
School of Economic, Political and Policy Studies

Regional-Level Carbon Emissions Modelling and Scenario
Analysis: A STIRPAT Case Study in Henan Province, China

UT Dallas Author(s):

Chengzhe Qin

Rights:

CC BY 4.0 (Attribution)
©2017 The Authors

Citation:

Zhang, Pengyan, Jianjian He, Xin Hong, Wei Zhang, et al. 2017. "Regional-
level carbon emissions modelling and scenario analysis: A STIRPAT
case study in Henan province, China." Sustainability 9(12), doi:10.3390/
su9122342

This document is being made freely available by the Eugene McDermott Library
of the University of Texas at Dallas with permission of the copyright owner. All
rights are reserved under United States copyright law unless specified otherwise.



sustainability

Article

Regional-Level Carbon Emissions Modelling
and Scenario Analysis: A STIRPAT Case Study
in Henan Province, China

Pengyan Zhang 1,2,3, Jianjian He 1, Xin Hong 3, Wei Zhang 4,*, Chengzhe Qin 5, Bo Pang 1,
Yanyan Li 1 and Yu Liu 6,7,*

1 College of Environment and Planning, Henan University, Kaifeng, Henan 475004, China;
pengyanzh@126.com (P.Z.); JJHe0401@163.com (J.H.); pangbo0831@163.com (B.P.); yyli1109@163.com (Y.L.)

2 Collaborative Innovation Center of Urban-Rural Coordination Development, Henan 450046, China
3 Department of Geography, Kent State University, Kent, OH 42240, USA; xhong1@kent.edu
4 State Environmental Protection Key Laboratory of Environmental Planning and Policy Simulation,

Chinese Academy for Environmental Planning, Beijing 100012, China
5 School of Economic, Political and Policy Sciences, The University of Texas at Dallas, Richardson, TX 75080,

USA; cxq160030@utdallas.edu
6 Institutes of Science and Development, Chinese Academy of Sciences, Beijing 100190, China
7 School of Public Policy and Management, University of Chinese Academy of Sciences, Beijing 100049, China
* Correspondence: zhangwei@caep.org.cn (W.Z.); Liuyu@casipm.ac.cn (Y.L.)

Received: 8 November 2017; Accepted: 13 December 2017; Published: 15 December 2017

Abstract: Global warming has brought increased attention to the relationship between carbon
emissions and economic development. Research on the driving factors of carbon emissions from
energy consumption can provide a scientific basis for regional energy savings, as well as emissions
reduction and sustainable development. Henan Province is a major agricultural province in China,
and it is one of most populous provinces. Industrial development and population growth are the
causes of carbon emissions. The STIRPAT model was conducted for analyzing carbon emissions and
the driving factors for future carbon emission in Henan Province. The results show that: carbon
emissions and energy consumption in Henan Province presented a rising trend from 1995 to 2014;
Energy consumption due to population growth is the main contributor to carbon emissions in Henan
Province. As every 1% increase in the population, GDP per-capita, energy intensity, and the level
of urbanization development will contribute to the growth of emissions by 1.099, 0.193, 0.043, and
0.542%, respectively. The optimization of the industrial structure can reduce carbon emissions in
Henan Province, as suggested by the results, when the tertiary sector increased by more than 1%,
the total energy consumption of carbon emissions reduced by 1.297%. The future pattern of carbon
emissions in Henan Province is predicted to increase initially and then follows by a decreasing trend,
according to scenario analysis; and maintaining a low population growth rate, and a high growth
rate of GDP per-capita and technical level is the best mode for social and economic development.

Keywords: carbon emissions; energy consumption; STIRPAT model; driving factors;
scenario predictions

1. Introduction

Global warming has become an irrefutable issue that needs to be recognized and urgently
addressed by all mankind [1–5], to keep the increase in the average global temperature well below
2 ◦C above pre-industrial levels and to pursue efforts to limit the temperature increase to 1.5 ◦C
above pre-industrial levels [6,7]. Carbon dioxide emissions due to human activities contribute about
80% to the greenhouse effect [8]. With rapid economic and population growth, human activities
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increasingly rely on energy consumption [9–12]. In particular, excessive fossil fuel consumption
produces massive emissions of carbon dioxide and the subsequent greenhouse effect [13–15].
In this context, a consensus has been reached among the international community to develop
a low-carbon economy and technologies, and actively acknowledge and address climate change [16,17].
Fundamentally, reducing greenhouse gas emissions is an economic issue [18,19]; to attain sustainable
and harmonious development of ecology, economy, and human society, it is necessary to correctly
understand the relationship between economic development, energy consumption, and carbon
emissions [20–24].

Researching the driving factors of carbon emissions will provide a scientific reference for
attaining low-carbon development and taking appropriate measures on supply-side reform [25–28].
Greenhouse gas emissions produced by human activities are primarily driven by factors such as
population, affluence, and technological advances [29–32]. Currently, many different methods have
been used to examine the impact factors of CO2 emissions. Among them, the logarithmic mean Divisia
index (LMDI) and stochastic impact by regression on population, affluence, and technology (STIRPAT)
models are the two most well-known methods for examining such factors [33]. The LMDI model
can only provide limited useful information for shaping CO2 emissions reduction strategies [34–36].
The STIRPAT model, an extension of IPAT, can examine many more impact factors than the LMDI
model, and it became the mainstream method for uncovering the driving factors of energy consumption
or carbon emissions over the world [37–41].

Some researchers have studied the factors influencing China's carbon emissions [24,42–45].
Their results reveal that economic development contributes significantly to China's carbon emissions
in the short term, while population growth is the most significant contributor in the long term.
Additionally, researchers have found that China’s carbon emissions were influenced most significantly
by population and industrial structure, compared with energy prices, and foreign trade intensity [46].
Related research at the Chinese provincial level has shown that the factors influencing carbon
emissions vary somewhat from province to province; population, investment in fixed assets,
GDP per-capita, heavy industry (secondary sector), the working-age population, and the urbanization
rate are the most significant influences on carbon emissions within the Chinese provinces [35,47–52].
Evidently, spatial heterogeneity and regional differences both influence carbon emissions [53,54].
In summary, China at the national scale and provinces at the reginal scale are both inevitably facing
a serious dilemma: if carbon emissions were reduced, economic development and GDP would slow
down consequently [13,55].

China covers a vast territory, and socio-economic development varies from region to region [56].
If a same model is applied to different study areas, it is necessary to fully consider their social conditions
and economic development characteristics. Henan Province, as a major agricultural province, has the
largest population and the increasing GDP. In recent years, grain production has enabled rapid
social and economic development with convenient transportation. Henan has become an attractive
hut for economic activities and subsequently has been faced with continuous population growth,
while striving to maintain its status as a large agricultural province. In this context, its primary concern
is to optimize its industrial structure, and thus to improve economic and environmental benefits.

This study quantitatively evaluates carbon emissions from energy consumption in Henan
Province, fully accounting for its status as a large agricultural province and its transformation
in industrial structure. By introducing the industrial structure to the STIRPAT model, this study
predicts future trends in carbon emissions. Based on the simulation results and predication
model, carbon emissions in Henan Province are estimated under different development patterns,
represented using a combination of factors such as population, economic level, technological advances,
and industrial structure. Based on a comparison of development scenarios, this study proposes
an optimal low-carbon development pattern suited to the province, thus providing a scientific basis for
building a less developed area into a low-carbon society. Henan is in a period of rapid development
due to its large population and extensive energy consumption. This paper can be a reference to other
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areas—such as Africa, Southeast Asia, Eastern Europe and South America—which also are facing the
same dilemma.

2. Data Sources and Methodology

2.1. Study Area

Henan Province is located in mid-east mainland China, and includes the middle and lower
reaches of the Yellow River. Most of its area is situated in plains (Figure 1). In 2015, its annual
GDP was 3701 billion yuan, a year-to-year increase of 8.3%. The ratio of value added to the primary,
secondary, and tertiary sectors was 11.4:49.1:39.5 in 2015. By the end of 2015, the total population of
Henan Province was 107.22 million people, about three times of Canada. Total energy consumption
was 23.2 billion tons, and energy consumption per 10,000 yuan of GDP was 0.63 tons, an annual
decrease of 4.76%. In recent years, Henan Province has embraced rapid socio-economic development
and a continued increase in urbanization, accompanied by an expansion in energy consumption.
Meanwhile, carbon emissions have continued to increase for various reasons, including enormous
population, imbalanced economic development, unreasonable industrial structure, low technological
level, and a coal-dominated energy consumption structure.
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2.2. Methodology

2.2.1. Carbon Emissions Estimation from Energy Consumption

Carbon emissions in Henan Province were calculated using data and methodology recommended
by the IPCC (2006) [57]. The three major energy sources in Henan Province are coal, fossil oil,
and natural gas, accounting for 76%, 13% and 5% of total energy consumption in 2015, respectively.
Therefore, this study selected three energy sources to calculate carbon emissions from energy
consumption. The calculation equations are [57–59]

C =
3

∑
i=1

Ci =
3

∑
i=1

Si Ni =
3

∑
i=1

SiVi N (1)
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where C indicates total carbon emissions from energy consumption, Ci represents carbon emissions
from each i type of energy, Si is the carbon emission coefficient for each i type of energy, Ni is the
consumption of each i type of energy, Ni is the proportion of consumption for each i type of energy in
the total energy consumption, and N is the total energy consumption. In this paper, the primary energy
carbon emission coefficients used are those recommended by the Energy Research Institute of Chinese
National Development and Reform Commission. The coefficients for coal, fossil oil, natural gas, and
non-fossil energy are 0.5394, 0.8359, 0.5956, and 0, respectively (ton C/ton TJ).

2.2.2. STIRPAT Model

Ehrlich and Holdren established the IPAT model, and applied this model to the evaluation of
environmental stress [60,61]. This model is formulated as

I = PAT (2)

where I indicates environmental stress. In a traditional environmental stress model, population,
economic development, and technological advances are considered the major driving factors in
environmental stress, which are respectively expressed as P, A, and T. In the evaluation process,
the employed coefficient is singular and fixed; its fixed substitution value can only be used to
calculate the emissions of solid carbon. Therefore, this model has low precision and many limitations.
Subsequently, Dietz and Rosa [62] and York et al. [33,63] proposed the STIRPAT model by extending
the IPAT equation. The STIRPAT model expresses the IPAT model in stochastic rather than fixed form,
specifically

I = aPb AcTd (3)

where I indicates the environmental impact, which is denoted using the carbon emissions from
energy consumption in the present research; P represents the regional population; A represents
the regional GDP per-capita (affluence); T indicates the regional technological level; a is the model
coefficient; b, c, and d are three exponents that need to be estimated; and e indicates the error term [51].
Applying the natural logarithm to both sides of Equation (3) results in

ln I = ln a + b ln P + c ln A + d ln T + ln e (4)

As previously mentioned, Henan Province is a large agricultural province in China.
While maintaining the fundamental position of its agriculture, adjusting and optimizing the industrial
structure is important for the coordinated development of the social economy. Therefore, this paper
introduces a few industrial structure indices to improve the model

ln I = ln a + β1 ln P + β2 ln A + β3 ln T + β4 ln U + β5 ln S + ln e (5)

where I indicates carbon emissions (unit: 10,000 tons) in Henan from energy consumption;
P is population (unit: 10,000); A represents affluence, which is denoted by GDP per-capita
(unit: yuan per capita); T is the energy consumption intensity per unit GDP (unit: ton of standard coal
per 10,000 yuan); U is the percentage of urbanization; S is the proportion of tertiary sector; β1, β2,
β3, β4, and β5 are elasticity coefficients, respectively indicating the changes in β1%, β2%, β3%, β4%,
and β5% every time P, A, T, U, and S are changed by 1%.

2.2.3. Environmental Kuznets Curve (EKC)

To further study the relationship between economic development and environmental protection,
this study introduces the Environmental Kuznets Curve (EKC) [64]. Specifically, the intent is to
determine whether the relationship between economic growth and carbon emissions can be represented
using the EKC. The EKC is shaped as an inverted U: with economic growth, carbon emissions go up
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at first and then go down. To study the foresaid relationship between Henan carbon emissions from
energy consumption and its economic development, Equation (3) is adjusted as

ln I = ln a + β1 ln P + β21 ln A + β22 ln(ln A)2 + β3 ln T + β4 ln U + β5 ln S + ln ε (6)

where β21 is the coefficient of the GDP per-capita logarithm and β22 is the coefficient of the quadratic
term of the GDP per-capita logarithm.

Equation (6) can be simplified as

ln I = β21 ln A + β22(ln A)2 (7)

This formula conforms to the quadratic function relationship. When β22 is negative, the opening
is oriented downwards, thus obtaining the elasticity coefficient (EEIA) of the GDP per-capita with
respect to the carbon emissions from energy consumption

EEIA = β21 + 2β22 ln A (8)

For negative β22 values, the relationship between GDP per-capita and carbon emissions can be
represented with an inverted U-shape curve.

2.2.4. Ridge Regression

The danger of multicollinearity is primarily its generation of large standard errors among related
independent variables; these errors are characterized by large variances in the regression model
parameters, making the regression model unstable. These standard errors can be significantly reduced
using a curtain method. Thus, the negative consequences of such errors can be effectively eliminated,
accordingly, even when multicollinearity remains in the regression model. Ridge regression, which can
obtain acceptably biased estimates with smaller mean square errors in independent variables through
bias–variance tradeoffs, is one of the most effective solutions for dealing with multicollinearity [65].

2.3. Data Sources

In order to dynamically measure and analyze Henan Province carbon emissions from energy
consumption, this study selected related socio-economic data for Henan Province from 1995 to
2014, including energy consumption, population, urban population, GDP, and output from tertiary
industries, which are respectively available from the China Energy Statistical Yearbook (1996–2015) and
Statistical Yearbook of Henan Province (1996–2015).

Coal is the main fuel for Henan, accounting for a larger amount of carbon dioxide emissions.
The carbon emissions of coal continued to rise, reaching the maximum in 2011, 283.74 Mt, and
then began to decrease. The proportions of other energy types—oil and gas—according to Table 1,
have gradually increased in recent years, even though they are not in a large proportion in total
energy consumption.

From the perspective of population, Henan has a growing population, which broke through
100 million people in 2010. The growth rate of urban population was fast. From 1995 to 2014, the urban
population increased by 27 million annually. The increase in population, especially in urban areas,
lead to increasing energy consumption and carbon dioxide emissions.

From an economic perspective, the development of the economy associates with carbon dioxide
emissions to some extent. The total amount of GDP in Henan province increased rapidly during
1995–2014. The change from 300.27 billion yuan in 1995 to 3493.82 billion yuan in 2014. The contribution
of the third industry increased significantly, which increased from 81.95 billion yuan in 1995 to
1296.17 billion yuan in 2014.
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Table 1. Descriptive statistics of the data.

Years
Energy Consumption Population Economy

Coal (Million
Tons)

Oil (Million
Tons)

Gas (Million
Tons)

Total Population
(Million)

Urban Population
(Million)

GDP (Billion
Yuan)

Output of Tertiary
Industries (Billion Yuan)

1995 79.60 4.02 0.07 91.00 15.64 300.27 81.95
1996 82.05 3.98 0.06 91.72 16.87 363.47 100.46
1997 79.75 4.48 0.07 92.43 18.11 404.11 115.07
1998 80.63 4.87 0.07 93.15 19.37 430.82 127.25
1999 82.99 5.61 0.08 93.87 20.64 451.79 138.21
2000 87.24 6.10 0.08 94.88 22.01 505.30 156.23
2001 93.25 5.98 0.09 95.55 23.34 553.30 174.67
2002 103.33 6.01 0.10 96.13 24.80 603.55 192.93
2003 114.19 6.37 0.12 96.67 26.30 686.77 225.70
2004 149.38 7.05 0.15 97.17 28.09 855.38 265.23
2005 184.68 6.69 0.17 97.68 28.75 1058.74 325.83
2006 210.03 6.97 0.22 98.20 30.50 1236.28 383.80
2007 231.71 7.14 0.24 98.69 32.14 1501.28 469.16
2008 238.68 7.04 0.27 99.18 33.97 1801.85 534.57
2009 244.45 7.86 0.30 99.67 35.77 1948.05 604.58
2010 260.50 8.35 0.34 104.37 36.21 2309.24 707.71
2011 283.74 8.75 0.39 104.89 38.09 2693.10 865.35
2012 252.40 10.10 0.53 105.43 39.91 2959.93 1000.85
2013 250.58 19.52 0.57 106.01 41.23 3219.13 1147.57
2014 242.50 19.78 0.55 106.62 42.65 3493.82 1296.17

3. Results and Discussion

3.1. Carbon Emissions and Related Driving Factors

The energy consumption structure of Henan Province from 1995 to 2014 is showed in Figure 2.
Total energy, fossil oil, and natural gas consumption have continued to increase annually, while coal
consumption has shown a decreasing trend. This type of consumption accounted for less than 77% in
2013 and 2014, despite it being at least 80% in other years. However, when compared to other energy
sources, coal consumption accounts for a far larger proportion of the total energy being consumed;
moreover, these percentages are far higher than the Chinese average, which happens to be 64%.
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Figure 2. Energy structures in Henan Province from 1995 to 2014.

Figure 3 shows the changes in Henan Province energy consumption and its influencing factors.
Overall, the trend in carbon emissions from energy consumption can be divided into two stages:
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slow growth from 1995 to 2003, and rapid growth from 2004 to 2014. From 1995 to 2003, there was a slow
increasing trend in carbon emissions from energy consumption due to population size, GDP per-capita,
urbanization rate, and proportion of tertiary sector. During this same time, a decreasing trend
in energy consumption intensity was observed. From 2004 to 2014, there was a large fluctuation
in the driving factors in carbon emissions from energy consumption. Aside from the continued
decline in energy consumption intensity during this time, there was a relatively rapid increase in
carbon emissions, population size, GDP per-capita, urbanization rate, and proportion of tertiary
sector. In 2004, the Strategy for Central China’s Rising was proposed and implemented, which boosted
the socio-economic development of Henan Province. Specifically, the GDP per-capita grown from
8802 yuan (2004) to 37,027 yuan (2014), with corresponding growth of carbon emissions from energy
consumption. In 2014, Henan Province’s carbon emissions from energy consumption reached 182.7
million tons, an increase of 60% over 2004. In addition, the urbanization rate increased from 28.91%
(2004) to 45.19% (2014), and the proportion of tertiary sector increased from 31% (2004) to 37% (2014).
While population growth has been very slow, the population base remains large. In 2014, the permanent
resident population was as large as 94.4 million. The enormous population has been an important
driving factor in the increase of carbon emissions. We also found that the trends of energy carbon
emission and influencing factors of Henan Province are very similar with China, however, quite
different from the world at large (Figure 3). Because Henna Province is a typical example of central
and western China with coal-based energy structure and agricultural population.
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3.2. STIRPAT-Based Modeling

By substituting carbon emission data from Henan Province into the STIRPAT model, this study
developed a model for carbon emissions from energy consumption; additionally, multiple linear
regression (MLR) analyses were conducted accordingly (as described in Table 2). According to
the analysis results, the variance inflation factor (VIF) values for all variables are greater than 10.
For example, the VIF values for GDP per-capita and urbanization rate are as high as 681 and 786,
respectively; this indicates that the results obtained using the least squares estimation method contain
severe multicollinearity, and the fitting coefficients obtained from this method are also unreliable.
To eliminate the influence of multicollinearity, the present research instead uses ridge regression
analysis, which is a statistical method that is specially used for analysis of collinearity data. This method
cedes the unbiased found in the least square method, but seeks a more practical and suitable regression
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equation [66,67]. The results of the ridge regression estimation for Equation (9) are described in Table 3.
The results are highly reliable (R2 = 0.983), all indices pass the test of 5% significance, and the F
statistics pass the 1% significance test. Clearly, Equation (9) can explain the relationship between
carbon emissions and related variables, which is expressed as

I = exp(−0.888 + 1.099 ln P + 0.193 ln A − 0.036(ln A)2 + 0.043 ln T + 0.542 ln U − 1.297 ln S) (9)

Table 2. Analysis results of multiple linear regression.

Items Coefficients Std. Error Beta T Sig. T Tolerance VIF

Constant 2.182 3.558 0.613 0.550
ln P 0.053 1.291 0.005 0.410 0.968 0.025 40.122
ln A 0.829 0.347 1.267 2.390 0.33 0.001 681.283

(ln A)2 −0.047 0.085 −0.463 −0.553 0.590 0.001 1701.400
ln T 1.030 0.219 0.688 4.696 0.000 0.019 52.087
ln S −0.290 0.517 −0.042 −0.560 0.585 0.074 13.592
ln U −0.123 0.933 −0.075 −0.132 0.897 0.001 786.108

Table 3. Analysis results of the ridge regression.

Items Coefficients Std. Error Beta T Sig. T

Constant −0.888 1.542 0.000 −0.548 0.093
ln P 1.099 0.467 0.113 2.423 0.031
ln A 0.193 0.141 0.291 13.472 0.000

(ln A)2 −0.036 0.003 −0.347 −12.467 0.000
ln T 0.043 0.076 0.173 0.343 0.074
ln S −1.297 0.321 −0.185 −3.993 0.000
ln U 0.542 0.056 0.324 9.541 0.000

3.3. Analysis of STIRPAT Model Results

As described in Table 3, Henan Province carbon emissions from energy consumption are positively
influenced by population size, GDP per-capita, energy consumption intensity, and urbanization
rate, but inversely influenced by the proportion of tertiary sector. Clearly, an excessive pursuit
of rapid economic development and magnitude combined with a disregard for the quality of
economic development will bring a substantial increase in carbon emissions from energy consumption.
To suppress carbon emissions, it is necessary to adjust and optimize the industrial structure. Population
growth is the major factor driving the increase in carbon emissions; for every 1% increase in population,
its carbon emissions from energy consumption will increase 1.099%. Henan Province has a large
population base, and its population size has increased from 91 billion in 1995 to 106.6 billion in 2014.
The huge population has led to an enormous scale of production and life consumption, thus producing
a direct and continued increase in energy consumption and carbon emissions.

The rise in the urbanization rate is the second major factor driving the increase in carbon emissions;
for every 1% increase in urbanization rate, its carbon emissions from energy consumption will increase
0.542%. The increase in urban population will directly lead to a demand for food, transportation,
infrastructure, and housing consumption, thus causing a substantial increase in carbon emissions
from energy consumption. Every time GDP per-capita increases 1%, its carbon emissions from
energy consumption will increase 0.193%. The increase in per-capita income directly increases energy
consumption and, consequently, increases carbon emission. The increase in per-capita purchasing
power indirectly leads to an increase in energy consumption and, consequently, higher environmental
stress. Every time energy consumption intensity increases 1%, its carbon emissions from energy
consumption will increase 0.043%. Energy consumption intensity is positively correlated with
carbon emissions from energy consumption. This shows that energy consumption is confronted with
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various problems, including inefficient energy utilization, unreasonable energy utilization structure,
and substantial energy waste. Optimizing industrial structure is negatively correlated with carbon
emission; for every 1% increase in the proportion of tertiary sector, its carbon emissions from energy
consumption will decrease 1.297%. Clearly, an increase in the proportion of the tertiary sector with low
energy consumption aids in achieving energy conservation and emissions reduction in Henan Province.

As described in Table 3, the (ln A)2 coefficient is negative. In the study period, Henan Province
carbon emissions from energy consumption first increased with a continued increase in GDP per-capita
and economic development; after the GDP per-capita increased to a certain level, carbon emissions
from energy consumption began to decrease. Therefore, the relationship between them is represented
with an inverted U-shape curve. The predicted elasticity coefficients for carbon emissions from energy
consumption for a GDP per-capita increase from 100 yuan to 100,000 yuan is provided in Table 4.
On one hand, according to the absolute values of the coefficients (absolute elastic), we may conclude
that the elasticity coefficient of energy consumption (EEIA) in Henan Province increases as the GDP
per-capita increases. This is mainly because the increase of GDP per-capita introduces higher levels of
consumption per capita. Thus, energy consumption and carbon emissions also increase accordingly.
On the other hand, there was less variation in elastic coefficients of carbon emissions, which implies that
the rapid increase in prosperity, along with the advance of science and technology, have contributed
significantly to reducing carbon emissions.

Table 4. Changes in elasticity coefficients for GDP per-capita energy consumption at different economic
development levels.

A 100 1000 2000 4000 6000 8000 10,000 20,000 40,000 60,000 80,000 90,000 100,000

EEIA −0.136 −0.300 −0.350 −0.399 −0.428 −0.449 −0.465 −0.514 −0.564 −0.593 −0.613 −0.622 −0.629
∆EEIA 0.164 0.049 0.049 0.029 0.021 0.016 0.049 0.049 0.029 0.021 0.008 0.008

3.4. Scenario Analysis

Scenario models have been widely used for quantitative evaluation [20,68,69]. The future
economic scenarios, which are simulated according to (historic and current) carbon emissions and
economic developments, are expected to provide useful information for the sustainable development
of ecological economy.

The simulation results obtained from the STIRPAT model have allowed this study to predict
future carbon emissions in Henan Province from 1995–2014. Given the various influencing factors
previously mentioned, Equation (8) was used. Then, the simulated values are compared with historical
values, as shown in Figure 4; the regression analysis for the simulation results have an R2 value of
0.986, indicating that the simulation results are of high accuracy.
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Figure 4. Comparison of simulation and observed values for carbon emissions from
energy consumption.
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In order to determine the urbanization rate, various sources were considered. According to The
Planning of Henan Province on New-Type Urbanization (2014 to 2020) released in 2014, the urbanization
rate for the permanent resident population will reach 56% by 2020. According to the Blue Book
of Macro-Economy released by Zhang and Liu [70], China’s urbanization rate will reach 67.81%
by 2030. According to The Report on China's Modernization: A Study of the World's Modernization,
China’s urbanization rate will exceed 80% by 2040 [71]. According to United Nations predictions,
the urbanization rate in developed countries will reach 86% by 2050. Based on these combined
predictions, the Henan Province urbanization rate is estimated to reach 56%, 67%, 80% and 86% in
2020, 2030, 2040, and 2050, respectively. Accordingly, this study verified the urbanization rate for 1995
to 2014, and calculated the growth rate of Henan Province’s urbanization for past years.

According to the related indices, including population size, GDP per-capita, proportion of tertiary
sector, and energy consumption intensity for Henan Province from 1995 to 2014, respective growth
rates were calculated. The maximum growth rates for population, GDP per-capita, and proportion
of tertiary sector were set as the high growth rates, and their minimum growth rate was set as the
low growth rates; high growth rates were 4.72%, 23.91% and 5.43%, respectively, while low growth
rates were 0.49%, 4.06% and 0.67%, respectively. In addition, this study selected the maximum growth
rate of energy consumption intensity as the low growth rate (−2.32%), and the minimum growth rate
as the high growth rate (−15.08%). Energy consumption intensity represents the technological level
in Henan Province, and the proportion of tertiary sector represents the socio-economic development
level. Details on each scenario are provided in Table 5.

Table 5. Development scenarios for Henan Province.

Scenario Population GDP Per-Capita Technological Level
Socio-Economic

Development Level

1 H H L L
2 H H L H
3 H L H L
4 H L H H
5 H L L L
6 H L L H
7 H H H L
8 H H H H
9 L L H L
10 L L H H
11 L H L L
12 L H L H
13 L H H L
14 L H H H
15 L L L L
16 L L L H

Notes: H = high growth and L = low growth.

As shown in Figure 5, the future trends in Henan Province carbon emissions can be summarized
with two patterns: (1) a continuous increase; and (2) an initial increase followed by a decrease.
The first pattern covers Scenarios 1, 2, 5, 6, 11, 12, 15, and 16, and the second pattern covers Scenarios
3, 4, 7, 8, 9, 10, 13, and 14. The first pattern is in opposition to China’s pursuit of harmonious
development of economy and ecology, and the second pattern conforms to the relationship represented
by an EKC. In the eight scenarios covered by the second pattern, peak carbon emissions all occur
in 2039; specifically, they are 4.20 × 108, 4.41 × 108, 5.28 × 108, 5.55 × 108, 1.70 × 108, 1.79 × 108,
2.14 × 108, and 2.25 × 108 tons, respectively, in the eight scenarios. In 2050, the carbon emissions
are 2.84 × 108, 3.03 × 108, 3.61 × 108, 3.85 × 108, 8.64 × 108, 9.21 × 108, 1.10 × 108, and 1.17 × 108

tons, respectively, in the eight scenarios. The carbon emissions from energy consumption will remain
relatively low under the development patterns represented by Scenario 9, 10, 13, and 14. Under the
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development patterns represented by Scenario 9 and 10, carbon emissions from energy consumption
will be the lowest. However, this development pattern demands that Henan Province maintain
a certain growth rate in GDP per-capita and socio-economic level. Clearly, this development pattern
is in opposition to trends for harmonious and sustainable development of economy, society, and the
environment because it optimizes the environment at the cost of improving resident living standards
and industrial structure. Under the development pattern represented by Scenario 13, carbon emissions
are also low; however, this development pattern demands that Henan Province maintain a low
socio-economic growth rate, and an outdated industrial structure under this development pattern
is counter to trends in China’s economic development. Under the development pattern represented
by Scenario 14, carbon emissions are relatively low; this development pattern demands that Henan
Province maintain a low growth rate in population, and a high growth rate in GDP per-capita,
technological advances, and socio-economic level. Therefore, this development pattern conforms to
sound and rapid socio-economic development in Henan Province. To accomplish energy conservation
and emission reduction in Henan Province, the optimal development pattern is to maintain a low
growth rate in population, but a high growth rate in GDP per-capita, technological advances,
and socio-economic level.
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4. Conclusions and Policy Implications

Based on primary energy consumption, this study calculated Henan Province carbon emissions
from energy consumption during 1995–2014. During the study period, total energy consumption
and carbon emissions continued to increase, and only energy consumption intensity decreased,
while population size, GDP per-capita, urbanization rate, and proportion of tertiary sector all showed
an increasing trend and clearly fluctuated. Population growth, GDP per capita, energy intensity,
and the level of urbanization development are the main contributors to carbon emissions in Henan
Province; the tertiary sector is the major contributor to reducing carbon emissions. While there is
a continued increase in GDP per-capita (from 100 yuan to 100,000 yuan), the absolute values of the
coefficients (absolute elastic) for carbon emissions from energy consumption shows a decreasing
trend, but the value of the elasticity coefficient shows an increasing trend. In addition, the EKC has
a standard inverted U-shape curve. Based on the 16 multi-scenarios analyses, we predicted that Henan
Province’s environmental quality initially deteriorated and then improved, along with the increase in
GDP per-capita.

To achieve sound and rapid socio-economic development in Henan Province, the optimal
development scheme is to maintain a low growth rate in population, but a high growth rate in
GDP per-capita, technological advances, and socio-economic level. As China opens its two-child policy,
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effectively controlling carbon emissions should be a long-term mission. Henan Province development
should emphasize the following points: (1) control population size and growth rate moderately;
and (2) further improve energy utilization efficiency and promote the optimization and improvement
in industrial structure, while ensuring continued improvement in resident living standards. In contrast,
lack of effective control over population growth, inefficient energy utilization, and outdated industrial
structure would result in a substantial increase in carbon emissions in Henan Province.

The “13th Five-Year” plan in China clearly stated necessary responses to global climate change.
It places equal emphasis on mitigation and adaptation of carbon emissions, emission reduction
commitments, the ability to adapt to climate change, the depth of participation in global climate
governance, and the contributions to addressing global climate change. Henan province is a province
with a large population. It is also a big economic and agricultural entity in the nation. In order to curb
carbon emissions in Henan, focus should be paid on the effective control of industrial growth, and usage
of electric power, building materials (iron/steel), chemicals, and other sources of carbon emissions.
In the meantime, promotion of low carbon industry, energy, construction, transportation, are other
key strategies. Henan should carry on different possible low carbon pilot projects and implement the
demonstration projects of near zero carbon emission. We should actively promote the trading market
of carbon emission, carbon emissions reporting system, and the verification, certification, and quota
management of key emission units. Henan should improve the system of statistical accounting,
evaluation and accountability, and improve the standard system of carbon emission. Other regions
in the world with similar population and economic issues could learn the experience of emission
control in Henan, and actively participate in the negotiation of global climate change, and promote the
establishment of a fair, reasonable, and win–win global climate governance system.
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