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Abstract

As the largest contributor to production-based emissions, electricity generation sector
has led to huge carbon emission transmissions. This is the first attempt to explore the
latest features of carbon emission transmissions from electricity sector to the final
domestic consumption of China in 2002-2015, combining MRIO-based Structural Path
Analysis and transmission-based emission method. Results show that: (1) Although
inter-provincial transmissions are increasing significantly, emission transmissions
within intra-provincial trading are dominated. (2) 30 provinces are classified into two
types, i.e., consumption centers and production centers. Both the inter-provincial
transmission paths in consumption centers and production centers show the grid-level
agglomeration and provincial heterogeneity. The inflow paths in consumption centers
are mainly sourced from the production of Eastern China and South China, while the
outflow paths for production centers are caused by the consumption in Central China,
Guangdong and Jiangsu. Inter-provincial linkages are intensified and perform the
feature of territorial propinquity. (3) Both intra-grid and inter-grid transmission nodes
show an agglomeration trend of “electricity sector<intermediate sectors<electricity
sector<consumption”. These intermediate sectors include manufacture sectors, energy-
intensive sectors and service sector. This paper provides policy implications on
promoting low-carbon electricity cooperation across provinces and managing
intermediate transmissions along supply chain.

Keywords: Emission transmission; Electricity sector; Multi-regional Input-output table;

Structural Path Analysis; Transmission-based emission
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1. Introduction

Electricity sector is the largest contributor to production-based carbon emissions in
China as well as in the world. Electricity generation sector accounts for 42% of global
CO2 emissions in 2016, i.e. 13.4 gigatons of CO2 (Gt-CO>) out of the global total of
32.3 Gt-CO: (IEA, 2018). Electricity sector in China accounts for 48.20% of the
national CO, emissions and 13.60% of the global CO. emissions in 2016 (IEA, 2018).
Given the importance of carbon emissions from electricity sector, understanding the
transmission paths and nodes of carbon emissions from electricity sector to final
domestic consumption in China is not only important for controlling the climate
warming in China, but for that in the global community.

Electricity sector in 30 provinces of China shows a significant imbalance of demand
and supply. Primary electricity supply (i.e., thermal electricity and hydroelectricity) is
in the less developed regions with abundant resources, while electricity demand is
concentrated in the rapidly growing regions in the southeast coast region (SCIO and
NDRC, 2007). Regional mismatch between electricity supply and demand in China
forms such a pattern of electricity trade, namely from Northern China to Southern China,
and from Western China to Eastern China (Hou and Hou, 2018). Along with the large
scale of electricity trade, a mass of embodied emission transmissions of electricity
sector occurs from the developed regions to the less developed regions (Zhao et al,
2019).

Under the “New Normal” growth model, the critical paths and nodes that contribute

strongly to carbon emissions embodied in transmission might be undergoing dramatic
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changes (Meng et al., 2017). This is related to the regulations on electricity sector, such
as expansion of transmission capacity, increasing demand for renewable energy,
improvement of consumption mode, etc. (Zhao et al., 2019). Understanding the latest
feature of emission transmission changes in electricity supply chain, holds important
policy implications for allocating emission-mitigating responsibilities among all
participants (rather than sources and destinations) in the supply chain network.

Considering the large scale of carbon emissions embodied in electricity transmission
in China, carbon emissions in China’s electricity sector have frequently appeared in the
literature but gaps remain. Previous studies have placed emphasis on China’s carbon
emissions from the production side (i.e., direct carbon emissions from production
sources) (Lindner et al., 2013; Shao et al., 2018; etc.), or the consumption side (i.e.,
indirect carbon emissions released to satisfy the final demand of destinations along
supply chains) (Mi et al., 2016; 2019; etc.). Very few studies focus on carbon emissions
embodied in electricity sector from the transmission side, such as transmission paths
from electricity sector to downstream consumers, critical transmission nodes in these
paths (i.e., sectors and provinces). If emission-mitigating measures on transmission
paths and nodes of top priority within supply-chain networks are adopted, it is expected
to efficiently reduce carbon emissions associated with entire supply chains (Hanaka et
al., 2017). To fill this gap, this study holistically investigates the transmission paths and
nodes of carbon emissions from China’s electricity sector to satisfy the final demand of
downstream consumers.

Without loss of generality, this study takes final domestic consumption as the
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research demand. Main reasons are as follows:

(1) With the rapid electrification in China, final domestic consumption increasingly
becomes one of the main sources for embodied carbon emissions in China (Cui et al.,
2019) and accounts for 38% of China’s total carbon emissions in electricity sector.
Although investment is the largest demand category to production-based emissions in
electricity sector, carbon emissions of electricity sector driven by investment have been
discussed by many scholars, such as Mo et al. (2016); Liang et al. (2018); Xu and Liang
(2019); etc. While the role of final domestic consumption in carbon emissions of
electricity is underestimated, and their transmission paths and nodes are rarely
investigated.

(2) Emission-mitigating responsibilities should be assigned to all critical stakeholders
and final consumption-driven emissions provide the calculation possibilities to capture
these critical stakeholders. Final domestic consumption in provinces performs
centralized distribution, such as rural consumption-related emissions in Zhejiang and
urban consumption-related emissions in Guangdong are much larger than that in other
provinces (Lin and Liu, 2016). While investment-driven emissions are decentralized in
most stakeholders which makes it difficult to capture the critical stakeholders.

This study aims to explore the changes of transmission paths and nodes of embodied
carbon emissions from electricity sectors to final consumers based on China’s MRIO
in 2002-2015, thus helping to understand the consumption behaviors and electricity
trade pattern, define emission-mitigating responsibilities in critical stakeholders, etc.

This study makes the following contributions: (1) This study compiled China’s MRIO
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table in 2015 (see Text S1, Supplementary Materials) to extend the research period and
reveal the latest features of carbon emission changes in electricity sector to satisfy final
consumption via electricity supply chains. (2) To our knowledge, this is the first attempt
to identify both critical transmission paths and nodes of carbon emissions embodied in
electricity sector of China from the transmission perspective. By comparing
production-, consumption- and transmission-based emissions, this study helps to define
the emission-mitigating responsibilities in all stakeholders. (3) Final consumption-
driven emissions are increasingly important and are rarely explored. This study enriches
the existing studies by tracing the final consumption-driven emission transmissions
from electricity sectors to final consumers in 30 provinces of China.

The remainder of this study is organized into six sections. Section 2 reviews the
relevant literature review. Section 3 describes the basic methodology and data source.
Section 4 presents the main results. Section 5 provides the discussion, while the main
conclusions and policy recommendations are drawn in Section 6.

2. Literature review

Previous studies generally used production-based emission (PBE) accounting and
consumption-based emission (CBE) accounting to trace carbon emissions. PBE
accounting represents carbon emissions from domestic production activities including
exports in the producing process as the responsibility of producers (Mi et al., 2019).
CBE accounting refers to the total carbon emissions of final products including imports,
where environmental responsibility is undertaken by consumers (Meng et al., 2018).

Both PBE and CBE accounting highlight the economic and environmental linkages at
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both ends of supply chains (i.e., the sources and destinations), but neglect the
transmission links which are responsible for emission transfer in supply chain (Liang
et al., 2016). All participants (rather than sources and destinations) in the production
network should be responsible for environmental cost for the consumption of products.

Transmission-based emission (TBE) accounting, is adopted by some scholars to trace
the transmission emissions from sources to final destinations in supply chains. This
could be conducted in global supply chains (Hanaka et al., 2017; Kagawa et al., 2015),
and domestic supply chains (Liang et al., 2016; Shi et al., 2019). However, limited
studies adopt the SPA approach to trace environmental impact at the sectoral level, such
as the construction industry (Hong et la., 2016), the iron and steel industry (Peng et al.,
2018), manufacturing industry (Tian et al., 2018). Electricity sector, as the largest PBE
source, is seldom addressed from the perspective of emission transmission.
Furthermore, TBE accounting involves in the transmission paths and nodes. Due to the
flexibility for result explanations, few studies discuss the transmission paths and nodes
in the same framework.

Multi-regional input-output (MRIO) model is widely used to trace sectoral/regional
relations along supply chains and link the embodied emissions of original producers
and final consumption in an economic system (Xu and Liang, 2019; Liang et al., 2016).
MRIO model has a high requirement of data which impedes the extensive application.
Some researchers attempt to compile China’s MRIO tables, such as Zhang and Qi (2012)
compiles China’s MRIO tables in 2002 and 2007 for eight regions, Liu et al. (2012;

2014; 2018) constructs China’s MRIO table in 2007, 2010 and 2012 for 30 provinces,
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Mi et al. (2017) provides the framework of MRIO compilation in 2012 and Zheng et al.
(2020) compiled China’s MRIO table in 2015, Development Research Center of the
State Council of China compiled China’s MRIO table in 2012 (Li et al., 2016), etc.

MRIO table in 2015 is the latest available version for China so far. These institutions
adopted different compilation framework and basic data to compile MRIO tables. Using
these inconsistent MRIO tables to discuss the variation features in long time periods
could generate biased results. To provide relatively consistent MRIO tables, this study
attempts to compile China’s MRIO table in 2015 using the proposed compiling
framework by Mi et al. (2017) and the basic data from Development Research Center
of the State Council of China (Li et al., 2002; Pan et al., 2018; Zheng et la., 2020).

Structural Path Analysis (SPA), first proposed by Lantner (1974), is a prominent tool
for economic network analysis in supply chains. The advantage of SPA is to decompose
the 10 results into specific production layers and paths by extracting the linkages among
various regions/sectors in economic system (Liang et al., 2016). SPA in early economic
studies highlights the transmission paths from the initial production to final demand
(Defourny and Thorbecke, 1984). When the SPA is later extended to environmental
issues, the applications focus on the upstream and downstream linkages along
transmission process under different production layers (Li et al., 2018). SPA has been
widely adopted to explore the environmental impact driven by final demand, such as
energy consumption (Zhang et al., 2017), natural resource flows (Wang et al., 2018),
water use (Feng et al., 2019), PM2s (Nagashima, 2018), etc.

A few attempts have been made to combine the merits of MRIO and SPA and to
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extract the critical transmission links from initial producers to the final consumers.
MRIO-SPA could merely qualify the transmission paths and ends (i.e., sources and
destinations) in supply chains, while it fails to qualify the transmission nodes in
intermediate process (Liang et al., 2016; 2018). To fill this gap, this study extends the
application of MRIO-SPA by using the transmission-based betweenness (TBB) model
proposed by Liang et al. (2016) and Hanaka et al. (2017), and explores the temporal
changes of critical transmissions from the production sources to final destinations in
the same framework.
3. Material and methods
3.1 Structural path analysis

The latest available Multiregional Input-output (MRIO) table is used to trace the
environmental relations between initial producers to the final demand of goods and
services via intricate supply chains (Hong et al, 2016; Cao et al, 2019). MRIO model
have row balances described as (consisting of R regions and N economic sectors)

(Miller and Blair, 2009),

R N R
X= ) ey (1)

where X; is denoted as the total output of sector i in region r. a; is direct requirement
coefficient of sector i in region r for sector j in region s; »’* is the final demand of
region s by sector i in region r, including domestic consumption, investment and exports.
This study merely considers the final domestic consumption. Total output can be

expressed in matrix form,

X =AY 2)
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i in region r. Total carbon emissions of an economy can be expressed as,

is defined as the emission intensity generated by unitary output of sector

E=FxI-A)'Y (3)
Leontief Inverse matrix in Eq. (3) is expanded using a power series approximation
as L=l+A+AZ+A3+ .

(Peng et al, 2018). Thus, total carbon emissions can be

decomposed into infinite production layers and paths as,

Layer 2 Layer 3 Layer 4

Layer 0 Layer 1

E = Fx (I-A)' Y= FIV + FAV + FAV+ FAV + FAV+... (4)

Carbon emissions for sector i in each production layer is expressed in Eq. (5), which
represents the carbon emission transmissions embodied in economic sectors for a
certain layer.

R
Layer 0
Eiaye :flzy;

R><N

ELayerl Zfaz,zy 5)

EL > RXN RxN
ayer
22 Y
r=1

Total carbon emissions are the sum of direct impact from initial production activities
(i.e., Layer 0) and indirect inputs from downstream processes (i.e., Layers 1 and higher
layers). These paths explore sectoral and regional connections in different production
layers. Each node represents a specific sector in a specific region within economic

10
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system. For example, E-““"” represents the direct emission to onsite production;
EF" ! represents the direct emissions required to provide direct inputs to Layer 0.
Subsequently, carbon emissions in higher layers can be calculated accordingly and the
number of nodes is exponential with the growth of layers (Peters and Hertwich, 2006).
3.2 Transmission-based betweenness

This study employs the transmission-based betweenness method proposed by
Liang et al. (2016) and Hanaka et al. (2017) to quantify the role of transmission nodes
and paths of carbon emissions. Transmission-based betweenness of nodes is defined as
carbon emissions generated by all supply chain paths passing through these nodes
(Newman, 2006), which measures the influence a node has over the spread of
information through the network (Newman, 2010). Herein transmission nodes occur in
the intermediate process. Transmission nodes with high betweenness demonstrate a
large impact on emission transmission driven by final domestic consumption (Hanaka
et al, 2017). Transmission-based betweenness of sector i, from upstream I, sector to

downstream I sector can be expressed in Eq.(6) and is shown in Figure 1.

bi(l]’b): Z Z (fklaklkZ makhiaijl majlz-l'].lzyflg>

Ik, ki <t 15y, <n

B Z fk/ ik ™ aklzi Z G, qj’Z'leZyjlg

]Sk],"',k/I <n 15]'1,"',,].] <n
2 (6)
N Z (f/€1ak1k2mak11i) Z (aij] ”-aj12'1j12yj12>
Ifk],"‘,kll <n Iﬁl’ m’jlz n
— (1411 I
=(f4"),(4%y).
—eqliy 42
=fA"J; A%y

where Ji is a matrix with its (i,i)n element as 1 and other elements are zeros. A" and
1
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A" separately represent direct requirement coefficients of upstream sector I, and
downstream sector |1 of sector i. Transmission-based betweenness of sector i is

rearranged as,

b= Y > b=y Y Aty
I=11=1 I1=11=1

= () Aty )= D i |al D Aty ™)
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where element tj in matrix T = LA indicates the output of sector i both directly and
indirectly caused by the direct upstream inputs used to produce unitary output of sector

j. Given that T = L-I, T is the indirect requirements for unitary output of each sector.

Electricity
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Figure 1. An example of carbon emission transmissions from electricity sector
Note: Embodied carbon emissions include direct emissions (DE) and indirect emissions
(1E). Black line and blue dotted line respectively represent the transmission paths of IE
and DE. The dots represent sectors, including intermediate transmission sectors and
final consumers. The arrows represent the transmission direction, namely from
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electricity sector to final demand. Final demand is categorized into three types, i.e.,
consumption, investment and export. Herein, this study merely considers the IE
transmissions driven by final consumption and takes transmission sector i as an
example.

3.3 Data sources

This study uses two types of data: China’s provincial carbon emissions inventories
and multi-regional input-output (MRIO) tables. Carbon emissions from energy
combustion are obtained from CEADs database! (Mi et al, 2017). MRIO tables in 2002,
2007 and 2012 are derived from the Development Research Center of the State Council
of China (Zheng et al., 2020; Li et al, 2010; Pan et al, 2018). These MRIO tables cover
24 sectors in 30 provinces of mainland China. To extend the research period, this paper
compiles China’s MRIO table in 2015 using the compilation framework by Mi et al.
(2017) and adjust the MRIO tables in 2002-2015 to be consistent.

MRIO tables at current price are converted into 2007 constant price using the widely
adopted double-deflation method (United Nations, 1999). The deflators are obtained
from China Price Yearbook and China Statistical Yearbook. The missing deflators at
provincial level are assumed to be the same as national ones in the same year. Original
MRIO is aggregated into 24 sectors to make the calculation results feasible (see Table
S1, Supplementary Materials). To be consistent with China’s six regional power grids,
30 provinces are aggregated into six regions (see Table S2, Supplementary Materials).

It should be noted that both the eastern and western Inner Mongolia are incorporated in

L http://www.ceads.net/
13
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North China grid due to data limitation. Main abbreviations are described in Table S3
(Supplementary Materials).

4. Results

4.1 Overview

Electricity sector accounts for 43.30% of national carbon emissions in 2015, and is
the largest contributor to production-based emissions in China (see Figure 2).
Electricity sector is also the basic energy supplier for all economics sectors. Most of
production-based emissions in electricity sector are generated to satisfy the final
investment demand (i.e., 49.50%) and final consumption demand (38.58%). For the
final consumption, S21 (Construction, 36.86%) accounts for the largest proportion,
followed by S24 (Service, 13.54%) and S13 (Ordinary and special equipment, 7.44%).

The number of supply chains in each production layer grows at an increasing rate,
which causes a substantial decline in the share of carbon emissions by a single path (see
Table S4, Supplementary Materials). This study defines the critical supply chain as ones
whose carbon emissions account for at least 1% of total carbon emissions in China’s
electricity sector. High-layer paths have a smaller impact than the low-layer paths.
Therefore, this study merely discusses the top five layers (i.e., from Layer 0 to Layer 4)
which cover 59.25% of total carbon emissions generated by electricity sector.

This study mainly discusses carbon emissions driven by final domestic consumption.
Although total carbon emissions from investment and export take large parts of total
emissions in electricity sector (i.e., 49.50% and 20.75%), most of chains from
investment and export show emissions less than 1% of total carbon emissions (see Table

14



285  S5-S6, Supplementary Materials). These small emissions from investment and export
286  make it difficult to capture the critical transmissions in inter-provincial electricity
287  trading. Moreover, electricity is a basic energy source for all economic sectors. With
288  the rapid electrification in China, the electricity demand in China is growing fast (Lin
289  and Lin, 2016). In this process, carbon emissions generated by electricity transmission
290 to satisfy the final domestic consumption for downstream sectors, are more complicated

291 and deserve further attention.

S11, 19.81%
- S24, 13.54%
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= S09, 3.88%

|
'L S13, 7.44%

7 822,6.28%
—S15,5.12%
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321, 36.86%

S08, 1.79%

0
S02,1.81%
SO1, 1.1% —
$24, 2.04% 23, 0.99%

S22,7.61%
292

293 Figure 2. Sectoral carbon emissions and final demand category in 2015

294  Note: FC, FI and EX respectively represent final consumption, final investment and
295  export. Sector classification is shown in Table S1.

296 4.2 Carbon emission imbalance of electricity sector

297 (1) Recognitions of carbon emission centers

298 China has a huge imbalance for electricity production and consumption, which
299  stimulates Chinese Government to promote inter-provincial connection of electricity
300  system. In 2015, provinces with large production-based emissions of electricity sector

15
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(E-PBE) are mainly aggregated in North China, Eastern China and Guangdong (see
Figure 3). E-PBE of 30 provinces shows different variation trend from 2002 to 2015.
E-PBE in most provinces of Central China, Northwest and Southwest keep decreasing
in 2002-2015, while that in most provinces of Eastern China and Northeast maintain
increasing. As for consumption centers, production-based emissions of electricity
sector (E-CBE) are generated to satisfy the final consumption in Central China, Eastern

China and Guangdong (see Figure 4 and Figure S1).

2002

1000~2000 03000
1000~2000
2000~3000
30004000
4000~5000
50006000
5000~

3000~4000

Figure 3. Changes of production centers of electricity sectors in 2002-2015
Note: The unit is million tons (Mt). The regions marked by blue circle are production

centers with higher E-PBE than E-CBE.
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Figure 4. Changes of consumption centers of electricity sectors in 2002 and 2015
Note: Row and column respectively denote the CBE and PBE at each province. Dark
color represents the province with high carbon emissions.

Therefore, 30 provinces are then classified into two types according to the imbalance
of E-CBE and E-PBE (see Figure 5), including nine consumption centers and 21
production centers. Eastern China and Guangdong are both the critical producers for E-
PBE and critical consumers for E-CBE, and the imbalance role is strengthened after
2012. Central China shifts from being the production center to consumption center since
2012 due to economic stimulus and rising electricity demand. E-PBE of North China is
decreased since 2012 under the stringent environmental standards in New Normal.
Other regions like Northwest and Northeast, have increasing E-CBE to respectively
satisfy the rising electricity demand under economic stimulus by The Belt and Road

Initiative and Strategy of Revitalizing the Old Industrial Base.

17
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327 Figure 5. Comparison between E-PBE and E-CBE of 30 provinces in 2015

328  Note: Nine consumption centers with net emission inflow, including Beijing, Tianjin,
329  Shanghai, Fujian, Zhejiang, Hubei, Sichuan, Yunnan and Qinghai. While 21 production
330  centers are with net emission outflow. The unit is million tons (Mt).

331 (2) Overall carbon emission transmissions

332 As for consumption centers, E-CBE inflows to Zhejiang and Fujian increase and the
333 inflows in other consumption centers decrease in 2002-2015 (see Figure 6a). Production
334  source of most consumption centers is strengthened within intra-grid electricity trade,
335 such as inflows from Inner Mongolia to Qinghai, and from Beijing to Tianjin, etc. (Cui
336  etal., 2020). This strengthened intra-grid flows are stimulated by inter-grid limitations

337  of non-uniform electricity trading rules. Among that, increasing intra-grid inflows in
18
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Sichuan and Hubei are related to their abundant hydroelectricity and strong self-supply
ability. Inter-grid E-CBE inflows of top three consumption centers (i.e., Zhejiang,
Fujian and Hubei) are shifting from North China to Eastern China and Central China.

As for production centers, intra-grid emission outflow range and magnitude are
expanding, especially towards Eastern China, Central China and Guangdong (see
Figure 6b). The top three production centers with E-PBE outflows include Guangdong,
Shandong and Jiangsu. Their E-PBE outflow are aggregated to satisfy the final
consumption of Central China, especially Hunan and Henan. At the initial stage of
Central Rising Strategy, Hunan and Henan strive to establish the advanced
manufacturing base and to accelerate the development high technology industries,
which generates large electricity consumption and related environmental issues.
Among that, Guangdong performs an increasing electricity demand in manufacturing
industry under the economic stimulus of Made in China 2025 and The Belt and Road
Initiative.

Production centers and consumption centers (i.e., transmission ends) perform
distinguished Transmission links through supply chains. This raises the questions about
the critical transmission paths and nodes for E-CBE inflows to consumption centers
and E-PBE outflows from production centers. Combining production-, consumption-
and transmission-based accounting helps to better understand the emission-mitigating

responsibilities in all stakeholders of supply chains.

19



2 z
% %
a 7 zE e 2%
) Q553 ‘% 0% 2.
4 % EE 5, 25% o
Q %, "o T3 & B Bl
G %, %, & 8 = %, % 2Bw )
Op, s 2. B |11 B3 GQ% T Cgwmm
7 b G % S
G, % ’ ' o0, 2 Q>
ity > ety S
/t/%??*/@ ; «\ 13‘7119]2{ f’\
Henan'? \ u, a;‘]’l
Shanx; & S Hengy, = A
Jiangxi 2002 ‘
' Shanxi g
hui 1 i | ¥
1 2015 = Jonei d:
‘;‘gaon%“ AU e
Gualls” g0 : PalSee
W \(b’(\% /Fj G\)'A“ o %s\)\ ¢ &@
& 28 A W Selamin
W & oV | ) SF¥s04 ©
§$ o5 b & SEEET
S § § = F OF T ) o
& © @ 5 &
T QP & <0 § .& N
b <2 I e s Bt2E 5§ &
AT\ o5 o2 > i RN
7, b & o
A9 X0
s —=2002%;,, & S
/\/Ihé,'al?g e Niy, n \ ghandong
Gants 201 Ny .
¢longji, Gansu M= ¥ Shanxi
Tnner Mongo“a Shaanxil =
Ial)gs = /
a0 * (\%\ 7, Loy
o 0% % O iy,
o &4 LAY L XYl R
S Sy Ong Y e Yamam” )
ST 5L % S 5 E %
TS5y e EHE B
T s % & T § <
358
359 Figure 6. Emission flows in production centers and consumption centers.

360  Note: Figure 6a illustrates E-CBE inflow to nine consumption centers (abbreviation).
361  Figure 6b illustrates E-PBE outflow from 21 production centers (full name).

362 4.3 Transmission path changes

363 Transmission paths are started at electricity sector of production centers and ended
364 at the final consumption demand of consumption centers (see Table S5-S6,
365  Supplementary Materials). Intra-provincial transmissions are dominated and inter-
366  provincial transmissions merely account for a small proportion due to the limitation of
367 inter-provincial electricity trading barriers. Critical E-CBE inflows in most

368  consumption centers are originated from the production of North China and Eastern
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China, while most E-PBE outflows to Central China, Jiangsu and Guangdong. Both
intra- and inter-grid transmissions show the centralization trend of “electricity sector<
intermediate sectors<electricity sector<consumption”. Generally, top production
centers and consumption centers are involved in more transmission layers than other
centers, thus showing more complicated participation in supply chain.

From E-CBE transmission changes, it can be seen that: 1) Intra-provincial E-CBE
transmissions are dominated (i.e., S19<consumption) due to inter-provincial trading
barriers. Even though, both inter-provincial E-CBE transmission magnitude and range
are increasing greatly. For example, intra-provincial transmissions in Hubei decrease
by 30.22%, which are offset by inter-provincial E-CBE transmissions. 2) Most of the
critical chains with inter-provincial transmissions are generated by North China and
Hubei before 2012. Since 2012, increasing E-CBE inflows are generated from Eastern
China due to the increasing clean electricity demand under the stringent environmental
requirements. For example, Hubei has redundant hydroelectric resource and facilitates
the development of clean electricity (Zhang et al., 2017). 3) Transmission role of
electricity sector in intermediate process increased greatly since 2012,

From E-PBE transmission changes in 2002-2015, it can be seen that: 1) E-PBE
transmissions from intra-provincial trading are still dominated due to cross-provincial
trading barriers. The largest transmission path is “S19<consumption”, namely the direct
E-PBE to satisfy intra-provincial consumption demand. Even though, inter-provincial
transmissions of E-PBE are increasing greatly. 2) Inter-provincial E-PBE outflows in
critical chains are to satisfy final consumption of Central China, Jiangsu and
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Guangdong in 2015. In 2002-2015, the outflows to Central China are strengthening and
the outflows to Northeast are weakening. 3) E-PBE outflows to Services (S24) are
decreasing gradually due to environmental regulations by Made in China 2025.

4.4 Transmission node changes

Transmission nodes could be decomposed into inter- and intra-provincial categories.
Intra-provincial transmission involves in more transmission sectors, which is more
complicated than inter-provincial transmission (see Figure 7 and Figure 8). Since 2007,
most provinces tend to increase inter-provincial electricity trading. Both intra- and
inter-grid transmissions show the transmission path of “electricity sector< intermediate
sectors<electricity sector<consumption”. These intermediate sectors are concentrated
in manufacturing sector (S02), energy-intensive sectors (S08, S11 and S19) and
services (S24).

As for transmission nodes changes of consumption centers (see Figure 7), we can see
that: 1) Most consumption centers show increasing inter-provincial transmission
magnitude and range, especially in Sichuan, Yunnan and Qinghai. Inter-provincial
transmission nodes with top transmission betweenness in 2002-2015 are mainly
concentrated in Zhejiang, Beijing and Fujian. E-CBE transmission role of Yunnan is
decreasing and the transmission role of Beijing is increasing. 2) Among that, Mining
and processing sector (S02), Electricity sector (S19) and Services sector (S24) are
dominant in inter-provincial transmission. Transmissions through energy-intensive
sectors and services sector are increasing. Electricity sector is dominated in the inter-
provincial and intra-provincial transmission nodes, which is stimulated by China’s
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414
415 Figure 7. Transmission nodes of consumption centers in 2002-2015.

416  Note: The circle diameter represents transmission betweenness. Bigger circles illustrate

417  higher transmission betweenness in the nodes (including provinces and sectors).

418 As for transmission nodes changes of production centers (see Figure 8), we can see

419 that: 1) Guangdong, Heilongjiang and Hebei have higher transmission betweenness

420 than other production centers in 2015. Transmission nodes of inter-grid trading in

421  intermediate process present obvious regional heterogeneity, such as transmission of E-

422  PBE in Northeast, Eastern China and Central China through North China, E-PBE in
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423 South China transferred through Central China, E-PBE in Northwest transferred
424  through Jiangsu and Guizhou, E-PBE in North China transferred through North China
425 and Northeast. 2) Inter-provincial transmissions are limited by cross-provincial
426 electricity trading barriers, especially in Northeast, coast region and Central. Inter-
427  provincial transmissions are concentrated in Mining and processing sector (S02),
428  Electricity sector (S19) and Services sector (S24).
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430 Figure 8. Transmission nodes of production centers in 2002-2015.
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5. Discussions
5.1 Limited carbon emission transmission across provinces

There exist large carbon emission transmissions through electricity trade. Although
inter-provincial trading in consumption centers is increasing greatly, emission flows
from intra-grid trading are still dominated in most provinces. Intra-provincial
transmissions involve in more complicated participation in supply chain than inter-
provincial transmissions, which is verified by Fei et al. (2014), Lin and Liu (2016), etc.
Inter-grid connections make national electricity system one of the most complicated
electricity networks in the world. However, inter-provincial transmissions are relatively
weakened due to cross-region electricity trading barriers, including technological
barriers and institutional barriers. These findings agree with the conclusions of Lindner
et al. (2013) and Zhao et al. (2018).

Technological barriers are related to the technologies like ultra-high voltage, energy
storage, submarine cables, etc. These immature technologies make it difficult to realize
long-distance electricity transmissions and limit the transmission capacity of inter-
provincial electricity transmission lines (Zhao et al., 2018). Some resource-rich regions
show a conflict between excess production capacity and insufficient transmission
capacity due to the limited transmission capacity. For example, Inner Mongolia, as the
wind electricity base, performs limited electricity transmission to North China due to
the immature energy storage and dispatching bottlenecks in grid system.

Institutional barriers are involved in one-size-fits-all strategies to advance low-
carbon electricity cooperation across regions, especially charges on trans-provincial
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electricity trade and trans-provincial electricity pricing and dispatching systems.
Similar to the tariff barriers in international trade, the charges on trans-provincial
electricity trade reduces the price competitiveness of electricity suppliers and the
market efficiency of trans-provincial electricity trade. With the increasing demand for
market-oriented inter-provincial electricity trade, current inter-provincial transmission
pricing mechanism (including two fixed prices for capacity plus electricity, as well as
single fixed price) will have adaptability problems. For example, single fixed price
reduces the market competitiveness of western clean energy in the affected areas of the
east, and makes the clean energy consumption dilemma difficult to solve.

To deal with the imbalanced distribution of electricity supply and demand, China
actively advances the West-East Power Transmission Project and North-South Power
Transmission Project to balance electricity demand and supply (Zhao et al, 2019). With
the advancement of inter-grid connection of electricity system, inter-provincial
electricity trading magnitude and range are increasing gradually (Hou and Hou, 2018).
To deepen market-oriented reform of electricity, it is urgent to mitigate inter-provincial
barriers of electricity trading, such as encouraging direct trading mechanisms,
eliminating the charges on trans-provincial electricity trade, forming flexible pricing
mechanism, and so on.

5.2 Provincial transmission paths under policy orientation

Inflow paths in consumption centers are mainly originated from the production of
Eastern China and South China, while outflow paths in production centers are to satisfy
the consumption demand of Central China, Guangdong and Jiangsu. Carbon emission
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flows of electricity sector are greatly influenced by policies.

As for consumption centers, (1) Central China and Eastern China are the dominated
E-CBE production sources for consumption centers, which is related to the rising
electricity demand for manufacturing industry expansion under the Central Rising
Strategy and Yangtze River Economic Zone. Eastern China, being in the post-industrial
period, has steadily increasing electricity demand for economic development and
shoulders more responsibility for electricity transactions. Central Rising Strategy
stimulated the growth of electricity demand for infrastructure construction in Central
China. Besides, China’s stringent environmental standards limited the consumption of
dirty electricity in Northwest, which provides opportunity for the offset effect of clean
energy in Central China. For example, Hubeli, as the hub status of Three Gorges Dam,
expand hydroelectric generation capacity greatly (\Wang et al, 2018).

(2) E-CBE from Northwest are decreasing due to the technical improvement and
efficiency advancement under the Great Western Development Strategy. To achieve
emission mitigation targets, Northwest issues stringent environmental standard in
energy-intensive sectors, especially in electricity sector. For example, Xinjiang
generalized clean energy heating, Gansu issues Regional Circular Economy
Development Plan in 2009, Inner Mongolia urges wind energy-related infrastructure
construction, etc. (Du et al, 2017).

As for production centers, Central China, Guangdong and Jiangsu are the primary E-
PBE consumption destinations. Both of Guangdong and Jiangsu have high electricity
demand to match the rapid economic growth demand stimulated by Made in China
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2025, The Belt and Road Initiative, Pearl river delta and Yangtze River Economic Delta.
Guangdong, as the largest economy and electricity consumer in China, has a huge
electricity import demand (Lin et al, 2019). Electricity imports of Guangdong are
mainly from neighboring provinces in China Southern Grid, as well as long-distance
provinces by dedicated facilities like Three Gorges Dam. As the third-largest thermal
electricity, Jiangsu faces an urgent requirement for reducing thermal carbon emissions
and supports the use of renewable and clean electricity on Regulations of Jiangsu
Electricity (Fei et al, 2014). In the short run, however, market-based electricity reforms
may increase the coal-fired generation and make the efforts to meet emission mitigation
goals complicated (Yan et al, 2019).

Hence, future policy focus should stick to electricity technical innovation in green
supply chain, appropriate stringent environmental standards in energy-intensive sectors,
market-based electricity reforms based on the reconciliation of economic benefits and
environmental costs, etc.

5.3 Agglomeration of transmission nodes

Compared with transmission ends (i.e., E-PBE and E-CBE), critical transmission
nodes are concentrated in manufacture, energy-intensive sectors and services. These
transmission sectors in intermediate process are crucial for generating upstream carbon
emissions but are not identifiable by PBE and CBE accounting. For transmission sectors,
it is necessary to improve the production efficiency (i.e., using less carbon-intensive
intermediate inputs from upstream sectors to produce unitary outputs), promote
industrial upgrading processes and technological innovations, conduct the whole life
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cycle evaluation, etc. To formulate fair emission reduction policies for all stakeholders,
the historical emissions from production-based, consumption-based and transmission-
based emissions should be combined as baseline under the grandfather law.

Electricity sector dominants the intra- and inter-provincial transmission nodes, which
is stimulated by China’s policy encouragement on provincial electricity trading. These
findings are consistent with the results of Liang et al. (2016; 2018), etc. Under the strict
environmental regulations, electricity-intensive sectors are forced to import electricity
from cheaper electricity sources and then to reduce additional environmental costs and
increase price pressure. For example, manufacturing sectors in the coastal region are
relocated at electricity generation bases to avoid the extra cost of electricity loss in
transmission and distribution, such as the Three Gorges Dam (Shao et al, 2018).
Another option for electricity-intensive sectors is to promoting cleaner electricity
sources through flexible market mechanism, such as direct electricity purchasing
contracts for cleaner electricity, etc.

5.4 Methodological uncertainties

MRIO-based SPA approach provides a holistic map to capture the structural linkages
among regions and sectors along the supply chain (Nagashima, 2018). Following this
framework, a map of sources, destinations, transmission paths and nodes of carbon
emissions can be depicted to reflect the transmission mechanism of carbon emissions
and fairly allocate emission-mitigating responsibility among all the stakeholders.

MRIO-based SPA shows some uncertainties. SPA uncertainties might be caused by
the inherent computational problems as well as the subjective selection of threshold.
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This study extracts the critical transmission paths and nodes to minimize these
methodological uncertainties, which consistent with the findings of Liang et al. (2016),
Li et al. (2018), Nagashima (2018), etc. Besides, this study extracts the critical
transmissions sharing at least 1% of total carbon emissions in Layer O to Layer 4.
Higher-order production layers can be ignored, which will not lead to biased results
(Xie, 2014). The validation test for the newly compiled MRIO table in 2015 is shown
in Text S1 (Supplementary Materials).

6. Conclusions

Understanding the transmission paths and nodes of carbon emissions from electricity
sector to final domestic consumption in China, helps to allocate the emission-mitigating
responsibilities in all stakeholders. This study delivers the following conclusions and
policy implications:

(1) There exist huge imbalanced production-based and consumption-based emissions
in China’s provincial electricity sectors (i.e., E-PBE and E-CBE), which results in huge
emission transmissions among interregional electricity trade. Eastern China and
Guangdong are both the critical sources for E-PBE and critical destinations for E-CBE.
Although both the inter-provincial trading magnitude and range in consumption centers
are increasing greatly, emission flows from intra-grid trading are still dominated in most
provinces. Strengthened intra-grid electricity transmission is related to the limitation of
inter-provincial trading barriers.

(2) Both the emission inflow paths in consumption centers and outflow paths in
production centers show a trend of intra-grid agglomeration and provincial
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heterogeneity. The inflow paths in nine consumption centers are mainly from the
production of Eastern China and South China, while the outflow paths in 21 production
centers are to satisfy the consumption demand of Central China, Guangdong and
Jiangsu. Inter-provincial linkages are intensified and perform the feature of territorial
propinquity, such as the increasing electricity transmission outflow from Inner
Mongolia and Shanxi to North China, increasing hydroelectric inflow from Hubei to
Guangdong and Jiangsu, etc. Carbon emission flows of electricity sector are greatly
influenced by policies, such as the rising electricity supply in Central and Northwest by
the Great Western Development Strategy and the Central Rising Strategy, and the
surging electricity demand by Made in China 2025 and The Belt and Road Initiative.
(3) Transmission-based emission accounting helps to identify the critical sectors

and provinces in the intermediate process of supply chain networks. Both intra- and
inter-regional transmission show the centralization trend of “electricity
sector<intermediate sectors<electricity sector<consumption”. These intermediate
sectors are concentrated in manufacturing sector, energy-intensive sectors and services
sector. These transmission sectors generate a large amount of carbon emissions
embodied in intermediate inputs of upstream sectors, while they may receive less
attention from the production side and demand side. The focus of the transmission
sectors should be placed on reducing the requirements of more carbon-intensive
intermediate inputs from upstream sectors.
Supplementary Materials

Supplementary Materials is available free of charge, including region and sector
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classifications (Table S1-S2), abbreviations (Table S3), supplemented analysis (Table

S4-S6, Figure S1) and extended results (Text S1). Figures, tables and text support the

main text. China’s multi-region input-output table in 2015 is openly shared.
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