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Abstract
Purpose – There are certain differences in the production products of enterprises. What are the impacts of
product differentiation on the iron and steel industry? Based on the macro background of CO2 emission
reduction, this paper aims to analyze the economic benefits and environmental changes of the iron and steel
industry under the dual influence of CO2 emission reduction policy and product differentiation policy.
Design/methodology/approach – Taking the basic data of iron and steel industry in six regions of
China as an example, this paper constructed an extended two-stage dynamic game model to analyze the
impact of product differentiation and carbon tax policy on the production, economic indicators and CO2
emission levels for the overall industry and regional enterprises.
Findings – As the CO2 emission reduction target increased, the unit carbon tax and total tax increased,
whereas the macro-environmental losses, social welfare, consumer surplus and outputs decrease. Emission
reduction pressures and other economic indicators showed obvious regional differences. Differentiated
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products promoted various indicators of enterprises and industries; higher degrees of product differentiation
resulted in greater promoting effects on economic indicators.
Originality/value – This paper constructedmultiple emission reduction and production backgrounds, and
discusses the impact of the comprehensive implementation of these policies, which has been practically
absent in previous studies. The results of this study are consistent with the current industrial policy for stable
production and environmental protection, and also provides a reference for the formulation of detailed policies
in the future.

Keywords Carbon tax, Product differentiation, CO2 emission reduction, Dynamic game modeling,
China’s iron and steel industry

Paper type Research paper

1. Introduction
The iron and steel industry (hereinafter referred to as the “steel industry”) is an
indispensable sector for China’s economic development. The iron and steel industry has
provided important raw materials to support national construction, has promoted
industrialization and modernization in the national industry, and has improved people’s
livelihoods.

The “Steel Industry Adjustment and Upgrading Plan (2016–2020)” noted that China’s
crude steel output reached a historical peak of 820 million tons in 2014 as a consequence of
rising demand. The domestic market share exceeds 99%, which essentially meets the
demand for steel in national economic and social development. Moreover, 90.89 million tons
of ironmaking capacity and 94.86 million tons of steelmaking capacity were eliminated. The
comprehensive energy consumption per ton of steel (equivalent to standard coal) of key
large and medium-sized enterprises decreased from 605 kg to 572 kg and the sulfur dioxide
emission per ton of steel decreased from 1.63 kg to 0.85 kg. The emission of fume and dust
per ton of steel decreased from 1.19 kg to 0.81 kg, and the new water consumption per ton of
steel decreased from 4.10 tons to 3.25 tons, reaching the “Twelfth Five-Year Plan” target.
The total energy consumption of steel is declining.

Although China has become the world’s largest steel producer, the steel industry also
faces many problems:

In terms of economic operation, the debt ratio of key large and medium-sized
enterprises in China’s iron and steel industry exceeded 70%. The utilization rate of
crude steel production capacity dropped from 79% in 2010 to approximately 70% in
2015. Steel production capacity has gradually evolved from a regional and structural
surplus to an absolute surplus. The entire industry has been operating at low profits for
a long time.

In the production of steel products, the level of independent innovation is not high.
Enterprise R&D investment accounts for only approximately 1% of main business income,
which has not reached the target of “1.5% or more” in the “Twelfth Five-Year Plan,” which
is far below the level of more than 2.5% in developed countries. The problems of product
homogeneity and low quality still exist. With the expansion of new capacity of the same
type of steel, a large number of repeated allocations of innovative resources, such as capital,
equipment and talents, have led to the increased homogeneity of products. The ability of
innovation to lead development is not pronounced; the product quality is low; and the old
model of imitation, digestion and absorption is still used. Some key high-end steel varieties
still need to be imported.

Furthermore, many steel enterprises have not yet achieved full and stable pollutant
emissions, and energy-saving and environmental protection facilities need to be further
upgraded. Although energy consumption and pollutant emissions per ton of steel have been
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declining annually, they cannot offset the increase in total energy consumption and total
pollutants caused by the increase in steel production. It is precisely that environmental
problems in the steel industry have not been improved for a long time because of the
increase in steel production.

In the future, the market not only needs threaded steel, wire, small profiles and other
ordinary steel but also high-end steel components. The failure to make adjustments will
seriously affect the survival and development of enterprises. In a changing market scenario,
adopting product differentiation strategies will enable enterprises and industries to better
adapt to future changes, and relevant research will gradually become important domestic
concerns and issues.

Emission reduction policies, such as carbon trading and carbon taxes, have not been
fully implemented and their impacts on the production level and profit of enterprises and
the steel industry remain unclear. Emission reduction targets need to be more stringent to
ensure that energy conservation is achieved. Future development measures should begin
from the consideration of energy conservation and pollutant emission reduction, product
structure and corporate decision-making. This paper focuses on the impact of product
differentiation and emission reduction policies on the production and CO2 emission
reduction of the steel industry.

2. Literature review
Product differentiation models are widely used in industrial economics and other
disciplines. The basic theoretical models included the Bowley (1924) model, Shubik and
Levitan (1980) model and Hotelling (1929) model. Product differentiation theory is
usually studied together with other theoretical combinations to make comparisons of
homogeneous products.

Shaked and Sutton (1982) established a three-stage oligarchy game model and suggested
that high-quality products can drive price declines. Chang (1991) found that higher product
differentiation resulted in a greater tendency for pricing to be collusive between manufacturers.
Goldberg (1995) studied product differentiation and oligopolies in the international market
through empirical analysis of USA companies. Meng et al. (2018) examined the product selection
strategies for two horizontally competitive firms under different power structures while
considering the effect of a carbon tax rate. Li and Chen (2018) developed a gamemodel to study a
supply chain in which two manufacturers supply a product in quality-differentiated brands to a
common retailer. Yakita and Yamauchi (2011) studied the environmental R&D strategy of
enterprises in the duopoly model with horizontal differentiation and found that when the degree
of product differentiation is large, the spillover of environmental R&D cooperation technology
reduces the total social emission level. Gautier (2014) studied the role of product differentiation in
the environmental policy reforms of two countries and found that reductions in foreign subsidies
reduce country profits, production and pollution emissions as product differentiation increases.
Kugler and Verhoogen (2012) found that there is a positive relationship between the scale of the
enterprise and the output price in heterogeneous industries, but this relationship does not exist in
homogeneous industries.

In the industry sector, the application of product differentiation theory is extensive. For
example, Li et al. (2005) studied the competitiveness level under the conditions of product
differentiation in the textile and garment industry. Yang (2009) introduced the ideas of supply
chain coordination and value-added service variables into the tourism industry. Fu et al. (2011)
established a price responsemodel that closely reflects the ideal demand system and operator and
studied the degree of substitution of service offerings between different airlines. Gebauer et al.
(2011) pointed out that by providing differentiated services, manufacturing companies can gain a
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competitive advantage. Altug (2016) identified two main economic distortions with a vertically
differentiated two-product model in the semi-conductor industry and analyzed several other
supply chain contracts for manufacturers selling vertically differentiated products both in
monopolistic and competitive settings. In the steel industry, Ma (2005) identified causes of
differentiation through a multi-factor analysis of product differentiation, combined with the
characteristics of Wuhan Iron and Steel Company silicon steel products, to determine a
competitive strategy and propose an implementation plan. Feng (2012) proposed suggestions for
the development of high-quality steel and diversified development models for new trends in the
steel industry. Gao and Lou (2012) pointed out that the development strategies of many domestic
steel companies include scale expansion strategies. Blindly expanding the scale without a
foundation for technological innovation does not facilitate the growth of domestic steel companies
but leads to greater overcapacity. Li (2015) believed that Chinese steel companies should develop
high-end products, accelerate the construction of independent R&D systems and combine major
engineering and equipment construction breakthroughs in addition to eliminating backward
products and upgrading large-scale products. Qiao et al. (2018) suggested that adjusting the
industrial structure and product structure, developing and introducing advanced production
technologies and developing high-end steel products are important for promoting the sustainable
development of the steel industry. Wang (2017) suggested that the product structure of iron and
steel enterprises is diverse and that appropriate adjustments should be made to accommodate
historical progress and the advancement of social processes. Technological upgrades and
structural adjustment are closely related to the management of the product structure of the
enterprise. Yu (2018) suggested that China’s steel industry has now entered a new stage of high-
quality development. To achieve product structure adjustment, the most important aspect
requiring consideration is the research and development of new steel products. Research and
development also enhance the core competitiveness of steel companies and can facilitate
sustainable development.

CO2 emission reduction policy relates to technological changes and alternate ways of reducing
resource inputs and unit output emissions. In light of the current state of the industrial sector in
China, environmentalists and policymakers are often more inclined to use economic incentive-
based emission reduction policies. Mann (2009) suggested that a carbon tax should be used for its
ease of implementation, the favorable emission reduction path for enterprises, and the small scope
for local governments to implement local protectionism. Goto (1995) used the computable general
equilibrium (CGE) model to study the economic impact of carbon tax levies. Govinda and Ram
(2002) used the CGE model to analyze tax returns in Thailand by using the tax return method of
returning to the family or reducing the income tax. Wissema and Dellink (2007) used a CGE
model to simulate the impact of the carbon tax on the Irish economy and environment. Tim et al.
(2009) studied the impact of a carbon tax on the income of Irish nationals. Guo et al. (2012)
established a CGE model of a fossil energy sector with seven modules to analyze the
corresponding impact of carbon tax policies in a low-carbon economy. Grant et al. (2014) explored
the economic and environmental impacts in Scotland of three cases (carbon tax non-return,
carbon tax for public base expenditures and income tax revenue reduction) by building a CGE
model.

Helen et al. (2015) used the CGE model to simulate the impact of the carbon tax on energy
efficiency and structure in the Philippines. Zhu (2015) and Qian (2016) used the CGE model to
analyze the impact of a carbon tax on the social and economic aspects of Zhejiang Province under
the returning policy or implementing a carbon tax substitution policy. Benavente (2016) used the
CGE model to simulate the carbon tax rate required to achieve Chile’s goal of reducing CO2
emissions by 20%, followed by an assessment of its impact on the economy.Wu et al. (2016) and
Wang et al. (2017) used the CGE model to study the effects of carbon taxation on social and
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economic reductions in Henan and Jiangsu, China in terms of returning residents and businesses.
Yahoo and Othman (2017) used the CGE model to analyze Malaysia’s economy and emissions
reductions based on carbon tax levy and carbon trading. Li and Su (2017) used a CGE model to
study the carbon recovery schemes of different carbon tax collection departments in Singapore.
Chen et al. (2017) established an energy CGE model of Guangdong Province and simulated the
energy-saving and emission reduction effects of an energy tax or carbon tax, followed by an
analysis of the mitigation effects on the economic system based on tax refund plans. Ling et al.
(2017) developed a multi-sectoral dynamic CGE model using a coal resource tax module and
studied the overall impacts of the coal resource tax reform policy on the Chinese economy and
environment. In such models, there was a clear deviation between the results and the actual data.
Moreover, the requirements of the social accounting matrix are high and are not published every
year.

Several studies have taken a game-theoretical perspective to explore environmental
regulations and carbon tax mechanisms. Such studies often focus on a two-stage game model to
establish the relationship between government and enterprises or among different enterprises.
The optimal emissions level and the optimal output subsidy mechanism have received the most
attention.

Poyago-Theotoky (2007) showed that when the government imposes a carbon tax,
enterprises experience spillover effects because of research and development of emission
reduction. Gregmar and Jonathan (2010) studied carbon tax collection and subsidies in the USA
based on the utility maximization model. Yu and Zhang (2013) established a three-stage game
model between government and enterprises and analyzed the feasibility andmode selection of the
carbon tax policy. Krass et al. (2013) analyzed the impact of a carbon tax on corporate emission
reduction technology through the Stackelberg game model. Through an empirical study of a
clothing supply chain, Choi (2013) found that the implementation of a carbon tax policy can
effectively promote sustainable supply chain management. Shi et al. (2013) explored the optimal
abatement cost decision and corporate social and economic benefits in the context of the
government’s carbon tax policies. Ouchida and Goto (2014) concluded that social welfare under a
time-consistent emission tax (emission subsidy) policy enhances welfare more than laissez-faire
approaches. Qiao et al. (2014) used the non-cooperation game theory to study the carbon tax
strategies of EU airlines. Xu et al. (2016) studied production decision-making of manufacturer’s
and pricing decisions under a carbon tax policy and compared the total carbon emissions,
maximum profits and social welfare of firms under a carbon cap and carbon trading policies. Cao
et al. (2017) used the Stackelberg game to study the optimal production and carbon emission
reduction levels under cap-and-trade and low-carbon subsidy policies.

Few studies use game theory to simultaneously examine the mutual decision-making
and emission reduction mechanisms for industries and enterprises from both micro and
macro perspectives. Little information on combining product differentiation theory and
emission reduction policies is available for the steel industry, and most information consists
of narratives and policy descriptions. However, there are key differences in the production
products of enterprises. The extent to which such differences affect overall production levels
and the formulation of emission reduction policies requires additional analysis.

This paper constructs an improved two-stage dynamic game model by introducing an
emission reduction policy and product differentiation concepts based on a carbon tax (Section 3).
Next, this paper examines the influence of product differentiation on overall production using
economic and CO2 indexes (Section 4). Finally, this paper provides policy recommendations for
the transformation and upgrading of the steel market and the formulation of emission reduction
policies (Section 5).
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3. Methods
3.1 Notations and explanations
According to the traditional regional division of China, China can be divided into six regions,
namely, North China (i.e. Beijing, Tianjin, Hebei, Shanxi and Inner Mongolia); Northeast China (i.
e. Liaoning, Jilin and Heilongjiang); East China (i.e. Shanghai, Jiangsu, Zhejiang, Anhui, Fujian,
Jiangxi, Shandong and Taiwan); South Central China (i.e. Henan, Hubei, Hunan, Guangdong,
Guangxi, Hainan, Hong Kong and Macau); Southwest China (i.e. Chongqing, Sichuan, Guizhou,
Yunnan and Tibet); and Northwest China (i.e. Shaanxi, Gansu, Qinghai, Ningxia and Xinjiang) 1.
For data reasons, Tibet, HongKong,Macau andTaiwan are not included here.

Here, this paper uses the inverse method to solve the two-stage game problem. Following
Duan et al. (2017), this paper introduces “product differentiation degree (lji)” and expand the
notations and explanations (Table 1).

3.2 Establishment and game model analysis under product differentiation 2 conditions
The main body of the game includes the steel industry (government) and enterprises in the
six regions. The production level of the enterprises represents the level of production in the
region. The technical level indicators, such as CO2 emission intensity of enterprises, represent
the technology level.

The six regional oligopoly enterprises produce a product at the same time, and the products
produced by each enterprise are substitutable but differ. The coefficient lji indicates the degree of
substitutability of the enterprise j’s product to enterprise i’s product (substitution coefficient). The
product takes the output as the decision variable, and achieves the balance of production and
sales in one cycle. The set reduction scenario is the following: the carbon tax is the only emission

Table 1.
Notations and
explanations used in
this paper

Notations Explanations

Q Steel production
P The price of steel
a The constant of the market inverse demand curve
b The primary coefficient of the market inverse demand curve
qi Steel production of region i
e2015,i The region i CO2 emission intensity of per ton steel in 2015
ei The region i CO2 emission intensity of per ton steel at some stage
ri The decline range of CO2 emission intensity of per ton steel in region i at some stage
R The decline target of national CO2 emission intensity of per ton steel at some stage
MAC Marginal abatement cost curve in iron and steel industry
ai The quadratic coefficient of steel industry’s MAC in region i
bi The primary coefficient of steel industry’s MAC in region i
Ci The cost function of steel industry in region i
C0,i The production cost of steel industry in region i
ci The cost of base period emission reduction in region i
T The total carbon tax
t The unit value of carbon tax
W Social welfare function
CS Consumer surplus
PS Producer surplus
D(E) Total macro external environment loss of CO2 emission
u The external loss parameter of CO2
p i The profit function of steel industry in region i
E The total CO2 emissions in iron and steel industry
lji The extent to which products produced by j can replace those produced by i
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reduction policy, and at a certain future time point K, the emission intensity decreases R from the
CO2 emission intensity in 2010. Because this paper only introduces the theory of product
differentiation and bounded rationality based on a basic model, the model structure and main
hypothesis do not differ from those of Duan et al. (2017).

The basic form of the profit function of each enterprise according to the Bowley model is
as follows:

p i ¼ P Qð Þqi � Ciqi¼ a� bQð Þqi � qiC0;i � qil ci þ
ðri
0
MACi rð Þdr

� �
� teiqi

¼ a� bQð Þqi � qiC0;i � qil ci þ
ðri
0
MACi rð Þdr

� �
� te2015;i 1� rið Þqi

(1)

for which:

p 1 ¼ ½a� b ðq1 þ l21q2 þ l31q3 þ l41q4 þ l51q5 þ l61q6Þ�q1 �
�
C0;1 þ l

�
c1 þ

ðr1
0
MAC1ðrÞdr

�
þ te2015;1ð1� r1Þ

�
q1

p 2 ¼ ½a� b ðq2 þ l12q1 þ l32q3 þ l42q4 þ l52q5 þ l62q6Þ�q2 �
�
C0;2 þ l

�
c2 þ

ðr2
0
MAC2ðrÞdr

�
þ te2015;2ð1� r2Þ

�
q2

p 3 ¼ ½a� b ðq3 þ l13q1 þ l23q2 þ l43q4 þ l53q5 þ l63q6Þ�q3 �
�
C0;3 þ l

�
c3 þ

ðr3
0
MAC3ðrÞdr

�
þ te2015;3ð1� r3Þ

�
q3

p 4 ¼ ½a� b ðq4 þ l14q1 þ l24q2 þ l34q3 þ l54q5 þ l64q6Þ�q4 �
�
C0;4 þ l

�
c4 þ

ðr4
0
MAC4ðrÞdr

�
þ te2015;4ð1� r4Þ

�
q4

p 5 ¼ ½a� b ðq5 þ l15q1 þ l25q2 þ l35q3 þ l45q4 þ l65q6Þ�q5 �
�
C0;5 þ l

�
c5 þ

ðr5
0
MAC5ðrÞdr

�
þ te2015;5ð1� r5Þ

�
q5

p 6 ¼ ½a� b ðq6 þ l16q1 þ l26q2 þ l36q3 þ l46q4 þ l56q5Þ�q6 �
�
C0;6 þ l

�
c6 þ

ðr6
0
MAC6ðrÞdr

�
þ te2015;6ð1� r6Þ

�
q6

(2)

In equations (1) and (2), P = a � bQ is the market inverse demand function faced by steel
enterprises and qi is the amount of product produced by each enterprise. The cost function of
an enterprise Ci is related to the reduction emission intensity. ri is the emission reduction
range selected by enterprise i. ei is the CO2 emission intensity of enterprise i.

Let @p i
@qi

¼ 0 and @p i
@ri

¼ 0 and the corresponding reduction range of emission intensity ri
and output qi of steel enterprises in each region can be obtained.

Under the carbon tax value t, when the output of each enterprise is qi and the CO2

emission intensity is ei, the total carbon tax revenue is Ti ¼
X6
i¼1

teiqi ¼
X6
i¼1

te2015;i 1� rið Þqi,
the external macroscopic loss caused by CO2 emissions to the environment is

D Eð Þ ¼ uE ¼ u
X6
i¼1

eiqi¼u
X6
i¼1

e2015:i 1� rið Þqi, and thus:

W ¼ CS þ PS þ T � D Eð Þ ¼
ðQ
0
P qð Þdq� P Qð ÞQþ

X6
i¼1

p i þ
X6
1

Ti � uE

¼
ðQ
0

a � b qð Þdq� a � b
X6
i¼1

qi

 !X6
i¼1

qi þ
X6
i¼1

p i

þ
X6
i¼1

te2015;i 1� rið Þqi � u
X6
i¼1

e2015;i 1� rið Þqi (3)
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In equation (3),CS ¼
ðQ
0
P qð Þdq� P Qð ÞQ stands for the consumer surplus and

PS ¼
X6
i¼1

p i stands for the producer surplus.

The regional enterprises obtain the profit function of the enterprise by selecting the
decline in emission intensity and production output as a response to the government’s
corresponding emission reduction policy and emission reduction target R. The
government’s decision can be expressed as:

maxW

s:t:

X6
i¼1

e2015;i 1� rið Þqi
X6
i¼1

qi

¼ e2010 1� Rð Þ

0 < ri < 1
ei > 0
qi > 0
t � 0
i ¼ 1; 2; 3; 4; 5; 6

8>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>:

(4)

In Section 4, this paper will analyze the changes in the economic and environmental
indicators of the entire steel industry and each enterprise when the products produced by
each enterprise are the same (l = 1), different (l = 1) and varying in the degree of product
differentiation.

3.3 Data sources
The statistics in this study were obtained from the China Statistical Yearbook (2005–2017),
China Industrial Statistical Yearbook (2005–2017), China Energy Statistical Yearbook
(2005–2017), China Steel Yearbook (2005–2017) and statistical yearbooks of various
provinces. The economic data were equivalent to comparable prices in 2010. The period was
from 2005 to 2016. CO2 emissions in industrial production (IPPU CO2) were included in this
paper, a source of large amounts of CO2.

Because of the available data, the iron and steel industry’s relevant energy consumption
and economic data were derived from the ferrous metal smelting and calendering processing
industry in the statistical yearbook. The CO2 accounting of fossil energy consumption and
IPPU refer to IPCC (2006) and Duan et al. (2016).

3.4 Parameter fitting
The inverse demand curve can be approximated as a straight line inclined to the lower right.
According to the calculation, the inverse demand curve fitting equation is as follows:

P ¼ a� bQ ¼ 15769:56� 1:13� 10�5Q (5)

In 2010, the average level of CO2 emissions was 3.1710 tons of CO2 per ton of steel [3] (the
same below, omitted). In the calculation, the base period data of each region was for 2015.
The average level of CO2 emission in 2015 was 2.8210. The CO2 emission levels of the six
regions in 2015 are shown in Table 2.
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ni
t

i=
1

i=
2

i=
3

i=
4

i=
5

i=
6

e 2
0
1
5
i

tC
O
2/
t

2.
33
44

3.
56
98

2.
90
40

2.
87
79

3.
22
02

4.
58
64

a i
11
66
1

17
20
8

16
93
2

12
95
2

63
97

34
85

b i
�1

69
.7
6

88
76
.7
0

�1
66
.9
2

14
83
.6
0

50
2.
52

42
1.
13

c i
Y
ua
n

21
68
.2
0

35
11
.1
0

21
65
.4
0

33
25
.1
0

23
68
.7
0

38
14
.3
0

C
0
,i

Y
ua
n

20
15

28
33
.1
5

48
98
.4
7

34
53
.5
3

41
53
.1
5

37
99
.0
3

38
32
.3
8

20
20

21
24
.8
6

39
18
.7
7

25
90
.1
5

24
91
.8
9

36
09
.0
8

36
40
.7
6

Table 2.
Some parameter

values
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The calculation method reference was based on Färe et al. (2007) and Lee et al. (2002) (the
data were updated to 2016, and the function form was slightly changed) and the quadratic
form was selected as the marginal abatement cost curve (MACC) regression equation. The
relationship between the emission intensity reduction in each region and the CO2 MACC is

shown in Table 2. This paper used l ci þ
ðri
0
MACi rð Þdr

� �
to represent the actual emission

reduction cost – andl is 0.5 – to minimize the error.
This paper referred to the target of reducing the comprehensive energy consumption of a

ton of steel by 12kgce in 2020 to set the CO2 emission intensity reduction target [Steel Industry
Adjustment and Upgrade Plan (2016–2020)]. The target for 2020 was approximately 85% of
the energy consumption level in 2010. Therefore, this paper sets the CO2 emission intensity in
2020 to be 15% lower than that in 2010 [4]. The output, profit and emission intensity of
enterprises and the industry were examined when the emission reduction target was 15%–
20%. This paper assumed that by 2020, the production costs in North China, East China and
South Central China will decrease significantly, while the production costs in Northeast China,
Southwest China and Northwest China will decrease less. External macro-environmental loss
parameters by CO2 emissions are based on Guenno and Tiezzi (1998) and u = 14.55 Yuan/ton
CO2. The specific data simulation parameter settings are shown in Table 2.

4. Results and discussion
4.1 Each enterprise produces the same product
When the products produced in each region are the same and can be completely replaced. At
this time, to achieve the greatest social welfare, when the emission reduction targets increase
from 15% to 20%, the unit carbon tax increases from 12.47 Yuan/ton CO2 to 34.24 Yuan/ton
CO2 and the total carbon tax increases nearly by 1.57 times. Total output, total social welfare
(W), consumer surplus (CS), producer surplus (PS) and CO2 emissions decrease. The total
output is maintained at 846–851 million tons, a decrease of more than 25% compared with
the total production of 1.135 billion tons in 2016. This finding indicates that the steel
demand needs to decrease in 2020 significantly to maximize social welfare. As the emission
reduction target increases from 15% to 20%, total output,W, CS, PS, and CO2 emission loss
decrease by 0.57%, 0.06%, 1.13%, 0.23% and 6.41%, respectively.

To achieve the reduction target (15%–20%), the enterprises in each region need to reduce
emission intensity and production. When the emission reduction targets gradually increased,
the decline rate in emission intensity in various regions increased. The emission intensity of
Southwest China and Northwest China decreased the most. When the industry emission
reduction target was 20%, the emission reduction rate in Northwest China was the largest at
24.58%. The emission reductions in East China and North China were moderate (7%–12%).
The emission reduction range in the Northeast and South Central regions was small and that
in the Northeast was the smallest. Because of the different costs and emission reduction
intensities, the addition of a carbon tax, under gradual increases in emission reduction targets,
results in a decrease in the production in other regions, with the exception of the increase in
output in North China (by 0.03 billion tons). The Northeast and Northwest showed significant
declines, with yields decreasing by 5% or more. The results are shown in Tables 3 and 4, as
well as Figures 1 and 2.

4.2 Each enterprise produces different products
To facilitate calculation and discussion, the substitution coefficient of the products between
enterprises was the same (i.e. lji = l), and the value of l was 0.95 when the product was
characterized by differentiation. This case was similar to the same product scenario: when
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the emission reduction target increased from 15% to 20%, the unit carbon tax and total
carbon tax also increased. The unit tax value increased from 15.35 Yuan/ton to 38.19 Yuan/
ton, and the total carbon tax increased by 1.33 times. Total production, total social welfare
(W), consumer surplus (CS), producer surplus (PS) and CO2 emissions losses decreased. The
total output was stable at approximately 877–882 million tons. As the emission reduction
target increased from 15% to 20%, total output,W, CS, PS and macro-environmental losses
from CO2 emissions decreased by 0.59%, 0.12%, 1.17%, 0.36% and 6.43%, respectively.

Similar to the same product scenario, the rate of decline in emission intensity in various
regions increased when the emission reduction targets increased. The emission intensity of
Southwest China and Northwest China decreased the most. When the industry emission
reduction target was 20%, the Northwest China emission reduction rate was the highest
(26.23%); the emission reduction range in East and North China was moderate, and the
decline was 7.76%–13.12%. Emission reductions in Northeast and South Central China were
low, and those in the Northeast were the lowest. When emission reduction targets increased,
the output of the regions decreased, with the exception of the increase in output in North

Table 4.
The changes of the

various region
enterprise indicators
under the carbon tax

mechanism, the
emission reduction
target is 15%�20%

Emission
reduction target 15% 16% 17% 18% 19% 20%

Production (100
million tons)

North China 2.5789 2.5796 2.5803 2.5810 2.5817 2.5825
Northeast China 0.3823 0.3808 0.3793 0.3776 0.3758 0.3740
East China 2.1623 2.1621 2.1619 2.1617 2.1614 2.1612
South Central China 1.7354 1.7351 1.7348 1.7345 1.7341 1.7337
Southwest China 1.1672 1.1666 1.1660 1.1654 1.1648 1.1641
Northwest China 0.4867 0.4845 0.4823 0.4801 0.4778 0.4755

Rate of change,
production(with
15% as the base)

North China – 0.05% 0.11% 0.17% 0.23% 0.30%
Northeast China – �0.79% �1.69% �2.71% �3.83% �5.08%
East China – �0.02% �0.04% �0.06% �0.09% �0.12%
South Central China – �0.03% �0.08% �0.12% �0.17% �0.23%
Southwest China – �0.10% �0.21% �0.32% �0.44% �0.57%
Northwest China – �0.88% �1.81% �2.78% �3.77% �4.77%

The decline
range of emission
intensity (with
data in 2015 as
the base)

North China �7.83% �8.77% �9.71% �10.63% �11.55% �12.46%
Northeast China �0.98% �1.26% �1.56% �1.89% �2.24% �2.62%
East China �7.05% �7.93% �8.79% �9.65% �10.50% �11.34%
South Central China �3.67% �4.47% �5.30% �6.15% �7.01% �7.87%
Southwest China �7.95% �9.37% �10.80% �12.21% �13.63% �15.05%
Northwest China �13.06% �15.37% �17.68% �19.98% �22.28% �24.58%

Table 3.
The changes of the

overall industry
indicators under the

carbon tax
mechanism, the

emission reduction
target is 15%�20%

Emission reduction target 15% 16% 17% 18% 19% 20%

Carbon tax value (Yuan) 12.47 16.04 20 24.35 29.10 34.24
Production (100 million tons) 8.5127 8.5046 8.4957 8.4861 8.4757 8.4646
Rate of change, production(with
15% as the base)

– �0.10% �0.20% �0.31% �0.44% �0.57%

Rate of change, social welfare (with
15% as the base)

– �0.01% �0.01% �0.02% �0.04% �0.06%

Rate of change, producer surplus
(with 15% as the base)

– �0.04% �0.08% �0.12% �0.17% �0.23%
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China (an increase of 69 million tons). The output in Northeast China and Northwest China
decreased significantly by 4.24% and 3.94%, respectively.

Compared with the case of implementing the carbon tax policy and producing the same
product, the general pattern of the results was consistent with the same product scenario
when the products were different. However, under the same emission reduction target, the
carbon tax, total carbon tax, total social welfare, output, producer surplus and consumer

Figure 2.
The change of
regional emission
intensity with the
overall emission
reduction target
(15%–20%, carbon
tax scenario only)

Figure 1.
The rate of change of
output, social welfare
and producer surplus
under the carbon tax
mechanism, take
15% as the baseline
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surplus of products under the condition of greater product differentiation, the increase or
decrease in rates of change is larger than for when the product is the same. The results are
shown in Tables 5 and 6.

When l takes other values, conclusions are largely the same.

4.3 The substitution coefficient is variable
When the product is differentiated and the substitution coefficient of the products between
enterprises is the same (i.e. lji ¼ l), the values of l are 0.95, 0.90, 0.85, 0.80 and 0.75 (R = 15%)
and the other parameters are consistent with the same product scenario. In this section,
changes in the various parameter are studied (R = 15%) when l = 0.95, 0.90, 0.85, 0.80 and
0.75.

Under the same industry emission reduction targets and with a gradual reduction of the
substitution coefficient, the total social welfare (W), consumer surplus (CS), producer
surplus (PS), the unit carbon tax, total carbon tax, total output and CO2 emission loss
increased. The trend is shown in Table 7 and Figure 3. The carbon tax value increased from

Table 5.
The changes of the

overall industry
indicators under the

carbon trade
mechanism, the

emission reduction
target is 15%�20%,

the substitution
coefficient is 0.95

Emission reduction target 15% 16% 17% 18% 19% 20%

Carbon tax value (Yuan) 15.35 19.16 23.36 27.93 32.87 38.19
Production (100 million tons) 8.8212 8.8123 8.8026 8.7922 8.7812 8.7694
Rate of change, production (with 15% as the base) – �0.10%�0.21%�0.33%�0.45%�0.59%
Rate of change, social welfare (with 15% as the base) – �0.02%�0.04%�0.06%�0.09%�0.12%
Rate of change, producer surplus (with 15% as the base) – �0.06%�0.12%�0.20%�0.27%�0.36%

Table 6.
The changes of the

various region
enterprise indicators

under the carbon
trade mechanism, the

emission reduction
target is 15%�20%,

the substitution
coefficient is 0.95

Emission reduction target 15% 16% 17% 18% 19% 20%

Production (100 million tons) North China 2.5772 2.5784 2.5797 2.5811 2.5826 2.5841
Northeast China 0.4818 0.4785 0.4749 0.4708 0.4663 0.4614

East China 2.1790 2.1785 2.1779 2.1772 2.1764 2.1756
South Central China 1.7723 1.7716 1.7707 1.7697 1.7686 1.7674

Southwest China 1.2307 1.2294 1.2281 1.2266 1.2251 1.2236
Northwest China 0.5802 0.5759 0.5714 0.5667 0.5620 0.5573

Rate of change, production
(with 15% as the base)

North China – 0.05% 0.10% 0.15% 0.21% 0.27%
Northeast China – �0.68% �1.44% �2.29% �3.33% �4.24%

East China – �0.02% �0.05% �0.08% �0.12% �0.16%
South Central China – �0.04% �0.09% �0.15% �0.21% �0.28%

Southwest China – �0.10% �0.21% �0.33% �0.45% �0.58%
Northwest China – �0.74% �1.52% �2.31% �3.12% �3.94%

The decline range of emission
intensity (with data in 2015 as
the base)

North China �8.60% �9.52%�10.43%�11.33%�12.22%�13.11%
Northeast China �1.21% �1.50% �1.82% �2.16% �2.52% �2.91%

East China �7.77% �8.61% �9.46%�10.29%�11.12%�11.95%
South Central China �4.32% �5.13% �5.96% �6.80% �7.65% �8.50%

Southwest China �9.11%�10.51%�11.90%�13.29%�14.68%�16.07%
Northwest China�14.95%�17.21%�19.48%�21.74%�23.98%�26.23%
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¥15.35 to ¥25.44, the total carbon tax increased by 94.04%, the total output increased from
882 million tons to 1.033 billion tons, and the emission loss increased by 17.08%.

Under the same industry emission reduction target for each sub-region and the gradual
reduction of the substitution coefficient, the output, profit and emission reduction range
increased (Figures 4–6).

Similar results were obtained when R was set to other values. This finding suggests that
the production of differentiated products can promote economic performance compared with
the same product. Generally, greater degrees of product differentiation have greater
promoting effects on economic performance.

4.4 Discussion
In Chapter 4, this paper discussed the situation of different degrees of differentiation of steel
products, observed the changing trends in economic and environmental indicators, and
discussed differences among regions. In fact, by modifying the value of some parameters or
parts of the framework of the model, the macro product game model established in this
paper can be used to change comparisons in the degree of differentiation of other products
and can also be applied to other industries, reflecting the generality of the model.

Based on the assumptions in the model construction process, the limitations of this model
arise from the partially idealized theoretical framework, which slightly differs from the
conditions of actual production. For example, the price function, production function and
MACC aremostly linear functions that may differ from actual functions.

Figure 3.
Comparison of social
welfare, consumer
surplus and producer
surplus under
different substitution
coefficients

Table 7.
The changes of
various indicators
under different
substitution
coefficient

Substitution coefficient 0.95 0.90 0.85 0.80 0.75

Carbon tax value (Yuan) 15.35 18.10 20.69 23.14 25.44
Production (100 million tons) 8.8212 9.1538 9.5135 9.9035 10.3279
Social welfare (1012 Yuan) 6.2758 6.6977 7.1794 7.7299 8.3599
Consumer surplus (1012 Yuan) 4.3965 4.7343 5.1136 5.5415 6.0267
Producer surplus (1012 Yuan) 1.8774 1.9547 2.0501 2.1654 2.3029
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Figure 5.
Variation of regional
profit under different

substitution
coefficients

Figure 4.
Variation of regional

production under
different substitution

coefficients
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However, this observation does not affect the theoretical significance of the model
construction ideas nor change trends in the future actual operation process. Because this
paper established a macro game model based on macro statistical data, the results and
changing trends in the indicators were calculated and analyzed based on previous data,
which can be dynamically adjusted continuously. In addition, this paper only analyzed the
implementation of carbon tax policy and product differentiation policy in China’s steel
industry. As relevant policies continuously improve in the future, subsidies policies, carbon
trading policies and other economic and environmental policies will also be included in the
scope of research. This study supplies theoretical ideas and references for this purpose.

5. Conclusions
This paper established a two-stage multi-oligopoly enterprise production selection model
by introducing a carbon tax policy and product differentiation theory. The changes in the
total output, social welfare and other indicators under the constraints of the industry’s
emission reduction targets and emission reduction policies were analyzed. The effects of
product differentiation degree on the decline in output and emission intensity of each
enterprise, as well as other economic factors, were also analyzed. The main conclusions
are detailed below.

Regardless of whether there is a difference in the products produced among the
enterprises, the unit carbon tax and total carbon tax always increased as the CO2 emission
reduction targets increased; in contrast, the industry social welfare (W), consumer surplus
(CS), external macro-environmental losses and total production decreased. CO2 emission
reduction pressure among regional oligarchic enterprises increased. The emission reduction
rates in the Northwest and Southwest regions were higher than those in other regions; the

Figure 6.
Variation of regional
emission intensity
under different
substitution
coefficients
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oligarchic enterprises in North China, East China and South Central China were second; and
emission reduction rates were least in the Northeast. When there were product differences,
along with increases in emission reduction targets, the rate of change of the indicators
increased. When the emission reduction target was unchanged and the substitution
coefficient decreased, the indexes tended to increase.

Because the steel industry is relatively large but not strong, duplicated production is
widespread, and the problem of homogenization is serious, the steel industry should
improve the effective supply level of steel and increase the differentiation of products to
ensure the demand for infrastructure. Additional support is needed for the research,
development and industrialization of high-end steel products required for major technical
equipment in high-tech ships, marine engineering equipment, advanced rail transit, electric
power, aerospace, machinery and other fields.

Even if products are differentiated, production and consumption are lower when a
market equilibrium is reached. Thus, the steel industry needs to defuse excess capacity,
prohibit new production capacity and push “zombie” enterprises to exit the market in the
future. By implementing a carbon tax and other emission reduction policies and market
mechanisms, as well as formulating mandatory emission reduction standards and energy
consumption indicators, government departments can promote supply-side structural
reform of the iron and steel industry.

As noted in Section 4.4, the game model constructed in this study has certain limitations
that should be considered and be improved by future research. At the same time, future
research should further explore the impact of environmental policies and product
differentiation policies on other industrial sectors.

Notes

1. According to the characteristics of statistical data, this study merges the seven geographical
regions of China into six regions, for which the South Central China region includes Central China
and South China.

2. In this study, product differentiation specifically refers to the degree of substitution between
products in the macroscopic sense. Because of the lack of micro engineering data of enterprises in
various regions, this paper only analyzed the macro-economic and environmental impacts
changes under different scenarios. The differences in input factors, product quality and product
type in the production process are not discussed in this paper.

3. In this study, all data are macro from the statistical yearbook and other statistical material.
Currently, China still lacks production and consumption data of all enterprises in each region.
Therefore, the emission intensity, output and other data in this study are based on the macro
statistical data or the average value for each region.

4. At present, the CO2 emission reduction targets are currently not specified in China’s steel
industry development plan, only the energy intensity reduction target is mentioned. Therefore,
this paper selects the target of energy intensity reduction of 15% to represent the approximate
CO2 emission reduction target, although the two are not exactly the same.
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