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Abstract
China has entered the economic transition in the post-financial crisis era, with unprecedented new
features that significantly lead to a decline in its carbon emissions. However, regional disparity
implies different trajectories in regional decarbonisation. Here, we constructmulti-regional input–
output tables (MRIO) for 2012 and 2015 and quantitatively evaluate the regional disparity in
decarbonisation and the driving forces during 2012–2015.We foundChina’s consumption-based
emissions peaked in 2013, largely driven by a peak in consumption-based emissions from
developing regions. Declined intensity and industrial structures are determinants due to the
economic transition. The rise of the Southwest andCentral regions of China have become a new
feature, driving up emissions embodied in trade and have reinforced the pattern of carbon flows in
the post-financial crisis period. Export-related emissions have bounced up after years of decline,
attributed to soaring export volume and export structure in the Southeast andNorth of the country.
The disparity in developing regions has become the new feature in shaping China’s economy and
decarbonisation.

1. Introduction

Since the global financial crisis of 2008, China has
experienced a massive economic transformation,
which has seen a switch from the old growth model
relying on strong investment and energy-intensive
manufacturing, into a new phase of socioeconomic
development which is formulated as ‘New Normal’
(Mi et al 2017, Mi et al 2017). A key feature of the new
economic growth model is high quality but lower
growth, with a restructuring of the economy into high
domestic consumption and promoting value-added
manufacture and services (Grubb et al 2015, Hilton

and Kerr 2017, Mi et al 2018). Over the period
2007–2017, China’s annual GDP growth has fallen
from 14.2% to 6.9%, while the consumption contrib-
ution to GDP growth increased from 45% to 58.8%.
Accordingly, GDP growth—due to investment—
declined from 44% to 32% over the same period
(National Bureau of Statistics 2018). In 2015, the
contribution of tertiary sectors to GDP rose over 50%
for the first time, marking the tipping point of
economic structure under the new normal (Hilton
andKerr 2017).

As the largest carbon emitter in the world, the shift
in the economic growth pattern with a focus on green
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development significantly affects China’s dec-
arbonisation trajectory and its International intended
national determined contribution (INDC) (Jackson
et al 2015, Guan et al 2018, Zheng et al 2018). Previous
studies realised the implication of China’s economic
transition on the decarbonisation initiative and con-
cluded that China’s decarbonisation initiatives are
able to benefit from the transition, via industrial struc-
ture adjustment, cleaning up the energy mix, improv-
ing energy efficiency, and the elimination of outdated
capacity in key sectors etc (Green and Stern, 2016,
Zhang et al 2016, Mi et al 2018). With these determi-
nants, China’s production-based emissions peaked at
9.53 gigaton (Gt) in 2013, while China’s consumption-
based emissions growth has significantly slowed down
in the post crisis era, from more than 20% of growth
rate in the pre-crisis period to 15% of growth during
2010–2012 (Mi et al 2017).

However, the consequence of economic trans-
ition on emissions declines varies across regions, due
to the huge regional disparity in China. Several stu-
dies have evaluated the effects of the transition at
regional level. For example, Mi et al found that the
change of China’s regional economic structure has
seen a reversed role of less developed regions shifting
from net carbon exporter into net importer in the
post-crisis era, (Mi et al 2017). Pan et al highlighted
that increasing carbon transfer between central
regions and coastal regions is induced by the change
in technology-intensive manufacturing (Pan et al
2018). Zheng et al measured seven socioeconomic
drivers in China’s emissions and found different
regional development patterns lead to different dec-
arbonisation paths (Zheng et al 2019). It is of interest
to assess whether or not the new pattern led to a
decline in China’s consumption-based emissions in
the economic transition, and how the regional deter-
minants contribute. However, most of the studies
focus on the pattern changes in consumption-based
emissions before 2012.

Here, we quantified regional contributions in the
change of China’s consumption-based emissions
and export-related emissions during 2012–2015,
with a focus on how the new pattern evolved in the
new normal. Specifically, we adopt the latest socio-
economic data to construct the multi-regional
input–output (MRIO) model for 2012 and 2015,
covering China’s 31 provinces (except Hongkong,
Macao, and Taiwan) with 42 sectors. We employed
environmentally extended input–output analysis
(EEIOA) to estimate consumption-based emissions
and export-related emissions over the period from
2012 to 2015. We then used the structural decom-
position analysis model (SDA) to quantitatively eval-
uate the socioeconomic driving factors behind the
change in consumption-based emissions, and
export-related emissions.

2.Method

2.1.MRIO table construction
TheMRIOmodel is an essential tool in understanding
the regional supply chain and identifying regional
heterogeneity (Dietzenbacher et al 2013, Zheng et al
2019). Provincial single region IO (SRIO) tables are
basic for the MRIO table construction, and they are
normally published by provincial official agencies. In
the provincial SRIO tables in 2015, however, not all
provinces construct them, hence the conventional
method which is based on provincial SRIO tables to
construct provincial MRIO tables is not applicable for
the 2015 MRIO table construction (Mi et al 2018).
Therefore, we adopt a novel approach to construct the
2015 SRIO table, which is based on the entropy theory,
before following the conventional way to construct the
MRIO table. Currently, the MRIO table of 2015
constructed in this paper contains the least data to
reflect the regional and sectorial links across theChina,
while the 2017 provincial SRIO tables are not currently
available.

We start theMRIO construction from the estimate
of domestic supply and demand for each sector. For
the products of sector i, domestic supply Sj

i refers to
commodities produced in province j supplied to all
provinces in China where domestic supply is equal to
output subtracting export. Mathematically, it is calcu-
lated as:

= -S Output Ex , 1j
i

j
i

j
i ( )

where Outputj
i is the output of commodity i in

province j; Exj
i is the export of commodity i in

province j.
Domestic demand Dj

i indicates commodity
required by province j, however, domestic demand has
to be estimated that for sector i, we assume the same
technical coefficient and the proportion of inter-
mediate demands in total demands between 2012 and
2015. We first estimate intermediate demand by using
technical coefficient multiplying output, and then
divided by the proportion of intermediate demands,
after which the preliminary total demand is scaled by
the national demand.
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demand and total demand for sector i of province j in
2012, respectively. ND i

2015 is the national demand for
sector i in 2015; IMj

i is the import for sector i of
province j. It is noted that if the 2015 SRIO table for
province j is available, A ,j

i
2012 Z ,j

i
2012 TD j

i
2012 can be

derived directly from the 2015 SRIO table. In short,
MRIO construction for 2015 is based on sectorial
output, value-added, foreign trade data, 2015 national
level SRIO table and 2012 provincial level SRIO tables.

With domestic supply and demand, we employ the
cross-entropy model (CE) to estimate the inter-
regional outflow and inflow for each sector. The CE
model is based on the principle of minimal cross-
entropy (also known as Kullback–Leibler divergence)
which is applied to find the distribution that is closest
to the prior information and satisfy the given con-
straint (McDougall 1999, Fernandez Vazquez et al
2015). The CEmodel is meant to preserve theminimal
entropy distance between the estimated distribution
and prior distribution, by satisfying the conditions.
The CEmodel is equivalent to the widely known RAS.
The principle of CE is similar to the maximising
entropy model. Actually, the maximising entropy
model is a special case for the minimising CE model,
where the elements in prior distribution are evenly
distributed (elements are equal) in the maximising
entropy model (Golan et al 1996). Canning and
Wang 2005 suggest using the minimising CEmodel to
optimise an initial interregional trade flow matrix in
order to introduce more effective information to
improve the outcomes. For each sector, domestic sup-
ply and demand can be divided into self-supply, sup-
ply to other provinces, self-demand and demand from
other provinces (figure 1).

In our case, we derive the detailed supply and
demand (self-supply, supply to other provinces, self-
demand and demand from other provinces) from the
2012 SRIO table as priori information, and setting
estimated supply and demand above as constraint.
Mathematically, it can be shown as:
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where pij is the distribution of supply and demand for
2015, which is to be estimated in the CE model; qij is
the priori distribution of supply and demand for 2012.
Si and Di are aggregated domestic supply and demand
for sector i. CColij and CRowij indicate estimated
supply and demand for sector i in province j. After
modelling, we are able to know the self-supply, supply
to other provinces, self-demand and demand from
other provinces for each sector in 2015, which we
further estimate a provincial SRIO table based on the
estimated detailed supply and demand data, and
generalised RAS model (Biproportional Techniques
for matrix balancing) (Junius and Oosterhaven 2003,
Lenzen et al 2007). Specifically, we first estimate the
preliminary intermediate demand Z j

ik
2015 by using the

technical coefficient for 2012 multiplying output for
2015, and preliminary final demand F j

if
2015 by assum-

ing an identical structure in 2012 is the same as it in
2015, and then multiplying the aggregated final
demand, which is equal toGDPminus net export.
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Figure 1.Thematrix of supply and demand.
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for sector i to k in province j; Outputj
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output for sector k in province j; S j
if
2012 is the final

demand structure for sector i of categories f in
province j. There are five categories in final demand:
Urban household consumption, rural household con-
sumption, government consumption, capital forma-
tion, and the change of inventory. The generalised
RASmodel is further used to optimise thematrix:
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where qij refers to priori matrix which is the matrix
Z2015+F ;2015 pij is equal to X qij ij where Xij is the
distribution matrix for 2015; e is the Natural loga-
rithm (Lenzen et al 2007). Themodel results are able to
yield the balanced SRIO table for each province.

To estimate interregional trade flow, we use the
gravity model which is the most adopted trade esti-
mate method inMRIO construction for over 40 years,
including the 2012 MRIO table (Mi et al 2018). It
assumes the trade between two regions is the function
of supply and demand and the impedance in costs.
The standard gravitymodel is as follows:

=
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where Ti
rs is trade flow for commodity i between

region r and region s; Ei
ro and Mi

os are total supply of
the exporter and the total demand of the importer,
respectively. gD s is the distance between two regions,
which is the proxy for transportation cost.We use rail-
ways as an interregional commodity from the 2015

Collection of National Railway Statistical Data as sam-
ple data for the shippable commodity, while for the
non-shippable commodity we assume they are evenly
distributed based on the supply and demand, except
for electricity whichwe use the interregional electricity
transmission matrix of 2015 as sample data (China
Electric Power Yearbook Committe 2016). The initial
trade flow estimates do not meet the row and column
constraints which are total outflow and inflow derived
from the provincial SRIO table. We apply RAS (bi-
proportional techniques (Lahr and deMesnard 2004))
to balance the trade matrices to make them satisfy the
constraint. The MRIO table can be made by linking
provincial SRIO tables with adjusted trade matrices,
where we are assuming the identical inflow proportion
in the supply. The details can be found in Zheng et al
2019. All the primary data are summarised in the
table 1.

2.2. Linking intoGTAP-MRIOdatabase
China’s imports are from different countries with a
different production structure, and different technol-
ogy and carbon intensity. Previous studies adopted the
assumption of a production structure and technology
identical to China’s domestic structure, which could
generate considerable uncertainty (Meng et al 2016).
To capture the heterogeneity, we link China’s MRIO
table into a GTAP-MRIO table, which is based on the
GTAP (Global Trade and Analysis Project). As GTAP-
MRIO tables are available for 2011 and 2014, we
connect the 2015 MRIO table into the 2014 GTAP-
MRIO table, and the 2012 MRIO table into the 2011
GTAP-MRIO table. Since trade data are always
conflicting between two databases, we make China’s
MRIO table as standard and use trade data from the
GTAP-MRIO table to adapt to the China MRIO table.
We follow previous studies to assume that provincial
import structure by countries is identical with the
national import structure. Details can be found in
(Feng et al 2013). The nested China-GTAP-MRIO
table is initially unbalanced, with the RAS method
applied to optimise the MRIO table. RAS technique is
well applied in input–output table optimisation,
which is able to preserve the initial matrix as much as

Table 1.Primary data used in themodel.

Variable Source Description Equation

Outputj
i Provincial Statistical Yearbook for 2015 Output for industry i in province j 1

Exj
i ChinaCustomsDatabase for 2015 Export for industry i in province j 1

Z j
i
2012 Provincial IO table for 2012 Intermediate demands for industry i and province j in 2012 2

TD j
i
2012 Provincial IO table for 2012 Total demands for industry i and province j in 2012 2

ND i
2015 National IO table for 2015 Total demands for industry i in 2015 2

IMj
i ChinaCustomsDatabase for 2015 Import for industry i in province j 2

gD s National Railway Statistical Data

for 2015

National RailwayDistance from region r to region s 7

Ti
rs National Railway Statistical Data

for 2015

National Railway Statistical Data by industry i from region r to

region s

7
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possible while making the adjusted matrix follow the
pre-set constraints (Lahr and de Mesnard, 2004). It is
noted that China’s MRIO would totally replace the
matrix of China in theGTAP, and therefore, the China
MRIO would not be adjusted when RAS is applied. In
short, we use other countries’ data in the GTAP to
adapt theChinaMRIO to retain the authenticity.

2.3. Environmental extended input–outputmodel
To calculate the consumption-based emissions, we
employ the Environmental extended input–output
model (EEIO) (Serrano et al 2016, Meng et al 2018),
which can be expressed as:

= - -EC FI A , 81( ) ( )

where A is the technical coefficient which is calculated
as =A z x ;rs

ij
rs

j
s( ) F is the total final demand by sector.

All of these parameters are derived from the MRIO
table. E is the carbon inventory for all sectors in all
regions for the target year. Carbon inventories for
2012 and 2015 are constructed by Shan et al 2018 and
can be accessed from the China Carbon Emissions
Dataset (http://ceads.net/). Due to the lack of MRIO
tables for 2013 and 2014, consumption-based emis-
sions for 2013 and 2014 are estimated as follows:
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where FSt refers to the structure of final demands for
the year t, and FVt refers to the total final demand for
the year t, Lt is the Leontief inverse which is equal to

- -AI .t
1( ) Total demand for 2013 and 2014 is able to

be derived from the China Statistics Yearbook, but
there remains a lack of detailed information. There-
fore, the structures of final demands are estimated by
the structure for 2012 and 2015 with different weights.
A similar approach can be found inMi et al 2018.

2.4. Structural decomposition analysis (SDA)
Structural decomposition analysis has been widely
used in identify socioeconomic drivers of changes in
environmental issues, especially in carbon emissions
(Mi et al 2017). In our study, as our focus is on the
impacts of new normal on the carbon flow pattern, we
decompose the consumption-based emissions into
five factors: carbon intensity (E), production structure
(L), consumption structure (Ys), consumption per
capita (Yc), and population (P). It can be expressed as:

D = -
= -
=D
+ D
+ D
+ D
+ D

-

- - - - -

-

- -

- - -

- - - -

11

CO CO CO
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E L Ys Yc P
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2 2t 2t 1
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t 1 t 1 t 1 t

t 1 t 1 t 1 t 1

( )

· · · · · · · ·
· · · ·
· · · ·
· · · ·
· · · ·
· · · ·

where Δ denotes the change in a factor. Each of five
factors in equation (11) represents the contributions
to carbon emission changes induced by one force
while other factors are kept constant. The five factors
have 5 !=120 equivalent decomposition forms, but
this approach is too time consuming for the model-
ling. Instead, we use the average of two polar decom-
positions (Dietzenbacher and Los 1998). In emissions
embodied in exports, we combine the population and
export per capita together into export volume, because
our focus is on China’s exports, rather than the effects
from the growth in population in other countries.
Therefore, four factors are considered into SDA in
emissions embodied in export: carbon intensity (E),
production structure (L), export structure (Es), export
volume (EV ).

3. Results

3.1. Peaked consumption-based emissions forChina
China’s consumption-based emissions have grown
rapidly over the last decade, from 3308Mt in 2007 to a
peak of 8331 Mt in 2013, after which the emissions
then declined by 2.9 % in 2014 and rose slightly by
0.6% in 2015, respectively, reaching 8110 Mt in 2015
(figure 2(a)). As emissions induced by consumption
can be emitted from the boundary where the con-
sumption happened, consumption-based emissions
consist of two parts: emissions embodied in domestic
products and emissions embodied in imports, where
the former takes the dominant proportion with more
than 90% of the total consumption-based emissions.
Both components followed the same trajectory and
peaked in 2013, with 7796Mt for emissions embodied
in domestic products and 512 Mt for emissions
embodied in imports. There is a fluctuation for
domestic emissions from 2014 to 2015, with a rise by
0.7%, after a decline of 3.0% from 7796 in 2013, while
import-related emissions constantly declined to
495 Mt in 2015. In import-related emissions, less
developed countries accounted for more than 60% of
the import-related emissions over the period from
2012 to 2015.

Huge regional heterogeneity in China makes dif-
ferent regions have variant roles in the peaking of con-
sumption-based emissions (figure 2(b)). To facilitate
the results and discussion, we aggregate 31 provinces
and cities into eight regions. Figure 2(b) highlights the
change in consumption-based emissions from 2012 to
2015 for each region. Among eight regions, East Coast,
Southwest, and West show the peak in consumption-

5
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based emissions in 2013. Northeast, North and Cen-
tral have constant declines in their consumption-
based emissions over the period, in which North had
the largest declines from 1232 Mt to 978 Mt. In con-
trast, only Jing-Jin and South Coast show a rise in the
emissions, with an increase of 73Mt and 97Mt. How-
ever, emissions embodied in local products and trade
play different roles in the peak of different regions. As
the main component in consumption-based emis-
sions, emissions embodied in local products of

Jing-Jin, East Coast, Southwest, Northeast, and
Northwest peaked in 2013, which largely contributes
to the peak of total consumption-based emissions.
Notably, all the regions, whether rise or decline of con-
sumption-based emissions, both show the declined
emissions driven by local demands. Correspondingly,
it indicates that all regions outsourcedmore emissions
embodied in domestic trade over the period. Emis-
sions embodied in trade shows the increase for all
regions except North and Northeast from 2012 to

Figure 2. (a)Change in national consumption-based emissions between 2012 and 2015 by sectors; (b)Change in regional
consumption-based emissions between 2012 and 2015 by sectors.

6
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2015, particularly in Southwest and Central where the
trade-related emissions rose by 164 Mt and 151 Mt
respectively. From a sectorial perspective, most of the
declines in consumption-based emissions after 2013
was from heavy industry and tertiary sectors. With the
exception of Southeast Coast and Central regions, all
other regions have a decline in the emission embodied
in heavy industry, in which East Coast and Northeast
contributed themost, with the decline of 97Mt and 34
Mt respectively. In tertiary sectors, Northeast and
Northwest are the main contributors with a decline of
34 Mt and 29 Mt respectively. In contrast, this decline
is partially offset by the rise of emissions embodied in
construction which increases by 178Mt from 3474Mt
to 3652Mt during 2013–2015, most of which are from
affluent regions. Jing-Jin, East Coast and Southeast
Coast saw the emissions embodied in construction
increase by 58Mt, 41Mt, and 39Mt respectively.

Figure 3 highlights the outsourced emissions
embodied in domestic trade within China. The rising
of the Southwest and the Central figures frames the
interregional carbon flows over the period. As the less
developed inner region in China, Southwest and Cen-
tre had the role of producers to support affluent
Coastal regions. Previous studies found the reversed
regional carbon flow pattern from developed coastal
regions into developing inner regions after the finan-
cial crisis, with Southwest switching from net emis-
sions exporter into net emission importer (Mi et al
2017), which is in line with our study. During
2012–2015, the pattern has been reinforced with the
rapid growth of consumption-based emissions, most
of which are from inflow. Inflow-related emissions for
the Southwest and the Central regions increased from
390 Mt to 548 Mt and from 594 Mt to 724 Mt respec-
tively. The rise of the Southwest has become a regional
highlight in China’s economic transition, where the
huge demands in the regions are largely strategically
induced by Belt and Road Initiative and the industrial
upgrade. Massive investments in infrastructure lead
to the significant demands for carbon-intensive

products, such as steel and cement, which are mainly
supplied from the Northwest and the Central. This is
the underlying reason of the increasing carbon embo-
died in inflow from the Northwest and the Central.
Although the Central region is still at the stage of net
emissions exporter, its role is set to gradually change,
with several subtle but significant signs. During the
period, net emissions export for the Central region
declined from 40 Mt to 20 Mt, with emissions embo-
died in inflows fromNorthwest significantly increased
(40 Mt to 91 Mt), and reversed flows from the net
emission export into the net emission import from
Northeast. One of reasons is associated with regional
policies to promote economic development in Central
areas, especially the industry upgrade in China where
the low value-added industries are re-locating from
the coastal regions. Therefore, it is expected the Cen-
tral region would be about to turn into a net importer
in the recent future.

On the other hand, other less developed regions
like Northwest and North have larger emissions in the
net export, with the emissions surging from 268Mt to
422 Mt for Northwest and 82Mt to 287 Mt for North.
More than 50% of the growth in net emissions are
from Southwest and the Central. In addition, North-
east is found as showing a reversal from net emissions
importer in 2012 to net emissions exporter in 2015,
from 31 Mt net import emissions to 39 Mt net export
emissions, largely because of Southwest and the Cen-
tral, whose net flow rose from 4Mt to 21Mt for the net
exports in Southwest and from 12Mt in net imports to
3Mt in net export in theCentral.

3.2. Socioeconomic driving force in the economic
transition
Despite the lack of anMRIO table for the peaking year,
the trend of driving forces over the period from 2012
to 2015 should be consistent. Among all the factors, a
change in intensity is themajor socioeconomic driving
factor in the decline in China’s consumption-based
emissions, with a reduction of 804 Mt of emissions

Figure 3.Change in net interregional carbon flows between 2012 and 2015.
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and 9.96% of emissions in 2012 (figure 4(a)). Changes
in production structure led to a decline of 137 Mt of
emissions, accounting for 1.69% of emissions in 2012.
Notably, the share of intensity in the consumption-
based emissions decline is significantly larger in
comparison with the period 2010–2012 (+1.3%) (Mi
et al 2017), which indicates that China’s efforts in
promoting clean technology and energy transition in
the new normal still makes significant impacts in
China’s decarbonisation (Shan et al 2015).

From the regional perspective, changes in produc-
tion structure and intensity in developing regions were
of importance in the declines of consumption-based
emissions, especially for Central region where the
changes in production structure and intensity led to
the fall of 33 Mt and 179Mt respectively. Southwest
and North were leading in emissions reduction from
changes in intensity, with declines of 189 Mt and
121 Mt. This is associated with China’s policy to clean
its energy mix, including encouraging renewable
energy development in the Southwest, fostering clea-
ner coal technology and reducing coal consumption,
especially in the North (Hu et al 2016, Engels 2018,
Wang et al 2018).

On the other hand, per capita consumption is still
the main component to drive up emissions, with 6.9%
if other factors remain constant. However, the con-
sumption structure plays another role in driving up
emissions, which is reversed from the role over the
period 2010–2012 (Mi et al 2017). The reversal is
mainly due to the increased demands in construction
where final demands for construction increased by 4%
over the period. Although the direct carbon intensity
in construction is relatively tiny, its indirect carbon
intensity can be very large, because of the large
amounts of carbon-intensive products required for
construction, such as steel, cement, and electricity.

Increasing per capita consumption in Southwest
and Central contributed almost half of the growth of
per capita consumption. A key reason why Southwest
and Central were leading in emissions growth is asso-
ciated with China’s regional development strategy in
economic transition, which prioritises the industry
transfer from coastal regions to inner regions, particu-
larly in Southwest and Central (Zheng et al 2019). In
2015,most of the provinces in Southwest andCentral -
especially Chongqing, Hubei, and Guizhou - were the
fastest provinces in GDP growth, with an increase by
32% and 26% in comparison with a 25% national
growth rate over the period.

In contrast to socioeconomic driving forces of
total consumption-based emissions, consumption
structure contributes to the decline of emissions,
which is largely due to less energy intensive imports
from developed countries (figure 4(b)). For example,
consumption structure for the imports from Japan,
South Korea, the US, and EU 28 sees a decline of
16.3 Mt of import-related emissions, accounting for
63% of declined emissions induced by consumption
structure for imports. On the other hand, consump-
tion structure for imports from less developed coun-
tries in Central Asia, Africa and South Asia drives up
emissions, which indicates China would outsource
more energy intensive products from these less devel-
oped countries. Per capita import is the main driving
force, especially for affluent regions, like East Coast
and SouthCoast.

Figure 5 shows disaggregation for the effects of
production structure and intensity on emissions from
local, domestic trade, and import. Declines in con-
sumption-based emission by lower carbon production
structure and intensity was largely from emissions
embodied in local products, except in Northeast.
Lower intensity for products and services in domestic

Figure 4. (a) Socioeconomic driving forces in the change of consumption-based emissions during 2012–2015; (b) Socioeconomic
driving forces in the change of import-related emissions during 2012–2015.
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trade reinforced the declines in consumption-based
emission, especially for Northwest, East Coast, Jing-
Jin, and Northeast where changes in carbon intensity
from domestic trade become the main contributor in
reducing consumption-based emissions. In developed
and rapidly developing regions, however, the declines
induced by local production structure are offset by
changes in production structure for domestic trade,
which reflects high carbon-intensive products domes-
tically imported from other regions. It might be
explained by the fact that industries in the regionswere
transforming into high value-added industries that
require more outsourced primary but carbon inten-
sive ingredients, such as fossil fuel.

3.3. Bounce-up export related emissions
Previous studies predicted China’s export-related
emissions would decline after the financial crisis with
estimated export data or extrapolation (Zhifu et al
2018, Huang et al 2019). However, we found that
Carbon emissions embodied in export bounced up
with an increase from 1557 Mt to 1576 Mt over the
period 2012–2015. Figure 6(b) indicates the contribu-
tions of socioeconomic driven forces for each region.
The rise of export-related emissions wasmainly driven
by the trade volume which leads to 107 Mt of growth
in China’s export-related emissions, with other factors
remaining constant. It is related to increased export
volume over the period, where the gross value of
Chinese exports increased almost 8% from 2012 to
2015. Among other factors, lower intensity in produc-
tion led to a significant decline in carbon emissions,
with 126 Mt of declines in total. In line with domestic
emissions, production structure for exports turned
out to be less carbon intensive, declining 38 Mt
emissions embodied in exports. It is notable that

export structure was estimated to be turned from the
emissions contributors into the reducer after the
financial crisis in the previous studies (Zhifu et al
2018). However, we found that export structure
reverted back to the emissions driving up factor during
the period from 2012 to 2015, which induces 75 Mt of
the export-related emissions growth.

At the regional level, growth in export-related
emissions mainly came from South Coast and North
(figure 6(a)), with 46 Mt and 23 Mt of the growth over
the period. However, the growth of export-related
emissions for South Coast is induced by increasing
trade volume while export structure is the largest rea-
son behind the emission rising in North. In contrast,
the growth of emissions is largely offset by the decline
of export-related emissions from Northwest, with a
decline of 72 Mt emissions. In Northwest, all factors
contribute to the declines, though decreased trade
volume is the main reason. East Coast is the largest
emission exporter, accounting for one third of total
emissions embodied in export, but its export-related
emissions declined from 547 to 538 Mt, in which the
production structure drove down emissions. In con-
trast, as the second largest exporter, export-related
emissions from South Coast increased by 14% from
318 to 364 Mt, due to increasing trade volume, carbo-
nised production structure and export structure, but
offset by the intensity reduction. Notably, export
structure in all regions drove up the emissions except
Northwest, which was associated with China’s trade
trend that the country is in transition from exporter
for labour-intensive products into value-added inten-
sive products, such as machines and electronic devi-
ces. In 2015, China’s export of heavy industry
products (e.g. machinery and equipment) accounted
for 57%of total exports.

Figure 5.Disaggregation of production structure and intensity by source.
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4.Discussion

As the world’s top emitter, peaking consumption-
based emission is amilestone forChina and the tipping
point for China’s decarbonisation. Regional contribu-
tions varied due to the regional disparity, in which the
disparity between developing regions led to the trend.
Northeast, North, and Central have peaked in their

consumption-based emissions before 2012, while
Northwest and Southwest saw the highest emissions in
2013. Among five socioeconomic driven forces
decomposed by SDA, change in intensity and produc-
tion structure are the biggest contributor in the decline
of consumption-based emissions, which were both
rooted in China’s economic model transition in the
post-financial crisis, especially in developing regions

Figure 6. (a)Comparison in emissions embodied in export between 2012 and 2015; (b) Socioeconomic driving factors behind the
change.
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(Mi et al 2017). In the last few decades, China’s rapid
development adopted the growth model which
emphasised the high investment in heavy industry
such as steel, cement production and infrastructures
(Green and Stern 2016). Despite themerits of the rapid
economic progress, the growth model led to serious
consequences in all socioeconomic aspects, such as air
pollution, low energy efficiency, regional inequality
and widespread excess capacity in steel, cement, and
energy sectors (Sheehan et al 2014, Zheng et al 2014,
Green and Stern 2016).

To respond to the challenges, economic trans-
ition policies prioritise the elimination of outdated
and excessive capacity in key sectors, promoting
high value-added manufactory, and shifting energy
mix into less coal consumption (Mi et al 2016, Ou
et al 2019, Zheng et al 2019). Although detailed
polices were officially launched in the 13th five-year
plan (2016–2020), many efforts have beenmade dur-
ing 2012–2015. For example, China has eliminated
outdated capacity, such as 21.1 GW in coal-fired
power generation capacity, 520 Mt in coal produc-
tion, and 126 Mt in iron and steel processing (Guan
et al 2018). In the 13th five-year period, clear targets
in elimination of outdated and excessive capacity
have been applied in key sectors, for example, redu-
cing capacity of raw steel production by 100 Mt to
150Mt in total and of raw coal production by 800Mt
per year (Ministry of Industry and Information
Technology 2016, National Development and
ReformCommission 2016).

At regional level, however, the huge heterogeneity
in the socioeconomic conditions indicates the differ-
ent pathway and foci may be chosen in different
regions. For the eastern and south regions, given that
their developed economy largely relies on supply from
the less developed regions, mitigation on the supply
chain could be prioritised. From 2012 to 2015, it
shows the growth in net carbon inflows indicating the
more outsourced carbon generated in the western
regions to supply their economy. The pattern has been
observed in many studies where the developed econ-
omy usually outsources more emissions from the less
developed economy (Feng et al 2014, Fang et al 2019).
It is not a surprise for the continual increasing in con-
sumption-based emissions in Jing-Jin region and
South region, given the increasing consumption and
population. However, eastern coastal regions show the
decline of consumption-based emissions after 2013,
which possibly attributes to industrial relocation. For
example, the industrial value-added from the eastern
region is increasingly less weighted in the nationally
aggregated, dropping from 62.71% to 54.93% from
2004 to 2017. Since 2013, the emissions from local
production consistently declined from 550 Mt to 442
Mt, while the outsource emissions increased from 678
Mt to 685 Mt and domestically outsourced emissions
increased from 551 to 579 Mt. Traditional energy-
intensive but low value-added industries are

transferred from eastern regions to the central and
western regions, which leads to positive contributions
of domestic production structure to emissions, as
shown infigure 5 (Xin-gang and Fan 2019).

In economic transition, southwest and central
regions become the key growth points with increasing
demands and infrastructure investment. This is largely
induced by the Belt and Road Initiative and industrial
upgrade, where the Southwest is regarded as the front
markets connecting with the south Asia countries. In
addition, the industrial upgrade for Southwest prior-
itises high-tech industries and tertiary sectors in the
regional development strategy. High-tech industries,
such as car manufacturing and the telecommunica-
tions and electronic industries, are rapidly developed
in these regions and have gradually become the back-
bone industries. For example, the telecommunica-
tions industry in Guizhou contributes to 27% of
provincial GDP, and its growth rate has been the lead-
ing one in China since 2013, with approximately more
than 20% growth per year. In addition, large infra-
structure investments induced by the Belt and Road
Initiative promote massive scale urbanisation, which
significantly increased the demands for carbon-inten-
sive products throughout the supply chain. In
Chongqing, Yunnan, andGuizhou, the growth rates of
the retail industry, accommodation and catering, and
the financial industry are leading among Chinese pro-
vinces. In contrast, China’s traditional heavy manu-
facturing hub, such as North and Northeast, follows
the mitigation pathway in eliminating the outdated
technology factories and reducing carbon intensity by
using cleaner energy types (Feng and Wang 2019,
Zheng et al 2019). As the energy and heavy industrial
products supplier, reducing production-based emis-
sions from the key industries is the priority for local
authorities. Since 2012, a series of economic policies to
phase out excessive production capacity and halt the
new coal plant construction have been implemented.
For example, small-sized coal producers often with
outdated technology have been eliminated and by
2015, coal production frommedium and large produ-
cers accounted for 80% of the total supply in compar-
ison with 58% in 2010. Energy supply provinces in
North, Northeast, andWest regions are key in the pol-
icy implementation.

As the economic transition policies will be con-
sistent and continue evenmore rigorously in the future,
it is expected that lower intensity and a less carbon-
intensive production structure is likely to be persistent
in the long run, thereby with declined consumption-
based emissions. As part of the economic transition
target, regional developments—especially in the South-
west and the Central regions—should be noted, as
industrial relocation from coastal regions might drive
up the local emissions. Fortunately, the local produc-
tion structure and intensity in SDA show the positives
in decarbonisation, while increasing emissions embo-
died in domestic trade, which mainly came from
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Northwest, have highlighted the spillover from out-
sourcing high carbon intensive materials from less
advantaged regions. Given the supply chain from the
Northwest andCentral, it raises a potential opportunity
in the coordination strategies across regions, where the
net consumer regions are supposed to subsidise the cost
of low carbon transition for the producer regions (e.g.
upgrading cleaner technology), such as the linkage
between the Southwest and theNorthwest.

The recent declines in consumption-based emis-
sions are rooted in China’s changing production
structure and the wide adoption of low carbon techni-
ques, and is expected to be sustained with the con-
tinuous and consistent economic policy prioritising
clean production.However, the uncertainty remains on
China’s emissions trajectory due to the long-term
socioeconomic policies, where China’s decreasing
growth ratemightmake governments take action to sti-
mulate the economy, such as with more infrastructures
investment or promoting the consumption in the Belt
and Road Initiative. The scenario is likely where the rise
of emissions, led by growth in the consumption, offset
the declines due to the change of production structure
and intensity. The Southwest and Central region of
China is likely to see the rise of emissions due to the
socioeconomic growth under the context of the Belt
and Road Initiative. Given the large scale hydropower
development in the Southwest, penetration of renew-
able energy is increasing, where 79%of power supply in
Sichuan province is from hydropower (Hu et al 2016).
The potential clean energy output in the Southwest
could largely reduce the domestic emissions for the
local demands. However, the central region is in energy
transition and still largely relies on traditional fossil fuel,
which challenges the low carbon transition in the
future. It might be too early to identify the long-term
tipping point in consumption-based emissions, while
the decline indicates a sign that the changing socio-
economic structure has profoundly affected the emis-
sion trajectory and plays an increasingly determined
role in the futuremitigation.

Improved energy efficiency and increased domes-
tic consumption are two features in China’s economic
transition. These may lead to the concern of the
rebound effect where the rise of emissions induced by
the consumption could offset the mitigation triggered
by improvement in energy efficiency. Based on the
SDA results (figure 4(a)), the emissions reduction due
to decreased carbon intensity is more than the emis-
sions increase due to the increased consumption. It
can be expected that increased consumption will con-
tinue with the economic growth in China, while the
carbon intensity might reach a threshold which is dif-
ficult to reduce further. The decrease in carbon inten-
sity largely relies on the clean technology and clean
energy mix. Given coal is still the main energy type
used in China, the potential for ‘cleaning’ the energy
mix is still huge. The government has made great
efforts in renewable energy development and

replacement of coal combustion. According to the
energy development plan (2016–2020), China set the
target that the share of non-fossil fuel should reach
15%of the total energy consumption, with the share of
natural gas increasing to more than 10% and the share
of coal reducing to below 58%. In addition, more
restricted emissions standards are introduced into the
manufacturing sector to encourage the adoption of
clean technology (Tang et al 2019). Therefore, it can be
expected that the restriction policy in energy transition
and technology penetration could be consistent in the
future, and would not be offset by increasing con-
sumption in the foreseeable future.

Given emissions embodied in domestic products
account formore than 90% in China, peak consump-
tion-based emission is largely compatible with the
peak in China’s territory emissions, which was esti-
mated in 2013 with 9.5 Gt CO2 (Guan et al 2018).
However, import-related emissions have to be cau-
tiously monitored in the future, as import-related
emissions from Africa, Southeast Asia countries, and
the Middle East is increasing, albeit gradually. It is
worth noting the phenomenon of offshoring low-
value but energy-intensive industries to other emer-
ging markets in Southeast Asia in China’s economic
transition, due to the comparative advantage in
emerging markets (Meng et al 2018). For example,
during 2014–2018, Chinese steel firms have built 32
million ton of capacity in Indonesia and Malaysia,
accounting for 40% of steel consumption by 10
Southeast Asia countries in 2016 (Financial
Times 2018). It might result in China importing
more such carbon-intensive products from less
restricted climate policy countries while reducing its
domestic production capacity, and therefore increas-
ing its emissions embodied in imports (Branger and
Quirion 2014, Meng et al 2018). Although all regions,
except North, showed declined import-related emis-
sions, more import-related emissions are expected in
industrial regions, such as Northwest and Northeast,
withmore imports of primary commodities.

Increased export-related emissions reflected China’s
export recovery from the financial crisis, with the export
volume doubled from 1.2 to 2.3 million USD. Export
structure was found to be a factor in declining the emis-
sions in the post-crisis period (Pan et al 2017, Zhifu et al
2018), but it reversed as a driving factor in the bounce-up
of export-related emissions. This is largely associatedwith
increasing share of carbon-intensive products. For exam-
ple, shares ofmetal products (e.g. iron, steel, andmachin-
ery etc) and cement exports increased from 16% to
17.4%. It is notable that China’s iron and steel exports in
2015 was a record high with 124 million ton, which was
double the export in 2008. In contrast, the share of elec-
tronic devices (e.g. computers, mobile phones)which are
less carbon-intensive, declined significantly from 22% to
20.9% during 2012–2015. The increasing trend of export
is likely to persist, as a result of the increasing trade
betweenChina anddeveloping countries and theBelt and
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Road Initiative. The construction of infrastructure and
manufacturing industries for other developing countries,
especially those in the Belt and Road Initiative, will boost
the considerable demands of low-value, energy intensive
products, with China’s export in such products likely to
take a large share in supply (Zhang et al2017).
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