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Abstract: As a less-developed province that has been chosen to be part of a low-carbon pilot project,
Yunnan faces the challenge of maintaining rapid economic growth while reducing CO2 emissions.
Understanding the drivers behind CO2 emission changes can help decouple economic growth from
CO2 emissions. However, previous studies on the drivers of CO2 emissions in less-developed
regions that focus on both production and final demand have been seldom conducted. In this
study, a structural decomposition analysis-logarithmic mean Divisia index (SDA-LMDI) model was
developed to find the drivers behind the CO2 emission changes during 1997–2012 in Yunnan, based
on times series energy consumption and input-output data. The results demonstrated that the sharp
rise in exports of high-carbon products from the metal processing and electricity sectors increased
CO2 emissions, during 2002–2007. Although increased investments in the construction sector also
increased CO2 emissions, during 2007–2012, the carbon intensity of Yunnan’s economy decreased
substantially because the province vigorously developed hydropower and improved energy efficiency
in energy-intensive sectors. Construction investments not only carbonized the GDP composition, but
also formed a carbon-intensive production structure because of high-carbon supply chains. To further
mitigate CO2 emissions in Yunnan, measures should promote the development and application of
clean energy and the formation of consumption-based economic growth.

Keywords: CO2 emissions; drivers; structural decomposition analysis; less-developed regions;
low-carbon pilot; Yunnan province

1. Introduction

As the top CO2 emitter in the world, China’s annual CO2 emissions in 2013 were more than the
sum of the amount from the United States and the European Union (EU) [1]. In addition, its per capita
CO2 emissions exceeded the EU for the first time [1]. Facing severe international pressure to mitigate its
CO2 emissions, China has pushed its provinces to reduce their CO2 emissions. As a mitigating action,
China’s central government has chosen provinces to conduct pilot work in low-carbon development in
alignment with the development stage and characteristics of the different regions. Yunnan province
was chosen as a pilot province and tasked with finding ways to achieve low-carbon transition by
utilizing its underdevelopment to its advantage [2]. Yunnan is located in southwest China and is
famous for its abundant hydropower, tourism and biological and cultural diversity [3] (see Figure S1
in the Supplementary Materials (SM)). The per capita gross domestic product (GDP) in Yunnan
is approximately 60% of the national average [4]. In 2012, approximately 17% of the population
(approximately eight million) was labeled as living in poverty [5]. Thus, Yunnan faces challenges to
develop its economy and reduce poverty.
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Since the 12th Five Year Plan (FYP) period (2010–2015), the central government has set a
compulsory target to reduce the carbon intensity (CO2 emissions per unit of GDP) by 17% and has
disaggregated the target to its provinces [6]. As one of China’s low-carbon pilot provinces, the carbon
intensity reduction target in Yunnan is higher than the national government’s standard for the country
as a whole [2]. In 2014, the central government further committed to prevent CO2 emissions from
increasing after 2030 [7] instead of only reducing the carbon intensity. Under these circumstances, in
the near future, Yunnan will face an even stricter target for controlling the volume of its CO2 emissions.
To achieve these targets, Yunnan faces large challenges in its transition to a low-carbon future.

From 1997–2012, Yunnan’s total energy consumption more than tripled, rising from 34.3 million
tons (Mt) of coal equivalent in 1997 to 104.3 in 2012 (Figure 1). The total energy-related CO2 emissions
grew 3.5-times during the same period, from 56.6 Mt–197.1 Mt (Figure 1). The CO2 emissions are
predicted to reach 216.6 Mt in 2015 and 278.3 Mt in 2020 [8]. Industrial CO2 emissions in Yunnan
increased by 209.6% during the period 1997–2007, a figure that is 102.4% higher than the national
growth rate over the same period [9]. This growth rate is 4.6-, 2.6- and 1.5-times greater than that
of Beijing municipality [10], Liaoning province [11] and Jiangsu province [12], respectively. These
facts raise a question: what are the driving forces behind the rapid growth of CO2 emissions in
a less-developed region with abundant low-carbon resources? From 1997–2012, the carbonization
process of Yunnan’s economy experienced three different stages (Figure 1). From 1997–2002, low CO2

emission growth was accompanied by low economic growth. During this period, the average annual
CO2 emission elasticity ratio (CEER) (industrial CO2 emissions’ growth rate/GDP growth rate) was
one. From 2002–2007, a high CO2 emissions increase was accompanied by rapid economic growth.
The average annual CEER in this period was 1.6. From 2007–2012, a low CO2 emissions increase was
accompanied by rapid economic growth. During this period, the average annual CEER was 0.4. It can
be seen that from 2007–2012, Yunnan experienced relatively low-carbon economic growth. The factors
driving the changes in the economic growth pattern in Yunnan have attracted our attention because
the question of how to achieve rapid economic growth in less-developed regions while maintaining
relatively low CO2 emissions is important and is a challenge for policy makers [13].
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Figure 1. Annual GDP growth rate, total energy consumption and related CO2 emissions in Yunnan
from 1997–2012.

Currently, research on CO2 emissions in Yunnan focuses on CO2 inventories [14], and prediction
analysis is based on the realization of carbon intensity reduction targets [8]. These studies have
provided some data resources and analytical approaches for low-carbon development in Yunnan.
However, empirical studies on the drivers of Yunnan’s CO2 emissions that focus on the entire economic
system from both production and final demand perspectives have been insufficient, lacking a relevant
basis for formulating a low-carbon economic growth policy. Thus, an in-depth analysis to identify the
drivers of CO2 emission changes is helpful for finding a way to decouple the economic growth from
CO2 emissions in Yunnan.
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There are two main decomposition techniques for identifying the drivers: structural
decomposition analysis (SDA) and index decomposition analysis (IDA) [15]. The latest comparisons
between IDA and SDA are shown in [16]. IDA has been applied to analyze the drivers of CO2 emissions
in China [17–19]. However, it can only analyze direct CO2 emissions and provides fewer details about
economic sectors than SDA. [20]. Compared to IDA, SDA is based on environmental input-output
analysis [21], which is a widely-accepted method for quantifying sectoral CO2 emissions considering
both direct effects from the production process and indirect effects from the entire supply chain [16].
For the regional economy in Yunnan, SDA can analyze more comprehensive issues and is helpful for
the low-carbon management of the entire economic chain from production to final demand. Because of
the advantages of SDA, it was widely applied to analyze the drivers of the increase of CO2 emissions in
China as a whole [9,20,22] and in specific regions, such as Beijing [10,23], Jiangsu [12] and Liaoning [11].
These studies contributed to understanding the determinants of changes in CO2 emissions and to
forming policy implications that are suitable for local conditions. However, all of these studies focus
on the national level or on developed regions in eastern China. Studies for less-developed regions
(such as Yunnan province) in central or western China are not sufficient. Low-carbon development in
less-developed regions is vital to achieve China’s national carbon reduction target, because emissions
in those regions are projected to increase substantially in the coming decades. In the time scale, most
of these studies analyzed drivers from 1997–2007, but the impact of the 2008 Global Financial Crisis
on changes in regional CO2 emission drivers has seldom been analyzed. Moreover, these studies did
not analyze the impact of changes in the GDP composition on CO2 emissions. For the less-developed
regions, GDP composition greatly changed over time; therefore, it is very important to study how GDP
composition changes affect regional CO2 emissions.

There are different decomposition forms in SDA, such as additive and multiplicative SDA [16].
The specific decomposing methods in SDA are also abundant, such as the method developed by
Dietzenbacher and Los [24] (D&L) and the logarithmic mean Divisia index (LMDI) method [16]. Su
and Ang [16] reviewed the new development of SDA in energy and emission fields and provided
a guide on method selection in additive SDA for empirical studies. According to the review of the
literature from 2000–2010 by Su and Ang [16], most energy and emission SDA research applied an
additive SDA form and D&L method. However, recent SDA research on changes in the CO2 emissions
embodied in exports [25] and carbon intensity [26] in China applied the multiplicative SDA form. Due
to the advantages of the simple decomposition process and the easy results representation [16], the
additive SDA form is adopted in this study. The wide applications of additive SDA in China have
proven its applicability and practicality. For methods selection in additive SDA, Su and Ang [16] have
suggested that the LMDI method should be selected when the factors are more than four. However,
all of the SDA studies in China’s regions applied the D&L method [24]. The SDA-D&L model has
non-unique decomposition problems, and when the drivers increase, the calculation will increase
greatly [16]. Compared to the SDA-D&L model, the SDA-LMDI model is characterized by a simple
expression, and its computation requirements are minimal [27]. The advantages of the SDA-LMDI
model are more obvious for studies with four or more drivers [16]. Since the number of factors is
seven in this study and the LMDI method is easy to use and has a simple computation in this situation,
the LMDI method was selected in the decomposition analysis following the suggestions by Su and
Ang [16]. At present, the SDA-LMDI model has been widely used in different countries and regions
to analyze the driving forces behind changes in the economic systems [27], energy consumption
and energy intensity [28,29] and greenhouse gas (GHG) emissions [30]. All of the previous research
indicated that the SDA-LMDI model is applicable to this study.

This paper has two aims. The first is to understand the factors that drove the rapid CO2 emissions’
growth in Yunnan from 1997–2012. The second is to determine how the drivers contributed to
the relatively low-carbon economic growth pattern in Yunnan from 2007–2012. We focused on the
low-carbon development of the less-developed regions, of which Yunnan is the best case. Based on
newly-released data, the time scale was extended to 2012. Seven drivers were analyzed in our



Energies 2016, 9, 23 4 of 19

decomposition analysis, including changes in the GDP composition. We focused on analyzing
energy-related CO2 because of the availability of data and the large share of energy-related CO2

in the total emissions. According to China’s GHG inventories [31], energy-related CO2 accounted for
more than 90% of the total CO2 emissions. Following other SDA research, we focused on the emissions
created by the production of goods and services for consumers and did not consider the direct fuel use
of households [20]. Direct CO2 emissions from household energy consumption accounted for 4%–16%
of the total emissions in Yunnan and continued to decline with the development of the economy
(Figure 1).

The contents of the next sections are as follows: Section 2 is the description of the SDA-LMDI
model employed in this paper, along with information on the data sources and the required preparation
processes for using the data. Section 3 presents the results from the analysis, an in-deep discussion of
them and a number of policy recommendations. Section 4 offers conclusions.

2. Method and Data

2.1. Method

Before conducting SDA, some assumptions in the input-output analysis framework should be
made. The most important assumptions are “processing and normal exports” [32] and “competitive
versus non-competitive imports” [33]. Uniform exports are assumed in this study, which means that
processing and normal exports have the same input structures, since the processing exports in Yunnan
are less and the data of processing and normal exports in the interregional exports for a region in China
are unavailable. Imports are assumed as a competitive import assumption. Since Yunnan’s primary
input-output tables (IOTs) are compiled based on the competitive import assumption, excluding
imports from these IOTs will cause the information on regional imports to be missed and will introduce
uncertainties into the final results (see more discussions on the technology assumption about imports
in the SM).

Changes in regional CO2 emissions are affected by many factors [34]. The SDA-LMDI model can
be used to analyze each factor’s contribution to CO2 emission changes from the perspective of the
entire economic system. The model can be expressed mathematically as Equation (1):

e “ FpI´Aq´1y “ FLy (1)

where e “ peiq is the n ˆ 1 vector of CO2 emissions from n sectors in an industrial system and ei is the
direct CO2 emissions from the i-th sector’s production. This means the CO2 emission responsibilities
are allocated to the producers under Equation (1). In addition, F “

`

fij
˘

is an n ˆ n diagonal matrix,
where the diagonal element fii is the ratio of the CO2 emissions from sector i to the sector’s total
output; i.e., the direct carbon intensity (DCI) of sector i. I is the n ˆ n identity matrix. The n ˆ n matrix
A “ paijq is the direct requirement coefficient matrix, where aij is the value of the intermediate products
sector i required to bring about a unit increase in the output of sector j. L “ pI´Aq´1

“ plijq is the
n ˆ n Leontief inverse matrix, where lij represents the output increase of sector i by a unit increase in
final demand in sector j. y “ pyiq is an n ˆ 1 vector, where yi represents the final demand of sector i.

The vector y can be further divided into four components: final demand structure, W; GDP
composition, v; per capita GDP, g; and population, p . Each element, wik, in the n ˆ m matrix, W,
represents the contribution rates of the products demanded by sector i to the sum of the k-th final
demand column, where k indicates the final demand categories, such as household consumption,
government consumption, capital investment, exports and imports and m indicates the number of
final demand categories. The element vk in the m ˆ 1 vector v indicates the total of k-th final demand
conlumn divided by GDP. Similarly, F can be further divided into three components: CO2 emission
coefficient, c; energy structure, J; and energy intensity, Q. The element cd in the 1 ˆ z vector c is the
CO2 emission coefficient of energy d, and z indicates number of energy types. Each element, jdi, in the
z ˆ n matrix, J, represents the proportion of the amount of energy d in the total energy consumption by
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sector i. Q “
`

qij
˘

is an n ˆ n diagonal matrix, where the diagonal element qii is the ratio of the energy
consumption from sector i to the sector’s total output; i.e., the energy intensity of sector i. As a result,
CO2 emissions (Equation (2)) can be specified as follows:

e “ cJQLWvgp (2)

As CO2 emission coefficient c is constant in different years, changes in the technology (or energy
efficiency) of the economic system are captured by two drivers, which are the changes in the energy
structure and changes in the energy intensity. Therefore, seven CO2 emission drivers are finally
included in this study. The purpose of decomposition is to demonstrate changes in CO2 emissions, ∆e,
in a particular period through the variation of each factor in Equation (2) as follows (Equation (3)):

∆e “ ∆J` ∆Q` ∆L` ∆W` ∆v` ∆g` ∆p (3)

where ∆J indicates changes in the energy structure; ∆Q represents changes in the energy intensity; ∆L
means changes in the Leontief inverse matrix (i.e., changes in the production structure); ∆w is changes
in the final demand structure; ∆v is changes in the GDP composition; ∆g is changes in the per capita
GDP; and ∆p is changes in the population.

In this study, changes in the CO2 emissions have been decomposed into seven factors. De Boer [27]
has developed the detailed model on which our work is based by utilizing two factors as an example.
By extending De Boer’s development in a similar manner to seven factors, we obtain the following:
e “ cJQLwvgp, where ei “

řz
d“1

řn
j“1

řm
k“1 cd jdiqiilijwjkvkgp. Taking 0 and 1 to represent the base

year and end year, respectively, and setting edijk “ cd jdiqiilijwjkvkgp, the following equations can be
deduced (Equations (3a)–(3g)):

∆J “
ÿ

z
d“1

ÿ

n
j“1

ÿ

m
k“1

edijk p1q ´ edijk p0q

ln
”

edijk p1q {edijk p0q
ı ln rjdi p1q {jdi p0qs (3a)

∆Q “
ÿ

z
d“1

ÿ

n
j“1

ÿ

m
k“1

edijk p1q ´ edijk p0q

ln
”

edijk p1q {edijk p0q
ı ln rqii p1q {qii p0qs (3b)

∆L “
ÿ

z
d“1

ÿ

n
j“1

ÿ

m
k“1

edijk p1q ´ edijk p0q

ln
”

edijk p1q {edijk p0q
ı ln

“

lij p1q {lij p0q
‰

(3c)

∆W “
ÿ

z
d“1

ÿ

n
j“1

ÿ

m
k“1

edijk p1q ´ edijk p0q

ln
”

edijk p1q {edijk p0q
ı ln

”

wjk p1q {wjk p0q
ı

(3d)

∆v “
ÿ

z
d“1

ÿ

n
j“1

ÿ

m
k“1

edijk p1q ´ edijk p0q

ln
”

edijk p1q {edijk p0q
ı ln rvk p1q {vk p0qs (3e)

∆g “
ÿ

z
d“1

ÿ

n
j“1

ÿ

m
k“1

edijk p1q ´ edijk p0q

ln
”

edijk p1q {edijk p0q
ı ln rg p1q {g p0qs (3f)

∆p “
ÿ

z
d“1

ÿ

n
j“1

ÿ

m
k“1

edijk p1q ´ edijk p0q

ln
”

edijk p1q {edijk p0q
ı ln rp p1q {p p0qs (3g)

The model is characterized by simple expressions, and the calculations are straight-forward.
However, difficulty in applying the model arises when there is a zero or negative number in the
dataset. To solve this problem, we follow the practice of De Boer [27] and replace the zero value in the
preliminary dataset with 10´29. For negative numbers, we follow the processing method of Ang and
Liu [35].
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From the consumption perspective, CO2 emissions can be allocated to the sectors whose products
were consumed by the final demand categories [36,37], which can be expressed mathematically as
(Equation (4)):

e f “ F f pI´Aq´1y f “ Ty f (4)

where e f “ pe f
i q is the 1ˆ n vector of CO2 emissions caused by the n sectors’ final demand consumption

and e f
i is the CO2 emissions from the consumption of i-th sector’s products. This means that the CO2

emission responsibilities are allocated to the consumers under Equation (4). In addition, F f “ p f f
i q is a

1ˆ n vector, where the element f f
i is the DCI of sector i. T “ F f pI´Aq´1

“ ptiq is a 1 ˆ n vector, where
the element ti is the total carbon intensity (TCI) of sector i, which represents CO2 emissions from sector
i’s supply chains (including direct and indirect emissions) by the final demand unit products’ value
from sector i. Therefore, indirect carbon intensity (ICI) can be obtained by TCI minus DCI. y f “ py f

ijq is

an n ˆ n diagonal matrix, where the diagonal element y f
ii represents the final demand of sector i.

2.2. Data Sources and Processing

Two datasets were employed in our analysis: the input-output tables (IOTs) in time series and
the sectoral energy use and CO2 emission factor statistics. In China, provincial IOTs are published
every five years, and the most recent IOT is from 2012. Yunnan’s IOTs for 1997, 2002, 2007 and 2012
were obtained from the Yunnan Statistical Bureau. The 1997 Table contained 40 sectors, whereas other
tables contained 42 sectors. Nineteen types of energy sources were included in the calculations: raw
coal, cleaned coal, other washed coal, briquettes, coke, coke oven gas, other gas, crude oil, gasoline,
kerosene, diesel, fuel oil, liquefied petroleum gas, natural gas, other petroleum products, other coke
products, heat, electricity and other energy. The energy data for agriculture, industry, construction,
transport, storage and post, wholesale, retail trade and hotels, restaurants and other services originated
from Yunnan’s energy balance sheets from 1997, 2002, 2007 and 2012, which can be found in the China
Energy Statistical Yearbooks for the various years [38]. Energy data for the industrial sub-sectors for
the years 2002, 2007 and 2012 came from the Yunnan Energy Statistical Yearbook [39]. Energy data for
the industrial sub-sectors in 1997 were missing. To compensate, these data were estimated based on
the total industrial energy data that are provided in available energy balance sheets and the energy
proportion of industrial sub-sectors in 2000.

The energy and CO2 emission statistics were processed following the method proposed by
Peters et al. [40] and the National Development and Reform Commission of China [31]. Because
coal usage in China is usually inefficient [41], instead of the default values of the Intergovernmental
Panel on Climate Change (IPCC), we employed the specific CO2 emission factors (including carbon
content, net calorific value and carbon oxidation factors), which are more suitable for China [31]. The
final demand columns of Yunnan’s 2007 and 2012 IOTs consisted of rural residential consumption,
urban residential consumption, government consumption, fixed capital formation, stock changes,
interprovincial and international exports and interprovincial and international imports. One of the
final demand columns in the Yunnan 1997 IOT is called “others”, which represents the margin of error
among different data sources [20]. In our analysis, each sector’s total output in 1997 was calculated as
the sum of intermediate deliveries and final demand; thus, the “others” column was excluded [12].
Because Yunnan’s 1997 and 2002 IOTs did not differentiate interprovincial and international trade,
they were combined into two columns titled exports and imports. Since we do not know the detailed
sources of imports, we assumed that all imports are produced under the same conditions in Yunnan;
therefore, the emissions embodied in these imports were designated as the “emissions avoided in
Yunnan through imports” [20]. By synthesizing sectors in the IOTs and sectors with available energy
data, all of the sectors were combined into a total of 29 sectors according to “classification of national
economic industries (GB/T 4754-2011, GB/T represents the recommended national standards and it is
the abbreviation of Guo Biao/Tui in Chinese.)” [42] (Table 1). To avoid the influence of price changes,
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we utilized the double deflation method [43] and transformed all of the IOTs into constant prices in
2002. Price index data were obtained from the Yunnan Survey Yearbook 2014 [5], and population data
were taken from the Yunnan Statistical Yearbook [4] (see more discussions on the double deflation
method in the SM).

After comprehensively considering the availability of sectoral energy data and the consistency of
sector classification in IOTs from different years, 29 sectors were finally adopted in this study. However,
this would cause sector aggregation issues mentioned by Su et al. [44]. Through comparing the results
of CO2 emissions embodied in China and Singapore’s exports under different sector aggregation
situations, Su et al. [44] suggested a sector aggregation of more than 40 sectors. If so, the 29 sector
aggregation in this study might cause some uncertainties to the results. In addition, the extended IOTs
in 2000, 2005 and 2010 were not compiled in Yunnan, instead being done at the national scale or for
some developed regions, such as Beijing. Therefore, the time intervals of IOTs were determined as 5
years in this study. This would cause the temporal aggregation issues mentioned by Su and Ang [45],
and also cause some uncertainties to the results. Furthermore, the trend of changes in the drivers
would be missed and regarded as some kind of average values within the sub-periods 1997–2002,
2002–2007 and 2007–2012, respectively. Missing some peculiarities of the drivers would increase
the uncertainties when the results were discussed. As these uncertainties existed, the results in this
study were regarded as approximate values. However, these uncertainties were unlikely to extremely
affect the scale and trend of the results in any one direction [46]. Keeping these uncertainties in mind,
detailed and in-depth analysis and discussions were conducted by combining our results with other
statistics and materials in both official publications and literature, before policy suggestions were made.
The results and discussions could be improved when more detailed data are available.

Table 1. Sectoral carbon intensity in 1997, 2002, 2007 and 2012 in Yunnan (unit: tons/104 Yuan of 2002
constant price).

Sectors
Direct Carbon

Intensity

Indirect
Carbon

Intensity

Total Carbon
Intensity

1997200220072012 1997200220072012 1997200220072012

1-AGR Agriculture 0.3 0.4 0.4 0.3 1.2 2.0 1.4 1.4 1.5 2.4 1.8 1.7
2-MWC Mining and washing of coal 8.2 4.1 2.0 0.2 1.4 7.5 5.6 4.1 9.6 11.6 7.6 4.3
3-EPN Extraction of petroleum and natural gas 0.0 0.0 0.0 0.0 0.0 5.4 0.0 0.0 0.0 5.4 0.0 0.0
4-MPM Mining and processing of metal ores 1.4 1.6 1.7 1.1 2.8 7.2 6.5 5.5 4.2 8.8 8.2 6.6
5-MPN Mining and processing of nonmetal ores 1.1 1.1 3.8 1.6 3.5 6.5 6.8 5.5 4.6 7.6 10.6 7.1

6-MFT Processing and manufacture
of food and tobacco 0.2 0.1 0.2 0.1 0.7 1.8 1.0 0.8 0.9 1.9 1.2 0.9

7-MOT Manufacture of textiles 0.4 0.5 2.7 1.0 2.1 4.4 3.6 2.3 2.5 4.9 6.3 3.3

8-MCL Manufacture of clothes,
leather and related products 0.3 0.3 0.5 0.1 2.3 3.5 3.1 1.7 2.6 3.8 3.6 1.8

9-MWF Manufacture of wood
products and furniture 0.2 0.5 0.6 0.1 4.5 5.0 3.0 1.3 4.7 5.5 3.6 1.4

10-PMP Paper making, printing
and articles manufacture 0.5 0.4 0.8 0.5 3.5 4.0 2.1 2.0 4.0 4.4 2.9 2.5

11-PPC Petroleum processing and coking 6.3 10.6 1.5 1.2 4.5 7.4 3.6 2.8 10.8 18.0 5.1 4.0
12-CHE Chemistry 3.9 4.0 1.9 1.9 5.9 6.7 5.9 3.7 9.8 10.7 7.8 5.6

13-MNM Manufacture of non-metallic
mineral products 6.0 4.6 15.5 7.0 5.2 6.9 7.7 5.3 11.2 11.5 23.2 12.3

14-SPM Smelting and pressing of metals 5.8 5.2 2.8 2.8 6.9 8.1 4.2 3.6 12.7 13.3 7.0 6.4
15-MMP Manufacture of metal products 0.2 0.3 0.2 0.1 8.0 8.5 4.3 3.3 8.2 8.8 4.5 3.4

16-MGS Manufacture of general and
special purpose machinery 0.3 0.3 0.2 0.1 3.8 6.8 3.5 3.2 4.1 7.1 3.7 3.3
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Table 1. Cont.

Sectors
Direct Carbon

Intensity

Indirect
Carbon

Intensity

Total Carbon
Intensity

1997200220072012 1997200220072012 1997200220072012

17-MTE Manufacture of transportation equipment 0.3 0.2 0.1 0.2 4.1 5.9 2.7 2.6 4.4 6.1 2.8 2.8

18-MEM Manufacture of electrical
machinery and equipment 0.0 0.1 0.0 0.0 5.9 6.7 4.6 3.8 5.9 6.8 4.6 3.8

19-MCE Manufacture of communication
and electronic equipment 0.9 0.5 0.0 0.0 3.8 4.5 2.5 1.4 4.7 5.0 2.5 1.4

20-IMC
Manufacture of measuring instruments

and machinery for cultural
activity and office work

0.0 0.0 0.0 0.0 4.4 5.6 2.8 1.9 4.4 5.6 2.8 1.9

21-MAO Manufacture of artwork
and other manufacturing 0.0 0.1 0.3 0.7 4.2 6.1 3.2 2.4 4.2 6.2 3.5 3.1

22-RDW Recycling and disposal of waste 0.1 0.1 0.1 0.0 0.0 0.0 0.0 0.3 0.1 0.1 0.1 0.3

23-PSE Production and supply of electric
and heat power 30.2 11.1 12.9 6.8 3.9 5.2 8.7 4.5 34.1 16.3 21.6 11.3

24-PSG Production and supply of gas 5.3 2.8 4.6 0.1 5.5 7.0 3.7 1.4 10.8 9.8 8.3 1.5
25-PSW Production and supply of water 0.1 0.0 0.0 0.0 2.9 5.1 1.6 2.5 3.0 5.1 1.6 2.5
26-CON Construction 0.1 0.1 0.1 0.1 5.4 7.2 5.8 4.5 5.5 7.3 5.9 4.6
27-TSP Transport, storage and post 1.5 3.3 3.7 4.1 2.8 6.3 2.3 2.2 4.3 9.6 6.0 6.3

28-WRH Wholesale, retail trade
and hotel, restaurants 0.1 0.1 0.1 0.2 1.6 2.1 1.4 1.2 1.7 2.2 1.5 1.4

29-OSE Other services 0.1 0.1 0.0 0.1 1.5 2.7 1.7 1.5 1.6 2.8 1.7 1.6

3. Results and Discussion

3.1. Overall Trend of CO2 Emission Variations in Yunnan from 1997–2012

From 1997–2012, Yunnan’s industrial CO2 emissions grew from 47.8 Mt–187.6 Mt, a four-fold
increase. Most of this total growth of 139.8 Mt was concentrated in the period 2002–2007. In this period,
CO2 emissions grew by 80.9 Mt, which constitutes 57.9% of the growth that occurred in the 1997–2012
period, with the remaining 28.2% (39.5 Mt) in 2007–2012 and 13.9% (19.4 Mt) in 1997–2002.

From a production perspective, 23-PSE (production and supply of electric and heat power) (33.7%),
14-SPM (smelting and pressing of metals) (29.6%), 27-TSP (transport, storage and post) (12.3%) and
13-MNM (manufacture of non-metallic mineral products) (10.6%) contributed 86.2% (120.5 Mt) of the
total CO2 emissions increase during 1997–2012 (see Table S1 in SM). These sectors have a high DCI
in their production processes (Table 1) and their contributions to the CO2 emissions increase were
much larger than their contributions to GDP growth (Table S1). From a final demand perspective,
26-CON (construction) (64.8%), 14-SPM (35.7%), 29-OSE (other services) (19.6%) and 23-PSE (10.7%)
contributed 130.9% (183.0 Mt) of the total CO2 emissions increase (Table S2 in SM). 14-SPM and 23-PSE
not only have a high DCI, but also a high TCI (Table 1). The DCI for 26-CON and 29-OSE is extremely
low, whereas their TCI is much higher than their DCI (Table 1). The expansion of the final demand
volume of products in these sectors will boost their carbon-intensive supply chains. For example, the
final demand sector 26-CON increased its CO2 emissions by 90.7 Mt during 1997–2012 with 28.2%
contributed by 13-MNM, 25.9% by 23-PSE, 23% by 14-SPM and 10.4% by 27-TSP in the construction
supply chains (Figure 2). Compared to most other sectors, 29-OSE has lower carbon intensity in both
DCI and TCI (Table 1). The increments of expenditure on products from 29-OSE have a 33.7% share in
GDP, while contributing only 19.6% to the CO2 emissions increase (Table S2) (see more analysis about
sectoral carbon intensity changes in the SM).
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Figure 2. Major sectors contributing to the CO2 emissions increase from the final demand perspective
during 1997–2012 and their carbon-intensive supply chains.

3.2. Drivers from Decomposition Analysis

The largest driver of changes in CO2 emissions was the growth of per capita GDP, leading to a
172.5-Mt CO2 emissions increase from 1997–2012 (Figure 3). In the previous decades, Yunnan had been
struggling to develop its economy and reduce poverty. The per capita GDP of Yunnan in 2012 was
more than 3.5-times that of 1997 [4]. Yunnan’s per capita GDP is expected to continue increasing to
catch up with other developed regions in China, which will signify its contribution to CO2 emission
increments in the following decades.
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The second largest driver was GDP composition change, causing an 82.7-Mt increase in CO2

emissions from 1997–2012 (Figure 3). The sub-periods data showed a positive correlation between
changes in the fraction of capital investment in GDP and CO2 emissions (see Figure 3 and Table 2).
The Yunnan government was aware of the problem and aimed to decrease capital investment in its
economy since the 11th FYP period (2006–2010) [47], but this policy did not achieve the desired effect
because of the Global Financial Crisis. Under the impact of the four-trillion-Yuan stimulus plan in
China [48], the fraction of capital investment in GDP increased by 38.9% during 2007–2012 in Yunnan
(Table 2). This GDP composition change caused an 84.9-Mt increase in CO2 emissions during this
period (Figure 3).

Table 2. Changes in the GDP composition in Yunnan from 1997–2012 (unit: %).

Year Fraction of
Investment in GDP

Fraction of
Consumption in GDP Fraction of Exports in GDP

1997 42.8 59.8 33.3
2002 39.8 68.4 38.1
2007 44.3 61.9 63.8
2012 83.2 61.2 51.5

Production structure modifications caused a 58.6-Mt increase in the total CO2 emissions during
1997–2012 (Figure 3). This production structure change reflects the expansion of the heavy industry in
Yunnan as it transitioned from an economy dominated by the tobacco industry [49]; the proportion
of heavy industry among total industry increased from 47.8% in 1997 to 69.5% in 2012 [4]. During
2002–2007, changes in the production structure had a positive effect decreasing CO2 emissions by
14.9 Mt (Figure 3). This seemed to be the policy dividend of Yunnan’s promotion of development in
the green economy since 2000 [50]. Relatively low-carbon industries, such as biological development
and tourism, developed rapidly during this period [47], but these benefits were stopped by the 2008
Global Financial Crisis. Under China’s four-trillion-Yuan stimulus plan [48], capital investments (most
in the construction sector) in Yunnan increased rapidly (Table 2), and the carbon-intensive supply
chains of the construction sector increased sharply during 2007–2012. Carbonization of the production
structure increased CO2 emissions by 40.9 Mt during this period (Figure 3).

The driving effect of population growth was small; its contribution to the growth in CO2 emissions
was only 14.0 Mt from 1997–2012 (Figure 3). This was primarily due to the strict implementation of
the “one-child policy” in Yunnan. In each FYP, a target is set to control the population growth rate. It
is expected that Yunnan will continue following the population planning policy formulated by the
central government to control the population growth rate. The contribution of changes in population
to CO2 emissions will remain small (see more information about the “one-child policy” in China in
the SM).

From 1997–2012, the largest driver leading to a reduction in industrial CO2 emissions was changes
in the carbon intensity (the sum of changes in the energy intensity and energy structure; Figure 3). Of
the 115.1-Mt CO2 emissions offset by improvements in carbon intensity during this period, 45.1% was
from 23-PSE, 37.1% was from 13-MNM and 12.0% was from 14-SPM (Table S3 in SM). However, a
DCI increase in 27-TSP led to 5.9 Mt in carbon intensity-related CO2 increments (Table 1 and Table S3).
Figure 4 shows the changes in energy intensity and energy structure in these four energy-intensive
sectors. It highlights the expansion of renewable electricity (mostly from hydropower) share in total
electricity generation during 2007–2012. Hydropower generation in Yunnan grew seven-fold, from
16.8 terawatt hours in 1997 to 123.8 terawatt hours in 2012, and the share of hydropower in total
electricity generation was 71% in 2012 [39]. The application of non-fossil energy in sectors 13-MNM
and 14-SPM also increased through a “combination of mineral industry and hydropower” policy
in Yunnan [47]. Changes in the energy structure led to a reduction of CO2 emissions as much as
61.8 Mt during 2007–2012 (Figure 3 and Table S4). From a sector perspective, 14-SPM, 13-MNM
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and 23-PSE contributed to 26.2-, 16.2- and 13.4-Mt energy structure-related CO2 emissions decreases
during this period, respectively (Table S4). Although the process was lengthy and complex, the
implementation of key energy-saving projects and the elimination of backward production capacity
under a mandatory target set by the central government to encourage the provincial government to
reduce energy intensity since the 11th FYP period (2006–2010) [47] resulted in significant improvements
in energy intensity in key energy consumption sectors, such as 13-MNM, 14-SPM and thermal power.
From 1997–2012, changes in the energy intensity reduced CO2 emissions constantly by 63.1 Mt, with
58.0% of this reduction in 2007–2012, 25.8% in 1997–2002 and only 16.2% in 2002–2007 (Figure 3 and
Table S4). From a sector perspective, 23-PSE and 13-MNM contributed 65.6% (´41.4 Mt) and 45.4%
(´28.7 Mt) to energy intensity-related CO2 emissions reduction during 1997–2012, respectively (Table
S4). However, coal and petroleum still dominated energy use in the 13-MNM, 14-SPM and 27-TSP
sectors. Meanwhile, energy intensity and structure improvements were mostly found in industrial
sectors. For transportation (27-TSP), both the energy intensity and structure deteriorated. Road
transportation composes more than 90% of total transportation in Yunnan, and most roads in Yunnan
are labeled as low grade [4].

Optimization of the final demand structure was another driving force offsetting the increase of
CO2 emissions by 72.9 Mt between 1997 and 2012 (Figure 3). However, it has not always played a
positive role in CO2 mitigation. During 2002–2007, changes in the final demand structure increased
CO2 emissions by 35.3 Mt (Figure 3). The next section presents a detailed analysis showing how
changes in the final demand structure affect CO2 emissions in separate final demand categories.
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3.3. Drivers from a Final Demand Perspective

From a final demand perspective, capital investment (the sum of fixed capital formation and
stock changes) was the largest driving force between 1997 and 2012. It drove a CO2 emissions increase
of 195.3 Mt, 69.5% of which occurred in the period 2007–2012 (Figure 5). To reduce the impact of
the Global Financial Crisis on the economy, the Chinese government adopted the four-trillion-Yuan
stimulus plan, of which 45% was invested in constructing infrastructure, such as roads, airports and
buildings [6]. This plan caused the growth of CO2 emissions in construction investments in Yunnan to
explode (Figures 6a and 7a).Energies 2016, 9 15 
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Exports were the second largest driver of the CO2 emissions increase in Yunnan during 1997–2012.
Of the 111.2-Mt increase in export-related CO2 emissions during this period, 76.8% occurred in
2002–2007, 17.2% occurred in 1997–2002 and only 6.0% in 2007–2012 (Figure 5). Figures 6b and 7b
demonstrate the main decomposition drivers and sectors contributing to the increase in export-related
CO2 emissions. They indicate that from 2002–2007, the export-related CO2 emissions increase was
caused primarily by growth in the exports of carbon-intensive products from 14-SPM and 23-PSE.
During this period, exports from these two sectors increased by 1106.2% and 269.6%, respectively
(Table S5). This change also caused carbonization of the exports’ structure, which led to an increase of
40.5 Mt in export-related CO2 during this period (Figure 6b). The share of carbon-intensive products
from 14-SPM and 23-PSE in total exports increased from 9.4% and 2.7% in 2002 to 38.7% and 3.4% in
2007, respectively (Table S5). During 2007–2012, the situation was different. Although carbon-intensive
product exports from 14-SPM and 23-PSE increased by 0.3% and 3.2%, respectively, their shares in total
exports decreased to 26.6% and 2.4% in 2012 (Table S5). Low-carbon products from the agriculture and
service sectors increased their share in total exports during the same period (Table S5). Changes in the
exports’ structure led to a decrease of 16.8 Mt CO2 during this period (Figure 6b). Most of Yunnan’s
exports were raw materials to support the development of developed coastal regions in China. For
example, Yunnan was important to China’s “West to East Transmission Scheme”, increasing deliveries
of electricity to developed eastern areas (e.g., Guangdong Province) [3] from 0.2 terawatt hours in 1997
to 42.6 in 2012 [39].
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Urban residential consumption was another important driver of the growth of CO2 emissions. This
was especially the case between 2002 and 2007, when urban residential consumption exceeded both
rural residential consumption and government consumption and became the third largest driving force
(Figure 5). The urban population of Yunnan grew from 23.4% of the total population in 2000 to 39.3% in
2012, increasing by 8.4 million in these twelve years [4]. The increase in urban population strengthened
the driving effect of urban residential consumption, which increased CO2 emissions by 34.5 Mt
during 1997–2012 (Figure 5). Growth in consumption level was the primary driver of the 43.2-Mt
increase in urban-related CO2 emissions during 1997–2012 (Figure 6c). From a sectoral perspective,
increased consumption of life-cycle carbon-intensive products, such as electricity, petroleum and
cars, contributed to an urban-related CO2 emissions increase in recent years (Figures 6c and 7c). The
urbanization rate in Yunnan is far below the national average. In 2012, 39.3% of Yunnan’s population
was classified as urban, whereas the figure was 52.6% for the country as a whole [4]. With increasing
urbanization, it is foreseeable that urban residential consumption in Yunnan will continue to strengthen
as a driving force.

Rural residential consumption and government consumption had lesser driving effects during
1997–2012, increasing CO2 emissions by only 7.9 Mt and 14.8 Mt, respectively (Figure 5). Meanwhile,
for the period 1997–2012, increasing imports of carbon-intensive products from construction and heavy
manufacturing sectors avoided a 224.0-Mt CO2 emissions increase if these products were produced in
Yunnan (see Figures 5, 6d and 7d). Nonetheless, it will increase the carbon footprint (CO2 emissions
caused by final demand within a region) of Yunnan. Furthermore, it will intensify the debate regarding
the responsibility for the redistribution of CO2 emissions [37]. Thus, fundamentally decreasing local
carbon footprint should become the focus of policy makers.
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3.4. Policy Recommendations for Further Mitigating CO2 Emissions in Yunnan

Based on the above analysis, policy recommendations are suggested to further mitigate CO2

emissions in Yunnan from the perspective of both production and final demand.

3.4.1. Policy Recommendations from a Production Perspective

Promote the Development and Application of Clean Energy

Developing hydropower substantially decarbonized Yunnan’s energy structure in recent years,
but applying clean energy in the production sectors is not enough. Thus, policy makers should
formulate policies supporting the development of clean energy, such as hydropower, wind, solar and
biomass, according to local conditions. However, some details should be considered in this process:
(1) the cooperation among the Yunnan government, China’s central government and power grid
company; (2) the ecological environment problems coupled with clean energy development; and
(3) the coordination of the layout of the clean energy and industrial sectors. In addition, building a
distributed clean energy supply network can increase the use of clean energy and a greener energy
structure in production sectors. Increasing the use of clean energy, such as hydropower, hydrogen and
natural gas, in the transportation system can also reduce a sector’s dependence on carbon-intensive
petroleum products.

Further Improve the Energy Efficiency in Energy-Intensive Sectors

According to the front analysis, the decreased energy intensity in energy-intensive sectors was
greatly due to the administrative measures, such as mandatory reduction targets. To further reduce
sectoral energy intensity, more economic measures should be taken. If economic instruments (for
example, financial subsidies and tax rebates) are integrated into sectoral low-carbon policies, the effects
of technology improvements in reducing CO2 emissions are expected to be critical. For less-developed
regions, such as Yunnan, technology and funds for research and development (R&D) are limited.
Therefore, the forming of mechanism to promote the transfer of funds and low-carbon technologies
from developed regions is worth the consideration for policy makers.
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The above analysis indicated that sectors 13-MNM, 14-SPM, 23-PSE and 27-TSP were the most
energy-intensive sectors, and their production processes contributed over 80% of the CO2 emissions
increase during 1997–2012 in Yunnan. Therefore, strengthening the measures to improve energy
efficiency in these sectors will play a more effective role in reducing CO2 emissions. For the cement
sector (13-MNM), typical measures, including upgrading the existing equipment (such as the rotary
kilns, mills and dryers), developing new energy-saving technologies (such as heat recovery for power
generation in rotary kilns, raw meal blending systems in dry process and process control systems in all
kilns) and eliminating backward production techniques (such as wet kilns and dry hollow kilns), can be
applied [51]. For the metal processing sector (14-SPM), the blast furnace top gas recovery turbine (TRT)
unit, converter negative energy steelmaking technology, blast furnace gas and converter gas should be
well applied and used in the iron and steel making process; oxygen-rich flash and oxygen-enriched
bath smelting, large pre-baked electrolytic cells, oxygen bottom blown technology and wet processing
technology should be applied in copper, aluminum, lead and zinc smelting, respectively. For the
electricity sector (23-PSE), encouraging the construction of large coal-fired units over 600 megawatts
(MW) and large-capacity gas combined cycle plants to replace smaller and less efficient units is essential.
Actively developing a smart and ultra-high voltage power grid and phasing out the low voltage
electricity distribution network can reduce the electricity loss in the transmission process. For Yunnan’s
carbon-intensive transportation system (27-TSP), strengthening the relatively low-carbon railway
transportation system can reduce the dependence on high-carbon road transportation. Meanwhile,
upgrading the road transportation system (such as building more high-grade roads), improving the
fuel economy of vehicles and promoting intelligent traffic management systems are also important
measures to improve the energy efficiency in the transportation sector [8].

Adjust the Industrial Structure According to the Total Carbon Intensity of Sectors and Local
Advantageous Resources

It is very important to construct a low-carbon industrial system for Yunnan’s low-carbon
development. Both sides, including the carbon intensity of the entire industrial supply chain
(i.e., total carbon intensity of a sector) (Table S6) and the combination with local advantageous resources,
should be considered in this process. Thus, policy measures should continue to promote low-carbon
industries, such as plateau characteristic agriculture (1-AGR), clean power, bio-resources (6-MFT
(processing and manufacture of food and tobacco)), tourism (29-OSE) and ethnic culture (29-OSE).
Vigorously developing the productive service industry (29-OSE) not only increases the economic
share of the low-carbon service industry, but also promotes the development of technology-intensive
industries. In addition, the policy encouraging the transfer of labor-intensive (7-MOT (manufacture
of textiles), 8-MCL (manufacture of clothes, leather and related products), 10-PMP (paper making,
printing and articles manufacture) and 28-WRH (wholesale, retail trade and hotel, restaurants)) and
technology-intensive industries (19-MCE (manufacture of communication and electronic equipment)
and 22-RDW (recycling and disposal of waste)) to Yunnan from developed regions can gradually
replace resource-intensive industries and create a lighter production structure.

3.4.2. Policy Recommendations from a Final Demand Perspective

Reduce the Dependence of Economic Growth on Investments and Exports and Encourage a
Consumption-Based Economic Growth

Capital investments in infrastructure construction and exports of raw materials not only
carbonized the GDP composition, but also formed a carbon-intensive production structure due to
the high-carbon supply chains. Compared to capital investments and exports, consumption is more
dependent on the relatively low-carbon service and agriculture industries, which contribute less to
CO2 emissions’ growth (Table S7). Therefore, policy makers should vigorously promote policies
that are conducive to consumption-based economic growth. For example, improving the minimum
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wage standards and establishing a sound social security system can effectively promote the growth of
consumer spending.

Optimize the Life-Cycle Supply Chains for Final Demand Products

For the carbon-intensive supply chain in the construction, metal processing and electricity sectors,
strengthening the recycling of resources in the production process can reduce new production of
high-carbon raw materials, such as coal, cement, steel and electricity. Thus, improving the standards
for clean production and developing circular economy from a life-cycle perspective in a sector’s supply
chain is important.

Adjust the Final Demand Structure

The adjustment of the final demand structure is very important for Yunnan’s low-carbon
development. Policy makers should focus on adjusting the export structure, the consumption structure
of urban residents and the infrastructure investment direction.

Taking effective measures to reduce the exports of high-carbon raw materials is very important.
China’s central government had canceled export tax rebates and levied export tariffs for international
exports of products with high resource consumption and high emissions. For interprovincial exports,
there are no export tariffs, because the central government promotes free trade among all regions of
the country. On this background, policies that subsidize the exports of low-carbon products from the
service and agriculture industries and strengthen cooperation among trade partners are necessary.
Considering that Yunnan exports a great deal of electricity to Guangdong, a compensatory mechanism
should be formed to encourage Guangdong to provide renewable energy technology to Yunnan to
reduce the carbon intensity of Yunnan’s exports.

Optimizing the consumption structure for urban residents is essential. For example, the
implementation of new established policies by the Chinese government, such as a ladder price
for electricity, higher taxes on oil and a ban on disposable plastic bags, will encourage a low-carbon
consumption structure in Yunnan. For urban transportation, it is imperative to increase investments in
public transportation and to improve low-carbon transportation, such as walking and bicycling, to
reduce the dominance of cars.

The direction of infrastructure investments will play a vital role in decreasing Yunnan’s CO2

emissions. For example, investments in mass transit or renewable energy production will benefit
future low-carbon development. Thus, a low-carbon investment plan should be developed to guide
long-term infrastructure investments.

4. Conclusions

In this study, a structural decomposition analysis-logarithmic mean Divisia index (SDA-LMDI)
model was developed to find the drivers behind the CO2 emission changes during 1997–2012 in
Yunnan, a low-carbon pilot province in China. The potential relationship between economic growth
and CO2 emissions in a less-developed region was explored in order to promote the low-carbon
economic development strategy.

As a less-developed region undergoing rapid development of industrialization and urbanization,
the growth of per capita GDP driving by the export and capital investment increase was the primary
driver of CO2 emissions’ growth in Yunnan. However, changes in the export and investment structure
have become more important driving forces for CO2 emissions’ growth in Yunnan in recent years.
Therefore, adjusting the economic structure to a low-carbon direction should have more attention paid
to it. Vigorously developing hydropower and improving energy efficiency in energy-intensive sectors
have become the backbone of CO2 emissions’ reduction. Thus, enhancing the application of clean
energy and energy efficient technologies in production sectors can be essential measures to decease the
CO2 emissions.
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Maintaining economic growth and eliminating poverty are still important tasks for Yunnan.
However, the pillar industries of Yunnan’s economy are high-carbon product sectors depending more
on imports from other regions, which are not conducive to the low-carbon development in Yunnan
from a long-term perspective. Hence, economic structure adjustment and technological improvements
should be encouraged in the future. Based on this analysis, the further policy recommendations from
both production and final demand perspectives to mitigate CO2 emissions in Yunnan are proposed.
The most important measures should focus on promoting the development and application of clean
energy and the formatting of consumption-based economic growth.

This study provided a theoretical basis for developing a low-carbon policy in Yunnan by revealing
driving forces behind changes in local CO2 emissions, which also offered guidance for a low-carbon
development mode in other less-developed regions undergoing rapid development of industrialization
and urbanization. However, key economic entities in Yunnan’s CO2 emissions, such as major cities
and industrial parks, were not analyzed due to the lack of relevant input-output tables in China.
The ecological network analysis procedures might be helpful in compiling the input-output tables
for the economic entities; however, more studies are needed in the future. Furthermore, as for the
SDA-LMDI model, some improvements should be made in the future. For example, the use of more
than two matrices or logarithms in the model will complicate the calculations; thus, a strengthened
programming of this model is needed in the future.

Supplementary Materials: The following are available online at www.mdpi.com/1996-1073/9/1/23/s1.
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