
Introduction

The Three Northeastern Provinces (TNP; 
Heilongjiang, Jilin, and Liaoning provinces), known as 

“the industrial cradle of new China” [1, 2], contribute 
strongly to the economy of China. The TNP covers 
about 8.20% of China’s land area, and its economy 
accounts for 8% of China’s gross domestic product; 
however, the energy consumption in the TNP accounts 
for almost 11.5% of China’s total energy consumption 
[3]. The main energy consumption in the TNP is 
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primary energy (coal burning). Moreover, according 
to Global Carbon Project publications, China is the 
largest carbon emitter with 10 billion tons of carbon 
emissions [4], while the TNP, as one of the largest 
carbon emitters within China, has reached 900 million 
tons [3]. Reducing carbon emissions within the TNP is 
therefore critical for the reduction of China’s emissions 
and improvement of the global environment. 

Researchers have conducted many studies aiming to 
analyze carbon emissions from different perspectives. 
For example, Zang et al. analyzed per-capita carbon 
dioxide emissions for different countries based on 
statistical methods [5]. Li et al. demonstrated how to 
adjust industrial structure to control carbon emissions 
by input-output analysis and social network analysis 
[3]. Salman et al. explored different impacts of export 
and import on direct carbon emissions across seven 
countries with a panel quantile regression approach [7]. 
Wang et al. identified the driving forces that influence 
carbon emissions from China’s residential consumption 
through the economic input-output life-cycle assessment 
method [8]. However, to our knowledge, no researchers 
have yet studied the relationships among carbon 
emissions from the different components of an urban 
agglomeration, and have only analyzed the carbon 
emissions in a single city. In addition, the impacts 
of indirect emissions have been ignored in previous 
studies, and to our knowledge, no studies have explored 
the differences between carbon emissions and carbon 
flows of different energy types. Thus, it is essential 
to fully analyze the urban carbon emissions system 
to reveal economical emissions reduction pathways, 
and support sustaiIn order to explore the situation of 
carbon emissions and carbon flows in the TNP, input-
output analysis (IOA) was adopted in this study, which 
was first proposed by Leontief to analyze the potential 
flows in an economic system [9]. Specifically, IOA has 
been used in quantifying mercury emission and flows 
[10], investigating carbon emissions from household 
consumption [11] and analyzing the effect of primary 
PM2.5 on human health [12]. Input-output (I-O) tables 
describe the sale and purchase relationships between 
producers and consumers within an economy at a 
disaggregated level [9]. Combining IOA and ecological 
network analysis (ENA) can analyze carbon flows from 
different perspectives well [13].

Ecological network analysis, a system analysis 
method, was first proposed by Lloret-Climent in 1978, 
and was used to analyze the indirect flows of different 
sectors and internal relationships [14]. Based on ENA, 
network utility analysis (NUA) [15] and network 
control analysis (NCA) [16] were developed to reflect 
mutual relationships among sectors and the degree of 
dependence of sectors on the system. Many researchers 
have combined these two methods to study natural 
element problems. For example, Zhai et al. explored the 
situation of inter-provincial water in the food trade to 
determine the inner relationships within sectors [17]. 
Fang and Chen analyzed the distribution of embodied 

carbon flows in socio-economic networks in China, and 
showed that the wealthy provinces had lower carbon 
emissions [18]. Wang et al. applied the methods to study 
the influence of different energy scenarios and energy 
mix in the water system, and found that sectoral nexus 
had a large impact on the water system [19]. Zhang et al. 
studied the water consumption structure and the mutual 
control relationships among different sectors, the results 
showed that the system is not in a mutualism state [20]. 
Moreover, ENA has also been widely accepted as a new 
method to study the food web [21], ecosystem trophic 
status [22], biological organs [23] and solar electric 
power systems [24]. These analyses revealed that the 
ENA provided complimentary insights, and combining 
ENA and IOA could provide a more comprehensive 
understanding of the complex urban agglomeration 
system [13].

To our knowledge, there are currently few  
studies on direct carbon emissions within urban 
agglomerations in China, most of which focus on 
direct emissions and interactions. It is important to 
explore indirect carbon emissions from economic and 
trade within the TNP. Furthermore, the differences 
between indirect carbon emissions and indirect carbon 
flow should also be taken seriously. In addition, the 
differences among energy types also have important 
impact on carbon emissions. These research gaps 
on indirect carbon emissions and analysis of flows 
and emission relationships in urban agglomerations 
therefore need to be addressed.

In this study, a new Carbon Emission Input-Output 
model (CEIO) was proposed to explore the interaction 
of carbon emissions among urban agglomeration in  
the TNP. The sectors of each province were integrated 
into seven sectors according to the similar carbon 
emission characteristics. The direct and indirect carbon 
emissions of the 21 sectors and carbon flows among 
sectors were calculated. In addition, a new index, 
indirect carbon emission dominance intensity (IE-DIT) 
was developed to explore major emission modes of 
the system. The dependencies of sectors were studied 
to reflect the sectoral control and dependence over the 
system with network control analysis. Three ecological 
relationships were also analyzed to imply the mutual 
relationships among sectors with network utility 
analysis. Moreover, a robustness analysis was introduced 
to examine the stability of the system. The results will 
be helpful for adjusting intersectoral relationships to 
reduce carbon emissions and formulating reduction 
policies.

Methods and Data 

Technical Framework and Model Construction

A carbon emission input-output model (CEIO) 
was developed to study the interprovincial carbon 
emission from the perspective of ENA. Fig. 1 shows 
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the model framework for the carbon emission network. 
The economic flow data were taken as the basis of 
establishing carbon emission network, which can then 
reveal the interprovincial relationships. First, the system 
capacity, redundancy and robustness are calculated  
to conduct system stability. Then, based on assessment 
direct and indirect carbon emissions and flow  
pathways, the main emissions pathway can be 
determined and described by the new IE-DIT indicator. 
Furthermore, ENA is used to evaluate the degree of 
independence and functional relationships of different 
sectors. 

The CEIO is established through the input-output 
Leontief framework [9], which can be developed to 
study carbon emission and emission relationships among 
different provinces and sectors. The CEIO consisted of 
three provinces, with seven sectors in each province as 
follows (Table 1): A, agriculture; M, mining; PM, prime 
manufacturing; AM, advanced manufacturing; ET, 
materials and energy transformation; C, construction; 
and TI, tertiary industry. There was therefore a total 
of 21 sectors. Using the embodied emission intensity, 
the economic input-output table was converted into the 
monetary input-output table [25]. 

                          (1)

                                 (2)

...where C represents the carbon emissions of sectors 
of each province, ε represents the embodied emission 

intensity factor, X represents the value flow matrix, and 
Z is a diagonal matrix which consists of the total output 
of each sector, P represents the embodied discharge 
intensity matrix [26].  

The physical input-output tables were established 
through the carbon emission flow matrix, and the sum 
of carbon emissions of each province and sector was 
calculated by the following formula:

=1
= ∑n

ij iji
G g

                      (3)

...where Gij represents the total carbon emissions, gij 
represents carbon emissions from sector i to sector j. 
The results of the method are shown in Fig. 3 and Table 
S11.

According to equilibrium theory, for a system, 
inputs must be equal to outputs, in other words, the 
total carbon inflows from a sector must be equal to the 
carbon outflows from a sector [27]. Therefore, the total 
carbon flows can be calculated as follows:

∑n
i ij ii=1

T = f + P
                     (4)

...where Ti represents the total carbon flow of sector i, 
fij represents carbon flow from i to j and Pi represents 
the initial resources flow into the whole system.  
The results of the method are shown in Fig. 4 and  
Table S5–S10.

Fig. 1. Technical framework and model structure for the CEIO model.
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Network Control Analysis

Network control analysis is a method that is used to 
study the dependence degree among different sectors 
[16]. In this study, the dependence of different sectors 
was expressed by carbon flows, which were represented 
by an intensity matrix as follows:

  
(5)

                       (6)

                       (7)

...where g'ij is the elements of non-dimensional carbon 
exchange intensity matrix G'. I represents the identity 
matrix. The matrix Y, which represents the contribution 
of each sector, was obtained by multiplying the integral 
flow intensity matrix by the diagonal of the flow matrix 
[15]:

                     (8)

In previous research [27], the driving force weight 
(Wi) and the pull force (Wj) can be calculated. The 
driving force weight (Wi) reveals the sectoral ability 
to deliver carbon to other sectors, and also represents 
the control degree of sector i for other sectors. The pull 
force (Wj) reflects the capability of sector i to receive 
emissions of carbon from other sectors or the entire 
system, and represents the sector’s “pull” on the other 
sectors through forward linkages [27]:

⋅

∑
∑ ∑

n
ijj=1

i n n
iji=1 j=1

y
W =

y
               (9)

⋅
∑

∑ ∑

n
iji=1

j n n
iji=1 j=1

y
W =

y
             (10)

Based on the NCA, effective advice can be provided 
relating to reducing carbon emissions through reducing 
intersectoral flow. The results of the method are shown 
in Fig. 6 and Table S1.

Network Utility Analysis 

Network utility analysis is an effective method that 
can reflect the mutual relationship between different 
sectors [15]. The mutual relation of two sectors can be 
found through using the direct utility matrix D = [dij] 
and the integral utility intensity matrix U = [uij].

                (11)

    
(12)

The nature of the relationships between different 
sectors can be judged by using the positive and negative 
signs of the elements in the integral utility matrix. In 
this study, four relationships were reflected: mutualism 
(+, +), competition (−, −), and exploitation (+, − or −, +) 
[27]. The results of the method are shown in Fig. 5 and 
Table S2–S4.

Robustness Analysis 

The healthy level of the system can be assessed 
by two indicators: capacity and ascendency. The 
ascendency AMI, capacity Hc, and robustness R are 
obtained through Equation (13) to Equation (16):

   ∑
   ∑
   ∑ ∑ ∑   

P P Pijij ij ijAMI = K  logij P P Pij i jij ij ij (13)

  
  ∑   ∑ ∑ ∑      

2P P
ij ijH = -K  logc ij P P Pij i jij ij ij

 (14)

( )a = AMI / AMI + Hc              (15)

( )R = -alog a                       (16)

...where a is the degree of order and K is the scale 
coefficient (K = 1).

The results of the method are shown in Fig. 2.

Table 1. Names of the seven sectors and of the components 
within each sector.

Abbreviation Sector

A Farming, forest, livestock, and fishery 
products.

M Mining and washing of energy minerals, metal 
and non-metal and other mining products.

PM Food and tobacco products, textile, paper, etc.

AM Chemicals, mineral products, equipment, etc.

ET Electricity and heat and gas production, water 
production.

C Construction.

TI Transportation, services, financial industry, 
etc.
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Indirect Emission Dominance Intensity 
Analysis

Exploration of the emission dominance of direct 
emissions and indirect emissions is essential to adjust 
the use of energy types of each province. Through 
further analysis, the adjustment of energy use of 
each sector can also be found. The indirect emission 
dominance intensity of sector (Fi) can be obtained as 
follows:

∑

IgiF =i Ig + Egi i                (17)

...where Igi is indirect emissions of sector i and Egi is the 
direct emissions of sector i. The results of the method 
are shown in Table 2.

Study Site and Data

The TNP of China, as a national industrial base, 
has made historic contributions to the economic 
development and growth of China. However, pollution 
problems have occurred corresponding to this economic 
development, including excessive carbon emissions. 
By the end of 2012, the total carbon emissions of 
TNP had reached 960 Mt. In 2008, the total primary 
energy output had reached 232 Mt, which increased 
43.3% compared with the output of 1980. However, 
carbon emissions also increased from 70.7 Mt in 1980 
to 226 Mt in 2008 [30]. This shows that between 1980 
and 2012, the TNP experienced huge carbon emissions 
increases.

Therefore, the TNP was chosen as a case study 
to establish model of carbon emissions. Moreover, 
the model can be applied not only to other provinces 
or districts, but also to other countries. The data used 

are from Three Northeastern Provinces Statistical 
Yearbook, 2012. [28].

Results

Robustness Analysis

The curve presented in Fig. 2 divides the indicator 
points into left and right parts. If the indicator is on the 
left of the curve, the carbon emissions system inclines to 
more capacity and less ascendency. If the indicator lies 
on the right of the curve, the system is fragile but more 
efficient. As shown in Fig. 2, the three points in the 
curve are closely adjacent, indicating that the primary 
energy has the highest robustness, with capacity  
and redundancy values of 0.26 and 0.15, respectively. 

Fig. 2. Relationships between system robustness and the degree 
of order. The y-axis is dimensionless.

Table 2. Indirect emission dominance intensity of each sector. 
Data are dimensionless.

Province Sectora Primary 
energy 

Secondary 
energy All energy

Liaoning

A 0.98 0.65 0.82

M 0.75 0.70 0.74

PM 0.98 0.91 0.95

AM 0.94 0.57 0.78

ET 0.13 0.55 0.15

C 0.99 0.56 0.98

TI 0.97 0.54 0.76

Total 0.75 0.62 0.70

Jilin

A 0.97 0.68 0.89

M 0.71 0.58 0.07

PM 0.90 0.96 0.91

AM 0.94 0.57 0.86

ET 0.15 0.77 0.16

C 0.99 0.92 0.97

TI 0.89 0.55 0.81

Total 0.70 0.64 0.69

Heilongjiang

A 0.84 0.62 0.76

M 0.62 0.62 0.64

PM 0.97 0.77 0.97

AM 0.71 0.40 0.69

ET 0.10 0.46 0.12

C 1.00 0.99 1.00

TI 0.83 0.48 0.78

Total 0.58 0.56 0.57

Total 0.70 0.62 0.67
a Sector names are defined in Table1.
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The robustness value of all energy is almost equal to 
that of primary energy. The secondary energy has 
the minimum robustness value, with capacity and 
redundancy values of 0.24 and 0.15, respectively, which 
are similar to those of all energy and primary energy. 
Overall, the robustness values of all energy and primary 
energy are higher than that of secondary energy, 
suggesting that carbon emissions from all energy and 
primary energy could be controlled easily through 
policy improvements and adjustments of intersectoral 
flows.

Direct and Indirect Analysis 

Fig. 3 shows the carbon emissions of the 21 sectors 
in the TNP. The three sub-figures from left to right (i.e., 
Fig. 3 (a1), (a2) and (a3)) reflect the carbon emissions of 
different provinces at the same energy type level. And 
the top-down three sub-figures (i.e., Fig. 3 (a1), (b1) 
and (c1)) indicate the carbon emissions from the use 
of different energy types in the same province. When 
considering the same energy type (Fig. 3(a1–a3)), the 
direct and indirect emissions of all energy type in the 
TNP are 923 and 1897 Mt, respectively. In terms of the 
direct carbon emissions, the ET sector has the maximum 
emissions (457 Mt), which accounts for 49.5%, followed 
by the AM sector (283 Mt) and the TI sector (99.0 Mt). 
In contrast, the direct carbon emissions are highest in 
the AM sector (919 Mt) followed by the TI sector (315 

Mt), accounting for 48.5% and 16.6% of total emissions, 
respectively. Moreover, the indirect emissions were 
almost double the direct emissions in the all energy 
group, indicating the importance of indirect emissions 
study. The indirect emissions are the main source of 
carbon emissions in the all energy group, accounting 
for 67.2% of total emissions. The result for the primary 
energy group is almost the same as that of the all 
energy group. In Fig. 3(b1–b3), the highest direct and 
indirect emissions are found in the ET sector (448 Mt) 
and AM sector (655 Mt), respectively. In Fig. 3(c1–c3), 
the direct and indirect emissions are the highest in the 
AM sector, indicating that the AM sector is the main 
source of emissions from the secondary energy group.

When considering different energy types, as shown 
in Fig. 3(a1), (b1) and (c1), the indirect emissions of 
Liaoning province (2119 MT) are more than double 
its direct emissions (891 Mt). For indirect emissions, 
the sector with the largest emissions is the AM sector 
(1193 Mt), followed by the TI sector (285 Mt) and the C 
sector (199 Mt). These three sectors account for 79.1% 
of the total indirect emissions of Liaoning province. 
For indirect emissions, the ET sector has the highest 
indirect emissions (393 Mt), followed by the AM sector 
(336 Mt). When the emission type is not considered, 
the largest emissions are clearly from the AM sector  
(1530 Mt), accounting for 50.8% of the total emissions 
(3010 Mt). The same phenomenon is found in Jilin 
province and Heilongjiang province, which reflects that 

Fig. 3. Direct and indirect carbon emissions of each sector for all energy (a1–a3), primary energy (b1–b3) and secondary energy (c1–
c3). a1–c1 present carbon emissions in Liaoning province, a2–c3 present carbon emissions in Jilin province and a3–c3 present carbon 
emissions in Heilongjiang province. Orange represents direct emissions and green represents indirect emissions. Sector names (x axis) 
are defined in Table 1. 
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the AM sector has the largest amount of emissions in 
all sectors.

Overall, indirect emissions are clearly much higher 
than direct emissions. The AM sector has the largest 
carbon emissions, while the A sector has the smallest 
emissions. The emissions of the manufacturing industry 
are far greater than other sectors. In addition, the C 
sector has almost no direct carbon emissions, and the 
ET sector has almost no indirect carbon emissions.

The IE-DIT represents the significance of indirect 
emissions in different sectors of different provinces 
(Table 2). If the value of indirect dominance is high, the 
sector is dominated by indirect emissions. For example, 
in the primary energy group of Liaoning province, the 
value of the IE-DIT of ET sector is 0.13, which reflects 
that the direct emissions are the main type of carbon 
emissions. In Jilin province, the value of IE-DIT in 

primary energy group (0.15) is low, whereas that in the 
secondary energy group (0.77) is higher, indicating that 
the lower IE-DIT value of all energy group is caused 
by secondary energy sources. Therefore, it is necessary 
for the ET sector to promote the use of primary energy. 
The same phenomenon is found in Jilin province and 
Heilongjiang province. Conversely, it should also be 
noted that the IE-DIT values of the C sector in the all 
energy group (0.98) and the primary energy group (0.99) 
of Liaoning province are close to 1.0, but the value in 
the secondary energy group is only 0.56, indicating that 
the indirect emissions of secondary energy sources has 
little impact on that of the all energy group. Overall, the 
IE-DIT value of indirect emissions in all provinces is 
high, which reflects the indirect emissions are far more 
than direct emissions. Therefore, inter-sectoral flows 
need to be coordinated to increase direct emissions.

Fig. 4. Direct and indirect carbon flows of each sector in all energy (a), primary energy (b) and secondary energy (c). a1–c1 show the 
direct carbon flow, and a2–c2 show the indirect carbon flow. S1–S7 represent the seven sectors in Liaoning province, S8–S14 represent 
the seven sectors in Jilin province, S15–S21 represent the seven sectors in Heilongjiang province. Sector names are defined in Table 1.
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Fig. 4 shows the direct and indirect carbon flows 
in different provinces and sectors. The figures are 
divided into three colors, orange, green and purple. 
The difference of colors reflects different provinces 
and sectors. The orange part (S1-S7) represents carbon 
flows of seven sectors (A, M, PM, AM, ET, C, TI) in 
Liaoning province, green (S8-S14) represents seven 
sectors of Jilin province carbon flows and purple 
(S15-S21) reflects Heilongjiang province. The color of 
line represents the color of the initial sector. The width 
of streamline between sectors reflects the amount of 
carbon flow, indicating the carbon flows between this 
sector and other sectors. In Fig. 4 (a1) (a2), the direct 
carbon flow from the AM sector to the ET sector (S4–
S5) are much higher than indirect flows, which may be 
due to differences in trade activities between the two 
sectors. In addition, carbon flows are concentrated in 
sectors of a province, and the flows between different 
sectors of the three provinces are negligible.

There is little difference between direct carbon flow 
and indirect carbon flow. The carbon flow (including 
carbon inflow and carbon outflow) in Liaoning province 
is greater than that in Jilin and Heilongjiang provinces. 
Moreover, the direct flow is larger than the indirect flow 
The AM sector discharges the most carbon to other 
sectors or provinces (especially to Liaoning province). 
Furthermore, in TNP, the AM sector has the largest 
carbon flow in Liaoning province, indicating that 
the AM sector of Liaoning province has caused more 
carbon flow in TNP.

Network Utility Analysis 

The relationships among the different sectors are 
shown in Fig. 5, which reveals 210 pairs of relationships 
within the 21 sectors. The relationships include 
three types: mutualism, competition and exploitation 
(excluding the relationship with the same sector).

In Fig. 5, different grids have different colors 
representing the different relationships between two 
sectors. The bright colors reflect positive values and the 
dark colors reflect negative values. The relationships 
of two sectors can be determined form using the 
rule of diagonal symmetry to connect two grids. 
Exploitation relationships dominate in the three energy 
groups, accounting for 48.0%, 51.0% and 60.0% of 
total relationships, respectively. The proportion of 
competition relationships is 28% for all three energy 
groups. Mutualism relationships account for 24.0%, 
21.0% and 12.0% of total relationships, respectively.

Observing the entire system, the relationships 
between sectors in a province is complex, but the 
relationships between sectors in different provinces 
are weak. For example, in Fig. 5a), the grids of line 5 
(ET1, column 1 to 7), line 12 (ET2, column 8 to 14), 
line 19 (ET3, column 15 to 21) have red colors, whereas 
the grids in the same line but different columns have 
almost light colors or no color. This reflects that the 
trade flows of the ET sector and other sectors are 
mainly concentrated in the inner-province, and the 
carbon emissions output of the ET sector to the others 
are higher than the input from other sectors to the ET 

Fig. 5. Emission relationships of the 21 sectors in all energy a), primary energy b) and secondary energy c). The bright colors reflect 
positive values and the dark colors reflect negative values. The relationships of two sectors can be determined based on using the rule of 
diagonal symmetry to connect the two grids. A1–TI1 represent sectors of Liaoning province, A2–TI2 represent sectors of Jilin province, 
A3–TI3 represents sectors of Heilongjiang province. Sector names are defined in Table 1. The network synergism index (NSI) is the 
summation of the values of matrix U. The positive negative ratio (PNR) is the ratio of the number of positive signs over the number of 
negative signs in matrix U. The mutualism relationship ratio (MR) is the ratio of the number of pairwise mutualism relationships. The 
competition relationship ratio (CR) is the ratio of the number of pairwise competition relationships. The exploitation relationship ratio 
(ER) is the ratio of the number of pairwise exploitation relationships. Sector names are defined in Table 1.
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sector. In contrast, the FM1 sector is controlled by 
the other sectors and has a negative impact on others. 
Moreover, tracing each sector’s carbon emission sources 
could help adjust its trade flows to achieve emission 
reduction targets.

A mutualism relationship reveals a meaningful 
way to reduce carbon emissions. For example, there is 
a positive correlation between the ET and M sectors 
in Liaoning province. This indicates that once the 
emissions of the M sector are reduced, the carbon 
emissions of the ET sector will also decrease. Moreover, 
the inner trade flows of a sector always generate 
maximum profits for that sector ( e.g. Fig.5a)). 

A competition relationship indicates that one sector 
is harmful to another sector in trade flows. However, 
when considering carbon emissions, this relationship 
represents good interactions. For example, the C 
and A sectors of all energy in Jilin province show a 
competition relationship (−0.01, −0.02) revealing that 
the more interactions there are between the two sectors, 
the less carbon emissions result. Therefore, increasing 
competition relationships between sectors has the 
potential to greatly decrease carbon emissions.

In addition, the NSI>0 reveals that the sum of 
positive quantity is greater than negative quantity and 
the system is a symbiotic state. The PNR (the value is 
close to 1) <1 indicates that the number of the negative 
value is slightly higher than the positive value and the 
carbon emission system is stable.

Network Control Analysis

The pulling force weight and driving force weight, 
which represent the degree of demand and the degree of 
control, are shown in Fig. 6. The orange column reflects 
the driving force that means the ability of the sector 
to control the downstream sectors. The blue column 
represents the pulling force, which shows that the 
degree of dependence of the sector to upstream sectors. 
And the total weight is shown in the black point. The 
point is distributed on both sides of the horizontal axis. 
If above the horizontal axis, it represents the driving 
force is dominant. However, below the horizontal axis 
shows that the pulling force is first ruler and needs the 
upstream sectors to maintain stability.

Fig. 6a) clearly shows that the driving force of the 
AM sector is the biggest for all energy, followed by 
that of the ET and TI sectors, which suggests that these 
sectors have strong control force to the downstream 
sectors. These sectors also have the highest pulling 
force, indicating the importance of these sectors for 
adjusting the carbon balance in the all energy group. 
However, the black points of the AM, TI and C sectors 
appear below the horizontal axis, indicating that the 
effect of the pulling force of these sectors is stronger 
than the driving force. In contrast, in the secondary 
energy group (Fig. 6c)), although the pulling force and 
driving force of the AM sector remains the highest, the 
black point appears above the horizontal axis, indicating 
that the AM sector can strongly influence the secondary 
energy system by controlling supply to downstream 
sectors.

Discussion

The carbon emissions, carbon flows and the stability 
of the system among sectors and provinces were studied 
in our research from the perspective of input-output 
analysis and ecological network analysis.

The significance of indirect carbon emissions and 
flow are often ignored in other studies. Taking the 

Fig. 6. The degree of control and dependence of each sector 
in all energy a), primary energy b) and secondary energy c). 
The orange column reflects the driving force that means the 
ability of the sector to control the downstream sectors. The blue 
column represents the pulling force. The total weight is shown 
in the black point. The point is distributed on both sides of the 
horizontal axis. If above the horizontal axis, it represents the 
driving force is dominant. Below the horizontal axis shows 
that the pulling force is dominant. A1–TI1 represent sectors of 
Liaoning province, A2–TI2 represent sectors of Jilin province, 
and A3–TI3 represent sectors of Heilongjiang province. Sector 
names are defined in Table 1
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TNP as an example, indirect flow and emissions were 
emphasized in our research. The results show that the 
indirect emissions of the system are two times larger 
than the direct emissions. The AM sector, which is the 
pillar sector of TNP, has the highest indirect emissions. 
This is because the AM sector mainly relies on other 
sectors’ materials or products to create economic 
benefits, so as to indirectly emit a large amount of 
carbon. This demonstrates that the relevant sectors 
should formulate policies to reduce indirect emissions. 
In addition, the indirect carbon flows are caused by the 
complex network system. The direct flow could reflect 
the direct emission relationships between sectors, and 
the indirect flow could reflect the hidden relationships 
between sectors. The importance and complexity of 
the indirect flow far exceeds our expectations, but are 
often overlooked. Analysis of indirect flow reveals 
meaningful findings, for example, metal products 
are the best material for manufacture of equipment, 
and chemical products are excellent material for 
manufacture of textiles, which results in the highest 
indirect carbon flows within the AM sector and from 
the AM sector to the PM sector. Therefore, to attain 
carbon flow balance, intersectoral relations need to be 
well coordinated. Furthermore, the secondary industry 
is the dominant industry that should be changed, and 
the proportion of the tertiary industry in the entire 
industrial structure should be increased.

The ENA method was further developed to analyze 
the complex relationships within the carbon emission 
and flow in the TNP. The NCA results show that most 
sectors have stronger driving forces and weaker pulling 
forces, which indicates that most sectors have a strong 
ability to control the downstream sectors. Different 
types of sectors have different force, for example, the 
AM sector has a stronger driving force and pulling 
force, whereas the A and M sectors both have weak 
driving forces and pulling forces, indicating that the 
AM sector plays an important role in adjusting carbon 
balance of the TNP. Furthermore, analysis of the 
distribution of controllers and dependents could provide 
effective suggestions for intersectoral communications 
and emission reductions. For controllers, such 
suggestions could be provided from the production side. 
In contrast, for sectors that depend on other sectors, the 
advice should be given from the consumption side. 

The results of NUA reveal deep intersectoral 
relationships. In the entire system, the mutualism 
relationship is dominant, which reflects that the system 
is in a symbiotic state. However, this is an unsatisfactory 
result for carbon emission reductions because the two 
sectors that have mutualism relationships have greater 
cooperation and will discharge more emissions. The 
best relationship in terms of carbon emission reductions 
is a competitive relationship. For example, the utility 
relationship between the C and A sectors under the 
all energy group in Jilin province is a competitive 
relationship. This means the two sectors will compete, 
which may limit the development from both sides, so 

carbon emissions of these two sectors will be reduced 
simultaneously. However, increases to competition 
relationships will restrict the sector development. 
How to coordinate the relationships within the system 
is paramount. Generally, there are many difficulties 
involved in changing the ecological relationship 
between sectors, which may influence the economic 
development of the region in the future. 

The stability of the system was analyzed based on 
robustness results. The three points from the robustness 
curve are all on the left of the curve, which shows that 
there are many emissions pathway for carbon emission 
system of the TNP, and the system has strong force to 
deal with internal and external changes. Therefore, it is 
necessary for different industries to formulate different 
policies or regulations. Moreover, by combining 
robustness analysis, features from different sectors 
could be displayed and related solutions could be 
provided. Overall, the TNP has achieved considerable 
economic growth, but the carbon emissions have  
grown substantially at the same time. This may 
be because coal and crude oil are the main energy 
consumption types, and consumption of clean energy 
such as hydropower resources are the least consumed 
energy types. 

Therefore, in order to achieve the aim of emission 
reduction, we provide some suggestions as follows: the 
first is to adjust the energy structure as far as possible 
[29], decreasing the consumption of coal and increasing 
the consumption of clean energy. Secondly, although 
the status of major use of coal cannot change, we could 
improve its energy efficiency. Thirdly, forest area needs 
to be maximized to absorb carbon.

In this research, there are some limitation on the 
path of carbon flows is not be shown, which needs to be 
improved in the future research.

Conclusion

In this study, the CEIO was used to analyze carbon 
emissions and flows in the region and sectors of the TNP 
in China. Moreover, a new factor, IE-DIT, was proposed 
to compare direct emissions and indirect emissions, 
and the result shows that the indirect emissions greatly 
exceeded the direct emissions of the system. As the 
pillar industry of the TNP, the AM sector promoted the 
economy and produced high indirect carbon emissions 
at the same time. The indirect carbon emissions of the 
AM sector were highest in Liaoning province, which 
indicates that reducing indirect carbon emissions of the 
AM sector in Liaoning province is important to reduce 
indirect carbon emissions in the TNP. Heilongjiang 
and Jilin provinces, which have lower indirect carbon 
emissions, should consider how to decrease direct 
emissions from the different sectors. 

In future, the drivers of CO2 emissions in other 
urban agglomeration should be studied using CEIO 
model to assist government decision makers in 
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formulating emission reduction policies for low-carbon 
city construction. 
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Supplementary Material
	  		   			    		   		

An Input-Output Model for Analyzing Carbon Emissions 
in the Urban Agglomeration of the Three Northeastern 

Provinces in China
  

Results

The Pulling Force and Driving Force Weights of Different Sectors of Three Northeastern Provinces

Table S1 The pulling force and driving force weights of differentsectors in all energy, primary energy and secondary energy.

Pulling force weight (%) Driving force weight (%)

Sector All energy Primary energy Secondary energy All energy Primary energy Secondary 
energy

A1 0.014 0.012 0.019 0.012 0.009 0.020

M1 0.034 0.036 0.028 0.049 0.053 0.039

PM1 0.049 0.046 0.057 0.031 0.028 0.039

AM1 0.304 0.276 0.375 0.273 0.215 0.422

ET1 0.040 0.051 0.014 0.127 0.167 0.024

C1 0.051 0.046 0.063 0.015 0.012 0.021

TI1 0.075 0.065 0.100 0.061 0.044 0.104

A2 0.010 0.011 0.008 0.008 0.008 0.008

M2 0.011 0.013 0.005 0.016 0.019 0.007

PM2 0.038 0.043 0.024 0.021 0.024 0.013

AM2 0.113 0.119 0.099 0.106 0.100 0.120

ET2 0.027 0.036 0.003 0.076 0.104 0.004

C2 0.022 0.023 0.019 0.006 0.006 0.006

TI2 0.038 0.043 0.026 0.027 0.029 0.022

A3 0.014 0.013 0.015 0.009 0.008 0.013

M3 0.012 0.014 0.008 0.014 0.016 0.007

PM3 0.018 0.019 0.018 0.009 0.009 0.009

AM3 0.047 0.045 0.053 0.053 0.045 0.072

ET3 0.023 0.030 0.006 0.050 0.067 0.008

C3 0.021 0.020 0.024 0.007 0.006 0.008

TI3 0.039 0.040 0.038 0.031 0.030 0.036
aA1–TI1 represent sectors of Liaoning province, A2–TI2 represent sectors of Jilin province, and A3–TI3 represent sectors 
of Heilongjiang province. Sector names are defined in Table 1.
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The sgn(U) values for Three Northeastern Provinces′ carbon emissions system.
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The Values for Direct and Indirect Carbon Emissions of Each Sector

Sign U can be able to judge the nature of the inter-relationships between sectors. There are four types of 
relationships in Table S12.

+ -

+ (+,+)mutualism (+,-)exploitation

- (-,+)exploited (-,-)competition

Table S11. The Direct emissions and Indirect emissions of different sectors in all energy, primary energy and secondary energy.

Direct emissions (Mt) Indirect emissions (Mt)

Sector All energy Primary energy Secondary energy All energy Primary energy Secondary energy

A1 5.23 0.350 4.88 24.4 15.4 9.02 

M1 25.5 19.0 6.49 72.0 56.7 15.3 

PM1 4.45 1.41 3.04 88.7 59.3 29.43 

AM1 168 26.6 141 597 407 190 

ET1 197 191 5.42 35.7 28.9 6.74 

C1 2.19 0.400 1.79 99.4 60.8 38.7 

TI1 43.8 3.227 1.93 142 93.8 48.6 

A2 2.38 0.444 1.78 19.4 15.4 4.09 

M2 10.5 8.74 0.51 24.3 21.9 2.44 

PM2 7.26 6.75 38.0 74.4 61.1 13.2 

AM2 50.3 12.2 0.50 228 178 50.4 

ET2 133 132 1.07 25.3 23.6 1.72 

C2 1.38 0.309 10.6 44.0 32.3 11.7 

TI2 19.3 8.73 1.93 82.3 69.6 12.7 

A3 8.12 3.37 4.75 25.7 17.9 7.86 

M3 15.7 14.2 1.49 28.2 23.1 5.08 

PM3 1.08 0.746 0.33 38.7 28.0 10.7 

AM3 64.6 28.4 36.3 94.2 69.7 24.5 

ET3 128 124 3.57 17.1 14.0 3.08 

C3 0.211 0.000 0.21 45.6 29.6 16.0 

TI3 36.0 15.0 21.0 90.1 70.8 19.3 
aA1–TI1 represent sectors of Liaoning province, A2–TI2 represent sectors of Jilin province, and A3–TI3 represent sectors 
of Heilongjiang province. Sector names are defined in Table 1

Table S12. Possible binary relations between sectors.




