 

q p∗
oi 

, q p∗
i j 

2.969 2.967 2.965 2.966 2.967 2.967 

α∗
o 0 0 0.189 0.505 0.663 0.663 

ε o ∗0 0.503 0.8 0.8 0.8 0.8 0.8 

ε o ∗1 1.872 1.573 1.123 0.374 0 0 

ε o ∗0 + ε o ∗1 2.376 2.373 1.923 1.174 0.8 0.8 

πo 133.94 133.845 133.839 133.9 133.934 133.934 

πi 35.269 35.203 35.167 35.184 35.208 35.208 

Total profit 169.209 169.048 169.006 169.084 169.142 169.142 
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a

here the carbon emission is exactly equal to B o ( ε o∗
1 

= 0 ), the α∗
o 

elation between the two cases is the opposite. The comparison re- 

ults can be interpreted as follows: when it is not economical for 

he manufacturer to control the carbon emission no more than B o , 

ompared to the case c̄ K 
oj 

, the manufacturer will pay more atten- 

ion to sales revenue but less attention to the product abatement 

evel in the case of c K 
oj 

, even if this leads to more carbon emis-

ion and more tax liabilities. In contrast, when the manufacturer 

n both cases c̄ K 
oj 

and c K 
oj 

is willing to limit his carbon tax emission 

t the level of B o , compared to the case c̄ K 
oj 

, he has to set higher

roduct abatement level in the case of c K 
oj 

due to higher produc- 

ion quantity. 

.4. Numerical example 4 

Finally, as a supplement, we will examine how the manufac- 

urer responds to the government’s progressive carbon tax pol- 

cy in a traditional SCN, and then focus on whether the intro- 

uction of online channel contributes to improving the economic 

rofit and enhancing the environmental performance or not. To 

acilitate comparisons, all the parameters and functions are ex- 

ctly the same as those in Numerical Example 1 except that there 

s no cost associated with online channel. Tables 6 and 7 show 

he impacts of high-level carbon tax t 1 (with the same parame- 

ers t 0 = 0 . 5 , B o = 0 . 8 as Numerical Example 1) and low-level car-

on tax t 0 (with the same parameters t 1 = 1 . 1 , B o = 0 . 8 as Numer-

cal Example 2) on the equilibrium states of transaction volumes, 

he abatement level, carbon emission and profits in the traditional 

CN respectively. Table 8 provides the trends of main variables and 
1088 
rofits in the traditional SCN in the process of the cut-off value B o 
ncreasing, with the identical parameters t 0 = 0 . 5 , t 0 = 1 . 1 as Nu-

erical Example 3. 

We can find from Table 6 to 8 that the manufacturer will take 

imilar adjustment strategies in the traditional SCN as in the DC- 

CN when the three parameters of progressive carbon tax policy 

hange respectively. In detail, 1) when the high-level carbon tax t 1 
ncreases, if t 1 is at a relatively lower level now ( t 1 ≤ 0 . 9 in the 

xample), the manufacturer prefers to cut down the production 

uantity rather than significantly improve the abatement level α∗
o 

o reduce the carbon tax liabilities, which makes α∗
o relatively low 

0 and 0.189); but if t 1 exceeds the threshold ( t 0 > 0 . 9 in this ex-

mple), although the manufacturer increases his production quan- 

ity slightly, he raises α∗
o by a large margin simultaneously. Conse- 

uently, the carbon emission can be effectively controlled; 2) the 

ow-level carbon tax t 0 has no effect on the transaction volumes, 

batement levels and carbon emission in the traditional SCN; 3) 

hen the cut-off value B o increases, if the current value of B o is 

o more than a certain threshold (between 0.6 and 1.0 in this ex- 

mple), it cannot influence the manufacturer’s production quan- 

ity and abatement level decisions. So the carbon emission also re- 

ains the same which is higher than B o . On the contrary, if the 

urrent value of B o surpasses the threshold (1.2, 1.4 and 1.6 in 

his example), i.e., the tax policy is relatively milder, the manu- 

acturer reduces green technology investment and the abatement 

evel gradually. In addition, he also decreases the production quan- 

ity a little. The resulting carbon emission is exactly equal to B o . 

By comparing the data in Table 6 ( Table 8 ) with that in

able 3 ( Table 5 ), we find that under the cost structure in our ex-

mples, the manufacturer’s introducing online channel unexpect- 
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Table 7 

The impacts of t 0 on the traditional supply chain network equilibrium. 

Variables t 0 = 0 . 5 t 0 = 0 . 6 t 0 = 0 . 7 t 0 = 0 . 8 t 0 = 0 . 9 t 0 = 1 . 0 

q r∗o 6.244 6.244 6.244 6.244 6.244 6.244 

q p∗
oi 

, q p∗
i j 

2.966 2.966 2.966 2.966 2.966 2.966 

α∗
o 0.505 0.505 0.505 0.505 0.505 0.505 

ε o ∗0 0.8 0.8 0.8 0.8 0.8 0.8 

ε o ∗1 0.374 0.374 0.374 0.374 0.374 0.374 

ε o ∗0 + ε o ∗1 1.174 1.174 1.174 1.174 1.174 1.174 

πo 133.9 133.83 133.74 133.66 133.58 133.5 

πi 35.184 35.184 35.184 35.184 35.184 35.184 

Total profit 169.084 169.004 168.924 168.844 168.764 168.684 

Table 8 

The impacts of B o on traditional supply chain network equilibrium. 

Variables B o = 0 . 6 B o = 0 . 8 B o = 0 . 9 B o = 1 . 0 B o = 1 . 2 B o = 1 . 4 B o = 1 . 6 

q r∗o 6.244 6.244 6.244 6.244 6.244 6.243 6.242 

q p∗
oi 

, q p∗
i j 

2.966 2.966 2.966 2.966 2.966 2.965 2.964 

α∗
o 0.505 0.505 0.505 0.505 0.494 0.410 0.326 

ε o ∗0 0.6 0.8 0.9 1 1.2 1.4 1.6 

ε o ∗1 0.573 0.373 0.274 0.173 0 0 0 

ε o ∗0 + ε o ∗1 1.173 1.173 1.173 1.173 1.2 1.4 1.6 

πo 133.780 133.90 133.96 134.02 134.135 134.204 134.252 

πi 35.184 35.184 35.184 35.184 35.183 35.175 35.169 

Total profit 168.964 169.084 169.144 169.204 169.318 169.379 169.421 
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dly depresses the production and transaction activities in the net- 

ork. Specifically, there is a sharp drop-off in the transaction vol- 

me between the manufacturer and the retailer in the offline chan- 

el but a small increase in the online channel. The manufacturer 

enefits very little but both the retailer and the whole SCN are 

eriously victimized. In other words, from the perspective of eco- 

omic development, the introduction of online channel leads to a 

orse equilibrium state for a traditional SCN. The result is signifi- 

antly different from the prevailing conclusion that online channel 

enefits the entire system in a dyadic supply chain. Under this cir- 

umstance, an increased profit-sharing mechanism is not effective 

n achieving win-win situation any more. Thus, a novel and effec- 

ive coordination contract needs to be put forward for the DCSCN 

o increase the total network profit and meanwhile realize Pareto 

mprovement for both the manufacturer and the retailer. 

As for the product abatement level α∗
o and carbon emission 

 

o ∗
0 

+ ε o ∗
1 

, when t 1 ( B o ) is below a certain threshold, the manufac-

urer in both DCSCN and traditional SCN emit more footprints than 

 o . At this time, provided t 1 ( B o ) is given, the manufacturer chooses

 higher α∗
o in the DCSCN than that in the traditional SCN; in 

ontrast, if t 1 ( B o ) is above the certain threshold, the manufacturer 

n both DCSCN and traditional SCN emit carbon footprints exactly 

qual to B o . In view of the fact that in our examples, the manu-

acturer makes more products in the traditional SCN than that in 

he DCSCN, he has to reach a higher α∗
o in the traditional SCN to 

educe carbon emission of each product. Comparisons of the total 

arbon emissions between DCSCN and traditional SCN show that 

or any given t 1 ( B o ), the carbon emission in the DCSCN will never

e higher than that in the traditional SCN. Therefore, the intro- 

uction of online channel benefits the SCN in terms of sustainable 

evelopment. 

. Conclusions 

In the context of low-carbon and sustainable development and 

ual-channel marketing strategy, the government usually guides 

he manufacturers to improve product abatement level and re- 

uce carbon emissions by promulgating carbon emission regula- 

ions in the DCSCN with multiple manufacturers, multiple retailers 

nd multiple demand markets. This paper develops a DCSCN model 
1089 
nder progressive carbon tax policy based on variational inequal- 

ty theory and proves the existence and uniqueness of the equilib- 

ium solutions. The modified project algorithm is utilized to obtain 

he numerical solutions. Then we focus on analyzing the impacts 

f progressive carbon tax mechanism on equilibrium decisions and 

rofits of manufacturers, retailers and the whole DCSCN, based on 

hich give some managerial insights and policy implications. 

First, in the progressive carbon tax mechanism, both the high- 

evel carbon tax and the cut-off value have great impacts on the 

quilibrium states, profits and carbon emissions in the DCSCN. 

owever, their influence mechanisms on the DCSCN are different, 

nd the manufacturer will take different measures to response to 

he changing of these two parameters, respectively. Specifically, in 

rder to ensure that the carbon emission is no more than the cut- 

ff value, when the high-level carbon tax increases, the manu- 

acturer improves the abatement level significantly and increases 

he production quantity moderately; in contrast, when the cut-off

alue increases, the manufacturer reduces the abatement level dra- 

atically and decreases the production quantity slightly. Compared 

o the above two parameters, the low-level carbon tax is indecisive. 

From the perspective of the government, it should set both the 

igh-level carbon tax and the cut-off value in reasonable (median) 

egions. Under this circumstance, the progressive carbon tax mech- 

nism is not only effective in promoting the manufacturers to im- 

rove product abatement levels actively and reduce carbon emis- 

ions, but also realizes that the economic benefit goals of the man- 

facturer and the whole DCSCN are consistent with the low-carbon 

mission goal of the government. Furthermore, on conditions that 

hese two parameters take specific values, the goals of profit max- 

mization of the manufacturer and the whole DCSCN, and the car- 

on emission minimization may be realized simultaneously. 

Second, the consumers’ online transaction cost will influence 

he abatement levels, carbon emissions and profits in the DCSCN 

n a certain extent. A lower online transaction cost for the con- 

umers will certainly benefit the manufacturer and the whole DC- 

CN but harm the retailer. The relation of the abatement levels be- 

ween two cases of high and low consumers’ online transaction 

ost mainly depends on the cutoff value. Specifically, when the 

ut-off value is relatively low, it is not economical for the man- 

facturer to limit the carbon emissions no more than the cut-off
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alue in both cases; under this circumstance, the manufacturer will 

et a higher abatement level in the case of high consumer’s online 

ransaction cost. In contrast, when the cut-off value exceeds a cer- 

ain threshold, the manufacturer in both cases controls the carbon 

missions at the level of the cut-off value; under this condition, 

he manufacturer will set a higher abatement level in the case of 

ow consumers’ online transaction cost. 

Third, the manufacturer’s introducing online channel may de- 

ress the production and economic activities in the SCN. The rela- 

ion of the abatement levels between DCSCN and traditional SCN 

inges upon the cut-off value. In most cases, the abatement level 

n the DCSCN is higher than that in the traditional SCN. Moreover, 

he carbon emission in the DCSCN will never be more than that in 

he traditional SCN. 

The research in this paper can be further expanded in the fol- 

owing two aspects. The first possible direction is to design effec- 

ive coordination contracts for the DCSCN. As one of the conclu- 

ions in this paper shows, under certain conditions, the designed 

rogressive carbon tax policy can realize the goals of profit max- 

mization for the manufacturers and the whole DCSCN, as well 

s the carbon emission minimization, but the retailers may suf- 

er losses. Thus, how to achieve a win-win situation in a DCSCN by 

ffective supply chain contracts (such as revenue-sharing contract, 

uantity-discount contract and two-part tariff contract) is a cru- 

ial question worthy of exploration. In addition, a novel and effec- 

ive coordination contract needs also to be put forward to increase 

he total DCSCN profit and meanwhile realize Pareto improvement 

or both the manufacturer and the retailer compared to traditional 

CN. The second possible direction is to extend the established DC- 

CN model into a multi-period setting and investigate the influ- 

nce of progressive carbon tax on dynamic production/pricing and 

batement level decisions of the multi-period DCSCN. 
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ppendix 

Let �r = { ( q r , Q 

1 , Q 

2 , Q 

3 , α, ε 0 , ε 1 , ρ
p , ρe , λ1 , λ2 , λ3 , γ1 ) | 0 ≤ q r 

r 1 ; 0 ≤ Q 

1 ≤ r 2 ; 0 ≤ Q 

2 ≤ r 3 ; 0 ≤ Q 

3 ≤ r 4 ; 0 ≤ α ≤ r 5 ; 0 ≤ ε 0 ≤
 6 ; 0 ≤ ε 1 ≤ r 7 ; 0 ≤ ρp ≤ r 8 ; 0 ≤ ρe ≤ r 9 ; 0 ≤ λ1 ≤ r 10 ; 0 ≤ λ2 ≤ r 11 ;
 ≤ λ3 ≤ r ; 0 ≤ γ1 ≤ r } . 
12 13 

1090 
Where 0 ≤ q r ≤ r 1 means that 0 ≤ q r o ≤ r 1 , ∀ o, and the 

ther notations can be explained in the same way. r = 

 r 1 , r 2 , r 3 , r 4 , r 5 , r 6 , r 7 , r 8 , r 9 , r 10 , r 11 , r 12 , r 13 ) ≥ 0 , and K r = � ∩ �r . 

Based on the assumptions above, K r is a bounded, 

losed, convex set, and in our model, we can guar- 

ntee the continuity of function F (X ) . According to 

he variational inequality theory, we have the solution 

 q r∗, Q 

1 ∗, Q 

2 ∗, Q 

3 ∗, α∗, ε ∗0 , ε 
∗
1 , ρ

p∗, ρe ∗, λ1 ∗, λ2 ∗, λ3 ∗, γ1 ∗) ∈ K r , such

hat 

M 

 

o=1 

[
∂ f M∗

o 

∂q r o 
+ 

∂ f o (q r∗o ) 

∂q r o 
− βr λ

1 ∗
o 

]
× [ q r o − q r∗o ] 

+ 

M ∑ 

o=1 

N ∑ 

i =1 

[
∂c M ∗

oi 

∂q p 
oi 

+ λ1 ∗
o + t c β0 (1 − α∗

o ) + 

∂c ∗
i 

∂q p 
oi 

+ 

∂c N∗
oi 

∂q p 
oi 

− γ 1 ∗
i 

]
×
[
q p 

oi 
− q p∗

oi 

]
+ 

N ∑ 

i =1 

K ∑ 

j=1 

[
∂c N∗

i j 

∂q p 
i j 

+ γ 1 ∗
i + c K i j (q p∗

i j 
) − ρ p∗

j 

]
×

[
q p 

i j 
− q p∗

i j 

]
+ 

M ∑ 

o=1 

K ∑ 

j=1 

[
∂c M ∗

oi 

∂q e 
oj 

+ λ1 ∗
o + t c β0 (1 − α∗

o ) + c K oj (q e ∗oj ) − ρe ∗
j 

]
×
[
q e 

oj 
− q e ∗

oj 

]
+ 

M ∑ 

o=1 

[ 

∂ f M ∗
o 

∂ αo 
+ ηo α

∗
o − t c β0 

( 

N ∑ 

i =1 

q p∗
oi 

+ 

K ∑ 

j=1 

q e ∗oj 

) ] 

× [ αo − α∗
o ] 

+ 

M ∑ 

o=1 

[
t 0 + λ3 ∗

o − λ2 ∗
o 

]
×

[
ε 0 o − ε 0 ∗o 

]
+ 

M ∑ 

o=1 

[
t 1 − λ2 ∗

o 

]
×

[
ε 1 o − ε 1 ∗o 

]
+ 

N ∑ 

i =1 

[ 

N ∑ 

i =1 

q p∗
i j 

− d p 
j 
(ρ p∗

j 
, ρe ∗

j , α∗;ω) 

] 

×
[
ρ p 

j 
− ρ p∗

j 

]

+ 

K ∑ 

j=1 

[ 

M ∑ 

o=1 

q e ∗oj − d e j (ρ
p∗
j 

, ρe ∗
j , α∗;ω) 

] 

×
[
ρe 

j − ρe ∗
j 

]

+ 

M ∑ 

o=1 

[ 

βr q 
r∗
o −

N ∑ 

i =1 

q p 
oi 

−
K ∑ 

j=1 

q e oj 

] 

×
[
λ1 

o − λ1 ∗
o 

]
+ 

M ∑ 

o=1 

[
B o − ε 0 o 

]
×

[
λ2 

o − λ2 ∗
o 

]
+ 

M ∑ 

o=1 

[ 

ε 0 o + ε 1 ∗o − β0 (1 − α∗
o ) 

( 

N ∑ 

i =1 

q p∗
oi 

+ 

K ∑ 

j=1 

q e ∗oj 

) ] 

×
[
λ3 

o − λ3 ∗
o 

]

+ 

N ∑ 

i =1 

[ 

M ∑ 

o=1 

q p 
oi 

−
K ∑ 

j=1 

q p 
i j 

] 

×
[
γ 1 

i − γ 1 ∗
i 

]
≥ 0 

(19) 

 ( q 

r , Q 

1 , Q 

2 , Q 

3 , α, ε 0 , ε 1 , ρ
p , ρe , λ1 , λ2 , λ3 , γ1 ) ∈ K r . 

heorem 2. Since K r is compact and F (X ) is con- 

inuous, variational inequality (19) admits a solution 

 q r∗, Q 

1 ∗, Q 

2 ∗, Q 

3 ∗, α∗, ε ∗0 , ε 
∗
1 , ρ

p∗, ρe ∗, λ1 ∗, λ2 ∗, λ3 ∗, γ1 ∗) ∈ K r , if and

nly if there exists r i > 0 , i = 1 , 2 , · · · , 13 , and satisfy 0 ≤ q r ≤ r 1 ,

 ≤ Q 

1 ≤ r 2 , 0 ≤ Q 

2 ≤ r 3 , 0 ≤ Q 

3 ≤ r 4 , 0 ≤ α ≤ r 5 , 0 ≤ ε 0 ≤ r 6 , 

 ≤ ε 1 ≤ r 7 , 0 ≤ ρp ≤ r 8 , 0 ≤ ρe ≤ r 9 , 0 ≤ λ1 ≤ r 10 , 0 ≤ λ2 ≤ r 11 , 

 ≤ λ3 ≤ r 12 , 0 ≤ γ1 ≤ r 13 . 

From Theorem 2 , whether there is a solution to the variational 

nequality (14) can be converted to the condition that the solution 

o the variational inequality (19) should exist. 

heorem 3. (Existence). Suppose that there exist positive con- 

tants A i , i = 1 , 2 , 3 , and A 3 > 0 , such that 

F 1 (X ) ≥ A 3 , ∀ q r ≥ A 2 ; F 2 (X ) ≥ A 3 , ∀ Q 

1 ≥ A 2 ; F 3 (X ) ≥ A 3 , 

 Q 

2 ≥ A ; F (X ) ≥ A , ∀ Q 

3 ≥ A ; F (X ) ≥ A , ∀ α ≥ A ; F (X ) ≥ A , 
2 4 3 2 5 3 2 6 3 
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Y  

Y

Z  
 ε 0 ≥ A 2 ; F 7 (X ) ≥ A 3 , ∀ ε 1 ≥ A 2 ; d 
p 
j 
(ρ p∗

j 
, ρe ∗

j 
, α∗; τ ) ≤ A 2 , ∀ ρ p 

j 
> A 1 ;

 

e 
j 
(ρ p∗

j 
, ρe ∗

j 
, α∗; τ ) ≤ A 2 , ∀ ρe 

j 
> A 1 . 

Then variational inequality (19) admits at least one solution (see 

agurney and Zhao, 1993 ). 

heorem 4. (Monotonicity and strict monotonicity). Let x 1 , x 2 ∈ 

 r , ∇F (x ) is the vector function with the gradients of vari- 

tional inequality (19), according to the assumptions of con- 

ex, we have F ( x 1 ) ≥ F ( x 2 ) + [ ∇F ( x 2 ) ] T ( x 1 − x 2 ) , F ( x 2 ) ≥ F ( x 1 ) +
 ∇F ( x 1 ) ] T ( x 2 − x 1 ) , then [ ∇F ( x 1 ) − ∇F ( x 2 ) ] T ( x 1 − x 2 ) ≥ 0 , when 

he strict inequality is established, the function F (x ) is strict mono- 

onic. 

heorem 5. (Uniqueness). Under the conditions of Theorem 3 , 

here must be a unique pattern of the dual-channel supply chain 

etwork. That is, if the variational inequality (19) admits a solu- 

ion, that should be the only solution. 

eferences 

llevi, E. , Gnudi, A. , Konnov, I.V. , Oggioni, G. , 2018. Evaluating the effect of envi-

ronmental regulations on a closed-loop supply chain network: a variational in- 
equalities approach. Ann. Oper. Res. 261 (1), 1–43 . 

P. Statistical review of world energy. BP; 2019. 
ai, G.S. , Zhang, Z.G. , Zhang, M. , 2009. Game theoretical perspectives on dual-chan-

nel supply chain competition with price discounts and pricing schemes. Int. J. 
Prod. Res. 117 (1), 80–96 . 

hiang, W.Y.K. , Chhajed, D. , Hess, J.D. , 2003. Direct marketing, indirect profits: a
strategic analysis of dual-channel supply-chain design. Manag. Sci. 49 (1), 1–20 . 

hiroleu-Assouline, M. , Fodha, M. , 2014. From regressive pollution taxes to progres- 

sive environmental tax reforms. Eur. Econ. Rev. 69, 126–142 . 
ong, H.J., Dai, H.C., Geng, Y., Fujita, T., Liu, Z., Xie, Y., Wu, R., Fujii, M., Masui, T.,

Tang, L., 2017. Exploring impact of carbon tax on China’s CO2 reductions and 
provincial disparities. Renew. Sust. Energ. Rev. 77, 596–603. doi: 10.1016/j.rser. 

2017.04.044 . 
remstad, A. , Paul, M. , 2019. The impact of a carbon tax on inequality. Ecol. Econ.

163, 88–97 . 

hosh, S.K. , Seikh, M.R. , Chakrabortty, M. , 2020. Analyzing a stochastic dual-chan-
nel supply chain under consumers’ low carbon preferences and cap-and-trade 

regulation. Comput. Ind. Eng. 149, 106765 . 
iri, B.C. , Chakraborty, A. , Maiti, T. , 2017. Pricing and return product collection de-

cisions in a closed-loop supply chain with dual-channel in both forward and 
reverse logistics. J. Manuf. Syst. 42, 104–123 . 

ong, X.T. , Zhou, S.X. , 2013. Optimal production planning with emissions trading. 

Oper. Res. 61 (4), 908–924 . 
ammond, D. , Beullens, P. , 2007. Closed-loop supply chain network equilibrium un- 

der legislation. Eur. J. Oper. Res 183 (2), 895–908 . 
e, L. , Mao, J. , Hu, C. , Xiao, Z. , 2019. Carbon emission regulation and operations

in the supply chain supernetwork under stringent carbon policy. J. Clean. Prod. 
238, 117652 . 

e, P. , He, Y. , Xu, H. , 2020. Buy-online-and-deliver-from-store strategy for a du-

al-channel supply chain considering retailer’s location advantage. Transp. Res. 
E: Logist. Transp. Rev. 144, 102127 . 

afari, H. , Hejazi, S.R. , Morteza, R.B. , 2016. Pricing decisions in dual-channel sup-
ply chain including monopolistic manufacturer and duopolistic retailers: a 

game-theoretic approach. J. Ind. Compet. Trade 16 (3), 323–343 . 
amali, M.B. , Rasti-Barzoki, M. , 2018. A game theoretic approach for green and non–

green product pricing in chain-to-chain competitive sustainable and regular du- 

al-channel supply chains. J Clean Prod 170, 1029–1043 . 
i, J. , Zhang, Z. , Yang, L. , 2017. Carbon emission reduction decisions in the re-

tail-/dual-channel supply chain with consumers’ preference. J. Clean. Prod. 141, 
852–867 . 

annan, D. , Diabat, A , Alrefaei, M. , Govindan, K. , Yong, G. , 2012. A carbon foot-
print based reverse logistics network design model. Resour. Conserv. Recycl. 67, 

75–79 . 

orpelevich, G.M. , 1976. The extragradient method for finding saddle points and 
other problems. Matecon 12, 747–756 . 

otchen., M.J. , 2005. Impure public goods and the comparative statics of environ- 
mentally friendly consumption. J. Environ. Econ. Manag. 49 (2), 281–300 . 

rass, D , Nedorezov, T , Ovchinnikov, A. , 2013. Environmental taxes and the choice
of green technology. Prod. Oper. Manag. 22 (5), 1035–1055 . 

i, Q.W. , Long, R.Y. , Hong, C. , 2017. Empirical study of the willingness of consumers
to purchase low-carbon products by considering carbon labels: a case study. J. 

Clean. Prod. 161, 1237–1250 . 

iu, C. , Dan, Y.R. , Dan, B. , Xu, G.Y. , 2020. Cooperative strategy for a dual-channel
supply chain with the influence of free-riding customers. Electron. Commer. Res. 

Appl. 43 (7), 101001 . 
iu, Z.L. , Anderson, T.D. , Cruz, J.M. , 2012. Consumer environmental awareness and

competition in two-stage supply chains. Eur. J. Oper. Res. 218, 602–613 . 
1091 
u, Q. , Liu, N. , 2015. Effects of e-commerce channel entry in a two-echelon supply
chain: a comparative analysis of single- and dual-channel distribution systems. 

Int. J. Prod. Econ. 165, 100–111 . 
agurney, A. , Zhao, L. , 1993. Networks and variational inequalities in the formula- 

tion and computation of market disequilibria: The case of direct demand func- 
tions. Transp. Sci. 27 (1), 4–15 . 

agurney, A. , Dong, J. , Ding, Z. , 2002. A supply chain network equilibrium model.
Transp. Res. E 38 (5), 281–303 . 

agurney, A. , Cruz, Jose , Dong, J. , Ding, Z. , 2005. Supply chain networks, electronic

commerce, and supply side and demand side risk. Eur. J. Oper. Res. 164 (1), 
120–142 . 

agurney, A. , Daniele, P. , Shukla, S. , 2017. A supply chain network game theory
model of cybersecurity investments with nonlinear budget constraints. Ann. 

Oper. Res. 248 (1), 405–427 . 
agurney, A. , Toyasaki, F. , 2005. Reserve supply chain management and electronic 

waste recycling: a multitiered network equilibrium framework for e-cycling. 

Transp. Res. E. 41 (1), 1–28 . 
agurney, A. , Yu, M. , 2012. Sustainable fashion supply chain management under 

oligopolistic competition and brand differentiation. Int. J. Prod. Econ. 135 (2), 
532–540 . 

agurney, A. , Yu, M. , Floden, J. , 2013. Supply chain network sustainability under
competition and frequencies of activities from production to distribution. Com- 

put. Manag. Sci. 10 (4), 397–422 . 

agurney, A. , Yu, M. , Jonas, F. , 2015. Fashion supply chain network competition with
ecolabeling. Sustain. Fash. Supp. Chain Manag. 1, 61–84 . 

ash, J. , 1950. Equilibrium points in n-person games, 36, pp. 4 8–4 9 . 
eng, Q. , Wang, C. , Xu, L. , 2020. Emission abatement and procurement strategies

in a low-carbon supply chain with option contracts under stochastic demand. 
Comput. Ind. Eng. 144, 106502 . 

yan, J.K. , Sun, D. , Zhao, X. , 2013. Coordinating a supply chain with a manufactur-

er-owned online channel: a dual-channel model under price competition. IEEE 
Trans. Eng. Manage. 60 (2), 247–259 . 

en, J. , Bian, Y.W. , Xu, X.Y. , He, P. , 2015. Allocation of product-related carbon emis-
sion abatement target in a make-to-order supply chain. Comput. Ind. Eng. 80, 

181–194 . 
ubramanian, R. , Sudheer, G. , Brian, T. , 2007. Compliance strategies under permits 

for emissions. Prod. Oper. Manag. 16 (6), 763–779 . 

aberi, S. , Cruz, J. , Sarkis, J. , Nagurney, A. , 2018. A competitive multiperiod supply
chain network model with freight carriers and green technology investment op- 

tion. Eur. J. Oper. Res. 266 (3), 934–949 . 
hi, S.Y. , Sun, J.C. , Cheng, T.C.E. , 2020. Wholesale or drop-shipping: contract choices

of the online retailer and the manufacturer in a dual-channel supply chain. Int. 
J. Prod. Econ. 226, 107618 . 

ang, C.H. , Yang, H.L. , Cao, E.B. , Kin, K.L. , 2018. Channel competition and coordina-

tion of a dual-channel supply chain with demand and cost disruptions. Appl. 
Econ. 50 (46), 4999–5016 . 

ao, Z.T. , Zhong, Y.G. , Sun, H. , Hu, J.S. , Dai, G.X. , 2015. Multi-period closed-loop sup-
ply chain network equilibrium with carbon emission constraints. Resour. Con- 

serv. Recycl. 104 (B), 354–365 . 
ang, K. , Wei, Y.M. , Huang, Z.M. , 2016. Potential gains from carbon emissions trad-

ing in China: a DEA based estimation on abatement cost savings. Omega 63, 
48–59 . 

ang, Q.P. , Zhao, D.Z. , He, L.F. , 2016. Contracting emission reduction for sup-

ply chains considering market low-carbon preference. J. Clean. Prod. 120, 72–
84 . 

ang, Z.Q. , Ran, L. , Yang, D.F. , 2021. Interplay between quality disclosure and
cross-channel free riding. Electron. Commer. Res. Appl. 45, 1–6 . 

u, D. , Chen, J.H. , Li, P. , Zhang, R.J. , 2020. Contract coordination of dual-channel
reverse supply chain considering service level. J. Clean. Prod. 260, 121071 . 

iao, T.J. , Shi, J. , 2016. Pricing and supply priority in a dual-channel supply chain.

Eur. J. Oper. Res. 254 (3), 813–823 . 
u, X.P. , He, P. , Xu, H. , Zhang, Q.P. , 2017. Supply chain coordination with green

technology under cap-and-trade regulation. Int. J. Prod. Econ. 183 (B), 433–
442 . 

u, L. , Wang, C.X. , Zhao, J.J. , 2018. Decision and coordination in the dual-chan-
nel supply chain considering cap-and-trade regulation. J. Clean. Prod. 197 (1), 

551–561 . 

an, B. , Chen, Z. , Wang, X.N. , Jin, Z.J. , 2020. Influence of logistic service level on
multichannel decision of a two-echelon supply chain. Int. J. Prod. Res. 58 (11), 

3304–3329 . 
u, Y.G. , Han, X.Y. , Liu., J. , Qin, C. , 2015. Supply chain equilibrium among compa-

nies with offline and online selling channels. Int. J. Prod. Res 53 (22), 6672–
6688 . 

u, M. , Cao, E.B. , 2019. Information sharing format and carbon emission abatement 

in a supply chain with competition. Int. J. Prod. Res. 1–16 . 
u, M. , Jose M., C. , Dong, M, L. , 2019. The sustainable supply chain network compe-

tition with environmental tax policies. Int. J. Prod. Econ. 217, 218–231 . 
ang, H.X. , Luo, J.W. , Wang, H.J. , 2017. The role of revenue sharing and first-mover

advantage in emission abatement with carbon tax and consumer environmental 
awareness. Int. J. Prod. Econ. 193, 691–702 . 

ang, H.X. , Chen, W.B. , 2018. Retailer-driven carbon emission abatement with 

consumer environmental awareness and carbon tax: Revenue-sharing versus 
cost-sharing. Omega 78, 179–191 . 

hang, G.M. , Dai, G.X. , Sun, H. , Zhang, G.T. , Yang, Z.L. , 2020. Equilibrium in supply
chain network with competition and service level between channels considering 

consumers’ channel preference. J. Retail. Consum. Serv. 57, 102199 . 

http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0001
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0001
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0001
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0001
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0001
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0003
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0003
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0003
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0003
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0004
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0004
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0004
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0004
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0005
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0005
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0005
https://doi.org/10.1016/j.rser.2017.04.044
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0007
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0007
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0007
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0008
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0008
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0008
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0008
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0009
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0009
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0009
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0009
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0010
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0010
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0010
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0011
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0011
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0011
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0012
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0012
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0012
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0012
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0012
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0013
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0013
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0013
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0013
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0014
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0014
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0014
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0014
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0015
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0015
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0015
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0016
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0016
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0016
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0016
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0017
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0017
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0017
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0017
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0017
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0017
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0018
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0018
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0019
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0019
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0020
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0020
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0020
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0020
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0021
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0021
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0021
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0021
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0022
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0022
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0022
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0022
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0022
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0023
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0023
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0023
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0023
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0024
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0024
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0024
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0025
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0025
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0025
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0026
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0026
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0026
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0026
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0027
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0027
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0027
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0027
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0027
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0028
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0028
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0028
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0028
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0029
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0029
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0029
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0030
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0030
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0030
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0031
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0031
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0031
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0031
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0032
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0032
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0032
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0032
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0033
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0033
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0034
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0034
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0034
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0034
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0035
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0035
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0035
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0035
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0036
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0036
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0036
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0036
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0036
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0037
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0037
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0037
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0037
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0038
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0038
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0038
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0038
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0038
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0039
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0039
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0039
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0039
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0040
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0040
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0040
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0040
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0040
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0041
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0041
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0041
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0041
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0041
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0041
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0042
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0042
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0042
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0042
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0043
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0043
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0043
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0043
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0044
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0044
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0044
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0044
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0045
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0045
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0045
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0045
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0045
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0046
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0046
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0046
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0047
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0047
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0047
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0047
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0047
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0048
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0048
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0048
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0048
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0049
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0049
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0049
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0049
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0049
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0050
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0050
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0050
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0050
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0050
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0051
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0051
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0051
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0052
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0052
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0052
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0052
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0053
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0053
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0053
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0053
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0054
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0054
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0054
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0055
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0055
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0055
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0055
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0055
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0055


G. Zhang, P. Cheng, H. Sun et al. Sustainable Production and Consumption 27 (2021) 1077–1092 

Z  

Z  

Z  

Z  
hang, L.H. , Yao, J. , Xu, L. , 2020. Emission reduction and market encroachment:
whether the manufacturer opens a direct channel or not? J. Clean. Prod. 269, 

121932 . 
hang, Y.J. , Liu, J.Y. , Su, B. , 2020. Carbon congestion effects in China’s industry: evi-

dence from provincial and sectoral levels. Energy Econ. 86, 104635 . 
1092 
hang, Y.J. , Liang, T. , Jin, Y.L. , Shen, B. , 2020. The impact of carbon trading on
economic output and carbon emissions reduction in China’s industrial sectors. 

Appl. Energy 260, 114290 . 
hou, Y.J. , Ye, X. , 2018. Differential game model of joint emission reduction strate-

gies and contract design in a dual-channel supply chain. J. Clean Prod. 190, 
592–607 . 

http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0056
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0056
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0056
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0056
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0057
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0057
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0057
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0057
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0058
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0058
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0058
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0058
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0058
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0059
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0059
http://refhub.elsevier.com/S2352-5509(21)00067-1/sbref0059

	Carbon reduction decisions under progressive carbon tax regulations: A new dual-channel supply chain network equilibrium model
	1 Introduction
	2 Literature review
	2.1 The manufacturer’s green technology innovation under carbon emission regulations
	2.2 Supply chain network equilibrium under carbon emission regulations
	2.3 Production/pricing decisions and coordination mechanism in dual-channel supply chains
	2.4 Research gaps

	3 Methods
	3.1 Research method
	3.2 Conditional assumptions
	3.3 Model formulation and solution
	3.3.1 The optimal behavior and equilibrium conditions of manufacturers
	3.3.2 The optimal behaviors and equilibrium conditions of retailers
	3.3.3 Consumers’ optimal behaviors and equilibrium conditions in demand markets
	3.3.4 Equilibrium condition of the whole dual-channel supply chain network model
	3.3.5 Transaction price


	4 Results and discussions
	4.1 Numerical Example 1
	4.2 Numerical Example 2
	4.3 Numerical Example 3
	4.4 Numerical example 4

	5 Conclusions
	Disclosure statement
	Funding
	Declaration of Competing Interest
	Acknowledgments
	Appendix
	References


