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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 construct multi-regional input-output tables (MRI1O) for
2012 and 2015 and quantitatively evaluate the regional disparity in decarbonisation and the driving forces
during 2012-2015. We found China’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 and Centralaegions 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 afteryears of
decline, attributed to soaring export volume and export structure in the Southeast and North of the country.
The disparity in developing regions has become the new feature in shaping China’s economy and
decarbonisation.

Key words: 2015, MRIO, China, Economic Transition Peak, Consumptionbased émissions
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1

2

2 56  Introduction

5 57  Since the global financial crisis of 2008, China has experienced a massive economic transformation, which
6 58  has seen a switch from the old growth model relying on strong investment and energy-intensive

7 59  manufacturing, into a new phase of socioeconomic development which is formulated as “New Normal”

8 60  (Mi, Meng, Guan, Shan, Liu, et al., 2017; Mi, Meng, Guan, Shan, Song, et al., 2017). A key feature of the
9 61  new economic growth model is high quality but lower growth, with a restructuring of the economy into

10 62  high domestic consumption and promoting value-added manufacture and services (Grubb et al., 2015;

1 63  Hilton and Kerr, 2017; Mi, Zheng, et al., 2018). Over the period 2007 to 2017, China’s:annual GDP

12 64  growth has fallen from 14.2% to 6.9%, while the consumption contribution to GDP growthhincreased from

13 65  45% to 58.8%. Accordingly, GDP growth — due to investment - declined from 44% to 32% over.the same
14 66  period (National Bureau of Statistics, 2018). In 2015, the contribution of tertiary sectors to GDP rose over

15 67  50% for the first time, marking the tipping point of economic structure under the new normal (Hilton and
16 68 Kerr, 2017).

1573 69  Asthe largest carbon emitter in the world, the shift in the economic growth pattern with a focus on green
19 70  development significantly affects China’s decarbonisation trajectory and its Internatienalrintended national
20 71  determined contribution (INDC) (Guan et al., 2018; Jackson et al., 2015; Zheng.et al., 2018). Previous

21 72 studies realised the implication of China’s economic transition on the decarbonisation/initiative and

22 73 concluded that China’s decarbonisation initiatives are able to benefit from the transition, via industrial

23 74 structure adjustment, cleaning up the energy mix, improving energy efficiency, and the elimination of

24 75  outdated capacity in key sectors etc (Green and Stern, 2016; Mi, Zheng, et.al., 2018; Zhang et al., 2016).
25 76  With these determinants, China’s production-based emissions peaked at.9.53 gigaton (Gt) in 2013, while
26 77  China’s consumption-based emissions growth has significantly. slowed down in the post crisis era, from

27 78  more than 20% of growth rate in the pre-crisis period to 15% of growth during 2010 to 2012 (Mi, Meng,
28 79  Guan, Shan, Liu, etal., 2017).

&

29 80  However, the consequence of economic transition on emissions declines varies across regions, due to the
30 81  huge regional disparity in China. Several studiesdave evaluated.the effects of the transition at regional
g; 82  level. For example, Mi et al. found that the change of China’s regional economic structure has seen a

83  reversed role of less developed regions shifting from net carbon exporter into net importer in the post-crisis
gi 84  era, (Mi, Meng, Guan, Shan, Song, et al., 2017). Pan et al. highlighted that increasing carbon transfer

85  between central regions and coastal regions is,induced:by the change in technology-intensive
22 86  manufacturing (Pan et al., 2018). Zheng et al. measured seven socioeconomic drivers in China’s emissions
37 87  and found different regional development patterns lead to different decarbonisation paths (Zheng, Mi, et
38 88  al., 2019). It is of interest to assess whether or not the new pattern led to a decline in China’s consumption-
39 89  based emissions in the economic transition, and how the regional determinants contribute. However, most
40 90  of the studies focus on the pattern changes in consumption-based emissions before 2012.
41 91  Here, we quantified regional contributiens:in'the change of China’s consumption-based emissions and
42 92  export-related emissions during 2012-2015, with a focus on how the new pattern evolved in the new
43 93  normal. Specifically, we adopt the'latest socioeconomic data to construct the multi-regional input-output
44 94  (MRIO) model for 2012 and 2015, covering China’s 31 provinces (except Hongkong, Macao, and Taiwan)
45 95  with 42 sectors. We employedenvironmentally extended input-output analysis (EEIOA) to estimate
46 96  consumption-based emissions,and export-related emissions over the period from 2012 to 2015. We then
47 97  used the structural decomposition analysis model (SDA) to quantitatively evaluate the socioeconomic
48 98  driving factors behind the change in consumption-based emissions, and export-related emissions.
49
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Method
1. MRIO table construction

The MRIO model is an essential tool in understanding the regional supply chain and identifying regional
heterogeneity (Dietzenbacher et al., 2013; Zheng, Meng, et al., 2019). Provincial single region 10 (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 MRIOtables is not
applicable for the 2015 MRIO table construction (Mi, Meng, Zheng, 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 constructediin this
paper contains the least data to reflect the regional and sectorial links across the China, while the 2017
provincial SRIO tables are not currently available.

We start the MRIO construction from the estimate of domestic supply and demand.for each sector. For the
products of sector i, domestic supply S; refers to commodities produced in province Qupplied to all

provinces in China where domestic supply is equal to output subtracting export. Mathematically, it is
calculated as:

Sji = Outputji- — Exji @Y)

Where Output]i- is the output of commaodity i in province j; Ex} is the expart of commaodity i in province j.
Domestic demand Dji indicates commodity required by province. j, hewever, domestic demand has to be
estimated that for sector i, we assume the same technical coefficient.and the proportion of intermediate
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 thenatienal demand.

. (A2012 X OUtPUt A2012 X Output: ) i ‘
D = > - X NDyoys' = IM}  (2)

] i ]
22012] Z2012j
i
TD2012] TD2012}'

Where 4,;, is the technical oefficient forsector i of province j in 2012; Z,g;,; and D1, are

intermediate demand and total'demand for sector i of province j in 2012, respectively. ND,y;s' is the
national demand for sectori in 2015;/M; is the import for sector i of province j. It is noted that if the 2015

SRIO table for province j.is available, Azmzj., 22012;'., TDzmzj'. can be derived directly from the 2015 SRIO

table. In short, MRIQ construction for 2015 is based on sectorial output, value-added, foreign trade data,
2015 national leveldSRIO table and 2012 provincial level SRIO tables.

With domestic'supply and demand, we employ the cross-entropy model (CE) to estimate the interregional
outflow and inflow for€ach 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
informationiand satisfy the given constraint (Fernandez Vazquez et al., 2015; McDougall, 1999). The CE
model is meantto preserve the minimal entropy distance between the estimated distribution and prior
distribution, by satisfying the conditions. The CE model 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

4
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1
2
3 144  suggest using the minimising CE model to optimise an initial interregional trade flow matrix in order to
4 145  introduce more effective information to improve the outcomes. For each sector, domestic supply and
Z 146  demand can be divided into self-supply, supply to other provinces, self-demand and demand from other
7 147  provinces (Figure 1).
8 ) Supply to Demand to
9 Province  Self Supply Others Self Demand Others
10
11 1
12
13 2
14
15 3
16 )
17
18 r‘
31 »
;g 148 a™
21 149 Figure 1 the matrix of supply and demand.
;g 150  Inour case, we derive the detailed supply and demand (self-supply, supply to other provinces, self-demand
151  and demand from other provinces) from the 2012 SRIO table as priori‘information, and setting estimated
24 . , .
25 152 supply and demand above as constraint. Mathematically, it can be shown as:
26 Py
27 153 minC(P || Q) = p,, In 3)
28 ql]
29 154

2(1) 155 Zz(pu +pif) =1;
32 Do

33 156 ZZ(IDU +p;0)=1;

35 157 ZpSOXS —ZpDOxD
36

37 158 (pij +pf;’)><s CColy;

38

39 159 (piDjd + Plpjo) X D; = CRowy;;
40 160

41

N
42 161 Where py; is the distribution of supply and demand for 2015, which is to be estimated in the CE model; q;;
43 162 s the priori distribution of supply and demand for 2012. S; and D; are aggregated domestic supply and
44 163  demand for sector i. CColy; and CRewy; indicate estimated supply and demand for sector i in province j.

45 164  After modelling, we are able te.know the self-supply, supply to other provinces, self-demand and demand
46 165  from other provinces for each sector in 2015, which we further estimate a provincial SRIO table based on
47 166  the estimated detailed supply and demand data, and generalised RAS model (Biproportional Techniques

48 167  for matrix balancing) (Junius and Oosterhaven 2003; Lenzen et al., 2007). Specifically, we first estimate

49 168 the preliminary intermediate’demand 22015 ¥ by using the technical coefficient for 2012 multiplying output

169  for 2015, and preliminary final demand Fzmsjf by assuming an identical structure in 2012 is the same as it
52 170  in 2015, andthen multiplying the aggregated final demand, which is equal to GDP minus net export.

171 22015;'.’{ = A2012j-k X Output;{ (4)

172

58 173 Fao1s] = Sz0127 X (Z VA, — Ex{ — SO} + IM] + DO}) (5)
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Where A2012j."refers to the technical coefficient for 2012 for sector i to k in province j; Output}‘ is the

2015 output for sector k in province j; 52012;7 is the final demand structure for sector i of categoriesifin

province j. There are five categories in final demand: Urban household consumption, rural household
consumption, government consumption, capital formation, and the change of inventory. The generalised
RAS model is further used to optimise the matrix:

minC(P | Q) = ZZ |‘h‘j| "Dy ln(?) (6)
ij

s.t.

2iqij - Pij = Output; — net export;;

Where q;; refers to priori matrix which is the matrix Z,o15+ Fa015; Pyj is equal to v q;j where X;; is the

distribution matrix for 2015; e is the Natural logarithm (Lenzen et al.,2007). The model 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 estimate
method in MRIO construction for over 40 years, including the:2012.MRIO table (Mi, Meng, Zheng, et al.,
2018). It assumes the trade between two regions is the function of supply and demand and the impedance
in costs. The standard gravity model is as follows:

(B8 x (M2s)P-

rs a
;> =G (Drs)Y

(7

Where T;® is trade flow for commodity i between,region r and region s; E;"° and M;°° are total supply of
the exporter and the total demand of'the importer, respectively. DY* is the distance between two regions,
which is the proxy for transportation cost. We use railways as an interregional commodity from the 2015
Collection of National Railway Statistical Data as sample 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 which we 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 de Mesnard, 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 areassuming,thejidentical inflow proportion in the supply. The details can be found in
Zheng, Meng, et al., 2019. All:the primary data are summarised in the Table 1.

Table 1. Primary data used in the model

Variable Source Description Equation

Output]i- Provincial Statistical Yearbook for 2015 | Output for industry i in province j 1

Ex]-" China'Customs Database for 2015 Export for industry i in province j 1

szji, Provincial 10 table for 2012 Intermediate demands for industry i and 2
province j in 2012

TD2012§ Provincial 10 table for 2012 Total demands for industry i and 2
province j in 2012

NDsgis’ National 10 table for 2015 Total demands for industry i in 2015 2

IM].i China Customs Database for 2015 Import for industry i in province j 2

Page 6 of 22
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1

2

3 DYs National Railway Statistical Data for National Railway Distance from region r 7
4 2015 to region s

5 TS National Railway Statistical Data for National Railway Statistical Data by 7
6 2015 industry i from region r to region s

/ 207

8

9 208

10

209 2. Linking into GTAP-MRIO database

12 210  China’s imports are from different countries with a different production structure, and different technology
13 211  and carbon intensity. Previous studies adopted the assumption of a production structure/and technology

14 212 identical to China’s domestic structure, which could generate considerable uncertainty’(Meng et al.,”2016).
15 213 To capture the heterogeneity, we link China’s MRIO table into a GTAP-MRIO tablezwhich,is based on the
16 214  GTAP (Global Trade and Analysis Project). As GTAP-MRIO tables are availablefor 2011 and»2014, we
17215  connect the 2015 MRIO table into the 2014 GTAP-MRIO table, and the 2012 MRIO table into the 2011

18 216  GTAP-MRIO table. Since trade data are always conflicting between two databases, we.make China’s

19 217  MRIO table as standard and use trade data from the GTAP-MRIO table to adapt to'the China MRIO table.
20 218  We follow previous studies to assume that provincial import structure by countfies is identical with the

21 219  national import structure. Details can be found in (Feng et al., 2013). The nested China-GTAP-MRIO table
22 220  isinitially unbalanced, with the RAS method applied to optimise the MRIO table. RAS technique is well
23 221  applied in input-output table optimisation, which is able to preserve theuinitial matrix as much as possible
24 222 while making the adjusted matrix follow the pre-set constraints (Lahrand de.Mesnard, 2004). It is noted
25 223 that China’s MRIO would totally replace the matrix of China in{the GTAP, and therefore, the China MRIO
26 224  would not be adjusted when RAS is applied. In short, we use 6ther countries’ data in the GTAP to adapt
27 225  the China MRIO to retain the authenticity.

&

29 226
31 227 3. Environmental extended input-output model

32 228  To calculate the consumption-based emissions, we employ.the Environmental extended input-output
33 229  model (EEIO) (Meng et al., 2018; Serrano et.al., 2016), which can be expressed as:

35 230 C=E(I-A)'F (8)

37 231 Where A is the technical coefficientwhich is calculated as A™ = (z;;’/x;); F is the total final demand by
38 232 sector. All of these parameters are derived from the MRIO table. E is the carbon inventory for all sectors in
39 233  all regions for the target year. Carbon inventaries for 2012 and 2015 are constructed by Shan et al., 2018
40 234  and can be accessed from the China Carbon Emissions Dataset (http://www.ceads.net/). Due to the lack of
41 235 MRIO tables for 2013 and 20144 consumption-based emissions for 2013 and 2014 are estimated as

42 236  follows:

2 1
44 237 Cr13 =3E,  L2012(FS,5,,FV2013) + 5 E2013L  (FS2015FV2013) €))
45 3 2013 3 2015
47 238 Cooua=3E L2012 (FS,012FV2014) + 3 E2014L (FS2015FV2014) (10)
48 2014 2015

49 239 Where FS, refefs to the strticture of final demands for the year t, and FV, refers to the total final demand
20 240  forthe year t, L, is the Léontiefinverse which is equal to (I — A,)~*.Total demand for 2013 and 2014 is
51 241 able to be derived from the China Statistics Yearbook, but there remains a lack of detailed information.
22 242 Thereforg] the structures of final demands are estimated by the structure for 2012 and 2015 with different
33 243 weights.'A similarapproach can be found in Mi, Meng, Green, et al., 2018.

55 244
57 245 4. "Structural decomposition analysis (SDA)

>8 246 Structural decomposition analysis has been widely used in identify socioeconomic drivers of changes in
59 247 environmental issues, especially in carbon emissions (Mi, Meng, Guan, Shan, Song, et al., 2017). In our

7
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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 (Y's), consumption per capita (Yc), and population (P). It can be expressed as:

ACO2 = C02;— CO2¢_4 an
=E Ly Yse Yoo  Po—EiqLiq " YSeqg " Yerq - Py

= AE : Lt " YSt " th : Pt + Et—l " AL * YSt " YCt " Pt + Et—l * Lt—l " AYS * YCt " Pt+Et—1 * Lt—l * Yst—l * AYC
" Pt+Et—1 * Lt—l " YSt—l * th—l " AP

where A denotes the change in a factor. Each of five factors in Eq. (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 ' medelling.
Instead, we use the average of two polar decompositions (Dietzenbacher and Los,/1998). In emissions
embodied in exports, we combine the population and export per capita together into exportvolume,
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 €xport: carbon
intensity (E), production structure (L), export structure (Es), export volume (EV).

Page 8 of 22
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264  Results
265  Peaked Consumption-based emissions for China

266  China’s consumption-based emissions have grown rapidly over the last decade, from 3308 Mt in 2007 to a
267  peak of 8331 Mt in 2013, after which the emissions then declined by 2.9 % in 2014 and rose slightly by

9 268  0.6% in 2015, respectively, reaching 8110 Mt in 2015 (Figure 2a). As emissions induced by consumption
10 269  can be emitted from the boundary where the consumption happened, consumption-based emissions consist
1 270  of two parts: emissions embodied in domestic products and emissions embodied in imports, where the

12 271  former takes the dominant proportion with more than 90% of the total consumption-based emissions:Both
13 272 components followed the same trajectory and peaked in 2013, with 7796 Mt for emissions embodied in

14 273 domestic products and 512 Mt for emissions embodied in imports. There is a fluctuation for domestic

15 274  emissions from 2014 to 2015, with a rise by 0.7%, after a decline of 3.0% from 7796 in'2013, while

16 275  import-related emissions constantly declined to 495 Mt in 2015. In import-related gmissions, less

17 276  developed countries accounted for more than 60% of the import-related emissions over the{period from

18 277 2012 to 2015.
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b. Jing-Jin
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Figure 2 a). Change in national consumption-based emissions between 2012 to 2015 by sectors; b).
Change in regional consumption-based emissions between 2012 to 2015 by sectors.

Huge regional heterogeneity in China makes different regions have variant roles in the peaking of
consumption-based emissions (Figure 2b). To facilitate the results and discussion, we aggregate 31
provinces and cities into eight regions. Figure.2b 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-based emissions in 2013. Northeast, North and Central 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 contrast, only Jing-Jin and South Coast show a rise in the emissions, with an increase of 73 Mt
and 97 Mt. However, emissions embodied in.local products and trade play different roles in the peak of
different regions. As the main component in consumption-based emissions, emissions embodied in local
products of Jing-Jin, East Coast, Sou@vest, 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 consumption-based ‘emissions, both show the declined emissions driven by local demands.
Correspondingly, it indicates that all regions outsourced more emissions embodied in domestic trade over
the period. Emissions embaodied in trade shows the increase for all regions except North and Northeast
from 2012 to 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 regionsyall other regions have a decline in the emission embodied in heavy industry, in which
East Coast and/Northeast contributed the most, with the decline of 97 Mt and 34 Mt respectively. In
tertiary sectors, Northeast and Northwest are the main contributors with a decline of 34 Mt and 29 Mt
respectivelysin contrast; this decline is partially offset by the rise of emissions embodied in construction
which increases by.178 Mt from 3474 Mt to 3652 Mt during 2013 to 2015, most of which are from affluent
regions. Jing-Jin, East Coast and Southeast Coast saw the emissions embodied in construction increase by
58 Mt;41 Mtyand 39 Mt respectively.

10
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306
24 307  Figure 3 Change in net interregional carbon flows between 2012 to 2015

308  Figure 3 highlights the outsourced emissions embodied in domestic trade within China. The rising of the
309  Southwest and the Central figures frames the interregional carbon flows over the period. As the less

310  developed inner region in China, Southwest and Centre had the roele of producers to support affluent

311  Coastal regions. Previous studies found the reversed regional carbonflow pattern from developed coastal
30 312 regions into developing inner regions after the financial crisis, with/Southwest switching from net

31 313  emissions exporter into net emission importer (Mi, Meng, Guan;Shan, Song, et al., 2017), which is in line
32 314  with our study. During 2012 to 2015, the pattern has.been,reinforced with the rapid growth of

33 315  consumption-based emissions, most of which are from,inflow. Inflow-related emissions for the Southwest
34 316  and the Central regions increased from 390 Mt to 548 Mt and from 594 Mt to 724 Mt respectively. The rise
35 317  of'the Southwest has become a regional highlight in'China’s economic transition, where the huge demands
36 318  inthe regions are largely strategically induced by Belt and Road Initiative and the industrial upgrade.

37 319 Massive investments in infrastructurglead to the significant demands for carbon-intensive products, such
3g 320  assteel and cement, which are mainly supplied from the Northwest and the Central. This is the underlying
39 321  reason of the increasing carbon embadied in‘inflow from the Northwest and the Central. Although the

40 322 Central region is still at the stage of net emissions exporter, its role is set to gradually change, with several
41 323  subtle but significant signs. During:the period; net emissions export for the Central region declined from
42 324 40 Mtto 20 Mt, with emissions embadied in inflows from Northwest significantly increased (40 Mt to 91
43 325  Mt), and reversed flows from the net emission export into the net emission import from Northeast. One of
44 326 reasons is associated with regional policies to promote economic development in Central areas, especially
45 327  theindustry upgrade in China.where the low value-added industries are re-locating from the coastal

46 328  regions. Therefore, it isiexpected the Central region would be about to turn into a net importer in the recent
47 329  future.

48 330 Onthe other handgether less developed regions like Northwest and North have larger emissions in the net
2 33 export, with the emissions surging from 268 Mt to 422 Mt for Northwest and 82 Mt to 287 Mt for North.
>0 332 More than 50% of the growth ininet emissions are from Southwest and the Central. In addition, Northeast
o1 333 s found as.shewing a reversal from net emissions importer in 2012 to net emissions exporter in 2015, from
334 31 Mt net import emissions to 39 Mt net export emissions, largely because of Southwest and the Central,
335  whose net flow rose from 4 Mt to 21 Mt for the net exports in Southwest and from 12 Mt in net imports to
336 3 Mtimnet exportdin the Central.

56 337  Socioeconomic driving force in the economic transition
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Figure 4. a). Socioeconomic driving forces in the change of consumption-based emissions during 2012
to 2015; b). Socioeconomic driving forces in the change of impart-related emissions during 2012 to
2015.

Despite the lack of an MRIO 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 the major socioeconomic
driving factor in the decline in China’s consumption-based€missions;with a reduction of 804 Mt of
emissions and 9.96% of emissions in 2012 (Figure 4a). Changes in praduction 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 to 2012
(+1.3%) (Mi, Meng, Guan, Shan, Liu, 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 production 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 cleaner coal technology and reducing coal consumption,
especially in the North (Engels; 2018;\Hu etal., 2016; 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 consumption structure plays another role in driving up
emissions, which is reversed from the role over the period 2010 to 2012 (Mi, Meng, Guan, Shan, Liu, 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
associated with China’s regional development strategy in economic transition, which prioritises the
industry transfer from coastal regions to inner regions, particularly in Southwest and Central (Zheng, Mi,
et al42019). In,2015, most of the provinces in Southwest and Central - especially Chongging, 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

12
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developed countries (Figure 4b). 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, consumption
structure for imports from less developed countries in Central Asia, Africa and South Asia drives up
emissions, which indicates China would outsource more energy intensive products from these less
developed countries. Per capita import is the main driving force, especially for affluent regions, like:East
Coast and South Coast.

&
=]
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-1504

Change in Intensity (Mt)
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-50

M Import
l:\ Domestic

'S M Local

Change in Production
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-100+

-150

Central Northwest EastCoast North Northeast Southwest South Coast Jing-Jin

Figure 5. Disaggregation of production structure and intensity by source

Figure 5 shows disaggregation for the effects ofiproduction structure and intensity on emissions from
local, domestic trade, and import. Declines in‘consumption-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 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
domestically imported from other regions: It might be explained by the fact that industries in the regions
were transforming into high value<added industries that require more outsourced primary but carbon
intensive ingredients, such'as fossil fuel.
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evious studies predicted China’s export-related emissions would decline after the financial crisis with

export data or extrapolation (Huang et al., 2019; Zhifu et al., 2018). However, we found that

14



Page 15 of 22 AUTHOR SUBMITTED MANUSCRIPT - ERL-107863.R1

405  Carbon emissions embodied in export bounced up with an increase from 1557 Mt to 1576 Mt over the

406  period 2012 to 2015. Figure 6b indicates the contributions of socioeconomic driven forces for each region.
407  The rise of export-related emissions was mainly driven by the trade volume which leads to 107 Mt of

408  growth in China’s export-related emissions, with other factors remaining constant. It is related to increased
409  export volume over the period, where the gross value of Chinese exports increased almost 8% from:2012
410  to 2015. Among other factors, lower intensity in production led to a significant decline in carbon

9 411  emissions, with 126 Mt of declines in total. In line with domestic emissions, production structure for

10 212 exports turned out to be less carbon intensive, declining 38 Mt emissions embodied in exportsfit.is notable
11 413  that export structure was estimated to be turned from the emissions contributors into the'reducer after. the
12414 financial crisis in the previous studies (Zhifu et al., 2018). However, we found that export‘structure

13 415  reverted back to the emissions driving up factor during the period from 2012 to 2015, which induces 75 Mt
14 416  ofthe export-related emissions growth.

oNOYTULT D WN =

16 417  Atthe regional level, growth in export-related emissions mainly came from South/Coast and Nerth

17 418  (Figure 6a), with 46 Mt and 23 Mt of the growth over the period. However, the growth of €xport-related
18 419  emissions for South Coast is induced by increasing trade volume while exportstructure is the largest

19 420  reason behind the emission rising in North. In contrast, the growth of emissions is largely offset by the

20 421  decline of export-related emissions from Northwest, with a decline of 72 Mt emissions. In Northwest, all
21 422  factors contribute to the declines, though decreased trade volume is the main.reason. East Coast is the

22 423  largest emission exporter, accounting for one third of total emissions embodiedin export, but its export-
23 424  related emissions declined from 547 to 538 Mt, in which the production, structure drove down emissions.
24 425 In contrast, as the second largest exporter, export-related emissionssfrom Seuth/Coast increased by 14%
25 426  from 318 to 364 Mt, due to increasing trade volume, carbonised/production structure and export structure,
26 427  but offset by the intensity reduction. Notably, export structuredn all regions drove up the emissions except
27 428  Northwest, which was associated with China’s trade trend that:the country is in transition from exporter for
28 429  labour-intensive products into value-added intensive products, such.asachines and electronic devices. In
29 430 2015, China’s export of heavy industry products (e.g. machingry and equipment) accounted for 57% of

30 431  total exports.

3 432
433
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Discussion

As the world’s top emitter, peaking consumption-based emission is a milestone for China and the tipping
point for China’s decarbonisation. Regional contributions 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 production
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
(Mi, Meng, Guan, Shan, Liu, et al., 2017). In the last few decades, China’s rapid developmient adopted the
growth model which emphasised the high investment in heavy industry such as steel, cement production
and infrastructures (Green and Stern, 2016). Despite the merits 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 (Green
and Stern, 2016; Sheehan et al., 2014; Zheng et al., 2014).

To respond to the challenges, economic transition policies prioritise the elimination of outdated and
excessive capacity in key sectors, promoting high value-added manufactory, andshifting energy mix into
less coal consumption (Mi et al., 2016; Ou et al., 2019; Zheng, Mi, et al.£2019). Although detailed polices
were officially launched in the 13th five-year plan (2016-2020), many efforts have'been made during 2012
to 2015. For example, China has eliminated outdated capacity, such as.21.1 GW. invcoal-fired power
generation capacity, 520 Mt in coal production, 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, reducing capacity of raw steel production by 100 Mt to 150 Mt in total
and of raw coal production by 800 Mt per year (Ministry of Industry and Information Technology, 2016;

National Development and Reform Commission, 2016). y

At regional level, however, the huge heterogeneity in the socioeconomic conditions indicates the different
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:economy: usually outsources more emissions from the less
developed economy (Fang et al., 2019; Feng et al., 2014). It is not a surprise for the continual increasing in
consumption-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 emissio}s 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 to0.579 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 in Figure 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 prioritises high-tech industries and tertiary
sectors in thesregional development strategy. High-tech industries, such as car manufacturing and the
telecommunications and electronic industries, are rapidly developed in these regions and have gradually
become the backbone industries. For example, the telecommunications industry in Guizhou contributes to
27%.of provincial{GDP, and its growth rate has been the leading one in China since 2013, with
approximately more than 20% growth per year. In addition, large infrastructure investments induced by the
Belt and Road Initiative promote massive scale urbanisation, which significantly increased the demands
for carbon-intensive products throughout the supply chain. In Chongging, Yunnan, and Guizhou, the
growth rates of the retail industry, accommodation and catering, and the financial industry are leading
among Chinese provinces. In contrast, China’s traditional heavy manufacturing hub, such as North and
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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, Zhang, et al., 2019). As the
energy and heavy industrial products supplier, reducing production-based emissions 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 from medium and large producers accounted for 80% of the total supply in comparison
with 58% in 2010. Energy supply provinces in North, Northeast, and West regions are key inthe policy
implementation.

As the economic transition policies will be consistent and continue even more rigorouslysin the future, itis
expected that lower intensity and a less carbon-intensive production structure is likelyto be persistent in
the long run, thereby with declined consumption-based emissions. As part of the economieitransition
target, regional developments - especially in the Southwest and the Central regions - should be:noted, as
industrial relocation from coastal regions might drive up the local emissions. Fortunately, the local
production structure and intensity in SDA show the positives in decarbonisation;while increasing
emissions embodied in domestic trade, which mainly came from Northwest/have highlighted the spillover
from outsourcing high carbon intensive materials from less advantaged regions«Given the supply chain
from the Northwest and Central, 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 the
Northwest.

The recent declines in consumption-based emissions are rooted in China’s changing production structure
and the wide adoption of low carbon techniques, and is expected to.be sustained with the continuous and
consistent economic policy prioritising clean production. However, the uncertainty remains on China’s
emissions trajectory due to the long-term socioeconomic policies, whefe China’s decreasing growth rate
might make governments take action to stimulate 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.ef the Belt and Road Initiative. Given the large scale
hydropower development in the Southwest, penetration‘of renewable 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 [argely 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 socioeconomic structure has
profoundly affected the emissionstrajeetory and plays an increasingly determined role in the future
mitigation.

Improved energy efficiency’and increased domestic 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 offsetithe mitigation triggered by improvement in energy efficiency. Based on the SDA
results (Figure 4a), the emissions reduction due to decreased carbon intensity is more than the emissions
increase due to the‘increased cansumption. It can be expected that increased consumption will continue
with the economic growthrin<China, while the carbon intensity might reach a threshold which is difficult to
reduce further/ The decrease incarbon intensity 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
consumption in the foreseeable future.
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Given emissions embodied in domestic products account for more than 90% in China, peak consumption-
based emission is largely compatible with the peak in China’s territory emissions, which was estimated in
2013 with 9.5 Gt CO2 (Guan et al., 2018). However, import-related emissions have to be cautiously
monitored in the future, as import-related emissions from Africa, Southeast Asia countries, and thexMiddle
East is increasing, albeit gradually. It is worth noting the phenomenon of offshoring low-value but energy-
intensive industries to other emerging 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 to 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 resultin.China
importing more such carbon-intensive products from less restricted climate policy countriés while reducing
its domestic production capacity, and therefore increasing its emissions embodied in imports (Branger and
Quirion, 2014; Meng et al., 2018). Although all regions, except North, showed declined import-related
emissions, more import-related emissions are expected in industrial regions, such as:Northwest and
Northeast, with more imports of primary commodities.

Increased export-related emissions reflected China’s export recovery from thefinancial crisis, with the
export volume doubled from 1.2 to 2.3 million USD. Export structure was found tosbesa factor in declining
the emissions 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 associated with increasing share of
carbon-intensive products. For example, shares of metal products (e.g. iron, steel, and machinery 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 ins2008. In.contrast, the share of
electronic devices (e.g. computers, mobile phones) which are less carbon-intensive, declined significantly
from 22% to 20.9% during 2012 to 2015. The increasing trend:of export is-likely to persist, as a result of
the increasing trade between China and developing countries-and the Belt and Road Initiative. The
construction of infrastructure and manufacturing industries for other deyeloping 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 @ large share in supply (Zhang et al., 2017).
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